MOLECULAR AND CELLULAR BIOLOGY, Sept. 2007, p. 6103-6115
0270-7306/07/$08.00+0  doi:10.1128/MCB.00772-07

Vol. 27, No. 17

Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Rtfl Is a Multifunctional Component of the Pafl Complex That

Regulates Gene Expression by Directing Cotranscriptional
Histone Modification"

Marcie H. Warner, Kelli L. Roinick,f and Karen M. Arndt*
Department of Biological Sciences, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

Received 2 May 2007/Returned for modification 5 June 2007/Accepted 8 June 2007

Numerous transcription accessory proteins cause alterations in chromatin structure that promote the progres-
sion of RNA polymerase II (Pol II) along open reading frames (ORFs). The Saccharomyces cerevisiae Pafl complex
colocalizes with actively transcribing Pol II and orchestrates modifications to the chromatin template during
transcription elongation. To better understand the function of the Rtfl subunit of the Pafl complex, we created a
series of sequential deletions along the length of the protein. Genetic and biochemical assays were performed on
these mutants to identify residues required for the various activities of Rtfl. Our results establish that discrete
nonoverlapping segments of Rtfl are necessary for interaction with the ATP-dependent chromatin-remodeling
protein Chdl, promoting covalent modification of histones H2B and H3, recruitment to active ORFs, and associ-
ation with other Pafl complex subunits. We observed transcription-related defects when regions of Rtfl that
mediate histone modification or association with active genes were deleted, but disruption of the physical association
between Rtf1 and other Pafl complex subunits caused only subtle mutant phenotypes. Together, our results indicate
that Rtfl influences transcription and chromatin structure through several independent functional domains and

that Rtfl may function independently of its association with other members of the Pafl complex.

The complex organization of eukaryotic chromosomes acts
as a significant impediment to gene expression. In this envi-
ronment, efficient elongation of a transcript by RNA polymer-
ase II (Pol II) requires a multitude of accessory factors to
facilitate its movement along chromatin-assembled genes. The
Saccharomyces cerevisiae Pafl complex colocalizes with Pol II
during transcription elongation and is required for the normal
expression of a subset of genes (22, 34, 35, 37, 55). The Pafl
complex minimally contains five subunits, Pafl, Ctr9, Cdc73,
Rtfl, and Leol, and physically associates with Pol II (22, 27,
58). Consistent with a role in transcription elongation, physical
and genetic interactions between components of the Pafl com-
plex and other Pol II-associated elongation factors, including
the Spt4-Spt5 (yDSIF) and Spt16-Pob3 (YFACT) complexes,
have been reported (22, 58). Additionally, deletion of genes
encoding subunits of the Pafl complex causes sensitivity to the
base analogs 6-azauracil (6-AU) and mycophenolic acid, phe-
notypes associated with defects in transcription elongation
(8, 58).

Proper elongation of a transcript by Pol II requires efficient
navigation of a chromatin template. Nucleosomes, the funda-
mental components of chromatin, form around octamers of
the histone proteins H2A, H2B, H3, and H4. Histones are
subject to a myriad of posttranslational modifications, includ-
ing acetylation, methylation, phosphorylation, ubiquitylation,
and sumoylation (reviewed in references 17 and 51; 30, 50).
Methylation of individual lysine residues within histones can
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occur in mono-, di-, or trimethyl states (reviewed in reference
51; 63). The regulated placement and removal of these modi-
fications control chromatin structure and influence transcrip-
tion (24). In several cases, methylated residues on histones
have been shown to serve as specific binding sites for effector
proteins that further alter chromatin structure (reviewed in
reference 25).

The Pafl complex is required for the modification of specific
lysine residues on histones H2B and H3. Monoubiquitylation
of histone H2B at lysine 123 (K123) by the ubiquitin-conjugat-
ing enzyme Rad6 and the ubiquitin protein ligase Brel is
eliminated in strains lacking Rtfl or Pafl (31, 65). This mod-
ification is a prerequisite for the methylation of histone H3 on
K4 and K79 by the methyltransferases Setl and Dotl, respec-
tively (7, 61). Therefore, Rtfl and Pafl also are required for
histone H3 K4 and K79 methylation (21, 31, 32). Rtfl is likely
the primary component of the Pafl complex that regulates
these modifications, because Rtfl levels are significantly re-
duced in strains lacking Pafl, while Pafl levels remain un-
changed in the absence of Rtfl (28, 36). H2B K123 ubiquity-
lation and H3 K4 methylation are enriched in the coding
regions of active genes (6, 48, 66). Rad6 and Setl are re-
cruited to open reading frames (ORFs) coincident with gene
activation and modify histones during transcription. Rtfl
colocalizes with these histone-modifying enzymes on active
genes and is required for their optimal recruitment and
activation (21, 32, 66).

Histone ubiquitylation is rapidly reversed by deubiquitylat-
ing enzymes, but histone methylation can remain stable for an
extended period of time following the cessation of transcrip-
tion (14, 32). The persistence of histone methylation has been
proposed to maintain the chromatin of recently transcribed
genes in a state that is more readily accessed by the transcrip-
tion machinery (32). Consistent with this idea, histone modi-
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fications exclude factors that establish heterochromatin from
areas of active gene expression (reviewed in reference 45; 46,
47). Heterochromatic regions are transcriptionally silent due
to the enrichment of hypomodified histones, which serve as
interaction sites for silencing factors that condense chromatin
and exclude the transcription machinery. Mutations that glo-
bally decrease levels of histone modifications create an abun-
dance of hypomodified histones, interfering with normal het-
erochromatin formation. Hence, strains lacking Rtfl or its
downstream histone modifications are defective in the silenc-
ing of telomere-proximal genes (21, 31).

In addition to the covalent modification of histones, chro-
matin structure can be altered by chromatin-remodeling pro-
teins that reposition nucleosomes using energy derived from
ATP hydrolysis (reviewed in reference 53). Rtfl physically
interacts with the chromatin-remodeling protein Chdl and
promotes its association with active ORFs (55). Interestingly,
the human homolog of Chd1 has been shown to associate with
histone H3 that is di- or trimethylated on K4 (11, 56). Although
conflicting results concerning this interaction in yeast have
been reported (11, 38, 56), the intriguing possibility exists that
Rtfl mediates effects on chromatin structure by recruiting
Chdl to ORFs and stabilizing its association by promoting
methylation of H3 K4. Furthermore, Chdl has been identified
as a component of the SAGA (Spt-Ada-Gcen5-acetyltrans-
ferase) transcriptional coactivator complex (38). SAGA is a
multiprotein complex that contains GcenS, a histone acetyl-
transferase for lysine residues on histones H2B and H3 (12, 13,
60), and Ubp8, a deubiquitylating enzyme that removes H2B
K123 ubiquitylation (9, 14). Together, these studies suggest
that the interaction between Rtfl and Chdl may coordinate
the activities of multiple histone-modifying enzymes.

The involvement of Rtfl in histone modification, telomeric
silencing, and recruitment of Chdl argues that it influences
transcription by altering chromatin structure. Whether these
and other activities of Rtfl are functionally linked or separable
is not known. To understand how Rtfl carries out its various
roles during transcription elongation, we have used a combi-
nation of genetic and biochemical approaches to characterize a
collection of Rtfl mutants. Our results demonstrate that dis-
crete nonoverlapping segments of Rtfl are required for inter-
action with Chdl, regulation of histone modification, associa-
tion with ORFs, and contact with other components of the
Pafl complex. Additionally, the regions of Rtf1 that mediate its
presence on active ORFs or its involvement in histone modi-
fication are required for normal transcription and are the most
highly conserved parts of the protein. Together, our results
indicate that Rtfl is a multifunctional protein that promotes
optimal gene expression by regulating cotranscriptional his-
tone modification.

MATERIALS AND METHODS

Media and yeast strains. Rich (yeast-extract-peptone-dextrose [YPD]), syn-
thetic complete (SC), synthetic minimal (SD), and 5-fluoroorotic acid (5-FOA)
media were prepared as described previously (42). Where indicated, 6-AU was
added to SC-Ura media at a final concentration of 50 wg/ml.

S. cerevisiae strains used in these studies are listed in Table 1. All strains, with
the exceptions of OKA93 and PJ69-4A, are GAL2™" derivatives of S288C (64).
OKAZ93 is an rtfIA derivative of UCC506 (40). Transformation, mating, sporu-
lation, and tetrad dissection were performed according to standard methods (42).
Complete disruptions of RTFI and CHDI were created by a PCR-based gene
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replacement method (2). Constructs expressing hemagglutinin-tagged Rtf1A1l
(HA-Rtf1A1), HA-Rtf1A3, or HA-Rtf1A4 were integrated into the yeast chro-
mosome to replace the endogenous RTFI locus by a two-step gene replacement
method (43). Epitope tagging of Ctr9 at the carboxy terminus with six Myc
epitopes and Chd1 at the amino terminus with three HA epitopes was previously
described (55, 58).

Plasmid construction. Standard cloning techniques were used to construct all
plasmids (2). pLS20 and pLS21-5 are derivatives of pRS314 (54) that express
Rtf1 or triple-HA-tagged Rtfl, respectively (59). Site-directed mutagenesis (23)
or PCR-based approaches were used to remove segments of the RTF/ coding
region from pLS21-5 to create a series of sequential RTFI internal deletion
mutations, which are detailed in Fig. 1. Each r#fI deletion mutation was con-
firmed by DNA sequencing. pKR37, which expresses HA-Rtf1A1, was digested
with Ndel to remove the triple-HA tag and religated to generate pPC61. High-
copy-number vectors used to overexpress HA-Rtfl (pMW6) and HA-Rtf1A7
(pPMW7) were constructed by subcloning a Sall-Spel fragment from pLS21-5 or
pKR14 (the pLS21-5 derivative carrying HA-rtfIA7) into Sall-Spel-digested
pRS426 (54). To create fusions of wild-type Rtfl and Rtfl internal deletion
mutants to the Gal4 DNA binding domain (GBD), PCR was used to amplify the
RTF1I coding region and to introduce an EcoRI site immediately 5" of RTFI in
each pLS21-5 derivative. An EcoRI/BamHI fragment encompassing RTFI was
ligated to EcoRI/BamHI-digested pGBT9 (4) to create N-terminal fusions of
GBD to each Rtfl derivative. The same strategy was applied to pLS11 to create
a GBD fusion to Rtfl-1, an Rtfl mutant with an amino acid substitution of
phenylalanine for leucine at position 11 (59). To create glutathione S-transferase
(GST)-Rtfl fusions, plasmid pJS2 was generated by introducing a BamHI site
immediately upstream of RTFI by site-directed mutagenesis of pKA61, which
carries RTFI on a 3.6-kb insert (59). A plasmid expressing a fusion of GST to
full-length Rtfl (pJS1) was constructed by subcloning a 2.4-kb RTFI-containing
BamHI/EcoRI fragment from pJS2 into BamHI/EcoRI-digested pGEX-3X (57).
pJS3, which expresses a GST fusion to the most amino-terminal 261 amino acids
of Rtfl, was created by digesting pJS2 at the introduced BamHI site and at a
natural Smal site in the RTF1 coding region and subcloning this fragment into
BamHI/Smal-digested pGEX-3X. A plasmid expressing a GST fusion to the
most carboxy-terminal 297 amino acids of Rtfl (pJS1) was constructed by di-
gesting pKAG61 at the internal RTFI Smal site and at a downstream EcoRI site
and cloning this 1.6-kb fragment into Smal/EcoRI-digested pGEX-3X. pMW4,
which expresses a GST fusion to Rtfl segments 11 through 13, was created by
amplifying the 3" end of the RTFI coding region from pJS1 to introduce an Smal
site adjacent to nucleotide 1306 of RTFI (corresponding to the start of amino
acid 436). The PCR product was digested with Smal and EcoRI, and the result-
ing 1.1-kb fragment was cloned into Smal/EcoRI-digested pGEX-3X.

Yeast growth assays. Strains were grown to saturation at 30°C in appropriate
media. Cells were washed twice and were serially diluted in sterile water. Three
microliters of each dilution was spotted on the appropriate medium and incu-
bated at 30°C.

Two-hybrid analyses. pKA202, which expresses a Gal4 activation domain
(GAD) fusion to amino acids 863 through 1468 of Chdl, was isolated in a
two-hybrid screen using GBD-Rtf1 as the bait (55). Strain PJ69-4A (15), which
expresses HIS3, ADE2, and lacZ under the control of galactose-responsive pro-
moters, was transformed with LEU2-marked plasmids expressing GAD alone
(pGAD424) (4) or pKA202 and TRPI-marked plasmids corresponding to GBD
alone (pGBT9) or GBD fusions to Rtfl, Rtfl-1, or Rtfl internal deletion mu-
tants. Cell growth was monitored on SC-Leu-Trp and SC-His-Leu-Trp media at
30°C for 3 days.

Sequence alignment. A BLAST search was conducted using the S. cerevisiae
Rtfl protein sequence (GenBank accession no. NP_011270.1) as the query.
Sequences corresponding to Rtfl homologs in Schizosaccharomyces pombe
(NP_595507.1), Caenorhabditis elegans (NP_505473.1), and Homo sapiens
(NP_055953.1) were downloaded from the NCBI database. A complete sequence
alignment was performed using Clustal X (16), and the resulting alignment was
exported into JalView (http://www.jalview.org) to apply grayscale shading at a
threshold value of 20% identity. To search for proteins containing a similar
sequence, amino acids 62 to 152 of S. cerevisiae Rtfl were used to query the
nonredundant NCBI protein database in four iterations of a Psi-BLAST search.

Immunoblotting analyses. Transformants of KY404 containing pRS314,
pRS424, pMW6, pMW7, pLS20, pLS21-5, or derivatives of pLS21-5 expressing
each Rtf1 internal deletion mutant were grown to approximately 4 X 107 cells/ml
in SC-Trp medium. Whole-cell extracts were made by glass bead lysis essentially
as described previously (52), except that radioimmunoprecipitation assay buffer
(50 mM HEPES, pH 7.9, 2 mM EDTA, 0.1% sodium dodecyl sulfate [SDS],
0.1% sodium deoxycholate, 1% Triton X-100, and protease inhibitors) was used.
To examine the expression of the Rtf1 internal deletion mutants, 20 p.g of extract



VoL. 27, 2007

FUNCTIONAL ANALYSIS OF Pafl COMPLEX COMPONENT Rtfl 6105

TABLE 1. S. cerevisiae strains

Strain® Genotype
FY78..ooiiiiiiiiinne MATa his3A200
FY406......coinnnnne MATa (htal-htb1)A::LEU2 (hta2-htb2)A::TRPI his3A200 lys2-1288 leu2Al ura3-52 trpl A63 [pSAB6 = HTAI-HTBI/CEN/
ARS/URA3)
PJ69-4A......innnne MATa LYS2::GALI-HIS3 GAL2-ADE?2 met2::GAL7-lacZ trp1-901 leu2-3,112 ura3-52 his3-200 gal4A galSOA
OKA93...ooiieieine MATo rtfl Ar:kanMX4 TEL-VR::URA3 ura3-52 trpl ~
.MATa sptl15-122 his4-9178 lys2-173R2 ura3-52 ade8
KY284 ... MATo his4-9178 ura3-52 trpl A63
KY343 ..o MATa rtflA::URA3 his4-91738 lys2-173R2 leu2Al ura3-52 trpl A63
MATa spt15-122 rtf1 A::URA3 his4-9178 lys2-173R2 ura3-52 leu2Al ade8
KY404 ... MATa rtflA::LEU2 his4-9123 lys2-1288 leu2Al ura3-52 trpl A63
KY432 .o MATa rtfl-1 his4-9173 lys2-173R2 leu2Al ura3-52 trpl A63
MATa spt15-122 rtfl-1 his4-9178 lys2-173R2 leu2Al ade8
KY452 e MATa rtfl A::=URA3 his3A200 lys2-173R2 ura3-52 trpl A63
KY457 oo MATa rtflA::URA3 leu2Al ura3-52 trpl A63
.MATa rtfIA::ARG4 his4-9123 lys2-173R2 leu2Al trpl A63 arg4-12
KY623 ... MATao rtflA:LEU2 3XHA-CHDI his4-9128 lys2-1283 leu2Al ura3-52 trp1 A63
KY638....oiiiinee MATo spt15-122 his4-9173 lys2-173R2 ura3-52
MATa spt15-122 chd1A::URA3 his4-9178 leu2Al ura3-52 trp1 A63
KY640.....ccoviinnnee MATa his4-9178 ura3-52
KY641 ..o MATao chd1A::URA3 his4-91738 lys2-173R2 leu2Al ura3-52 trpl A63
KY680 MATo IXHA-rtf1A1 his4-9173 lys2-173R2 leu2Al ura3-52

KY982 MATa rtflA::kanMX4 (htal-htb1)A:z:LEU2 (hta2-htb2)A::TRP1 his3A200 lys2-1283 leu2Al ura3-52 trplA63

[PSAB6 = HTAI-HTB1/CEN/ARS/URA3)
KY995 ... MATa rtfI A::URA3 CTR9-6XMYC::LEU2 his3A200 leu2A(0 or 1) ura3(A0 or 52) trpl A63
KY1213 MATa rtflA::LEU2 3XHA-CHDI his4-9128 lys2-1283 leu2AI ura3-52 trpl A63 [pLS20 = untagged RTF1/CEN/ARS/TRPI]
KY1214 MATa rtfIA:LEU2 3XHA-CHDI his4-9125 lys2-1285 leu2Al ura3-52 trplA63 [pPC61 = untagged rtflAl/CEN/ARS/TRPI]
KY1215 MATa rtf1A::LEU2 3XHA-CHDI his4-9128 lys2-1283 leu2Al ura3-52 trpl A63 [pLS11 = untagged rtfI-1/CEN/ARS/TRPI]

[pPSAB6 = HTAI-HTBI/CEN/ARS/URA3]

MATa rfIA3 (htal-htb1)A:LEU2 (hta2-htb2)A::TRPI his3A200 lys2-1285 leu2Al ura3-52 trpIA63 argd-12

KY1217 oo MATa rtf1A4 (htal-htb1)A=LEU2 (hta2-htb2)A::TRPI his3A200 lys2-1285 leu2Al ura3-52 trpIA63 argd-12

[pPSAB6 = HTAI-HTBI/CEN/ARS/URA3]

KY1265 ... MATa spt15-122 3XHA-rtfI Al his4-9178 lys2-173R2 ura3-52 ade8

“ FY strains were generated in the laboratory of Fred Winston.

was run on a 15% SDS-polyacrylamide gel and transferred to nitrocellulose
membrane. Membranes were probed with anti-HA (Boehringer Mannheim) or
anti-L3 (62) primary antibody at a final concentration of 1:3,000. Sheep anti-
mouse horseradish peroxidase-conjugated secondary antibodies (GE Health-
care) were used at 1:5,000 dilutions, and the presence of immunoreactive pro-
teins was visualized by enhanced chemiluminescence detection (Perkin-Elmer).
Bulk levels of histone modifications were assayed similarly, except that 30 pg of
protein was analyzed using primary antibodies specific for H3 trimethylated
(Me?) at K4 (1:2,000 dilution) (Abcam), H3 dimethylated (Me?) at K79 (1:2,500
dilution) (Upstate), or total H3 (1:2,000 dilution) (Upstate). Donkey anti-rabbit
horseradish peroxidase-conjugated secondary antibodies (GE Healthcare) were
used at 1:5,000 dilutions.

Analysis of histone H2B K123 monoubiquitylation. Histone H2B K123 mono-
ubiquitylation was measured using a protocol provided by William Tansey. FY406,
KY982, KY1216, and KY1217 were transformed with CEN/ARS/HIS3 plasmids
carrying HTAI/HTBI or HTAI/FLAG-HTBI (33). URA3-marked HTAI/HTBI plas-
mids were eliminated by counterselection on 5-FOA medium. The resulting strains
were transformed with 2p-, URA3-marked plasmids expressing untagged or HIS-
tagged ubiquitin under the control of the CUPI promoter (pUb175 and pUb221,
respectively; gifts of Daniel Finley). Transformants were grown to approximately 1 X
107 cells/ml in SC-His-Ura medium, and expression of ubiquitin then was induced
with a final concentration of 0.5 mM CuSO, for 4.5 h. Whole-cell extracts were made
by glass bead lysis in buffer A, pH 8.0 (6 M guanidine-HCI, 0.1 M sodium phos-
phate). Extract (2 mg) was incubated with 250 wl 50% Ni-nitrilotriacetic acid agarose
(QIAGEN) at room temperature for 2 h. Affinity-precipitated proteins were washed,
separated on a 15% SDS-polyacrylamide gel, and analyzed by immunoblotting using
anti-FLAG tag (Sigma) or anti-HIS tag (Invitrogen) antibody at a final concentra-
tion of 1:5,000.

Coimmunoprecipitation assays. To examine the interaction between Rtfl and
Pafl or Ctr9-Myc, transformants of KY995 carrying pRS314, pLS20, pLS21-5, or
mutant derivatives of pLS21-5 were grown in SC-Trp medium to approximately
4 % 107 cells/ml. Whole-cell extracts were made by glass bead lysis in lysis buffer
(100 mM sodium acetate, 20 mM HEPES, pH 7.4, 10% glycerol, 2 mM magne-
sium acetate, 10 mM EDTA, 1 mM dithiothreitol, and protease inhibitors).

Extract (500 pg) was incubated at 4°C for 2 h with anti-HA antibody (1:3,000
dilution) (Boehringer Mannheim). Immune complexes were captured by incu-
bation with anti-mouse immunoglobulin G-conjugated agarose (Sigma) for 1 h at
4°C and were washed twice with lysis buffer containing 800 mM sodium acetate.
Immunoprecipitates were resolved on a 10% SDS-polyacrylamide gel and ana-
lyzed by immunobloting with antibodies specific for the Myc epitope (1:100
dilution) (Covance), Pafl (1:500 dilution) (a gift of Judith Jaehning), or HA
(1:3,000 dilution) (Boehringer Mannheim). Coimmunoprecipitation experiments
involving Rtfl and triple-HA-tagged Chdl were performed as described previ-
ously (55).

GST pull-down assays. Analysis of the association of Rtfl with Pafl and
Ctr9-Myc was performed essentially as described previously (3). Log-phase cul-
tures of Escherichia coli DH5a transformants carrying pJS1, pJS3, pJS4, or
pMW4 were induced for 2 h with 0.1 mM isopropyl-B-p-thiogalactopyranoside.
Cells were sonicated in phosphate-buffered saline (PBS) buffer containing 1 mM
EDTA and protease inhibitors. One milliliter of lysate was incubated with 100 .l
50% glutathione-Sepharose (Amersham Biosciences) in PBS for 1 h at 4°C to
purify GST fusions. A fraction from each purification was resolved on a 10%
SDS-polyacrylamide gel to assess the concentration. The remaining GST fusion-
bead complexes were equalized to the lowest concentration by removing a frac-
tion of GST-bound beads and normalizing the overall volume of each sample
with an equal amount of unbound glutathione-Sepharose. Whole-cell extract
(2 mg), prepared from KY457 by glass bead lysis, was incubated with GST
fusion-bead complexes for 30 min at 4°C in binding buffer (50 mM NaCl, 20 mM
HEPES, pH 7.5, 10 mM MgCl,, 5 mM EDTA, 10% glycerol, and protease
inhibitors). Complexes were washed in binding buffer, bound proteins were
resolved on 10% SDS-polyacrylamide gels, and the presence of Pafl or Ctr9-Myc
was analyzed by immunoblotting.

Chromatin immunoprecipitation (ChIP) assays. Transformants of KY452 or
KY995 containing pRS314, pRS424, pLS20, pMW6, pMW?7, pLS21-5, or deriv-
atives of pLS21-5 and transformants of KY623 containing pRS314, pLS20, or
pPC61 were grown in SC-Trp medium to approximately 1 X 107 cells/ml. Chro-
matin preparation and treatment were performed essentially as described pre-
viously (52). Sonicated chromatin was incubated overnight with anti-HA- or
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FIG. 1. Rtfl internal deletion mutants. (A) Schematic representa-
tion of amino acids removed by r#fI internal deletion mutations. Each
Rtfl mutant protein is amino-terminally tagged with a triple-HA
epitope. Del., deletion. (B) Immunoblot analysis of wild-type (WT)
and mutant Rtfl protein levels. Extracts were prepared from an rtfIA
strain (K'Y404) transformed with CEN/ARS plasmids that express the
indicated HA-tagged Rtfl derivatives. Immunoblots were probed with
anti-HA antibody and, as a loading control, anti-L3 antibody. The
faster-migrating band observed in most lanes in the anti-HA immuno-
blot is likely a product of proteolysis, which we frequently observe in
extracts prepared by glass bead lysis. This product is less pronounced
in extracts prepared by a rapid boiling method (data not shown).

anti-Myc-conjugated agarose (Santa Cruz Biotechnology) to immunoprecipitate
HA-Rtfl, HA-Chdl1, or Ctr9-Myc. PCR was performed using primers that
amplify segments in the 5" ORFs of PYK/ (+195/381; translation start codon
ATG = +1), CLN2 (+126/373; ATG = +1), or TEF2 (+40/291; ATG = +1).
Reactions were multiplexed with control primers that amplify an intergenic
region of chromosome VIII (coordinates 535129 to 535268). Two dilutions of
input and immunoprecipitated DNA were amplified in the presence of
[a-*?P]dATP (Perkin-Elmer) and Platinum 7ag DNA polymerase (Invitrogen).
PCR products were separated on 6% native polyacrylamide gels, and signals
were visualized and quantitated with a Fujifilm FLA-5100 phosphorimager and
MultiGauge software. Signals from input and immunoprecipitated DNA were
normalized to the chromosome VIII control signal, and the relative association
of Rtfl, Chdl, or Ctr9 at each locus was determined by dividing the average of
the two immunoprecipitated samples by the average of the two input samples.

Northern analyses. Strains were grown to approximately 1 X 107 cells/ml in SD
medium supplemented with amino acids necessary for cell growth. RNA isola-
tion and Northern analyses were performed as described previously (59).
[a-*?P]dATP-labeled DNA hybridization probes were prepared from plasmids
containing HIS4 (pFW45) and TUB2 (pYST138) by nick translation (Roche nick
translation kit) or random prime labeling (2).

RESULTS

Conserved regions of Rtfl direct normal transcription. The
known roles for Rtfl in the recruitment of Chdl and the
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FIG. 2. Deletions of discrete regions of Rtfl cause phenotypes
associated with transcriptional defects. Tenfold serial dilutions, rang-
ing from 1 X 108 cells/ml to 1 X 10* cells/ml, of an r#f1A strain (KY619)
expressing the indicated Rtf1 derivatives were spotted on SD-His-Trp
medium to examine the Spt™ phenotype, SC-Ura-Trp medium con-
taining 50 pg/ml 6-AU to assess 6-AU sensitivity, or SC-Trp medium
as a control for growth. Plates were incubated at 30°C for 5 days.

modification of histones suggest that Rtfl affects transcription
elongation by altering chromatin structure. However, the
mechanism by which Rtfl functions in these processes is not
understood. Although Rtfl homologs are found in many eu-
karyotes, the primary amino acid sequences of these proteins
contain no recognizable functional domains or motifs. To be-
gin dissecting the functional regions of Rtfl, we constructed a
series of sequential internal deletions across the RTFI coding
region and expressed these mutations on CEN/ARS plasmids
in a strain containing a complete deletion of RTFI. The inter-
nal deletion mutations encode HA epitope-tagged mutant ver-
sions of Rtfl that lack between 23 and 52 amino acids (Fig.
1A). Immunoblot analysis demonstrated that all Rtf1 internal
deletion mutants were expressed (Fig. 1B), and serial-dilution
tests verified that cell growth was not impaired by any of the
mutations on the control medium (Fig. 2, right panel).

We first utilized the Rtfl internal deletion mutants to ex-
plore which regions of the protein are responsible for the
transcription defects observed when Rtfl is absent from the
cell. Deletion of RTFI causes the suppressor-of-Ty (Spt™) phe-
notype (59); that is, it suppresses the transcriptional effects of
promoter insertion mutations caused by the yeast retrotrans-
poson Ty or its long terminal repeat (8). In particular, we
examined the Spt™ phenotype of rtfl deletion strains that con-
tain his4-9128, a HIS4 allele in which a Ty & element is posi-
tioned 37 bp upstream of the native TATA box (41). Tran-
scriptional effects at this locus were assayed by growth on
medium lacking histidine; growth on this medium indicates an
Spt™ phenotype. Deletion of region 2, 3, 4, or 13 of Rtfl
caused a weak Spt~ phenotype, while deletion of region 5
caused a moderate Spt~ phenotype (Fig. 2, left panel). In
contrast, a significantly stronger Spt™ phenotype was observed
when region 6, 7, 8, or 9 was removed. To rule out the possi-
bility that the severe phenotype caused by these deletions arose
from mislocalization of the mutant proteins, we performed
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S.cerevisiae 1 MSDLDEDLLALAGADESEEEDQVLTTTSAKRAKNNDQSLSKKRR IEVGSVEDDDEEDDYNPYSVGNADYGSEEEEEANP 79

S.pombe 1--n--- MADFQDELLALAGIDDSDVASNRKRAHDDLDDYVLSSSSDEDNNENYGQDYAEESGGEGNEKSEDEFEEKFKNP 73

H.sapiens L e T MKKQANKTASSGSSDKDSSAESSAPEEGEVSDSDSNSSSSSSDSDSSSEDEEFHD 55

C.elegans 1----MSSSESASSDEETKRRAPATSDSDSDSDAGPKPGKPLSTDSSASDSDAEKPQAKPAKKKTL TKRKRRATGSSDDD 75

e i =

S.cerevisiae 80 FPLEGKYKBESBREHLESLP TLLEERSQIMQKYQERKL FRARGRDMKEQQQRAKNDEDSRKTRASTRSTHATGH 158
S.pombe 74 YRLEGKFKBE ABRAK | MAMTE | S | LEEREEE | SKLMERREL A IRLHQQNAQYMAQS TRRS TRDKPLTSAAAGKRDK 152
H.sapiens 56 GYGEDL EEBRARLEQMTEK QELENR |EKREVLKRRFE IKKKLKTAKKKE - - - - - KKEKKKKQEEEQEKKKLTQ 129
C.elegans 76 QVDDDLFABKEBK ARWKKLTELEKEQE | EERMEARENA | AREE | AQQOL AKKAKKSSEKGVKTEKRRKMNSGGSDAGSPK 154
S.cerevisiae 159 SD IKASKLSQLKKQRARKNRHYSDNEDEDDEEDYREEDYK - - - - - - - === - - - oo - - DDEGSEYGDDEE YNPFDRRD 218
S.pombe 153 LTELKKRRQERS ARSVSERTRKRSPVSDYEEQNESEKSEE - = = = = = = = = = o s oo oo m i i i i mm i i i i EE 194
H.sapiens 130 IQESQVTSHNKERRSKRDEKLDKKSQAMEELKAEREKRKNRTAELLAKKQPLKTSEVYSDDEEEEEDDKSSEKSDRSSR 208
C.elegans 155 RKASSDSDSEMDAAFHRPSD INRKHKEKNAMDALKNKRKE - IEKKNAKNEALS IDAVFGANSGSSSSSSSSESSRSSSS 232
S.cerevisiae 219 TYDKREEVEWAEEEDEQDREPE ISDFNKLR | GRS FVAKFCF EDAMKEBEYCGRVNVEBTDKRTGKTSYRMVR IERVFL 297
S.pombe 195 GYSPS YAEEKVEQVSKDNASANL YDLNA | RLGRKHVAE YMYHP | EES TMTBEF VRVK | - ERDGQGVYRLCQVKG I LES 272
H.sapiens 209 TSSSDEEEEKEE IPPKSQPVSLPEELNRVRLSRHKLERWCHMBFEAK TMTEEF IGIE-NHNSKPVYRVAE | TGVVET 286
C.elegans 233 SRESSPERVSEKDK | VKKDVDGLSELRRARLSRHKLSLMIHABFEDST YVRLGQEQMSGSGSKYR IWK | VGVEES 311
S.cerevisiae 298 QKPMNMGKFYIENQYFGYVTQEGKDRKVEQMNYFSDGLEAEDEYQRYLRALDNSQMIKBS LHSLSNKTKEVMDFVNTPLTDK 376
S.pombe 273 REP¥RVDGVLIEKVSLECFHBRSKRVEDVNVLENEP SDHDFQWHQMN‘IEDK LSMBESKNFYVQREKLNDLRDMSKYVLSEK 351
H.sapiens 287 QLGGTRENKGLQLRHENDQRVERLEFVENQERTESE FMKv_\LfKE AMFSAGMQLRBTLDE INKKELS IKEALNYKFNDQ 365
C.elegans 312 N ELEGKK[NK | | KCQNEBGSERPERMQF VENADEEQ | EFDEWL L ACKRHGN - LEITVD | MDKKKQD | EKA | NHK YSDK 389
S.cerevisiae 377 TTDEVVRHRMQFNKKLSGTNAVLEKTVLREKLQYAKETNNEKD | AKYSAQLRNFEKRMSVYEKHHENDQSD IKKLGELT 455
S.pombe 352 EVSD | INRKKELSRVPSN | AAEKTRLRQRRQAAYVAGNAELVKE IDDQLNTLEELSMGSNQNSNS AMDQL AKVNERNRR 430
H.sapiens 366 D IEE | VKEKERFRKAPPNYAMKK TQL LKEKAMAEDLGDQDKAKQIQDQLNELEERAEALDRQRTKN ISAISY INQRNRE 444
C.elegans 390 EVDLMIKEKSKYQTVPRNFAMTK ANWSKQKE L AQQRGD IREAEQIQTK IDE |ERQADELEKERSKS ISA| AF INHRNRS 468
S.cerevisiae 456 SKNRKLNMSN IRNAEHVKKEDSNNFDSKSDPFSRLKTRTKVYYQE | QKEENAKAKE | AQQEKLQEDKDAKDKREKELLYV 534
S.pombe 431 RNHTE IRLAEQRMNEERRRLS AAATATPMSAPTSVLTGTSPQPSPSLSTS IMSTPKLNPSESVVVASEKASSPDLSPKL 509
H.sapiens 445 WN | VESEKAL VAESHNMKNQQMDP F TRRQCKP T | VSNSRDPAVQAA | LAQLNAKYGSGVLPDAPKEMSKGQGKDKDLNS 523
C.elegans 469 K- - - IKDQVLSGQLK IEENSQDDP FTRKKGGMRVVSGSK - - - - - SRLDGTLSASSSTTNLSDGGKDKSSSLAKPTQPPP 539
S.cerevisiae 535 AQFRRLGGLERMVGE LD [KFDLKF - = = = @« o mmm e e e e e b b e e e b i i b i i htiim i cmmamm s 5568
S.pombe 510 LPSESQIFDEGIAVTQTPNTLEDKDFKLHEKAVHGIDD I IATVDFGIDINIT == - = - cc e e e e e mm e eaa e 560
H.sapiens 524 KSASDLSEDLFKVHDFDVK IDLQVPSSESKALAI TSKAPPAKDGAPRRSLNLEDYKKRRGL I ------------ 585
C.elegans 540 STQIKKKTD ISSLHDFDLD IDLGKLKDFSTPESSGNKRPS I SSSKGVSLSDYRMRRSGGGDAGSS TSAAPSS AV 613

FIG. 3. Rtfl homologs contain two clusters of highly conserved residues. An alignment of Rtfl protein sequences from four different species
is shown. Conserved residues are highlighted in gray, with darker shades indicating a greater degree of conservation. Black and gray lines above
the S. cerevisiae sequence denote Rtfl regions 3 and 4 and regions 6 to 9, respectively.

indirect immunofluorescence assays. These experiments dem-
onstrated that Rtfl internal deletion mutants 6, 7, 8, and 9
localized to the nucleus (data not shown), where wild-type Rtfl
is known to reside (59).

Deletion of RTF1 also causes sensitivity to the base analog
6-AU (8), a drug that lowers intracellular nucleotide pools by
inhibiting enzymes in the ribonucleotide synthesis pathway
(10). Sensitivity to 6-AU is considered an indicator of defects
in transcription elongation, because Pol II is believed to be-
come more dependent on accessory factors to overcome elon-
gation impediments under low-nucleotide conditions. Our
analysis showed that removal of region 6, 7, or 8 from Rtfl
caused strong sensitivity to 6-AU, while deletion of regions 3,
4, and 9 caused moderate sensitivity (Fig. 2, center panel).

Interestingly, loss of any single region of RTFI did not cause
an effect equal to that of a complete RTF1 disruption for either
phenotype tested, suggesting that each internal deletion mu-
tant retains some functionality. This raises the possibility that
Rtf1 is composed of distinct functional parts. An alignment of
Rtf1 homologs from four species revealed a total of 26 invari-
ant residues, all of which reside in either regions 3 and 4 (8

invariant residues) or 6 to 9 (18 invariant residues) (Fig. 3).
These conserved sections of the protein overlap with those
that, when deleted, cause the most severe Spt~ and 6-AU*
phenotypes. Together, these observations suggest that Rtfl
requires two clusters of highly conserved amino acids to direct
normal transcription in vivo.

A region near the amino terminus of Rtfl1 mediates physical
interaction with Chdl. The observation that the removal of
discrete amino acid clusters from Rtfl caused transcription
defects led us to investigate whether these residues are respon-
sible for any of Rtfl’s known functions. Rtfl physically asso-
ciates with Chd1 and is required for the normal recruitment of
Chd1 to ORFs (55). To explore which regions of Rtfl mediate
physical interaction with Chdl, we performed a two-hybrid
analysis using GBD fusions to the Rtfl internal deletion mu-
tants and a GAD fusion to amino acids 863 to 1468 of Chdl
(GAD-Chdl). Interaction between GBD-Rtfl fusions and
GAD-Chdl was examined in a strain that expresses HIS3,
ADE?2, and lacZ under the control of galactose-responsive pro-
moters. The expression of GBD-Rtf1 fusions was confirmed by
immunoblot analysis and does not affect cell growth on com-
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FIG. 4. Amino terminus of Rtf1 is required for physical interaction with Chd1. (A) Two-hybrid analysis of the interaction between Rtf1 mutants
and Chdl. Tenfold serial dilutions, ranging from 1 X 10® cells/ml to 1 X 10* cells/ml, of the two-hybrid reporter strain PJ69-4A expressing
GAD-Chd1 (pKA202) and GBD fusions to wild-type Rtf1 (top row) or the Rtf1 deletion mutants were spotted on SC-His-Leu-Trp medium (—His)
to monitor HIS3 activation and SC-Leu-Trp medium to control for growth. Plates were incubated at 30°C for 3 days. A GBD fusion to Rtf1A11
was not analyzed for technical reasons. (B) Coimmunoprecipitation of HA-Chd1 in strains expressing Rtf1 region 1 mutants. Extract from strains
expressing untagged wild-type Rtfl (KY1213; lanes 1 to 4), Rtf1A1 (KY1214; lanes 5 to 8), or Rtf1-1 (KY1215; lanes 9 to 12) was incubated with
anti-Rtfl antibody or preimmune (Pre-I) serum. Immunoblot analysis was performed to assess the presence of Rtfl and HA-Chdl in the
immunoprecipitated fraction. Lanes 1, 3, 5, 7, 9, and 11 contain 20 pg of unbound (U) material; lanes 2, 4, 6, 8, 10, and 12 contain the total bound
(B) fraction. (C and D) ChIP analysis of Chd1 recruitment to active ORFs in r#f] mutants. HA-Chd1 and associated DNA were immunoprecipi-
tated (IP) from extracts of a formaldehyde-treated r¢f1A strain (KY623) that had been transformed with an empty vector or plasmids that express
untagged wild-type Rtfl or Rtfl1Al. An untagged Chdl strain (KY452) expressing untagged wild-type Rtfl (pLS20) was used as a control.
Association of Chdl at the 5" ORF of PYKI (C) or TEF2 (D) was assessed by PCR. The means of three independent experiments with standard

errors are shown. The signal from strains expressing full-length Rtfl is set at 1. Rel., relative.

plete medium (Fig. 4A, right panel, and data not shown). We
observed significant growth on medium lacking histidine when
GAD-Chd1 was expressed in combination with GBD fusions to
full-length Rtfl or to 11 of the 12 Rtfl internal deletion mu-
tants that were tested. The exception was the GBD fusion to
deletion mutant 1, GBD-Rtf1Al, which failed to support
growth on medium lacking histidine (Fig. 4A, left panel). Sim-
ilar results were obtained when B-galactosidase activity or
growth on medium lacking adenine was measured (data not
shown). We confirmed the results of the two-hybrid assays by
immunoprecipitating Rtf1A1 with an anti-Rtfl antibody and
by demonstrating that coimmunoprecipitation of triple-HA-
tagged Chdl1 essentially was eliminated (Fig. 4B, lanes 5 to 8).
Our results suggest that Rtfl region 1, defined by amino acids
3 through 30, mediates physical interaction with Chdl.
Because we previously observed that Rtfl is required for
normal recruitment of Chd1 to active ORFs (55), we sought to
examine the contribution of Rtfl region 1 to this association.
We performed ChIP assays on wild-type, rtfIAl, and rfIA
strains expressing HA-tagged Chdl. The association of Rtfl
was analyzed at the 5’ ends of two ORFs: PYKI, a highly
expressed gene for which association with the Pafl complex

has been detected previously (39), and TEF2, for which we
previously demonstrated a role for Rtf1 in the recruitment of
Chd1 (55). Our results show that deletion of region 1 of Rtfl
significantly reduced the association of Chd1 at the 5" ORFs of
PYK] and TEF?2, although the effect was not as severe as that
observed when RTFI was completely absent (Fig. 4C and D),
suggesting that additional regions of Rtfl may contribute to
stabilizing the interaction of Chdl with chromatin.

In a previous study, we reported a function for Rtfl region
1 (59). An Rtfl mutant with a substitution of phenylalanine for
leucine at position 11 (Rtf1-1) was identified as a suppressor of
the Spt™ phenotype caused by spt15-122, a mutation in the
gene encoding the TATA-binding protein (TBP). The TBP
mutant encoded by spt15-122, TBP-L205F, exhibits altered
DNA binding specificity in vitro and in vivo (1). Amino acid 11
lies within region 1 of Rtfl, which led us to examine whether
the Rtfl-1 mutant protein was impaired in its physical inter-
action with Chdl. Two-hybrid analysis demonstrated that a
GBD-Rtfl1-1 fusion supported only weak growth on medium
lacking histidine when expressed in combination with GAD-
Chd1 (data not shown). Coimmunoprecipitation analysis con-
firmed that the physical association between Rtfl-1 and a tri-
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FIG. 5. Mutations that disrupt the Rtf1-Chd1 interaction suppress
a TBP mutant. (A) Mutations in RTFI or CHDI suppress the Spt™
phenotype of an spt15-122 strain. KY343, KY386, KY638, KY639,
KY640, and KY641 (top row) or KY100, KY284, KY423, KY440,
KY680, and KY1265 (bottom row) were grown on YPD medium and
transferred by replica printing to SD complete medium as a control or
to SD-His medium to examine the Spt™ phenotype. Plates were incu-
bated at 30°C for 3 days. (B) Northern analysis of his4-9173 expression
in wild-type (KY640), chdIA (KY641), spt15-122 (KY638), and chdIA
spt15-122 (KY639) strains. Lane 1 contained 1 pg of total RNA from
a HIS4" strain (FY78); lanes 2 through 5 contained 10 pg of total
RNA. The filter was analyzed using a HIS4 probe (top panel). TUB2
levels (bottom panel) were analyzed on the same filter as a loading
control. (C) Schematic representation of the his4-9173 allele and its
transcription. The & element is represented by the rectangle,
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ple-HA-tagged version of Chdl was significantly reduced (Fig.
4B, lanes 9 to 12).

Our observation that the Rtfl-1 mutant protein interacted
poorly with Chdl suggested that suppression of spt15-122 by
certain RTFI mutations was due to a disruption of the Rtfl-
Chd1 interaction. To explore this possibility, we examined the
effect of mutations that interfere with the Rtf1-Chdl interac-
tion on the Spt™ phenotype of spt15-122. We performed these
analyses with a strain carrying his4-9173, a HIS4 allele in which
a Ty 8 element is inserted between the native TATA box and
the transcription start site (41). We observed that rtfl-1, rtfl1Al,
and chdIA strongly suppressed the Spt™ phenotype of the
spt15-122 mutation, similar to the effect of an r#f1 null allele
(Fig. 5A). Northern analysis demonstrated that loss of Chdl
altered his4-9178 transcription in an spt15-122 strain, restoring
transcription initiation to the native promoter (Fig. 5B and C).
As reported previously, the r#fIA and rtfI-1 mutations alone do
not suppress the his4-9178 allele (59), and we report here that
this allele also is not suppressed by r¢f1Al or chdIA. Together,
our observations suggest that the physical interaction between
Rtfl and Chdl is mediated by amino acids 3 to 30 of Rtfl.
While it does not cause noticeable transcription-related phe-
notypes in a wild-type strain (Fig. 2), disruption of the physical
interaction between Rtfl and Chdl may have effects on chro-
matin structure that become apparent in a TBP mutant strain.

Conserved regions of Rtfl are required for Rtfl-dependent
histone modifications and telomeric silencing. We sought to
determine which residues are essential for Rtfl to direct co-
valent modification of lysine residues in histones H2B and H3.
We began by examining the effects of the Rtf1 internal deletion
mutants on histone H3 methylation. Immunoblot analysis
demonstrated that Rtfl regions 3 and 4 are essential for di-
methylation and trimethylation of histone H3 K4 and dimethyl-
ation of histone H3 K79 (Fig. 6A and data not shown). We also
observed a slight reduction of these modifications when region
6,7, 8, or 9 was eliminated from Rtf1. Interestingly, the regions
of Rtfl that are required for histone methylation correspond to
the most highly conserved portions of the protein (Fig. 3).

Rtfl also is required for monoubiquitylation of histone H2B
K123 (31, 65). Because removal of Rtfl region 3 or 4 eliminates
H3 K4 and K79 methylation, modifications that lie downstream of
H2B K123 ubiquitylation, we examined the state of H2B K123
ubiquitylation in strains expressing these Rtfl mutants. This mod-
ification was analyzed in strains expressing HIS-tagged ubiquitin
(HIS-Ub) and FLAG-tagged histone H2B (FLAG-H2B). The
expression of FLAG-H2B and HIS-Ub was confirmed by immu-
noblot analysis (Fig. 6B and data not shown). Ubiquitylated pro-
teins from yeast extracts were captured on Ni-nitrilotriacetic acid
agarose, separated by SDS-polyacrylamide gel electrophoresis,
and analyzed by immunoblotting for the presence of FLAG-H2B.
Ubiquitylated H2B was detected in wild-type cells but not in cells

and the direction of transcription of the normal Ty message is shown
by the arrowhead. Relative positions of the HIS4 upstream activation
sequence (UAS), the natural HIS4 TATA element, and the HIS4
coding region are indicated. The diagram is not drawn to scale. Arrows
beneath the diagram symbolize the HIS4 transcripts observed in the
indicated strains.
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FIG. 6. Conserved regions of Rtf1 are essential for Rtf1-dependent histone modifications and telomeric silencing. (A) Immunoblot analysis of
Rtfl-dependent histone methylation in strains expressing the Rtfl internal deletion mutants. Extracts from an r#f1A strain (KY404) expressing the
indicated Rtf1 derivatives were probed with antibodies specific for H3 K4 Me?, H3 K79 Me?, and total H3. An anti-L3 immunoblot analysis was
performed as a loading control. (B) Analysis of H2B K123 ubiquitylation levels in Rtf1 mutants defective for histone methylation. FY406, KY982,
KY1216, and KY1217 were transformed with plasmids expressing untagged or HIS-tagged ubiquitin and a plasmid expressing wild-type or
FLAG-tagged histone H2B. The HIS-tagged protein fraction from each strain was isolated and analyzed by immunoblotting using an anti-FLAG
antibody to detect FLAG-H2B (top panel). An anti-HIS tag immunoblotting also was performed (lower panel) to demonstrate the expression and
enrichment of HIS-Ub in the expected strains. (C) Analysis of telomeric silencing in strains expressing Rtfl internal deletion mutants. Tenfold
serial dilutions, ranging from 1 X 10® cells/ml to 1 X 10* cells/ml, of an rtfIA strain (OKA93) expressing the indicated Rtfl derivatives and
containing an ectopic URA3 gene integrated proximal to the telomere on the right arm of chromosome V were spotted on SC-Ura-Trp medium
containing 5-FOA to assess telomeric silencing defects or were spotted on SC-Trp medium as a control for growth. Plates were incubated at 30°C

for 4 days.

in which RTFI had been deleted or replaced with r#f1A3 or rtf1 A4
(Fig. 6B). The observation that H2B K123 ubiquitylation and H3
K4 and K79 methylation are eliminated by removal of the same
residues suggests that the primary role of Rtfl in histone modi-
fication is to direct H2B ubiquitylation.

Rtfl and its downstream histone modifications are required
for normal telomeric silencing (21, 31). To assess which regions
of Rtfl affect telomeric silencing, we analyzed the effects of the
Rtf1 internal deletion mutants on the expression of an ectopic
copy of URA3 integrated proximal to the telomere on the right
arm of chromosome V (TEL-VR::URA3). URA3 expression
causes toxicity on media containing 5-FOA. When telomeric
silencing is active, transcription from TEL-VR:URA3 is re-
pressed and cell growth is largely unaffected by 5-FOA. How-
ever, mutations that compromise telomeric silencing derepress
TEL-VR::URA3, resulting in growth inhibition or cell death on
5-FOA-containing media. We found that deletion of Rtf1 re-
gion 3, 4, 6, 7, 8, or 9 eliminated cell growth on media con-
taining 5-FOA in a TEL-VR::URA3 strain (Fig. 6C, left panel).
Therefore, the regions of Rtfl that affect telomeric silencing
correspond to the same regions that eliminate or reduce Rtf1-
dependent histone modifications (Fig. 6A and B).

Association of Rtfl with active ORFs requires a conserved
central region. Rtfl occupies active ORFs coincident with Pol
II. We performed ChIP assays on strains expressing the Rtfl
internal deletion mutants to investigate which regions of Rtfl
are required for its association with active ORFs. Association
of Rtfl was analyzed at the 5’ ends of PYKI and CLN2, a gene
that requires the Pafl complex for normal expression (19). Our
results show that deletion of segment 6, 7, or 8 reduced asso-
ciation of Rtfl at the 5 ORFs of PYK/ and CLN2 to the

background levels observed with untagged or r#f1 A strains (Fig.
7A and B). A strong reduction in association of Rtfl at these
loci also was observed when Rtf1 region 9 was absent. Deletion
of Rtf1 regions 3 and 4, which are required for Rtfl-dependent
histone modifications, caused an approximately twofold reduc-
tion of Rtfl association with PYKI, but this effect was not
observed for CLN2. These observations suggest that a large
central region of Rtfl, spanning amino acids 201 to 350, is
essential for recruitment of Rtfl to the two genes tested, and
amino acids 351 to 395 contribute significantly to this interac-
tion.

Immunoblot analysis of the Rtfl internal deletion mutants
indicated that expression of Rtfl deletions 6, 7, 8, and 9 is
somewhat reduced compared to that of full-length Rtfl (Fig.
1B), raising the possibility that the effects we observe when
regions 6 to 9 are deleted are a consequence of reduced pro-
tein levels. To address this possibility, we expressed Rtf1A7
from a high-copy-number yeast vector and asked whether in-
creased levels of the mutant protein reduced the severity of its
effects. We found that overexpression of Rtf1A7 increased its
levels to those observed for wild-type Rtfl when it was ex-
pressed from a CEN/ARS vector (Fig. 7C), but it did not
increase association of Rtf1A7 with the 5" ORF of PYK! (Fig.
7D) or suppress the transcription-related or histone modifica-
tion defects observed with an r#fIA7 strain (Fig. 7C and E).
These results support the idea that amino acids 201 to 395
are important for recruitment of Rtfl to active genes and
indicate that this association contributes to protein function
and stability.

Rtf1 interacts with other Pafl complex components through
its carboxy terminus. Rtf1 is a component of the five-member
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FIG. 7. Central conserved region of Rtfl mediates association with active ORFs and influences protein stability. (A and B) ChIP analysis of
Rtf1 association with active ORFs. HA-tagged Rtf1 mutants and associated DNA were immunoprecipitated (IP) from extracts of a formaldehyde-
treated rtf1A strain (KY452) that expressed the indicated Rtfl derivatives. Association of wild-type or mutant Rtf1 proteins with the 5’ ORF of
PYKI (A) or CLN2 (B) was assessed by PCR. The means of three independent experiments with standard errors are shown. Signal from strains
expressing HA-tagged full-length Rtf1 is set at 1. Rel,, relative. (C) Effects of Rtf1A7 overexpression on protein levels and histone modifications.
Twenty micrograms of extract from an r#f1A strain (KY404) expressing the indicated Rtf1 derivatives from low-copy-number (CEN/ARS [C/A]) or
high-copy-number (2p) plasmids or empty vectors (r£fIA) was subjected to immunoblot analysis with antibodies specific for the HA epitope, H3
K4 Me?, H3 K79 Me?, and total H3. Anti-L3 immunoblotting was performed as a loading control. (D) ChIP analysis to assess the effects of Rtf1A7
overexpression on association with active ORFs. The analysis was performed as described for panels A and B on extracts from KY452 transformed
with C/A or 2p plasmids expressing the indicated Rtfl derivatives. (E) Overexpression of Rtf1A7 does not suppress transcription-related
phenotypes. Tenfold serial dilutions, ranging from 1 X 10% cells/ml to 1 X 10* cells/ml, of an r¢fIA strain (KY619) expressing the indicated Rtfl
derivatives from C/A or 2 plasmids were spotted on SD-His-Trp medium to examine the Spt™ phenotype, SC-Ura-Trp medium containing 50
pg/ml 6-AU to assess 6-AU sensitivity, or SC-Trp medium as a control for growth. Plates were incubated at 30°C for 5 days.

control

-His -Trp

Pafl transcription elongation complex. To identify the regions
of Rtfl that are necessary for its association with other Pafl
complex components, the Rtfl internal deletion mutants were
immunoprecipitated with an anti-HA antibody, and coimmu-
noprecipitation of Pafl or Myc-tagged Ctr9 was measured by
immunoblot analysis (Fig. 8A). We found that Pafl and Ctr9
coimmunoprecipitated with full-length Rtf1 and Rtf1 internal
deletion mutants 1 through 11. The slight decrease in the
amounts of Pafl and Ctr9 coimmunoprecipitated from strains

expressing Rtf1 internal deletion mutants 6, 7, 8, and 9 likely is
related to the reduced expression of these Rtfl mutants (Fig.
1). However, when the most carboxy-terminal segments of
Rtf1, regions 12 and 13, were deleted, coimmunoprecipitation
of Pafl and Ctr9 was greatly reduced.

To further test the importance of the Rtfl carboxy terminus
in Pafl complex assembly, we purified bacterially expressed
GST fusions to full-length Rtfl, the amino-terminal half of
Rtf1, the carboxy-terminal half of Rtf1, or the extreme carboxy
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FIG. 8. Carboxy terminus of Rtfl mediates physical interaction with other Pafl complex subunits. (A) Coimmunoprecipitation analyses of Rtfl
internal deletion mutants and other Pafl complex subunits. Extracts from an r#fIA strain (KY995) expressing Ctr9-Myc and the indicated Rtf1
derivatives were subjected to immunoprecipitation (IP) with an anti-HA antibody. The precipitated fraction was analyzed by immunoblotting using
anti-Myc, anti-Paf1, or anti-HA antibody. (B) Pafl and Ctr9 bind to the carboxy terminus of Rtfl. GST alone or GST fusions to full-length Rtf1
(GST-Rtf1), the amino-terminal half of Rtf1 (GST N-Rtf1), the carboxy-terminal half of Rtf1 (GST Rtf1-C), or Rtfl segments 11 through 13 [GST
Rtf1(11-13)] were purified from bacteria and incubated with yeast extract from an r¢f1A strain (KY457) for GST pull-down assays. Bound proteins
were detected by immunoblotting using anti-Myc and anti-Paf1 antibodies. (C) ChIP analysis of Ctr9-Myc in Rtf1 internal deletion mutant strains.
Myc-tagged Ctr9 and associated DNA were immunoprecipitated from extracts of a formaldehyde-treated rffIA strain (KY995) expressing
Ctr9-Myc and the indicated Rtfl derivatives. Association of Ctr9-Myc with the 5" ORF of PYKI was assessed by PCR. The means of three
independent experiments with standard errors are shown. Signal from transformants expressing HA-tagged full-length Rtf1 is set at 1. Rel., relative.

terminus of Rtfl (regions 11 through 13) and examined the
ability of these fusions to bind Pafl or Myc-tagged Ctr9 in yeast
lysates. We found that Pafl and Ctr9 bound GST fusions to
full-length Rtfl, the carboxy-terminal half of Rtfl, and the
extreme carboxy terminus of Rtfl (Fig. 8B). However, a GST
fusion to the amino-terminal half of Rtfl showed essentially no
interaction with Pafl or Ctr9. Together, our observations
indicate that the extreme carboxy terminus of Rtfl is both
necessary and sufficient to mediate interaction with other com-
ponents of the Pafl complex.

A previous report demonstrated that Pafl complex compo-
nents fail to associate with active ORFs in a strain completely
lacking Rtfl (28). We therefore decided to use our specific
mutations to test whether disruption of the physical interaction
between Rtfl and the Pafl complex is sufficient to eliminate
recruitment of other Pafl complex components to active
ORFs. ChIP analyses were performed on a strain expressing
Myec-tagged Ctr9 and a subset of the Rtfl internal deletion
mutants. We found that regions of Rtfl required for the inter-
action with Chdl (region 1) or histone modification (region 3)
had only a modest effect on Ctr9 association at the PYKI gene
(Fig. 8C). However, removal of region 6, which is required for
the association of Rtfl with active ORFs, or region 13, which
is responsible for the interaction of Rtfl with other Pafl com-
plex components, reduced Ctr9 association at PYK7 essentially
to the level observed in an 7#f1 null strain. Surprisingly, Ctr9
associates with the 5" ORF of PYK! at near-wild-type levels in

a strain expressing Rtf1A12. This observation suggests that a
weak physical interaction between Rtf1A12 and Ctr9 exists in
vivo and that this interaction can be detected once it has been
stabilized by formaldehyde cross-linking. These results support
the conclusion that Rtf1 is required to tether the Pafl complex
to active ORFs. Additionally, we observed that deletion of
region 13 from Rtfl1 slightly reduces its occupancy on PYKI
and CLN2 (Fig. 7), suggesting that other Pafl components play
a reciprocal, though minor, role in stabilizing the association of
Rtf1 with active ORFs.

DISCUSSION

A large number of accessory factors participate in mRNA
synthesis by facilitating the recruitment and modification of
Pol II, the cotranscriptional processing of the nascent tran-
script, the progression of Pol II along ORFs, and transcription
termination. Accessory proteins that carry out distinct cotrans-
criptional events, such as transcript cleavage, can be recruited
to discrete segments of a gene during a portion of the tran-
scription cycle (reviewed in reference 5). In contrast, the Pafl
complex associates along the entirety of active ORFs (18, 55),
suggesting that it functions throughout transcript elongation.
Our results indicate that the Pafl complex component Rtfl
utilizes several independent mechanisms to orchestrate alter-
ations to the chromatin template during gene expression. Us-
ing a collection of sequential r#f/ deletion mutations, we dem-
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FIG. 9. Rtfl is composed of functionally distinct regions. A schematic diagram of Rtfl indicating the relative size of each Rtf1 internal deletion
(numbered boxes) is shown. Regions of Rtfl affecting each of the indicated processes or phenotypes are specified by colored lines. The width of

the line represents the degree of phenotype or effect that was observed.

onstrated that discrete nonoverlapping segments of the protein
are required for interaction with Chdl, histone modification,
recruitment to active ORFs, and association with the Pafl
complex. In addition, we observed that distinct transcriptional
effects resulted from disruption of individual functions of Rtf1
(Fig. 9). Combined with our observation that a complete de-
letion of RTF1 causes more severe phenotypes than mutations
that eliminate only one of its activities (Fig. 2), our data sug-
gest that the functions of Rtfl are not entirely interdependent.

Our analyses demonstrated that physical interaction with
Chd1 is disrupted by deleting amino acids 3 to 30 of Rtfl
(region 1) or by substituting phenylalanine for leucine at po-
sition 11 (Rtfl-1). Although we observed no transcription-
related defects when region 1 was deleted in an otherwise
wild-type strain, we have shown previously that r#fI-1 and an
rtf] null allele suppress the Spt™ phenotype of the spt15-122
mutation (59). We report here that this effect also is caused by
rtflAl and chdIA. The similar effects of mutations in RTFI and
CHDI in an sptl15-122 strain suggest that these factors elicit
similar effects on chromatin structure. We hypothesize that the
interaction between Rtfl and Chdl is important for proper
chromatin function, particularly when the cell is sensitized to
small changes in nucleosome positioning or stability, such as in
a TBP mutant strain.

We also demonstrated that amino acids 62 through 152 of
Rtf1, which correspond to regions 3 and 4, are required for
monoubiquitylation of H2B K123 and methylation of histone
H3 K4 and K79. The observation that H2B K123 ubiquitylation
and its downstream histone methylation events require the
same region of Rtfl suggests that the primary role of Rtfl in
histone modification is to promote ubiquitylation of H2B.
However, analysis of more specific mutations will be required
to determine whether it is possible to genetically separate the
histone ubiquitylation and methylation functions of Rtfl. A
previous study indicated that Rad6 localizes to gene promoters
in the absence of Rtfl but that it remains inactive and fails to
associate with active ORFs (66). This observation suggests that
Rtfl is required to stimulate Rad6 activity and recruitment
coincident with the onset of transcription elongation. Because
no enzymatic functions are predicted from its primary se-
quence, Rtfl may activate Rad6 by recruiting additional fac-
tors or altering chromatin structure in a way that increases the
accessibility of H2B K123. Regions 3 and 4 of Rtfl contain
several highly conserved residues, but a Psi-BLAST search did

not identify similar domains in other proteins. This suggests
that regions 3 and 4 of Rtf1 stimulate Rad6 activity by a unique
conserved mechanism.

Rtfl-dependent histone modifications also were moderately
reduced by deletion of regions 6 to 9, which span amino acids
201 to 395. Our analyses show that residues in these regions
are important for association of Rtfl with active ORFs. Inter-
estingly, the association of Rtfl with chromatin, and presum-
ably with transcribing Pol II, appears to be required for its full
stability (Fig. 1). Surprisingly, Rtfl-dependent histone modifi-
cations are not eliminated completely when the association
between Rtfl and chromatin is disrupted. This may indicate
that Rtfl promotes histone modification most efficiently when
it is associated with active genes but that this interaction is not
required absolutely. An additional, and perhaps more likely,
explanation is that Rtfl mutants lacking amino acids in regions
6 to 9 transiently interact with active genes for a sufficient
length of time to promote low levels of histone modification or
that these mutants associate with coding regions at levels below
the limits of detection of the ChIP assay. Because histone
methylation is relatively stable, it may accumulate to detect-
able levels over multiple rounds of transcription.

Our telomeric silencing assays demonstrated that all ref7
mutations that decreased histone modifications also interfered
with telomeric silencing, confirming prior reports that tightly
linked these processes (20, 21, 31, 61). Interestingly, the ab-
sence of Rtfl region 6, 7, 8, or 9 caused only a moderate
decrease in Rtfl-dependent histone methylation but dramati-
cally affected telomeric silencing. This observation suggests
that even modest effects on histone modifications can disrupt
telomeric silencing. Alternatively, these results may simply re-
flect the sensitivity of the TEL-VR::URA3 reporter. A study on
the Setl-containing COMPASS complex that used a telomeric
URA3 reporter system also reported strong effects on telo-
meric silencing by mutations that only mildly affect histone
modification levels (29).

All amino acids that are invariant across the four Rtfl ho-
mologs examined in Fig. 3 reside in either regions 3 and 4,
which are required for histone modification, or in regions 6 to
9, which regulate localization of Rtf1 to active ORFs. We also
observe that the most severe transcription-related phenotypes
result from deletion of these regions of the protein, indicating
that directing cotranscriptional modification of histones is a
critical means by which Rtfl exerts its effects on transcription.
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Deletion of sequences required for either histone methylation
or ORF association causes similar levels of 6-AU sensitivity,
but disruption of the association of Rtfl with ORFs causes a
more severe Spt~ phenotype. This observation suggests that
the association of Rtfl with active genes is required for a
function in addition to H2B K123 ubiquitylation or H3 K4 and
K79 methylation. Another indication that the 6-AU and Spt™
phenotypes measure, at least partly, distinct functions of Rtfl
comes from our observation that RtflAS5 causes a moderate
Spt™ phenotype but no sensitivity to 6-AU (Fig. 2).

Finally, we demonstrated that the carboxy terminus of Rtfl,
defined by region 13, is necessary and sufficient for the inter-
action between Rtfl and other Pafl complex subunits. It is
surprising that Rtf1A13 apparently has wild-type stability, be-
cause previous studies revealed a 10- to 20-fold reduction in
Rtfl levels in crude extracts from paflA and ctr9A strains (28,
36). Our results suggest that a stable physical interaction with
the Pafl complex is not required for Rtfl stability or that
residues within Rtf1 that confer instability are deleted from the
Rtf1A13 mutant protein. Consistent with findings of a prior
study, we show that interaction with Rtf1 mediates recruitment
of Pafl and Ctr9 to active ORFs (28). Remarkably, disruption
of the physical interaction between Rtfl and the Pafl complex
causes only a mild Spt™ phenotype (Fig. 2), and the known
biochemical functions of Rtfl remain largely intact. This ob-
servation suggests that Rtfl retains function independent of
stable association with the Pafl complex. In agreement with
this idea, Rtf1 does not copurify with the human Pafl complex
(44, 67, 68), and we note that the carboxy terminus is poorly
conserved (Fig. 3). Human Rtfl may interact only with other
Pafl complex subunits while associated with chromatin, or the
human Pafl complex may execute some functions indepen-
dently of ORF association, as previously suggested by studies
with yeast (28). Alternatively, Cdc73, which also promotes as-
sociation of Pafl and Ctr9 with active genes in yeast (28), may
be the sole Pafl complex subunit required for this function in
humans.

The conservation of Rtfl and the proteins that mediate its
dependent histone modifications indicates that these factors
perform a valuable function. In accordance with this idea,
mutations in human homologs of Pafl, Cdc73, and Setl are
involved in the etiology of various cancers (26, 44, 49). Al-
though Rtfl performs various transcription-associated func-
tions, the mechanisms and consequences of these functions
remain unknown. Here, we show that the multiple activities of
Rtf1 are functionally separable, that Rtf1 affects transcription
by directing the cotranscriptional modification of histones, and
that Rtf1 may have functions independent of the Pafl complex.
In addition, the separation-of-function mutations we have
identified represent valuable tools for dissecting the contribu-
tions of the individual functions of Rtf1 to proper gene expres-
sion.
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