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Summary

Genome-wide studies have identified abundant small, non-coding RNAs including SnRNAs,
snoRNAs, cryptic unstable transcripts (CUTS), and upstream regulatory RNAs (URNAs) that are
transcribed by RNA polymerase Il (pol I1) and terminated by a Nrd1-dependent pathway. Here, we
show that the prolyl isomerase, Ess1, is required for Nrd1-dependent termination of ncCRNAs. Ess1
binds the carboxy terminal domain (CTD) of pol Il and is thought to regulate transcription by
conformational isomerization of Ser-Pro bonds within the CTD. In ess1 mutants, expression of
~10% of the genome was altered, due primarily to defects in termination of snoRNAs, CUTs, SUTs
and uRNAs. Ess1 promoted dephosphorylation of Ser5 (but not Ser2) within the CTD, most likely
by the Ssu72 phosphatase, and we provide evidence for a competition between Nrd1 and Pcf11 for
CTD-binding that is regulated by Ess1-dependent isomerization. This is the first example of a prolyl
isomerase required for interpreting the “CTD code.”

Introduction

Gene expression in eukaryotes requires distinct co-factor complexes that assemble on the RNA
polymerase 11 (pol I1) core enzyme and help it to carry out the sequential steps of the
transcription cycle, including initiation, elongation, termination, and RNA 3'-end processing
(Cho, 2007; Pandit et al., 2008). The timing of co-factor assembly is regulated, in part, by
reversible covalent and non-covalent modification of the carboxy terminal domain (CTD) of
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Rpb1, the largest subunit of pol 11 (Egloff and Murphy, 2008; Hirose and Ohkuma, 2007;
Phatnani and Greenleaf, 2006).

Covalent modification of the CTD involves phosphorylation and dephosphorylation of Ser2
and Ser5 (Chapman et al., 2007; Palancade and Bensaude, 2003; Patturajan et al., 1998;
Phatnani and Greenleaf, 2006), and Ser7 (Chapman et al., 2007; Egloff et al., 2007; Keogh et
al., 2003) within the CTD heptad repeat (Tyrq-Ser,-Pros-Thrs-Sers-Prog-Ser-).
Phosphorylation of Ser5 is enhanced at the 5’ ends of genes and is associated with initiation
complex formation, 5’-capping, and the transition to elongation, while phosphorylation of Ser2
increases toward the 3’ end of genes and is associated with elongation and termination (Bird
et al., 2004; Kobor and Greenblatt, 2002; Licatalosi et al., 2002; McCracken et al., 1997;
Schroeder et al., 2000). The role of Ser7 phosphorylation in yeast is unknown. A number of
conserved Ser2- and Ser5- specific CTD kinases and phosphatases have been identified, and
many co-factor proteins required for transcription and chromatin modification specifically
associate with either Ser2- or Sers- phosphorylated forms of the CTD (reviewed in Egloff and
Murphy, 2008).

Much less is known about non-covalent changes to the CTD such as prolyl isomerization. The
CTD repeat contains two Ser-Pro peptide bonds that are targets of enzymes known as peptidy!l
prolyl cis/trans isomerases (Schiene and Fischer, 2000). Isomerization is predicted to cause
dramatic conformational changes in the CTD that likely affect co-factor binding (Cramer,
2006; Meinhart et al., 2005). The CTD isomerase Essl was identified in Saccharomyces
cerevisiae (Hanes et al., 1989; Hani et al., 1995), and has a human ortholog, Pinl (Lu et al.,
1996; Lu and Zhou, 2007). Ess1 deletion is lethal in yeast and mutants undergo mitotic arrest
(Hanes et al., 1989; Wu et al., 2000). Pin1 knockdowns and knockouts also show cell cycle
defects (Fujimori et al., 1999; Liou et al., 2002; Lu et al., 1996), and Pin1 misregulation has
been associated with cancer and neurological disorders (Lu and Zhou, 2007; Yeh and Means,
2007). Pinl has been shown to interact with a wide variety of target proteins (Joseph et al.,
2003).

Both Essl and Pinl bind Ser2- and Ser5- phosphorylated forms of the CTD but they do not
bind unphosphorylated CTD (Morris et al., 1999; Verdecia et al., 2000; Yaffe et al., 1997;
Zhang et al., 2002). Ess1 binds and isomerizes phospho-Ser5-Pro6 (P-Ser5-Pro6) ~5-fold
better than phospho-Ser2-Pro3 (P-Ser2-Pro3) within the CTD (Gemmill et al., 2005),
consistent with genetic experiments identifying P-Ser5-Pro6 as a major functional target
(Wilcox et al., 2004). Genetic experiments also indicate that ESS1 plays important roles in
initiation, elongation, and termination of pol Il transcription (Wilcox et al., 2004; Wu et al.,
2001; Wu et al., 2003; Wu et al., 2000; Krishnamurthy et al., 2009). Indeed, ESS1 (PTF1) was
recovered in a screen for mutations that impair transcription termination in a readthrough
reporter assay (Hani et al., 1995).

In yeast, two distinct pathways for transcription termination have been described (Kim et al.,
2004; Kim et al., 2006; Lykke-Andersen and Jensen, 2007; Rondon et al., 2008; Steinmetz and
Brow, 1996; Steinmetz et al., 2001). The major pathway is the canonical mMRNA termination
pathway that results in 3’ cleavage and polyadenylation of transcripts derived from protein
coding genes. This pathway requires members of the CFI complex including Hrpl, Pcf11,
Rnal4, and Rnal5, and the CPF complex including Cft2, Pap1, Ptal, Ptil, Ref2, Ratl, Ssu72
and Swd?2 (Aranda and Proudfoot, 2001; Birse et al., 1998; Buratowski, 2005; Nedea et al.,
2003). The products of this pathway are relatively stable MRNAs that carry long (~70 nt) poly
(A) tails and are exported to the cytoplasm for translation (Barabino and Keller, 1999). In
contrast, other pol Il transcripts that are typically small, nonpolyadenylated, and largely
restricted to the nucleus, are terminated by an alternative pathway that is dependent upon Nrd1
(Steinmetz et al., 2001). The Nrd-1 pathway is used to terminate most small nucleolar RNAs
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(snoRNAs), small nuclear RNAs (snRNAs), cryptic unstable transcripts (CUTSs), and some
short mRNAS (Arigo et al., 2006; Kim et al., 2006; Steinmetz et al., 2001; Thiebaut et al.,
2006). This pathway utilizes a distinct, but partially overlapping set of proteins that includes
Glc7, Nrd1, Nab3, Pafl, Pcf11, Rnal4, Rnal5, Senl, Ssu72, Swd2 and Trf4 (Lykke-Andersen
and Jensen, 2007). It is not yet established which pathway is used for a newly described set of
small transcripts called SUTs (stable unannotated transcripts; Xu et al., 2009).

Here we sought to identify Ess1 target genes and study the role of Ess1 in their expression.
Using genome-wide approaches, we found that about 10% of the genome is mis-regulated in
ess1 mutants, and that the most prominent defect is a failure to correctly terminate snoRNA
gene transcription. Readthrough of snoRNAs in ess1 mutants is similar to that observed in
nrdl, nab3, pcfll and pafl-complex mutants, and indeed genetic interactions and chromatin
immunoprecipitation (ChlP) data indicate that Ess1 is linked to the Nrd1 pathway. As expected
if Ess1 functions in the Nrd1 pathway, ess1 mutants show a failure to process CUTs and
upstream regulatory RNAs (URNAS), whose misregulation leads to constitutive expression (or
repression) of downstream ORFs. We also show that Ess1 controls the phosphorylation state
of the CTD and present a model for how Ess1-directed isomerization of the CTD plays a critical
role in Nrd1-dependent transcription termination.

Genome-wide expression analysis reveals a gene-specific requirement for Essl

Current evidence does not distinguish whether Ess1 (or Pinl) affects the transcription of all
pol 1l-dependent genes, or only a subset. To resolve this issue, we used whole-genome
expression analysis with microarrays containing all the yeast ORFs. First, we compared
expression between wild-type and ess1' mutant yeast, at both permissive (24°C) and non-
permissive (34°C) temperatures. Second, we used a highly-regulated activator system (GAL4-
ER-VP16) to drive high or low levels of the wild-type or mutant Ess1 proteins (Gemmill et
al., 2005). The results using these different methods were remarkably congruent and suggest
that in yeast, only a subset of genes are preferentially affected (>2-fold) when Ess1 activity is
deficient (Table S1A,C,D). At 24°C, ~3% of all annotated ORFs in ess1' cells were affected,
while after 3 hr after a shift to 34°C this increased to ~10% (Fig. S1A). Similarly, using the
regulated promoter system, ~10% of ORFs were affected (Table S1A, Fig. S1B), and 218 of
these overlapped with ORFs identified in the ts experiment (P=8.7e-88, P=2.9e-29 for up- and
down-regulated genes, respectively; Fig. S1C). Thus, only some ORFs appear to be Ess1-
dependent. We also observed a >2 fold change in expresion of 233 non-coding RNAs and
intergenic regions (e.g., SAGE tags, snoRNAs, Ty1LTRs; Fig. S1A).

Esslis required for termination of snoRNA genes

Although we expected to identify alterations in mRNA levels for a key set of G2/M cell-cycle
genes, which could have explained the ess1 mitotic arrest phenotype, this was not the case.
However, we did observe a remarkable similarity to microarray data from studies of ssu72
mutants (Ganem et al., 2003; Nedea et al., 2003). SSU72 encodes a Ser5-specific CTD
phosphatase originally isolated as a suppressor of TFIIB (SUA7) mutations (Sun and Hampsey,
1996). Our results, based on a composite of the ts and regulated-promoter microarray data,
mirror those obtained for ssu72 mutants (Table S1B). For example, eight of the 30 genes that
showed the largest increase in expression in ess1 mutants are among the 28 genes that show
the largest increase in ssu72 mutants (Fig. S1D). This overlap is highly significant (P=1.7e-12).
Equally remarkable is that 11 of the 30 genes that showed the largest increases in ess1 mutants
have snoRNAs immediately upstream (Table S1B), a situation similar to that in the ssu72 study
(Ganem et al., 2003).
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Based on studies done with Ssu72 and Nrd1 (Carroll et al., 2004; Dichtl et al., 2002; Ganem
etal., 2003; Steinmetz and Brow, 2003; Steinmetz et al., 2001), we tested whether the increase
in expression of selected genes in ess1 mutants was due to readthrough from upstream
snoRNAs. Total RNA from wild-type and ess1 mutant yeast was reverse transcribed (RT) and
amplified by PCR, using primers to intergenic regions downstream of snoRNAs (Fig. 1A). No
intergenic transcription was detected in wild-type cells, whereas strong signals were detected
in ess1' mutants, even at permissive temperature (Fig. 1B). As expected, readthrough was
generally more pronounced after a shift to 37°C. Readthrough from SNR5 into HEM4 was
confirmed by the identification of fusion transcripts (Fig. 1C).

Tiling array analysis of ess1 mutants reveals global termination defects

To survey transcription readthrough in ess1 mutants on a genome-wide scale, we used tiling
microarrays (David et al., 2006) to compare RNA from wild-type and ess1' mutant cells grown
at24°C or 34°C. Nearly all snoRNA genes exhibited readthrough transcription in ess1% mutant
cells, as suggested by a composite average (Fig. S2A), and shown for selected individual genes
(Fig. 2A-F).

For individual genes, different patterns of readthrough were observed. At the SNR5 locus,
readthrough proceeds into the adjacent mMRNA gene, HEM4, before termination occurs (Fig.
2A). A similar pattern was observed for SNR13-TRS31 (Fig. 2B) and SNR82-USEL1 (Fig. S3A).
At the SNR48 and SNR8 loci, in contrast, readthrough ends abruptly following the intergenic
region, prior to the start of the respective downstream genes, ERG25 and YTML1 (Fig. 2C; Fig.
S3B). Readthrough into an adjacent ORF, convergently transcribed, can also occur as for
SNR71-LIN1-REC104 (Fig. 2D), and the polycistronic SNR41-SNR70-SNR51 genes (Fig.
S3C). In other cases, readthrough stops abruptly at the 3’ end of the ORF on the opposite strand
(e.g., SNR63-RPL31A, Fig. 2E). We do not know why some ORFs are read through while
others are not, but the differences might involve cryptic termination sites, or mechanism(s) of
transcriptional occlusion (e.g. colliding polymerases) and/or chromatin structural impediments
to elongation. Readthrough from some snoRNAs appears to downregulate the adjacent ORF
(e.g. SNR45-ASN1, Fig. 2F). As a control, SNR52, which is transcribed by RNA pol 11l, did
not show significant readthrough in ess1 mutants (Fig. S3D).

Readthrough detected in the tiling array was confirmed by Northern analysis in which fusion
transcripts were detected using both SNR and adjacent ORF probes (Fig. 1D-H). These and
other data (not shown) indicate that termination of nearly all independently-transcribed
snoRNA genes are Ess1-dependent. In contrast, tiling array data did not reveal obvious
termination defects for the pol lI-transcribed spliceosomal U1, U2, U3, U4 and U5 snRNA
genes (data not shown). Thus, Essl is important for termination of some, but not all classes of
pol I1-dependent small non-coding RNA genes.

Finally, some mRNA genes also exhibited readthrough in ess1 mutants. For example,
SNR33 reads through into YCR015C, but termination after this ORF also appears defective,
given that transcription extends into the downstream POL4 gene (Fig 1H, Fig. 2G). Another
example is the readthrough of RNQ1 into FUS1 (Fig. 11, Fig. 2H).

To determine the extent of mMRNA readthrough genome-wide, we compared RNA levels
between ess1 mutants and wild-type cells at a defined window (-300 to +300 bp) centered on
the predicted 3’ transcription termination site (TTS; Nagalakshmi et al., 2008), for each of
5,074 ORFs. The results suggest that readthrough occurs in ess1 mutant cells, with maximal
values obtained at 25-150 bp downstream of the TTS (Fig. S2B). The magnitude of the average
signal is small, because only a small subset of the 5,073 genes analyzed show aberrant 3'
transcription (Fig. S4A). Most abundant among the 100 most affected genes in ess1 mutants
are ribosomal protein genes and other highly expressed genes (Table S2). An example of
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probable readthrough is shown in Figure S5A. In many cases, the 3’ signal is probably due to
antisense transcription rather than readthrough (Fig. S5B-E), since some of these transcripts
have been identified as CUTs or SUTs (Fig. S5B,C; see Table S2). In summary, our tiling array
data indicate that termination of nearly all SnoRNAs, as well as a small subset of MRNA genes,
is Essl dependent. In addition, the analysis indicates that both known and newly-identified
small non-coding transcripts (CUTs/SUTS) are stabilized in ess1 mutants (see also below).

Essl functions in the Nrd1 pathway

The Nrd1 pathway is the primary means by which transcription of SnoRNA genes is terminated
(Steinmetz et al., 2001; Vasiljeva and Buratowski, 2006). Both Nrd1 and Ess1 mutants show
defects in SnoRNA termination. To test whether Ess1 functions in the Nrd1 pathway, we first
examined readthrough of reporter genes that carry snoRNA gene terminators, which contain
Nrd1 and/or Nab3 binding sites (Carrol et al., 2004). As shown previously, nrd1-5 mutants
exhibit readthrough (Fig. 3A, upper panels). Likewise, we find that ess1 mutants show
readthtrough, which is slightly stronger for the SNR47 reporter than for the SNR13 reporter
(Fig. 3A, lower panels). These results demonstrate that the activity of cis-acting termination
signals of snoRNA genes depends upon Essl.

We next examined genetic interactions between ESS1 and three genes in the Nrd1 pathway,
NRD1, NAB3 and PCF11. Overexpression of Essl suppressed the ts-growth defect in a nrd1
mutant (Fig. 3B), whereas little or no suppression was observed in nab3 or pcfl1 mutants (data
not shown). Reciprocal experiments in which NRD1, NAB3 and PCF11 were overexpressed
in ess1 mutant cells, showed that only PCF11 suppressed (Fig. 3C; data not shown). Together,
the genetic results and the failure of ess1 mutants to terminate at SNR13 and SNR47 terminators,
suggest that Ess1 functions in the Nrd1 pathway.

We next used ChIP to examine the recruitment of RNA pol Il, Ess1, and Nrd1 to snoRNA loci
in ess1 mutants. As expected, in ess1 mutants, levels of pol Il in 3’ regions were elevated,
consistent with transcription readthough (Fig. 4B,F,J). Localization of a TAP-tagged Ess1 in
wild-type cells suggests a broad distribution of Ess1 along snoRNA genes, although detection
levels were modest at best (Fig. 4C,G,K). Most revealing was the localization of Nrd1. In wild
type cells, Nrd1 is recruited to the 3’ ends of genes, where it binds both the pol II CTD and the
nascent RNA (Carroll et al., 2007; Vasiljeva et al., 2008). If Ess1 is important for Nrd1
recruitment, then Nrd1 localization should be lost in ess1 mutants, as observed in pafl mutants
(Sheldon et al., 2005), thus explaining the transcription readthrough. Surprisingly, we found
the opposite, that in ess1 mutants, Nrd1 recruitment increased at the 3’ ends of sSnoRNA genes
(Fig. 4C,G,K). Conversely, in cells that overexpress Ess1, Nrd1 recruitment decreased (Fig.
S6B,D). These results suggest that Ess1 promotes release of Nrd1 from the CTD. In contrast,
Ess1 promotes the binding of Pcf11 to the CTD, as indicated by ChIP data on a CUT locus
that shows Pcf11 recruitment is diminished in ess1 mutants, (Fig. S6E-G; S. Buratowski, pers.
comm.).

Based on these results, we suggest that Ess1 is required for Nrd1-dependent termination; loss
of Essl results in pol 11 readthrough, perhaps due to a failure to release Nrd1 and concomitant
blocking of Pcf11 recruitment. Consistent with such a competition model, forced
overexpression of Pcf11 reversed the effect on Nrd1 observed in ess1 mutants, reducing Nrd1
recruitment at SnoRNA terminators (Fig. 4D,H, L). Importantly, the effects on Nrd1
recruitment to terminators were not likely due to changes in overall Nrd1 protein levels in
mutant backgrounds. This was a concern since in ess1 mutants at 34°C, standard and tiling
arrays showed a ~1.5 and ~2-fold increase in Nrd1 mRNA levels, respectively (Fig. S1A, Fig.
STE). However, this change is not likely to account for the larger changes in Nrd1 recruitment
(3-4 fold) identified by ChIP (Fig. 4), since both ChIP and Western analysis were done at 30°
C, where there is no detectable change in Nrd1 protein levels (Fig. 5A, bottom panel; Fig. 5C).
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If Ess1 functions in the Nrd1 pathway, then we would expect the expression of genes altered
in Nrd1-pathway mutants to be altered in ess1 mutants. Indeed, we find a significant number
of genes whose expression increases in both ess1 and nab3 mutants (P=2.4e-18; Fig. S1E).
Comparable nrd1 array data were not available.

Essl controls levels of CTD-Ser5 phosphorylation in vivo

How might Essl affect Nrd1 release from the CTD in terminator regions? Our microarray
results indicate that Ess1 and Ssu72, a Ser5-specific CTD phosphatase, share common target
genes (Table S1B). It is also known that Nrd1 preferentially binds the CTD phosphorylated at
Ser5 (Vasiljeva et al., 2008)) and that Nrd1-dependent termination is sensitive to the ratio of
P-Ser5 and P-Ser2 levels (Gudipati, et al., 2008). Therefore, one way in which Ess1 might
control the Nrd1 pathway is through effects on phosphorylation of the CTD. As shown in Figure
5A, ess1 mutants showed an increase in levels of P-Ser5, but no change in levels of P-Ser2.
Two alleles were used in this experiment, a ts-allele (ess1H164R), and a null allele (ess1A),
where viability is maintained by the presence of a suppressor mutation, srb10A. The control
strain (srb10A) showed no increase in P-Ser5 levels relative to the wild type.

To confirm these results, we carried out the reciprocal experiments. Wild-type Ess1 or catalytic
mutants were overexpressed in wild-type or ess1A backgrounds (Fig. 5B). Overexpression of
wild-type Essl reduced levels of P-Ser5, as expected, while overexpression of a catalytic
mutant (C120R), whose activity is down ~10,000-fold (Gemmill et al., 2005), did not. An
intermediate allele (S122P) whose catalytic activity is down ~5-fold showed an intermediate
level of P-Ser5. No effects were detected on levels of P-Ser2. These results indicate that Ess1,
a prolyl isomerase, has a strong influence on the phosphorylation state of the pol Il CTD in
vivo. Specifically, Ess1 promotes dephosphorylation at Ser5-Pro6, which can explain its effect
on Nrd1 localization.

Esslis required for termination of CUTs and upstream regulatory RNAs

CUTs are observed throughout the genome, and are detected most readily when Nrd1-
dependent termination and/or nuclear exosome function is compromised, such as in nrd1,
nab3, senl and rrp6 mutants. To test whether Ess1 is required for CUT processing, we
examined the expression of several previously identified CUTSs in ess1 mutants. Among these,
we selected GRE1, which has a large upstream CUT, and NMR026W. Both of these CUTs
showed increased expression in microarray analysis of ess1 mutants. As controls we chose
NGR060W and NEL025C, whose expression did not change appreciably in ess1 mutants.
Indeed, gRT-PCR shows that levels of GRE1 and NMR026W increased significantly, whereas
levels of NGRO60W and NEL025C did not (Fig. 6A). GRE1 readthrough transcripts were
detected by Northern analysis, as was a stabilized NMR026W transcript (Fig. 6B).

To identify potential new CUTS that are stabilized in ess1 mutants, we used two approaches.
First, we chose transcripts whose levels increased in expression arrays of ess1H164R mutants
at restrictive temperature, and in ess1H164R shut-off cells (Table S1A). We excluded annotated
ORFs, snoRNAs, and regions downstream of snoRNAs, and focused on transcripts that
overlapped SAGE tags (~200 transcripts; Velculescu et al., 1997), which identify potential
CUTs and indicate the direction of transcription (Wyers et al., 2005). For the top 50 non-
annotated transcripts, we examined tiling array data and found examples of increased signals
located 5', 3" and within nearby ORFs in both the sense and antisense orientations. We selected
SAGE tags, NGR047W, gGR12, and NPRO21W for further analysis, and found they are elevated
in ess1 mutant cells (at 34°C) as detected by gRT-PCR, with the largest increases in
NGRO047W and gGR12 (Fig. 6A). Tiling data suggest that these are CUTS, fail to terminate
correctly, and become stabilized (Fig. S7A,B).
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In a second approach, we analyzed ORFs whose expression increases or decreases in essl
mutants, but which do not have nearby snoRNAs. For example, tiling array profiles (Fig. 6C,D)
and gRT-PCR (Fig. 6A) identify potential CUT readthrough from upstream of ZPS1 (uZPS)
and downstream of YGR277C (dYGR277C). As predicted, we detected readthrough transcripts
by Northern analysis (Fig. 6B).

Several CUT-like RNAs have been discovered that overlap the transcription start sites (TSS)
of protein coding genes, and downregulate the adjacent ORFs (Kuehner and Brow, 2008;
Martens et al., 2004; Thiebaut et al., 2008). These RNAs are neither cryptic nor unstable, but
are short, non-coding, and exert powerful regulatory effects on neighboring genes (Corden,
2008; Dichtl, 2008). We found that termination of several of these depend upon Ess1. For
example, in ess1 mutants, upstream RNAs read through into IMD2 and SER3 (Fig. 6E,F),
resulting in their upregulation (SER3 is normally downregulated by SRG1; Martens et al.,
2004). Readthrough is also detected into the HRP1, IMD3, NRD1, and URA8 genes (Fig. S7C-
F). Increased expression was confirmed for IMD2, SRG1, and SER3 (Fig 6A,B). We discovered
additional genes, including MUD1 (NBR024W) and SMK1, that show increased expression in
ess1 mutants (Table S1C), have increased 5’ transcription (Fig. 6A,G,H), and show readthrough
transcripts by Northern analysis (Fig. 6B), all of which is consistent with regulation by newly-
identified upstream RNAs.

To determine how widespread the aberrant transcription of potential CUTs and uRNAS is in
essl mutants, we analyzed tiling array data for increased signal in the vicinity (+/-300 bp) of
the transcription start sites (TSS) for 4,367 genes (Nagalakshmi et al., 2008). Our analysis
revealed an overall increase in signal 5’ to the TSS in ess1 mutants (Fig. S2C), which was due
to aberrant 5’ transcription in a subset of the 4,367 genes analyzed (Fig. S4B). Among the top
100 genes (Table S3), many encode ribosomal proteins and other highly expressed proteins,
and are known to be nucleosome-depleted in their 5’ upstream regions (Lee et al., 2007; Xu et
al., 2009). Many of the 5’ transcripts are CUTs or SUTSs previously identified in rrp6 mutant
backgrounds (Neil et al., 2009; Xu et al., 2009). Bidirectional CUTs (Neil et al., 2009) are also
identified (e.g. Fig. S5J). Interestingly, tiling array profiles for each of the top 100 genes
(summarized in Table S3) indicate that most contain upstream transcripts not previously
identified (e.g. Fig. S5F-I). Thus, tiling analysis of ess1 mutants has revealed a new set of genes
that are potentially regulated by upstream regulatory RNAs.

Discussion

Results presented here show that the Ess1 prolyl isomerase is necessary for regulating
expression of short non-coding RNAs, including snoRNAs, CUTs, SUTs and potential
regulatory RNAs. Regulation occurs via the Nrd1 pathway of transcription termination and
likely reflects the activity of Ess1 on its major yeast substrate, the phosphorylated CTD of RNA
polymerase II.

Gene-specfic requirement for Essl function

Prior to this work, it was not clear whether the Ess1 (or Pinl) prolyl isomerase was necessary
for the expression of all pol I1-transcribed genes, or just a subset of them (Wu et al., 2000; Xu
etal., 2003; Krishnamurthy et al., 2009). Here, using two experimental regimes, we found that
expression of only ~10% of genes are significantly affected in ess1 mutants under standard
laboratory conditions. These changes were largely the result of transcription termination
defects that resulted in stabilization of small non-coding RNAs, although some mRNAS were
also affected. Our results indicate that Ess1 functions mainly in the Nrd1 termination pathway
rather than the mRNA termination pathway.
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A mechanism for Ess1 function in Nrd1-dependent termination

We propose the following model for Ess1 function in termination of small non-coding RNAs
via the Nrd1 pathway (Fig. 7). Essl binds and isomerizes P-Ser5-Pro6 bonds in the pol I1 CTD
causing a conformational change (left and middle panels). The trans isomer, favored by some
phosphatases (Zhou et al., 2000), would be targeted by Ssu72, resulting in dephosphorylation
at Ser5, thus releasing Nrd1 (in complex with Nab3). Nrd1 release would then allow binding
by Pcf11 to adjacent P-Ser2 sites (right panel) so that termination can occur. The mechanism
suggests an ordered competition between Nrd1 and Pcf11 for binding to the CTD, and that the
proper sequence of binding (Nrd1 must bind first) is mediated by Ess1, which is required for
termination.

A summary of the supporting data is as follows. First, Ess1 binds the CTD and preferentially
targets P-Ser5-Pro6 (Wuetal, 2000; Wilcox etal., 2004; Gemmill etal., 2005). Here we showed
that Ess1 is required for termination of most small ncRNAs as well as some mRNAs (Figs.
1,2,6). We found that Ess1 was required for the function of Nrd1-dependent terminators (Fig.
3A), and that Ess1 promoted the release of Nrd1 from terminator regions (Fig. 4C,G,K; Fig.
S6B,D,F). In contrast, Ess1 promoted the recruitment of Pcf11 to terminators (Fig. S6G; S.
Buratowski, unpublished). Consistent with a competition model, forced overexpression of
Pcfl11 compensated for ess1 defects genetically (Fig. 3C), and it reduced the abnormally high
levels of Nrd1 found at terminators in ess1 mutant cells (Fig. 4D,H,L).

Regulation of Nrd1 association with the pol Il CTD by Ess1 is probably the result of Ess1-
dependent stimulation of de-phosphorylation of P-Ser5-Pro6 (Fig. 5). De-phosphorylation is
likely carried out by Ssu72, consistent with our microarray results, which revealed a common
set of target genes shared by Ess1 and Ssu72 (Fig. S1, Table S1B), and supported by the finding
that overexpression of Ssu72 suppresses ess1 mutations (Krishnamurthy et al., 2009; Wu and
Hanes, unpublished data). In the absence of Ess1 activity, P-Ser5 levels increased, whereas P-
Ser2 levels were unchanged (Fig. 5). This altered ratio favored Nrd1 binding, which prefers
P-Ser5 (Vasiljeva et al., 2008), but reduced the binding of Pcf11, which prefers P-Ser2
(Licatalosi et al., 2002).

Nrd1-dependent termination occurs on short pol 1l-transcribed genes because they are enriched
for the P-Ser5 form of the CTD (Gudipati et al., 2008). On longer genes, P-Ser5 decreases
toward the 3’ end while P-Ser2 increases, leading to termination by the standard mRNA
pathway. Since Essl preferentially targets P-Ser5-Pro6, this would explain why its primary
effects are on the Nrd1-dependent termination pathway and why all genes do not have
termination defects in ess1 mutants (i.e. they are not Nrd1-dependent).

The identification of additional non-coding RNAs

Our genome-wide analysis of ess1 mutants identified hundreds of small non-coding RNA
transcripts that were stabilized as a result transcription readthrough and/or defects in RNA
processing (Tables S2 & S3). Although many of these CUTs and other small RNAs were in
common with those identified in studies of other genes in the Nrd1 pathway, including nrd1,
nab3, ssu72, rrp6, and senl, the sets were not identical (Fig. S7G). That is, each mutation,
including ess1, revealed a different spectrum of small, non-coding RNA transcripts of the so-
called hidden transcriptome, perhaps reflecting a differing level of importance of each factor
at a given locus. Thus, our comprehensive bioinformatic analysis identified a new set of
“ess1-specific” genes that are potentially regulated by 5’ or 3’ non-coding transcripts (sense
and anti-sense). Further studies will be needed to determine possible the regulatory
mechanisms that function at each locus.
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Esslis a key player in interpreting the CTD code

Genetic studies suggested roles for Ess1 in transcription initiation, elongation and termination
(Hani, et al., 1995; Krishnamurthy et al., 2009; Wilcox et al., 2004; Wu et al., 2003; Wu et al.,
2000). Here, we show, for the first time, a role for Essl in the termination of non-coding RNAs
via the Nrd1 pathway. How can Essl function at so many key steps of transcription? An
emerging theme is that Ess1 (and Pinl), in its capacity as a prolyl cis/trans isomerase, induces
conformational changes in the CTD that regulate binding of multiple cofactors (e.g. Nrd1 and
Pcf11) to the RNA pol Il complex. Results shown here provide the first mechanistic evidence
for this type of regulation. Taken together with genetics studies, our results demonstrate that
Ess1 functions along with the known CTD-specific kinases and phosphatases in controlling
progression through the various stages of the transcription cycle, and is thus a key player in
writing and interpreting the “CTD code.”

Experimental Procedures

Yeast Strains and Plasmids

Yeast strains are listed in Table S4. Plasmids obtained from other laboratories are described
in Supplementary Experimental Procedures. For this study, pRS424-PCF11 (2, TRP1) was
made by insertion of a BamH1-Sac1 fragment from pRS415-PCF11 into the same sites of
pRS424. pRS424-NAB3 was made by insertion of a 4.3 kb Nsil fragment from pNAB3.14
into the Pstl site of pRS424.

RNA analysis

RNA was prepared and Northern analysis was performed using standard methods. RNA for
RT-PCR and qRT-PCR was prepared using the Masterpure RNA purification method
(Epicenter) followed by additional purification and concentration using RNeasy (Qiagen).
cDNA was synthesized using random hexamers (Bioline) and used for real-time quantitation
with SYBR green (USB) and an ABI Prism 7000 detection system.

Chromatin Immunoprecipitation

ChIP was performed by standard methods as described in the Supplement. Nrd1 antibody was
a gift of D. Brow (U. Wisconsin) and Rpb3 antibody was from Neoclone.

Microarray analysis

Expression analysis was done using Affymetrix YG98S arrays, GeneSpring software (Agilent
Technologies), and Microsoft Excel. Tiling analysis was done using Affymetrix Yeast 1.0
Tiling Microarrays, Tiling Array Software (TAS) and Integrated Genome Browser (IGB,
version 5.12). Gene coordinates were based on the 10/2003 release of the S. cerevisiae genome.
Details are available in the Supplement. Microarray data are available at the Gene Expression
Omnibus (GSE17638).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Readthrough of snoRNA gene transcription in ess1 mutants
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(A) Scheme used to detect intergenic transcription downstream of the snoRNA gene, SNR5.
Total RNA was reverse-transcribed, and the resulting cDNA was subjected to PCR (25 cycles).
(B) Ethidium-bromide stained gel reveals intergenic transcription in ess1H164R ts-cells but not
wild type at 0, 30, 60, 180 min after shift to 37°C. Controls are no reverse transcriptase (no
RT), and the PYK1 gene. (C) Northern analysis of total RNA from cells as described in B.
Probes are indicated and the arrows identify fusion transcripts containing both SNR5 and
HEM4 sequences. The normal HEM4 transcript is not expressed. (D-H) Northern analysis of
SNR loci of RNAs harvested from the indicated cells at 180 min. after shifting to 37°C.
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Figure 2. Integrated Genome Browser (IGB) display of tiling array data

(A-H) Genes diagrammed as solid bars above the signal of the difference plot (e.g. SNR5,
HEMA4) are transcribed left to right (—), while genes shown below the P-value plot (e.g. LIN1,
SNR63) are transcribed right to left («). Signals above the line of the X-axis representincreased
expression in ess1H164R mutant cells relative to wild-type (both at 34°C), while signals below
the line represent decreased expression. P-values tended to be significant (typically P < 0.01)
across regions where large difference signals are detected. Gaps in the signals are due to
absence of probes at those positions on the tiling array.
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Figure 3. Essl is linked to the Nrd1 pathway

(A) SNR terminators are Essl-dependent. Reporter plasmids with or without SNR13 or
SNRA47 terminators upstream of HIS3 were transformed into nrd1-5 or ess1H164R cells or their
parent strains and tested for growth on CSM -his medium. Shown are 1:5 dilutions (starting at
1.2 x10° cells) grown at 30°C for 4 days. (B) Overexpression of ESS1 from a high-copy plasmid
suppresses the nrd1-5 ts growth defect at 34°C. Shown are 1:3 dilutions (starting at 1.4 x10°
cells) grown for 4 days. (C) Overexpression of PCF11 from a high-copy plasmid suppresses
the ts-growth defects of ess1H164R and nrd1-5 at 34°C. Shown are 1:5 dilutions (starting at 1.2
%106 cells) grown for 3 days.
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Figure 4. ChIP of Nrd1, Rpb3 and Ess1 at selected SNR loci
Cells were grown at 30°C. Fold changes are relative to a chromosome V control. (A,E,I)

Schematics showing locations of PCR products used for ChiP. (B,F,J) RNA pol Il readthrough

in ess1H164R mutant cells as detected by localization of the Rpb3 subunit. (C,G,K) Nrd1

localization at the 3’ ends of sSnoRNA genes is increased in ess1H164R mutant cells. Localization
of Ess1 is also shown. (D,H,L) Overexpression of PCF11 in ess1H164R muytants inhibits Nrd1

recruitment. Error bars are standard deviations of 3-4 biological replicates.

Mol Cell. Author manuscript; available in PMC 2010 October 23.

Page 17
I _| SNR82|— | USE1 —
37/ 5— 6—
J 10
a-Rpb3
8 I T Jwr
6 L
4
1
oLl
1 2 3 5 6
K 14
12 o-Nrd1
COwr [ TAP-Ess1
10 .ess1H1&JR
8
6
4 |
2
0
1 2 3 4 5 6
L
8 0-Nrd1 1 (ess1H164R)
[ vector
6 B pPCF11
4
2
0




1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Singh et al. Page 18

A .
> o> QO ATOY

N N NAYT AN

5 5

wr & £ & AP

- S B P-sers

- e = em» e=» tubulin

- e o e Gy P-Ser?

— S = g tubulin

fuset fomsp fmoct ety ey (1D
ass eso G=bd &30 @ tubulin

- --"- Ess1
-0 40 4 O 9 tubulin

W W —

W e w—y w w  tubulin

B essTA WT
~ ~
) S
A, & R D7a )
Q"ba', 0’\‘1" ‘.g\‘ﬂ' Q\o‘(? QQ:,"Q\
< & Q
[ - P-Ser5
Gl & S B B B B tubulin

- he be « v qeq 4 P-Ser2
D GmD Gnd Gnh G=h S=n G tybulin

b e D S ol i e CTD

a—n @B Guh GeR Sm o s tubulin

B p— .H-“_.- Essi
(1:5)

PR o Bt A
C & K& S P
& & & §F
s s — - - = Nrdi

— e | w— . tubulin

Figure 5. Ess1 promotes de-phosphorylation of the CTD at Ser5

(A) Whole cell extracts from wild-type cells (WT; W303-1a) or the indicated mutant strains
(see Table S4) were analyzed by Western blotting using antibodies specific for the P-Ser5
(H14), P-Ser2 (H5), or hypophosphorylated forms of the CTD (8WG16), or a tubulin control
(Abcam). Bottom panel, Nrd1 levels in same strains. (B) Extracts from ess1A or wild-type cells
bearing the indicated plasmids were analyzed by Western blotting as in (A). pC120R and
pS122P (CEN) plasmids encode catalytic mutants of Ess1 (see text for details). Ess1 was
detected with anti-Ess1 antibodies. A 1:5 dilution of cell extract was used for the 2u-Essl
overexpression samples. In both (A) and (B) independent blots were done for each antibody
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(P-Ser5, P-Ser2, CTD, Ess1) along with an anti-tubulin control, using fractions from the same
protein extracts. (C) Nrd1 levels in strains overexpressing PCF11 or ESS1.
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Figure 6. Ess1 mutants reveal potential CUTs and upstream regulatory RNAs

(A) Quantitative real-time PCR analysis of potential CUT and uRNA loci in ess1H164R mutant
cells. All data were normalized to expression of the ACT1 gene, and wild-type was set equal
to one. Error bars are standard deviations from the mean log values. (B) Northern analysis
reveals CUTs and uRNA readthrough products in ess1H164R mutants. Probes are indicated, and
arrows identify fusion transcripts. In the case of SRG1, the two transcripts previously identified
(Martens and Winston, 2004) are indicated. A SRG1-SER3 fusion transcript is also identified.
(C-H) Tiling array data reveal patterns of CUT and uRNA expression and effects on
neighboring genes (see text for details). Dashed arrows indicate positions of predicted CUTS,
solid arrows represent previously annotated CUTSs.
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Figure 7. Model for the role of Essl in Nrd1-dependent termination

RNA polymerase 11 is depicted transcribing into a Nrd1-dependent terminator. Only one
complete CTD repeat (YSPTSPS) is shown for simplicity. Ess1 targets P-Ser5-Pro6 (left
panel), where Nrd1 binds in a complex with Nab3. Ess1 catalyzes a cis/trans isomerization,
changing the conformation of the CTD (middle panel), making it a better substrate (e.g.
trans form) for the P-Ser5-specific phosphatase, Ssu72. Ssu72 dephosphorylates P-Ser5,
dissociating Nrd1/Nab3 from the CTD, thus allowing Pcf11 to bind adjacent P-Ser2 sites (right
panel). The model predicts a competition between Nrd1 and Pcf11 for CTD binding that is
controlled by Ess1.
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