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ABSTRACT Increased histone acetylation has been cor-
related with increased transcription, and regions of hetero-
chromatin are generally hypoacetylated. In investigating the
cause-and-effect relationship between histone acetylation and
gene activity, we have characterized two yeast histone deacety-
lase complexes. Histone deacetylase-A (HDA) is an ~350-kDa
complex that is highly sensitive to the deacetylase inhibitor
trichostatin A. Histone deacetylase-B (HDB) is an ~600-kDa
complex that is much less sensitive to trichostatin A. The
HDAL1 protein (a subunit of the HDA activity) shares sequence
similarity to RPD3, a factor required for optimal transcrip-
tion of certain yeast genes. RPD3 is associated with the HDB
activity. HDA1 also shares similarity to three new open
reading frames in yeast, designated HOS1, HOS2, and HOS3.
We find that both hdal and rpd3 deletions increase acetylation
levels in vivo at all sites examined in both core histones H3 and
H4, with rpd3 deletions having a greater impact on histone H4
lysine positions 5 and 12. Surprisingly, both kdal and rpd3
deletions increase repression at telomeric loci, which resemble
heterochromatin with rpd3 having a greater effect. In addi-
tion, rpd3 deletions retard full induction of the PHOS pro-
moter fused to the reporter lacZ. These data demonstrate that
histone acetylation state has a role in regulating both hetero-
chromatic silencing and regulated gene expression.

The acetylation of the e-amino group of specific lysines present
in the amino termini of histones has been correlated with
increased gene activity. Chromosomal regions that are actively
transcribed often contain hyperacetylated histones, whereas
silent heterochromatic regions are hypoacetylated (1, 2). Ex-
amples of this correlation have been demonstrated for hyper-
acetylated H4 in chromatin near the active chicken globin gene
(3), the human platelet-derived growth factor gene (4), and the
Drosophila male X chromosome (5). In contrast, histone H4 of
human (6) and yeast (7) heterochromatin is distinctly hy-
poacetylated at H4 lysines 5, 8, and 16. However, in Drosophila
(8) and in yeast (9), the fourth site, lysine 12, is acetylated even
in heterochromatin.

Since both inactive (but “poised”) and active genes are
highly enriched in an acetylated nucleosome fraction (3, 4, 10),
it is unlikely that acetylation is merely a consequence of gene
activity. Rather, histone acetylation may be a general means of
preparing a gene for transcription. This view is supported by
in vitro data using episomal DNA, which demonstrates that
histone acetylation allows a fraction of nucleosomal DNA to
be released from the repressive confines of the core particle
into the internucleosomal linker region (11). Moreover, in-
creased histone acetylation enhances the ability of the USF,
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GAL4 (12), and TFIIA (13) transcription factors to bind in
vitro to DNA when contained in a nucleosome.

In a manner that is not understood, certain sites of acety-
lation have special significance. For example, acetylation of H4
lysines 5 and 12 is associated with nucleosome assembly in a
number of diverse eukaryotes (14), and acetylation of H4
lysine 16 is found preferentially in the transcriptionally hyper-
active X chromosome of Drosophila male larvae (5, 8). Dele-
tions and mutations of H4 lysines 5, 8, and 12 have little, if any,
effect on heterochromatic silencing in yeast. However, a
mutation at position 16 can strongly derepress silencing (15—
18). Lysine 16 has been shown to be involved in mediating the
interaction between the histone H4 N terminus and silencing
information regulator (SIR) repressors of yeast heterochro-
matin in vitro and in whole cell extracts (19, 20). However,
modification of lysine 16 may occur independently of H4-SIR
interactions and we cannot assume a priori that acetylation is
ameans of regulating silencing. Similar considerations are also
important in euchromatin, where histones may interact with
other regulators such as TUP1 (21).

One approach to the study of histone acetylation in vivo has
involved the use of sodium butyrate and trichostatin A (TSA)
as inhibitors of the deacetylase enzymes (1, 22). However, we
do not know how many different histone deacetylases exist in
a eukaryotic cell nor whether they are all equally sensitive to
such inhibitors. In addition, we do not know the extent to which
these inhibitors are specific only for deacetylases. Results using
these inhibitors must therefore be interpreted with caution.

To study the cause-and-effect relationship between histone
acetylation and transcription more directly in vivo, we have
purified histone deacetylase enzyme complexes in the yeast
Saccharomyces cerevisiae and identified protein components of
these enzymes. These studies have led to the identification of
at least two activities [histone deacetylase-A (HDA) and -B
(HDB)] that possess different sensitivities to the histone
deacetylase inhibitor TSA. HDA (=350 kDa) is highly sensi-
tive to TSA with over 80% of its activity inhibited in the
presence of 10 nM TSA, while HDB (~600 kDa) is much less
sensitive with less than 20% inhibition (23).

We have now cloned and sequenced a component of HDA
(which we have designated HDA1). HDAI shares significant
sequence similarity to a factor, RPD3, required for optimal
transcription of certain genes in yeast. We further demonstrate
that RPD3 is associated with HDB. Disruption of HDAI and
RPD3 affects histone H3 and H4 acetylation, silencing by
telomeric heterochromatin and regulated gene activity.

Abbreviations: HDA and HDB, histone deacetylase-A and -B, respec-

tively; TSA, trichostatin A; SIR, silencing information regulator;

5-FOA, 5-fluoroorotic acid; ORF, open reading frame.

8To whom reprint requests should be addressed. e-mail: mg@ewald.
mbi.ucla.edu.
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MATERIALS AND METHODS

Cloning and Plasmid Construction. The gene encoding HDA1
was obtained through probing a blot of the yeast genomic lambda
library from American Type Culture Collection (ATCC) with the
degenerate oligonucleotide ATCCCIGTIAGAGCTGCTAC-
ITC(C/T)GAAGA based on p75 peptide K16 (IPVRAATSEE)
(23). After labeling with [y->?P]ATP hybridization was carried in
6X standard saline citrate (SSC), 1 X Denhardt’s solution (0.02%
polyvinylpyrrolidone/0.02% Ficoll 400/0.02% bovine serum al-
bumin), and 0.05% sodium pyrophosphate (NaPPi) at 42°C with
10° cpm/ml 3P-labeled oligonucleotide. After an overnight in-
cubation, the membrane was washed 4X with 6X SSC 0.05%
(NaPPi) at 23°C for 5 to 10 min each, and then once with 6 X SSC
0.05% NaPPi at 42°C for 15 min.

The oligonucleotide showed strong hybridization to a 4.6-kb
BamHI fragment from ATCC lambda clone 3194. This frag-
ment was subcloned into pBluescript SK(+) (Stratagene),
creating the plasmid pskB93. DNA sequencing confirmed that
this gene was identical to a previously identified ORF (Gen-
Bank accession no. Z71297).

The hdal::TRPI allele was made through deletion of the
multiple cloning site of pskB93 through digestion with Kpnl/
HindIIl, and then ExollI using Erase-A-Base (Promega) re-
sulting in the plasmid psB93. psB93 was digested with Sacl/
Xbal and then ExollI digestion, resulting in pB93. An EcoR1/
PstI TRP1 fragment from pYRP7 (24) was cloned into the
EcoRI1/Pst1 site of pB93, replacing the majority of the HDAI
coding region with TRPI thus creating pB93TRP.

Anrpd3::LEU allele was created through ligating a HindIII-
BamHI fragment of the LEU2 gene prepared through PCR
amplification of pRS415 (25) using the primers LEU2BAM
(CGAGGGATCCCGAGGAGAACTTCTAGTATATC) and
LEU2HIND (CGAGAAGCTTCTACGTCGTAAGGC-
CGTTTCTG) and was cloned into pMV34 (26) digested with
Hindlll/BamH]I, resulting in the plasmid pMVL.

Yeast Strains. Please see the strain list in Table 1. YEPD and
other yeast media used were as described (27). HDAI disruptions
were performed in YDS2U, which is identical to YDS2 (MATa
trpl-1 leu2-3 his3-11, 15 ura3-52 ade2-1 canl-100 (28) except that
it carries the URA3 gene integrated at the ADH4 locus of
chromosome VII L (29). Generation of Adal::TRP mutant allele
was performed through PCR amplification from pB93TRP using
T3 and D2.11 (ATAGCTCTGTATTATAC) primers before
transformation and generation of the hdalA-1 mutation con-
firmed by Southern blotting. This strain was designated SR Y2D2.
Additionally, an independent hdal:: TRP allele was created in
YDS3 (28) and was designated SRY3D2.

RPD3 disruptions were performed through digestion of
pMVL with Aatll and Bglll, and isogenic diploid strains
heterozygous for hdal::TRP were transformed. After confir-
mation of the rpd3A-I mutation by Southern blotting, cells

Table 1. Yeast strains used in this study
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were sporulated and rpd3A strains were designated either
SRYR3 or SRYR34, and hdalA rpd3A strains were designated
SRYR35 and SRYR38.

Generation of YDS21U and YDS35U was performed
through integration of URA3 2.1 kb and 3.5 kb from telomere
V-R using pVURAH2(+) and pVURAH3(+), respectively,
(30) through digestion of these plasmids with Notl before
transformation. After confirmation of faithful integration by
Southern blotting, these strains were mated to SRYR35. The
YDS21U-derived tetrad was then dissected to obtain SRY21U
(hdalA) and SRYR39 (rpd3A)with URA3 at a distance of 2.1
kb from the telomere. The YDS35U tetrad was also dissected
to yield SRY35U (hdalA) and SRYR40 (rpd3A), which con-
tain URA3 at a distance of 3.5 kb from the telomere.

Western Blots. Unlabeled histones were prepared from cells
grown at 30°C in YEPD to an ODgg = 3 through preparation of
yeast nuclei using Percoll (31) followed by extraction of the
histones for 2 hr in 0.25 M HCI. Extracted histones were then
precipitated with 25% trichloroacetic acid (TCA), washed once
with 99:1 acetone/5 M HCI, and then once with acetone before
resuspending in 8 M urea. Samples containing equal concentra-
tions of histones were subjected to electrophoresis in 18% SDS/
PAGE gels (30:0.8) acrylamide/bisacrylamide, and then trans-
ferred to Immobilon-P (Millipore) in transfer buffer with 0.1%
SDS (32). The blots were probed with rabbit polyclonal antisera
recognizing H4 acetyl-lysine 5 (R40/5), H4 acetyl-lysine 8 (R12/
8), H4 acetyl-lysine 12 (R20/12), H4 acetyl-lysine 16 (R14/16),
H3 acetyl-lysine 9 and 18 (R48/9,18), or H3 acetyl-lysine 14
(R224/14). Detection was performed using ECL (Amersham).

Western blotting of Mono S fractions was performed
through SDS/PAGE of proteins in 8% gels followed by
transfer to Immobilon-P (Millipore). A RPD3-GST fusion
protein was created in pGEX2T (33) through PCR amplifi-
cation from pMV34 (26) using the primers RPD3.5
(GATCGGATCCACAAAGTATGCCCCTAGTGTTC-
AG) and RPD3.3 (CGATGAATTCGTCATGCTCAACAT-
GTAGGTCCCTCGC), encoding amino acids 383-433, and
cloning into EcoRI-BamHI-digested pGEX2T (33). Rabbit
polyclonal antibodies were generated using standard immu-
nological techniques.

Immunoprecipitations of Histone Deacetylase Activity. Each
immunoprecipitation was performed from nuclear extracts pre-
pared from 5 g of yeast cells as described previously (23).
Antibodies directed against either HDA1 (23) or RPD3 (de-
scribed above) were incubated overnight at 0°C with 5 ul of
G-Sepharose purified antibody. Approximately 4 mg of protein
A-Sepharose beads (equilibrated in PBS) was added to each
reaction, and the beads were washed and assayed as described
(23). Percaoll, Ficoll, and other chromatographic materials were
purchased from Pharmacia.

Strain Relevant genotype Source
YDS3 MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpI-1 ura3-1 Ref. 27
YDS2U MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 URA3::TelVIIL This study
YDS21U MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 URA3::TelVR (2.1 kb from Tel) This study
YDS35U MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpI-1 URA3::TelVR (3.5 kb from Tel) This study
SRYD2U MATa ade2-1 canl-100 his3-11,15 leu2-3,112 hdal::TRP1 URA3::TelVIIL This study
SRY21U MATa ade2-1 canl-100 his3-11,15 leu2-3,112 hdal::TRP1 URA3::TelVR (2.1 kb from Tel) This study
SRY35U MATa ade2-1 canl-100 his3-11,15 leu2-3,112 hdal::TRP1 URA3::TelVR(3.5 kb from Tel) This study
SRY3D2 MATao ade2-1 canl-100 his3-11,15 leu2-3,112 ura3-1 hdal::TRP1 This study
SRYR34 MATa ade2-1 canl-100 his3-11,15 12 trpI-1 rpd3:: LEU2 URA3::TelVIIL This study
SRYR39 MATa ade2-1 canl-100 his3-11,15 12 trpl-1 rpd3:: LEU2 URA3::TelVR(2.1 kb from Tel) This study
SRYR40 MATa ade2-1 canl-100 his3-11,15 12 trpl-1 rpd3:: LEU2 URA3::TelVR(3.5 kb from Tel) This study
SRYR3 MATa ade2-1 canl-100 his3-11,15 12 trpl-1 ura3-1rpd3:: LEU2 This study
SRYR38 MATa ade2-1 canl-100 his3-11,15 12 hdal::TRPI rpd3:: LEU2 URA3::TelVIIL This study
SRYR35 MATa ade2-1 canl-100 his3-11,15 12 trpl-1 ura3-1hdal::TRPI1 rpd3::LEU2 This study




Biochemistry: Rundlett et al.

RESULTS

Cloning of HDA1I. To study the influence of histone acetylation
on transcription, we have characterized two distinct histone
deacetylase activities from S. cerevisiae termed HDA and HDB
(23). The HDA activity is very sensitive to TSA (K; = 9.7 nM),
a noncompetitive inhibitor of histone deacetylases (23). SDS/
PAGE analysis of purified HDA reveals that four proteins with
relative molecular weights of 75, 73, 72, and 71 kDa reproducibly
copurify with enzymatic activity.

To characterize the HDA complex, approximately 25 pmol
of each protein was obtained, digested “in gel” using Achro-
mobacter protease I (34), and subjected to sequence analysis.
Of these, the p73 and p72 peptide sequences identified to date
are identical, suggesting that they represent posttranslationally
modified forms of each other (23). The sequence data for p75
were used to design degenerate primers that were used in the
identification of an open reading frame (ORF) encoding the
sequenced peptides (see Materials and Methods). We designate
this gene HDAI.

HDA1 Shares Similarity to RPD3 and Three ORFs (HOSI,
HOS2, and HOS3). The encoded HDAI protein sequence was
compared with the sequences of GenBank. Of yeast sequences,
the best scores were obtained for a group of sequences that
include the RPD3 protein (26), a putative transcriptional regu-
lator, and the gene products of several newly sequenced ORFs
that we have termed HDA One Similar (HOS1, HOS2, and
HOS3). These sequences were aligned using the PILEUP program
(35) (Fig. 1). Independently, Taunton and colleagues (36) have
found that the putative histone deacetylase HD1 from human
cells also has similarity to RPD3. The similarity between HD1 and

HDA1 5¢ SPLKTGLCYDYV| MR AKIFTSYFEDPHPEDRIYRIYKILAEN Linpe
RPD3 9 prpiTvkesprrRIValF vpanflenyalrksachphxlplRlt rMarsLlrMnfreLly KK -
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HOS3 131 alklinkoElr----------o--- EVPDTWNSGPDIIYLSSKTIKALQGTIGAIIETG
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RPD3 131 AAR[ELNR[gl- -KCcDV[A|- - - - AGG[L|EHA[K[KIS E[A Loty Llsfzr e Lir [l
HOS1 191 LDH[L|sPT--ERL[IG----1I D R[H H AF[RI0 R[A i LulrjorlLR K A K
HOS2 139 TRK[L|INN - -0 8D --=--1 s L|s B AlKIRIN S P T[v Lis|T|o o RH
HOS3 170 vosirkflsaenlrfsnrarlarrerclaalcnyary il anvaltle - - valylp
HDA1 233 PESVR 1 Lol v clufelzlol ks QDQ
RPD3 178 - - - - P| Li¥[rp[r[pluHHG DG V[E ElA i o] )3
HOS1 238 ———LNTY PFPLEHEGDGVIE QY SKQ
HOS2 186 - - - -pRIfL|¥[r[p[t[pLEHGDGYVO! Ela v 7[p]r
HOS3 221 rynvravvviplrbrancpchblbrcwkracrkrEEEPEDSsSYDDFOKFAEFRK
HDA1 262 WLy v[siLls|- - -REEMGK Y YIPGT[IQ QYDQTGEGFNC— TweveGlGlvebpE
RPD3 203 M SFH—*-K-- Ef FPGT|- - ERDIG callknyav-NfpLlr - peitfpopT
HOS1 264 1orfr|sv[g[- - - Llv[e-eGFFPGT| - SLSDSRKD-——VV—- K - BfG[clp DN Y
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RPD3 247 ---YRSVFEPVIKKIM YQplsavvene slulsfe]- - - - - prlLglc FN[LlsMEGH
HOS1 306 --—LELIASKIENLIEHEPEALIIE LiLGf- - - - - PRFNEWQLIFIRGL
flrviflksx A
an

HOS2 256 - - - pl T urfrlklekrn 1 voolghlplsliies - - - - - brlfel rultrxan
HOS3 327 nvilyrTxyrRTLFAKADEF[ERsakLEMNQOkRPFRELVVISAGFDASEFEQTSN
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Fig. 1. Yeast sequences having similarity to HDAI1 histone
deacetylase. Comparison of HDA1 (GenBank accession no. Z71297),
RPD3 (GenBank accession no. P32561), HOS1 (GenBank accession
nos. Z49219_23), HOS2 (GenBank accession no. X91837), and HOS3
(GenBank accession no. U43503). The sequences were aligned using
the pILEUP program (Genetics Computer Group, Madison, WI).
Regions of identity are blocked and shaded using the BESTFIT program.
HDA1 and RPD3 show approximately 24.5% identity and 48.6%
similarity over a region of approximately 498 amino acids. By com-
parison, the human HD1 protein and RPD3 show 60.3% identity and
78.4% similarity over a region of 450 amino acids, suggesting that HD1
may be the human RPD3 homolog. HDA1 and HOS1 show 21.1%
identity, 52.9% similarity over 571 amino acids; HDA1 and HOS2,
28% identity, 51.3% similarity over 522 amino acids; HDAI1 and
HOS3, 24.9% identity, 45.7% similarity over 743 amino acids.
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RPD3 (=60% identity and 78% similarity over 450 amino acids)
is greater than that between HDA1 and any of the yeast proteins
or ORFs (in the range of 21-28% identity and 46—-53% similarity
over ~498-743 amino acids). Therefore, it is possible that HD1
is the human RPD3 homolog. Interestingly, the Mycoplana bullata
protein acetylpolyamine amidohydrolase (APH) shares a high
degree of similarity to these proteins in this same region (30.9%
identity, 55.4% similarity over 371 amino acids). Since deacety-
lation of acetyl-lysine residues involves recognition and cleavage
of the amide bond, the similarity to this prokaryotic protein is
particularly interesting. However, since APH is unlikely to be a
histone deacetylase (bacteria do not contain histones), the level
of similarity between HDA1 and the other yeast protein se-
quences is clearly insufficient to establish histone deacetylase
function. Therefore, we confirmed histone deacetylase function
both genetically and biochemically.

HDAI1 and RPD3 Are Members of Distinct Histone Deacety-
lase Complexes. To determine the relationship between HDA1
and RPD3, we created null alleles hdalA-1 and rpd3A-1 using
gene replacement (see Materials and Methods). Histone deacety-
lase activities from wild-type, hdalA, rpd3A, and hdalA rpd3A
mutant strains were then obtained through purifications per-
formed in parallel (Fig. 2). When comparing the enzymatic
profile from wild-type cells to that of the deacetylase mutants, it
is apparent that an hdal deletion leads to a strong reduction of
the major enzyme peak (HDA) (Fig. 24). Conversely, an rpd3
deletion leads to a decrease of HDB activity (Fig. 2B). These data
suggest that while HDAL1 is a member of the HDA complex,
RPD3 is associated with the HDB complex. Interestingly, AdalA
rpd3A double mutant cells still possess residual deacetylase
activity (Fig. 2C). Whether this residual activity is that of a
defective HDA or HDB complex or an independent copurifying
activity remains to be determined.

We confirmed the presence of HDA1 and RPD3 in HDA
and HDB respectively using Western blots of protein present
in the Mono S fractions (Fig. 2D). Analysis of proteins present
in wild-type preparations shows that HDA1 coelutes with
HDA activity while RPD3 coelutes with HDB activity. West-
ern blots of Mono S fractions from the deacetylase mutant
strains extend these conclusions by demonstrating that the
elution of HDAI is not dependent on RPD3 nor is RPD3
elution dependent on HDA1. Additionally, immunoprecipita-
tion of HDA histone deacetylase activity using an anti-HDA1
antibody is disrupted by an Adal but not by an rpd3 deletion.
Conversely, HDB histone deacetylase activity immunoprecipi-
tated using an anti-RPD3 antibody is only disrupted by the
rpd3 deletion and not by an idal deletion (Table 2). These data
strongly argue that HDA1 is a component of HDA while RPD3
is a member of an independent activity associated with HDB.

HDAI and RPD3 Disruptions Result in Histone Hyperacety-
lation. Since histone acetylation is maintained through competing
histone acetyltransferase and deacetylase activities, it is expected
that a loss of histone deacetylase activity would shift this equi-
librium toward increased histone acetylation. To compare the
steady-state levels of histone acetylation in wild-type, AdalA, and
rpd3A mutants, we examined the acetylation state of H4 and H3
using acetylation site-specific antibodies. Equal concentrations of
histones purified from hdalA, rpd3A, and hdalA rpd3A strains
were serially diluted and subjected to SDS/PAGE before West-
ern blotting. Identical blots were probed in parallel with antibod-
ies recognizing either H4 acetylated at lysine 5, 8, 12, or 16 (37),
or H3 acetylated at lysine 9/18 or 14 (38) (Fig. 3). We observed
that histones prepared from hdalA cells react with antibodies
recognizing each of the sites more strongly than with histones
prepared from wild-type cells, suggesting hyperacetylation at all
these sites (Fig. 3, compare lanes 1 and 3 containing 1 ug histones
and also lanes 2 and 4 containing 3 ug histones). Although it is
not possible to determine the exact increase in acetylation using
this approach, from the comparison of lane 2 (wild type, 3 ug
histone) and lane 3 (hdalA, 1 ug histone) we estimate approxi-
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Fic. 2. HDAI and RPD3 are found in different histone deacetylase complexes. hdal and rpd3 refer to hdalA and rpd3A, respectively. Mono
S profiles of deacetylase activity in (4) YDS2U (wild-type) (W), SRYD2U (hdal) (a), (B) YDS2U (wild-type) (M), SRYR34 (rpd3) (a), and (C)
YDS2U (wild-type) (M), SRYR38 (hdalrpd3) (OJ). Nuclear extracts from 100 g cells were prepared and assayed as described (23), and proteins
eluting between 150 mM and 350 mM NH4Cl from DEAE-Sepharose FF were dialyzed and chromatographed on Mono S HR 5/5 using identical
parameters. Activity (3H-acetate released) is shown as a function of fraction number. (D) Western blots of Mono S fractions from YDS2U
(wild-type), SRYD2U (hdal), and SRYR34 (rpd3) were probed with either anti-HDA1 (23) or anti-RPD3, and detected with ECL (Amersham).

mately 3-fold or greater acetylation at all positions except H4
positions 8 and 16 (which have 1.5- to 2.0-fold increase). Deletion
of RPD3 also leads to increased histone acetylation, but causes
greater increases in the acetylation of H4 lysine 5 and 12 and H3
lysine 9/18 compared with hdalA (Fig. 3, compare lanes 3 and 5).
Since deposition of newly synthesized H4 is associated with
acetylation of lysine 5 and 12 (14), this finding raises the possibility
that RPD3 may have a role in the deacetylation of H4 after its
import into the nucleus.

HDA1 and RPD3 Disruptions Increase Repression at Telo-
meric Heterochromatin. We next investigated whether increased
histone acetylation levels affect the repression of the silent mating
loci and a subtelomeric region. Both of these are in hypoacety-
lated chromatin and have features associated with heterochro-
matin (7). Since increased acetylation might be expected to
derepress heterochromatin, we examined the mating ability of
MATa cells (as a measure of HMLa repression) but found no
significant change in mating ability caused by hdalA or rpd3A

Table 2. Immunoprecipitation of histone deacetylase activity using
anti-HDAI1 and anti-RPD3 antibodies

Antibody Wild type hdal rpd3
a-HDA1 1683 78 1521
a-RPD3 362 346 89
Preimmune-HDA1 86 79 83
Preimmune-RPD3 79 79 90
None 79 85 82

Immunoprecipitations were performed as described (23) with an-
tibodies directed against HDA1 or RPD3 or their preimmune sera.
Nuclear extracts were prepared from YDS2U (wild type), SRYD2U
(hdalA), or SRYR34 (rpd3A) as described (23). Each immunopre-
cipitation used nuclear extracts from approximately 5 g of yeast cells.
Data are shown as cpm released in 2 h from 10 ug of a 3H-acetyl-
histone substrate with a specific activity of 2.5 X 10% cpm/mg protein.

(data not shown). The extent of repression in subtelomeric
regions can be measured by integrating the URA3 gene near the
telomere (in this case, right arm of chromosome V) and moni-
toring expression of URA3 by sensitivity of cells to the drug
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F16.3. HDAI and RPD3 disruptions results in histone H4 and H3
hyperacetylation. Relative histone acetylation levels in YDS2U (wild-
type) (lanes 1 and 2), SRYD2U (hdal) (lanes 3 and 4), SRYR34 (rpd3)
(lanes 5 and 6), and SRYR38 (hdal rpd3) (lanes 7 and 8) were
determined by loading 1 ug (lanes 1, 3, 5, and 7) or 3 ug (lanes 2, 4,
6, and 8) of histones. After transfer, blots were probed separately with
antibodies specific for H4 acetyl-lysine 5, 8, 12, or 16. Additonally, blots
were probed with antibodies specific for H3 acetyl-lysine 9 and 18
(9/18) or 14. Antibody binding was then detected using ECL.
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S-fluoroorotic acid (5-FOA) (29). This assay is extremely sensitive
in that a several-fold increase in URA3 expression can result in
an increase of 6—7 orders of magnitude in 5-FOA sensitivity (18,
29). Contrary to the predicted effect of increased histone acet-
ylation, we find that both hAdalA and rpd3A increased repression
of URA3 integrated 2.1 kb (Fig. 44) and 3.5 kb (Fig. 4B) from the
telomere when comparing serial dilutions of mutant and wild-
type strains. Quantitation of this effect shows that at 2.1 kb from
the telomere, hdalA and rpd3A cells are 3.6-fold and 24.6-fold,
respectively, more resistant to 5-FOA as compared with wild-type
cells. When URA3 is integrated at 3.5 kb, hdalA and rpd3A cells
are > 1 X 10* and > 1 X 10° more resistant, respectively. The
effect of hdalA and rpd3A is repression specific in that the growth
of these cells on media lacking uracil is indistinguishable from
wild type (data not shown).

RPD3 Disruption Retards PHO5 Promoter Activation. To
determine whether the deletion of HDAI or RPD3 alters regu-
lated gene expression, PHOS5 promoter—lacZ fusions were as-
sayed under noninducing and inducing conditions through B-ga-
lactosidase assays. In contrast to the effect in wild-type and hdal
cells, an rpd3 deletion retards PHO5-lacZ activation (Fig. 54)
This effect of rpd3A on PHOS induction is consistent with
previous data (26). However, the time course demonstrates that
the rate of rate of B-galactosidase accumulation in rpd3A cells at
later time points parallels that of wild-type cells, suggesting that
rpd3A merely delays PHOS induction. This delay is also seen for
the genomic PHOS5 gene whose transcript levels eventually sur-
pass those of wild-type (data not shown). Interestingly, both idal
and rpd3 deletions cause some hyperactivation at the CUPI-lacZ
promoter construct (Fig. 5B).

DISCUSSION

HDAL1 and RPD3 Histone Deacetylase Complexes. Our results
indicate that HDA1 and RPD3 are associated with distinct
histone deacetylase complexes, HDA and HDB, respectively. The
disruption of both HDAI and RPD3 increase acetylation of
histones H3 and H4. However, rpd3A causes stronger hyperacety-
lation at H4 lysines 5 and 12 as compared with AdalA. Acetylation
of these sites is correlated with histone deposition and it is
tempting to speculate that RPD3 may function to deacetylate
histones soon after nucleosome assembly.
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FiG. 4. HDAI and RPD3 disruptions increase telomeric silencing.
The extent of URA3 gene repression was determined by measuring
resistance to 5-FOA (29) (A4) Strains YDS21U (wild-type), SRY21U
(hdal), and SRYR39 (rpd3) containing URA3J integrated 2.1 kb from
the telomere were grown on YEPD plates for 3 days at 30°C before
10-fold dilutions were spotted onto media with or without 5-FOA. To
quantitate the fraction of cells capable of growing on 5-FOA-
containing media, diluted cell suspensions were also spread and cell
number was determined. (B) Strains YDS35U (wild-type), SRY35U
(hdal), and SRYRA40 (rpd3) containing URA3J integrated 3.5 kb from
the telomere were grown on YEPD plates and assayed as in A4.
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Fic. 5. The effects of HDAI and RPD3 disruptions on gene
activity. Determination of noninduced and activated transcription in
wild-type, hdal, and rpd3 cells was performed through B-galactosidase
assays. YDS3 (wild-type) (C0), SRY3D2 (hdal) (e ), or SRYR3 (rpd3)
(a) was transformed with either (4) pMH313 (containing a 2.4-kb
Dral fragment of the PHOS5 promoter fused to lacZ) (39) or (B)
pCLUC (containing the entire CUPI promoter fused to lacZ) (40), and
induced for various time periods (38) before harvesting and deter-
mining B-galactosidase activity in cell extracts by the following for-
mula: units = OD4 X 103 mg~min~!. The values given represent an
average of the data obtained from at least five independent transfor-
mants. The standard deviations for these data were <30% and <10%,
respectively, for the PHOS5 and CUPI promoters.

Interestingly, the hdalA rpd3A double mutant does not
appear to increase acetylation more than either single mutant.
This result suggests that the two enzymes may deacetylate the
same chromatin domains, and that deletion of one is not
compensated for by the other. Alternatively, other histone
deacetylase activities may be up-regulated in the absence of
HDA1 or RPD3. This latter possibility seems likely since there
are three other open reading frames in the yeast genome
(HOS1, HOS2, and HOS3) whose encoded proteins also have
homology to HDA1 and RPD3 (Fig. 1). Additionally, deletion
of HDA1 is accompanied by an increase in the size of the HDB
peak of activity (Fig. 24) and deletion of both HDAI and
RPD3 results in the presence of a significant amount of
deacetylase activity (Fig. 2C). We may only be able to deter-
mine why the hdal and rpd3 deletion effects are not additive
when we have a better understanding of the chromosomal
domains acetylated by these enzymes and the manner in which
the enzymes are regulated.

HDAL1 and RPD3 Affect Repression of Telomeric Heterochro-
matin. The silent HM and telomeric loci, both of which resemble
heterochromatin, contain histone H4, which is hypoacetylated at
lysines 5, 8 and 16 when compared with active regions of the
genome (9). It is expected that increased histone acetylation
would cause enhance access of transcription factors to these
domains causing derepression. However, the increases in chro-
mosomal acetylation caused by both hdalA and rpd3A actually
result in increased repression of a reporter gene (URA3) inte-
grated at the telomeric end of chromosome V R. The mutation
(rpd3A) has a larger effect on H4 acetylation and also has a
stronger effect on hyper-repression. We did not observe in-
creased repression at the HM locus (HML«) examined. However,
it has been reported that yeast cells made defective for HM
silencing can have this phenotype suppressed by a number of
extragenic (sds) mutations. One of the SDS genes, SDS6 is
identical to RPD3 (41). Therefore, it is likely that defective RPD3
function increases repression at the silent mating loci and that this
is seen only when repression of the HM loci is enfeebled.

It is possible that the correlation we observe between
increased genomic acetylation and stronger repression of
heterochromatin is due to increased acetylation of H4 lysine
12. This modification has been suggested to enhance the
interaction between H4 and the silencing information regula-
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tors SIR3 and SIR4 (9). An alternative explanation is that the
effects of increased acetylation on silencing are indirect
through increased SIR3 expression as discussed below.

HDA1, RPD3, and Gene Regulation in Yeast. Bulk yeast
chromatin is highly acetylated in wild-type cells (42). Therefore,
it is interesting that hdalA and rpd3A mutations alter gene
expression in the ostensibly hyperacetylated euchromatic regions.
Again, we find that rpd3A has the greatest effect on transcription,
retarding full activation of PHO5-lacZ. Our analysis of genomic
PHO5 by Northern blotting demonstrates similar retardation of
PHO)5 expression, except that PHO5 mRNA levels in rpd3A cells
do eventually catch up with and even surpass those of wild-type
cells (data not shown). Since hdalA and rpd3A lead to increases
in CUPI promoter activity, increased histone H3 and H4 acety-
lation levels may cause hyperactivation of a number of genes.
Hyperactivation would be expected if increased acetylation allows
enhanced transcription factor binding to chromatin (13). How-
ever, if genes involved in silencing heterochromatin are also
transcribed at higher levels this could increase telomeric silencing.
This possibility must be considered since even modest increases
in SIR3 concentrations resulting from an additional SIR3 gene on
a centromeric, single copy plasmid increases both silencing (30)
and SIR3 spreading (20) considerably.

Genetically and biochemically, we have identified members
of two histone deacetylases (HDA1 and RPD3) in yeast cells.
The similarity of HDA1 and RPD3 and the finding that an
RPD3 homolog (HD1) in humans interacts with the deacety-
lase inhibitors TSA and trapoxin suggests that these proteins
may be the catalytic subunits of the histone deacetylase
complexes (36). On the basis of sequence similarity, there may
be a family of five histone deacetylases. Whether they are all
in distinct histone deacetylase complexes (or even whether
they are all histone deacetylases) is at this time uncertain. This
must await a genetic and biochemical analyses of the HOS
mutants. However, at this stage one must certainly entertain
the possibility that several conserved histone deacetylases exist
in yeast and that they are not totally redundant in function. The
genetic and biochemical approaches described above should
help us to understand how they mediate histone acetylation,
heterochromatin, chromatin assembly, and gene activity states.
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