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Summary

Methylation of histone proteins is one of their many
modifications that affect chromatin structure and reg-
ulate gene expression. Methylation of histone H3 on
lysines 4 and 79, catalyzed by the Seti-containing
complex COMPASS and Dot1p, respectively, is re-
quired for silencing of expression of genes located
near chromosome telomeres in yeast. We report that
the Paf1 protein complex, which is associated with
the elongating RNA polymerase ll, is required for meth-
ylation of lysines 4 and 79 of histone H3 and for silenc-
ing of expression of a telomere-associated gene. We
show that the Paf1 complex is required for recruitment
of the COMPASS methyltransferase to RNA polymer-
ase Il and that the subunits of these complexes inter-
act physically and genetically. Collectively, our results
suggest that the Paf1 complex is required for histone
H3 methylation, therefore linking transcriptional elon-
gation to chromatin methylation.

Introduction

The elongation stage of transcription by RNA polymer-
ase Il is a highly regulated process that requires the
concerted action of many proteins (Conaway and Cona-
way 1993; Shilatifard et al., 1997a, 1997b; Shilatifard
1998; Reines et al., 1996; Uptain et al., 1997). RNA poly-
merase Il elongation factors fall into several functional
classes. One class, involved in drug-induced arrest or
sequence-dependent arrest of transcription, includes
P-TEFb (Zhu et al., 1997), DSIF (Spt4, Spt5) (Wada et
al., 1998), and SlI (Gu and Reines, 1995). A second class,
which regulates the rate of transcriptional elongation
through a nucleosomal template, includes FACT (facili-
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tates chromatin transcription) (Orphanides et al., 1999).
A third class operates to increase the catalytic rate of
transcription elongation by altering the K, and/or the
Vinax Of the polymerase and includes TFIIF (Conaway and
Conaway, 1993), Elongin (Bradsher et al., 1993; Aso et
al., 1995), and the ELL protein family (Shilatifard et al.,
1996, 1997a, 1997b; Miller et al., 2000).

Although many of the elongation factors mentioned
above have been implicated in the elongation stage of
transcription in vitro, very little is known about their
role in transcriptional elongation in vivo. We recently
demonstrated that the Drosophila elongation factor
dELL, whose mammalian homolog is required for the
development of acute myeloid leukemia (Shilatifard,
1998; DiMartino et al., 2000), behaves as an elongation
factor in vivo both cell biologically and genetically (Shi-
latifard et al., 1996; Gerber et al., 2001; Eissenberg et
al., 2002). Our data suggest that the regulation of tran-
scriptional elongation is an essential step in regulation of
gene expression and that the various elongation factors
play a pivotal role in piloting RNA polymerase |l on its
voyage down the double helix.

The Pafl protein complex, which consists of Rtf1,
Paf1, Cdc73, Leo1, and Ctr9, associates with the elon-
gating RNA polymerase Il (Stolinski et al., 1997; Costa
and Arndt, 2000; Mueller and Jaehning, 2002; Squazzo
et al., 2002; Pokholok et al., 2002; Krogan et al., 2002a).
The sensitivity of strains deleted for some of the Paf1
complex subunits to the drug 6-azauracil (6-AU), which
is believed to impede RNA polymerase Il elongation by
reducing intracellular GTP or UTP levels (by inhibiting
enzymes that catalyze their biosynthesis), suggests that
the Paf1 complex may also function during the elonga-
tion stage of transcription. Indeed, the Pafi complex
associates with the elongating RNA polymerase Il. Al-
though the subunits of the Paf1 complex are not essen-
tial for viability in yeast, some yeast strains lacking one
or more subunits of the complex exhibit transcriptional
defects when grown in the presence of 6-AU.

Methylation of lysines 4 and 79 of histone H3 is re-
quired for silencing of expression of genes located near
chromosome telomeres. COMPASS is a histone methyl-
transferase that catalyzes methylation of lysine 4; Dot1
catalyzes methylation of lysine 79 (Krogan et al., 2002b;
Miller et al., 2001; Roguev et al., 2001; Nagy et al., 2002;
Briggs et al., 2001; Ng et al., 2002a; van Leeuwen et
al., 2002). By screening extracts of ~4800 nonessential
yeast gene deletion mutants, we identified several other
proteins required for methylation of lysine 4 and lysine
79 of histone H3 (Dover et al., 2002; Wood et al., 2003).
These include the subunits of the Paf1 complex, which
have been demonstrated to be associated with the elon-
gating form of RNA polymerase Il. We describe results
that suggest that Rtf1 and Paf1 genetically and physi-
cally interact with COMPASS and Dot1, and are required
for: (1) methylation of histone H3 on lysines 4 and 79,
(2) telomeric associated gene silencing, and (3) recruit-
ment of COMPASS to the transcribing polymerase. Our
results suggest that transcription elongation is linked to
histone methylation.
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Figure 1. Surveying the S. cerevisiae Genome with Global Proteomic Analysis of S. cerevisiae Identified the RNA Polymerase Il Elongation
Complex Paf1 to Be Required for the Methylation of Lysine 4 of Histone H3

(A and B) Extracts of S. cerevisiae mutants missing one of the approximately 4800 nonessential genes were tested for the presence of Lys4-
methylated histone H3 employing GPS (Dover et al., 2002). Strains lacking either (A) Rtf1 or (B) Paf1 are defective for this histone modification.
Blue arrows at position b10 in (A), d1 in (B), and h3 in both indicate empty wells as plate markers.

(C) Extracts of wild-type strains or strains deleted for rtf1, paf1, and ctr9 were tested for the presence of Lys4-methylated histone H3. The
presence of acetylated histone H4 was used as an internal loading control.

(D) The K4 methylation-deficient phenotype of the rtf1A and paf1A cells was complemented by either an empty episomal vector or an episomal
vector containing full-length DNA sequence coding for either Rtf1 or Paf1. The presence of acetylated histone H4 was used as an internal

loading control.

Results

The Paf1 Complex Is Required for Methylation

of Lysine 4 of Histone H3

To identify proteins involved in the methylation of his-
tone H3 by COMPASS, we employed Global Proteome
analysis of S. cerevisiae (GPS) (Dover et al., 2002) to
test by Western blotting extracts of each of the ~4800
nonessential yeast gene deletion mutants for defects in
methylation of lysine 4 of histone H3, using anti-Lys4-
methylated histone H3 as probe. A representative result
from this mutant screen is shown in Figures 1A and 1B.
This revealed that components of the RNA polymerase
Il elongation factor Paf1 complex are required for meth-
ylation of lysine 4 of histone H3: mutants missing Rtf1,
Paf1l, and Ctr9 are defective in methylation of K4 of
histone H3 (Figure 1C). The histone H3 lysine 4 methyla-
tion defect in these mutants is complemented by intro-
ducing into them plasmids containing either the RTF1
or PAF1 genes (Figure 1D). The Paf1t complexis localized
near promoters and with the elongating polymerase
(Stolinski et al., 1997; Costa and Arndt, 2000; Mueller
and Jaehning, 2002; Squazzo et al., 2002; Pokholok et
al., 2002; Krogan et al., 2002b) and is required for expres-

sion of several genes, particularly those that respond
to signals from the Pkc1/MAP kinase cascade (Betz et
al., 2002). In order to determine whether the Pafi com-
plex may be required for the expression of Set1, we
tested the level of expression of Set1 in both wild-type
and strains deleted for either Paf1 or Rtf1 employing
Set1-specific antibodies. We did not detect any differ-
ence in expression level of Setl in the strains tested,
indicating that the Paf1 complex is not required for the
expression of Set1 (data not shown).

The Components of COMPASS and the Paf1
Complex Interact

To evaluate the function of COMPASS and the Pafi
complex in gene regulation, we systematically surveyed
yeast genes for their genetic interactions with rtf1 and
paf1 mutations by synthetic genetic array (SGA) analysis
(Tong et al., 2001). The set1, cps50, cps40, cps30, and
cps25 mutants were crossed to an array of yeast mutant
strains missing genes involved in transcriptional regula-
tion (Tong et al., 2001). Nonviable or slow-growing dou-
ble mutant meiotic progeny identify potential function-
ally related genes. A representative tetrad analysis of
COMPASS and Paf1 complex crosses is shown in Figure
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2A. We identified approximately 45 genes that result in
a growth defect when combined with a mutation in a
gene encoding a component of COMPASS. These in-
clude the components of the Paf1 complex, Rtf1, Cdc73,
and Leo1 (Figure 2B). (CTR9 and PAF1 were not identi-
fied in the screen because mutants missing these genes
are not present in the standard available set of deletion
mutants).

Physical Interaction between Components of the Paf1
Complex, RNA Polymerase Il, and COMPASS

To test whether COMPASS and the Paf1 protein com-
plex physically interact with each other, we purified the
Paf1 complex by immunoprecipitating its Ctr9 subunit
fused to the TAP affinity tag (Figure 3A). Employing Set1-
specific polyclonal antibodies (Miller et al., 2001), we
demonstrated that there is a substoichiometric amount
of Set1 associated with the purified Paf1 complex (Figure

cdc73A:natR X
cps30A::kanR

Figure 2. Subunits of COMPASS and the
Paft Complex Interact Genetically

Genetic interaction network representing
— synthetic lethality and synthetic growth de-
p fects determined by SGA analysis.
(A) A representative tetrad analysis of COM-
e PASS and Paf1 complex crosses shown here
D demonstrate synthetic growth phenotype.
(B) Genes are represented by circles, and ex-
perimentally observed genetic interactions
via SGA are represented as lines that connect
the circles. All of the interactions were con-
firmed by both tetrad analysis and random
sporulation (data not shown).

kanR

3B), indicating the presence of physical interaction be-
tween COMPASS and the Pafl complex.

Different phosphorylated forms of the C-terminal do-
main (CTD) of RNA polymerase Il predominate at differ-
ent stages of transcription (Komarnitsky et al. 2000; Cho
et al., 2001). For example, Ser5 phosphorylation of CTD
is detected primarily at promoter regions and the early
elongation complexes, Ser2 phosphorylation of the CTD
is mostly found to be associated with polymerases in
productive elongation complexes. Because the Paf1
complex is associated with RNA polymerase Il (Stolinski
et al., 1997; Costa and Arndt, 2000; Mueller and Jaeh-
ning, 2002; Squazzo et al., 2002; Pokholok et al., 2002;
Krogan et al., 2002b), we tested whether COMPASS can
also associate with RNA polymerase Il and found this
indeed to be the case (Figure 3C). To determine which
phosphorylated form of RNA polymerase Il (Ser2 or Ser5
phosphorylated) COMPASS associates with, we purified
COMPASS via TAP-tagged Cps30 or Cps60. The pres-
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Figure 3. Subunits of COMPASS, the Pafi Complex, and RNA Polymerase Il Are Biochemically Associated within a Macromolecular Complex
(A) The Paf1t complex was purified to homogeneity by TAP tagging the Ctr9 subunit of the complex. The complex was analyzed by SDS-PAGE
and silver staining.

(B) The presence of the Set1 subunit of COMPASS in the purified Pafl complex in (A) was tested by Western analysis using a polyclonal
antibody specific to Set1 (antibody to Set1 was generously provided by Dr. Pillus).

(C) The presence of RNA polymerase Il in the purified COMPASS (purified by tagging the Cps30 subunit of the complex) was tested by Western
analysis using monoclonal antibody 8WG16 specific to the C-terminal domain of the large subunit of RNA polymerase Il.

(D) The interaction of COMPASS with RNA polymerase Il in the presence or absence of the Pafi complex and the interaction of the Paf1
complex with RNA polymerase Il in the presence and absence of COMPASS were tested. COMPASS was purified from wild-type strains after
tagging the Cps30 or Cps60 subunit of COMPASS. The Paf1 complex was purified by tagging the Leo1 subunit of the complex. The presence
of RNA polymerase Il was tested by Western analysis using either as a phospho-serine 2 (H5) or a phospho-serine 5 (H14) monoclonal
antibodies to the C-terminal domain of the large subunit of RNA polymerase Il. To determine whether the interaction of COMPASS with RNA
polymerase Il is dependent on the presence of the Pafi complex, interaction of RNA polymerase Il with COMPASS was tested in strains
lacking the Ctr9 subunit of the Paf1 complex (lanes 6, 7, 16, and 17). To further analyze the interaction of the Paf1 complex with RNA polymerase
Il and to determine whether this interaction is dependent on the presence of COMPASS, purified Pafl complexes (via tagging the Leo1 subunit
of the complex) from wild-type cell or a strain defective for Set1 were tested for the presence of RNA polymerase Il (lanes 10, 11, 20,
and 21).

merase and that the presence of stable Pafl complex
is required for such interactions.

ence of RNA polymerase Il was detected by Western
blotting with anti-phospho-Ser2 or anti-phospho-Ser5
monoclonal antibodies. Our results demonstrate that

COMPASS associates mostly with RNA polymerase Il
phosphorylated in its CTD on Ser5. This interaction re-
quires the Pafl complex because RNA polymerase |l
does not interact with COMPASS in strains missing the
Ctr9 subunit of the Pafl complex (Figure 3D, lanes 6, 7,
16, and 17). The converse, however, is not true: interac-
tion of the Pafl complex with RNA polymerase Il does
not require the presence of COMPASS (Figure 3D, lanes
10, 11, 20, and 21). These results suggests that COM-
PASS is primarily associated with RNA polymerase I
located at promoters and with the early elongating poly-

The Paf1 Complex Is Required for the Recruitment
of COMPASS to Chromatin

If COMPASS is mostly associated with RNA polymerase
that is phosphorylated on Ser5 on its CTD, we expect
to observe association of COMPASS at the promoter
and with the early elongation complexes. Indeed, our
chromatin immunoprecipitation experiments indicate
that COMPASS is preferentially localized to the pro-
moter and the 5’ end of coding sequence of the PMA1
gene, suggesting that it is associated with the initiating
and early elongating complexes of RNA polymerase
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Figure 4. The Paflt Complex Is Required for the Recruitment of COMPASS to RNA Polymerase Il
Chromatin immunoprecipitation (ChIP) assays with Cps60-TAP and Cps60-TAP ctr9A strains were performed as previously described (Wood

et al., 2003).

(A) To monitor the presence of COMPASS along the PMA1 gene, chromatin was immunoprecipitated in triplicate with rabbit IgG-agarose.
PCR amplifications were carried out using primer pairs recognizing promoter (1) or coding (2, 3, 4, 5) regions for PMA1. Primer pairs are as
follows: PMA1_5,, and PMA1_g, (1), PMA1,¢ and PMA14, (2), PMA15, and PMA1g; (3), PMA1,y, and PMA1,,, (4), PMA1,,5 and PMA1 5, (5).
Each PCR contained a second primer pair that amplified a region of chromosome V devoid of ORFs, thus providing an internal control for
background. The ratio of the experimental to the control signal for the precipitated DNA was divided by the ratio of the experimental to the

control signal for the input DNA.

(B) The presence of COMPASS on the PMA1 gene was also monitored in strains deleted for ctr9 as described in (A).

(Figure 4A). Most notably, the Pafi complex is required
for recruitment of COMPASS to chromatin (Figure 4B),
suggesting that the interaction of COMPASS with RNA
polymerase on chromatin requires the presence of the
Paflt complex. This observation further supports our
biochemical data regarding physical interaction be-
tween COMPASS with RNA polymerase Il and the re-
quirement for the Paf1 complex as presented in Figure 3.

The Paf1 Complex Is Required for Methylation

of Lysine 79 of Histone H3

The lysine 79 of histone H3 is also methylated, and Dot1
is the enzyme responsible for the modification of histone
H3 (Ng et al., 2002a; van Leeuwen et al., 2002). We
set out to determine whether the Paf1 complex is also
required for histone methylation on lysine 79 of histone
H3. We discovered that components of the Pafl com-
plex are also required for this histone modification (Fig-
ures 5A and 5B). Western blot analysis with antibodies
specific to K79-methylated histone H3 results in the
appearance of a doublet band with the approximate size
of histone H3. Loss of Dot1, the enzyme that catalyzes
methylation of histone H3 on K79, results in the total
loss of the doublet (data not shown), as does deletion of
either RAD6 or BRE1, which encodes the ubiquitination
enzymes required for K79 methylation (data not shown).

We are not certain why this antibody detects a doublet.
It could be due to two different isoforms of H3, one
perhaps methylated and phosphorylated (or other modi-
fications) and the other one only methylated.

The requirement of the Pafl complex for methylation
of lysine 79 of histone H3 was confirmed by testing
histone H3 K79 methylation in independently generated
rtf1 and paf1 mutants (Figures 5A-5C) However, in con-
trast to methylation of K4 of histone H3, we detect resid-
ual methylation of K79 in strains lacking CTR9. Also,
Leo1 (another component of the Pafl complex) is not
required for K79 methylation (data not shown). We also
demonstrated that the loss of H3 K79 methylation phe-
notype in strains deleted for either rtf1A or pafiA can
be complemented by the wild-type genes as shown in
Figure 5D, lanes 3-14. To evaluate the genetic interac-
tions between Dot1p and the Paf1 complex, we system-
atically surveyed yeast genes for their genetic interac-
tions with DOT1 by synthetic genetic array analysis
(Tong et al., 2001). We found that Dot1p genetically
interacts with the subunits of the Rtf/Paf1 complex (data
not shown).

The Paf1 Complex Is Required for Silencing of Gene
Expression at Chromosome Telomeres

Methylation of histone H3 on K4 (catalyzed by COM-
PASS) and on K79 (catalyzed by Dot1) is required for
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Figure 5. The Paft Complex Is Also Required for the Methylation of Lysine 79 of Histone H3

(A and B) Employing GPS (Dover et al., 2002), extracts of S. cerevisiae mutants missing one of the approximately 4800 nonessential genes
were tested for the presence of Lys79-methylated histone H3. Strains lacking either (A) Rtf1 or (B) Paf1 are defective for this histone modification.
Blue arrows at position b10 in (A), d1 in (B), and h3 in both indicate empty wells as plate markers.

(C) Same extracts as in Figure 1. Wild-type strains or strains deleted for rtf1, paf1, and ctr9 were tested for the presence of Lys79-methylated
histone H3. The presence of acetylated histone H4 was used as an internal loading control.

(D) The K79 methylation-deficient phenotype of the rtf1A and paf1A cells was complemented by either an empty episomal vector or an
episomal vector containing full-length DNA for Rtf1 or Paf1. The presence of acetylated histone H4 was used as an internal loading control.

silencing of expression of genes located near chromo-
somal telomere (Nislow et al., 1997; Miller et al., 2001;
Krogan et al., 2002a; Ng et al., 2002a; van Leeuwen et
al., 2002). Since the Paf1 complex is required for histone
methylation by COMPASS and Dot1p, we tested the role

of the Paft complex in the regulation of silencing of
expression of a URA3 gene located near the telomere
of chromosome VII. The Pafl complex is required for
silencing of expression of a URA3 gene located near
the telomere of chromosome VII (Figure 6), an observa-
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Figure 6. Strains Lacking either Rtf1 or Pafl Are Defective for the
Silencing of Genes Located Near a Chromosomal Telomere

(A) Deletion of either rtf1 or paf1 results in a defect in silencing of
gene expression at telomeres. The wild-type parental strain
(UCC1001, harboring URA3 near the left telomere of chromosome
7 as a reporter of telomeric gene silencing [Nislow et al., 1997]) and
UCC1001 strains deleted for set1, rad6, rft1, or pafl were tested
for defects in silencing of gene expression at telomeres. Wild-type
cells silence expression of the telomere-associated URA3 gene and
are therefore resistant to 5FOA. Cells defective for telomeric gene
silencing have increased expression of URA3 and hence are sensi-
tive to 5FOA (14, 20, 25, and 33). A 2-fold serial dilution of cultures
(from about 5 X 10* cells) was spotted on minimal glucose plates
containing (lower panel) or lacking (upper panel) 5FOA. These plates
were incubated at 30°C for 48 (*+4) hr.

(B) The ability of each strain to methylate its histone H3 on K4 and
79 was tested by Western analysis. In the same experiment, the
addition of two independently cloned plasmids containing wild-type
Rft1 or Pafl complemented both the silencing and methylation-
defective phenotypes. The presence of acetylated histone H4 was
used as an internal loading control.

tion that is consistent with our previously reported link-
age between gene silencing and histone H3 lysine 4
methylation (Krogan et al., 2002a).

Discussion

Methylation of lysine 4 and 79 of histone H3, catalyzed
by COMPASS and Dot1p, respectively, requires ubiquiti-
nation of histone H2B on lysine 123 (Dover et al., 2002;
Sun and Allis, 2002). Ubiquitination of histone H2B is
catalyzed by Rad6 (E2) (Robzyk et al., 2000) and its E3
ligase, Brel, which seems to guide the recruitment of
Rad6 to promoters (Wood et al., 2003). Our analyses
reported in this manuscript indicate that the compo-

nents of the Paf1 complex are also required for methyla-
tion of histone H3 on K4 and K79. The requirement of the
Paf1 complex for histone H3 methylation is supported by
the following observations. (1) Loss of the components
of the Paf1 complex results in defect in histone methyla-
tion on K4 and K79 of histone H3. (2) COMPASS interacts
with RNA polymerase Il and the Paf1 complex, and the
interaction of COMPASS with RNA polymerase Il re-
quires the presence of the Paf1 complex. (3) The compo-
nents of COMPASS genetically interact with the compo-
nents of the Paf1 complex. (4) Dot1p requires the Paf1
complex for its histone methyltransferase function and
genetically interacts with the components of the Paf1
complex. (5) Deletion of genes encoding components
of the Paf1 complex result in a defect in telomeric-asso-
ciated gene silencing. (6) Recruitment of COMPASS to
the promoters and the early transcribing polymerase
requires the Pafl complex. Together, our data suggest
a link between histone methylation and transcription
elongation.

Our systematic survey of yeast genes that genetically
interact with rtf1 or paf1 by synthetic genetic array analy-
sis (Tong et al., 2001) indicated that deletions of genes
encoding components of COMPASS (set1, cps50,
cps30, and cps25) are synthetic lethal with rtf1 and paf1
mutations. We were surprised by this result because
the Paflt complex and COMPASS are involved in the
same process. This observation may suggest that the
Paft complex and COMPASS also play other roles in
addition to their role in catalyzing histone methylation.

We have observed a substoichiometric amount of
COMPASS associated with the purified Pafi complex.
It is possible that these complexes associate stoichio-
metrically in vivo; however, they may fall apart during
the biochemical purification. Alternatively, it is possible
that only a small portion of the total COMPASS and the
Paf1 complex are found in cocomplex with each other
in vivo. We will test this possibility by analyzing the
localization of the components of COMPASS and the
Paf1 complex on polytene chromosome in vivo to test
this hypothesis.

Most recently, results from the Gottschling and Struhl
laboratories have suggested that methylation of histone
H3 on lysine 79 by Dot1 is also required for regulation
of telomeric silencing in yeast (Ng et al., 2002a; van
Leeuwen et al., 2002). They have suggested that methyl-
ation of histone H3 limits silencing to discrete chromo-
somal regions by preventing the binding of Sir and other
related proteins elsewhere along the genome. It is in-
triguing that methylation of both lysines 4 and 79 re-
quires ubiquitination of histone H2B (Dover et al., 2002;
Sun and Allis, 2002; Ng et al., 2002b; Wood et al., 2003)
and that methylation of histone H3 on lysine 4 is also
involved in the regulation of telomeric silencing. To-
gether, this may suggest that telomeric silencing
through lysine 4 and lysine 79 methylation may function
by a similar mechanism.

It was recently suggested that histone H3 methylation
and histone H2B ubiquitination may occur on the same
nucleosome. However, it appears that there is a large
difference in the amount of histone H3 methylation and
histone H2B ubiquitination; we find that over 50% of H3
molecules are methylated on K4, but less than 5% of
H2B molecules are ubiquitinated on K123. This observa-
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tion, in conjunction with our recent finding that both
Rad6 and its E3 ligase, Bre1, are recruited to the pro-
moter of a gene (Wood et al., 2003) suggests the possi-
bility that ubiquitination of H2B on a single nucleosome
at the promoter may act as a signal for histone methyla-
tion on many other nucleosomes. It is also possible that
H3 lysine 4 methylation is triggered by ubiquitination of
H2B and persists after H2B is deubiquitinated. Identifi-
cation of lysine 4 methylated histone H3 at the promoter
and body of genes (Bernstein et al., 2002; Santos-Rosa
et al., 2002) and the association of COMPASS and Dot1
and the elongation complex Paf1 is consistent with this
model. We have shown that COMPASS associates with
the promoter and the 5' portion of the PMA1 gene. It
has also recently been demonstrated that this histone
modification can be found at promoters and in the body
of genes (Bernstein et al., 2002; Santos-Rosa et al.,
2002). Indeed, based on these chromatin immunopre-
cipitation studies it has been proposed that histone
methylation may play a role in transcription elongation
(Bernstein et al., 2002). Since the Paf1 complex has been
implicated to be associated with the elongating RNA
polymerase ll, demonstration of its requirement for his-
tone methylation by COMPASS and Dot1 at the pro-
moter and body of genes is consistent with this idea.

Another well-characterized histone modification—
acetylation—is a dynamic process, being influenced by
the ongoing activities of histone acetyltransferases
(HATSs) and deacetylases (HDACs) (Workman and King-
ston, 1998). Because of this, acetylation perhaps would
not appear to be an efficient provider of transcriptional
memory. Histone methylation, on the other hand, is a
more stable modification than ubiquitination, acetyla-
tion, or phosphorylation (also no histone demethylating
enzymes have yet been identified). Once polymerase
has departed the promoter, there presumably is no fur-
ther communication between the elongating RNA poly-
merase Il and the promoter of a gene. Due to its stability
and its presence on the body of genes, histone methyla-
tion could play an important role as a mark for transcrip-
tional memory.

Experimental Procedures

Functional Genomic Analyses of Histone Modification

by Methylation

Using a 96-well pinning device, the entire collection of 4800 yeast
nonessential gene deletion mutants were inoculated from —80°C
stocks onto agar plates containing YPD + 200 pg/ml Geneticin
(GIBCO) and allowed to grow 48 hr, and used to inoculate 96-tube
PCR-plates filled with 100 pl of YPD. After 48 hr of growth at 30°C
the plates were centrifuged at 2000 g for 10 min. Medium was
removed by wrist-snap inversion and draining into absorbent towels.
Plates were then covered and frozen at —80°C for up to 1 week.
Cells were thawed at room temperature, resuspended in 30 pl lysis
buffer (20 mM Tris [pH 7.5], 50 mM KCI, 1 mM EDTA, 1 mM DTT,
0.1% NP40, 1 mg/ml Zymolyase 100T), and incubated at 37°C for
15 min. Ten microliters of 4X Laemmli loading buffer was added,
and the samples were vortexed briefly before heating at 100°C for
5 min. The lysates were subjected to SDS-PAGE, transferred to
nitrocellulose membrane, and probed with anti-modified histone
antiseras (obtained from Upstate) at 1:1000 dilution, followed by
detection of the bound antibody with Horseradish peroxidase-con-
jugated to anti-rabbit IgG secondary antibodies (1:10,000 dilution).

Isolation of Yeast Extracts at Larger Quantities

To obtain yeast cell extracts in larger quantities, yeast cells were
grown to mid-log phase in YPD medium, pelleted, washed with
distilled water, pelleted, and resuspended in lysis buffer (20 mM

Tris [pH 7.5], 50 mM KCI, 1 mM EDTA, 0.1% NP40, 1 mM DTT)
and fresh protease and phosphatase inhibitors (1 n.g/ml aprotinin,
leupeptin, and pepstatin A; 1 mM PMSF; 1 pM microcystin-LR; 2
mM p-chloromercuriphenylsulfonic acid). Cells were then disrupted
by vortexing with glass beads (0.5 mm; Biospec Products) for 15
min at 4°C. The bottoms of the microcentrifuge tubes were punc-
tured, and cell extracts were recovered into a larger tube by brief
centrifugation in a microfuge. The lysate was clarified by centrifuga-
tion at 20,000 g for 30 min, subjected to SDS-PAGE, transferred to
nitrocellulose membrane, and probed with antibodies as indicated
in each figure followed by detection of the bound antibody with
Horseradish peroxidase conjugated to anti-rabbit IgG secondary
antibodies (1:10,000 dilution).

Biochemical Purification of via TAP-Tag

All purifications were carried out at 4°C. All purification steps were
performed several times to assure the identification of correct poly-
peptides. Fractions were tested for RNA polymerase Il by Western
analysis with anti-Pol Il polyclonal antibodies H14, H5, and 8WG16
(Covance). For the affinity purification of complexes, proteins were
tagged by chromosomal integration via the C-terminal domain fol-
lowing a previously published method (Miller et al., 2001). Tagged
complexes were purified essentially as described on IgG and cal-
modulin columns from extracts obtained from 1 liter yeast cultures
grown in YPD medium to an ODg, of 1.0-1.5 as before (Miller et al.,
2001). The bound fractions were tested for the presence of either
Set1 or phosphorylated RNA polymerase Il with the appropriate
antibodies as described before (Miller et al., 2001).

Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChlP) assays, in which proteins
were crosslinked to DNA in vivo using formaldehyde, were employed
to analyze the in vivo distribution of COMPASS and Dot1 along
various regions of the PMA1 gene. Following isolation and shearing
of chromatin, TAP-tagged protein were immunoprecipitated with
IgG agarose (directed against protein A on the TAP tag). After rever-
sal of the crosslinks, PCR analyses were performed on the coprecip-
itated DNA. Primer pairs directed against promoter regions, coding
regions, and 3’ untranslated regions of the PMA1 gene were used.
Each PCR also contained a second primer pair that amplified a
region of chromosome V devoid of ORFs, thus providing an internal
control for background. The ratio of the experimental to the control
signal for the precipitated DNA was divided by the ratio of the
experimental to the control signal for the input DNA.
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