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Summary

Histone acetylation correlates well with transcriptional
activity, and histone acetyltransferases (HATSs) selec-
tively regulate subsets of target genes by mechanisms
that remain unclear. Here, we provide in vivo evidence
that the yeast transcriptional activator Gecn4 recruits
Gcen5 HAT complexes to selective promoters posi-
tioned in natural or ectopic locations, thereby creating
local domains of histone H3 hyperacetylation and sub-
sequent transcriptional activation. A significant por-
tion of the Gen4-targeted histone acetylation by Genb
is independent of transcriptional activity. These obser-
vations provide strong evidence for promoter-selec-
tive, targeted histone acetylation by Gcn5 that facili-
tates transcription in a causal fashion. In addition,
Gcnb5 also functions in an untargeted manner to acet-
ylate H3 on a genome-wide scale.

Introduction

Histone acetylation is conserved through all eukaryotic
species. The steady-state balance of histone acetylation
is maintained by histone acetyltransferases (HATs) and
deacetylases (HDACs). HATs and HDACs play key roles
in gene regulation (for reviews see Brown et al., 2000;
Sterner and Berger, 2000). Two poorly understood as-
pects of these enzymes are that multiple HATs/HDACs
exist in each organism, and that each HAT/HDAC is
likely important for transcriptional regulation of subsets
of genes. These observations lead to popular models
of specific promoter targeting via recruitment of these
enzymes by transcriptional activators and repressors
(Struhl, 1998). Mechanisms that account for target gene
specificity and the general issue of global versus local
acetylation remain important areas of current investi-
gation.

The yeast Gen5 is perhaps the best studied HAT, and it
remains to be the prototype of transcription-associated
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HATSs. Originally identified as a transcriptional adaptor
or coactivator (Berger et al., 1992; Georgakopoulos and
Thireos, 1992), Genb controls expression of many induc-
ible genes, including those involved in amino acid bio-
synthesis (e.g., Georgakopoulos and Thireos, 1992). Re-
cent data document the importance of Genb HAT activity
in the expression of genes expressed late in mitosis
(Krebs et al., 2000). In addition, microarray analyses
showed that multiple genes may require Gen5 for appro-
priate expression in rich medium (Holstege et al., 1998).

Gcenb is the catalytic subunit of at least two com-
plexes, SAGA and ADA (Grant et al., 1997). The SAGA
complex contains Ada1-5, Spt3, 7, and 8, several TBP-
associating factors (TAFs), and Tral (reviewed in Grant
et al., 1998; Brown et al., 2000). Functions of the SAGA
complex are pleiotropic, and deletion of different com-
ponents of the SAGA complex causes phenotypes with
different severity (Roberts and Winston, 1997; Sterner
et al., 1999). The Spt components of the SAGA complex
facilitate TBP-TATA association (Dudley et al., 1999).
Compared with SAGA, the function(s) and composition
of the ADA complex are less well defined (Eberharter et
al., 1999). Transcription of Genb target genes in vivo is
critically dependent on the HAT activity of Gen5, as
mutations abolishing the catalytic function of Genb5 sig-
nificantly weaken its ability to activate transcription (Kuo
et al., 1998; Wang et al., 1998).

The action of Genb is largely promoter specific (Kuo
et al., 1998; Krebs et al., 1999; Vignali et al., 2000). Cur-
rent in vitro transcription data support a general model
of targeted histone acetylation (e.g., Utley et al., 1998;
lkeda et al., 1999; Kundu et al., 2000; Vignali et al., 2000).
Importantly, stimulation of transcription by HAT com-
plexes in vitro requires acetyl CoA (lkeda et al., 1999;
Kundu et al., 2000). In mammalian cells, viral infection
and hormone induction trigger histone hyperacetylation
at promoters (Chen et al., 1999; Parekh and Maniatis,
1999). Similarly, Rpd3-mediated histone deacetylation
is concentrated at the promoter region of genes re-
pressed by Ume6 (Kadosh and Struhl, 1998; Rundlett
et al., 1998). Collectively, these data argue for a model
of promoter-specific recruitment of histone modification
during transcriptional regulation.

In this work, in vivo evidence is presented that Gen5 is
targeted to specific promoter regions by a transcription
activator, Gen4. Using chromatin immunoprecipitation
(ChlIP) assays, we show that promoter-targeted histone
acetylation is observed at Gen4-activated genes but not
general class Il genes or in at least one other inducible
gene, CYC1. Most importantly, Gecn5-mediated histone
hyperacetylation can be relocated to a new region when
the activator Gcn4 is redirected to that area, strongly
suggesting that Gen4 is a major factor in the recruitment
of Gen5 HAT complex to specific promoters. In addition,
we also show that Gen5 maintains substantial activity
in HIS3 gene acetylation even when HIS3 expression is
drastically reduced, indicating that histone acetylation
indeed plays an upstream, causal role in transcriptional
activation independent of transcription per se.
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Figure 1. Gcn5-Mediated Histone Hyperacetylation Is Confined to the HIS3 Promoter and Immediate Neighboring Areas

(A) Schematic drawing of the chromatin structure of the PET56-HIS3-DED1 locus. Each positioned nucleosome is numbered with respect to
the HIS3 transcription unit.

(B) Quantitative PCR results of ChIP experiments using antidiacetylated H3 antibodies. Shown are inverted images from EtBr-stained gels.
Note that all PCR reactions were carried out under identical conditions. Slight and reproducible variation of PCR efficiency is observed
between different primers. These variations were taken into account for quantitation (see Experimental Procedures). In this figure, only
nucleosomes -4 to +8 are shown. The —4 nucleosome represents a fragment from 481-621 base pairs downstream of the start codon of
PET56.

(C and D) Quantitation of the relative acetylation levels across the PET56-HIS3-DED1 region. ChIP and quantitative PCR results were derived
from yMK839 (the parental wild-type strain, [C]) and yMK842 (gcn5A, [D]). The intensity of each PCR fragment was divided by that of the
internal control ACT1 fragment. The relative acetylation levels were expressed either as individual nucleosomes relative to the ACT7 internal
control (top panel, [C]) to show the total acetylation across the locus or as the ratio of activated-to-basal conditions (bottom panel, [C]) to
show the increase in acetylation after induction over basal, noninduced conditions. The numbers were obtained from more than three
independent yMK839 whole-cell extracts and seven ChIP and PCR reactions. Two independent whole-cell extracts and ChIPs were conducted

from the yMK842 strain.

Results

Gcen5 Functions at Promoters

of Gen4-Activated Genes

To better learn how Gcn5 might be directed to selective
genes, we chose the chromosomal copy of HIS3 as our
primary model for several reasons. First, amino acid
starvation induces transcription (e.g., Struhl, 1986) and
histone hyperacetylation (Kuo et al., 1998) of the HIS3
gene. Importantly, both processes require Gen5 HAT
activity (Kuo et al., 1998). Second, the HIS3 locus is
organized into a phased nucleosomal array (Losa et al.,
1990) that allows for mapping histone acetylation at
a single, nucleosome-by-nucleosome level. Third, the
well-studied cis- and trans-acting elements (see lyer
and Struhl, 1995) contributing to HIS3 regulation provide
an excellent foundation for a detailed study of the mech-
anism underlying HAT targeting. Finally, HIS3 and the

neighboring genes (PET56 and DED1, see Figure 1A)
are closely spaced, offering a stringent test of whether
histone acetylation is a more global (nontargeted) or a
confined (targeted) event. HIS3 and PET56 are diver-
gently transcribed from a common 191 base pair regula-
tory sequence, and the start codon of DED1 is only 960
base pairs downstream of that of HIS3. Though closely
spaced, expression of these three genes appears to be
independent of each other (e.g., Struhl, 1985, 1986).
Figure 1A shows a schematic drawing including the po-
sitioning of phased nucleosomes of this locus.
Relative to total DNA or to loci not regulated by Gen5
such as ACT1 or rDNA, we previously showed that the
HIS3 locus was hyperacetylated by Gen5 during amino
acid starvation (Kuo et al., 1998). However, it remained
unclear as to how far the Gen5-dependent acetylation
signal extended on either side of the gene, nor was it
clear precisely where the acetylation initiated. Thus, we
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first sought to map the boundaries of transcription-
related histone acetylation across PET56-HIS3-DED1.
Wild-type yeast strains were grown in rich medium to
early log phase and then transferred to minimal medium
containing 10 mM 3-aminotriazole (3-AT), a competitive
inhibitor of HIS3 gene product (imidazole glycerophos-
phate dehydratase), to induce HIS3 activation. Cell ex-
tracts were subjected to ChIP using an antiserum
against diacetylated histone H3 that has been shown to
recognize histones acetylated by Gcnb5 in vivo (Kuo et
al., 1998). DNA fragments recovered by ChlIP, represent-
ing H3 hyperacetylated chromatin, were then amplified
by quantitative PCR using primer pairs that each hybrid-
ize to within a single phased nucleosome across PET56-
HIS3-DED1.

Figure 1B shows that a reasonably narrow region sur-
rounding the HIS3 promoter becomes hyperacetylated
in response to amino acid starvation. DNA fragments
corresponding to nucleosomes —2 to +3 are consis-
tently enriched in the hyperacetylated fraction, with
nucleosomes —1 to +2 showing the highest level (see
Experimental Procedures). This acetylation requires a
functional Gcn5, as neither gen5 null (Figure 1D) nor a
catalytically defective allele (F221A; see Kuo et al., 1998;
data not shown) is able to generate such hyperacet-
ylation. In sharp contrast, the DED1 promoter, though
constitutively expressed (see Figure 4B), shows no
Gcenb-dependent hyperacetylation under either growth
condition. These data argue against models such as
untargeted or general promoter-targeting mechanisms
for Gen5 during transcriptional induction and provide
further in vivo support for the notion that Gen5-linked
acetylation is a highly promoter-specific and local proc-
ess (Krebs et al., 1999, 2000).

Interestingly, the prominent acetylation peak induced
under activating conditions overlaps with a moderate,
preexisting acetylation domain under basal conditions
(see nucleosomes —1 to +2, Figures 1B and 1C). The
boundaries of these acetylation peaks overlap well; what
differs is the relative magnitude of acetylation (i.e., the
activation-related H3 hyperacetylation is consistently
stronger than that under noninducing conditions). Gen5
is responsible for both activated and basal hyperacety-
lation, as neither is detectable in a gcn5A strain (Figure
1D). In contrast, Gen4 is not likely required for the basal
acetylation because GCN4 deletion or elimination of the
apparent Gen4 binding site (see below) in HIS3 abro-
gates only the activation-related but not the basal acet-
ylation.

The finding that the Genb-dependent hyperacetyla-
tion domain encompasses the upstream activating se-
quence (UAS) region suggests that Gen5 may be tar-
geted by certain transcriptional factors that bind in the
vicinity (e.g., Gen4 in the case of HIS3 activation). To
learn if this is the case, we further characterized several
other amino acid biosynthesis genes. Figure 2 shows
that all Gen4 genes tested here, i.e., TRP3, ARG1, HIS3,
CPA1, and CPA2, displayed H3 hyperacetylation similar
to HIS3. In contrast, of those non-Gen4-regulated genes
tested (i.e., DED1 and PGK1), no increase in acetylation
is observed. Together, these data underscore a critical
role played by the activator Gen4 in recruiting Gen5 to
specific loci.

In vitro data have shown that the SAGA complex func-

tionally interacts with at least two acidic activators, the
herpes simplex virus activator VP16 and the yeast Gen4
(Ikeda et al., 1999; Vignali et al., 2000). To see whether
Gcenb functions through all acidic activators, we charac-
terized the acetylation and transcription status of the
CYC1 gene. CYC1 encodes iso-1-cytochrome c, and its
transcriptional induction requires the HAP2/3/4 acidic
activator complex (e.g., Olesen and Guarente, 1990). As
shown in Figure 2E, neither the basal nor the induced
expression of CYC1 depends on GCNS5. Similarly, there
is no detectable change in the level of H3 acetylation
at this gene (Figure 2D). Thus, we conclude that Gen5
functions through a selective group of transcriptional
activators for targeted histone modification and gene
activation in vivo.

Gcn4 Recruits Genb

If binding of Gen4 to its target sequences (general con-
trol response elements, GCREs) is sufficient for initiating
the cascade events of histone acetylation and transcrip-
tional activation, several testable predictions can be
made: (1) Gend4-GCRE interaction should be upstream
and independent of histone acetylation, (2) removal of
GCREs from the HIS3 UAS would prevent H3 hyperacet-
ylation, and (3) a new hyperacetylation domain could be
generated if GCREs are created ectopically at a UAS
that previously possesses no such elements. To test
these predictions, we again focused our attention on
the PET56-HIS3-DED1 three-gene cluster. Across this
region, there is one known functional GCRE in the HIS3
UAS (Struhl, 1985) that is essential for amino acid starva-
tion-induced transcription. This element differs from the
consensus sequence by one base (consensus, ATGA®/q
TCAT; GCRE at HIS3, ATGACTCTT). In addition, well
within the DED1 open reading frame (ORF), another sin-
gle-base mismatch of the GCRE consensus is present
(984 base pairs downstream of ATG of DED1, ATG
ACTCCT). This element appears poorly accessible to
GCN4invivo, asitis inefficiently cleaved by Hinf | (cleav-
age sequence, GANTC) in vivo compared with GCN4
binding sites in promoter regions (Mai et al., 2000). No
GCRE-like sequence is found at the DED1 UAS region,
consistent with its insensitivity to amino acid starvation.
Figure 3A shows these GCREs.

To test the requirement of Gen4 activator for targeting
Gcnb5 HAT activity, we first examined whether Gen4 was
able to bind its target sequences without Genb. ChiIP
assays using anti-Gcn4 serum were performed on
GCN5* and gcn5A extracts. Quantitative PCR results
shown in Figure 3A indicate that deleting GCN5 has no
obvious effect on Gcn4 binding at either HIS3 or TRP3
(not shown) UAS regions. The near-perfect GCRE found
within the DED1 ORF (fragment C) does not bind Gcn4
under either growth condition, in accord with the notion
that an unknown, intrinsic feature distinguishes the
chromatin structure of protein-coding and promoter re-
gions (Mai et al., 2000). We next introduced base substi-
tutions to HIS3 GCRE (ATGACTCTT to GTCGACGTC) to
eliminate the Gcn4 binding (Figure 3B). As expected,
the activation-related H3 hyperacetylation consistently
seen in wild-type HIS3 is now abrogated (Figure 3B,
right), although a low level of basal acetylation remains
detectable. As a control, binding of Gen4 to the UAS as
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Figure 2. Gcn4-Activated Genes Are Specific Targets for Gen5 Action

Transcriptional induction of several general control genes is activated by Gcn4, whereas DED1 and PGK1 expression is unaffected. Gen4
was expressed from a Cu(ll) inducible promoter in a gcn4A background (A and B), and mRNA levels were quantified by S1 mapping. (B) shows
fold increase in acetylated H3 over the promoter region of the genes tested in (A) plus two more known Gen4-induced genes, ILS1 and CPAT.
“TATA” indicates that the primers chosen for quantitative PCR amplify a region including the TATA element of that gene, otherwise a region
comprising the indicated nucleosome. The HIS3 gene promoter in (A) and (B) was engineered to possess an optimal Gen4 binding site and
a second Tr TATA element (2 Tr) in place of the wild-type Tc TATA element. (C) shows detailed studies of Gecn5-dependent acetylation at
the TRP3 locus. GCN5* and gcn5A strains (both maintained their chromosomal wild-type GCN4) were grown in YPD or minimal medium
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Figure 3. Gen4-GCRE Interaction Is Up-
stream and Essential for Gen5 Targeting

(A) Gen4 binds GCREs independently of
Gcnb. The left panel shows the position of
GCREs (black box) and the GCRE-like ele-
ment within the DED1 coding region (gray
box). The three bars labeled A, B, and C repre-
sent, respectively, the three PCR fragments

corresponding to the PET56-HIS3, HIS3-
DED1 intergenic region, and a 549 bp frag-
ment that is 564 bp 3’ to the DED1 start codon
including the GCRE-like element. The middle

—ACT1 and right panels show quantitative PCR re-

sults of ChIP conducted with an anti-Gcn4
Ab under basal (“bas.”) and activating (“act.”)
conditions in GCN4* strains.

(B) GCRE is essential for Genb targeting. The

crossed open box represents mutated GCRE.
The lower left panel shows ChIP with the anti-
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Gcn4 Ab showing the loss of Gcn4 binding.
The panels on the right show ChIP results
using antiacetylated H3 Ab. Note that the
basal acetylation domain persists without a
functional GCRE.
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well as H3 acetylation of TRP3 were tested and found to
be unaffected by mutations aimed at the HIS3 promoter
(Figure 3C). These data argue that Gen4 binding is es-
sential for Gen5-medated histone acetylation at HIS3,
whereas the function of Gen5 is not required for Gen4
to bind its cognate targets.

We next examined whether relocating Gen4 binding
sites to the promoter region of a previously Gen4/Gen5-
insensitive gene would result in redistribution of the
Gcenb-mediated H3 acetylation near that gene. Toward
this end, we inserted two canonical GCREs at the exist-
ing Xhol site located 20 base pairs upstream of the DED1
TATA element (Figure 4A, left). As well, the natural HIS3
GCRE was mutated so that Gen4 no longer binds this
UAS (see Figure 3B). As expected, anti-Gcn4 ChIP
assays showed that Gen4 now is relocated to the modi-
fied DED1 UAS (Figure 4A, right). Relocating Gcn4 also
results in amino acid starvation-induced DED1 activa-
tion (Figure 4B, lanes 3 and 6). Most importantly, a new
H3 hyperacetylation domain is induced by amino acid
starvation at the GCRE-containing DED1 promoter (Fig-
ure 4C). Similar to the wild-type HIS3 locus, the newly
generated histone hyperacetylation is also sensitive to

5 UAS ¥

(C) Gen4 binding and Genb action remain in-
tact at the TRP3 locus. Shown are quantita-
tive PCR results of ChiP using anti-Gcn4 (left)
or antidiacetylated H3 (right) antibodies. See
Figure 2C for details.

—ACT1

|TRP3

gcn5 loss-of-function mutations (data not shown). More-
over, the naturally occurring GCRE-like sequence (resid-
ing between +8 and +10) in the DED1 ORF that fails to
bind Gcn4 does not elicit local hyperacetylation. Inter-
estingly, the DNA fragment corresponding to the mu-
tated HIS3 UAS (fragment A) was modestly enriched,
indicating a moderate increase in the acetylation level.
While the significance of this unexpected acetylation is
unknown, we suspect that the Gen4 concentration and
hence, H3 acetylation at the mutated HIS3 UAS is in-
creased due to the distal interaction of Gecn4 and GCREs
at the DED1 promoter (see Discussion). Overall, an ex-
cellent correlation is observed between the binding of
Gcn4 and the degree of histone acetylation in the imme-
diately adjacent region. These data indicate that Gen5
is recruited by Gcn4 to target promoter regions even in
an ectopic position.

Gcnb5 Recruitment Requires the Gen4

Activation Domain

We next asked whether the activation domain of Gen4
is critical for Gen5 targeting. Of the seven hydrophobic
pockets within the activation domain of Gen4, combined

containing 10 mM 3-AT to induce Gcn4 synthesis. ChIP shows that only the UAS region becomes hyperacetylated in H3 (arrow) in the presence
of Genb. (D) and (E) show that neither induction nor H3 acetylation of CYC1 locus requires Gen5. Yeast cells were grown in YPD or YPlactate
for Northern analyses (E) and ChIP assays using the diacetylated H3 antibody (D). The 5’ and 3’ fragments of (C) and (D) represent approximately
500 bp upstream and downstream, respectively, of the start codon, whereas the UAS fragment represents the first nucleosome including the

ATG and nearby regulatory sequence.
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Figure 4. Relocating Gcn4 to a New GCRE Results in Ectopic Histone Hyperacetylation

(A) The left panel shows a schematic drawing of the modified PET56-HIS3-DED1 locus. Dimeric GCREs were introduced into the DED1 UAS
region, indicated by the black box at the +5/+6 region (i.e., fragment B). The right panel shows ChIP to locate Gcn4 within the modified
PET56-HIS3-DED1 region. Amino acid starvation triggers Gen4 binding to the new GCREs (fragment B). The GCRE-like sequence within the

DED1 ORF (fragment C) remains inaccessible to Gcn4.

(B) Northern analysis of DED1 and ACTT1 internal control under basal and activated conditions. DED1 transcription becomes inducible by

amino acid starvation when GCREs are introduced (lanes 3 and 6).

(C) Quantitation results of ChIP measuring H3 acetylation across PET56-HIS3-DED1. Where the canonical GCREs are introduced, H3 hyperacety-
lation is induced by Gcn4 binding. Data were derived from at least four independent ChIP and PCR reactions.

mutations of the last three [(5, 6, 7) ] cause nearly com-
plete loss of Gen4 transcriptional activation functions
in vivo (Jackson et al., 1996). Such transcriptional activa-
tion defects are likely due to the inability of the mutant
Gcn4 to interact with multiple key transcriptional regula-
tors, including components within the SAGA complex
in vitro (Drysdale et al., 1998; Natarajan et al., 1999).
We expressed the (5, 6, 7)~ mutant allele in a gcn4A
background to see if targeting Gen5 requires an intact
protein—protein interaction interface of Gen4. Figure 5A
shows that in the gcn4A strain, expressing wild-type
GCN4 rescues the growth defects in 3-AT media,
whereas the gcn4 (5, 6, 7)~ triple mutant barely rescues
the growth. Further, ChIP assays using anti-Gcn4 or anti-
Ac.H3 antibodies showed that even though the mutant
Gcn4 retains its ability to bind GCREs at both HIS3 and
TRP3, H3 acetylation at these two loci is apparently less
obvious (Figure 5B). These data strongly suggest that
the Gcn4 activation domain plays an essential role in
Gcenb targeting.

Gcenb Function Is Independent

of Transcriptional Initiation

The tight correlation between Gcn5 action and the target
gene expression (i.e., HIS3 and the modified DED1)
raises the question as to whether histone acetylation
and transcriptional activation are two separable events.

To address this issue, several strains possessing spe-
cific mutations at relevant promoter elements that inhibit
transcriptional initiation were constructed (see Experi-
mental Procedures). In brief, HIS3 is normally under the
control of two distinct TATA elements, Tc and Tr (Struhl,
1986; Mahadevan and Struhl, 1990; lyer and Struhl,
1995). The Tc and Tr elements each contribute to basal
and induced expression of HIS3, respectively. To elimi-
nate the basal expression of HIS3 that may interfere
with the analysis, we first replaced the Tc element with
a consensus TATAAA element (2X Tr). We next substi-
tuted both Tr elements with TGTAAA (2X TGTA), a point
mutation that quantitatively abolishes TBP binding
(Strubin and Struhl, 1992). Although this double Tr muta-
tion eliminated transcription from the +1 and +13 tran-
scription start sites (Chen and Struhl, 1988), HIS3 induc-
tion still occurred in response to Gen4 when probed
with an internal HIS3 S1 probe (Figure 6A). We reasoned
that a cryptic downstream TATA element might be pres-
ent that retained weak affinity for TBP and directed tran-
scription initiation to a downstream initiation site. Close
examination of the sequence indicated that a TATA-like
element indeed is present at position —40 (with respect
to ATG). Upon deletion of this sequence and the known
TATA elements (ATcTRr), HIS3 induction decreased to
near background levels (Figure 6A).

We next characterized the acetylation status of these
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Figure 5. The Gecné4 Activation Domain Plays
a Critical Role in Directing Genb HAT Activity
to the HIS3 UAS

(A) Growth test in the presence of 3-AT. Yeast
strains with the endogenous GCN4 allele de-
leted were transformed with a Cu(ll) inducible
plasmid expressing either wild-type GCN4 or
a mutant allele, gcn4 (5, 6, 7)-, defective
in protein-protein interactions. Cells were
streaked on CuSO,-containing medium and
incubated at 30°C for 4 days.

(B) ChIP results show that while maintaining
normal DNA binding ability, the gcn4 (5, 6,
7)” mutant is defective in recruiting Gen5 HAT
activity to both HIS3 and TRP3 loci. The
amount of each PCR product was measured
and normalized to the ACT1 internal control.
Numbers below each lane represent the re-
sults of a typical experiment.
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alleles. While the efficiency of HIS3 induction was pro-
gressively reduced in our promoter mutants, the differ-
ential H3 acetylation level (acetylation in the presence
of Gen4 minus that in the absence of Gcn4) only de-
creased by 25% to 40% across the HIS3 locus even in
the most severe mutant allele, ATcTr (Figure 6B). In this
strain, H3 acetylation at the +1 nucleosome region is
approximately 70% higher than the PGK1 internal con-
trol. In contrast, when GCNS5 is deleted in the 2X Tr
strain (2X Tr/Agcn5), H3 acetylation of the entire region
reduces to background levels irrespective of induction
by Gen4. Importantly, while Gen4-induced transcription
in the ATcTrR mutant strain is significantly lower than
that of the 2X Tr/gcn5A strain, H3 acetylation levels
remain considerably higher and Gcn4 dependent. Thus,
a substantial portion of Gen5-mediated histone H3 hy-
peracetylation is separable from HIS3 transcription and
does not depend on the HIS3 core promoter activity.

Gcen5 Plays a Role in Global,

Genome-Wide Acetylation

In contrast to the promoter-proximal hyperacetylation,
deletion of GCN5 appears to cause widespread de-
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crease in H3 acetylation (see Figure 4 in Kuo et al., 1998;
Krebs et al., 1999). These findings point to a potential
role of Gen5 in genome-wide histone acetylation that
may differ from the activator-targeted promoter acetyla-
tion demonstrated in this study. To better understand
the global histone acetylation by Gcn5, we quantified
acetylation of H3 and H4 at 30 different loci in the pres-
ence or absence of Gen5. GCN5™ and gen5A cells were
harvested from rich media (i.e., under noninducing con-
ditions with respect to many inducible genes) for ChiP
analyses. Figure 7 shows that one half of the tested loci
display 3- to 10-fold reduction in H3 acetylation in the
absence of Genb. In contrast, H4 acetylation is only mod-
erately affected and not coincident with the changes of
H3 acetylation. In addition, we looked into H3 and H4
acetylation status throughout PET56-HIS3-DED1 in de-
tail and found that H3 acetylation is lost completely in
the entire HIS3 locus, whereas H4 acetylation remains
essentially unchanged (data not shown). It appears that
the global and targeted acetylation by Gen5 are uncou-
pled, as there is no obvious correlation between the
changes in H3 acetylation and the underlying transcrip-
tional induction requirement for Gen5. For example, al-
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Figure 6. Activation-Dependent Histone H3 Hyperacetylation at
HIS3 Is Independent of Transcription

(A) Fold increase in transcription levels of HIS3 with different pro-
moter mutations upon GCN4 induction. Mutations of the TATA ele-
ments were introduced into the HIS3 promoter to abolish TBP bind-
ing and thus transcription but not GCN4 binding. 2X TR, optimal
Gcn4 binding site plus two optimal TATA elements; 2X TGTA, as
Tr but optimal TATA elements replaced with a non-TBP binding
mutant element TGTAAAG (Strubin and Struhl, 1992); ATcTR, posi-
tion =106 to —34 (with respect to ATG) deleted in the wild-type HIS3
promoter that eliminated Tc, Tr, and a cryptic TATA element (—40);
2X Tr/gcn5A, as 2X TR, but GCN5 was deleted. RNA was purified
from the tested strains after inducing wild-type Gcn4 by Cu(ll) fol-
lowed by S1 mapping to quantify the HIS3 transcripts. Isogenic
strains with vector only (i.e., no GCN4) were tested in parallel for
noninducing conditions.

(B) The same strains as in (A) were tested by ChIP for H3 acetylation
at the indicated positions of HIS3 and adjacent DED1 genes in
the absence or presence of GCN4. Values shown are percent IP
efficiency of strains expressing Gen4 minus strains lacking Gen4.

though the HIS3 +2 nucleosome region shows a 6-fold
reduction in H3 acetylation, comparable loss of acetyla-
tionis also seenin the DED1 promoter region. Our results
are most consistent with the idea that genome-wide
histone acetylation is not directly linked to activation of
inducible target genes but is more tied to the general
transcriptional competency of a particular locus or

larger chromosomal domains (see Schiibeler et al.,
2000).

Discussion

Promoter-Selective, Targeted Histone Acetylation

In general, our data show that levels of histone acetyla-
tion at the HIS3 UAS correlate well with the overall rate
of transcriptional induction from this gene. For example,
compared with the modified DED1 containing two
GCREs (Figure 4), introducing five tandem repeats of
GCREs to the DED1 promoter evokes a further increase
of both H3 acetylation and DED1 induction during amino
acid starvation (data not shown). This suggests that
the level of transcription of certain yeast genes may be
accounted for by the degree of local histone acetylation.
On the other hand, considering the presence of multiple
HATs in most, if not all, eukaryotes characterized
(Sterner and Berger, 2000), whether there are qualitative
differences in histone acetylation at promoters that re-
spond divergently to transcriptional inducing signals
(e.g., HIS3 and CYC1) remains an important yet poorly
understood aspect of gene regulation.

The domain of basal acetylation observed at the wild-
type HIS3 promoter under repressive conditions is note-
worthy (Figures 1-3). This is not a property of all Gen4-
controlled genes, as we did not observe similar basal
acetylation in TRP3 promoter (Figure 2C). As well, muta-
genesis of the obvious GCRE at the HIS3 UAS leads to
complete elimination of the activated acetylation do-
main but imposes no discernible effects on the basal
acetylation (Figure 3B). We hypothesize that a yet un-
identified transcriptional regulator may recruit a Gen5
HAT complex(es) to the HIS3 UAS region under non-
inducing conditions. Since deleting GCN5 results in fur-
ther reduction of the HIS3 basal expression (Georgako-
poulos and Thireos, 1992; Kuo et al., 1998; Sterner et
al., 1999), itis possible that the basal acetylation at HIS3
may play a positive role in basal transcription. Thus
far, no sequence-specific positive regulators have been
implicated in HIS3 basal expression. On the contrary,
genetic studies revealed several Not proteins negatively
regulating HIS3 basal expression (Collart and Struhl,
1993, 1994). Whether basal acetylation mediated by
Gcenb antagonizes negative regulators such as these Not
proteins awaits further investigation.

Unexpectedly, in the strain where GCREs have been
“relocated” from the HIS3 to the DED1 promoter, the
level of HIS3 acetylation still increases slightly upon
amino acid starvation (Figure 4C). This enrichment,
though less significant than that of the GCRE-containing
DED1, appears to coincide with a moderate increase of
Gcn4 occupancy at the GCRE-lacking HIS3 promoter
(Figure 4A, fragment A). Because HIS3 GCRE mutation
alone results in complete loss in the activation-associ-
ated H3 acetylation (Figure 3B), introducing functional
GCREs to DED1 is likely responsible for this mild eleva-
tion of H3 acetylation at the mutant HIS3 promoter. Since
the modified DED1 promoter is less than 1 kb from the
HIS3 promoter, we suggest that the high concentration
of Gen4 at the DED1 UAS may force Gcn4 surplus or
turnover molecules to bind low-affinity, GCRE-like ele-
ments at HIS3 UAS. For example, several half GCREs
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Figure 7. Gen5 Mediates Untargeted Histone H3 Acetylation on a Genome-Wide Scale under Noninducing Conditions

GCN5" and gcn5A strains were grown in CAA medium and harvested for ChIP. Diacetylated H3 (A) and tetraacetylated H4 (B) antibodies
were used to characterize the changes in acetylation level resulting from the deletion of GCN5. For each indicated locus (PCR fragment), the
immunoprecipitation efficiency of gcn5A relative to GCN5* (100%) is shown, i.e., percent persistent histone H3 or H4 acetylation.

(ATGAC/;) are present in the HIS3 UAS that may bind
Gcn4 only when the local concentration of Gen4 elevates
drastically.

HIS3 versus HO, Gcn5 versus Swi/Snf

Using primarily ChIP assays, an elegant series of experi-
ments in yeast has dissected the kinetic steps and inter-
dependency of various chromatin modulating activities
operating at HO and several other late mitotic genes
(Cosma et al., 1999; Krebs et al., 1999, 2000). HO is a
highly specialized gene characterized by an unusually
large and complex promoter (see Cosma et al., 1999
for references). Multiple transcriptional regulators and
chromatin modulating activities coordinately establish a
cell cycle-dependent, haploid- and mother cell-specific
expression pattern of HO. The key activator, Swi5, is
essential for Swi/Snf complex recruitment to the HO
promoter (Cosma et al., 1999; Krebs et al., 1999),
whereby the enzymatic action of Swi/Snf, in turn, is
crucial for Gen5 HAT complex targeting (Krebs et al.,
2000). Gen5 then acetylates both H3 and H4 prior to
HO transcription (Krebs et al., 1999). In all the Swi5-
controlled late mitotic genes tested, Gen5 action also
depends on a functional Swi/Snf complex (Krebs et al.,
2000).

In contrast, Gen5 functions at HIS3 and several other
inducible promoters largely independently of Swi/Snf
(Krebs et al., 2000), although the integrity of the Swi/
Snf complex is important for HIS3 induction (Natarajan
et al., 1999). These results strongly suggest that histone
acetylation and chromatin remodeling at these promot-
ers act in parallel rather than as interdependent, step-
wise control mechanisms. Further, deletion of GCN5
leads to significant attenuation of H4 acetylation at the
HO locus during G1 phase (Krebs et al., 1999), whereas
HIS3 and many other loci show little, if any, change in
H4 acetylation in a nonsynchronous log phase culture
(Figure 7), providing another piece of evidence that dis-
tinguishes HIS3 and HO in their transcriptional regula-
tory mechanisms. We suggest that Swi/Snf-indepen-
dent recruitment of Genb by activators such as Gen4
may be fairly common among yeast inducible genes. The
extent and reasons for which Gen5 function depends on
Swi/Snf at other promoters such as HO remains an open
question for future investigations.

Global, Nontargeted Histone Acetylation

In contrast to promoter targeting, several studies sug-
gest that histone acetylation may also spread across
relatively large chromosomal domains (e.g., Hebbes et
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al., 1992; Madisen et al., 1998). Recent work on human
B-globin gene activation revealed a two-step control
circuit; liberating the B-globin locus from the centro-
meric heterochromatin and general H3/H4 acetylation
together establish transcriptional competency, whereas
subsequent promoter-specific H3 hyperacetylation trig-
gers transcriptional activation (Schibeler et al., 2000).
Since the S. cerevisiae genome is exceptionally hyper-
acetylated (e.g., Waterborg, 2000), it seems reasonable
that most loci in yeast are constitutively poised for tran-
scription. If correct, Gen5’s ability to enhance genome-
wide acetylation implies a more general role in establish-
ing/maintaining transcriptional competency. However,
GCNS5 deletion does not cause detrimental effects on
growth in rich media, arguing against an essential func-
tion(s) of Gen5 alone under such conditions. It is likely
that redundant and even synergistic functions exerted
by multiple chromatin modulating activities contribute
to the constitutively poised state of yeast genome. We
favor the view that under noninducing conditions, Genb
and perhaps other HATs acetylate the yeast genome in
a relatively random, less efficient fashion and that such
global acetylation is not sufficient for swift, high-level
transcriptional activation. When HATSs are recruited by
specific activators in response to selective inducing
agents, maximal transcription is then triggered by pro-
moter-selective, targeted H3 hyperacetylation.

Experimental Procedures

Strains and Media

Yeast strains used in Figures 1-4, except 2A and 2B, are derived
from EJ66 (MATa trp1- leu2™ ura3™ his4") (see Kuo et al., 1998). To
rescue the his~ phenotype, a Pstl fragment containing the entire
HIS4 gene [from plasmid FB541 pHIS4(Pst) provided by Fred Win-
ston, Harvard University] was transformed into EJ66 to create
yMK839. GCN5 was deleted from yMK839 to create yMK842 using
a gcnb knockout construct provided by Shelley Berger (Wistar Insti-
tute). To eliminate the apparent GCRE from HIS3, pMK219 was
linearized by Eco47 lll for integrative transformation into yMK839.
URA™ transformants were grown overnight in YPD and plated onto
5-FOA plates. Genomic PCR and restriction digestion were used to
screen for the ura3~ clones that maintain the GCRE(—) version of
HIS3 gene. This strain is designated yMK869 and was further trans-
formed with a Ball-linearized plasmid, pMK223, which contained a
GCRE dimer at the Xhol site at the DED1 promoter. 5-FOA selection,
genomic PCR, and restriction digestion were used to obtain
yMK886, the GCRE-relocation strain.

Yeast strains used for HIS3 TATA element mutations, acetylation
of other Gen4-regulated genes, and the global Gen5 effect (Figures
2A, 2B, and 5-7) are based on KY320 (2Xx Tr:HIS3 and 2Xx
TGTA:HIS3, both with optimal GCRE; ade2-101oc leu2::PET56 lys2-
801am trp1-A1 ura3-52) (Chen and Struhl, 1988; lyer and Struhl,
1995) and FY833 (ATR-Tc:HIS3 [A-106 > —34 with respect to ATG]
with optimal GCRE; ade8" leu2::PET56 lys2-A202 trp1-A161 ura3-
52 [Struhl, 1998; a gift from S. Choul]). All strains are gcn4A, and
Gcen4 is expressed without the 5’ regulatory ORF sequences from
a plasmid under Cu(ll) control (a gift from M. John). From each
strain, an isogenic gcn5A mutant was generated by homologous
recombination with a Agcn5::URA3 integration plasmid.

Standard yeast manipulation techniques were employed through-
out this work. YPD or CAA medium (synthetic medium supplemented
with 0.5% casamino acids) was used to grow cells in repressive
conditions. In HIS3 and TRP3 induction, synthetic minimal medium
supplemented with essential amino acids and 10 mM 3-AT was
used. For CYCT1 induction, YP lactate (2% bacto peptone, 1% yeast
extract, and 3% lactate) was used. Typical induction time was 2-5
hr at 30°C. Alternatively, Agcn4 strains were grown in synthetic
complete medium (without leucine [Figures 6 and 7] or uracil [Figure

5]), and CuSO, was added to 500 .M 45 min prior to harvesting at
approximately 2 X107 cells/ml to induce GCN4 expression.

Plasmid Construction

pMK197 was generated by inserting the Nhel-Sall fragment of
pJJ217 (Jones and Prakash, 1990), including the HIS3-PET56 in-
tergenic UAS region, into the Xbal-Xhol sites of pRS306 (Sikorski
and Hieter, 1989). The apparent GCRE of HIS3 was mutated by site-
directed mutagenesis (pMK219). To introduce canonical GCREs at
DED1 promoter, pJJ217 was first digested with Xhol and ligated to
a self-annealed primer (TCGAATGASTCAT, S = C + G) (pMK221).
The Ball-Sacl fragment of pMK221 containing the new GCREs was
inserted into the same sites of pMK219 to create pMK223.

To create Cu(ll)-inducible GCN4 wild type and (5,6,7)" mutant
constructs (pMK295 and pMK296, respectively), PCR primers were
designed such that the GCN4 open reading frame without the 5’
regulatory ORFs was flanked by the multicloning sequence of
pMK120 (Kuo et al., 1998). Plasmids p2044 and pLD350, which
contain the wild-type GCN4 or the gcn4 (5, 6, 7)" allele (Drysdale
et al., 1998), respectively, were amplified by PCR and cotransformed
with the BamHI/EcoRl-linearized pMK120 into yeast yMK839. Yeast
DNA isolated from the URA* transformants were propagated in E.
coli to obtain pMK295 and pMK296. These plasmids were thus
transformed into KY97 (2 Tr:HIS3 gcn4A) (lyer and Struhl, 1995)
for ChiP.

Chromatin Immunoprecipitation and Quantitative PCR
Procedures for ChIP were practically identical to those previously
described (Kuo and Allis, 1999). We also noticed that the extent of
sonication significantly affected the boundaries and sometimes the
center of the hyperacetylation domains. In all of the experiments
reported here, the typical length of the bulk chromatin fragments
following sonication was between 300 to 1000 base pairs. Whole-
cell extracts equivalent to 2 X 10° yeast cells were immunoprecipi-
tated with 0.5 pl of crude antisera against diacetylated H3 or Gcn4
(a gift from A. Hinnebusch, NIH). PCR reactions contained 50 mM
KCI, 10 mM Tris-HCI (pH 9.0) at 25°C, 1% Triton X-100, 2 mM MgCl,,
0.1 mM each dNTP, 0.5 pM each primer, and 1.25 U Taqg DNA
polymerase (Promega), and appropriately diluted DNA templates.
PCR parameters were (94°C, 4 min; 50°C, 4 min; 72°C, 12-30 s) for
1 cycle; (94°C, 30 s; 50°C, 30 s; 72°C, 12-30 s) for 24 or 25 cycles;
and 72°C, 2 min. PCR products were resolved in polyacrylamide
gels. EtBr images were photographed with an Alphalmager digital
camera and quantified by the AlphaEase program (Alpha Innotech).
The ratio of the experimental to internal control ACT7 PCR product
was calculated, divided by the ratio obtained from their input coun-
terpart. The variation in PCR efficiency seen in different nucleo-
somes was thus normalized. To assess the net change of acetylation
due to transcriptional induction, the experiment-to-internal control
ratio of activated culture samples was divided by the corresponding
basal samples. Alternatively, for HIS3 TATA element mutations,
acetylation of other Gcn4-regulated genes, and the global Genb
effect (Figures 2A, 2B, 6, and 7), the antidiacetylated H3-Ab (protein
A purified) and an antitetraacetylated H4-Ab were from Upstate
Biotechnology Inc. PCR reactions were done in the presence of
[«-**P]dATP. PCR products were resolved and quantified by Fujix
BSA 2040 Phosphorlmager. The percentage of the assayed genomic
DNA fragments being immunoprecipitated was calculated by com-
paring the quantity of PCR products from the input materials to the
immunoprecipitated products. Otherwise, the protocol employed
for cross-linking and DNA isolation was as described earlier (Kuras
and Struhl, 1999).

Quantitative PCR Oligonucleotides
Sequences of the oligonucleotide primers used for quantitative PCR
are available upon request.

Quantitative S1 Nuclease Protection Assay
RNA levels were determined by quantitative S1 analysis as de-
scribed elsewhere (lyer and Struhl, 1995).
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