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The HIR/HPC (histone regulation/histone periodic control) negative regulators play important roles in the
transcription of six of the eight core histone genes during the Saccharomyces cerevisiae cell cycle. The pheno-
types of hir1 and hir2 mutants suggested that the wild-type HIR1 and HIR2 genes encode transcriptional
repressors that function in the absence of direct DNA binding. When Hir1p and Hir2p were artificially tethered
to yeast promoters, each protein repressed transcription, suggesting that they represent a new class of
transcriptional corepressors. The two proteins might function as a complex in vivo: Hir2p required both Hir1p
and another Hir protein, Hir3p, to repress transcription when it was tethered to an HTA1-lacZ reporter gene,
and Hir1p and Hir2p could be coimmunoprecipitated from yeast cell extracts. Tethered Hir1p also directed the
periodic transcription of the HTA1 gene and repressed HTA1 transcription in response to two cell cycle
regulatory signals. Thus, it represents the first example of a transcriptional corepressor with a direct role in
cell cycle-regulated transcription.

Histone synthesis is tightly regulated in eukaryotes to ensure
that the components for nucleosome assembly are present both
at the correct time during the cell cycle and in the proper
stoichiometric levels (39). Regulation at the level of transcrip-
tion plays an important role in the synthesis of the core his-
tones in Saccharomyces cerevisiae, and negative regulation has
emerged as a significant mechanism in the transcription of six
of the eight histone genes (HTA1-HTB1, HHT1-HHF1, and
HHT2-HHF2) in this organism (39). A negative site has been
identified in the promoters of each of the negatively regulated
histone genes in close proximity to upstream activation se-
quence (UAS) elements (14, 41). The HTA1-HTB1 negative
site has been shown to play a key role in cell cycle-regulated
transcription: deletion of this site derepressesHTA1 andHTB1
transcription early in G1 phase, late in S phase, and in G2/M
phase, points in the cell cycle when the two genes are usually
not expressed (41), and prevents the same genes from being
repressed in S-phase cells when DNA replication has been
interrupted (29). The same site is also required for a feedback
repression pathway that is triggered by the overproduction of
histones H2A and H2B (32). In its absence, HTA1 and HTB1
transcription is insensitive to the intracellular levels of these
two histone proteins.
Two related genetic screens have identified seven HIR and

HPC (histone regulation and histone periodic control) genes
whose products are postulated to encode repressors of HTA1-
HTB1, HHT1-HHF1, and HHT2-HHF2 transcription (43, 64).
Four of these genes (HIR1, HIR2, HIR3, and HPC2) have been
isolated and extensively characterized (51, 54, 64). None of the
genes is essential, and each appears to encode a novel polypep-
tide. Interestingly, the HIR1 and HIR2 genes have been evo-
lutionarily conserved; the human homolog, HIRA, encodes a

protein that encompasses structural features from both yeast
proteins as a single polypeptide (26). These features include
seven copies of a WD (b-transducin) repeat (35) that is present
at the N termini of both HIR1 and HIRA (26, 51).
Consistent with the idea that some of the Hir and Hpc

proteins will directly participate in transcriptional repression,
the HIR1, HIR2, and HIR3 gene products have been shown
genetically to function through the negative site in the HTA1-
HTB1 promoter (43). However, although they are apparently
nuclear proteins (51, 54), none of the three contains a motif
typically associated with DNA binding, and Hir1p and Hir2p
are apparently not present in a factor that binds to the HTA1-
HTB1 negative site (49). This raised the possibility that the
Hir1, Hir2, and Hir3 proteins function as transcriptional core-
pressors, mediating repression through a DNA binding protein
that contacts the negative site at each of the negatively regu-
lated histone gene promoters. This class of transcriptional re-
pressors is best exemplified by the Tup1 and Cyc8 (Ssn6) pro-
teins (22, 63), which form a complex that recognizes several
different DNA binding proteins at a diverse array of yeast
genes, including the a2-Mcm1 repressor at a-cell-specific genes
(22, 25) and the Mig1 repressor at glucose-repressed genes (59,
61).
To understand the role of the Hir and Hpc proteins in the

repression of the core histone genes, we have undertaken a
functional analysis of Hir1p and Hir2p. We found that both
proteins repressed transcription when artificially recruited to
DNA binding sites in yeast promoters, supporting the idea that
they represent a new class of transcriptional corepressors. Ad-
ditional data suggest that Hir1p and Hir2p perform this func-
tion as part of a multiprotein complex in vivo: tethered Hir2p
depends on the presence of both Hir1p and Hir3p to repress
HTA1 transcription, and the Hir1 and Hir2 proteins can be
coimmunoprecipitated from yeast cell extracts. We also found
that tethered Hir1p could substitute for the HTA1-HTB1 neg-
ative site to direct transcription of the HTA1 gene in response
to several cell cycle regulatory signals. Thus, Hir1p and Hir2p
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represent the first examples of transcriptional corepressors
whose activity directly contributes to cell cycle-regulated tran-
scription.

MATERIALS AND METHODS

Yeast strains and growth conditions. The S. cerevisiae strains used in this study
are listed in Table 1. Strains with HIR mutations are isogenic derivatives of
W303-1A. Yeast transformations were performed by the lithium acetate method
(20), with selection for the prototrophic marker present on each plasmid. For
most studies, strains were grown in SD selective medium (21) at 308C except for
strains K3391 and 1078-2B, which were grown at 248C.
For cell synchronization, K3391 cells were grown in SD selective medium and

arrested in G1 at Start by treatment with 5 mg a mating factor (Sigma) per ml for
2.5 h; following removal of the mating pheromone by centrifugation and washing,
the cells were resuspended in SD selective medium. Strain YEL106 was synchro-
nized following a 2.5-h treatment with 0.05 mg of amating factor per ml. Samples
were taken at 10- to 15-min intervals after release from G1 arrest for analysis of
RNA levels during the cell cycle.
Strain 1078-2B (cdc4ts) was grown in SD selective medium at 248C and also

shifted to 378C for 2.5 h to inactivate the CDC4 gene product. To inhibit DNA
replication, cells were pregrown in SD selective medium, transferred to YPD
medium, grown to a density of ;5 3 106 cells/ml, and then treated with 0.2 M
hydroxyurea for 30 min (43).
Plasmids. (i) lacZ reporter genes. Plasmids with HTA1-lacZ reporter genes

were all derived from plasmid pCALA1, a CEN3-LEU2 vector that carries an
HTA1-lacZ reporter gene under control of the wild-type HTA1 promoter (41).
Plasmid pHTA1Dneg-lacZ contains a 50-bp deletion of sequences from the
HTA1-HTB1 negative site (41). Plasmid pHTA1Dneg-lacZ 1 lex op contains a
42-bp oligonucleotide with two lexA dimer binding sites inserted in place of the
missing negative site sequences in plasmid pHTA1Dneg-lacZ (46). CYC1-lacZ
reporter genes are present on plasmids pAJ1, CK26, and pJK1621, 2mm URA3
plasmids that carry zero, one, and four lexA dimer binding sites inserted 59 to the
CYC1 UAS elements, respectively, and they were generously provided by A.
Johnson (22).
(ii) lexA fusion genes. All lexA fusion genes were constructed in plasmid

pBTM116, a 2mm TRP1 vector that contains the entire lexA coding sequence
under control of the ADH1 promoter (generously provided by Stan Fields). A
lexA-HIR1 fusion gene was constructed by creating a SmaI site in the HIR1 gene
immediately before the initiation codon by PCR mutagenesis (3), using the
primer 59AAGGTCTCCCCGGGCATGAAAGTG39, and inserting the HIR1
gene as a SmaI-SalI fragment into pBTM116. The lexA-HIR2 fusion gene was
constructed by a similar strategy, using the oligonucleotides 59ACACAATCCC
CGGGGATGAGATTA39 and 59AGAATCAAAGGGCCCAAATTGTTA39 to
insert SmaI sites at both the initiation and termination codons of HIR2. All
constructs were confirmed by DNA sequence analysis using double-stranded
templates (3).
(iii) HA epitope-tagged HIR genes. The HIR1 gene was tagged with a single

copy of the hemagglutinin (HA) epitope at a unique XbaI site in the HIR1 open
reading frame as previously described (51), and it was present on plasmid
YEp352 (2mm URA3). The HIR2 gene was tagged with the same HA epitope at
a unique PvuII site, and it was present on the URA3 2mm plasmid YEp24 (51).
Untagged HIR genes were present on the same high-copy-number plasmids as
the HA-tagged genes (51).

RNA analysis. Total RNA was extracted from ;1.2 3 108 to 2.5 3 108

exponentially growing cells as previously described (32). HTA1-lacZ, HTB2, and
RP51A mRNA levels were measured by a quantitative S1 nuclease digestion
assay, using a 1.4-kb SmaI-ClaI fragment (lacZ), a 0.7-kb AvaII-SalI fragment
(HTB2), and a 0.6-kb AvaII-SalI fragment (RP51A) that had been end labelled
with [g-32P]ATP in the presence of T4 polynucleotide kinase (32). Following
electrophoresis using an 8 M urea–4% polyacrylamide gel, the dried gels were
subjected to autoradiography. Quantitations were performed on a Fuji phospho-
imager, using MACBAS software.
Immunological detection methods. For the immunoprecipitation of Hir pro-

teins, strain BJ5465 (Table 1) was cotransformed with appropriate pairs of
HA-tagged or untagged HIR1 or HIR2 genes and lexA-HIR1 or lexA-HIR2 genes.
Immunoprecipitations were performed with ;60 to 450 mg of protein from
whole-cell extracts prepared by 10 to 15 cycles of glass bead breakage in a lysis
buffer that contained 20 mMHEPES (pH 7.4), 100 mM potassium acetate, 2 mM
magnesium acetate, 2 mM phenylmethyl sulfonate (57), and a mix of protease
inhibitors (1003 mix consists of 10 mg of chymostatin, 200 mg of aprotinin, 100
mg of pepstatin A, 50 mg of leupeptin, and 720 mg of E64 per ml in 10 mM Tris
[pH 7.4]). Extracts containing HA-tagged proteins were incubated with 2.5 to 5.0
ml of monoclonal antibody 12C5A (Babco) (36) for 2 h at 48C in immunopre-
cipitation buffer (57) (50 mM Tris [pH 7.5], 1% Triton X-100, 150 mM sodium
chloride, 500 mM ammonium acetate, 0.5 mg of bovine serum albumin [BSA]
per ml) and subsequently incubated with 100 ml of protein G-Sepharose beads
(Pharmacia) for an additional 1 to 2 h at 48C. The Sepharose beads containing
immune complexes were collected by low-speed centrifugation and washed three
times with immunoprecipitation buffer containing BSA (0.5 mg/ml) and two
times with immunoprecipitation buffer without BSA. Approximately 5 to 10% of
total HA epitope-tagged proteins were precipitated by these procedures. Fol-
lowing the last wash, the Sepharose beads were resuspended in 20 ml of sodium
dodecyl sulfate (SDS) sample buffer (3) and heated at 1008C for 5 min. The
eluate was then divided into two parts before loading onto an SDS–7.5% poly-
acrylamide gel; 5 ml was analyzed for the presence of the HA-tagged protein, and
15 ml was analyzed for the presence of the coimmunoprecipitated LexA fusion
protein. Following electrophoresis, the proteins were transferred to Immobilon
filters (Dupont-NEN), and Western blot analysis was performed as previously
described (51), using polyclonal antibodies against LexA (a generous gift of
Roger Brent) at a dilution of 1:2,000 or monoclonal antibody 12C5A (Babco)
against the HA epitope at a dilution of 1:1,000. Enhanced chemiluminescence
was used for detection (ECL kit from Amersham or Dupont-NEN).

RESULTS

Hir1p and Hir2p function as direct transcriptional repres-
sors. If Hir1p and Hir2p repressHTA1 andHTB1 transcription
through their recognition of a factor that binds to the HTA1-
HTB1 negative site, we predicted that they would function as
direct transcriptional repressors if recruited to the HTA1-
HTB1 promoter. To test this hypothesis, we constructed gene
fusions between HIR1 or HIR2 and lexA, which encodes a
bacterial DNA binding protein (7). Both fusion genes were
functional as they complemented the Hir2 (43) or Spt2 (50)
phenotypes of null mutations in the respective chromosomal
genes (data not shown). A lexA fusion gene, or lexA by itself,
was introduced into two wild-type (HIR1) yeast strains that
carried different lacZ reporter genes. The first strain carried a
lacZ gene controlled by an HTA1 promoter with its three UAS
elements, but without the negative site through which native
Hir1p and Hir2p function (43). The second strain carried a
similar lacZ reporter gene except that two lexA dimer binding
sites were substituted for the negative site, which naturally
occurs between two UAS elements (41).
Both LexA-Hir fusion proteins repressed HTA1-lacZ tran-

scription when they were bound to lexA DNA binding sites
(Fig. 1, HIR1). LexA-Hir2p was a stronger repressor than
LexA-Hir1p (;5- to 10-fold versus 3- to 5-fold repression), and
neither fusion protein repressed transcription in the absence of
lexA operator sites. Because tethered LexA by itself exerted
only a modest effect on transcription (,20% repression), the
repression conferred by LexA-Hir1p and LexA-Hir2p resulted
from the presence of the Hir1 or Hir2 moiety on the LexA
fusion proteins.
To determine whether the Hir proteins were specific tran-

scriptional repressors, we examined whether tethered Hir1p or
Hir2p could inhibit transcription in another promoter context.

TABLE 1. S. cerevisiae strains used

Strain Genotype Source

W303-1A MATa ura3-1 leu2-3,112 ade2-1 trp1 his3
ssd1

R. Rothstein

W303D1 MATa hir1::HIS3 ura3-1 leu2-3,-112
ade2-1 trp1 his3 ssd1

H. DeSilva

W303D2 MATa hir2::URA3 ura3-1 leu2-3,-112
ade2-1 trp1 his3 ssd1

H. DeSilva

W303D3 MATa hir3::HIS3 ura3-1 leu2-3,-112
ade2-1 trp1 his3 ssd1

H. DeSilva

MSS27-1D MATa HIR4-1 ura3-1 leu2-3,-112 ade2-1
trp1 his3 ssd1

M. S. Spector

YEL106 MATa bar1::LEU2 ura3-1 leu2-3,-112
ade2-1 trp1 his3 ssd1

F. Cross

BJ5465 MATa ura3-52 trp1 leu2D1 his3D200
pep4::HIS3 prbD1.6R can1

E. Jones

K3391 MATa clb1D clb2ts ura3-1 leu2-3,-112
ade2-1 trp1 his3

K. Nasmyth

1078-2B MATa cdc4-3 ura3-52 leu2-3,-112 trp1
lys2 lys5 his7 ade2 ade6

B. Byers
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Each lexA-HIR gene was introduced into wild-type (HIR1)
yeast strains that carried two different CYC1-lacZ reporter
genes, the first with zero and the second with four lexA oper-
ator sites inserted upstream of the two CYC1 UAS elements
(Fig. 2). The CYC1 UAS elements bind an activator that is
regulated by heme (15), while the HTA1 UAS elements bind
an activator whose function is cell cycle regulated (31). Hir1p
and Hir2p also repressed transcription when they were teth-
ered at the CYC1 promoter. In this promoter context, however,
both fusion proteins now functioned as strong transcriptional
repressors (.10- to 20-fold repression), perhaps due to the
presence of two additional lexA dimer binding sites in the
CYC1-lacZ reporter gene compared with the HTA1-lacZ re-
porter gene.
The Hir proteins repressed transcription when tethered to

two different promoters, which suggests that they inhibit tran-
scription by an activator-independent mechanism. Consistent
with this notion, we have observed that the Hir1 protein in-
hibits basal transcription threefold when tethered to multiple
lexA operator sites in a UAS-less CYC1-lacZ reporter gene
(40). In addition, because the two Hir proteins repressed tran-
scription when tethered to lexA binding sites placed upstream
of UAS elements, we conclude that Hir1p and Hir2p inhibit
transcription by an active rather than a passive mechanism.
Hir1p and Hir2p functional interactions.Genetic analysis of

hir1, hir2, and hir3 mutants suggested that the Hir1, Hir2, and
Hir3 proteins function together to regulate the same process
(48, 51, 53). For example, the three Hir proteins might function
in a complex, and tethered Hir1p and Hir2p could repress
transcription by assembling other members of the complex. To

test this hypothesis, we examined whether tethered Hir1p or
Hir2p inhibited HTA1-lacZ transcription in different HIR mu-
tant backgrounds (Fig. 1). The two fusion proteins showed
different functional requirements in this assay. Both LexA-
Hir1p and LexA-Hir2p could repress HTA1-lacZ transcription
in hir2D (Fig. 1B) and HIR4-1 (Fig. 1D) strains, but tethered
Hir2p was completely unable to repress transcription in a hir1D
strain (Fig. 1A) and showed compromised repression (three-

FIG. 1. Tethered Hir1p and Hir2p repress HTA1-lacZ transcription. Plasmids carrying a full-length lexA gene and either a lexA-HIR1 or lexA-HIR2 fusion gene were
transformed into a wild-type (HIR1) strain, three isogenic HIR deletion strains, hir1::HIS3 (A), hir2::URA3 (B), and hir3::HIS3 (C), and a strain harboring a dominant
mutation in the HIR4 gene (HIR4-1) (D). Each strain was cotransformed with one of two related HTA1-lacZ reporter genes; the first contained the HTA1 promoter
without the HTA1-HTB1 negative site (2OP), and the second contained the same promoter with two lexA dimer binding sites substituted for the negative site (1OP).
The levels of lacZ mRNA produced in the presence or absence of the lexA operator sites were measured in each strain background by a quantitative S1 nuclease
protection assay and compared to the levels of RP51AmRNA, which served as an internal control. In each panel, theHIR1 controls represent independent experiments.

FIG. 2. Tethered Hir1p and Hir2p repress CYC1-lacZ transcription. Plas-
mids carrying a full-length lexA gene and either a lexA-HIR1 or lexA-HIR2 fusion
gene were cotransformed into a wild-type (HIR1) strain with two different
CYC1-lacZ reporter genes; the first contained the wild-type CYC1 promoter
(2OP), and the second contained the same promoter with four lexA dimer
binding sites inserted upstream of the CYC1 UAS elements (1OP). The same
plasmids were also cotransformed into hir1::HIS3 and hir3::HIS3 deletion mu-
tants. The levels of CYC1-lacZ mRNA produced in the presence or absence of
lexA operator sites in each strain were measured by a quantitative S1 nuclease
protection assay and compared to the levels of RP51A mRNA.
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fold reduction) in a hir3D strain (Fig. 1C). In contrast, tethered
Hir1p repressed HTA1-lacZ transcription in a hir3D strain
(Fig. 1C) and exhibited a modest but reproducible reduction in
its ability to repress transcription a hir1D background (Fig.
1A). Because the two fusion proteins were made at equivalent
levels in both wild-type and hir mutant strains (data not
shown), we conclude that the HIR mutations alter the activity
of the Hir proteins rather than their synthesis or stability.
Together, the results suggest that the native Hir proteins might
function in a complex at the HTA1 promoter, where Hir1p
might carry out the repression function of the complex.
We next examined whether the deletion of HIR1 or HIR3

altered the ability of Hir2p to repress transcription when it was
tethered at the CYC1-lacZ promoter (Fig. 2). In this promoter
context, tethered Hir2p repressed transcription in both a hir1D
and a hir3Dmutant, indicating that it requires Hir1p and Hir3p
only when it is bound to the theHTA1 promoter. We tested the
possibility that the presence of four lexA dimer binding sites at
the CYC1 promoter, which leads to significantly stronger re-
pression by tethered Hir2p, might bypass the normal require-
ment of LexA-Hir2p for Hir1p or Hir3p. A CYC1-lacZ re-
porter gene with a single lexA operator site inserted upstream
of the CYC1 UAS elements was introduced into HIR1, hir1D,
and hir3D strains along with a plasmid carrying a lexA or lexA-
HIR2 gene. Tethered Hir2p was able to repress transcription in
the absence of either Hir1p or Hir3p in this promoter context
as well (data not shown). This finding suggests that Hir2p and
Hir1p perform overlapping functions as transcriptional core-
pressors but that Hir1p has another function that may be
specific to its role at the HTA1 promoter.
Hir1p and Hir2p in vivo associations.We directly tested the

hypothesis that Hir1p and Hir2p function as a complex by
determining whether the two proteins could be coimmunopre-
cipitated from yeast cell extracts. A wild-type yeast strain was
cotransformed with two high-copy-number plasmids that car-
ried either aHIR1-HA gene (51) or a lexA-HIR2 gene. We used
high-copy-number genes because the immunological signal
from a single-copy HIR1-HA gene was not detectable, and we
had previously established that neither fusion protein alters
histone gene transcription when overexpressed (45, 51). Anti-
bodies directed against the HA epitope were used to immu-
noprecipitate Hir1p-HA from cell lysates, and Western blot
analysis was then performed with anti-LexA antibodies to de-
termine whether LexA-Hir2p was also present in the immune
complexes (Fig. 3A). We found that Hir1p-HA and LexA-
Hir2p were specifically associated in these complexes (Fig. 3A,
lane 3); no Hir1p-Hir2p interactions were detected if an un-
tagged Hir1 protein was present (Fig. 3A, lane 2) or if an
antibody that does not recognize the HA epitope was present
during immunoprecipitation (27). In addition, LexA alone was
not immunoprecipitated with Hir1p-HA (54). We performed
the same analysis after reversing the epitope tags on Hir1p and
Hir2p and found that LexA-Hir1p was present in Hir2p-HA
immunoprecipitates (Fig. 3B, lane 2). These in vitro associa-
tions between Hir1p and Hir2p support the notion that the two
proteins might function in a complex in vivo. We have been
unable to detect in vivo interactions between Hir1p and Hir2p
by using double-hybrid analysis (45), which is perhaps not
surprising given the ability of tethered Hir1p and Hir2p to
repress basal transcription.
We also tested whether Hir1p self-associates, which might

explain the dependence of Hir1p on the presence of the HIR1
gene product when it is tethered at the HTA1 promoter (Fig.
1A). High-copy-number plasmids carrying a HIR1-HA gene
and a lexA-HIR1 gene were cotransformed into a wild-type
strain, and the Hir1p-HA protein was immunoprecipitated

from cell extracts with monoclonal antibody 12C5A (Fig. 3C).
LexA-Hir1p was present in Hir1p-HA immunoprecipitates
(Fig. 3C, lane 6). This association was specific, as it was not
observed if a nonspecific antibody was used to precipitate
Hir1p-HA (Fig. 3C, lane 5) or if an untagged HIR1 gene was
present instead of a HIR1-HA gene (Fig. 3C, lane 3). Thus,
Hir1p can associate both with Hir2p and with itself.
Tethered Hir1p represses transcription in the cell cycle. The

HTA1-HTB1 negative site keeps the HTA1 and HTB1 genes
repressed for most of the cell cycle, restricting their transcrip-

FIG. 3. Hir1p can be coimmunoprecipitated with Hir2p and Hir1p from
yeast cell extracts. Strain BJ5465 was cotransformed with plasmids carrying the
HIR1 or HIR2 gene with or without the HA epitope and plasmids carrying a
lexA-HIR2 or lexA-HIR1 gene. Whole-cell extracts were incubated with mono-
clonal antibody (Ab) 12C5A, and the presence of LexA-Hir2p or LexA-Hir1p in
immune complexes was monitored by SDS–7.5% polyacrylamide gel electro-
phoresis and Western blot analysis using polyclonal antibodies against LexA.
LexA-Hir1p migrates at a mass of approximately 116 kDa, and LexA-Hir2p
migrates at approximately 120 kDa. (Molecular masses are shown in kilodaltons
in the left of each panel.) (A) Hir1p-HA and LexA-Hir2p. Lane 1, 440 mg of
lysate from cells containing only the HIR1-HA gene; lane 2, 220 mg of lysate from
cells containing an untagged HIR1 gene and a lexA-HIR2 gene; lane 3, 440 mg of
lysate from cells containing HIR1-HA and lexA-HIR2 genes; lane 4, 440 mg of
lysate from cells containing HIR1-HA and lexA-HIR2 genes incubated without
monoclonal antibody 12C5A; lane 5, 6 mg of input lysate from cells containing
HIR1-HA and lexA-HIR2 genes. (B) Hir2p-HA and LexA-Hir1p. Lane 1, 60 mg
of lysate from cells containing an untagged HIR2 gene and a lexA-HIR1 gene;
lane 2, 60 mg of lysate from cells containing HIR2-HA and lexA-HIR1 genes; lane
3, 60 mg of lysate from cells containing HIR2-HA and lexA-HIR1 genes incubated
without monoclonal antibody 12C5A; lane 4, 6 mg of input cell lysate from cells
containing HIR2-HA and lexA-HIR1 genes. (C) Hir1p-HA and LexA-Hir1p.
Lane 1, 15 mg of input cell lysate from cells containing an untagged HIR1 gene
and a lexA-HIR1 gene; lane 2, 150 mg of cell lysate from cells containing an
untaggedHIR1 gene and a lexA-HIR1 gene incubated with a nonspecific antibody
(rabbit anti-mouse); lane 3, 150 mg of cell lysate from cells containing an un-
tagged HIR1 gene and a lexA-HIR1 gene incubated with monoclonal antibody
12C5A; lane 4, 15 mg of input lysate from cells containing a HIR1-HA tagged
gene and a lexA-HIR1 gene; lane 5, 150 mg of cell lysate from cells containing
HIR1-HA and lexA-HIR1 genes incubated with a nonspecific antibody (rabbit
anti-mouse); lane 6, 150 mg of cell lysate from cells containing HIR1-HA and
lexA-HIR1 genes incubated with monoclonal antibody 12C5A. The dark band at
the bottom of lane 5 is rabbit anti-mouse antibody, which was used to control for
nonspecific immunoprecipitation.

548 SPECTOR ET AL. MOL. CELL. BIOL.



tion to the G1/S phase boundary (29, 41). To test whether the
activity of Hir1p and Hir2p as transcriptional repressors is
responsible for the periodic accumulation of HTA1mRNA, we
examined whether tethered Hir1p could substitute for the
HTA1-HTB1 negative site to drive HTA1-lacZ transcription in
synchronized cells (Fig. 4). We used three strains, each of
which carried a different lacZ reporter gene. The first strain
carried a lacZ reporter gene regulated by a chromosomal copy
of the HTA1 promoter, and it served as a control for the effects
of the native Hir proteins at the HTA1-HTB1 negative site
(Fig. 4A, WT (wild-type) HTA1-lacZ). The other two strains
carried either an HTA1-lacZ reporter gene with a deletion of
the negative site (Fig. 4B, HTA1Dneg-lacZ) or the same re-
porter gene with two lexA operators substituted for the nega-
tive site (Fig. 4C, HTA1Dneg-lacZ1 lexA op) and LexA-Hir1p.
Each strain was arrested in G1 at Start by treatment with a

mating factor, and after release from the block, the accumu-
lation of lacZ mRNA was monitored over an interval of two
cell cycles. As we have observed previously (41), transcription
of the lacZ reporter gene regulated by the wild-type HTA1
promoter was sharply periodic (Fig. 4A): lacZ mRNA was
present at very reduced amounts in a-factor-arrested cells and
accumulated to peak levels 30 min after release from the G1
block. When the negative site was deleted from the HTA1
promoter (Fig. 4B), the periodic pattern of HTA1-lacZ tran-
scription was perturbed and lacZ transcripts accumulated at all
points in the cell cycle, regardless of the presence of LexA-
Hir1p. However, when Hir1p was tethered to lexA binding sites
in place of the HTA1-HTB1 negative site, periodic transcrip-
tion was completely restored (Fig. 4C): lacZ transcripts were
present at very low levels in a-factor-blocked cells, and they
accumulated to peak levels by 45 min after release from the G1
block. The 15-min delay in lacZ transcript accumulation rela-
tive to wild-type HTA1-lacZ mRNA is not significant, as it was
also observed for HTB2 mRNA (data not shown). Restoration
of periodic transcription was entirely dependent on the pres-
ence of the Hir1p moiety on the tethered fusion protein, as
LexA itself was unable to reverse the derepressed pattern of

HTA1Dneg-lacZ transcription when it was bound to the same
lexA operator sites (data not shown).
The constitutively transcribed CYC1 gene becomes cell cycle

regulated when the HTA1-HTB1 negative site is present at its
promoter (41, 43). We therefore examined whether Hir1p
could confer periodic repression on a CYC1-lacZ reporter
gene when it was tethered to the CYC1 promoter (Fig. 5).
Tethered Hir1p caused the periodic transcription of the nor-
mally constitutive reporter gene, although it skewed somewhat
the period of CYC1-lacZ transcription relative to that of the
chromosomal HTB2 gene. CYC1-lacZ transcription was re-
pressed in early-G1-phase cells when Hir1p was tethered to the
promoter, just like HTB2 transcription, but its transcription
was derepressed almost 15 min earlier than for the HTB2 gene
(Fig. 5B). This difference, which was also observed when the
HTA1-HTB1 negative site was present at the CYC1 promoter
(41), presumably reflects the contribution of histone gene-
specific activators to periodic transcription (55). Nonetheless,
because LexA is likely to be bound constitutively to its cognate
site at both theHTA1 and CYC1 promoters, the combined data
suggest that it is the regulated activity of Hir1p, or a protein
associated with Hir1p, that determines when the HTA1 and
HTB1 genes will be transcribed during the cell cycle.
Tethered Hir1p responds to two cell cycle regulatory signals.

In a second approach, we determined whether tethered Hir1p
could respond to specific cell cycle regulatory signals to repress
HTA1-lacZ transcription. The first signal occurs late in G1
phase at the CDC4-dependent step. Cells blocked at this step
fail to derepress HTA1 transcription or to initiate DNA repli-
cation (16, 62). The second signal is produced in S phase when
DNA replication is blocked, which results in the premature
repression of HTA1 transcription (18, 29). In a HIR1 deletion
strain, HTA1 transcription is derepressed when cells are
blocked at either of these steps, suggesting that the Hir1 pro-
tein is absolutely required at both points of the cell cycle to
keep transcription off (43, 54).
When Hir1p was tethered to the HTA1 promoter, it exe-

cuted appropriate responses to both cell cycle regulatory sig-
nals (Fig. 6). In cdc4ts cells arrested at the G1/S boundary by
growth at 368C (Fig. 6A), tethered Hir1p repressedHTA1-lacZ
transcription almost to the same extent as if the HTA1-HTB1
negative site were present in the reporter gene. In S-phase cells
arrested by hydroxyurea treatment (Fig. 6B), lacZ transcripts
regulated either by tethered Hir1p (Fig. 6B, lane 8) or by the

FIG. 4. Tethered Hir1p represses HTA1-lacZ transcription during the cell
cycle. Strain K3391 (Table 1) was transformed with a CEN3-LEU2 plasmid that
carried one of three different HTA1-lacZ reporter genes: an HTA1-lacZ gene
regulated by the wild-type HTA1 promoter (WT HTA1-lacZ) (A); an HTA1-lacZ
reporter gene regulated by an HTA1 promoter from which the HTA1-HTB1
negative site has been deleted (HTA1Dneg-lacZ) (B); and anHTA1-lacZ reporter
gene regulated by an HTA1 promoter in which two lexA operator sites have been
inserted in place of the negative site (HTA1Dneg-lacZ 1 lexA op) (C). A plasmid
carrying a lexA-HIR1 fusion gene was also present in panels B and C. Each strain
was arrested at Start by treatment with a mating factor at 248C, and following
release from G1 arrest at 248C, the levels ofHTA1-lacZ and RP51AmRNAs were
measured by a quantitative S1 nuclease protection assay at the indicated times.

FIG. 5. Tethered Hir1p represses CYC1-lacZ transcription during the cell
cycle. Strain YEL106 (Table 1) was cotransformed with a plasmid that carried a
lexA-HIR1 fusion gene and either plasmid pAJ1 (CYC1-lacZ) (A) or plasmid
pJK1621 (CYC1-lacZ 1 lexA op) (B). Each strain was arrested at Start by
treatment with amating factor at 308C, and following release from G1 arrest, the
levels of CYC1-lacZ,HTB2, and RP51AmRNAs were measured by a quantitative
S1 nuclease protection assay at the indicated times.
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native HTA1-HTB1 negative site (HTA1-lacZ) dropped almost
fivefold in abundance.
We next examined whether tethered Hir1p inhibited HTA1-

lacZ transcription in hydroxyurea-treated cells in the absence
of theHIR1,HIR2, orHIR3 gene product (Fig. 7). Although all
three Hir proteins are required for HTA1 repression upon
replication arrest (43, 64) (Fig. 7A), deletion of HIR2 or HIR3
did not alter the ability of tethered Hir1p to inhibit HTA1-lacZ
transcription in hydroxyurea-treated cells (Fig. 7B). The hir1D
mutation partially eliminated the ability of tethered Hir1p to
respond to the replication block, again suggesting that the
DNA-bound Hir1 fusion protein requires the presence of wild-
type Hir1p to execute its regulatory effect.
These last results prompted us to examine whether tethered

Hir2p could repress HTA1-lacZ transcription upon replication
arrest and whether theHIR1 orHIR3 gene products might play
a role in its response (Fig. 7C). Tethered Hir2p also caused
transcription to be repressed in HIR1 cells that had been
treated with hydroxyurea. However, although Hir1p and Hir3p
are required for the function of tethered Hir2p at the HTA1
promoter in exponential cells, they were dispensable for its
role in replication-arrested cells. This finding suggests that the
two proteins perform overlapping functions in certain aspects
of HTA1 transcriptional repression.

DISCUSSION

In this study, we show that Hir1p and Hir2p, two yeast
proteins that negatively regulate six of the eight core histone
genes in the apparent absence of DNA binding, function as
transcriptional corepressors. Each protein behaved as a direct
transcriptional repressor when artificially recruited to yeast
promoters, suggesting that both Hir1p and Hir2p normally

function at histone gene promoters through their recognition
of a site-specific DNA binding protein. The two Hir proteins
may act at these promoters as part of a multiprotein complex:
Hir2p required Hir1p and a second protein, Hir3p, to repress
transcription when it was directed to the HTA1 promoter, and
Hir1p and Hir2p are physically associated in vivo. The regu-
lated activity of proteins in this complex may account for the
periodic expression of the histone genes under its control.
Tethered Hir1p faithfully repressed transcription at the HTA1
promoter in response to a variety of cell cycle regulatory sig-
nals, and it could make a normally constitutive gene become
periodically transcribed. Hir1p and Hir2p thus represent the
first examples in which transcriptional corepressors dictate key
aspects of temporally regulated transcription.
Hir1p and Hir2p function as transcriptional corepressors.

Although Hir1p and Hir2p act at a negative regulatory site in
the HTA1 promoter (29), the notion that they function without
directly binding to this site was initially suggested by the ab-
sence of typical DNA binding motifs in either protein (51).
This view is strengthened by the observation that a factor that
binds in vitro at the HTA1-HTB1 negative site is still present in
extracts prepared from a hir1D hir2D double mutant (49). We
therefore interpret the results of the tethering experiments to
mean that native Hir1p and Hir2p are recruited to histone
genes by their recognition of a site-specific DNA binding pro-
tein that is present at the promoter of each negatively regu-
lated gene. Thus, the two proteins may be functionally equiv-
alent to transcriptional corepressors such as Tup1p and Ssn6p
(11, 19, 22, 60, 63) and Sir1p, Sir2p, Sir3p, and Sir4p (2, 8, 17,
33). In both cases, proteins in the two complexes are targeted

FIG. 6. Response of tethered Hir1p to two cell cycle regulatory signals.
Plasmids carrying a lexA gene or a lexA-HIR1 fusion gene were transformed into
yeast strains 1078-2B (cdc4ts) and W303-1A (HIR1) (Table 1), each of which
carried either anHTA1-lacZ reporter gene without theHTA1-HTB1 negative site
(2OP) or an HTA1-lacZ reporter gene with two lexA operator sites inserted in
place of the HTA1-HTB1 negative site (1OP). A plasmid carrying an HTA1-lacZ
reporter gene regulated by the wild-type HTA1 promoter was independently
transformed into the same two strains, and it served as a control for the effects
of the native Hir proteins at the HTA1-HTB1 negative site. (A) The cdc4ts

mutant was grown at 248C or shifted to 378C for 2.5 h to inactivate the CDC4
gene product prior to RNA isolation. (B) The wild-type (HIR1) strain was grown
in the presence or absence of hydroxyurea (1HU or 2HU) for 30 min to inhibit
DNA replication. The levels of HTA1-lacZ and RP51AmRNAs were determined
by a quantitative S1 nuclease protection assay.

FIG. 7. Tethered Hir1p and Hir2p repress transcription after a replication
block in hir mutants. HIR1, hir1D, hir2D, and hir3D strains (Table 1) were
transformed with a plasmid carrying an HTA1-lacZ gene regulated by the wild-
typeHTA1 promoter (WTHTA1-lacZ) (A), a plasmid carrying a lexA-HIR1 gene
and a plasmid carrying an HTA1-lacZ reporter gene with two lexA operator sites
inserted in place of the HTA1-HTB1 negative site (B), and a plasmid carrying a
lexA-Hir2 gene and the same HTA1-lacZ reporter plasmid as in panel B (C).
Each strain was grown in the presence or absence of hydroxyurea (1HU or
2HU) for 30 min to block DNA replication, and the levels of lacZ and RP51A
transcripts were measured in a quantitative S1 nuclease protection assay. None
of the hir mutations or hydroxyurea treatment affected the level of lacZ mRNA
when LexA alone was tethered to the HTA1-lacZ promoter.
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to particular genes or chromosomal locations through their
interactions with site-specific DNA binding proteins. The fac-
tor that binds in vitro at the HTA1-HTB1 negative site may be
the site-specific DNA binding factor recognized by Hir1p and
Hir2p at this histone gene promoter. Negative sites also occur
in the two histone H3-H4 promoters that are regulated by
Hir1p and Hir2p (14, 43), but it is not known whether these
sites are bound by the same factor. If Hir1p and Hir2p recog-
nize different DNA binding proteins at each of the histone
gene promoters, then the two Hir proteins could represent
general factors that are differentially recruited to histone gene
promoters.
The finding that Hir1p and Hir2p can be coimmunoprecipi-

tated suggests that the two proteins act as a complex in vivo.
The Hir tethering assays, however, showed that both proteins
are also able to function independently, Hir1p in the absence
of Hir2p at the HTA1 promoter and Hir2p in the absence of
Hir1p at the CYC1 promoter. One interpretation of these
results is that Hir1p and Hir2p perform similar or overlapping
roles as transcriptional repressors, but at the HTA1 promoter,
native Hir1p provides a second and unique function. Thus, at
this promoter, repression might normally occur as the result of
the activity of a Hir1p-Hir2p complex. Because the products of
five additionalHIR andHPC genes are also required to repress
HTA1 and HTB1 transcription (43, 64), it is possible that a
multiprotein Hir-Hpc complex represses transcription at the
HTA1-HTB1 promoter. We speculate that the HIR3 gene
product may be a third member of such a complex because of
its functional interactions with Hir2p. The finding that Hir1p
self associates additionally suggests that Hir1p may be present
in multiple copies in the putative Hir-Hpc complex.
Because both Hir1p and Hir2p repress transcription in two

different promoter contexts, it is unlikely that they function by
targeting specific transactivators for inhibition. Several other
mechanisms could account for their action. For example, one
or both Hir proteins might directly inhibit a member of the
RNA polymerase II preinitiation complex. This mechanism
has been proposed to account for repression by the Tup1p-
Ssn6p corepressor complex (19, 60). Alternatively, the proteins
may repress transcription through their effects on chromatin
structure, a second mechanism associated with Tup1p-Ssn6p-
mediated repression (11, 13) and the likely way by which the
Sir3 and Sir4 proteins cause repression at HM loci and at
telomeres (17, 20a, 58).
We favor the interpretation that Hir1p and Hir2p act on

chromatin structure to repress transcription. First, the HTA1-
HTB1 locus is organized into a highly ordered array of nucleo-
somes (37), and deletion of HIR1 profoundly disrupts this
array (10). Second, this same histone gene locus is also subject
to feedback repression by the overproduction of histones H2A
and H2B, a response that is dependent on theHIR1,HIR2, and
HIR3 gene products (32, 51, 54) and also likely to be mediated
through changes in chromatin structure. These results suggest
that Hir1p and/or Hir2p might interact directly with chromatin
constituents to repress transcription. These constituents could
be the core histones themselves or other proteins that interact
with chromatin. Candidates for such chromatin-associated pro-
teins are the SPT4, SPT5, and SPT6 gene products (9, 30, 56,
57), which are required for Hir1p to repress transcription when
it is tethered at the HTA1 promoter (42).
Role of Hir repressors in cell cycle-regulated transcription.

Transcriptional activation is the most widely used mechanism
to control gene expression during the yeast cell cycle (4, 23),
and the regulated binding or activity of transcriptional activa-
tors appears to account for the periodic transcription of genes
such as HO, CLN1, and CLN2 (1, 5, 6, 24, 28, 34, 38, 52). The

results of this study represent the first example in which tran-
scriptional corepressors dictate key aspects of periodic control.
When Hir1p is brought to two different yeast promoters, it can
execute all of the functions provided by the HTA1-HTB1 neg-
ative site to keep transcription repressed at appropriate points
in the cell cycle. Tethered Hir2p is also able to direct the
periodic transcription of an HTA1-lacZ reporter gene in syn-
chronized cells (44), but the results of our functional studies
suggest that Hir2p acts with Hir1p at the HTA1 promoter
throughout most of the cell cycle. We speculate that Hir1p,
through its activity in a Hir1p-Hir2p complex, might therefore
be a major target of regulatory signals in normally cycling cells.
However, because Hir1p and Hir2p are able to function inde-
pendently during replication arrest, both proteins might be
separately targeted by regulatory signals triggered by this cell
cycle block.
Hir1p and/or Hir2p must be transiently inactivated at the

G1/S phase boundary for HTA1 transcription to be dere-
pressed. A strong clue as to the nature of the G1/S-phase
regulatory signal comes from the observation that tethered
Hir1p represses HTA1 transcription in cdc4ts arrested cells.
The CDC4 gene product is involved in the inactivation of a
subset of the Clb-Cdc28 kinases (47), and recently we have
found that an active Clb2-Cdc28 complex is required to dere-
press HTA1 transcription through the HIR1 gene product (12).
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