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Schizosaccharomyces pombe Hatl (Katl) Is Associated with Mis16 and
Is Required for Telomeric Silencing

Kevin Tong,* Thomas Keller, Charles S. Hoffman, and Anthony T. Annunziato
Biology Department, Boston College, Chestnut Hill, Massachusetts, USA

The Hatl histone acetyltransferase has been implicated in the acetylation of histone H4 during chromatin assembly. In this
study, we have characterized the Hatl complex from the fission yeast Schizosaccharomyces pombe and have examined its role in
telomeric silencing. Hatl is found associated with the RbAp46 homologue Mis16, an essential protein. The Hatl complex acety-
lates lysines 5 and 12 of histone H4, the sites that are acetylated in newly synthesized H4 in a wide range of eukaryotes. Deletion
of hatl in S. pombe is itself sufficient to cause the loss of silencing at telomeres. This is in contrast to results obtained with an S.
cerevisiae hat1A strain, which must also carry mutations of specific acetylatable lysines in the H3 tail domain for loss of telo-
meric silencing to occur. Notably, deletion of hatl from S. pombe resulted in an increase of acetylation of histone H4 in subtelo-
meric chromatin, concomitant with derepression of this region. A similar loss of telomeric silencing was also observed after
growing cells in the presence of the deacetylase inhibitor trichostatin A. However, deleting hat1 did not cause loss of silencing at
centromeres or the silent mating type locus. These results point to a direct link between Hat1, H4 acetylation, and the establish-

ment of repressed telomeric chromatin in fission yeast.

uring nucleosome assembly, newly synthesized H4 is acety-

lated prior to its deposition onto DNA (2, 40, 71, 83). In
humans, Drosophila, and Tetrahymena, the acetylation of new H4
takes place in a conserved pattern, at lysines 5 and 12 (the sites are
K4 and K11 in Tetrahymena, due to a deletion of the usual arginine
residue at position 3) (24, 76). Deacetylation of new H4 occurs
over the next 30 to 60 min (40, 73) and is required for proper
chromatin maturation (6). The acetylation of new H4 may facili-
tate the import of H3/H4 dimers into the nucleus (5, 15, 21, 26, 31,
87). Moreover, recent studies using Physarum as a model system
have provided evidence that the K5/K12 diacetylation of H4 is
required for efficient nucleosome assembly in that system (26). It
therefore seems likely that the rigorous conservation of the di-
acetylation of nascent H4 reflects an important role in the import/
assembly process.

The most likely candidate for the enzyme that acetylates newly
synthesized H4 is Hatl (Katl), a type B histone acetyltransferase
(HAT) (7, 60). Hatl acetylates free H4 at lysines 5 and 12 in vitro,
consistent with the acetylation pattern of new H4 (22, 24, 46, 64,
68, 75, 82). In many organisms Hatl is associated with p46
(termed Hat2p in Saccharomyces cerevisiae), which stimulates its
enzymatic activity (59, 72, 82). Although it was long thought of as
predominantly a cytoplasmic enzyme, it is now clear that Hat1 is
also present in nuclei (1, 51, 63, 68, 72, 82). In S. cerevisiae, the
nuclear Hatl complex also contains the protein Hiflp (1, 63).

Several lines of evidence have indicated that Hatl is involved in
DNA damage repair (12, 14, 66) and can be recruited to the sites of
DNA double-strand breaks (67). Moreover, in combination with
mutations of the acetylatable lysines of histone H3, deletion of
HAT1 causes loss of telomeric silencing in budding yeast (44, 63).
However, deletion of HAT1 without mutating H3 has no effect on
either silencing or DNA repair in that system (44, 66). This sug-
gests that the acetylation of H3 and H4 can act redundantly during
silencing and repair, possibly during chromatin assembly.

Although they are both unicellular organisms classified as
fungi, S. cerevisiae and Schizosaccharomyces pombe are estimated
to be separated by approximately one billion years of evolution
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(39). Significant differences between them include the manner of
cell division (budding as opposed to fission), the structure of cen-
tromeres (in S. cerevisiae the kinetochore consists of a single
nucleosome; in S. pombe, centromeres are much more mammali-
an-like and are up to 100 kb long), and the presence of introns in
~45% of S. pombe genes (<5% of the genes in S. cerevisiae have
introns [85]). In addition, the yeasts differ dramatically in silenc-
ing mechanisms. Unlike S. pombe, S. cerevisiae does not exhibit the
methylation of histone H3 at K9 (or use RNA interference [RNAi]
or an Swi6/HP1 homologue) for silencing at telomeres, centrom-
eres, or the mating type loci. S. pombe uses all these methods at all
these sites (19, 20). In light of these differences and of their evo-
lutionary separation, it is not necessarily expected that budding
and fission yeasts share a requirement for Hat1 to effect telomeric
silencing.

In previous work we have shown that, in contrast to results
obtained for S. cerevisiae, deletion of hatI in the fission yeast S.
pombe causes heightened sensitivity to DNA damage in the ab-
sence of concurrent mutations of histone H3 (14). To further
explore possible differences in Hatl function between these two
evolutionarily distant fungal systems, we have purified and ana-
lyzed the Hatl complex from fission yeast. We find that Hatl1 is
associated with Mis16 (an orthologue of RbAp46 and Hat2p), and
we confirm that, unlike HAT?2 in budding yeast, mis16 is an essen-
tial gene (38). As with most eukaryotes, the S. pombe Hatl com-
plex acetylates lysines 5 and 12 of histone H4. However, deletion
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TABLE 1 S. pombe strains

Strain Genotype Source or reference
975 h*, wild type 50

972 h™, wild type 50

FY336 h™ ade6-210 leul-32 ura4-DS/E TM1::ura4 3

FY496 h* ade6-210 leu 1-32 ura4-DS/E imr1L (dg-glu) Ncol::ura4 oril 3

FY648 h™" ade6-210 leu 1-32 ura4-DS/E otrIR (dg-glu BamHI-Spel fragment) Sphl::ura4 3

FY1872 h*° ade6-210 leul-32 ura4-DS/E otrRSphl::ade6 TEL2L-ura4 54
mis16-myc h™ leul ura4 misl6-myc [urad™ ] 38

FWP93 h™ ura4:fbpl-lacZ leul-32 ade6-210 C. Hoffman
LBP6 h™ hat1D::kan 14

KTP7 h™/h* mis16™ /mis16A::kan ade6-M216/ade6-M210 leul ™ /leul-32 This study
KTP22 h™" ura4 hat1-4xPACTAP This study
KTP24 h™ hatlA:kan ade6-210 leul-32 ura4:fopl-lacZ This study
KTP25 h* hatlAzkan ade6-210 leul-32 urad:fbpl-lacZ This study
KTP29 h™ hatl1A:kan ade6-210 leul-32 ura4-DS/E imr 1L (dg-glu) Ncol::ura4 oril This study
KTP30 h™ hatlA:kan ade6-210 leul-32 ura4-DS/E otr1R (dg-glu BamHI-Spel fragment) sphl::ura4 This study
KTP33 h™ hat1A::kan ade6-210 leul-32 ura4-DS/E TM1::ura4 This study
KTP35 h™ hat1A:kan ade6-210 leul-32 ura4-DS/E tRNA Phe-otr 1L (Xhol-BamHI fragment) Hpal::ura4 This study
KTP36 W% hatlA::kan ade6-210 leul-32 ura4-DS/E otr1 Rsphl::ade6 TEL2L-ura4 12C This study
KTP40 h* hat1-4xPACTAP mis16-myc This study
CHP1608 h®° ura4-DS/E leul-32 ade6-M210 kinte::ura4™ hatA::kan This study
CHP1609 h*° ura4-DS/E leul-32 ade6-M210 kinte::urad™ This study

of hatl in and of itself causes loss of telomeric silencing in S.
pombe, without concurrent mutations of the H3 N-terminal do-
main. Loss of Hat1 did not reduce silencing at centromeres or the
mating type locus. Surprisingly, deletion of hatl caused an in-
crease in the acetylation of H4 at telomeres, rather than the re-
verse. Our results demonstrate that Hatl is essential for the estab-
lishment of telomeric silencing and organization in fission yeast,
and they suggest that the proper diacetylation of H4 during chro-
matin assembly is required to foster the generation of heterochro-
matin at telomeres in S. pombe.

MATERIALS AND METHODS

S. pombe strain construction. S. pombe was cultured and maintained in
YEA medium (37). The genotypes of the strains are listed in Table 1. The
construction of KTP1 was performed as follows. The S. pornbe Hat1 protein
(SPAC139.06; Uniprot accession number QQUTM7) was tandem affinity pu-
rification (TAP) tagged using a modified PCR-based method (9). PCR prim-
ers hatl-tagfor (5'-CTACCCAAGCTTAAGGAAGATTCGCCTCGAAAA
CGCCAAAAACTTGCTCAATCTTCTTCCCGGATCCCCGGGTTAATT
AA-3") and hatl-tagrev (5'-AAGCTTTCAAAAGCAAATTATATAAAAA
GTAATTGCGTCCAATAGTGTAATTTAGTCGATGAATTCGAGCTC
GTTTAAAC-3") were used to amplify the TAP tag from plasmid pFA6A-
CBP 4.5X protein A (TEV)-kanMX6. This amplicon, containing sequence
homology to the COOH terminus of Hat1, was integrated into a wild-type
strain (975) by transformation as previously described (43). Transformed
cells were plated onto YEA and G418 (100 pg/ml) plates. Candidate cells
were selected for their resistance to G418; integration was confirmed by
PCR and DNA sequencing.

A Hatl-TAP Mis16-myc-tagged strain (KTP40) was constructed by
tetrad dissection of a cross between KTP1 and misl6-myc strains. Tetrad
dissections on YEA plates were replica plated onto —ura, 0.04% 5-fluoro-
orotic acid (5-FOA), and G418 plates to select for ura™, G418-resistant
cells.

The construction of an S. pombe diploid strain heterozygous for dele-
tion of mis16 (SPCC1672.10, Uniprot accession number 094244) (KTP7)
was performed as follows. PCR primers hat2delfor2 (5'-ATGTCAGAGG
AAGTAGTCCAGGATGCACCTCTCGAGAATAATGAACTCAATGCCG
AGATACGGATCCCCGGGTTAATTAA-3') and hat2rev2 (5'-TGGTGT
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TATAGAAATGTAGTCTGATTTATAACAGTAGTTTTGATGTATTTAC
AAGGCGACGAATTCGAGCTCGTTTAAAC-3") were used to amplify
the kanMXG6 selectable marker from plasmid pFA6a-3HA-kanMX6. The
amplicon, which contains sequence homology to regions flanking mis16,
was integrated into diploid strains by transformation. Deletion of misI6
was confirmed by colony PCR using primers hat2test2 (5'-TTCAGACTT
AAGAGTGCGCTAG-3") and hat2test (5'-TAGTACGGAGAGAGCCCT
GG-3"). To determine if misi6 is essential, tetrad dissections of diploid
transformants were performed on YEA plates, grown at 30°C, and replica
plated to G418 (400 pg/ml) plates. Other yeast strains used in this study
were constructed by mating and tetrad dissection.

Tandem affinity purification. Tandem affinity purification of the
Hatl complex was performed using published protocols (65, 69).

Mass spectrometry. Protein samples were subjected to electrophore-
sis through approximately 2 cm of a 10% SDS-polyacrylamide gel. Lanes
were excised above the dye front and fixed for 30 min with a solution
containing 50% methanol and 5% acetic acid. Gel fragments were washed
with distilled water and analyzed using an LCQ Deca ion trap mass spec-
trometer (Tapalin Biological Mass Spectrometry Facility at Harvard Uni-
versity).

MMS assays. The analysis of the sensitivities of wild-type and mutant
S. pombe strains was performed as previously described (66). Five-fold
serial dilutions were made and spotted on Edinburgh minimal medium
(EMM) plates (57) containing 0.01% methyl methanesulfonate (MMS)
(Sigma-Aldrich). Plates were incubated for 3 to 4 days at 30°C.

Gel electrophoresis and immunoblotting. To separate the subunits
of the Hatl complex, purified extracts were subjected to SDS-PAGE in
10% to 12.5% polyacrylamide gels. Immunoblotting was performed ac-
cording to the Western-Star system (Applied Biosystems). Anti-c-myc
(sc-40; Santa Cruz Biotechnology) was diluted 1:5,000 in blocking buffer;
secondary antibodies conjugated to alkaline phosphatase were diluted
1:5,000.

HAT assays. In vitro histone acetyltransferase (HAT) filter binding
assays using H4 peptides were performed as previously described (14). For
the acetylation of H4 peptides and recombinant H4, Hatlp was affinity
purified (tobacco etch virus [TEV] protease eluate) from KTPI. For
100- .l reaction mixtures, the following were combined: 100 mM sodium
butyrate (pH 7.2) to a 5 mM concentration, 10-mg/ml acetylated bovine
serum albumin (GE Healthcare) to a 1-mg/ml concentration, 0.5 g re-
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combinant H4 (14-697; Millipore), 1 mM unlabeled acetyl coenzyme A
(acetyl-CoA) (Sigma-Aldrich) to a 10 uM concentration, and 79 pl of
purified Hat1p. The reaction mixture components were mixed, incubated
at 30°C for 1 h, and cooled on ice. Recombinant H4 was precipitated with
25% trichloroaceticacid (TCA) and washed with acidified acetone (0.05 N
HCI) and then acetone. Protein pellets were vacuum dried, resuspended
in sample buffer, and subjected to SDS-PAGE in a 13% polyacrylamide
gel. The resolved proteins were transferred to an Immobilon-P transfer
membrane and immunoblotted as described above. The acetylated (ac)
antibodies used and their dilutions are as follows: anti-acH4 K5/K12 (13)
was diluted 1:5,000, anti-acH4 K5 (07-290; Millipore) was diluted 1:600,
anti-acH4 K12 (07-595; Millipore) was diluted 1:800, anti-acH4 K8 (07-
378; Millipore) was diluted 1:2000, and anti-total H4 (05-858; Millipore)
was diluted 1:30,000.

Silencing assays. Telomeric (KTP36) and centromeric (KTP29,
KTP33, and KTP35) marker strains along with the indicated controls were
used to inoculate overnight cultures in YEL (37). Cultures were resus-
pended at 2 X 10° cells/ml. Five-fold serial dilutions of the suspensions
were made and spotted onto one of the following: YEA, YEA containing
0.04% 5-FOA, EMMG, or EMMG-ura plates (57). Plates were incubated
at 30°C for 2 to 3 days. To test the effect of histone hyperacetylation on
telomeric silencing, 3-ml cultures were seeded with 6.2 X 10° cells treated
with 50 pg/ml trichostatin A (TSA) (Wako) or methanol (vehicle) in YEL
at 30°C (27). Cells were grown for ~44 h (~3 doublings in TSA; metha-
nol-treated cells were reseeded if overgrown). Cells were then counted and
resuspended at 2 X 10° cells/ml in the absence of TSA, and then 2.5- to
5-fold serial dilutions of the suspensions were made and 5 wl of each
dilution was spotted on EMMG (minimal glutamate), EMMG-ura, and
5-FOA (1 g/liter) plates, all in the absence of TSA. Plates were incubated
for 2 to 4 days at 30°C.

Chromatin immunoprecipitation (ChIP). Cells were grown to 1 X
107 cells/ml in 50 ml of YEL. The culture was fixed with 3% paraformal-
dehyde for 30 min at 30°C with gentle shaking. Glycine was added to a
0.125 M concentration. After centrifugation for 5 min at 3,000 rpm, cells
were washed three times with 1 ml ice-cold phosphate-buffered saline
(PBS) containing 50 mM sodium butyrate. Pelleted cells were resus-
pended in 400 pl of ice-cold lysis buffer (50 mM HEPES-KOH [pH 7.5],
140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% deoxycholate, 1 mM
phenylmethylsulfonyl fluoride [PMSF], Complete tablet [EDTA free;
Roche]) containing 23.5 uM depudecin, 10 pg/ml TSA, and 50 mM so-
dium butyrate. The cells were combined with 0.6 g of ice-cold glass beads
and lysed three times for 5 min each in a mini-bead beater (Biospec Prod-
ucts). The base of the tube was punctured, placed on top of a 5-ml round-
bottom glass tube, and centrifuged for 1 min at 1,500 rpm. Lysis buffer was
added to bring the volume of the lysate up to 750 pl. The lysate was
sonicated 12 times on ice to shear the chromatin to ~600 bp.

Chromatin immunoprecipitations were performed with either anti-
acH4 K12 (Millipore), anti-acH4 K5/12, or anti-acH4 K8/16 antibodies
(13), using protein A-Sepharose beads. Rabbit IgG (Bethyl Laboratories)
and rabbit nonimmune serum were used for control immunoprecipita-
tions. Input fractions were removed from the lysate prior to immunopre-
cipitation, adjusted to 50 mM Tris (pH 8.0), 10 mM EDTA, and 1% SDS,
incubated overnight at 65°C, cooled to room temperature, and then pre-
cipitated with ethanol and vacuum dried. The pellet was resuspended in
50 mM Tris (pH. 8.0)-1% SDS and treated with proteinase K for 2 h at
37°C. The input fraction was extracted twice with phenol-chloroform,
precipitated, and resuspended in 20 pl Tris-EDTA (TE). Immunoprecipi-
tated chromatin beads (bound fraction) were washed and DNA extracted
as described above.

Real-time PCR. To amplify immunoprecipitated ura4 DNA sequence,
real-time PCR was performed using primers Ura4Chip-F (5'-CAAGGCC
TCAAAGAAGTTGG-3") and Ura4Chip-R (5'-GATGATATCGCTACC
GCAG-3’). To amplify immunoprecipitated fus] DNA sequence, real-
time PCR was performed using primers fuslF (5'-AGAGCACAACCCC
GTCC-3") and fusIR (5'-TTTGCTATTGGTAGTACCGTAGCC-3').
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Position MH+ Peptide Sequence
224-230 727.9224 VISPIAK

305-312 974.1478 TVALWDLR

267-275 1027.1192 [LNPEEEAPK

64-74 1251.3818 |TIPGTDYSIQR

25-34 1338.5462 |TIQEEYKLWK

114-127 1497.6451 |AQATGSYTIEISQK

113-127 1653.8326 |RAQATGSYTIEISQK

396-414 2157.4336 |WVVGSLADDNILQIWSPSR

283-304 2293.5815 |AINAVAINPFNDYLLATASADK

114-136 2501.7153 |AQATGSYTIEISQKIPHDGDVNR

113-136 2657.9028 |RAQATGSYTIEISQKIPHDGDVNR
358-384 2968.1377 |IGEEQTPEDAEDGSPELLFMHGGHTNR
318-348 3521.7351 |LHTLEGHEDEVYGLEWSPHDEPILASSSTDR
318-349 3677.9226  |LHTLEGHEDEVYGLEWSPHDEPILASSSTDRR

Protein coverage by amino acid count: 39.3%

FIG 1 Misl6 copurifies with Hatl during tandem affinity purification. Hatl
was affinity purified from KTP1 (Hat1-TAP) S. pombe cells. Isolated proteins
were subjected to SDS-PAGE and analyzed using a LCQ Deca ion trap mass
spectrometer. Apart from typical S. pombe contaminants also observed using a
non-TAP strain (GAPDH |[glyceraldehyde-3-phosphate dehydrogenase] and
translation elongation factor 1 alpha 1), the only protein found in addition to
Hatl was Mis16 (14 peptides detected). Mis16 is an S. pombe orthologue of
p46/Hat2.

Analysis of real-time PCR data was performed according to published
methods (58). Triplicate threshold cycle (C;) values for input and bound
fractions were averaged from chromatin immunoprecipitations (ChIPs) us-
ing antiserum or nonimmune serum. Average net C;-values for ura4 and fus1
primers were calculated by subtracting the average input C;-from the average
bound C; for the two primers. For each individual primer, the average net C;-
for FY1872 was subtracted from the average net C;. of KTP36 to give the
average net C;.difference between the hatIA and wild-type strains. The neg-
ative of this value was used as an exponent for the base 1.9 to calculate the
relative level of immunoprecipitated acetylated histones at the ura4 or fusl
DNA sequence. The calculations are summarized by the following equations:
average net C;.,,.., = average bound C;. ..., — average input C;, average net
Cr fus1 = average bound Cr 4, — average input Cr, average net Cr ;04
difference = average net KTP36 C;. .., — average net FY1872 C;.,,..., average
net Cr 5, difference = average net KTP36 Cr ;,,, — average net FY1872
Cr fusp» relative level of IP histones at ura4 in hat1A mutant over wild type =
1.9 average net CT wrad difference 1 4 relative level of IP histones at fusl in hatIA
mutant over WT = 1.9 @verage net CT fusl difference.

F-tests were performed to determine if the variances from the ChIPs
using antiserum were significantly different (<0.05) from those from the
ChIPs using nonimmune serum. ¢ tests (two-sample unequal variances or
two-sample equal variances) were performed to determine if the differ-
ence between the ChIPs using antiserum was significantly different
(<0.05) from that between the ChIPs using nonimmune serum.

RESULTS

S. pombe Hatlis associated with Mis16. The native Hat1 complex
was affinity purified by means of TAP tagging. We have previously
shown that the loss of Hatl in S. pombe causes sensitivity to DNA-
damaging agents (14). To verify that TAP-tagged Hatl remains
functional, cells in which Hat1-TAP replaced native Hatl were
tested for normal MMS resistance (see Fig. S1 in the supplemental
material).

There are several genes in S. pombe that code for homologues of
RbAp46/48, including misl6, prwl, and pcf3 (SPAC25H1.06)
(25). Analysis of the affinity-purified Hat1 complex by mass spec-
trometry identified only one other major protein in addition to
Hatl itself: Mis16 (15 peptides, with 39% coverage) (Fig. 1).
Mis16 is an RbAp46/48 orthologue that is involved in CENP-A
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FIG 2 Acetylation of H4 N-terminal peptides by S. pombe Hatl in vitro. Un-
acetylated (UN) and K5/K12-diacetylated (5/12) H4 N-terminal peptides were
incubated in vitro for 30 min at 37°C with S. pombe Hat1 and [*H]acetyl-CoA.
Reactions were also performed without added peptide (NP) and with the un-
acetylated peptide minus Hatl (UN-Hatl). Results are expressed as a percent-
age of radioactivity incorporated into the unacetylated peptide.

(Cnpl) loading in fission yeast (38, 79). It is required for kineto-
chore function and histone deacetylation at S. pombe centromeres
(38). The association of Hat1 with Mis16 was confirmed by isolat-
ing Hatl from a Hat1-TAP yeast strain that also contained myc-
tagged Mis16. Western blotting verified the presence of Mis16-
myc in the purified Hatl complex (see Fig. S2 in the supplemental
material). As first demonstrated by Hayashi et al. (38), deletion
analysis confirmed that mis16is an essential gene (see Fig. S3 in the
supplemental material). This is in contrast to the case for the
HAT?2 gene in S. cerevisiae (59, 70).

The Hatl complex acetylates lysines 5 and 12 of histone H4.
The acetylation activity of the Hatl complex was then examined.
As a first approach, in vitro HAT assays were performed using H4
N-terminal peptides as the substrates. As we have previously
shown for Hat1 from budding yeast and human (HeLa) cells (14,
52), Hatl from S. pombe was able to readily acetylate an unacety-
lated H4 tail peptide but not a peptide previously acetylated at
lysines 5 and 12 (the predicted Hat1 substrate lysines) (Fig. 2). The
acetylation of lysines 5 and 12 was then directly tested by means of
HAT assays using recombinant H4 as a substrate. Western blot-
ting confirmed that lysines 5 and 12 were robustly acetylated by S.
pombe Hatl (Fig. 3). A weak activity at lysine 8 was also detected;
a similar weak activity at this site has also been observed for Hat1l
from Drosophila embryos (75) (see Discussion).

Hat1 is essential for telomeric, but not all, silencing in fission
yeast. To study the role of Hatl in telomeric silencing, a hatIA
yeast strain that possessed as its sole copy of ura4 a gene inserted at
a subtelomeric region was generated. When ura4 is silent, growth
on the counterselective agent 5-FOA can occur. Conversely, ex-
pression of ura4 will cause cell death on 5-FOA but permit growth
on medium lacking uracil. As expected, wild-type cells and the
original hat1A strain LBP6 (both possessing an active ura4 gene in
the normal euchromatic location) failed to grow on 5-FOA (Fig.
4A and B). However, strain FY1872 (hat1™, with a silent subtelo-
meric ura4 marker) did show growth on 5-FOA, as did hatIA cells
in which ura4 had been disrupted by lacZ. Significantly, deletion
of hatl derepressed subtelomeric ura4, causing cell death on
5-FOA (Fig. 4A) while permitting growth on medium lacking ura-
cil (Fig. 4B). Moreover, transforming cells with a hatI expression
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Recomb. Post-assay
H4 H4
Total H4 — - A

acH4 K5/K12

acH4 K5 C— C
acH4 K12 e D
acH4 K8 e E

FIG 3 Acetylation of recombinant H4 by S. pombe Hat1l. Recombinant H4 was
incubated with Hatl and unlabeled acetyl-CoA. Proteins from the reaction
were resolved by electrophoresis and analyzed by Western blotting using an-
tibodies that recognize total H4 (A) or H4 acetylated at K5 and/or K12 (B), K5
(C), K12 (D), or K8 (E). Acetylation at K16 was not detected above back-
ground (not shown).

vector restored telomeric silencing (see Fig. S4 in the supplemen-
tal material). In contrast, deleting hatl did not cause the loss of
silencing at any centromeric region tested (Fig. 5). In fact, a slight
increase in silencing at the central core region was consistently
observed (strain KTP33 in Fig. 5). Despite this increase in silenc-
ing, loss of Hat1 did not significantly alter the mitotic stability of
minichromosome Ch16, as determined by the half-red colony sec-
tor assay of Allshire et al. (3) (data not presented). Moreover,
deleting hatl did not reduce silencing at the silent mating type

A YEA

FIG 4 hatl deletion results in the loss of telomeric silencing in S. pombe. (A)
Wild-type and experimental yeast strains were cultured on YEA plates in the
presence (5FOA) or absence (YEA) of 5-FOA. Spot cultures represent 5-fold
dilutions. Cells were grown for two (YEA) or three (5-FOA) days at 30°C.
FY1872, urad-telomeric marker (tel); KTP36, urad-tel hatlA; KTP24, ura4
disrupted, hat1A; LBP6, hatIA. (B) Wild-type and experimental yeast strains
were cultured on EMMG plates in the presence (EMMG) or absence
(EMMG —ura) of added uracil. Spot cultures represent 5-fold dilutions. Cells
were grown for two (EMMG) or three (EMMG—ura) days at 30°C. FY1872,
urad-tel; KTP36, urad-tel hat1A; KTP24, ura4 disrupted, hat1A; LBP6, hat1A.
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Wildtype
FY336 (TM1::ura4* hat1*)
KTP33 (TM1::ura4* hat14)

KTP24 (hat1A (lacZ in ura4))

LBP6 (hat14)

Wildtype

FY496 (imriL::ura4”)

KTP29 (imriL::ura4* hat1A)
KTP24 (hat1A (lacZin ura4))

LBP6 (hat14)

Wildtype
FY648 (otr1::ura4’)
KTP30 (otr1::ura4* hat14)

KTP24 (hat1A (lacZin urad))

LBP6 (hat14)
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5-FOA

FIG 5 hatl deletion does not result in the loss of centromeric silencing. Wild-type and experimental yeast strains were cultured on YEA plates in the presence
(5FOA) or absence (YEA) of 5-FOA. Spot cultures represent 5-fold dilutions. Cells were grown for two (YEA) or three (5-FOA) days at 30°C. FY336, ura4-
centromeric central core marker; KTP33, ura4-centromeric central core marker, hat1A; KTP24, ura4 disrupted, hat1A; LBP6, hat1A; FY496, ura4-centromeric
inner most repeat marker; KTP29, ura4-centromeric inner most repeat marker, hat1A; FY648, ura4-centromeric outer repeat marker; KTP30, ura4-centromeric

outer repeat marker, hatIA.

locus (see Fig. S5 in the supplemental material), as judged by com-
paring 5-FOA resistance in hatI™ and hat1A strains bearing the
kint2::ura4™ reporter (34).

Deleting hatl causes increased acetylation of subtelomeric
chromatin. We then asked whether the loss of Hat1 affects histone
acetylation at the subtelomeric ura4 locus. ChIP analyses were
performed on hat1 wild-type and hat1A cells containing the sub-
telomeric ura4 marker, using antibodies specific for various acety-
lated states of histone H4. Quantitative real-time PCR was then
carried out to measure the immunoprecipitation efficiency of
ura4 in comparison to that of the fusI gene (which is located more
than 750 kb from the end of chromosome 1). Because fusI is tran-
scribed only during nitrogen starvation (62), it is highly useful as a
baseline locus to monitor global changes in histone acetylation.

Deletion of hatI significantly raised the degree of histone acet-
ylation in subtelomeric chromatin at lysine 12 of H4; no change
occurred at the fusI locus (Fig. 6). Increased acetylation at the ura4
gene was also observed at lysines 8 and 16 in the H4 tail domain
(Fig. 7). Thus, the loss of ura4 silencing, as measured by the in-
ability to grow in the presence of 5-FOA, is accompanied by alter-
ations of histone posttranslational modifications indicative of a
more “active” chromatin configuration. To further test the rela-
tionship between histone acetylation and telomeric silencing, S.
pombe cells possessing the telomeric marker but wild type for hatl
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were grown for several generations in the presence of the deacety-
lase inhibitor trichostatin A (TSA). Cells were then washed and
plated in the absence of TSA. Strikingly, TSA treatment caused a
loss of telomeric silencing similar to that seen in hat1A cells, which
persisted in the absence of the deacetylase inhibitor (Fig. 8). TSA
has also been shown to cause derepression at centromeres (27)
and the mating typeloci (36) in S. pombe, further underscoring the
antagonism between silencing and histone hyperacetylation. Our
results now represent the first evidence obtained from any organ-
ism that Hatl can independently regulate telomeric silencing, and
they suggest an intimate link between the acetylation of new H4
and the proper assembly of heterochromatin.

DISCUSSION

Our results demonstrate that, as in other systems (51, 59, 82), the
Hatl acetyltransferase in fission yeast is associated with an ortho-
logue of RbAp46/48, which in the case of S. pormbe is Mis16. Mis16
can also form a separate complex with Mis18 to effect CENP-A
loading at centromeres (38). Unlike HAT2 in S. cerevisiae, mis16 is
an essential gene (this report and reference 38). Given that hatIA
cells are viable, the lethality of misI6A is most likely due to the role
of Mis16 in centromere assembly and chromosome segregation
(38). RbAp46 and/or p48 is also involved in centromere assembly
in human cells (38), as well as in Drosophila (where p48 partici-
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FIG 6 hatl deletion results in an increase in H4 acetylation at the subtelomeric
ura4 DNA sequence relative to that in the wild-type strain. Chromatin immuno-
precipitation assays were performed on the FY1872 (ura4-telomeric marker) and
KTP36 (ura4-telomeric marker, hat1A) strains using antibodies against H4 acety-
lated at K12 (H4-K12ac) (A) and H4 acetylated at K5 and/or K12 (H4-K5/K12ac)
(B). Control immunoprecipitations were performed with rabbit IgG (A) or rabbit
normal immune serum (RNIS) (B). Reverse transcription-PCRs (RT-PCRs) were
performed using primers specific for ura4 and fusl. The average net C;- difference
between the hat1A and wild-type strains was used to calculate the change (enrich-
ment) of immunoprecipitated acetylated histones at the ura4 or fusl DNA se-
quence in the hatIA strain relative to the wild type.

pates in the deposition of the centromeric H3 variant CenH3
[30]).

The acetylation of lysines 5 and 12 by Hatl in vitro has long
been established (8, 14, 22, 24, 46; reviewed in references 61, 68,
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FIG 7 hatl deletion results in an increase in H4-K8/K16 acetylation at the
subtelomeric ura4 DNA sequence. Chromatin immunoprecipitation assays
were performed on the FY1872 (ura4-telomeric marker) and KTP36 (ura4-
telomeric marker, hatIA) strains using antibodies against H4 acetylated at K8
and/or K16. Results were analyzed as for Fig. 6.
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FIG 8 Treatment with trichostatin A results in the loss of telomeric silencing.
Wild-type (972) and telomeric marker (FY1872) S. pombe strains were cul-
tured in medium containing (+TSA) or lacking (—TSA) trichostatin A and
allowed to grow for ~3 generations at 30°C. Cells were washed and then grown
at 30°C in the absence of TSA on EMMG (2 to 3 days), 5-FOA (2 days), and
EMMG-ura (4 days). Spot cultures represent 2.5-fold serial dilutions.

75, and 82). More recent experiments in vertebrate (chicken) cells
have indicated that Hat1 acetylates “cytosolic” histone H4 in vivo,
in the conserved K5/K12 pattern (12). There is also evidence that
Hatl from S. cerevisiae acetylates both sites in vivo (64), in contrast
to results obtained in vitro with the budding yeast holoenzyme,
which acetylates only K12 (59). The Hatl complex from S. pombe
acetylated H4 at lysines 5 and 12 (the sites acetylated in newly
synthesized H4). A low level of acetylation at lysine-8 (but not
lysine-16) was also detected when recombinant H4 was used as a
substrate. It is presently uncertain whether this reflects a true Hat1
activity in vivo. However, it is worth noting that H4 associated
with native CAF-1 from human cells shows a low degree of acet-
ylation at lysine-8, in addition to acetylation at K5 and K12 (81).
Almost all of the acetyl-K8 was in the diacetylated H4 isoform
(81), which may explain why the K5/K12-diacetylated peptide is
not appreciably acetylated by Hatl in vitro.

Deleting the gene coding for Hatl has minimal effects on cell
growth and/or chromatin assembly (12, 14, 45, 59, 70), although a
slight increase in G, cells has been observed (87). However, the
loss of Hatl has been linked to defects in DNA double-strand
break repair (12, 14, 66, 67) and the abrogation of telomeric si-
lencing in yeast (references 44 and 63 and this report). In S. cerevi-
siae, derepression at telomeres is observed only when the
deletion of HATI is accompanied by mutations of specific
acetylatable lysines in the H3 N-terminal domain (44, 63).In S.
pombe, loss of Hatl is itself sufficient to cause a dramatic de-
crease in telomeric silencing. Thus, the functional redundancy
between H3 acetylation and Hatl observed in S. cerevisiae is
absent in S. pombe. The fact that deleting or mutating CAF-1
subunits reduces telomeric silencing in budding yeast (28, 41,
47) provides evidence that replication-coupled histone depo-
sition is integral to the maintenance of silent chromatin. Our
results now suggest that the proper diacetylation of new H4 is a
critical element in this process. Notably, acetylation of H4 at
lysine-12, a hallmark of Hatl function, has been linked to gene
silencing in yeast and Drosophila (17, 44, 74, 80).

In contrast to the effects on telomeric silencing, deletion of
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hat1 did not cause loss of silencing at the silent mating type locus
or at any centromeric region tested. In fact, silencing in hatlA
mutants became slightly more pronounced at the central core re-
gion. It is possible that the loss of Hat1 frees a greater proportion
of Mis16 to associate with Mis18 (as we find no evidence for the
association of Mis18 with Hat1), thereby facilitating CENP-A de-
position at the central core region (23, 38, 78). Silencing at S.
pombe centromeres involves several mechanisms, including his-
tone H3 methylation, RNAi, and the deposition of Swi6 (HP1)
(11, 18, 20, 35, 49, 56). Multiple elements also contribute to the
assembly and maintenance of telomeres and adjacent subtelo-
meric regions (including telomerase, CAF-1, telomere-specific
and heterochromatin proteins, RNAI, and the regulation of his-
tone modifications [4, 16, 28, 29, 41, 47, 55, 77, 84]). Our results
provide the first evidence that the steps required for silencing cen-
tromeric chromatin act independently of Hat1 and that herein lies
a fundamental difference between the telomeric and centromeric
silencing pathways in S. pombe.

In a recent report it was shown that in human cells Hat1 pref-
erentially acetylates H4 in H3.1/H4 dimers (relative to H3.3/H4
dimers) and that Hatl depletion affects the association of
H3.1/H4 with importin 4 (87). However, in another study it was
observed that Hat1 depletion in HeLa cells did not cause accumu-
lation of H3/H4 dimers in the cytoplasm, indicating a redundancy
in import processes (21). In this regard it is worth noting that in
both budding and fission yeasts, the sole H3 subtype is equivalent
to the replacement variant H3.3 (53), which, unlike H3.1, can be
deposited through the HIRA pathway (33, 42, 86). Our own re-
sults establish that Hatl deletion in S. pombe does not depress
silencing at centromeres or the silent mating type locus or alter
histone modifications at the fusl gene, arguing against the global
disruption of chromatin organization.

Loss of Hatl caused a significant increase in the acetylation of
subtelomeric chromatin at multiple acetylatable sites in the H4
N-terminal domain. Although perhaps counterintuitive, this is
consistent with the loss of transcriptional silencing and with the
encroachment of an active chromatin structure into the subtelo-
mere. In line with this, telomeric silencing was also lost by pre-
treatment with the deacetylase inhibitor trichostatin A (Fig. 8). A
similar loss of silencing was previously observed at S. pombe cen-
tromeres and the mating type loci after TSA treatment (27, 36).
Other studies have shown that the MYST family histone acetyl-
transferase Mst2 helps to negatively regulate telomeric silencing in
S. pombe (32) and that Esal (another MYST member and a com-
ponent of the NuA4 complex) actively acetylates telomeric H4 in
budding yeast (88).

It remains formally possible that the loss of Hatl causes an
increase in nucleosome density preferentially at telomeres (and
not globally), thereby accounting for the specific rise in acetylation
that we describe. However, this would be inconsistent with our
observed increase in transcription of the subtelomeric ura4
marker, as gene activation in S. pombe correlates with decreased
nucleosome occupancy, especially at promoter regions (10, 48).
Moreover, HAT1 deletion has no effect on the nucleosome repeat
length (i.e., histone density) of newly replicated chromatin in ver-
tebrate cells (12). It is therefore not unreasonable to propose that
the loss of Hatl provides an opportunity for the anomalous hy-
peracetylation of subtelomeric chromatin, which interferes with
the normal silencing pathway. In future studies it will be of interest
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to define the other elements involved in the derepression of telo-
meric chromatin and the increase in telomeric acetylation.
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