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Histone H3 Methylation by Set2 Directs
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Summary

Yeast Rpd3 histone deacetylase plays an important
role at actively transcribed genes. We characterized
two distinct Rpd3 complexes, Rpd3L and Rpd3S, by
MudPIT analysis. Both complexes shared a three sub-
unit core and Rpd3L contains unique subunits con-
sistent with being a promoter targeted corepressor.
Rco1 and Eaf3 were subunits specific to Rpd3S. Mu-
tants of RCO1 and EAF3 exhibited increased acetyla-
tion in the FLO8 and STE11 open reading frames
(ORFs) and the appearance of aberrant transcripts
initiating within the body of these ORFs. Mutants in
the RNA polymerase II-associated SET2 histone
methyltransferase also displayed these defects. Set2
functioned upstream of Rpd3S and the Eaf3 methyl-
histone binding chromodomain was important for re-
cruitment of Rpd3S and for deacetylation within the
STE11 ORF. These data indicate that Pol II-associated
Set2 methylates H3 providing a transcriptional mem-
ory which signals for deacetylation of ORFs by
Rpd3S. This erases transcription elongation-associ-
ated acetylation to suppress intragenic transcription
initiation.

Introduction

The S. cerevisiae Rpd3 histone deacetylase regulates
the transcription of a wide range of genes. Rpd3 is in-
volved in both activation and repression of transcrip-
tion. For instance, Rpd3 is necessary for repression of
genes involved in meiosis and metabolism (Kadosh and
Struhl, 1997; Rundlett et al., 1998; Vidal and Gaber,
1991) and for activation of genes involved in heat shock
and osmotic stress (De Nadal et al., 2004).

Rpd3 is delivered to genes by at least two mecha-
nisms. One involves direct recruitment to gene promot-
ers through contacts with DNA binding repressor pro-
teins. On the INO1 promoter the sequence-specific
transcription repressor Ume6 recruits Rpd3 through in-
teraction with the Rpd3 associated corepressor protein
Sin3 (Kadosh and Struhl, 1997; Rundlett et al., 1998).
This recruitment generates a two nucleosome region of
histone deacetylation surrounding the Ume6 binding
site (Kadosh and Struhl, 1998). The second recruitment
*Correspondence: jlw@stowers-institute.org
mechanism involves Rpd3 suppression of genome
wide histone acetylation levels that is independent of
sequence-specific repressor proteins (Kurdistani and
Grunstein, 2003). RPD3 mutants display increased
acetylation levels in both intergenic and coding regions
(Robyr et al., 2002; Vogelauer et al., 2000).

Rpd3 functions as part of corepressor protein com-
plexes. There are two known Rpd3 complexes within
S. cerevisiae that were identified primarily by their gel
filtration elution profiles (Kasten et al., 1997; Lechner et
al., 2000; Rundlett et al., 1996). One complex has an
apparent size of 0.6 MDa and the other 1.2 MDa. Sev-
eral proteins are known to associate with Rpd3. These
include Sin3, Eaf3, Cti6, Pho23, Sap30, Ume1, Rxt2,
Rxt3, Rco1, Eaf3, and Sds3 (Gavin et al., 2002; Ho et al.,
2002; Kadosh and Struhl, 1997; Kurdistani et al., 2002;
Lechner et al., 2000; Loewith et al., 2001; Puig et al.,
2004; Zhang et al., 1998). However, the distribution of
these proteins within the two Rpd3 complexes and their
functions remain unresolved. Before this report, only
Sin3 and Sds3 were known components of the 1.2 MDa
complex and the composition of the smaller complex
was entirely unknown.

We sought to purify and analyze the subunit compo-
sition of the two Rpd3 complexes with three goals in
mind: (1) to assign the known Rpd3 interacting proteins
to each respective complex, (2) to biochemically iden-
tify any remaining unknown subunits of these com-
plexes, and (3) to gain insights into the mechanisms of
recruitment and functions of Rpd3 at positions in the
genome beyond specifically targeted promoters. To-
ward these goals we separated and purified the large
Rpd3L and small Rpd3S complexes through a combi-
nation of affinity and conventional chromatography. We
then systematically identified the subunits of Rpd3L
and Rpd3S complexes through multidimensional pro-
tein identification technology (MudPIT) (Washburn et
al., 2001; Wolters et al., 2001). Both complexes shared
a core set of three subunits including Rpd3, Sin3, and
Ume1. Rpd3L also contained eight subunits previously
identified to associate with Rpd3 and several novel
subunits. The components of Rpd3L are consistent
with it being the promoter recruited co-repressor form
of Rpd3 complexes. Clues from the subunit analysis of
Rpd3S led to further experiments which revealed a
strikingly different function for this complex. Our exper-
iments illustrate that Rpd3S functions in a signaling
pathway from elongating RNA Pol II through the Set2
histone methyltransferase. Rpd3S recognizes the Set2
methylated histones and deacetylates histones within
transcribed sequences. This erases transcription elon-
gation-associated histone acetylation and serves to re-
press the occurrence of spurious transcription initiation
from cryptic start sites within open reading frames.

Results

Purification of the Small and Large Rpd3 Complexes
Previous studies identified two S. cerevisiae Rpd3

complexes that elute from gel filtration chromatography
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at apparent sizes of 0.6 and 1.2 MDa (Kasten et al.,
1997; Lechner et al., 2000; Rundlett et al., 1996). To gain
a complete understanding of the subunits that consti-
tute each of these complexes, whole cell extract from
a tandem affinity purification (TAP) (Puig et al., 2001)
tagged Rpd3 strain was subjected to a modified TAP
purification that resolves the two Rpd3 complexes on
a MonoQ ion-exchange column (Figure 1A). Fractions
containing Rpd3 were identified by Western blot (Figure
1B). Two peaks of Rpd3 eluted from the MonoQ col-
umn, one between fractions 19 and 23 (peak S) and
the other between 26 and 30 (peak L). Superose 6 gel
filtration determined the size of the Rpd3 complexes in
peak S and L to be at an apparent mass of 0.8 MDa
and 1.3 MDa, respectively. (Figure 1C).

Fraction pools of the MonoQ peaks S and L were
subsequently purified on calmodulin (CaM)-sepharose.
The composition of the calmodulin eluates was ana-
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Figure 1. Purification of Rpd3-Sin3 Complexes

(A) Fractionation scheme for TAP purification of small and large Rpd3 complexes from TAP-tagged Rpd3 (YJW652) or Sin3 (YJW620) cells.
(B) MonoQ ion-exchange fractions.
(C) Superose 6 gel filtration of Rpd3 complexes. In both (B) and (C), fractions were analyzed by Western using an Rpd3 antibody. Bars below
Westerns indicate peak fractions for Rpd3S (S) and Rpd3L (L).
(D) Purified small and large Rpd3 complexes. Samples were resolved on 8% SDS-gels and silver stained. Bands known to correspond to
different subunits are indicated.
yzed by silver-stained SDS-PAGE and by MudPIT. The
ilver stain demonstrated that both Rpd3 preparations
re composed of a distinct mixture of proteins (Figure
D). Based upon the MudPIT analysis described below,
omparison of silver stain gels from TAP purification
hrough other Rpd3 complex subunits and purification
f Rpd3 complexes from subunit deletion strains, we
etermined proteins corresponding to some of the
ands in Figure 1D. MudPIT analysis of these two Rpd3
reparations detected most of the proteins known to
ssociate with Rpd3 (Table 1 and Table S1 in the Sup-
lemental Data available with this article online) (Gavin
t al., 2002; Ho et al., 2002; Kadosh and Struhl, 1997;
urdistani et al., 2002; Lechner et al., 2000; Loewith et
l., 2001; Puig et al., 2004; Zhang et al., 1998). Both
reparations contained Rpd3, Sin3, Ume1, Eaf3, and
co1. The Rpd3TAP L preparation also contained a
nique set of proteins, including Pho23, Sap30, Sds3,
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Table 1. Composition of the Rpd3 Complexes as Determined by MudPIT Analysis

Subunit MW (kDa) Rpd3TAP S Rpd3TAP L Sin3TAP S Sin3TAP L Rco1TAP Eaf3TAP Rxt2TAP

Rpd3 48.9 76.0a (264b) 85.5 (201) 73.4 (106) 72.7 (150) 75.8a (36b) 84.3 (100) 86.6 (181)
Sin3 175 43.0 (556) 69.0 (743) 52.7 (422) 46.7 (295) 44.1 (166) 44.9 (250) 56.2 (464)
Ume1 51.0 68.0 (334) 83.3 (314) 67.6 (165) 66.1 (162) 60.4 (63) 55.4 (88) 72.6 (199)
Pho23 37.0 65.2 (72) 34.8 (42) 49.7 (65)
Sap30 23.0 57.2 (110) 47.3 (43) 52.7 (47)
Sds3 37.6 60.9 (111) 49.8 (52) 45.6 (43)
Cti6 57.1 69.2 (171) 46.2 (72) 58.1 (78)
Rxt2 48.6 68.4 (162) 62 (62) 58.9 (91)
Rxt3 33.8 58.8 (26) 7.8 (2) 38.8 (20)
Dep1 41.8 53.0 (98) 34.8 (43) 42.5 (61)
Ume6 91.1 5.0 (5) 20.7 (16) 11.0 (9)
Ash1 65.7 58.5 (65) 27.2 (27) 54.1 (40)
Rco1 78.8 70.6 (393) 45.9 (52) 68.6 (245) 57.2 (73) 69.6 (129) 61.5 (158)
Eaf3 45.2 71.6 (229) 33.9 (16) 73.8 (145) 45.1 (38) 73.8 (68) 57.9 (85) 3.2 (1)

MS data for each subunit are sorted by font type (bold, underlined, and italics) according to whether it is unique to the Rpd3L complex (bold),
the Rpd3S complex (underlined), or shared between complexes (italics). See Table S1 for complete data.
a Sequence coverage, percentage of protein sequence represented in peptides identified by tandem mass spectrometry.
b Spectrum count, total spectra matching peptides detected by tandem mass spectrometry for the indicated protein.
Cti6, Rxt2, Rxt3, Dep1, Ume6, and Ash1. This analysis
revealed several novel proteins, including the se-
quence-specific repressors Ash1 and Ume6, stably as-
sociating with the Rpd3 complexes. Although not pre-
sented here, several Hsp70 chaperone homologs (Ssa
and Ssb proteins) were detected in both preparations.
The entire eight member chaperone ring complex
Cct1-8 was detected in the Rpd3TAP S preparation. A
complete list of proteins detected in all MudPIT analy-
ses described in this paper is available in the Supple-
mental Data (Table S1). In addition, CaM pulldowns with
TAP tagged subunits and Western analysis for Rpd3
subunits confirmed subunits relevant to the experi-
ments described below (Figure S1).

The MonoQ fractionation shows that Rpd3TAP S and
L share a number of subunits. Comparison of the total
peptides or spectral count for identified proteins be-
tween the two peaks indicates the shared subunits.
Spectral count can be considered as an empirical
parameter to estimate protein abundance in LC/MS/MS
analyses, especially when comparing the same protein
across different samples (Liu et al., 2004). The spectral
counts for Sin3 between the two peaks are similar with
Sin3 being detected by 556 spectra in the Rpd3TAP S
peak and 743 spectra in the L peak. Ume1 and Rpd3
exhibited the same pattern. Performing the same purifi-
cation depicted in Figure 1A with a SIN3TAP strain pro-
vided further support. Comparison of the Sin3TAP and
Rpd3TAP purification in Table 1 showed a Sin3 shared
component since the MudPIT analysis detected the
same subunits in both purifications. Thus, it appears
that Rpd3, Sin3, and Ume1 represent a shared core of
subunits within Rpd3S and L.

Although the MonoQ fractionation of Rpd3 com-
plexes clearly demonstrated the presence of two com-
plexes with distinct subunit composition, it was pos-
sible that the first MonoQ peak S was still eluting, albeit
to a lesser extent, when the MonoQ L peak began to
elute. This could result in subunits specific to the small
complex appearing in the analysis of the large complex
in Table 1. This possibility is apparent when we com-
pared the spectral count for proteins between the two
peaks. For instance, examination of the spectral counts
for the apparently shared subunits, Eaf3 and Rco1, re-
vealed some differences between the S and L peaks
for both Rpd3TAP and Sin3TAP purifications. Rco1 was
detected by 393 spectra in Rpd3TAP S and 52 in
Rpd3TAP L, while 229 and 16 spectra matched pep-
tides derived from Eaf3 in the Rpd3TAP S and L sam-
ples, respectively (Table 1). We observed a similar pat-
tern in the Sin3TAP purification. This clear difference in
protein levels suggested that peptides from Rco1 and
Eaf3 in the Rpd3TAP L fraction are contaminants from
the Rpd3TAP S peak. Furthermore, since the remaining
components, Rpd3, Sin3, and Ume1 from the Rpd3TAP
and Sin3TAP S preparations appear to be shared with
the L preparations based on their spectral counts, it
appears that Eaf3 and Rco1 are unique subunits of
Rpd3TAP and Sin3TAP S peaks.

In support of this conclusion, we performed Eaf3TAP,
Rco1TAP, and Rxt2TAP purifications. These were con-
ducted using a standard TAP purification consisting of
Ig-sepharose and calmodulin-sepharose affinity purifi-
cation steps omitting any additional fractionation. Mud-
PIT analysis of Rco1TAP and Eaf3TAP purifications
identified a small Rpd3 complex composed of Rco1,
Eaf3, and the shared core subunits Rpd3, Sin3, and
Ume1 (Table 1). The Eaf3 purification also identified the
components of the NuA4 histone acetyltransferase
(HAT) complex. Eaf3 is a component of NuA4. For sim-
plicity, this data is only provided in Table S1. MudPIT
analysis of Rxt2TAP purification identified the unique
components of Rpd3L. These were not observed in
either Rco1TAP or Eaf3TAP purifications. Similarly, the
Rxt2TAP purification lacked significant levels of Eaf3
and Rco1. Thus, Eaf3 and Rco1 are specific to Rpd3S.
The remainder of this report focuses on the function of
Rpd3S. A separate report focuses on Rpd3L function
(Carrozza et al., 2005).

Rco1 and Eaf3 Are Integral Components
of the Rpd3S Complex
In order to understand the importance of Rco1 and Eaf3
in the integrity of Rpd3S, we tagged Rpd3 with TAP in
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an rco1D and eaf3D strain. We purified Rpd3 com-
plexes from these strains using the standard TAP purifi-
cation. Therefore, these purifications represent a mix-
ture of all Rpd3 complexes. Each of these preparations
was analyzed by MudPIT. We observed that the ab-
sence of Eaf3 destabilized association of Rco1 with
Rpd3 (Table 2). In the rco1D strain, the association of
Eaf3 with Rpd3 was undetectable. Therefore, Rco1 and
Eaf3 require each other for stable association with
Rpd3S.

Regulation of Histone Acetylation within Coding
Regions by Rpd3S and Set2
In yeast, EAF3 loss causes increased histone acetyla-
tion within coding regions and decreased acetylation
within intergenic regions, while showing no change in
the absolute histone H4 acetylation level (Reid et al.,
2004). Eaf3 is a component of the promoter-targeted
NuA4 HAT complex (Eisen et al., 2001), the loss of
which can explain decreased acetylation in intergenic
regions. The finding that Eaf3 is also a component of
Rpd3S may explain the increased acetylation in coding
regions if Rpd3S is functioning within coding regions.
Similar to HP1, Drosophila Polycomb and yeast Chd1,
Eaf3 contains a chromodomain, which could direct this
protein and Rpd3S to coding regions by binding to
methylated histones (Bannister et al., 2001; Lachner et
al., 2001; Pray-Grant et al., 2005). The Set2 protein as-
sociates with the phosphorylated CTD of elongating
RNA Pol II and methylates histone H3K36 on tran-
scribed genes in vivo (Krogan et al., 2003b; Li et al.,
2003; Xiao et al., 2003). Furthermore, Eaf3 affects acet-
ylation within coding regions primarily in the 3# portions
(Reid et al., 2004). These observations raised the possi-
bility that Set2 and Rpd3S regulate acetylation within
the 3# portions of coding regions.

To address this possibility, we performed acetylated
histone H4 ChIPs on extracts from strains containing
null mutations in either the unique Rpd3S subunit,
RCO1, the Rpd3L subunit DEP1, SET2 or an EAF3 chro-
modomain deletion mutant (eaf3chdD). The chromodo-
main deletion was generated in the genomic copy of
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Table 2. Composition of Mutant Rpd3 Complexes as Determined by MudPIT Analysis

Locus MW (kDa) wt eaf3D rco1D eaf3chdD

Rpd3 48.9 68.1a (107b) 82.4 (202) 89.1 (281) 63.7 (238)
Sin3 175 47.4 (291) 62.1 (585) 66.7 (701) 55.9 (685)
Ume1 51.0 62.4 (168) 70.2 (262) 72.6 (301) 55.4 (171)
Pho23 37.0 37.3 (28) 61.2 (64) 51.5 (61) 32.4 (44)
Sap30 23.0 50.7 (70) 55.7 (65) 58.7 (82) 38.8 (67)
Sds3 37.6 54.4 (63) 68.2 (95) 63.0 (92) 54.1(72)
Cti6 57.1 64.4 (59) 62.1 (93) 67.0 (86) 53.2 (116)
Rxt2 48.6 51.2 (75) 62.3 (95) 57.8 (107) 44.4 (83)
Rxt3 33.8 52.4 (41) 62.9 (52) 53.1 (39) 53.4 (41)
Dep1 41.8 42.3 (47) 33.7 (46) 42.3 (68) 18.5 (53)
Ume6 91.1 23.2 (19) 25.8 (14) 3.7 (3)
Ash1 65.7 41.0 (36) 46.9 (50) 53.1 (54) 32.7 (43)
Rco1 78.8 52.0 (88) 3.1 (3) 30.7 (47)
Eaf3 45.2 43.9 (30) 30.9 (27)

MS data for each subunit are sorted by font type (bold, underlined, and italics) according to whether it unique to the Rpd3L complex (bold),
the Rpd3S complex (underlined), or shared between complexes (italics). See Table S1 for complete data.
a Sequence coverage, percentage of protein sequence represented in peptides identified by mass spectrometry.
b Spectrum count, total peptides detected by mass spectrometry for the indicated protein.
AF3. MudPIT analysis of an Rpd3 purification from an
PD3TAP eaf3chdD strain demonstrated that Rco1 and
af3 are associated with Rpd3 in this mutant (Table 2).
estern analysis of Eaf3 immunoprecipitations (Figure
2, lanes 2 and 3, upper panel) confirmed this associa-

ion. Null mutants in the Rpd3 complex core subunit
IN3 and the Rpd3S subunit EAF3 (Reid et al., 2004)
ere included in ChIPs as controls. DNA from immuno-
recipitations was amplified with primers correspond-

ng to the INO1 promoter, the STE11 promoter or 5# and
# regions of the FLO8, GLT1 and STE11 ORFs. The
pd3S mutants eaf3D, rco1D, sin3D, eaf3chdD and the
istone methyltransferase (HMT) mutant set2D showed
n increased histone H4 acetylation predominantly
ithin a more 3# portion of coding regions, while the
pd3L mutant dep1D showed no significant change in
cetylation across all three coding regions (Figure 2A).
hus, the Rpd3S complex, the Eaf3 chromodomain and
et2 are important for proper regulation of coding re-
ion acetylation. To simplify matters, in the remainder
f this study, we performed ChIP analysis at coding re-
ions with the 3# ORF primer sets used here.
Since set2D displayed increased acetylation at cod-

ng regions, we tested whether histone H3K36 methyla-
ion is mediating the proper acetylation. We performed
istone H4 acetylation ChIPs in extracts from a strain
ith an alanine substitution at histone H3K36 (H3K36A).
his resulted in increased levels of acetylation compa-
able to that seen in set2D (Figure 2B). Thus, histone
3K36 methylation by Set2 is important for proper
cetylation at coding regions.
Northern blots showed that the STE11 promoter is

ranscriptionally active (Figures 5A and 5B). Under
hese circumstances, Rpd3 would not be predicted to
ave any repressive role at this promoter. None of our
utants showed any significant change in histone H4

cetylation (Figure 2C) at the STE11 promoter. How-
ver, Rpd3 is recruited to the INO1 promoter through
he DNA binding repressor protein Ume6 (Kadosh and
truhl, 1997). The Rpd3L subunit dep1D and sin3D

trains showed increased acetylation at the INO1 pro-
oter, while the rco1D, eaf3D, and set2D strains remain
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Figure 2. ChIP Analysis of Rpd3 Complex Subunits and Set2 at Coding and Promoter Regions

Crosslinked extracts from wild-type (YJW568), dep1D (YJW569), eaf3D (YJW593), rco1D (YJW646), set2D (YJW671), sin3D (YJW574), wild-
type (YJW677), eaf3chdD (YJW689) wild-type (YBL574), and H3K36A (YBL575) strains were immunoprecipitated. Samples were amplified by
PCR, run on agarose gels, and quantified. Values represent the average of two to three independent experiments. Error bars for standard
deviation are provided for values representing three experiments.
(A) ChIP analysis of Rpd3S and SET2 mutants with acetylated histone H4 antibody at the STE11, GLT1, and FLO8 5#- and 3#-coding region
portions.
(B) ChIP analysis of histone H3K36 mutant with acetylated histone H4 antibody using the FLO8 3# ORF primer set.
(C) ChIP analysis of Rpd3S and SET2 mutants with acetylated histone H4 antibody at the STE11 and INO1 promoter region.
(D) ChIP analysis of Rpd3S and SET2 mutants with histone H3K36me2 antibody using the STE11 3# ORF primer set.
unchanged (Figure 2C). Thus, Rpd3L appears to func-
tion specifically at repressed promoters, while Rpd3S
function is directed to coding regions.

We also performed ChIP for histone H3K18, which
changed in patterns similar to histone H4 acetylation in
different mutants (see Figure S3A). ChIP analysis using
a C-terminal histone H3 antibody determined that the
overall levels of histone H3 remained relatively un-
changed on the STE11 promoter, coding region and the
INO1 promoter (Figure S3B), indicating these effects
are not the result of changes in histone occupancy.

We next determined the role of Rpd3S in histone
H3K36 methylation. We addressed this by performing
dimethylated (me2) histone H3K36 ChIPs in Rpd3S
complex and SET2 null mutants. Methylation of the
STE11 coding region was diminished in the set2D but
not in rco1D and eaf3D strains (Figure 2D). The lack
of an effect by Rpd3S mutants on methylation and the
increased acetylation observed with the set2D strain
(Figure 2A) indicates that Set2 methylation functions
upstream of Rpd3S in the pathway that eventually sig-
nals for deacetylation by Rpd3.

The Eaf3 Chromodomain Directs Rpd3S
to Coding Regions
We suggested above that the Eaf3 chromodomain
might direct Rpd3S to coding regions methylated by
Set2. To address this hypothesis, we tested eaf3chdD

in ChIPs using an Eaf3 antibody. Western analysis from
immunoprecipitations of wild-type and eaf3chdD deter-
mined that the Eaf3 antibody recognized the wild-type
and mutant protein with equal intensity (Figure S2,
lanes 2 and 3, lower panel). Enrichment of Eaf3 in the
eaf3chdD strain was significantly reduced at the STE11
ORF relative to wild-type cells (Figure 3A). Thus, bind-
ing of Eaf3 complexes to the STE11 coding region re-
quires the chromodomain.

We next addressed whether Eaf3 binding was depen-
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Figure 3. Eaf3 Binding to Set2 Methylated Histone H3K36

(A and B) Crosslinked extracts from wild-type (YJW677), eaf3chdD (YJW689) wild-type (YBL574), H3K36A (YBL575), wild-type (YJW568), and
set2D (YJW671) strains were immunoprecipitated with Eaf3 antibody. PCR samples were prepared and quantified as explained in Figure
2 legend.
(A) ChIP analysis of Eaf3 binding using the STE11 3# ORF primer set.
(B) Using the FLO8 3# ORF primer set.
(C) Eaf3 chromodomain binding to histone H3K36 dimethylated peptide. GST or GST-Eaf3 chromodomain (GST-CD) were tested for binding
to biotinylated unmodified histone H3 (UM) or histone H3K36me2 peptides immobilized on strepavidin-agarose. Input and pull-downs were
run on SDS-gels and analyzed by Western blot with GST antibody.
(D) Quantification of Eaf chromodomain peptide binding. Values represent the mean (n = 4) ± standard deviation of independent experiments.
dent on Set2 and histone H3K36, by ChIP analysis of
the H3K36A and set2D strains. Both mutations resulted
in reduced Eaf3 binding at the FLO8 coding region (Fig-
ure 3B). Thus, Eaf3 binding at coding regions is depen-
dent on both the presence of histone H3K36 and Set2.
Our observations were similar at the STE11 and FLO8
genes indicating that Eaf3 binding to coding regions is
not a property of one particular gene.

To determine whether the Eaf3 chromodomain can
directly bind methylated histone H3K36, we tested a
GST-Eaf3 chromodomain for binding to a histone H3
unmodified and a K36me2 modified peptide. The chro-
modomain bound both peptides, relative to GST alone
(Figure 3C). However, the chromodomain modestly but
consistently bound the histone H3K36me2 peptide to a
greater extent than the unmodified peptide (Figure 3D).
It was also demonstrated that the chromodomain binds
nucleosomes isolated from wild-type but not set2D

cells (Keogh et al., accompanying paper). These results
suggest that the chromodomain can bind directly to
Set2 methylated histone H3K36.

Set2 Specifically Regulates Acetylation and Eaf3
Binding in 3� Portions of Coding Regions
We also tested whether the other yeast HMTs Set1 and
Dot1 played any role in acetylation of coding regions.
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et1 and Dot1 methylate histone H3K4 and H3K79, re-
pectively. We performed ChIP analysis using bre2D,
ot1D, and set2D strains. Bre2 is a component of the
et1 containing complex COMPASS, which is required

or histone H3K4 methylation (Krogan et al., 2002; Nagy
t al., 2002; Roguev et al., 2001). While set2D displayed

ncreased acetylation at the FLO8 coding region, bre2D

nd dot1D showed no increase (Figure 4A). Similarly,
af3 binding at the FLO8 coding region in set2D was
ignificantly reduced, while bre2D and dot1D strains
howed no reduction. Thus, proper acetylation and
inding of Eaf3 is regulated specifically by the Set2
MT.

pd3S and Set2 Repress Transcription Initiation
rom Intragenic Cryptic Promoters
AT activities travel with RNA Pol II and facilitate elon-
ation through downstream nucleosomes (Kristjuhan
nd Svejstrup, 2004; Kristjuhan et al., 2002; Wittschie-
en et al., 1999). An obvious function for RpdS would
e to reverse histone acetylation generated during
he passing of elongating RNA polymerases. Histone
3K36 methylation by the Set2 could provide a tran-
criptional memory of the passing polymerase and sig-
al for Rpd3S histone deacetylation. This possibility is
upported by others showing that Rpd3S (Keogh et al.,
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Figure 4. Regulation of Coding Region Acetylation and Eaf3 Bind-
ing by HMTs

Crosslinked extracts from wild-type (YJW568), bre2D (YJW718),
dot1D (YJW719), and set2D (YJW671) strains were immunoprecipi-
tated. PCR samples were prepared and quantified. Values repre-
sent the average of two experiments.
(A) ChIP analysis with acetylated histone H4 antibody.
(B) With Eaf3 antibody using the FLO8 3# ORF primer set.
accompanying paper) and SET2 (Kizer et al., 2005) mu-
tants displayed an increased resistance to the drug
6-azauracil, an indication of defects in transcription
elongation. Restoring the quality of chromatin behind
RNA polymerases is important for the fidelity of tran-
scription initiation. Nucleosome assembly proteins
Spt6 and Spt16 act as transcription elongation factors
and are required to re-establish nucleosome density on
transcribed genes (Belotserkovskaya et al., 2003;
Kaplan et al., 2003; Mason and Struhl, 2003; Saunders
et al., 2003). In their absence, transcription initiates
erroneously from cryptic promoter-like sequences
within the body of several genes. Thus, stable nucleo-
somes of adequate density are necessary to suppress
this intragenic transcription initiation and maintain the
fidelity of transcription initiation. This raises the possi-
bility that suppression of cryptic transcription requires
histone deacetylation in ORFs.

SPT6 mutants display intragenic transcription initia-
tion within the FLO8 and STE11 genes (Kaplan et al.,
2003). Therefore, we tested for the occurrence of intra-
genic initiation within these genes in Rpd3S subunit
mutants. Northern blot analysis demonstrated that
rco1D, eaf3D, and sin3D exhibited short transcripts on
STE11 (Figure 5A, lanes 3, 4, and 6) and eaf3chdD on
STE11 and FLO8 (Figure 5B, lane 4). However, the
Rpd3L component dep1D strain maintained the full-
length transcripts (Figure 5A, lane 5). As shown pre-
viously (Kaplan et al., 2003), the spt6ts produced short
transcripts on FLO8 and STE11 (Figure 5B, compare
lanes 13 and 14). The spt6ts was semipermissive under
conditions tested and produced short transcripts at
30°C (Figure 5B, lane 10). The smaller FLO8 short tran-
script was specific since it was absent in the cryptic
TATA mutant (Figure 5B, compare lanes 10 with 12 and
14 with 16). The elongation factor ppr2D strain did not
display any short transcripts (Figure 5A lane 10). Thus,
Rpd3S plays a role in repressing transcription initiation
from intragenic cryptic promoters.

Importantly, to establish whether Set2 methylation was
responsible for suppression of intragenic transcription
by Rpd3S, set2D was also tested. The set2D strain ex-
hibited short transcripts on STE11 and FLO8 (Figure 5A,
lane 9 and Figure 5B, lane 2). By contrast, the shg1D

and rad6D strains maintained the full-length transcript
of STE11 (Figure 5A, lanes 7 and 8). Shg1 is a compo-
nent of COMPASS (Krogan et al., 2002). Rad6 is in-
volved in the histone ubiquitination that is required for
methylation by Dot1 and Set1 (Briggs et al., 2002; Kro-
gan et al., 2003a; Ng et al., 2003, 2002; Sun and Allis,
2002; Wood et al., 2003). In addition, induction of SET1
was unable to suppress the short transcripts in a set2D

strain (compare lanes 13 and 16). The histone H3K36A
strain also exhibited short transcripts on STE11 and
FLO8 (Figure 5B, lane 8). Based on these results, the
Set2 HMT appears to play a specific role in repressing
intragenic cryptic promoters.

The STE11 short transcripts are localized to 3# re-
gions of the ORF (Figure 5C). Detection of these tran-
scripts in mRNA preparations with the 3# probe indi-
cates that they are polyadenylated and are genuine
transcripts (lane 16–19). The difference in levels and
choice of short transcripts in the spt6ts compared to
the Rpd3S and set2D mutants may reflect the more dis-
ruptive effects of the spt6ts on chromatin structure
(Kaplan et al., 2003) as opposed to more subtle changes
in acetylation levels in the other mutants.

Histone H3K4 trimethylation (me3) is found near the
5# ends of transcribed genes (Ng et al., 2003). Aberrant
transcription initiation within coding regions should
create this modification within a 3# transcribed region.
To test this, we performed ChIPs in Rpd3S and set2D

mutants with a histone H3K4me3 antibody using the
FLO8 3# ORF primer set. Both Rpd3S and set2D mu-
tants resulted in increased levels of histone H3K4me3,
while the Rpd3L mutant dep1D showed no significant
effect (Figure 5D).

We next determined the spt6ts effects on acetylation
and histone H3K36me2. ChIP analysis of the spt6ts
strain exhibited increased acetylation in the FLO8 cod-
ing region at 30°C (Figure 5E, top graph). This indicates
that restoration of quality chromatin structure is impor-
tant for maintaining proper acetylation within coding re-
gions. Although there was a generalized increase in
acetylation at 39°C, there was no substantial change
specific to spt6ts. This may be the result of loss in via-
bility due to the spt6ts or the loss of histone H4 as pre-
viously reported (Kaplan et al., 2003). Acetylation also
increased in spt6ts with a FLO8 cryptic TATA mutation,
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Figure 5. Rpd3S and Set2 Methylation of Histone H3K36 Repress Intragenic Spurious Transcription

(A and B) Northern blot analysis of STE11 and FLO8 transcripts from Rpd3 complex components and HMT mutants. RNA from wild-type
(YJW568), spt10D (YBL354), rco1D (YJW594), eaf3D (YJW593), dep1D (YJW569), sin3D (YJW574), rad6D (YBL234), shg1D (YBL239), set2D

(YJW671), ppr2D (CMKy80), GAL1Pro-SET2 (YBL287), GAL1Pro-SET1 (YBL288), GAL1Pro-SET1 set2D (YBL290), wild-type (EAF3FLAG)
(YJW677), eaf3chdD (YJW689), ste11D (YJW723), rad18D (YJW724), wild-type (HHT2) (YBL582), hht2-K36A (YBL575), wild-type (SPT6)
(FY2181), spt6-1004 (FY2180), wild-type (flo8-100) (FY2179), and spt6-1004 flo8-100 (FY2182) strains grown in medium containing (A) dextrose
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haps, the combined effects of SAGA-related complexes

or galactose or (B) and (C) at 30°C and 39°C. Filters were probed with full-length sequence complementary to STE11, 5# and 3# regions of
STE11, 3# region of FLO8 and as a loading control either RAD18 or SCR1. The full-length (FL) and short transcript signals for STE11 and
FLO8 are indicated. (D) ChIP analysis of H3K4me3 in Rpd3S and set2D mutants. Crosslinked extracts from wild-type (YJW568), dep1D

(YJW569), eaf3D (YJW593), rco1D (YJW646), set2D (YJW671), sin3D (YJW574), wild-type (YJW677), and eaf3chdD (YJW689) were immuno-
precipitated using histone H3K4me3 antibody. (E) ChIP analysis of SPT6 and FLO8 cryptic TATA mutants. Crosslinked extracts prepared from
wild-type (SPT6) (FY2181), spt6-1004 (FY2180), wild-type (flo8-100) (FY2179), and spt6-1004 flo8-100 (FY2182) grown at 30°C and 39°C were
immunoprecipitated using acetylated histone H4 antibody (top graph) and histone H3K36me2 antibody (bottom graph). (D and E) PCR samples
were prepared and quantified. Fold enrichment was determined as the ratio of the normalized wild-type or mutant to the isogenic wild-type
at 30°C. Values represent the average of two experiments.

tion by HAT1 (Verreault et al., 1996). Similarly, replica-
indicating that acetylation was not solely a conse-
quence of the intragenic transcription. The FLO8 3#
ORF primer set amplifies a region that contains the
cryptic promoter (Kaplan et al., 2003).

The spt6ts also exhibited a loss of histone H3K36me2
at both temperatures (Figure 5E, bottom graph), indi-
cating that Spt6 function is also needed for Set2 meth-
ylation. Histone H3K36me2 was also disrupted in the
spt6ts cryptic TATA mutant, indicating that this loss of
methylation is not caused by the intragenic tran-
scription.

Overall, our analysis determined that Rpd3S and
Rpd3L share a core of subunits. The shared core, Rco1
and Eaf3 comprised the Rpd3S complex. Rpd3S func-
tions in repressing intragenic transcription through his-
tone deacetylation. This repression occurs through the
Eaf3 chromodomain that recognizes the histone meth-
ylation mediated by Set2.

Discussion

Control of Coding Region Histone Acetylation
through Histone Methylation
The work presented here demonstrated that methyla-
tion of histone H3K36 by Set2 directs deacetylation by
Rpd3S. Interestingly, while changes in acetylation
within coding regions in Rpd3S and SET2 mutants were
localized to more 3# portions (Figure 2A), and genome
wide analysis determined that while H3K36 methylation
progressively increases in a 3# direction (Pokholok et
al., 2005), there is still evidence of this methylation
throughout the coding region (Krogan et al., 2003b;
Morillon et al., 2005; Schaft et al., 2003; Xiao et al.,
2003). This suggests that additional layers exist to reg-
ulate Rpd3S activity in coding regions. The current evi-
dence suggests that events occurring in the 5# portion
of genes influence how efficiently Rpd3 deacetylates
across an ORF. Genome wide studies indicate that his-
tone H3K4 methylation peaks at the 5# end of tran-
scribed genes and dissipates across the coding region
(Ng et al., 2003; Pokholok et al., 2005). Perhaps, this
overlap in histone H3K4 and H3K36 methylation favors
acetylation in this 5# region.

Histone H3K4 methylation stimulates acetylation
through the chromodomain protein Chd1 which is
found in both SLIK and the related SAGA HAT complex
(Pray-Grant et al., 2005). In addition, Eaf3 as part of
NuA4 may recognize histone H3K36 and H3K4 methyla-
tion in 5# portions of the genes. Recruitment of NuA4
and histone H4K8 acetylation at the MET16 promoter
depend on Set1 and Set2 (Morillon et al., 2005). Per-
and NuA4 overcome Rpd3S deacetylation in this part
of the coding region. As histone H3K4 methylation dis-
sipates and H3K36 methylation remains intact in more
3# portions of the coding region, the equilibrium be-
tween HATs and HDACs may shift to favor a hypoacet-
ylated histone pattern through the mechanism we de-
scribed in this report.

Histone Acetylation within Coding Regions
The dynamics of histone exchange around the elongat-
ing polymerase remain unclear. The FACT complex and
Spt6 facilitate the disassembly of nucleosomes ahead
of and reassembly in the wake of the elongating poly-
merase (Belotserkovskaya et al., 2003). Reflective of
Rpd3S, the FACT component Spt16 or Spt6 mutants
also exhibit aberrant transcription initiation (Kaplan et
al., 2003; Mason and Struhl, 2003). Thus, the proper
reassembly by FACT, Spt6, and deacetylation by Rpd3S
of nucleosomes within transcribed regions is important
for repressing cryptic promoters.

What remains unclear is the extent the elongation
machinery restores the nucleosome with the original
and new histones. The observation that higher eukary-
otes replace histone H3 with the histone H3.3 variant at
actively transcribed regions indicates that histone turn-
over does occur during transcription (Schwartz and Ah-
mad, 2005). Yeast may use this mechanism but, the
lack of a histone H3 variant would obstruct its identifi-
cation, because histone H3.3 is the only histone H3 in
yeast. The transfer of preexisting histones through the
elongation machinery appears to occur as well. FACT
and Spt6 bind the H2A/H2B dimer and histone H3, re-
spectively (Belotserkovskaya et al., 2003; Bortvin and
Winston, 1996). Through these interactions, FACT and
Spt6 appear to serve as histone chaperones and facili-
tate histone passage through the elongation machinery.
It is possible that FACT and Spt6 participate in the de-
position of new histones.

The origins of redeposited histones may provide in-
sight into the purpose for methylation and acetylation
during elongation. Perhaps, histone acetylation facili-
tates histone interaction with FACT and Spt6. If the pre-
existing histones are redeposited, this would imply that
Rpd3S removes the acetylation that occurred during
their transfer through the elongation machinery. In sup-
port of this model, the RNA Pol II associated elongator
complex subunit Elp3 is a HAT (Wittschieben et al.,
1999). Alternatively, nucleosome assembly on tran-
scribed DNA may involve new histones in an acetylated
form. DNA replication dependent deposition of histone
H3-H4 heterodimers by CAF1 requires histone acetyla-
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tion independent deposition of the histone H3.3-H4
heterodimer involves the HIRA complex (Ray-Gallet et
al., 2002; Tagami et al., 2004). Perhaps, HIRA also re-
quires acetylation for its deposition function.

In either case, it is conceivable that acetylated his-
tone deposition would create a chromatin environment
amenable to transcription initiation from cryptic pro-
moters within coding regions. The close association of
Set2 with the elongating polymerase may mark through
methylation the redeposited new or preexisting his-
tones for deacetylation by Rpd3S.

Role of Rpd3S and Eaf3 in Other Organisms
We demonstrated here the importance of the Eaf3 chro-
modomain in repression of cryptic promoters within
coding regions. To our knowledge the impact of these
spurious transcripts or EAF3 mutants on yeast remains
unknown. Eaf3 is highly conserved from yeast to hu-
mans and appears to be important in higher organisms.
For instance, the Eaf3 ortholog MRG15 in Drosophila
and mice is important for proper embryonic develop-
ment (Kusch et al., 2004; Tominaga et al., 2005). An-
other notable example is the human protein MORF4
(Bertram et al., 1999). This protein is nearly homologous
to MRG15 with the exception that it lacks the chromo-
domain. When expressed in immortal cell lines, MORF4
induces senescence. This suggests that the chromodo-
main in this protein family is an important component of
cell division. Both MRG15 and MORF4 associate with
mSin3A complexes (Yochum and Ayer, 2002). It is quite
possible that defects in yeast Eaf3 lead to similar cellu-
lar senescence through genomic instability caused by
expression of these aberrant transcripts within coding
regions. The effects of this improper transcription may
only become apparent in older cells and go unnoticed
under normal culture conditions.

Experimental Procedures

Strains and Plasmids
The strains used in this study are listed in Table S2. RPD3TAP
(YJW652) and RXT2TAP (YJW670) strains in the w303 background
were constructed by PCR-mediated integration using the plasmid
pBS1479 as described (Puig et al., 2001). RPD3TAP, eaf3D

(YJW666) was generated by PCR-mediated gene disruption of
EAF3 in YJW612. RPD3TAP, rco1D (YJW667) was created through
a cross between YJW612 and YJW646. The Eaf3 chromodomain
mutant (YJW689) was constructed using the modified delitto per-
fetto method (Storici et al., 2003), deleting amino acids 77-113.
RPD3TAP, eaf3chdD (YJW673) was created through a cross be-
tween YJW612 and YJW689. The remaining TAP tagged and null
mutant strains were purchased from Open Biosystems. The histone
H3K36 mutant (YBL575) strain was made by plasmid shuffling with
a wild-type histone H3 on a URA3 marker.

Tandem Affinity Purification of Protein Complexes
TAP purifications were carried out as described previously (Wu and
Winston, 2002) with several modifications. Briefly, extracts from
6–12 liters of cells were incubated with Ig-sepharose and eluted
with TEV protease. The eluate was incubated with calmodulin-
sepharose and eluted with EGTA. For purification of Rpd3 com-
plexes, the TEV cleavage eluate was applied to a 1 ml MonoQ an-
ion-exchange column and eluted over a 25 ml linear 0.1– 0.5 M
NaCl gradient. Gel filtration analysis was carried out using a 24
ml Superose 6 column (Amersham). Fractions were analyzed by
Western using an Rpd3 antibody (Upstate Biotechnology). A more
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etailed description of purifications is provided in the Supplemen-
al Data.

udPIT Analysis of Protein Complexes
ass spectrometry of protein complexes by MudPIT was per-

ormed as described previously (McDonald et al., 2002; Washburn
t al., 2001; Wolters et al., 2001). The algorithm 2 to 3 (Sadygov et
l., 2002) was used to determine charge state and to delete poor
uality spectra. Matches to MS/MS spectra to peptides from a
. cerevisiae protein sequence database (NCBI) were determined
sing the program SEQUEST (Eng et al., 1994). Peptide/spectrum
atches were sorted using the program DTAselect (Tabb et al.,

002). The program CONTRAST was used to compare peptides
etween protein complexes (Tabb et al., 2002).

orthern Analysis
east Strains were grown at 30°C and 39°C in YP+ 2% dextrose or
P+ 2% galactose with 20 ug/ml of adenine. Total RNA was pre-
ared by glass bead disruption; resolved on agarose-formaldehyde
els and transferred to Zeta-Probe membrane (Bio-RAD) (Guthrie
nd Fink, 1991) (Li and Reese, 2001). mRNA was purified on oligo-
T resin (Ambion). RNA was crosslinked to the membrane by UV

rradiation and drying. Hybridization was carried out in 6X SSC, 5X
enhardt’s solution, 0.5% SDS and 0.1 mg/ml of salmon sperm
NA. Probes (full-length, 3# FLO8 +1672–+2399, 5# STE11 +1–+593,
nd 3# STE11 +1641–+2153) were generated by PCR.

hromatin Immunoprecipitation Analysis
hIPs were done as described previously (Hecht and Grunstein,
999). Immunoprecipitations were performed using: 3 �l of anti-
cetyl histone H4 (Upstate Biotechnology), 2 �l of anti-dimethyl
istone H3 (Lys36) (Upstate Biotechnology), 3 �l of anti-acetyl his-
one H3 (Lys18) (Abcam), 2 �l of anti-trimethyl histone H3 (Lys 4), 3
l of anti-histone H3 (Abcam), 10 �l of anti-Eaf3 (Abcam). Inputs,
iluted 25 fold, and undiluted ChIP were analyzed by PCR using 25
ycles of standard PCR conditions. Reactions were resolved on
.2% agarose gels and scanned on a Typhoon 9400 (Amersham).
rimers used relative to translation start sites corresponded to
343 and −131 for the INO1 promoter, −432 and −157 for the STE11
romoter, +904 and +1196 for the STE11 ORF 3#, +310F and +593

or the STE11 ORF 5#, +1505 and +1734 for FLO8 3#, +261 and
493 for FLO8 5#, +3241 and +3490 for GLT1 3#, +161 and +397 for
LT1 5#. The TEL loading control primer set corresponded to a

egion 500 bp from the right arm of chromosome 6 (Vogelauer et
l., 2000). ChIP were quantified by normalizing band intensities for
ach sample using the formula: (specific gene IP / TEL IP)/(specific
ene Input / TEL Input). Fold enrichment was determined as the
atio of the normalized wild-type or mutant to the isogenic wild-
ype ChIP.

eptide Pull-down Assay
ST or GST-Eaf3 Chromodomain (aa 67–127) (1 �g) from bacterial
verexpression was incubated in binding buffer (20mM Tris-HCl

pH 8.0], 250mM NaCl, 1mM EDTA, 0.5% NP-40, 1mM PMSF, 1mM
TT, and protease inhibitor cocktail [Roche]) with 10 �g of BSA
nd 1 �g biotinylated dimethylated histone H3K36 peptide or his-
one H3 unmodified aa 22-44 (Sigma Genosys) immobilized on
trepavidin-agarose. The beads were then washed with binding
uffer and analyzed by Western with antibody against GST (Z-5,
anta Cruz) Western band intensities were quantified on a Typhoon
400. Fold enrichment was expressed as the ratio of the percent

nput GST-CD binding on histone H3 unmodified or K36me2 pep-
ide over the unmodified peptide.

upplemental Data
upplemental Data include Supplemental Experimental Proce-
ures, three figures, two tables, and Supplemental References and
an be found with this article online at http://www.cell.com/cgi/
ontent/full/123/4/581/DC1/.

http://www.cell.com/cgi/content/full/123/4/581/DC1/
http://www.cell.com/cgi/content/full/123/4/581/DC1/
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