
Genome-scale reconstruction of Gcn4/ATF4 networks driving a growth program 1 
 2 
 3 
Rajalakshmi Srinivasan1, Adhish S. Walvekar1, Aswin Seshasayee2 and Sunil Laxman1 4 
 5 
1 Institute for Stem Cell Science and Regenerative Medicine (inStem) 6 
2
 National Centre for Biological Sciences - TIFR 7 

GKVK post, Bellary Road 8 
Bangalore 560065. 9 
 10 
email: aswin@ncbs.res.in , sunil@instem.res.in  11 
 12 
 13 
Abstract: 14 

Growth and starvation are considered opposite ends of a spectrum. To sustain growth, cells must 15 
manage biomolecule supply to balance constructive metabolism with high translation, through 16 
coordinated gene expression programs. Global growth programs couple increased ribosomal 17 
biogenesis with sufficient carbon metabolism, amino acid and nucleotide biosynthesis, and how this 18 
is collectively managed is a fundamental question. Conventionally, the role of the Gcn4/ATF4 19 
transcription factor has been studied only in the context of amino acid starvation. However, high 20 
Gcn4/ATF4 has been observed in contexts of rapid cell proliferation, and the specific role of Gcn4 in 21 
growth contexts are unclear. Here, using a methionine-induced growth program in yeast, we show 22 
that Gcn4/ATF4 is the fulcrum through which metabolic supply dependent sustenance of translation 23 
outputs is maintained. Integrating time-matched transcriptome and ChIP-Seq analysis, we decipher 24 
genome-wide direct and indirect roles for Gcn4 in this growth program. Genes that enable metabolic 25 
precursor biosynthesis indispensably require Gcn4; contrastingly ribosomal genes are partly 26 
repressed by Gcn4. Gcn4 directly binds promoter-regions and transcribes a subset of metabolic 27 
genes, particularly driving lysine and arginine biosynthesis. Gcn4 also globally represses lys/arg 28 
enriched transcripts, which include the translation machinery. The sustained Gcn4 dependent lys/arg 29 
supply is required to maintain sufficient translation capacity, by allowing the synthesis of the 30 
translation machinery itself. Gcn4 thereby enables metabolic-precursor supply to bolster protein 31 
synthesis, and drive a growth program. Thus, we illustrate how growth and starvation outcomes are 32 
both controled using the same Gcn4 transcriptional outputs, in entirely distinct contexts.   33 
 34 

 35 

 36 
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Introduction 38 

 39 

Understanding the organizational principles of transcriptional programs that define growth 40 
or starvation is of fundamental importance. In order for cells to sustain growth, and thereby 41 
proliferation, a controlled supply of biosynthetic precursors is essential. These precursors include 42 
amino acids that drive protein translation, nucleotides (to make RNA and DNA), and several co-43 
factors. Such a balanced cellular economy therefore requires coordinated, genome-wide responses 44 
in order to manage metabolic resources and ensure coordinated growth outputs. Here, the model 45 
eukaryote, Saccharomyces cerevisiae, has been instrumental in building our general understanding 46 
of global nutrient-dependent responses, addressing how cells allocate resources, defining 47 
transcriptional and metabolic ‘growth programs’, as well as to uncover general mechanisms of 48 
nutrient-sensing [1–9]. However, much remains unclear about how cells sustain the high 49 
requirement of biosynthetic precursors during growth programs. 50 

 51 

Interestingly, studies from yeast and other systems show that the presence of some 52 
metabolites, even in nutrient-limited conditions, induces cell growth programs, as observed at the 53 
level of transcription, signaling or metabolism. One example is that of acetyl-CoA, which at sufficient 54 
concentrations induces cells to exit quiescence, and activates global gene expression programs 55 
driving proliferation [10–17]. Similarly, methionine (and its metabolite S-adenosyl methionine) turn 56 
on growth programs in cells [18–20]. In mammals, methionine availability correlates with tumor 57 
growth [21,22], and methionine restriction improves cancer therapy, by limiting one-carbon and 58 
nucleotide metabolism [23,24]. In yeast, supplementing methionine inhibits autophagy [25], 59 
activates growth master-regulators [18], and increases cell growth and proliferation [18,26]. At the 60 
level of global transcriptional and metabolic states, methionine triggers a hierarchically organized 61 
growth program, where cells transcriptionally induce ribosomal genes, and key metabolic nodes 62 
including the pentose phosphate pathway, as well as all amino acid, and nucleotide biosynthesis 63 
[20]. These are quintessential hallmarks of a cell growth program [27]. Therefore, using this 64 
controlled growth program, it may be possible to decipher universal regulatory features that 65 
determine a growth state. Further, such a system can be used to address how the metabolic 66 
program couples with the regulation of translation outputs. Unexpectedly, this previous study 67 
suggested that the transcription factor Gcn4 was critical for this growth program [20]. Such a role 68 
played by Gcn4 in a growth program was both unclear and unforeseen. This is because our current 69 
understanding of Gcn4 comes primarily from its role during starvation. Contrastingly, the role of 70 
Gcn4 during high cell growth is largely obscure.  71 

Gcn4 (called ATF4 in mammals) is a transcriptional master-regulator, conventionally studied 72 
for its role during starvation and stress [28–31]. During severe amino acid starvation, the translation 73 
of Gcn4 mRNA increases, through the activation of the Gcn2 kinase, and subsequent eIF2-alpha 74 
phosphorylation [28,32,33]. This resultant increase in Gcn4 protein allows it to function as a 75 
transcriptional activator, where it induces transcripts involved in amino acid biosynthesis, thereby 76 
allowing cells to restore amino acid levels and survive starvation [28,31,34,35]. Almost our entire 77 
current knowledge of Gcn4 function comes from studying its roles during amino acid and other 78 
nutrient starvation. Contrastingly, we surprisingly found that in a growth program triggered by 79 
abundant methionine, cells induce Gcn4, in a context of high cell proliferation [20]. Other studies in 80 
several cancers suggest that the mammalian ortholog of Gcn4, called ATF4, is critical to sustain high 81 
growth [36,37]. Since starvation and growth programs are considered to be opposite ends of a 82 
spectrum, we wondered what specific roles does Gcn4 carry out during this growth program? 83 

In this study, we find that Gcn4 controls essential components of an anabolic program, 84 
which are coupled with the management of overall translation. During such a growth program, Gcn4 85 
directly transcribes genes required for amino acids and transamination reactions, and indirectly 86 
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regulates essential ‘nitrogen’ metabolic processes, leading to nucleotide synthesis. We elucidate the 87 
direct and indirect, methionine-dependent roles of Gcn4, and identify separate requirements for this 88 
protein to control the metabolic component of this growth program, as well as manage the 89 
induction of translation-related genes. Thereby, we establish the importance of Gcn4-enabled 90 
biosynthetic precursor supply in appropriately maintaining a high translation capacity. Notably, 91 
comparing this function of Gcn4 during growth programs, to its well-known, conventional roles in 92 
starvation, reveals largely conserved transcriptional outputs of Gcn4 in both scenarios that however 93 
lead to distinct outcomes for the cell (growth vs survival). Through this, we show how a 94 
transcriptional master-regulator, conventionally viewed as a ‘survival-factor’, uses its canonical 95 
outputs to enable a growth program by ensuring specific amino acid synthesis in order to manage 96 
sufficient translation capacity.  97 

 98 

Results  99 

Methionine induces an universal ‘growth program’  100 

 101 

Understanding the regulatory logic of transcriptional networks in growth programs is of fundamental 102 
importance. The role of the Gcn4 transcriptional master regulator has been well studied primarily in 103 
the context of severe nutrient starvation, as extensively explained in the subsequent section. 104 
However, several studies of cancers suggest that the mammalian ortholog of Gcn4 (ATF4) is required 105 
for rapid growth [36,37]. Therefore, we first wanted to establish a relevant, universal system where 106 
the role of Gcn4 during a growth program could be rigorously studied. Here, we utilized prior 107 
knowledge suggesting that methionine induces a transcriptional and metabolic growth program. 108 

 109 

The observations showing that methionine switch cells to a growth state come primarily from yeast 110 
cells using lactate as a sole carbon source [18,20,25]. In these lactate-dependent conditions, global 111 
gene expression analysis revealed that providing methionine induces transcripts that represent a 112 
‘growth signature’ [20]. This includes increased expression of ribosomal transcripts, and induced 113 
expression and metabolic flux through the pentose phosphate pathway, amino acid and nucleotide 114 
biosynthesis [20]. Since current studies are limited to only this lactate carbon source condition, we 115 
first more broadly established that this methionine response is universal, by studying the global 116 
transcriptional response to methionine supplementation in high glucose medium (the most 117 
preferred carbon source for yeast).  118 

We performed comprehensive gene-expression analysis comparing transcripts from cells growing in 119 
glucose (MM) or glucose supplemented with methionine (MM+Met), as shown in Supplementary 120 
Figures 1 and 2, Supplementary WS2, Supplementary WS3, and described in the corresponding 121 
supplementary text. These results collectively show that the transcriptional response to methionine 122 
retains all the hallmarks of an anabolic growth program even when glucose is used as a carbon 123 
source. This includes the induction of appropriate metabolic genes (particularly all amino acid 124 
biosynthesis, nucleotide biosynthesis and transamination reaction related genes), as well as 125 
cytoplasmic translation related genes (Supplementary Figure 2, Supplementary WS2, Supplementary 126 
WS3). This transcriptional signature of cells MM+Met overlaps well with earlier studies of cells 127 

growing in lactate as a carbon source (supplemented with methionine) [20]. This induction of the 128 

translation machinery along with amino acid and nucleotide synthesis genes are all classic hallmark 129 
signatures of an anabolic program [27,38,39]. Further, these transcriptional changes also result in an 130 
appropriate metabolic state switch (increased de novo amino acid and nucleotide synthesis), as 131 
determined using a quantitative, targeted, stable-isotope pulsed LC/MS/MS based flux approach 132 
(Supplementary Figure 3).  133 
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In summary, we find that methionine triggers a growth program, with the induction of both 134 
metabolic and ribosomal genes, even in preferred medium with glucose as a carbon source. We 135 
therefore use this system (MM+Met) to address universal principles of cell growth regulation.  136 

 137 

GCN4 is induced by methionine and controls a conserved transcriptional signature in both growth 138 
and starvation programs 139 

Conventionally, Gcn4 (a transcriptional master-regulator), is studied in the context of severe 140 
starvation, as part of the integrated stress response [28,29,31,40,41]. Nearly all existing studies of 141 
Gcn4 use pharmacological inhibitors of amino acid biosynthesis, such as 3-amino triazole (3-AT) or 142 
sulfo meturon (SM) to induce Gcn4, and study its role in starvation responses where cell growth is 143 
minimal [31,34,35,42,43]. Indeed, our current understanding of Gcn4 function comes primarily from 144 
contexts of nutrient-stress and starvation. In contrast, we had earlier observed that supplementing 145 
methionine strongly induces Gcn4 [20], coincident with increased cell growth and proliferation. Since 146 
this is distinct from conditions of starvation and low growth, we wanted to understand what the role 147 
of Gcn4 was, during a growth program.  148 

 149 

We therefore used the methionine-induced growth transcriptional program (as described in 150 
Supplementary Figure 2 and the previous section) to address this question. We first asked if Gcn4 151 
protein is induced in methionine-supplemented glucose medium. Indeed, Gcn4 protein levels 152 
substantially increase when methionine is supplemented (MM+Met) (Figure 1A and Supplementary 153 
Figure 4A). This observation reiterates that Gcn4 can be induced by growth signals (methionine) 154 
irrespective of carbon source. We therefore dissected how much of this anabolic program is 155 
mediated by Gcn4. To address this, we compared transcriptomes of wild type and ∆gcn4 cells in 156 
MM+Met (Supplementary Figure 4B), and found a striking, Gcn4-dependent global response in the 157 
presence of methionine. ~900 genes were differentially expressed in ∆gcn4, compared to wild type 158 
cells in MM+Met. Here, 514 genes were upregulated, and 398 genes were downregulated in ∆gcn4 159 
cells in the presence of methionine (fold change cut-off of >= 2 fold) (Supplementary Figure 4B & 160 
Supplementary WS1). As a control, in only MM medium (without supplemented methionine), far 161 
fewer genes (~160) showed any differential expression at all in ∆gcn4 relative to WT (Supplementary 162 
Figure 4B). These data show that Gcn4 has a critical role for the methionine-dependent growth 163 
program in glucose. 164 

 165 

To understand the global consequences of the loss of Gcn4 during this growth program, we used a 166 
GO-based analysis to categorize most altered groups of genes. Upregulated genes in ∆gcn4 show a 167 
notable enrichment for ‘cytoplasmic translation’, ‘ncRNA processing’, ‘RNA maturation’ and ‘RNA 168 
methylation’ (Figure 1B). This strikingly revealed that the transcripts associated with protein 169 
translation, which were already induced by methionine, further increase in the absence of Gcn4. i.e. 170 
Gcn4 partially represses cytoplasmic translation even in a growth program. In contrast, genes that 171 
are downregulated in ∆gcn4 cells are primarily involved in amino acid biosynthetic processes, 172 
nucleotide biosynthetic processes, mitochondrial translation, NADP metabolic processes and 173 
pyruvate metabolism (Figure 1B & Supplementary WS3). Collectively, this reveals that Gcn4 is 174 
essential for the induction of genes involved in these metabolic processes, which is a majority of the 175 
methionine induced anabolic program, but partially represses translation.   176 

 177 

Here, we note a striking observation. In studies of starvation, the induction of Gcn4 represses 178 
ribosomal genes, and induces amino acid biosynthesis genes [35,44,45]. In contrast, in this 179 
methionine-induced growth program, ribosomal and translation related genes are themselves 180 
induced even as Gcn4 is also induced. The loss of Gcn4 further increases ribosomal genes, suggesting 181 
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that Gcn4 appropriately keeps the extent of ribosomal gene induction in check, while the ribosomal 182 
gene induction occurs through independent regulation. Furthermore, the induction of amino acid 183 
biosynthetic genes remains regardless of starvation or growth programs. This hints that despite 184 
growth and starvation being at opposite ends of a spectrum, the role of Gcn4 in either state might 185 
be conserved. To further address this possibly conserved global role of Gcn4, we compared the 186 
overlap of Gcn4 dependent, induced or repressed genes in this growth program, with existing data 187 
from a conventional starvation program where Gcn4 has high activity. This gene expression data 188 
comes from a conventional mode of inducing Gcn4, via inhibiting amino acid biosynthesis using a 189 

chemical inhibitor of amino acid biosynthesis (sulfometuron or SM) [46]. Notably, we find that 190 

44% of the genes activated by Gcn4 and 56% of the genes repressed by Gcn4 in the 191 

methionine dependent growth program overlap with the genes activated and repressed in 192 

the SM dependent starvation condition (Fisher exact test, p<10
-10

) (Figure 1C). A GO grouping of 193 

the genes which overlap between the growth and the starvation condition suggests a conserved role 194 
of Gcn4 in inducing amino acid biosynthetic genes and in repressing translation related genes 195 
(Supplementary WS6).  196 

Two key points emerge from these analyses. First, the role of Gcn4 appears to be conserved 197 
regardless of whether cells are in a growth or starvation program. This conserved role appears to be 198 
to increase transcripts related to amino acid and nucleotide biosynthesis (all required for 199 
anabolism), while repressing translation related genes. However, during a growth program, there is 200 
already an induction of translation genes (as seen in Figure 1). Therefore, in this context, Gcn4 201 
tempers the extent of induction of translation related genes, while during starvation Gcn4 represses 202 
ribosomal genes below that of non-starved cells.   203 

 204 

Gcn4 binds to its target gene promoters related to metabolism during a growth program 205 

Which parts of the transcriptional outputs in this growth program does Gcn4 directly regulate, and 206 
how does this compare to the known, direct roles of Gcn4 during starvation? To address this, we 207 
performed chromatin immunoprecipitation (ChIP)- sequencing of Gcn4 in MM and MM+Met 208 
conditions. Notably, this uniquely integrates directly comparable information from the Gcn4 ChIP-209 
seq, with a time-matched global transcriptome, during a growth program.   210 

 211 

First, we asked what is the Gcn4 DNA binding activity when induced by methionine. We performed 212 
ChIP of Gcn4 (with a FLAG-epitope incorporated into the C-terminus in the endogenous GCN4 locus), 213 
using cells grown in MM and MM+Met, with MM essentially acting as a control. We considered 214 
peaks that are represented in both the biological replicates for further analysis, using very well 215 
correlated biological replicates (Supplementary Figure 4C). Here, we identified 320 Gcn4 binding 216 
peaks in the cells grown in MM+Met, whereas, there were no consensus peaks observed in replicate 217 
samples of cells grown in MM (Figure 2A & Supplementary WS4). The enhanced Gcn4 occupancy on 218 
the target gene promoter in MM+Met condition was further validated using ChIP-qPCR analysis 219 
(Supplementary Figure 6). This shows that the GCN4 occupancy on DNA increases in the presence of 220 
methionine.  221 

 222 

Next, we analyzed the Gcn4 binding signals around the transcription and translation start site of the 223 
genes found within 750bp around the identified peaks. Transcription start site data available for cells 224 
growing in rich, glucose medium (the nearest possible condition to that used in this study) was 225 
obtained from the YeasTSS database [47]. The TSS identified using the CAGE method reported in this 226 
database was used for our analysis. Notably, a majority of the Gcn4 binding peaks in MM+Met are 227 
found upstream of these annotated transcription start sites (Figure 2B). A similar analysis with the 228 
translation start sites of the target genes shows higher read coverage upstream of the translation 229 
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start site (Supplementary Figure 5).  We further analyzed the genomic features of the identified 230 
peaks using the HOMER program [48]. Notably, we observed a very apparent enrichment of Gcn4 231 
binding to the promoter region of the targets. 263 out of 320 peaks are found within the promoter 232 
region of target genes (-1kb to +100bp around the TSS), while the remaining peaks bind at intergenic 233 
regions (11), exons (17) or close to transcription termination sites (29) (Figure 2C & Supplementary 234 
WS4). This shows that during a growth program, Gcn4 activity is primarily restricted to binding 235 
promoter sites of target genes. 236 

 237 

We next searched for the enrichment of sequence motifs in the peaks identified in the MM+Met 238 
condition using The MEME-suite [49]. We found that these peaks were enriched for the conserved 239 
Gcn4 binding motifs found previously under amino acid starvation conditions, [35,50,51]. Strikingly, 240 
81% (260 out of 320) of the peaks that we identify have at least one of the variants of the Gcn4 241 
binding motif ‘TGANTCA’ (Figure 2D), showing that Gcn4 in this context still primarily recognizes its 242 
high-affinity DNA binding motif. 243 

 244 

Finally, how does this compare to studies of Gcn4 activity during starvation, particularly during 245 
severe amino acid biosynthesis inhibition [34,35]? A comprehensive previous study of Gcn4 function 246 
during amino acid starvation indicated substantial Gcn4 binding to regions within ORFs of genes, as 247 
well as to promoter regions [34]. To compare this study from a starvation program with our data 248 
from a growth program, for the non-coding and the ORF peaks regions reported in the previous 249 
study [34], we calculated the Gcn4 binding signal in our Gcn4 ChIP seq data (from the MM+Met 250 
condition). Strikingly, we find that the signal in ORF peaks is significantly lower than the non-coding 251 
peak under MM+Met condition (p-value < 10-8), whereas a similar analysis performed using the Gcn4 252 
ChIP-seq data from [34] show little differences in the signal intensity between ORF and Non-coding 253 
peaks (p-value of 0.002) (Figure 2E). As a distinct comparison, we used a dataset from a milder 254 
starvation regime [52], where glucose was limited in a chemostat. Here, the occupancy of Gcn4 was 255 
more similar to that observed during our growth program, with a majority of Gcn4 occupancy at 256 
promoter regions of target genes (Figure 2E). These analyses show that during a growth program, 257 
the direct targets of Gcn4 remain highly specific, conserved and restricted to the promoter regions 258 
of genes. The Gcn4 occupancy limited to promoter regions during growth and mild starvation 259 
conditions can be possibly explained by a lower dosage of Gcn4 under these conditions. Under 260 
extreme amino acid starvation conditions, very high Gcn4 levels might result in increased Gcn4 261 
occupancy on the ORFs, in addition to its specific binding to the promoter. Collectively, our data 262 
shows that regardless of the mode of Gcn4 induction, and whether cells are in a growth or starvation 263 
program, it binds specifically to a highly conserved motif. 264 

 265 

Thus, the global role of Gcn4 during either a growth program, or in a starvation response appears 266 
remarkably conserved. However, the cellular outcomes are different, and this can be explained by 267 
two criteria. First, the amounts of Gcn4 protein (as induced by methionine) will be different from the 268 
other conditions tested, as the mode of induction of Gcn4 is entirely different in these studies. 269 
Therefore, since any protein’s affinity to its target depends on its dosage in the cell as well as the 270 
presence of other competing factors, there will be differential binding affinity to the targets, as is 271 
well known for most transcription factors [53,54]. Second, the context of Gcn4 induction is entirely 272 
distinct. In this context Gcn4 is supporting an anabolic program, while the cells also have increased 273 
ribosomal genes. Hence, while the function of Gcn4 is the same (primarily to induce amino acid 274 
biosynthesis, and indirectly repress translation), the outcome is entirely different, because in a 275 
growth program the increased production of amino acids and nucleotides might aid the increase in 276 
translational capacity via increased ribosomal biogenesis. 277 

 278 
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 Direct and Indirect targets of Gcn4 during a growth program 279 

We therefore asked how much of the Gcn4-dependent transcriptional response is directly regulated 280 
by Gcn4, and what its specific targets were? To identify direct targets of Gcn4 in methionine-281 
dependent gene regulation, we overlaid the transcriptome data (�gcn4 vs WT in MM+Met) with the 282 
ChIP-seq data (from MM+Met). Out of the 398 genes that are downregulated in ∆gcn4, 133 are 283 
direct targets of Gcn4 (Supplementary WS4). Contrastingly, Gcn4 directly regulates only 24 out of 284 
514 upregulated genes (Supplementary Figures S7A and S7B, and Supplementary WS4). These 285 
results strengthen the role of Gcn4 as a transcriptional activator. GO-based analysis of the genes 286 
directly transcribed by Gcn4 reveals a significant enrichment of amino acid biosynthetic genes. 287 
Notably, the indirectly activated targets are enriched for nucleotide biosynthesis, the pentose 288 
phosphate pathway, and mitochondrial translation (Figure 3A, Supplementary WS3). In addition to 289 
the amino acid biosynthetic genes, Gcn4 directly activates genes involved in other critical functions, 290 
particularly the Sno1 and Snz1 genes (pyridoxal synthase), required for transamination reactions that 291 
lead to amino acid synthesis, and Nde1- the NADH dehydrogenase (Supplementary Figure 7C). These 292 
genes have Gcn4 binding sites in its promoter [55]. In contrast to the Snz1 and Sno1 pair that is 293 
bidirectionally activated by Gcn4, the Trm1 and Mdh2 pair of genes are bidirectionally repressed by 294 
Gcn4 (Supplementary Figure 7D). These data show that in the presence of methionine, Gcn4 directly 295 
increases the expression of primarily the amino acid biosynthetic arm, whereas the methionine-296 
dependent activation of nucleotide biosynthetic genes, pentose phosphate pathway, mitochondrial 297 
translation related genes are indirectly regulated by Gcn4. Collectively, the metabolic component of 298 
the methionine-dependent growth program is directly regulated by Gcn4. 299 

 300 

As discussed, in the presence of methionine Gcn4 directly upregulates the genes of various amino 301 
acid biosynthetic pathways (Figure 3A). In this context, subsets of amino acid biosynthetic genes are 302 
strikingly induced. Notably, every single gene of arginine biosynthetic pathway, and nearly every 303 
gene of lysine, histidine and branched chain amino acid biosynthetic pathways are directly activated 304 
by Gcn4 (Figure 3B and 3C, Supplementary Figure 7E). This suggests that Gcn4 might be critical for 305 
the supply of particularly arginine and lysine, during the methionine mediated anabolic program. 306 

 307 

We estimated the functional contribution of methionine-induced Gcn4 towards individual amino 308 
acid biosynthesis, particularly that of arginine and lysine, using a targeted LC/MS/MS based 309 
approach [56] to measure amino acid synthesis flux, based on stable-isotope incorporation. 310 
Consistent with the transcriptome data, we found a strikingly increased amino acid biosynthesis in 311 
MM+Met, compared to MM, and expectedly; the loss of GCN4 severely decreased the flux towards 312 
amino acid biosynthesis, including a near-complete loss of arginine and lysine biosynthesis (Figure 313 
3D, Supplementary Figure 8). This reiterates that Gcn4 has a vital role in increasing the amino acid 314 
pools required during a methionine induced growth program, particularly regulating the synthesis of 315 
arginine and lysine. 316 

 317 

How does the role of Gcn4 during this growth program compare to its role during extreme amino 318 
acid starvation?  To understand this, we analyzed a publicly available ChIP seq data of Gcn4, where 319 
Gcn4 was induced during severe amino acid starvation (due to SM treatment) (34). Firstly, we 320 
compared potential Gcn4 targets, which are present 750bp around the Gcn4 peaks, identified in 321 
both the growth and the starvation condition.  We found a 47% overlap between the Gcn4 targets 322 
during the methionine induced growth program, and under amino acid starvation [34] (Figure 3E, 323 
and Supplementary WS6) (Fisher’s Exact test P < 10-10). We also compared the targets identified in 324 
our study with a distinct, simpler starvation regime, where cells were only limited for glucose [52]. 325 
About 80% of the targets identified in this study overlap with that of the Gcn4 targets identified in 326 
the glucose limitation study [52] (Figure 3F, and Supplementary WS6) (Fisher’s Exact test P < 10-10 ).  327 
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This indicates that the Gcn4 targets, particularly the activation of amino acid biosynthetic genes, are 328 
conserved irrespective of the growth status of the cell. .   329 

 330 

Finally, during starvation programs, Gcn4 negatively regulates (represses) ribosomal and translation 331 
related genes [31,34,35,44].  In agreement with these ChIP-seq studies in starvation conditions 332 
[34,35], we also find that Gcn4 indirectly represses translation related genes, except for the 333 
following- RPL14B, RPS9A, RPL36B and RRP5, these are directly repressed by Gcn4 under this 334 
condition (Supplementary Figure 7A and 7B). The distinction though is that when methionine is 335 
present, ribosomal genes are induced, but Gcn4 appears to temper the extent of this induction (as 336 
the loss of Gcn4 in this condition further increases ribosomal genes). Therefore, through this 337 
repressive activity, Gcn4 likely enables cells to manage the extent of ribosomal gene induction due 338 
to methionine. 339 

 340 

To summarize, the role of Gcn4 in a methionine-dependent growth program can be broken into two 341 
parts. First, Gcn4 directly induces amino acid biosynthesis genes, as well as transamination reactions. 342 
As part of a feed-forward program, the nucleotide biosynthesis genes and the PPP (which complete 343 
the methionine-mediated anabolic program [20] are indirectly induced. Further, the 344 
ribosomal/translation related genes that are induced by methionine in wild-type cells are further 345 
induced upon the loss of Gcn4 in this condition, suggesting that Gcn4 manages the extent of 346 
ribosomal gene induction due to methionine. Notably, the core function of Gcn4, which is to 347 
increase amino acid (and nucleotide) synthesis, remains unchanged when cells are in a growth state 348 
or dealing with starvation. Importantly, Gcn4 is critical for the high rates of synthesis of arginine, 349 
lysine and histidine. However, the cellular outcome is different, because of this coincident activation 350 
of Gcn4 in conditions where ribosomal biogenesis and translation are high.  351 

 352 

Gcn4 globally represses arginine/lysine enriched genes, including the translational machinery.   353 

From our data thus far, it is clear that Gcn4 helps supply cells with several metabolites, particularly 354 
the amino acids arginine and lysine, when methionine triggers a growth program. Given this critical 355 
function of Gcn4 in arginine and lysine biosynthesis and supply, we wondered if there were 356 
correlations of lysine and arginine utilization in genes, and global gene expression programs 357 
controlled by Gcn4. Although the amino acid compositions of proteins are evolutionarily optimized, 358 
our understanding of amino acid supply vs demand remains woefully inadequate [57,58]. As amino 359 
acids are the building blocks of proteins, translation naturally depends on available amino acid pools 360 
in the cell. We therefore asked if there were categories of proteins that were particularly enriched 361 
for arginine and lysine, within the genome, and if this had any correlation with Gcn4 function. For 362 
this, we divided the total number of proteins in the S. cerevisiae genome into three bins based on 363 
the percentage of arginine and lysine content of the protein (%R+K). The bin1 comprises of 1491 364 
proteins with the lowest percentage of R+K (bin1; < 10% R+K ), bin2 has 3033 proteins with 365 
moderate %R+K content (bin2; 10-13% R+K), and bin3 comprises of the 1501 proteins, with very high 366 
%R+K ( bin3; >13% R+K) (Figure 4A). We next asked if these bins were enriched for any groups of 367 
functional pathways (based on Gene Ontology). Bin1 and bin2 have very large, disparate groups of 368 
GO terms, with no unique enrichment. However, bin3 was significantly enriched for ribosomal and 369 
translation related genes (Figure 4B). This arginine and lysine distribution in translation related 370 
genes are significantly higher compared to genome wide distributions (Wilcox test, p-value < 10-10) 371 
(Figure 4C). Thus, translation related proteins are highly enriched for arginine and lysine amino acids.   372 

 373 

Next, we asked if there is any correlation between the genes regulated by Gcn4 (in MM+Met), and 374 
the percentage of R+K encoded within these encoded proteins. Strikingly, we noticed that a very 375 
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significant proportion of the genes that are repressed by Gcn4 fall in bin3  (~40%, Fisher’s exact test 376 
P-value < 10-10) (Figure 4D & Supplementary WS5). Therefore, a significant proportion of the genes 377 
induced by methionine, and further induced in ∆gcn4 are arginine and lysine rich. This suggests the 378 
possibility of a deeper management of overall, methionine-induced anabolism by Gcn4, where the 379 
translation of arginine and lysine enriched proteins will be required for high translation, and this 380 
requires Gcn4-dependent precursors.  381 

 382 

Gcn4 dependent outputs can sustain high translation capacity during growth 383 

Given this striking observation, we asked if, in a growth program, cells could still sustain the 384 
synthesis of arginine and lysine rich genes if Gcn4 is absent. To evaluate this unambiguously, we 385 
designed inducible, luciferase-based reporters to estimate the translation of a several of R+K 386 
enriched genes, which are induced in cells by methionine (and further increased upon the loss of 387 
Gcn4) (Supplementary WS1). We designed a plasmid, in which the gene of interest (GOI; amplified 388 
from the genomic DNA of S. cerevisiae) was cloned in frame with the luciferase coding sequence, in 389 
such a way that the entire fragment (GOI+Luciferase) will be under the control of an inducible 390 
promoter (Supplementary Figure 9). Using this system, measuring luciferase activity after induction 391 
will estimate the specific translation of the specific arginine/lysine enriched gene, in any condition. 392 
This accounts for only newly synthesized protein, and therefore avoids mis-interpretations coming 393 
from already existing protein in the cells before methionine addition. We made reporters for 4 such 394 
candidate genes (RPL32, STM1, NHP2, RPS20) (Supplementary Figure 9). 395 

 396 

First, we contextualized the expression of these lysine and arginine enriched genes (based on 397 
reporter activity) in wild-type cells, under either a growth or a starvation regime where Gcn4 398 
expression is high. The conditions we compared were MM (low Gcn4 expression), addition of 399 
methionine (growth program, strong Gcn4 induction), and the addition of 3-AT (amino acid 400 
starvation condition, high Gcn4). In these conditions, we induced the reporters for Nhp2, Rpl32 and 401 
Rpl20 for 30 min, and compared luciferase activity. Here, the luciferase activity of all three reporters 402 
significantly increase in methionine supplemented conditions, and are decreased in the 3-AT 403 
condition (Figure 5A). This reiterates that the translational outcomes are entirely distinct in a growth 404 
or starvation program, despite high Gcn4 activity in both conditions.  405 

  406 

We now could specifically determine the importance of Gcn4 activity during a growth program 407 
(addition of methionine). First, we compared the extent of transcript expression for these 408 
lysine/arginine enriched transcripts, Nhp2, Rpl32, Rpl20 and Stm1, in wild-type and ∆gcn4 cells in 409 
the presence of methionine (Figure 5B). The loss of Gcn4 in these conditions further increased 410 
expression of these transcripts, reiterating the role of Gcn4 as a (indirect) repressor of these genes. 411 
We next directly measured the translation of these genes, using the luciferase-based reporters of 412 
these genes. For this, using a similar experimental setup as earlier, we measured luciferase activity in 413 
wild-type and ∆gcn4 cells after 30 minutes of induction with β-estradiol. Strikingly, all the candidate 414 
reporter genes showed a 3-5 fold reduction in translation in GCN4 deficient cells, compared to WT 415 
cells (Figure 5C). These data reveal that Gcn4 is critically required to maintain the translation 416 
capacity of the cell, during this growth program. Finally, to determine if this reduced translation 417 
capacity in ∆gcn4 is due to the reduced supply of arginine and lysine in these conditions, we carried 418 
out a rescue experiment with the addition of only these two amino acids. We supplied both amino 419 
acids (2mM each) to wild-type and ∆gcn4 cells growing in the presence of methionine, and 420 
measured luciferase activity after induction. Notably, the supply of arginine and lysine substantially 421 
rescued the expression of these reporter proteins, by increasing their translation ~2-3 fold (Figure 422 
5D).  423 
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 424 

Collectively, we find that Gcn4 activity is central to sustain a growth program triggered by 425 
methionine. Gcn4 enables sufficient supply of amino acids, particularly arginine and lysine, for the 426 
translation of ribosomal proteins, while also tuning the amount of expression for these transcripts. 427 
This in turn maintains sufficient translational capacity needed by the cell, to sustain the anabolic 428 
program and drive growth. This is in contrast to a conventional starvation program due to amino 429 
acid limitation, where Gcn4 is also high. In such starvation contexts, the amounts of arginine and 430 
lysine enriched transcripts (including translation related transcripts) are low (and repressed by 431 
Gcn4), and the role of Gcn4 is in restoring amino acid levels. 432 
 433 
 434 
Discussion 435 
 436 
A central theme emphasized in this study is mechanisms by which cells manage resource allocation, 437 
supply and demand during cell growth. Recent studies in model organisms like yeast and E. coli focus 438 
on protein translation, and the need to ‘buffer’ translation capacity during cell growth [8,59]. These 439 
studies alter our perception of how translation is regulated during high cell growth. However, the 440 
process of cell growth requires not just translation reserves (in the form of ribosomes), but also a 441 
constant supply of biosynthetic precursors to meet high demand. This includes: amino acids to 442 
sustain translation as well as drive metabolic functions, nucleotide synthesis (for DNA replication, 443 
transcription and ribosome biogenesis), and sufficient reductive capacity (for reductive 444 
biosynthesis). Even the production of ribosomes is an extremely resource-intensive process [60]. 445 
While our understanding of translation-regulation in these contexts is constantly improving, how 446 
metabolic and biosynthetic components are managed, and couple with translation, remain poorly 447 
understood.  448 
 449 
Here, using yeast as a model, we obtain striking, mechanistic insight into how Gcn4 enables cells to 450 
sustain the supply of biosynthetic precursors, during a growth program (induced by methionine). In 451 
this growth program, methionine induces genes involved in ribosomal biogenesis and translation 452 
[20], which is the hallmark of a growth signature [27,60–63]. In addition, cells increase metabolic 453 
processes that sustain anabolism; primarily the pentose phosphate pathway, trans-amination 454 
reactions, an induction in amino acid biosynthesis, and nucleotide synthesis [20]. In particular, 455 
through this study, we now show how the Gcn4 transcription factor functions to critically support 456 
this growth program, by enabling high amino acid supply to maintain a sufficient translation 457 
capacity, as illustrated in a schematic model (Figure 5E).  458 
 459 
Notably, we can now define the roles of Gcn4 during either a growth program, or a more 460 
conventionally studied starvation program. In a growth program (the methionine-induced context), 461 
genes required for ribosome biogenesis and translation that are induced have a nuanced regulation 462 
by Gcn4. Gcn4 represses ribosomal genes (consistent with earlier reports), and in this context 463 
thereby appears to balance or moderate the overall induction of ribosomal genes by methionine. 464 
The methionine-dependent induction of ribosomal genes is likely controlled by directly activating the 465 
TOR pathway [18,64–66], which is a regulator of ribosomal biogenesis. However, despite the high 466 
expression of ribosomal gene mRNAs in ∆gcn4 cells (in this growth program), and the indication of 467 
an apparent ‘growth signature’ transcriptional profile with high ribosomal transcripts, cells cannot 468 
sustain the required rates of protein synthesis, or maintain the high translation capacity required for 469 
growth. This is because the translation machinery itself is highly enriched for arginine and lysine 470 
amino acids, and so cannot be maintained at sufficient levels without a constant supply of lysine and 471 
arginine. In the presence of methionine, the increased synthesis (and therefore supply) of these two 472 
amino acids depends almost entirely on induced Gcn4. After all, to sustain high growth, and anabolic 473 
programs, cells need to maintain the required high rates of translation, and ribosomal capacity. 474 
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Thus, through Gcn4, cells can deeply couple translation with metabolism, and manage sufficient 475 
resource allocations to sustain increased anabolism.  476 
 477 
Notably, the specific transcriptional role of Gcn4 in growth or starvation programs remains 478 
conserved. Regardless of context, Gcn4 is required for amino acid biosynthesis (particularly lysine 479 
and arginine biosynthesis), and represses ribosomal genes. However, the different contexts 480 
completely alter the cellular outcomes, since in growth programs ribosomal genes are already high 481 
(and Gcn4 only tempers their expression), while in starvation programs ribosomal genes are low. The 482 
roles of Gcn4 have traditionally only been systematically examined during amino acid starvation or 483 
an ‘integrated stress response’ [29,67]. However, multiple studies now support a role for Gcn4 484 
during contexts of high growth, including recent studies of the mammalian ortholog of Gcn4 (ATF4) 485 
which report high ATF4 activity in several cancers [36,37,68,69]. These studies suggest that ATF4 486 
induction is critical for tumor progression during nutrient limitation, possibly by providing otherwise 487 
limiting metabolites [36,37], without clarity on the specific functions of ATF4 in these conditions. 488 
Separately, observations over decades note that many rapidly proliferating tumors depend on 489 
methionine [70,71], and methionine restriction critically determines tumor progression [23,24]. Here 490 
we directly demonstrate how Gcn4 provides biosynthetic precursor supply to sustain anabolism, in 491 
an otherwise limiting environment. Speculatively, could the ability of methionine to induce 492 
proliferation in cancers rest upon the induction of ATF4, which controls the supply of amino acids 493 
and other biosynthetic precursors?   494 
 495 
Summarizing, here we address Gcn4 function during a growth program triggered by methionine. This 496 
expands the roles of a ‘starvation’ factor, during a contrasting, high anabolism state, showing how 497 
despite conserved function in both contexts, Gcn4 activity can lead to very different outcomes. Our 498 
study provides an illustrative perspective of how cells can manage the supply of important 499 
biosynthetic precursors with overall translation outputs, when a specific growth cues induce high 500 
biosynthetic demands that need to be coordinately sustained, in order to maintain anabolism and 501 
cell growth. 502 
 503 
 504 
Materials and Methods 505 
 506 
Strains and growth conditions 507 
 508 
A fully prototropic yeast strain Saccharomyces cerevisiae strain from a CEN.PK background [72] was 509 
used in all experiments. For all the medium-shift experiments, overnight grown cultures were sub-510 
cultured in fresh YPD (1% Yeast extract and 2% Peptone, 2% Glucose) medium with an initial OD600 of  511 
~0.2. Once the OD600 of the secondary culture reached 0.8 – 0.9, cells were pelleted down and 512 
washed and shifted to  minimal media MM (MM- Yeast Nitrogen Base with glucose as a carbon 513 
source)  and MM+Met (MM with 2mM methionine).  For the luciferase assay (described later), 514 
overnight grown cultures were prepared by growing the cells in YPD with the antibiotic 1mM 515 
Nourseothricin (NAT). The secondary culture was started with an initial OD600 of ~0.5 in YPD + NAT 516 
and incubated at 30°C and 250 rpm for 4 hours. After 4 hours of incubation, cells were washed once 517 
in MM, and shifted to MM +Met or MM+Met+arg+lys. 2mM concentration of each amino acid was 518 
used wherever required, unless mentioned otherwise. All the wash steps before shifting to minimal 519 
medium were done by centrifuging the cells at 3500 rpm for 90 seconds.  520 
 521 
Western blot analysis 522 
 523 
Yeast cells with a 3x-FLAG epitope sequence chromosomally tagged at the carboxy-terminus of Gcn4 524 
(endogenous locus) were used to quantify Gcn4 protein levels using western blotting 525 
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(Supplementary table 1). Overnight grown cells were sub-cultured into fresh YPD medium, with an 526 
initial OD of 0.2 and grown to an OD600 of 0.8. Cells were pelleted down at 3500 rpm for 1.5 minutes, 527 
cell pellets were washed once in MM, re-harvested and shifted to MM and MM+ Met after 1 hour of 528 
the shift.  ~5 OD600 of cells were harvested by centrifugation, and proteins were precipitated in 400 529 
µl of 10% trichloro acetic acid (TCA), and extracted by bead beating with glass beads.  Lysates were 530 
centrifuged to precipitate all proteins, and total protein pellets were resuspended in 400 µl of SDS-531 
Glycerol sample buffer. Protein concentrations were quantified using Bicinconinic assay kit (G-532 
Biosciences, 786-570) and equal concentrations of proteins were loaded into the 4-12% Bis-tris 533 
polyacrylamide gel (Thermo Fisher,NP0322BOX) and resolved using electrophoresis. Resolved 534 
proteins were transferred to nitrocellulose membranes and detected by standard Western blotting 535 
using monoclonal anti-FLAG M2- mouse primary antibody (Sigma Aldrich, F1804) and HRP labelled 536 
anti-mouse IgG secondary antibody (Cell Signalling technology, 7076S). Blots were developed using 537 
enhanced chemiluminescence reagents (Advansta, K-12045) imaged using Image quant. A different 538 
part of each gel (cut out) was Coomassie stained in order to compare total protein loading amounts. 539 
 540 

mRNA sequencing and data analysis  541 

 542 
Overnight grown cells of WT and ∆gcn4 strains were sub-cultured in YPD, with a starting OD600 of 0.2  543 
and grown till they reached an OD600 of 0.8-0.9. YPD grown cells were pelleted down at 3500 rpm for 544 
90 seconds and washed once with MM. Washed cells were shifted to MM and MM+Met, and cells 545 
remained in this fresh medium for ~1 hr. The cells were collected an hour after this shift and RNA 546 
was isolated by a hot acid phenol method as described [73]. mRNA libraries were prepared using 547 
TruSeq RNA library preparation kit V2 (Illumina) and quality of the libraries were analyzed using 548 
bioanalyser (Agilent 2100) and libraries were sequenced for 51 cycles using Illumina HiSeq 2500 549 
platform. For every experimental condition, data were obtained from two biological replicates. 550 
Normalized read counts between the biological replicates were well correlated (Figure S1). For each 551 
strain we obtained ~30-35 million uniquely mapped reads. The raw data are available in NCBI-SRA 552 
under the accession PRJNA599001.  The transcriptome data were aligned and mapped to the S. 553 
cerevisiae S288C genome downloaded from the saccharomyces genome database (SGD), using the 554 
Burrows-Wheeler Aligner [74] and the mapped reads with mapping quality of ≥ 20 were used for 555 
further analysis . Number of reads mapped to each gene was calculated and read count matrix was 556 
generated.  The EdgeR package was used for normalization and differential gene expression analysis 557 
[75]. Differentially expressed genes with a fold change above 1.5 or 2 fold, with a stringent p-value 558 
cutoff of <= 0.0001 were considered for further analysis. Normalized read counts was calculated for 559 
every sample as described earlier [20]. Normalized read counts between the replicates are well 560 
correlated with the Pearson correlation coefficient (R) is more than 0.9 (Figure S1). GO analysis of 561 
the differentially expressed genes were carried out using g:Profiler [76]. 562 
 563 
Chromatin Immunoprecipitation sequencing and data analysis 564 

a. Cell growth conditions and sample collection 565 

For ChIP sequencing, overnight grown cells were re-inoculated in fresh YPD medium (RM), with the 566 
initial OD600 of 0.2 and incubated at 30°C until the OD600 reached 0.8-0.9. Subsequently, 100 mL of  567 
culture was pelleted down, washed and shifted to MM and MM +Met.  After 1 hour of the shift, cells 568 
were fixed using 1% formaldehyde, after which the fixing was quenched with 2.5M glycine. 569 

b. Spheroplasting of fixed cells  570 

Fixed cells were treated with 2-mercapto ethanol, and resuspended in 5 ml of spheroplasting buffer 571 
containing 1M sorbitol, 0.1M sodium citrate, 10mM EDTA, and distilled water, with 4mg/ml of lysing 572 
enzyme from Trichoderma harzianum (Sigma L1412-5G). This suspension was incubated at 37°C for 5 573 
hours.   574 

c. Lysis and ChIP  575 
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Spheroplasts were pelleted down at 1000 rpm, washed twice with Buffer 1 (0.25% Triton 576 
X100,10mM EDTA,0.5mM EGTA, 10mM sodium HEPES pH 6.5) and twice with Buffer 2 (200mM NaCl, 577 
1mM EDTA, 0.5mM EGTA, 10mM Sodium HEPES pH 6.5), washed spheroplasts were  resuspended in 578 
lysis buffer (50mM sodium HEPES pH 7.4, 1% Triton X, 140mM NaCl,0.1% Sodium deoxy 579 
cholate,10mM EDTA) and lysis and DNA fragmentation were carried out using a bioruptor 580 
(Diagenode, Nextgen) for 30 cycles (30 sec on and off cycles). Lysates were centrifuged to remove 581 
the debris and clear supernatant was used for chromatin immunoprecipitation (ChIP). 582 
Immunoprecipitation was carried out by incubating the lysate with the monoclonal anti-FLAG M2- 583 
mouse primary antibody (Sigma Aldrich, F1804) and protein G Dynabead (Invitrogen, 10004D).  584 
Beads were washed sequentially in low salt, high salt and LiCl buffers, TE buffer and protein-DNA 585 
complex were eluted using elution buffer as reported earlier [77]. Decrosslinking of the immuno-586 
precipitated proteins were carried out by using a high concentration of NaCl and incubation at 65°C 587 
for 5 hours followed by proteinase-K treatment and DNA purification. Mock samples were also 588 
prepared in parallel, except the antibody treatment. Libraries were prepared for the purified IP DNA 589 
and mock samples (NEBNext Ultra II DNA library preparation kit, Catalog no- E7103L) and sequenced 590 
using Illumina platform HiSeq 2500. Two biological replicates were maintained for all the samples. 591 
The raw data are available in NCBI-SRA under the accession ID PRJNA599001. 592 

ChIP sequencing reads were mapped to the S. cerevisiae S288C genome downloaded from 593 
SGD. The reads with mapping quality < 20 were discarded, and the remaining reads were used for 594 
further analysis. The number of reads mapped to every 100bp non-overlapping bins were calculated 595 
using ‘exomedepth’ function of R-package GenomicRanges [78]. Read counts were normalized by 596 
dividing the number of reads falling within each bin by the total number of reads fall within the 597 
range of µ±x, where,  µ=mode of the distribution of read counts of each bin,  x = median absolute 598 
deviation of all the bins that has a number of reads that are less than the mean of the distribution. 599 
Subsequently, the regions that have normalized read counts of above 2 were considered for further 600 
analysis. The binding regions which are separated by < 200bp were merged to give a single peak. The 601 
peaks which are conserved in both the replicates with the overlap of at least 50bp were considered 602 
as bona fide binding regions of Gcn4. Genes which are encoded around 750 bp on both sides of the 603 
peaks were listed in the Supplementary WS4.  604 

 605 

Peak feature annotation and motif analysis 606 

Genomic features of the peaks were identified using the annotatePeak.pl function of the HOMER 607 
tool [48]. For motif analysis, nucleotide sequences corresponding to the peak intervals were 608 
extracted from the genome and motif identification was performed using ‘meme’ function of MEME-609 
suite [49].  610 

 611 

Direct and Indirect target analysis 612 

To annotate the genes corresponding to the peaks identified, the open reading frames that are 613 
encoded within 750 bp on both sides of the peak regions were considered as ‘possible Gcn4 binding 614 
targets’.  Gene sets which are differentially expressed in ∆gcn4 relative to WT under MM+Met 615 
condition, with a fold change of > 2  (~900 genes ) were termed ‘Gcn4 regulatory targets’. While 616 
comparing these gene lists, the genes which intersect between these two gene sets are considered 617 
as  ‘direct Gcn4 binding targets’ and the rest of the genes of ‘Gcn4 regulatory targets’ are ‘indirect 618 
targets of Gcn4’.  619 

 620 

Metabolic flux analysis using LC/MS/MS 621 
To determine if the rates of biosynthesis of amino acids are altered in MM+Met and Gcn4 622 
dependent manner, we measured 15N-label incorporation in amino acids. We used 15N-ammonium 623 
sulfate with all nitrogen atoms labelled. Cells grown in YPD were shifted to fresh minimal medium 624 
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(with the appropriate carbon source as indicated), containing 0.5 X of unlabelled ammonium sulfate 625 
(0.25%) and MM+Met containing 0.5X of unlabelled ammonium sulfate (0.25%). After 1 hour of shift 626 
to minimal media, cells were pulsed with 0.25 % of 

15
N labelled ammonium sulfate and incubated for 627 

5 minutes or 15 minutes as indicated. After the 15N pulse, metabolites were extracted and label 628 
incorporation into amino acids was analyzed using targeted LC/MS/MS protocols as described earlier 629 
[20,56]. Similarly, C13 labeled glucose was used to measure rate of biosynthesis of nucleotide. 630 
 631 

Luciferase based translation reporters for lysine and arginine enriched genes 632 

To measure the translation of specific transcripts that encode arginine and lysine enriched proteins, 633 
the ORF of the following proteins, RPL32, NHP2, STM1, RPS20 were amplified from the genomic DNA 634 
isolated from WT CEN.PK strain of S. cerevisiae. The amplified ORFs (without the stop codon) were 635 
ligated to the luciferase cDNA amplified from pGL3 (Supplementary table 2). The resulting fragment 636 
with ‘ORFRK rich genes + luciferase’ were cloned in a centromeric (CEN.ARS) plasmid pSL207, a modified 637 
version of the plasmid used in the earlier study [79]. Luciferase expression in this construct is under 638 
the control of inducible promoter, which can be induced by ß-estradiol [79]. The resulting plasmids 639 
with the following genes RPL32, NHP2, STM1, RPS20 cloned in frame with luciferase and under the 640 
inducible GEV promoter were named pSL218, pSL221, pSL224, pSL234 respectively (Supplementary 641 
Figure 9 and Supplementary table 2). SL217 is a plasmid where only the luciferase cDNA amplified 642 
from pGL3 plasmid was cloned under the inducible promoter, serves as a control. All these plasmids 643 
generated have ampicillin selection (for amplification) and Nourseothricin resistant cassettes (NATr) 644 
for selection in yeast. The generated plasmids were transformed to the WT and ∆gcn4 strains. To 645 
measure the translation of the genes cloned upstream of luciferase, these strains having plasmid 646 
were grown in YPD for overnight with an antibiotic NAT. Overnight grown cultures were shifted to 647 
fresh YPD+NAT with an initial OD600 of 0.4, and grown for 4 hours at 30ºC. After 4 hrs of incubation in 648 

YPD, cells were washed and shifted to the MM and MM+Met. 75mM of 3-Amino triazole (3-AT) 649 

was used, wherever required.  After 1 hour of the shift, cultures were split into two equal parts, 650 

one part of the culture was induced with 200nM ß-estradiol (Sigma Aldrich-E8875) and the other half 651 
was left as a mock-induced control. After 30 minutes of induction cells were harvested by 652 
centrifugation at 4ºC at 3000 rpm and washed with lysis buffer (1X-PBS containing 1mM PMSF), after 653 
3 washes, were resuspended in 200µl of lysis buffer. Lysed the cells by bead beating at 4º C (1min 654 
ON and 1 min OFF for 10min). After lysis, the protein concentrations were measured by BCA assay 655 
kit. Equal concentrations of protein were used for measuring the luciferase activity. Luciferase 656 
activity was measured using luciferase assay kit (Promega, E1500) and the activity was measured 657 
using a luminometer (Sirius, Titertek Berthold Detection systems). Luciferase activity (measured as 658 
Relative Light Units per Sec (RLU/sec)) were normalized with its respective uninduced control. Similar 659 
experiments were carried out under different media conditions supplemented with different amino 660 
acids, where the conditions are mentioned in the respective sections.  The relative difference in 661 
luciferase activities between the strain types and media conditions were used to estimate changes in 662 
the active translation of these proteins. 663 

 664 

Statistical tests 665 

R-Packages and Graph pad prism 7 were used for visualizing data and performing statistical tests. 666 
The respective statistical tests used, and the statistical significance was mentioned wherever 667 
required. 668 
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Figures and Figure Legends: 1141 
 1142 

  1143 

Figure 1: Gcn4 binds to its target gene promoters related to metabolism during a growth program. 1144 
A. Gcn4 is strongly induced by methionine addition. A representative western blot shows high 1145 

Gcn4 protein levels in MM+Met (Gcn4 tagged with the FLAG epitope at the endogenous locus). 1146 
RM - rich medium, MM - minimal medium without amino acids and with glucose as a carbon 1147 
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source, and MM+Met - minimal medium without amino acids and with glucose as a carbon 1148 
source supplemented with 2mM methionine. Also see Supplementary Figure 4A. 1149 

B. GO based analysis and grouping of transcripts down regulated in ∆gcn4. All the terms shown 1150 
here are significantly enriched terms with the corrected p-value < 0.05 (hypergeometric test, 1151 
Bonferroni Correction). GO based analysis and grouping of the transcripts up-regulated in 1152 
∆gcn4. All the terms shown here are significantly enriched terms with the corrected p-value < 1153 
0.05 (hypergeometric test, Bonferroni Correction). Also see Supplementary WS3 and 1154 
Supplementary Figure 4B for gene expression volcano plots. 1155 

C. The Venn diagram shows the number of differentially expressed genes that overlap, 1156 

from data obtained from distinct cell growth conditions where Gcn4 levels are high. 1157 

The boxes on the left are data from this study (methionine induced growth program), 1158 

while the boxes on the right use data from a severe amino acid starvation condition 1159 

(sulfo meturon addition) [46]. Also see Supplementary WS6. 1160 
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 1165 

Figure 2: Gcn4 binds to its target gene promoters related to metabolism during a growth program 1166 
A. Genomic tracts showing Gcn4 binding to DNA regions in MM and MM+Met. Raw read 1167 

counts and signal around the binding region of Gcn4 are shown.  1168 
B. (Top) Density plots showing that most target genes have Gcn4 binding peaks upstream of 1169 

the Transcription Start Site (TSS) in the ChIP samples (red), whereas no such enrichment of 1170 
genes is observed in mock samples (blue). (Bottom) A heat map showing read coverage for 1171 
Gcn4 binding, including 1kb upstream and downstream of predicted/known transcription 1172 
start sites (TSS) of target genes. All the genes that fall in the vicinity of 750bp around the 1173 
identified Gcn4 binding peaks are considered to be target genes. The heat map on the left 1174 
shows read coverage in IP samples, and on the right shows coverage in mock-IP (control) 1175 
under in MM+Met condition. Also see Supplementary Figure 5 which shows read coverage 1176 
for Gcn4, in the context of the translation start site (ATG) of each gene.  1177 

C. A pie chart showing the genomic features of the identified peaks annotated using 1178 
‘annotatepeak’ function of Homer tool [48].  1179 

D. Consensus binding motifs identified in Gcn4 binding peaks from MM+Met conditions. 1180 

E. Boxplots, showing the Gcn4 binding signal corresponding to different genomic 1181 
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features, under distinct growth scenarios. For Gcn4 binding in non-coding and open 1182 

reading frame (ORF) regions (as reported in a previous study) [34], we compared the 1183 
Gcn4 binding signal in the Gcn4 ChIP sequencing data from cells in MM+Met 1184 

(current study), or under different starvation conditions (severe AA-starvation [34], or 1185 

in glucose limitation [52]. Notably, in either MM+Met or during glucose limitation 1186 
the Gcn4 binding signal in ORF peaks is significantly lower than the non-coding 1187 

region peaks (p<10-8). Contrarily, under severe amino acid starvation [34], the Gcn4 1188 

binding signal found in ORF and non-coding regions are very similar.  1189 

 1190 

  1191 
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 1192 

Figure 3: Direct and Indirect targets of Gcn4 during a growth program 1193 
A. Role of Gcn4 during a growth program (methionine addition): Bar plots shows enriched GO 1194 

term and the corresponding -log10(p-value) for the genes which are directly or indirectly 1195 
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activated, or directly/indirectly repressed by Gcn4 when methionine is supplemented (growth 1196 
program). Also see Supplementary Figure 7B. 1197 

B. Comparing direct targets of Gcn4 regulon, and gene expression profiles of WT and ∆gcn4 cells 1198 
(Gcn4 dependence) in a growth program. The heat map on the left shows whether the 1199 
indicated gene (involved in amino acid biosynthesis) is directly or indirectly regulated by Gcn4 1200 
based on ChIP-Seq data from cells in MM+Met medium. The black color indicates a direct 1201 
target of Gcn4 and grey indicates an indirect target (Gcn4 does not bind the promoter of this 1202 
gene). The heatmap on the right shows the gene expression fold changes in ∆gcn4 relative to 1203 
WT cells, grown in MM+Met medium. 1204 

C. (Top panel) Representative pathway maps of the arginine biosynthetic pathway. This map 1205 
shows the fold change in gene expression due to methionine (MM+Met compared to MM) in 1206 
WT cells (left box), the change in gene expression due to loss of Gcn4 (WT compared to ∆gcn4) 1207 
in the presence of methionine (MM+Met) (right box). Genes that are direct targets of Gcn4 are 1208 
also indicated with a small purple box next to the gene name. 1209 
(Lower panel) A representative pathway map of the lysine biosynthetic pathway, represented 1210 
similar to that of arginine biosynthesis.  1211 

D. Increased arginine and lysine biosynthesis in a methionine dependent growth program depend 1212 
entirely on Gcn4. Data from quantitative LC/MS/MS based metabolic flux analysis experiments, 1213 
using N15 ammonium sulfate labeling to estimate new amino acid synthesis in a methionine and 1214 
Gcn4 dependent manner, are shown. The comparisons are between WT and ∆gcn4 cells 1215 
treated identically in MM+Met medium. The data are presented for arginine, lysine. Also see 1216 
Figure Supplementary Figure 8.  *p<0.05,**<0.01 (t-test). 1217 

E. Overlap between potential Gcn4 binding targets identified by ChIP-seq in a growth program 1218 
(this study), vs  the targets identified under a severe amino acid starvation response [34].  1219 

F. Overlap between potential Gcn4 binding targets identified by ChIP-seq in a growth program 1220 
(this study), vs the targets identified during moderate starvation induced by glucose limitation 1221 
[52]. 1222 

 1223 
  1224 
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 1226 

Figure 4: Gcn4 globally represses arginine/lysine enriched genes, including the translational 1227 
machinery.   1228 

A. “Binning” of the yeast proteome into three equal parts, based on the percentage of arginine 1229 
and lysine in these proteins. The percentages of arginine and lysine (together) in these bins are 1230 
indicated. 1231 

B. GO based analysis reveals that bin3, which has the high percentage of arginine and lysine, is 1232 
significantly enriched for ribosomal and translation related genes. The graph plots the most 1233 
enriched GO term against -log10(P value). 1234 

C. Boxplot, comparing the arginine and lysine composition of the entire proteome (excluding 1235 
translation related genes), and the translation related genes. The translation related genes 1236 
have a significantly higher than genome wide composition of arginine and lysine. 1237 
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D. Barplots, indicating in which bin (as shown in Figure 4A) the genes repressed by Gcn4 (i.e. 1238 
induced in ∆gcn4) fall under. A significant majority of the genes repressed by Gcn4 are 1239 
enriched for arginine and lysine rich (Fisher exact test, p<10e-10).  1240 
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 1241 

 1242 

Figure 5: Gcn4 dependent outputs can sustain high translation capacity during growth 1243 
A. Translation of arg/lys genes increase during a growth program (methionine addition), and 1244 

decrease during amino acid starvation (3-AT addition), both of which are conditions where 1245 
Gcn4 is induced. 1246 

B. Arg/lys enriched genes are induced in ∆gcn4 cells in methionine supplemented medium. 1247 
Barplots comparing relative transcript amounts for selected, highly induced, arginine and 1248 
lysine enriched genes, between WT and ∆gcn4 cells. Data shown are taken from the RNA seq 1249 
data. 1250 
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C. Arg/lys enriched gene transcripts cannot be translated in ∆gcn4 cells in methionine 1251 
supplemented medium. Barplots, comparing the relative amount of proteins translated (in a 1252 
methionine-dependent manner), for the genes shown in Figure 5B. These selected genes 1253 
were cloned in frame with luciferase in an inducible system, to create a translation-reporter, 1254 
and translation of these were induced in WT or ∆gcn4 cells in methionine supplemented 1255 
medium (MM+Met ). Data shown are mean+/- SD from ≥ 3 biological replicates. 1256 
*p<0.05,**p<0.01,****<0.0001 (t-test). 1257 

D. Supplementing arginine and lysine restores translational capacity in ∆gcn4 cells. Barplots, 1258 
comparing the relative amount of proteins translated (in a methionine-dependent manner), 1259 
for the genes shown in Figure 5C, in methionine-supplemented medium (MM+Met) or in 1260 
MM+Met+Arg+lys .  Data shown are mean+/- SD from ≥ 3 biological replicates. 1261 
*p<0.05,***p<0.001,****<0.0001 (t-test). 1262 

E. A mechanistic model illustrating how high Gcn4 enables a methionine dependent anabolic 1263 
response, by supplying amino acids, and maintaining translation capacity. 1264 

  1265 
 1266 

  1267 

  1268 
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Supporting Information and Legends 1269 

 1270 

The Supporting Information is provided as the following files: 1271 

 1272 

1) Supplementary results, Supplementary Figures 1-9, and Supplementary Tables 1 and 2 1273 

(single pdf file) 1274 

2) Supplementary Worksheet 1 (.xlsx format), of differentially expressed genes in the 1275 

indicated conditions. 1276 

3) Supplementary Worksheet 2 (.xlsx format), list of anabolic and translation related genes 1277 

induced in the indicated conditions. 1278 

4) Supplementary Worksheet 3 (.xlsx format), of GO categories of genes up/down regulated 1279 

in the indicated conditions. 1280 

5) Supplementary Worksheet 4 (.xlsx format), of Gcn4 targets based on ChIP-seq analysis. 1281 

6) Supplementary Worksheet 5 (.xlsx format), of genes repressed by Gcn4 that are in bin 3 1282 

(from Figure 4). 1283 

7) Supplementary Worksheet 6 (.xlsx format), of genes induced by Gcn4 and repressed by 1284 

Gcn4, and overlap of Gcn4 targets from starvation studies. 1285 

 1286 
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