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Methionine coordinates a hierarchically 
organized anabolic program enabling 
proliferation

ABSTRACT Methionine availability during overall amino acid limitation metabolically repro-
grams cells to support proliferation, the underlying basis for which remains unclear. Here we 
construct the organization of this methionine-mediated anabolic program using yeast. Com-
bining comparative transcriptome analysis and biochemical and metabolic flux-based 
approaches, we discover that methionine rewires overall metabolic outputs by increasing the 
activity of a key regulatory node. This comprises the pentose phosphate pathway (PPP) cou-
pled with reductive biosynthesis, the glutamate dehydrogenase (GDH)-dependent synthesis 
of glutamate/glutamine, and pyridoxal-5-phosphate (PLP)-dependent transamination capaci-
ty. This PPP-GDH-PLP node provides the required cofactors and/or substrates for subsequent 
rate-limiting reactions in the synthesis of amino acids and therefore nucleotides. These rate-
limiting steps in amino acid biosynthesis are also induced in a methionine-dependent manner. 
This thereby results in a biochemical cascade establishing a hierarchically organized anabolic 
program. For this methionine-mediated anabolic program to be sustained, cells co-opt a 
“starvation stress response” regulator, Gcn4p. Collectively, our data suggest a hierarchical 
metabolic framework explaining how methionine mediates an anabolic switch.

INTRODUCTION
Cell growth is expensive and is therefore tightly coordinated with 
the intrinsic cellular metabolic state. In general, the metabolic costs 
incurred during growth and proliferation come from two well-stud-
ied phenomena. First, to successfully complete division, a cell makes 
substantial metabolic investments: to replicate its genome, as well 
as synthesize building blocks like amino acids, lipids, nucleotides, 
and other macromolecules (Nelson and Cox, 2017). Second, the 

process of protein synthesis required for growth itself consumes 
large amounts of energy (Warner, 1999; Warner et al., 2001), as the 
translational output of cells increases (Jorgensen and Tyers, 2004). 
Understanding such changes in cellular metabolic state coupled to 
biosynthetic outputs, in the context of commitments to cell growth 
and proliferation, is now the focus of several studies (Brauer et al., 
2008; Dechant and Peter, 2008; Boer et al., 2010; Broach, 2012; 
Ljungdahl and Daignan-Fornier, 2012). For example, one context 
where there is intense interest in understanding metabolic altera-
tions enabling growth is in cancers, where the identification of the 
biosynthetic and metabolic requirements for cell growth, incuding 
during phenomena such as the Warburg effect, are areas of current 
interest (Warburg, 1956; DeBerardinis et al., 2008; Tong et al., 2009; 
Vander Heiden et al., 2009). Yet metabolic rewiring is often com-
plex. Therefore, understanding how specific “sentinel” metabolites 
can function directly as growth signals, and identifying the necessary 
steps by which such metabolites can metabolically reprogram cells, 
has been challenging.

However, simple, tractable cellular models can be used to dis-
sect and deconvolute such complex phenomena. Studies using Sac-
charomyces cerevisiae have been instrumental in identifying dedi-
cated, conserved strategies utilized by eukaryotic cells to integrate 
metabolic state with growth (Gray et al., 2004; Brauer et al., 2008; 
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Boer et al., 2010; Cai et al., 2011; Slavov and Botstein, 2011; Broach, 
2012; Ljungdahl and Daignan-Fornier, 2012; Xu et al., 2013; 
Mulleder et al., 2016; Ye et al., 2017). In such reductive studies using 
yeast, preferred carbon or nitrogen sources are typically limited 
(thereby slowing overall growth). Subsequently, specific factors are 
reintroduced individually or in combination. This reconstitutes mini-
mal components required for metabolically reprogramming cells 
and thereby allows the precise dissection of mechanistic events. 
Such approaches have discovered several novel nutrient sensing 
systems, mechanisms, or transcriptional programs by which growth 
outputs are controlled by the build-up and utilization of specific me-
tabolites (Tu et al., 2005, 2007; Boer et al., 2008, 2010; Brauer et al., 
2008; Laxman and Tu, 2010; Laxman et al., 2013; Cai et al., 2011; 
Klosinska et al., 2011; Slavov and Botstein, 2013; Sutter et al., 2013; 
Xu et al., 2013; Ye et al., 2017).

Interestingly, some amino acids directly function as anabolic sig-
nals, potently activating growth pathways independent of their roles 
as nitrogen or carbon sources. For example, leucine and glutamine 
activate the target of rapamycin (TOR) pathway directly (González 
and Hall, 2017; Wolfson and Sabatini, 2017). In this context, studies 
from diverse organisms suggest that methionine is a strong growth 
signal or “growth metabolite” (Sugimura et al., 1959; Breillout et al., 
1990; Troen et al., 2007; Cavuoto and Fenech, 2012; Sutter et al., 
2013; Lee et al., 2014, 2016; Gu et al., 2017). The most direct evi-
dence for methionine as a growth signal comes from studies in 
yeast. When S. cerevisiae are shifted from complex, amino acid– 
replete medium with lactate as the carbon source to a minimal me-
dium with the same carbon source, the addition of methionine 
alone (likely through its metabolite S-adenosylmethionine [SAM]) 
strongly promotes growth and proliferation (Wu and Tu, 2011; 
Laxman et al., 2013, 2014b; Sutter et al., 2013; Ye et al., 2017). Thus, 
even during otherwise overall nutrient limitation, methionine can 
induce proliferation. Despite these advances, a fundamental ques-
tion regarding methionine as a growth signal remains unanswered. 
What is the biochemical logic of the methionine-mediated anabolic 
program (i.e., how does methionine result in an anabolic reprogram-
ming)? Further, what mechanisms regulate this methionine-
mediated anabolic rewiring, even in overall amino acid limiting 
conditions? We address these related questions in this study.

Here, using a minimal, reconstitutive system in yeast, we uncover 
how methionine uniquely rewires cellular metabolism to an anabolic 
state, even in otherwise amino acid–limited conditions. We find that 
methionine activates very specific metabolic nodes to mediate this 
anabolic reprogramming. When these nodes are coincidently acti-
vated, they further induce a cascade of dependent metabolic 
processes leading to the overall biosynthesis of amino acids and 
nucleotides. For sustaining this anabolic program in the presence of 
methionine, cells co-opt Gcn4p, a mediator of a nutrient stress/sur-
vival response. Collectively, these results position methionine at the 
apex of an overall anabolic network and suggest an overarching, 
hierarchically organized metabolic logic to explain how methionine 
availability results in metabolic rewiring and controlling cellular met-
abolic state.

RESULTS
Methionine mediates a transcriptional rewiring reflecting 
a “growth state”
When wild-type, prototrophic yeast cells are shifted from a complex, 
amino acid–rich medium with lactate as the sole carbon source (rich 
medium, RM) to a synthetic minimal medium containing nitrogen 
base and lactate (minimal medium, MM), they show a significant lag 
phase and slower growth. Supplementation with all 20 standard 

amino acids restores growth after this nutrient downshift (Sutter 
et al., 2013; Laxman et al., 2014b). Importantly, methionine supple-
mentation alone substantially increases growth (Figure 1A). This 
growth rescue by supplementing a single amino acid is comparable 
to (in our hands) or even better than (Sutter et al., 2013) adding all 
18 other nonsulfur amino acids (nonSAAs) together. Collectively, this 
suggested that despite otherwise overall amino acid limitation, me-
thionine availability alone can increase proliferation. However, an 
inherent paradox emerges from these observations. For increased 
proliferation, a cell requires an increased supply of anabolic precur-
sors. Methionine itself is not a good “nutrient source” (i.e., it is a 
poor carbon or nitrogen source), unlike the combined pool of other 
nonSAAs. Therefore, simply adding methionine alone cannot create 
a nutrient-replete medium. If this is so, then how do cells build-up 
precursors for anabolism in the presence of methionine, when other 
amino acids are limiting? In other words, how might methionine me-
diate a complete switch to an anabolic state and resolve this appar-
ent metabolic supply problem? We reasoned that dissecting the 
methionine-mediated overall transcriptional response might pro-
vide insight into a possible anabolic program mediated by methio-
nine, revealing any logic inherent within. This could then explain any 
core metabolic response dependent on methionine that drives 
proliferation.

We first addressed how methionine reprograms cells into an ana-
bolic state, focusing on elucidating early transcriptional events, 
even before the overall proliferation is observed. We performed 
comprehensive RNA-seq analysis on distinct sample sets of wild-
type cells: 1) RM grown or cells shifted to 2) MM for 2h, 3) MM + Met 
for 2h (Met set), and 4) MM + nonSAAs for 2h. Transcript reads from 
the biological replicates showed exceptional correlation across all 
conditions (Pearson correlation coefficient, R ≥ 0.99) (Supplemental 
Figure 1). Setting a stringent cut-off, we initially considered differen-
tially expressed genes with ≥log2 1.5-fold changes (i.e., ∼2.8-fold 
change) and a p value cut-off <10-4 for further analysis. We initially 
compared global transcription trends in wild-type (WT) cells grow-
ing in RM, MM + Met, or MM + nonSAAs to MM, with the main focus 
on what happens when methionine is the sole variable (i.e., MM and 
MM + Met). We first examined overall global gene expression trends 
in these conditions (compared with MM), looking at the distribution 
of the most induced or down-regulated genes (Figure 1B and Sup-
plemental Figure 2). Here we compared the global gene expression 
trends (broad trends of up- or down-regulated genes) exhibited by 
cells in MM + Met to cells grown in RM or MM + nonSAAs, all rela-
tive to MM (i.e., we compared the fold-change in expression levels 
of both up-/down-regulated genes in MM + Met, to the same genes 
in RM or MM + nonSAAs, all baselined to these gene expression 
levels in MM) (Figure 1B). Notably, the overall MM + Met gene ex-
pression profile very closely resembled the signature of cells in RM, 
in contrast to the cells in MM + nonSAAs (which were nearly indistin-
guishable from MM) (Figure 1B and Supplemental Figures 2 and 3). 
This suggests that methionine is perceived by cells as a stronger 
anabolic cue than all other nonsulfur amino acids combined. 
Methionine is sufficient to switch cells into a transcriptional state 
resembling that of rapidly proliferating cells in RM (which is com-
plex, amino acid–rich medium ideal for growth).

We next more closely examined the overall transcriptional re-
sponse unique to methionine by comparing transcriptomes of cells 
growing in MM versus MM + Met (i.e., the only variable being me-
thionine). This comparison identified 372 genes, of which 262 genes 
were up-regulated in the Met set (Figure 1C and Supplemental file 
E1). Using gene ontology (GO), these genes were grouped into 
related processes (Figure 1D, Supplemental file E2). Given that 
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there is an eventual growth increase in MM + Met, we observed a 
grouping suggesting a transcriptional induction of genes related to 
the core translational machinery. Additionally, GO also grouped 
multiple induced genes into “nucleotide metabolism,” that is, 
under “purine/pyrimidine” or “nucleobase and nucleotide metabo-
lism,” along with the “biosynthesis of secondary metabolites” 
(Figure 1D). The induction of all of these processes would be 

FIGURE 1: Methionine mediates a transcriptional rewiring reflecting a “growth state.” 
(A) Methionine and cell proliferation during amino acid limitation. Shown are growth profiles of 
WT cells grown in rich medium (RM) and shifted to minimal medium (MM) with or without the 
indicated amino acid supplements (2 mM each; nonSAAs indicates all the nonsulfur amino acids 
except tyrosine). The growth profile with methionine is in blue (n = 4). (B) Global trends of gene 
expression in RM and methionine supplemented MM. The boxplot shows fold changes in gene 
expression levels of two gene classes (up- or down-regulated) relative to MM for cells grown in 
different amino acid combinations (RM, MM + Met, MM + nonSAAs). The gene classes were 
defined as those genes that had a significant change (up in red, Met-induced; down in blue, 
Met-repressed) in MM + Met relative to MM. Also see Supplemental File E1 for gene lists. 
(C) Effect of methionine on a global transcriptional response in cells. The heat map shows 
differentially expressed genes in cells grown in MM plus methionine compared with MM (left 
column), with cells grown in MM plus nonSAAs compared with MM (right column). Also see 
Supplemental file E1 for gene lists and Supplemental Figures 2 and 3 for related volcano plots 
and cladograms. (D) GO-based analysis of the methionine-induced genes. The pie chart depicts 
the processes grouped by GO analysis for the up-regulated transcripts between MM plus 
methionine and MM set. Numbers in the bracket indicate the number of genes from the query 
set/ total number of genes in the reference set for the given GO category. Also see 
Supplemental File E2 for GO annotations and Supplemental Figure 6 for related GO groupings.

expected for any cell in a “growth/prolifera-
tive” state, since proliferation relies on 
increased translation and replication. Unsur-
prisingly therefore, this GO grouping of 
induced genes showed a signature of a cell 
in a “proliferative state.”

Methionine uniquely induces the 
PPP-GDH-PLP node
However, this grouping does not satisfac-
torily resolve the metabolic supply prob-
lem highlighted earlier, which is the goal in 
this study. While GO-based analyses are 
very effective to explain entire transcrip-
tional programs, GO relies on enriching 
pathway terms relying on multiple genes 
within a pathway to be overrepresented. In 
contrast, for metabolic changes, it is stan-
dard knowledge that entire metabolic 
pathways need not be regulated, espe-
cially at the level of transcripts. This is 
because substantial metabolic regulation 
relies on cofactor and substrate availability, 
as well as by controlling only key nodes 
or “rate-limiting steps” in metabolism 
(Nelson and Cox, 2017). Sometimes, there-
fore, if a metabolic transformation is medi-
ated by the induction of select, specific 
nodes, GO analysis alone may not fully re-
veal this, and a secondary analysis is re-
quired. Therefore, we took an additional 
approach to manually rebuild connections 
and groupings of only the metabolism 
related transcripts that are induced by me-
thionine, based on known metabolic reac-
tion requirements. In this additional recon-
struction, we broke down the analysis into 
two components as follows: 1) whether the 
regulated biochemical step, and its subse-
quent product, was critical for multiple 
other biosynthetic reactions (i.e., if it was a 
major substrate or cofactor generating 
step) and 2) whether the protein encoded 
by the gene regulated a known “bottle-
neck” or rate-limiting metabolic step in a 
general anabolic pathway. For this second 
point, we considered bottleneck steps as 
the following: the first enzyme in a meta-
bolic pathway typically commits the fate of 
the entry-point metabolite, and the en-
zyme itself is often regulated by end-prod-
uct inhibition (Nelson and Cox, 2017). 
Similarly, the last enzyme in a pathway 
forms the end product, which can be an 
entry point (and therefore rate limiting) for 

a downstream pathway (Nelson and Cox, 2017). We reasoned that 
by this secondary analysis, it may be possible to better organize a 
possible biochemical hierarchy. In this analysis, we therefore did 
not particularly emphasize on the number of genes in a single 
pathway that are induced (which is one major consideration in GO-
based pathway enrichment). Our reasoning was that these bottle-
neck nodes may not be picked up in the first analysis, especially if 
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some metabolic pathways are composed of very few limiting 
steps.

Through this secondary reconstruction, we identified and recom-
partmentalized the metabolic response regulated by methionine 
into a group of key biochemical reaction nodes, as described. First, 
for the category 1 grouping, that is, the substrate and cofactor pro-
ducing metabolic reactions, we considered “central carbon/carbo-
hydrate metabolism” as a single class. Only a few genes involved in 
classical “central carbon/carbohydrate metabolism” were up-regu-
lated in the presence of methionine, and, strikingly, none of them 
group to glycolysis, the tricarboxylic (TCA) cycle, or gluconeogene-
sis (Figure 2A). However, the genes encoding three key enzymes of 
the pentose phosphate pathway (PPP) (GND1, RKI1, and TKL1), 
which regulate four steps in the PPP, were strongly induced in the 
presence of methionine. Furthermore, two other genes (SOL3 and 
TAL1), which control two other steps in the PPP, were also induced 
by methionine (at just below the log2 1.5-fold (∼2.8-fold) stringent 
cut-off limit we had set) (Figure 2A). More specifically, Gnd1p cata-
lyzes the last step in the oxidative arm of the PPP, generating nico-
tinamide adenine dinucleotide phosphate (NADPH) and producing 
ribulose-5-phosphate. RKI1, TKL1, and TAL1 are three of the four 
genes of the nonoxidative arm of the PPP, which make ribose-
5-phosphate and other critical intermediates. Additionally, HXK2, 
encoding hexokinase, which converts glucose to glucose-6-phos-
phate was induced. While this is not even classified under the PPP 
by GO grouping, glucose-6-phosphate is the substrate for the first, 
rate-limited step of the PPP, and so we included it under the PPP in 
our grouping (Figure 2A). In this grouping, these targets were not 

picked up simply by random chance. Of the 11 genes comprising 
the eight steps of the PPP, six (HXK2, SOL3, GND1, RKI1, TKL1, and 
TAL1) are induced by methionine. Thus, the PPP arm of central car-
bon metabolism was significantly transcriptionally induced by me-
thionine (p = 10-4, Fisher’s exact test), while for any of the other 
central carbon metabolic pathways, any pathway level induction 
was not significant. Second, we noted that a regulator essential for 
the formation of pyridoxal-5-phosphate (PLP) (encoded by SNO1) 
was strongly induced by methionine (Figure 2A). PLP is a central 
cofactor, required for all transamination reactions (Nelson and Cox, 
2017), but notably does not get a GO grouping, because it does not 
fall in a large pathway/group. Third, the transcript of Gdh1p, which 
regulates the key nitrogen assimilation reaction, resulting in the for-
mation of glutamate (and GLN1, which is further required to make 
glutamine), was highly induced in methionine (Figure 2A). This reac-
tion requires NADPH (which is itself produced in the PPP) and im-
portantly is also critical for the subsequent formation of all other 
amino acids and nucleotides (Figure 2A). Thus, from this grouping, 
we observe that the PPP, glutamate dehydrogenase (GDH), and PLP 
pathways were collectively strongly and significantly induced by 
methionine (p = 1.2 × 10-6, Fisher’s exact test) (Figure 2B, also see 
Supplemental Figures 4 and 5). Notably, the reactions in these path-
ways produce metabolic precursors that are typically simultaneously 
utilized in other biosynthetic reactions (as described in the subse-
quent section and illustrated in Figure 2B). We therefore grouped 
these together as a single PPP-GDH-PLP metabolic node. We 
hypothesized that this PPP-GDH-PLP node could be central for all 
the subsequent, downstream anabolic outputs.

FIGURE 2: Methionine uniquely induces the PPP-GDH-PLP node. (A) Metabolic pathways induced by methionine. 
Illustration of the results of a manual regrouping of the methionine responsive genes into their relevant metabolic 
pathways, restricted only to central carbon metabolism, and subsequent anabolic processes. The pathway map includes 
individual genes in central carbon metabolism which are induced by methionine (indicating the fold changes in gene 
expression). The color bar indicates the fold increase in gene expression. (B) A bird’s-eye view description of the 
PPP-GDH-PLP node regulated by methionine. Each bead (or filled circle) represents a step in the pathway (see details in 
Supplemental Figures 4 and 5). Methionine-induced steps are shown with a yellow fill at the centre of the circle for the 
given step. Precursors generated through this node are shown in the inset; p = 1.2 × 10–6 (Fisher’s exact test) for the 
methionine-dependent induction of the PPP-GDH-PLP node.



Volume 29 December 15, 2018 Methionine-dependent metabolic program | 3187 

Methionine sets up a hierarchical metabolic response 
leading to anabolism
We next analyzed our transcriptome data for the other metabolic 
genes up-regulated by methionine, which would be considered 
anabolic genes. These could be grouped broadly under “amino 
acid biosynthesis,” “nucleotide synthesis,” and “oxidoreduction/
transamination” categories. Further, here we focused on the sub-
strates or cofactors required for the functions of these pathways. 
Notably, only some genes in each of these large, multistep, multien-
zyme pathways were induced in the presence of methionine. How-
ever, when these induced genes were organized by their substrate 
or cofactor requirements, we noted that essentially all enzymes en-
coded by these genes utilized either a PPP intermediate/product, 
and/or NADPH, and/or glutamate/glutamine, or combinations of all 
of these (Figure 3A). These substrates or cofactors thus are all de-
rived from the earlier defined PPP-GDH-PLP node (Figure 3A). We 
further examined the steps in the respective biosynthetic pathways 
that these genes regulated (coming from Figure 3A). For this, we 
categorized all steps in the amino acid biosynthesis pathway as 
either the rate-limiting/initiation step and/or final step in the pro-
duction of that amino acid. Here, we organized them based on the 
use of precursors or cofactors, derived from this PPP-GDH-PLP node 
(Figure 3B and Supplemental Figures 4 and 5). Strikingly, we ob-
served that the methionine-induced genes in these pathways regu-
lated only the most critical, rate-limiting, or costly steps in amino 
acid biosynthesis (p = 7.4 × 10-5, Fisher’s exact test) but had no sig-
nificant role (p = 0.517, Fisher’s exact test) in regulating the other 
genes in the pathway that encode enzymes for inexpensive steps 
(Figure 3B). Finally, we note that these methionine-induced genes in 
the “amino acid biosynthesis” bin do not just broadly represent all 
amino acid biosynthesis but synthesize what are considered conven-
tionally to be the costliest amino acids to synthesize (Barton et al., 
2010). These are the aromatic amino acids, the branched-chain 
amino acids, and lysine (which is also overrepresented in ribosomal 
and core translational machinery proteins [Laxman et al., 2013]).

Finally, nucleotide biosynthesis involves very elaborate, multi-
step, multienzyme pathways. Methionine does not induce large 
groups of genes in nucleotide biosynthesis. However, we find that 
the methionine-dependent, up-regulated genes related to nucleo-
tide synthesis, functionally utilize substrates or cofactors from the 
PPP-GDH-PLP node (Figure 3A). Notably, RNR1, which encodes the 
key enzyme in converting ribonucleotides to deoxyribonucleotides 
(and hence the critical hub for DNA synthesis), is strongly up-regu-
lated on methionine addition (Figure 3A), while most other steps in 
this pathway (which are not rate limiting) are not regulated by me-
thionine. Rnr1p activity requires reduced thioredoxin, which itself is 
NADPH dependent.

Separately, as a control, we expanded this analysis and com-
pared the methionine response to minimal medium supplemented 
with all the other nonSAAs. Here the overall metabolic grouping or 
organization (for methionine-induced genes) remained unchanged 
(Supplemental Figure 2), since the nonSAA response resembles the 
MM response. The nonSAAs do not induce the PPP-GDH-PLP node 
(or subsequent dependent anabolic nodes). Thus, the methionine-
dependent induction of the PPP-GDH-PLP node, and the subse-
quent dependent pathways, is unique to the presence of methio-
nine in the medium. Finally, in MM+nonSAAs, the few highly induced 
genes (compared with RM) function in methionine- (and sulfur-amino 
acid) related biosynthesis or salvage (Supplemental Figure 6 and 
Supplemental File E1) and not additional reactions. This further 
substantiates our overall observations for the role of methionine as 
an “anabolic signal.”

Collectively, these data and organization of a methionine-depen-
dent transcriptional program suggest not just a general transcrip-
tional remodeling to a “growth state” but also a deeper hierarchical 
organization of an anabolic program (Figure 3C). In this putative hi-
erarchical organization, methionine induces genes regulating the 
PPP, key transamination reactions, and the synthesis of glutamine/
glutamate (the PPP-GDH-PLP node). These three processes directly 
allow critical steps in synthesis of the costliest amino acids and nu-
cleotides. The key, limiting steps in these subsequent synthesis reac-
tions are themselves induced by methionine, collectively setting up 
a structured anabolic program (Figure 3C). These data thus uniquely 
position methionine as an anabolic cue.

The anabolic program induced by methionine 
requires GCN4
How might methionine mediate this very specific transcriptional re-
sponse to induce these metabolic nodes and genes? We reasoned 
that there could be a methionine-dependent activation of a tran-
scriptional regulator(s) that controls this metabolic axis, including 
amino acid and nucleotide biosynthetic genes. Further, the methio-
nine effect was most strongly observed in conditions of overall 
amino acid limitation. While there is currently no known methionine-
dependent transcriptional regulator that can control these meta-
bolic nodes, there is in fact a well-known master regulator of general 
amino acid biosynthesis. The conserved transcription factor Gcn4p 
(Atf4 in mammals) is a transcriptional activator, primarily controlling 
the amino acid biosynthetic genes during amino acid starvations 
and amino acid imbalance (Hinnebusch, 2005). However, the activity 
of Gcn4p has been mainly studied during starvation as a “stress 
response” regulator and not in contexts involving increased prolif-
eration. We wondered whether a possible connection between 
methionine and Gcn4p might exist in conditions where increased 
proliferation is observed despite overall amino acid limitation. We 
first monitored the amounts of endogenous Gcn4p (chromosomally 
tagged with a C-terminal human influenza hemagglutinin [HA] epit-
ope) after a shift to MM, with and without supplementation of differ-
ent amino acids including methionine. Interestingly, Gcn4p amounts 
increased substantially specifically on methionine supplementation 
alone (when other amino acids were not supplemented), compared 
with either MM or MM supplemented with all 18 other nonSAAs 
(Figure 4A). This observation was further independently confirmed 
using immunofluorescence-based experiments (Supplemental 
Figure 7A). We therefore asked whether GCN4 was necessary for 
the increased growth on methionine supplementation. Notably, the 
gcn4Δ cells did not show any increased growth in methionine 
supplemented medium but instead grew comparably to WT cells in 
MM (Figure 4B). As controls, in all other conditions (lacking methio-
nine, or in RM), the growth of gcn4Δ cells was indistinguishable from 
the WT cells (Supplemental Figure 7B). Collectively, these data sug-
gest that GCN4 is required for the methionine-mediated growth in 
otherwise amino acid–poor conditions. We therefore hypothesized 
that the methionine-dependent transcriptional response, particu-
larly that of the core anabolic program defined earlier, might be 
mediated by Gcn4p. To address the role for GCN4 in this anabolic 
response, we carried out a comparison of transcriptomes of gcn4Δ 
cells grown in RM, MM, MM + Met, and MM + nonSAAs with wild-
type cells grown in the respective conditions.

We first examined global trends of gene expression (similar to 
those in Figure 1B) in the absence of GCN4 and compared those to 
the WT set. Here the baseline was the gene expression of WT cells in 
MM. The transcriptional response in all conditions excluding MM + 
Met (i.e., MM, RM, or nonSAA) was almost unaffected in gcn4Δ cells 
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FIGURE 3: Methionine sets up a hierarchical metabolic response leading to anabolism. (A) Grouping of the 
methionine-induced genes, focusing on amino acid and nucleotide metabolism. The schematic shows the methionine-
responsive genes in various amino acid and nucleotide biosynthesis pathways, along with their fold changes in gene 
expression (indicated by the color bar). The substrates/cofactors produced by the PPP-GDH-PLP node (see Figure 2) for 
the individual steps in these pathways is also mapped on to the schematic. Note that all gene products induced by 
methionine in these pathways use PPP intermediates, NADPH, PLP and/or glutamine/glutamate (indicated within gray 
ovals) in their biochemical reactions. (B) A bird’s-eye view description of the amino acid biosynthesis steps regulated by 
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compared with WT cells (Figure 4C). However, in MM + Met, the ab-
sence of GCN4 revealed a strong transcriptional response. Notably, if 
gene expression trends of only the group of genes induced in me-
thionine (similar to the analysis done in Figure 1B for the WT set) were 
considered, that is, the genes induced in gcn4Δ cells in methionine, 
then the overall global gene expression trends in the MM + Met even 
more strongly resembled the RM set than that of WT cells in this 
condition (Figure 4C). This paradoxically suggested that in the 
absence of GCN4, supplementing methionine invokes an even stron-
ger transcriptional response in cells. To address this, we first com-
pared transcriptomes of WT cells with gcn4Δ cells, under the same 
combination of conditions used earlier and analyzed our data with 
the same filters used in the preceding section. The overall changes 
between transcriptomes of WT versus gcn4Δ cells are shown (Figure 
4D, Supplemental Figure 8, and Supplemental File E1). In all condi-
tions except methionine, WT and gcn4Δ cells showed very similar 
gene expression profiles (Figure 4D). Strikingly, only in the presence 
of methionine do WT and gcn4Δ cells show a contrast in gene ex-
pression. This suggests a strong regulatory role for GCN4 only in the 
presence of methionine (see detailed analysis in the next section).

To better understand what component of the methionine re-
sponse was directly induced in a GCN4-dependent manner, we 
organized the subset of genes induced and down-regulated in 
methionine (compared with MM) in the gcn4Δ cells by function. 
When grouped using GO, we found that genes generally related to 
“central carbon metabolism” and “nucleotide metabolism” were 
down-regulated in the presence of methionine in the gcn4Δ back-
ground (top panel in Figure 4E, Supplemental file E2). Further, in the 
presence of methionine, a large number of genes (∼200) were highly 
induced in the gcn4Δ cells (even more than in WT cells in methio-
nine), and these grouped into the general groups of “ribosome/
translation” and “nucleotide synthesis” (bottom panel in Figure 4E 
and Supplemental File E2). This representation was more striking 
than that seen in WT cells (Figure 1D), suggesting an even stronger 
methionine-dependent induction of translation related genes in 
cells lacking GCN4.

All these data revealed that cells lacking GCN4 showed a very 
strong transcriptional response in MM + Met, with aspects of the 
signature of induced transcripts similar to, but stronger than, WT 
cells in MM + Met. Note, however, that (as shown earlier in Figure 
4B) GCN4 was essential for the growth induction due to methionine. 
These data therefore paradoxically suggested that while the overall 
“growth signature” response due to methionine remained (in the 
induced genes), a subset of genes down-regluated in cells lacking 
GCN4 may be pivotal for this growth outcome. We next considered 
only the set of genes induced by methionine in WT cells and group-
ing them into two bins, one representing the genes related to 
ribosome function and translation and the other the core metabo-
lism related genes. Relative amounts of these transcripts were com-
pared with cells lacking GCN4 (only in the MM + Met condition). 

Strikingly, transcripts of all genes that mapped to ribosome/transla-
tion function (from Figure 1D) were higher in gcn4Δ cells compared 
with WT cells in the presence of methionine (Figure 4F). In contrast, 
transcript amounts of every gene mapping to core metabolism were 
decreased in a GCN4-dependent manner (Figure 4F; see Supple-
mental Figure 9). Thus, this reorganization suggested that in the 
presence of methionine, the induction of only the core anabolic 
program requires GCN4.

In methionine-rich medium the absence of GCN4 results in 
an anabolic failure
The earlier comparison (Figure 4F) was limited, considering only the 
highly induced genes in WT cells in the presence of methionine. For 
a more unbiased comparision, we therefore more systematically ex-
amined the entire transcriptomes of WT and gcn4Δ cells in only the 
MM + Met condition. In this condition, both sets have methionine 
present, and therefore the only variable is GCN4. Here, we binned 
the transcriptomes into the following large groups: 1) genes 
involved in central carbon metabolism (which includes the PPP-
GDH-PLP node, the TCA cycle, glycolysis, and gluconeogenesis), 
2) amino acid and nucleotide biosynthesis (general anabolism), and 
3) translation related genes (Figure 5A). Through this analysis, two 
clear trends emerged. First, transcripts in the PPP-GDH-PLP node 
were significantly decreased in GCN4-deficient cells (p = 4.2 × 10–3, 
Fisher’s exact text). Further, the entire central carbon metabolism 
node was strongly and significantly decreased in GCN4-deficient 
cells, compared with WT cells, in the MM + Met condition (Figure 
5A) (p = 2.2 × 10–16, Fisher’s exact test). Next, the entire anabolic 
arm was strongly and significantly decreased in GCN4-deficient 
cells, compared with WT cells, only in the MM + Met condition (p = 
4.1 × 10–8, Fisher’s exact test), with the amino acid biosynthesis 
steps being particularly significantly down-regulated (p = 4.7 × 
10–10) (Figure 5A). In contrast, transcript amounts of genes related 
to translation/ribosome biogenesis were increased in the absence 
of GCN4 (Figure 5A) (p = 2.2 × 10–16). Together, these analyses re-
vealed that in methionine-rich conditions, the absence of GCN4 
results in a collapse of the entire anabolic program. This further 
explains why, despite the increase in translation-related transcripts, 
cells lacking GCN4 cannot sustain proliferation in the presence of 
methionine.

For more clarity, we examined the GCN4-dependent tran-
scripts that regulated the PPP-GDH-PLP node or specific steps in 
amino acid biosynthesis (Figure 5B). This is the metabolic hierarchy 
we have described earlier. The genes from the PPP and transami-
nation reactions were strongly down-regulated in gcn4Δ cells com-
pared with WT cells in methionine (Figure 5B). However, the tran-
script of the Gdh1 enzyme (required for glutamate synthesis) was 
only methionine but not GCN4 dependent (Figure 5B). Further, 
the transcripts of methionine-induced genes encoding multiple 
branched-chain or aromatic amino acid and lysine and arginine 

methionine, with metabolically expensive or inexpensive steps indicated. Each bead (or filled circle) represents a step in 
the pathway (prepared according to the individual amino acid pathways shown at https://pathway.yeastgenome.org/; 
details in Supplemental Figures 4 and 5). A step is considered expensive (red) when it is either the entry point or the exit 
point or if it involves ATP utilization or reduction. All the rest of the steps are considered inexpensive (gray). Methionine-
induced steps are shown with a yellow fill at the centre of the circle for the given step. p = 7.4e-5 (Fisher’s exact test) for 
methionine-dependent induction of genes encoding the critical, rate-limiting, or costly steps in amino acid biosynthesis 
(not significant for the inexpensive steps). (C) A proposed hierarchical organization of the methionine-mediated anabolic 
remodeling. Methionine induces expression of genes in the PPP-GDH-PLP node, which provides precursors for the key 
steps in the biosynthesis of all other amino acids and nucleotides, and these steps are also directly induced by 
methionine.
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FIGURE 4: The anabolic program induced by methionine requires GCN4. (A) Gcn4p is induced by methionine. Gcn4p 
amounts were detected by Western blotting of WT cells (expressing Gcn4p with an HA epitope, tagged at the 
endogenous locus) shifted from RM to MM or MM supplemented with the indicated combinations of amino acids. A 
representative blot is shown (n = 3). Also see Supplemental Figure 7A. (B) GCN4 is necessary for methionine-mediated 
increased growth. WT and gcn4Δ cells were shifted from RM to MM with or without methionine supplementation and 
growth was monitored. Also see Supplemental Figure 7B (n = 4). (C) Trends of gene expression in RM and methionine 
supplemented MM in gcn4Δ cells. Gene expression levels of transcripts in gcn4Δ cells grown in RM or shifted to MM or 
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biosynthesis were also GCN4 dependent. Finally, while most 
nucleotide biosynthesis genes were not GCN4 dependent, the en-
tire RNR complex (which is critical for the NTP to dNTP conversion, 
required for DNA synthesis) was GCN4 dependent (Figure 5B). We 
mapped these methionine-induced and GCN4-dependent genes 
onto the metabolic hierarchy defined earlier (the PPP-GDH-PLP 
node), and the amino acid biosynthetic pathways (Figure 5C and 
Supplemental Figures 4 and 5). In this mapping, we found that the 
loss of GCN4 significantly down-regulates the PPP-GDH-PLP node 
(p = 4.2 × 10-3, Fisher’s exact test). This also includes a down-
regulation of genes that were not induced in WT cells by methio-
nine. However, if only the genes in this node induced in WT in the 
presence of methionine are considered (i.e., the overlapping set), 
then their down-regulation in cells lacking GCN4 remains signifi-
cant (p = 3 × 10-2, Fisher’s exact test). For the amino acid biosyn-
thetic pathways alone, in the presence of methionine, the absence 
of GCN4 results in a significant down-regulation of this entire arm 
(4.7 × 10-10, Fisher’s exact test). If only the critical steps in these 
pathways that are induced in WT cells in the presence of methio-
nine are considered (the overlapping set), then, again, the loss of 
GCN4 results in a significant down-regulation of these steps (p = 
7.8 × 10-6, Fisher’s exact test). Collectively, these data reveal that 
in the presence of methionine, GCN4 is required for the induced 
hierarchical anabolic program, and its absence in methionine-rich 
medium results in an anabolic collapse.

The PPP-GDH-PLP nodal enzymes are methionine 
dependent and largely GCN4 dependent
We next biochemically estimated the protein amounts of three tran-
scripts that represent the PPP-GDH-PLP node. These are Snz1p, 
Gnd2p, and Gdh1p. Snz1p is required for pyridoxal phosphate (PLP) 
biosynthesis (Dong et al., 2004), which is essential for all transamina-
tion reactions (Nelson and Cox, 2017). As illustrated earlier in 
Figure 2A, PLP biosynthesis itself requires the PPP intermediate ery-
throse-4-phosphate as a substrate. Gnd2p is the key NADPH gener-
ating enzyme in the oxidative branch of the PPP. Gdh1p consumes 
NADPH and makes glutamate from 2-ketoglutarate. We measured 
amounts of these three proteins from WT and gcn4Δ cells growing 
in MM and MM + methionine (Figure 6A). Notably, Snz1p and 
Gnd2p showed a strongly methionine- and GCN4-dependent 
induction (Figure 6A and Supplemental Figure 10). Gdh1p was 
strongly induced by methionine but was not dependent on GCN4 
(Figure 6A). However, since this activity itself is related to the PPP 
and PLP node, we measured in vitro Gdh1p activity (NADP-GDH 
activity) in lysates from cells growing in MM or with methionine and 
found that overall Gdh1p activity was higher in cells growing with 

methionine (Figure 6B). These data collectively suggest that the ef-
fective output of this PPP-GDH-PLP node in the presence of methio-
nine should be GCN4 dependent. Here an expected final readout 
of this biochemical coupling are changes in steady-state nucleotide 
amounts, also predicting a GCN4 dependence in methionine- 
replete conditions. Comparing relative amounts of nucleotides in 
wild-type and gcn4Δ cells, we noted decreased nucleotide amounts 
in gcn4Δ cells in the presence of methionine (Figure 6C). Collec-
tively, these data support our proposed paradigm of a coupled 
induction of the PPP-GDH-PLP node by methionine, leading to 
increased amino acid and nucleotide synthesis.

Methionine increases amino acid biosynthesis
Steady-state metabolite measurements alone do not definitively 
show this metabolic coupling, since any steady-state metabolite 
measurement (as in Figure 6C) cannot directly distinguish synthesis 
from consumption. Therefore, to directly address this hierarchical 
anabolic program, we resorted to a stable-isotope pulse labeling 
and an LC-MS/MS-based approach to first directly measure the new 
synthesis of amino acids. To WT or gcn4Δ cells in the respective 
medium with or without methionine, we pulsed 15N-labeled ammo-
nium sulfate and measured the 15N incorporation into amino acids 
(Figure 7A and Supplemental Table 2) before an effective steady-
state of labeled amino acid synthesis and consumption was reached 
(Supplemental Figure 11). This permits the detection of newly 
synthesized amino acids, which will incorporate the 15N label. We 
observed that biosynthesis of all the aromatic amino acids, lysine, 
histidine, proline, arginine, and asparagine, is strongly dependent 
on methionine presence (Figure 7B). For technical reasons, we could 
not measure label incorporation into branched-chain amino acids. 
Notably, the label immediately (∼20 min) percolated in asparagine 
and aromatic amino acid biosynthesis and showed a very strong 
methionine dependence (Figure 7B). Asparagine, proline, and phe-
nylalanine biosynthesis were methionine dependent even in gcn4Δ 
cells, pointing toward possible GCN4-independent influences of 
methionine. For all the other amino acids measured, the biosynthe-
sis was both methionine as well as GCN4 dependent (Figure 7B). 
These data directly indicate that methionine availability controls the 
key nodes around the PPP-GDH-PLP axis, thereby generating the 
amino acid pool required for proliferation and that this is largely 
regulated by GCN4.

Methionine increases nucleotide biosynthesis
Given that the PPP and amino acid biosynthesis are directly regu-
lated by methionine and GCN4, and the PPP metabolites and 
amino acids together couple to nucleotide synthesis, tuning this 

MM plus methionine or MM plus nonSAAs were compared with only the WT MM set. Also see Supplemental File E1 for 
related gene lists and Supplemental Figure 8 for related volcano plots. (D) Global transcriptional response in the 
absence of GCN4. The heat map shows differentially expressed genes (log2 1.5-fold change; p < 10-4) between WT and 
gcn4Δ cells in the respective growth conditions. Also see Supplemental File E1 for related gene lists and Supplemental 
Figure 8 for related volcano plots. (E) GO-based analysis of the methionine-responsive genes in gcn4Δ cells. A pie chart 
showing the processes grouped by GO analysis for the up-regulated and down-regulated transcripts between MM + 
methionine and MM sets in the gcn4Δ background. Numbers in the bracket indicate the number of genes from the 
query set/total number of genes in the reference set for the given GO category. Also see Supplemental file E2 for 
related GO groupings. (F) The methionine-induced metabolic program requires GCN4. Categorization of the GCN4-
dependent transcripts in the presence of methionine, as related to metabolism, or translation. The expression level of 
the methionine-responsive transcripts related to metabolism and translation in WT set (MM plus methionine vs. MM) 
was compared with the gcn4Δ background. The genes related to the metabolic steps described in Figures 1 and 2 are 
marked with blue circles, while genes related to ribosome biogenesis and function are marked with red circles. Also see 
Supplemental Figure 9 for the list of GCN4-dependent genes related to metabolism, picked up in this analysis. In all 
panels, data shows mean ± SD. *p < 0.05.
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FIGURE 5: In methionine-rich medium the absence of GCN4 results in an anabolic failure. (A) Global transcriptional 
response in the presence of methionine in WT cells or cells lacking GCN4. The heat maps show transcript abundances 
of 1) genes involved in central carbon metabolism (including the PPP-GDH-PLP node), 2) anabolism (including amino 
acid biosynthesis), and 3) translation related processes in the respective growth conditions and genetic backgrounds. 
Note: compared with WT cells, the loss of GCN4 shows little effect in MM. In cells supplemented with methionine, cells 
lacking GCN4 have a strongly reduced central carbon metabolism component (p = 2.2 × 10–16) and anabolic component 
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node should alter the rates of nucleotide biosynthesis. In principle, 
this will reflect the overall flux through the coupled steps of the 
PPP, glutamate/glutamine synthesis, and the use of intermediates 
from amino acid biosynthetic pathways for carbon and nitrogen 
assimilation into nucleotides (Figure 8A). Here the carbon skeleton 
of nucleotides comes partly from the PPP, the nitrogen base is de-
rived from glutamine/glutamate and aspartate, and glutamate syn-
thesis is itself coupled to NADPH from the PPP (Figure 8A). We 
therefore adopted a direct estimation of methionine- and GCN4-
dependent increases in nucleotide synthesis (similarly to the 
approach in Figure 7), predicting increased de novo nucleotide 
synthesis due to methionine. To this end, using a stable-isotope-
based nitrogen or carbon pulse labeling approach, coupled 
to targeted LC-MS/MS-based measurement of nucleotides, we 
separately measured the incorporation of the nitrogen and carbon 

label into nucleotides, as illustrated in Figure 8, B and C. We ob-
served a strong increase in 15N-labeled nucleotides on the addi-
tion of methionine, in ∼1 h (Figure 8B and Supplemental Table 2). 
Furthermore, this methionine-mediated incorporation of 15N label 
in nucleotides was entirely GCN4 dependent (Figure 8B and Sup-
plemental Figure 12).

Monitoring carbon flux is extremely challenging in a nonfer-
mentable carbon source like lactate (as compared with glucose), 
given the difficulties of following the labeled carbon molecules. 
Despite that, like the 15N-labeling experiments described above, a 
similar experimental design was adopted to measure the 13C-label 
incorporation into adenosine 5’-monophosphate (AMP) (Figure 8C 
and Supplemental Table 2). We observed a significant increase 
in 13C-labeled AMP on the addition of methionine, and this 
methionine-dependent incorporation of 13C label in AMP was not 

FIGURE 6: The PPP-GDH-PLP nodal enzymes are methionine dependent and largely GCN4 dependent. (A) Snz1p, 
Gnd2p, and Gdh1p amounts in WT or gcn4Δ cells, with methionine in the medium as the variable. WT and gcn4Δ cells 
expressing FLAG-tagged Snz1p or Gnd2p or Gdh1p were shifted from RM to MM or MM plus methionine, and amounts 
of these proteins were detected by Western blotting. A representative blot is shown in each case (n = 2). Also see 
Supplemental Figure 10. (B) NADP-dependent glutamate dehydrogenase activity with methionine in the medium as a 
variable. Crude extracts of WT cells grown in RM and shifted to MM or MM plus methionine were analyzed for 
intracellular biosynthetic NADP–glutamate dehydrogenase activity (n = 4). (C) Relative nucleotide amounts in the 
presence of methionine in WT or gcn4Δ cells. WT and gcn4Δ cells grown in RM were shifted to MM (4 h) with and 
without methionine, and the relative amounts of AMP and guanosine 5’-monophosphate (GMP) from metabolite 
extracts of the respective samples were measured by LC-MS/MS (n = 2 biological replicates, with technical replicates). 
In all panels, data indicate mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.

(p = 4.1 × 10-8) and increased translation component (p = 2.2 × 10–16) (Fisher’s exact tests). (B) GCN4 is required for the 
metabolic program due to methionine. Grouping of the GCN4-dependent genes based on the defined PPP-GDH-PLP–
dependent metabolic node. The schematic shows the GCN4-dependent genes (comparison of MM plus methionine set 
between WT and gcn4Δ) in the PPP, amino acid, and nucleotide biosynthesis pathways, along with fold changes in gene 
expression. The arrows marked blue in the PPP are the steps down-regulated in gcn4Δ cells. The rate-limiting steps in 
the pathway are marked by an asterisk. (C) A bird’s-eye view depiction of the methionine-induced genes and the 
GCN4-dependent genes (in the presence of methionine) mapped onto pathways that either generate biosynthetic 
precursors or pathways that utilize these precursors. The left panel shows steps induced by methionine in WT cells and 
the GCN4 dependence (in methionine medium) for the PPP-GDH-PLP node. The right panel shows the critical, 
expensive steps or the inexpensive steps in amino acid biosynthesis pathways (details in Supplemental Figures 4 and 5), 
with a mapping of these as methionine-induced and/or GCN4 dependent. Each bead (or filled circle) represents a step 
in the pathway (prepared as shown in Figure 3B). For the given step, methionine-induced steps are shown with a yellow 
fill at the center of the circle, and GCN4-dependent steps are shown with a blue square at the center of the circle. Left 
panel, p = 4.2 × 10–3 (Fisher’s exact test) for GCN4-dependent genes that control the PPP-GDH-PLP node. Right panel, 
p = 7 × 10–3 (Fisher’s exact test) for GCN4-dependent genes encoding the critical, rate-limiting steps in amino acid 
biosynthetic pathways.
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observed in cells lacking Gcn4p (Figure 8C). Collectively, these 
data show a methionine- and GCN4-dependent increase in de 
novo synthesis of nucleotides, coupling carbon and nitrogen flux 
that is dependent on the PPP and glutamate synthesis. Note that 
the overall kinetics of incorporation of label are entirely in line with 
the predicted hierarchy. Increased amino acid labels (shown in 

Figure 7) were seen in ∼20-min postlabeled ammonium sulfate ad-
dition, while the nucleotide label increase occurs in ∼1 h, subse-
quent to the observed amino acid label increase. Thus, we directly 
demonstrate first the synthesis of new amino acids, and the subse-
quent synthesis of nucleotides, in a methionine- and GCN4- 
dependent manner.

FIGURE 7: Methionine increases amino acid biosynthesis. (A) A schematic showing the experimental design of 15N 
pulse-labeling experiment to measure amino acid biosynthetic flux. Cells were shifted to MM with and without 
methionine and maintained for 3 h, 15N-ammonium sulfate was pulsed into the medium, and the indicated, labeled 
metabolites were measured. (B) Methionine increases amino acid biosynthesis in a GCN4-dependent manner. 15N label 
incorporation into newly synthesized amino acids in WT and gcn4Δ cells was measured, as shown in A. For all the 
labeled moieties, fractional abundance of the label was calculated. Also see Supplemental Figure 11 for the label 
incorporation kinetics experiment and Supplemental Table 2 for mass spectrometry parameters (n = 2 biological 
replicates, with technical replicates). In all panels, data indicate mean ± SD. *p < 0.05, **p < 0.01.
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FIGURE 8: Methionine increases nucleotide biosynthesis. (A) Schematic showing carbon and nitrogen inputs in 
nucleotide biosynthesis and their coupling to the PPP/NADPH metabolism. (B) Methionine increases nucleotide 
biosynthesis in a GCN4-dependent manner. The WT and gcn4Δ cells treated and pulse-labeled with 15N ammonium 
sulfate as illustrated in the top panel. For all the labeled moieties, fractional increase of the incorporated label was 
calculated to measure newly synthesized AMP and GMP (also see Supplemental Figure 12 for cytidine 5’-monophosphate 
[CMP] and uridine 5’-monophosphate [UMP]) (n = 3). (C) Methionine enhances carbon flux into AMP biosynthesis. An 
experimental setup similar to that in B was employed, using 13C-lactate for carbon labeling. Label incorporation into 
nucleotides (from +1 to +5) was accounted for calculations. (Note: GMP could not be estimated because of MS/MS signal 
interference from unknown compounds in the metabolite extract) (n = 2 biological replicates, with technical replicates.) 
(D) A model illustrating how methionine triggers an anabolic program leading to cell proliferation. Methionine promotes 
the synthesis of PPP metabolites, PLP, NADPH, and glutamate (up-regulated genes in the pathways are shown in blue), 
which directly feed into nitrogen metabolism. As a result, methionine activates biosynthesis of amino acids and 
nucleotides, allowing the cells to grow in amino acid limiting medium. GCN4 is required to sustain this anabolic 
program. In all panels data indicate mean ± SD. ns: nonsignificant difference, **p < 0.01, ***p < 0.001.
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DISCUSSION
In this study, we show how methionine drives cellular proliferation 
by metabolically rewiring cells to an anabolic state, even under oth-
erwise amino acid–limited conditions. We propose a regulated, 
hierarchical activation of metabolic processes by methionine, which 
leads to overall anabolism. We also present a mechanism of how 
methionine mediates this anabolic program.

Starting with a global transcriptome analysis (Figure 1), we system-
atically build the underlying metabolic foundations of a methionine-
mediated anabolic switch. Methionine mediates a global transcrip-
tional remodeling in cells, which controls the anabolic program 
(Figures 1–3). To understand the core metabolic logic within this 
transcriptional response, we emphasized control points at rate- or 
resource-limiting biochemical steps, instead of exclusively relying on 
GO-based organization. The organizational metabolic logic that 
could be constructed was striking (Figures 2 and 3). First, methionine 
positively regulates the PPP (Figure 2). The PPP provides the pentose 
sugar backbones for nucleotides, along with reducing equivalents 
(NADPH), which can allow reductive biosynthesis for a variety of ana-
bolic molecules (Nelson and Cox, 2017). Further, for amino acid and 
nucleotide synthesis, the outputs of pyridoxal phosphate-dependent 
transaminations (Eliot and Kirsch, 2004), as well as glutamate synthe-
sis by glutamate dehydrogenase (GDH) is critical. Methionine directly 
induced this PPP-GDH-PLP node (Figure 2). This node provides the 
necessary substrates and/or cofactors for all the subsequent meta-
bolic steps induced by methionine. Furthermore, in these subsequent 
metabolic steps (the synthesis of amino acids and nucleotides), me-
thionine induces the expression of genes that control the most rate 
limiting or final steps (Figure 3). Notably, essentially every one of these 
(methionine regulated) steps use cofactors or intermediates from the 
PPP-GDH-PLP node (Figures 2 and 3). Thus, in this constructed meta-
bolic hierarchy, methionine sits on top and controls the PPP-GDH-PLP 
node, which subsequently drives the generation of anabolic precur-
sors, as illustrated in the schematics in Figures 3C and 8D.

The methionine-dependent growth, and the increased activity in 
these defined metabolic nodes (i.e., the overall anabolic program), 
requires GCN4 to be sustained (Figures 4 and 5). Gcn4p is tradition-
ally understood as a regulator of amino acid biosynthesis during 
starvation (Natarajan et al., 2001). Indeed, many of the GCN4 tar-
gets picked up in our study compare well with the landmark study of 
GCN4 targets (Natarajan et al., 2001) (see Supplemental Figure 13 
and Supplemental Table 3). A role for GCN4 in the presence of me-
thionine in synchronously controlling this PPP-GDH-PLP node, cou-
pled to amino acid and nucleotide biosynthesis, and thus sustaining 
anabolism has not been previously appreciated. Further, when me-
thionine is present, in otherwise amino acid–limited conditions, the 
absence of GCN4 results in a collapse of the anabolic program, and 
therefore cells cannot sustain proliferation. This role for GCN4 in 
supporting proliferation is in contrast to its well-studied role in sup-
porting survival during starvation, allowing a restoration of amino 
acid levels. Interestingly, GCN4 is required to sustain only the ana-
bolic program induced by methionine and not for the induction of 
the translation machinery (as seen in Figures 4 and 5). The induction 
of translation due to methionine might be through other mecha-
nisms, including activation of the TOR pathway (Sutter et al., 2013; 
Laxman et al., 2014a). Thus, there seems to be some separation of 
the methionine sensing machinery, the factors controling the trans-
lational response, and the effectors of the anabolic program 
(Gcn4p), suggesting a multicomponent transcriptional program to 
achieve overall methionine-dependent proliferation. Identifying 
other components of this overall proliferative program will be obvi-
ous directions of future studies.

A combination of rigorous biochemical and metabolic flux-based 
analysis using stable-isotopes directly demonstrate this hierarchical 
coupling of the PPP, NADPH utilization, and transamination reac-
tions (in both nitrogen assimilation and carbon assimilation). This is 
shown first in the increased synthesis of aromatic and branch-chain 
amino acids and next in the synthesis of nucleotides in a methio-
nine- and GCN4-dependent manner (Figures 7 and 8). Collectively, 
our data permit the construction of an overall structured hierarchy of 
metabolic events, mediated by methionine, to set up an anabolic 
program.

The central role of the PPP in anabolism is now textbook knowl-
edge (Nelson and Cox, 2017). Yet, this importance of the PPP in 
mediating an anabolic rewiring is now being appreciated due to the 
association of the PPP in cancer metabolism (Cairns et al., 2011; 
Patra and Hay, 2014). While many anabolic transformations require 
contributions from the PPP, the metabolic cues regulating the PPP 
(and coupling to other processes) are not immediately obvious. 
Additionally, these studies ignore or underplay coincident but nec-
essary metabolic events for proliferation, emphasizing only single-
pathway metabolic reactions. Our study directly addresses how 
methionine (and possibly its downstream metabolite SAM) acts as 
an anabolic signal for cells through setting up of a hierarchical 
program, with the co-incident PPP-GDH-PLP node being critically 
important. This striking role of methionine regulating an anabolic 
program seems analogous to another central metabolite, acetyl-
CoA, which is better known to determine cellular decisions toward 
growth (Cai et al., 2011; Shi and Tu, 2013; Comerford et al., 2014; 
Mariño et al., 2014; Pedro and Madeo, 2015; Krishna and Laxman, 
2018). Correlations can be made from our observations to known 
roles of methionine in cancer cell metabolism, and metazoan 
growth. The earliest observations of methionine as a proliferative 
cue in some cancers dates back to the 1950s (Sugimura et al., 1959; 
Breillout et al., 1990; Cavuoto and Fenech, 2012), and several types 
of cancer cells are addicted to methionine (Halpern et al., 1974; 
Stern and Hoffman, 1986; Guo et al., 1993; Lu and Epner, 2000; 
Poirson-Bichat et al., 2000; Kokkinakis et al., 2001; Cellarier et al., 
2003; Cavuoto and Fenech, 2012; Clarke et al., 2016). Other, dis-
tinct studies show that Drosophila fed on methionine-rich diets ex-
hibit rapid growth, high fecundity, and shorter lifespans (Troen et al., 
2007; Lee et al., 2014, 2016), all hallmarks of what a “growth signal” 
will do. Studies from yeast show that methionine inhibits autophagy 
and regulates the TORC1 to boost growth (Laxman et al., 2013, 
2014b; Sutter et al., 2013). One of the earliest-known cell-cycle 
entry checkpoints is linked to methionine (Unger and Hartwell, 
1976). Further, on sulfate (and thereby methionine) starvation, cells 
arrest their growth to promote survivability (Boer et al., 2008) and 
transform their proteome to preferentially express proteins contain-
ing fewer cysteine/methionine residues to save sulfur (Fauchon 
et al., 2002). There are other, less appreciated, connections of 
methionine metabolism and the PPP. Yeast cells lacking ZWF1 (en-
coding glucose-6-phosphate dehydrogenase, the first enzyme in 
the PPP) exhibit methionine auxotrophy (Thomas et al., 1991), and 
methionine supplementation also increases the oxidative stress 
tolerance of zwf1Δ (Campbell et al., 2016). Despite these studies 
highlighting a critical role of methionine, a hierarchical logic explain-
ing the organizational principles of the anabolic program mediated 
by methionine has thus far been elusive. Our study provides this.

We observe that while the growth rate in MM + Met and MM + 
nonSAAs is similar, distinct metabolic adaptations operate when cells 
are limited for either methionine or all other nonSAAs. Methionine 
addition has a unique anabolic response targeted toward synthesis 
of all other amino acids and nucleotides, whereas expression profile 
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in MM + nonSAAs is largely similar to MM with one striking differ-
ence, which is the up-regulation of genes involved in methionine 
biosynthesis. Although the nonSAAs, particularly glycine, aspartate, 
and glutamine, can feed into anaplerotic as well as nucleotide bio-
synthetic pathways, the proliferation rate of cells in MM + nonSAAs is 
lower than MM + Met + nonSAAs (Supplemental Figure 7B), further 
indicating that cells perceive methionine availability as a strong 
growth signal and its absence as a bottleneck for growth.

Our use of a “less-preferred” carbon source, lactate, has helped 
reveal regulatory phenomena otherwise hidden in glucose and 
amino acid–rich laboratory conditions, where a surfeit of costly met-
abolic resources (for example, unlimited PPP intermediates) are 
present. Tangentially, several recent reports emphasize the impor-
tance of lactate as a carbon source in rapidly proliferating cells 
(Kennedy et al., 2013; Faubert et al., 2017; Hu et al., 2017), and our 
observations might inform how proliferation is achieved in these 
conditions. Furthermore, the Gcn4p ortholog in mammals, Atf4, 
play important roles in cancer cell proliferation (Bi et al., 2005; Ye 
et al., 2010; Palam et al., 2015), where many cancers continue to 
grow in apparently poor nutrient environments. In methionine-rich 
(but otherwise amino acid limiting) conditions, Gcn4p/Atf4 might 
function to promote growth and not just help cells recover from 
nutrient stress. A separate question will be to understand how 
Gcn4p is itself regulated under these otherwise amino acid–limited 
conditions by methionine. Note that our studies would not have 
been possible without using prototrophic (“wild-type”) yeast strains 
to study responses to amino acids. Typically, studies utilize labora-
tory strains derived from an auxotrophic backgrounds (e.g., S288C/
BY4741), which require supplemented uracil, histidine, leucine, and 
methionine for survival (Sherman, 1991; Brachmann et al., 1998; 
Pronk, 2002; Corbacho et al., 2011; Gerashchenko and Gladyshev, 
2014; Alam et al., 2016), and where therefore overall amino acid 
homeostasis is severely altered. This precludes systematic experi-
ments with amino acid limitation, such as those in this study.

We close by suggesting a possible metabolic cost-based hypoth-
esis for what might make methionine a strong growth cue. The de 
novo synthesis of methionine and its immediate metabolites (notably 
SAM) is exceptionally costly in terms of NADPH molecules invested 
(Thomas and Surdin-Kerjan, 1997; Mampel et al., 2005; Kaleta and 
Schäuble, 2013; Sutter et al., 2013). Cells require at least six mole-
cules of NADPH to reduce sulfur and synthesize a single molecule of 
methionine. Since biology has tied multiple anabolic processes to 
reductive biosynthesis (dependent on NADPH from the PPP), the 
availability of methionine might be an ancient signal to represent a 
metabolic state where reductive equivalents are sufficiently available 
for all other reductive biosynthetic processes as a whole.

MATERIALS AND METHODS
Yeast strains and growth media
The prototrophic CEN.PK strain (WT) was used in all experiments 
(van Dijken et al., 2000). Strains with gene deletions or chromosom-
ally tagged proteins (at the C-terminus) were generated as de-
scribed. Strains used in this study are listed in Supplemental Table 1.

The growth media used in this study are RM (1% yeast extract, 
2% peptone, and 2% lactate) and MM (0.17% yeast nitrogen base 
without amino acids, 0.5% ammonium sulfate, and 2% lactate). All 
amino acids were supplemented at 2 mM. NonSAAs refers to the 
mixture of all standard amino acids (2 mM each) except methionine, 
cysteine, and tyrosine.

The indicated strains were grown in RM with repeated dilutions 
(∼36 h), and the culture in the log phase (absorbance at 600 nm of 
∼1.2) was subsequently switched to MM, with or without addition of 

the indicated amino acids. For growth curves, the RM acclimatized 
cultures were used and diluted in a fresh medium with the starting 
absorbance of ∼0.2 and the growth was monitored at the indicated 
time intervals.

Western blot analysis
Approximately 10 OD600 cells were collected from respective cul-
tures, pelleted, and flash-frozen in liquid nitrogen until further use. 
The cells were resuspended in 400 μl of 10% trichloroacetic acid and 
lysed by bead-beating three times (30 s of beating and then 1 min 
of cooling on ice). The precipitates were collected by centrifugation, 
resuspended in 400 μl of SDS–glycerol buffer (7.3% SDS, 29.1% 
glycerol, and 83.3 mM Tris base), and heated at 100°C for 10 min. 
The supernatant after centrifugation was treated as the crude ex-
tract. Protein concentrations from extracts were estimated using 
bicinchoninic acid assay (Thermo Scientific). Equal amounts of sam-
ples were resolved on 4 to 12% Bis–Tris gels (Invitrogen). Coomassie 
blue–stained gels were used as loading controls. Western blots 
were developed using the antibodies against the respective tags. 
We used the following primary antibodies: monoclonal FLAG M2 
(Sigma) and HA (12CA5, Roche). Horseradish peroxidase–conju-
gated secondary antibodies (mouse and rabbit) were obtained from 
Sigma. For Western blotting, standard enhanced chemilumines-
cence reagents (GE Healthcare) were used. ImageJ was used for 
quantification.

Immunofluorescence measurements
Yeast cells were fixed with 3.7% formaldehyde, washed, and resus-
pended in spheroplasting buffer (40 mM potassium phosphate 
buffer, pH 6.5; 0.5 mM MgCl2; 1.2 M sorbitol). Spheroplasts were 
prepared by zymolyase (MP Biomedicals; 08320921) treatment 
and spread on a slide pretreated with 50 μl of 1 mg/ml polylysine 
(Sigma-Aldrich; P6407). Gcn4-HA was stained with the mouse mono-
clonal anti-HA (12CA5) primary antibody (Roche; 11583816001) and 
Alexa Fluor 488-conjugated Goat anti-Mouse IgG (H + L) secondary 
antibody (Thermofisher; A32723). DNA was stained with 1 μg/ml 
4’,6-diamidino-2-phenylindole (DAPI) for 2 min, washed, and 
mounted in Fluoromount-G (Southern Biotech; 0100-01). The cells 
were imaged using Olympus FV1000 confocal microscope.

RNA-seq analysis
Total RNA from yeast cells was extracted using hot acid phenol 
method (Collart and Oliviero, 2001). The quality of RNA was checked 
on Bioanalyzer using an RNA 6000 Nano kit (Agilent), and the librar-
ies were prepared using the TruSeq RNA library preparation kit V2 
(Illumina). The samples were sequenced on Illumina platform 
HiSeq2500. The raw data are available with NCBI-SRA under the 
accession number SRP101768. Genome and the annotation files of 
S. cerevisiae S288C strain were downloaded from the Saccharomy-
ces Genome Database (SGD; www.yeastgenome.org/). The 100-
mer, single-end reads obtained from RNA sequencing experiments 
were mapped to the S288C genome using Burrows Wheeler Aligner 
(Li and Durbin, 2009). Mapped reads with the mapping quality of 
≥20 were used for the further analysis. The number of reads mapped 
to each gene was calculated, and the read count matrix was gener-
ated. The read count matrix was fed into EdgeR, a Bioconductor 
package used for analyzing differential gene expression (Robinson 
et al., 2010). Genes which are differentially expressed by at least 
threefold with the p value of <0.0001 were considered for further 
analysis. Normalized gene expression was calculated by dividing 
the number of reads by the gene length and the total number of 
reads for those samples, then dividing each of these values with the 
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mode of its distribution (Srinivasan et al., 2013). Normalized expres-
sion levels of the genes between the replicates are well correlated 
with the Pearson correlation coefficient (R) values more than 0.99 
(see Supplemental Figure 1). Mapping of genes to the related path-
ways and gene ontology analysis were carried out using public 
databases such as Yeastcyc (Caspi et al., 2014), GeneCodis 
(Carmona-Saez et al., 2007; Nogales-Cadenas et al., 2009; Tabas-
Madrid et al., 2012), and SGD (Dwight et al., 2002).

Metabolite extractions and measurements by LC-MS/MS
Cells were grown in RM for ∼36 h and transferred to MM with and 
without methionine for the indicated time. After incubation, cells 
were rapidly harvested, and metabolite was extracted as described 
earlier (Tu et al., 2007). Metabolites were measured using the liquid 
chromatography (LC)-mass spectrometry (MS) methods described 
earlier (Laxman et al., 2014b; Walvekar et al., 2018). Standards were 
used for developing multiple reaction monitoring methods on 
Thermo Scientific TSQ Vantage triple stage quadrupole mass spec-
trometer or Sciex QTRAP 6500. For the positive-polarity mode, 
metabolites were separated using a Synergi 4μ Fusion-RP 80A col-
umn (150 × 4.6 mm, Phenomenex) on Agilent’s 1290 infinity series 
UHPLC system coupled to mass spectrometer. Buffers used for 
separation were: buffer A: 99.9% H2O/0.1% formic acid and buffer 
B: 99.9% methanol/0.1% formic acid (flow rate, 0.4 ml/min; T = 
0 min, 0% B; T = 3 min, 5% B; T = 10 min, 60% B; T = 10.1 min, 80% 
B; T = 12 min, 80% B; T = 14 min, 5% B; T = 15 min, 0% B; T = 20 min, 
stop). For the negative-polarity mode, metabolites were separated 
using a Luna HILIC 200A column (150 × 4.6 mm, Phenomenex). Buf-
fers used for separation were as follows: buffer A, 5 mM ammonium 
formate in H2O, and buffer B, 100% acetonitrile (flow rate: 0.4 ml/
min; T = 0 min, 95% B; T = 1 min, 40% B; T = 7 min, 10% B; T = 
11 min, 1% B; T = 13 min, 95% B; T = 17 min, stop). The area under 
each peak was calculated using either AB SCIEX MultiQuant soft-
ware 3.0.1 or Thermo Xcalibur software 2.2 SP1.48 (Qual and Quan 
browsers).

15N- and 13C-based metabolite labeling experiments
For detecting 15N-label incorporation in amino acids and nucleo-
tides, 15N-ammonium sulfate with all nitrogens labeled (Sigma- 
Aldrich) was used. For 13C-labeling experiment, 13C-lactate with all 
carbons labeled (Cambridge Isotope Laboratories) was used. In the 
labeling experiments, 0.5X refers to 0.25% ammonium sulfate or 1% 
lactate. All the parent/product masses measured are enlisted in 
Supplemental Table 2. Amino acid measurements were done in the 
positive-polarity mode. For all the nucleotide measurements, re-
lease of the nitrogen base was monitored in the positive-polarity 
mode. For the 13C-label experiment, the phosphate release was 
monitored in the negative-polarity mode. Under these conditions, 
the nitrogen base release cannot be monitored here, as the nitro-
gen base itself has carbon skeleton, which will complicate the analy-
sis. The HPLC and MS/MS protocol was similar to those explained 
above.

GDH assays
Glutamate dehydrogenase activity was measured as described in 
Doherty (1970), with some modifications. Yeast cells were lysed by 
bead beating in lysis buffer (100 mM potassium phosphate buffer, 
pH 7; 5% glycerol; 1 mM phenylmethylsulfonyl fluoride (PMSF); 
0.1% Tween-20; 1 mM EDTA; 1 mM 2-mercaptoethanol). NADP-
dependent activity was measured by monitoring oxidation of 
NADPH (assay buffer: 100 mM Tris–HCl, pH 7.2; 10 mM 2-ketoglu-
tarate, pH adjusted to 7.2; 100 mM ammonium chloride; 0.1 mM 

NADPH) at 340 nm. Protein concentrations from extracts were esti-
mated using bicinchoninic acid assay (Thermo Scientific). One en-
zyme unit corresponds to the amount of enzyme required to oxidize 
one μmol of NADPH min-1 at room temperature.

Statistical analysis
In most experiments, Student’s t test or Fisher’s exact test was ap-
plied for calculating the p values (as indicated). Wherever necessary, 
other tests were applied and indicated accordingly.
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