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The gene encoding ribonucleotide reductase 3 (RNR3) is
strongly induced in response to DNA damage. Its expression is
strictly dependent upon the TAF; subunits of TFIID, which are
required for the recruitment of SWI/SNF and nucleosome
remodeling. However, full activation of RNR3 also requires
GCNS5, the catalytic subunit of the SAGA histone acetyltrans-
ferase complex. Thus, RNR3 is dependent upon both TFIID and
SAGA, two complexes that deliver TATA-binding protein
(TBP) to promoters. Furthermore, unlike the majority of TFIID-
dominated genes, RNR3 contains a consensus TATA-box, a fea-
ture of SAGA-regulated core promoters. Although a large frac-
tion of the genome can be characterized as either TFIID- or
SAGA-dominant, it is expected that many genes utilize both.
The mechanism of activation and the relative contributions of
SAGA and TFIID at genes regulated by both complexes have not
been examined. Here we delineated the role of SAGA in the
regulation of RNR3 and contrast it to that of TFIID. We find that
SAGA components fulfill distinct functions in the regulation of
RNR3. The core promoter of RNR3 is SAGA-dependent, and we
provide evidence that SAGA, not TAF;;s within TFIID, are
largely responsible for TBP recruitment. This taken together
with our previous work provides evidence that SAGA recruits
TBP, whereas TFIID mediates chromatin remodeling. Thus, we
described an unexpected shift in the division of labor between
these two complexes and provide the first characterization of a
gene that requires both SAGA and TFIID.

The activation of genes requires the assembly of large mac-
romolecular complexes at the promoter which function to alter
chromatin structure and drive the assembly of the general tran-
scription machinery (1-4). This process is generally believed to
occur in stages, the first being chromatin remodeling and expo-
sure of the promoter followed by the assembly of the preinitia-
tion complex (PIC).” A rate-limiting step in this process is the
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delivery of the TATA-binding protein (TBP) to the core pro-
moter. TBP is recruited to the promoter of genes as part of one
of a number of multisubunit complexes (4, 5), although it is not
known if monomeric TBP can bind to promoters in vivo.

TFIID and SAGA (Spt-Ada-Gcen5 acetyltransferase com-
plex) are the two major pathways that deliver TBP to promoters
in yeast. Promoters can be characterized as TAF;-independent
or TAF;-dependent (6). TAF;-independent promoters have a
low TAF;; occupancy (7, 8), and TBP is delivered by SAGA via
the Spt8-Spt3 subunits (9-14). In fact, genome-wide expres-
sion data and computational studies predict a “bipolar
genome.” SAGA regulates highly inducible stress responsive
genes, whereas TFIID regulates constitutive housekeeping
genes (15). Furthermore, SAGA-regulated genes tend to have
consensus TATA boxes, and TFIID-regulated genes do not (16,
17). Even the precise positioning of the core promoter nucleo-
some at SAGA- versus TFIID-dependent genes differs (18).
These results have led to a model where genes are regulated by
TFIID or SAGA. However, many genes in yeast (and likely
many more in metazoans) rely on both SAGA and TFIID, and
GCN5 and TAF1 are considered redundant throughout the
genome (19). Why two TBP recruiting complexes are utilized at
asingle gene is not clear, and the analysis of the contributions of
these two redundant complexes at a single locus has not been
undertaken.

SAGA, like many transcription factor complexes, performs
multiple functions in gene expression. A large body of genetic,
structural, and functional characterization of SAGA subunits
has identified “modules” within the complex, the SPT, TAF;,
and ADA/GCNS5 (for review, see Refs. 20 —22). The activities of
SAGA can be classified into two groups. The first is histone
modification, which includes acetylation and regulation of
ubiquitylation, and the second is the delivery of TBP to promot-
ers. Because the expression of some genes is more sensitive to
the deletion of subunits within one module versus another, it is
believed that the importance of each activity differs among
genes.

We have used RNR3 as a model gene to study the mechanism
of TAF;;-dependent gene regulation (23—28). The activation of
RNR3 requires a transient activation function in Crtl and the
abundant transcription factor Rapl (26, 27). Crtl is the
sequence-specific DNA-binding protein that recruits Ssn6-
Tupl to the promoter to repress transcription by positioning
nucleosomes, recruiting histone deacetylases and interfering
with mediator (28). DNA damage signals cause the release of
repression and coverts Crtl into a transient activator. Crt1 then
recruits TFIID and SWI/SNF and ultimately disassociates from
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TABLE 1
Strains used in this study

PH499 MATa ade2-101 ochre his3-200 leu2-1 ura3-52
trp1-63 lys2-801 amber

YJR374 PH499 but tafl-2:TRP1

YJR997 PH499 but spt3A:KanMx

YJR1002 PH499 but gen5A:KanMx

YJR1007 PH499 but spt7A:KanMx

YJR 1100 PH499 but spt3A:KanMx; Agen5:HIS3

YJR986 PH499 but (34 bp dA:dT at —90/—60) RNR3:LEU2

YJR991 YJR374 but (34 bp dA:dT at —90/—60) RNR3:LEU2

YJR1000 YJR997 but (34 bp dA:dT at —90/—60) RNR3:LEU2

YJR1005 YJR1002 but (34 bp dA:dT at —90/—60) RNR3:LEU2

YJR1010 YJR1007 but (34 bp dA:dT at —90/—60) RNR3:LEU2

the promoter (26). TFIID maintains the remodeled state and a
high level of transcription by stabilizing the binding of Rapl
directly or indirectly through the retention of SWI/SNF (27).
Mutation or depletion of multiple TFIID subunits impairs the
action of this gene and other ribonucleotide reductase genes
(24, 29, 30). RNR3 has a consensus TATA-box, and its core
promoter is insensitive to TAF;; mutations; the TAF,;; depend-
ence of this gene is mediated by the upstream repression/acti-
vating sequences (URS/UAS) (24). Despite being TFIID-
dependent, it has the features of a SAGA-dependent gene; thus,
it is likely to be regulated by both complexes. However, the
contributions of TFIID versus SAGA at the gene are unclear.

Here, we carried out an analysis of the role of SAGA in reg-
ulating RNR3. Strains containing mutations in different func-
tional modules of SAGA were analyzed for RNR3 expression.
We found that RNR3 is more sensitive to inactivation of the
TBP recruitment module than the histone modification mod-
ule, suggesting that SAGA delivers TBP to the promoter. Con-
sistent with this model, the core promoter of RNR3 is very sen-
sitive to the inactivation of the TBP module of SAGA. We
propose a model where the primary function of SAGA is to
deliver TBP to the RNR3 core promoter and that of TFIID is to
mediate the chromatin remodeling step through the UAS/URS
of the gene. Thus, we have uncovered unexpected roles of these
two coactivator complexes at RNR3, which likely applies to
other genes in yeast and metazoans.

EXPERIMENTAL PROCEDURES

Strains and Media—Saccharomyces cerevisiae strains used in
this study are described in Table 1. All strains are derived from
PH499 (MATa ade2-101ochre his3-200 leu2-1 ura3-52 trp1-63
lys2-801amber). Cells were cultivated at 30 °C in YPD (yeast
extract 1%, peptone 2%, and dextrose 2%) medium supple-
mented with 0.05 mg/ml adenine. Methyl methanesulfonate
(MMS) was added to a final concentration of 0.03% for 2.5 h
where indicated (+ MMS). Gene deletions were carried out by
homologous recombination using PCR-generated cassettes
(31).

Reporter Plasmids and RNR3 Derivates—The strategy and
constructs containing insertions of dA:dT tracts at —90 and
—60 within the core promoter of RNR3 were described in a
previous publication (32). RNR3-lacZ-derived reporter plas-
mids were described in a previous manuscript (24). The pro-
moter activity was measured by Northern blotting using a
probe to lacZ.

Northern Blotting and Chromatin Mapping—Cells from 10
ml of yeast culture (A4,, = 0.5 ~ 1) were harvested for total
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RNA extraction. Fifteen micrograms of total RNA was sepa-
rated on 1.2% formaldehyde-containing agarose gels and trans-
ferred to Hybond-XL membrane (GE Biosciences) by capillary
blotting. Probes comprising the entire open reading frames of
RNR3 or Scrl were prepared by the polymerase chain reaction
and gel-purified. The signal of scR1 (small cytoplasmic RNA) in
each sample was used to correct for recovery and loading of RNA.
Additional details have been published elsewhere (33). Micrococ-
cal nuclease mapping of nucleosomes by indirect end-labeling was
carried out using a published protocol (24, 34).

Chromatin Immunoprecipitation—The chromatin immuno-
precipitation assay was performed essentially as described in
previous publications (25, 35). 100 ml of yeast culture (Ao, =
0.5-1.0) was treated or not with 0.03% MMS for 2.5 h before
cross-linking with formaldehyde (1% v/v) for 15 min at room
temperature. Cross-linking was quenched with 125 mm glycine.
Whole cell extracts were prepared by glass bead disruption and
sheared into fragments averaging 400 bp in size using a Biorup-
tor (Diagenode, Philadelphia PA). Whole cell extracts contain-
ing equal amounts of DNA were immunoprecipitated (IP) with
antibodies against the various factors. Extracts were supple-
mented with sarkosyl to a final concentration of 0.4% (w/v)
when TAF1 and Swi2 cross-linking was examined. RNAPII
antibody was obtained from commercial sources (8WG16,
Covance, Berkeley, CA). The following antibodies were raised
in rabbits and are described in previous publications (25, 26):
Crtl (amino acids 1-240), TBP (full length), TAF1 (amino acids
1-225), Tupl (full length), and Swi2 (amino acids 1-851). The
protein-immune complexes were recovered using 30 ul of pro-
tein A-Sepharose CL-4B beads (GE Biosciences). After washing
and reversing the cross-links, the IP DNA and input DNA were
analyzed by semiquantitative PCR with primers directed
toward RNR3 (32-36). The percentage IP was calculated from
these values, and data are expressed relative to the cross-linking
observed in untreated wild type cells. At least three independ-
ent experiments were analyzed, and data are presented as the
means and S.D. of these repetitions. Chromatin immunopre-
cipitation data were analyzed by Student’s ¢ test. For detecting
nucleosome eviction over the RNR3 promoter, cells were pro-
cessed as described above, except that the chromatin was
extensively sheared into fragments averaging about 200 bp in
length. Chromatin was precipitated using an antibody to the
core domain of H3 (Abcam, Cambridge, MA). Antibody to
acetylated H3 (9, 14) was obtained from Millipore (Billerica,
MA).

RESULTS

Identification of the Role of SAGA in the Activation of RNR3—
SAGA is the histone acetyltransferase complex responsible for
the DNA damage-induced increase in histone H3 acetylation
at the RNR3 promoter (25). Previously we examined mutants of
the Gcen5-Ada module, GCN5 and ADA2. However, as
described above, SAGA is modular in nature, and its subunits
carry out distinct functions (10-12, 37, 38) such as the covalent
modification of histones and TBP recruitment. Because RNR3
has a consensus TATA-box, a feature of SAGA-regulated genes
(16), we explored the role of SAGA in recruiting TBP to the
promoter. We constructed strains containing deletions of
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FIGURE 1. Analysis of RNR3 expression in different classes of SAGA
mutants. A, Northern blot of RNR3 levels in total RNA from untreated (—) or
cells treated with MMS for 2.5 h (+). scR1, an RNA polymerase lll-transcribed
gene, was used as a loading control. B, quantification of RNR3 signals cor-
rected for scR1 levels. The level of RNR3 in untreated wild type (WT) cells was
set to 1.0. The values shown in gray and black bars were calculated from
untreated and MMS-treated samples, respectively. Results are presented as
the means and S.D. of three samples.

GCNS5, SPT3, and SPT7 and examined the induction of RNR3
after treatment with the DNA damage agent MMS. Similar to
our previous results, deleting GCNS5 partially reduced RNR3
activation to a level ~40% that of the level observed in wild type
cells (Fig. 1). Similar results were observed in ada2A and ada3A
mutants (Ref. 25 and data not shown). Thus, RNR3 expression
is partially dependent upon the histone acetylation function of
SAGA. Deletion of SPT3, which is required for TBP recruit-
ment to other SAGA-regulated genes, had a much stronger
effect on activation than deleting GCN5. Deleting SPTS,
another subunit of TBP recruitment module of SAGA, had a
similar effect on RNR3 expression as deleting SPT3 (data not
shown). Finally, deleting SPT7, which is required for SAGA
integrity, had the strongest effect on activation (Fig. 1). This
phenotype suggests disrupting both the histone modifying
functions (GCN5) and TBP recruitment functions (SPT3) of the
complex result in a stronger defect in RNR3 activation. To test
this, a double gen5A/spt3A mutant was constructed and ana-
lyzed. This double mutant had a stronger activation defect than
the single mutants but still slightly less than the spt7A mutant.
Furthermore, a comparison of the strengths of the phenotypes
of the various mutants suggests that the dominant function of
SAGA at RNR3 is TBP recruitment through the Spt3 module
and not histone modification via the Gen5/ADA module.

Spt3 and Spt7 Are Required for TBP Recruitment and PIC
Formation—Activation of RNR3 requires cells to detect and
transduce DNA damage signals to the RNR3 promoter. DNA
damage checkpoint-dependent release of Crtl is required for
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FIGURE 2. Examination of repressor release and PIC formation in SAGA
mutants. Cross-linking of Crt1 (A), RNAPII (B), TBP (C), and TAF1 (D) to RNR3.
Data from untreated and MMS-treated cells are shown in gray and black bars,
respectively. The results are the means and S.D. of at least three independent
experiments performed on different chromatin preparations. The percentage
IP (IP signal/input signal) calculated from untreated wild cells (WT) was set to
a value of 1.0, and other data points are expressed relative to this value. The
cross-linking of PIC components were measured over the promoter, and that
of Crt1 was measured over the URS/UAS. In panels C and D, the small increase
in MMS-induced cross-linking of TBP and TAF1 in the spt3A and spt7A
mutants was not significant, based upon Student’s t test.

WT gen5A spt3A spt7A

expression of the RNR genes (26, 35, 39); thus, the activation
defects in the mutants could be indirect and caused by the inac-
tivation of the DNA damage checkpoint pathway. To verify that
mutating SAGA does not indirectly affect RNR3 expression by
disrupting checkpoint function, we examined the cross-linking
of Crtl to the promoter. MMS treatment reduced Crtl cross-
linking in wild type cells (Fig. 2A4), consistent with the activation
of the checkpoint and release of the repressor. Likewise, MMS
treatment reduced Crtl cross-linking in the three SAGA
mutants, suggesting that SAGA is not required for checkpoint
activation and that SAGA directly regulates RNR3 at the level of
transcription. The small reduction in Crtl cross-linking in
undamaged cells in the mutants is within experimental error
and is not likely to be significant.

A feature of a prototypical TFIID-dependent gene is that TBP
recruitment to its promoter is not or is weakly, dependent upon
SAGA (38, 40). Disabling the TBP recruitment module (sp£3A)
had a stronger effect on RNR3 activation than disabling the histone
acetylation module (Fig. 1), suggesting that SAGA participates in
the recruitment of TBP to this gene. We examined the recruitment
of TBP, TAF1, and RNA polymerase II (RNAPII) to the promoter
of RNR3 using the chromatin immunoprecipitation assay. The
data show that the MMS-induced cross-linking of RNAPII corre-
lated well with the levels of RNR3 mRNA in each of the mutants;
deletion of GCN5 partially reduced recruitment, whereas deleting
SPT3 or SPT7 essentially eliminated it (compare Fig. 1 with Fig.
2B). Next, we examined TBP recruitment to the promoter. Con-
sistent with the idea that the Spt3 module of SAGA is required for
TBP recruitment to RNR3, mutation of SPT3 or SPT7 severely
compromised the recruitment of TBP (Fig. 2C). Surprisingly, TBP
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recruitment was not affected in the gen5A mutant. This indicates
that TBP recruitment does not require H3 acetylation and sug-
gests that a SAGA complex lacking Genb is capable of recruiting
TBP to RNR3. Similar results were observed at GALI and other
SAGA-dependent genes, and a stable subcomplex of SAGA is
detected in a genSA mutant (10, 11, 38, 41). The most striking
result is that TBP recruitment is normal, but RNAPII recruitment
is reduced in this mutant. This suggests that Gen5, presumably
through histone modification, is required for stable or multiple
rounds of RNAPII recruitment. A similar phenotype is observed
when histone acetylation is constitutively increased by deleting the
two histone deacetylases RPD3 and HOS2 (36). Thus, reducing or
misregulating histone acetylation adversely affects RNAPII
recruitment, suggesting that dynamic histone modifications are
required for high levels of RNAPII recruitment to RNR3.

We have previously shown that activation of RNR3 correlates
with increased recruitment of TAF ;s (25, 26). We analyzed the
recruitment of TAF1p, an integral component of TFIID, to
RNR3 in the three classes of SAGA mutants. MMS treatment
caused a 3-fold recruitment of TAF1p in wild type cells, and
deletion of GCNS5 had minimal to no effect on recruitment (Fig.
2D). The difference in cross-linking between the wild type cells
and the genSA mutant under induced conditions is slight and
probably not statistically significant (Student’s ¢ test, p < 0.11).
Examination of the TAF1p cross-linking in the spt3A and spt7A
mutants revealed no significant increase in response to MMS
treatment, suggesting TAF|; recruitment is defective in these
mutants (Fig. 2D). Thus, the recruitment of TAF1 mirrors that
of TBP in the SAGA mutants and SAGA is required for TFIID
recruitment.

SAGA Is Required for Nucleosome Eviction and SWI/SNF
Recruitment—We have previously used micrococcal nuclease
mapping to identify the requirement for GCN5 in the disruption of
nucleosome positioning at RNR3 (25). Deleting GCN5 reduced the
extent of nucleosome remodeling under the activated condition
but did not eliminate it. Furthermore, deleting GCN5 actually
increased the recruitment of SWI/SNF to the promoter. Here, we
extended the analysis to the other SAGA mutants and also moni-
tored the eviction of the core promoter nucleosome using antibod-
ies to the core domain of H3. As reported previously (27, 32), MMS
treatment caused a significant reduction in the occupancy of the
nucleosome over the core promoter (Fig. 34). We interpret this as
eviction of the nucleosome caused by remodeling. The recruit-
ment of Swi2, the catalytic subunit of the SWI/SNF complex, is
increased under this condition, indicating a link between SW1/
SNF recruitment and nucleosome eviction (Fig. 3B). Deleting
SPT3 or SPT7 eliminated the eviction of the core promoter
nucleosome and eliminated the MMS-induced recruitment of
SWI/SNF (Fig. 3, A and B). Thus, Spt3 and Spt7 are required for
SWI/SNF recruitment and nucleosome eviction. As noted before
(25), deleting GCNS actually increased SWI/SNF recruitment
both in the treated (p = 0.03) and untreated (p = 0.04) cells (Fig.
3B). The increase in recruitment in untreated cells is surprising but
also correlated with a reduction in H3 cross-linking under the
same conditions (Fig. 3A). Next, we analyzed H3 acetylation of the
core promoter nucleosome in the SAGA mutants. Deletion of
GCNS or SPT7 strongly reduced the MMS-induced increase in H3
acetylation (Fig. 3C). Furthermore, the level of acetylation was
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FIGURE 3. Examination of the status of chromatin and chromatin remod-
eling factors at RNR3. Shown is cross-linking of the core domain of H3 (A),
Swi2 (B), acetylated H3 (C), and Tup1 (D) to RNR3. Data from untreated and
MMS-treated cells are shown in gray and black bars, respectively. The results
are the means and S.D. of at least three independent experiments performed
on different chromatin preparations. The percentage IP (IP signal/input sig-
nal) calculated from untreated wild (WT) cells was set to a value of 1.0, and
other data points are expressed relative to this value. The cross-linking of the
proteins shown in panels A-C were measured over the promoter, and that of
Tup1 (D) was measured over the URS/UAS. In panel B only the wild type and
gcn5A cells displayed a significant MMS-induced increase in Swi2 cross-link-
ing (p =< 0.01).

reduced in these mutants in untreated cells too. This suggests that
a basal level of acetylation is present before DNA damage. In con-
trast, deleting SPT3 had a lesser effect on H3 acetylation, suggest-
ing that the histone acetylation function of SAGA is partially intact
in this mutant. These results mirror those described at the GALI
locus, where deleting SPT3 had a relatively minor effect on histone
acetylation (9-11).

Finally, we examined the cross-linking of Tup1 to RNR3. The
activation of RNR3 correlates with the release of Tupl, and
release of the corepressor is required for activation (28, 35).
MMS treatment caused the reduced cross-linking of Tupl to
the promoter (Fig. 3D) in wild type cells, and deletion of SPT3
or SPT7 did not significantly affect Tupl cross-linking in the
repressed state or its release upon MMS treatment. This further
reinforces the idea that the DNA damage response and the
release of the repressor are not affected by deletion of SAGA
subunits. Some differences are observed in the gcn5SA mutant.
There is a slightly reduced amount of Tupl at the promoter in
the repressed state. The reduced Tupl in the repressed state
may be related to the reduced nucleosome density in this
mutant (Fig. 34) and enhanced SWI/SNF recruitment (Fig. 3B),
but the cause and effect relationship is unclear at this time.

Nucleosomes adopt precise translational positions at RNR3
in the repressed state (23). Positioning requires the cooperative
actions of the ISW2 complex and Ssn6/Tup1 (35). The disrup-
tion of chromatin structure can occur by the de-positioning of
nucleosomes or by nucleosome eviction. Deleting ISW2 dis-
rupts the precise translational positions of nucleosomes but
does not lead to nucleosome removal that occurs during acti-
vation of the gene (35 and 42).% Thus, we analyzed the chroma-

3 H. Zhang and J. C. Reese, unpublished information.
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FIGURE 4. Micrococcal nuclease mapping of nucleosome positions at
RNR3. Nuclei were isolated from wild type (WT) and Aspt3 and Aspt7 mutants
(either treated or not with MMS), digested with micrococcal nuclease, and
subjected to indirect end labeling analysis to monitor the chromatin structure
around the RNR3 promoter. Markers (M1 and M2) prepared from digested
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naked DNA digested with micrococcal nuclease. The black circle marks the
doublet generated by the digestion of the TATA box region by micrococcal
nuclease. Arrows indicate the positions of the bands marking the locations of
hypersensitive sites that are reduced or modified when the gene is active.
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tin structure over RNR3 in the spt3A and spt7A mutants in
detail by micrococcal nuclease mapping to determine whether
nucleosome positioning is lost in the absence of nucleosome
eviction. In unstimulated wild type cells, RNR3 is packaged into
a precise array of nucleosomes (Fig. 4). In particular, the TATA
box region is protected from digestion by micrococcal nuclease
within nuc-1, which appears as a doublet bands in naked DNA
and in the remodeled state (black dot). Furthermore, distinct
hypersensitive sites were observed, indicating that nucleo-
somes adopt precise translational positions (arrows). MMS
treatment of wild type cells caused a pattern essentially identi-
cal to digested naked DNA. In particular, the appearance of the
doublet bands over the TATA region indicates it is accessible to
nuclease, and the intensity of the internucleosomal hypersensi-
tive bands is reduced. Interestingly, nucleosome positioning is
lost in the spt3A and spt7A mutants when the cells were treated
with MMS. Perhaps some very subtle differences in the magni-
tude in nucleosome disruption can be detected, but nucleo-
some positioning is lost nonetheless. The H3 cross-linking data
indicates that the density of nucleosomes is not reduced in
mutants (Fig. 34), which argues that positioning of the core
promoter nucleosome is lost even though nucleosomes are not
evicted. The de-positioning of nucleosomes is caused by the
release of Ssn6/Tupl (Fig. 3D), and the lack of eviction is due to
the reduced SWI/SNF recruitment (Fig. 3B). Therefore, our
data provide another line of evidence that nucleosome posi-
tioning can be disrupted without histone eviction. A similar
observation was made at the CHAI locus where mutation of
mediator caused de-positioning of nucleosomes without evic-
tion under the induced condition
(43).

The Core Promoter of RNR3 Is
Sensitive to the Inactivation of the
TBP Module of SAGA—Transcrip-
tion from the core promoter of
RNRS3 is unaffected in temperature-
sensitive mutants of TAF;s (24);
therefore, it is classified as a TAF -
independent core promoter. RNR3
has a consensus TATA box, a fea-
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structed by fusing the upstream and core promoter regions of RNR3 and RPS5 together as indicated in the
panel. The sequences within each of the genes are indicated below and are relative to the start site of transcrip-
tion, which was set to +1. Gray bars indicate the approximate locations of the damage response elements. B,
transcription was measured by Northern blotting for lacZ message as described in Li and Reese (24), and a
representative Northern blot is shown. WT, wild type. C, quantification of lacZ signals corrected for scR1 levels.
The level of lacZ in untreated wild type cells was set to 1.0. Results are presented as the means and S.D. of three
experiments. The values shown in gray and black bars were calculated from untreated and MMS-treated sam-
ples, respectively. D, as in C, except that the data from untreated samples are shown.
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genes containing fusions of the
RNR3 and RPS5 promoters (Fig.
5A). RPS5 is TAF;-dependent and
is relatively insensitive to SAGA
mutations (38, 40). First, we ana-
lyzed the expression of the RNR3
promoter containing the RNR3
upstream sequences fused to
its core promoter (RNR3urs-
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RNR3core). Similar to the native gene, the plasmid version was
very sensitive to spt3A and spt7A mutations (compare Fig. 5, B
and C, with Fig. 1B). Unexpectedly, the plasmid copy was not
sensitive to the genSA mutation. It is not uncommon that a
plasmid copy of a gene displays different responses to muta-
tions in chromatin modifiers and transcription factors (44, 45).
In some cases this is caused by imprecise nucleosome position-
ing over the promoter (45). Furthermore, the plasmid copy con-
tains the URS and core promoter regions only and is missing 40
base pairs compared with the natural gene (Fig. 54). The
change in URS promoter architecture may influence the sensi-
tivity to the gcnSA mutation.

More importantly, the core promoter of RNR3 (RNR3core)
was very sensitive to the spt3A and spt7A mutations (Fig. 5, B
and D). Given that the RNR3 core promoter is insensitive to
TAF,;; mutations but sensitive to mutations in SAGA that dis-
rupt TBP recruitment functions, the results support our model
that SAGA is important for delivering TBP to the core pro-
moter of RNR3. In contrast, deleting GCN5 had little to no
effect on the activity of the core promoter. The minimal to no
effect of the gcnSA mutant on the activity of the RNR3 core
promoter is consistent with our data indicating that the TBP
recruitment module of SAGA is functional in the absence of
Genb (Fig. 2C). To rule out that the lower levels of [acZ RNA are
not caused by plasmid copy number differences in the mutants,
we isolated DNA from the strains and detected the levels of
plasmid by Southern blotting. No significant difference in copy
number in the wild type cells and the mutants was observed
(not shown).

The data thus far suggest that the TBP recruitment function
of SAGA is dominant at RNR3, and this function is mediated
through the Spt3 module. Although it is clear that SPT3 and
SPT7 are required for the activity of the RNR3 core promoter
(Fig. 5D), our analysis so far cannot distinguish if these two
subunits also function through the URS as well. This contribu-
tion would be overshadowed by the dominant effect of the
SAGA mutations on the core promoter. In fact, it is expected
that the upstream regulatory regions of genes are required for
SAGA function because the gene regulatory protein that
recruits SAGA to allow it to deliver TBP to the core promoter
binds there. We, therefore, constructed a promoter fusion
between a SAGA-independent core promoter and the URS of
RNR3. First, we verified that the core promoter of RPSS
(RPS5core) is insensitive to SAGA mutations. Deleting GCN5
or SPT7 had very little effect on the activity of the RPSS core
promoter; however, deleting SPT3 enhanced core promoter
activity 3—4-fold (Fig. 5D). It was reported previously that inac-
tivating the TBP binding module of SAGA (spt3A or spt8A)
enhanced the uninduced level of transcription from TRPI, the
+1 promoter of HIS3 (Tc), and HO (46, 47). A possible expla-
nation for this result is that deleting SPT3 causes a shift toward
the utilization of TFIID to deliver TBP to promoters, favoring
expression of TAF,-dependent core promoters. Consistent
with this hypothesis, RPS5, +1 of HIS3, HO, and TRPI are
sensitive to TAF;; mutations, indicating that they normally uti-
lize TFIID to recruit TBP (7, 48 -50). The core promoter of
RPSS5 has significant transcription activity on its own, but fusing
the upstream region of RNR3 to it (RNR3urs-RPS5core) led to
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repression in the absence of MMS treatment, as expected (com-
pare lanes 5 and 7 of Fig. 5B). The level of expression could be
restored in treated wild type cells and was even a bit higher
(compare lanes 7 and 8 in wild type cells in Fig. 5B). The
enhanced activity versus that of the core promoter alone may be
driven by Rap1, which we have shown to activate RNR3 through
the URS (27). Deleting GCNS5 or SPT7 strongly reduced the
activation of the construct, suggesting that histone acetylation
is obligatory for expression of the construct. Deleting SPT3
clearly affected the expression of RNR3uas-RPS5core but not as
much as the other mutants. Although interpretation of the
results in the genSA is complicated because the RNR3urs-
RNR3core does not respond to the mutation similar to the
endogenous gene, this is not the case for the Aspt7 and Aspt3
mutations. A conservative interpretation of our data is that
SAGA acts through the URS and core promoter of RNR3. How-
ever, the TBP recruitment data (Fig. 2C) and a comparison of
the responses of the four constructs to the gen5A mutation
suggest that GCNS preferentially acts through the URS of
RNR3. Specifically, the core promoter of RNR3 is relatively
insensitive to GCN5 mutations, and the URS of RNR3 confers
GCNS-dependent transcription to the otherwise SAGA inde-
pendent RPS5 core promoter.

Disrupting the Core Promoter Nucleosome at RNR3 Reveals
Differential Requirements for TFIID and SAGA—Disrupting
the nucleosome (nuc-1) over the core promoter can alleviate
the SWI/SNF and TAF,; dependence of RNR3 (32). Insertion of
polynucleotide tracts (PNT) upstream and downstream of the
TATA box (34A/34A, Fig. 6A) suppressed tafl-2 and snf2A
mutations, suggesting that the role of TAF;s is to mediate chro-
matin remodeling through the SWI/SNF complex. One inter-
pretation of the suppression of the fafI-2 mutant phenotype is
that another activity recruited TBP to the promoter. Our data
thus far indicate SAGA is responsible for this function. To test
this genetically, we used the same strategy to disrupt nuc-1 and
analyzed the expression of the altered promoter in SAGA
mutants and a temperature-sensitive mutant of TAF1, tafl-2,
as a control (Fig. 6, C and D). Our previous work showed that
PNTSs reduced nucleosome occupancy over the core promoter
and caused a high level of constitutive expression in untreated
cells (32). An example is shown in Fig. 6B. Insertion of the PNTs
enhanced expression in both resting and stimulated cells. RNR3
was induced ~37-fold in wild type cells but only about 3-fold in
the taf1-2 mutant when no PNTs were inserted (Fig. 6D). How-
ever, inserting 34 bp of poly dA::dT tracts within the core pro-
moter allowed the construct to be induced ~28-fold in the
mutant. Thus, disrupting the core promoter nucleosome
restored RNR3 expression in the tafl-2 mutant to a level of
approximately ~80% that of unaltered promoter in wild type
cells. In contrast, excluding nucleosome —1 by inserting PNTs
within the promoter was not very effective at suppressing the
activation defect of the spt7A mutant. In this case the level of
expression was 24% that of wild type cells. Moreover, no MMS-
induced increase was noted. Insertion of PNTs was not as effec-
tive at suppressing the sp£3A mutation as the fafI-2 mutation;
43% of wild type levels versus 80% suppression in the tafl-2
mutant. Finally, disrupting the core promoter nucleosome was
more effective at suppressing the gcnSA mutation; ~60% of
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FIGURE 6. Disrupting nuc-1 of RNR3 poorly compensates for SAGA muta-
tions. A, a schematic of RNR3 and the approximate location of the —1and +1
nucleosome based upon mapping described in Li and Reese (23). Thirty-four-
base pair dA:dT tracts were inserted upstream (—90) and downstream (—60)
of the TATA box, which is located at —75 relative to the start site of transcrip-
tion. DREs are the three damage response elements located with the UAS/
URS sequence of RNR3. B, analysis of the effects of inserting polynucleotide
tracts in the RNR3 promoter. The signals were normalized to uninduced wild
type cells containing the unmodified promoter after correction for intensity
of the loading control, scR1. N/ indicates a promoter without the inserts, and
34A/34A indicates a promoter with 34 base pairs of dA::dT inserted at —90 and
—60. WT, wild type. C, quantification of RNR3 signals after normalizing to scR1
levels. The values shown in gray and black bars were calculated from untreated
and MMS-treated samples, respectively. The signal in untreated wild type cells
containing the unmodified promoter (NI, no insert) was arbitrarily set to 1.0.
Results are presented as the means and S.D. of three experiments. D, same asin C,
except that the induction of RNR3 was carried out at 37 °C.

wild type levels. It should be noted, however, that all of the
mutations (TFIID and SAGA) reduce the expression of the
modified promoter (34A/34A). This is likely due to the fact that
inserting the PNTs reduces nucleosome occupancy over the
promoter but does not completely exclude a nucleosome from
forming over the entire promoter and open reading frame in all
of the cells in the population (32). The relatively poor suppres-
sion of the spt3A and spt7A mutants compared with the TFIID
mutant suggests that SAGA carries out distinct functions from
TFIID in the activation of RNR3. Based upon the data presented
above, we propose it is the delivery of TBP to the core promoter.

DISCUSSION

DNA-binding proteins orchestrate the expression of genes
by recruiting numerous coactivators. In some cases different
activators recruit a specific complex, and in others a single acti-
vator recruits several (1-2). Gal4 and Gcen4 have been studied
the most extensively and provide the best examples of how an
activator can recruit multiple cofactors (1, 12, 51, 52). A funda-
mental question in gene regulation is why activators recruit
multiple coactivators that carry out redundant functions. For
example, both TFIID and SAGA recruit TBP to promoters.
Although a large fraction of genome can be segregated into
TFIID- and SAGA-dominated, many genes have features of
both classes, including RNR3 described here. We have firmly
established that RNR3 is dependent upon both SAGA and
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TFIID, and our analysis provides some insights into how these
two coactivator complexes cooperate in the regulation of genes.

The results described above suggest that SAGA performs
two functions at RNR3, histone modification and TBP recruit-
ment. Each function is dependent on distinct subunits of the
SAGA complex, and in this regard, we have verified the modu-
lar nature of the complex. The severity of the individual muta-
tions indicates that the TBP module plays a more dominant role
in the regulation of RNR3 than the histone modification mod-
ule. This resolves some unanswered questions about the regu-
lation of RNR3. RNR3 is an atypical TAF,;-dependent gene. Its
sensitivity to TAF;; mutations is mediated by the upstream acti-
vating/repressing sequences, UAS/URS (24). In fact, the core
promoter of RNR3 is completely insensitive to the inactivation
of TFIID-specific TAF;s and contains a consensus TATA-box.
These observations suggested that TFIID was not the core pro-
moter selectivity factor for RNR3, and another complex deliv-
ered TBP to the promoter. We provide very strong evidence
that SAGA is the factor. Inactivation of the TBP binding mod-
ule specifically by deleting SPT3 or disrupting SAGA integrity
by deleting SPT7 strongly impaired the activation of the RNR3.
Significantly, we show that the core promoter of RNR3, when
fused to lacZ, is very sensitive to mutations that disrupt the TBP
recruitment function of SAGA. Thus, all of the data presented
above strongly suggest that SAGA is the promoter selectivity
factor that delivers TBP to RNR3. This is fully consistent with
the core promoter structure of RNR3, which resembles a pro-
totypical SAGA-dependent gene. This opens up the possibility
that other TFIID-dependent genes with consensus TATA box
utilize SAGA for TBP recruitment as well.

TBP recruitment is virtually unaffected in a genSA mutant,
and the activity of the RNR3 core promoter is insensitive to the
genSA mutation. Inaddition, the URS of RNR3 can confer SAGA-
dependent transcription to the otherwise SAGA-independent
RPS5 core promoter (Fig. 5C). As noted above, the unexpected
change in the sensitivity of the RNR3 URS when fused out of
context with the RNR3 core promoter muddies the interpreta-
tion a bit. However, we believe that the data presented as a
whole support the idea that Genb5 is dispensable for core pro-
moter selectivity and that the Gcn5-ADA module works
through the URS to facilitate chromatin remodeling by the
SWI/SNF complex by acetylating nucleosomes (25). This
hypothesis is also supported by previous studies showing that
the URS region of RNR3 establishes the repressive chromatin
structure by recruiting Ssn6-Tupl and is also required for
remodeling by recruiting SWI/SNF during activation (27, 35),
and because Genb5 specifically acts on chromatin and is dispen-
sable for TBP recruitment, it is feasible that Gen5 acts through
this element.

Although dispensable for TBP recruitment, GCN5 was
required for optimal RNAPII recruitment (Fig. 2B). This sug-
gests that acetylation affects a step subsequent to TBP binding
and preferentially affects RNAPII recruitment into the PIC or is
required for multiple rounds of transcription. Our study pro-
vides another example where SAGA-dependent histone acety-
lation is implicated in elongation. SAGA associates with the
coding regions of Gen4-regulated genes, and GCNS is required
for regulating dynamic histone methylation and nucleosome
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exchange during elongation of RNAPII (53). Moreover, severe
hypoacetylation of coding regions by deleting both GCN5 and
ELP3 reduces RNAPII recruitment with minimal reductions in
TBP recruitment (54). We have previously observed that con-
stitutively acetylating nucleosomes in the promoter by deleting
combinations of histone deacetylases preferentially blocks
RNAPII recruitment with a minimal effect on TBP cross-link-
ing (36). Therefore, misregulation of normal acetylation
dynamics, either reduced or constitutive acetylation, similarly
reduces RNAPII recruitment. The mechanism may involve
changes in histone exchange or the ability of chromatin remod-
eling enzymes to recognize or remodel nucleosomes during the
initial steps in elongation (55).

Interestingly, SAGA and TFIID function independently of
each other at RNR3, or at least their functions can be separated
genetically. It is also likely that SAGA functions “upstream” of
TFIID in the activation pathway. The strongest evidence to sup-
port this conclusion is the previous observation that inactiva-
tion of a temperature-sensitive mutant of TAF1 blocks PIC for-
mation and nucleosome remodeling, but Gcn5-dependent
histone H3 acetylation is unaffected (25). Thus, SAGA recruit-
ment and nucleosome modification function can occur in the
absence of TFIID. SAGA recruitment was inferred in this
experiment by an increase in H3 acetylation in the TAF1
mutant, but we did not examine SAGA recruitment directly.
We have not consistently cross-linked SAGA to RNR3. A mea-
ger 1.5-1.8-fold enhancement of cross-linking of Ada3, Gen5,
and Spt7 has been observed intermittently in our laboratory
(not shown). We have speculated in a previous publication that
the failure to achieve a high level of SAGA cross-linking is
because it associates with RNR3 by a global, untargeted mech-
anism (25). However, knowing that SAGA is required to recruit
TBP to the core promoter, an untargeted mechanism seems
unlikely. The factor that recruits SAGA to RNR3 is not known.
A second line of evidence suggesting that SAGA functions
upstream of TFIID is the result that disrupting SAGA integrity
blocks TAF1 recruitment (Fig. 2).

Regulation of genes by multiple activators and co-activators
allow them to be subject to regulation by different stimuli and
developmental programs. The ribonucleotide reductase genes
must maintain ANTP pools in normal cells and be strongly
induced during DNA damage (56). Thus, it might be expected
that they contain features of both TFIID- and SAGA-controlled
genes, which regulate housekeeping and stress functions,
respectively. It is unlikely that this mode of regulation is unique
to the RNR genes because many stress-induced genes perform
essential housekeeping functions under non-stress conditions.
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