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(Bacl(ground: Histone H3 methylation on lysines 4 and 36 stimulates interaction between histone deacetylase complexes
Results: The NuA4 lysine acetyltransferase complex also binds to methylated H3 and stimulates nucleosomal binding and H3

Conclusion: Histone H3 methylation stimulates both nucleosomal acetylation and deacetylation.
Significance: H3 methylation is key in properly regulating the level of acetylation at a transcribed gene.
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Cotranscriptional methylation of histone H3 lysines 4 and 36
by Setl and Set2, respectively, stimulates interaction between
nucleosomes and histone deacetylase complexes to block cryp-
tic transcription in budding yeast. We previously showed that
loss of all H3K4 and H3K36 methylation in a set1 Aset2A mutant
reduces interaction between native nucleosomes and the NuA4
lysine acetyltransferase (KAT) complex. We now provide evi-
dence that NuA4 preferentially binds H3 tails mono- and di-
methylated on H3K4 and di- and trimethylated on H3K36, an
H3 methylation pattern distinct from that recognized by the
RPD3C(S) and Hos2/Set3 histone deacetylase complexes
(HDAC:). Loss of H3K4 or H3K36 methylation in sez1A or set2A
mutants reduces NuA4 interaction with bulk nucleosomes in
vitro and in vivo, and reduces NuA4 occupancy of transcribed
coding sequences at particular genes. We also provide evidence
that NuA4 acetylation of lysine residues in the histone H4 tail
stimulates SAGA interaction with nucleosomes and its recruit-
ment to coding sequences and attendant acetylation of histone
H3 in vivo. Thus, H3 methylation exerts opposing effects of
enhancing nucleosome acetylation by both NuA4 and SAGA as
well as stimulating nucleosome deacetylation by multiple
HDAC:s to maintain the proper level of histone acetylation in
transcribed coding sequences.

Chromatin regulates transcription by limiting the accessibil-
ity of the DNA to RNA polymerase II (Pol II).?> Transcription
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activators overcome the effects of chromatin by recruiting
coactivator complexes that alter chromatin structure, allowing
Pol II to use the DNA as a template to synthesize RNA.

The NuA4 coactivator complex contains the only essential
lysine acetyltransferase (KAT) in Saccharomyces cerevisiae,
Esal (1). Esal is a part of both NuA4 and a smaller subcomplex
called Piccolo NuA4 (picNuA4) along with Epll and Yng2.
Besides picNuA4, NuA4 contains other subcomplexes with
subunits that are shared with the RPD3C(S) histone deacetylase
complex and the SWR1 chromatin remodeling complex (2).
Eafl is the only subunit unique to NuA4 and is important for
complex integrity (3).

Although it was initially thought that the SAGA and NuA4
KAT complexes were restricted to promoters, we and others
found that these complexes are also recruited to coding
sequences (CDS) where they stimulate transcription elongation
(4, 5). Nucleosome acetylation alters the contacts between
DNA and histones as well as creating a binding platform for
complexes containing bromodomains (6, 7). Gen5 and Esal,
the catalytic subunits of SAGA and NuA4, respectively, stimu-
late transcription elongation, in part by stimulating the recruit-
ment of bromodomain containing chromatin remodeling com-
plexes RSC and SWI/SNF (4).

We have proposed a two-step mechanism for the recruit-
ment of NuA4 to CDS. NuA4 gets into CDS through contact
with the Pol II C-terminal domain (CTD) phosphorylated on
serine 5 of the heptapeptide repeat (Ser-5p) and then acetylates
methylated nucleosomes. NuA4 occupancy in CDS as well as
interaction with histones is reduced in set1Aset2A cells (4).

Setl and Set2 are histone methyltransferases (HMT's)
responsible for cotranscriptional methylation of histone H3
lysines 4 (8) and 36 (9), respectively. Setl-mediated di- and
trimethylation of H3K4 is enhanced by ubiquitination of his-

C-terminal domain; HDAC, histone deacetylase complex; CHD, chromodo-
main; PHD, plant homeobox domain; WCE, whole cell extract; SM, sulfome-
turon methyl.
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tone H2B lysine 123 by the Rad6/Brel complex (10). H3K4
methylation is found in a gradient across genes, with trimethyl-
ation found predominantly at the 5’ end, dimethylation found
in the middle, and monomethylation enriched toward the 3’
end of CDS (11). Set2-mediated H3K36 trimethylation is
enriched toward the 3’ end of CDS (11).

Although H3K4 and H3K36 methylation are associated with
actively transcribed genes, both have been shown to repress
cryptic transcription by stimulating interaction between
histone deacetylase complexes (HDACs) and nucleosomes.
H3K4 dimethylation serves as a binding platform for the Hos2-
containing Set3 complex (12). Although Set3C binds dimethyl-
ated H3K4, RPD3C(S) binds di- and trimethylated H3K36
(H3K36me2/3) (13). RPD3C(S) binds to H3K36me2/3 through
the chromodomain (CHD) in its subunit Eaf3 and the plant
homeobox domain (PHD) in its subunit Rcol (13—16). There is
also evidence that RPD3C(S) recruitment to the GALI/GALI0
locus under repressive conditions is stimulated by H3K4 meth-
ylation (17). Set3C binds to dimethylated H3K4 through the
Set3 PHD (12).

NuA4 also contains subunits harboring CHDs or PHDs that
are likely important for its stable association with nucleosomes
in CDS. Eaf3 is found in NuA4 as well as RPD3C(S). Esal also
contains a CHD and Yng2 contains a PHD. The Esal CHD
preferentially bound unmodified H3 tails versus H3 tails
monomethylated on K4 or K4 and K9 in vitro (18). The isolated
Yng2 PHD preferentially binds to trimethylated H3K4 in vitro
(19).

SAGA subunits Gen5 and Spt7 both contain bromodomains,
which have been shown to recognize acetylated histones (20,
21). The Gen5 bromodomain binds both acetylated H3 and
tetra-acetylated H4 tails in vitro, whereas the Spt7 bromodo-
main only binds weakly to acetylated H3 tails (20). The role of
these subunits in SAGA recruitment to CDS is unknown.
Because of the two bromodomain-containing subunits, it is
expected that SAGA interaction with nucleosomes would be
stimulated by histone acetylation, which could involve NuA4.

Previous reports suggested that the primary function of his-
tone H3 methylation by Set1 and Set2 is to stimulate the inter-
action of HDACs RPD3C(S) and Hos2/Set3 with nucleosomes
and their recruitment to CDS. We have shown that complete
loss of H3K4 and H3K36 methylation in a set1Aset2A double
mutant also results in reduced NuA4-nucleosome interactions
(4). These data have led us to the hypothesis that H3 methyla-
tion is a key regulator of nucleosome acetylation by NuA4 and
SAGA, as well as deacetylation by HDACs. To test this hypoth-
esis, we investigated how histone methylation of H3K4 and
H3K36 stimulates NuA4 interaction with nucleosomes. We
also examined how nucleosome acetylation by NuA4 stimu-
lates SAGA interaction with nucleosomes and recruitment to
CDS. Our results support a model in which NuA4 links H3
methylation to acetylation of both histones H3 and H4.

EXPERIMENTAL PROCEDURES

All strains used in this study are listed in Table 1. The wild-
type strains BY4741, BY4743, and deletion derivatives
described previously (22) were purchased from Research
Genetics. All deletions were verified by PCR. The Myc-tagged
SASBMB
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strains were generated as described previously (23) and verified
by PCR analysis of chromosomal DNA and Western blot anal-
ysis with anti-Myc antibodies. Strain DGY303 was created as
described previously (24), amplifying the kanMX6 cassette of
pFA6a-kanMX6 with the primers 5'-TAACCCACCTACCGT-
TAGTTGAAATAGAAACAAAGAAGAAGGCGGATCCC-
CGGGTTAATTAA-3" and 5'-GGTATTTTTGTTCAGTTA-
CGTTTTCTTTTCAGTTTGTTTTTTTCCATCTCGAATT-
CGAGCTCGTTTAAAC-3'. Loss of YNG2 was confirmed by
PCR analysis of chromosomal DNA using the appropriate
primers. DGY304 was created by sporulating strain DGY303,
dissecting tetrads, and identifying spores with the same geno-
type as BY4741 except also containing yng2A::kanMX6. The
absence of YNG2 in the resulting strain, DGY304, was con-
firmed by demonstrating a decrease in histone H4 acetylation
by Western blotting of whole cell extracts (WCEs) using anti-
bodies against tetra-acetylated H4. DGY353 was made as
described previously (25), and replacement of kanMX by LELI2
was confirmed by PCR analysis of chromosomal DNA and
demonstrating the ability to grow on SC-Leu but not medium
containing kanamycin. SET2 was deleted from strains 3GS1-
B-4 and YSB2156 to make DGY421 and DGY425, respectively,
using homologous recombination with a LEU2 fragment gen-
erated by PCR amplification from chromosomal DNA of strain
DGY353 using primers 5'-GAGAAGAAGCTGACTTCGAC-
TATTG-3" and 5'-AAAAATAAAGACACTTGAAACGCAC-
3'. DGY443 was constructed as previously described (26), as
were HHT2-TAP strains (27). Proper integration of the TAP tag
was confirmed by PCR analysis of chromosomal DNA and
Western blotting of WCEs with a-H3 and a-TAP antibodies.
The H4 quadruple lysine mutant and isogenic WT strains,
pJD62_H4_wild-type, Boeke-EMH-H4-171 K5,8,12,16R, and
Boeke-EMH-H4-172 K5,8,12,16Q were purchased from Open
Biosystems.

Coimmunoprecipitation experiments were carried out using
WCEs as described previously (28) with the antibodies
described below. Band intensity was quantified by laser densi-
tometry using Image] software (29). Western blot analysis was
conducted using WCEs made by trichloroacetic acid extraction
as described previously (30) with the antibodies described
below.

Peptide binding assays were conducted as described previ-
ously (31) with some modifications. Biotinylated H3K4 pep-
tides were purchased from Millipore, and biotinylated H3K36
peptides were custom-made by Sigma Genosys. H3K4 binding
buffer (25 mm Tris-HCI, pH 8.0, 500 mm NaCl, 1 mm dithio-
threitol, 5% glycerol, 0.03% Nonidet P-40) or H3K36 binding
buffer (25 mm Tris-HCI, pH 8.0, 400 mm NaCl, 1 mwm dithio-
threitol, 5% glycerol, 0.03% Nonidet P-40) was used instead of
CTD-binding buffer. Peptide-binding assays were done with
NuA4 containing CBD-tagged Eafl purified from yeast strain
DGY443 as described previously (31). Western blots of input,
bound, and supernatant fractions were done using a-TAP and
a-Esal antibodies. Band intensity was quantified by laser den-
sitometry using Image]J software (29).

Nucleosome pull-downs were conducted as described previ-
ously (32) with some modifications. IgG Sepharose-bound
chromatin from HHF2-TAP strains was incubated overnight
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TABLE 1

Yeast strains used in this study
Name Parent Genotype Reference
DGY3 BY4741  MATa his34 leu2A metl5A ura3A EAF1-Mycl3::HIS3 @)

MATa his34 leu2A metl 54 ura3A gendA: :kanMX4 EAF -

DGY8 249 Mycli3::HIS3 @)
DGY56 4276 MATa his34 leu2A metl 54 ura3A dotiA::kanMX4 EAF1-Mycl3::HIS3 (4)
DGY112 1257 MATa his34 leu2A metl 5A ura3A set2A::kanMX4 EAF1-Mycl3::HIS3 (4)
DGY150 BY4741  MATa his34 leu2A metl54 ura34 esalL254P “)
DGY154 7285 MATa his34 leu2A metl 54 ura3A gendA::kanMX4 esal L254P 4)
DGY183 BY4741  MATa his34 leu2A metl 54 ura34 setlA::hphmX4 @)
DGY184 1257 MATa his3A leu2A met1 54 ura3A set2A::kanMX4 setlA::hphmX4 4)

DGY191 DGYI183  MATa his34 leu2A metl5A ura3A setiA::hphmX4 EAF1-Mycl3::HIS3  (4)
MATa his34 leu2A met1 54 ura3A set2A::kanMX4 setlA::hphmX4

DGY200 DGY184 EAFI-Mycl3::HIS3 @)
MATa his34 leu24 metl5A ura34 EAF1-Mycl3::HIS3 HHT2-

DGY498 DGY3 TAP::URA3 This study
MATa his3A leu2A metl5A ura3A setiA::hphmX4 EAF1-Mycl3::HIS3

DGY488 DGY191  HHT2-TAP::URA3 This study
MATa his34 leu2A metl 54 ura3A set2A::kanMX4 EAF1-Mycl3::HIS3

DGY490 DGY112 HHT2-TAP::URA3 This study
MATa his34 leu2A met1 54 ura3A set2A::kanMX4 setlA::hphmX4

DGY492 DGY200 EAFI1-Mycl3::HIS3 HHT2-TAP::URA3 This study
MATa his34 leu2A met15A ura34 ADA2-Mycl3::HIS3 HHT2-

DGY502 HQY392 TAP::URA3 This study
MATa his34 leu2A metl1 54 ura3A esal L254P ADA2::Mycl3-HIS3

DGY504 DGY365 HHT2-TAP::URA3 This study
MATa his3A leu2A metl 54 ura3A brelA::kanMX4 EAF1-Mycl3::HIS3

DGY506 DGY427 HHT2-TAP::URA3 This study
MATa his34 leu2A met1 54 ura3A dotiA::kanMX4 EAF1-Mycl3::HIS3

DGY509 DGYS56 HHT2-TAP::URA3 This study
MATa his3A leu2A met15A ura3A RLII-Myci3::HIS3 HHT?2-

DGYS512 YDH353  TAP::URA3 This study

DGY443 BY4741  MATa his34 leu2A met1 54 ura34 EAF1-TAP::HIS3 This study

pJD62 H MATa his34200 leu240 lys240 trp1463 ura340 met1540

4 wild- canl::MFAIpr-HIS3 hht1-hhfl::NatMX4 hht2-hhf2::[HHTS-HHFS]-

type URA3 (53)

Boeke- MATa his34200 leu2A0 lys240 trplA463 ura340 met1540

EMH- canl:: MFAIpr-HIS3 hht1-hhfl::NatMX4 hht2-hhf2::[HHTS-

H4-171 HHFSKS5,8,12,16R]-URA3 (53)

Boeke- MATa his34200 leu240 lys240 trp1463 ura340 met1540

EMH- canl::MFAIpr-HIS3 hht1-hhfl::NatMX4 hht2-hhf2::[HHTS-

H4-172 HHFSKS5,8,12,160]-URA3 (53)

MATa his34200 leu240 lys240 trp1463 ura340 met1540
canl::MFAIpr-HIS3 hht1-hhfl::NatMX4 hht2-hhf2::[HHTS-HHF'S]-
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TABLE 1—continued

Name Parent Genotype Reference

DGY654 DGY655 URA3 gendA::kanMX4 ADA2-Mycl3::TRP1 This study
pIJD62 H MATa his34200 leu2A0 lys240 trp1A463 ura340 met1540
4 wild- canl::MFAIpr-HIS3 hht1-hhfl::NatMX4 hht2-hhf2::[HHTS-HHFS]-

DGY655 type URA3 ADA2-Mycl3::TRP1 This study
Boeke- MATa his34200 leu240 lys240 trp1463 ura340 met1540
EMH- canl::MFAIpr-HIS3 hhtl-hhfl::NatMX4 hht2-hhf2::[HHTS-
DGY658 H4-171 HHFSKS,8,12,16R]-URA3 ADA2-Myc13::TRPI This study
MATa/o his34/his34 leu2A/leu2A MET15/metl154 LYS2/lys24
DGY303 BY4743  wra3d/ura34 YNG2/yng2A::kanMX This study
DGY304 DGY303 MATa his3A leu2d metl 54 ura34 yng2A::kanMX4 This study
DGY326 BY4741 MATa his34 leu2A met1 54 ura3A eaf1A::kanMX4 4)
DGY353 1257 MATa his34 leu2A metl 54 ura3A set2A::LEU2 This study
DGY365 DGYI150 MATa his34 leu2A met15A ura34 esalL254P ADA2:: Mycl3-HIS3 This study
DGY400 7143 MATa his34 leu2A met154 ura3A eaf34::kanMX EAF1::Mycl3-HIS3  This study
MATa his34 leu2A met1 54 ura34 yng2A::kanMX4 EAF1-
DGY410 DGY304 Mycl3::HIS3 This study
3GS1-B-
4 BY4741  MATa his3A4 leu2A4 metl5A ura3A HHF2-TAP::HIS3 (26)
3GS1-B-
DGY421 4 MATa his3A leu2A met1 54 ura3A HHF2-TAP::HIS3 set2A::LEU2 This study
MATa his3A leu2A met1 54 ura34 HHF2-TAP::HIS3 setiA::kanMX4
DGY425 YSB2156 set24::LEU2 This study
DGY427 3771 MATa his3A leu2A met1 54 ura34 brelA::kanMX4 EAF1-Mycl3::HIS3  This study
DGY431 7240 MATa his3A leu2A metl1 54 ura34 yaf9A::kanMX4 EAF1-Mycl3::HIS3  This study
DGY443 BY4741  MATa his34 leu2A metl 54 ura34 EAF1-TAP::HIS3 This study
DGY445 7143 MATa his34 leu24 metl1 54 ura34 eaf34::kanMX4 EAF1-TAP::HIS3 This study
DGY447 7240 MATa his34 leu2A metl1 54 ura34 yaf9A::-kanMX4 EAF1-TAP::HIS3 This study
DGY449 DGY304  MATa his34 leu2A met1SA ura34 yng2A::kanMX4 EAF1-TAP::HIS3 This study
HQY392 BY4741  MATa his34 leu2A metl15A ura34 ADA2::Mycl3-HIS3 (54)
HQY503 HQY392  MATa his34 leu2A metl 54 ura34 ADA2:: Mycl3-HIS3 gcndA::hisG (54)
YDH353 BY4741  MATa his34 leu2A metl54 ura34 RLII:: Myc13-HIS3 (34)
YSB215  3GSI1-B-
6 4 MATa his34 leu2A met1 54 ura3A HHF2-TAP::HIS3 set1A::kanMX4 (12)
BY4741 MATa his3A leu2A metl54 ura3A (22)
MATa/o his34/his3A leu2A/leu2A MET15/met154 LYS2/lys2A
BY4743 ura3A/ura3A (22)
1038 BY4741  MATa his34 leu2A met1 54 ura3A adalA::kanMX4 (22)
1257 BY4741  MATa his34 leu2A met1 54 ura3A set2A: :kanMX4 (22)
3771 BY4741  MATa his34 leu2A met154 ura3A brelA::kanMX4 (22)
4276 BY4741  MATa his3A4 leu2A met15A ura3A dotiA: :kanMX4 (22)
7143 BY4741  MATa his34 leu2A metl54 ura3A4 eaf3A::kanMX4 (22)
7240 BY4741  MATa his34 leu2A metl54 ura3A yaf9A: :kanMX4 (22)
7285 BY4741  MATa his34 leu24 met1 54 ura34 genSA::kanMX4 (22)
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FIGURE 1. NuA4 preferentially binds to dimethylated H3K4 and H3K36 peptides. Histone tail peptide pull-downs of purified NuA4. A and B, 1.5 ug of
biotinylated H3K4 (A) or H3K36 (B) peptide was immobilized on streptavidin-coated Dynal beads and incubated with TAP-Eaf1 NuA4 purified from strain
DGY443. Binding reactions were washed three times and the bound (lanes labeled B), input (/), and supernatant (S) fractions were subjected to Western analysis
using antibodies against the TAP tag or Esa1. C and D, the ratio of bead to supernatant signal intensity for each peptide was normalized to the same ratio for
the Mock reaction. Relative peptide binding was then calculated as the average of those ratios for the two NuA4 subunits (n = 3). H3K4 methylation and H3K36
di- and trimethylation significantly increased NuA4 binding compared with the unmodified peptide as calculated by Student’s t test (¥, p < 0.01; **, p < 0.001).

with WCEs from EAFI-Myc strains in binding buffer (50 mm
Tris-HCI, pH 7.5, 0.1% Nonidet P-40, 200 mm NaCl, 10% glyc-
erol, and protease inhibitors). Binding reactions were washed
four times with binding buffer, and binding was detected by
Western blot analysis with «-Myc and a-H4 antibodies. ChIP
assays were carried out as described previously (5) using PCR
primers also described previously (4).

The following antibodies were used for ChIP, coimmunopre-
cipitation analysis, or Western blot analysis. Mouse monoclonal
anti-Myc (11667149001; Roche Applied Science), rabbit monoclo-
nal anti-Esal (ab4466; Abcam), mouse monoclonal anti-Rpb3
(W0012; Neoclone), anti-phospho-Ser-5 Rpb1 (H14; Covance),
rabbit polyclonal anti-H3 (ab1791; Abcam), rabbit polyclonal anti-
H3K4me (ab8895; Abcam), rabbit polyclonal anti-H3K4me2
(ab7766; Abcam), rabbit monoclonal anti-trimethyl (Lys-4) his-
tone H3 (05-745: Upstate), rabbit polyclonal anti-H3K36me
(ab9048; Abcam), rabbit polyclonal anti-H3K36me2 (07-369; Mil-
lipore), rabbit polyclonal anti-H3K36me3 (ab9050; Abcam), rabbit
polyclonal anti-H3K79me2 (07-366; Millipore), rabbit polyclonal
anti-H3Ac (06-0599; Millipore), mouse monoclonal anti-H4
(ab31827; Abcam), rabbit anti-H4Ac (06 — 866; Upstate), and rab-
bit polyclonal anti-TAP (CAB1001; Open Biosystems).

RESULTS

Based on prior knowledge of the binding specificities of
NuA4 subunits Esal, Eaf3, and Yng2 summarized above, we
hypothesized that NuA4 binding to nucleosomes would be
stimulated by methylation of H3K4 and H3K36. NuA4-medi-
ated acetylation of methylated nucleosomes in CDS would help
counteract the effects of increased HDAC recruitment. To test
our model, we first sought to obtain direct evidence that H3
methylation enhances nucleosome binding by NuA4.

NuA4 Binds to Unmodified Nucleosomes and Nucleosomes
Mono- or Dimethylated on H3K4 and Di- or Trimethylated on
H3K36 in Vitro—To identify the nucleosome substrate for
NuA4, we examined the binding of NuA4 to histone tail pep-
tides in vitro. NuA4 was partially purified from strains contain-
ing EAFI-TAP. We used Eafl to purify NuA4, because it has

32660 JOURNAL OF BIOLOGICAL CHEMISTRY

been reported to be the only subunit unique to NuA4 and is
important for complex integrity (3, 33). Biotinylated histone tail
peptides were immobilized on streptavidin-coated magnetic
beads and used to pull down the partially purified TAP-Eafl
NuA4. Binding reactions were analyzed by Western blot with
antibodies against the TAP tag to detect TAP-Eafl and anti-
bodies against the NuA4 catalytic subunit Esal. The fact that
the amounts of TAP-Eafl and Esal in the bound fractions var-
ied in parallel (Fig. 1, A and B, lanes labeled B) suggests that the
NuA4 complex is intact in our binding assays.

We performed these binding assays in 500 mm NacCl for the
H3K4 peptides and 400 mm NaCl for the H3K36 peptides,
because at lower salt concentrations NuA4 bound equally to all
peptides. Interestingly, we found that NuA4 interacted with
unmodified as well as mono- or dimethylated H3K4 peptides
(amino acids 1-21), with the highest level of NuA4 pulled down
by the H3K4me?2 peptide (Fig. 14, lanes 2, 4, 6, 8, and 10). The
fact that the amount of TAP-Eafl and Esal in the supernatant
fractions did not change with an increasing amount in the
bound fraction, is likely because we analyzed a much larger
proportion of the bound fraction than the supernatant fraction
and only a small proportion (<30%) of the input NuA4 was
bound. We did not observe any interaction between NuA4 and
the H3K4me3 peptide, or the streptavidin-coated beads with-
out any peptide (Fig. 14, lanes 8 and 10). This result was sur-
prising, because the isolated Yng2 PHD preferentially bound to
H3K4me3 peptides (19). Quantification of the results revealed
that, even though NuA4 was able to bind to the unmodified
H3(1-21) peptide (~6-fold over background), binding was
increased by ~50% with monomethylation and 2-fold with
dimethylation on H3K4 (Fig. 1C).

Similar to its interaction with H3K4 peptides, a greater
amount of NuA4 was pulled down by di- and trimethylated
H3K36 than by any of the other H3(21-44) peptides tested (Fig.
1, B and D). Combined with the H3(1-21) peptide binding
results, these results suggest that, whereas NuA4 may bind
unmodified H3 tails, its binding is stimulated by methylation of

SASBMB
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FIGURE 2. H3K4 and H3K36 methylation stimulates NuA4 binding to nucleosomes in vitro. Nucleosome pull-downs of purified NuA4. A, chromatin was
extracted from mid-log phase YPD cultures of HHF2-TAP (3GS1-B-4); HHF2-TAP set1A (YSB2156), set2A (DGY421), and set1Aset2A (DGY425); and HHF2 (BY4741),
immobilized on IgG-agarose beads, washed to remove chromatin-associated proteins, and incubated with TAP-Eaf1 NuA4 purified from DGY443. After
washing, the entire bound and 10% of each supernatant fraction were subjected to Western analysis using antibodies against the TAP tag and histone H4. B,
the ratio of bound to supernatant signal intensity was calculated for each strain and then normalized to the No TAP ratio (n = 3). Nucleosomes from set1Aset2A
cells pulled down significantly less NuA4 than nucleosomes from WT cells as calculated by Student’s t test (¥, p < 0.01)

both H3K4 and H3K36. Interestingly, NuA4 binding to the
H3K36me2 peptide is consistent with the previously estab-
lished role of Eaf3, a subunit of NuA4 and RPD3C(S), in
promoting the binding of RPD3C(S) to dimethylated H3K36
(13).

To confirm the results of the peptide pulldown assays, we
examined NuA4 binding to nucleosomes in vitro. Nucleosomes
were immobilized from whole cell extracts of HHF2-TAP
strains with IgG beads, washed to remove chromatin-associ-
ated proteins, and then incubated with the same preparation of
purified TAP-Eafl NuA4 used in the peptide pulldown experi-
ments. The nucleosomes were taken from strains with dele-
tions of the SET1 and SET2 HMTs. Nucleosomes from set1A
cells should have no H3K4 methylation, nucleosomes from
set2A cells should have no H3K36 methylation, and those from
setl1Aset2A cells should lack both methylation marks. It
appeared that nucleosomes from set/A and set2A cells pulled
down slightly less NuA4 than nucleosomes from WT cells (Fig.
2), whereas nucleosomes presumably devoid of any methyla-
tion on H3K4 or H3K36 purified from setlAset2A cells pulled
down ~50% less NuA4 than did WT nucleosomes. This corre-
lates with the peptide pulldown data, showing that NuA4-
nucleosome interactions are stimulated by both H3K4 and
H3K36 methylation. The decrease in NuA4 pulled down by
chromatin from HMT mutant strains is not due to a lower level
of nucleosomes immobilized on the beads, as equal amounts of
TAP-H4 can be seen in each bead fraction (Fig. 24). We
observed no interaction between NuA4 and the IgG beads,
because protein A is removed from the TAP tag during the
purification process. Similar to the peptide pulldown results,
we did not observe a reciprocal change in the amount of NuA4
in the supernatant fraction with changes in the bead fraction.
This is likely due to the fact that we loaded the entire bead
fraction and only a small portion of the supernatant fraction,
and that only a small fraction of the input NuA4 bound to the
nucleosomes.

NuA4 Interaction with Nucleosomes in Vivo Is Stimulated by
Both H3K4 and H3K36 Methylation—Our in vitro binding
assays suggest that NuA4 can interact with hypomethylated
nucleosomes, but that binding is stimulated by H3K4 and
H3K36 methylation catalyzed by the Setl complex and Set2,
respectively. We extended those results by examining NuA4-
nucleosome interactions iz vivo using coimmunoprecipitation
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analysis of strains containing Myc-tagged Eafl. Chromatin was
immunoprecipitated from WCEs with anti-H3 antibodies.
Input, pellet, and supernatant fractions were subjected to
Western blotting with a-Myc and «-H3 antibodies. We com-
pared NuA4-nucleosome interactions in a WT WCE to those
lacking Setl, Set2, or both HMTs. To control for nonspecific
Myc tag interactions, we also examined a strain containing
Myc-tagged RLI1, as Rlil is a ribosome-associated protein (34)
with no known role in transcription and is not expected to
interact with chromatin. Fig. 34 shows the results for the set1A,
set2A, and set1Aset2A mutants. All three HMT mutants reduce
NuA4 interaction with nucleosomes (Fig. 34). Loss of H3K4
methylation in sezIA cells reduces NuA4-nucleosome binding
~50%, whereas binding is reduced ~80% in set2A cells lacking
H3K36 methylation, and in the set1Aset2A double mutant (Fig.
3B). The fact that both setIA and set2A reduce NuA4 inter-
actionwithnucleosomessuggeststhat H3K4and H3K36 meth-
ylation both contribute to NuA4-nucleosome binding. The
decreased signal in the pellet fractions cannot be attributed
to inefficient immunoprecipitation, because the a-H3 blot
shows equivalent pull down of TAP-H3 from each of the
extracts.

We next asked whether the reductions observed in NuA4-
nucleosome interactions in the setIA, set2A, and setlAset2A
mutants led to reductions in NuA4 occupancy at CDS of induc-
ible and constitutively expressed genes. We previously reported
a small reduction in NuA4 occupancy in the GALI coding
sequence in the setIAset2A double mutant under conditions of
galactose induction (4). Here we found that the sez1 Aset2A dou-
ble mutant and both set1A and set2A single mutants showed a
similar ~50% decrease in Myc-Eafl occupancy at the 3’ end of
the GALI coding sequence (Fig. 3C, 3" ORF), without affecting
Myc-Eafl occupancy of the UAS. NuA4 occupancy had similar
defects in both the sezIA and set2A mutants as in the double
mutant, suggesting that the NuA4 interaction with nucleo-
somes methylated by both HMTs is important for its recruit-
ment to transcribed CDS. The loss of NuA4 occupancy at GALI
is not due to impaired transcription, as Rpb3 occupancy is
essentially the same in the promoter and 3’ CDS in all mutant
and WT strains (Fig. 3D). Similar to what we observed at GALI,
NuA4 occupancy at the constitutively expressed ADHI 3" ORF
was decreased ~50% in all three mutant strains (Fig. 3E), with-
out any change in Pol II occupancy (Fig. 3F).
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FIGURE 3. NuA4 interaction with nucleosomes in vivo is stimulated by H3K4 and H3K36 methylation. A and B, coimmunoprecipitation of Myc-Eaf1 with
H3. WCEs of mid-log phase YPD cultures of HHT2-TAP EAF1-Myc (DGY498, DGY488, DGY490, and DGY492) or RLIT-Myc (DGY512) strains were immunoprecipi-
tated (/P) with anti-H3 antibodies and subjected to Western (WB) analysis with anti-H3 and anti-Myc antibodies. All of the pellet and 10% of the input and
supernatant fractions were loaded on the gel. In B, the ratio of pellet to supernatant Myc-Eaf1 signal was divided by the TAP-H3 pellet signal for each strain and
then normalized to the WT ratio (n = 3). Loss of histone methylation significantly reduced the amount of NuA4 coimmunoprecipitated with histone H3 as
calculated by Student’s t test (¥, p < 0.01; **, p < 0.001). Cand D, ChIP analysis of Myc-Eaf1 (C) and Rpb3 (D) at GAL1. EAF1-Myc strains (DGY3,DGY191,DGY112,
and DGY200) were grown to early log phase in SCg_¢at 25 °C, treated with 2% galactose for 30 min, and ChIP was performed using anti-Myc (C) or anti-Rpb3 (D)
antibodies and PCR primers to amplify the GALT UAS or 3' ORF and chromosome V (Chr V) in the presence of SYBR Green. Occupancy was calculated, taking the
ratio of signal intensities of PCR products for GAL1 versus the ChrV reference and dividing by the same ratio forinput samples. Occupancy in galactose was then
divided by the occupancy in raffinose. E-J, ChIP analysis of Myc-Eaf1 (E, G, and /) and Rpb3 (F, H, and J) at ADHT (E and F), ARGT (G and H), and PMAT (I and J).
EAF1-Myc strains (the same as in Cand D with addition of DGY8) were grown in SC at 25 °C, treated with 0.6 um SM for 30 min, and processed for ChIP asin Cand
D above with primers for the appropriate genes described previously (4). Strains in which occupancy was significantly different from WT as calculated by
Student’s t test are marked with an asterisk (*, p < 0.01).

PMA1 occupancy =

-
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We next examined NuA4 occupancy at the inducible ARGI  reduced ~40% in setIA and setlAset2A cells but not in the
gene. The activator for ARGI is Gen4, translation of which is  sez2A single mutant (Fig. 31). Pol II occupancy was unaffected
up-regulated by amino acid starvation. To induce ARGI by loss of histone methylation at each of these genes (Fig. 3, H
expression, we treated cells with sulfometuron methyl, which and J). We have previously suggested a two-stage model for
causes Ile/Val starvation, and used a gcn4A strain as a negative  recruitment of NuA4 to CDS, wherein NuA4 first interacts with

control. ARGI is not induced by sulfometuron methyl (SM)
treatment in gcn4A cells, and we thus observed low levels of
Eafl and Rpb3 occupancies in this strain (Fig. 3, G and H). In
contrast to GALI and ADHI, NuA4 occupancy at ARG under
conditions of induction by Gcn4 was reduced ~40% in
setl1Aset2A cells but not in the single mutants (Fig. 3G). At
PMA 1, which is constitutively expressed, NuA4 occupancy was
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Pol II phosphorylated on Ser-5 of its CTD and then binds to
nucleosomes in the coding sequence methylated on H3K4 and
H3K36. The fact that histone methylation defects affected
NuA4 occupancy in a gene-specific manner suggests that the
relative contributions of Ser-5p and H3 methylation on K4
(by Setl) and K36 (by Set2) to NuA4 recruitment are also
gene-specific.
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FIGURE 4. NuA4 stimulates H3 acetylation by SAGA. A-C, effect of NuA4 and SAGA subunit mutations on H3 and H4 acetylation. Strains (BY4741, DGY326,
DGY304, DGY150, 7285, 1038, and DGY154) were grown in YPD at 30 °C, transferred to 36 °C for 4 h, and WCEs were subjected to Western analysis with
antibodies against diacetylated H3, the H3 C terminus, tetra-acetylated H4 and H4 C terminus. In Band C, acetylation per histone was calculated as the ratio of
the acetylated histone signal to the total histone signal for each strain (n = 4). Strains in which H3 or H4 acetylation was determined to be significantly reduced
compared with WT as calculated by Student’s t test are indicated by asterisks (*, p < 0.01; **, p < 0.001). D and E, ChIP analysis of H3-ac (D) and Rpb3 (E) at ADH].
WT and KAT mutant strains (BY4741, DGY150, and DGY154) were grown in YPD at 30 °C, transferred to 36 °C for 1 h, and ChlIP was performed using antibodies
to diacetylated H3, H3 (D), and Rpb3 (E) and PCR primers to amplify the ADHT promoter and 3" ORF, a region of the chromosome VI telomere (Tel VI) (D), and
chromosome V (Chr V) (E). H3-ac/H3 occupancy was calculated as the ratio of H3-ac occupancy to H3 occupancy. H3-ac/H3 in the KAT mutants was determined
to be significantly less than WT by Student’s t test (¥, p < 0.01; **,p < 0.001). F and G, coimmunoprecipitation of Myc-Ada2 with H3. Myc-ADA2 or Myc-RLI1 strains
(HQY392, DGY365, and YDH353) were grown in YPD at 30 °C and transferred to 36 °C for 1 h. WCEs were immunoprecipitated with anti-H3 antibodies and
subjected to Western analysis with anti-H3 and anti-Myc antibodies. In G, relative binding was calculated as the ratio of Myc pellet to supernatant signal divided
by the H3 pellet signal. Relative binding in esaT cells was determined to be significantly less than in WT cells by Student’s t test (*, p < 0.01). H-K, ChIP analysis
of Myc-Ada2 (H and J) and Rpb3 (/ and K) at ARGT (Hand /) and ADH1 (J and K). WT, esal, and gcn4A strains (HQY392, DGY365, and HQY503) were grown in SC
at 30 °C, transferred to 36 °C for 30 min, treated with 0.6 um SM for 30 min, and ChIP was performed using anti-Myc (H and J) and anti-Rpb3 (/ and K) antibodies
and PCR primers to the ARG1 UAS and 3" ORF (H and /), the ADH1 promoter and 3’ ORF (Jand K), and Chr V. Myc-Ada2 3’ ORF occupancy in esal was determined
to be significantly less than WT by Student's t test (¥, p < 0.01).

H4 Acetylation by NuA4 Stimulates H3 Acetylation by
SAGA—As described above, the SAGA complex is recruited to
CDS, acetylates histone H3, and stimulates transcription elon-
gation in a manner similar to NuA4. Although NuA4 contains
subunits with domains that are thought to recognize meth-
ylated histones, SAGA subunits carry bromodomains that have
been shown to recognize acetylated histones (20, 21). SAGA
acetylation of H3 in vitro was shown to be stimulated by the
presence of acetylated H4K16, presumably by enhancing the
nucleosomal binding by the SAGA bromodomains (35). Thus,
we hypothesized that loss of H4 acetylation in NuA4 mutants
would lead to a decrease in H3 acetylation by SAGA as well.

We first examined H3 acetylation in bulk histones by West-
ern blots on WCEs from NuA4 and SAGA mutant strains. We
used mutants lacking subunits of NuA4 and SAGA important
for KAT activity or complex integrity. Eafl contributes to
NuA4 integrity (3), Yng2 stimulates nucleosome acetylation by
Esal (36), and Esal is the KAT subunit of NuA4. Because Esal
is essential, we used the esa1“**** temperature-sensitive allele,
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henceforth referred to simply as esal (37). Gen5 is the KAT
subunit of SAGA (38) and Adal is essential for SAGA integrity
(39). To measure histone acetylation, we grew strains in YPD to
mid-log phase at 30 °C. After incubation at 36 °C for 4 h, WCEs
were prepared and subjected to Western blot analysis with anti-
bodies against di-acetylated H3 (H3-ac), tetra-acetylated H4
(H4-ac), total H3 and total H4 (Fig. 4A). Acetylation per histone
was then calculated as the ratio of acetylated signal to total
histone signal (Fig. 4, B and C).

As expected, H4-ac was reduced in yng2A and esal strains
(Fig. 4, A and B). This is consistent with the fact that Yng2 and
Esal are in both NuA4 and picNuA4 and both affect KAT activ-
ity, whereas Eafl occurs only in NuA4 and does not affect pic-
NuA4. Surprisingly, H4-ac was also reduced ~50% in gcnSA
cells (Fig. 4, A and B), suggesting that Gen5 stimulates NuA4
assembly, recruitment, or activity. Considering that adalA
destabilizes SAGA (39) but did not reduce H4 acetylation, this
proposed role of Gen5 might operate in the context of the ADA
or SAGA complex. Interestingly, we observed a marked reduc-
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tion in H3-ac in esal cells that, as just described, also showed
the largest reduction in H4-ac (Fig. 4, A-C). This suggests that
H4 acetylation by NuA4 stimulates H3 acetylation by SAGA. As
expected, H3 acetylation was reduced by both genSA and
adall, with the former having the greater effect (Fig. 4, A and
C). These reductions were relatively more severe than those
elicited by the NuA4 mutants (Fig. 4C).

To confirm the results seen in bulk histones, we investigated
the effect of esal on H3 acetylation at ADHI by ChIP. Cultures
were grown in YPD to early log phase at 30 °C and then trans-
ferred to 36 °C for 4 h before cross-linking. ChIP was performed
using a-H3 and a-H3-ac antibodies and PCR primers to
amplify the ADHI core promoter (Pro) and 3’ ORF and aregion
in the telomere of chromosome VI (Tel VI). Acetylation and
histone H3 occupancy were calculated as the ratio of ADH1I to
Tel VI for the immunoprecipitated samples divided by the same
ratio for the input samples. To correct for the effects of histone
occupancy changes on acetylation, we calculated acetylation
per nucleosome (H3-ac/H3), dividing the H3-ac occupancy by
the H3 occupancy. Remarkably, H3-ac/H3 was reduced by
~60% in the esal mutant at both the promoter and 3" ORF of
ADH]I. Relative to the esal mutant, H3-ac/H3 was reduced
slightly more at the promoter and to the same extent at the 3’
OREF in the gcnSA strain (Fig. 4D). As expected, the genSAesal
double mutant displayed the greatest reduction in both pro-
moter and 3" ORF H3-ac/H3 ratios (Fig. 4D). The decrease in
H3-ac cannot be attributed to decreased transcription as Rpb3
(Pol II) levels in the KAT mutants were even higher than in WT
(Fig. 4E). Thus, H4 acetylation by NuA4 appears to exert a
strong stimulatory effect on H3 acetylation by SAGA in vivo.

Because SAGA subunits Gen5 and Spt7 contain bromodo-
mains thought to recognize acetylated histones, we thought it
likely that the decrease in H3 acetylation in the NuA4 mutants
would result from decreased interaction between SAGA and
nucleosomes. To test this prediction, we measured SAGA-
nucleosome association by coimmunoprecipitation analysis of
ADA2-Myc and RLII-Myc strains, as Ada2 is a subunit of
SAGA. We grew the strains in YPD to early log phase at 30 °C,
transferred them to 36 °C for 4 h, and immunoprecipitated his-
tone H3 from whole cell extracts. We analyzed the immune
complexes by Western blotting with a-Myc and «a-H3 antibod-
ies. Consistent with the hypothesis that H4 acetylation by
NuA4 stimulates SAGA interaction with nucleosomes, we
found that ~75% less Myc-Ada2 coimmunoprecipitates with
H3 from an esal mutant than from WT cells (Fig. 4, F, ¢f. lanes
1-3 and 4-6, and G). The decrease in Myc-Ada2:H3 associa-
tion is not attributable to a decrease in the efficiency of coim-
munoprecipitation, because we observed equal amounts of H3
in the pellet fractions. These results suggest that SAGA prefer-
entially binds to nucleosomes acetylated on histone H4.

We next asked whether the reduction in nucleosome binding
we observed in the esal mutant would lead to reduced SAGA
occupancy of transcribed CDS. To this end, we measured the
occupancy of SAGA subunit Myc-Ada2 by ChIP at ARGI and
ADH]1. Strains were grown in SC medium to early log phase at
30 °C, transferred to 36 °C for 3.5 h, and treated with 0.6 um SM
for 30 min at 36 °C before cross-linking. Consistent with our
coimmunoprecipitation results, we observed significant reduc-
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tions in Myc-Ada2 occupancy at the ARG1 and ADHI CDS, but
not UAS (Fig. 4, H and J), without a decrease in Rpb3 occupancy
in esal cells (Fig. 4, I and K). These results suggest that H4
acetylation stimulates SAGA interaction with nucleosomes and
that this interaction is important for recruitment of SAGA to
transcribed CDS.

NuA4 has been reported to acetylate ~95 non-histone tar-
gets (40). It is possible that the effects we observed on H3 acety-
lation and SAGA interaction with nucleosomes in esa cells are
not due to loss of H4 acetylation, but rather decreased acetyla-
tion of another NuA4 substrate. To determine whether H4
acetylation is truly important for SAGA interaction with
nucleosomes, we examined H3 acetylation and SAGA occu-
pancy in strains expressing H4 variants with Arg or Gln substi-
tutions of the four residues acetylated by NuA4, namely lysines
5, 8, 12, and 16 designated hhfs“3®!>1°% and hhfs“>&1216Q
respectively. We first examined H3 acetylation in bulk histones
from WCEs of WT, hhfs“>%'216Q and hhfs“>®121R strains.
Similar to NuA4 mutants, we observed an ~50% reduction in
H3 acetylation in the hhfs">5/21%R cells, but not the
hhfs*>81216Q cells (Fig. 5, A and B). As arginine cannot be
acetylated by NuA4 and maintains the positive charge of H4,
whereas glutamine may serve as an acetyl-lysine mimic, these
findings support our hypothesis that acetylation of H3 by
SAGA is enhanced by H4 acetylation by NuA4. Consistent with
the Western blot results, ChIP analysis revealed that H3 acety-
lation was significantly decreased in the coding sequence of
ADHI specifically in the hhfs“>%'>1°% mutant (Fig. 5C).

We also asked whether the hhfs"“>®!>/°% mutant would
affect SAGA recruitment in a manner similar to the NuA4
mutants, by analyzing SAGA occupancy using ChIP of Myc-
Ada2. Although SAGA occupancy at ARG decreased at the 3’
ORF by ~25% in esal cells (Fig. 4H), SAGA occupancy was
reduced ~60% at the promoter and 50% at the coding sequence
in the H4 mutant (Fig. 5D). The greater defect in the histone
mutant compared with esa may be due to a greater loss of H4
acetylation. Surprisingly, these last results suggest that H4
acetylation stimulates SAGA occupancy at promoters, as well
as CDS. SAGA occupancy at promoters has been thought to
occur through direct interaction between its Tral subunit and
activators bound to the UAS elements (41).

Similar to esal cells, SAGA occupancy in hhfs 51216k
mutant cells was reduced ~50% in the coding sequence of
ADH 1 with no decrease at the promoter (Fig. 5F). The fact that
Pol II occupancy was unchanged at ARG1 and ADH1 in the H4
mutant cells suggests that the SAGA recruitment defects at
these genes do not result from reduced transcription (Fig. 5, E
and G). The greater SAGA occupancy defects at induced ARG
may be due to the fact that this gene is expressed at higher levels
than ADH1I (42). Together, our results suggest that acetylation
of lysine residues in the N-terminal tail of H4 by NuA4 stimu-
lates SAGA recruitment and H3 acetylation.

Loss of Histone Methylation Does Not Lead to an Increase in
Histone Acetylation—If H3K4 and H3K36 methylation func-
tions solely to stimulate HDAC interaction with nucleosomes
and attendant nucleosome deacetylation, we would expect
global histone acetylation levels to increase in setIA and set2A
mutant cells. In contrast, if methylation is important for

SASBMB

VOLUME 289-NUMBER 47-NOVEMBER 21, 2014



Histone H3 Methylation Regulates Histone Acetylation

& & Myc-Ada2 ChIP Rpb3 ChIP
A o S B D
S & & 1.2
Q{( g ,\é o 4
N I R | L - S 34
H3-aC s s s 3 5
o) 0.4 8 2
H3 e — e e T o *
0 Q 1 u
~
£$88 <, y
S UAS 3 ORF
ex
c H3-Ac/H3 gce F
2 5 1.5
= c
g g
2 B WT 3 17 s
S @ K58,12,16R 8 o
P B gcndA T 051 ‘7
Q )
< < T
i o1 |
Pro 3'ORF Pro 3'ORF Pro 3'ORF

FIGURE 5. H4 acetylation stimulates H3 acetylation by SAGA. A and B, the effects of H4 tail Lys substitutions on H4 and H3 acetylation. WT and H4 mutant
strains harboring the hhfs">%1276R or hhfsK>51216Q g|leles (pJD62_H4_WT, Boeke-EMH-H4 172, and Boeke-EMH-H4 -171, respectively) were grown to station-
ary phase in YPD and WCEs were subjected to Western analysis with antibodies against diacetylated H3 and the H3 C terminus. B, acetylation per histone was
calculated as the ratio of H3-ac signal to the total H3 signal (n = 4). C-G, ChIP analysis of H3 and H3-ac (C), Myc-Ada2 (D and F), and Rpb3 (E and G) at ARGT (D
and E), and ADH1 (C, F, and G). WT, hhfs"®#1215% and gcn4A Myc-ADA2 strains (DGY655, DGY658, and DGY654) were grown to early log phase in SC at 30 °C,
treated with 0.6 um SM for 30 min, and ChIP was performed using anti-H3-ac and anti-H3 (C), anti-Myc (D and F), and anti-Rpb3 (E and G) antibodies and primers
for the promoter and coding sequence of ADH1 (C, F, and G) or the enhancer and coding sequence of ARGT (D and E). H3-ac occupancy was normalized to H3

occupancy. H3-ac/H3 and Myc-Ada2 occupancies in hhfs"*% 727 cells were determined to be significantly less than in WT by Student’s t test (¥, p < 0.01).

nucleosome binding by both HDACs and NuA4, then sezIA and
set2A cells might show no change in acetylation of bulk histones
compared with WT cells. To test this hypothesis, we analyzed
H4 tetra-acetylation in bulk histones in whole cell extracts of
setlA, set2A, setlAset2A, dotlA, and brelA cells. Dotl is
responsible for H3K79 methylation and is associated with tran-
scription elongation and maintenance of heterochromatin
boundaries (43). Brel is the E3 ubiquitin ligase responsible for
H2BK123 monoubiquitination (44), which is required for Set1-
mediated H3K4 di- and trimethylation (Fig. 6C) and Dot1-me-
diated H3K79 methylation (10).

When we examined H4 acetylation in bulk histones in
mutants defective for H3K4, H3K36, or H3K79 methylation, we
found no significant changes in any of the four HMT deletion
mutants, whereas H4-ac levels increased ~2-fold in brelA cells
(Fig. 6, A and B). As previously shown, di- and trimethylation of
H3K4 are dramatically reduced in the brelA mutant (10) (Fig.
6C), and it was shown previously that binding of the Set3/Hos2
HDAC to nucleosomes is stimulated by these H3 modifications
(12). We found that NuA4, on the other hand, can bind
monomethylated H3K4 (Fig. 1, A and C), and this H3K4 iso-
form is relatively unaffected by the brelA mutation (Fig. 6C).
Thus, the increase in H4 acetylation in the brelA mutant is
likely due to the loss of Set3/Hos2 interaction with nucleo-
somes and attendant reduction in H4-deacetylation without
any loss of NuA4-nucleosome association and H4-acetylation.
Consistent with this explanation, we found that NuA4 interac-
tion with nucleosomes was unaffected in brelA and dotIA cells
(Fig. 6, D and E), and that NuA4 recruitment to the GALI cod-
ing sequence was unaffected by the brelA mutation (Fig. 6F).
The fact that NuA4 occupancy at the GALI coding sequence
was reduced in set1A cells (Fig. 4C) but not brelA cells (Fig. 6F)
supports the hypothesis that H3K4 monomethylation stimu-
lates NuA4, but not Set3C, interaction with nucleosomes. The
fact that H4 acetylation did not increase in seA and set2A cells
is consistent with the model that H3K4 and H3K36 methylation

SASBMB

NOVEMBER 21, 2014« VOLUME 289-NUMBER 47

stimulates both H4 acetylation by NuA4 and deacetylation by
Set3/Hos2 and RPD3C(S).

DISCUSSION

The work presented herein provides evidence for a mecha-
nism by which histone H3 methylation can regulate the level of
both H3 and H4 acetylation in the transcribed CDS of budding
yeast genes. Previous work focused on how histone H3 meth-
ylation stimulated interaction of histone deacetylase complexes
Set3/Hos2 and RDP3C(S) with nucleosomes and thus pro-
moted nucleosome deacetylation and repressed cryptic tran-
scription (12-15, 45, 46). Here we provide evidence that H3
methylation stimulates NuA4 interaction with nucleosomes,
and that H4 acetylation by NuA4 stimulates H3 acetylation by
SAGA. Thus, it appears that H3 methylation can control the
relative recruitment of KATs and HDAC: to regulate the level
of nucleosome acetylation in transcribed coding regions.

We have presented four lines of evidence indicating that
NuA4 preferentially binds to H3 tails methylated on Lys-4 by
the Setl complex and on Lys-36 by Set2. First, by assaying the
binding of purified NuA4 to immobilized peptides comprising
distinct segments of the H3 tail (residues 1-20 or 21-44), we
observed greater NuA4 binding to peptides that were mono- or
dimethylated on Lys-4, or di- or trimethylated on Lys-36 (Fig.
1). NuA4 also bound to the unmodified H3K4 peptide, which is
consistent with the previous finding that Esal CHD preferen-
tially binds unmodified H3 tails (18). The high salt concentra-
tions needed to see differences in NuA4 binding to the different
peptides (500 mm for the H3K4 peptides and 400 mm for the
H3K36 peptides) suggests that NuA4 binds strongly to the iso-
lated H3 tail. The different salt concentrations needed for the
H3K4 versus the H3K36 peptides might indicate that NuA4
binds more strongly to the N-terminal 21 amino acids than to
the next 23 amino acids of histone H3.

Second, by assaying the binding of purified NuA4 to nucleo-
somes isolated from strains lacking Set1, Set2, or both HMTs,
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FIGURE 6. H3K4 and K36 methylation stimulates both H4 acetylation and deacetylation. A-C, among HMT mutants, only bre1A alters bulk H4 acetylation.
Strains BY4741, DGY183, 1257, DGY184, 4276, and 3771 were grown to stationary phase in YPD. In A, WCEs were analyzed by Western blot with anti-tetra-
acetylated H4 and anti-H4 C terminus antibodies. In B, acetylation per histone was calculated as the ratio of H4-ac signal to H4 signal for each strain (n = 4). H4
acetylationin bre1A cells was determined to be significantly greater than WT by Student’s t test (**, p < 0.001). C, Bre1 stimulates di- and trimethylation of H3K4.
Strains DGY3, DGY191, and DGY427 were grown to stationary phase in YPD and WCEs were analyzed by Western blot with anti-H3K4me3, anti-H3K4me2,
anti-H3K4me, and anti-H3 antibodies. D and E, coimmunoprecipitation of Myc-Eaf1 with H3 is unaltered by bre1A and dot1A. In D, strains DGY498, DGY506,
DGY509,and DGY512 were grown to mid-log phase in YPD medium and WCEs were immunoprecipitated (/P) with anti-H3 antibodies and subjected to Western
(WB) analysis with anti-H3 and anti-Myc antibodies. In E, relative binding was calculated as the ratio of Myc pellet to supernatant signal divided by the H3 pellet
signal (n = 3).F, ChIP analysis of Myc-Eaf1 at GAL1.WT, breT1A, dot1A, and gcn4A strains (DGY3, DGY427, DGY56, and DGY8) were grown in SCg_¢at 30 °C, treated
with 2% galactose for 30 min, and ChIP was performed using anti-Myc antibodies and PCR primers to amplify the GALT UAS or 3' ORF and chromosome Vin the
presence of [a-*3P]JdATP. Occupancy was calculated, taking the ratio of radioactivities of PCR products for GALT versus the chromosome V reference and

dividing by the same ratio for input samples. Occupancy in galactose was divided by the occupancy in raffinose.

we found that nucleosomes lacking both Set1- and Set2-depen-
dent modifications bound NuA4 at substantially reduced levels
compared with nucleosomes lacking only Set1- or Set2-depen-
dent modifications. The nucleosomes lacking only Setl- or
Set2-dependent modifications supported NuA4 binding that
was not significantly lower than that of nucleosomes purified
from WT cells (Fig. 2). Thus, even though NuA4 binding to H3
tail peptides is stimulated by methylation of both Lys-4 and
Lys-36 (Fig. 1), the presence of either modification appears to
be sufficient for robust NuA4 binding to purified nucleosomes.
We also observed significant binding to unmodified nucleo-
somes in these last experiments, which is consistent with the
peptide pulldown assays where NuA4 bound to the unmodified
H3(1-21) peptide. Thus, we conclude that NuA4 can bind
hypomethylated nucleosomes, but that H3K4 and H3K36
methylation by the Setl complex and Set2, respectively, make
overlapping stimulatory contributions to bulk nucleosome
association by NuA4 in vitro.

Third, we assayed association of NuA4 with native bulk
nucleosomes by coimmunoprecipitation of Myc-tagged Eafl (a
subunit unique to NuA4 (3)) with histone H3 from cell extracts.
Here we observed that the absence of either Set1 or Set2 in cells
evoked a strong reduction in NuA4-nucleosome association,
with the set2A mutant displaying essentially the same strong
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reduction observed for the setlAset2A double mutant (Fig. 3, A
and B). These findings suggest that both H3K4 methylation by
Setl and H3K36 methylation by Set2 are required for robust
NuA4 association with nucleosomes in vivo, with H3K36/Set2
making the more critical contribution. The greater binding
defects observed for the HMT mutants in these last experi-
ments compared with those where NuA4 binding to purified
nucleosomes was assayed in vitro (Fig. 2) might be the result of
other proteins that compete with NuA4 for interaction with
hypomethylated nucleosomes in vivo. This competition would
intensify the reductions in NuA4 association with native
nucleosomes evoked by the loss of one or both methylation
reactions in the HMT mutants. That both H3K4 methylation by
Setl and H3K36 methylation by Set2 were found to stimulate
NuA4 interaction with native nucleosomes (Fig. 3, A and B) is
consistent with the fact that NuA4 contains subunits with
domains (CHD and PHD) thought to recognize one or the other
methylated lysines.

Fourth, we found that NuA4 occupancy of the CDS of GALI,
ADH1,ARGI,and PMA1 was reduced to some degree in at least
one of the HMT mutants (Fig. 3, C, E, G, and I). The greatest
defects were seen at GALI and ADHI, where NuA4 occupancy
decreased ~50% in all of the mutants (Fig. 3, C and E). In con-
trast, NuA4 occupancy was reduced only in the setlAset2A
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FIGURE 7. H3K4 and H3K36 methylation regulates H3 and H4 acetylation and deacetylation during transcription elongation. A, nucleosomes mono-
methylated on H3K4 by Set1 or H3K36 by Set2 (depicted by dotted arrows) are bound by NuA4, which acetylates the H4 tail (H4-ac). Nucleosomes containing
H4-ac are bound by SAGA, which acetylates the H3 tail (H3-ac). NuA4 interaction with nucleosomes and attendant H4-ac formation, SAGA recruitment, and
H3-ac depends primarily on Set1 and H3K4me in the 5’ end of CDS and Set2/H3K36me further downstream. B, on dimethylated nucleosomes, HDACs
Set3/Hos2 and RPD3C(S) compete with NuA4 for binding to H3K4me2 and H3K36me2, respectively. As HDACs can now interact with these nucleosomes,
acetylation is reduced. C, neither NuA4 nor Set3/Hos2 interacts with H3K4me3 in the 5" ORF, whereas NuA4 and RPD3C(S) continue to oppose each other by

interacting competitively with H3K36me3 at the 3’ ORF.

mutant at ARG and in setIA cells at PMAI (Fig. 3, G and I).
The different effect on NuA4 recruitment at various genes sug-
gests that the contributions of histone methylation to NuA4
occupancy may be gene-specific. Overall, the effects of HMT
mutants on native NuA4-nucleosome interaction (Fig. 3, A and
B) were greater than their effects on coding sequence occupan-
cies (Fig. 3, C-J). This is likely to be due to the two-stage recruit-
ment mechanism of NuA4 to CDS, wherein NuA4 occupancy
of CDS is stimulated by its interaction with the Pol Il CTD (4).
Thus, NuA4 can likely remain associated with CDS through its
interaction with Pol II, even when it cannot bind directly to
methylated nucleosomes. The gene-specific effects on NuA4
occupancy may be attributable to varying contributions of CTD
and nucleosome interaction on recruiting NuA4 and maintain-
ing its association with coding sequence nucleosomes at differ-
ent genes. The variable effects of histone methylation on NuA4
occupancy at different CDS might also reflect differences in the
rate or efficiency of transcription at those genes.

We have provided the first in vivo evidence that H3 acetyla-
tion by SAGA is stimulated by NuA4-mediated acetylation of
H4. Previous data had shown that retention of SAGA on
nucleosome arrays could be stimulated by either H3 or H4
acetylation, and that SAGA acetylation of H3 was stimulated by
acetylation of H4K16 in vitro (21, 35). Here we showed that loss
of H4 acetylation in esa cells led to decreased H3 acetylation in
both bulk histones (Fig. 4, A—C) and at ADH1 (Fig. 4, D and E),
decreased nucleosomal binding by SAGA (Fig. 4, F and G), and
decreased SAGA occupancy at the CDS of ARGI and ADH1
SASBMB
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(Fig. 4, H-K). Similar to what we observed with NuA4 and loss
of methylation, the Ada2 recruitment defect measured by ChIP
was of lesser magnitude than the reduction in Ada2 coimmu-
noprecipitation with native nucleosomes in the esal mutant.
This too can be explained by the fact that SAGA, similar to
NuAd4, is recruited to CDS through interaction with the CTD
(5). SAGA has also been shown to bind to trimethylated H3K4
through its Sgf29 subunit, which could also contribute to occu-
pancy in CDS (47, 48). Thus, our findings suggest that SAGA
interaction with nucleosomes and its recruitment to tran-
scribed CDS are stimulated by NuA4 acetylation of H4.

It was possible that the defects we observed in SAGA inter-
action with nucleosomes are not due to loss of H4 acetylation,
but to reduced acetylation of another non-histone NuA4 target
(40). Our finding that an H4 mutant in which the four lysines
acetylated by NuA4 are substituted with arginines exhibits
reductions in H3 acetylation and Ada2 occupancy of CDS sim-
ilar to the defects seen in the esal mutant suggests that SAGA
interaction with nucleosomes is indeed stimulated by acetyla-
tion of these H4 lysines by NuA4. This conclusion is consistent
with the fact that SAGA subunits Gen5 and Spt7 both contain
bromodomains. Surprisingly, we observed a dramatic reduc-
tion in SAGA occupancy at the ARG UAS, as well as in the
coding sequence in H4 mutant cells. This result suggests that, at
least at some genes, H4 acetylation stimulates SAGA recruit-
ment to promoters in addition to interaction of the Tral sub-
unit of SAGA with activators. Although H3 acetylation
decreased at both the promoter and coding sequence of ADH1
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in esal cells, we only observed a significant decrease at the
coding sequence in hhfs“>%1>1°% cells. This might be explained
by proposing that H4 mutant cells have adapted to the mutation
in a manner that did not occur during the 30 min at the non-
permissive temperature in the esal mutant.

We have shown previously that H3 acetylation decreases,
whereas H4 acetylation increases, at GALI in a gen5A mutant
(4). Our finding here that esal reduces both H3 and H4 acety-
lation can explain why the esaI mutant displayed larger reduc-
tions in the transcription elongation rate and SWI/SNF recruit-
ment than did a gen5A mutant. Our finding of even larger
defects in the gen5Aesal double mutant (4) is to be expected
from our finding here that H3 acetylation is decreased more in
the double mutant than in the esal single mutant.

Together, our findings suggest a mechanism by which his-
tone methylation controls the level of acetylation of transcribed
CDS through NuA4 and multiple HDACs (Fig. 7). We propose
that hypomethylated nucleosomes containing H3K4me or
H3K36me are recognized by NuA4, which acetylates them on
H4. These H4-acetylated nucleosomes then become a substrate
for SAGA, which catalyzes H3 acetylation. Nucleosomes carry-
ing dimethylated H3K4 and K36 can still be recognized and
acetylated by NuA4, but they are also recognized by the Set3/
Hos2 (12) and RPD3C(S) (14, 15, 45, 46) complexes, thus evok-
ing competition between acetylation by NuA4 and deacetyla-
tion by Hos2 and Rpd3.

Genome-wide studies have shown that H3K4 trimethylation
peaks at the 5’ ends of CDS, dimethylation peaks in the middle
of CDS, and monomethylation peaks at the 3" end of CDS (49).
Similar to H3K4 monomethylation, H3K36 trimethylation
peaks at the 3’ end of CDS with dimethylation showing a
slightly broader range (49, 50). Because NuA4 can recognize
both methylated H3K4 and H3K36, it can bind and acetylate
nucleosomes over most of the coding sequence, whereas Set3/
Hos2 is likely to be restricted to the 5’ half of an ORF and
RPD3C(S) is enriched toward the 3" end of the ORF (12, 46). We
propose that H4 acetylation by NuA4 is counteracted by
HDAC:s through two mechanisms. In the 5" half of CDS, both
NuA4 and Set3C can bind nucleosomes dimethylated on H3K4.
Thus, not only can Hos2 deacetylate these nucleosomes, but the
Set3 complex may also prevent NuA4 from binding. In the lat-
ter half of CDS, both NuA4 and RPD3C(S) recognize
H3K36me2 and likely compete for binding nucleosomes con-
taining that modification. More evidence for competition
between NuA4 and RPD3C(S) is that NuA4 recruitment to the
MAT double strand break is increased in an rcol mutant (51). In
addition to competing for nucleosome binding, RPD3C(S) can
directly deacetylate nucleosomes that have been acetylated by
SAGA and NuA4. Thus histone methylation by both Setl and
Set2 regulates the level of acetylation in transcribed CDS
through a dynamic interplay among NuA4, SAGA, Set3C, and
RPD3C(S).

Histone acetylation by NuA4 and SAGA is required to stim-
ulate nucleosome eviction and transcription elongation (4, 5).
On the other hand, excessive nucleosomal acetylation can acti-
vate cryptic promoters, interfering with the production of pro-
tein-coding transcripts (52). Hence, it is critical to maintain the
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proper balance of KAT and HDAC activities in CDS. Our
results show that HMT's are key players in achieving this goal.
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