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An mRNA Capping Enzyme Targets FACT
to the Active Gene To Enhance the
Engagement of RNA Polymerase Il into
Transcriptional Elongation
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ABSTRACT We have recently demonstrated that an mRNA capping enzyme, Cet1,
impairs promoter-proximal accumulation/pausing of RNA polymerase Il (Pol Il) inde-
pendently of its capping activity in Saccharomyces cerevisiae to control transcription.
However, it is still unknown how Pol Il pausing is regulated by Cet1. Here, we show
that Cet1’s N-terminal domain (NTD) promotes the recruitment of FACT (facilitates
chromatin transcription that enhances the engagement of Pol Il into transcriptional
elongation) to the coding sequence of an active gene, ADH1, independently of mRNA-
capping activity. Absence of Cet1’s NTD decreases FACT targeting to ADH1 and con-
sequently reduces the engagement of Pol Il in transcriptional elongation, leading to
promoter-proximal accumulation of Pol II. Similar results were also observed at other
genes. Consistently, Cet1 interacts with FACT. Collectively, our results support the
notion that Cetl1’'s NTD promotes FACT targeting to the active gene independently
of mRNA-capping activity in facilitating Pol II's engagement in transcriptional elonga-
tion, thus deciphering a novel regulatory pathway of gene expression.
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NA polymerase Il (Pol Il) pauses at the promoter-proximal regions in Drosophila and

mammals to provide an additional layer of regulation of transcription. NELF (neg-
ative elongation factor) and DSIF (DRB sensitivity factor) play important roles in such
pausing of Pol Il (1, 2). DSIF alone does not pause Pol Il (1, 2). Rather, it targets NELF to
associate with Pol Il for pausing (1, 2). DSIF is present in all eukaryotes and archaea and
shares homology with a bacterial transcription factor, NusG (1, 3). However, NELF is
conserved only in higher eukaryotes (1), and thus, the promoter-proximal pausing of
Pol Il is observed in higher eukaryotes. Such pausing of Pol Il has emerged as an
important regulatory step of transcription (1, 2). The dissociation of NELF releases
paused Pol Il for productive transcriptional elongation. P-TEFb, a kinase, triggers the
dissociation of NELF via phosphorylation (1, 2). In addition, P-TEFb phosphorylates DSIF
and serine-2 at the carboxy-terminal domain (CTD) of the Rpb1 subunit of Pol Il (1, 2).
Such phosphorylation of DSIF and Pol Il has stimulatory effects on transcriptional
elongation (1). Thus, P-TEFb performs a crucial function in releasing paused Pol Il and
enhances transcriptional elongation. The recruitment of P-TEFb to the gene may occur
in several ways, such as interaction with DNA-binding proteins, like c-Myc and NF-«B,
or association with mediator or Brd4 (which is, in turn, bound to the acetylated tail of
histone H4) (1, 2, 4-7). Further, the amount and availability of active P-TEFb are
regulated via sequestering of P-TEFb into an inactive complex with 7SK RNA and HEXIM
protein (1, 2, 8, 9). Thus, various factors, including signaling molecules and chromatin
structure/modification, play crucial roles in controlling P-TEFb and, hence, the release
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of promoter-proximally paused Pol Il and subsequent productive transcriptional elon-
gation.

As in Drosophila and mammals, the pausing of Pol Il has been reported in Caeno-
rhabditis elegans (10). However, homologues of the components of the NELF complex
have not been identified in C. elegans (1, 10). Thus, the pausing of Pol Il in C. elegans
raises the possibility that C. elegans employs a distinct mechanism to cause Pol II
pausing at the promoter-proximal site. Like C. elegans, the yeast Saccharomyces cerevi-
siae also does not have discernible NELF homologues (1). Nechaev and Adelman
mentioned in a review article (1) that promoter-proximal enrichment of Pol Il was not
detected in yeast, favoring the idea that the promoter-proximal pausing of Pol Il is
absent in yeast. Using the chromatin immunoprecipitation (ChIP) assay, we analyzed
the association of Pol Il with several genes in yeast (S. cerevisiae) and found a relatively
high level of Pol Il at the promoter-proximal site (11). Likewise, genome-wide localiza-
tion analysis of Pol Il using genomic tiling array (60-bp probes every ~250 bp)-based
hybridization in yeast revealed a set of genes with high accumulation of Pol Il toward
the 5’ end (12). However, there is much less promoter-proximal accumulation of Pol Il
in yeast than in Drosophila and mammals. Interestingly, we recently found that the
accumulation of Pol Il at the promoter-proximal site in yeast was significantly enhanced
in the absence of a capping enzyme, Cet1 (an mRNA triphosphatase), indicating the role
of an mRNA-capping triphosphatase in regulation of promoter-proximal pausing/
accumulation of Pol Il (11). Consistently, inhibition of serine-5 phosphorylation of the
CTD of the largest subunit (Rpb1) of Pol Il (which is essential for cotranscriptional
recruitment of Cet1 via Ceg1 [13]) leads to promoter-proximal accumulation/pausing of
Pol Il (14). Further, we found that the deletion of the N-terminal domain (NTD) (amino
acids [aa] 1 to 204) of Cet1 led to the accumulation of Pol Il at the promoter-proximal
site and reduced transcription (11). The aa 1 to 204 domain of Cet1 does not regulate
mRNA triphosphatase or capping activity (15, 16). Thus, our previous results (11)
demonstrated that the NTD of Cet1 regulates promoter-proximal accumulation of Pol
Il and transcription independently of mRNA-capping activity. However, it remains
unknown how Cet1’s NTD impairs promoter-proximal accumulation of Pol Il and
enhances transcription. We present evidence that Cet1’s NTD targets FACT (facilitates
chromatin transcription) to the active gene to promote Pol IlI's engagement in produc-
tive transcriptional elongation, thus impairing promoter-proximal accumulation/paus-
ing of Pol II.

RESULTS AND DISCUSSION

Cet1 facilitates the targeting of FACT to the active gene ADH1 via its NTD. We
recently demonstrated enhanced accumulation of Pol Il at the ADHT promoter-proximal
site in the cet1(Ts) (temperature-sensitive) mutant in comparison to the wild-type (WT)
equivalent at the nonpermissive (11), but not the permissive, temperature (Fig. 1A).
Similar promoter-proximal accumulation of Pol Il was also observed at other genes (11).
Intriguingly, we found that Cet1’s NTD facilitated the release of paused Pol Il from the
promoter-proximal site (11) and hence transcription (11). To determine the mechanism
of Cet1’s regulation of promoter-proximal accumulation of Pol Il and transcription, we
hypothesized that the NTD of Cetl might target FACT (a histone chaperone or
chromatin-remodeling/regulatory factor that promotes transcriptional elongation by
altering chromatin structure [17-19]) to enhance the engagement of Pol Il in elonga-
tion, leading to decreased accumulation/pausing of Pol Il at the promoter-proximal site.
To test this, we analyzed the association of FACT with the promoter and coding
sequence of ADHT in the presence and absence of the NTD of Cet1. For this, we tagged
the Spt16 subunit of the heterodimeric FACT chromatin-remodeling factor in the
cet1A204 (which does not have an NTD) and wild-type strains and then performed the
ChIP assay. An inactive region within chromosome V (Chr V) was analyzed as a
nonspecific DNA control (or background signal). We found that the association of Spt16
with the coding sequence of ADHT was decreased in the cet1A204 strain in comparison
to the wild-type equivalent (Fig. 1B; see Fig. STA and B in the supplemental material).
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FIG 1 The NTD (aa 1 to 204) of Cet1 targets FACT to ADH1 independently of mRNA-capping activity. (A)
(Top) Analysis of Pol Il association with ADHT in the cet1(Ts) (cet1-438) mutant (YSB717) and wild-type
(YSB540) strains at the nonpermissive (left) and permissive (right) temperatures. Inmunoprecipitations
were performed using mouse monoclonal antibody 8WG16 (Covance) against the CTD of Rpb1. The ratio
of immunoprecipitate to input in the autoradiogram was measured. The maximum ratio was set to 100,
and other ratios were normalized with respect to 100. The normalized ratio (represented as normalized
occupancy) is plotted in the form of a histogram. (Bottom) Schematic diagram showing the locations of
different primer pairs at ADH1 for ChIP analysis. The numbers are presented with respect to the position
of the first nucleotide of the initiation codon (+1). (B) Analysis of FACT (Spt16-Myc) association with
ADHT in the presence and absence of the NTD of Cet1. (Top) Yeast cells were grown in YPD medium at
30°C to an ODg,, of 1.0 prior to formaldehyde-based in vivo cross-linking. Immunoprecipitated DNA was
analyzed by PCR using primer pairs targeted to different locations in ADH1. (Bottom) Schematic diagram
of the different domains of Cet1. (C) Western blot analysis of Spt16 in the wild-type and cet7A204 strains.
(D) ChIP analysis of FACT at ADHT in the cet1(Ts) (cet1-448) mutant and its isogenic wild-type equivalent.
Both wild-type and mutant cells were grown in YPD at 30°C to an ODq, of 0.85 and then switched to
37°C for 90 min prior to cross-linking. (E) ChIP analysis of FACT at ADH1 in the cet1(Ts) (cet7-438) mutant
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However, the global level of Spt16 was not altered in the absence of Cet1’s NTD (Fig.
1C). These results demonstrate that the association of FACT with ADHT is decreased in
the absence of Cet1’s NTD. Further, as mentioned above, Cet1’s NTD does not have
mRNA-capping activity (15, 16). Thus, our results support the notion that the NTD of
Cet1 facilitates the targeting of FACT to ADH1 independently of the mRNA-capping
activity.

To complement the above-mentioned results, we next analyzed the recruitment of
FACT to ADHT1 in the Cet1 wild-type (YSB540) (20, 21) and temperature-sensitive mutant
(cet1-448; YSB718) (20, 21) strains. The cet1(Ts) (cet1-448) mutant has a point mutation
(W247A) at the Ceg1 (an enzyme with guanylyltransferase activity required for mRNA
capping) interaction domain (Fig. 1B, bottom) and is stable at the nonpermissive
temperature (20, 21). Thus, the cet1(Ts) mutant has an intact NTD but impaired capping
activity at the nonpermissive temperature (11, 21). Using the cet1(Ts) mutant, the effect
of an intact NTD of Cet1 was analyzed for recruitment of FACT to ADH1. We found that
the recruitment of FACT to ADHT is not altered in the cet1(Ts) (cet1-448) mutant strain
in comparison to the wild-type equivalent at the nonpermissive temperature (Fig. 1D;
see Fig. S1C in the supplemental material). These results support the idea that the
stable Cet1 mutant with impaired capping activity does not alter FACT recruitment. On
the other hand, the absence of Cet1’s NTD impairs FACT targeting to ADH1 (Fig. 1B).
Hence, the NTD, but not capping activity, of Cet1 facilitates the targeting of FACT to
ADH]1. Further, we found that the degradation of Cet1 in a different cet1(Ts) strain
(cet1-438; YSB717) (20, 21) (with a C330W mutation in the triphosphatase domain) (Fig.
1B, bottom) at the nonpermissive temperature (20, 21) impairs FACT targeting to ADH1
(Fig. 1E). Taken together, our results support the idea that Cet1’s NTD facilitates the
targeting of FACT to ADH1 independently of its capping activity.

Previous studies implied that histones interact with FACT (17-19, 22, 23) and thus
contribute to FACT recruitment to the gene in the absence of active transcription or
Cet1's NTD. To test this, we analyzed the association of the Spt16 component of FACT
with GALT under transcriptionally active (galactose) and inactive (raffinose) conditions
in the presence and absence of Cetl’s NTD. We found that Spt16 is predominantly
associated with the GALT coding sequence under transcriptionally active conditions in
galactose-containing growth medium (Fig. 1F). However, a significant level of Spt16
was not observed at GALT under inactive conditions in raffinose-containing growth
medium (Fig. 1F). Further, we found that the predominant association of Spt16 with the
GALT coding sequence under transcriptionally active conditions was decreased in the
cet1A204 strain (Fig. 1F). However, Cet1’s NTD is not solely required for association of
FACT with the active GALT coding sequence, as we observed a significantly high level
of Spt16 at the GALT coding sequence in the absence of Cet1’s NTD under transcrip-
tionally active conditions (Fig. 1F). These results support the idea that Cet1’s NTD
facilitates the targeting of FACT to the active GALT coding sequence, similar to the
results at ADHT.

Cet1’s NTD is involved in interaction with FACT to promote FACT recruitment
to ADH1 and hence transcription. Since Cet1 facilitates the targeting of FACT to ADH1
independently of its mRNA-capping activity, it is likely to interact with FACT. To test
this, we analyzed the interaction of Cet1 with FACT in vivo, using a formaldehyde-based
cross-linking and coimmunoprecipitation (co-IP) assay (24, 25). For this, we tagged the
CET1 and SPT16 genes with Myc and hemagglutinin (HA) epitopes, respectively, in their
chromosomal loci. Using this strain, we performed a formaldehyde-based co-IP assay
that revealed the interaction of Cet1 with Spt16 in vivo (Fig. 2A). Next, we analyzed their
interactions in vitro. For this, we immunopurified the Spt16 and Pob3 components of
FACT by Myc/HA epitope tagging and then analyzed their interaction as a positive

FIG 1 Legend (Continued)

and its isogenic wild-type equivalent. Yeast cells were grown as for panel D. (F) ChIP analysis of Spt16
at GALT in the wild-type and cet1A204 strains in galactose (Gal)- or raffinose (Raf)-containing growth
medium. The error bars indicate SD.
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FIG 2 Cet1 interacts with FACT in facilitating transcription. (A

-Uracil

) Formaldehyde-based in vivo cross-linking and co-IP assay. Schematic outline of the experimental strategy

(top) and IP (bottom). WB, Western blotting. (B) (Bottom) Analysis of interaction of Pob3 with Spt16. (Top) Schematic outline of the experimental strategy to analyze
protein-protein interactions in vitro. (C and D) Analysis of interaction of Cet1 with FACT. (E) Cet1 does not interact with FACT in the absence of its NTD. (F) ChIP analysis
of Rpb1 association with the coding sequence of ADH1 in the wild-type and spt16(Ts) mutant strains at the nonpermissive temperature. (G) RT-PCR analysis of ADH1
MRNA levels in the wild-type and spt16(Ts) mutant strains at the nonpermissive temperature. (H) Growth analysis of wild-type and cet71A204 strains in liquid medium

(YPD). (I) Growth analysis of wild-type and cet1A204 strains

in solid medium with or without 6-AU. The error bars indicate SD.

control. The experimental strategy for this interaction analysis is shown schematically
in Fig. 2B, as was done previously (24, 26). We found that Spt16 interacts with Pob3 (Fig.
2B, bottom). As a negative control, we showed that Pob3 does not interact with Sub2
(which is not known to interact with Pob3) under identical experimental conditions
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(Fig. 2B). Similar levels of Pob3 were present in analysis of interactions of Pob3 with
Spt16 and Sub2 (Fig. 2B, input). Using identical experimental conditions, we analyzed
the interaction of Cet1 with Spt16. We found that Cet1 interacts with Spt16 but not
Sub2 (which is not known to interact with Cet1) (Fig. 2C). Similar levels of Cet1 were
present in both interaction analyses (Fig. 2C, input). Next, we analyzed whether Cet1
can also interact with the Pob3 component of FACT. For this, we immunopurified
HA-tagged Pob3 and then analyzed its interaction with Myc-tagged Cet1 following the
above-described experimental protocol. We found that Cet1 interacts with Pob3 (Fig.
2D), which is required for recruitment of Spt16 (see Fig. 5J and K), and hence FACT.
Collectively, our results reveal that Cet1 interacts with FACT and thus facilitates FACT
targeting to the active gene.

Further, our ChIP results revealed that the NTD of Cet1 promotes FACT's targeting
to the active gene (Fig. 1B to F). These results indicate the requirement for Cet1’s NTD
for interaction with FACT. To test this, we immunopurified HA-tagged Cet1 and
Cet1A204 and then analyzed their interactions with the Pob3 component of FACT. We
found that cet7A204 does not interact with Pob3, while Cet1 interacts with Pob3 (Fig.
2E). These results support the idea that Cet1’s NTD is involved in interaction with FACT,
and hence, FACT recruitment to the active gene is impaired in the absence of the NTD
of Cet1 (Fig. 1B to F). In agreement with these results, the deletion of Cetl’s NTD
enhances promoter-proximal accumulation of Pol Il at ADHT and impairs transcription
(11), as FACT promotes the association of Pol Il with ADH1 and hence transcription (Fig.
2F and G), consistent with previous studies (27). Since the NTD of Cet1 facilitates
transcription (11), the cellular growth of the cet1A204 strain is likely to be altered in
comparison to that of the wild-type equivalent. Indeed, we found that the growth of
yeast cells is significantly decreased in the absence of Cet1’s NTD (Fig. 2H). Further, we
found that the growth of the Cet1A204 strain is decreased in the presence of 6-azauracil
(6-AU) (Fig. 2I). 6-AU decreases nucleotide pools, resulting in slow (or impaired) cellular
growth upon deletion (or mutation) of the factors involved in transcriptional elongation
(28). Thus, the 6-AU sensitivity of the cet1A204 strain supports the role of Cet1’s NTD in
transcriptional elongation (Fig. 2I). Similarly, the loss of targeting of FACT is likely to
impair the growth of yeast cells in the presence of 6-AU. Indeed, previous studies
demonstrated decreased growth of the spt16 mutant in the presence of 6-AU (29). Thus,
our results support the idea that the NTD of Cet1 facilitates the targeting of FACT and,
hence, transcription elongation and cellular growth.

Cet1’s NTD promotes the targeting of FACT to PMA1, PGK1, and PYK1 to
facilitate transcription. Similar to the results at ADH1, FACT is likely to be targeted to
other active genes by Cetl. To test this, we analyzed the recruitment of FACT to a
constitutively active gene, PMAT, in the cet1(Ts) (cet1-438, which is degraded at the
nonpermissive temperature) (20, 21) and wild-type strains. We found that FACT recruit-
ment to the PMAT gene is decreased in the cet1(Ts) mutant strain in comparison to the
wild-type equivalent (Fig. 3A). Further, we observed that the NTD of Cet1 facilitates the
targeting of FACT to PMAT (Fig. 3B). Moreover, the cet1(Ts) (cet1-448) mutant (which
does not have mRNA-capping activity and is not degraded at the nonpermissive
temperature) (20, 21) does not alter FACT recruitment to PMAT (Fig. 3C). These results
support the idea that Cet1 facilitates the targeting of FACT to PMAT independently of
its capping activity but via its NTD, similar to the results at ADHI. Likewise, FACT
recruitment to other genes, such as PGKT and PYKT, is also promoted by Cet1’s NTD
(Fig. 3D to F). Such recruitment of FACT enhances the association of Pol Il with these
genes and hence transcription (Fig. 3G and H). Together, our results support the role of
Cet1 in facilitating FACT recruitment to the active genes independently of its capping
activity, but rather, via its NTD to promote transcription, thus providing a new mech-
anism of FACT targeting to the active gene in transcriptional regulation.

Facilitated recruitment of FACT by Cet1’s NTD does not enhance PIC formation,
but rather, promotes transcriptional elongation. In addition to its role in transcrip-
tional elongation, FACT is also involved in transcriptional initiation (17-19, 23, 27, 29,
30). Thus, global loss of Spt16 or its temperature-sensitive inactivation impairs both
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FIG 3 The NTD of Cet1 targets FACT to PMAT, PGK1, and PYK1. (A) Analysis of FACT (Spt16-Myc)
association with PMAT in the cet1(Ts) (cet7-438) mutant and its wild-type equivalent. (B) Analysis of FACT
(Spt16-Myc) association with PMAT in the presence and absence of the NTD of Cet1. (C) Analysis of FACT
(Spt16-Myc) association with PMAT in the cet1(Ts) (cet7-448) mutant and its wild-type equivalent. (D) ChIP
analysis of FACT at the 5’ ORFs of PGKT and PYKT in the presence and absence of the NTD of Cet1. (E)
ChIP analysis of FACT at the 5" ORFs of PGK1 and PYKT in the cet1(Ts) (cet7-448) mutant and its wild-type
equivalent. (F) ChIP analysis of FACT at the 5" ORFs of PGK7 and PYKT1 in the cet1(Ts) (cet1-438) mutant
and its wild-type equivalent. (G) RT-PCR analysis of PGK1, PYK1, and PMAT mRNAs in the spt16(Ts) mutant
and its wild-type equivalent. (H) ChIP analysis of Rpb1 at the PGK1, PYK1, and PMAT coding sequences
in the spt16(Ts) mutant and its wild-type equivalent. The error bars indicate SD.
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transcriptional initiation and elongation (17-19, 27, 29-31). However, localized impair-
ment of FACT recruitment in the absence of Cet1’s NTD at the beginning of transcrip-
tional elongation would reduce transcriptional elongation but not initiation. Indeed,
growth analysis in the presence of 6-AU revealed the role of Cet1’s NTD in transcrip-
tional elongation (Fig. 2I), consistent with the transcriptional defect in the cet1A204
strain (11). To complement this observation further, we analyzed preinitiation complex
(PIC) formation and Pol Il association with GALT in the cet1A204 and wild-type strains
following transcriptional induction after switching the carbon source in the growth
medium from raffinose to galactose. For this, we analyzed the recruitment of TATA
box-binding protein (TBP) (which nucleates the assembly of the general transcription
factors at the promoter to form the PIC) at the GALT core promoter following tran-
scriptional induction. We found that the recruitment of TBP to the GALT core promoter
was not altered in the cet7A204 strain following transcriptional induction (Fig. 4A; see
Fig. S2A in the supplemental material). Likewise, the recruitment of Pol Il (which joins
the PIC toward the end) to the GALT promoter was not altered in the cet1A204 strain
in comparison to the wild-type equivalent within 45 min of transcriptional induction
(Fig. 4B). However, at the later transcriptional induction time points, accumulation of
Pol Il was observed at the promoter due to accumulation of Pol Il at the promoter-
proximal site in the cet1A204 strain (Fig. 4C), consistent with previous studies (11). Thus,
targeted impairment of FACT recruitment in the absence of Cet1’s NTD does not alter
PIC formation. However, the global inactivation or loss of Spt16 impairs PIC formation
(27, 29, 30). Intriguingly, we observed increased accumulation of Pol Il at the GALT
promoter-proximal site within 15 min of transcription induction in the cet1A204 strain
(Fig. 4C). Such early accumulation of Pol Il in the cet1A204 strain was not observed at
the GAL1 core promoter or downstream coding sequence (Fig. 4B to E). Similar results
were also observed at 30 or 45 transcriptional-induction time points (Fig. 4B to E; see
Fig. S2B to D in the supplemental material). Thus, our results support the idea that
targeted impairment of FACT recruitment in the absence of Cetl1’s NTD is associated
with the accumulation of Pol Il at the GALT promoter-proximal site immediately
following transcriptional induction (Fig. 4B to E). Likewise, the loss of Cetl’s NTD
enhances accumulation of Pol Il at the ADH1 promoter-proximal site (11).

Cet1’s NTD targets FACT, which enhances recruitment of Paf1C to promote
transcription. Since Cetl1’'s NTD facilitates the targeting of FACT to the active gene,
chromatin assembly/disassembly at the active gene would likely be altered in the
cet1A204 strain, as FACT is involved in regulating transcription via alteration of nucleo-
somal occupancy (17-19, 23, 27, 29-31). To test this, we analyzed chromatin disassem-
bly/reassembly at the transcriptionally inducible GALT gene in the wild-type and
cet1A204 strains following the experimental strategy used previously (26, 32). Briefly,
we analyzed the eviction of histone H3 from the GALT promoter, promoter-proximal
site, and downstream coding sequence following transcriptional induction in galactose-
containing growth medium in the wild-type and cet7A204 strains to determine the role
of Cet1’s NTD in chromatin disassembly. We found that histone H3 eviction from the
GALT coding sequence, promoter, or promoter-proximal site was not significantly
altered in the cet1A204 strain (Fig. 4F to I). Similarly, we analyzed chromatin reassembly
following deposition of histone H3 at the GALT promoter, promoter-proximal site, and
coding sequence after switching the carbon source in the growth medium from
galactose to dextrose in the wild-type and cet1A204 strains. We found that histone H3
deposition at the GALT coding sequence, promoter, or promoter-proximal site was not
significantly altered in the cet7A204 strain (Fig. 4) to M). However, global inactivation
of Spt16 impaired histone H3 deposition at GALT (31). Thus, ~2.5-fold-impaired recruit-
ment of FACT in the cet71A204 strain does not appear to have significant effects on
nucleosomal occupancy (Fig. 4F to M).

Since previous studies (33-39) implicated the interaction of FACT with the Paf1 (RNA
polymerase ll-associated factor 1) complex (Paf1C), which promotes transcriptional
elongation (33, 40), it was likely that impaired targeting of FACT in the cet1A204 strain
would decrease the recruitment of the Paf1C to the promoter-proximal site or the 5’
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FIG 4 Analysis of Cet1’s NTD function in regulation of the levels of TBP, Pol I, and histone H3 at GALT. (A and B) ChIP analysis of TBP and Pol Il at the GALT
core promoter after switching on GALT transcription in galactose-containing growth medium. (C to E) ChIP analysis of Rpb1 association with the promoter-
proximal site and downstream coding regions (i.e., ORF1 and ORF2) of GALT after switching on GALT transcription. (F to I) Analysis of the Cet1 NTD's role in
evicting histone H3 from GALT after switching on transcription. (J to M) Analysis of the Cet1 NTD's role in depositing histone H3 at GALT after switching off

GALT transcription in dextrose-containing growth medium. The error bars indicate SD.

end of the coding sequence to reduce transcription. To test this, we analyzed the
recruitment of the Paf1C to the 5’ ends of the ADH1, PGK1, PYKI, and PMAT coding
sequences in the wild-type and cet1A204 strains. For this, we tagged the Paf1 compo-
nent of the Paf1C with a Myc epitope in the wild-type and cet1A204 strains and then
performed the ChIP assay at the 5" ends of the coding sequences of these genes. Paf1
was predominantly recruited to the coding sequence (Fig. 5A), consistent with previous
studies and its function in transcriptional elongation (33, 40). Further, we found that the
recruitment of Paf1 to these genes was significantly impaired in the cet71A204 strain in
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comparison to the wild-type equivalent (Fig. 5A and B). Next, we analyzed the role of
Paf1 in recruitment of Pol Il to these genes. For this, we replaced the endogenous
promoter of PAFT with the galactose-inducible GALT promoter and then analyzed Pol
Il association with these genes after shutting down PAF1 transcription in dextrose-
containing growth medium (Fig. 5C). We found that the association of Pol Il with the
coding sequences of these genes was decreased when the expression of Paf1 was shut
down in dextrose-containing growth medium (Fig. 5C to E). Likewise, transcription of
the genes was also impaired upon switching off Paf1 transcription (Fig. 5F). These
results support the idea that Paf1 promotes transcription, consistent with the Paf1C’s
function in transcriptional elongation (33, 40). However, Paf1 does not interact with
Cet1, as revealed by the co-IP assay (Fig. 5G, left). As a positive control, we showed,
under the same co-IP conditions, that both Spt16 and Pob3 components of FACT
interact (Fig. 5G, right). Consistently, interaction of the Paf1C with Cet1 was not found
in the protein interaction database (BIOGRID). Thus, Cet1 is responsible for recruitment
of the Paf1C via FACT. This is consistent with the interactions between FACT and the
Paf1C (33-39) and between Cet1 and FACT (Fig. 2B to D). In agreement with these
interactions, we found that FACT promotes recruitment of the Paf1C (Fig. 5H and I).
Briefly, we impaired the expression of the Pob3 subunit of FACT by replacing its
endogenous promoter with the galactose-inducible GALT promoter in dextrose-
containing growth medium (Fig. 5H) and then analyzed the effect of such loss of Pob3
on recruitment of Paf1. We found that Paf1 recruitment to the 5’ ends of the ADH1,
PGK1, PYK1, and PMAT coding sequences was significantly impaired in the absence of
Pob3 (Fig. 5I). Further, we found that Pob3 is required for recruitment of the Spt16
subunit of FACT (Fig. 5J and K). Thus, FACT is not recruited to the active gene (Fig. 5K)
when Pob3 is not expressed (Fig. 5J), and Paf1 is not recruited in the absence of Pob3
(Fig. 5H and I). Therefore, our results reveal that FACT is required for recruitment of the
Paf1C. Taken together, our results support the idea that Cet1’s NTD targets FACT, which
enhances recruitment of the Paf1C to promote transcription.

Further, Paf1C recruitment can be regulated by Spt6 (which is a histone chaperone
involved in chromatin assembly and promotes transcriptional elongation) (23, 41-43)
via the interaction of Cet1’s NTD with Spt6, as the Paf1C interacts with Spt6 (40). To test
this, we analyzed the role of Cet1’s NTD in recruitment of Spt6 to ADH1, PGK1, PYK1, and
PMAT. For this, we tagged Spt6 with a Myc epitope in its chromosomal locus in the
wild-type and cet1A204 strains and then performed the ChIP assay at ADH1, PGK1, PYK1,
and PMAT. We found that the absence of Cet1’s NTD did not significantly alter the
recruitment of Spt6 to the 5’ ends of the ADHI1, PGKI, PYKI, and PMAT coding
sequences (Fig. 6A and B). Further, Spt5 (a component of the DSIF complex that is
phosphorylated by Bur1 kinase) facilitates recruitment of the Paf1C (33, 44). However,
we found that Cetl’s NTD does not regulate Paf1C recruitment via Spt5, as the
recruitment of Spt5 to the 5’ ends of the ADHI1, PGK1, PMAI1, and PYK1 coding
sequences was not altered in the cet1A204 strain in comparison to the wild-type
equivalent (Fig. 6C and D). Thus, Cet1’s NTD enhances Paf1C recruitment via FACT but
not Spt5 or Spt6. Therefore, Cetl’s NTD promotes the targeting of FACT, which
subsequently facilitates recruitment of the PafiC to the active gene to enhance
transcription. In addition to FACT, other factors, such as Spt5 and Pol Il, also facilitate

FIG 5 Cet1’s NTD recruits the Paf1C via FACT to promote transcription. (A and B) Cet1’s NTD enhances recruitment of the Paf1C to the promoter-proximal
sites (or 5" ORFs) of ADH1, PGK1, PMA1, and PYK]. (C) Analysis of Paf1 and actin levels in strains expressing PAF1 under the control of the GALT promoter
(Pga-PAF1-HA) after switching the carbon source in the growth medium from galactose (when total OD,,, was 0.6) to dextrose. (D and E) Analysis of Rpb1
association with the ADH1, PGK1, PYK1, and PMAT coding sequences in the strains expressing PAF1 under the control of the GALT promoter (P, ,-PAF1-HA)
after switching the carbon source in the growth medium from galactose to dextrose. (F) RT-PCR analysis of ADH1, PGK1, PYK1, and PMAT mRNAs in strains
expressing PAF1 under the control of the GALT promoter (P, ,-PAF1-HA) after switching the carbon source in the growth medium from galactose to dextrose.
(G) Co-IP analysis between Cet1 and Paf1 without in vivo cross-linking by formaldehyde. (H) Analysis of Pob3 and Paf1 levels in strains expressing HA-tagged
Pob3 under the control of the GALT promoter (P, ,-POB3-HA) after switching the carbon source in the growth medium from galactose to dextrose. (I) FACT
enhances the recruitment of Paf1C to the promoter-proximal sites (or 5' ORFs) of ADH1, PGK1, PMAT, and PYK1. (J and K) Pob3 is required for recruitment
of Spt16 to the active gene. (J) Levels of Pob3 and Spt16 (by Western blot analysis) in the strain expressing HA-tagged Pob3 under the control of the GALT
promoter (P, ,-POB3-HA) after switching the carbon source in the growth medium from galactose to dextrose. (K) ChIP analysis of Spt16 and Pob3 at the
ADH1 coding sequence following shutdown of Pob3 expression in dextrose-containing growth medium for 4 h. The error bars indicate SD.
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FIG 6 Cet1’s NTD does not regulate recruitment of Spt5 or Spt6 to the promoter-proximal sites (or 5" ORFs) of ADH1, PGK1,
PYK1, and PMAT. (A and B) ChIP analysis of Spt6 at the 5" ORFs of ADH1, PGK1, PYK1, and PMAT. (C and D) ChIP analysis of Spt5
at the 5’ ORFs of ADH1, PGK1, PYK1, and PMAT. (E and F) Analysis of Myc-tagged Spt16 and HA-tagged Paf1 association with
the ADH1, PGK1, PYK1, and PMAT coding sequences in the strain expressing HA-tagged Paf1 under the control of the GAL1
promoter (P, ,-PAF1-HA) and Myc-tagged Spt16 after switching the carbon source in the growth medium from galactose to
dextrose for 4 h. The error bars indicate SD.

recruitment of the Paf1C to the active gene. Such recruitment of the Paf1C also
promotes the targeting of FACT to the active gene, as we observed reduced association
of Spt16 and Paf1 with the ADH1, PGK1, PYKT, and PMAT coding sequences following
shutdown of the expression of Paf1 (which is under the control of the GALT promoter)
in dextrose-containing growth medium (Fig. 5C and 6E and F). In agreement with this,
the Paf1C has also been previously implicated in recruitment of FACT at the active gene
(45). Hence, FACT recruitment to the active gene is not completely abolished in the
absence of Cetl1’s NTD (Fig. 1B and F and 3B and D).
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FIG 7 Schematic diagram showing how Cet1’s NTD impairs promoter-proximal accumulation/pausing of Pol Il. Cet1, which
associates with Pol Il via Ceg1 (35) following PIC formation and transcriptional initiation (61, 62), interacts with FACT via the
NTD (Fig. 2A to E) and facilitates its targeting to the active gene in an mRNA-capping activity-independent manner (Fig. 1B
to F and 3A to F). In addition, FACT also interacts with histones, and such interaction is responsible for chromatin association
with FACT (15-17, 22, 23). Thus, Cet1’s NTD and histones synergistically target FACT to the active gene. In the absence of Cet1’s
NTD, FACT targeting to the active gene is significantly decreased (Fig. 1B and 3B and D). Decreased association of FACT reduces
Paf1C recruitment (Fig. 5H to K). Thus, Cet1’s NTD facilitates targeting of the Paf1C via FACT (Fig. 5H to K) but not Spt5 and
Spt6 (Fig. 6A to D). Pafl promotes transcriptional elongation (33, 40) (Fig. 5D to F). Hence, loss of Cet1’s NTD reduces
recruitment of the Paf1C via FACT, leading to increased accumulation/pausing of Pol Il at the promoter-proximal site. Like
FACT, Bre1 (an E3 ubiquitin ligase for histone H2B ubiquitylation) is also involved in Paf1 recruitment, independently of Pol Il
(63-65). The double-headed arrows indicate interactions.

In summary, we found here that Cet1 promotes the targeting of FACT to the active
genes independently of its mRNA-capping activity via its NTD (Fig. 7). FACT, in turn,
facilitates recruitment of the Paf1C, which promotes transcriptional elongation (Fig. 7).
Therefore, Cet1 facilitates the engagement of Pol Il in elongation via enhanced
recruitment of the Paf1C, impairing the accumulation of Pol Il at the promoter-
proximal site (Fig. 7). Consistently, Pafl knockdown has recently been shown to

July 2017 Volume 37 Issue 13 e00029-17 mcb.asm.org 13


http://mcb.asm.org

Sen et al.

enhance promoter-proximal Pol Il pausing in metazoan cells (46). Thus, our results
provide the basis for explaining how Cet1’s NTD impairs promoter-proximal accu-
mulation of Pol Il and promotes transcription in yeast. Cet1’s NTD is not evolution-
arily conserved in higher eukaryotes. The absence of such a domain, therefore, is
likely to contribute to promoter-proximal accumulation of Pol Il in higher eu-
karyotes. Further, our results imply that Cet1’s NTD can be specifically targeted to
impair transcription in developing therapeutic agents to treat fungal infections, as
Cet1’s NTD is absent in humans and other higher eukaryotes.

MATERIALS AND METHODS

Plasmids. The plasmids pFA6a-13Myc-KanMX6 and pFA6a-3HA-His3MX6 (47) were used for
genomic Myc and HA epitope tagging of the proteins of interest, respectively. The plasmid pRS416
was used in the 6-AU assay. The plasmid pFA6a-KanMX6-PGAL1-3HA (47) was used to delete the NTD
of Cet1 with replacement of its endogenous promoter by the GALT promoter. The plasmid pFA6a-
KanMX6-PGAL1-3HA was also used to replace the endogenous promoters of POB3 and PAFT with the
GAL1 promoter.

Yeast strains. A yeast (S. cerevisiae) strain expressing the Cet1 mutant without the first 204 aa at the
N terminus (YSB710) and its isogenic wild-type equivalent (YSB709) were obtained from the Buratowski
laboratory (21). The cet1(Ts) (cet1-438 [YSB717] and cet1-448 [YSB718]) mutants and their isogenic
wild-type equivalent (YSB540) were also obtained from the Buratowski laboratory (20, 21). The wild-type
and spt716(Ts) mutant strains were obtained from the Stillman laboratory (29). Multiple Myc epitope tags
were added at the original chromosomal locus of SPT16 in the cet1-438 (YSB717), cet1-448 (YSB718), and
cet1A204 (YSB710) mutant and isogenic wild-type strains to generate SLY31 (Spt16-Myc in cet1-438),
RSY48 (Spt16-Myc in cet1-448), SLY52 (Spt16-Myc in cet1A204), SLY51 (Spt16-Myc in YSB709), and SLY30
(Spt16-Myc in YSB540). Multiple Myc epitope tags were added at the original chromosomal locus of POB3
in strain W303a to generate RSY55 (Pob3-Myc in W303a). Likewise, multiple HA epitope tags were added
at the C terminus at the original chromosomal locus of SUB2 in strain W303a to generate GDY75
(Sub2-HA in W303a). Myc and HA epitope tags were added at the original chromosomal loci of SPT76 and
CET1, respectively, in W303a to generate SLY68 (Spt16-Myc and Cet1-HA in W303a). The endogenous
promoter of POB3 in NSY18 (Paf1-Myc in W303a using the plasmid pFA6a-13Myc-KanMX6) was replaced
by the galactose-inducible GALT promoter to generate AKY20a (using the plasmid pFA6a-His3MX6-
PGAL1-3HA), which expresses Pob3 with an HA tag at the N terminus. Myc epitope tags were added at
the original chromosomal locus of SPT6 in YSB709 and YSB710 to generate SLY49 (Spt6-Myc in YSB709)
and SLY50 (Spt6-Myc in YSB710), respectively, using the plasmid pFA6a-13Myc-KanMX6. The endoge-
nous promoter of CETT in W303a was replaced by the galactose-inducible GALT promoter to generate
AKY7a and AKY8a (using plasmid pFA6a-KanMX6-PGAL1-3HA), which express Cet1 and Cet1A204 with
HA tags at the N-terminal ends, respectively. Strain AKY21a was generated by adding an HA epitope tag
at the C-terminal end of Cet1 in its chromosomal locus in strain NSY18, which expresses Myc-tagged Paf1
in W303a. Myc epitope tags were added at the C-terminal end of Spt5 in the Cet1 wild-type (YSB709) and
cet1A204 (YSB710) strains to generate SLY47 and SLY48, respectively. The strain AKY11a was generated
by adding Myc epitope tags at the C-terminal end of Spt16 in strain RSY56, which expresses HA-tagged
endogenous Pob3 under the control of the GALT promoter. Myc epitope tags were added at the
C-terminal end of Spt16 in W303a to generate NSY16. Myc epitope tagging did not alter cellular growth
(see Fig. S3 in the supplemental material).

Growth media. The wild-type and cet1A204 strains were grown in YPD (yeast extract-peptone plus
2% dextrose) medium to an optical density at 600 nm (ODy,,) of 1.0 at 30°C prior to formaldehyde-based
in vivo cross-linking. For experiments with cet1(Ts) (cet7-438 and cet1-448) mutant and wild-type strains,
yeast cells were grown in YPD medium at 30°C to an ODy,, of 0.85 and then transferred to 37°C for 90
min prior to cross-linking. For experiments with the spt76(Ts) mutant and its isogenic wild-type equiv-
alent, yeast cells were grown in YPD medium at 23°C to an ODy,, of 0.85 and then transferred to 37°C
for 1 h prior to cross-linking or harvesting for RNA analysis. Yeast strains expressing Cet1 or Cet1A204
with an HA tag at the N terminus under the control of the GALT promoter were grown in YPG (yeast
extract-peptone plus 2% galactose) medium to an ODy,, of 1.0 prior to harvesting for immunopurifica-
tion. For histone H3 eviction analysis at GAL1, yeast cells were grown in YPR (yeast extract-peptone plus
2% raffinose) medium to an ODg,, of 0.9 and then switched to YPG medium prior to cross-linking at 0,
15, and 30 min. For histone H3 deposition analysis at GALT, yeast cells were grown in YPG medium at an
ODy,, of 0.9 and then switched to YPD medium prior to cross-linking at 0, 2, and 5 min. For kinetic
analysis of TBP and Pol Il association with GAL1, yeast cells were grown in YPR medium to an ODg,, of
0.9 and then switched to YPG medium prior to cross-linking at 0, 15, 30, 45, 60, and 90 min. For analysis
of Spt16 association with GALT, yeast strains (SLY51 and SLY52) expressing Myc-tagged Spt16 were
grown in YPR or YPG medium to an ODg,, of 1.0 before cross-linking.

ChIP assay. The ChIP assay was performed as described previously (11, 48-54). Briefly, yeast cells
were treated with 1% formaldehyde, collected, and resuspended in lysis buffer. Following sonication, cell
lysate (400 ul lysate from 50 ml of yeast culture) was precleared by centrifugation, and then 100 ul lysate
was used for each immunoprecipitation. The immunoprecipitated protein-DNA complexes were treated
with proteinase K, the cross-links were reversed, and DNA was purified. The immunoprecipitated DNA
was dissolved in 20 ul Tris-EDTA (TE) 8.0 (10 mM Tris HCl, pH 8.0, and 1 mM EDTA), and 1 ul of the
immunoprecipitated DNA was analyzed by PCR (a total of 23 cycles). The PCR mixtures contained
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TABLE 1 Primer pairs used for PCR analysis in the ChIP assay

Target? Primer pair sequences

ADHT1 (A) 5'-CTACACCAATTACACTGCCTCATT-3’, 5'-ACTTCAATAGATGGCAAATGGA-3'

ADH1 (B) 5'-GGTATACGGCCTTCCTTCCAGTTAC-3’, 5'-GAACGAGAACAATGACGAGGAAACAAAAG-3’
ADH1 (C) 5'-CTGCACAATATTTCAAGCTATACCAAGC-3', 5'-GCCTTTGGCTTTGGAACTGGAATATC-3’
ADH1 (D) 5'-GATATTCCAGTTCCAAAGCCAAAGGC-3’, 5'-CTTAACTGGCAATGGCCAGTCAC-3’
ADH1 (E) 5'-CGGTAACAGAGCTGACACCAGAGA-3’, 5'-ACGTATCTACCAACGATTTGACCC-3'

ADH1 (F) 5'-GATATTCCAGTTCCAAAGCCAAAGGC-3', 5'-CTTAACTGGCAATGGCCAGTCAC-3'
ADH1 (G) 5'-CTGGTTACACCCACGACGGTTCTT-3’, 5'-GCAGACTTCAAAGCCTTGTAGACG-3'

ADHI (H) 5'-CGGTAACAGAGCTGACACCAGAGA-3’, 5'-ACGTATCTACCAACGATTTGACCC-3'

PYK1 (5" ORF) 5'-CTTGTTTCTATTTACAAGACACCAATC-3', 5'-CTTTGGACCGATGGTACCAATG-3’

PYKT (ORF or 3' ORF) 5'-AAGTTTCCGATGTCGGTAACGCTAT-3’, 5'-TTGGCAAGTAAGCGATAGCTTGTTC-3’
PGK1 (5" ORF) 5'-CAGATCATCAAGGAAGTAATTATC-3’, 5'-GTCAACTCTGATGAAGACACGC-3’

PGK1 (ORF or 3" ORF) 5'-AGACGAAGTTGTCAAGAGCTCTGC-3’, 5'-GAAAGCAACACCTGGCAATTCCT-3’

PMAT (A) 5'-TCGATGGTGGGTACCGCTTAT-3’, 5'-GATGTTAGACGATAATGATAGGAC-3’

PMAT (B or 5’ ORF) 5'-ATCTTCTGACGATGACGATATCG-3', 5'-TTCTGGAACTGGTCTAGCTTCA-3’

PMAT (C or 3' ORF) 5'-TCGGTGCTATGAACGGTATTATG-3’, 5'-ACATGGTAGCGATGATGTCGACAG-3’

GALT (UAS) 5'-CGCTTAACTGCTCATTGCTATATTG-3’, 5'-TTGTTCGGAGCAGTGCGGCGC-3'

GAL1 (Core) 5'-ATAGGATGATAATGCGATTAGTTTTTTAGCCTT-3', 5'-GAAAATGTTGAAAGTATTAGTTAAAGTGGTTATGCA-3’
GALT (promoter-proximal site) 5'-ACCTCTATACTTTAACGTCAAGGAG-3’, 5'-TTTCGGCCAATGGTCTTGGTAA-3’

GAL1 (ORF1) 5'-GTGAGGAAGATCATGCTCTATACG-3’, 5'-GGCGGTTTCAAACTTGTTAGATAC-3’

GAL1 (ORF2) 5'-CAGAGGGCTAAGCATGTGTATTCT-3', 5'-GTCAATCTCTGGACAAGAACATTC-3’

Chr Vv 5'-GGCTGTCAGAATATGGGGCCGTAGTA-3’, 5'-CACCCCGAAGCTGCTTTCACAATAC-3’

aUAS, upstream activating sequence; Core, core promoter; ORF1 and ORF2, two different locations in the ORF; 5’ ORF, toward the 5’ end of the ORF; 3’ ORF, toward
the 3’ end of the ORF. Different locations at a genomic locus are designated by different letters.

[a-32P]dATP (2.5 uCi for each 25-ul reaction mixture), and the PCR products were detected by
autoradiography after separation on a 6% polyacrylamide gel. As a control, input DNA was isolated
from 5 ul of lysate without going through the immunoprecipitation step and suspended in 100 ul
of TE 8.0. To compare the PCR signal arising from the immunoprecipitated DNA with that from the
input DNA, 1 ul of input DNA was used for PCR analysis. Serial dilutions of input and immunopre-
cipitated DNA samples were used to assess the linear range of PCR amplification, as was done
previously (50, 53-55).

For the ChIP analysis of Spt16, Paf1, Spt5, and Spt6, the above-described ChIP protocol was modified
as described previously (48, 49, 52, 56). Briefly, a total of 800 ul lysate was prepared from 100 ml of yeast
culture. Following sonication, 400 ul lysate was used for each immunoprecipitation (using 10 ul of
anti-HA or anti-Myc antibody and 100 ul of protein A/G Plus-agarose beads from Santa Cruz Biotech-
nology, Inc.), and the immunoprecipitated DNA sample was dissolved in 10 ul TE 8.0, 1 ul of which was
used for PCR analysis (a total of 23 cycles). In parallel, PCR analysis for input DNA was performed using
1 ul DNA that was prepared by dissolving purified DNA from 5 ul lysate in 100 wl TE 8.0. The primer pairs
used for PCR analysis are listed in Table 1.

Autoradiograms were scanned and quantitated with the National Institutes of Health Image 1.62
program. Immunoprecipitated DNAs were quantitated as the ratio of immunoprecipitate to input in the
autoradiogram. The average ChIP signal of the biologically independent experiments is reported with
standard deviation (SD) (Microsoft Excel). The Student t test of Microsoft Excel (tail = 2 and types = 3)
was used to determine the P values for the statistical significance of the change in the ChIP signals. The
changes were considered to be statistically significant at a P value of <0.05.

WCE preparation and Western blot analysis. To analyze the global level, yeast strains expressing
HA- or Myc epitope-tagged protein were grown in 25 ml YPD medium to an OD, of 1.0. Yeast cells were
then harvested, lysed, and sonicated to prepare whole-cell extract (WCE) with solubilized chromatin
following the protocol described previously for the ChIP assay (11, 48-54). The WCE was run on an
SDS-polyacrylamide gel and then analyzed by Western blot assay. An anti-Myc (9E10; Santa Cruz
Biotechnology, Inc.), antiactin (A2066; Sigma), anti-Flag (F3165; Sigma), anti-HA-peroxidase (H6533-
1VL; Sigma), or anti-HA (F-7; Santa Cruz Biotechnology, Inc.) antibody was used for Western blot
analysis.

Total RNA preparation. Total RNA was prepared from yeast cell culture following the standard
protocol (11, 50, 57, 58). Briefly, 10 ml yeast culture at a total ODg, of 1.0 in YPD medium was harvested
and then suspended in 100 ul RNA preparation buffer (500 mM NaCl, 200 mM Tris-HCI, 100 mM
Na,-EDTA, and 1% SDS), along with 100 ul phenol-chloroform-isoamyl alcohol and a 100-ul volume
equivalent of glass beads (acid washed; Sigma). Subsequently, the yeast cell suspension was vortexed at
maximum speed (10 in a VWR minivortexer; catalog no. 58816-121) five times (30 s each time). The cell
suspension was placed in ice for 30 s between pulses. After vortexing, 150 ul RNA preparation buffer and
150 wl phenol-chloroform-isoamyl alcohol were added to the yeast cell suspension, followed by
vortexing for 15 s at maximum speed on a VWR minivortexer. The aqueous phase was collected following
5 min of centrifugation at maximum speed in a microcentrifuge. The total RNA was isolated from the
aqueous phase by precipitation with ethanol.

RT-PCR analysis. Reverse transcriptase (RT) PCR analysis was performed according to the standard
protocols (11, 59, 60). Briefly, total RNA was prepared from 10 ml of yeast culture. Ten micrograms of total
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TABLE 2 Primer pairs used in RT-PCR analysis

Target Primer pair sequences

ADH1 5'-CGGTAACAGAGCTGACACCAGAGA-3’, 5'-ACGTATCTACCAACGATTTGACCC-3’
PYK1 5'-AAGTTTCCGATGTCGGTAACGCTAT-3’, 5'-TTGGCAAGTAAGCGATAGCTTGTTC-3’
PGK1 5'-AGACGAAGTTGTCAAGAGCTCTGC-3’, 5'-GAAAGCAACACCTGGCAATTCCT-3'
PMAT 5'-TCGGTGCTATGAACGGTATTATG-3’, 5'-ACATGGTAGCGATGATGTCGACAG-3’
18S rRNA 5'-GAGTCCTTGTGGCTCTTGGC-3’, 5'-AATACTGATGCCCCCGACC-3'

RNA was used in the reverse transcription assay for both wild-type and mutant strains. The RNA was
treated with RNase-free DNase (M610A; Promega) and then reverse transcribed into cDNA using oligo(dT)
as described in the protocol supplied by Promega (A3800; Promega). PCR was performed using a
synthesized first strand as the template and the primer pairs targeted to the ADH1, PGK1, PYK1, and PMA1
open reading frames (ORFs), as well as 18S rRNA. The RT-PCR products were separated by 2.2% agarose
gel electrophoresis and visualized by ethidium bromide staining. The RT-PCR experiments were carried
out three times. The experiments were biologically independent. The average signal of these biologically
independent experiments is reported with SD (Microsoft Excel). The Student t test of Microsoft Excel
(tail = 2 and types = 3) was used to determine the P values for the statistical significance of the change
in the RT-PCR signals. The changes were considered to be statistically significant at a P value of <0.05.
The primer pairs used in the PCR analysis are listed in Table 2.

Formaldehyde-based in vivo cross-linking and co-IP assay. The co-IP assay was performed as
described previously (24, 25). Briefly, a yeast strain carrying Myc-tagged Cet1 and HA-tagged Spt16 was
grown in YPD medium to an OD,, of 1.0 and then cross-linked by formaldehyde. WCE was prepared by
lysing and sonicating the cross-linked yeast cells. Inmunoprecipitation was performed using an anti-Myc
antibody and protein A/G Plus-agarose beads. Anti-Flag was used as a nonspecific antibody. After
immunoprecipitation, the agarose beads were washed as in the ChIP assay. The washed A/G Plus-agarose
beads were boiled in SDS-PAGE loading buffer, and the supernatant was analyzed by SDS-PAGE and
Western blotting. An anti-HA-horseradish peroxidase (HRP) antibody was used in the Western blot
analysis.

Co-IP assay without in vivo cross-linking. WCE of the yeast strain expressing Myc-tagged Paf1 and
HA-tagged Cet1 (or a yeast strain expressing Myc-tagged Pob3 and HA-tagged Spt16) was prepared in
radioimmunoprecipitation assay (RIPA) buffer (150 mM NacCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS, 50 mM Tris-Cl, pH 7.5, 0.1 mM EDTA, 1 mM MgCl,). Four hundred microliters of WCE was used for
immunoprecipitation, with 10 ul (2 ug) of an anti-Myc antibody. Following 3-h incubation of WCE with
antibody at 4°C in a rotor, 100 ul protein A/G Plus-agarose beads (Santa Cruz Biotechnology, Inc.) was
added for 1 h at 4°C. Subsequently, the agarose beads were washed with RIPA buffer and resuspended
in protein-loading dye for Western blot analysis, using an anti-Myc or anti-HA-HRP antibody as the
primary antibody.

Immunopurification of Spt16, Pob3, Cet1, Cet1A204, and Sub2. Inmunopurification was per-
formed as described previously (24, 26). Briefly, the yeast strains expressing HA-tagged Spt16, Sub2,
Pob3, Cet1, or Cet1A204 were grown in 100 ml YPD-YPG medium to an OD, of 1.0 and then harvested.
Subsequently, 800 ul WCE was prepared from the culture of each strain. Immunoprecipitation was
performed using anti-HA antibody and protein A/G Plus-agarose beads for 4 h at 4°C; 400 wl WCE, 100
ul protein A/G Plus-agarose beads (25% slurry), and 10 ul (2 ng) anti-HA antibody were used for each
immunoprecipitation. Following immunoprecipitation, the agarose beads were washed under high-
stringency washing conditions, as in the ChIP assay, but 0.5 M NaCl instead of 1 M NaCl was used for
washing the beads. Then, the beads were equilibrated with buffer E (50 mM Tris base, 250 mM NaCl, 1%
NP-40, 1 mM EDTA, pH 8.5) before elution of HA-tagged protein with HA peptide. The immobilized
protein (HA-tagged Spt16, Sub2, Pob3, Cet1, or Cet1A204) on A/G Plus-agarose beads was eluted by
incubating the beads in 2 bed volumes (100 ul) of buffer E containing HA peptide at a final concentration
of 1 mg/ml. The beads were incubated for 30 min at 25°C on a rotor. Elution was performed three times.
Buffer E (100 ul) with HA peptide was used for each elution.

Protein interaction assay in vitro. Protein interaction analysis in vitro was performed as described
previously (24, 26). Briefly, to analyze the interaction of Spt16 with Cet1, the yeast strain expressing
Myc-tagged Cet1 was grown in 100 ml YPD to an ODg,, of 1.0, and subsequently, 800 ul WCE was
prepared. The WCE (400 wl) was used for immunoprecipitation as in the ChIP assay, using 10 ul anti-Myc
antibody and 100 ul protein A/G Plus-agarose beads. The immobilized Cet1 on the beads was thoroughly
washed under high-stringency washing conditions as in the ChIP assay, and then the washed beads with
immobilized Cet1 were incubated with immunopurified Spt16 in buffer E containing HA peptide and
aprotinin for 15 min at 25°C. Subsequently, the beads were washed with buffer W (50 mM Tris base, 2
mg/ml bovine serum albumin [BSA], 250 mM NaCl, 1% NP-40, T mM EDTA, pH 8.5) containing aprotinin
four times (1 ml each time). The last wash was performed using buffer E containing aprotinin. The
washed beads were then boiled in SDS-PAGE loading buffer, and the supernatant was subsequently
analyzed by SDS-PAGE and Western blotting to determine the interaction between Spt16 and Cet1. An
anti-HA-HRP antibody was used in the Western blot analysis. Likewise, the interactions of Pob3 with
Spt16, Sub2, Cet1, and Cet1A204 were analyzed.

Growth analysis in the presence or absence of 6-AU. The growth of the cet1A204 and wild-type
cells was analyzed on plates containing solid synthetic complete medium lacking uracil (SC-uracil
medium) (plus 2% dextrose) with or without 100 wg/ml 6-AU. Both the wild-type and cet1A204 strains
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were transformed with a low-copy-number plasmid (pRS416) expressing the URA3 gene, inoculated in
liquid SC-uracil medium (with 2% dextrose), and grown to an ODg,, of 0.2 at 30°C. Subsequently, the
yeast cells were suspended in fresh liquid SC-uracil medium (with 2% dextrose) and grown to an ODy,,
of 0.4 prior to spotting (3 wl) on solid SC-uracil medium (plus 2% dextrose) with or without 100 ug/ml
6-AU. The yeast cells were spotted in serial dilutions, grown at 30°C, and photographed after 2 or 3 days.
Growth analysis was carried out in biological triplicates, and consistent results were obtained. One
representative set is shown in Fig. 2I.
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