Molecular and
Cellular Biology

REFERENCES
CONTENT ALERTS

CORRECTIONS

Functional Divergence between Histone
Deacetylases in Fission Yeast by Distinct
Cellular Localization and In Vivo Specificity

Pernilla Bjerling, Rebecca A. Silverstein, Geneviéve Thon,
Amy Caudy, Shiv Grewal and Karl Ekwall

Mol. Cell. Biol. 2002, 22(7):2170. DOI:
10.1128/MCB.22.7.2170-2181.2002.

Updated information and services can be found at:
http://mcb.asm.org/content/22/7/2170

These include:
This article cites 41 articles, 20 of which can be accessed free
at: http://mcb.asm.org/content/22/7/2170#ref-list-1

Receive: RSS Feeds, eTOCs, free email alerts (when new
articles cite this article), more»

An erratum has been published regarding this article. To view
this page, please click here

Information about commercial reprint orders: http://journals.asm.org/site/misc/reprints.xhtml
To subscribe to to another ASM Journal go to: http://journals.asm.org/site/subscriptions/

Journals. ASM.org

AdvHdIT NIVIA Ad #T0Z ‘6 Arenuer uo /610" wseqow//:dny woly papeojumod


http://http://mcb.asm.org/content/22/7/2170
http://mcb.asm.org/content/22/7/2170#ref-list-1
http://mcb.asm.org/cgi/alerts
http://mcb.asm.org/cgi/alerts
http://journals.asm.org/site/misc/reprints.xhtml
http://journals.asm.org/site/subscriptions/
http://mcb.asm.org/
http://mcb.asm.org/
http://mcb.asm.org/
http://mcb.asm.org/
http://mcb.asm.org/
http://mcb.asm.org/
http://mcb.asm.org/
http://mcb.asm.org/

MOLECULAR AND CELLULAR BIOLOGY, Apr. 2002, p. 2170-2181
0270-7306/02/$04.00+0 DOI: 10.1128/MCB.22.7.2170-2181.2002

Vol. 22, No. 7

Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Functional Divergence between Histone Deacetylases in Fission Yeast

by Distinct Cellular Localization and In Vivo Specificity

Pernilla Bjerling,' Rebecca A. Silverstein,! Geneviéve Thon,”> Amy Caudy,’
Shiv Grewal,® and Karl Ekwall'*

Karolinska Institutet, Sodertorn University College, S-141 04, Huddinge, Sweden'; Department of Genetics, University of
Copenhagen, DK-1353 Copenhagen K, Denmark? and Cold Spring Harbor Laboratory, New York, New York 11724°

Received 19 November 2001/Returned for modification 14 December 2001/Accepted 7 January 2002

Histone deacetylases (HDACs) are important for gene regulation and the maintenance of heterochromatin
in eukaryotes. Schizosaccharomyces pombe was used as a model system to investigate the functional divergence
within this conserved enzyme family. S. pombe has three HDACs encoded by the hdal™, clr3*, and clr6™ genes.
Strains mutated in these genes have previously been shown to display strikingly different phenotypes when
assayed for viability, chromosome loss, and silencing. Here, conserved differences in the substrate binding
pocket identify Clr6 and Hdal as class I HDACs, while Clr3 belongs in the class II family. Furthermore, these
HDACSs were shown to have strikingly different subcellular localization patterns. Hdal was localized to the
cytoplasm, while most of Clr3 resided throughout the nucleus. Finally, Clr6é was localized exclusively on the
chromosomes in a spotted pattern. Interestingly, Clr3, the only HDAC present in the nucleolus, was required
for ribosomal DNA (rDNA) silencing. Clr3 presumably acts directly on heterochromatin, since it colocalized
with the centromere, mating-type region, and rDNA as visualized by in situ hybridization. In addition, Clr3
could be cross-linked to mat3 in chromatin immunoprecipitation experiments. Western analysis of bulk histone
preparations indicated that Hdal (class I) had a generally low level of activity in vivo and Clré (class I) had
a high level of activity and broad in vivo substrate specificity, whereas Clr3 (class II) displayed its main activity
on acetylated lysine 14 of histone H3. Thus, the distinct functions of the S. pombe HDACs are likely explained

by their distinct cellular localization and their different in vivo specificities.

Heterochromatic regions of the chromosomes, such as the
centromeres and telomeres, are specialized noncoding struc-
tures with important functions for genomic stability. Euchro-
matic regions, on the other hand, are the chromosomal do-
mains in which a majority of the transcriptionally active genes
are located. In general, heterochromatin contains underacety-
lated histone amino-terminal tails compared to euchromatin
(22). The acetylation of histones is carried out by histone acetyl
transferases (HATS) (5) at several conserved lysine residues of
the N-terminal tails of histone H3 and H4. Important positions
are K9 and K14 of histone H3 and K5, K8, K12, and K16 of
histone H4. There are two protein families with histone
deacetylase (HDAC) activity: the SIR2 family of NAD-depen-
dent HDAC:s, the enzymatic activity of which was only recently
discovered (20, 28), and the “classical” HDAC family. The
“classical” HDAC family members fall into two different phy-
logenetic classes, namely class I and class II (14, 29). The
HDAC enzyme was first purified by binding to trapoxin, an
inhibitor that irreversibly bind to the active site of the enzyme
(39). Subsequently, HDACs were shown to participate in large
multiprotein complexes as corepressors requiring the HDAC
enzymatic activity for repression of gene transcription (18, 19,
23, 27, 34). Generally HDAC enzymes work on acetylated
histone substrates, but there are cases in which other proteins,
such as p53, become deacetylated by HDACI (30). The struc-
ture of a sequence homologue of the HDAC family of proteins
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from the archaebacterium Aquifex aeolicus has been deter-
mined. It revealed that the conserved regions in HDACs form
an active site with a Zn?" atom in the center and, furthermore,
that this site can be blocked by TSA (11).

The Schizosaccharomyces pombe putative HDACs are en-
coded by the hdal™, clr3™, and clr6™* genes (with clr for cryptic
loci regulator) (13, 25, 36). The hdal™ gene was discovered
due to its homology to RPD3 from Saccharomyces cerevisiae,
while clr3" and clr6™ were identified in screens aimed at iden-
tifying mutants deficient in mating-type silencing in fission
yeast. Hdal has been shown to have an HDAC activity (25).
Genetic analysis of the S. pombe HDAC:s indicates functional
divergence of the three proteins. The clr6" gene is essential,
while hdalA cells are viable (13, 25). Strains with mutations in
clr3* or clr6™ are silencing deficient, while hdalA results in
strengthened silencing (10, 13, 36, 41). In addition, clr6™" is
necessary for genomic stability, since a conditional mutation in
the gene results in chromosome loss (13). This phenotype is
not displayed by mutations in c¢r3* or hdal™ (1, 36). It is
tempting to seek mechanistic explanations for the observed
and sometimes counterintuitive phenotypic differences within
this enzyme family by using a simple model system.

In this study, we have compared the properties of three
HDAGC:S in S. pombe. We have investigated the localization of
the proteins in the cell and established their in vivo enzymatic
activities. Their importance for silencing of polymerase II (Pol
II) marker genes inserted into the ribosomal DNA (rDNA)
was examined. A more profound investigation of one of the
enzymes, Clr3, reveals a major activity in Western analysis of
bulk histone preparations for lysine K14 of histone H3. Clr3
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TABLE 1. S. pombe strains used in this study

Strain Genotype” Source or reference
FY367 h* ura4-D18 leul-32 ade6-M210 8
FY648 h* otrIR(Sphl)::ura4™ ura4-DS/E leul-32 ade6-M210 1
FY1180 h* otrIR(Sphl)::ade6™ ura4-D18 leul-32 ade6-M210 8
Hul14 h*/h~ ura4-D18/ura4-D18 leul-32/leul-32 ade6-M210/M216 This study
Hu268 h™ hdal-HA::kanMX6 ura4-D18 leul-32 ade6-M210 This study
Hu056 h* clr3-myc::kanMX6 ura4-DI18 leul-32 ade6-M210 This study
Hu397 h™ clr3-myc::kanMX6 pom152-GFP::kanMXG6 ura4-D18 leul-32 ade6-M210 This study
Hu401 h™ clr6-HA::kanMX6 pom152-GFP::kanMX6 ura4-D18 leul-32 ade6-M210 This study
Hu067 h clr3-myc::kanMX6 clr6-HA::kanMX6 ura4-D18 leul-32 ade6-M210 This study
Hu415 h™ hdal-HA::kanMX6 clr3-myc::kanMX6 leul-32 ura4-D18 ade6-M210 This study
Hu386 h'* hdal-myc::kanMXG6 clr6-HA::kanMXG6 otrIR(Sphl)::ade6™ leul-32 ura4-D18 ade6-M210 This study
FY597 h?° mat3::ura4™ ura4-D/SE leul-32 ade6-M210 1
FY2606 h® hdal::LEU2" mat3-M:ura4" ura4-DS/E leul-32 ade6-M210 36
Hu427 h? clr3A::kanMX6 mat3-M::ura4* ura4-DS/E leul-32 ade6-M210 This study
Hu460 h? clr6-1 mat3-M::ura4™ ura4-DS/E leul-32 ade6-210 This study
Hu393 h leul /Ylp2.4pUCura4*-7 ura4-DS/E leul-32 ade6-M216 This study
Hu434 h" hdalA:LEU2" leul/Ylp2.4 pUCura4™-7 ura4DSJE leul-32 ade6-M210 This study
Hu395 W clr3A:kanMX6 leul/YIp2.4pUCura4™ -7 ura4-DS/E leul-32 ade6-M210 This study
Hu451 h* clr6-1 leul/YIp2.4 pUCura4™-7 ura4DS/E leul-32 ade6-M210 This study
FY498 h* imrIR(Ncol)::ura4" ura4-D/SE leul-32 ade6-M210 1
Hu383 h* hdal::LEU2" imrIR(Ncol)::ura4”" ura4-DS/E leul-32 ade6-M210 This study
Hu379 K clr3:kanMX6 imrIR(Ncol)::ura4™ ura4-DS/E leul-32 ade6-M210 This study
SPG141 h* clr6-1 imrIR(Ncol)::ura4™ ura4-DS/E leul-32 ade6-M210 13
FY520 h* Ch16 m23::ura4™-TEL[72] ura4-D/SE leul-32 ade6-M210 (Ch16 ade6-M216) 1
FY2602 h* hdal::LEU2" Ch16 m23:ura4*-TEL[72] ura4-D/SE leul-32 ade6-M210 (Ch16 ade6-M216) 36
Hu377 K clr3A::kanMX6 Ch16 m23::ura4™-TEL[72] ura4-D/SE leul-32 ade6-M210 (Ch16 ade6-M216) This study
Hu454 h~ clr6-1 Ch16 m23::ura4 " -TEL[72] ura4-D/SE leul-32 ade6-M210 (Ch16 ade6-M216) This study
Hu619 h? clr3-myc::kanMX6 mat3-M::ura4* ura4-D/SE leul-32 ade6-M216 This study

@ (h), mating type ambiguous because silent mating-type loci are deregulated in this background.

acts directly on the silent mating-type chromatin, since it co-
localizes with mat2/3 and can be cross-linked to the mating-
type region in chromatin immunoprecipitation (ChIP) experi-
ments.

MATERIALS AND METHODS

Strains and media. The characteristics of the S. pombe strains used in this
study are listed in Table 1. Media were prepared according to reference 40. The
hdal™, clr3", and clr6* genes were tagged at their endogenous locus, and the
clr3™ gene was deleted by the method described in reference 2. Pom152-green
fluorescent protein (GFP) was constructed according to reference 26. The re-
sulting PCR products were integrated into the genome of the haploid strain
FY367 or FY1180 or of the diploid strain Hul14. PCR and subsequent sequenc-
ing of the PCR products confirmed correct integration.

Construction of a phylogenetic tree. A ClustalW multiple alignment of
HDAC:s was performed with Mac Vector 6.5 (Genetics Computer Group, Inc.)
by using the “blosum” matrix and a gap penalty of 50.0. A total of 19 HDAC
amino acid sequences were aligned. The resulting dendrogram showing the
phylogenetic relationships is depicted in Fig. 1A, and the sequence alignment is
presented in Fig. 1B. The following protein amino acid sequences (species and
accession numbers follow in parentheses) were used: SpHdal (S. pombe,
AL021046), SCHOS2 (S. cerevisiae, X91837), SpClr6 (S. pombe, AFO64206),
ScRPD3 (8. cerevisiae, P32561), hHDAC2 (Homo sapiens, NP_001518),
hHDAC1 (H. sapiens, Q13547), DmHDACI1 (Drosophila melanogaster,
AF026949), hHDACS3 (H. sapiens, AF039703), bACUCI (A4. aeolicus, D70388),
ScHOSI (S. cerevisiae, Z49219_23), SpClr3 (S. pombe, AFO64207), SCHDAL (S.
cerevisiae, Z71297), mHDA2 (Mus musculus, AF006603), hHDACG6 (H. sapiens,
AF132609), mHDA1 (M. musculus, AF006602), hHDACS5 (H. sapiens,
AF132608), hHDAC4 (H. sapiens, AF132607), bACUC2 (A. aeolicus, A70481),
and ScHOS3 (8. cerevisiae, U43503).

Coimmunoprecipitations (co-IPs) were carried out according to reference 17.
Lysis of log-phase cells with glass beads and subsequent co-IPs were performed
in radioimmunoprecipitation assay (RIPA) buffer or a nonionic general lysis
buffer (50 mM HEPES-KOH [pH 7.5], 140 mM NaCl, 1 mM EDTA, 0.1% Triton
X-100, Complete Protease Inhibitor Cocktail from Boehringer Mannheim). Pre-
clearing and co-IP were conducted with protein A coupled to Sepharose beads.

Immunoprecipitates were obtained with rabbit anti-myc (Research Laborato-
ries), mouse antihemagglutinin (anti-HA) (Boehringer Mannheim), or rabbit
anti-HA (Upstate) antibodies. The immunoprecipitated material was subjected
to Western analysis (17).

Immunofluorescence microscopy. S. pombe cells were prepared for immuno-
fluorescence microscopy according to the formaldehyde fixation procedure with
some modifications (16). Log-phase cultures were incubated for 5 to 30 min in
yeast extract with supplements (YES) plus 1.2 M sorbitol before harvest. In most
cases, PEMAL (PEM [100 mM PIPES, 1 mM EGTA, 1 mM MgSO,, pH 6.9]
plus 5% or 0.03% milk, 0.1 M L-lysine HCI, cleared by 30 min of centrifugation
at 20,000 X g) was used instead of PEMBAL (PEM plus 1% bovine serum
albumin [essential fatty acids and globulin-free sigma] and 100 mM lysine hy-
drochloride, pH 6.9). The following primary antibodies were used: rabbit anti-
myc, mouse anti-myc (Sigma), mouse anti-HA, mouse anti-GFP (Molecular
Probes), and rabbit anti-Nop1 (21). Clr6 antibodies were raised in rabbits against
the N-terminal peptide MGFGKKKVSYFYD and C-terminal peptide
TIAKEEFTIMDERV. The sera were affinity purified against the peptides, mixed
1:1, and used for immunostaining. Fluorescein isothiocyanate- or Texas red-
conjugated secondary antibodies were purchased from Jackson ImmunoRe-
search Laboratories or Sigma. Fluorescence in situ hybridization (FISH) exper-
iments were carried out with the pRS314 probe to detect centromeres and the
probe for rDNA loci according to reference 9. The c¢1555 probe was used to
detect the entire mat2/3 region in S. pombe (33). Cells were visualized with a
Zeiss Axioskop II microscope equipped with a Hamamatsu C4742-95 charge-
coupled device camera. A z-series digital confocal deconvolution analysis with
Openlab software, version 2:09 (Improvision), was performed with 0.2- to 0.3-um
sample z-series spacing and nearest-neighbor deconvolution. An object magni-
fication of X100 and a lens aperture of 1.4 were used.

Western analysis of bulk histones. S. pombe strains were grown at 36°C
overnight, and crude histones were prepared, separated, and Western blotted
according to reference 8. Antibody incubation was performed according to man-
ufacturer’s (Upstate) instructions. Antibodies against histone H3 acetylated at
position K9 or K14 or histone H4 acetylated at position K8 or K12 were pur-
chased from Upstate. Antibodies against histone H4 acetylated at positions K5
and K16 were as described by reference 43 or purchased from Serotec. An
antibody against the C-terminal part of histone H3 was used (A.Verreault,
unpublished data). The band intensity was quantified with Fujifilm Image Gauge
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software. The signal was normalized to the loading control anti-histone H3 or
Coomassie staining of the histones.

ChIPs. Chromatin immunoprecipitations (ChIPs) were performed according
to reference 9 with antibodies against histone H3 acetylated at position K9 or
K14 or against histone H4 acetylated at position K8 or K12 (Upstate) or with
mouse antibodies directed against the myc epitope (Sigma). The immunopre-
cipitated DNA was amplified and labeled with 5'-GAGGGGATGAAAAATCC
CA-3'" and 5'-TTCGACAACAGGATTACGAC-3' as ura4 primers in a PCR
with [a->*P]dCTP. PCR products were separated on 4% polyacrylamide gels,
detected with Fujifilm Phosphorimager FLA3000, and quantified with Fujifilm
Image Gauge software.

RESULTS

Phylogenetic relationships between HDACs. A database
search of the S. pombe genome (www.sanger.ac.uk/Projects
/S_pombe/) was performed to investigate the total number of
putative HDAC:sS in the organism. The entire S. pombe genome
(pompep) protein database including 4,952 protein sequences
was BLAST-searched with hHDACT. The search identified the
three previously described HDAC homologues of S. pombe,
Hdal, CIr3, and Clr6, and did not reveal any additional S.
pombe members of this HDAC family. The three amino acid
sequences were aligned together with HDAC proteins from
other organisms, and a phylogenetic tree was constructed. As
expected from previous studies (29), the resulting dendrogram
of HDAC sequences formed two major groups, class I and
class IT (Fig. 1A). It was clear that the two classes were older
than the divergence into three kingdoms (Archae, Eubacteria,
and Eukarya), since the two archaebacterial sequences from
the same species (4. aeolicus) were present with one in each
class (see bACUCI and bACUC?2). The S. pombe HDAC ho-
mologues also appeared in both phylogenetic classes. Hdal
and Clr6 belong together with RPD3 of S. cerevisiaze and
HDACI, -2, and -3 from humans in class I, while Clr3 belonged
to class II together with HDAT1 from S. cerevisiae and HDAC4,
-5, and -6 from humans. The sequence alignment (Fig. 1B)
revealed drastic conserved differences between the class I and
class II enzymes. The differences were particularly clear in the
L3, L4, LS, L6, and L7 loops and in the adjacent B4 region,
which form a pocket domain where the active site has been
determined to be, in the HDAC homologue bACUCI from the
archaebacterium A. aeolicus (11).

Distinct localization patterns of the S. pombe HDACs. In
order to further investigate the three S. pombe HDACsS, their
gene products were epitope tagged at their respective loci
under the control of their own endogenous promoters. Hdal
and Clr6 were tagged with the HA epitope, and Clr3 was
tagged with the myc epitope. Western analysis of the epitope-
tagged strains showed that the migration of the proteins cor-
responded to their predicted sizes: the class I proteins, Hdal
and Clr6, with smaller sizes of 48 and 45 kDa, respectively, and
the larger class II protein, Clr3, of 76 kDa (data not shown).

The tagged strains were used to investigate the subcellular
localization of the three S. pombe HDAC proteins by indirect
immunofluorescence microscopy. The immunofluorescence
analysis clearly showed that Hdal-HA was a cytoplasmatic
protein throughout the cell cycle (Fig. 2A) (data not shown),
while CIr3 and ClIr6 localized to the nucleus. To facilitate a
more detailed localization study of the nuclear proteins, the
nuclear membrane was labeled by tagging the Pom152 protein
with GFP. Pom152 is an S. pombe homologue of S. cerevisiae

MoL. CELL. BIOL.
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FIG. 1. S. pombe HDACs are members of both phylogenetic
classes. (A) A dendrogram representing the phylogenetic relationships
of the HDAC family was constructed by ClustalW alignment (see
Materials and Methods). The species is indicated immediately before
the protein name: for example, SCHDAL (S. cerevisiae HDAL). Ab-
breviations: Hs, H. sapiens; Dm, D. melanogaster; b, A. aeolicus; Sc, S.
cerevisiae; Sp, S. pombe; m, Mus musculus. The two phylogenetic
classes are indicated in the figure. (B) Part of the sequence alignment
showing the enzymatic core region, which is the conserved part of the
HDAC proteins. Class I and class II are indicated. L3 to L7 are the
loops that are known to form a pocket domain around the active site.
The amino acid residues coordinating the Zn>* ion in the catalytic site
are indicated (solid diamonds). B4 is a B-sheet stretch in close prox-
imity to the active pocket.

POM152, which is a previously described component of the
nuclear pore complex (6, 44). Double immunofluorescence
labeling and z-series digital confocal deconvolution analysis of
Clr3-myc and Pom152-GFP revealed that Clr3-myc was pre-
dominantly nuclear with Clr3-myc foci occupying the entire
nuclear space, including the 4',6'-diamidino-2-phenylindole
(DAPI)-stained chromosomes and the nucleolus (Fig. 2B).
The Clr3-myc signal was directly adjacent to and occasionally
overlapping with the Pom152-GFP signal (Fig. 2B [Clr3-myc
and Pom152-GFP merged]), indicating that Clr3-myc also oc-
cupied a region at the nuclear periphery. In addition, a sub-
population of Clr3-myc could be found in the cytoplasm of the
cell (Fig. 2B; see Fig. 4B). A similar analysis was carried out
with Clr6-HA and revealed that Clr6-HA was localized in the
nucleus with foci exclusively on the DAPI-stained chromo-
somes (Fig. 2C). The deconvolution analysis revealed a
Clr6-HA free space at the nuclear periphery close to the
Pom152-GFP signal (Fig. 2C). The chromosomal localization
of the HA-tagged Clr6 protein was confirmed by raising anti-
bodies against the Clr6 protein and using them in indirect
immunofluorescence (Fig. 2D). Staining of wild-type cells with
the antibodies against Clr6 showed the same spotted localiza-
tion pattern on the chromatin as the Clr6-HA strain did. As
controls, an untagged wild-type strain was incubated with an-
tibodies against the tags used. No signal was detected in these
control experiments, indicating that the detected signals truly
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FIG. 1—Continued.

VoL. 22, 2002

— = - = - = - - — =
a9
4 == EEEIEEEE ] el I (1 3P NNNNNNNNNQLHEHGGG RO U U UL
u wo P I COVCTOUCUCOC o b Btk R[BEIOL OGO OO » OBl < <« < < <]~
P 7 Iy R SUUUUCUUNDU OO0 2 TWFV «
[ > = R L i mom MU ea MO > ceooovelulzovedlr an Il A i
- [ > el >e >e Be > > PR I RN NN IS LLLLLLLLLF]ILLSST@ oot o <
< )= .AELLLLLL o . - P I I P I Ny [ce=0u e g ol
B o > e e > > > > i ancrnaacdalnasalz =g B Ee ©
oot o ofz]ofn m = = e [ - : rElevseefiacicose oo sa <o SREE -
ana xiejafe aaa : VE<LrnnimUa.ai<QOuDEdx A PEE3E <
w = = slooonoa z R R e R IEE RS L << =<
e oooQz 2 i nuvmansuale O << <<t <) > > > A=
© S - -« DDDDDDDDDDDHDDDDDF_ zzzz z[< = [2 o o]
[ B s Sz Bhe $h ba fn g M i LIRS I LI I 4 S 1 Ul SRR SN TR T o oo o o2 o= = T
. : . < < wf- 5]« « E [ Lo Erre] >RAZAVOODOU
. Z ow S = ojooofx I RPN b e oA LS RCRCECRRCR]
[TRT) [ [« Rt OO O REREEREELEET I e P P O Z R e
[5 o = > PSR e covovouuSooa A,_ (CECRURLR COOS A
oz . < . o oo00000Od rn e P CRCRUR] cooRe ~<< e
R4 = - - V= = [ > < -l B e i I I IS ) - veUe [CIRLRE] ST I3 ] (6 QNS SN [ QU
= o r» o0 [T T S g N SR VSVC COQU = —> > > 2
e aa e N o i S, P e e g > — >
wim w = O LA L XL LU > Dt 22> > > >rUREE R S
<i< < < = vewlnvwvw crfontcossa =z apke O <
= = mimz = Y Tre -V A EERE QA WO oz
R = — UM L OCOOODRARZZ G hEn SRR E AR RO S U000
Y IR ) a B H | e e e L ]
[CRCRTIN CCe|n e a, = =2 BGEEE R I e rre ZOZCZZZALE<OLCS<CECO
crrooocoruyss a s ao & aa ZEON UL A AN BN = OT »Z B mE RS> i
nUL<C O < <O o - > > > ~~XEZZE> <T<<=< RG] b LR
TEEZT T a B> - N e e — - > S > > BT oMM MM MMM el S
z z ZZZzZzZZ|>> - X == - = . (5 MMM YT ivvvvvv/\VKm_iH_F
U T < < Q. [> ~ > [ R SR R A - . a oM NN Z WZE S S MR e o 0 0 o E[E
¢ < U O = N H o o r e v e e - ) > e m S S>> > > > > [ i Lo
: = — > —jzw [eR«? o Mool MMM ZOTwDOARQU0 w2 —i VV]VIVEIVVLLVV PP B e b 2 B e (e
A RO ZJZ 2 z : I g ooV K_MT, RN Y 2w Z T
s DO e M P . ' P AR S A = o e G Wi . wlw wl> = wniclulz £ % = L LD =D DD D> >
O 3 > K] . . . ' e @m0 L L0000 CT00 R U [P Sar, <pe mE 2w o < AlnMnGGGI
o oolx o w{o]zf= u = R L B - R AR S ) s > > i > > Fl<<<<= z UM g e e L O
% v ozl ajo o [} daE  mxExxZELgn>>>> U ] St " w w i 2 € - & r < S O00U 00U
R N A = B R 1 Lo o © i e ] I R L E
R B SR < EZLEIITROMBER <R S aX CEO@ @@ E > OO ¢ - [ S SO SCCSCOVLYAL 2L CO
MM DXL T DT> > > B Do e M I 7 MM QLT e Az > [T o e e R R A L
T - % xo XM MO N]— =00 oK ZZOCUOT i W Zzln < <> > = B B - P |z
P R RN JE Y] o Radaaa ezl ijooooox TYFYYY, - Qo c2aleacpnen RS SE SR =P oz
CLCLTDOD VL CO> U U o P R - R (e MMM MMM s =¥ zZlejc o s oo w = = P -
< - [T ~q : &
-2.2082005.32382838 22+2532003.2982838 $2+28523805.328:2838 $.2803%005,323-532 «3e280288502982838
SorazZzi3eos85558558 ECEEZZ2iz3888854a5838 225z25=z8 Z8dzZ382:232 3cEsz22E522 2Zz25zz28 S0f5%ZZz50858s5858588%2
zzLEfsfeongE8s88R0 R N E N R EEEEED TEg=gs3¢8 Cmgegasco EERYEEREE TS8a8aav SzCxBEE8YSUIEEEEET
SASREEAE IR 3ETEEEE S258EE8T2388E5E 553 GO0 IAESRS3EEEEES e EsEEaI5S8EEEEEE ARG AEECR G EEZIEZZS



http://mcb.asm.org/
http://mcb.asm.org/

2174 BJERLING ET AL.

MoL. CELL. BIOL.

Ai_l{iui«-ll.\ DAPI BClr3-Mvc Pom152-GFP DAPI

DAPI

CIr6

FIG. 2. Each of the HDAC:sS in S. pombe has a distinct characteristic cellular localization pattern. Cells of the indicated strains were processed
for immunofluorescence microscopy. (A) The strain Hu268 (hdal-HA) was stained with DAPI (red) and HA antibodies (green). Hdal-HA (green)
is located primarily in the cytoplasm. (B) The strain Hu397 (clr3-myc pom152-GFP) was stained with anti-myc (red) and anti-GFP (green)
antibodies and DAPI (blue). The Clr3-Myc pattern colocalizes with the DNA (blue), but is not restricted to the chromatin-containing regions of
the nucleus. (C) The strain Hu401 (clr6-HA pom152-GFP) was stained with anti-HA (red) and anti-GFP (green) antibodies and DAPI (blue). The
Clr6-HA (red) foci were restricted to the chromatin and thus excluded from the perinuclear region, surrounded by the Pom152-GFP counter stain.
(D) The strain FY648 (wild type) was stained with anti-Clr6 antibodies and DAPI. (B, C, and D) The immunofluorescence microscopy images were

deconvolved (z = 0.3 pm) and merged.

reflected the localization of the epitope-tagged proteins (data
not shown).

We also performed double immunofluorescence localization
experiments and z-series digital confocal deconvolution analy-
sis on a strain epitope tagged with both Clr3-myc and Clr6-HA.
This three-dimensional analysis revealed little overlap between
the ClIr6 and Clr3 signals (Fig. 3). The localization data sug-
gested that there was little or no physical interaction between
the three S. pombe HDACs. To further test this possibility,
strains carrying pairs of epitope-tagged S. pombe HDACs were
subjected to co-IP experiments. If the HDACs were part of the
same complexes, they would most likely be detected in recip-

rocal immunoprecipitates by using the myc and HA epitopes.
None of the HDACs underwent co-IP with any of the other
HDAC:S; instead they remained in the supernatants (data not
shown). Taken together, these immunolocalization and co-IP
experiments indicate that the S. pombe HDACs are not phys-
ically associated and, furthermore, they occupy different cellu-
lar compartments.

CIr3 acts directly in mating-type silencing. To further inves-
tigate the function of the c/r3* gene, a complete null allele was
constructed. The resulting haploid clr3::kanMX6 (clr3A) cells
were viable, showing that ¢/r3" is not an essential gene. To
determine whether the c/r3A null allele had the same effects on
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FIG. 3. CIr6 and Clr3 nuclear foci do not coincide. The strain
Hu067 (clr6-HA clr3-myc) was processed for immunofluorescence mi-
croscopy and stained with anti-HA (red) and anti-myc (green) anti-
bodies and DAPI (blue). The spotted nuclear patterns of the Clr6-HA
(red) and Clr3-Myc (green) rarely colocalized completely (yellow)
after deconvolution (z = 0.3 wm).

silencing as previously described for the c/r3-E36 mutation (1),
the c/r3A marker was combined with a ura4™ reporter gene
inserted into the different heterochromatic regions of S. pombe
(centromere, telomere, and mating-type regions) (1). The
strains were subjected to a silencing assay in which growth on
plates with or without uracil and on plates containing the drug
fluoroorotic acid (FOA), was compared. Strains whose sole
functional copy of the ura4™ gene resides either in the centro-
mere region, imrR(Ncol):iura4™, or in the mating-type region,
mat3-M:ura4™, grow poorly on medium lacking uracil and
grow well on the FOA-containing plates due to the efficient
repression of the ura4™* reporter gene at these locations (Fig.
4A and C, top row). In the cIr3A genetic background, the
imrR(Ncol)::ura4 marker gene was derepressed, so cells grew
better on plates lacking uracil as compared to the wild type and
could not form colonies on FOA (Fig. 4A, third row). In the
clr3A genetic background, the mat3-M::ura4™ marker gene was
strongly derepressed, resulting in full growth on plates lacking
uracil, and no growth on FOA-containing plates (Fig. 4C, third
row). Silencing of a telomeric marker gene was also investi-
gated, and we found that the clr3A allele had a slight effect on
telomeric silencing. All of these silencing effects were in ac-
cordance with the phenotype previously reported for the clr3-
E36 allele (1). For comparison, silencing of the imrR(Ncol)::
ura4 and mat3-M::ura4”™ marker genes in strains with the
hdalA or clr6-1 mutation were monitored on the same plates
under semirestrictive conditions (30°C) for the clr6-1 temper-
ature-sensitive allele. These strains displayed wild-type or
slightly enhanced repression levels in agreement with pheno-
types reported earlier (13, 36).

To investigate whether the effects on centromeric and mat-
ing-type silencing correlated with the Clr3 protein directly lo-
calizing to these regions, fluorescence in situ hybridization
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(FISH) experiments were carried out. A centromere probe was
used to detect the cen region (green) in cells stained for the
Clr3-myc fusion protein (red). The Clr3-myc and cen-FISH
double-labeled cells were subjected to z-series digital confocal
deconvolution analysis (Fig. 4B). The yellow color in merged
deconvolved images indicated that Clr3 indeed is present in
the cen region. The cosmid c1555, which detects the mat2/3
region in S. pombe (33), was used on cells stained for the
Clr3-myc fusion protein. These double-labeled cells were also
subjected to z-series digital confocal deconvolution analysis
(Fig. 4D). It was evident in the merged picture that the mat2/
3-FISH signal (green) partially colocalized with Clr3-myc
(red), resulting in a yellow color. To further test if Clr3 was
bound to mat2/3 chromatin, a ChIP experiment was carried out
(Fig. 4E). To this end, a strain with the ura4* reporter gene
inserted into the mating-type region, mat3-M::ura4, was used.
This strain also had a second reporter gene consisting of a
mini-ura4 allele, ura4-DS/E, at the endogenous, euchromatic
ura4 locus. The ura4-DS/E allele functions as an internal con-
trol for the PCR analysis of the DNA recovered from each
ChIP experiment (8, 9). In the first lane in Fig. 4E, the PCR
products from the input of the crude chromatin lysate are
shown. The larger band corresponded to the full-length ura4™
gene, and the smaller band corresponded to the internal con-
trol, ura4-DS/E. The ratio between the two bands in the crude
extracts was set to 1.0. The ratios between the inserted ura4™
and ura4-DS/E genes were normalized to the true ratios of the
input crude extract and therefore reflected the relative levels of
chromatin immunoprecipitated with the myc antibody. The
myc antibody selectively immunoprecipitated chromatin from
the mating-type region, resulting in a difference in intensity
greater than twofold between the PCR product made from the
full-length heterochromatic band and the small euchromatic
ura4 band. Taken together, these experiments demonstrate a
direct role for Clr3 in the formation of the heterochromatin in
the mating-type region.

CIr3 is necessary for rDNA silencing. To explore whether
any of the three HDACs were involved in rDNA silencing of
Pol II-transcribed genes in S. pombe, mutations in the HDACs
were separately combined with a ura4" reporter gene inte-
grated into the rDNA arrays (rDNA::ura4™) (42). The result-
ing strains were compared in the growth assay described above.
The wild-type control strain displayed repression of IDNA::ura4™
(Fig. 4F, top row). The repression of rDNA::ura4* was ob-
served as a 5- to 25-fold-reduced growth on plates lacking
uracil and strong growth on FOA-containing plates. The
hdalA mutation resulted in enhanced silencing of rDNA::
ura4™, as revealed by a fivefold-reduced growth on the plate
lacking uracil in comparison to that of the wild type (Fig. 4F,
first and second rows). This result was not surprising, since the
hdalA allele had previously been reported to enhance telo-
meric, centromeric, and mating-type silencing (36). The clr6-1
mutation did not significantly affect expression of rDNA::
ura4* in comparison to wild-type cells (Fig. 4F, bottom lane).
The clr3A mutation, however, resulted in a strong derepression
of rDNA::ura4*, leading to increased growth on plates lacking
uracil and a 25-fold reduction in growth on plates containing
FOA compared to the wild-type control (Fig. 4F, first and third
rows). Thus, Clr3 seemed to be the only one of the S. pombe
HDAC: tested that was required for silencing of Pol II-tran-
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scribed genes inserted into the rDNA repeats. This finding
prompted us to investigate the localization of Clr3 in relation
to the nucleolus. To this end, we used an antibody against
Nopl1 (21). The Nop1 protein had previously been described as
a nucleolar marker in fission yeast (12). Cells were subjected to
indirect immunofluorescence with double labeling of the Clr3-
myc fusion protein and Nopl and z-series digital confocal de-
convolution analysis. Although there was less Clr3-myc in the
nucleolus than in the rest of the nucleus, the merged decon-
volved picture clearly demonstrated a nucleolar localization
for a subpopulation of the Clr3-myc protein (Fig. 4G). The
presence of Clr3 in the nucleolus was confirmed in a FISH
experiment involving an tDNA probe together with Clr3-myc
labeling, which resulted in a partial yellow colocalization signal
in the merged picture (Fig. 4H). Thus, the silencing and local-
ization studies showed that Clr3 was important for keeping the
rDNA regions repressed for Pol II transcription, possibly by
directly localizing to the rDNA in the nucleolus.

Differences in the in vivo deacetylation activity of the
HDACs. To determine whether the putative HDACs affect
histone acetylation in vivo, a Western analysis of bulk histones
was undertaken (8). This assay measures differences in acety-
lation levels of specific lysine residues for the entire genome in
vivo. Bulk histones were prepared from wild-type cells and
from strains carrying hdalA, clr3A, or clr6-1 mutations and
submitted to a Western blot analysis with antibodies against
specifically acetylated histone H3 or H4 (Fig. 5A). A mutated
HDAC was expected to cause an increase, in comparison with
wild type, of the signal corresponding to the acetyl group that
the enzyme normally removes. The bands were either normal-
ized to the signal from total histone H3, measured with an
antibody against the histone H3 C terminus (Fig. 5A, bottom
row), or normalized to Coomassie staining of the histones. The
measurements were repeated two or three times, and the mean
and range of the relative differences in intensity of the wild
type and the mutants of each acetylated lysine position were
determined (Fig. 5B). The hdalA mutant did not show a strik-
ing change in bulk acetylation levels compared to the wild-type
control. In contrast, the clr6-1 temperature-sensitive mutant
under restrictive conditions (36°C) gave strongly elevated acet-
ylation levels of all lysines tested at the histone H3 and H4
amino-terminal tails (Fig. 5A, compare the first and the last
lanes; and B, white bar). This observation was consistent with
the in vitro activity of the purified Clr6 enzyme, which was
found to be active on both acetylated histone H3 and histone
H4 substrates (P. Bjerling, K. Ekwall, and S. Grewal, unpub-
lished data). Histones prepared from a clr3A strain displayed
little variation with respect to the wild-type strain. However, at
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FIG. 5. The acetylation pattern in bulk histone preparations of the
wild type and HDAC mutants. (A) Two and 10 g of crude histone
preparations from the strains FY498 (wild type [wt]), Hu383 (hdalA),
Hu379 (clr3A), and SPG141 (clr6-1) were separated by SDS-PAGE,
blotted and the blots were incubated with antibodies specific for the
histone variants indicated to the left of the picture. At the bottom, a
Western blot with an antibody against the C terminus of histone H3 is
shown as a loading control. (B) The mean and range of the intensity of
the bands in two to three experiments are shown.

the one position affected, namely lysine 14 of histone H3, a
4.5-fold increase in the acetylation level compared to that of
the wild-type control was detected (Fig. 5A, second row, lanes
1 and 3; and B, third bar). This increase is statistically signifi-
cant (P < 0.05, one-sample ¢ test). Hence, we conclude that
among the S. pombe HDAC:S, the class I enzyme, Clr6, displays
the broadest in vivo specificity, while the class II enzyme, Clr3,
displays the most narrow specificity, with a strong preference
for acetylated K14 of histone H3.

Deletion of clr3™ results in increased acetylation levels at
the mating-type region and the rDNA. To investigate whether
the mating-type region and the rDNA repeat were hypoacety-

FIG. 4. ClIr3 is necessary for silencing of the mating-type region and the rDNA. (A, C, and F) Silencing assays. Cell suspensions were fivefold
serially diluted, and each dilution was spotted onto the indicated medium and incubated for 3 days at 30°C. (A) The strains FY498 (wild type [wt]),
Hu383 (hdalA), Hu379 (clr3A), and SPG141 (clr6-1) have the ura4" gene inserted into the outer repeats of the centromere [imrR(Ncol)::ura4™].
(C) The strains FY597 (wt), FY2606 (hdalA), Hu427 (clr3A), and Hud60 (clr6-1) have the ura4" gene inserted next to the mating-type region
(mat3-M::ura4™). (F) The strains Hu393 (wt), Hu434 (hdalA), Hu395 (clr3A), and Hu451 (clr6-1) have the ura4™ gene inserted into the rDNA
repeats (rDNA:ura4"). (B, D, and H) FISH experiments with Clr3-myc. Clr3-myc were processed for immunofluorescence microscopy and
subjected to FISH. (B) The pRS314 cosmid was used to detect the centromere (green); Clr3-myc appears red. (D) The c¢1555 probe was used to
detect the mat2/3 region (green); Clr3-myc appears red. (H) The rDNA probe was used for FISH (green); Clr3-myc appears red. The pictures were
deconvolved (z = 0.2 pm) and merged. Yellow color indicates colocalization. (E) ChIP of Clr3-myc to the mat3-M::ura4" marker. The strain
Hu619 was subjected to ChIP. (G) Hu56 cells were stained against Clr3-myc (green) and (G) Nopl1 (red). Pictures were deconvolved (z = 0.2 pm)

and merged.
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FIG. 6. clr3A cells exhibit elevated acetylation levels at several lysines in H3 and H4 in the mating-type region and at the rDNA regions. DNA
from crude chromatin preparation (crude) and immunoprecipitated (ChIP) chromatin of the indicated strains was amplified by radioactive PCR.
The normalized ratios between the two variants of the ura4* gene (ura4" and ura4-DS/E) are shown below each lane, and the mean value of
duplicate or triplicate experiments is shown underneath. The full-length ura4* gene was either inserted (A) next to the mating-type region
(mat3-M::ura4™) in strains FY597 (wild type) and (B) Hu427 (clr3A) or (C) in the rtDNA (rDNA:ura4") in strains Hu393 (wild type) and

(D) Hu395 (clr3A).

lated and whether the enzymatic activity of Clr3 was necessary
to maintain a low acetylation level in these regions, we utilized
a ChIP assay, which measures acetylation of specific chromatin
targets. The assay was performed with antibodies against his-
tone H3 acetylated at K9 or K14 or antibodies against histone
H4 acetylated at K8 or K12. Chromatin extracts were prepared
from strains with the ura4™ reporter gene inserted into the
chromosomal region of interest and a second reporter gene
consisting of a mini-ura4 allele, ura4-DS/E, at the endogenous,
euchromatic ura4 locus. Since the clr3A mutation was shown to
mainly affect silencing at the mating-type region and at the
rDNA (Fig. 4), the ChIP assays were performed with strains
having the ura4* reporter gene inserted into either of these
domains. Figure 6 shows the results of the ChIP assays. In the
first lanes, the PCR products from the input of the crude
chromatin lysate are shown. Acetylation levels at all positions
tested (histone H3 K9 and K14 and histone H4 K8 and K12)

were low in mat3-M::ura4™ chromatin, resulting in ratios be-
tween the full-length ura4™* gene and the mini ura4-DS/E gene
of 0.07 to 0.14 (Fig. 6A). In contrast, when mat3-M::ura4™ was
combined with the c¢/r3A mutation, the resulting acetylation
levels increased to 0.40 to 0.49 (Fig. 6B). The rDNA region had
a generally higher basal acetylation level, with the ChIP mea-
surements of rDNA::ura4" in a wild-type strain background
giving ratios in the range 0.21 to 0.43 (Fig. 6C). The acetylation
level of rDNA::ura4™ was further increased in the clr3A ge-
netic background to ratios ranging from 0.89 to 1.46 (Fig. 6D).
Thus, when the Clr3 enzyme is missing from the cells, the
histone acetylation levels increase at least twofold in both the
mating-type region and the rDNA repeats at all of the lysine
residues tested.

DISCUSSION
Distinct localization and in vivo specificity of HDACs in S.
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pombe. There are three members of the “classical” HDAC
family in S. pombe. Previous studies indicated distinct func-
tions for the three enzymes, since the mutants displayed dif-
ferent phenotypes (1, 13, 25, 36). In this study, we reveal some
potential explanations for the functional divergence of S.
pombe HDAG:s. First, we show that the S. pombe enzymes
belong to evolutionarily distinct classes of HDACs and that
these two classes have different conserved amino acid se-
quences in their L3-L7 loops and in their 4 regions, which
together are known to form the active site (11). Next, we
demonstrate that the enzymes have different cellular localiza-
tion patterns. Clr3 and Clr6 were both observed in the nucleus,
but in different subnuclear locations. Clr6 was found exclu-
sively on the chromatin, while CIr3 occupied the entire nuclear
space, including the chromatin, the nuclear periphery, and the
nucleolus. Hdal, on the other hand, was found in the cyto-
plasm of the cell. In terms of the in vivo specificities, Western
analysis of bulk histone preparations indicated that the class I
enzyme Clr6 acted on both histones H3 and H4, whereas the
class II enzyme Clr3 had a major effect on histone H3 acety-
lated at position K14. Finally, we demonstrate that c/r3A is the
only one of the three HDACs that is required for rDNA
silencing. Thus, the different functions of the S. pombe HDACs
can, at least in part, be explained by different cellular localiza-
tions and enzymatic activities.

The main in vivo activity of Clr3 is to deacetylate position
K14 of histone H3. We have presented a more detailed analysis
of one of the HDACs, namely Clr3. First we showed that c¢/r3™"
was not an essential gene by deleting its entire open reading
frame. Second, we established that Clr3 was indeed an HDAC,
and not only a sequence homologue of known HDACs. Our
evidence by Western analysis of bulk histone preparations
clearly showed that the c¢/r3A null allele caused elevated acet-
ylation levels at histone H3 K14 (Fig. 5).

Furthermore, we demonstrated that the deacetylation of
position K14 of histone H3 was crucial for maintaining the
heterochromatin structure at the mating-type region and
rDNA and that ClIr3 was localized to these regions (Fig. 4).
Taken together, these results strongly argue for a direct role of
CIr3 in keeping the mating-type region and the rDNA repeats
silenced by deacetylation of position K14 of histone H3.

ChIP analysis indicated that the acetylation of lysines other
than K14 of histone H3 is also increased in the c/r3A mutant,
as observed in chromatin associated with the ura4™* reporter
gene inserted into the rDNA repeats or the mar2/3 region (Fig.
6). The discrepancy between acetylation levels of these specific
target genes and those of the bulk histone estimated by West-
ern blot analysis in c/r3A cells may be explained by assuming
that the broad substrate specificity of Clr3 limited to small
chromosomal regions that would not lead to an overall in-
crease in acetylation in the bulk measurements. An alternative
explanation is that Clr3 may have narrow substrate specificity
for deacetylation of lysine K14 on histone H3 and that this
activity would be required for subsequent deacetylation events
in forming the heterochromatin of these regions. It has been
shown that the clr6-1 mutant alone has a minor defect in
mat2/3 silencing, whereas the clr3-735 and clr6-1 double mu-
tant shows a strong synergistic reduction of silencing at mat2/3
(13). The synergism between clr3-735 and clr6-1 indicates that
these two enzymes jointly keep the mat2/3 region underacety-
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lated. This could explain the discrepancy between our analysis
of the enzyme activities in bulk histone preparations (Fig. 5)
and the ChIP data of mat2/3 chromatin in clr3A cells presented
in Fig. 6. These results would also be consistent with a general
model for formation of heterochromatin at mat2/3 suggested
by reference 35. In this pathway, Clr3 would be required to
deacetylate H3AcK14 prior to a more general deacetylation of
H3 and H4 by Clr6 allowing for a methylation of H3K9 by Clr4
and subsequent binding of Swi6. The observed differences be-
tween the clr6-1 and cIr3A mutants in the bulk histone prepa-
rations could thus be due to the fact that the regions of het-
erochromatin, where Clr3 and Clr6 activities may be linked,
are relatively small as compared to the total S. pombe genome
size. Presumably Clr6 and Clr3 functions are not dependent on
each other in gene regulation in most other parts of the ge-
nome.

Silencing of the heterochromatic regions versus rDNA si-
lencing of Pol II-transcribed genes. Clr3 is shown to be nec-
essary both for mating-type silencing and silencing of the
rDNA. Studies in S. cerevisiae have shown that some of the
factors needed for heterochromatic silencing are also impor-
tant for rDNA silencing, while other factors are unique for one
or the other chromatin (37). A similar picture is beginning to
emerge in S. pombe. It has been reported previously that the
chromo-domain proteins Swi6 and Chp2 and the methyltrans-
ferase Clr4 also influence silencing of both heterochromatin
and rDNA (42). We show here that the function of Clr3 is also
shared between the regions of heterochromatin and the rDNA
repeats.

Clr3 localizes to the nucleolus, where it is involved in rDNA
silencing. However, the function of rDNA silencing is not
known in S. pombe. In S. cerevisiae, defects in rDNA silencing,
for example, mutations in STR2, lead to premature aging (15).
In budding yeast, aging is easily monitored by the fraction of
old cells with many bud scars in the cell population. In .
pombe, however, such an analysis is not feasible, since fission
yeast divides by binary fission and bud scars are not easily
recognizable.

A cytoplasmatic localization of Hdal. The observed
strengthening of silencing in an S. pombe hdalA strain back-
ground is not easily interpreted, since this mutation did not
cause significant changes in the histone acetylation, as mea-
sured by ChIP at these loci (K. Ekwall, unpublished data).
Hdal could enhance silencing indirectly by affecting the tran-
scription of a silencing factor or the formation of a specific
acetylation pattern of histones in heterochromatin that was not
detected in our bulk analysis. A recent paper discusses both of
these mechanisms as a possible cause for obtaining enhanced
silencing in an S. cerevisiae rpd3A strain (3). The unexpected
cytoplasmic localization of Hdal suggests a third possible ex-
planation. Since Hdal is found in the cytoplasm throughout
the cell cycle, the protein is not in the same compartment as
the heterochromatin, and thus the lack of Hdal must indirectly
influence the heterochromatin. Hdal may counteract the cy-
toplasmic B-type HATS, creating a balance that optimizes the
level and pattern of acetylation of the histones for nuclear
import and nucleosome assembly. There is some evidence that
the acetylation patterns are crucial for import and assembly.
For example, when the N-terminal tail of histone H3 is re-
moved, histone H4 needs to be acetylated at one or more of
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the positions K5, K8, or K12 for nucleosome deposition onto
newly replicated DNA to occur (31). It is also possible that the
cytoplasmic localization of Hdal is not permanent, but that the
protein is, perhaps transiently, translocated into the nucleus
under certain conditions. Cytoplasmic localization of HDACs
has also been reported for human HDAC4 and -5. These
HDACs have been shown to move between cytoplasm and
nucleus with the help of 14-3-3 proteins, where they repress
MEF2-regulated genes (14, 32). It will be interesting to test
whether Hdal protein can be translocalized into the nucleus
under particular conditions. Yet another possible function of
Hdal is that the enzyme might deacetylate nonhistone proteins
similar to HDACI regulation of p53 in human cells by deacety-
lation (30).

Comparison of S. pombe and S. cerevisiae HDACs of class 1
and class II. We have concluded that the main in vivo activity
of CIr3 is to reduce acetylation level at histone H3 lysine 14.
The closest relative to Clr3 in S. cerevisiae is HDA1 (Fig. 1A).
ChIP assays on an S. cerevisiae strain lacking HDA1 shows a
drastic increase in acetylation of histone H3 and H2B at the
ENAI promoter, while histone H4 is unaffected (45). Assum-
ing that changes at the ENAI promoter reflect the general
activity of HDAI, it is possible that both of these class II
enzymes primarily act on histone H3 in vivo.

In the clr6-1 mutant background, the in vivo acetylation
levels were strongly increased at all positions examined in both
histones H3 and H4. The closest homologue to Clr6 in S.
cerevisiae is Rpd3. An rpd3 mutant strain exhibits increased
acetylation levels at all lysine positions in histones H3, H4,
H2A, and H2B at the INOI promoter (38). Thus, both the class
I HDAC enzymes SpClr6 and SCRPD3 seem to show a broad
in vivo specificity. These differences in enzymatic activity be-
tween class I and class II enzymes might be the result of
striking differences in their amino acid sequences observed
between the two classes in the L.3-L7 loops and the 4 region
of the enzymatic core (Fig. 1B) (11). Perhaps these differences
in the primary sequences reflect differences in the tertiary
structure resulting in a more stringent substrate binding capac-
ity for the class II enzymes.

It remains to be seen to what extent these similarities within
the different classes of HDACs reflect conserved functions in
the different organisms. Interestingly, the closest homologue to
S. pombe Hdal is S. cerevisiae HOS2. A deletion of S. pombe
hdalA causes a defect in sporulation, a defect also displayed by
an S. cerevisiae strain deleted for hos2A (4, 36). Thus, some
regulated target genes of these two proteins might be shared
between the two distantly related yeasts.

Nuclear foci for gene repression. In this study, we demon-
strated that both Clr3 and Clr6 HDAC had spotted localization
patterns in the nuclei of S. pombe cells. This finding is not
without precedent, since studies with mammalian cells also
revealed such spotted localization patterns for HDACI,
HDACS, and HDAC?7 (7, 24). The HDACI protein forms
heterochromatic foci in lymphocytes, which contain, among
other proteins, the Ikaros protein and the Mi2 chromatin re-
modeling factor (24). In lymphocytes, developmental genes are
regulated by selective recruitment to Ikaros foci leading to
gene repression. Perhaps a similar mechanism with repression
foci operates in the simple S. pombe system.

Taken together, our results indicate that HDACs have
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evolved highly divergent cellular functions. The distinct local-
ization and specificity for different lysine residues of histone
H3 and H4 of the different HDACs underlie the different
phenotypes they display when mutated. Perhaps the explana-
tion for the differences in enzymatic activity lies in the differ-
ences in amino acid sequences of the pocket domain between
class I and class I HDAC:sS.
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