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Abstract

Gcn4 is a yeast transcriptional activator induced by amino acid starvation. ChIP-seq analysis 

revealed 546 genomic sites occupied by Gcn4 in starved cells, representing ~30% of Gcn4 

binding-motifs. Surprisingly, only ~40% of the bound sites are in promoters, of which only ~60% 

activate transcription, indicating extensive negative control over Gcn4 function. Most of the 

remaining ~300 Gcn4-bound sites are within coding sequences (CDS), with ~75 representing the 

only bound sites near Gcn4-induced genes. Many such unconventional sites map between 

divergent antisense and sub-genic sense transcripts induced within CDS, adjacent to induced TBP 

peaks—consistent with Gcn4 activation of cryptic, bidirectional internal promoters. Mutational 

analysis confirms that Gcn4 sites within CDS can activate sub-genic and full-length transcripts 

from the same or adjacent genes, showing that functional Gcn4 binding is not confined to 

promoters. Our results show that internal promoters can be regulated by an activator that functions 

at conventional 5′-positioned promoters.

In Brief

Rawal et al. showed that yeast transcription factor Gcn4 frequently binds within nucleosome-

occupied protein coding regions in yeast cells, and that a substantial fraction of these events confer 
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activation of cryptic internal promoters as well as canonical 5′-positioned promoters at the same 

or adjacent genes.
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INTRODUCTION

Promoters for RNA Polymerase II (Pol II) in Saccharomyces cerevisiae harbor upstream 

activation sequences (UASs) that bind transcriptional activators, typically found in 

nucleosome-depleted regions (NDRs) 5′ of the transcription start site (TSS). UASs can 

function bidirectionally at variable distances upstream from the TSS (Rando and Winston, 

2012), but appear to function poorly from downstream of the TSS (Struhl, 1984) (Guarente 

and Hoar, 1984). This restriction might reflect occlusion by nucleosomes, as UAS elements 

normally reside within NDRs, while CDSs are covered by nucleosomes (Jiang and Pugh, 

2009). Indeed, general regulatory factors (GRFs) bind in NDRs and exclude nucleosomes 

(Bai et al., 2011) (Rando and Winston, 2012), which can facilitate activator binding (Devlin 

et al., 1991; Yu and Morse, 1999) (Levo et al., 2017).

Gcn4 is a transcriptional activator responsible for induction of >500 genes in response to 

amino acid limitation (Jia et al., 2000; Natarajan et al., 2001), which inducesGcn4 synthesis 

(Hinnebusch, 2005). ChIP-chip analysis of myc-tagged Gcn4 binding to intergenic regions 

in cells starved for isoleucine and valine (ILV) (Harbison et al., 2004), and filtering of the 

data for evolutionary conservation (MacIsaac et al., 2006), revealed 100 high-confidence, 

conserved Gcn4 binding sites upstream of 126 genes. While these include many amino acid 

biosynthetic genes induced by Gcn4 (Natarajan et al., 2001), it appears that most of the ~500 

genes induced by Gcn4 are activated indirectly (Natarajan et al., 2001). In addition, ~1/4th of 

the 126 genes (MacIsaac et al., 2006) were not induced in cells starved for histidine or ILV 
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(Natarajan et al., 2001; Saint et al., 2014), suggesting that Gcn4 binding at many promoters 

does not activate transcription. GCN4-dependent repression of hundreds of genes also 

occurs in starved cells, including most genes encoding ribosomal proteins (RPGs) 

(Natarajan et al., 2001), and there is evidence that Gcn4 acts as a repressor at RPG 

promoters (Joo et al., 2010).

To increase understanding of genes directly activated or repressed by Gcn4, we conducted 

ChIP-seq analysis of native Gcn4 in cells starved for ILV using the inhibitor of acetolactate 

synthase, sulfometuron methyl (SM) (Jia et al., 2000). By not limiting the analysis to 

intergenic sequences, we discovered that ~60% of Gcn4 occupancy peaks (~300) are not in 

promoters, occurring instead within CDS or 3′ non-coding regions; and 74 of these 

unconventional Gcn4 peaks are the only occupied binding sites detected nearby a Gcn4-

induced gene. We present multiple lines of evidence that Gcn4 binding within CDS 

frequently activates cryptic, bidirectional internal promoters, and can also stimulate 

transcription from the canonical 5′-positioned promoter of the same or adjacent gene.

RESULTS

Similarity to the consensus motif and low nucleosome occupancy are major determinants 
of Gcn4 binding in vivo

To identify direct target genes of Gcn4, we conducted ChIP-seq analysis of native Gcn4 in 

wild-type (WT) cells treated with SM to induce Gcn4 expression (WT_I cells). Uninduced 

WT (WT_U) and SM-treated gcn4Δ cells (gcn4Δ_I) were analyzed as controls. Gcn4 peaks 

were identified from 2 or more biological replicates of WT_I and WT_U cultures using the 

program MACS2. After eliminating “hyper-ChIP-able” regions where signals were observed 

in gcn4Δ cells (Fig. S1A), we identified 546 Gcn4 peaks whose occupancies are much 

greater in WT_ I versus WT_U chromatin, and very low in gcn4Δ_I chromatin (‘All Gcn4 

sites’ of Data S1). These encompass Gcn4 peaks in 101 of 126 promoters identified 

previously as containing Gcn4-myc binding sites (MacIsaac et al., 2006) (‘Potential target 

scoring’, Data S1), including known Gcn4 target genes ARG1, ARG4, HIS4, and CPA2, 

which exhibit strong induction of the occupancy of Pol II subunit Rpb3 across the CDSs 

(Cole et al., 2011; Qiu et al., 2015) (Fig. 1A). Hence, our ChIP-seq analysis captured a large 

proportion of Gcn4 binding sites in the genome.

We identified a consensus Gcn4 binding site present in sequences covered by the 546 Gcn4 

occupancy peaks using MEME; and this motif and its reverse complement (Fig. S1B) are 

essentially identical to consensus sequences determined from the ChIP-chip analysis of 

Gcn4-myc binding sites (MacIsaac et al., 2006) and by in vitro binding of Gcn4 to synthetic 

DNA arrays (Zhu et al., 2009). Most of the observed 546 Gcn4 peaks (471 peaks; 86%) 

contain at least one significant match to the consensus motif and 56 contain two or more 

such motifs, whereas 75 peaks have no consensus site (‘Gcn4 peak motifs’, Data S1). Gcn4 

occupancies averaged over all 471 peaks with consensus motifs are unimodally distributed 

about the motifs, as expected if the latter are Gcn4 binding sites (Fig. 1B, (i)). The average 

occupancy in these peaks increased ~5-fold on SM-induction, whereas no binding was 

observed in SM-treated gcn4Δ cells (Fig. 1B, (i)). A much smaller average occupancy peak 

centered over consensus motifs was also observed for the 1217 motifs that did not exhibit 
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statistically significant Gcn4 binding (Fig. 1B, (ii)), indicating that a small fraction of these 

motifs are bound by Gcn4 with occupancies below the threshold for statistical significance. 

The “Find Individual Motif Occurrences” (FIMO) scores, quantifying the similarity of each 

motif to the consensus (Grant et al., 2011), are much greater for the 537 motifs bound by 

Gcn4 versus the 1217 unbound motifs (Fig. 1C), indicating that similarity to the consensus 

sequence is an important determinant of detectable Gcn4 occupancy.

The 75 Gcn4 peaks lacking a strong match to the consensus exhibit Gcn4 occupancies 

significantly lower than the 471 Gcn4 peaks containing consensus motifs (Fig. 1D). MEME 

analysis of sequences within 100bp of the centers of these peaks revealed a degenerate 

version of the consensus motif (Fig. S1C) in 40 of 75 peaks, coinciding with the mode of 

Gcn4 occupancy (Fig. S1D), suggesting that the degenerate motifs are the Gcn4 binding 

sites in these peaks. Thus, ~92% of 546 identified Gcn4 peaks contain a strong match to the 

consensus motif (~86%) or a centrally positioned degenerate version of this sequence (~6%).

Among the 1754 statistically significant matches to the consensus motif, only ~31% (537) 

fall within the 546 Gcn4 occupancy peaks. Previous studies indicated that nucleosomal 

occlusion of binding sites can limit transcription factor binding in vivo (Liu et al., 2006). To 

determine whether Gcn4 binding is impeded by nucleosomes, we determined distances to 

the nearest nucleosome dyad for each of the 1754 motifs in a high-resolution nucleosome 

map determined for SM-treated cells (Qiu et al., 2015); and arranged the motif-to-dyad 

distances in a heat-map to reveal the presence of surrounding nucleosomes (Fig. 1E, top 
panels). Gcn4 occupancies in WT_I cells for the same order of motifs revealed an 

“hourglass” pattern for the bound motifs (Fig. 1E, middle panels, right), indicating a 

tendency for greater Gcn4 binding to motifs between nucleosomes versus motifs closer to 

dyads. Gcn4 binding at sites furthest from dyads was associated with the highest levels of 

induced Rpb3 occupancy in WT_I cells, determined previously (Qiu et al., 2015) (Fig. 1E, 

bottom panels, right). Both trends are consistent with the most potent Gcn4 binding sites 

residing within NDRs where nucleosome occupancies are lowest.

As summarized in Fig. S1E, we also used supervised machine learning to obtain evidence 

that a strong match to the consensus motif is the most important determinant of Gcn4 

binding in vivo, but that motifs with inferior matches can still bind Gcn4 if located in 

regions depleted of nucleosomes. Accessibility to DNase I and occupancies of Abf1, histone 

variant H2A.Z, TATA-binding protein (TBP), or subunits of chromatin remodelers were 

found to make only marginal contributions to the probability of Gcn4 occupancy.

Only a subset of 5′ Gcn4 occupancy peaks activate transcription

Unexpectedly, only 42% (227) of the identified Gcn4 peaks are located upstream of the 

nearest annotated TSS, in the canonical location of UAS elements (5′ sites; Figs. 2A–B, 

dark blue sector). Taking into account divergently transcribed genes, the 227 peaks in 5′ 
non-coding (NC) regions could potentially activate 303 genes (NC/5′ genes in ‘Potential 

target scoring’, Data S1). To evaluate whether a 5′ peak is functional, we interrogated 

previous mRNA expression data that identified 512 genes induced by starvation for histidine 

(using the inhibitor 3-aminotriazole (3-AT) or ILV in a Gcn4-dependent manner (i.e. greater 

mRNA induction in WT versus gcn4Δ cells), or by a constitutively activated GCN4c allele 
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(Natarajan et al., 2001) (‘Natarajan 2001 targets’, Data S2). We also examined a compilation 

of SM-induced mRNAs (Saint et al., 2014) (‘Saint et al_microarray’, Data S2); and our own 

ChIP-seq analysis of Rpb3 in SM-treated WT cells (Qiu et al., 2015), which we 

complemented with Rpb3 ChIP-seq analysis in isogenic gcn4Δ cells and thereby identified 

294 genes with greater Rpb3 occupancies in SM-treated WT versus gcn4Δ cells (‘Rpb3 

ChIP-seq’, Data S2). About 2/3rd of these 294 genes belong to the group of 512 genes 

mentioned above (Natarajan et al., 2001), demonstrating extensive overlap between these 

two groups of Gcn4-induced genes (P-value of 8.5 × 10−140 in the hypergeometric test).

Among the 303 genes with 5′ Gcn4 peaks, 2/3rd show induction of mRNA or Rpb3 

occupancy on starvation induced by 3-AT or SM (Fig. 2C, pink). Of these 207 genes, ~72% 

also showed Gcn4-dependence for transcriptional induction by the aforementioned criteria, 

and were classified as direct Gcn4 targets (Fig. 2C, red) (149 “T” genes in ‘T and UC 

targets’, Data S1). The remaining 58 induced genes are likely direct targets, as Gcn4 binds in 

their promoters (Fig. 2C, light orange) (‘Induced 5prime likely-T genes’, Data S1), but we 

confined our analysis to the 149 T genes.

Gene ontology analysis of the T genes revealed the expected enrichment in genes encoding 

amino acid biosynthetic enzymes (45 genes, P<1×10−14), enzymes of vitamin/co-factor 

biosynthesis (9 genes), amino acid/vitamin transporters (5 genes), mitochondrial carrier 

proteins (4 genes), autophagy-related proteins (4 genes), and four transcription factors 

activating genes in one of these GO categories (4 genes) (‘T gene GO summary’, Data S1). 

As all of these genes can be viewed as instrumental in replenishing amino acids (Natarajan 

et al., 2001), the T genes are highly represented in canonical Gcn4 targets that mediate an 

adaptive response to amino acid limitation.

Interestingly, 96 of the 303 genes with 5′ Gcn4 peaks showed no significant SM-induction 

of mRNA expression or Rpb3 occupancies (Fig. 2C, dark blue) (‘Uninduced 5′ genes’, Data 

S1), exhibiting a median SM-induction ratio for Rpb3 of 0.91, compared to 2.73 for the 149 

T genes (Fig. 2D). However, these uninduced genes have a median Gcn4 occupancy only 

~30% lower than that of T genes (Fig. 2E), suggesting that appreciable Gcn4 binding in 

many promoters evokes little transcription. In fact, 27 of these uninduced 5′ genes have a 

median Gcn4 occupancy (7.44) even greater than that of T genes (6.02), but exhibit ~10% 

repression in SM rather than induction of Rpb3 (’27 high-Gcn4 Unind 5′ genes’, Data S1).

We considered different possibilities to account for the uninducibility of the 27 genes with 

high-occupancy 5′ Gcn4 peaks. For YFR057W, the Gcn4 peak maps ~1.5kb upstream from 

the CDS—possibly too distant for activation—and also within ~10kb of a telomere in a 

transcriptionally silent region (Fig. 3A). Ten genes contain Gcn4 peaks nearby tRNA genes 

(e.g. YPL112C/YPL111W, Fig. 3B), which can silence Pol II promoters (Good et al., 2013). 

Other mechanisms are required to account for the latent, high-occupancy Gcn4 peaks 

upstream of the remaining 16 genes (e.g. YKL016C-YKL015W, Fig. 3C), such as repressor 

binding or promoter structures or chromatin organization incompatible with activation.

Other evidence for the inability of Gcn4 to activate certain promoters came from analyzing 

15 pairs of divergently transcribed genes that share a Gcn4 5′ peak, where only one gene is 
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induced (e.g. YJR111C-YJR112W, Fig. 3D) (‘T-StrictUnind Diverg pairs’, Data S1); and 

four divergent pairs of T genes where induction of one gene is >4-fold higher than the other 

(‘Divergent T genes’, Data S1), as exemplified by CPA2-YMR1 (Fig. 1A(iv)). The 

differential activation of divergently arranged genes by Gcn4 supports findings that 

bidirectional transcriptional activation is an intrinsic property of yeast UASs, but the extent 

of activation in each direction is highly tuned in evolution (Jin et al., 2017).

Prevalent unconventional Gcn4 occupancy peaks in coding sequences and 3′ non-coding 
regions

Remarkably, ~60% of the 546 Gcn4 peaks do not reside in 5′ non-coding sequences (Fig. 

2B, orange), and ~90% of these 319 unconventional (UC) peaks map within CDS (Fig. 2A–

B, “O” for ORF peaks). For 71% of these peaks, Gcn4 binds in the ORF belonging to the 

nearest annotated TSS, where it could activate its own promoter from downstream of the 

TSS (Figs. 2A–B, O,O peaks, green); 22% lie in the CDS of the gene upstream of the 

nearest TSS (O,5′, blue); and ~7% reside in the CDS of the gene downstream (O,3′, pink). 

The remaining ~10% of UC sites occur in 3′ non-coding sequences of the gene belonging to 

the nearest TSS (Fig. 2A–B, 3′, red).

Most (276 of 319) UC peaks appear to be functionally inactive, as they are not associated 

with Gcn4-dependent SM-induction of Rpb3 or mRNA abundance of the nearby gene (Fig. 

2C, light blue). Thus, the 350 genes in proximity to a UC peak have a median Rpb3 

induction ratio of only 1.17, lower than observed for all genes with 5′ peaks, or for T genes 

(Fig. 2F, All UC vs. All 5′ and T genes). On the whole, UC peaks also display lower Gcn4 

occupancies compared to all 5′ peaks, or those at T genes (Fig. 2G), helping to explain their 

relative inactivity. However, there are 55 genes associated with UC peaks with Gcn4 

occupancies above the median value for T genes that show no SM-induction of Rpb3 

(‘Uninduced UC genes’, Data S1) (e.g. YJR139C-YJR140C and RPS14B, Fig. 3E–F). Thus, 

UC peaks on the whole are less likely than 5′-positioned peaks to be associated with 

transcriptional activation, even at comparable Gcn4 occupancies.

It is intriguing that 74 UC genes are induced by Gcn4 and contain only a UC Gcn4 peak in 

proximity to the TSS (Fig. 2C, dark orange) (‘T and UC Targets’, Data S1). These include 

classical Gcn4 targets involved in amino acid and vitamin biosynthesis (TYR1, HOM2, 
HIS2, LYS12, LEU3, BIO5, BIO4, BIO3, CAB1, POS5, PDX1, NRK1), suggesting that 

certain UC peaks might function in transcriptional activation. Consistent with this, the 

median Gcn4 occupancy of these 74 peaks is much higher than that of all UC peaks, and 

even greater than that of 5′ peaks at T genes (Fig. 2G, induced UC genes vs. All UC genes 

and T genes). Moreover, 16/74 induced UC genes exceed the median Rpb3 induction ratio of 

T genes, and one member of the group, YMR173W, contains high-level Gcn4 occupancy 

peaks spanning the CDS in the absence of a statistically significant 5′ peak (Fig. 3G). 

YOR100C and DUG1 illustrate other induced genes where the only proximal Gcn4 peak is 

located in the 3′ non-coding sequences (Fig. 3I) or the adjacent downstream gene (Fig. 3J). 

YOL064C represents a separate group of genes with strong 5′ peaks but also containing 

extra UC binding sites in the CDS (Fig. 3H).
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Gcn4 binding in CDSs can activate internal bidirectional promoters

Despite the numerous Gcn4-activated genes containing only UC Gcn4 peaks in their 

vicinity, these genes could be activated by Gcn4 binding to 5′ sites below the detection 

limit, or by other transcription factors induced by Gcn4. If however UC peaks are functional, 

we reasoned that they might activate cryptic promoters within the CDS or 3′ non-coding 

regions of the resident genes. Indeed, RNA-seq data from WT cells starved for histidine by 

3-AT treatment for different periods of time revealed revealed many instances of 

bidirectional transcription originating within the CDS of induced genes harboring UC Gcn4 

peaks. For example, 3-AT induced both antisense (AS) and sub-genic sense (SGS) 

transcripts within POS5, SNX41, SPO21, and COG1 CDS, which appear to initiate within 

~100 bp upstream or downstream, respectively, of the internal Gcn4 peaks (Fig. 4A–D). The 

full-length (FL) sense transcripts of POS5 and COG1 also were induced by 3-AT.

To examine more broadly 3-AT activation of internal promoters, we plotted the average 

RNA read densities of sense and AS transcripts relative to the positions of internal Gcn4 

peaks for the subset of 62 induced “O” genes containing a single Gcn4 consensus motif 

coinciding with the peak of Gcn4 occupancy (‘O UC targets’, Data S3). The results 

indicated 3-AT induction of AS and SGS transcripts initiating ~100-150 bp upstream or 

downstream, respectively, of the Gcn4 motifs (Fig. 5A), with the SGS transcripts 

accumulating to higher levels than the induced FL transcripts of these genes (Fig. 5B). That 

the induced SGS and FL sense transcripts are more abundant than the induced AS transcripts 

(Fig. 5A–B) could indicate that Gcn4 activation in the sense direction is more efficient, or 

that sense transcripts are more stable than AS transcripts. A heat-map of AS RNA read 

densities reveals that most of the induced AS transcription derives from 20-25% of the genes 

(Fig. 5C, right), as quantified in Fig. 5E. Nevertheless, internal induced AS transcripts were 

detectable at nearly all of these genes (Fig. 5D).

As expected from the bidirectionality of conventional UASs, we also observed 3-AT 

induction of AS transcripts mapping upstream of 5′ Gcn4 peaks at T genes, again ~10-fold 

less abundant than the corresponding FL sense transcripts (Fig. S2A–E), consistent with 

previous studies (Jin et al., 2017) (Neil et al., 2009; Xu et al., 2009). Similar results were 

obtained from RNA-seq analysis of WT cells treated with SM under the same conditions 

used for Gcn4 ChIP-seq analysis (Fig. S3A–E); although the abundance of internal AS 

transcripts from induced “O” genes is reduced compared to that observed with 40min 3-AT 

treatment (Fig. S3A & C vs. Fig. 5A&C).

Supporting the RNA-seq data, ChIP-seq analysis of myc-tagged TBP on an isogenic WT 

strain revealed SM-induced TBP-myc occupancy peaks, mapping ~150-200 bp upstream and 

downstream of the Gcn4 binding motifs, at ~50% of the same group of induced “O” genes 

(Fig. 5F). Presumably, the twin peaks represent TBP recruitment to distinct promoters 

flanking the internal Gcn4 peaks driving bidirectional transcription (Rhee and Pugh, 2012). 

Again, a minority fraction of the genes was responsible for most of the induced TBP-myc 

occupancy (Fig. 5F); and the TBP occupancies upstream of the Gcn4 motifs positively 

correlated with the amounts of 3AT-induced AS transcription (Fig. 5G). The TBP-myc 

occupancies at these induced “O” genes are lower than observed in the promoters of T 
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genes, but appear at similar locations relative to the Gcn4 binding sites for both groups of 

genes (cf. Figs. 5F and S2F).

At the UC genes POS5, SNX41, and COG1, the Gcn4 and associated induced TBP-myc 

occupancy peaks map between the 5′ ends of the divergent 3AT-induced sub-genic 

transcripts produced from the CDSs of these genes (Figs. 4A–B & D). At other UC genes, 

e.g. LEU3 and BIO3, the Gcn4 peak is close to the 5′ or 3′ end of the CDS, and the 

induced TBP peak resides in the abutting non-coding sequences, where it appears to mark a 

promoter driving induction of the adjacent genes (Fig. 4E-F).

Internal Gcn4 occupancy peaks do not reside in pre-existing NDRs but evoke moderate 
histone eviction

We asked next whether internal Gcn4 peaks reside in pre-existing NDRs inside CDS by 

interrogating histone H3 ChIP-seq data obtained using the same WT strain and SM 

induction conditions as above, employing micrococcal nuclease digestion to fragment the 

chromatin. As expected, the Gcn4 motifs at T genes generally map in the middle of the 

NDRs upstream of these genes, and SM evokes a marked symmetrical decline in H3 

occupancy centered on the motifs (Fig. 6A, Ind. 5′ _I vs. Ind.5′_U); whereas a much 

smaller reduction in H3 occupancy is evoked by SM for a group of uninduced genes with 5′ 
Gcn4 peaks (Fig. 6B, Unind-5′_I vs Unind-5′_U).

Considering next SM-induced UC genes, the Gcn4 motifs mapping within CDSs are not 

located in pre-existing NDRs; however, a moderate reduction in H3 occupancy accompanies 

SM-induction of Gcn4 binding to these sites (Fig. 6A, Ind. UC_I vs Ind. UC_U); as seen for 

HRB1, COG1, POS5 and SPO21 in Figs. 6C-F. As expected, H3 occupancy was not reduced 

for a group of uninduced genes containing internal Gcn4 peaks (Fig. 6B, Unind. UC_I vs 

Unind. UC_U). These findings suggest that Gcn4 binding within CDS generally occurs in 

the absence of a pre-existing NDR but evokes moderate nucleosome eviction in the 

surrounding region.

Mutation of internal Gcn4 binding sites impairs transcription of the corresponding genes

To provide additional evidence that Gcn4 occupancy peaks within CDS activate 

transcription, we made precise chromosomal mutations that eliminate the consensus motifs 

at 12 induced UC genes, and conducted Rpb3 ChIP-seq on the resulting Gcn4 binding site 

(GBS) mutants. Rpb3 occupancy over the CDS of the mutated gene in 2 biological replicates 

was compared to that measured for the same gene in 2 replicates of the other 11 strains 

harboring different GBS mutations, and also 3 WT replicates. The availability of 25 

replicates from 12 strains containing the unmutated allele facilitated identification of 

significant changes conferred by each GBS mutation (Data S5).

In 6 of 12 GBS mutants, Rpb3 occupancy over the mutated gene was reduced relative to that 

of the corresponding WT alleles in control strains (Table S1, rows 1-12), with the most 

dramatic results observed for the pos5-GBS mutation (Fig. 7A, summarized in Fig. 7D and 

Table S1, row 1). The GBS mutation did not decrease Rpb3 occupancies at genes 

immediately surrounding pos5-GBS (Fig. S4A), nor (as expected) at ARG1 or any of the 

other 11 UC genes mutated in different GBS mutants (Data S5, col. D–E). The reduction in 
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Rpb3 occupancy extends throughout the 5′-noncoding region of POS5, where a strong 3AT-

induced AS transcript maps (Fig. 7A), consistent with the mutation inactivating AS 

transcription extending upstream from the GBS. Conventional ChIP assays confirmed that 

the pos5-GBS mutation reduced Gcn4 binding to the CDS of this gene (Fig. S4A, bar plot 

on right).

Elimination of the internal GBSs at VPS41, HIS2, YFR045W, ROT2 and TYR1 reduced 

Rpb3 occupancies in the CDSs of these genes too, to levels similar to those in WT_U and 

gcn4Δ_I cells (Fig. 7B–C & S4B–E; summarized in Fig. 7E and Table S1, rows 2-5 & 7), 

without affecting Rpb3 levels at surrounding genes (Fig. S4B–E) or other genomic loci 

(Data S5, cols. F-M, P-Q). The GBS mutations essentially eliminated Gcn4 binding to the 

relevant CDSs at all of these genes (Fig. S4B–E, right). Interestingly, the largest reduction in 

Rpb3 occupancies at HIS2 occurred at the 5′ end of the gene, including the region encoding 

a strong AS transcript (Fig. 7C), consistent with impaired Gcn4 induction of both the 

internal promoter and canonical 5′ promoter driving the FL HIS2 transcript. Remarkably, 

mutation of the GBS within BIO4 reduced Rpb3 levels in the adjacent gene, BIO3, even 

though induction of BIO4 itself was not significantly reduced (Fig. S4F; Fig. 7D–E, Table 

S1, rows 8, 19–20; Data S5, cols. R–S). The tyr1-GBS mutation also reduced Rpb3 

occupancies in the adjacent gene (UBS1) in addition to TYR1 (Fig. 7D–E; Table S1, rows 

17–18; Data S5, cols P-Q).

To support these conclusions, we conducted real-time qRT-PCR analysis of SM-induced 

RNA for the GBS mutants. For each mutated gene, we used primer pairs complementary to 

sequences located upstream or downstream of the GBS to amplify cDNAs corresponding to 

AS and SGS transcripts, respectively; whereas a pair of primers flanking the GBS was used 

to amplify the FL sense transcript. Considering pos5-GBS, the AS transcript amplicon 

POS5_1 was eliminated by the GBS mutation, and the FL and SGS amplicons POS5_GBS 

and POS5_2, respectively, were each reduced by ~3-fold (Fig. 7A), indicating that the GBS 

drives SM-induction of all three transcripts. Similarly, the GBS mutation at VPS41 reduced 

two amplicons for AS transcription, the FL transcript amplicon, and both SGS transcript 

amplicons (Fig. 7B); and the GBS mutation at HIS2 reduced the abundance of the AS and 

FL amplicons, and both SGS amplicons (Fig. 7C) (summarized in Table S2).

qRT-PCR analysis of the yfr045w-gbs allele revealed reductions in the three AS amplicons 

YFR045W_1, _2, and _3, and the FL amplicon YRF045W_GBS (Fig. S5A). An induced AS 

transcript initiates in the adjacent gene YFR046C and extends into YFR045W; and the 

reduction in amplicon _4 coupled with no effect on amplicon _5 by the GBS mutation 

suggests a specific decrease in this unusual AS transcript (Fig. S5A, Table S2). qRT-PCR 

analysis of bio4-GBS confirmed our previous conclusion (Fig. 7D-E) that induction of 

adjacent BIO3, but not BIO4 itself, was impaired by this mutation (Fig. S5B, Table S2). 

Similarly, cog1-GBS showed impaired induction of the adjacent gene, SDT1, and the AS 

transcript mapping in COG1, but not the FL COG1 transcript (Fig. S5C, Table S2). 

Interestingly, the gyp8-GBS mutation eliminates a Gcn4 binding site in the 3′ non-coding 

sequences of this gene, which reduces induction of the FL GYP8 transcript in addition to a 

GYP8 AS transcript, without affecting induction of downstream CAF16 (Fig. S5D, Table 

S2). qRT-PCR analyses of additional -GBS alleles (Table S2) provides further evidence that 
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eliminating internal Gcn4 binding sites impairs induction of FL and sub-genic transcripts 

(rot2-GBS and sol1-GBS); of AS and SGS mRNAs, but not the FL transcript, of the gene 

harboring the GBS (spo21-GBS); or reduces transcription of the adjacent gene but not the 

gene containing the GBS (hmg2-GBS, LEU3). In summary, the GBSs in the CDS of 11 of 

16 genes analyzed make significant contributions to induction of full-length or sub-genic 

transcripts from these or adjacent genes.

Little evidence for direct transcriptional repression by Gcn4

Expression of many genes encoding ribosomal proteins (RPGs) is reduced by amino acid 

starvation in a manner dependent on GCN4 function (Natarajan et al., 2001) and there is 

evidence that Gcn4 acts directly as a repressor at RPG promoters (Joo et al., 2010). 

However, we found that RPS13, RPL26A, RPL36B, and RPL37B are the only genes among 

69 RPGs associated with a Gcn4 peak that also exhibited >1.5-fold repression of mRNA by 

SM (Saint et al., 2014); moreover, none of these RPGs contains the nearby Gcn4 peak in the 

promoter, and only RPS13 and RPL37B showed slight (~12%) repression of Rpb3 

occupancy in SM-treated cells (‘Repressed genes’, Data S1, light or dark green). RPS14B 
contains a strong UC Gcn4 binding site in the intron with no apparent impact on 

transcription (Fig. 3F). While this work was in progress, ChIP-seq analysis of overexpressed 

GST-tagged Gcn4 was reported (Mittal et al., 2017), which idenfied extensive Gcn4 binding 

in CDS in addition to promoters, as observed here. It was proposed that Gcn4 acts directly to 

repress transcription from some of its target genes, including two RPGs (RPL14B and 

RPS24A). While we observed an “O,5” Gcn4 peak upstream of RPL14B (Peak-244), the 

increased Gcn4 binding was not accompanied by reduced Rpb3 occupancy on SM treatment 

(‘Rpb3 ChIP-seq’, Data S2). Thus, our results lend little support to the model that Gcn4 acts 

directly to repress RPG transcription, despite the widespread repression of these genes on 

ILV starvation (Saint et al., 2014).

DISCUSSION

ChIP-seq analysis of native Gcn4 has revealed 546 occupancy peaks in the yeast genome 

induced by SM treatment, but strikingly, only ~42% reside in 5′ non-coding sequences in 

the canonical locations of UAS elements. Our ChIP-seq analysis of Rpb3 occupancies and 

previous microarray measurements of mRNA expression (Natarajan et al., 2001) in WT, 

gcn4Δ or GCN4c cells indicated that only ~50% of genes with 5′ peaks exhibit Gcn4-

dependent transcriptional induction on amino acid starvation, comprising the 149 T genes 

defined here. Thus, only ~25% of all identified Gcn4 peaks appear to function as 

conventional UASGCN4 elements.

While some of the ~150 uninduced genes with 5′ Gcn4 peaks might be explained by 

excessive distance between the Gcn4 binding site and promoter, or their presence in 

transcriptionally silenced chromatin environments, 35 belong to pairs of divergently 

transcribed genes where only one of the two exhibits induced Rpb3 occupancies, suggesting 

that the promoter sequence or chromatin structure of the other gene makes it unresponsive to 

Gcn4. In fact, many yeast Pol II promoters are bidirectional and produce divergent non-

coding (nc) transcripts that are generally less abundant than the coding transcripts, which 
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partly reflects weaker promoter activity in the nc direction (Churchman and Weissman, 

2011; Rhee and Pugh, 2012). Early transcription termination by the Nrd1/Nab1/Sen1 (NNS) 

system can also reduce transcription in the non-coding direction (Mischo et al., 2011; 

Vasiljeva and Buratowski, 2006; Wei et al., 2011); and binding of an asymmetric repressor 

protein near the unresponsive promoter is also plausible.

Remarkably, ~60% of the Gcn4 peaks do not occur in promoter regions, with ~90% of these 

unconventional (UC) peaks mapping within CDS. While most of UC peaks appear to be 

nonfunctional, we identified 74 Gcn4-induced genes with only a UC peak detected in 

proximity to the TSS, and marshalled several lines of evidence that many of these UC peaks 

activate transcription. RNA-seq analysis revealed starvation-induced sub-genic AS and SGS 

transcripts that initiate within the CDS upstream and downstream of the internal Gcn4 peaks, 

suggesting that Gcn4 activates cryptic promoters flanking its UC binding sites. These 

internal AS/SGS transcripts occurred at some level for most of the induced “O” genes and 

were abundant at ~20% of them. Because cryptic transcripts are generally unstable, the low 

abundance of many such AS and SGS transcripts could underestimate the amount of 

transcription initiating from the internal promoters. Consistent with activation of cryptic 

promoters, we observed induction of TBP peaks in proximity to the internal Gcn4 peaks at 

~50% of the induced “O” genes. Importantly, eliminating the GBSs in the CDS of 9 genes 

diminished the FL sense transcripts, sub-genic AS/SGS transcripts, or both; and in three 

instances, impaired induction of the FL transcript of an adjacent gene. Thus, internal GBSs 

at certain target genes contribute to induction of the FL transcripts encoding the proteins 

instrumental in the Gcn4-mediated starvation response. While there are a few reported 

instances of functional activator binding sites within yeast transcription units (Mellor et al., 

1987) (Fantino et al., 1992), notably in Ty1 retrotransposons (Curcio et al., 2015), the extent 

of the phenomenon observed here for Gcn4 is unprecedented. Note however that mutating 

the internal GBSs at five Gcn4-induced genes had no effect on Rpb3 occupancies, 

suggesting that promoter binding by Gcn4 below the detection limit, or binding of other 

transcriptional activators induced by Gcn4, mediates activation of these, and possibly other, 

induced genes where we detected only UC Gcn4 peaks.

Examining nucleosome occupancies in SM-induced cells revealed that Gcn4 generally binds 

to internal UC binding sites not present in pre-existing NDRs, presumably reflecting the 

absence of GRF binding sites within CDS. Having observed a preference for Gcn4 binding 

to consensus motifs located distal to nucleosome dyads, we surmise that Gcn4 binds most 

efficiently in CDS when its binding motif resides within a linker separating adjacent 

nucleosomes. On the whole, the UC Gcn4 peaks are less efficient than conventional 5′ Gcn4 

peaks in activating transcription. This was evident in the relatively weak recruitment of TBP 

to internal promoters compared to induced 5′ promoters, and might be rationalized by 

noting that Gcn4 binding to UC sites does not evoke substantial nucleosome eviction in the 

surrounding region compared to what occurs on Gcn4 binding in NDRs. As such, the 

internal promoters will be relatively more occluded by nucleosomes and less accessible to 

the transcription machinery. The relatively inefficient activation of canonical 5′ promoters 

by UC binding sites might also reflect interference by AS transcription originating from the 

internal promoter (Kim et al., 2016; Wei et al., 2011).
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In closing, we have shown that Gcn4 activation of a target gene can be mediated, at least in 

part, by Gcn4 binding within the CDS or 3′ non-coding region of that gene, or an adjacent 

gene; and that internal Gcn4 binding sites also frequently activate cryptic bidirectional 

transcription within the CDS. Given that cryptic transcripts can be translated (Cheung et al., 

2008), the protein products of certain sub-genic transcripts induced by Gcn4 could have 

biological functions. Given recent findings of carbon source regulation of cryptic 

transcription (Kim et al., 2016), it seems likely that the occurrence of functional activator 

binding sites within CDS will not be confined to Gcn4.

STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Dr. Alan G. Hinnebusch (ahinnebusch@nih.gov)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All Saccharomyces cerevisiae strains used in this study are listed in Table S4. They were 

maintained on either YPD plates or SC agar plates with appropriate selection for 

transformants.

METHOD DETAILS

Yeast strains—Yeast strains employed are listed in Table S4 and were either purchased 

from Research Genetics, described previously (Kim et al., 2006; Qiu et al., 2004), or 

constructed as described below.

ChIP-seq identification of Gcn4 binding sites

ChIP-seq analysis of Gcn4 occupancy: WT strain BY4741 (MATa his3Δ1 leu2Δ0 
met15Δ0 ura3Δ0) and isogenic gcn4Δ::kanMX4 strain F731, both purchased from Research 

Genetics, were cultured in synthetic complete medium lacking isoleucine and valine (SC-

Ilv) to log-phase (OD600=0.6-0.8) and SM was added at 1 μg/ml for 25 min to induce Gcn4 

synthesis. ChIP-seq was conducted and DNA libraries for Illumina paired-end sequencing 

were prepared as described previously (Cole et al., 2014) with the modifications in (Qiu et 

al., 2015) except that chromatin samples containing 5 μg DNA were immunoprecipiteted 

overnight using Gcn4 antibodies (Zhang et al., 2008). Paired-end sequencing (50 nt from 

each end) was conducted by the DNA Sequencing and Genomics core facility of the NHLBI, 

NIH. Sequence data were aligned to the sacCer3 version of the genome sequence using 

alignment software Bowtie 2 (Langmead and Salzberg, 2012), and PCR duplicates were 

removed using the samtools rmdup package. Numbers of unique paired-end reads from 

Gcn4 ChIP-seq are summarized in Table S3. Gcn4 occupancy profiles were obtained from 

the alignment (.bam) files using the bioinformatics toolbox from MATLAB. To allow the 

comparison between different samples, each profile was normalized such that the average 

occupancy for each chromosome was equal to one.

MACS2 (http://liulab.dfci.harvard.edu/MACS/) was employed to identify Gcn4 binding sites 

from the Gcn4 ChIP-seq data using two replicate WT_I cultures (samples AGH32-86 and 
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-87) and three replicate WT_U cultures (samples AGH32-45, -46, -47), using a threshold for 

the q-value of 10−4. The Gcn4 occupancy peaks called by MACS2 were assessed manually 

in the Integrative Genomics Viewer (IGV, Broad Institute) by comparing Gcn4 ChIP-seq 

results for replicate WT_I, WT_U, and gcn4_I samples with our published Rpb3 ChIP-seq 

results for replicate WT_I and WT_U cultures of the same WT strain analyzed here (Qiu et 

al., 2015). We identified 64 hyper-ChIP-able loci (Teytelman et al., 2013), which exhibit a 

high Gcn4 background over the entire gene regardless of SM induction or even in gcn4Δ 
cells. All but 4 peaks found in the hyper-ChIP-able loci were eliminated from consideration, 

as were 36 other called peaks, based on findings that their signals were essentially equivalent 

in WT_U, WT_I, and gcn4Δ_I cells (Fig. S1A). Manual inspection further suggested that 46 

peaks identified by MACS2 using a higher threshold for the q-value of 10−2 were authentic 

peaks (elevated in all WT_I versus WT_U replicates and absent in all gcn4Δ_I samples) and 

were added to a final curated list of 546 induced, GCN4-dependent occupancy peaks, listed 

in Data S1, sheet “All Gcn4 sites”.

Gcn4 occupancies for each peak were calculated in MATLAB and summarized as the 

average “rmdup” reads from five biological replicates of WT_I cells (AGH32-86, -87, 

AGH24-04, -05, -06), three replicates of WT_U cells (AGH32-45, -46, -47), and gcn4 _I 

cells (AGH24-01, -02, -03). The fastq files of replicates were merged and processed 

together, and the results are listed in Data S1 (‘Gcn4 occups’). Pearson correlation 

coefficients for genome-wide occupancy profiles of the different replicates are listed in Table 

S3.

Analysis of nucleosome occupancies of Gcn4 peaks—To understand how the 

binding of Gcn4 is affected by the position of the Gcn4 motif relative to the nucleosome 

dyad, we aligned all Gcn4 motif matches reported by FIMO, and sorted them according to 

their distance from the nearest nucleosome occupancy peak from MNase-seq data in WT_U 

cells (Qiu et al., 2015). We used the findpeaks function from MATLAB to identify the 

nearest nucleosomes to the Gcn4 motifs, and separated the Gcn4 motifs into two classes: 

bound and unbound by Gcn4, according to whether the motif overlapped with a Gcn4 peak 

called by MACS2 or not (Fig. 3A). Using the same sorting order in the Gcn4 motif 

alignments, we also plotted the distribution of Gcn4 and Rpb3 occupancies before (WT_U) 

and after (WT_I) induction (Fig. 1E).

Support vector machine (SVM) classification of Gcn4 motifs—In supervised 

machine learning, support vector machines (SVMs) are frequently used for non-linear 

classification (Press, 2007). We used a type 1 SVM algorithm (also known as C-SVM) to 

classify the Gcn4 binding status of all Gcn4 motifs predicted by FIMO. We used the binary 

labels of the motifs (Gcn4-bound and Gcn4-unbound) indicating whether the motifs 

overlapped with the Gcn4 peaks identified by MACS2 or not, and as features the 

nucleosome occupancy at the corresponding motifs and the motif scores reported by FIMO 

(log-likelihood ratio score, assuming a null model in which sequences are generated at 

random with per-letter background frequencies characteristic of the yeast genome). The R 

implementation of SVM was employed: the ksvm function from kernlab library, using a 

Bessel kernel and 5-fold cross validation. The Gcn4 motifs were split into two sets: a 
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training set containing the Gcn4 motifs from chromosomes I and II, and a testing set 

containing the motifs from chromosomes III – XVI.

To identify other features that might improve the classification accuracy of the Gcn4 motifs, 

we used the following published data sets: Abf1 ChIP-seq (Paul et al., 2015); ATAC-seq 

(Schep et al., 2015); DNase-seq (Hesselberth et al., 2009); H2A.Z ChIP-seq (Woo et al., 

2013); Reb1 ChEC-seq (Zentner et al., 2015); Rsc8, Snf2, Ioc3 ChIP-seq (Parnell et al., 

2015); and TBP ChIP-seq (Zentner and Henikoff, 2013). We computed the average signals 

(occupancy for ChIP-seq and ChEC-seq data, and cleavage density for ATAC-seq and 

DNase-seq data) at all Gcn4 motifs, and analyzed the differences between Gcn4-bound and 

Gcn4-unbound motifs. The following signals showed a significant difference between the 

two classes of Gcn4 motifs: ATAC-seq, DNase-seq, Reb1, Snf2 and TBP. Next, we added 

these five new features to the motif score and nucleosome occupancy, which we used in the 

previous SVM classification, and tested a large variety of supervised machine learning 

classification algorithms to see whether the extra features and the new algorithms can 

improve the classification accuracy that we obtained using SVM. Testing more than 120 

different classification algorithms, all available in the caret library in R, the accuracy of the 

classification was improved by only ~4% (Table S6), the best performing algorithm being 

one from the SVM family (svmRadialWeights method of the caret library; see the caret 
documentation at http://topepo.github.io/caret/).

Identification of T and UC Gcn4 target genes—We used R to identify the gene 

whose TSS is nearest to each Gcn4 peak (nearest method from GenomicRanges package), 

and each Gcn4 site was examined individually in IGV to assess whether it falls within non-

coding (NC) sequences present upstream (code 5′) or downstream (code 3′) of that gene, 

within the CDS (O, for ORF) of that gene (code O,O) or within the adjacent upstream or 

downstream gene (codes O,5′ and O,3′, respectively) (see Fig. 2A). Thus, 5′ sites occur in 

the canonical positions within non-coding sequences upstream of the nearest TSS, whereas 

O,5 sites occur in the CDS of the adjacent gene located 5′ of the nearest TSS. These 

designations for the 546 Gcn4 peaks are tabulated in columns 7-8 of ‘All Gcn4 sites’ of Data 

S1.

Based on inspection of Rpb3 induction levels of genes surrounding the Gcn4 peaks, and 

allowing for the possibility of activation by Gcn4 peaks located in unconventional locations, 

it was realized that a different gene than the one harboring the nearest annotated TSS could 

be the target of Gcn4 activation. Additionally, one of the two genes in pairs of divergently 

transcribed genes was not captured by the “nearest TSS” identification script. Hence, to 

generate the most likely list of potential Gcn4 target genes, the list of genes closest to the 

546 Gcn4 peaks was expanded to include the most likely induced target gene when it 

differed from that belonging to the nearest TSS; and the second gene in pairs of divergently 

arranged genes were included when transcriptional induction of both genes was suggested 

by the Rpb3 ChIP-seq data. The result was a list of 652 potential Gcn4 target genes tabulated 

in ‘Potential Target Scoring’ of Data S1. Note that some genes were tabulated there more 

than once owing to the presence of more than one Gcn4 peak in their vicinity, e.g. one 

located 5′ and another located 3′ of the same gene. Accordingly, a number of the 546 Gcn4 
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binding sites are associated with more than one potential target gene, e.g. being located 5′ 
to one gene and 3′ to another.

To determine which of the potential Gcn4 target genes most likely exhibit Gcn4-dependent 

transcriptional activation, we conducted ChIP-seq analysis of Rpb3 on three replicate 

cultures of gcn4Δ strain F731 (Table S3) using the same SM treatment employed previously 

to analyze Rpb3 occupancies in the isogenic WT strain employed here. Rbp3 occupancies 

were normalized to the average occupancy per chromosome and the average occupancy per 

nucleotide was determined for each annotated ORF, as described previously (Qiu et al., 

2015). Pearson correlation coefficients for genome-wide occupancy profiles of different 

replicates are listed in Table S3. A student’s t-test was conducted to identify genes exhibiting 

a significant difference in Rpb3 occupancies between gcn4Δ and WT strains (p<0.05) 

(‘Rpb3 ChIP-seq’, Data S2). We also interrogated the previously published compilation of 

mRNA expression microarray analysis, which had identified 512 genes induced by 

starvation for histidine (by treatment with 3AT) or Ile/Val (via excess leucine addition), or in 

response to a dominant constitutively activated GCN4c allele (Natarajan et al., 2001) 

(‘Natarajan 2001 targets, Data S1). We identified 223 genes associated with Gcn4 peaks, in 

either 5′, ORF, 3′ locations, which, showed significant Gcn4-dependent induction of 

mRNA as judged by either (i) significantly greater mRNA expression measured in a WT 

versus gcn4Δ strain both starved for histidine by 3-AT treatment (p<0.05) or (ii) significantly 

greater mRNA expression measured in a GCN4c versus WT strain under non-starvation 

conditions (p<0.05); or (iii) ≥1.5-fold greater Rpb3 occupancies in a WT versus gcn4Δ strain 

both treated with SM (p<0.05) and also ≥1.7-fold SM-induction of mRNA in WT cells in the 

study of (Saint et al., 2014) (‘Induced 5′ genes’, Data S1). Two genes that met criteria (i) 

but not (ii) were excluded because there was no evidence of Rpb3 or mRNA induction 

(YNL179C), or evidence of Rpb3 repression rather than induction (YKL055C). Of these 223 

induced genes, 149 contain peaks 5′ of the CDS and were designated direct “T” target 

genes; the remaining 74 genes with proximal Gcn4 peaks in unconventional locations were 

designated induced UC target genes (‘T and UC targets’, Data S1). Among the 223 T and 

induced UC target genes (in red or dark orange sectors of Fig. 2C), 97% exhibited induction 

of mRNA or Rpb3, or reduced expression in gcn4Δ versus WT cells, under conditions of SM 

treatment. The remaining 7 genes were shown to be induced by 3AT treatment in WT but not 

gcn4Δ cells, or by the GCN4c allele (Natarajan et al., 2001), making it likely that their 

activation by Gcn4 is dampened in response to ILV starvation.

Gene ontology analysis was conducted using the on-line tool Funspec found at http://

funspec.med.utoronto.ca/.

RNA-seq analysis—WT strain YDC111 (MATa ade2–1 can1-100 leu2-3,112 trp1-1 
ura3-1) (Kim et al., 2006) and BY4741 were grown to log-phase (A600 ~0.7) at 30°C in 

synthetic complete medium without histidine and lacking isoleucine and valine (SC-Ilv) 

respectively. To induce Gcn4, 10 mM 3-aminotriazole (3-AT) (Sigma 61-82-5) was added to 

YDC111 cultures and aliquots (6 ml) of cells were removed after 0, 1, 5, 20 or 40 min, 

whereas from BY4141 cultures cells were removed before or after 1 μg/ml SM treatment for 

25 min. Cells were rapidly cooled by immediate transfer to tubes containing ice and 

collected by centrifugation at 4°C and stored at 80°C until RNA was extracted, using the 
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YeaStart RNA kit (Zymo Research R1002) or RNeasy Mini kit (Qiagen 74104). Libraries 

were prepared and sequenced using an Illumina NextSeq500 machine by ACGT Inc. RNA 

reads are normalized by combining all reads on both DNA strands for genes on the same 

chromosome and setting the average read density per nucleotide to one. Read densities are 

reported relative to the average read density per nucleotide on that chromosome. For analysis 

of 3AT-induced divergent transcription directed by class “O” Gcn4 peaks within CDS, we 

selected 62 genes containing class “O” occupancy peaks, belonging to the group of 74 UC 

target genes, which contain a significant match to the Gcn4 consensus binding site (listed in 

‘O UC targets’, Data S3). For peaks containing more than one motif, the motif closest to the 

peak occupancy observed in the Gcn4 ChIP-seq data, or (when occupancy differences were 

not discriminatory) the motif with the greatest similarity to the consensus sequence in Fig. 

S1B, was selected as the Gcn4 binding site in that peak for further analysis. The number of 

RNA-seq reads covering each nucleotide in the sense or AS direction (relative to the coding 

sequence of the gene) were tabulated and shown in Figs. 5A-E. The same approach was used 

to analyze a group of 117 genes from the group of 149 T target genes, excluding one of the 

two genes in pairs of divergently arranged genes that exhibits lesser SM-induction of Rpb3 

occupancy or mRNA expression compared to the partner gene (listed in ‘T targets w-o 

diverg prom’, Data S1), yielding the results in Figs. S2A–E. For this latter group of T genes, 

Gcn4 motifs mapping in the CDS were eliminated from consideration.

ChIP-seq analysis of TBP-myc13—SPT15-myc13::HIS3 strain HQY366 (Qiu et al., 

2004), isogenic to BY4741 was cultured in the presence or absence of SM treated and 

subjected to ChIP-seq analysis as described previously (Qiu et al., 2015) except that 

chromatin samples containing 5.0μg DNA were immunoprecipitated with anti-myc 

antibodies (Roche). Paired-end sequencing libraries were prepared from immunoprecipitated 

DNA using Illumina paired-end kits from New England Biolabs (cat. #E7370 and #E7335). 

Numbers of aligned paired reads from TBP-myc13 ChIP-seq and reproducibility of 

replicates are summarized in Table S3. The distribution of TBP (median occupancy, and the 

ranges corresponding to 5-95 and 25-75 percentiles) was depicted in Fig. 5F for the 62 class 

“O” UC target genes in ‘O UC targets’, Data S3.

MNase-ChIP-seq of histone H3—WT strain BY4741 was cultured in the presence or 

absence of SM as described above. Chromatin preparation and titrations of MNase digestion 

were performed as described previously (Wal and Pugh, 2012), except that digestions were 

performed at 30°C for 10 min. ChIP and paired-end sequencing library preparation were 

performed as described previously (Qiu et al., 2015) for sonicated chromatin except that 

chromatin samples containing 5.0 μg DNA were immunoprecipited overnight with anti-H3 

antibodies. A comprehensive analysis of these data will be described in a future publication.

Construction and verification of GBS mutants—The delitto perfetto technique was 

employed to conduct in vivo site-specific mutagenesis (Stuckey et al., 2011) of WT strain 

BY4741 to replace 11 bp sequences encompassing the Gcn4 binding motif for each of 16 

different UC target genes with the sequence 5′ AGGATCCA 3′. This 8-bp sequence 

introduces a novel BamHI site, for screening purposes, without altering the CDS reading 

frame or introducing a binding site for any known transcription factor (based on the the 
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Yeast Transcription Factor Specificity Compendium at http://yetfasco.ccbr.utoronto.ca/. For 

the YFR045W, two Gcn4 motifs and the intervening 25bp were replaced with the same 8-bp 

sequence, reducing the CDS length by 13 codons. The sequences of 11 or 25 bp replaced by 

5′ AGGATCCA 3′ for the 17 genes are listed in column 4 of Supplementary Table S4. 

Strains YR201-VV005 in Table S4 contain the core cassette PGAL1SCE1-hyg-KlURA3 
inserted in place of the 11 or 25 bp sequences containing the Gcn4 binding sites at the 

specified genes; whereas strains YR216-VV010 contain the 8 bp sequence containing the 

BamHI site inserted in place of the Gcn4 binding site comprising the indicated -GBS alleles. 

Primers for conducting the two stages of delitto perfetto to generate the 17 -GBS alleles are 

listed in the two three sections of Table S5. The mutagenized alleles were confirmed by 

sequencing DNA fragments amplified from the relevant chromosomal loci that encompassed 

~200-400 bps surrounding the GBS mutation employing the primers listed in the third 

section of Table S5 (Primers to confirm -GBS mutant alleles). Quantitative ChIP analysis of 

Gcn4 was conducted to confirm loss of Gcn4 binding to the mutagenized Gcn4 consensus 

motif for each -GBS mutant. To this end, mutant and parental WT strains were cultured in 

SM medium, as above, and Gcn4 ChIP was performed as previously described using 

antibodies against Gcn4 (Qiu et al., 2015). DNA samples from immunoprecipitated and 

input chromatin samples (diluted to DNA concentrations comparable to the 

immunoprecipitated samples) were quantified by SYBR green-based real-time qPCR using 

primer pairs flanking the Gcn4 BS in each gene (listed in see Table S5, Primers for qRT-

PCR analysis of RNA expression and Gcn4 binding for -GBS alleles, primers for amplifying 

GBS amplicons), normalizing the results to an amplicon of POL1 shown previously not to 

exhibit Gcn4 binding (Swanson et al., 2003).

Changes in mRNA expression conferred by GBS mutations were measured by real-time 

qRT-PCR of total RNA isolated from WT and GBS mutant strains cultured and treated with 

SM as described above for Gcn4 ChIP-seq analysis. Total RNA isolation, cDNA synthesis 

and qPCRs were performed as previously described (Rawal et al., 2014). To examine diverse 

sets of amplicons, we used SYBR green based Brilliant III Ultra-Fast SYBR Green qPCR 

master mix (Agilient Technology, cat. #600882), employing an amplicon of ACT1 for 

normalization. Primer pairs used to detect full length (FL), sub-genic sense (SGS) and anti-

sense (AS) transcripts are listed in (Table S5, Primers for qRT-PCR analysis of RNA 

expression and Gcn4 binding for -GBS alleles).
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Highlights

• Most occupied binding sites for yeast activator Gcn4 reside within coding 

sequences

• Gcn4 binding to internal sites occurs without a nucleosome-depleted region 

(NDR)

• Gcn4 binding within coding sequences frequently activates cryptic internal 

promoters

• Internal Gcn4 binding can also activate nearby canonical 5′-positioned 

promoters
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Figure 1. Most Gcn4 occupancy peaks are centered on consensus Gcn4 binding motifs that tend 
to occur distal to nucleosome dyads
(A) Gcn4 occupancy peaks 5′ of canonical Gcn4 target genes. Gcn4 occupancies from WT 

SM-induced (Gcn4_I) or uninduced cells (Gcn4_U) for two biological replicates (Rep.1, 

Rep.2) (tracks 1-4), and Rpb3 occupancies from the corresponding cells (tracks 5-8), plotted 

with the Integrated Genomics Viewer (IGV). Tracks 1-4 and 5-8 were autoscaled as groups, 

and the range of values is indicated on the left side of each track. Occupancies were 

normalized such that the average occupancy of Gcn4 or Rpb3 for each chromosome is unity. 
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Positions of Gcn4 peaks identified by MACS2 and consensus Gcn4 motifs found by FIMO 

are shown in the bottom tracks. (B) SM-induced Gcn4 occupancies center around canonical 

Gcn4 consensus motifs. Average Gcn4 occupancy surrounding the consensus motifs in Fig. 

S1B that are (i) bound or (ii) unbound by Gcn4 in WT_U, WT_I, or gcn4Δ_I cells. The solid 

lines show the averages of ≥3 replicates; shaded areas show the ranges of values for 

individual replicates. (C) Comparison of the log-odds scores reported by FIMO for the two 

classes of Gcn4 consensus motifs. Paired-sample t-test p-value = 10−157; null hypothesis: 

pairwise difference between FIMO scores has a mean equal to zero). (D) Gcn4 occupancies 

(log2) for 471 Gcn4 occupancy peaks containing consensus motifs versus 75 peaks lacking 

significant matches (FIMO match p-value ≥ 10−4) to the consensus motifs in Fig. S1B, from 

‘All Gcn4 sites’ in Data S1. Paired-sample t-test p-value = 10−7; null hypothesis: pairwise 

difference between occupancies has a mean equal to zero. (E) Gcn4 motifs in bound 

occupancy peaks are depleted near nucleosome dyads. Nucleosome dyad distribution (top), 

Gcn4 occupancy (middle), and Rpb3 occupancy (bottom) near the Gcn4 motifs in WT_U 

(left) or WT_I cells (right). Motifs are split into two classes, Gcn4-bound (upper group) and 

Gcn4-unbound (lower group); in each group, Gcn4 motifs are sorted according to the 

relative position of the nearest nucleosome in WT_U cells. See also Fig. S1.

Rawal et al. Page 23

Mol Cell. Author manuscript; available in PMC 2019 April 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Most Gcn4 peaks are not in 5′ non-coding regions and a fraction of UC peaks appear 
to activate transcription
(A-B) Proportion of 546 Gcn4 peaks found in different locations relative to TSSs (from ‘All 

Gcn4 sites’ in Data S1). 5′ peaks depicted as a dark blue box (A) or sector (B). UC peaks 

(orange sector in (B)) occur in the ORF of the same gene (O,O green box/sector), the ORF 

of the upstream gene (O,5′, blue), the ORF of the downstream gene (O,3′, dark pink), or 3′ 
non-coding region of the same gene (3′, red); arrows indicate direction of transcription. (C) 
Pie chart showing proportions of genes with 5′ Gcn4 peaks (yellow sector) or UC peaks 
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(green sector) that exhibit mRNA or Rpb3 induction in response to 3-AT, SM, or a GCN4c 

allele (pink sector), in a manner shown to be Gcn4-dependent (red or dark orange sectors). 

As explained in Methods, 97% of the 223 T and induced UC target genes exhibit induction 

of mRNA or Rpb3, or reduced expression in gcn4Δ versus WT cells, on SM treatment. (D-
E) Rpb3 induction ratios (D) and induced Gcn4 occupancies (E) of 149 T genes and 96 

uninduced genes with 5′ Gcn4 peaks. (F-G) Rpb3 induction ratios (F) and induced Gcn4 

occupancies (G) of 647 genes with all arrangements of proximal Gcn4 peaks (All); all 303 

genes with 5′ peaks (All 5′); all 344 genes with UC Gcn4 peaks (All UC); all 223 induced 

T and UC target genes (T & UC); 149 T genes (T); and 74 UC target genes.
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Figure 3. Examples of non-functional 5′ Gcn4 peaks or UC peaks associated with uninduced or 
SM-induced genes
(A-D) Non-functional 5′ peaks. (E-F) Non-functional UC peaks. (G-J) UC peaks 

associated with SM-induction of the same or nearby gene. All displayed as in Fig. 1A.
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Figure 4. Exemplar Gcn4 peaks in CDS that appear to recruit TBP and drive bi-directional sub-
genic transcription
(A-F) Tracks 1-6: Occupancies of Gcn4, Rpb3, or TBP in uninduced (_U) or SM-induced 

(_I) cells; tracks 7-10: RNA read densities complementary to the Crick (+) or Watson (-) 

strand from WT cells uninduced (_U) or induced with 3-AT for 40 min (WT_I); plotted with 

IGV, as in Fig. 1A. RNA read densities were normalized such that the average density of the 

combined reads, aligned either to forward or reverse strand, is unity.
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Figure 5. Gcn4 binding to “O” target genes induces bidirectional transcription within ORFs
(A-B) Average RNA reads for AS (A) or sense (B) transcripts surrounding Gcn4 motifs at 

induced “O” UC target genes during a time course of 3AT treatment, indicating inferred 

positions of AS, SGS, and FL transcripts. (C) Heat maps showing AS transcript abundance 

and position relative to Gcn4 motifs at the “O” UC targets, before (left panel) and after (right 

panel) 40min of 3AT treatment, sorting genes by transcript abundance. (D) Histogram of 

fold-change in AS expression for “O” UC targets. (E) Distribution of AS transcript 

abundance upstream and downstream of the Gcn4 motifs after 40min of 3AT treatment for 
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the “O” UC targets, showing the median number of reads (dark red line), the 25-75 

percentiles (dark pink) encompassing the spread in read numbers for the 50% of genes 

closest to the median, and the 5-95 percentiles (light pink) for the 90% of genes closest to 

the median. While the median level is relatively low, genes in the top 25 percentiles (above 

upper boundary between light and dark pink areas, produce AS transcripts at levels 

comparable to the mean FL sense transcript level for this group of genes depicted in (B). 

RNA reads were normalized such that the genomic average RNA abundance is one. (F) TBP 

occupancy distribution near “O” UC targets. The median and indicated percentiles of TBP 

occupancy are shown as in panel (E). (G) Scatter plot representing the log2 of the average 

density of AS RNA reads in the 350bp regions upstream of the Gcn4 motifs versus the log2 

of the average occupancy of TBP in the same loci. Pearson r = 0.607; F-test for a linear fit 

gives a p-value = 1.7 × 10−7; null hypothesis: coefficient of proportionality is equal to zero. 

See also Fig. S2 and S3.
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Figure 6. Gcn4 binding in CDS does not occur in preexisting NDRs and evokes moderate 
nucleosome eviction
(A-B) MNase-H3-ChIP occupancies averaged and plotted relative to the Gcn4 motifs for (A) 

UC and 5′ induced targets and (B) UC and 5′ uninduced gene, in untreated (_U) and SM 

treated (_I) conditions, all listed in Data S4. All profiles were normalized so that the average 

occupancy for each chromosome was equal to one. (C-F) Exemplar genes showing eviction 

of nucleosomes from CDS surrounding Gcn4 internal peaks, depicted as in Fig. 4 except that 

normalized H3 occupancies are shown from WT_I cells (dark blue) overlayed on WT_U 

cells (light blue); and TBP-myc occupancies from WT_I cells (magenta) are overlayed on 

WT_U cells (pink).
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Figure 7. Elimination of internal Gcn4 binding sites reduces Rpb3_I occupancies and 3AT-
induced transcripts at UC target genes
(A-C) Gcn4 occupancies from SM-induced WT; Rpb3 occupancies from uninduced or SM-

induced WT, SM-induced GBS mutant, or gcn4Δ cells; and RNA read densities from 

uninduced or 3AT-induced WT cells; all depicted as in Fig. 4. Below IGV tracks are 

locations of amplicons produced from total mRNA and quantified by qRT-PCR from 

uninduced (WT_U) or SM-induced (WT_I) WT cells, or SM-induced GBS mutant cells. 

Mean (±SD) relative mRNA levels, normalized to actin mRNA, were determined from 2-3 
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biological replicates. (D-E) Summary of Rpb3 ChIP-seq measurements of -GBS mutant 

strains under SM-induction. For each gene, mean (±SD) Rpb3 occupancies are plotted for (i) 

3 replicates of WT and 22 replicates of 11 mutants with GBS mutations in other genes 

(blue); (ii) 2 replicates of the GBS mutant for that gene (orange); (iii) 3 replicates of the 

gcn4Δ strain (green). Asterisks mark GBS mutant values that are ≤0.76 of control WT 

results and also significant at P<0.05(*) or P<0.01(**) in a 2-tailed, unpaired t-test. See also 

Fig. S4–S5 and Table S1–S2.
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