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Abstract

BACKGROUND

The execution of many genetic programs, influenced by environmental conditions, is epigenetically controlled. Thus,
small molecules of the intermediate metabolism being precursors of most of nutrition-deriving epigenetic modifications,
sense the cell surrounding environment.

METHODS

Here we describe histone H4K 16 acetylation distribution in S. cerevisiae nhp6ab mutant, using ChIP-seq analysis; its
transcription profile by RNA-seq and its metabolic features by studying the metabolome. We then intersected these
three -omic approaches to unveil common crosspoints (if any).

RESULTS

In the nhp6ab mutant, the glucose metabolism is switched to pathways leading to Acetyl-CoA synthesis. These
enhanced pathways could lead to histone hyperacetylation altering RNA transcription, particularly of those metabolic
genes that maintain high Acetyl-CoA availability.

CONCLUSIONS

Thus, the absence of chromatin regulators like Nhp6 A and B, interferes with a regulative circular mechanism where
histone modification, transcription and metabolism influence each other and contribute to clarify the more general
phenomenon in which gene regulation feeds metabolic alterations on epigenetic basis.

GENERAL SIGNIFICANCE

This study allowed us to identify, in these two factors, a common element of regulation in metabolism and chromatin
acetylation state that could represent a powerful tool to find out relationships existing between metabolism and gene

expression in more complex systems.

Keywords: chromatin; epigenetics; yeast; transcriptome; metabolome

1. INTRODUCTION

Chromatin is the complex functional structure in which DNA and histone and non-histone proteins are organized. This
complex organization allows the whole DNA to be restrained and accommodated within the small nuclear compartment

in orderly manner and contributes to the differential expression of the genes it hosts. The histone content of the cell
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nuclei, a parameter so far considered fixed as well as the cell DNA content, is conversely quite variable depending on
the cellular conditions [1, 2], or on the mutation of specific genes [3,4]. Consequences of a reduced amount of histone
proteins have been reported as: reduced genome stability, reduced cellular proliferation and premature ageing. S.
cerevisiae Nhp6a and Nhp6b proteins (93 and 99 aminoacids long respectively), belong to the HMG-Box family [5],
and contribute to the maintenance of the proper histone protein amount inside the cell [4]. These two proteins are
considered highly redundant in their functions, even though interesting differences have been reported [6]. The genome-
wide distribution of Nhp6a protein shows it is widespread in the chromosomes although specific positions have been
observed [7]. Lacking of both Nhp6 proteins has been associated to a reduced histone amount and to a different
genome-wide nucleosome occupancy [4], as well as to altered transcriptional and translational profiles of histone genes
[8]. In fact nhp6ab double mutants show rDNA hyperacetylation particularly of the H4K16 residue [9].

Chromatin acetylation state is strongly influenced by the metabolic pathway utilized by the cells and this is also true for
other epigenetic mechanisms of regulation [10]. Since effectors of these latter are products of intermediate metabolism
(i.e. S-Ade-Met for DNA and histone methylation, Acetyl-CoA for protein acetylation and NAD++ for sirtuin activities),
it is conceivable to hypothesize that metabolic alterations arising from nutrient availability or defects in metabolic
processes, lead to altered amounts of these substances inside the cells. This directly may affect the epigenetic
modifications and, in turn, gene expression [11]. Moreover, nucleosome positioning and abundance in a given genetic
locus of the genome also represent a further level of epigenetic control [12]. Given the ATP-dependence of all the
"remodeling machineries" responsible for nucleosome rearrangements, also energy availability links remodeling
processes to metabolism [13]. In this context, Acetyl-CoA plays a pivotal role being a polyfunctional molecule because
while sensing nutrients availability it can be considered as an energetic fuel for the cell. In fact, Acetyl-CoA is the end-
product of glucose metabolism and is also the activated compound responsible for acetylation. Glucose, through a
complex network of transducing signals common to all eukaryotic cells, fuels this compound into the energy necessary
for ATP biogenesis. Glucose is converted into two pyruvate molecules via sequential glycolitic steps. In yeast two
major routes convert pyruvate into Acetyl-CoA: the cytoplasmic pyruvate dehydrogenase bypass activated by the
PDC1, PDC5 and PDC6 gene products and the mitochondrial pyruvate dehydrogenase complex of the Krebs cycle.
Given the nhp6ab mutant hyperacetylation phenotype at rDNA locus, we extended this observation genome-wide. Data
obtained have been compared to transcriptomic and metabolomic results in order to shed light on causal link with each

other.

2. MATERIALS AND METHODS

2.1 Yeast strains used in this work
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WT - Mat a; ura3-52; trp1-289; his3-A1; leu2 3112; gal2; gall0

nhp6ab - Mat o, ura3-52; trp1-289; his3-A1; leu2 3112; gal2; gall0; nhp6a-A3::URA3; nhp6b-A43::HIS3

potl - Mat o, ura 3-52; trp 1-289; his 3- A1, leu 2-3, 112, gal2; gallO; potl::KAN

potl/nhp6ab - Mat o,; ura 3-52; trp 1-289; his 3-A1; leu 2-3, 112; gal2; gallO; nhp6a-A3::URA3; nhp6b-A3::HIS3;
potl::KAN

2.2 Oligonucleotides

ACS1f5' CCGCAATTGCTACCCACTAT

ACSIr5' GTTTAATTGGCCGTTGAGGA

ACS2f5' TGCTAATCCCGACAAGCCAG

ACS2r 5' AATACGAGCCACAGCCAACA

PDA1f5' TGAGACTTCGAAAGCCACCT

PDAIlr 5' CATTCTCGATACCGACAGCA

POT1f5' GGTCCGTAGCCAACCAGTTA

POTI1r 5' CCGCGAATGCTTCATTTATT

UBC6f5' GATACTTGGAATCCTGGCTGGTCT

UBCé6r 5' AAGGGTCTTCTGTTTCATCACCTG

2.3 Culture media and conditions

Yeast cultures were grown and manipulated according to standard protocols [14]. YPD medium (1% bacto yeast
extract, 2% bacto peptone, 2% glucose) was used for all strains. H,O, treatments: cells were grown in YPD medium
supplemented with 3mM H,0, (30" min). Then serial threefold dilutions were spotted on YPD plates.

2.4 Protein analysis

Proteins were extracted, by vigorous shaking for 1 h at 4°C, using NP40 buffer (0.2% NP40, 200 mM NaCl, 50 mM
Tris pH 7.5, 1 mM PMSF, and protease inhibitors) and glass beads (Sigma-Aldrich, G9268-500G). 15 pg of protein
extract were subjected to PAGE using pre-cast gel Mini-PROTEAN TGX Stain-Free BIORAD and transferred on
nitrocellulose membrane. Overnight incubation with primary antibodies was performed at 4°C. Primary antibodies
used: anti rabbit histone H3 (C-terminus domain) (H3Ct) (Abcam) at 1:1000 dilution; rabbit anti-acetyl-H4 at 1:1000
dilution (Upstate/Millipore); rabbit anti-acetyl H4K16 at 1:2000 (Santa Cruz Biotechnology); rabbit anti-acetyl H3 at
1:2000 (Upstate/Millipore). Secondary antibody: anti-rabbit [gG-HRP (Jackson ImmunoResearch) at 1:15000 dilution.
Detection was obtained by SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) staining.
Quantification of bands was performed using ImageJ 1.42q software. H3Ct signals were used to normalize histone

acetylation values.
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2. 5 Libraries construction and Illumina Sequencing for ChIP-seq and RNA seq analysis.

2.5.1 ChIP-seq: 100ng of IP and Input DNA from WT and nhp6ab, each in duplicate from different cell cultures, were
subjected to first quality control with Bioanalizer. Next, NuGEN's Ovation Ultralow DR Multiplex System kit was used
for generating non-cohesive ends (end-repair) and for ligation of barcode adapters for multiplexing. Finally, DNA
libraries were generated through PCR and subjected to quality control (profile evaluation, concentration estimate,
whether or not the adapters were checked) with the selection of fragments populations in a smaller range of sizes.
Starting from these libraries, amplification of the clusters were generated using Bridge PCR technology inside the cBot
[llumina. Sequencing was performed by means of a HiSeq 2000 Illumina and raw base files were processed through the
HiSeq 2000 CASAVA pipeline for primary analysis. The base call accuracy is determined by the Phred Quality Score
(Q score) which indicates the probability for a given base to be incorrectly called by the sequencer: Q = -10 log10P.
2.5.2 RNA-seq: 100ng of RNA from each sample (in duplicate) from WT and nhp6ab were retrotranscribed. Resulting
cDNAs were processed as reported above for ChIP-seq procedure.

2.6 ChIP analysis was performed as previously described [9]. Briefly: 350 pg of chromatin extract were incubated
overnight with the following primary antibodies: anti-H4K16Ac and anti-H4 (Santa Cruz Biotechnology). Protein A
Sepharose beads (Amersham, GE Healthcare) allowed to recover chromatin-antibody complexes by 1.5 h incubation at
4°C on a rotating wheel. Purified DNA was processed for library preparation for ChIP-seq analysis.

2.7 RT gPCR

RNA was extracted from exponentially yeast growing cells (OD600 0.5/ml) as previously described [15]. RNA samples
(1.5 pg), DNase reacted, were subjected to retro-transcription with 2.5 pM oligo-dT and incubated with 50U Bioscript
Reverse Transcriptase (Bioline) for 1h at 42°C. The reaction was stopped by heating at 85°C for 5 min, then samples
were chilled on ice. cDNA amplification was performed (triplicate) for each sample, employing Sso Advanced SYBR
Green supermix (Bio-Rad) in a Mini Opticon Real-time PCR System (Bio- Rad). The values obtained (at least three
independent experiments) were normalized to those of UBC6 [16].

2.8 Bioinformatic analysis of sequencing data

2.8.1 ChIP-Seq data. Quality control of sequence reads was performed with FastQc, that revealed a global decrease in
quality of base calling in the last 5 bp of the reads. Thus, reads were manually trimmed by 5 bp at the 3’ end, and
mapped on the yeast genome (Saccharomyces cerevisiae S288c — April 2011 assembly) with Bowtie [17].Trimmed
reads were required to map completely on the genome with at most two substitutions. Mappings of the two replicate
experiments of both WT and nhp6ab were merged for subsequent analyses.

To compute ChIP-Seq read enrichment in nucleosome regions returned by MNase-Seq, and accommodate for

differences in resolution due to the different fragmentation protocols of the two assays, reads mapped on the genome
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were first shifted by 100bp in the 5’->3" direction on the respective strand. Raw read counts in each nucleosome region
were computed by considering the resulting 5° positions on the genome of the shifted reads. Coordinates of nucleosome
regions were retrieved from 4. A nucleosome in WT was considered to be overlapping with a nucleosome in nhp6ab if
at least 75% of its base pairs were covered by a nucleosome in nhp6ab, and vice versa the 75% of the base pairs of the
nhp6ab nucleosome covered by the WT nucleosome region. The resulting pairs of nucleosomes with mutual overlap of
at least 75%, were considered “common” between WT and nhp6ab, while the remaining ones defined as WT- or
mutant-specific, respectively. Enrichment of WT and mutant ChIP experiments on nucleosomes was defined for each
nucleosome region “i” as Reads per Million per Kilobase of Nucleosome as follows: RMKNi=Ci/N+Bi«10’

where Ci is the raw count of shifted reads in WT or mutant in the nucleosome region, Bi is the size in base pairs of the
nucleosome region as retrieved from [4], and N is the total number of reads of the ChIP-Seq (either WT or mutant)
mapping on all the nucleosome regions.

2.8.2 RNA-Seq . Rsem [18] with default parameters was employed to map sequence reads on ORF sequences of yeast
gene annotation sacCer3, producing the subsequent read counts for each ORF. Counts of the two replicates for WT and
the two for nhp6ab showed excellent concordance, respectively, assessed both by Pearson correlation on read counts (r
> .99) and principal component analysis (PCA, data not shown). Similar results, with little or no dispersion of
expression values (read counts) across replicates, were already available in literature in an experimental context
analogous to the one of this work [19]. Thus, we deemed two replicates to be sufficient for obtaining reliable results
from subsequent analyses. Differential expression analysis was performed on the resulting read counts with DESeq2
[20], with default parameters. Differentially expressed genes were selected as having 1) a FDR associated with
expression change by DESeq2 lower than 0.01 and 2) having a log2-fold ratio change of expression between WT and
mutant greater than 1.5 (upregulated) or lower than -1.5 (downregulated). Gene ontology functional enrichment analysis
was performed with the Gene Ontology Term Finder tool available at the Saccharomyces Genome Database [21].
Sequencing data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus [22] and are
accessible through GEO Series accession number GSE108219.

2.9 Metabolome analysis

2.9.1 Cellular quenching and extraction procedure.

Yeast cells were grown to the exponential phase and 1g of wet WT and nhp6ab cells were collected. Cells were washed
twice with cold PBS. 2 ml of methanol and 1 volume of glass beads were added. The cells were lysed by vigorous
shaking for 1 h at 4°C. Samples were centrifuged and the supernatants recovered. Each sample was mixed with 2 ml of
chloroform and 2 ml of water and incubated over night at 4°C. The next day the samples were centrifuged and the

aqueous phase was collected, dried under N, and stored at —80 °C until NMR analysis [23, 24].
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2.9.2 Sample preparation for NMR analysis. The freeze-dried amples were re-dissolved in 600 pL of D,O phosphate
buffer solution (pH=7.4) containing 2mM sodium 3-(trimethylsilyl) propionate-2,2,3,3-d4 (TSP) as 1H NMR reference,
and transferred to Smm NMR glass tubes for analysis. 600 pL of culture media were collected at the beginning and at
the end of experimental intervals and stored at —80 °C until NMR analysis. 60 puL of a D,O solution containing 20 mM
sodium 3-(trimethylsilyl) propionate-2,2,3,3-d4 (TSP) were added to the sample as 1H NMR internal reference. Data
were expressed as differences between the levels at the end of the experimental time and at the beginning of the culture.
The values obtained are representative of net balances, with positive and negative values being considered an estimate
of net fluxes of production and utilization of metabolites, respectively, as previously reported [25, 26].

2.9.3 NMR spectroscopy

IH NMR spectra were acquired at 25°C using a Bruker Avance III 400 spectrometer (Bruker BioSpin GmbH,
Germany) equipped with a magnet operating at 9.4 Tesla, where the 1H nucleus resonates at 400.13 MHz. The probe-
head was a 5 mm diameter multinuclear PABBO BB-1H/D (Z108618/0044) equipped with z-gradient.

The pulse sequence adopted for spectra acquisition was a presaturation—single 90° detection pulse—acquire—delay
sequence where the D1 relaxation delay was optimised to 2.5 s to allow the acquisition of 64k data point in about 5.5s,
satisfying full relaxation conditions.

The length of the detection pulse was calibrated previously to the acquisition of each spectrum, the spectral width was
set to 6009.62Hz (15 ppm) and 64 scans were collected for each spectrum.

2.9.4 Data analysis

1H NMR spectra were processed using the 1D-NMR Manager ver. 12.0 software (Advanced Chemistry Development,
Inc., Toronto, Ontario, Canada). The assignment of the peaks to specific metabolites was achieved by standard two-
dimensional (2D)1H-1H total correlation spectroscopy(TOCSY), 1H-13C heteronuclear single quantum correlation
(HSQC), and heteronuclear multiple bond correlation (HMBC) and confirmed using an internal library of compounds,
literature data and HMDB database [27, 28].

The acquired NMR spectra were manually phased and baseline corrected; polar spectra were referenced to the chemical
shift of the TSP methyl resonance at & 0.00 ppm.

The quantification of metabolites was obtained by comparison of the integrals of specific signals to the internal standard

(TSP) integral. BMRB accession number 27871

3.RESULTS

3.1 Increased and widespread distribution of H4K16 acetylation in rhp6ab mutant.
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We have previously reported S. cerevisiae nhp6ab mutant profound epigenetic alterations: reduced histone protein
content, global altered nucleosomal occupancy and a hyperacetylated H4K16 phenotype of the rDNA locus [4,8]. We
asked whether the increased H4K 16 acetylation phenotype is limited to the rDNA locus or if it could be extended to
other regions. To evaluate the overall increase in H4K 16 acetylation we performed immunoblotting experiments with
antibodies against H4K16Ac. Results reported in Figure 1 confirmed a significant increase of the total H4K16Ac
amount in the nap6ab mutant cells compared to WT, together with the expected reduction of H3 protein.

We then used the Chromatin Immunoprecipitation (ChIP) followed by High Throughput sequencing (ChIP-seq) to
study the distribution of this histone modification in all the 16 S. cerevisiae chromosomes. Results reported in Figure 2
(as a sample of all chromosomes), concerning chromosomes IV, XII and XIII, show a widely distributed
hyperacetylation of the mutant strain higher if compared to the WT, and this is true for all chromosomes [NOT
SHOWN]. A definitive strategy or pipeline for the identification of differential enrichments in the comparison of ChIP-
seq experiments has not been established [29]. A major issue is how to normalize the read counts across the ChIP-seq
experiments to be compared and also how to define the genomic regions on which the comparison has to be performed,
in order to point out differentially enriched loci. To assess differential enrichments for H4K16Ac we took advantage of
the previously reported nucleosome occupancy data (MNase-seq) available for both strains [4]. This information
provided a straightforward solution for both the aforementioned issues. Read counts in each experiment were
normalized according to the overall count of reads contained only in genomic regions occupied by nucleosomes as
defined by MNase-seq that is regions where histone modifications should occur. WT ChIP-Seq was normalized
according to reads within WT MNase-seq nucleosome regions, likewise nhp6ab was compared to the corresponding
nhp6ab MNase-seq experiment. Differential enrichment was then assessed separately on each nucleosome associated
region in either condition, by comparing the normalized read counts obtained from WT and nhp6ab ChIP-Segs..

Figure 3A shows the distribution of IP read counts normalized as just described and defined as "reads per million per
kilobase per nucleosome" (RMKN, see methods). RMKN is significantly higher in nhAp6ab mutant relative to WT
(“all”, in Figure 3A), since H4 is more acetylated and fewer histones are present. We then stratified enrichment of
"specific" or “common” nucleosomes. To accommodate for experimental variability in the definition of nucleosome
coordinates through MNase-seq, we defined as “common” nucleosomes between WT and nhp6ab those that had a
reciprocal overlap of at least 75% of the nucleosome associated region. Nucleosomes with <75% overlap were defined
as WT- or nhp6ab specific. Interestingly, nucleosomes from nhp6ab strain show increased acetylation regardless of
being "specific" or "common" in all the performed comparisons (Figure 3a).

In S. cerevisiae, H4K16 acetylation is mainly associated to transcriptional activation [30], even if its involvement in

both activating and suppressing transcriptional silencing has been reported [31]. In order to test whether increased
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H4K16 acetylation in the nhp6ab strain is associated with a transcriptional up regulation, we took advantage of
available microarray data [4] indicating an altered transcription profile in nhp6ab cells, and we then employed RNA-seq
(quantifying PolyA™ RNAs from WT and nhp6ab cells) to produce to a new transcriptome quantification to be
superimposed on our ChIP-seq data concerning H4K16Ac. Consistently with microarray data [4] , the overall
distribution of transcript levels shows a globally increased gene expression in nhp6ab mutant (Figure 3B, plot
Transcript per million WT vs nhp6ab).

The superimposition of RNA-seq data with those from ChIP-seq and MNase-seq [4] allowed us to correlate chromatin
acetylation state and nucleosome occupancy also in transcribed regions. The latter have been further distinguished as
up-regulated and down-regulated according to the results of the RNA-Seq analysis. Although ChIP and Mnase data rely
on different techniques for DNA fragmentation, both approaches provide reliable and comparable results. Thus we
could assess relationships between chromatin organization and nucleosome occupancy (Mnase profiles), and between
histone modifications (ChIP seq) and transcription (RNA-seq).

The comparisons allowed us to highlight that nucleosome-protected regions are more acetylated in the mutant respect to
the WT. Similarly nucleosomes located in transcribed regions seem to be more acetylated in the mutant than in the WT,
with a more marked difference for nucleosomes localized within up-regulated genes (Figure 3C). Since Gene Ontology
(GO) enrichment analysis performed on microarray data by Celona and colleagues indicated a marked transcriptional
deregulation of metabolic genes [4], we employed the same approach on genes resulting differentially expressed in our
RNA-seq data. The GO analysis (Table 1) indeed showed that, among different "biological processes" the most
deregulated categories are those involved in metabolic processes (with 28/36 down-regulated categories and 7/13 up-
regulated, all highlighted in yellow). These results are completely in agreement with those returned from the

microarray-based analysis previously reported [4].

3.2 Matabolite profile in WT and nhp6ab cells by 1H-NMR spectroscopy

According to the GO analysis derived from RNA-seq, we further investigated in detail the nhp6ab metabolic state. We
performed a metabolomic analysis by 1H NMR spectroscopy. We profiled aqueous extract phases from cells
exponentially growing on glucose, as well as their culture medium, as specified in materials and methods. The medium
was used to calculate the external metabolite balances (before and after growth).

S1 Table reports the resonance assignments of the metabolites present in cell extracts and in culture medium.

S2 Table reports the intracellular metabolite concentrations expressed as pmol/g wet weight of cells. Fig 4 reports the
medium metabolite changes, expressed as a net balance of concentration (mM) between the cell and the medium. The

sign of the net balance indicates the direction of change: the positive sign indicates excretion of the metabolite from the

9
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cells; the negative one indicates an influx inside the cell. nip6ab mutant cells show a trend of higher uptake of amino
acids, trealose and glucose, fumarate and lactate, but a lower production of ethanol and formate. Glutamate and lysine
levels did not vary significantly, and histidine and glycine levels were significantly lower in nhp6ab cells (S2 Table).
Absolute differences in metabolite intracellular levels between nhp6ab and WT cells were then examined. No
significant differences were observed for acetate, succinate, fumarate and formate. Pyrimidine nucleotides, such as
UTP, UDP and UMP, were higher in nhp6ab cells, while ATP+ADP levels were lower (S2 Table). Finally, NAD"
levels were not different between the two strains, although glutathione levels were higher and nicotinamide riboside
levels, a metabolic intermediate of NAD" salvage pathway, were significantly lower in nhp6ab cells.

Overall, these results indicate a sharp alteration of metabolic state in nhp6ab cells, both as different steady state levels
of metabolites, and fluxes. In particular, increased glutamate uptake in nhp6ab cells with no change in its steady-state
level might be a consequence of an increased glutathione and glutamine synthesis (whose levels increased), as well as

toward TCA cycle intermediates.

3.3 Drawing nhp6ab metabolic pathways by metabolomic and transcriptomic data

To better characterize the metabolic state of the nhp6ab mutant, we wanted to compare the different metabolic
pathways from the WT and from the mutant strain as depicted by -omic data. Even if each involved enzyme was not
directly and quantitatively measured, a comparison between the expression level of genes by which they are encoded
(RNA-seq) and key metabolites produced by their activities (metabolome) can represent a useful strategy to make a
prevision about the employment of the main metabolisms. Differentially expressed genes list (S5_table) is available in
supplementary material. Thus, we could find alterations on the following pathways:

1. FIRST PART OF GLYCOLYSIS: FROM GLUCOSE TO GLYCERALDEHYDE 3-P (Pathway 1 in Figure 5)

Transcriptome analysis showed that some of the various genes involved in the first glycolysis steps are over-expressed
in the mutant with respect to the WT, in particular PGII and FBPI. These results have suggested that in the mutant
strain there's a sort of "funnel" along the glycolytic pathway, the consequence of which is the accumulation of Fructose
6-P and Glucose 6-P.

2. PENTOSE PHOSPHATE PATHWAY (Pathway 2 in Figure 5)

The Pentose Phosphate pathway, powered by Glucose 6-P, produces Glyceraldehyde 3-P. A significant increase in the
various genes involved (red arrows in the figure) emerged in the nhp6ab mutant strain compared to WT. This metabolic
pathway involves the reduction of 2 NADP" molecules to NADPH. The accumulation of this cofactor is evidenced by
the presence of the dimeric form of G6PDH, distinct in native PAGE from the tetrameric form (Figure S1). The fast

migrating G6PDH activity band is a dimeric form of the enzyme, produced by the inhibitory effect of NAPDH
10
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accumulation [32]. Furthermore, being the NADPH accumulation toxic for the cell [33] we verified whether, in the
mutant strain, other metabolic pathways were activated that could guarantee its re-oxidation to NADP™ . The
transcriptome analysis provided us an over-expression of the GLRI gene (Glutathione Reductase NADPH-dependent)
responsible for the passage of Glutathione from the oxidized form (GSSG) to the reduced one (GSH) (Pathway 3 in
Figure 5).

The transcriptome analysis showed an increase in TPIl gene expression, responsible for the conversion of
Glyceraldehyde 3-P into Dihydroxyacetone-P (DHAP). This molecule, in turn, undergoes spontaneous conversion into
Methylglyoxal, which is also remarkably toxic to the cell [34]. Methylglyoxal is further transformed into lactate using
reduced glutathione (GSH, which is provided by the GLR! gene above described). The following involvement of GLO2
and GLO4 genes (for which over-expression has been observed in the mutant) provides oxidized glutathione (GSSG)
again. The use of this pathway is confirmed by the increased amount of lactate found with the metabolomic approach in
the nhp6ab mutant (see Table S2).

The Pentose Phosphate pathway also provides appropriate levels of Ribulose 5-P and therefore of 5-phosphoribosil 1-
pyrophosphate (PRPP) both involved not only in the synthesis of nucleotides but also in that of amino acids, in some
recycling and in the formation of NAD " and NADP " (Figure 5, Pathway 4, not detailed).

Metabolome analysis also provides clues of the Pentose Phosphate pathway preferential employment by the mutant
strain, since it shows an increase in purines and pyrimidines presence inside the mutant cells compared to those of the
WT strain.

The preferential (and probably obligatory) use of these metabolic alternative pathways instead of the glycolytic one
undertaken by the nhp6ab mutant can be further evidenced by the intracellular accumulation of glucose, highlighted by
the metabolomic analysis. The glucose that is not oxidized along the glycolytic pathway triggers the futile cycle of
Trehalose which accumulates in turn. The genes involved in the futile cycle of trehalose are in fact up regulated in the
mutant (Red Arrows, Pathway 5 in Figure 5).

4. GLYCEROPHOSPHOLIPIDS BIOSYNTHESIS (Pathway 6 in Figure 5)

The DHAP deriving from the Glyceraldehyde 3-P thanks to TP/ gene product can undertake three ways:

1. Conversion in Methylglyoxal (just described)

2. Conversion into Glycerol 3-P thanks to the intervention of GPDI1, GPD2 (glycerol 3-P dehydrogenase NAD"-
dependent), and GUT2 (mitochondrial glycerol 3-P dehydrogenase). Glycerol 3-P can accept an acyl group and
transform into 1-Acyl-sn-glycerol 3-P by the action of the SCTI and GPT2 gene products.

3. Conversion of DHAP to 1-Acyl-DHAP thanks to the intervention of SCT/ and GPT2. The 1-Acyl-DHAP is

converted into 1-Acyl-sn-glycerol 3-P by the NADPH-dependent DHAP reductase gene AYRI.
11
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The genes involved in the convertions from 2 to 3 are all over-expressed in the mutant with respect to the WT.

The 1-Acyl-glycerol 3-P thus produced is transformed into triacylglycerol through successive reactions involving genes
mostly over-expressed in the mutant. Each of the intermediate acylation products (1-sn acyl, 1,2-diacyl, tri-acyl) is a
source of fatty acid molecules catalyzed by the products of the TGL2, 3 and 4 genes, all upregulated in the mutant.

5. SECOND PART OF GLYCOLYSIS: FROM GLYCERALDEHYDE 3-P TO PYRUVATE (Pathway 7 in Figure 5)

In yeast cells that use glucose as fermentable carbon source, most of the Glyceraldehyde 3-P derives from glycolysis
(pathwayl), the final product of which is pyruvate. Transcriptome analysis has highlighted that the nhp6ab mutant
strain preferentially uses the Penthose Phosphate pathway (pathway 2), as witnessed in native PAGE by the
accumulation of dimeric form of G6PDH ( (Figure S1). Thus, in nhp6ab mutant cells the glyceraldehyde 3-P comes
mainly from penthose phosphate pathway and in lesser quantity from glycolysis. Nevertheless genes involved in these
transformations emerge to be equally expressed in the two strains or in some case quite down regulated in the nhp6ab
mutant strain as indicated in Figure 5, pathway 7. Taken together these data confirm that the nhp6ab mutant has a
reduced glucose utilizing flux along the glycolytic/fermentative pathway.

6. THE DESTINY OF PYRUVATE

Since our data suggest that the nhp6ab mutant strain has a reduced glucose glycolytic flux, we wanted to verify (at a
transcription level) the fate of pyruvate, derived from the glyceraldehyde 3-P along the second part of the glycolytic
way. We then analyzed the level of expression of those genes responsible for the utilization of pyruvate and therefore
those forming the cytosolic pyruvate-decarboxylase (PDC1, PDC5 and PDC6) through which pyruvate is converted
into acetaldehyde (Pathway 8) and those that make up the mitochondrial pyruvate-dehydrogenase complex (PDAI and
PDBI) responsible for the oxidation of pyruvate directly into Acetyl-CoA, inside mitochondria (Pathway 9).

Our data indicate a strong over-expression of PDAI and PDBI in the nhp6ab mutant, suggesting a greater involvement
of mitochondria in processing the pyruvate coming from the second part of the glycolysis.

The Acetyl-CoA produced inside the mitochondria on one hand can be exploited to activate the tri-carboxylic acid
pathway (TCA) and on the other hand can be converted into acetate. Acetate can freely diffuse into the cytosol where it
is again transformed into Acetyl-CoA by Acslp and Acs2p, increasing the cytosolic pool of this cofactor. In fact, S.
cerevisiae is devoid of the ATP citrate lyase (Acl) enzyme, responsible in the higher eukaryotes, for shuttling Acetyl-
CoA from mitochondria to cytosol. In support of this hypothesis we noticed a significant increase in the expression of
the ACHI gene for the mutant strain, liable of the conversion of Acetyl-CoA into acetate inside the mitochondria.

The availability of peroxisomal Acetyl-CoA due to the fatty acids beta-oxidation (carried out by POTI gene product
that is in fact over-expressed in the mutant strain) feeds the glyoxylate cycle, some components of which are found to

be over-expressed (Pathway 10). Cells can get energy as well as from glucose degradation, also from triglycerides and
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proteins. The former are decomposed into glycerol and fatty acids and enter the Krebs cycle as Acetyl-CoA. The latter
are degraded into amino acids whose amino group is transferred to the alpha-ketoglutarate to give glutamate which, in
turn, undergoes oxidative deamination leading to ammonium ion and alpha-ketoglutarate which can enter the citric acid

cycle. The product of the GDH?2 gene, over-expressed in the mutant strain, is responsible for the reaction.

3.4 Oxidative stress

The transcriptional and metabolic description depicted in the previous section could imply the onset of stress conditions
due to the unbalanced redox equilibrium. Therefore we wanted to study the ability of the nAp6ab mutant strain to
survive to H,0O, treatment and compared to that of the WT strain. Evaluation of the results indicate a lower resistance of
the mutant cells compared to WT cells (Figure S2A). Moreover the expression of several genes involved in the stress
response pathways (divided into categories in Figure S2B) were also considered. In fact as reported by numerous
literature data, S. cerevisiae cells respond to an increased oxidative stress by up-regulating the expression of several
transcription factors [35] and anti-oxidant factors such as catalase and glutathione (36, this work); also the proteasomal
degradation of oxidized proteins [37] is part of this oxidative stress response, as well as the autophagic process that
undergoes considerable impulse [38].

3.5 Mutation of the POT1 gene partially restores the global H4 acetylation phenotype in a nhp6ab background.
Protein acetylation, hence also that of histone proteins, depends on Acetyl-CoA availability. nhp6ab cells show an
increased acetylation of the H4KI16 residue. Moreover, the metabolic scenario obtained by superimposing
transcriptomic and metabolomic data, reported in Figure 5, indicates an increased flux in the production and utilization
of this pivotal substance. Hence we focused our attention on the expression of those genes coding for enzymes mostly
involved in Acetyl-CoA production: i) ACS1, Acetyl-CoA Synthetase isoform 1 [39], which allows the conversion of
acetate to Acetyl-CoA, in both cytosol [40] and mitochondrion [41]; ii) ACS2, Acetyl-CoA Synthetase isoform 2 [42],
which localises in the cytosol [43] and nucleus [44]; iii)) PDAI, a subunit of the pyruvate dehydrogenase (PDH)
complex [45] responsible for the conversion of pyruvate into Acetyl-CoA in the mitochondrion [31]; iv) POTI,
Peroxisomal Oxoacyl Thiolase [47], which cleaves 3-ketoacyl-CoA into Acyl-CoA and Acetyl-CoA during beta-
oxidation of fatty acids [48].

Purified total polyA™ RNA from WT and nhp6ab cells was retrotranscribed and amplified by real time PCR using
primers for ACS1, ACS2, PDAI and POTI. The expression values were normalized to those of UBC6. Results (Figure
S3) are in agreement with RNA-seq data, and indicate that expression of ACSI and ACS?2 is not affected in nhp6ab

cells, while expression of PDAI and POT1 is significantly increased.
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Overall, the expression data support the hypothesis that nhp6ab cells might produce more Acetyl-CoA as a consequence
of the enhanced PDAI and POT1 expression.

We therefore wanted to evaluate the impact of the fatty acids beta oxidation on histone acetylation, provoking a reduced
availability of Acetyl-CoA as a result of its mutation. To this aim we produced, by gene disruption technique, a pot!
mutant strain and a triple nhp6ab/potl mutant. We analyzed their protein extracts by Western Blotting using o-
H4K16Ac, a-H4panAc, a-H3panAc or a-H3-Ct (Fig 6). The H4 acetylation level, which is higher in the nhp6ab strain
(light grey bar) compared to WT (black bar), is reduced in the nhp6ab/poti triple mutant (white bar). Notably, the
single potl mutation (dark grey bar) does not show any significant difference relative to WT. In addition, acetylation of
H3 and H4 revealed by anti-panAc antibodies is clearly decreased in the triple mutant relative to the nhp6ab double
mutant.

Taken together, these data show that expression of the POT! gene is critical in maintaining the increased histone

acetylation levels in nhp6ab cells, but not in the WT cells.

4. DISCUSSION

Previous studies demonstrated that nhp6ab mutant displays an epigenetic perturbation represented by a diminution of
histone proteins and a reduced globally distributed nucleosome occupancy. In this work an increased histone acetylation
level potentially impacting on gene expression has been showed.

Coherently with the observed reduced nucleosomal occupancy and increased histone acetylation, we measured, by
transcriptomic analysis, a substantial alteration in the messenger RNA production in the nhp6ab mutant strain.
Surprisingly, gene expression change mainly involves metabolic genes. Sensitivity of metabolic genes to chromatin
acetylation state is of common knowledge [49]. This makes conceivable to hypothesize that a self sustaining process
exists, where histone hyperacetylation, provoking metabolic gene deregulation, leads to an increased supply of Acetyl-
CoA. This latter, in turn, allows the hyperacetylated chromatin state to be maintained. To corroborate this hypothesis we
reconstructed metabolic pathways of both WT and nhp6ab mutant strains and then interrupted one of those that provide
Acetyl-CoA, by deleting POTI gene. In particular we focused our attention on the metabolic pathways involving
glucose and we superimposed transcriptomic and metabolomic data. The evaluation of these —omic approaches allowed
us to conclude that glucose utilization along the glycolytic pathway is inefficient. In fact, although glucose uptake into
nhp6ab cells is higher than in WT, glycolysis appears to be decreased, as suggested by the downregulation of glycolytic
genes and the upregulation of non-glycolytic ones (see Figure 5). Indeed, glucose appears to be redirected to the pentose

phosphate pathway to produce phosphoribosyl pyrophosphate (PRPP) and nucleotides, in particular uridine mono-, di-
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and triphosphate (Figure 5 and table S2). The content of AXP (ATP+ADP) is reduced in nhp6ab cells indicative of
inefficient ATP synthesis due to reduced glycotic flux. At the same time, the activation of many glyoxylate genes
(Figure 5) that bypass the Krebs cycle, suggests reduced synthesis of ATP by the respiratory transport chain, as well.
Overall, the metabolomic analysis suggests that nAp6ab cells take up more glucose, but use less of it for energy
production, and more for biosynthetic pathways. As a consequence, the cells have a more reductive redox balance,
witnessed by the increase in glutathione (table S2).

Moreover the enhanced availability of DHAP feeds a significantly up-regulated metabolic pathway that culminates in
the fatty acids production and partially compensates for the redox unbalance arising from the penthose phosphate
pathway. The fatty acid beta oxidation carried out by Potlp, represents a considerable source of Acetyl-CoA. By POT1
deletion we broke off this step and we were able to partially revert the hyperacetylation phenotype of nhp6ab. Thus we
demonstrated that the beta oxidation process is necessary to maintain hyperacetylation observed in mutant cells.

Nhp6a and b proteins are nor writers, neither erasers or readers of histone modifications. To date they are known only
through their architectural functions. This study allowed us to identify, in these two factors, a common element of
regulation in metabolism and chromatin acetylation state that could represent a powerful tool to find out relationships

existing between metabolism and gene expression in more complex systems.
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Legends to the figures

Fig.1 H4K16 hyperacetylation in nhp6ab strain. Western blot analysis of whole cells extracts from WT and nhp6ab

analyzed for histone H4K 16 Acetylation. H3Ct was used as loading control. WT H4K16Ac/H3 ratio is given as 1.

Fig.2 H4K16Ac distribution along chromosomes IV, XII and XIII (as samples of all chromosomes). ChIP-seq data are
reported as nhp6ab/WT log ratio. Positive peaks indicate H4K16Ac enrichment in nhp6ab mutant; negative peaks

indicate H4K16Ac enrichment in WT.

Fig.3 Superimposition of RNA-seq, ChIP-seq and MNase-seq data. A: Relationships between differential H4K16Ac
enrichments and nucleosome occupancy in WT and nhp6ab. H4K16Ac enrichments (ChIP-seq data) have been matched
with nucleosome occupancy (MNase-seq data) thus providing informations on nucleosome acetylation. "Specific" or
"common" nucleosomes refer to nucleosome positions (MNase-seq mapped) where overlapping between WT and
nhpbab is <75% or > 75% respectively. "All" refers to any position occupied by a nucleosome (MNase-seq mapped).
RMKN (Reads per Million per Kilobase per Nucleosome). B: Distribution of transcripts levels (two biological
replicates) in WT and nhp6ab, obtained by RNA-seq analysis. C: Relationship among H4K16Ac, nucleosome
occupancy and transcription. All nucleosome acetylation data, obtained as in A (all nucs) have been matched with
transcription data of all regions containing genes (genes), upregulated (up) or downregulated (down). Each comparison
between WT and mutant box plots gives a significant (¥) p-value (<2.2-10"°). The statistical test employed is Mann—
Whitney U test.

Fig.4 Metabolome analysis. Medium metabolite changes expressed as net balance of concentration between cell and
medium. Aqueous extract phases from WT and nhp6ab cells growing on glucose and their culture media, were
subjected to NMR analysis. The culture medium was used to calculate the external metabolite balances (before and after

growth). Metabolite flux is indicated by positive signs (from cell to medium) or negative signs (from medium to cell)

Fig.5 Selected pathways of glucose metabolism and succeeding transformations in nhp6ab strain as deduced by RNA-

seq, metabolomic and biochemical analyses. Main pathways are numbered (1-10) and boxed in color (red for efficiently
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used, blue for inefficiently used). Mitochondrial pathways (9) are dot boxed. Up-regulated genes coding for the

enzymes responsible for specific transformations are reported in red.

Fig.6 Western blot analysis of whole cells extracts from WT, nhp6ab, potl and nhp6ab/potl for H3 and H4 acetylation.
Histone H4 acetylation of the specific K16 residue (H4K16Ac) and at residues K5, 8, 12 and 16 were measured by anti-
acetyl H4K16 and H4-PanAc antibodies respectively. Histone H3 acetylation has been measured by anti H3 acetyl
antibodies against N-terminus acetylated residues. H3Ct was used as loading control. Quantifications of western

analyses is reported (bottom).

21



Table 1

Gene Ontology - Biological process

Up regulated genes > 1.5

Category

p-value

glycerol transport [GO:0015793]

0,000355482

carbohydrate transport [GO:0008643]

0,000374024

ammonia assimilation cycle [GO:0019676]

0,000858879

maltose metabolic process [GO:0000023] 0,00105597
regulation of transcription involved in G1 phase of mitotic cell cycle [GO:0000114] 0,00166023
regulation of glycolysis by positive regulation of transcription from an RNA polymerase I

promoter [GO:0072363] 0,00204395
transmembrane transport [GO:0055085] 0,00249812
proline catabolic process [GO:0006562] 0,00594793
positive regulation of translation in response to stress [GO:0032056] 0,00594793
meiotic sister chromatid cohesion [GO:0051177] 0,00594793
gamma-aminobutyric acid transport [GO:0015812] 0,00594793
re-entry into mitotic cell cycle after pheromone arrest [GO:0000321] 0,00629861
nucleosome assembly [GO:0006334] 0,00761761

Down regulated genes > 1.5

Category p-value
translation [GO:0006412] 1,00E-014
metabolic process [GO:0008152] 3,73E-013
oxidation-reduction process [GO:0055114] 7,97E-013
cellular amino acid biosynthetic process [GO:0008652] 2,33E-012
phospholipid biosynthetic process [GO:0008654] 5,81E-008
ribosomal large subunit assembly [GO:0000027] 3,56E-006
ribosome biogenesis [GO:0042254] 2,05E-005
regulation of translational fidelity [GO:0006450] 2,96E-005
arginine biosynthetic process [GO:0006526] 2,96E-005
rRNA export from nucleus [GO:0006407] 3,33E-005
methylation [GO:0032259] 6,75E-005
maturation of SSU-rRNA from tricistronic rRNA transcript (SSU-rRNA, 5.8S rRNA, LSU-rRNA) [GO:0000462] 7,67E-005
cellular amino acid metabolic process [GO:0006520] 9,03E-005
fatty acid biosynthetic process [GO:0006633] 0,00014332
translational elongation [GO:0006414] 0,00014332
tRNA aminoacylation for protein translation [GO:0006418] 0,00019679
cellular response to oxidative stress [GO:0034599] 0,00032445
ribosomal small subunit assembly [GO:0000028] 0,00034256
lysine biosynthetic process [GO:0009085] 0,00038322
aromatic amino acid family biosynthetic process [GO:0009073] 0,00039287
endonucleolytic cleavage in ITS1 to separate SSU-rRNA from 5.8S rRNA and LSU-rRNA from tricistronic rRNA transcript

(SSU-rRNA, 5.8S rRNA, LSU-rRNA) [GO:0000447] 0,00056578
apoptosis [GO:0006915] 0,00069992
de novo NAD biosynthetic process from tryptophan [GO:0034354] 0,00098175
response to toxin [GO:0009636] 0,00098175
glycolysis [GO:0006096] 0,00111569
sulfate assimilation [GO:0000103] 0,00119343
methionine biosynthetic process [GO:0009086] 0,00129704
phosphatidylcholine biosynthetic process [GO:0006656] 0,00134934
tryptophan catabolic process [GO:0006569] 0,00134978
iron ion homeostasis [G0:0055072] 0,00152823
rRNA processing [GO:0006364] 0,00327387
proteasome regulatory particle assembly [GO:0070682] 0,00352376
response to oxidative stress [GO:0006979] 0,00352376
phosphatidylethanolamine biosynthetic process [GO:0006646] 0,0039264
folic acid biosynthetic process [GO:0046656] 0,0039264
aromatic amino acid family catabolic process to alcohol via Ehrlich pathway [GO:0000949] 0,0039264
endonucleolytic cleavage to generate mature 3'-end of SSU-rRNA from (SSU-rRNA, 5.8S rRNA, LSU-rRNA)

[GO:0000461] 0,0039264
carboxylic acid metabolic process [GO:0019752] 0,00424944
siderophore transport [GO:0015891] 0,00424944
lysine biosynthetic process via aminoadipic acid [GO:0019878] 0,00424944
lipid biosynthetic process [GO:0008610] 0,00465854
deoxyribonucleotide biosynthetic process [GO:0009263] 0,00466368
gluconeogenesis [GO:0006094] 0,00544393
ribosomal subunit export from nucleus [GO:0000054] 0,00567761
glutamine metabolic process [GO:0006541] 0,00644636
chronological cell aging [GO:0001300] 0,0075055
ion transport [GO:0006811] 0,00975191
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Figure 4 Aminoacids Carbohydrates and miscellaneous
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Table S1 -
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Compound Assignment® 'H (ppm) Multiplicity® Location®
Amino acids
o -CH 3,62 m
. B-CH 2,29 m
Valine (Val) y-CH; 1.05 d C,E
v’-CH; 1,00 d
o -CH 3,69 m
B-CH 1,99 m
Isoleucine (1le) ;,,__%IEI }’4213 E C,E
0-CH; 1,01 d
&’-CHj3 0,95 t
o -CH 3,74 m
B-CH, 1,73 m
Leucine (Leu) v-CHj3 1,69 m CE
6 -CH; 0,97 d
6’-CH3 0,96 d
. a-CH 3,77 q
Alanine (Ala) B-CH, 1.49 d CE
o -CH 3,85 m
. B-CH, 2,18 m
Methionine (Met) v-CH, 2.64 m E
S -CH3; 2,14 S
a-CH 3,57 d
Threonine (Thr) B-CH 4,24 m C E
v-CHj3 1,33 d
. . o-CH 3,74 t
Gl“t?g;f) acid B-CH, 2,08 dt C,E
v-CH, 2,36 t
a-CH 3,76 t
Glutamine (Gln) B-CH, 2,11 dt C
v-CH, 245 t
a-CH Glu 3,78 t
B-CH; Glu 2,17 dt
. v-CH; Glu 2,56 t
Glutathione (GSH) o-CH Cysteine 419 m C
B-CH; Cysteine 3,78 m
a-CH, Gly 3,76 S
.. a-CH 3,90 dd
ASp;‘:;C)aCId B-CH 2,63 dd C.E
P B-CH 2,70 dd
a-CH 3,99 dd
Asparagine (Asn) B-CH 2,71 dd C,E
p'-CH 2,82 dd
. a-CH 3,74 m
Lysine (Lys) B-CH, 1.89 m C



http://ees.elsevier.com/bbagen/download.aspx?id=454065&guid=fd0439d5-bfbb-48ea-8298-9af776a44eda&scheme=1

v-CH; 1,71 m
0-CH, 1,43 m
e-CH; 3,03 t
a-CH 3,76 m
Arginine (Arg) 5 :(ngi }’zg E C
6-CH; 3,25 t
Glycine (Gly) a-CH, 3,69 S C
a-CH 3,93 dd
B-CH 3,15 dd
Tyrosine (Tyr) B'-CH 3,05 dd C,E
C2,6H-ring 7,20 d
C3,5H-ring 6,90 d
. C2,6H-rin 7,33 m
Phenylalanine CH4 ring 7,39 m C,E
(Phe) C3,5H-ring 742 m
e . C2H ring 7.13 S
Histidine (His) C5H ring 202 < C
CH-5 ring 7,20 t
) CH-6 rin 7,27 t
Triptophan (Trp) CH-7 rin§ 7,54 d E
CH-4 ring 7,74 d
Organic Acids
Acetic acid (AA) CH3 1,93 S CE
Fumaric acid
(Fuma) a,p-CH=CH 6,51 S CE
Succinic acid (SA) a,B-CH; 241 S C
Lactic acid (LA) g:gg i’}; g CE
Formic acid (FA) CH 8,46 S C,E
Carbohydrates
CH-1 5,23 d
CH-2 3,55 m
a-Glucose (a-G) ggj g’z $ C,E
CH-5 3,84 m
CH,-6 3,73 -3,90 m
CH-1 4,65 d
CH-2 3,24 dd
CH-3 3,50 m
B-Glucose (B-G) CH-4 342 m CE
CH-5 3,48 m
CH»-6 3,74 - 3,91 m
Trehalose (T) CH-1,1° 5,19 d CE




CH-2,2’ 3,64 m

CH-3,3° 3,76 m

CH-4,4° 3,44 m

CH-5,5° 3,82 m

CH,-6,6’ 3,79 — 3,88 m

CH-1G 5,44 d

Raffinose (R) CH-1 Galactose 5,01 d

CH-3F 4,22 d

Miscellaneous Compounds

CH, 3,66 q

Ethanol (Eth) CH; 119 ¢

) a-CH, 3,43-3,53 m

1 ,2—p(rl§)]ga;)1;edlol B-CH 3.89 m

v-CH3; 1,15 d

Ul -CH; 2,97 S

) C5H 5,80 d

Uracil (Ura) C6H 7.74 d

Mon[(i}rallil)rslgha te C5H ring Ura 5,90 d

(UMP) C6H ring Ura 7,89 d

Dig;;igfa . | CSHringUra 5,97 d

(UDP) C6H ring Ura 7,95 d

Trigl?odsl;llfa te C5H ring Ura 5,99 d

(UTP) C6H ring Ura 7,98 d

Di(;fé’:;ﬁzte C5H ring Cyt 6,14 d

(CDP) C6H ring Cyt 7,98 d

Tr%fg:}fﬁz o | CsHringCyt 6,15 d

(CTP) C6H ring Cyt 7,99 d

Guanosine C8H ring Gua 8,15 S

Phosphate (GXP) | C8H ring Gua 8,21 S
Adenosine C2H ring Ade 8,23
Phosphate (AXP) | C8H ring Ade 8,58

C2H Nam 9,34 S

C4H Nam 8,84 m

NAD C5H Nam 8,29 m

C6H Nam 9,15 m

C2H Nam 9,61 S

Nicotinamide C4H Nam 8,89 m

riboside (NamRib) C5H Nam 8,31 m

C6H Nam 9,34 m




* specific resonance signal used for quantization are reported in bold.
bs: singlet; d: doublet; dd: double doublet; dt: double triplet; t: triplet; q: quartet; m: multiplet

¢ C: cytosol; E: extracellular



Table S2
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Leucine
Isoleucine
Valine
Threonine
Alanine
Glutamate
Glutamine
Glutathione
Aspartate
Asparagine
Lysine
Arginine
Glycine
Tyrosine
Histidine
Phenylalanine
Lactate
Acetate
Succinate
Fumarate
Formate
Trealose
Glucose

1,2 propandiol
Ul

uUTP

ubDP

umP

CTP

cmp

GTP + GDP (GXP)
ATP + ADP (AXP)

NAD
Nam-Ribose

WT
(n=6)

1.89+0.17
0.89+0.05
1.41+£0.08
0.94 £0.05
4.29+0.17
13.61+0.61
1.09+0.10
1.73+£0.08
1.30+£0.07
4.68 £ 0.27
4.35+0.27
5.08+0.33
2.14+£0.09
0.35+0.02
2.80+0.18
0.55+0.04
0.21+0.01
8.11+0.57
0.23+0.01
0.04£0.01
0.13+0.01
0.04 £0.00
0.33+0.02
1.44 +0.03
0.48 +0.02
0.17+0.01
0.11+0.01
0.39+0.03
0.21+0.02
0.50+£0.03
0.38+0.04
0.37+0.04
0.48+0.03
0.04 £0.01

nhp6ab
(n=8)
2.60+0.12 0.009546
1.34+£0.08 0.000213
1.84+0.12 0.008871
2.08 £0.25 0.000251
7.87 £0.85 0.000469
16.17 £ 1.24 n.s
1.54 £0.05 0.003018
2.36+0.21 0.008347
1.55+0.07 0.038665
5.96+0.20 0.003897
4,84 +£0.25 n.s
7.37£0.38 0.00064
1.67 £0.15 0.014034
0.52+0.03 0.000428
1.27 £0.60 0.017635
1.05+0.07 2.68E-05
0.47 £0.06 0.000221
8.60+0.21 n.s
0.21+£0.02 n.s
0.03+£0.00 n.s.
0.13+0.01 n.s.
0.10+0.01 8.28E-07
0.61+£0.07 0.000902
1.58 £0.03 0.004822
0.56+£0.02 0.036819
0.25+0.01 0.000174
0.29+£0.02 2.12E-06
0.63+£0.03 6.37E-05
0.28 £0.03 n.s
0.41+0.03 n.s
0.37+£0.02 n.s
0.13+£0.05 0.002641
0.43+£0.03 0.255313
0.01+0.01 0.00509

Table ...: Intracellular metabolite concentrations expressed as means

and Standard Deviation (SD) of umol/g biomass weight. Unpaired

data Student’s t test was used to compare the differences.
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Down regulated genes >1.5

GO Molecular Function

Category

structural constituent of ribosome [GO:0003735]

lyase activity [GO:0016829]

oxidoreductase activity [GO:0016491]

catalytic activity [GO:0003824]

carboxy-lyase activity [GO:0016831]

rRNA binding [GO:0019843]

pyridoxal phosphate binding [GO:0030170]

transferase activity, transferring acyl groups, acyl groups converted into alkyl on transfer [GO:0046912]
NAD binding [GO:0051287]

magnesium ion binding [GO:0000287]

amino acid binding [GO:0016597]

SSU rRNA binding [GO:0070181]

pyruvate decarboxylase activity [GO:0004737]

peptidase inhibitor activity [GO:0030414]

thiamine pyrophosphate binding [GO:0030976]

hexokinase activity [GO:0004396]

homocitrate synthase activity [GO:0004410]

acetolactate synthase activity [GO:0003984]

tricarboxylate secondary active transmembrane transporter activity [GO:0005371]
arylformamidase activity [GO:0004061]

methionine adenosyltransferase activity [GO:0004478]

oxidoreductase activity, acting on a sulfur group of donors, disulfide as acceptor [GO:0016671]
3-hydroxyacyl-[acyl-carrier-protein] dehydratase activity [GO:0019171]
fatty-acyl-CoA synthase activity [GO:0004321]

2-isopropylmalate synthase activity [GO:0003852]

serine-type endopeptidase inhibitor activity [GO:0004867]

CTP synthase activity [GO:0003883]

alcohol O-acetyltransferase activity [GO:0004026]

p-value

1,00E-014
2,35E-008
2,22E-007
7,24E-007
3,28E-005
0,000157771
0,000404035
0,00114694
0,00155149
0,00186714
0,00189191
0,00189191
0,00189191
0,00189191
0,0021499
0,00444982
0,00633473
0,00633473
0,00633473
0,00633473
0,00633473
0,00633473
0,00633473
0,00633473
0,00633473
0,00633473
0,00633473
0,00837508
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GO Cellular Component

Category

cytosolic small ribosomal subunit [GO:0022627]
cytosolic large ribosomal subunit [GO:0022625]
ribonucleoprotein complex [GO:0030529]
ribosome [GO:0005840]

intracellular [GO:0005622]

cytoplasm [GO:0005737]

small ribosomal subunit [GO:0015935]
extracellular region [GO:0005576]

fungal-type cell wall [GO:0009277]

cell wall [GO:0005618]

cytosol [GO:0005829]

vacuolar transporter chaperone complex [GO:0033254]
anchored to membrane [GO:0031225]

90S preribosome [GO:0030686]

fatty acid synthase complex [GO:0005835]
acetolactate synthase complex [GO:0005948]
anthranilate synthase complex [GO:0005950]
plasma membrane enriched fraction [GO:0001950]
mitochondrial proton-transporting ATP synthase complex [GO:0005753]

p-value

1,00E-014
1,00E-014
1,00E-014
1,00E-014
1,00E-014
2,14E-009
4,09E-005
4,39E-005
9,70E-005
0,000768997
0,0011918
0,00189191
0,00270221
0,0051299
0,00633473
0,00633473
0,00633473
0,00752225
0,00837508

k
37
42
81
81
76

223
7
20

18
14
28

3

12

13
2
2
2

14
3

f
62
88

307
310
381
2026
14
95
85
68
192
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Upregulated genes >1.5

GO Molecular Function

Category p-value k f
transporter activity [GO:0005215] 1,02E-005 15 90
substrate-specific transmembrane transporter activity [GO:0022891] 0,000374024 7 31
RNA polymerase II transcription factor binding transcription factor activity [GO:0001076] 0,00204395 2
alpha-glucoside:hydrogen symporter activity [GO:0005352] 0,00204395 2 2
glycerol transmembrane transporter activity [GO:0015168] 0,00204395 2 2
glucosidase activity [GO:0015926] 0,00280833 3 7
sequence-specific DNA binding [GO:0043565] 0,00313828 16 165
symporter activity [GO:0015293] 0,00434354 3 8
RNA polymerase II activating transcription factor binding [GO:0001102] 0,00594793 2 3

GO Cellular Component

Category p-value k f
cellular_component [GO:0005575] 0,000394061 51 704
nuclear nucleosome [GO:0000788] 0,00105597 4 11
nucleosome [GO:0000786] 0,00105597 4 11
replication fork protection complex [GO:0031298] 0,00463078 5 25
ascospore wall [GO:0005619] 0,00869944 3 10
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S5_table

1 YPRO53C
2 YBRO72W
3 YOLO58W
4 YPRO52C
5 YDR344C
6 YERO11W
7 YDL182W
8 YGR157W
9 YNL160OW
10 YGR213C
11 YJLO8OW
12 YJRO73C
13 YGR234W
14 YHLO33C
15 YIL119C
16 YPR145C-A
17 YiL216C
18 YJIL191W
19 YPL198W
20 YLLO56C
21 YDR342C
22 YKL216W
23 YNLO15W
24 YPL197C
25 YJLO88W
26 YNRO50C
27 YGLO89C

28 YBRO56W-A

29 YDR534C
30 YDR502C
31 YPRO57W
32 YBR177C
33 YNLO4OW
34 YOR120W

35 YNRO34W-A

36 YHRO15W
37 YBRO4OW
38 YHR022C
39 YER175C
40 YGL117W

List of differentially expressed genes

Counts MUT1 Counts MUT2 Counts V Counts WT2 baseMean

88
1118
1187

343
0
506
5540
1577
4082
741
128
1189
2640
5823
96
42
375
1018
1366
795
6414
2607
766
193
126
8432
3107
503

82

3771

436
1581
597
1787
2154

96

74

35

623
971

87
1249
1103

378
1
514
5554
1439
4403
786
113
1229
2531
5693
132
34
427
1158
1553
769
6370
3071
761
220
108
8083
3340
581

98

3890

493
1659
684
1766
2773
109
123
59
552
932

1887
11381
9989
3121
125
5447
32563
8374
22079
3366
574
5148
11368
24668
512
201
1636
4275
5353
2616
21110
8905
2344
740
446
24064
10793
1606
306
11177
1322
4470
1734
4465
6520
298
390
166
1529
2352

1438
11375
9562
2738
82
2904
26622
6896
19371
2872
531
4756
8850
19222
437
156
1228
3260
4078
2110
16564
8010
2187
548
316
21345
7589
1382
233
8825
1087
3663
1444
4368
6143
237
267
145
1331
2178

990.9536289
7115.939736
6158.364622
1846.010957
59.1514382
2576.221761
19415.51843
5044.364843
13789.85012
2126.953264
371.6666365
3386.151131
6917.807149
15080.35301
322.5621742
118.8528175
993.3627449
2629.266276
3332.876027
1695.925361
13573.36609
6110.035452
1640.606835
457.7876177
268.270036
16673.65326
6640.771909
1095.051817
193.302987
7396.148116
893.300436
3038.212219
1190.922557
3328.2557
4727.060534
197.8668896
229.7848292
109.9264022
1078.690834
1721.103572
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“stre” containing genes (95/195)
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Fig.S1 - G6PDH activity on native gel in WT and nhp6ab strains. Extracts from WT or nhp6ab cells grown on
YPD medium (prepared asin 17), were separated on polyacrylamide gel and stained for G6BPDH activities.
NADP" and Glucose 6-P were used as cofactors and substrate for GGPDH activity. GEPDH tetrameric and
dimeric forms are indicated (arrows).

Fig.S2 - A - Growth sensitivity to H,0, treatment. WT or nhp6ab strains were grown on YPD medium to
exponential phase (0.5 OD/ml). Cells were then treated or not with 3mM H,0, for 30" at 30°C and aliquotes
(45000 cells, serially diluted 1:3) were spotted on YPD plates and incubated for 3 days at 30°C. B - List of
"stre" containing genes differentially expressed (>1.2 fold) between nhp6ab and WT.

Fig.S3 - POT1, PDA1, ACS1 and ACS2 expression profiles measured by RT-gPCR in WT and nhp6ab cells. (*)
p<0.05 (T-student determined).

Table S1 - Resonance assigment

Table S2 - Intracellular metabolite concentrations expressed as means and Standard Deviation (SD) of
pmol/g biomass weight. Unpaired data Student’s t test was used to compare the differences.

Table S3 - Down regulated genes, GO Molecular Function
Table S4 - Upregulated genes, GO Molecular Function

Table S5 - List of differentially expressed genes
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