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Abstract
Nitrogen Catabolite repression is a means for yeast to adapt its transcriptome to changing nitrogen sources in its
environment. In conditions of derepression (under poor nitrogen condition, upon rapamycin treatment, or when
glutamine production is inhibited), two transcriptional activators of the GATA family are recruited to NCR-sensitive
promoters and activate transcription of NCR-sensitive genes. Earlier observations have involved the SAGA
chromatin remodelling complex in these transcriptional regulations. In this report, we provide an illustration of the
varying NCR-sensitive responses and question whether differing SAGA recruitment could explain this diversity of
responses.

Introduction
During its evolution, the yeast S. cerevisiae has faced a strong selective pressure for the optimal use of nitrogen
sources. Hence, it has developed a series of regulations allowing for �ne-tuned responses to the quality of the
nitrogen source available. Among these, nitrogen catabolite repression (NCR) comprises transcriptional
regulations of genes encoding permeases and catabolic enzymes permitting the use of non-preferred nitrogen
sources (like proline, for example) when they are the only nitrogen sources available in the environment 1–5. In
addition to growing cells in the sole presence of non-preferred nitrogen sources, other ways of arti�cially inducing
NCR-sensitive gene expression have been described: the addition of methionine sulfoximine (Msx), an inhibitor of
the Gln1 glutamine synthetase or rapamycin (Rap), the inhibitor of the kinase complex TORC1, to cells grown in
the presence of a preferred nitrogen source like ammonium can also lead to the derepression of NCR-sensitive
genes 6–8. NCR-sensitive transcriptional activation is mediated by two GATA-type transcriptional activators: Gln3
and Gat1/Nil1 9–11. In derepressive conditions, Gln3 and Gat1 are nuclear and bind to speci�c consensus GATA
sequences in the promoter of NCR-sensitive genes 8,12−14 to activate their transcription. Though, the mechanisms
by which the GATA factors activate transcription are still largely unknown to date. In this context, we have
previously shown that the expression of NCR-sensitive genes responds differently to the presence of the GATA
activators according to the gene and nitrogen source considered 8,14,15, which brought us to the idea that a
transcriptional model including only the GATA activators to explain NCR-sensitive gene expression is likely to be
incomplete.

Transcription initiation is a key step in the control of eukaryotic gene expression. It involves the ordered
recruitment of activators, coactivators and basal transcription factors to promoters, contributing to the formation
of the transcription preinitiation complex (PIC), before transcription initiation begins 16–18. Nucleosome
positioning and chromatin compaction are key in regulating promoter accessibility and PIC formation 19,20. Co-
activators can possibly affect PIC recruitment at three levels (reviewed in 18,21): 1-by directly connecting
activators with the basal transcription factors, 2-by covalent histone modi�cation (methylation, acetylation,
phosphorylation, ubiquitylation…) or 3-by ATP-dependent nucleosome remodeling (displacement, eviction,
restructuration). More recently, a wide array of coactivators have been shown to be multi-modular complexes
carrying different combinations of regulatory activities (reviewed by 21). Hence, the different subunits composing
the functional modules of coactivators have been shown to be shared by different coactivator complexes 21. One
such coactivator is the Spt-Ada-Gcn5 acetyltransferase (SAGA) complex, that modulates the expression of ± 10%
of all yeast genes, being usually highly inducible genes 22,23. SAGA is composed of proteins belonging to three
major families involved in gene expression: Ada (Alteration/De�ciency in Activation; 24), Spt (SuPpressor of Ty's;
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25) and TAFs (TATA-binding protein (TBP)-Associated Factors). Although the SAGA complex was initially
described as a histone acetyltransferase protein complex 26, deep investigation of its structure and composition
has largely contributed to deciphering its multifunctional character (reviewed in 27–29). The yeast SAGA
comprises 19–21 subunits 30,31, organized into four functional units or modules in addition to the Tra1
recruitment protein 28,31: the CORE structural module (Spt7, Spt20, Ada1, Taf5, Taf6, Taf9, Taf10 and Taf12), the
histone H3 acetylation (HAT) module (Gcn5, Ada2, Ada3 and Sgf29), TBP-interaction module (Spt3 and Spt8) and
the H2B deubiquitination (DUB) module (Ubp8, Sus1, Sgf11, and Sgf73). More recently, structure determination of
the SAGA complex has attributed Spt3 to the CORE module 32. Nonetheless, in this report, Spt3 makes the
connection between the CORE and Spt8, itself interacting with the TATA box-binding protein 32.

Interestingly, the SAGA CORE element Ada1 has been involved in the expression of many Nitrogen Catabolite
Repression-sensitive genes at different degrees according to the nitrogen source available and the gene
considered 33. These observations suggest a role for SAGA that could connect the GATA factors to the variations
in NCR-sensitive gene expression. In this report, we illustrate the diversity of NCR-sensitive responses: an NCR-
sensitive gene does not respond similarly to different stimuli, different NCR-sensitive genes do not respond
similarly to the same stimuli, GATA factor recruitment and requirement differ according to genes and stimuli.
Here, we also show that SAGA recruitment does not escape the rule: it largely correlated with GATA factor
recruitment, consistent with activation, con�rming that chromatin remodeling, through SAGA function, plays a
role in NCR-sensitive gene derepression.

Results

Differences in GATA and Ada1 requirements for NCR-sensitive
gene expression
Before investigating the impact of SAGA on NCR-sensitive gene expression in chosen conditions, we have
analyzed the expression of four deeply characterized NCR-sensitive genes (DAL5, GAP1, GDH2 and MEP2) in
ammonia-grown cells and in response to three distinct NCR-derepressing treatments (the addition of rapamycin
(Rap), L-methionine sulfoximine (Msx) or a transfer to proline as sole nitrogen source). The expression of the four
NCR-sensitive genes was analyzed in wild type cells and in the absence of one or both the GATA transcriptional
activators, Gln3 and Gat1 (Fig. 1). Wild type cells derepressed all four NCR-sensitive genes in response to the
three stimuli, but with varying degrees: GAP1 and MEP2 were induced at similar levels irrespective of the
derepressing stimulus whereas DAL5 was far less sensitive to Msx and GDH2 to Rap. All four genes required at
least one of the GATA activators: their expression was fully abolished in the double gln3Δ gat1Δ mutant. Gat1
was largely dispensable for derepression when Gln3 was present, except when DAL5 expression was considered.
In the absence of Gln3, however, Gat1 was required for GAP1 and MEP2 derepression. Finally, responses elicited
by an Msx treatment more often relied on Gln3 only (in Msx-treated cells, for GAP1, GDH2 and MEP2 expression),
and deleting GAT1 even seemed to increase Msx-induced derepression, suggesting that it could play a negative
role in these conditions.

All in all, we have selected two of these four NCR genes with one condition that allowed for elevated gene
transcription. Therefore, in the context of this report, yeast cells will be grown in de�ned culture medium with
ammonia as sole nitrogen source. First, DAL5 derepression will be analyzed after treating exponentially growing
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cells with rapamycin, an inducing condition that requires both Gat1 and Gln3. Second, GDH2 expression will be
assayed in response to a methionine sulfoximine (Msx) treatment, a condition that requires only Gln3, and for
which Gat1 could play a negative role. We have characterized DAL5 and GDH2 expression in wild type and cells
lacking Ada1 only or in combination with the deletion of GLN3 or GAT1 (Fig. 2). Single deletion of ADA1
decreased DAL5 expression upon rapamycin treatment to levels reached by the single GATA gene deletions,
whereas any double deletion much more drastically impaired it (Fig. 2A). GDH2 derepression in response to Msx
was strongly impacted by the deletion of ADA1 (Fig. 2B), irrespective of the presence of Gat1. From these
observations, we conclude that the involvement of Ada1 appears similar on both genes in the conditions assayed
and is synergistic with the GATA factors.

Differences in SAGA modules requirements
To determine the involvement of each of the SAGA modules on NCR-sensitive gene expression, we have analyzed
the impact of deleting the genes coding for some of their representative members: ADA1 and SPT7 for the CORE
module, GCN5 and SGF79 for the HAT module, UBP8 and SGF73 for the DUB module, SPT3 and SPT8 for the TBP
module. DAL5 and GDH2 expression was monitored after Rap or Msx treatment, respectively, in each of the single
mutants (Fig. 3). As a control experiment, the expression of VTC3 and BDF2, was analyzed in all mutants. Both
genes required SAGA for maximal expression, and BDF2 expression did not require the HAT and DUB modules nor
Spt3 (Supp. Figure 1).

When Rap-induced DAL5 expression was analyzed (Fig. 3A), CORE module deletions had the strongest effect
(two- to �ve-fold reduction compared to wild type), DUB and TBP deletions had a reduced impact (less than
twofold) and HAT had no in�uence. Combining SPT3 and SPT8 deletions had no additive effect on DAL5
expression compared to the respective single mutants. Deleting SAGA modules had no impact on Msx-induced
GDH2 expression, apart from CORE module elements (Fig. 3B).

Altogether, these observations suggest that regulating the expression of NCR-sensitive genes by coactivators has
gene and nitrogen source speci�cities. We can also hypothesize that each of the catalytic activities of the SAGA
complex could play a complementary role on the transcriptional activation of the NCR-sensitive genes, which
could explain that only the deletion of the structural subunit of the SAGA complex generates a strong effect on
their expression.

Similar recruitment of the CORE and TBP modules at NCR-
sensitive modules
Aiming at determining if the expression consequences of deleting SAGA modules are explained by differences in
recruitment at the respective promoters, we assayed the recruitment of Ada1 (CORE) and Spt8 (TBP) in wild type
and in cells lacking one of the GATA activators (Fig. 4).

At the DAL5 promoter (Fig. 4A-B), binding of Ada1 and Spt8 was strongly induced by rapamycin and severely
affected in the single GATA mutants. At the GDH2 promoter (Fig. 4C-D), Ada1 and Spt8 binding was strongly
induced by Msx, but only affected by a GLN3 deletion.

From these observations, we conclude that the binding of Ada1 and Spt8 are NCR-sensitive, and their pro�les
were largely similar to each other for the two promoters tested. Moreover, the requirement of the GATA activators
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for this binding depends on the gene and the nitrogen source considered. It nicely paralleled the expression levels,
correlating with the dependence of the expression of DAL5 and GDH2 towards the GATA activators.

Integrity of the CORE is required to allow the remaining CORE
recruitment
Given the importance of the impact of deleting one CORE component on NCR-sensitive gene expression, we
wanted to determine if deleting one component of the CORE could comprise the integrity of the remaining CORE
complex, and hence recruitment of the whole SAGA complex, at NCR-sensitive promoters. Therefore, we assayed
the recruitment of Ada1 in cells lacking Spt7 and vice versa (Fig. 5).

In cells, lacking SPT7, Ada1 binding was not observed in response to Rap (Fig. 5A) or Msx (Fig. 5C). Similarly, in
cells lacking ADA1, derepressed Spt7 binding was abolished at the DAL5 (Fig. 5B) and GDH2 (Fig. 5D) promoters.

These results indicate a strong interdependence of CORE elements towards one another, suggesting that the
SAGA CORE module must be recruited at NCR-sensitive promoters as a whole. Interestingly, Spt7 binding levels
were twice higher than those of Ada1.

Promoter-speci�c requirements of CORE integrity for GATA
factor recruitment
To go further in our analysis, we aimed at determining if SAGA integrity was required for GATA factor recruitment
at NCR-sensitive promoters. Gat1 and Gln3 binding were assayed in wild type cells and in mutants lacking either
Ada1 or the other GATA activator (Fig. 6).

At the DAL5 promoter, Ada1 was required for Rap-induced Gat1 binding but not for Gln3 binding (Fig. 6A-B)). Also,
as previously shown (ref), Gat1 and Gln3 binding were strongly interdependent at the DAL5 promoter. At the GDH2
promoter, deleting ADA1 only slightly affected Gln3 and Gat1 binding (Fig. 6C-D). Further, Gln3 binding was very
robust: it did not require Gat1. On the contrary, Gat1 binding was largely Gln3-dependent.

Discussion
This paper provides a thorough illustration of the gene, GATA activator and inducer speci�cities among NCR
responses. Earlier reports have given some possible explanations to these observations. First, the promoter
architecture, the number and orientation of GATA sites likely in�uence the way how an NCR-sensitive gene
responds to a particular stimulus 34–36. It has been recognized that in some cases, auxiliary promoter sequences
were shown to contribute to transcriptional activation 37, although this was never as e�cient as additional GATA
sites 38. Second, we cannot neglect the impact of the two other GATA factors on NCR-sensitive transcription, the
Dal80 and Gzf3 repressors 39–42. Under limiting nitrogen conditions, DAL80 is highly induced 40, and Gzf3 has
been detected at NCR-sensitive promoters 43. Given the elevated sequence conservation among the four yeast
GATA factors, with 100% conservation of the residues involved in contacts with DNA 44, it is very likely that the
repressors do bind the exact same DNA sequences in vivo and may interfere with the GATA activators, in a gene-
speci�c manner. Third, we have previously shown that Gln3 and Gat1 localizations are controlled by two different
regulatory pathways, with Gln3 localization predominantly responding to intracellular nitrogen levels, and Gat1
localization mainly responding to rapamycin 45, suggesting that the different stimuli do not borrow the same
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signalization cascades. Differences of GATA activator requirements for the transcriptional responses to different
activation signals can therefore be anticipated.

This paper also provides a deep characterization of the role of the SAGA complex controlling DAL5 and GDH2
expression, together with the GATA activators. In wild type cells, elevated binding of both GATA activators and
SAGA ensure maximal activation of DAL5 upon rapamycin treatment. The HAT module is dispensable here. In the
absence of Ada1, DAL5 expression is strongly reduced despite the presence of Gln3 at the promoter, probably
because SAGA is not recruited in this CORE mutant. Interestingly, the absence of SAGA prevents Gat1 recruitment
at the DAL5 promoter. Low expression of DAL5 is also observed in cells lacking Gat1 or Gln3, in which recruitment
of the other GATA activator to the DAL5 promoter is largely impaired, as well as the SAGA complex. DAL5
activation is nevertheless signi�cant in all three single mutants, though, and this could be attributed to a binding
of the GATA activators and/or SAGA subunits so weak that it escaped our detection. Since DAL5 expression is
abolished in the double gln3Δ ada1Δ and gat1Δ ada1Δ mutants, we propose that SAGA is indeed recruited even
though we could not detect it in the gln3Δ and gat1Δ single mutants. Since Gln3 binding can occur without
SAGA, which is not the case for Gat1 binding, we propose that SAGA could be a better coactivator for Gat1-
dependent transcriptional activation. Accordingly, Gln3 could be co-recruited with Gat1, leading to SAGA
recruitment, allowing chromatin remodelling, thereby increasing Gat1 binding and subsequent transcription.
Interdependence for binding suggest the existence of synergistic interferences between the different partners at
the DAL5 promoter upon rapamycin treatment.

As far as GDH2 is concerned, the conclusions are clearly different. GDH2 expression is maximal in wild type cells
treated with methionine sulfoximine, consistent with maximal GATA factor and SAGA subunit binding.
Interestingly, this expression does not require Gat1, even though the activator is detected at the GDH2 promoter at
elevated levels. Consistently, Gln3 and SAGA still bound at the GDH2 promoter in gat1Δ cells, ensuring elevated
GDH2 transcription levels. The activation levels were even higher in gat1Δ mutant cells, and this could be due to
Gat1 being negatively interfering with Gln3 transcription activation, more potent. Alternatively, increased GDH2
expression in gat1Δ cells could be explained by the decreased presence of the Gat1-dependent Dal80 negative
regulator. In the absence of Gln3, nor Gat1 nor SAGA could be recruited at the GDH2 promoter, consistent with the
lack of activation in gln3Δ mutant cells. Finally, in ada1Δ cells, binding of the GATA factors was only weakly
altered, with much lower activation in the mutant cells, suggesting that SAGA is not mainly needed for GATA
factor recruitment but most strongly for transcription activation. In sum, Msx-induced Gln3 binding at the GDH2
promoter can occur on its own, allowing for concomitant Gat1 and SAGA recruitment. Gat1 recruitment is
ineffective for GDH2 activation whereas that of SAGA is crucial.

In this work, we have demonstrated an absolute interdependence for rapamycin-induced GATA activator binding
at the DAL5 promoter. This has not always been the case. Our previous reports have shown that rapamycin-
induced Gat1 binding at the DAL5 promoter could occur in the absence of Gln3, in both TB 14 and FY 15 genetic
backgrounds. In these experiments, however, cells were grown with glutamine as the nitrogen source whereas
they were grown with ammonia in the present work. Such a difference is striking and suggests that much more
complexity is to be expected in the context of nitrogen source-speci�c regulations of NCR-sensitive genes.

Our work has demonstrated that SAGA subunits are recruited to NCR-sensitive promoters upon derepression. The
SAGA CORE module is structurally made of a histone octamer-like fold and an adjacent submodule (Taf5, 6 and
Spt2032). The octamer-like domain is made of three pairs of subunits (Taf6-Taf9, Taf10-Spt7 and Taf12-Ada1),
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each pair contributing to two histone folds, plus Spt3, which brings two more histone folds on its own 46. In our
experiments, the strongest phenotypes with respect to NCR-sensitive transcription in SAGA mutants have been
observed in the ada1Δ and spt7Δ mutant strains. This observation is consistent with the fact that Ada1 and Spt7
belong to the CORE of SAGA and their absence has previously been shown to fully impair SAGA complex integrity
47−49. Consistently, Ada1 and Spt7 recruitment at NCR-sensitive genes was fully interdependent. In addition, our
observation that Spt7 ChIP levels were systematically twice higher than those of Ada1 could indicate a better
accessibility of the former. Indeed, from the published structure of SAGA, Ada1 could be less accessible,
interfacing the CORE module with the large Tra1 subunit and the DUB module, whereas Spt7’s position appears
more peripheral 46.

Interestingly, the HAT module was fully dispensable for NCR-sensitive gene transcription, whereas the DUB
module was only mildly required, for rapamycin-induced DAL5 expression only. This could indicate that SAGA
modules ful�l complementary activities at NCR-sensitive promoters, and altering only one of these activities may
not alter its capacity to mediate transcriptional activation. More surprisingly, the reduced impact, on NCR-
sensitive transcription, of the joint deletion of SPT3 and SPT8, supposedly altering TBP recruitment suggests that
other coactivator complexes may help for its recruitment, or that GATA activators can perform this function
themselves.

Our results illustrate the complexity and interactions taking place at NCR-sensitive promoters, enabling �ne-tuned
responses to environmental changes. Further work will be required to decipher all mechanisms involved in gene-
and stimulus-speci�c transcriptional responses of NCR-sensitive genes.

Methods

Media and strain cultivation
Yeast cells were grown at 29°C to mid-log phase (A660nm = 0.5) in YNB containing 2% glucose and 80mM

ammonium (Am) and sampled at mid-exponential phase. Auxotrophic requirements were covered 25µg/mL− 1 of
histidine, uracil and/or tryptophane. Where indicated, exponentially-growing cells were treated with �nal
concentrations of 200 ng/ml rapamycin (Rap; LC laboratories; dissolved in 10% Tween 20 + 90% ethanol) or 2
mM L-methionine sulfoximine (Msx; Sigma Aldrich; freshly dissolved in water) for 30 minutes, or transferred after
�ltration and rinsing to 0.1% (w/v) proline-containing YNB medium for one hour.

Strain construction
The strains used in this work are isogenic to S288C and listed in Table 1.
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Table 1
List of strains used in this work.

Strain Pertinent genotype Parent Primers Reference

25T0b WT (wild type)     Georis et al. 2011

03740c gln3Δ GAT1-MYC13     Georis et al. 2009

FV022 gln3Δ     Georis et al. 2009

FV023 gat1Δ     Georis et al. 2009

FV024 gln3Δ gat1Δ     Georis et al. 2009

FV034 GAT1-MYC13     Georis et al. 2009

FV036 GLN3-MYC13     Georis et al. 2009

FV041 gat1Δ GLN3-MYC13     Georis et al. 2009

FV156 gat1Δ 25T0b GAT1 L1-4 Georis et al. 2009

FV530 ADA1-HA3 25T0b ADA1-TAG-F; ADA1-TAG-R  

FV531 ada1Δ 25T0b ADA1 L1-4  

FV547 ada1Δ GAT1-MYC13 FV034 ADA1 L1-4  

FV578 gln3Δ ADA1-HA3 FV022 ADA1-TAG-F; ADA1-TAG-R  

FV579 gat1Δ ADA1-HA3 FV023 ADA1-TAG-F; ADA1-TAG-R  

FV580 gln3Δ gat1Δ ADA1-HA3 FV024 ADA1-TAG-F; ADA1-TAG-R  

FV598 gcn5Δ 25T0b GCN5 L1-4  

FV635 ubp8Δ 25T0b UBP8 L1-4  

FV636 spt3Δ 25T0b SPT3 L1-4  

FV637 spt8Δ 25T0b SPT8 L1-4  

FV645 gln3Δ ada1Δ FV022 ADA1 L1-4  

FV646 gat1Δ ada1Δ FV156 ADA1 L1-4  

FV656 spt3Δ spt8Δ FV637 SPT3 L1-4  

FV659 spt7Δ 25T0b SPT7 L1-4  

FV687 spt7Δ ADA1-HA3 FV659 ADA1-TAG-F; ADA1-TAG-R  

FV754 gln3Δ SPT8-HA3 FV022 SPT8-TAG-F; SPT8-TAG-R  

FV755 gat1Δ SPT8-HA3 FV023 SPT8-TAG-F; SPT8-TAG-R  

FV815 sgf29Δ 25T0b SGF29 L1-4  
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Strain Pertinent genotype Parent Primers Reference

FV817 sgf73Δ 25T0b SGF73 L1-4  

FV1256 SPT7-HA3 25T0b SPT7-TAG-F; SPT7-TAG-R  

FV1257 ada1Δ SPT7-HA3 FV1256 ADA1 L1-4  

Strain tagging constructions were carried out using the short �anking homology 50 and genes were deleted by the
insertion of kanMX or natMX cassettes that constructed using the long �anking homology strategy 51. Primers
sequences used for gene tagging and deletions are given in Table 2.
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Table 2
List of oligonucleotides used in this work for strain constructions.

Name Sequence (5' to 3')

ADA1
L1

GCTGTAATTCCCGCCCATTT

ADA1
L2

GGGGATCCGTCGACCTGCAGCCATGATAGAAGAAATCAAA

ADA1
L3

CGAGCTCGAATTCATCGATGATGATGTATAAAAAGTGTGT

ADA1
L4

CCGTACCGGTGGACTTTTAT

ADA1-
TAG-F

TGAATTAAATTGGTTAATTAAAGGAATCTTAACGGAAGATCGGATCCCCGGGTTAATTAA

ADA1-
TAG-R

TAATTACAACATACCGCATACACACACTTTTTATACATCAGAATTCGAGCTCGTTTAAAC

GCN5
L1

TGTAGTGCGCTGTATGGA

GCN5
L2

TTAATTAACCCGGGGATCCGCTAATGTAGAATACGAACCTGAGTTAACTGAAG

GCN5
L3

GTTTAAACGAGCTCGAATTCTGCGTAGAAGAAGCTTTTCCGCTACTAT

GCN5
L4

AAGCCATTGGTTCAGGCTCTGAAG

SGF73
L1

AGGCGTGCTTCAGCATATGGAT

SGF73
L2

CAAGCTAAACAGATCTGGCGCGCCTTAATTAACCCGGGGATCCGTTTAGCTCTTTACTCTTTT

SGF73
L3

TTCGATACTAACGCCGCCATCCAGTTTAAACGAGCTCGAATTCTTGAATCATGCACGTTATCCAG

SGF73
L4

ACCCAATAATCCATGGCCCTTCCT

SGF29
L1

TGTGGAGTTGTCTGCAAAACCC

SGF29
L2

CAAGCTAAACAGATCTGGCGCGCCTTAATTAACCCGGGGATCCGAATAAGAAAGGTGACCGTGTGT

SGF29
L3

TCGATTCGATACTAACGCCGCCATCCAGTTTAAACGAGCTCGAATTCCAATGGTGGTTAACATTTACTAC

SGF29
L4

CCCTCTGAATGATCTGCTTCCTC

SPT3
L1

ACTCTGATGCCGTTCACACCAA
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Name Sequence (5' to 3')

SPT3
L2

GATCTGGCGCGCCTTAATTAACCCGGGGATCCGTCCTGCCCTAATCTCTTGAATTTTGGC

SPT3
L3

GATACTAACGCCGCCATCCAGTTTAAACGAGCTCGAATTCATTTTTGTATAATTTCATCAT

SPT3
L4

GACAACTTCCTGTTTGCCTCTTG

SPT7
L1

AAATTGGTCAAATGCTGGCCAGC

SPT7
L2

GCTAAACagatctGGCGCGCCTTAATTAACCCGGGGATCCGTATTCAGACTTAATTTCTTTGTA

SPT7
L3

TCGATTCGATACTAACGCCGCCATCCAgtttaaacGAGCTCGAATTCTGAGCGCGCTAAATAGTTGA

SPT7
L4

CAGCTACGTTTGCGAGTGCATA

SPT7-
TAG-F

CAATAGTTCATTTAGCTTGAGCCTTCCTCGCCTTAATCAACGGATCCCCGGGTTAATTAA

SPT7-
TAG-R

TTTAATTAAAGATAAAATATTCAACTATTTAGCGCGCTCAGAATTCGAGCTCGTTTAAAC

SPT8
L1

GCGATGTTTCTTTCGACCGTTAC

SPT8
L2

GATCTGGCGCGCCTTAATTAACCCGGGGATCCGTACGTAAAAGAAGAAA

SPT8
L3

GATACTAACGCCGCCATCCAGTTTAAACGAGCTCGAATTCTGAGTTGTAATAATAATCATA

SPT8
L4

GCAACTAACTCGTCACTAGACACA

SPT8-
TAG-F

GACACGACCCTTATTTACGATATAGACTTAGAACGGATCCCCGGGTTAATTAACAT

SPT8-
TAG-R

GATTATGGTTATGATTATTATTACAACTCACTAGAATTCGAGCTCGTTTAAAC

UBP8
L1

GGGAAATTCATTGGGTGCTGTTGG

UBP8
L2

GATCTGGCGCGCCTTAATTAACCCGGGGATCCGAATTATTAATAACAAATA

UBP8
L3

CGCCATCCAGTTTAAACGAGCTCGAATTCTTCAGCAAATAGCATTCAA

UBP8
L4

ATAACCAAGGGCTTGCCTTCG

Quantitative RT-PCR analysis
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Quantitative RT-PCR was performed as described previously 43. Total RNA was extracted from 4-ml cultures and
cDNA was generated from 100 to 500 ng of total RNA using a Thermo Scienti�c™ RevertAid RT Reverse
Transcription Kit using the manufacturer's recommended protocol. Puri�ed cDNAs were subsequently quanti�ed
by RT-PCR using the FastStart Essential DNA Green Master mix from Roche, on a Roche LC96 instrument.

Chromatin immunoprecipitation
Cell extracts and chromatin immunoprecipitations were conducted as described previously 52 using primers
described previously 8,53.
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Figure 1

Differences in GATA requirements and sensitivity to different inducers for NCR-sensitive gene expression. Cells of
25T0b (wt), FV022 (gln3D), FV023 (gat1D) and FV024 (gln3D gat1D) were grown in YNB media containing
ammonium as sole nitrogen source. Rapamycin (Rap) or L-methionine sulfoximine (Msx) were added where
indicated, or cells were shifted to proline-containing medium (Pro). Total RNA was isolated and TBP1‐normalized
DAL5 (A) , GAP1 (B), GDH2 (C) and MEP2 (D) mRNA levels were quanti�ed by qRT‐PCR. Values represent the
averages of at least two experiments from independent cultures ± standard errors (n≥3).
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Figure 2

Differences in Ada1 requirements for NCR-sensitive gene expression. Cells of 25T0b (wt), FV022 (gln3D), FV023
(gat1D), FV531 (ada1D), FV645 (gln3D ada1D) and FV646 (gat1D ada1D) were grown in YNB media containing
ammonium as sole nitrogen source. Rapamycin (Rap) or L-methionine sulfoximine (Msx) were added where
indicated. Total RNA was isolated and TBP1‐normalized DAL5 (A) and GDH2 (B) mRNA levels were quanti�ed by
qRT‐PCR. Values represent the averages of at least two experiments from independent cultures ± standard errors
(n≥3).
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Figure 3

Differences in module requirements for NCR-sensitive gene expression. Cells of 25T0b (wt), FV531 (ada1D),
FV657 (spt7D), FV598 (gcn5D), FV815 (sgf29D), FV635 (ubp8D), FV817 (sgf73D), FV636 (spt3D), FV637 (spt8D),
FV656 (spt3D spt8D) were grown in YNB media containing ammonium as sole nitrogen source. Rapamycin (Rap)
or L-methionine sulfoximine (Msx) were added where indicated. Total RNA was isolated and TBP1‐normalized
DAL5 (A) and GDH2 (B) mRNA levels were quanti�ed by qRT‐PCR. Values represent the averages of at least two
experiments from independent cultures ± standard errors (n=2).
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Figure 4

Differences in module recruitment at NCR-sensitive promoters. Cells of 25T0b (wt, No Tag), FV530 (wt, Ada1-
HA3), FV578 (gln3D, Ada1-HA3), FV579 (gat1D, Ada1-HA3), FV756 (wt, Spt8-HA3), FV754 (gln3D, Spt8-HA3), and
FV755 (gat1D, Spt8-HA3) were grown in YNB media containing ammonium as sole nitrogen source. Rapamycin
(Rap) or L-methionine sulfoximine (Msx) were added where indicated. ChIP of Ada1-HA3 (A,C) and Spt8-HA3 (B,D)
was performed as described in Experimental procedures. qPCR of IP and IN fractions was performed with primers
speci�c for the DAL5 (A,B) and GDH2 (C,D) promoters. Histograms represent the averages of two
immunoprecipitations performed on minimum two experiments from independent cultures; error bars indicate
standard errors (n≥2).
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Figure 5

CORE integrity required for its recruitment at NCR-sensitive promoters. Cells of FV530 (wt, Ada1-HA3), FV688
(spt7D, Ada1-HA3), FV1256 (wt, Spt7-HA3) and FV1257 (ada1D, Spt7-HA3) were grown in YNB media containing
ammonium as sole nitrogen source. Rapamycin (Rap) or L-methionine sulfoximine (Msx) were added where
indicated. ChIP of Ada1-HA3 (A,C) and Spt7-HA3 (B,D) was performed as described in Experimental procedures.
qPCR of IP and IN fractions was performed with primers speci�c for the DAL5 (A,B) and GDH2 (C,D) promoters.
Histograms represent the averages of two immunoprecipitations performed on minimum two experiments from
independent cultures; error bars indicate standard errors (n≥2).
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Figure 6

SAGA-GATA interdependence for recruitment at NCR-sensitive promoters. Cells of FV034 (wt, Gat1-Myc13), FV547
(ada1D, Gat1-Myc13), 03740c (gln3D, Gat1-Myc13), FV036 (wt, Gln3-Myc13), FV548 (ada1D, Gln3-Myc13), and
FV041 (gat1D, Gln3-Myc13) were grown in YNB media containing ammonium as sole nitrogen source. Rapamycin
(Rap) or L-methionine sulfoximine (Msx) were added where indicated. ChIP of Gat1-Myc13 (A,C) and Gln3-Myc13

(B,D) was performed as described in Experimental procedures. qPCR of IP and IN fractions was performed with
primers speci�c for the DAL5 (A,B) and GDH2 (C,D) promoters. Histograms represent the averages of two
immunoprecipitations performed on minimum two experiments from independent cultures; error bars indicate
standard errors (n≥2).
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