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Transcriptional regulation of the Saccharomyces cerevisiae ARG1 gene is controlled by positive and negative
elements. The transactivator Gendp is required for activation in minimal medium, while arginine repression
requires the ArgR/Mcml1 regulatory complex, which binds to two upstream arginine control elements. We have
found that the coordinated regulation of ARGI requires components of the SAGA chromatin-remodeling
complex. Using gcn5 deletion strains and a GenS protein carrying the E173Q mutation in the histone acetyl-
transferase (HAT) region, we show that the HAT activity of GenSp is required for repression of ARG1 in rich
medium. Similar increases in expression were seen upon deletion of other SAGA components but not upon
deletion of the ADA-specific component, Ahclp. Chromatin immunoprecipitations using antibodies to acety-
lated H3 confirmed that a decrease in the level of acetylated histones at the ARGI promoter correlated with
increased ARG1 expression. Up-regulation of ARGI in the absence of GenSp also correlated with increased
binding of TATA-binding protein to the promoter. The analysis of promoter deletions showed that Gen5/Ada
repression of ARG1 was mediated through the action of the ArgR/Mcml regulatory complex. In addition,
studies with minimal medium demonstrated a requirement for the Ada proteins in activation of ARGI. This
suggests that SAGA has a dual role at ARG1, acting to repress transcription in rich medium and activate

transcription in minimal medium.

Transcriptional regulation can occur by alteration of the
recruitment or activity of the transcriptional machinery (2, 34,
70, 85). In eucaryotic cells the packaging of DNA into chro-
matin plays an important role in regulating the accessibility of
transcription factors (84). Nucleosomes, the principal packag-
ing element of DNA in the nucleus, may be the primary de-
terminant of accessibility for gene-specific regulatory proteins
and the basal transcriptional machinery (26, 83). One mecha-
nism by which chromatin structure can be changed is through
the reversible acetylation of lysines within the amino-terminal
domains of the histones (34, 78, 85). Often, enhanced gene
expression corresponds with increased acetylation of nucleo-
somes (33, 70); however, there are cases where histone acety-
lation appears to be unchanged upon activation (18, 56) and
others where increased acetylation correlates with repression
(3, 10, 19, 50, 54, 68, 75).

The importance of histone acetylation in transcription has
been confirmed by the identification of histone acetyltrans-
ferase (HAT) activities within coregulatory complexes (79).
Saccharomyces cerevisiae GCN5 was originally described as a
gene encoding a transcriptional adaptor (28) and was found to
be functionally linked to a group of genes whose disruption
resulted in reduced toxicity from the overexpression of VP16
(5, 12, 39, 48, 58). Subsequently GenSp was identified as the
catalytic component of two multicomponent HAT complexes,
the SAGA and ADA complexes (29, 66), both of which pref-
erentially acetylate nucleosomal histone H3 and to a lesser
extent histone H2B. SAGA is a 1.8-MDa complex composed of
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distinct classes of transcription factors: Ada proteins (Adalp,
Ada2p, Ngglp/Ada3p, and Adadp/GenSp) (5, 8, 40, 58),
TATA-binding protein (TBP)-related SPT proteins (Spt3p,
Spt7p, Spt8p, and Spt20p/AdaSp) (24, 27, 47, 62, 82), and
TBP-associated factors or (TAFs) (TAF;90, TAF,68/61,
TAF,;60, TAF,25/23, and TAF;17) (30). Also included in the
complex is the DNA-dependent protein kinase related mole-
cule Tralp (31, 67). As well as displaying HAT activity, com-
ponents of the complex have interactions with activators and
with TBP (4, 69). The ADA complex is approximately 900 kDa
and contains GenSp, Ada2p, and Ngglp/Ada3p (29, 66) as well
as the ADA complex-specific component Ahclp (23).

The SAGA complex is generally regarded as a coactivator
complex, with the HAT activity of GenSp contributing a key
function in a multistep pathway leading to gene activation (14,
45, 80). However, the Ada proteins have been linked with
transcriptional repression. Disruption of NGGI1/ADA3 and
ADA?2 leads to enhanced transcription of Gal4p-, Pdrlp-, and
Pdr3p-activated genes (8, 49). Furthermore, the genome-wide
analysis of Holstege et al. (37) showed that of the 5.2% of the
yeast genes regulated twofold or more by GenSp, approxi-
mately one-third of them were negatively regulated.

When yeast cells were grown in rich medium (yeast extract-
peptone-dextrose [YPD]), mRNA for the gene encoding argino-
succinate synthetase (ARG1), the enzyme involved in the penul-
timate step in the biosynthesis of arginine, was found to be
elevated 8.2-fold upon disruption of gen5 (37). This implicates
acetylation as having a negative role in the expression of this gene.
ARG]I is controlled by two regulatory pathways. It is induced
under amino acid starvation through the general control pathway,
culminating in activation by the transcription factor, Gendp (15,
17). ARG, like the arginine biosynthetic genes ARGS,6, ARGS,
and ARG3, is repressed by arginine (16, 20, 42, 51). Arginine
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TABLE 1. Yeast strains and genotypes

Strain Genotype Reference or source
FY86 mato his3A200 leu2Al ura3-52 61
FY1370 Isogenic to FY86 except gen5A:HIS3 61
BY4741 mata his3A1 leu2A0 met15A0 ura3A0 Research Genetics
BY4742 mata his3AI leu2A0 lys2A0 ura3A0 Research Genetics
BY4282 Isogenic to BY4741 except ada2A0 Research Genetics
BY3534 Isogenic to BY4741 except nggl A0 Research Genetics
BY249 Isogenic to BY4741 except gen4A0 Research Genetics
ARY96 Isogenic to BY249 except nggl A::TRP3 This study
BY4228 Isogenic to BY4741 except spt3A0 Research Genetics
BY3218 Isogenic to BY4741 except spt7A0 Research Genetics
BY1799 Isogenic to BY4741 except ahclAO Research Genetics
BY1114 Isogenic to BY4741 except rpd3A0 Research Genetics
BY11695 Isogenic to BY4742 except sin3A0 Research Genetics
BY12666 Isogenic to BY4742 except sptSAQ Research Genetics
BY17285 Isogenic to BY4742 except gen5A0 Research Genetics
ARY144 Isogenic to FY86 except argS80A0::URA3 This study
ARY146 Isogenic to FY1370 except argSOA0::URA3 This study

repression operates at the level of transcription through a com-
plex of proteins including Arg80p (ArgRI), Arg81p (ArgRII), and
Mcmlp (the ArgR/Mcmlcomplex) (21, 52) and is further regu-
lated by Arg82p (ArgRIII) (60). In addition to repressing the
anabolic genes, the ArgR/Mcm1 complex is required for the argi-
nine-specific induction of the catabolic genes CARI and CAR2
(22, 52). ARGI contains two sites of binding for ArgR/Mcml1
termed arginine boxes or arginine control elements (ARC ele-
ments) (15). The mechanism of repression by ArgR/Mcml is
unknown but does not involve steric inhibition of Gen4p binding
(15).

In this study we show that the Ada and Spt components of
the SAGA complex are involved in the repression of ARG! in
rich medium. The repression by SAGA requires the HAT
activity of GenSp. The increased expression of ARGI in the
absence of GCN5 correlates with decreased acetylation of hi-
stone H3 at the promoter and enhanced binding of TBP. In-
terestingly, the corresponding studies performed for cells
grown in minimal medium demonstrate a requirement for
Gen5p and the Ada proteins in the activation of ARGI. This
suggests that acetylation mediated by the SAGA complex can
lead to activation or repression of ARGI, depending on the
signals impinging on the promoter.

MATERIALS AND METHODS

Yeast strains and growth conditions. The strains used in this study are shown
in Table 1. FY86 and FY1370 (61) were kindly provided by F. Winston. ARY96
is isogenic to BY249 but contains a TRPI disruption of NGG1 (8). ARY144 and
ARY146 are isogenic to FY86 and FY1370, respectively, but contain a Tn/0LUK
disruption of the entire ARG80 coding region, using the oligonucleotide pairs
5'-GGAGGTCCTGTGTTCGATCC-3" with 5'-CGGGATCCGTCGCTATTC
GACGTCA-3" (N terminal) and 5'-GGGGATCCGGCAAACTGAACATGC
G-3' with 5’GCTCTAGAAAAATTACTCAAAGGGGGA-3' (C terminal) to
construct the disrupting allele.

Yeast strains were grown at 30°C in YPD broth (1% [wt/vol] yeast extract, 2%
[wt/vol] peptone, 2% [vol/vol] glucose) or minimal medium (0.67% [wt/vol] yeast
nitrogen base without amino acids, 2% [vol/vol] glucose; supplemented with
amino acids as required).

DNA constructs. To generate Myc-epitope tagged GCNS, the complete GCN5
coding sequence flanked by NotI and Sacl restriction sites was generated by PCR
using oligonucleotides 5'-ATAAGAATGCGGCCGCCATGGTCACAAAACATC
AGATTGA-3' and 5'-CGAGCTCAATTGATCACATCGTCTC-3'. The NotI-Sacl

fragment was ligated into NotI-Sacl-digested YCp88-myc (9) to allow expression of
Myc-tagged GenSp from the DEDI promoter. To generate GCN5y 730, the EcoRI
site of YCp88-myc was removed by EcoRI digestion and backfilling with the Klenow
fragment of DNA polymerase I (YCp88-mycARI). An EcoRI-Sacl fragment con-
taining the E173Q mutation (boldfaced) in GCN5 was synthesized by PCR using
oligonucleotides 5'-GGAATTCGCACAAATTGTTTTCTGTGCCATC-3" and 5'-
CGAGCTCAATTGATCACATCGTCTC-3'. This fragment and the 506-bp NotI-
EcoRI 5'-terminal fragment of YCp88-mycGCN5 were triple-fragment ligated into
Notl-EcoRI-digested YCp88-mycARI.

The hemagglutinin (HA)-tagged TBP molecule was constructed by inserting
three copies of the HA epitope (HA3) after codon 3 of the TBP open reading
frame. This was achieved by using oligonucleotides 5'-CGGGATCCATGGCC
GATTGAGGGCGGCCGCGAACGTTTAAAGGAGTTTAAAAGAG-3' and
5'-CGGGAATTCGTCTACTCCTTCCCCATCA-3' to synthesize the complete
TBP-coding sequence with a NotI site placed after the third codon, flanked by
BamHI and EcoRI. The BamHI-EcoRI fragment was ligated into YCp88 (38).
An oligonucleotide encoding a triple HA tag (kindly provided by M. Manolson)
was cloned directly into the engineered NorI site.

lacZ reporter constructs were cloned as his3-lacZ fusions into the LEU2
centromeric plasmid YCp87 (8). ARGI-lacZ was isolated by PCR using oligo-
nucleotides 5'-CCCCAAGCTTCCTTGGCGGCATCGAAATC-3" and 5'-CCC
GGATCCCCCAACCAATTTATCATTATAC-3’, creating an 855-bp fragment
encompassing positions —640 to +213, relative to the transcriptional start site
(15), flanked by BamHI and HindIII restriction sites. After BamHI-HindIIl
digestion, this fragment was cloned directly into YCp87. ARGI  4p; Was simi-
larly constructed using an upstream oligonucleotide, 5'-CCCGGATCCTCTAG
AGCTCTCCAGTCATTTATGTG-3', that incorporates ARGI sequences
downstream of —301.

ARG y yrc-lacZ was constructed by inserting Sa/l and Xbal restriction sites be-
tween positions —175 and —197 (ARC1) and positions —214 and —236 (ARC2).
Initially, a Sall restriction site was placed in ARC1 by PCR using oligonucleotides
5'-ACGCGTCGACAGGAGAGAGAGATTACTCATC-3" and 5'-CCCCAAGCT
TCCTTGGCGGCATCGAAATC-3' to create a Sall-HindIII fragment and oligo-
nucleotides 5'-ACGCGTCGACAAATGACTCTTCCATACGGCA-3" and 5'-CC
CGGATCCCCCAACCAATTTATCATTATAC-3" to generate a Sall-BamHI
fragment. The two PCR fragments were digested and then triple-fragment ligated
into YCp87. This molecule was used as the template to disrupt ARC2 by using the
strategy outlined above and the oligonucleotides 5'-GCTCTAGACATTAACGGT
GCCGTATGG-3" and 5-GCTCTAGAGGTTGCGACAGCGGAAAAA-3'.
ARG s 4pr1aarc Was constructed by PCR using ARG y ygc-lacZ as a template and
the primers used for construction of ARG 4pr;.

B-Galactosidase assays. For the analysis of ARGI-lacZ fusion reporters, sat-
urated cultures grown in minimal medium were inoculated at a 1/100 dilution in
YPD or minimal medium (supplemented with the required amino acids), and
grown at 30°C to an A4 of 1.0 to 1.5. Cells were pelleted, washed in LacZ buffer,
and resuspended in 500 pL to 1 ml of LacZ buffer. B-Galactosidase activity was
determined with o-nitrophenyl-B-p-galactosidase (ONPG) as the substrate as
described previously, standardizing to cell density (1).
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Chromatin immunoprecipitation (ChIP) assays. Chromatin was prepared as
described previously (36) with the following modifications. A 150-ml portion of
a yeast culture grown to an Agy, of approximately 1.5 was treated with 1%
formaldehyde for 20 min at room temperature with occasional swirling. Cells
were collected, washed twice with cold phosphate-buffered saline (140 mM NacCl,
2.5 mM KCl, 8.1 mM Na,HPO, 1.5 mM KH,PO,, pH 7.5) and resuspended in
1.2 ml of ice-cold lysis buffer (50 mM HEPES-KOH [pH 7.5], 140 mM NaCl, 1
mM EDTA, 1% [vol/vol] Triton X-100, 0.1% [wt/vol] sodium deoxycholate) with
protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine,
0.05 mg of N-tosyl-L-phenylalanine chloromethyl ketone per ml, 0.01 mg of
aprotinin [prepared in 10 mM HEPES-KOH, pH 8.0] per ml, 1 pg of leupeptin
per ml, and 1 pg of pepstatin per ml). The suspension was aliquoted to 400 pl
into chilled 1.5-ml Microfuge tubes containing an equal volume of glass beads
(0.5-mm diameter). Cross-linked chromatin was isolated, pooled, and frag-
mented as described previously (36). The chromatin solution (400 pl) was incu-
bated with antibody (2 pl of anti-acetylated histone H3 [anti-AcH3] [Upstate
Biotechnology], 15 pl of ascites fluid derived from the Myc1-9E10 cell line [25],
or 15 pl of an ascites fluid from the 12CAS cell line [anti-HA]) for 4 h to
overnight at 4°C. Protein A (for anti-AcH3 immunoprecipitation) or G Sepha-
rose (for anti-HA and anti-Myc) was added and left for an additional hour at 4°C.
Washes were for 5 min at room temperature. These washes included the follow-
ing: for immunoprecipitations using anti-AcH3 and -HA antibodies, twice with 1
ml of lysis buffer, once with wash buffer 1 (lysis buffer containing 500 mM NaCl),
once with wash buffer 2 (10 mM Tris-HCI [pH 8.0], 0.25 mM LiCl, 0.5% NP-40,
0.5% sodium deoxycholate, 1 mM EDTA), and once with TE (10 mM Tris-HCl
[pH 8.0], 2 mM EDTA); for immunoprecipitations with anti-Myc antibody, three
times with 1 ml of lysis buffer, once with wash buffer (lysis buffer containing 100
mM NaCl), and once with TE.

Immunoprecipitated material was eluted from the beads at 65°C for 30 min in
100 pl of TE-1% sodium dodecyl sulfate followed by centrifugation at 10,000 X
g. Cross-links were reversed by incubation at 65°C for 6 h to overnight. DNA was
extracted with phenol-chloroform-isoamyl alcohol and chloroform, precipitated
in 3 volumes of ethanol (containing 20 u.g of glycogen, 1/10 volume 5 M LiCl, and
50 mM Tris-HCI, pH 8) at —20°C, and then washed with 70% ethanol and
resuspended in TE.

Precipitated DNA was analyzed by quantitative PCR using primers from ARG1
positions —304 to —79 (5'-ATACTATTGAGACAGTGCCAGT-3' and 5'-ACGG
CTCTCCAGTCATTTATG-3') (for anti-AcH3 and anti-Myc immunoprecipita-
tion), ARG1 positions —968 to —649 (upstream region) (5'-GCAGATCTGATCA
CCACCTG-3'" and 5'-GGCAACAGGAAAGATCAGAG-3') (for anti-AcH3 and
anti-Myc immunoprecipitation), ARG positions —201 to +26 (5'-GAACAATGT
TCCTTATCGCTGCACA-3' and 5'-GAGTCATTTAAAGGCAGGAGAGAGA
GA-3") (for HA;TBP immunoprecipitation), TDH3 (5'-CTACCGAAA CCGTTA
ATAGCAAC-3" and 5'-GTTCATAGGTCCATTCTCTTAGC-3"), and PGKI (5'-
GGACAGACAACTTTGAAGATAAAG-3" and 5'-GAATCGTGTGACAACAA
CAGCGTG-3"). The linear range for primer pairs was determined using decreasing
amounts of template. Approximately 1/50 of precipitated DNA and 1/13,000 of total
DNA input were used. PCRs were carried out in 50 wl containing 50 pmol of
primers, 0.2 mM deoxynucleoside triphosphates, 1 X PCR buffer (Promega), 1.5 mM
MgCl,, 1 mg of glycogen per ml, and 2 U of Tag polymerase (Promega). The
standard cycling program was 2 min at 95°C, followed by 25 to 28 cycles of 30 s at
95°C, 30 s at 55°C, and 1 min at 72°C and a final extension step of 5 min at 72°C. PCR
products were separated by electrophoresis on 6 to 8% native acrylamide gels,
stained with ethidium bromide (0.1 pg/ml), and photographed during UV exposure
on a gel documentation system (Alpha Innotech Corporation). Band intensities were
quantitated using the alpha image spot densitometer function. Background and
no-antibody readings were subtracted from all those for samples.

RESULTS

GenSp HAT activity is required for ARG1 repression. The
genome-wide analysis of Holstege et al. (37) indicated that
Gen5p was involved directly or indirectly in the regulation of
approximately 5% of all yeast genes. Approximately one-third
of these genes were negatively regulated by GenSp. ARG is of
particular interest because its expression was enhanced 8.2-
fold in the absence of GCN5, suggesting that acetylation may
play a key role in the repression of this promoter. An ARGI-
lacZ fusion which included sequences from bp —614 to +213
relative to the transcriptional start site was constructed (Fig.
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FIG. 1. The ARGI promoter. An ARGI promoter region encom-
passing positions —640 to +213 (relative to the principal transcrip-
tional start site [15]) was cloned as a BarmHI-HindIII fragment into the
LEU?2 centromeric plasmid YCp87-lacZ. cis elements are shown as
follows: TATA element (grey) centered at bp —73 relative to the start
site of transcription, ARC elements (arrows) at bp —197 to —175 and
—236 to —214, Gendp binding sites (black) at bp —201 to —195 and
—272 to —265), and the Abflp consensus sequence (hatched) at bp
—314 to —302.

1). This fragment includes all of the cis-acting elements known
to influence expression of the promoter (15). ARGI-lacZ on a
centromeric plasmid was introduced into the yeast strains used
in the analysis by Holstege et al. (37), FY86 and the isogenic
genS disruption strain FY1370 (kindly provided by Fred Win-
ston) (61). Cultures were grown in YPD medium for analysis in
B-galactosidase assays. As shown in Table 2 there was a 5.6-
fold increase in expression of ARG 1-lacZ in the gcn5 deletion
background, consistent with the results of Holstege et al. (37).
To verity that the derepression due to the gen5 disruption was
a result of a loss of acetyltransferase activity, a variant of
GenSp containing an E173Q mutation in the HAT domain (72,
80) was introduced into FY1370 on a centromeric plasmid and
compared to a similarly introduced wild-type GenSp (both Myc
epitope tagged). The wild-type GenSp reduced expression of
ARG1-lacZ to levels seen in FY86 (GCNS5). In contrast, the
strain with the E173Q mutation showed ARG I-lacZ expression
similar to that seen in the null background (Table 2). Since
Gendpg, 730 1s expressed at levels comparable to those in the
wild-type (80), we conclude that acetylation by GenSp is re-
quired for the full repression of ARG transcription when cells
are grown in rich medium.

Disruption of GCN5 leads to increased binding of TBP to
the ARGI promoter. The increased expression of ARGI-lacZ
in the GCN5 deletion background was fully consistent with the
gene array data of Holstege et al. (37) yet could have arisen
from enhanced stability of the mRNA in the absence of GenSp.
To support a direct involvement of GenSp in the transcription
of ARG1, we analyzed binding of TBP to the ARG promoter

TABLE 2. Gen5p is required for repression of ARG! in
rich medium*

B-Galactosidase activity

Strain GCNS5 plasmid
LacZ units” Ratio (FY1370/FY86)
FY86 None 79 0.4
FY1370 None 442 £ 0.6 5.6
FY1370 Myc-GenSp 12.6 £ 0.3 1.6
FY1370 Myc-GenSpg730 43.1 0.6 55

¢ Saturated cultures of FY86 (wild type), FY1370 (gcn5), FY1370 expressing
Myc-GCN35, and FY1370 expressing Myc-GCN5 730, €ach containing YCp87-
ARGI-lacZ, were grown in minimal medium and then diluted 1/100 into YPD
and grown to an ODy, of approximately 1.5.

b B-Galactosidase activity was determined using ONPG as the substrate, stan-
dardizing to cell density. Numbers represent the means and standard errors of
the means from 10 independent experiments.
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FIG. 2. Increased TBP binding at the ARG promoter in the ab-
sence of Gen5p. Yeast strains FY86 (wild type [WT]), FY86 expressing
HASTBP, and FY1370 (gcn5) expressing HA;TBP were grown in 150
ml of rich medium and cross-linked with 1% formaldehyde. Extracts
from these strains were subjected to mock immunoprecipitation (lanes
1 to 3) and immunoprecipitation with anti-HA (a-HA) antibody (lanes
4 to 6). Immunoprecipitated DNA and input DNA (lanes 7 to 9) were
analyzed by PCR using primers specific to ARGI and the PGKI pro-
moter (see Materials and Methods). Purified extended products were
analyzed on 6% native polyacrylamide gels and stained with ethidium
bromide. The data are representative of those from a minimum of
three independent whole-cell extracts and ChIP assays.

in the presence and absence of GenSp. Yeast strains FY86
(GCN5) and strain FY1370 (gcn5) were transformed with a
centromeric plasmid expressing HA; epitope-tagged TBP,
grown in YPD medium and assayed by ChIP for the binding of
TBP at the ARG1 promoter. As shown in Fig. 2, ChIP assays
indicated that there was enhanced TBP binding to the ARGI
promoter in the gcnS deletion background but not to the PGKI
promoter (Fig. 2; compare lanes 5 and 6). Densitometric anal-
ysis of three independent experiments indicated a 3.8-fold in-
crease in TBP binding to ARG in the gen5 disruption strain.
This result supports the view that GenSp is required for the
transcriptional repression of the ARG1 promoter and suggests
that this repression is at a stage prior to or involving the
binding of TBP.

Components of the SAGA complex are required for the
repression of ARGI in rich medium. Gen5p is part of the two
multisubunit complexes ADA and SAGA. Components of
these complexes enhance the ability of GenSp to acetylate
nucleosomal histones (29, 40, 64, 66). The smaller ADA com-
plex shares components with SAGA (Ada2p, Ngglp/Ada3p,
and GenSp/Adadp), with the exception of the more recently
described Ahclp (23). SAGA contains the SPT proteins
(Spt3p, Spt7p, and Spt20p/Ada5p) and Adalp (40, 81). Also
found within SAGA are a subset of the TBP-associated factors
(30) and the 430-kDa Tralp (31, 66). To determine the rela-
tionship between ARGI repression and the different GenSp-
containing complexes, we analyzed ARGI-lacZ expression in
strains disrupted for genes encoding ADA and SAGA complex
components. This was of particular interest since Chen et al.
(13) recently reported that deletion of AHCI results in en-
hanced transcription mediated by a unique Gal4p-o>* fusion
protein. This suggested that the ADA complex may mediate
transcriptional repression (13). ARG1-lacZ expression was an-
alyzed in yeast strains BY4741 (wild type), BY17285 (gcn5),
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BY3534 (nggl/ada3), BY4282 (ada2), and BY1799 (ahcl) after
growth of cells in YPD medium (Fig. 3A). Loss of Gen5p,
Ngglp/Ada3p, or Ada2p resulted in increased expression of
ARG1-lacZ by 4.8-, 6.2-, and 8.1-fold, respectively. In contrast
to the findings with gen5, ada2, and nggl/ada3, deletion of ahcl
did not result in a change in expression of ARGI-lacZ, indi-
cating that repression at ARG/ is distinct from the Ahclp-
dependent repression seen for Galdp-o~* (13).

SAGA-specific components were also analyzed for their ef-
fect on ARGI-lacZ expression (Fig. 3B). Disruption of either
spt7 or spt8 resulted in increased expression of ARGI-lacZ
(5.2- and 9.1-fold, respectively) (Fig. 3B). The effect noted
upon disruption of spt3 was markedly reduced from that for
disruption of the other SPT genes (1.8-fold) (Fig. 3B) but still
consistent with a role for the SAGA complex in the repression
of ARGI.

Repression of the ARG1 promoter by SAGA components
correlates with increased acetylation of histone H3. SAGA has
been shown to acetylate nucleosomal histone H3 and, to a
lesser extent, H2B. To determine if the enhanced expression of
ARGTI seen upon disruption of SAGA components coincided
with deacetylation of histones at the promoter, ChIP analyses
were performed. FY86 (GCNS), FY1370 (gcn5), and FY1370
containing centromeric plasmids expressing GcnSpg;s3o OF
functional GenSp were grown in rich medium, and after cross-
linking and chromatin fragmentation, protein-DNA complexes
were immunoprecipitated with anti-AcH3. As shown in Fig. 4,
there was a decrease in the level of acetylated H3 in the strain
with gen5 deleted as detected using a region encompassing
positions —304 to —79 of ARGI (compare lanes 5 and 6),
which parallels the increased expression of ARGI-lacZ in the
gen5 disruption background (Table 2). Quantitation of results
from six independent experiments indicated a 2.4-fold de-
crease in histone H3 acetylation between the wild-type and
gen5 disruption strains. This same decrease in acetylated his-
tone H3 was not seen at a promoter unaffected by gcn5 dele-
tion, TDH3 (37, 44). The activity of GenSp at ARG was fur-
ther demonstrated by decreased histone H3 acetylation in the
strain expressing the acetylase-deficient mutant (E173Q)
(compare lanes 7 and 8 of Fig. 4; 2.3-fold effect as determined
by densitometry), which also has a high level of lacZ expression
(Table 2). These data demonstrate that histone H3 acetylation
by GenSp correlates with repression of ARGI transcription.

We have used ChIP analysis to determine if GenSp is found
at the ARG promoter. Anti-Myc antibody was used in extracts
of FY1370 (gen5) containing Myc epitope-tagged wild-type
Gendp or GenSpg, 730 (Fig. 5). Two regions upstream of the
ARGI coding sequences were analyzed. The first encompassed
the promoter region from position —304 to —79 relative to the
start site of translation (labeled ARG in Fig. 5). The second
was centered an additional 345 bp upstream from position
—968 to —649 (labeled upstream). GenSp was found to asso-
ciate with the ARG promoter region (~7-fold above that seen
in a strain lacking GenSp; compare lane 4 with lane 5). The
ChIP assay also indicated an association between GenSp and
the upstream region (compare lanes 4 and 6) but at a level
twofold below that of the promoter region as determined by
densitometry. Since the ChIP assay is not expected to fully
discriminate the boundary of association, this suggests that
GenSp is preferentially recruited to the promoter region.
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FIG. 3. The SAGA complex is required for ARGI repression in
rich medium. (A) B-Galactosidase analysis of ARGI-lacZ expression in
strains BY4741 (wild type [WT]), BY17285 (gcn5), BY3534 (nggl/
ada3), BY4282 (ada2), and BY1799 (ahcl) grown to saturation in
minimal medium and then diluted 1/100 in YPD medium. Cells were
harvested at an optical density at 600 nm (ODy,) of 1.5, and B-galac-
tosidase activity was determined using ONPG as a substrate. Activities
were standardized to cell density. The data are presented as ratios of
the LacZ activity of the null mutant to that of the wild type. Error bars
represent standard errors of the means for five independent experi-
ments. (B) B-Galactosidase analysis of ARGI-lacZ expression in
strains BY4741 (WT), BY4742 (WT), BY4228 (spt3), BY3218 (spt7),
BY12666 (spt8) grown to saturation in minimal medium and then
diluted 1/100 in YPD medium. Cells were harvested at an ODg, of 1.5,
and B-galactosidase activity was determined using ONPG as a sub-
strate. Activities were standardized to cell density. The data are pre-
sented as ratios of the LacZ activity of the null mutant to that of the
wild type. Error bars represent standard errors of the means for a
minimum of five independent experiments.

spt7- spt8-

Interestingly, the HAT activity of GenSp is not required for
its localization to the ARGI promoter. The association of
GenSpgg730 With the promoter region was equivalent to that of
wild-type GenSp (compare lanes 5 and 6). Together these
results support the view that the changes in acetylation and
transcription attributed to GenSp at ARG arise from its direct
action at the promoter.

Sin3p and Rpd3 are not required for the repression of
ARGI. In many instances, the deacetylation of histones corre-
lates with transcriptional repression. Components of the
Sin3p-Rpd3p deacetylase complex have thus been implicated
in transcriptional repression (43, 65). Indeed, the CARI and
CAR?2 arginine-regulated promoters are repressed by a mech-
anism involving Sin3p-Rpd3p (53). The involvement of GenSp
with repression at ARG1 implied that Rpd3p-Sin3p would not
have a similar role at this promoter. A recent genome-wide
analysis by Bernstein et al. (6) indicated a 2- to 2.5-fold de-
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FIG. 4. Histone H3 acetylation status of ARGI in wild-type and
gen5 deletion strains. FY86 (wild type [WT]), FY1370 (gcn5), FY1370
expressing Myc-GCNS5, and FY1370 expressing Myc-GCNJ5g, 734 Were
grown overnight in 150 ml of rich medium, and cross-linked with 1%
formaldehyde, followed by immunoprecipitation with no antibody
(lanes 1 to 4) or anti-AcH3 (a-AcH3) (lanes 5 to 8) antibody. Immu-
noprecipitated DNA and input DNA (lanes 9 to 12) were analyzed by
PCR using primers specific to ARGI and the TDH3 promoter (see
Materials and Methods). Purified extended products were analyzed on
8% native polyacrylamide gels and stained with ethidium bromide. The
data are representative of ChIP analyses of six independent whole-cell
extracts and PCRs carried out in triplicate.

crease in ARG expression upon disruption of RPD3-SIN3. We
have similarly analyzed the expression of ARGI-lacZ in sin3
and rpd3 deletion backgrounds when cells are grown on YPD.
ARG1-lacZ expression was down regulated 1.7-fold and 1.9-
fold in BY1114 (rpd3) and BY11695 (sin3), respectively, sup-
porting a role for Rpd3p and Sin3p in the expression of ARG
(data not shown).

Gcen5Sp-dependent repression of ARG1 is dependent upon
the ARC elements and ArgR/Mcm1 complex. The ARGI pro-
moter has been extensively studied to identify cis-acting ele-
ments that are involved in both the activation and repression of
transcription (15, 17). The ARG promoter contains an up-
stream binding site for Abflp (bp —314 to —302) and two

E173Q = = 4 = = 4 = = 4
Gch - 4 - - + - - + -
a-Myc = = = 4+ + + Input

e e e bmd s 4 upstream
- el el e o) b — ARG1

12 3 4 5 6 7 8 9

FIG. 5. GenSp is present at the ARGI promoter. Yeast strain
FY1370 (gcn5) containing no plasmid, Myc-GCN5, or Myc-
GCN5yg1730 was grown in 150 ml of rich medium and cross-linked with
1% formaldehyde. Extracts from these strains were subjected to mock
immunoprecipitation (lanes 1 to 3) and immunoprecipitation with
anti-Myc (a-Myc) antibody (lanes 4 to 6). Immunoprecipitated DNA
and input DNA (lanes 7 to 9) were analyzed by PCR using primers
specific to the ARG promoter (positions —304 to —79 relative to the
start site of translation [ARG]) or an upstream region (positions —968
to —649 [upstream]) (see Materials and Methods). Purified extended
products were analyzed on 8% native polyacrylamide gels and stained
with ethidium bromide. The data are representative of those from
three ChIP analyses with independent whole-cell extracts and PCRs
carried out in duplicate.
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Lac Z Units Ratio
WT gcn5 gen5WT
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| Lacz | 24 11.1 5.6
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FIG. 6. Mapping of ARG promoter elements involved in Gen5/Ada-mediated repression of ARGI. Yeast strains FY86 (wild type [WT]) and
FY1370 (gcn5) transformed with YCp87-ARGI1-lacZ (—614 to +213), YCp87-ARGI y 45r; (—302 to +213), YCp87-ARGI 4 (mutated for both
ARC elements), or YCp87-ARGI s 4pr1a4rcs WeTE grown to saturation in minimal medium and then diluted 1/100 in YPD medium. Cells were
harvested at an ODy, of 1.5, and B-galactosidase activity was determined using ONPG as a substrate. Activities were standardized to cell density.

The means from three independent experiments are shown.

Gendp binding sites (bp —272 to —265 and —201 to —195),
with the downstream site sharing 3 bp with one of two ARC
elements (bp —236 to —214 and —197 to —175). The ARC
elements are the binding site for the ArgR/Mcml regulatory
complex (52). A TATA element is positioned from bp —81 to
—73 relative to the start site of transcription (15) (Fig. 1).

To analyze the role of Abflp and the ArgR/Mcml proteins,
ARG1 s 4pps-lacZ and ARG y 4pc-lacZ, which lacked the Abflp
binding site and ARC elements, respectively, were engineered.
While deletion of the Abflp binding site (ARG , 4-;) resulted in
a ~2-fold decrease in the expression of the ARG promoter when
cells were grown in rich medium, the Abflp binding site was not
required for the GenSp effect, since B-galactosidase activity was
elevated 5.6-fold in FY1370 (gcnS5) compared to FY86 (GCNS)
(Fig. 6). As expected for loss of the ARC elements, expression of
the ARG, promoter increased relative to that of the intact
promoter when cells were grown in rich medium. Interestingly,
only a 1.4-fold increase in B-galactosidase activity was seen when
this allele was present in the gcn5 deletion strain, suggesting that
the ARC elements have a role in repression by GenSp. A similar
1.1-fold increase in expression was seen for ARGI ppiaarc-
lacZ, which lacks both the Abflp binding site and ARC elements

To verify the role of the ARC elements, we assayed the
expression of ARGI-lacZ in an arg80 gcn5 double deletion
background (Table 3). In this experiment deletion of gen5
resulted in a 5.5-fold increase in ARG1-lacZ expression com-
pared to that with wild-type GCN5 (compare FY86 with
FY1370). Expression of ARG1-lacZ was increased upon dele-
tion of arg80; however, similar to the result with ARG 5 4~
lacZ, deletion of gen5 in this arg80 background resulted in only
a further 1.8-fold increase in expression (compare ARY144
with ARY146). This result confirms that arginine control pro-
teins are required for full SAGA-mediated repression of
ARGI.

To determine if Gendp was required for SAGA-mediated
repression, we assayed ARG1-lacZ expression in a gcn4 nggl/
ada3 double deletion background. Deletion of nggl/ada3 re-
sults in a 6.3-fold increase in ARG I-lacZ expression compared

to that with wild-type NGG1/ADA3 (Table 3). Expression was
slightly reduced in the gen4 deletion background (BY249
gen4), but the strain with disruptions of both gen4 and nggl/
ada3 showed an increase in ARGI-lacZ expression similar to
that found for the nggl deletion strain, indicating that Gendp is
not required for the SAGA-dependent repression.
GcenSp/Ada proteins are required for activation of ARG in
minimal medium. We next examined the effects of SAGA
components on the expression of ARG under conditions of
promoter activation. FY86 (wild type), FY1370 (gcn5),
BY4741 (wild type), BY4282 (ada2), BY3534 (nggl), BY4228
(spt3), BY3218 (spt7), and BY12666 (spt8) containing the
ARG 1-lacZ reporter were grown in minimal medium lacking
arginine, conditions in which general control is induced and
arginine repression minimized. In contrast to the results in rich
medium (Fig. 3; Table 2), strains lacking the Ada proteins and

TABLE 3. SAGA-dependent ARG repression in gen4 and arg80
deletion strains”

LacZ?
Strain
8] AadaADA ratio
BY4741 (WT) 8.6x12 6.3
BY3534 (nggl) 542 +31
BY249 (gcn4) 3.6 08 10.5
ARY96 (gcn4 nggl) 37.8 = 1.1
FY86 (WT) 84 +05 5.5
FY1370 (gcn5) 46.6 = 0.6
ARY144 (arg80) 949 + 8.2 1.8
ARY146 (gcn5 arg80) 176.4 = 8.4

¢ Saturated cultures of BY4741 (wild type [WT]), BY3534 (nggl), BY249
(gen4), and ARY96 (gcn4nggl) containing YCp87-ARG1-lacZ were grown in
minimal medium and then diluted 1/100 in YPD and grown to an ODy, of
approximately 1.5.

b B-Galactosidase activity was determined using ONPG as the substrate and
standardizing to cell density. The means and standard errors of the means from
five independent experiments are shown.
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TABLE 4. Effect of SAGA components on ARG expression in
minimal medium*

B-Galactosidase activity”

Strain Relevant genotype :
& P LacZ units Rviit]lgt}(,;:)ll/

FY86 Wild type 43.96 = 0.8

FY1370 Agen5 189 =04 0.4
BY4741 Wild type 30.07 = 1.2

BY4742 Wild type 34.07 = 4.1

BY4282 Aada2 2133 1.3 0.7
BY3534 Anggl 23.54 =35 0.8
BY4228 Aspt3 90.6 = 4.3 3.0
BY3218 Aspt7 153+ 1.0 0.5
BY 12666 Aspt8 99.1 £ 1.8 2.9

“ Yeast strains FY86 (wild type), FY1370 (gcn5), BY4741 (wild type), BY4742
(wild type), BY4282 (ada2), BY3534 (nggl/ada3), BY4228 (spt3), BY3248 (spt7),
and BY12666 (spt8) containing YCp87-ARGI-lacZ were grow in minimal me-
dium to an ODy, of approximately 1.5.

b B-Galactosidase activity was determined using ONPG as the substrate and
standardizing to cell density. Means and standard errors of the means for five
independent experiments are indicated.

Spt7p had levels of ARGI-lacZ expression below those of the
wild-type strains. The Ada proteins and Spt7p are therefore
required for full activation of the ARG promoter in minimal
medium (Table 4). Interestingly, disruption of spt3 and spt§
resulted in a threefold increase in ARGI-lacZ expression in
minimal medium (Table 4). Spt3p and Spt8p thus serve to
repress transcription in both minimal and rich media. Further-
more, this finding demonstrates a dichotomy of function be-
tween Spt3p and SptS8p and the other components of the
SAGA complex.

DISCUSSION

Posttranslational modification of histones represents an im-
portant mechanism by which the interaction of histones and
DNA can be regulated to allow specific changes in gene ex-
pression. The acetylation and deacetylation of core histones
have been extensively investigated, with a general pattern of
acetylation correlating with actively transcribed chromatin (35,
85). There is, however, a growing body of evidence to suggest
that for any individual gene, more complex relationships be-
tween transcription and acetylation exist (3, 10, 19, 50, 54, 57,
59, 68, 71). In the present work, we show that the HAT activity
of the SAGA complex is required for the repression of the
ARGI gene in rich medium. Histone acetylation results in
decreased expression of ARG in a manner that is likely shared
with the approximately 80 yeast genes whose expression is
elevated in the absence of GenSp (37). Furthermore, we show
that the role of SAGA in the regulation of ARG is dynamic,
with a subset of the components of SAGA required for the
activation of the promoter in minimal medium.

Acetylation by GenSp is required for the repression of ARG 1
in rich medium. Through the analysis of an ARGI-lacZ pro-
moter fusion, we have found that GenSp is required for the
repression of ARG1 when cells are grown in YPD medium.
The fold increase in expression we observed for the lacZ fusion
is consistent with the ~8-fold effect observed in the gene array
analysis by Holstege et al. (37) and with the increased recruit-
ment of TBP upon disruption of gen5 (Fig. 2). The repression
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due to GenSp is largely dependent on its HAT activity, since an
E173Q mutation, which almost completely abolishes HAT ac-
tivity (72, 80), showed a corresponding decrease in its ability to
repress ARG1. ChIP assays revealed a decrease in H3 acety-
lation in the absence of gcn5 and the acetylase-deficient
Gendpg, 730 mutant. While we cannot exclude the possibility
that other relevant substrates for acetylation by GenSp exist,
these results are fully consistent with the view that acetylation
of histone H3 at the ARG1 promoter contributes to its repres-
sion in rich medium. Also in agreement with acetylation lead-
ing to repression is the finding that deletion of the deacetylase
components Rpd3p and Sin3p leads to hyperrepression of
ARGI.

Regulation of ARGI expression by the SAGA complex.
GendSp is found in the ADA and SAGA complexes. Composi-
tional differences between the complexes have been estab-
lished (23, 32), which has provided the opportunity to define
distinct functions for SAGA. We have shown that repression of
ARG1 in rich medium requires the SAGA components AdaZ2p,
Ngglp/Ada3p, Spt7p, Spt8p, and, to a lesser extent, Spt3p. The
Ada complex-specific Ahclp did not have an effect on repres-
sion. This suggests that the SAGA complex is the active factor
in the repression of ARGI. With the exception of Spt3p and
Spt8, these same components are required for the activation of
ARG in minimal medium (Table 4). Activation in minimal
medium, like repression in rich medium, correlated with in-
creased acetylation of histone H3 at the promoter (data not
shown) (44).

Recruitment of SAGA to the ARG1 promoter. Our ability to
locate Myc-tagged GenSp at the ARGI promoter by ChIP
supports its direct modification of promoter bound nucleo-
somes. The ARGI promoter contains binding sites for the
general factor Abflp, the activator protein Gendp, and the
ArgR/Mcm1 regulatory complex that potentially could be in-
volved in SAGA function. Through analysis of promoter de-
rivatives, we found that the ARC elements are required for
ARG1 to be fully sensitive to GenSp-mediated repression in
rich medium (Fig. 6). Furthermore, a strain with the ArgR/
Mcm1 component Arg80p deleted showed correspondingly re-
duced levels of GenSp-mediated repression, thus confirming
the role of this complex.

Although we have not demonstrated a direct dependence or
interaction between SAGA and the ArgR/Mcm1 complex, the
simplest model to explain the requirement for ArgR/Mcml
and the localization of GenSp at the ARG promoter is that
ArgR/Mcml is capable of recruiting SAGA. This would be
similar to the case for other yeast regulatory factors that in-
teract with the SAGA complex, such as Galdp (7, 46), VP16
(11, 76), and Gendp (55, 74). In agreement with a recruitment
model is the finding that GenSp-dependent histone H3 acety-
lation occurs preferentially in the promoter region compared
to upstream sequences (data not shown). Currently, we cannot
exclude an alternative model whereby the action of SAGA
facilitates the binding of ArgR/Mcml in a promoter-specific
fashion.

The ArgR/Mcml complex is required for the repression of
the arginine biosynthetic genes and the induction of the argi-
nine catabolic genes. The general role for histone acetylation
in the function of ArgR/Mcmlp shows a high degree of pro-
moter variability. For example, neither of the promoters for
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the arginine biosynthetic genes ARGS,6 (1.9-fold increase) or
ARGS (no change) is as greatly affected by loss of Gen5p as is
ARG1 (37). Expression of the catabolic genes CARI and CAR2
shows a 1.2-fold and 2.1-fold dependency on GenSp, respec-
tively (37). The explanation of how acetylation differentially
affects these promoters probably reflects the specific position-
ing and spacing of promoter elements. At ARG, rotational or
translational repositioning of nucleosomes, caused by histone
deacetylation, may impart a repressive state on the promoter
by sterically blocking recruitment of the basal transcriptional
machinery or other regulatory proteins. It should be noted that
repression by the ArgR/Mcmlcomplex also involves mecha-
nisms in addition to those requiring the SAGA complex, since
removal of ArgR/Mcm1 results in a greater relief of repression
than that seen upon removal of the SAGA components.

A role for chromatin structure in the regulation of ARGT has
also been suggested by our recent finding that the E2 ubiquitin
conjugase Rad6p is required for repression of ARGI (73).
Rad6p ubiquitinates histone H2B in vivo (63), and H2B is the
probable target for Rad6p at ARG (73). Interestingly, analysis
of a rad6 ada2 double deletion strain indicates that SAGA
components and Rad6p are acting in a common pathway (73).
This common regulation may involve signaling between the
two chromatin modifications or perhaps the requirement for
both modifications to establish the repressive chromatin struc-
ture.

In the absence of the ArgR/Mcm1 complex, the ARGI pro-
moter does retain a small degree of sensitivity to the action of
the SAGA complex in rich medium (ranging from 1.1- to
1.8-fold repression in three experiments). This may result from
nontargeted acetylation of the ARGI promoter by SAGA.
Nontargeted acetylation would be consistent with the results of
Vogelauer et al. (77), who found that histone acetylation by
Gendp is dispersed throughout coding and noncoding regions.
Kuo et al., (44) suggested that Gen5p is capable of acetylating
the yeast genome in a random fashion but that upon recruit-
ment by specific activators there can be a further promoter-
selective targeted hyperacetylation. Consideration of the exact
contribution of any one HAT complex to the pattern of global
acetylation is complicated by the possibility of redundant func-
tions, for example, histone H3 acetylation by both SAGA and
the SAS acetyltransferase (41).

It is intriguing that SAGA can lead to either repression or
activation at ARG1. While nucleosome acetylation contributes
to the reduced expression of ARGI in rich medium, it is also
required for the response of the promoter to activating condi-
tions. This is consistent with the suggestion of Vogelauer et al.
(77) that a base level of acetylation creates a condition
whereby a gene can be turned on and off rapidly. As noted by
Crabeel et al. (15), the change from activation to repression of
ARGTI in large part reflects the recruitment of Gendp to the
promoter. Gendp induction of ARG, like that of other Gen4p-
activated promoters, would thus seem to require GenSp func-
tion (28, 44).

Spt8p in ARGI regulation. It is interesting that Spt8p had
the most dramatic effect on ARG in rich medium and, with
Spt3p, a distinct effect in minimal medium. Belotserkovskaya
et al. (4) found that disruption of spt8 led to depression of
Gcendp-activated promoters, in contrast to the effects seen for
Spt7p and GenSp. Spt8p is involved with Spt3p in the interac-
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tion between SAGA and TBP (4, 69) and, unlike other Ada
and Spt proteins, has not been found to influence the HAT
activity of GenSp. Our results thus suggest that repression of
ARGI by SAGA may be a multistep process, involving the
HAT activity of GenSp and perhaps a subsequent step involv-
ing the action of Spt8p.
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