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Several lines of evidence indicate that Set2 is a phosphoCTD binding protein (10, 11, 19, 21, 22, 29, 42). For example,
truncations of the RNAPII CTD severely reduce global K36
methylation levels in vivo (21, 42). In addition, deletion of
CTDK-I results in a total abolition of K36 methylation (19, 42).
These data have led to the model that Set2 preferentially binds
to RNAPII that is phosphorylated at the Ser2 position of the
CTD, which is supported by findings that Set2 binds to Ser2phosphorylated CTD repeats in vitro (21, 22). Thus, a function
for the CTDK-I-generated phospho-CTD in either the recruitment of Set2 and/or the control of K36 methylation activity has
been proposed (36, 37).
While the association of Set2 with RNAPII is well established, the precise region(s) in Set2 required for this interaction, as well as the functional significance of this interaction on
K36 methylation and transcription elongation, is poorly defined. In this report, we uncover a region in Set2 that mediates
RNAPII interaction. We show that deletion of this Set2-Rpb1
interaction (SRI) domain abolishes K36 methylation on chromatin in vivo and leads to a transcription elongation defect, as
assayed with 6-azauracil (6AU). In support of a direct role for
Set2 methylation in the transcription elongation process, we
find that set2 mutants or H3 K36 point mutations that prevent
K36 methylation result in 6AU phenotypes similar to those of
a complete SET2 deletion, which we in turn correlate with
altered distribution of RNAPII along genes. These results define a novel domain in Set2 responsible for functional interac-

Successful synthesis of mRNA by RNA polymerase II
(RNAPII) requires tight regulation of the initiation, elongation, and termination processes of transcription. The process
of transcription elongation is affected in part by the binding of
regulatory factors to the phosphorylated C-terminal domain
(CTD) of the RNAPII subunit Rpb1. Recent studies have
highlighted an important role for histone methylation in the
process of transcription elongation. In particular, studies have
shown that the Set1 and Set2 methyltransferases, which catalyze methylation of histone H3 lysines 4 (K4) and 36 (K36),
respectively, are associated with RNAPII at different stages of
the transcription elongation cycle. While Set1 associates with
RNAPII via the Paf1 transcription elongation complex in a
manner that is dependent on the serine 5 (Ser5)-phosphorylated CTD, Set2 is recruited to RNAPII in a manner that is
dependent on the CTD and the Ctk1 kinase (CTDK-I) that
effects serine 2 CTD phosphorylation (10, 11, 18, 19, 21, 29,
42). Importantly, while studies show that Set1 preferentially
associates with the 5⬘ end of genes, Set2 is found throughout
the coding regions of genes (19, 29, 33, 42). These observations
imply that K4 and K36 methylation have differing roles in the
transcription elongation process.
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Histone methylation and the enzymes that mediate it are important regulators of chromatin structure and
gene transcription. In particular, the histone H3 lysine 36 (K36) methyltransferase Set2 has recently been
shown to associate with the phosphorylated C-terminal domain (CTD) of RNA polymerase II (RNAPII),
implying that this enzyme has an important role in the transcription elongation process. Here we show that a
novel domain in the C terminus of Set2 is responsible for interaction between Set2 and RNAPII. This domain,
termed the Set2 Rpb1 interacting (SRI) domain, is encompassed by amino acid residues 619 to 718 in Set2 and
is found to occur in a number of putative Set2 homologs from Schizosaccharomyces pombe to humans. Unexpectedly, BIACORE analysis reveals that the SRI domain binds specifically, and with high affinity, to CTD
repeats that are doubly modified (serine 2 and serine 5 phosphorylated), indicating that Set2 association across
the body of genes requires a specific pattern of phosphorylated RNAPII. Deletion of the SRI domain not only
abolishes Set2-RNAPII interaction but also abolishes K36 methylation in vivo, indicating that this interaction
is required for establishing K36 methylation on chromatin. Using 6-azauracil (6AU) as an indicator of
transcription elongation defects, we found that deletion of the SRI domain conferred a strong resistance to this
compound, which was identical to that observed with set2 deletion mutants. Furthermore, yeast strains carrying
set2 alleles that are catalytically inactive or yeast strains bearing point mutations at K36 were also found to be
resistant to 6AU. These data suggest that it is the methylation by Set2 that affects transcription elongation. In
agreement with this, we have determined that deletion of SET2, its SRI domain, or amino acid substitutions
at K36 result in an alteration of RNAPII occupancy levels over transcribing genes. Taken together, these data
indicate K36 methylation, established by the SRI domain-mediated association of Set2 with RNAPII, plays an
important role in the transcription elongation process.
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tion with RNAPII and strongly suggest that the K36 methylation mediated by Set2 influences transcription elongation.
MATERIALS AND METHODS

used to amplify regions of SCC2 in the following ranges relative to the ATG start
site: ⫺277 to ⫺27, 2 to 238, 984 to 1222, 3044 to 3276, 3981 to 4222, and 4489 to
4679. Intergenic chromosome V primers were used as a reference and loading
control, as previously reported (17). The previously characterized general
RNAPII-CTD antibody (not specific to any CTD modification state) was used in
ChIP assays for RNAPII detection (34).
Set2-3Flag and Set2(1-618)-3Flag purification. Set2-3Flag and Set2(1-618)-3Flag
proteins were purified as previously described (42). A Coomassie-stained gel was
used to visualize the associated proteins, and mass spectrometry analysis confirmed the presence or absence of Rpb1 and Rpb2 from excised gel slices.
In vitro HMT assays. The Escherichia coli strain BL21 was transformed with
pMAL vectors expressing the constructs maltose binding protein (MBP)-Set2
and MBP-Set2(1-618), which also contained the C-terminally tagged Flag epitope.
Protein expression was induced in 100 M isopropyl-␤-D-thiogalactopyranoside
for 3 h at 30°C, cells were lysed by sonication, and 20-l histone methyltransferase (HMT) reaction mixtures were prepared as described previously (39). In
brief, lysate volumes were used that resulted in equal amounts of each MBP-Set2
fusion per reaction mixture, as analyzed by Western blotting with the Flag
antibody. HMT reaction mixtures contained 1 Ci of S-adenosyl-L-[methyl3
H]methionine (Amersham Biosciences), with or without 6 g of chicken nucleosomes. Reaction mixtures were incubated at 30°C for 20 min and spotted on
Whatman P-81 for liquid scintillation counting or analyzed by SDS-PAGE followed by fluorography.
Far Western analysis of Set2 fragments using phospho-CTD probes. Far
Western analysis using a phospho-CTD probe (generated by CTDK-I) was performed essentially as described previously (26, 27). In brief, picomole quantities
of recombinant MBP-Set2(1-618) and MBP-Set2(619-733) were resolved on a 4-to15% Tris-HCl criterion gel (Bio-Rad) and transferred to nitrocellulose (Hybond
C Extra; Amersham Pharmacia Biotech). The nitrocellulose was stained with
Ponceau S to visually ensure protein transfer from the gel. The membrane was
blocked at 4°C for 24 h and probed with 2.5 g of glutathione S-transferase
(GST)–[32P]CTD in blocking buffer for 3.5 h at 4°C. The membrane was washed,
air dried, and exposed to film. Reverse far Western analysis was performed
according to published methods by resolving recombinant unphosphorylated or
phosphorylated GST-CTD fusions on a 4-to-15% Tris-HCl gel (31). The gel was
transferred to a nitrocellulose membrane and probed with MBP-Set2 or MBPSet2(619-733), followed by detection using an antibody against MBP.
Determination of SRI-CTD specificity by using BIACORE. The BIACORE
sensor chip carrying three-repeat CTD peptides phosphorylated at either Ser2
(2-phospho), Ser5 (5-phospho), or both (2 ⫹ 5-phospho) or a control Serphosphorylated peptide that mimics the charge state of the 2 ⫹ 5-phospho
peptide (6PC scrambled control) was generated as previously recorded (16, 31).
Purified MBP-Set2(619-733) was interacted with the peptides, and association and
dissociation were monitored. The response curves were normalized to that for
the 6PC control peptide.
RT-PCR. Reverse transcription (RT)-PCR analysis was performed as previously described (42, 43). Primer sequences are available upon request.
6AU growth assays. Yeast strains used in this assay, except for YCB652, were
transformed with the URA3⫹ CEN plasmid pRS316 and grown in synthetic
defined medium lacking uracil (SD-Ura). Overnight cultures were diluted 1:20
and grown to an OD600 of 1.0, and 10-fold serial dilutions were plated on SD-Ura
medium with or without 6AU (Aldrich) or mycophenolic acid (Sigma), each at
100 g/ml. Plates were photographed after 30°C incubation for 2 to 3 days.
Liquid cultures used for RT-PCR analysis were grown with 6AU at 50 g/ml for
120 min. This time point was selected based on a recent study in which the IMD2
steady-state mRNA levels of a large-scale 6AU screening of yeast deletion
mutants were analyzed (32).

RESULTS
A novel domain in Set2 mediates RNAPII interaction. Although Set2 is known to bind to the phosphorylated CTD of
RNAPII, the region(s) within Set2 responsible for this association is poorly defined (19, 21, 22, 33, 42). Thus, we generated
a series of Set2 mutant yeast expression constructs that contained a C-terminal Flag epitope tag (Fig. 1A) and used them
in co-IP studies with antibodies generated against RNAPII.
Either full-length SET2, vector-only control, or the indicated
SET2 mutant was expressed in a set2 deletion mutant (set2⌬),
and WCEs were prepared. As expected, immunoprecipitation
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Yeast strains. The p3Flag-KanMX plasmid was used as a PCR template for
genomic tagging of Saccharomyces cerevisiae Set2 (9). This provided for the
generation of either full-length Set2 (Set2-3Flag) or a form with the SRI domain
deleted [Set2(1-618)-3Flag] by homologous recombination. Primers used to generate Set2-3Flag in the BY4742 background were constructed previously (42).
The primers for Set2(1-618)-3Flag were 5⬘-CAAAAGGAAGAGTCCAAAAAA
CTAGTGGAAGCAAAAGAGGCTAAGCGGTTGAAAAGGGAACAAAA
GCTGGAG-3⬘ (forward) and 5⬘-AAAGAATTTATTCCAGTTGTGCTCTAG
TCTTTGGGACTGGGAGACCGTTTTTCTTTACTATAGGGCGAATTGG
GT-3⬘ (reverse). Bases which anneal to the p3Flag-KanMX plasmid are
underlined, while the remaining sequence corresponds to the SET2 locus insertion position. The set2⌬ and wild-type (WT) strains of the BY4742 background
were obtained from Research Genetics, while the YCB652 strain, carrying an
integrated URA3 gene, was obtained from Jeff Smith, University of Virginia
School of Medicine (38). The SET2 gene was deleted in the W303 and YCB652
backgrounds by using a PCR product amplified from genomic DNA obtained
from the BY4742 set2⌬ strain, in which the SET2 gene had already been replaced
by the KanMX gene (Research Genetics).
The H3/H4 shuffle strain WZY42 (in the S288C background) was used in 6AU
analyses of H3 point mutants, and replacement of WT H3 with H3 mutants was
accomplished as described previously (5, 44). Plasmids coding for the H3 S10A
and K4R mutants have been described previously (5, 13). All other H3 point
mutations were prepared by standard PCR-based site-directed mutagenesis using materials and methods previously described (5, 44).
Yeast WCE and nuclei preparation. Yeast whole-cell extracts (WCEs) were
prepared as described previously, but differed in the extraction buffer (42). The
extraction buffer used consisted of 50 mM Tris-HCl at pH 8.0, 300 mM NaCl, 1
mM Mg(C2H3O2)2, 1 mM imidazole, 0.1% NP-40, 0.5 mM EDTA, and 10%
glycerol. In addition, this buffer contained 0.5% phosphatase inhibitor cocktail I
(Sigma), phenylmethylsulfonyl fluoride (2 mM), and leupeptin-pepstatin-aprotinin mix (each at 2 g/ml). Nuclear extracts were prepared as previously described
from strains grown in 200 ml of yeast extract-peptone-dextrose medium to an
optical density at 600 nm (OD600) of 1.5 (7).
Electrophoresis and immunoblotting. Western blotting and sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analyses were performed according to procedures and reagents obtained from Amersham Life
Sciences. The ECL Plus Western blotting detection kit (Amersham Pharmacia
Biotech) was used for specific antibody detection. The rabbit anti-Me2(K36)
antibody was obtained from Upstate Biotechnology Inc. and used at a dilution of
1:3,000. The antibody targeted against the C terminus of H3 was obtained from
Abcam Inc. (AB1791) and used at a dilution of 1:5,000. The anti-phospho-CTD
antibodies H5 and H14 were obtained from Covance, Inc.
Generation of SET2 expression constructs. The Set2 constructs containing a
C-terminal Flag epitope [Set2(1-618), Set2(262-475), Set2(445-538), Set2(528-638),
Set2(619-733), Set2(634-733), Set2(619-718), and Set2(619-703)] were generated by PCR
amplification using Vent DNA polymerase (New England BioLabs) and the
Set2-Flag PN823 expression construct as the template. Full-length Set2,
Set2(1-261), and Set2R195G constructs were prepared previously (39, 42). The PCR
products were cloned into the PN823 yeast expression plasmid and sequenced for
accuracy. Primer sequences are available upon request. For in vitro phosphoCTD binding experiments, the Set2(1-618) and Set2(619-733) constructs were subcloned into the pMAL-c2G vector (New England BioLabs), and proteins were
purified according to the manufacturer’s protocol.
Immunoprecipitations. Coimmunoprecipitation (co-IP) experiments involving
the various mutant Set2-Flag constructs or Set2-3Flag strains were performed
essentially as previously described (42). In brief, a set2⌬ strain (in the BY4742
background) was transformed with the indicated series of Set2 expression constructs and grown to an OD600 of ⬃1.0 in synthetic complete medium lacking
uracil, and WCEs were prepared using the extraction buffer described above.
Co-IPs were performed in a final volume of 0.9 ml, equalized with extraction
buffer containing 1.5 mg of WCE protein (or 2.0 mg for genomically tagged
strains). The extracts were incubated with 12.5 l of preequilibrated anti-Flag
affinity beads (M2; Sigma) for 2 h at 4°C, after which extracts were washed three
times for 2 min in extraction buffer. The beads were eluted in SDS-PAGE
loading buffer with incubation at 100°C for 5 min, and bead-bound proteins were
analyzed by immunoblotting with antibodies targeted against the phospho-CTD.
ChIP assays. The chromatin immunoprecipitation (ChIP) assay using the H3
K36 dimethyl antibody was performed as described previously (42). Primers were
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of full-length Set2-Flag resulted in coprecipitation of RNAPII
as detected by immunoblotting with anti-phospho-CTD antibodies (Fig. 1B). We previously reported that specific deletion
of the WW domain in Set2 does not disrupt Set2-RNAPII
coprecipitation, and so we hypothesized that the coiled-coil

region of Set2 may be responsible (42). Unexpectedly, we
found that a precise deletion of the coiled-coil region in Set2
(amino acids 548 to 618) did not disrupt this interaction (data
not shown), indicating that a previously undefined region in
Set2 mediates this association. As shown in Fig. 1B, we found
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FIG. 1. Identification of a novel region in Set2 required for RNAPII binding. (A) Schematic representation of the Set2 constructs used to probe
for RNAPII interaction. The SET domain along with the AWS domain, postSET domain (PS), WW domain, and coiled-coil motif (CC) are shown.
All constructs contained a C-terminal Flag epitope. (B) set2⌬ cells were transformed with either vector only or plasmids coding for the indicated
Set2-Flag construct, and WCE were prepared. WCE were immunoprecipitated with anti-Flag beads followed by immunoblotting with antibodies
directed against serine 5-phosphorylated CTD (H14; ␣-Ser5P), serine 2-phosphorylated CTD (H5; ␣-Ser2P), or the Flag epitope. Significant to
mention is that the H5 antibody may also recognize serine 5 CTD phosphorylation in addition to serine 2 phosphorylation (16). Asterisks indicate
the location of nonspecific Flag antibody-reactive species. (C) Schematic representation of the Set2-SRI domain constructs used to determine the
boundaries of the functional SRI domain. N- and C-terminal truncations of the SRI domain were made in 15-amino-acid increments as shown.
All constructs contained a C-terminal Flag epitope. (D) set2⌬ cells were transformed with the indicated plasmids, WCE were prepared, and co-IPs
were performed using the antibodies indicated in panel B. Sizes of the molecular mass markers are shown.
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through further Set2 truncations that a region at the C terminus of Set2, encompassing amino acid residues 619 to 733, is
both necessary and sufficient to mediate the interaction of Set2
with RNAPII (compare last two lanes). We therefore termed
this region the SRI domain.
We next sought to determine the precise boundaries of the
SRI domain. To accomplish this, we generated additional Set2
constructs containing N- and C-terminal truncations of the SRI
region (Fig. 1C) and used them in co-IP analyses as described
for Fig. 1B. Results revealed that N-terminal truncation of the
SRI domain beyond Set2 amino acid 619 abolished RNAPII
binding. However, binding was still possible with a C-terminal
truncation up to amino acid 718 of Set2 (Fig. 1D), thereby
identifying the boundaries of the SRI domain as amino acids
619 to 718.
Due to the possibility that the observed interaction between
the SRI domain and RNAPII shown in Fig. 1 might have been
influenced by the high levels of recombinant Set2 protein produced (as these constructs are expressed from a plasmid using
the highly active ADH1 promoter), we genomically tagged Set2
at amino acid 733 or 618 with a triple Flag sequence and
reexamined its association with RNAPII. As shown in Fig. 2A,
full-length Set2 (Set2-3Flag) again coimmunoprecipitated
RNAPII as analyzed by immunoblot analysis with the antiphospho-CTD antibodies. In contrast, a form of Set2 with the
SRI domain deleted [Set2(1-618)-3Flag] resulted in the aboli-

tion of RNAPII interaction. We also confirmed these results by
examining the protein associations of Set2 by affinity purification, which revealed that the readily detectable subunits of
RNAPII (Rpb1 and Rpb2) were only observed in purifications
involving full-length Set2 (Fig. 2B). Additionally, while Rpb1
and Rpb2 were detected by mass spectrometry in gel excised
bands from the full-length Set2 purification, these proteins
were not detected in a parallel gel region excised from the form
of Set2 with the SRI domain deleted (data not shown). Collectively, these data confirm the importance of the SRI domain
in mediating the Set2-RNAPII interaction.
The SRI domain of Set2 is conserved and interacts with the
phosphorylated CTD in vitro. Previous studies have suggested
that Set2 association with RNAPII is dependent, in part, on
the Paf1 transcription elongation complex (12, 19). Thus, it was
a formal possibility that the SRI domain linked Set2 to the
polymerase by indirect protein association. To test whether the
SRI domain of Set2 is responsible for direct association with
the CTD of RNAPII, we generated a variety of MBP fusions of
Set2 and examined their ability to associate with a recombinant
GST-CTD fusion protein that was either unmodified (GSTyCTD) or phosphorylated by CTDK-I (GST-yPCTD). Using a
reverse far Western approach (see reference 31), the GSTCTD fusions were resolved by SDS-PAGE, transferred to nitrocellulose, and then probed with MBP fusion proteins carrying full-length Set2 or only the SRI domain of Set2 [Set2(619733)]. Results revealed that both the full-length form of Set2
and the SRI domain of Set2 preferentially bound to the phosphorylated CTD (Fig. 3A). To independently confirm this interaction and further address whether other regions of Set2
may bind to the phosphorylated CTD in vitro, we transferred
increasing amounts of MBP fusions of Set2 lacking the SRI or
containing only the SRI domain [Set2(1-618) and Set2(619-733),
respectively] to nitrocellulose and probed with a CTDK-Iphosphorylated GST-[32P]CTD fusion. As shown in Fig. 3B,
this far Western approach revealed that while the SRI domain
of Set2 bound efficiently to the GST-[32P]CTD fusion, Set2
lacking the SRI domain did not. While Fig. 3B shows a 3.5-h
exposure, it is noteworthy that a 90-h exposure revealed a
potential weak interaction of Set2(1-618) to phosphorylated
CTD (data not shown); however, it is unclear whether such
interaction is physiologically relevant (Fig. 2 to 4) (31). In
summary, our results show that the SRI domain in Set2 binds
directly to the phospho-CTD of RNAPII. Thus, the ability of
the Paf1 complex to modulate Set2 activity is likely an indirect
consequence of the fact that this complex can regulate CTD
phosphorylation (28).
Next, we examined the specificity of the SRI domain for
binding phospho-epitopes by BIACORE analysis with threerepeat synthetic CTD peptides that were phosphorylated in
each repeat at either Ser2 (2-phospho), Ser5 (5-phospho), or
both (2 ⫹ 5-phospho). As a control, a Ser-phosphorylated
peptide that mimics the charge state of the 2 ⫹ 5-phospho
peptide (6PC) was included. Sensor chips containing these
CTD peptides were reacted with the SRI domain of Set2
[Set2(619-733)], and binding was monitored. Surprisingly, we
found that the Set2 SRI domain bound preferentially to CTD
repeats that were doubly phosphorylated (Fig. 3C, compare 2
⫹ 5-phospho curve with 2-phospho and 5-phospho curves).
Moreover, because these response curves were obtained after
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FIG. 2. The SRI domain is required for interaction of Set2 with
RNAPII. (A) Yeast strains containing full-length Set2 (Set2-3Flag) or
a form of Set2 without the SRI domain [Set2(1-618)-3Flag] were made
via genomic tagging with the 3xFlag epitope. WCEs of these strains
were immunoprecipitated with anti-Flag beads followed by immunoblotting with antibodies directed against serine 2-phosphorylated CTD
(H5; ␣-Ser2P), serine 5-phosphorylated CTD (H14; ␣-Ser5P), or the
Flag epitope. Sizes of the molecular mass markers are shown, and
asterisks indicate the location of expected Set2-Flag products.
(B) WCEs from the strains in panel A were incubated with anti-Flag
resin, and the resulting bound proteins were eluted with 3xFlag peptide. Eluted proteins were resolved by a 4-to-12% NuPAGE gel and
examined by Coomassie staining. Arrows indicate the protein identity
of bands in the Set2-3Flag lane that were examined by mass spectrometry, while analysis of parallel regions in the Set2(1-618)-3Flag lane was
negative for the presence of Rpb1 or Rpb2. Sizes of the molecular
mass markers are shown.
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subtracting the contribution of the nonspecific control peptide
(6PC), this binding depends on the presence of both Ser2P and
Ser5P in the context of the CTD heptad repeat sequence.
Based on additional BIACORE experiments involving titrated
amounts of the Set2 SRI domain (not shown), we determined
that the Set2 SRI domain binds to the 2 ⫹ 5-phospho peptide
(relative to the control) with an apparent dissociation constant
of about 6 M. It is important to note that the ability of the
SRI domain to bind to the nonspecific control peptide was
nearly equivalent to that found for binding to the individually
phosphorylated peptides (data not shown). We take this result
to suggest that the SRI domain of Set2 has a specific requirement for Ser2- and Ser5-phosphorylated CTD epitopes. Collectively, these results reveal a novel and selective requirement
for a specific CTD phosphorylation pattern in Set2 binding to
RNAPII.
Given these findings, we next asked whether the SRI domain
of Set2 is a conserved phospho-CTD-binding motif found in
other proteins in budding yeast and beyond. By performing a
PSI-BLAST search, we determined that the SRI domain of
Set2 was unique to this enzyme alone in budding yeast (data
not shown). However, the SRI domain showed significant homology to the C-terminal regions of proteins in other species
that also displayed domain organizations similar to that of Set2
(AWS, SET, postSET, and WW), suggesting that these proteins may be the functional homologs of budding yeast Set2
and function with RNAPII (Table 1). Interestingly, the proteins identified in Table 1 represent only a subset of proteins
that the SMART database revealed to contain AWS, SET, and
postSET domains (⬎70), suggesting that not every putative
histone methyltransferase that contains an AWS, SET, and
postSET is by default a functional homolog of Set2. Indeed,
recent evidence shows that the Drosophila melanogaster Ash1
protein, which falls into the Set2 family of HMTs (by way of
having an AWS domain rather than an archetypal PreSET
domain), is an H3 lysine 4 methyltransferase (4, 6). These
results suggest that the SRI domain is a probable indicator of
RNAPII-interacting enzymes that catalyze K36 methylation.
To determine whether any of the putative SRI domains we
identified by our PSI-BLAST search would actively bind to the
phospho-CTD, we expressed and purified from bacteria a GST
fusion protein carrying the C-terminal 178 residues of the
human Huntington interacting protein B (HYPB) that includes the region of homology to Set2’s SRI domain (Table 1).
Using the far Western approach as described for Fig. 3B, we
found that similar to Set2, the SRI-containing region in HYPB
interacts efficiently with a CTDK-I-phosphorylated GST[32P]CTD fusion (data not shown). Furthermore, additional
BIACORE analyses (as described for Fig. 3C) revealed that
the human SRI domain displays binding properties nearly
identical to those of the budding yeast domain (H. P. Phatnani,
A. L. Greenleaf, and P. Zhou, unpublished results). Taken

residues (see Materials and Methods) has been subtracted from each
of the three response curves. Only the peptide carrying both Ser2PO4
and Ser5PO4 in each repeat showed binding above control levels, and
we estimate the affinity of this interaction (after subtraction of background binding to the control peptide) to be 6 M.
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FIG. 3. The SRI domain of Set2 binds synergistically to doubly
modified CTD repeats. (A) Reverse far Western analysis. GST-yCTD
and CTDK-I-phosphorylated GST-CTD (GST-yPCTD) fusion proteins were subjected to SDS-PAGE and transferred to nitrocellulose.
Membranes were probed individually with purified recombinant fulllength MBP-Set2 (Set2) or with MBP-SRI [Set2(619-733)], and the
bound MBP fusions were detected with an anti-MBP antibody. As a
control, a duplicate membrane was probed with an anti-GST antibody
(␣-GST) to demonstrate the presence of both GST-CTD fusion proteins.
(B) Increasing amounts of two MBP fusion proteins [Set2(1-618) and
Set2(619-733)] were resolved in two SDS-polyacrylamide gels; one gel was
subjected to far Western analysis with GST-[32P]CTD as a probe, and the
other was stained with Coomassie. (C) BIACORE analysis of the SRI
domain. The MBP-SRI fusion protein [MBP-Set2(619-733)] was analyzed
by surface plasmon resonance (BIACORE) for binding to distinct phosphorylated synthetic three-repeat CTD peptides. These peptides were
either Ser5 phosphorylated (5-phospho), Ser2 phosphorylated (2-phospho), or both (2 ⫹ 5-phospho) in each repeat (see Materials and Methods). Response units, on the y axis, represent binding to the peptides. The
binding response to a scrambled control peptide carrying six SerPO4
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FIG. 4. Deletion of the SRI domain in Set2 abolishes H3 K36 dimethylation. (A) Yeast nuclear extracts prepared from set2⌬ cells or the
indicated genomically tagged strains in the BY4742 background were probed with antibodies against dimethylated lysine 36 at H3 [␣-Me2(Lys36)
H3] to monitor the role of the SRI domain in global K36 methylation levels. An antibody directed against the C terminus of H3 (␣-H3 C terminus)
was used as a loading control. Nuclear levels of Set2 in these strains were monitored using the anti-Flag antibody. A similar loss of K36 methylation
was observed when the SRI domain was genomically deleted in the W303 background (data not shown). (B) Full-length (Set2-Flag) or SRI
domain-truncated [Set2(1-618)-Flag] recombinant forms of Set2, which also contained an N-terminal MBP epitope, were prepared and analyzed for
their HMT activity in vitro. HMT reactions were prepared with bacterial lysates containing the indicated Set2 constructs with or without
nucleosomes. Identical samples were analyzed by the filter-binding assay (upper) and fluorography (middle). Immunoblotting with the Flag
antibody (lower) was performed to ensure equal amounts of protein were present in each reaction mixture. (C) WT or SRI-deleted yeast strains
were analyzed by ChIP for K36 dimethyl levels on genes. DNA isolated from the K36 methylation IPs was used in PCRs with primer pairs for the
indicated regions of the SCC2 gene (top). PCR products of the input DNA (input) and ChIP DNA (Me2K36) are shown (middle). The asterisks
indicate the location of a PCR product pertaining to an intergenic region at chromosome V (ChV), which was used as a loading control in all PCRs.
The histogram displays the relative enrichment values for K36 dimethylation (bottom). The values were calculated by dividing the ratio of band
intensities for IP DNA/ChV with the ratio of intensities for the input DNA/ChV. Identical results were found for the PMA1, ENO1, and ADH1
genes (data not shown).
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TABLE 1. Putative Set2 homologs identified by PSI-BLAST searching with the SRI domain
Species

Gene namea

GI accession

Sequence position of
putative SRI domain

% Identity/similarity to
SRI domainb

S. cerevisiae
Candida albicans
Homo sapiens
Mus musculus
D. melanogaster
Neurospora crassa
S. pombe

Set2
Ca019.9324
HYPB
XP_135176
CG1716
XP_322355
SPAC29B12

6322293
46435920
30410779
38090181
24641786
32403484
2408044

619–718
723–820
1956–2056
2393–2493
2262–2356
569–653
703–778

NA
35/55
23/37
23/37
21/39
19/37
17/42

together, these results suggest that the SRI domain is a highly
conserved and novel phospho-CTD-interacting domain.
The SRI-RNAPII interaction is required for H3 K36 methylation. Given the conserved nature and potential importance
of the SRI domain to Set2’s cellular function, we next investigated the consequences of deleting this domain. Although
studies suggest that the CTD and its proper phosphorylation
are necessary for K36 methylation, it has not been formally
excluded that the phospho-CTD might regulate the enzymatic
activity of Set2 (19, 21, 33, 42). To determine if the loss of the
SRI domain would result in a loss of genome-wide K36 methylation, we measured the K36 dimethylation levels in strains
containing WT Set2 or Set2 with the SRI domain genomically
deleted. Nuclei were prepared from these strains and then
resolved on an SDS-PAGE gel, followed by Western blotting
with an antibody specific to dimethylated K36. Results revealed that deletion of the SRI domain in Set2 abolishes global
H3-K36 dimethylation (Fig. 4A). As a control, we examined
the levels of H3 in parallel gels with an antibody specific to the
C terminus of H3, which revealed that the levels of histones
were similar in both nuclei preparations. Importantly, the nuclei of both strains showed the presence of Set2 by Western
blot analysis using an anti-Flag antibody (Fig. 4A). This result
indicates that the deletion of the SRI domain does not influence the nuclear localization of Set2 or significantly affect its
stability. The requirement of the SRI domain for K36 methylation was independently confirmed in parallel studies in which
a different strain background (W303) was genomically tagged
either at the C terminus or at the beginning of the SRI domain
at residue 618 (data not shown). In addition, we used the ChIP
assay to analyze chromatin modifications at a gene-specific
resolution and also observed a loss of K36 methylation at the
SCC2 gene when the SRI domain of Set2 is removed (Fig. 4C).
Analysis of the PMA1, ENO1, and ADH1 genes yielded similar
results (data not shown).
To test the possibility that the SRI domain itself might regulate Set2’s catalytic activity, we analyzed recombinant fulllength Set2 or SRI-deleted MBP-Set2 fusion proteins in HMT
assays with chicken oligo-nucleosomes. Results showed that
both forms of the enzyme were equally active for K36 methylation, indicating that the SRI domain is not required for the
catalytic activity of Set2 in vitro (Fig. 4B). In fact, we found
that a region of Set2 encompassing the AWS, SET, and postSET domains (amino acid residues 1 to 261 in Set2) is fully
active for histone methylation in vitro, indicating that the C

terminus of Set2 does not intrinsically regulate its HMT activity (data not shown).
Set2 methylation influences transcription elongation and
RNAPII occupancy on genes. Growth phenotypes observed in
the presence of the drug 6AU are frequently used as indicators
of defects in transcription elongation (8, 23, 25, 41). We therefore asked whether deletion of SET2, or prevention of the
Set2-RNAPII association by deletion of the SRI domain,
would exhibit 6AU-dependent phenotypes. We began by examining the 6AU phenotypes caused by Set2 deletion in several strain backgrounds. Various WT (W303, BY4742/SC288C,
and YCB652) and matched set2⌬ strains were grown on control medium (no drug) or medium containing 6AU. The parent
strain YCB652 contained the integrated URA3 gene, which is
required for the 6AU assay, while others were transformed
with the URA3 plasmid pRS316 (38). The survival and colony
sizes of each strain were monitored after several days of growth
and compared to those on control plates. As shown in Fig. 5A,
we found that deletion of SET2 in these strain backgrounds
resulted in a significant resistance phenotype to 6AU. Similar
results were also observed when we used medium containing
mycophenolic acid, another drug that reveals elongation defects but through a mechanism unique from that of 6AU (data
not shown). Furthermore, we analyzed a dst1 null strain of the
BY4742 background and observed the characteristic 6AU sensitivity known to exist for this mutant (Fig. 5A) (3, 30, 41).
Given that previous studies have demonstrated that a proper
response to 6AU is the induced expression of the IMD2 gene,
which is a result of the elongation machinery’s response to
depleted nucleotide pools (35), we sought to verify that the
resistance phenotype observed in the set2⌬ deletion mutant
was not due to an aberrant effect on the cellular metabolism of
6AU. Using semiquantitative RT-PCR, we monitored the expression levels of IMD2 and SNR6 (an RNAPIII-transcribed
gene used as a control) in the presence or absence of 6AU. As
shown in Fig. 5B, we found that the expression of the IMD2
gene was increased to equal degrees in both WT and set2⌬
strains in the presence of the drug, confirming that the loss of
Set2 results in a bona fide transcription elongation defect.
Importantly, the IMD2 gene was not induced in the absence of
6AU for either the WT or set2⌬ strains, indicating that Set2
does not act to repress the basal expression of this gene (Fig.
5B). In addition to our results with Set2, 6AU resistance has
also been observed from the deletion or mutation of a variety
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a
All proteins identified contain a domain architecture similar to yeast Set2, including the AWS, SET, postSET and, in some cases, WW domains. It is notable that
the putative SRI domains, as with Set2, are found in the C termini of these proteins.
b
Identity refers to the percentage of identical amino acids present between the yeast Set2 SRI domain and the putative SRI domain of the indicated homolog, while
similarity indicates amino acid replacements that exhibit similar charge or hydrophobicity.
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FIG. 5. Deletion of SET2 results in an elongation phenotype and an alteration of RNAPII occupancy on genes. (A) Various strains containing
either WT, set2⌬, or dst1⌬ alleles were plated on synthetic dextrose-uracil medium with or without 6AU (100 g/ml) and grown at 30°C for 2 to
3 days to monitor for transcription elongation phenotypes. All strains contained the plasmid pRS316 containing the URA3 gene, except yeast strain
YCB652, which contains an integrated URA3 gene. Results using mycophenolic acid (100 g/ml) were found to yield identical results (data not
shown). (B) The loss of Set2 does not aberrantly affect the increased expression of IMD2 in 6AU. Semiquantitative RT-PCR was used to monitor
the expression of IMD2 and SNR6 (a polymerase III-transcribed gene used as a control) in WT or set2⌬ strains in the absence or presence of 6AU
(50 g/ml). The results of RT-PCRs with (PCR amplification cycles indicated above) or without (-RT) reverse transcriptase are shown. The fold
change in IMD2 expression under each condition is indicated, based on averages of the three cycling parameters for each strain, with WT set to
1.0 as reference. (C) WT or set2⌬ strains were analyzed by ChIP for RNAPII levels. Isolated DNA from the RNAPII IPs were used in PCRs with
primer pairs for regions of SCC2 as indicated in the schematic. The data shown represent the average of 13 individual ChIP assays from separate
cell pellets. The standard error of the mean is indicated. Asterisks indicate the relative set2⌬ RNAPII enrichment values that were statistically
significant compared to their WT counterparts (P ⬍ 0.01 for primer set D and P ⬍ 0.001 for primer sets E and F). ChIP analyses using other
RNAPII antibodies (8GW16 from Covance or Rpb3 from NeoClone) or the N terminus of Rpb1 (y-80; Santa Cruz) revealed the same pattern
of RNAPII distribution as displayed in the figure (results not shown). (D) SCC2 expression was not changed in set2⌬ despite the increase in
RNAPII density detected by ChIP. The expression levels of SCC2 and SNR6 (control) were monitored by semiquantitative RT-PCR as described
for panel B. The fold change of SCC2 expression in set2⌬ cells compared to that in WT is displayed as described for panel C.
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FIG. 6. K36 methylation influences transcription elongation.
(A) Genomically tagged strains containing either full-length Set2
(Set2-3Flag) or Set2 with the SRI domain deleted [Set2(1-618)-3Flag]
were generated and assayed, as in Fig. 5A, for growth on 6AU and
compared to WT and set2⌬ strains. (B) set2⌬ strains were transformed
with a plasmid expressing WT Set2 (SET2) or a mutant form of Set2
which abolishes its catalytic activity (set2R195G) and assayed for growth on
6AU as before. (C) Yeast strains (WZY42 derived) bearing various point
mutations on histone H3 were assayed for growth on 6AU as in Fig. 5A.
(D) WT or a K36 mutated strain was analyzed by ChIP for RNAPII levels
for the SCC2 gene, as in Fig. 5C. The histogram data are representative
of two independent experiments which showed similar results.

(set2R195G) that has been shown to abolish K36 methylation
activity in vitro and in vivo (39). We found that expression of
SET2 in the set2⌬ strain nearly restored WT levels of 6AU
sensitivity (Fig. 6B). However, set2⌬ cells expressing set2R195G
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of other elongation factors, including Chd1, Bye1, Isw1, and
forkhead factor 1 (2, 40, 41).
Since transcription elongation defects are typically correlated with changes in the occupancy and distribution of
RNAPII along genes, we therefore asked whether the loss of
Set2 would result in an alteration in RNAPII levels on actively
transcribed genes. Using an antibody that recognizes the general levels of RNAPII irrespective of its phosphorylation status
(34), we examined RNAPII levels on the promoters and coding
regions of active genes in WT and set2⌬ strains by ChIP. As
shown in Fig. 5C, we found that RNAPII levels in the set2
deletion mutant were significantly increased in the middle to
late coding region of the actively transcribing SCC2 gene compared to the WT control strain. Interestingly, the gene locations that showed an RNAPII increase were also the same
locations determined to be highly methylated by Set2 (Fig. 4C),
suggesting the possibility that a relationship may exist between
regions of chromatin highly methylated at K36 and RNAPII
occupancy potential. We next examined a variety of other
active genes in the set2 deletion mutant to determine how
general this RNAPII defect would be. We examined the promoter and coding regions of TOM1, MDN1, PMA1, ENO1, and
FIR1 for the presence of RNAPII as described above and
found a similar pattern of RNAPII increase in the set2 deletion
mutant as was observed for SCC2 (data not shown). We addressed the possibility that the observed increases in RNAPII
might be a result of a general increase in transcript formation
for these genes in the absence of Set2. Indeed, Set2 has been
shown to play a role in the basal repression of GAL4 (20). We
therefore examined the expression of the genes indicated
above by semiquantitative RT-PCR and observed that the increased density of RNAPII did not correlate with any change
in the steady-state mRNA levels (Fig. 5D and data not shown).
These mRNA results were also confirmed independently by
examining the gene expression microarray profiles found in
WT and set2⌬ cells (N. Krogan and J. Greenblatt, personal
communication). Furthermore, we also examined TBP levels
by ChIP at the promoters of several genes listed above (SCC2
and TOM1) and found no significant increases in TBP occupancy in the set2 deletion mutant (data not shown). Our data
indicate that Set2 does not function as a basal repressor of the
genes analyzed, but rather it affects the precise levels of
RNAPII on genes, further supporting the 6AU results suggesting that Set2 can influence RNAPII elongation.
The above results suggest Set2 is important for transcription
elongation, but they do not reveal whether this function of Set2
is dependent on its association with RNAPII and/or K36 methylation. To test if loss of the interaction between Set2 and
RNAPII is responsible for the elongation defect, we assayed
the growth of strains with SRI deleted [Set2(1-618)-3Flag],
SET2 deleted, and the Set2-3Flag strains by using 6AU. We
observed that deletion of the SRI domain resulted in a resistance to 6AU that was similar to that of the set2 deletion
mutant, indicating that the interaction between Set2 and
RNAPII is necessary for the normal transcription elongation
functions of Set2 (Fig. 6A).
We next asked whether K36 methylation per se is important
for the activity of Set2 in this process. In one case, we transformed set2⌬ cells with a plasmid coding for either full-length
Set2 (SET2) or a form of Set2 containing a point mutation
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DISCUSSION
Recent work in S. cerevisiae has revealed an unexpected role
for the Set1 and Set2 histone methyltransferases in transcription elongation. Although Set2 associates with the elongating
polymerase, very little is known regarding the influence of Set2
or K36 methylation on transcription elongation. Our results
presented in this study reveal that (i) a novel region of Set2,
which we have termed the SRI domain, is necessary and sufficient for the functional interaction between Set2 and
RNAPII; (ii) the Set2-RNAPII interaction, established
through the SRI domain, is required for H3 K36 methylation;
and (iii) the K36 methylation mediated by Set2, in particular,
influences RNAPII elongation.
A novel phospho-CTD binding motif in Set2. Based on recent observations of other RNAPII CTD-interacting proteins,
we expected that the WW and/or coiled-coil regions in Set2
would mediate its association with RNAPII. Surprisingly, neither of these domains was found to be involved in RNAPII
binding. Instead, a region from 619 to 733 in Set2, which we
have termed the SRI domain, was found to be both necessary
and sufficient for the Set2-RNAPII interaction (Fig. 1 to 3).
This is in conflict with an earlier report which stated that the
WW domain of Set2 is required for the association of this
enzyme with RNAPII (22). However, the technical approach
used in this earlier study to analyze the involvement of the WW
domain in RNAPII interaction employed a genomic insertion
of the TAP tag in front of the WW domain of Set2, which
removed its entire C terminus, including the SRI domain. Even
though the WW and/or coiled-coil regions in Set2 are not likely
to be involved in its association with RNAPII, they may play
important roles in Set2 function by mediating the association
of Set2 with other phosphorylated proteins and/or itself since
Set2 is thought to exist as a homodimer in the cell (33, 39).
Through further examination of the binding requirements of
the SRI domain, we uncovered that this domain binds preferentially to the CTD phosphorylated at both serines 2 and 5,
compared to the singly phosphorylated form or a charge control peptide (Fig. 3C). This discovery strongly suggests that a
synergistic relationship between CTD phosphorylation and
Set2 binding exists. Interestingly, Ser2 phosphorylation is predominantly found in the body of genes, while it has been

thought that Ser5 phosphorylation is generally restricted to the
promoters and 5⬘ region of these same genes. Recent studies,
however, reveal that Ser5 phosphorylation is indeed found at
significant levels throughout the transcribed regions of genes
(1). Furthermore, a recent paper has noted that CTDK-I preferentially phosphorylates serine 2 of the heptad repeat only
when the serine 5 position is already phosphorylated (16).
Thus, it seems likely that doubly phosphorylated CTD epitopes
exist in yeast that may serve to direct the interaction of Set2
(and perhaps other phospho-CTD-interacting proteins).
Based on our BLAST search analysis, the SRI domain appears to be conserved in other organisms only in proteins that
have a domain architecture nearly identical to that of Set2
(those containing AWS or SAC, SET, Post-SET, and WW)
(Table 1). We take these data to suggest that the SRI domain
is a probable indicator of proteins that are bona fide functional
homologs of Set2. Consistent with this, we have determined
that a construct containing the SRI region of HYPB (Table 1)
binds directly to the phosphorylated CTD. Furthermore, our
studies also reveal the putative S. pombe homolog of Set2
(Table 1) to be a robust K36 HMT that also interacts with
RNAPII (S. A. Morris and B. D. Strahl, unpublished data).
Based on these observations, it is likely that Set2 and K36
methylation have a conserved function in transcription elongation.
Role for H3 K36 methylation in transcription elongation.
Previous studies have implicated Set2 in the transcription elongation process. This has been established not only by the numerous biochemical and genetic analyses that have been performed on Set2, but also by the use of 6AU, a drug commonly
used as an indicator for elongation defects. The compound
6AU depletes the available nucleotide pool by inhibition of the
enzyme IMP dehydrogenase, which is responsible for catalyzing the rate-limiting step in de novo synthesis of GTP (8, 14,
15). Inhibition of IMP dehydrogenase results in a challenge to
the transcription elongation machinery, which is continually in
need of free nucleotides. Thus, strains with altered transcription elongation function display a sensitivity to the drug different from their WT parent strain. Our 6AU assays revealed
that set2 deletion mutants or deletion of the SRI domain itself
results in resistance to the drug, whether the URA3 gene is
genomically inserted or carried ectopically on a plasmid (Fig.
5A). This is in contrast to some previous studies that showed
that set2 mutants are modestly sensitive to 6AU (19, 22, 33).
While it is unclear why varied 6AU results have been reported,
it is noteworthy that others have also seen a 6AU resistance
phenotype with set2 deletion mutants (21, 43; D. Stillman,
personal communication), indicating that the differences may
lie in context-specific differences in the genetic backgrounds
used.
In addition to set2 deletion, resistance to 6AU has also been
observed in strains mutated for a number of other factors,
including Ess1, Bye1, Chd1, Isw1, and Fkh1 (2, 40, 41). Many
of these factors have been shown to influence transcription
elongation via regulation of specific phases in the transcription
elongation cycle, such as the transition between elongation and
initiation or termination (24, 25, 41). While 6AU phenotypes
alone are not sufficient to allow conclusions regarding the
mechanistic details of how a protein affects the elongation
phase of transcription, 6AU resistance can be interpreted as a
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showed resistance to the drug (Fig. 6B), consistent with a role
for K36 methylation in the elongation process. In the second
case, we asked whether amino acid substitutions at K36 that
prevent methylation (K36A and K36R) would result in resistance to 6AU and RNAPII density increases. As shown in Fig.
6C, the K36A and K36R strains were significantly resistant to
6AU compared to the WT H3 strain, whereas strains with
mutations at other sites of methylation (K4 and K79) or sites of
phosphorylation (serine 10) were not. In addition, the 6AU
resistance caused by the K36A or K36R mutations was not
suppressed by mutation of lysine 4 (Fig. 6C, K4R/K36R). Significantly, we also found the same pattern of increased
RNAPII density for the SCC2 gene in the K36A strain as with the
set2⌬ strain (Fig. 6D), suggesting that the specific lack of K36
methylation is the primary cause of the 6AU phenotype and
RNAPII defect. These data strongly implicate the methylation by
Set2 as being functionally important in the elongation process.
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consequence of increased elongation efficiency resulting from
the deletion of a factor which negatively regulates elongation.
Indeed, it was found that strains with the Ess1 suppressor,
Bye1, deleted displayed resistance to 6AU, and this protein
may negatively regulate transcription elongation by inducing
RNAPII pausing at elongation arrest sites (41). In addition,
Chd1 null strains were found to exhibit 6AU resistance, which
may be due to an indirect effect on elongation by its influence
on termination (2, 40).
In an effort to better understand the nature of the 6AU
phenotype of the set2 deletion mutant, we examined the distribution of RNAPII along genes. Interestingly, we found that
RNAPII levels significantly increased at the 3⬘ ends of genes in
the absence of Set2 or when methylation was inhibited (Fig. 5C
and 6D). Furthermore, this increase generally paralleled K36
methylation levels, indicating the possibility of a direct mechanistic link between the levels of K36 methylation and RNAPII
occupancy (Fig. 4C and 5C). While our results strongly implicate K36 methylation as having a direct role in RNAPII elongation, the precise role is currently unclear. We propose three
possibilities: (i) K36 methylation generates a chromatin structure that is more permissive for RNAPII passage. In this scenario, the loss of Set2/K36 methylation would result in a chromatin structure that is more difficult for RNAPII to pass, which
might appear as an increase in RNAPII occupancy along the
gene through increased pausing. (ii) K36 methylation generates chromatin structure that is less permissive for RNAPII
passage. In this case, K36 methylation acts as a negative regulator of RNAPII elongation, and the loss of this “mark”
permits increased RNAPII passage. However, since the termination event at the 3⬘ end would be under tight checkpoint
control and would be rate limiting, the loss of K36 methylation
would result in a buildup or backlog of RNAPII across the
gene, while overall transcript production remained consistent.
Such a buildup of RNAPII might be viewed as advantageous to
cells when presented with 6AU stress. Finally, (iii) termination
efficiency is diminished in the absence of K36 methylation.
Thus, similar to chd1 mutants, the reduced efficiency of termination would result in a backlog of RNAPII across the gene.
Among these possibilities, we suggest scenario ii is most likely,
given the 6AU resistance of set2⌬ strains and the fact that
other factors whose deletion results in 6AU resistance have
been shown to be negative regulators of RNAPII elongation.
In summary, our results provide strong evidence that K36
methylation, mediated by the SRI-dependent association of
Set2 with RNAPII, plays a role in the elongation phase of
transcription. Whether Set2’s elongation role is mediated
through the association of factors that bind to K36 methylation, or through the ability of this modification to control
chromatin structure by regulating nucleosome-nucleosome or
nucleosome-DNA interactions, is unknown but will be of keen
interest for future studies.
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