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ABSTRACT

Spt4-Spth, a general transcription elongation factor for RNA polymerase II, also has roles in chromatin
regulation. However, the relationships between these functions are not clear. Previously, we isolated
suppressors of a Saccharomyces cerevisiae spt> mutation in genes encoding members of the Pafl complex,
which regulates several cotranscriptional histone modifications, and Chdl, a chromatin remodeling
enzyme. Here, we show that this suppression of spt5 can result from loss of histone H3 lysines 4 or 36
methylation, or reduced recruitment of Chdl or the Rpd3S complex. These spt5 suppressors also rescue
the synthetic growth defects observed in spt5 mutants that also lack elongation factor TFIIS. Using a FLOS8
reporter gene, we found that a chdl mutation caused cryptic initiation of transcription. We further
observed enhancement of cryptic initiation in c¢hdl iswl mutants and increased histone acetylation in a
chdl mutant. We suggest that, as previously proposed for H3 lysine 36 methylation and the Rpd3S
complex, H3 lysine 4 methylation and Chdl function to maintain normal chromatin structures over
transcribed genes, and that one function of Spt4-Sptb is to help RNA polymerase II overcome the

repressive effects of these histone modifications and chromatin regulators on transcription.

UKARYOTES package their genomes into nucleo-
somes to form chromatin. Although nucleosomes
and higher order chromatin structures permit signif-
icant compaction of the genome, they also inhibit
transcription by blocking access to underlying DNA and
by forming a repeating barrier to elongating RNA
polymerases. Strategies used to overcome this inhibition
and regulate transcription include: post-translational
modification of histone tails; remodeling, eviction, or
movement of nucleosomes by both ATP-dependent
and -independent mechanisms; and incorporation of
histone variants into nucleosomes (SAUNDERS et al. 2006;
L1 et al. 2007a; WiLLiaMs and TyLER 2007).

In contrast to promoters, which are often persistently
nucleosome free, the bodies of actively transcribed
genes are typically still nucleosome assembled, even
though nucleosomes strongly inhibit elongation by
purified RNA polymerase II (STupITSKY el al. 2004;
POKHOLOK ¢l al. 2005; SAUNDERS el al. 2006; RANDO and
AnaMAD 2007). These observations imply that eukaryotes
must possess activities that transiently alter or remove
nucleosomes to permit elongation and then restore
them to their prior state. Failure to restore chromatin
structure after elongation may reveal cryptic promoters,
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leading to aberrant transcription initiation from in-
ternal positions within a gene (KapLAN et al. 2003;
MasoN and STRUHL 2003; CARROZZA et al. 2005). Thus,
maintenance of chromatin structure over transcribed
sequences presents a unique set of challenges and is
critical to appropriate regulation of a cell’s transcriptome.

The Spt4-Sptb complex is an essential, highly conserved
regulator of transcription elongation by RNAPII in eukar-
yotes (HARTZOG et al. 2002). It joins elongation complexes
soon after initiation (ANDRULIS ¢t al. 2000; PING and RANA
2001) and associates with RNAPII along the entire length
of the gene (Kim et al. 2004) . Although the precise function
of Spt4-Sptb is not known, in vitro studies show that it can
repress transcription elongation at promoter proximal
locations and can promote elongation under nucleotide
limiting conditions (WADA et al. 1998). Furthermore, a
wealth of genetic data implicate it in regulation of
elongation and RNA processing i vivo (Cul and DENIS
2003; LINDSTROM et al. 2003; Kim et al. 2004; BUCHELI and
BuraTOowsKl 2005; BURCKIN et al. 2005; KAPLAN et al. 2005;
X140 et al. 2005). In addition, spt4and spt5 mutations share
a number of phenotypes with histone mutations and
genetically interact with mutations in genes encoding
chromatin remodeling factors, suggesting that the func-
tion of Spt4-Sptb is connected to chromatin (SWANSON
and WINSTON 1992; SQuAzzo et al. 2002; Stmic et al. 2003).

We previously identified a mutation in the Saccharo-
myces cerevisiae SPT5 gene, spt5-242, which confers a cold-
sensitive (Cs~) growth defect (HARTZOG et al. 1998). We
also identified two classes of suppressors of the Cs~
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phenotype of spt5-242 cells. The first class includes
mutations in either of the two large, catalytic subunits of
RNAPII (HARTZOG et al. 1998). One of these mutations,
rpb2-10, displays a decreased elongation rate and lower
processivity in vitro (POWELL and REINES 1996), and rpb1
suppressors of spt5-242 alter residues implicated in
elongation (HARTZOG et al. 1998). In addition, spt>-
242is suppressed by 6-azauracil ((HARTZOG et al. 1998),
which inhibits nucleotide biosynthesis and is believed to
impede elongation in vivo by starving the polymerase of
substrate nucleotides (EXINGER and LACROUTE 1992).
Thus, itappears that the spt5-242mutation is suppressed
by decreased RNAPII elongation rates. The second class
of spt5-242 suppressors is composed of mutations that
likely perturb chromatin structure or dynamics. These
include mutations in CHD1 (Smmi1c et al. 2003), which
encodes an ATP-dependent chromatin remodeling
enzyme (TRAN et al. 2000; STOCKDALE et al. 2006), with
a pair of conserved N-terminal chromodomains, a cen-
tral Snf/Swi type helicase domain and a C-terminal
domain that resembles Myb-type DNA binding domains
(WOODAGE et al. 1997). In addition, mutations that
perturb the Paf]l complex, which regulates the activity of
several histone-modifying enzymes, also suppress spt5-
242 (SQuazzo et al. 2002).

In this work, we investigate the potential roles of this
second class of spt5-242 suppressors in transcription
elongation. We show that these chromatin-based sup-
pressors have effects on the transcription apparatus that
are distinct from elongation rate-based suppression. We
show that loss of a specific subset of Pafl complex
functions, methylation of histone H3 lysines 4 and 36,
are involved in suppression of spt5-242. We present
evidence that recruitment of Chdl to transcribed genes
may depend in part upon H3K4 and H3K36 methyla-
tion; we further show that all three conserved domains
of Chdl are required for its recruitment to chromatin
and function. Finally, we find that loss of Chd1 contrib-
utes to the appearance of cryptic transcripts, suggesting
that Chd1 plays a role in maintaining nucleosomes over
transcribed regions. We suggest that the Spt4-Spt5 com-
plex promotes transcription elongation across chroma-
tin templates, acting in opposition to Rpd3S, Chdl, as
well as histone H3K4 and H3K36 methylation and down-
stream effectors of these marks.

MATERIALS AND METHODS

Media and genetic methods: Strain construction and other
genetic manipulations were carried out by standard methods
(Rost et al. 1990). Yeast media was made as described
previously (RosE et al. 1990). All S. cerevisiae strains used in
this study (supporting information, Table S1) are isogenic to
S$288C and are GAL2" (WINSTON et al. 1995). The GALI-FLOS-
HIS3 reporter construct was a gift of Fred Winston and was
integrated as described by CHEUNG et al. (2008). For spot
dilutions, strains were grown in rich or synthetic media. Cells
were counted with a hemocytometer, 1 X 107 cells were

pelleted in a microcentrifuge, and resuspended in 1 ml of
water. Fivefold serial dilutions of these cells were prepared and
5-10 pl of each dilution was spotted on rich or synthetic media
and incubated at the indicated temperature.

Plasmids: All plasmids used in this study are listed in Table
S2. Chromodomain mutations in CHDI were constructed in a
HA3-CHDI URA3 CEN plasmid, pGH269 (Simic et al. 2003).
Agel sites flanking the chromodomains were generated by PCR
mutagenesis. This plasmid was digested with Agel, purified,
and religated to create the complete chromodomain deletion,
pTQ5. PCR products flanked by Agel sites containing the first
chromodomain and intervening sequence, or the intervening
sequence and the second chromodomain, were synthesized
and ligated into pTQ5 to create pTQ4 and pTQ3. The plasmid
containing a Y316E point mutation in CHDI was also derived
from pGH269 and was a gift of Patrick Grant (PRAY-GRANT
et al. 2005). rtfl mutant plasmids in Figure 5A were gifts of
Karen Arndt (WARNER et al. 2007). For use in ChIP assays, rifI
mutant plasmids were digested with Ndel to remove the HA3
tag and religated.

Chromatin immunoprecipitation: ChIP assays were per-
formed as described previously (Simic et al. 2003). Strains
containing Aht2 or rifl mutations were grown in SC —Trp
media and strains containing plasmid-borne c¢idl mutations
were grown in SC —Ura to maintain plasmid selection. All
other strains were grown in YPD media. RNAPII was pre-
cipitated with a monoclonal antibody, SWG16 (Covance), and
H3K9/14Ac with antihistone H3 K9/14Ac antibody (Upstate).
Total histone H3 precipitated with an antibody directed
against the C terminus of histone H3 (Abcam). The anti-HA
antibody is described in Simic et al. (2003).

Quantitative PCR analysis was performed as follows on a Bio-
Rad iCycler: 40 cycles of 95° for 30 sec, 55° for 30 sec, and 72°
for 45 sec. PCR was carried out in 20-pl reactions in 96-well
plates using Eurogentec qPCR MasterMix Plus for SYBR Green
I Low ROX. Primers directed against TEF2 and PMA1 (Sivmic
et al. 2003), YLR454W (MasoN and StruUHL 2005), and
intergenic chromosome V (KOMARNITSKY et al. 2000) were
described previously. For ChIP of STEII, the promoter
primers amplified nucleotides —320 to —563 (relative to the
ATG), the 5’ primers amplified nucleotides +1 to +330, and
the 3’ primers amplified nucleotides +1641 to +1915. For
ChIP of FLOS, the promoter primers amplified nucleotides
—65 to —287, the 5’ primers amplified nucleotides +60 to
+408, and the 3’ primers amplified nucleotides +1969 to
+2349.

In Figure 5 and Figure S1, fold enrichment over a non-
transcribed sequence on chromosome V was calculated as
described previously (AUSUBEL ef al. 1991). These values were
then normalized to values obtained from control immuno-
precipitations from an untagged strain. The RNAPII ChIPs in
Figure 1 were analyzed as described in MasoN and STRUHL
(2005), using the chromosome V sequence as a control. The
ChIPs of H3AcK9/14 in Figure 9 were normalized to precip-
itations of total histone H3 to account for any strain-to-strain
variation in nucleosome density. The H3Ac ChIPs from the
set2 mutant in Figure 9 are derived from two independent
experiments. All other ChIP data were derived from three or
more independent experiments.

Northern blots: Northern blotting was performed as de-
scribed previously (AUSUBEL et al. 1991; SWANSON et al. 1991;
KAPLAN et al. 2003). Probes for FLOS, STE11, and RAD18 were
PCR amplified from genomic DNA. The FLO8 3’ probe covers
nucleotides +1595 to +2349 relative to the ATG. The STEI113’
probe covers nucleotides +1641 to +2153 relative to the ATG.
The RADI8 3’ probe covers nucleotides +472 to +1472
relative to the ATG. Probes were labeled by random priming
as described previously (AUSUBEL et al. 1991).
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RESULTS

The spt5-242 mutation reduces the rate of elongation
in vivo: To examine the rate of transcription elongation
in vivo, we used a chromatin immunoprecipitation assay.
The GALI promoter, which is induced in galactose
media and repressed in the presence of glucose, was
integrated upstream of the ~7.9 kb YLR454W gene
(Figure 1A) and crossed into strains carrying the spt5-
242and chdIA mutations. Cells were grown to log phase
in media containing raffinose, which neither represses
nor induces the GALI promoter. The GALI promoter
was then induced with galactose for 90 min, an aliquot
of each culture was formaldehyde crosslinked and
frozen, and the remainder of the culture was treated
with glucose to repress the GALI promoter. Five minutes
after addition of glucose an additional sample of cells
was crosslinked and frozen. Both samples were then
processed for ChIP using an antibody directed against
RNA polymerase II, and a set of five PCR primers was
used to monitor the distribution of RNAPII across the
hybrid GALI-YLR454W gene.

Previously, MAasoN and STRUHL (2005) used this assay
to monitor RNAPII processivity by examining polymer-
ase distribution across the induced GALI-YLR454W
gene, and to monitor elongation rate by examining
the decay of the RNAPII ChIP signal across GALI-
YLR454W following glucose repression. Examining a
large collection of mutations, they found that deletion
of CHDI did not affect processivity or elongation rate,
whereas loss of SPT4 resulted in decreased polymerase
processivity, but a normal elongation rate. In addition,
they found that 7pb2-10, a mutation that suppresses spt>-
242 (HARTZOG et al. 1998) and reduces elongation and
processivity in vitro (POwELL and REeiNEs 1996), also
reduced processivity and elongation rate across GALI-
YLR454W in vivo.

Consistent with these previous results, we found that
RNAPII processivity in a chdIA strain closely matched
that observed in wild type (Figure 1B). In glucose
repressed samples, the c¢hdl deletion resulted in only a
modest increase in the density of RNAPII across GALI-
YLR454W. Polymerase density across the induced GALI-
YLR454Wgene in the spt5-242 mutant was similar to that
observed in wild-type cells. In contrast, following glu-
cose repression, RNAPII levels at GALI-YLR45Win spt5-
242 cells were higher than in wild-type cells (Figure 1C).
This effect was most obvious for ChIP probes at the 3’
end of the gene, indicating a decreased rate of clearance
of RNAPII from GALI-YLR454W. Thus the spt5-242
mutation leads to a decreased transcription elongation
rate in vivo.

Two mechanisms for genetic suppression of spt5-242:
We were unable to reproducibly measure RNAPII levels
at GALI-YLR454Win glucose repressed chdIA spt5-242
double mutants. This was likely due to the substantial
decrease in RNAPII density in this double mutant
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F1GURE 1.—Reduced rate of RNA polymerase II elongation
in spt5-242 mutant. (A) Location of ChIP probes on hybrid
GALI-YLR454Wgene. (B) Measurement of RNAPII processiv-
ity. ChIP of RNAPII across the hybrid GALI-YLR454Wgene in
wild-type cells and the indicated mutants was performed un-
der inducing conditions. For each mutant, IP/Input values
for each ChIP probe were determined and normalized to
the corresponding value measured in the wild-type strain.
(C) Measurement of elongation rate. Galactose-induced cells
were treated with glucose to repress transcription from the
GALI-YLR454W gene and samples were processed for ChIP
5 min later. IP/Input values for each probe are expressed rel-
ative to the corresponding value for that probe measure just
prior to addition of glucose.

observed even under inducing conditions (Figure 1A).
As an alternative approach to determining the mecha-
nism by which loss of Chd1 leads to suppression of spt>-
242, we examined genetic interactions of spt5-242 and
chdlwith a null allele of DSTI, which encodes transcrip-
tion elongation factor TFIIS and functions to overcome
transcription arrest by RNAPII (Fisu and KaNE 2002).
At each step in RNA chain elongation, RNAPII may add
nucleotides to the 3’ end of the nascent RNA, pause, or
arrest. Arrest occurs when the polymerase backtracks,
leaving its active site misaligned over the DNA:RNA
hybrid of the transcription bubble rather than over the
3" end of the nascent RNA. TFIIS binds arrested RNAPII
elongation complexes, stimulates cleavage of the na-
scent transcript, creating a new 3’ end that is properly
aligned with the active site of the enzyme, allowing
elongation to resume.
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Mutations in RNAPII subunits, including several rpb1
and 7pb2 alleles that suppress spt5-242, cause synthetic
growth defects or lethality when combined with TFIIS
mutations (HARTZOG et al. 1998; LENNON et al. 1998).
These observations were interpreted to indicate that the
rpb mutations lead to an increased frequency of arrest
and dependence on TFIIS. In addition, spt5 dstIA
mutants exhibit strong synthetic growth defects (Figure
2A; HARTZOG et al. 1998). Thus, it is likely that spt5
mutations also lead to increased arrest and dependence
on TFIIS.

To determine whether the chromatin-based suppres-
sors of spt5-242 function by a mechanism similar to or
distinct from that of the rpb suppressors of spt5-242, we
performed genetic crosses to isolate strains with all
possible combinations of spt5-242, dstIA, and chdIA
mutations. Although spt5-242 dstIA mutants are inviable
at temperatures below 37° (Figure 2A; HARTZOG et al.
1998), a spt5-242 dstIA chdIA mutant was viable at
temperatures as low as 22° (Figure 2A). In addition,
dstIA chdIA mutants did not display any other obvious
new phenotypes. Thus, loss of Chdl overcomes the
synthetic growth defect of spt5-242 dstIA mutants.

In contrast to the results with chdIA, when we crossed
strains carrying dstIA, spt5-242, and either the rpb1-221
or rpb1-244 mutations, which suppress spt5-242, we were
unable to obtain viable triple mutants. Thus, although
rpb1-221 and rpbl-244 suppress spt5-242, they cannot
overcome the synthetic growth defects observed in spt5-
242 dstIA double mutants. These data support the idea
that chromatin defects and elongation defective forms
of RNAPII suppress spt5-242 by distinct mechanisms.

In addition to enhancing the phenotype of spt5-242,
deletion of DST1 causes a temperature sensitive (Ts™)
growth defect when combined with other transcription
elongation factor mutations, including spt5-194, spt4A,
and spt6-14 (HARTZOG et al. 1998). We therefore crossed
strains carrying chdIA, dstIA, and these spt mutations.
Deletion of CHDI did not alter growth of the spt5-194
dst1A strain (data not shown) but did partially suppress
the Ts~ phenotype of spt4A dstIA and spt6-14 dstIA
(Figure 2, B and C). Thus, Chdl may have a more
general role in elongation since its interactions are not
factor specific.

Relationships between chromatin-based suppressors
of spt5-242: The data presented above demonstrate that
there are at least two distinct mechanisms for genetic
suppression of spt5-242, decreasing the elongation rate
of RNA polymerase II or disruption of chromatin. We
next explored genetic relationships between previously
identified chromatin-based suppressor of spt5-242, the
Pafl complex and Chdl.

Disruption of an Rtfl1-Chdl interaction suppresses
spt5-242: Two prior observations suggest that Chdl
interacts with Rtfl, a component of the Pafl complex.
First, a C-terminal fragment of Chdl interacted with
Rtfl in a two-hybrid experiment. Second, Chdl did not

A

wild type
dst1A
chdi1A
dst1A chd1A
r wild type
dstiA
chd1A

dst1A chd1A

SPT5—

spt5-242—

wild type

SPT4-] dst1A
chdiA
|_dst1A chd1A
[ wild type

dst1A

chd1A
_dstm chdi1A

e .y

&
%
2

&

5

il e s Gy
RWERA -y 2o 0

X
<

o

spt4A —

2

wild type
dstiA
chdi1A
dst1A chd1A
r wild type
dstiA
chdiA
dstiA chdis .

SPT6

spt6-14—

F1GURE 2.—chd] mutations suppress growth defects of spt
dstI mutants. Genetic crosses were performed to create strains
carrying combinations of complete deletions of DSTI1 and
CHD]1 with the cold-sensitive spt5-242 mutation, a complete
deletion of SPT4, and the temperature-sensitive spt6-14 muta-
tion. Serial dilutions of these strains were spotted to YPD me-
dia and grown at the indicated temperature. (A) chdIA
suppresses the growth defect of spt5-242 dstIA cells at 22°
and 30°. (B) chdIA suppresses the growth defect of spi4A
dstIA cells at 39°. (C) chdIA suppresses the growth defect
of spt6-14 dstIA cells at 37°.

associate with transcribed chromatin in an r¢fI mutant
(Figure SI; Simic et al. 2003). These data suggested the
possibility that in addition to its role in Setl function,
the Pafl complex may play a more direct role in Chd1’s
association with chromatin via a direct Rtf1-Chdl
interaction.

Several recently characterized Rtf1 mutations support
this idea (WARNER e/ al. 2007). rifIA] is an internal
deletion that removes amino acids (aa) 3-30 and
disrupts the two-hybrid interaction between Chdl and
Rtf1, but does not alter H3K4 methylation. r¢fIA 2, which
deletes aa 30-62, does not alter the two-hybrid in-
teraction with Chdl, histone H3 methylation, or H2B
ubiquitylation. In contrast, r{f1A 3 deletes aa 62—109 and
causes defects in histone H2B ubiquitylation and H3K4
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SPT5—

spt5-242 |

F1cURE 3.—The r{fIA1 mutation suppresses spt5-242. Serial
dilutions of SPT5 rifIA and spt5-242 rifIA strains transformed
with the indicated RTFI plasmids were spotted to SC —Trp
media and grown at 22° or 30° for 3 days. Only r¢fIA I, which
disrupts Rtf1-Chd1 interactions, suppressed the cold-sensitive
phenotype of spt5-242.

and H3K79 methylation, but does not alter the Rtfl-
Chdl two-hybrid interaction. Each of these forms of
Rtfl retains the ability to assemble into the Pafl
complex and associate with chromatin. When we
combined these rif] mutations with spt5-242, we found
that rtfIA1 suppressed the Cs~ phenotype of spt5-242
whereas 7tfIA2 and rtfIA3 did not (Figure 3A). Consis-
tent with this suppression, in ChIP assays, the r{fIA]
mutation abolishes Chdl’s association with transcribed
chromatin (WARNER ¢t al. 2007; Figure S1). These data
suggest that, in addition to its role in regulating histone
H3 modification states, Rtfl plays an important role in
Chdl’s recruitment to transcribed chromatin during
transcription elongation.

Evidence that methylation of histone H3 lysines 4
and 36 impact transcription elongation: The Pafl
complex plays a role in recruiting and regulating the
histone H3 methyltransferases Setl, Set2, and Dotl and
also the Rad6/Brel histone H2B ubiquitin ligase
(KrROGAN et al. 2003a,b; NG et al. 2003; Woob et al.
2003). Suppression of spt5-242 by perturbation of the
Pafl complex could be due to loss of one or more of
these enzymes. We therefore crossed an spt5-242 mutant
to strains carrying deletions of SET'1, SET2, DOTI, and
RAD6. We also created spt5-242 strains that carried
substitutions of histone H3 lysine 4 (H3K4), H3K36,
or H3K79 as their sole source of these histones. The
progeny of these crosses were monitored for growth at a
variety of temperatures (Figure 4 and data not shown).
The setIA mutation suppressed the Cs~ phenotype of
spt5-242weakly at 15° and more strongly at 22°. A similar
level of suppression was observed when H3K4 was
substituted with either alanine (H3K4A) or arginine
(H3K4R). The set?2A and H3K36R mutations both
strongly suppressed the growth defect of spt5-242 at 15°
and 22°. We further observed that spt5-242 setIA set2A
mutants showed the same level of growth as spt5-242 set2A
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FIGURE 4.—spt5-242is suppressed by loss of H3K4 or H3K36
methylation. (A) Spt5-242is suppressed by loss of the H3K4 or
H3K36 methyltransferases Setl and Set2 but not by loss of the
H3K79 methyltrasferase Dotl nor the ubiquitin conjugating
enzyme Rad6. Strains with the indicated genotypes were spot-
ted to YPD and incubated at 30° for 2 days or 22° for 4 days.
(B) Mutations altering H3K4 or H3K36 suppress spi5-242.
SPT5 and spt5-242 strains carrying deletions of both histone
H3-H4 loci and a CEN URA3 HHTI-HHFI plasmid were
transformed with plasmids carrying the indicated histone
H3 allele. Trp* transformants were spotted directly to 5FOA
and incubated at 30° for 2 days or 22° for 3 days.

mutants. Curiously, spt5-242 H3K4/K36R mutants did
notgrow at 15° or 22°. In contrast to the results with SET']
and SET2, deletion of DOT1 or mutation of its target,
H3K79, failed to suppress spt5-242. In sum, these data
suggest a role for Setl, Set2, and methylation of histone
H3 lysines 4 and 36 in Sptb function.

Normal methylation of H3K4 and H3K79 depends
upon Rtfl, Rad6, and H2BK123 ubiquitylation (DOVER
et al. 2002; NG et al. 2002; SUN and ALL1s 2002; KROGAN
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et al. 2003a). Curiously, mutations that abolished
H2BK123 ubiquitylation, r{fIA, rtfIA3, and rad6A, all
failed to suppress spt5-242 (Figures 3 and 4; SQuazzo
et al. 2002). Thus, loss of H2BKI23 ubiquitylation
appears to impact elongation in a manner thatis distinct
from and epistatic to the loss of H3K4 or H3K36
methylation. One potential explanation for these ob-
servations is that, in addition to its role in histone
methylation, H2BK123 ubiquitylation may directly fa-
cilitate elongation (PAVRI et al. 2006; FLEMING et al.
2008).

Chdl’s conserved domains are required for associ-
ation with transcribed chromatin: The results described
above raised the possibility that methylation of H3K4 or
K36 might mediate recruitment of Chdl to chromatin.
We therefore sought to identify the domain(s) of Chdl
that mediate its association with chromatin. We focused
on Chdl’s three conserved domains: its pair of N-
terminal chromodomains (CDs), its Swi/Snf-like heli-
case domain, and its C-terminal domain with homology
to Myb-type DNA binding domains (Figure 5A). We
previously constructed mutations altering each of these
domains in a triple HA epitope-tagged form of Chdl
(HA3-Chdl), and found that the altered proteins were
expressed at normal levels and that the mutations
suppressed spt5-242, although not always to the same
extent as a complete chdIA (SMIC el al. 2003).

To examine the contribution of the individual CDs,
we generated individual deletions of CDs 1 and 2 (ACD1
and ACDZ2) as well as a mutation altering a single residue
of CD2, Y316E, which was previously shown to disrupt
binding to dimethylated H3K4 peptides in vitro (PrRAY-
GRANT et al. 2005). Western blot analyses indicated that
these altered forms of HA3-Chd1 were expressed at wild-
type levels (data not shown). Like the double chromo-
domain deletion (ACD), alterations of individual Chd1
chromodomains suppressed the growth defect of the
spt5-242mutation moderately at 15° and as well as chdIA
at 22° (Figure 5B and data not shown), implying that
deletion of either CD is genetically equivalent to de-
letion of both and that the CDs play an important role in
Chdl1 function.

To ask whether these genetic interactions reflect a
failure of Chdl to associate with chromatin, we per-
formed ChIP assays with the chromodomain deletion
forms of HA3-Chd1. Deletion of both CDs, deletion of
CD2 alone, and the Y316E mutation all decreased the
HA3-Chdl ChIP signal over PMAI and TEF2 to back-
ground levels (Figure 5, C and D). Deletion of CDI1
resulted in a similar decrease at PMA I, but only a partial
decrease over TEF2. These data suggest that CD2 is
essential and CDI is important for the association of
Chdl with actively transcribed chromatin.

We next examined the helicase and C-terminal
domains of Chdl. To determine whether Chd1’s ATPase
activity is required for its association with chromatin, we
performed ChIP assays with the HA3-K407R form of
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FIGURE 5.—All three conserved domains of Chdl are re-
quired for its function and localization to chromatin. (A)
The location of the conserved sequence motifs of Chd1 as well
as sites targeted for mutations. (B) Deletion of either or both
chromodomains of Chdl is sufficient for suppression of spt5-
242. SPT5 chdIA and spt5-242 chdIA strains were transformed
with URA3 CEN plasmids carrying the indicated chdl muta-
tions expressed from the normal CHDI promoter. Serial dilu-
tions of cells with the indicated genotypes were spotted to
SC —Ura media and grown at the indicated temperature for
4 days. (C and D) All three conserved domains of Chd1 are re-
quired for its association with chromatin. Strains expressing
HAg-tagged forms of Chdl were subjected to anti-HA1 ChIP
followed by QPCR analysis using primers directed against the
promoters and transcribed regions of PMAI (C) and TEF2 (D).
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Chdl, which is expressed at wild-type levels and sup-
presses spt5-242. Lysine 407 falls in the adenine nucle-
otide-binding motif of Chdl, and similar substitutions
in other chromatin remodeling enzymes abolishes their
ATP-binding and remodeling activities (CORONA et al.
1999). Like the CD deletion mutants, we found this
mutation to also cause a dramatic decrease in Chdl
levels over the PMAI and TEF2 ORFs (Figure 5, C and
D). Consistent with our data, mutations that alter the
helicase or chromodomains of mouse Chdl alter its
nuclear distribution in cultured cells (KELLEY et al.
1999). Finally, we examined a truncated form of Chdl
lacking most of the putative C-terminal DNA-binding
domain (HA3-ASphl, Aaa 1083-1468) and found that it
also showed a decreased association of Chd1 with PMA1
and TEF2 (Figure 5, C and D).

In each of the experiments above, mutations in the
chromodomains, ATP-binding site and C terminus of
Chd1 gave a similar set of loss-offunction phenotypes.
To further examine the effects of these ¢hdl mutations
on gene expression, we performed DNA microarray
analysis of each of them. We compared the expression
profiles of these mutants to a set of profiles from 80
mutants defective for a wide variety of functions in gene
expression. Hierarchical clustering of the resulting
expression data showed no striking differences between
these chdl mutants in overall gene expression or pre-
mRNA splicing (data not shown). In summary, both
genetic and DNA microarray analyses suggest that
mutation of any one of Chd1’s three conserved domains
either leads to a nonfunctional protein or prevents
Chdl from reaching its site of action.

Chdl1 recruitment does not generally depend upon
H3K4 or H3K36 methylation: We next considered the
hypothesis that suppression of spt5-242 by setl, set2,
H3K4, and H3K36 mutations stems from a failure to
recruit Chdl to transcribed chromatin. This hypothesis
was suggested by previous observations of chromodo-
mains that bind methylated histone tails (BANNISTER
et al. 2001; LACHNER et al. 2001; Cao et al. 2002).
Furthermore, one report suggests that yeast Chdl may
bind to H3 tails methylated atlysine 4 (PRAY-GRANT et al.
2005), but others argue that although human Chdl
binds H3K4 methylated tails, yeast Chdl lacks this
activity (FLANAGAN et al. 2005, 2007; SiMs et al. 2005).
We therefore performed ChIP of HA5-Chd1 from strains
carrying the setIA or set2A mutations, or from strains
that expressed the H3K4R or H3K36R as their only
source of histone H3. However, the resulting data did
not show consistent changes in the association of HA;-
Chd1 with transcribed chromatin (data not shown).

Genetic evidence that the Rpd3S complex opposes
Spt4-Sptb function: If altered H3K4 or K36 methylation
does not result in decreased recruitment of Chdl to
chromatin, then what mechanism might explain sup-
pression of spt5-242 when H3K4 or K36 methylation is
perturbed? In the case of H3K36, a potential explana-

tion is provided by the observation that nucleosomes
methylated at H3K36 are targeted by the Rpd3S histone
deacetylase complex (CARROZZA et al. 2005; KEOGH et al.
2005). This raises the possibility that the genetic in-
teraction between SET2and SPT5 reflects a role for the
Rpd3S complex in transcription elongation and Sptb
function. To test this genetically, we crossed the spt5-242
strain to strains lacking Rpd3, the catalytic subunit of
the Rpd3S complex (Figure 6A). The resulting double
mutant did not grow at 22° and grew more poorly than
spt5-242 alone at 30°. This enhancement of the spt5-242
growth defect could be due to Rpd3’s participation in
multiple histone deacetylase complexes (CARROZZA
et al. 2005; KEOGH et al. 2005). Thus, we examined
mutations of two other genes. One, EAIF3 encodes a
chromodomain protein that binds H3K36 methylated
nucleosomes and is found in the Rpd3S histone
deacetylase and NuA4 histone acetyltransferase com-
plexes (E1SEN et al. 2001; CARROZZA et al. 2005; JosHI
and STRUHL 2005; KEOGH et al. 2005; L1 et al. 2007b).
The other, RCO1, encodes a protein that interacts with
Eaf3 and is required for proper Rpd3S complex
assembly (CARROZZA et al. 2005). Both eaf3A and rcolA
mutations suppressed spt5-242’s Cs~ growth defect
(Figure 6A). Because Rcol is found exclusively in the
Rpd3S complex (CarrOzzA et al. 2005; KEOGH et al.
2005), these data suggest a role for the Rpd3S complex
in Sptb function.

We next performed genetic crosses to create spt5-242
dstIA set2A and spt5-242 dstIA rcolA mutants. As with
chdIA, we found that the set2A and rcolA mutations
suppressed the growth defects of the spt5-242 dstIA
mutant (Figure 6, B and C). Thus, like chdIA, suppres-
sion of spt5-242 by loss of Set2 or the Rpd3S complex
occurs by a pathway that is distinct from that used by
elongation defective forms of RNAPII.

If loss of the Rpd3S complex, which leads to hyper-
acetylation of histones (CARROZZA ¢t al. 2005; JosH1 and
STRUHL 2005; KEOGH et al. 2005), suppresses spt5-242,
we would expect that decreased histone acetylation
should enhance spt5-242 phenotypes. To test this idea,
we crossed spt5-242 to deletions of GCN5, SPT3, SPT7,
and SPTS8, genes encoding subunits of the SAGA histone
acetyltransferase (GRANT ¢t al. 1997). In each case, the
double mutants derived from these crosses failed to
grow at 22° and grew very poorly at 30° (Figure 7A and
data not shown). In addition, we found that spt5-242
cells grew poorly when their only source of histone H3
was H3K9/14R or H3K9/14/18/23R (Figure 7B).
These observations suggest that histone acetylation
plays an important role in transcription elongation,
particularly when Sptb function is compromised.

A role for Chdl in prevention of cryptic transcrip-
tion initiation: The Rpd3S complex is implicated in
maintaining normal chromatin structure over tran-
scribed regions, and loss of Rpd3S function leads to
transcription initiation from cryptic internal promoters
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FIGURE 6.—Mutations that disrupt Rpd3S function sup-
press spt5-242. (A) To determine whether loss or reduced
recruitment of the Rpd3S complex leads to suppression of
spt5-242, strains carrying set2A, rpd3A, eaf3A, or rcolA muta-
tions in combination with wild-type SPT5 or spt5-242 were
spotted on YPD and incubated at 22° or 30° for 2 days. (B)
Loss of Set2 suppresses the growth defect of spt5-242 dst1A
double mutants. Strains carrying the indicated combinations
of set2A, dstIA, and spt5-242 mutations were serially diluted on
YPD media and incubated at 22°, 30°, or 37° for 3 days. (C)
Loss of Rcol, a subunit of Rpd3S, suppresses the growth de-
fect of spt5-242 dstIA double mutants. Strains carrying the in-
dicated combinations of rcoIA, dstIA, and spt5-242 mutations
were serially diluted on YPD media and incubated at 22°, 30°,
or 37° for 3 days.

(CARROZZA et al. 2005; L1 et al. 2007b; CHEUNG et al.
2008). To assay for this defect in ¢hdIA cells, we used a
genetic reporter of cryptic initiation over the FLOS
gene, which has been extensively characterized for
cryptic initiation (KAPLAN ef al. 2003; CARROZZA el al.
2005; CHEUNG et al. 2008). In the reporter, FLOS
transcription is driven by the strong GALI promoter
and the 3’ end of FLOS is replaced by the HIS3 gene
(Figure 8A; CHEUNG ef al. 2008) . Transcription initiation
at the normal FLOS start site produces a transcript in
which the HIS3 open reading frame is out of frame and

A

spt5-242
spt8A
spt5-242 spt8A
spt5-242 spt8A
spt5-242 spt8A

SPT5

K9/14/18/23R

SPT5[H3]
spt5-242 [H3]
K9R

K9Q

K14R
K9/14/18/23R

spt5-242

FIGURE 7.—Mutations that interfere with histone acetyla-
tion do not suppress spt5-242. (A) Loss of the SAGA subunit
Spt8 decreases the viability of spt5-242 mutants. A strain con-
taining spt5-242 was crossed to a strain lacking SPTS8. The re-
sulting diploid was transformed with a URA3 SPT5 plasmid
and then followed through sporulation. The parental strains,
a wild-type control, and three representative double mutants
were selected and spotted to YPD and 5FOA and incubated at
30° for 2 days. (B) Mutation of H3K9 or H3K14 fails to sup-
press spt5-242, but mutation of H3K9/14/18/23 leads to
enhanced spt5-242 phenotypes. SPT5 and spt5-242 strains car-
rying deletions of both histone H3-H4 loci and a URA3
HHTI-HHFI plasmid were transformed with plasmids carry-
ing the indicated histone H3 allele. Trp* transformants were
spotted directly to 5FOA and incubated at 30° for 2 days or
22° for 3 days.

not translated. Internal initiation at FLOS, however,
allows translation of a functional His3 protein, comple-
menting the His™ phenotype of the reporter strain.
Consistent with previous reports, we found that set2
deletion and H3K36R substitution mutations gave
strong His* phenotypes in the reporter strain. In
contrast, a set/ null mutation gave a His~ phenotype
and H3K4 substitutions gave weak His* phenotypes that
were only apparent after 4-5 days incubation. Interest-
ingly, deletion of the N-terminal tail of histone H3 gave a
strong His* phenotype. Finally, we observed that a chdl
null mutation gave a strong His™ phenotype (Figure 8C).

These observations suggest that the chdl mutation
causes internal initiation of transcription from the
FLOS-HIS3 reporter. To test for internal initiation
defects in the chromosomal FLOS8 gene, we assayed
Northern blots of wild-type and mutant strains with
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initiated transcripts over transcribed
sequences. (A) Diagram of the pGALI-
FLOS-HIS3 reporter gene. Transcription
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HHI2 plasmid, carrying a deletion of
codons 4-30 of histone H3. Patches

K4A and K4R indicate similar strains with plasmids carrying H3K4 mutations. (C) The YPD plate described in B was replica plated
onto SC —His media utilizing either glucose or galactose as the carbon source and incubated at 30° for the indicated number of days.
(D) RNA was isolated from the indicated strains and subjected to Northern blot analysis to detect short transcripts from STEI1 (top)
and FLOS (middle). Hybridization to a RADI8 probe (bottom) was used as a loading control.

probes derived from the 3" end of FLOS, but did not
observe clear evidence of internal initiation (Figure
8D). This observation mirrors recent results of Winston
and colleagues, who observed a strong effect of a chdl
deletion on the FLOS-HIS3 reporter but very weak
effects on internal initiation of normal chromosomal
genes as measured by Northern blots (CHEUNG et al.
2008). We reasoned that the internal initiation defect
caused by a ¢hdIA mutation might be weak on its own,
but enhanced in the presence of other mutations. This
phenomenon has been observed for several mutations
that activate the FLOS-HIS3 reporter, but only show clear
molecular evidence of internal initiation when com-
bined with other mutations (PRATHER et al. 2005;
NOURANTI et al. 2006; CHU et al. 2007). Because previous
reports have shown synthetic growth defects and chro-
matin disruption in an dswIA isw2A chdIA mutant
(TsukiYAMA et al. 1999; XELLA et al. 2006), we analyzed
RNA from strains carrying all combinations of chdIA,
iswIA, and isw2A mutations (Figure 8D). We observed
that the ¢hdl mutation showed a strong synthetic cryptic
initiation defect when combined with iswlA. Further-
more, we obtained similar results when we probed
Northern blots for STEII; neither the iswlIA nor chdIA
single mutants displayed internal initiation, but the
iswIA chdIA mutant produced a strong internally
initiated STEI1] transcript (data not shown).

Increased histone acetylation in chdIA strains: We
next asked whether the cryptic initiation defect of a
chdIA mutation reflected altered histone methylation.

Western blot analysis of crude extracts revealed no obvi-
ous changes in modifications H3K4me3, H3K36me3,
H3K79me2, and H3K9/14Ac (data not shown). We
performed ChIP with H3K4me3 and H3K36me3 anti-
bodies and did not observe alterations of these methyl
marks in a ¢hdIA strain. In contrast, when we performed
ChIP with antibodies directed against histone H3 acety-
lated at lysines 9 and 14, we observed increased acetyla-
tion in chdl and set2 mutants (Figure 9). Consistent
with the relatively weak cryptic initiation phenotype of
chdIA, the increase in acetylation observed at FLOS and
STE11in the chdIA strain was less than that observed for a
set2A strain.

DISCUSSION

Sptb is an essential and highly conserved transcrip-
tion elongation factor that is a core component of
transcribing RNAPIIL. In this work, we have used a
unique mutation in the yeast SPT5 gene to genetically
probe the RNAPII transcription apparatus. This muta-
tion, spt5-242, causes transcription defects and a cold-
sensitive growth defect that can be suppressed by
conditions that decrease the rate of transcription
elongation. The data presented here show that there
is a second mechanism for suppression of spt5-242 that
involves particular perturbations of chromatin. Thus,
there appear to be two distinct paths to suppression of
spt5-242, via decreased elongation rate or alteration of
chromatin.
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scribed regions of FLOS, STEII, PMAI, and TEF2. Bar
graphs present H3Ac values relative to total histone H3 and
are normalized to wild type.

What mechanisms might explain these two pathways
to suppression of spt5-242? Several groups have pre-
viously argued that Set2, Chdl, and Rpd3S oppose
transcription (CARROZZA et al. 2005; JosH1 and STRUHL

2005; KEOGH et al. 2005; KizER et al. 2005; BIswAs et al.
2006, 2007). Evidence for this idea includes the obser-
vations that mutations in SE72, CHDI, and genes
encoding subunits of Rpd3S display partial resistance
to the elongation inhibitor 6AU (WOODAGE et al. 1997;
KroGH et al. 2005; KizeRr et al. 2005; Biswas et al. 2006).
In addition, similar to the results presented here for
suppression of spt5-242, set2, rpd3S, and chdl mutations
genetically suppress mutations affecting FACT and the
Burl kinase (KEOGH et al. 2005; Biswas et al. 2006, 2007;
CHU et al. 2006). Thus, the genetic relationships
between Spt4-Sptb and chromatin modifiers presented
here likely reflect a general set of antagonistic relation-
ships between chromatin and transcription elongation
factors (Figure 8).

One clue to a potential biochemical explanation for
these relationships is provided by our observations that
chromatin-based suppressors of spt5-242 also alleviated
the growth defect of an spt5-242 dstIA mutant. In
contrast, the rpbl suppressors of spt5-242 display syn-
thetic sickness or lethality when combined with dstIA
and do not overcome spt5-242 dstIA growth defects (Fig-
ure 1; HARTZOG et al. 1998). These observations are
consistent with a model in which our chromatin sup-
pressor mutations decrease the probability of transcrip-
tion arrest and the need for TFIIS in vivo. Although
TFIIS has been recently implicated in transcription
initiation as well as elongation (reviewed in SIKORSKI
and BuraTowskr 2009), several observations show that
Spt4-Spth’s functions are restricted to postinitiation
events. First, Spt4-Sptb does not join transcription
complexes until after promoter clearance (PING and
RaNa 2001; BoURGEOIS et al. 2002) and only exerts its
negative effect on transcription after the nascent tran-
scripthas been extended 50-60 nucleotides (YAMAGUCHI
et al. 1999; BOURGEOIS et al. 2002). Second, Spt4-Sptb
does not alter initiation in wvitro (Guo et al. 2000;
BourcGErois et al. 2002; YAMADA et al. 2006; ZHU el al.
2007). Third, although proteomic studies have revealed
amyriad of interactions between Spt4-Sptb and RNAPII,
elongation factors and RNA processing factors, Spt4—
Sptb has not been observed to physically associate with
initiation-specific factors such as the mediator complex
(KrOGAN et al. 2002, 2006; LINDSTROM et al. 2003; GAVIN
et al. 2006). Finally, using ChIP of RNAPII, two groups
have observed decreased processivity of RNAPII in spt4
mutants (MORILLON et al. 2003; MasoN and STRUHL
2005). Thus, the increased dependence of spt4 and spt5
mutants on TFIIS function is consistent with the idea
that transcription arrest occurs more frequently in the
absence of normal Spt4-Sptb function. Furthermore,
barriers to RNAPII elongation, such as nucleosomes, are
known to provoke transcription arrest (Fisa and KANE
2002; KIReEVA et al. 2005). Thus we believe that the
chromatin-based suppressors disrupt, fail to reassemble,
or alter the stability, spacing or location of nucleosomes,
which would otherwise lead to increased dependence
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upon TFIIS, perhaps due to transcription arrest in spt5-
242 cells.

How is Chdl recruited to chromatin? Given the
shared phenotypes of chdl, setl, and set2 mutants, and
that Chdl contains chromodomains, an attractive model
is that the H3K4me or H3K36me marks are used to
recruit Chdl to chromatin. Chromatin immunoprecip-
itation experiments and staining of Drosophila polytene
chromosomes indicate that Chdl associates with actively
transcribed genes (STOKES et al. 1996; Simic et al. 2003;
SRINIVASAN et al. 2005; McDANIEL et al. 2008). However,
the mechanism by which Chdl is recruited to these loci
is not clear. In humans, ¢ vitro data show that the
chromodomains recognize H3K4 methylated nucleo-
somes (FLANAGAN et al. 2005). However, there are
conflicting data regarding the ability of yeast Chdl to
bind H3K4 methylated nucleosomes (SANTOS-ROSA et al.
2003; PRAY-GRANT et al. 2005; S1ims et al. 2005; FLANAGAN
et al. 2007; MCDANTEL et al. 2008) . Furthermore, genetic
dataindicate that H3K4 methylation is unlikely to be the
sole determinant of Chd1’s localization; in Drosophila,
mutations in the Kismet gene prevent association of
Chdl with polytene chromosomes (SRINIVASAN el al.
2005) but have no apparent affect on H3K4me levels
(SRINTVASAN et al. 2008), and mutations of the H3K4
demethylase, Lid, resultin increased H3K4me without a
clear increase in Chdl levels on polytene chromosomes
(EISSENBERG et al. 2007). Consistent with these observa-
tions, Stillman and colleagues have observed that set!
and H3K4 mutations enhance phenotypes of sptl6
mutations whereas chdl mutations suppress sptl6 phe-
notypes, suggesting distinct functions for Chdl and
H3K4 methylation (Biswas et al. 2006, 2007, 2008). Our
data suggest that methylation of histone H3 does not
have a strong effect on Chdl’s localization. In contrast,
the 7¢fIA1 mutation, which abolishes Chd1-Rtf] inter-
actions, was a strong suppressor of spt5-242. These data
suggest that Chdl is initially recruited to transcription
complexes via an interaction with Rtfl. It remains
possible that H3K4 or H3K36 methylation may affect
some other aspect of Chdl function, such as the per-
sistence of its association with a gene, its ability to main-
tain contact with histone H3 during remodeling, or its
rate of action. The exact relationships between Setl and
H3K4 methylation, Set2 and H3K36 methylation, and
Chdl are difficult to determine. The strong suppression
of spt5-242by set2, chdl,and H3K36 mutations prevented
clear determination of whether or not set/ mutations
could act additively with these other suppressors of
spt5-242.

What is the function of Chdl? Chdl mutants display
few growth defects and only modest defects in gene
expression (TRAN el al. 2000), suggesting that Chdl
does not play a direct or critical role in transcription.
Several reports implicate Chdl in ATP-dependent
nucleosome assembly and spacing (TRaAN et al. 2000;
RosiNsoN and ScHurLTz 2003; LUSSER ef al. 2005;

STOCKDALE ¢t al. 2006), suggesting a role in establish-
ment or maintenance of chromatin structure over
transcribed genes. However, ¢hdI mutants do not display
obvious defects in bulk or transcribed chromatin
structure (XELLA et al. 2006), although it is possible
that Chdl plays a redundant or transient role in
establishing or maintaining chromatin structures dur-
ing transcription.

Another possibility is that Chdl helps maintain
epigenetic information, i.e., histones with specific post-
translational marks, over transcribed sequences. We did
not observe any clear alterations in levels of H3K4me3
or H3K36me3 in Western blots of chdIA cell extracts or
by ChIP with antisera directed against these modifica-
tions, suggesting that Chdl does not regulate these
histone modifications (T. K. Quan and G. A. HARTZOG,
unpublished data). However, the observation that dis-
ruption of H3K36 methylation suppresses spt5-242 sug-
gested a link to histone acetylation over transcribed
genes via the Rpd3S complex. In support of this idea, we
found that disruption of Rpd3S is sufficient to suppress
spt5-242. In contrast, disruption of the SAGA histone
acetyltransferase, or H3 residues targeted by SAGA,
enhances the phenotypes of an spt5-242 mutant. Fur-
thermore, just as disruption of the Rpd3S complex leads
toinappropriate transcription initiation events from the
middle of genes, we found that a chdI mutation strongly
activates a genetic reporter of cryptic initiation and in
Northern blot analysis, causes internal initiation when
combined with an iswl mutation. Although it is in-
triguing to note that Iswl apparently binds to di- and
trimethylated H3K4 and depends upon Setl for its
association with chromatin (SANTOS-ROSA et al. 2003),
we do not observe suppression of spt5-242 by an iswl
mutation (T. K. QuaN and G. A. HARTZOG, unpublished
data). Internal transcription initiation per se is unlikely
to explain suppression of spt5-242by chdIA as a number
of other mutations that give internal initiation pheno-
types, spto, H2BK123R, spt16, do not suppress spt>-242
(T. K. QuaN and G. A. HARTZOG, unpublished data).
The observation that H3K9/14Ac is increased over
transcribed sequences in a chdl mutant may indicate a
role for Chdl in recruitment of Rpd3S to chromatin, or
in the dynamics of acetylated histones. Our working
model is that Rpd3S, Chdl, and methylation of H3K4
and H3K36 play important roles in maintaining normal
chromatin structures over transcribed regions. Loss of
these factors or modifications reduces the dependence
of elongating RNAPII on Spt4-Sptb and other positively
acting elongation factors at the price of an increased
probability of transcription initiation from cryptic
promoters.
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FIGURE S1.—Rtf1 recruits Chdl to chromatin. To determine if Rtfl1-Chd] binding is required for normal association of
Chd]1 with chromatin, strains carrying HA1-tagged Chdl and the indicated 74/7 mutations were subjected to anti-HA1 ChIP.
Association of Chdl with the promoter or transcribed region of TEF2 was then determined by QPCR. The data are presented
and analyzed as described in Figure 5.
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TABLE S1

Yeast strains

Strain Mat Genotype Alias/Source
GHY92 a his4-9126 lys2-1286 leu2 Al ura3-52 spto-242
GHY279 o his3A200 lys2-1286 ura3-52 leu2 Al chd1A::HIS3 trp1 AG3
GHY305 a his3A200 lys2-1286 ura3-52 leu2Al chdl A::HIS3 spt5-242
GHY374 a his4-9126 lys2-1288 leu2Al spt5-242
GHY510 a his3A200 lys2-1286 ura3-52 spt5-242
GHY513 a his3A200 lys2-1288 leu2Al spt5-242
GHY536 o his34200 wra3-52 chdlA::HIS3
GHY766 o his4-9126 lys2-1286 leu2(Al or A::PET56) ura3-52 gendA::LEU2
GHY773 a his34200  lys2-1286 wra3-52 leu2Al HAIL3-CHDI
GHY827 o his34200 lys2-1286 leu2 Al ura3-52 trpl A63 spt5-242
GHY840 o his34200 lys2-1286 leu2A1 ura3-52 trp1A63 (hhtl-hhf1)A::LEU2 (hhi2-
hiy2)A::HIS3 [pDMI]
GHY843 o his34200 lys2-1288 leu2 Al ura3-52 trpl A63 spt5-242 (hhtl-hhf1)A::LEU2 (hht2-
hiy2)A::HISS [pDMI]
GHY985 o his3A200 lys2-1286 ura3-52 trp1 AG3 spt3-202 FY1288/Fred Winston
GHY1121 a his4-91208 lys2-1286 leu2 Al ura3-52 trp1 AGS 1tf1 A101::LEU2 KY522/Karen Arndt
GHY1468 «a his4-9126 lys2-1286 leu2 Al trp1 A6S ura3-52 setl A::KANMX MB1476/Mary Bryk
GHY1487 ol his4-9126 lys2-1286 leu2 Al ura3-52 suc2A(-1900/-390) rad6A::URAS3 FY623/Fred Winston
GHY1489 «a his4-9126 lys2-1286 leu2 Al trpl A6S ura3-52 set2 A::KANMX4 MBY1478/Mary Bryk
GHY1516 «a his4-9126 lys2-1286 leu2A(0 or 1) ura3A0 dotl A::KANMX
GHY1517 a his3A1 leu2 A(0 or 1) dotl A::KANMX spt5-242
GHY1521 a his4-9126 lys2-1286 ura3-52 trp1 AGS leu2 Al sptH-242 set2 Az KANMX
GHY1523 a his4-9126 lys2-1286 ura3-52 trp1 AGS leu2 Al spt5-242 set] Az:KANMX
GHY1527 o his4-9126 lys2-1286 ura3-52 leu2 Al spt5-242 rad6A::URA3 suc2AUAS(-1900/-
390)
GHY1540 «a his4-9126 lys2-1286 ura3(A0 or -52) leu2A(0 or 1) spt5-242 set2A::KANMX
GHY1578 a his3A1 leu2 AQ ura3 A0 isw2A::KANMX
GHY1661 ol his3A200 lys2-1286 leu2 Al ura3-52 HA13-CHDI trpl A63 (hht1-hhf1)A::LEU2
(hht2-hhf2)A::HIS3 [pDMI]
GHY1662 a his34200 lys2-1286 leu2Al ura3-52 HAl3-CHDI setl A::NAT
GHY1663 ol his34200 lys2-1286 leu2 Al ura3-52 HAl3-CHDI set2 A::KANMX4
GHY1687 ol his4-9126 lys2-1285 leu2Al ura3-52 tplAG3 spt5-242 nifl A101::LEU2
GHY1696 o his4-9126 leu2Al ura3-52 spt7A:LEU2 FY964/Fred Winston
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GHY1774

GHY1786

GHY1855

GHY1876

GHY1882

GHY1883

GHY1918

GHY1919

GHY1920

GHY1921

GHY1923

GHY1924

GHY1925

GHY1959

GHY1961

GHY1964

GHY1966

GHY1967

GHY1968

GHY1969

GHY1970

GHY1971

GHY1972

GHY1973

GHY1974

GHY1975

GHY1977

GHY1979

GHY1981

GHY1983

T. K. Quan and G. A. Hartzog

his3A1 ura3A0 leu2 A0 iswl AO::NAT
his3A200 lys2-1286 leu2Al wra3-52 trpl A6G3 rifiA101::LEU2 HAI3-CHDI
his3A1 leu2A0 ura3A0 iswl AzNAT isw2A::URA3

his3A(1 or 200) leu2A(1 or 0) ura3(-52 or AO) chdl1A::HIS3 iswlA:=:NAT
wsw2A::URA3
his3A(1 or 200) leu2A(1 or 0) ura3(-52 or AO) chd1A::HIS3 sw2A::URA3

his3A(1 or 200) leu2A(1 or 0) ura3(-52 or AO) chdl1A::HIS3 iswlA:=:NAT
his3A200 lys2-1286 ura3-52 spt5-242

his3A200 lys2-1286 ura3-52 spty-242 dstl A::hisG-URA3

his3A200 lys2-1288 leu2 Al ura3-52 spi5-242 chd1A::HIS3

his3A200 lys2-1286 leu2 Al ura3-52 spt5-242 chd1 A::HIS3 dst1 A::hisG-URA3
his3A200 lys2-1286 ura3-52 dstl A::hisG-URAS3

his3A200 lys2-1286 ura3-52 chd1 A::HIS3

his3A200 lys2-1286 leu2 Al ura3-52 chd1A::HIS3 dst1 A::hisG-URA3
his3A200 lys2-1286 leu2 Al ura3-52 trpl AG3

his3A200 lys2-1286 leu2 Al ura3-52 chd1 A::HIS3

his3A200 lys2-1286 leu2 Al ura3-52 chd1A::HIS3 dst1 A::hisG-URA3
his3A200 lys2-1286 leu2 Al ura3-52 dstl A::hisG-URA3

his3A200 lys2-1286 leu2 Al ura3-52 spt4A2::KAN

his3A200 lys2-1286 leu2 Al ura3-52 trpl AG3 spt4A2::KAN chd1A::HIS3
his3A200 lys2-1286 leu2 Al ura3-52 spt4A2::KAN dst1 A::hisG-URAS

his3A200 lys2-1286 leu2 Al ura3-52 spt4A2::KAN dst1 A::hisG-URA3
chd1 A::HIS3
his3A200 lys2-1286 leu2 Al ura3-52 trpl AG3 spt6-14

his3A200 lys2-1288 leu2 Al ura3-52 spt6-14 chd1A::HIS3
his3A200 lys2-1286 leu2 Al ura3-52 spt6-14 dst1 A::hisG-URA3

his3A200 lys2-1286 leu2 Al ura3-52 trpl A63 spi6-14 chdl A:HIS3 dstl AxhisG-
URA3
his3A(I or 200) bys2-1288 leu2A(0 or 1) ura3(A0 or -52) eaf3A0::KANMX6

his3A(1 or 200) leu2A(0 or 1) ura3(A0 or -52) met1 5A0 spt5-242
eaf3A0::KANMX6
his3A(T or 200) lys2-(1288 or A0) leu2A(0 or 1) ura3A0 rcol AO::KANMX6

his3A(1 or 200) lys2-1286 leu2 A(0 or 1) spt5-242 rcol AO::KANMX6

his3A200 lys2-1286 ura3-52 1pd3A0::HIS3
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his3A200 lys2-1286 ura3-52 leu2 Al spt5-242 rpd3A0::HIS3
his4-9126 lys2-1286 leu2 Al ura3-52 set2 A::KANMX4 dst1 A::hisG-URA3
his4-9126 lys2-1286 leu2 Al ura3-52 spth-242 dstl A::husG-URA3

his4-9126 lys2-1286 leu2 Al ura3-52 trp1 A63 spto-242 set2 A::KANMX4
dst] A::hisG-URA3
lys2(-1286 or AO) leu2A(1 or 0) ura3(-52 or A0) rcol AO::KANMX6

his3A200 lys2-1286 leu2 A(1 or 0) ura3(-52 or A0) spt5-242 rcol AO::KANMX6

his4-9126 lys2(-1286 or AO) leu2A(1 or 0) ura3(-52 or A0) dstl A::hisG-URAS
rcol AO::KANMX6

his34200 lys2(-1286 or AO) leu2 A(1 or 0) ura3(-52 or A0) spt5-242 dstl A::hisG-
URA3

his34200 his4-9126 lys2(-1286 or A0) leu2A(1 or 0) ura3(-52 or A0) sptr-242
dstl A::hisG-URAS3 reol AQ::KANMX6

his3A200 lys2-1286 leu2 Al ura3-52 trp1 A63 pGALI-FLOS-HIS3::KANMX

his3A200 lys2-1285  leu2A(0 or 1) ura3(-52 or A0) tipl A63 set] A=NAT pGALI-
FLOS-HIS3::KANMX

his3A200 lys2-1285  leu2A(0 or 1) ura3(-52 or A0) dot1A::caURAS pGALI-
FLOS-HIS3::KANMX

his3A200 lys2-1286 leu2 Al ura3-52 trp1 A63 (hhi2-hhf2) A:=:NAT pGALI-FLOS-
HIS3::KANMX

his3A200 lys2-1286 leu2 Al ura3-52 trp1 A63 (hhtl-hiyf1)A::LEU2 pGALI-FLOS-
HIS3::KANMX

his3A200 lys2-1288 leu2 Al ura3-52 trpl AG3 (hhtl-hhf1)A::LEUZ2 (hht2-

hhf2) A NAT pGALI-FLOS-HIS3::KANMX  [pDM9]

his3A200 lys2-1286 leu2 Al ura3-52 trp1 A63 chd1A::URA3 pGALI-FLOS-
HIS3::KANMX

his3A200 lys2-1286 leu2 Al ura3-52 trp1 A63 set2 A=:NAT pGALI-FLOS-
HIS3::KAN

his34200 lys2-1288 leu2A1 wra3-52 tip1463 pGALI-YLR454w::TRPI

his34200 lys2-1288 leu2A1 ura3-52 trplA63 chd1A::HIS3 pGALI-
YLR454w:: TRPI
his34200 lys2-1288 leu2A1 ura3-52 trp1A63 spt5-242 pGALI-YLR454w::TRPI

his3(A200 or +) his4-9126 lys2-1286 leu2A1 ura3-52 tp1463 spt5-242
chd1A::HIS3 pGALI-YLR454w::TRPI

his3A200 leu2 Al ura3-52 gendA::HIS3 IPY37/Ines Pinto
his4-9126 lys2-1286 leu2Al ura3-52 FY120/Fred Winston
his3A200 lys2-1286 leu2 Al trp1 A63 ura3-52 FY603/Fred Winston

his3AI lys2A0 leu2 AO ura3A0 spt8A:: KANMX
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TABLE S2

Plasmids
Plasmid Markers source
pRM430 hht2A4-30 HHF2 TRP! CEN AmpR Michael Grunstein
MBB259 hht2-K44 HHF2 TRP! CEN AmpR Mary Bryk
MBB257 hht2-K4R HHF2 TRPI CEN AmpR Mary Bryk
pWZ414-F30 hht2-K9Q HHF2 TRPI CEN AmpR Sharon Dent
pWZ414-F53 hht2-K9R HHF2 TRPI CEN AmpR Sharon Dent
pWZ414-F31 hht2-K14Q HHF2 TRPI CEN AmpR Sharon Dent
pWZ414-F43 hht2-K14R HHF2 TRPI! CEN AmpR Sharon Dent
MBB286 hht2-K36R HHF2 TRPI CEN AmpR Mary Bryk
pHHT2-K4R K36R hht2-K4R,E36R HHF2 TRPI CEN AmpR LeAnne Howe
pWZ414-F13-K79A hht2-K794 HHF2 TRPI CEN AmpR Kevin Struhl
pWZ414-F13-K79Q hht2-K79Q HHF2 TRPI CEN AmpR Kevin Struhl
pHHT2-K9,14,18,23R hht2-K9R, K14R K18R, k23R HHF2 TRPI1 CEN LeAnne Howe

AmpR

pRS314-Flag-htb1-K123R Flag-htb1-K123R TRPI CEN AmpR Mary Ann Osley
pGH269 HA3-CHDI URA3 CEN AmpR Hartzog lab
pTQ5 HA3-CHDI-ACD URA3 CEN AmpR Hartzog lab
pTQ4 HA3-CHDI-ACDI URA3 CEN AmpR Hartzog lab
pTQ3 HA3-CHDI-ACD2 URA3 CEN AmpR Hartzog lab
pMG316 HA3-CHDI1-Y316E URA3 CEN AmpR Patrick Grant
pKR37 HAs-rtf1A1 TRPI CEN AmpR Karen Arndt
pTQ10 rtf1A1 TRP! CEN AmpR Hartzog lab
pLS21-5-A2 HA3-rtf1A2 TRPI CEN AmpR Karen Arndt
pKR27 HA3-1tf1A3 TRPI CEN AmpR Karen Arndt
pDM9 HHTI-HHFI URA3 CEN AmpR Fred Winston
pJH18 HHT2-HHF2 TRP! CEN AmpR Mary Bryk

pLS21-5 HAI3-RTFI TRPI! CEN AmpR Karen Arndt




