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Abstract

Nutrient uptake and metabolism have a significant impact on the way cells respond to stress. The amino acid
methionine is, in particular, a key player in the oxidative stress response, and acting as a reactive oxygen species
scavenger, methionine is implicated in caloric restriction phenotypes and aging. We here provide evidence that
some effects of methionine in stress situations are indirect and caused by altered activity of the nicotinamide
adenine dinucleotide phosphate (NADPH) producing oxidative part of the pentose phosphate pathway (PPP). In
Saccharomyces cerevisiae, both methionine prototrophic (MET15) and auxotrophic (metl5A) cells supplemented
with methionine showed an increase in PPP metabolite concentrations downstream of the NADPH producing
enzyme, 6-phosphogluconate dehydrogenase. Proteomics revealed this enzyme to also increase in expression
compared to methionine self-synthesizing cells. Oxidant tolerance was increased in cells preincubated with
methionine; however, this effect was abolished when flux through the oxidative PPP was prevented by deletion of
its rate limiting enzyme, ZWF1. Stress resistance phenotypes that follow methionine supplementation hence
involve the oxidative PPP. Effects of methionine on oxidative metabolism, stress signaling, and aging have thus to
be seen in the context of an altered activity of this NADP reducing pathway. Antioxid. Redox Signal. 24, 543-547.

Introduction

HE ABILITY OF CELLS to counteract oxidative stress is

fundamental for survival in an ever changing environ-
ment and is implicated in growth and aging (3, 5). Metabo-
lism is of importance for cellular tolerance to oxidants,
providing the reducing power for the antioxidant machinery,
including the glutathione and thioredoxin systems, and acting
as a main source of intracellular oxidants itself (3, 4, 7). A
central player in stress resistance is the amino acid methio-
nine. Methionine is a direct target of reactive oxygen species
(ROS), as its sulfur can be oxidized to sulfoxide; furthermore,
via repair of methionine sulfoxide through methionine sulf-
oxide reductases, methionine can act as scavenger and protect
cells from oxidative stress (2). Recent studies analyzing
proteomic methionine usage show this amino acid to be en-
riched in protein at sites of major free radical production,
such as the mitochondrial respiratory chain (6). Methionine

has therefore been exploited by cells, acting as an ROS
scavenger to protect proteins from oxidation, and has been
implicated in caloric restriction phenotypes and aging (2, 3).

Genetic experiments have connected methionine biosyn-
thesis to the pentose phosphate pathway (PPP), a pathway
with essential roles in the antioxidative metabolism (5, 7).
This connection appears to be predominantly caused by the
redox cofactor nicotinamide adenine dinucleotide phosphate
(NADP). De novo methionine biosynthesis, via the assimila-
tion of inorganic sulfate, requires three molecules of NADPH
per molecule of methionine, and the PPP is key to regenerating
NADPH and maintaining redox balance (7). Two PPP enzymes
responsible for NADPH production are glucose 6-phosphate
dehydrogenase (G6PDH) and 6-phosphogluconate dehydro-
genase (6PGDH). When budding yeast is deleted for GGPDH
(ZWF1), the rate limiting enzyme of this NADPH producing
oxidative PPP, cells are no longer able to synthesize methio-
nine and become methionine auxotrophs (8). Growth of zwfIA
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Innovation

Methionine plays an essential role in oxidant resis-
tances as it can be oxidized and has been implicated in
caloric restriction and aging. We observed altered activity
in the oxidative branch of the pentose phosphate pathway
(PPP) after increasing the supplementation of methionine,
detecting elevated levels of PPP metabolites, and increased
abundance of the nicotinamide adenine dinucleotide phos-
phate (NADPH) producing enzyme 6-phosphogluconate
dehydrogenase (6PGDH). Methionine preincubation also
increased cellular tolerance to the thiol oxidizing agent di-
amide in dependency of the oxidative pentose phosphate. At
least some oxidative stress resistance phenotypes caused by
methionine hence involve the PPP.

cells therefore depends on supplementation with organic
sources such as cysteine and methionine (8).

Results and Discussions

We hence questioned whether the effect of methionine on
the PPP was related to the stress response. Direct NADPH
quantification in yeast provides limited information about
the PPP as (i) a major fraction of NADP(H) is localized to
the vacuole or protein bound, (ii) different NADPH sources
exist, and (iii) NADPH is readily oxidized upon cell lysis (4).
We therefore addressed this problem by combining mass
spectrometry-based metabolite quantification, protein quan-
tification, and genetics. First, PPP metabolite abundance was
determined using a targeted LC-MS/MS method, which gives
absolute quantities for the majority of PPP metabolites (Table 1).
Wild-type cells supplemented with methionine showed a
distinct increase in PPP metabolites downstream of the NADPH
producing enzyme 6PGDH (Fig. 1A, left panel). Auxotrophic
yeast, unable to synthesize methionine by themselves, pos-
sessed similar concentrations confirming that the effect is
mediated by methionine supplementation (Fig. 1A, right pan-
el). Next, protein expression was analyzed by SWATH-MS,
a target proteomics method based on LC/MS-MS (9). We
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detected a clear upregulation of 6PGDH in methionine-
supplemented cells (Fig. 1B). Methionine treatment thus in-
creases both metabolite concentration and enzyme expression
in the oxidative PPP.

Finally, we tested for a causal relationship between me-
thionine and the PPP by testing oxidant resistance upon
methionine supplementation. The thiol oxidizing agent di-
amide was considered ideal for testing PPP-dependent oxi-
dant resistance, as cells have increased resistance to this
oxidant when PPP activity is increased; however, in contrast
to hydrogen peroxide or other peroxides, diamide does not
block glycolysis or activate the PPP directly (5). When me-
thionine supplementation was increased from 0 to 200 mg/L,
resistance to diamide was increased (Fig. 1C). The upregu-
lated 6PGDH cannot be fully deleted in yeast as it is an
essential gene; therefore, to prevent flux in the oxidative PPP,
ZWF1 was deleted instead. In zwfIA cells, methionine no
longer increased diamide tolerance (Fig. 1C).

Stress resistance phenotypes that follow methionine sup-
plementation hence involve the oxidative PPP. Effects of
methionine on oxidative metabolism, stress signaling, and
aging have thus to be seen in the context of an altered activity
of this NADPH providing pathway.

Notes
Yeast strains, plasmids, and growth media

All yeast strains and plasmids used are listed in Table 2.
For metabolomic and proteomic studies, YSBNS, a proto-
trophic haploid variant of Saccharomyces cerevisiae S288c,
was used alongside its metI5A derivative. Deletion of
METIS5 in this strain was performed by homologous recom-
bination using a kanMX marker (Table 3). To determine the
effect of methionine supplementation on oxidative tolerance,
BY4741 complemented with the centromeric vector (mini-
chromosome) pHLUM (Addgene ID #40276) was used
alongside its zwfIA derivative. Yeast was cultivated if not
otherwise indicated at 30°C, in minimal supplemented syn-
thetic media (SM; YNB yeast nitrogen base [6.8g/L; Sigma]),
with 2% glucose (Sigma) as the carbon source.

TABLE 1. ABSOLUTE QUANTIFICATION OF PPP METABOLITES

Compound YSBNS + (metl5A) +
Compound name abbreviation YSBNS (uM) methionine (WM) methionine (WM)
Pyruvate Pyr 190.13£19.31 241.95+17.87 214.23+9.15
Glucose 6-phosphate/fructose 6-phosphate G6P/F6P 160.50+3.66 188.38+11.54 194.43+4.50
Sedoheptulose 7-phosphate S7p 126.10+£15.24 138.53+£8.73 153.80£21.04
Ribose 5-phosphate RSP 2.73£0.15 5.55+£1.03 5.50+1.71
Fructose 6-phosphate F6P 94.90£6.10 123.90+£11.92 123.23£24.97
Glyceraldehyde 3-phosphate G3P 8.27+0.23 10.95+0.64 10.67+0.60
Xylulose 5-phosphate/ribulose 5-phosphate XS5P/RISP 9.20+1.04 21.65t4.31 18.10x£2.76
Dihydroxyacetone phosphate DHAP 4.97+1.66 17.48+5.72 16.33£9.15
6-Phosphogluconate 6PG 43.03+1.71 51.90+2.97 48.93+£0.92
2-Phosphoglycerate/3-phosphoglycerate 2-PG/3-PG 69.30£10.37 89.50+8.46 81.23£8.02
Phosphoenolpyruvate PEP 1.37£0.32 1.63£0.15 2.03£0.38
Fructose 1,6-bisphosphate F1,6BP 274.80+20.22 343.08+13.15 294.27+19.55

Absolute quantification of PPP metabolites was conducted on the prototrophic yeast strain YSBNS (MET15) + methionine supplementation
and its MET15 knockout derivative (metl5A) grown with methionine supplementation (n=3). Error=1SD.

PPP, pentose phosphate pathway.
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FIG. 1. Methionine supplementation alters intracellular PPP activity. (A) Methionine exposed wild-type (MET15) and
metl5A cells have increased concentrations of PPP metabolites (n=3). Absolute metabolite concentrations are shown in Table 1.
Glycolysis: G6P, glucose 6-phosphate; FOP, fructose 6-phosphate; F1,6BP, fructose 1,6-bisphosphate; DHAP, dihydroxyacetone
phosphate; G3P, glyceraldehyde 3-phosphate; 3PG, 3-phosphoglycerate; 2PG, 2-phosphoglycerate; PEP, phosphoenolpyruvate;
Pyr, pyruvate. Pentose phosphate pathway: 6PG, 6-phosphogluconate; RISP, ribulose 5-phosphate; R5P, ribose 5-phosphate; X5P,
xylulose 5-phosphate; S7P, sedoheptulose 7-phosphate; E4P, erythrose 4-phosphate. (B) Top: Reaction scheme of 6-
phosphogluconate (6PG) to ribulose 5-phosphate (RI5P) catalyzed by 6-phosphogluconate dehydrogenase (6PGDH), yielding
NADPH. 6PG and RI5P are highlighted in green and 6PGDH in brown, here and in (A). Bottom: The expression level of 6PGDH in
wild-type (MET15) as well as in methionine supplemented wild-type and met15A cells, as determined by SWATH-MS. Bottom left:
Reconstruction of SWATH-MS chromatographic spectra in Skyline; shown are two transitions of the representative 6PGDH peptide
DYFGAHTEFR. Bottom center: Expression level (fold change to wild type) of 6PGDH. c.p.s., counts per second. n =3, error bars, +
SD. (C) Increased resistance of wild-type cells (ZWF) to diamide upon methionine supplementation. This phenotype is lost in cells
deleted for the rate-limiting oxidative PPP enzyme G6PDH (zwf1A). PPP, pentose phosphate pathway. GOPDH, glucose 6-phosphate
dehydrogenase. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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TABLE 2. STRAINS AND PLASMIDS USED IN THIS STUDY

Name Description

Strains
YSBNS5 MATa, FY3 ho::Ble
YSBNS5 metI5A  YSBNS5 metl5::;kanMX4
BY4741 MATa, his3A1 leu2A40 met1540

ura3A0 (ATCC® 201388™)

BY4741 zwflA  BY4741 zwfl::kanMX4

Plasmids
pHLUM Yeast centromeric vector with HIS3,
URA3, LEU2, and METI15 markers
(minichromosome). (Addgene

number: 40276)

Quantification of glycolytic and PPP metabolites
by LC-MS/MS

Intracellular levels of sugar phosphates were quantified
using a previously published LC-MS/MS method (1). 7.5
ODsos units of cells (YSBNS MET15 + methionine [20 mg/L]
or YSBNS met15A + methionine [20 mg/L]) were harvested in
the exponential growth phase (ODsos=1.510.05) following
cold methanol quenching. Cell pellets were resuspended in
200 uL of extraction buffer (75:25 [v/v] acetonitrile:methanol,
0.2% formic acid) and lysed during three FastPrep-24 (MP
Biomedicals) cycles for 20 s at 6.5 m/s. After centrifugation for
5 min at 16,000 g, the pellet was extracted again with 200 uL
ultra high pressure liquid chromatography-grade water. Com-
bined supernatants from both extractions were evaporated in a
Concentrator plus SpeedVac (Eppendorf), resuspended in
100 uL 7% acetonitrile, centrifuged, and submitted to LC-MS/
MS analysis. One microliter of the metabolite extract was in-
jected on a C8 column (ZORBAX SB-C8 Rapid Resolution
HD, 2.1 x100mm, 1.8 um (Agilent); column temperature:
20°C) for liquid chromatography separation (Agilent 1290).
Water/acetonitrile mixtures (A: 10% [v/v] acetonitrile, B: 50%
[v/v] acetonitrile) that were used as mobile phases contained
750 mg/L octylammoniumacetate as the ion pairing reagent.
After 3.5 min of isocratic flow at 12% acetonitrile, a 2.5-min
gradient to 38% acetonitrile was used to elute the sugar
phosphate analytes, followed by a washing step to 42% ace-
tonitrile for 0.5 min and re-equilibration at starting conditions.
Quantification was achieved with an online coupled triple
quadrupole mass spectrometer (Agilent 6460) operating in the
selective reaction monitoring (SRM) mode. Identification of
metabolites was ensured by comparison of retention times and
fragmentation patterns with commercially available stan-
dards. For each individual compound, optimal analytical
conditions (SRM transitions, ionization, and fragmentation
energies) were determined separately. MassHunter Work-
station software package (Agilent) was used for data analysis.
Repeatedly recorded external calibration curves were used to
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calculate absolute metabolite concentrations. The SRM tran-
sitions used are shown in Table 4.

Proteomic analysis of PPP enzyme abundance
by SWATH-MS

Analysis of PPP enzyme abundances was performed
using SWATH-MS as previously described. In short, cells
equaling 10 ODsg5 of an exponentially growing yeast cul-
ture (YSBNS METI5 + methionine [20mg/L] or YSBNS5
met15A + methionine [20 mg/L]) were harvested and tryptic
peptides prepared in accordance with the Rapid ACN method
(9). LC-MS/MS analysis was performed on a Tandem
Quadrupole Time-of-Flight mass spectrometer (AB/Sciex
TripleTOF5600) equipped with a Turbo V ion source and
25 um emitter needles (AB/Sciex), on line coupled to a HPLC
system (Eksigent nanoLC 425) operating in the microflow
mode. Chromatographic separation was achieved by direct
injection of 10 ug yeast digest supplemented with 0.5x HRM-
Kit (Biognosys) onto an analytical column (Eksigent
ChromXP, 3 um, C18CL, 300A, 150 x 0.3 mm) followed by a
linear gradient (0-28% acetonitrile/0.1% formic acid in
26 min) at a flow rate of 3 uL/min. Data acquisition was
performed with 29x 16 m/z SWATH windows, a range of
400-850 m/z, and 40 ms accumulation time resulting in 1.2's
cycle time. Extracted ion chromatograms were then extracted
with the help of Spectronaut software (version 5.0.5900;
Biognosys) by querying the data with an ion library, con-
structed by operating the mass spectrometer in the data-
dependent acquisition mode and repeatedly injecting tryptic
yeast digests prefractionated using high pH reverse phase
chromatography. The chromatographic setup for the ion li-
brary was as outlined above. Data were validated by manu-
ally removing interfering fragment ions using Skyline
software, and the three most abundant fragment ions were
used for calculating peptide fold changes. To correct for
amount of sample injected, data were normalized using
the fold change of glyceraldehyde-3-phosphate dehydro-
genase (EC 1.2.1.12; TDHI) as a control. Protein fold
changes were calculated by averaging three peptide fold
changes per protein. Transitions of peptide DYFGAHTFR
for 6PGDH (EC 1.1.1.44; GNDI) taken from SWATH
chromatographic spectra in Skyline were then illustrated
with R package ‘‘ggplot2.”” Fold change in protein abun-
dance for YSBNS MET15 and met15A strains + methionine
was then based on protein abundance for YSBNS MET15
strains untreated.

Oxidative stress for prototroph and zwf1A strains

For the oxidant tolerance test following methionine
treatment, BY4741 ZWF I and zwfI A strains, complemented
with the centromeric vector pHLUM, were grown for two
nights in SM * methionine (ZWF1 with 0 and 200 mg/L, and

TABLE 3. OLIGONUCLEOTIDES USED TO GENERATE YSBN5 METI5A BY HOMOLOGOUS RECOMBINATION

Name

Sequence

Metl5_fw GTCAGATACATAGATACAATTCTATTACCCCCATCCATACAAGCTTGCCTCGTCCCCGCCGGGTCA

Metl5_rv
AGTATC

GAGAAAGTAGGTTTATACATAATTTTACAACTCATTACGCACACTCGACACTGGATGGCGGCGTT
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TABLE 4. SRM TRANSITIONS FOR QUANTIFICATION OF SUGAR PHOSPHATES BY LC-SRM

Compound Sum SRM Fragmentor  Collision
Compound name abbreviation  formula transition (V) energy (V) Polarity
Glucose Glu CeH 1206 179.0>89.0 70 1 -
Pyruvate Pyr C3H,05 87.0>43.0 55 3 -
Sedoheptulose 7-phosphate S7P C;H;50,0P 289.0>97.0 100 12 -
Glucose 6-phosphate G6P CeH1300P  259.0>97.0 100 12 -
Xylulose 5-phosphate/ribulose 5-phosphate  XS5P/RISP  CsHoOgP 229.0>97.0 85 12 -
Fructose 6-phosphate FoP CgH300P  259.0>97.0 100 12 -
Erythrose 4-phosphate E4P C4HyO,P 199.0>97.0 70 6 -
Glyceraldehyde 3-phosphate G3P C5H,06P 169.0>97.0 70 5 -
Ribose 5-phosphate R5P CsHyOgP 229.0>97.0 85 12 -
Dihydroxyacetone phosphate DHAP C;H,0qP 169.0>97.0 70 5 -
6-Phosphogluconate 6PG CeH300P  275.0>97.0 100 18 -
2-Phosphoglycerate/3-phosphoglycerate 2-PG/3-PG  C3H,0,P 185.0>97.0 75 11 -
Phosphoenolpyruvate PEP C3Hs06P 167.0>79.0 50 7 -
Fructose 1,6-bisphosphate F1,6BP CeH1401,P> 339.0>97.0 175 16 -

SRM, selective reaction monitoring.

zwfl A with 20 and 200 mg/L of L-methionine [Sigma], re-
spectively, as the zwfIA strain is auxotrophic for organic
sulfur (8)). Cell cultures were then normalized to 3.6e+06
cells in 200 uL. SM and spotted in 1:5 serial dilutions on
SM solid media with L-methionine (200 mg/L) + diamide
(Sigma). Growth was documented after 3 days incubation
at 30°C.
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