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The histone amino termini have emerged as key targets for a variety of modifying enzymes that function as
transcriptional coactivators and corepressors. However, an important question that has remained largely
unexplored is the extent to which specific histone amino termini are required for the activating and repressive
functions of these enzymes, Here we address this issue by focusing on the prototypical histone deacetylase,
Rpd3p, in the budding yeast Saccharomyces cerevisiae. We show that targeting Rpd3p to a reporter gene in this
yeast can partially repress transcription when either the histone H3 or the histone H4 amino terminus is
deleted, indicating that the “tails” are individually dispensable for repression by Rpd3p. In contrast, we find
that the effect of rpd3 gene disruption on global gene expression is considerably reduced in either a histone
H3�1-28 (H3 lacking the amino-terminal 28 amino acids) or a histone H4(K5,8,12,16Q) (H4 with lysine
residues 5, 8, 12, and 16 changed to glutamine residues) background compared to the wild-type background,
indicating a requirement for one or both of these histone tails in Rpd3p-mediated regulation for many genes.
These results suggest that acetylation of either the H3 or the H4 amino terminus could suffice to allow the
activation of such genes. We also examine the relationship between H3 tails and H4 tails in global gene
expression and find substantial overlap among the gene sets regulated by these histone tails. We also show that
the effects on genome-wide expression of deleting the H3 or H4 amino terminus are similar but not identical
to the effects of mutating the lysine residues in these same regions. These results indicate that the gene
regulatory potential of the H3 and H4 amino termini is substantially but not entirely contained in these
modifiable lysine residues.

DNA in eukaryotes is packaged into chromatin by the his-
tone proteins. The four core histones, H2A, H2B, H3, and H4,
have amino-terminal “tails” that extend from the structured
interior and that are subject to numerous posttranslational
modifications (7, 54). Acetylation and deacetylation of the
histone H3 and H4 amino termini are particularly important
for gene regulation, but basic questions about the mechanism
by which they affect transcription remain unanswered. For
instance, a variety of enzymes can acetylate or deacetylate the
H3 and/or H4 tails with different specificities, but it is not
known whether modifications of specific lysine residues vary in
importance at particular promoters or whether acetylation ac-
tivates transcription by removing a repressive influence (unac-
etylated histone tails) or by providing a required positive stim-
ulus (e.g., providing a binding surface for general transcription
factors) (1). Furthermore, histone-modifying enzymes may
also posttranslationally target other, nonhistone targets, com-
plicating analysis of their functions (6, 22, 43).

In an effort to understand how histone modifications affect
gene regulation, we have focused in this study on histone
deacetylase Rpd3p from the budding yeast Saccharomyces cer-
evisiae. This protein was first identified as a histone deacetylase
in a screen for rat proteins binding to trapoxin, a histone

deacetylase inhibitor; sequence analysis then showed it to be a
homolog of the known yeast corepressor Rpd3p (46). Subse-
quent work demonstrated that the histone deacetylase activity
of Rpd3p is needed for it to function as a corepressor and that
promoter-bound histones show decreased acetylation upon re-
cruitment of Rpd3p to nearby sites (18, 20, 35). The loss of
Rpd3p results in a global increase in the acetylation of lysine
residues 5, 8, 12, and 16 of histone H4 and lysine residues 9 or
18 and 14 of histone H3 (32, 34, 50), whereas promoter-bound
nucleosomes near sites of Rpd3p recruitment have been re-
ported in various studies to show the deacetylation of princi-
pally K5 of histone H4 (35); K5 and K12 of H4 and undeter-
mined sites of histone H3 (20); and K5, K8, and K12 of H4, K9,
K14, K18, K23, and K27 of H3, K27 of histone H2A and, to
somewhat lesser extent, K11 and K16 of histone H2B (45).

Rpd3p affects the regulation of a substantial number of
genes in S. cerevisiae (3). It can be recruited to gene promoters
by the repressor Ume6p but evidently by other mechanisms as
well (19, 23, 32), and it is also responsible for a lower level of
untargeted histone deacetylation throughout the genome in S.
cerevisiae (50). Chromatin immunoprecipitation experiments
have shown that repression by Rpd3p is associated with re-
duced levels of promoter-bound TATA binding protein, SWI/
SNF, and SAGA components, and it has been suggested that
reduced acetylation of histone amino termini could weaken the
interactions of components of SWI/SNF and/or SAGA with
promoter-bound nucleosomes, resulting in decreased levels of
transcription (9, 41). However, other histone-modifying en-
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zymes have been shown to target nonhistone proteins with
functional consequences (22, 43), and it is possible that Rpd3p
does so as well.

A prediction that has not yet been tested is that if the histone
amino termini are the principal functionally important targets
of Rpd3p, then the deletion of Rpd3p should have a reduced
(or no) effect in their absence. A similar approach was used
previously to test the importance of the histone H3 and H4
amino termini for regulation by Gcn5p in S. cerevisiae (53).
Here we report experiments testing this prediction at the gene-
specific and genome-wide levels. We also compare, by microar-
ray analysis, the roles of the H3 and H4 amino termini in gene
regulation at the genome-wide level and examine the extent to
which the loss of the H3 and H4 tails and the mutation of
lysines to glutamines results in overlapping phenotypes with
respect to transcriptional regulation. Our results provide a
global view of the roles of the H3 and H4 amino termini in
gene regulation in S. cerevisiae and their relationship to regu-
lation by Rpd3p.

MATERIALS AND METHODS

Plasmids. Plasmids CHA1-LexA-MEL1, GALl0-LexA-MEL1, and pRS414GAL4-
ER-VP16 were described previously (37, 42). Plasmids pRS425-LexARPD3 and
pRS425-LexARPD3(H188A) were created by ligating the SacI-PstI fragment
from YEplac112-Rpd3-LexA and the H188A mutant (18), generously provided
by David Kadosh and Kevin Struhl, into pRS425 (8). Plasmids pNS329, pNS338,
and pNS358, harboring HHF1-HHT1, hhf1-8(H4�2-26)-HHT1, and HHF1-hht1-
2(H3�1-28), respectively, on pRS414, were described previously (38). To con-
struct pNS491 {H4 with lysine residues 5, 8, 12, and 16 changed to glutamine
residues [H4(K5,8,12,16Q)]}, the EcoRI-SalI fragment from pMS329 carrying
HHF1-HHT1 (30) was subcloned into pRS414 (8) from which the BamHI site
had been removed by filling in with the Klenow fragment (pRS414�BamHI); the
BamHI fragment harboring HHF1 then was replaced with hhf1-10 from pMS391,
generously provided by M. M. Smith. Plasmid pCL460 was constructed by first
replacing the EcoRI-SmaI fragment from pMS358 containing hht1-2 (30) with
hht1-3 from pMS391 and then cloning the EcoRI-SalI fragment from the result-
ing plasmid into pRS414�BamHI. Mutant histone genes were verified by se-
quencing.

Yeast strains. The strains used in this study are listed in Table 1. Disruption
of the LEU2 gene in strains MHY308 and PKY918 (generously provided by
Michael Grunstein) was done by two-step disruption with a URA3-marked leu2�
vector. Disruption of RPD3 was accomplished by one-step disruption with a
LEU2 marker and verified by PCR and Southern blotting. Strains carrying
histone mutations were constructed by transforming MX1-4C {MAT� ura3-52
leu2-3,112 trp1-289 his3�1 �(hhf1-hht1)(hhf2-hht2) pMS329 [CEN ARS URA3
HHT1-HHF1]} (30), in which wild-type HHF1-HHT1 is carried on a URA3-

marked plasmid, with TRP1-marked plasmids harboring the appropriate mutant
histone genes and selecting for 5-fluoroorotic acid (5-FOA)-resistant colonies.
Histone replacement was verified by PCR amplification and sequencing.

Alpha-galactosidase assays. Yeast cells were grown at 30°C in complete syn-
thetic dropout medium (CSM; Bio 101) containing 2% dextrose or 1.5% raffin-
ose plus 2% galactose (for GAL10 induction) (33). The CHA1 promoter was
induced by supplementing cultures with 1 mg of serine/ml for �4 h. GAL4-ER-
VP16 was induced by the addition of 0.1 �M �-estradiol (42). Alpha-galactosi-
dase activity (encoded by MEL1) was measured as previously described (36).

Microarrays. Yeast cultures were grown in yeast extract-peptone-dextrose
medium (33) to mid-logarithmic phase, and RNA was prepared by hot phenol
extraction (40) and purified with RNeasy kits (Qiagen). Processing and hybrid-
ization to Affymetrix (Santa Clara, Calif.) S98 microarrays were performed
according to the manufacturer’s protocol as described previously (38). At least
two independent RNA preparations were used for each mutant, and three were
used for the wild-type yeast strain. Scatter plots include only genes which were
identified as being present by Affymetrix software (meaning that they were
expressed above background levels) and depict the expression of a single mRNA
preparation (the ordinate) against averaged values from two [H3�1-28 (H3
lacking the amino-terminal 28 amino acids) or H4(K5,8,12,16Q)] or three [wild
type or H3(K4,9,14,18,23,27Q)] independent mRNA preparations (the abscissa).
Changes in gene expression used for the construction of tables and for cluster
analysis were derived by averaging log2 changes in expression (compared to the
averaged wild-type expression values) for each mutant.

Statistical significance was assessed by performing an unpaired t test for each
mutant and the corresponding wild type; P values were adjusted by using the
Benjamini-Hochberg statistic, which is closely coupled to the false discovery rate
(2). Analysis was performed by using Microsoft Excel, Genespring (Affymetrix),
GeneTraffic (Iobion Informatics), and Cluster and Treeview (14). Munich In-
formation Center for Protein Sequences (MIPS) categorization was done by
using the web-based tool FunSpec (http://funspec.med.utoronto.ca/) (31).

Nucleotide sequence accession number. Microarray gene expression data have
been submitted to Gene Expression Omnibus under accession number GSE1639
and are also accessible at www.wadsworth.org/resnres/bios/morse.htm.

RESULTS

Effect of targeted recruitment of Rpd3p on activated tran-
scription. We first examined the importance of the histone H3
and H4 amino termini as functional targets for Rpd3p-medi-
ated repression of activated transcription. For this purpose, we
used two reporter genes in which promoters containing acti-
vator binding sites and LexA binding sites were fused to the
MEL1 coding sequence (Fig. 1). The MEL1 gene encodes
alpha-galactosidase, which is easily quantifiable (36). The two
promoters, from the GAL10 and CHA1 genes, each contain
positioned nucleosomes that incorporate their TATA elements
under uninduced conditions; these nucleosomes are disrupted

TABLE 1. Yeast strains used in this study

Strain Description Reference
or source

NSY429 MAT� ura3-52 leu2-3,112 trp1-289 his3�1 �(hhf1-hht1)(hhf2-hht2) pNS329 [CEN TRP1 HHF1-HHT1] 38
NSY430 MAT� ura3-52 leu2-3,112 trp1-289 his3�1 �(hhf1-hht1)(hhf2-hht2) pNS329 [CEN TRP1 HHF1-HHT1] rpd3::LEU2 This work
NSY438 MAT� ura3-52 leu2-3,112 trp1-289 his3�1 �(hhf1-hht1)(hhf2-hht2) pNS338 [CEN TRP1 hhf1-8 (H4�2-26) HHT1] 38
NSY458 MAT� ura3-52 leu2-3,112 trp1-289 his3�1 �(hhf1-hht1)(hhf2-hht2) pNS358 [CEN TRP1 HHF1 hht1-2 (H3�1-28)] 38
NSY459 MAT� ura3-52 leu2-3,112 trp1-289 his3�1 �(hhf1-hht1)(hhf2-hht2) pNS358 [CEN TRP1 HHF1 hht1-2 (H3�1-28)]

rpd3::LEU2
This work

CLY460 MAT� ura3-52 leu2-3,112 trp1-289 his3�1 �(hhf1-hht1)(hhf2-hht2) pCL460 [CEN TRP1 HHF1 hht1-3
H3(K4,9,14,18,23,27Q)]

This work

RMY491 MAT� ura3-52 leu2-3,112 trp1-289 his3�1 �(hhf1-hht1)(hhf2-hht2) pNS491 [CEN TRP1 hhf1-10 H4(K5,8,12,16Q) HHT1] This work
RMY492 MAT� ura3-52 leu2-3,112 trp1-289 his3�1 �(hhf1-hht1)(hhf2-hht2) pNS491 [CEN TRP1 hhf1-10 H4(K5,8,12,16Q) HHT1]

rpd3::LEU2
This work

MHY308 MATa ade2-101 arg4-1 his3-�200 leu2-3,112 lys2-801 trp1-�901 ura3-52 thr tyr hhf1::HIS3 hhf2::LEU2 pUK499 (HHF2) 16
RMY308 As for MHY308 but leu2 This work
PKY918 MATa ade2-101 arg4-1 his3-�200 leu2-3,112 lys2-801 trp1-901 ura3-52 thr tyr hhf1::HIS3 hhf2::LEU2 pPK618 (hhf2�4-19) 21
RMY919 As for PKY918 but leu2 This work
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FIG. 1. Effect of Rpd3p recruitment on activated transcription of two reporter genes. (A) The expression of a GAL10-MEL1 reporter gene
containing a LexA binding site (top) was measured in galactose-containing medium (GAL4 activation) (left) or in the presence of GAL4-ER-VP16
and �-estradiol (right). Activity was measured in wild-type (NSY429) or H3�1-28 (NSY458) cells and in the presence of an empty vector (pRS415)
(�), LexA-Rpd3p (RPD3), or the H188A mutant of LexA-Rpd3p (mut). With glucose, activity was less than 5 U in both wild-type and H3�1-28
yeast cells in the presence of an empty vector (data not shown). (B) The expression of a CHA1-MEL1 reporter gene containing a LexA binding
site (top) was measured in the presence of serine (induced conditions). Activity was measured in wild-type (NSY438) or H3�1-28 (NSY458) yeast
cells (left) or in matched wild-type (RMY308) or H4�4-19 (RMY919) yeast cells (right) and in the presence of an empty vector (�), LexA-Rpd3p
(RPD3), or the H188A mutant of LexA-Rpd3p (mut). In the absence of serine, activities were less than 20% induced levels, except for H3�1-28
yeast cells (see the text). All measurements were performed with at least three independent colonies, and standard deviations are indicated. UAS,
upstream activation sequence; T, TATA element.
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upon activation (24, 29, 37). Ryan et al. previously showed that
the chromatin structures of these two promoters are retained
in MEL1 fusions (36, 37). The LexA binding sites were placed
close to these nucleosomal sequences so that the recruitment
of Rpd3p as a LexA-Rpd3p fusion could target these promot-
er-proximal nucleosomes, as previous work indicated that his-
tone deacetylation accompanying Rpd3p-mediated repression
is localized to the proximal-promoter region of affected genes
(20, 35). Furthermore, by comparing the effects of recruitment
of Rpd3p to that of a mutant version of Rpd3p (H188A) that
lacks deacetylase activity, we could specifically monitor the
contribution of deacetylation to transcriptional repression
(18). Our rationale was that if we found conditions under
which the recruitment of enzymatically active Rpd3p could
repress activator-mediated transcription, then we could exam-
ine whether this repression was compromised in yeast cells
lacking the histone H3 or H4 amino terminus.

Figure 1A shows that the deacetylase activity of Rpd3p did
not significantly inhibit transcriptional activation of the GAL10
promoter by either Gal4p or GAL4-ER-VP16; similar results
were obtained for a GAL4-HAP4 fusion protein (data not
shown). Although significantly reduced transcription was seen
in the presence of LexA-Rpd3p, especially for GAL4-ER-
VP16, inhibition was the same for the catalytically inactive
H188A mutant version of Rpd3p (fused to LexA) as for the
native Rpd3p. These results indicate that the inhibition ob-
served was likely due to steric interference caused by LexA-
Rpd3p binding between the binding sites for Gal4p and the
TATA elements (4) and either that histone deacetylation is not
inhibitory at the GAL10 promoter or that the activators are
able to overcome the activity of Rpd3p by recruiting histone
acetyltransferase(s).

In contrast, the recruitment of catalytically active Rpd3p to
the CHA1 promoter was significantly more repressive than the
recruitment of the H188A mutant version of Rdp3p (P value
determined by the Student t test, �0.001) (Fig. 1B). This result
indicates that the deacetylase activity of Rpd3p, when targeted
to the CHA1 promoter, is capable of inhibiting Cha4p-medi-
ated activation (38). Consistent with this inhibition, chromatin
immunoprecipitation experiments revealed a modest (about
twofold) decrease in the acetylation of histone H4 at the
CHA1-LexA-MEL1 promoter in the presence of LexA-Rpd3p
relative to the empty vector control, whereas no such decrease
was measured in the presence of the inactive H188A mutant
version or at the endogenous CHA1 promoter (which lacks a
LexA binding site) (data not shown).

To examine whether the amino termini of histones H3 and
H4 were critical targets for the Rpd3p-mediated repression of
CHA1 activation, we repeated this experiment with a congenic
yeast strain lacking the histone H3 amino terminus (H3�1-28)
and with another matched set of strains expressing either wild-
type histone H4 or histone H4 lacking the amino terminus
(H4�4-19). In both cases, significantly more repression was
observed upon recruitment of catalytically active Rpd3p than
upon recruitment of the inactive H188A mutant version of
Rpd3p (P � 0.001) (Fig. 1B). A similar effect was seen under
uninduced conditions with H3�1-28, in which the CHA1 pro-
moter is strongly derepressed (38) (data not shown). Activa-
tion by GAL4 and GAL4-ER-VP16 was reduced similarly by
LexA-Rpd3p and the H188A mutant version of Rpd3p in

H3�1-28, as was seen with the wild type (Fig. 1A). We do not
understand the reason for the increased activation by GAL4
seen in H3�1-28, although it is consistent with an earlier report
of increased GAL gene activation under partially derepressing
conditions in yeast cells lacking the H3 amino terminus (25).
We conclude that the H3 and H4 amino termini are individu-
ally dispensable for the mild repression of the CHA1 promoter
caused by the targeted recruitment of Rpd3p.

Global analysis of interactions between the H3 and H4
amino termini and Rpd3p. To assess the functional importance
of the histone H3 and H4 amino termini as targets for Rpd3p-
mediated repression on a genome-wide basis, we performed
microarray experiments with Affymetrix glass slides. We first
examined the effect of RPD3 deletion on global gene expres-
sion in wild-type and H3�1-28 yeast cells (Fig. 2B and C).
Deletion of RPD3 in wild-type yeast cells affects the regulation
of about 5% of the total yeast genome by twofold or more
when cells are grown in rich medium (yeast extract-peptone-
dextrose medium), with a 2.5-fold bias toward increased ex-
pression in rpd3� yeast cells (Fig. 2B and E). These results are
consistent with the view that Rpd3p is generally repressive,
although they contrast somewhat with previously reported mi-
croarray results (3). The number of genes affected by RPD3
deletion is greatly reduced in H3�1-28 yeast cells (Fig. 2B, C,
and E). The smaller effect of RPD3 deletion in H3�1-28 yeast
cells than in wild-type yeast cells was seen whether the histone
H3 genes were genomic or carried on a CEN-containing plas-
mid (data not shown). These results indicate that on a genome-
wide basis, the number of genes regulated by Rpd3p in yeast
cells grown in rich medium is considerably reduced by removal
of the histone H3 amino terminus. These results are consistent
with the H3 tail being a critical regulatory target of Rpd3p.

We wished to similarly examine the effect of RPD3 deletion
in yeast cells lacking the H4 amino terminus but were unable
either to create an rpd3 deletion in H4�2-26 yeast cells or to
replace the wild-type HHF1 gene with hhf mutant genes en-
coding either H4�4-19 or H4�2-26 by plasmid shuffling in
rpd3� yeast cells (Fig. 2F and data not shown). In those few
cases in which we obtained 5-FOA-resistant colonies, sequenc-
ing showed that the TRP1-marked plasmid that originally car-
ried the mutant hhf gene now harbored HHF1, which had
presumably been “repaired” by recombination. Similarly, de-
letion of GCN5 has been reported to be synthetically lethal
with the loss of either the H3 or the H4 amino terminus (53).
Somewhat surprisingly, however, we were able to construct
an rpd3� yeast strain expressing hhf1-10; in this strain, the
codons for Lys-5, Lys-8, Lys-12, and Lys-16 were mutated to
code for Gln, thereby mimicking the uncharged, acetylated
state at these residues (27). As with the deletion of the H3
amino terminus, mutation of Lys-5, Lys-8, Lys-12, and Lys-16
at the H4 amino terminus resulted in substantially fewer genes
being affected by the deletion of RPD3 than in cells expressing
wild-type histone H4 (Fig. 2B, D, and E). This effect was
particularly pronounced for genes showing increased expres-
sion upon loss of Rpd3p. We conclude that for many genes
regulated by Rpd3p, loss of the modifiable lysine residues in
either the H3 amino terminus (through its deletion) or the H4
amino terminus (by mutation) results in loss of this regulation.

The above results suggest that for many genes, Rpd3p-me-
diated regulation, particularly repression, requires the pres-
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ence of the deacetylated amino terminus of either H3 or H4 or
both. To study further the relationship of the genes repressed
by Rpd3p and by the H3 and H4 tails, we examined the overlap
between the genes showing increased expression upon deletion
of the repressor Rpd3p and those showing increased expres-
sion (with a P value of �0.05 as a cutoff) upon removal of the

H3 or H4 tail (Fig. 3A). Substantial overlap was observed
among these data sets, with 159 genes showing increased ex-
pression in all three sets. Although indirect effects cannot be
ruled out and doubtless pertain in some cases (see Discussion),
this high degree of overlap strongly suggests that Rpd3p acts
directly on many of these genes by targeting the histone tails.

FIG. 2. The effect of rpd3 deletion on genome-wide gene expression is reduced when the H3 tail is deleted or the H4 tail lysines are mutated.
(A) Scatter plot of gene expression in one mRNA preparation from wild-type yeast cells (NSY429) compared to averaged values from three
independent mRNA preparations from wild-type yeast cells (including the one being compared). Each point represents the expression of an
individual gene. The diagonal lines represent twofold changes in expression. For this and all subsequent scatter plots, only genes indicated by
Affymetrix software as being present (i.e., expressed above background levels) are shown. (B) Scatter plot of gene expression in rpd3� (NSY430)
and wild-type (NSY429) yeast cells. (C) Scatter plot of gene expression in rpd3� H3�1-28 (NSY459) and H3�1-28 (NSY458) yeast cells.
(D) Scatter plot of gene expression in rpd3� H4(K5,8,12,16Q) (RMY492) and H4(K5,8,12,16Q) (RMY491) yeast cells. (E) Table of gene
expression changes for the indicated comparisons. Entries are derived from averaged values from at least two independent mRNA preparations
and have Benjamini-Hochberg-derived P values (2) of �0.05. wt, wild type. (F) Synthetic growth defect of rpd3� and H4�2-26 yeast cells. Wild-type
or rpd3� yeast cells harboring HHT1-HHF1 on a TRP1-marked plasmid and the indicated combination of hht1 and hhf1 alleles on a URA3-marked
plasmid were streaked on 5-FOA and CSM-trp plates and allowed to grow for 2 days at 30°C.
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Even for cases in which indirect effects occur, the overlap
suggests that many of these effects are likely to occur via the
same or similar upstream events caused by the loss of Rpd3p or
the H3 or H4 tail.

A detailed comparison of the data with published work in-
dicates some variability in the requirement for the H3 and H4
tails among genes likely to be direct targets of Rpd3p-mediated
repression. Bernstein et al. (3) reported finding Ume6p bind-
ing sites upstream of 31 genes that were found to be up-reg-
ulated by the loss of Sin3p in a microarray analysis. We found
that 18 of these genes showed an increase in expression of at
least 1.6-fold (P � 0.05) in rpd3� yeast cells, but only 5 of these
also showed an increase in expression (1.6-fold) (P � 0.05) in
both H3�1-28 and H4�2-26 yeast cells, like the known Rpd3p-
regulated genes INO and SPO11. One possible explanation for
these results is that some of these genes may be regulated
by Sin3p even in the absence of Rpd3p and therefore may be
less dependent on the H3 or H4 tail for repression. We also
found 96 genes that showed an increase (2-fold) in expression
in rpd3� yeast cells but not (�1.3-fold) in rpd3� H3�1-28
(relative to H3�1-28) or rpd3� H4(K5,8,12,16Q) [relative to
H4(K5,8,12,16)] yeast cells (that is, requiring both histone
amino termini for Rpd3p-mediated repression). However, for
only seven genes (PGM1, FOX2, ECI1, YGL250W, YJL163C,
YLR446W, and YNL033W) were the individual intact histone
amino termini dispensable for Rpd3p-mediated repression, as
seen earlier for Rpd3p recruited to the CHA1 promoter. Fu-
ture examination of these genes and other genes with anoma-
lous behavior should provide new insights into gene regulation
by the histone tails.

Cluster analysis provides additional support for the close
relationship between genes regulated by Rpd3p and the his-
tone H3 and H4 amino termini. Figure 3B shows the results of
clustering of the 209 genes showing at least a twofold increase
in expression in rpd3� versus wild-type yeast cells (P � 0.05).
K-means cluster analysis (14) showed that these genes were
divided into two principal groups when clustered according to
the effect of removing or mutating the H3 or H4 tail. The
majority (Fig. 3B, cluster A) showed a high degree of correla-
tion with increased gene expression in yeast cells in which the
H3 or H4 amino terminus was absent or in which lysines were
mutated to glutamines. In contrast, little change was seen in
the expression of these genes when RPD3 was deleted from
cells lacking the H3 amino terminus or containing
H4(K5,8,12,16Q). These results are not surprising in light of
the already increased expression, relative to that in wild-type
yeast cells, of this gene set in H3�1-28 or H4(K5,8,12,16Q)
yeast cells. Nevertheless, they reinforce the genetic link, on a
genome-wide scale, between Rpd3p-mediated repression and
regulation by the histone H3 and H4 amino termini. Further-
more, these results strongly suggest that for many genes that
are repressed by Rpd3p, acetylation of either the H3 or the H4
amino terminus could suffice to overcome this repression. As
indicated above, a smaller set of genes showed increased ex-
pression when RPD3 was deleted from H3�1-28 or
H4(K5,8,12,16Q) yeast cells and less change upon removal or
mutation of the H3 or H4 tail (Fig. 3B, cluster B). This set may
include genes for which a deacetylated H3 or H4 amino ter-
minus suffices for repression; it is possible that the acetylation
of both tails is normally required for the activation of such

FIG. 3. (A) Overlap among genes up-regulated twofold or more in
rpd3�, H3�1-28, and H4�2-26 yeast cells. Only genes having altered
expression values in rpd3� yeast cells with Benjamini-Hochberg-de-
rived P values of �0.05 were considered. P values for the significance
of overlap between pairwise-considered data sets were based on a
hypergeometric distribution. (B) K-means cluster analysis (14) of the
209 genes showing at least a twofold increase in expression (P � 0.05)
in rpd3� versus (v) wild-type yeast cells. Red represents increased gene
expression and green represents decreased gene expression, with in-
tensity being proportional to the magnitude of the change and the
range of expression being from fourfold up to fourfold down (i.e.,
changes of greater than fourfold up or fourfold down are shown at
maximal intensity).
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genes. The existence of such genes is consistent with the results
of our analysis with CHA1-LexA-MEL1 (Fig. 1B), with which
we found that Rpd3p-mediated repression could occur in the
absence of either the H3 or the H4 amino terminus.

In summary, the microarray analysis presented here sup-
ports the idea that the histone H3 and H4 amino termini are
important functional targets of Rpd3p. Many genes require
intact H3 and H4 amino termini for Rpd3p-mediated repres-
sion, although some require only one or the other, and for a
few genes, neither individual amino terminus is required.
These findings suggest that the precise molecular mechanisms
by which Rpd3p represses transcription differ for particular
gene targets.

Comparison of histone amino-terminal deletions with mu-
tations of amino-terminal lysine residues. The histone H3 and
H4 amino termini can be modified by acetylation or methyl-
ation of lysine residues, phosphorylation of serine residues,
and methylation of arginine residues (7, 54). To assess the
extent to which the effect of the loss of the H3 or H4 amino
terminus on gene expression was due to the loss of modifiable
lysine residues, we compared the effect of histone tail deletion
to the effect of mutation of lysines to glutamines.

Sabet et al. reported on microarray studies of genome-wide

changes in gene expression in H3�1-28 and H4�2-26 yeast
cells relative to wild-type cells (38). In that work, slightly dif-
ferent strain backgrounds were used for the H3�1-28 and
H4�2-26 (and corresponding wild-type) strains. Here, all
strains investigated, including those containing wild-type his-
tones, had one copy each of HHT1 and HHF1 on a CEN-
containing plasmid with a TRP1 marker.

A comparison of gene expression in H3(K4,9,14,18,23,27Q)
yeast cells against averaged values from three independent
mRNA preparations from H3(K4,9,14,18,23,27Q) yeast cells
showed little variation in gene expression, with most genes
differing by less than twofold (Fig. 4A). Considerably more
variability was seen in a comparison between H3�1-28 or
H3(K4,9,14,18,23,27Q) and wild-type yeast cells (Fig. 4B and
D and data not shown). Similar to the effect of the loss of the
H3 amino terminus on gene expression (38), considerably
more genes showed increased rather than decreased expres-
sion in the H3(K4,9,14,18,23,27Q) mutant strain (Fig. 4D).
Similar results have been obtained for mutation of these lysine
residues to glycine (26). A comparison of gene expression in
H3�1-28 and H3(K4,9,14,18,23,27Q) yeast cells showed con-
siderably fewer changes in gene expression (Fig. 4C and D).
These results indicate that for many genes, a loss of charge in

FIG. 4. Comparison of genome-wide gene expression with H3 tail deletion and with H3 lysine-to-glutamine substitution mutation. (A) Scatter
plot of gene expression in one mRNA preparation from H3(K4,9,14,18,23,27Q) (CLY601) yeast cells compared to averaged values from three
independent mRNA preparations from H3(K4,9,14,18,23,27Q) yeast cells (including the one being compared). Each point represents the
expression of an individual gene. (B) Scatter plot of gene expression in H3�1-28 (NSY458) and wild-type (NSY429) yeast cells. (C) Scatter plot
of gene expression in H3�1-28 (NSY458) and H3(K4,9,14,18,23,27Q) yeast cells. (D) Table of gene expression changes for the indicated
comparisons. Entries are derived from averaged values from each yeast strain, with Benjamini-Hochberg-derived P values for altered expression
of �0.05. v, versus; wt, wild type.
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the H3 amino terminus has the same effect as a loss of the H3
tail. In a similar vein, linker histone H1 has been found to
affect gene expession in Tetrahymena via a negatively charged
patch created by phosphorylation or mutation (11).

Similar to our results obtained from an analysis of the H3
amino terminus, a comparison of H4�2-26 and H4(K5,8,12,16Q)
yeast cells showed fewer changes in genome-wide expression
than were seen when either individual mutant was compared
with the wild type (Fig. 5). However, a substantial number of
genes showed different effects of deletion and mutation of the
H4 tail (Fig. 5C), suggesting that in these cases, the regulation
of gene expression by the H4 tail depends on more than a
simple charge effect. Also, in contrast to our results obtained
from an analysis of the H3 amino terminus, deletion and mu-
tation of the H4 amino terminus result in approximately equal
numbers of genes showing increased expression and decreased
expression, consistent with earlier results obtained from an
analysis of H4 tail deletion (38).

A high degree of correlation was also observed for the ef-
fects of the H3 and H4 tails on gene expression, as noted pre-
viously (Fig. 3A). To test these findings further, we performed
K-means cluster analysis of the sets of genes most affected (up-
or down-regulated) in the various histone tail mutants relative
to the wild type (14). The results revealed strong correlations
for the effect of deletion and the effect of mutation of the H3
and H4 amino termini on gene expression (Fig. 6). Correla-
tions between tail deletions and mutations were stronger for
the histone tail mutant strains than for the rpd3� strain. No-
tably, there was a substantial correlation among genes down-
regulated in H4�2-26 and H4(K5,8,12,16Q) yeast cells, but
there was considerably less correlation between either of these
mutant strains and either strains with H3 tail mutations or the
rpd3� yeast strain. The activation of specific genes has been
shown to depend on an intact H4 amino terminus (12); per-
haps some genes that are active during growth in rich medium
exhibit a similar specific dependence on the H4 tail.

DISCUSSION

In this study we examined the relationship between the his-
tone H3 and H4 amino termini and Rpd3p in gene regulation
in budding yeast. We found that the ability to repress gene
activation through Rpd3p recruitment to a proximal promoter
region is variable (Fig. 1). Repression of activation by Gal4p or
GAL4-ER-VP16 by Rpd3p recruitment was independent of its
deacetylase activity, indicating primarily steric effects (4) or re-
pression by the Rpd3p-Sin3p complex independent of deacety-
lase activity (18). These data show that under some circum-
stances, Rpd3p recruitment is not sufficient for repression, and
are consistent with chromatin immunoprecipitation experi-
ments showing an association of Rpd3p with highly transcribed
genes (23). In contrast, repression of activation by Cha4p
(using the CHA1 promoter) depended strongly on Rpd3p
deacetylase activity and was observed in the absence of either
the H3 or the H4 amino terminus, indicating that these targets
of Rpd3p deacetylase activity are individually dispensable for
Rpd3p repressor function in at least some cases. Deckert and
Struhl (9) also reported a variable ability of Rpd3p to repress
transcription, depending on the activator. Their study did not
include an analysis of the effect of an enzymatically deficient

Rpd3p mutant, but since Rpd3p recruitment in their experi-
ments was to a site upstream of the activator, steric effects are
unlikely to have come into play.

Microarray experiments showed a strong dependence on
both the histone H3 and the histone H4 amino termini for
genome-wide regulation by Rpd3p, supporting the idea that
the H3 and H4 tails are functionally important targets of
Rpd3p on a genome-wide scale (Fig. 2 and 3). One important

FIG. 5. Comparison of genome-wide gene expression with H4 tail
deletion and with H4 lysine-to-glutamine substitution mutation. (A)
Scatter plot of gene expression in H4�2-26 (NSY438) and wild-type
(NSY429) yeast cells. (B) Scatter plot of gene expression in H4�2-26
(NSY438) and H4(K5,8,12,16Q) (RMY491) yeast cells. (C) Table of
gene expression changes for the indicated comparisons. Entries are
derived from averaged values from each yeast strain, with Benjamini-
Hochberg-derived P values for altered expression of �0.05. v, versus;
wt, wild type.
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question that arises in such experiments is whether genes
showing altered expression are directly or indirectly affected by
the relevant mutation. One way in which indirect effects could
occur is if one or a few genes responsible for controlling a
major cellular process, such as cell cycle, were affected by a
given mutation (e.g., RPD3 deletion or mutation of a histone
tail). Analysis of the genes up-regulated by the loss of the H3

or H4 amino terminus or by the loss of Rpd3p by use of the
MIPS database showed enrichment of genes involved in car-
bon compound metabolism and energy but not in the cell cycle
or transcription (data available on request). Enrichment of
genes involved in the stress response was seen among the set of
genes up-regulated by the loss of the H4 amino terminus, and
it is possible that this effect is largely indirect, if the loss of the

FIG. 6. K-means cluster analyses. Genes showing expression increased (A) or decreased (B) by at least twofold, with Benjamini-Hochberg-
derived P values of �0.05, were used for each group, except for those showing decreased expression in H3�1-28 or H3(K4,9,14,18,23,27Q) (H3
KQ) yeast cells, for which the 100 genes showing expression decreased by at least 1.6- or 1.9-fold, respectively, were used. H4 KQ,
H4(K5,8,12,16Q). The underlined histone designation indicates the data set on which clustering was based. The panels on the left show the patterns
of expression for the genes in each cluster, with the number of genes in each cluster indicated to the left; the red line in each panel indicates the
average expression pattern within that cluster. Increasing K above the number shown did not significantly affect the resulting clustering. In the
panels on the right, red represents increased gene expression and green represents decreased gene expression, with intensity being proportional
to the magnitude of the change and the range of expression being from fourfold up to fourfold down (i.e., changes of greater than fourfold up or
fourfold down are shown at maximal intensity).

VOL. 24, 2004 GENE REGULATION BY HISTONE H3 AND H4 TAILS AND Rpd3p 8831



H4 amino terminus results in the cells sensing stress in some
way. Genes down-regulated by the H3 or H4 amino-terminal
deletions or substitutions included many pheromone-respon-
sive genes, a result expected on the basis of the loss of mating-
type silencing observed in these mutants (21, 47). Interestingly,
loss or mutation of the H4 tail causes a disproportionate down-
regulation of genes involved in transcription (data available on
request), suggesting a unique role for this amino terminus in
regulating this subset of genes. Understanding the basis for this
role will require further investigation.

Although the enrichment of genes affected by loss or muta-
tion of the H3 or H4 amino terminus or of Rpd3p was seen in
some categories, generally the affected genes were spread over
many functional categories, suggesting that many of the af-
fected genes are directly regulated by the histone tails and/or
Rpd3p rather than that there are a few “master control” genes
whose altered expression affects the remainder. Furthermore,
the high concordance among genes affected by the histone tail
mutations and the loss of Rpd3p also suggests a set of com-
monly controlled genes. Finally, as mentioned in Results,
genes known to be directly regulated by Rpd3p are also af-
fected by loss or mutation of the H3 and H4 amino termini.
Together, these findings strongly suggest a sizeable family of
genes that require Rpd3p and the H3 and H4 amino termini
for their proper regulation.

Several investigators have combined chromatin immunopre-
cipitation with microarrays to identify promoters that show
higher acetylation of the H3 and/or H4 amino termini in rpd3�
yeast cells than in wild-type cells and to identify promoters
associated with Rpd3p (23, 32). We tested the overlap between
genes showing increased acetylation in rpd3� yeast cells and
those up-regulated upon the loss of Rpd3p or of the H3 or H4
amino terminus and found the degree of overlap to be only
slightly higher than that expected by chance (data not shown).
Similarly, genes whose promoters have been found to be phys-
ically associated with Rpd3p (more than twofold) also were not
enriched in groups of genes that were up-regulated more than
twofold upon the loss of Rpd3p or of the H3 or H4 amino
terminus (data not shown). Although these previous studies
did report modest correlations between genes physically asso-
ciated with Rpd3p and those regulated by Rpd3p or Sin3p, as
well as those showing increased H3 K18 acetylation upon the
loss of Rpd3p, examination of the data in these studies for the
simple overlap of genes associated with Rpd3p (twofold or
higher enrichment) and those showing increased acetylation in
rpd3� yeast cells (twofold or higher for both H4 K5 and H4
K12) reveals the degree of overlap to be no greater than that
expected by chance (data not shown). These findings do not
imply that the data in those studies or in our studies are flawed;
indeed, an impressive correlation was found among genes
showing increased acetylation in rpd3� yeast cells at H4 K5
and K12 and H3 K18 in the data of Kurdistani et al. (23),
vouching for the robustness of these data (data not shown).
Similarly, the substantial overlap seen among genes that were
up-regulated upon the loss of the H3 or H4 amino terminus or
of Rpd3p strongly suggests that these genes are regulated by a
common mechanism, which may be direct or indirect for indi-
vidual instances but likely stems from the action of Rpd3p on
the target histone tails. The weak correlation between Rpd3p
binding and its effects on acetylation and gene regulation may

reflect its nontargeted activity as a histone deacetylase and/or
the regulation of Rpd3p activity by mechanisms that are not yet
understood (39, 50).

Although we constructed an rpd3 H4(K5,8,12,16Q) yeast
strain, we were unable to generate rpd3� H4�4-19 or rpd3�
H4�2-26 yeast strains in the S288C background, indicating that
some essential function in yeast cells requires either Rpd3p or
the H4 amino terminus. These results could reflect indepen-
dent regulation of a gene or genes by Rpd3p and the H4 tail;
however, they could also be due to the loss of some essential
checkpoint function, as the H4 amino terminus has been im-
plicated in cell cycle checkpoint regulation (28).

We also found a high degree of correlation between genes
affected by the loss of the H3 and H4 amino termini, as well as
those affected by mutation of H3 lysine residues 4, 9, 14, 18, 23,
and 27 to glutamine residues and those affected by mutation of
H4 lysine residues 5, 8, 12, and 16 to glutamine residues (Fig.
3 to 6). We draw two conclusions from these findings. First, for
many genes, regulation by the histone H3 and H4 amino ter-
mini is exerted principally via mechanisms specific to the lysine
residues. This scenario, of course, likely reflects the involve-
ment of chromatin-modifying enzymes, whose involvement in
transcriptional regulation is well known. Second, many genes
evidently require both the histone H3 and the histone H4
amino termini for proper regulation, particularly repression
(Fig. 6A and B). For such genes, the acetylation of either the
H3 or the H4 amino terminus may suffice to allow activation.
This scenario would permit activation by recruitment of his-
tone acetyltransferases that target either the H3 or the H4 tail,
for example, Esa1p or Gcn5p (5, 43), thus providing flexibility
for gene activation. Genes requiring both amino termini may
depend on charge-specific effects of the histone tails for their
proper regulation, whereas those exhibiting regulation specific
to the H3 or H4 amino terminus may require the recognition
of modifications in one or the other tail by transcription factors
or other transcriptional regulatory proteins, as postulated by
the histone code hypothesis (44, 48, 49).

Various activators and repressors are known to act at least
in part via the histone amino termini; these include Tup1p,
Gcn5p, Esa1p, Hda1p, Hos1p, and Hos2p (13, 15, 43, 51, 52).
Novel pathways of gene regulation via the histone amino ter-
mini may still remain to be identified (38). A comparison of
genes regulated via the H3 and H4 amino termini, as described
in this work, with known targets of regulators that function via
the histone tails (3, 10, 17) may facilitate the discovery of such
novel pathways.
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