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Despite recent advances in characterizing the regulation of histone H3 lysine 4 (H3-K4) methylation at the
GAL1 gene by the H2B-K123-specific deubiquitinase activity of Saccharomyces cerevisiae SAGA (Spt-Ada-Gcn5-
acetyltransferase)-associated Ubp8p, our knowledge on the general role of Ubp8p at the SAGA-dependent
genes is lacking. For this study, using a formaldehyde-based in vivo cross-linking and chromatin immunopre-
cipitation (ChIP) assay, we have analyzed the role of Ubp8p in the regulation of H3-K4 methylation at three
other SAGA-dependent yeast genes, namely, PHO84, ADH1, and CUP1. Like that at GAL1, H3-K4 methylation
is increased at the PHO84 core promoter in the UBP8 deletion mutant. We also show that H3-K4 methylation
remains invariant at the PHO84 open reading frame in the �ubp8 mutant, demonstrating a highly localized
role of Upb8p in regulation of H3-K4 methylation at the promoter in vivo. However, unlike that at PHO84,
H3-K4 methylation at the two other SAGA-dependent genes is not controlled by Ubp8p. Interestingly, Ubp8p
and H3-K4 methylation are dispensable for preinitiation complex assembly at the core promoters of these
genes. Our ChIP assay further demonstrates that the association of Ubp8p with SAGA is mediated by Sgf11p,
consistent with recent biochemical data. Collectively, the data show that Ubp8p differentially controls H3-K4
methylation at the SAGA-dependent promoters, revealing a complex regulatory network of histone methylation
in vivo.

Transcription is a highly coordinated and orchestrated pro-
cess. It takes place on the DNA template that is packaged into
chromatin in the nucleus. The chromatin is an array of nucleo-
somes in which 146 base pairs of DNA (in each nucleosome)
are wrapped around the histone octamer (27). Each octamer
consists of two molecules each of the histones H2A, H2B, H3,
and H4 (27). Nucleosomal arrays fold into a 30-nm fiber upon
incorporation of the linker histone H1 (19, 22).

Histones are subject to posttranslational modifications such
as acetylation, phosphorylation, ubiquitination, and methyl-
ation, and these modifications are known to play important
roles in epigenetic regulation of transcription (33, 44). Most
modifications were originally observed on the N-terminal tails
of histones, with the exception of ubiquitination, which occurs
on the C-terminal tails of H2A and H2B (13). However, sev-
eral novel posttranslational modifications have been identified
recently in the core region of the histones (45). Histone mod-
ifications alter DNA-histone interactions within and between
nucleosomes, and thus they affect the higher-order chromatin
structure. Alternatively, combinations of histone modifications
present an interaction surface for other proteins that translate
the so-called “histone code” into a gene expression pattern
(42), explaining how the same chemical modification can have
different functional consequences depending on the target
amino acid residue.

Methylation of histone H3 at lysine 4 (K4) is associated with
active chromatin in a wide range of eukaryotic organisms (5,
15, 25, 30, 32, 41) and is correlated with gene activation (38) as
well as rRNA gene silencing (7, 9). Lysine methylation of
histones in vivo occurs in the following three states: mono-, di-,
and trimethyl. Histone H3 has been found to be dimethylated
at K4 in active euchromatic regions but not in silent hetero-
chromatic sites, whereas trimethylated H3-K4 is mainly found
associated with the 5� regions of the actively transcribing genes
(28) and, thus, unlike dimethyl-H3-K4, is typically not detected
at a locus prior to transcription activation (38). Interestingly,
H3-K4 methylation is up-regulated in a “trans-tail” process (11,
43) by Rad6p-mediated ubiquitination of H2B at K123 (36),
thus suggesting roles of H2B-K123 ubiquitination and deubiq-
uitination in the regulation of gene activation.

A histone deubiquitinase, Ubp8p, has recently been impli-
cated as a new component of the Saccharomyces cerevisiae
SAGA complex (10, 20, 37). Ubp8p has consistently been
shown to hydrolyze the ubiquitin moiety of K123-ubiquitinated
H2B at the SAGA-dependent GAL1 promoter (20). Such
H2B-K123 deubiquitination by Ubp8p modulates the level of
H3-K4 methylation at the GAL1 promoter in a “trans-tail”
process, hence altering the expression of the GAL1 gene (20).
Although Ubp8p is known to regulate H3-K4 methylation at
the SAGA-regulated GAL1 promoter (20), its general role at
other SAGA-dependent yeast promoters is not known. To
understand in greater detail the role of Ubp8p in the regula-
tion of H3-K4 methylation and, hence, transcription, we have
analyzed its contribution to regulation of H3-K4 methylation
and formation of the preinitiation complex (PIC) assembly at
three other SAGA-dependent yeast promoters (i.e., PHO84,
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FIG. 1. Recruitment of Ubp8p to either GAL1 UAS or the minimal Gal4p-binding sites in a plasmid. (A) Recruitment of Ubp8p and SAGA
components (Spt3p, Spt20p, Gcn5p, Ada2p, and TAF12p) to the GAL1 UAS. Yeast strains expressing C-terminally Myc epitope-tagged Ubp8p
or SAGA components (Spt3p, Spt20p, Gcn5p, and Ada2p) were grown at 30°C in YPG. The ChIP assay was performed as previously described
(24). Primer pairs targeting the UAS or core promoter of the GAL1 gene (see Materials and Methods) were used for PCR analysis of the
immunoprecipitated DNA samples. A PCR fragment corresponding to the GAL4 ORF was used as a control for background binding. Immuno-
precipitation was performed using a mouse monoclonal antibody against the c-Myc epitope tag (9E10; Santa Cruz Biotechnology, Inc.) or a
polyclonal antibody against TAF12p. A mouse monoclonal antibody against the DNA binding domain of Gal4p (RK5C1; Santa Cruz Biotech-
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ADH1, and CUP1) by a formaldehyde-based in vivo cross-
linking and chromatin immunoprecipitation (ChIP) assay. Fur-
thermore, we have analyzed the role of Sgf11p (a newly iden-
tified component of SAGA) in the association of Ubp8p with
SAGA in vivo. Our results reveal differences in the regulation
of H3-K4 methylation by Ubp8p. We also show that Ubp8p
and Sgf11p constitute a discrete structural module within
SAGA in vivo.

MATERIALS AND METHODS

Plasmids. Plasmid SGP4 was generated by cloning a DNA fragment contain-
ing three Gal4p-binding sites into the low-copy-number plasmid pRS416 (2). The
plasmids pFA6a-13Myc-KanMX6 and pFA6a-13Myc-TRP1 (26) were used for
genomic Myc epitope tagging of the proteins of interest. Plasmid pRS416 was
used for PCR-based gene disruption.

Yeast strains and media. Yeast strains harboring null mutations in SPT20
(FY1097) and GCN5 (FY1370) and their isogenic wild-type equivalents, FY67
and FY1369, respectively, were obtained from Fred Winston (Harvard Medical
School, Boston, MA) (34, 35). A yeast strain carrying a point mutation in histone
H2B at K123 (YKH046) and its isogenic wild-type equivalent (YKH045) were
obtained from Mary Ann Osley (University of New Mexico Health Science
Center) (20). The Myc-tagged strains SGY1 (Spt3p-Myc, TRP1), SGY2 (Spt20p-
Myc, TRP1), SGY3 (Ada2p-Myc, TRP1), and SGY4 (Gcn5p-Myc, TRP1) were
generated by the insertion of multiple Myc epitope tags at the original chromo-
somal loci of SPT3, SPT20, ADA2, and GCN5, respectively, in strain FY631 (26).
Multiple Myc epitope tags were added at the original chromosomal loci of UBP8
and SGF11 in strain W303a to generate ASY4 (Ubp8p-Myc, KAN) and ASY20
(Sgf11p-Myc, KAN), respectively. Strain ASY24 (Ubp8p-Myc, �spt20::URA3
KAN) was generated by adding multiple Myc epitopes at the C-terminal end of
Ubp8p in FY1097. Spt3p was tagged by multiple Myc epitopes in the original
chromosomal locus in FY1369 and FY1370 to generate SGY97 (Spt3p-Myc,
HIS3) and SGY98 (Spt3p-Myc, �gcn5::HIS3 KAN), respectively. The strains
SGY7 (Spt3p-Myc, TRP1) and SGY8 (Spt3p-Myc, �spt20::URA3 TRP1) were
generated by adding multiple Myc epitope tags at the chromosomal locus of
SPT3 in FY67 and FY1097, respectively. A plasmid (SGP4) carrying three
Gal4p-binding sites was transformed into ASY4 and SGY2 to generate ASY5
and SGY99, respectively. Similarly, the plasmid SGP4 was transformed into
SGY27 (multiple Myc epitope tags with TRP1 at the original chromosomal locus
of SPT3 in W303a) to generate SGY30. The endogenous UBP8 genes of W303a,
ASY20, YKH045, and FY1370 were disrupted, using a PCR-based gene knock-
out method (6), to generate ASY1 (�ubp8::URA3), ASY23 (Sgf11p-Myc,
�ubp8::URA3 KAN), ASY19 (�ubp8::URA3, Flag-H2B and hemagglutinin [HA]-
ubiquitin), and ASY27 (�ubp8::URA3 �gcn5::HIS3), respectively. The SGF11
gene of ASY4 was deleted to generate ASY21 (Ubp8p-Myc, �sgf11::URA3
KAN). Similarly, the endogenous SET1 gene of W303a was knocked out to
generate ASY16 (�set1::URA3).

For studies of the GAL1 promoter in �gcn5, �spt20, �sgf11, and �ubp8 mutant
strains and their isogenic wild-type equivalents, cells were first grown in YPD
(yeast extract-peptone plus 2% dextrose) to an optical density at 600 nm (OD600)
of 0.8 and then transferred to YPG (yeast extract-peptone plus 2% galactose) for
4 h at 30°C prior to formaldehyde cross-linking. Minimal media containing either
2% dextrose, galactose, or raffinose were used for strains with the reporter
plasmid SGP4. The yeast strains were grown in YPD to an OD600 of 1.0 at 30°C
for studies of the ADH1, PHO84, and RPS5 genes. The CUP1 gene was induced
by 1 mM CuSO4 for 25 min in synthetic complete medium (yeast nitrogen base
and complete amino acid mixture plus 2% dextrose) at 30°C.

ChIP assay. The ChIP assay was performed as described previously (24).
Briefly, yeast cells were treated with 1% formaldehyde, collected, and resus-
pended in lysis buffer. Following sonication, cell lysates (800 �l lysate from 100
ml of yeast culture) were precleared by centrifugation, and then 100 �l lysate was
used for each immunoprecipitation. Immunoprecipitated protein-DNA com-
plexes were treated with proteinase K, the cross-links were reversed, and the
DNA was purified. Immunoprecipitated DNA was dissolved in 20 �l TE 8.0 (10
mM Tris-HCl, pH 8.0, and 1 mM EDTA), and 1 �l of immunoprecipitated DNA
was analyzed by PCR. PCR mixtures contained [�-32P]dATP (2.5 mCi for each
25-�l reaction mix), and the PCR products were detected by autoradiography
after separation in a 6% polyacrylamide gel. As a control, “input” DNA was
isolated from 5 �l lysate without going through the immunoprecipitation step
and suspended in 100 �l TE 8.0. To compare the PCR signal arising from the
immunoprecipitated DNA with that from the input DNA, 1 �l of input DNA was
used for PCR analysis.

For analyses of Ubp8p recruitment and H2B-K123 ubiquitination at the
PHO84, ADH1, CUP1, and RPS5 genes, we modified the above ChIP protocol as
follows. An 800-�l lysate was prepared from 100 ml of yeast culture. Four
hundred microliters of lysate was used for each immunoprecipitation (using 10 �l
of anti-HA or anti-Myc antibody and 100 �l of protein A/G plus agarose beads
from Santa Cruz Biotechnology, Inc.), and each immunoprecipitated DNA sam-
ple was dissolved in 10 �l TE 8.0, of which 1 �l was used for PCR analysis. In
parallel, the PCR for “input” DNA was performed using 1 �l DNA that was
prepared by dissolving purified DNA from 5 �l lysate in 100 �l TE 8.0. However,
to determine whether ubiquitination occurred specifically at K123 of H2B, we
performed a chromatin double-immunoprecipitation (ChDIP) assay as described
previously (20). Briefly, 400 �l lysate from 50 ml yeast culture was first immu-
noprecipitated using anti-Flag antibody (Sigma) and protein A/G plus agarose
beads. Following elution of the anti-Flag immunoprecipitate with the Flag pep-
tide (Sigma), the eluate was immunoprecipitated using anti-HA antibody, and
the immunoprecipitated DNA sample was dissolved in 10 �l TE 8.0, of which 1
�l was used for PCR analysis. The “input” DNA was isolated from 5 �l lysate and
suspended in 100 �l TE 8.0, of which 1 �l was used for PCR analysis.

All ChIP experiments were repeated at least three times, and consistent results
were obtained. The primer pairs used for PCR analysis were as follows: for the
PHO84 upstream activation sequence (UAS), 5�-CCAGCACGTGGGGCGG
AAATT-3� and 5�-TTTAATCTAGCTAATAAGCAGGCAAAA-3�; for the
PHO84 core, 5�-GATCCACTTACTATTGTGGCTCGT-3� and 5�-GTTTGTTG
TGTGCCCTGGTGATCT-3�; for PHO84 open reading frame 1 (ORF1), 5�-T
AGCTGATATTGTTGGTCGTAAGAG-3� and 5�-TACCAATACCCATGAC
AAAACGGTA-3�; for PHO84 ORF2, 5�-TCTGCAGACATTTTGGTCAATG
GAA-3� and 5�-AAACGTTTTTGGAACCGGCATAAC-3�; for the ADH1
UAS, 5�-GTTTCCGGGTGTACAATATGG-3� and 5�-CTATTGTATATCTCC
CCTCCGC-3�; for the ADH1 core, 5�-GGTATACGGCCTTCCTTCCAGTTA
C-3� and 5�-GAACGAGAACAATGACGAGGAAACAAAAG-3�; for ADH1
ORF1, 5�-CTGGTTACACCCACGACGGTTCTT-3� and 5�-GCAGACTTCAA
AGCCTTGTAGACG-3�; for ADH1 ORF2, 5�-CGGTAACAGAGCTGACAC
CAGAGA-3� and 5�-ACGTATCTACCAACGATTTGACCC-3�; for the CUP1
UAS, 5�-GGCTGATATCTTAGCCTTGTTACT-3� and 5�-ACAATCCATATT
GCGTTGGTAGTC-3�; for the CUP1 core, 5�-TCTTCTAGAAGCAAAAAGA
GCGATG-3� and 5�-CGCTGAACATTTTATGTGATGATTG-3�; for CUP1
ORF1, 5�-ACTTCCAAAATGAAGGTCATGAGTG-3� and 5�-AGCAGCATG
ACTTCTTGGTTTCTTC-3�; for the GAL4 ORF, 5�-CTTGTTCAATGCAGT
CCTAGTACCC-3� and 5�-CACAAGTCTGGATTTTAAAAGTGGCC-3�; for
the GAL1 UAS, 5�-CGCTTAACTGCTCATTGCTATATTG-3� and 5�-TTGTT
CGGAGCAGTGCGGCGC-3�; for the GAL1 core, 5�-ATAGGATGATAATG
CGATTAGTTTTTTAGCCTT-3� and 5�-GAAAATGTTGAAAGTATTAGTT

nology, Inc.) was used. The primer pairs are indicated on the left. The ratio of immunoprecipitate to input is indicated below each band as %IP.
(B) Recruitment of Ubp8p to GAL1 UAS in the SPT20 deletion mutant. Wild-type and SPT20 deletion mutant strains expressing Myc
epitope-tagged Ubp8p were first grown in glucose-containing (YPD) medium and then shifted to galactose-containing (YPG) medium 4 h before
treatment with formaldehyde. Immunoprecipitations were performed as described above. A polyclonal antibody against TAF12p was used. The
percentage of DNA immunoprecipitated relative to the wild type (%WT) is indicated below each band of the mutant strain. (C) Recruitment of
Ubp8p and SAGA components (Spt3p and Spt20p) to minimal Gal4p-binding sites. The plasmid containing minimal Gal4p-binding sites was
transformed separately into three different yeast strains, each of which has Myc tags at the C-terminal tail of either Spt3p, Spt20p, or Ubp8p. The
yeast strains thus generated were grown at 30°C in 1% yeast extract containing 2% peptone plus 2% galactose (Gal), dextrose (Glu), or raffinose
(Raf). ChIP analysis was performed as described for panel A. The primers used for the PCR analysis target an area adjacent to the Gal4p-binding
sites in the plasmid (see Materials and Methods). The growth media used are indicated on the left.
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AAAGTGGTTATGCA-3�; and for the RPS5 UAS, 5�-AGAAACAATGAACA
GCCTTGAGTTCTC-3� and 5�-GCAGGGCCATTCTCATCTGA-3�.

The primers flanking the Gal4p-binding sites in the plasmid SGP4 were 5�-G
GTGGCGGCCGCTCTAGAACTAGT-3� and 5�-TTGACCGTAATGGGATA
GGTCACG-3�.

Autoradiograms were scanned and quantitated by the NIH Image 1.62 pro-
gram. The ratio of immunoprecipitated (IP) DNA to input DNA is presented as
%IP. For mutant strains, the amount of immunoprecipitated DNA relative to
that of the wild type (WT) is presented as %WT.

Primer extension analysis. Primer extension analysis was performed as de-
scribed previously (24). The primers used for analyses of PHO84, ADH1, and
CUP1 mRNAs were as follows: for PHO84, 5�-GAAGACTTCTTTCAGCAAC
ATG-3�; for ADH1, 5� TATCCTTGTGTTCCAATTTACCGTGG-3�; and for
CUP1, 5�-GGCATTGGCACTCATGACCTTC-3�.

RESULTS

Ubp8p is an integral component of the SAGA complex in
vivo. Yeast SAGA is a 1.8-MDa complex which contains at
least the following 14 subunits: Ada1p, Ada2p, Ada3p, Ada5p/
Spt20p, Spt3p, Spt7p, Spt8p, Gcn5p, Tra1p, TAF5p, TAF6p,
TAF9p, TAF10p, and TAF12p (8, 17, 18). Recent biochemical
studies (10, 20, 37) have implicated Ubp8p as a new compo-
nent of the SAGA complex. However, it is not known whether
Ubp8p is a SAGA component in vivo. Thus, we analyzed
recruitment of Ubp8p to the GAL1 promoter by using a ChIP
assay. If Ubp8p is an integral component of SAGA, it will be
recruited to the GAL1 UAS along with other SAGA compo-
nents, since previous studies (2–4) demonstrated recruitment
of SAGA to the GAL1 UAS, but not the core promoter, by
the Gal4p activation domain. Indeed, Fig. 1A shows that the
SAGA subunit TAF12p, as well as Ubp8p, was present at the
GAL1 UAS in galactose-containing growth medium where
the Gal4p activation domain was active, consistent with the
recruitment of other SAGA components (e.g., Spt3p, Spt20p,
Gcn5p, and Ada2p). Similarly, Gal4p was recruited to the
GAL1 UAS. Significantly, these same proteins were not asso-
ciated with the GAL1 core promoter or an irrelevant DNA
sequence (GAL4 ORF). Furthermore, Ubp8p and other
SAGA components (TAF10p and TAF12p) were not recruited
to the GAL1 UAS in a mutant with a deletion of SPT20 (Fig.
1B), which is essential for maintaining the integrity of SAGA
(2, 16, 40). These results raised the possibility that Ubp8p
might be a component of SAGA in vivo. However, because
these experiments were performed with the intact GAL1 pro-
moter under conditions permissive for transcription, it re-
mained possible that other transcription components such as
general transcription factors played a role in recruitment of
Ubp8p to the UAS. To address this issue, we asked whether
Ubp8p could be recruited by Gal4p to a plasmid bearing only
Gal4p-binding sites but not other promoter elements. Figure
1C (top panel) shows that similar to the results with the GAL1
UAS, Ubp8p was recruited to a plasmid bearing Gal4p-binding
sites in galactose-containing growth medium. Significantly,
Ubp8p was not associated with the Gal4p-binding sites when
the Gal4p activation domain was inactive in raffinose-contain-
ing growth medium, even though the levels of Gal4p recruit-
ment were the same in both galactose- and raffinose-containing
growth media. Similarly, other SAGA components such as
Spt3p and Spt20p were recruited to the minimal Gal4p-binding
sites in the plasmid (Fig. 1C, bottom panel) in galactose (but
not in dextrose, where the Gal4p activation domain was inac-

tive). Significantly, our previous studies demonstrated that
general transcription factors such as TBP, TFIIB, mediator,
and RNA polymerase II were not recruited to the minimal
Gal4p-binding sites in the plasmid (2). Thus, taken together,
our ChIP data provide evidence that Ubp8p exists in vivo in the
same form as that defined by its biochemical copurification
with SAGA (10, 20, 37).

Ubp8p is not essential for maintaining the integrity of
SAGA in vivo. To understand in greater detail the role of
Ubp8p in transcription, we first determined its contribution to
maintaining the integrity of SAGA in vivo by analyzing the
recruitment of SAGA to the GAL1 UAS in the �ubp8 mutant.
If Ubp8p maintains SAGA’s integrity, then Spt20p and other
SAGA components will not be recruited to the GAL1 UAS in
the �ubp8 mutant. Figure 2 shows that the deletion of UBP8
did not affect the recruitment of Spt20p and the TAF compo-
nents (TAF10p and TAF12p) of SAGA. However, consistent
with previous studies (2, 16, 40), SAGA was not recruited to
the GAL1 UAS in yeast strains lacking SPT20 (Fig. 2), a
component that integrates SAGA. On the other hand, recruit-
ment of SAGA components such as TAF10p, TAF12p, and
Spt3p was not affected in a mutant with a deletion of GCN5,
which is dispensable for SAGA integrity (2, 40). Since Spt20p
maintains the integrity of SAGA and its recruitment was not
affected in the absence of Ubp8p, like the case with Gcn5p,
Ubp8p is not required for the integrity of SAGA in vivo,
consistent with recent biochemical data that demonstrated the
dispensability of Ubp8p for SAGA integrity (10, 20).

FIG. 2. Requirement of Ubp8p and SAGA subunits (Spt20p and
Gcn5p) for SAGA recruitment to the GAL1 UAS. Wild-type and
UBP8 and SAGA subunit (SPT20 and GCN5) deletion mutant strains
were first grown in glucose-containing (YPD) medium and then shifted
to galactose-containing (YPG) medium 4 h before treatment with
formaldehyde. Immunoprecipitations were performed as described in
the legend to Fig. 1. A primer pair targeting the GAL1 UAS was used
for PCR analysis of the immunoprecipitated DNA samples.
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Association of Ubp8p with SAGA is dependent on Sgf11p in
vivo. Although Ubp8p does not maintain the overall structural
integrity of SAGA, it forms a structural as well as functional
module within SAGA through its association with Sgf11p, as
evident from recent biochemical studies (21, 23, 31). However,
the existence of such a modular domain within SAGA has not
been confirmed in vivo. Thus, we analyzed the recruitment of
Ubp8p and Sgf11p to the GAL1 UAS in mutant strains with
deletions of SGF11 and UBP8, respectively. Figure 3A shows
that recruitment of Ubp8p to the GAL1 UAS was completely
lost in the �sgf11 mutant. Similarly, Sgf11p was not recruited to
the GAL1 UAS in the �ubp8 mutant (Fig. 3B). Thus, Sgf11p
and Ubp8p are mutually dependent on each other for recruit-
ment in vivo. Furthermore, we show that recruitment of SAGA
(TAF10p and TAF12p) to the GAL1 UAS was not altered in
the �sgf11 mutant (Fig. 3C). Thus, like Ubp8p, Sgf11p is also
dispensable for the structural integrity of SAGA in vivo, con-
sistent with recent biochemical data (21, 23, 31). Taken to-
gether, our data support the fact that Ubp8p and Sgf11p con-
stitute a distinct modular domain within SAGA in vivo, and
hence they are mutually dependent on each other for their
recruitment but dispensable for the overall integrity of SAGA.

Ubp8p is recruited to SAGA-dependent promoters such as
those of PHO84, ADH1, and CUP1. Ubp8p, being a component
of SAGA, is recruited to the UAS of a SAGA-dependent gene,
GAL1. To determine whether Ubp8p is associated with the UASs
of other SAGA-dependent genes, we analyzed the recruitment of
Ubp8p to the UASs of three representative SAGA-dependent
genes, namely, PHO84, ADH1, and CUP1 (3; data not shown),
using a modified ChIP assay (see Materials and Methods). Like
the GAL1 UAS, the UASs of PHO84, ADH1, and CUP1 re-
cruited Ubp8p in a yeast strain expressing Myc epitope-tagged
Ubp8p (Fig. 4A). Ubp8p was not recruited to the core promoters
and ORFs of these three SAGA-dependent genes (data not
shown). As a control, we show that Ubp8p was not recruited to
the UAS of a SAGA-independent gene, RPS5 (2) (Fig. 4D, top
panel). Thus, our data demonstrate that Ubp8p is recruited to the
UASs of the SAGA-dependent genes.

Ubp8p regulates ubiquitination of H2B-K123 at the PHO84,
ADH1, and CUP1 genes. Although Ubp8p has recently been
shown to have histone deubiquitinase activity for the removal
of ubiquitin from K123-ubiquitinated H2B at a SAGA-depen-
dent gene, GAL1 (20), its role in the regulation of H2B-K123
ubiquitination at other SAGA-dependent genes is not known.
With this view, we analyzed the levels of H2B-K123 ubiqui-
tination at three SAGA-dependent genes, PHO84, ADH1, and
CUP1, in both the wild-type and �ubp8 mutant strains, using a
modified ChIP assay. We used a wild-type (YKH045) or H2B-
K123R (YKH046) mutant strain expressing Flag-tagged H2B
and HA-tagged ubiquitin (20). Different sets of specific primer
pairs (Fig. 4B) were used that could distinguish the levels of
H2B-K123 ubiquitination at the UASs, core promoters, and
ORFs of these genes. Two different locations in the PHO84
and ADH1 ORFs (ORF1 and ORF2 [towards the 5� and 3�
ends of the ORFs, respectively]) were used. However, only one
location in the relatively shorter CUP1 ORF (ORF1) was used.

Figure 4B shows that HA-tagged ubiquitin was associated
with the ORFs of PHO84, ADH1, and CUP1 in the wild-type
strain. However, such results did not support H2B-K123 ubiq-
uitination at these genes, since ubiquitination might also occur

FIG. 3. Ubp8p and Sgf11p are mutually dependent on each other
for recruitment to the GAL1 UAS. (A) Recruitment of Ubp8p to
the GAL1 UAS requires Sgf11p. Wild-type and SGF11 deletion mu-
tant strains expressing multiple-Myc-epitope-tagged Ubp8p were first
grown in glucose-containing (YPD) medium and then shifted to ga-
lactose-containing (YPG) medium 4 h before treatment with formal-
dehyde. Immunoprecipitations were performed as described in the
legend to Fig. 1. A primer pair targeting the GAL1 UAS was used for
PCR analysis of the immunoprecipitated DNA samples. (B) Recruit-
ment of Sgf11p to the GAL1 UAS is dependent on Ubp8p. Wild-type
and UBP8 deletion mutant strains expressing multiple-Myc-epitope-
tagged Sgf11p were grown as described above before treatment with
formaldehyde. Immunoprecipitation and PCR analysis were per-
formed as described above. (C) Sgf11p is dispensable for recruitment
of SAGA to the GAL1 UAS. Wild-type and SGF11 deletion mutant
strains were grown, cross-linked, and immunoprecipitated as described
above.
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FIG. 4. Analysis of Ubp8p recruitment and H2B-K123 ubiquitination at the PHO84, ADH1, and CUP1 genes, using a modified ChIP assay (see
Materials and Methods). (A) Ubp8p is recruited to the UASs of the SAGA-dependent (PHO84, ADH1, and CUP1) genes. For analysis of the
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at the lysine residues of other proteins associated with these
genes. To confirm that the ubiquitination occurred at K123 of
H2B, we analyzed the levels of ubiquitination at these genes in
the H2B-K123R point mutant strain. If K123 is involved in
ubiquitination of H2B at the coding regions of these genes,
then the levels of ubiquitination would be significantly reduced
(or completely lost) in the H2B-K123R strain. This was indeed
observed (Fig. 4B). However, it might still be possible that
another ubiquitinated protein bound to these genes was im-
munoprecipitated in the wild-type strain (YKH045), and mu-
tation of H2B-K123 to H2B-R123 might have altered recruit-
ment of such a ubiquitinated protein, since the H2B-K123R
mutant has been shown to affect recruitment of chromatin-
associated proteins (14). Thus, to address this issue, we per-

formed a ChDIP assay (see Materials and Methods) to specif-
ically demonstrate the association of K123-ubiquitinated H2B
with the PHO84, ADH1, and CUP1 genes. In such an assay, the
first immunoprecipitation was performed using anti-Flag anti-
body, and the eluate was subsequently immunoprecipitated
with anti-HA antibody. The immunoprecipitated DNA was
analyzed by PCR, using primer pairs specific for various loca-
tions of the PHO84, ADH1, and CUP1 genes (Fig. 4B). When
Flag-tagged H2B is ubiquitinated at K123, a PCR signal will be
observed from the wild type but not the H2B-K123R mutant
strain. Figure 5A shows the presence of PCR signals from the
ORFs of PHO84, ADH1, and CUP1 in the wild type but not the
H2B-K123R mutant strain, thus demonstrating the specific
association of K123-ubiquitinated H2B with the coding se-

recruitment of Ubp8p to the PHO84 and ADH1 UASs, the yeast strains were grown in YPD to an OD600 of 1.0 at 30°C prior to formaldehyde
cross-linking. The CUP1 gene was induced with 1 mM CuSO4 for 25 min in synthetic complete medium at 30°C before treatment with
formaldehyde. Immunoprecipitations were performed using anti-Myc antibody. An anti-HA antibody (F-7; Santa Cruz Biotechnology, Inc.) was
used to monitor the background signal. Primer pairs targeting the UASs of PHO84, ADH1, and CUP1 (see Materials and Methods) were used for
PCR analysis of the immunoprecipitated DNA samples. (B) Analysis of H2B-K123 ubiquitination at PHO84, ADH1, and CUP1. Yeast cells
(YKH045 [H2B wild type] and YKH046 [H2B-K123R point mutant]) were grown and cross-linked as described above. Immunoprecipitation was
performed against HA-tagged ubiquitin using an anti-HA antibody. The anti-Myc antibody was used to monitor the background signal. Primer
pairs targeting the UASs, core promoters, and ORFs of PHO84, ADH1, and CUP1 were used for PCR analysis of the immunoprecipitated DNA
samples. ORF1 and ORF2 are located towards the 5� and 3� ends of the ORF, respectively. (C) The level of H2B-K123 ubiquitination is
significantly elevated at the promoters but not the ORFs of PHO84, ADH1, and CUP1 in the �ubp8 mutant. The yeast strains YKH045, expressing
HA-tagged ubiquitin, and ASY19 (derived by deleting UBP8 from YKH045) were grown as described above. Immunoprecipitation and PCR
analysis were performed as described above. (D) Analysis of Ubp8p recruitment and H2B-K123 ubiquitination at the RPS5 UAS. (Top panel)
Yeast strains expressing multiple-Myc-epitope-tagged Ubp8p were grown in YPD to an OD600 of 1.0 at 30°C, followed by formaldehyde-based
cross-linking. Immunoprecipitation was carried out as described above. The primer pair targeting the RPS5 UAS was used in the PCR analysis.
(Bottom panel) The yeast strains YKH045, YKH046, and ASY19 were grown and immunoprecipitated as described above.

FIG. 5. Analysis of H2B-K123 ubiquitination at the PHO84, ADH1, and CUP1 genes using a ChDIP assay (see Materials and Methods).
(A) ChDIP assay to analyze the levels of H2B-K123 ubiquitination in wild-type (YKH045) and H2B-K123R mutant (YKH046) strains expressing
Flag-tagged H2B and HA-tagged ubiquitin. The yeast cells were grown and cross-linked as described in the legend to Fig. 4. The first
immunoprecipitation was performed with anti-Flag antibody, and the precipitate was eluted with the Flag peptide. The eluate was then
immunoprecipitated with anti-HA antibody. Primer pairs targeting the UASs, core promoters, and ORFs of the PHO84, ADH1, and CUP1 genes
were used for PCR analysis of the immunoprecipitated DNA samples. (B) Analysis of H2B-K123 ubiquitination at PHO84, ADH1, and CUP1 in
the �ubp8 mutant. The yeast strains YKH045 and ASY19 were grown as described in the legend to Fig. 4. Immunoprecipitation and PCR analysis
were performed as described above.
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quences. Clearly, these results are consistent with the modified
ChIP data (Fig. 4B).

The H2B histones at the UASs of PHO84, ADH1, and CUP1
are not ubiquitinated at K123 (Fig. 4B and 5A). Such obser-
vations raised the possibility that the targeted recruitment of
Ubp8p to the UASs of these three SAGA-dependent genes
might have hydrolyzed the ubiquitin moiety of K123-ubiqui-

tinated H2B at the UASs of these genes. To test this hypoth-
esis, we analyzed the levels of H2B-K123 ubiquitination at
these genes in the �ubp8 mutant, using a modified ChIP assay.
We did indeed observe the presence of H2B-K123 ubiquitina-
tion at the UASs of these three genes in the UBP8 deletion
strain (Fig. 4C). As a control, we show that H2B-K123 ubiq-
uitination at the UAS of a SAGA-independent gene, RPS5,

FIG. 6. Elevation of the level of H3-K4 methylation at the PHO84 core promoter in the �ubp8 mutant. (A) Analysis of H3-K9/14 acetylation
and H3-K4 di- and trimethylation (2Me-K4 and 3Me-K4, respectively) at PHO84. Wild-type and UBP8 deletion mutant strains were grown and
cross-linked as described in the legend to Fig. 4. Immunoprecipitations were performed using rabbit polyclonal antibodies against K9/14-
diacetylated H3 (Upstate Biotechnology, Inc.), H3-dimethyl K4 (Upstate Biotechnology, Inc.), and H3-trimethyl K4 (Abcam, Inc.). Primer pairs
targeting the UAS, core promoter, and two different locations of the ORF (ORF1 and ORF2) of the PHO84 gene were used for PCR analysis of
the immunoprecipitated DNA samples. (B) Quantification of the H3-K4 di- and trimethylation illustrated above. The results are presented as
percentages of DNA immunoprecipitated relative to the input. (C) Analysis of di- and trimethylation of H3-K4 at the PHO84 gene in the �ubp8
mutant. Immunoprecipitations were performed as described above. (D) Quantification of the experiment illustrated in panel C. The results are
presented as percentages of DNA immunoprecipitated relative to the wild type.
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was not altered in the �ubp8 mutant (Fig. 4D, bottom panel).
We next analyzed the effect of Ubp8p on the levels of H2B-
K123 ubiquitination at the core promoters and ORFs of
ADH1, PHO84, and CUP1. We observed that the levels of
H2B-K123 ubiquitination were increased at the core promot-
ers of these genes in the �ubp8 mutant (Fig. 4C). However,
H2B-K123 ubiquitination remained invariant at the coding
sequences in the �ubp8 mutant (Fig. 4C).

To further confirm that the deletion of UBP8 specifically
increased the level of H2B-K123 ubiquitination at the promot-

ers of these three SAGA-dependent genes, we performed a
ChDIP assay using wild-type and �ubp8 mutant yeast strains
bearing Flag-tagged H2B and HA-tagged ubiquitin. Figure 5B
shows the elevated levels of H2B-K123 ubiquitination at the
UASs and core promoters, but not the ORFs, of these three
SAGA-dependent genes in the �ubp8 mutant, consistent with
the modified ChIP data (Fig. 4C). Thus, our results demon-
strate that targeted recruitment of Ubp8p to the UASs of
SAGA-dependent genes alters the levels of H2B-K123 ubiq-
uitination at the promoters but not the ORFs in vivo. This was

FIG. 7. Ubp8p does not regulate H3-K4 methylation at the ADH1 and CUP1 genes. (A) Analysis of di- and trimethylation of H3-K4 at the
ADH1 and CUP1 genes. Wild-type and UBP8 deletion mutant strains were grown and cross-linked as described in the legend to Fig. 4.
Immunoprecipitations were performed as described in the legend to Fig. 6. Primer pairs targeting the UASs, core promoters, and ORFs of ADH1
and CUP1 were used for PCR analysis of the immunoprecipitated DNA samples. (B) Analysis of H3-K9/14 acetylation at ADH1 and CUP1.
Immunoprecipitations were performed as described in the legend to Fig. 6. (C) Analysis of H3-K4 di- and trimethylation at ADH1 and CUP1 in
the �ubp8 mutant. Immunoprecipitations were performed as described in the legend to Fig. 6.
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FIG. 8. Ubp8p as well as H3-K4 methylation is not required for PIC assembly at the PHO84 core promoter. (A) Analysis of the PIC assembly
at the PHO84 core promoter in the �ubp8 mutant. A primer pair targeting the PHO84 core promoter was used for PCR analysis of the
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quite expected, since SAGA-associated Ubp8p is spatially
close to both the activator binding site and TATA box, but not
the ORF.

Ubp8p regulates H3-K4 methylation at the core promoter of
PHO84 but not at those of ADH1 and CUP1. The analysis of
bulk nucleosomal histones revealed that the absence of H2B-
K123 ubiquitination significantly lowers H3-K4 methylation
(11, 43). Thus, the elevated level of H2B-K123 ubiquitination
in the �ubp8 mutant would enhance H3-K4 methylation at the
SAGA-dependent genes. This was indeed observed at the core
promoter of the SAGA-regulated gene GAL1 (20). To verify
such an observation at another SAGA-regulated gene, we an-
alyzed H3-K4 methylation at PHO84 in the �ubp8 mutant and
its isogenic wild-type equivalent.

Using antibodies specific for di- and trimethylated H3-K4,
we analyzed the level of H3-K4 methylation at various loca-
tions (e.g., UAS, core, and ORF) of the PHO84 gene in the
wild-type yeast strain. Four sets of specific primer pairs (Fig.
4B) were used that could distinguish binding to the PHO84
UAS, core promoter, and two different locations of the ORF.
Figure 6A and B show the distinct localizations of H3-K4
methylation at PHO84. The PHO84 core promoter, as well as
the ORF, was dimethylated at H3-K4. Such a result is consis-
tent with the genome-wide location analysis, which established
that dimethylated H3-K4 is present in promoter and coding
regions of genes, but with a bias towards the coding region (1).
However, in contrast to a recent study demonstrating that
H3-K4 trimethylation is concentrated at the 5� portion of the
coding regions of active genes such as PYK1 and RPS11B (28),
we observed the presence of trimethyl H3-K4 throughout the
coding region as well as the core promoter of the PHO84
gene (Fig. 6A and B). Neither di- nor trimethyl H3-K4 was
detected at the PHO84 UAS, which was acetylated at H3-
K9/14 (Fig. 6A).

We next analyzed the role of Ubp8p on H3-K4 methylation
at the PHO84 core promoter. Both di- and trimethylation of
H3-K4 at the PHO84 core promoter were elevated in the
�ubp8 mutant (Fig. 6C and D). The increase in trimethylation
of H3-K4 in the �ubp8 mutant was consistent with the results
obtained for the GAL1 core promoter (20). However, in con-
trast to the fact that H3-K4 dimethylation was not affected at
the GAL1 core promoter in the �ubp8 mutant (20), we ob-
served an elevated level of dimethylated H3-K4 at the PHO84
core promoter in the �ubp8 mutant, consistent with the global
role of H2B-K123 ubiquitination on the regulation of H3-K4
dimethylation (11, 43, 39). Thus, our data demonstrate that
H2B-K123 deubiquitination by targeted recruitment of Ubp8p

to the PHO84 promoter lowers both di- and trimethylation of
H3-K4 in vivo in a “trans-tail” process. However, in contrast,
Daniel et al. (10) have recently shown that H3-K4 trimethyla-
tion is significantly reduced at the GAL10 promoter in the
�ubp8 mutant, indicating that Ubp8p can also up-regulate
H3-K4 methylation.

To determine whether recruitment of Ubp8p at the PHO84
promoter has a long-range effect on regulation of H3-K4 meth-
ylation at the PHO84 ORF, we analyzed the levels of di- and
trimethylated H3-K4 at two different locations of the PHO84
ORF in the �ubp8 mutant. Interestingly, both di- and trim-
ethylation of H3-K4 at the PHO84 ORF were not altered in
the �ubp8 mutant (Fig. 6C and D). Thus, Ubp8p has a local
but not long-range effect on regulation of H3-K4 methyla-
tion in vivo.

Next, we determined whether Ubp8p plays a general role
in lowering H3-K4 methylation at the core promoters of two
other SAGA-dependent genes, ADH1 and CUP1. Our ChIP
analysis demonstrated that H3-K4 at the ORFs of CUP1 and
ADH1 was di- and trimethylated (Fig. 7A). However, very
low (or background) levels of H3-K4 di- and trimethylation
were observed at the promoters of ADH1 and CUP1 (Fig.
7A), while these promoters were significantly acetylated at
H3-K9/14 (Fig. 7B). We thus hypothesized that the elevated
levels of H2B-K123 ubiquitination in the �ubp8 mutant
(Fig. 4C and 5B) would enhance the levels of H3-K4 meth-
ylation at the promoters of these genes in a “trans-tail”-
dependent manner. Interestingly, the levels of H3-K4 di-
and trimethylation were not elevated at the core promoters
or ORFs of these two genes in the �ubp8 mutant (Fig. 7C).
Thus, Ubp8p does not regulate H3-K4 methylation at all
SAGA-dependent genes in a “trans-tail”-dependent man-
ner, revealing a differential regulation of H3-K4 methylation
by histone deubiquitinase in vivo. This is analogous to the
fact that SAGA components are differentially required for
PIC assembly at the SAGA-dependent promoters (3).

Ubp8p as well as H3-K4 methylation is dispensable for PIC
assembly at the PHO84, ADH1, and CUP1 promoters. The
detection of significantly high levels of di- and trimethylated
H3-K4 at the promoters of several genes suggests that these
modifications may be linked to transcription activation (29).
Consistently, genome-wide DNA microarray analysis (38) re-
vealed that H3-K4 methylation positively regulates transcrip-
tion. Thus, we asked whether the up-regulation of H3-K4
methylation at the PHO84 core promoter in the �ubp8 mutant
would stimulate the formation of the PIC assembly and, hence,
transcription. To address this question, we analyzed the re-

immunoprecipitated DNA samples. Immunoprecipitations were performed using polyclonal antibodies against TBP and the mouse monoclonal
antibody 8WG16 (Covance) against the C-terminal domain of the RNA polymerase II large subunit (Rpb1p). (B) Transcription. Total cellular
RNA was prepared from the wild type or the �ubp8 mutant, and the mRNA level from the PHO84 gene was quantitated by primer extension. The
percentage of transcription relative to the wild type is indicated below the gel. (C) Transcription. Total cellular RNA was prepared from the wild
type and the �gcn5 and �gcn5 �ubp8 mutants, and the mRNA levels from the PHO84 gene were quantitated by primer extension. (D) Analysis
of di- and trimethylation of H3-K4 at the PHO84 core promoter in the �set1 strain. Immunoprecipitations were performed as described in the
legend to Fig. 6. A primer pair targeting the PHO84 core promoter was used for PCR analysis of the immunoprecipitated DNA samples. (E)
Analysis of the PIC assembly at the PHO84 core promoter in the �set1 mutant. Immunoprecipitations were performed as described above. (F)
Transcription. Total cellular RNA was prepared from the wild type or the �set1 mutant, and the mRNA level from the PHO84 gene was
quantitated as described above. (G) Analysis of the PIC assembly at the core promoters of ADH1 and CUP1 in the �set1 mutant. Immunopre-
cipitations were performed as described above.
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cruitment of TATA-binding protein (TBP) and RNA polymer-
ase II (Rpb1), the two representative components of the PIC
assembly, to the PHO84 core promoter in the �ubp8 mutant.
Figure 8A shows that the increased level of H3-K4 methylation
had no effect on formation of the PIC assembly at the PHO84
core promoter and, consistently, that transcription was not
altered in the �ubp8 mutant (Fig. 8B).

We next analyzed whether the UBP8 deletion mutant in
combination with the �gcn5 mutant shows a transcriptional
defect of PHO84, since Henry et al. (20) demonstrated that
ubp8 and gcn5 single mutants show a weak transcriptional
phenotype at ADH2 but that a ubp8 gcn5 double mutant dis-
plays a synthetic one. We show that the transcription of PHO84
was significantly reduced in the �gcn5 mutant compared with
that in its isogenic wild-type equivalent (Fig. 8C). However, the
�gcn5 �ubp8 double mutant strain did not show an additional
defect of PHO84 transcription (Fig. 8C). Thus, Ubp8p or an
elevated level of H3-K4 methylation in the �ubp8 mutant does
not seem to play a significant role in the transcription of
PHO84 when combined with the �gcn5 mutant.

To determine whether methylation of H3-K4 is at all re-
quired for PIC assembly at the PHO84 core promoter, we
analyzed the recruitment of TBP and RNA polymerase II to
the PHO84 core promoter in a SET1 deletion mutant. Set1p is
essential for H3-K4 methylation, and thus its deletion com-
pletely removed di- and trimethylation of H3-K4 at the PHO84
core promoter (Fig. 8D). However, the deletion of SET1 did
not affect formation of the PIC assembly at the PHO84 core
promoter (Fig. 8E) and did not affect transcription (Fig. 8F).
Thus, our data demonstrate that H3-K4 methylation is not
required for formation of the PIC assembly at the PHO84 core
promoter in vivo.

Next, we analyzed the role of H3-K4 methylation in forma-
tion of the PIC assembly at the core promoters of the CUP1
and ADH1 genes. A very low level of H3-K4 methylation was
present at the core promoters of CUP1 and ADH1 (Fig. 7A),
and thus these genes do not seem to require SET1 for forma-
tion of the PIC assembly. This was indeed observed (Fig. 8G).

Like other SAGA components, such as Spt3p and Spt8p (2,

3, 12), Ubp8p might be involved in facilitating the formation of
the PIC assembly at the core promoters of ADH1 and CUP1.
To test this hypothesis, we analyzed the recruitment of TBP
and RNA polymerase II to the core promoters of the ADH1
and CUP1 genes and observed that Ubp8p was dispensable for
formation of the PIC assembly at the core promoters of these
two genes (Fig. 9A). The transcription levels from these two
genes were consistently not altered in the �ubp8 mutant (Fig.
9B). Thus, unlike GAL1, GAL10, and ADH2 (10, 20), the
PHO84, ADH1, and CUP1 genes do not require Ubp8p for
transcription, demonstrating the differential requirement of
Ubp8p for gene expression. Furthermore, Ubp8p did not show
any transcriptional defect of CUP1 and ADH1, even when
combined with the �gcn5 mutant (data not shown).

DISCUSSION

In this report, we have analyzed in vivo the role of SAGA-
associated Ubp8p in the regulation of H3-K4 methylation, PIC
assembly, and transcription at three well-characterized SAGA-
dependent genes, PHO84, ADH1, and CUP1. We show here
that Ubp8p is associated with SAGA via Sgf11p and that its
histone deubiquitinase activity lowers H3-K4 methylation at
the core promoter only, not at the ORF, of the PHO84 gene.
However, H3-K4 methylation at the other two SAGA-depen-
dent genes is not regulated by Ubp8p. Interestingly, elevation
of the H3-K4 methylation level at the PHO84 core promoter in
the �ubp8 mutant does not stimulate formation of the PIC
assembly and, hence, transcription. Finally, we demonstrate
that Ubp8p as well as H3-K4 methylation is dispensable for
PIC formation and transcription of these three SAGA-depen-
dent genes in vivo.

Although Ubp8p has recently been implicated as a new
component of the SAGA complex on the basis of biochemical
data (10, 20, 37), it is not known whether Ubp8p is a SAGA
component in vivo. If so, it would be recruited along with other
SAGA components to the GAL1 UAS but not its core pro-
moter, since SAGA is specifically recruited to the GAL1 UAS
by the activator Gal4p (2–4). However, Henry et al. (20) dem-
onstrated that Ubp8p is recruited to the GAL1 core promoter.
On the other hand, Daniel et al. (10) demonstrated recruit-
ment of Ubp8p to the GAL1 UAS. Thus, it was not clear from
previous studies (10, 20) whether Ubp8p exists in vivo in the
same form as that defined by its biochemical copurification
with SAGA. Here we show that Ubp8p along with other SAGA
components is recruited to the GAL1 UAS, but not the core
promoter, or even to the minimal Gal4p-binding sites in a
plasmid, supporting Ubp8p as a SAGA component in vivo.
Consistently, Spt20p was also required for recruitment of
Ubp8p to the GAL1 UAS. Furthermore, we show that the
deletion of UBP8 has no effect on recruitment of the SAGA
complex, consistent with the biochemical dispensability of
Ubp8p for SAGA integrity (10, 20). Taken together, our re-
sults support the fact in vivo that Ubp8p is a SAGA component
and is dispensable for the structural integrity of SAGA.

Recently, Ubp8p has been shown to form a structural mod-
ule within SAGA by its interaction with Sgf11p on the basis of
biochemical studies (21, 23, 31). However, evidence for forma-
tion of such a modular structure was lacking in vivo. Here we
show that Ubp8p and Sgf11p are dependent on each other for

FIG. 9. Ubp8p is not required for the PIC assembly or transcription
of ADH1 and CUP1. (A) Analysis of PIC assemblies at the core
promoters of ADH1 and CUP1 in the �ubp8 mutant. Primer pairs
targeting the core promoters of ADH1 and CUP1 were used for PCR
analysis of the immunoprecipitated DNA samples. Immunoprecipita-
tions were performed as described in the legend to Fig. 8. (B) Tran-
scription. Total cellular RNA was prepared from the wild type or the
�ubp8 mutant, and the mRNA level from the indicated gene was
quantitated by primer extension.
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recruitment to the GAL1 UAS. Furthermore, these two pro-
teins are dispensable for the overall structural integrity of the
SAGA complex. These results support the existence of a mod-
ular structural domain formed by Sgf11p and Ubp8p within
SAGA in vivo.

Ubp8p is recruited to the GAL1 UAS by the Gal4p activa-
tion domain. Consistently, we also show here that Ubp8p is
predominantly recruited to the UASs of three other SAGA-
dependent genes, PHO84, ADH1, and CUP1. Since Ubp8p is
recruited to the UAS, it is expected to play its functional role
(i.e., histone H2B-K123 deubiquitination) at the promoter.
Thus, H2B-K123 ubiquitination would be significantly lowered
(or absent) at the UASs (and/or core promoters) of these three
SAGA-dependent genes in the wild-type strain. However, the
deletion of UBP8 would elevate the levels of H2B-K123 ubiq-
uitination at the promoters of these genes. We indeed ob-
served elevated levels of H2B-K123 ubiquitination at the UASs
and core promoters but not the ORFs of PHO84, ADH1, and
CUP1 in the �ubp8 mutant. Thus, UAS-localized Ubp8p has a
local but not long-range functional role in the regulation of
H2B-K123 ubiquitination in vivo.

Previous studies (20) demonstrated that H2B-K123 deubiq-
uitination by Ubp8p significantly lowers the level of tri- but not
dimethylated H3-K4 at the GAL1 core promoter in a “trans-
tail”-dependent manner. Thus, the level of H3-K4 trimethyla-
tion is elevated at the GAL1 core promoter in the �ubp8
mutant (20). Similarly, we showed that the level of H3-K4
trimethylation at the PHO84 core promoter is increased in the
�ubp8 mutant. However, in contrast to the results obtained for
the GAL1 promoter (20), we observed a significant enhance-
ment of H3-K4 dimethylation at the PHO84 core promoter in
the �ubp8 mutant. Thus, our results demonstrate that H2B-
K123 ubiquitination not only regulates H3-K4 trimethylation
but also regulates dimethylation in vivo, consistent with mass
spectrometric (39) and biochemical data (11, 43). We also
showed that H3-K4 methylation at the PHO84 ORF is not
altered in the �ubp8 mutant. This was expected, since H2B-
K123 ubiquitination at the PHO84 ORF is not regulated by
Ubp8p. Furthermore, our analysis on the levels of H3-K4
methylation at the core promoters of two other SAGA-depen-
dent genes (ADH1 and CUP1) in the �ubp8 mutant revealed
the absence of a regulatory link between H2B-K123 deubiq-
uitination and H3-K4 methylation in vivo.

Recent studies have implicated the role of H3-K4 methyl-
ation in transcription activation (28, 38). Thus, the up-regula-
tion of H3-K4 methylation at the PHO84 core promoter in the
�ubp8 mutant might be involved in stimulating the formation
of the PIC assembly and, hence, transcription. Interestingly,
our results demonstrate that the elevated level as well as com-
plete depletion of H3-K4 methylation at the PHO84 core pro-
moter in the �ubp8 and �set1 mutants, respectively, has no
effect on PIC formation as well as transcription. In contrast,
previous studies (10, 38) demonstrated the requirement of
H3-K4 methylation for transcription of a subset of genes. How-
ever, it is not known currently how H3-K4 methylation can be
involved in different transcriptional states. Perhaps, according
to the “histone code” hypothesis (42), H3-K4 methylation in
combination with other histone modifications may be playing a
functional role in formation of the PIC assembly (and hence
transcription activation) at the PHO84 core promoter. Thus,

the loss or gain of H3-K4 methylation alone at the PHO84 core
promoter does not seem to be associated with a transcriptional
phenotype. However, our analysis on PIC formation at the
PHO84 core promoter in the �gcn5 �ubp8 double mutant does
not show a transcriptional phenotype for Ubp8p. Probably,
Ubp8p in conjunction with H3 serine 10 phosphorylation or
other covalent modifications of histones has a transcriptional
phenotype at PHO84. Nonetheless, this study demonstrates the
lack of a regulatory link between H3-K4 methylation and PIC
formation (and hence transcription) at the PHO84 core pro-
moter.

In summary, we have shown here the differential regulation
of H3-K4 methylation at the core promoters of the SAGA-
dependent genes by Ubp8p. Our in vivo analysis of the func-
tion of Ubp8p in the regulation of H3-K4 methylation is re-
markably consistent with the fact that the SAGA components
are differentially required for gene activity (3). However, the
molecular basis of the differential regulation of H3-K4 meth-
ylation at the core promoters of the SAGA-dependent genes
remains to be elucidated.
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