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Summary

Gene transcription in general can be subdivided into three main phases:
transcription initiation, elongation and termination. The enzyme that accomplishes
transcription of protein coding genes, snRNAs and snoRNAs is RNA polymerase 11
(RNAP II). During transcription, the nascent RNA is processed in several ways in
order to generate a mature functional RNA. For this, the transcripts of protein coding
genes are capped at the 5° end, introns are spliced out and the 3’ ends are processed
by endonucleolytic cleavage at the poly(A) site followed by poly(A) tail synthesis
(polyadenylation). In yeast, the cleavage and polyadenylation reaction requires a 3’
end processing complex consisting of the cleavage and polyadenylation factor (CPF),
cleavage factor IA (CF IA), cleavage factor IB (CF IB) and the poly(A) binding
protein. In contrast to pre-mRNAs, most pre-snoRNAs are processed only at their 3’
end. Furthermore, snoRNAs are not polyadenylated.

CPF is not only involved in 3’ end processing, but distinct subunits of CPF
have additional functions in transcription elongation and termination of mRNAs and
snoRNAs.

In recent years affinity purification of the CPF complex has lead to the
identification of several new subunits of CPF (Ohnacker et al., 2000). Among them is
the essential protein phosphatase Glc7p, the yeast homologue of mammalian protein
phosphatase 1 (PP1). Glc7p has diverse cellular functions (Stark, 1996). The
specificity of a reaction that requires Glc7p is accomplished by targeting or regulatory
factors that direct Glc7p to the location of the reaction or regulate its activity.

The aim of this thesis was to study the function of Glc7p as part of CPF. In
Chapter 2 we show, that Glc7p is required for the polyadenylation but not for the
cleavage step of pre-mRNA 3’ end processing in vitro and in vivo. In addition, Glc7p
is needed for correct poly(A) site selection. Glc7p physically interacts with several
subunits of CPF and CF IA. One of them, the CPF subunit Ptalp, has been reported to
be dephosphorylated by Glc7p (He and Moore, 2005). Dephosphorylation of Ptalp
stimulates the polyadenylation reaction. Thus, Glc7p regulates polyadenylation via
the phosphorylation state of Ptalp (He and Moore, 2005). We also observed that in
glc7 mutant strains, several subunits of CPF are underrepresented. This might indicate

that the activity of Glc7p is required for the formation of stable CPF complexes.



Analysis of several glc7 mutants also revealed that Glc7p is involved in
transcription termination of snoRNAs (Chapter 3). Our data suggest that Glc7p
functions in the Nrdl complex-dependent pathway of snoRNA transcription
termination. However, none of the Nrd1 complex subunits was found to be a target for
dephosphorylation by Glc7p. In contrast, Glc7p is not involved in transcription
termination of pre-mRNAs.

A reduction in poly(A)-dependent pausing in glc7 mutants indicated that
Glc7p might also be involved in regulating transcription elongation (Chapter 4).
Further investigation showed that Glc7p genetically interacts with the transcription
elongation factors Spt4p, Leolp and Rtflp. In addition, several glc7 mutants are
sensitive to the drug 6-azauracil (6AU). Sensitivity to 6AU is a phenotypic landmark
of transcription elongation mutants. Interestingly, the snoRNA transcription
termination defect observed in glc7 mutants is suppressed in glc7/spt4, glc7/leol and
gle7/rtfl double mutants. This suggests that Glc7p acts as a factor required for
snoRNA transcription termination that modifies transcription elongation factors to
facilitate transcription termination. Therefore, Glc7p might couple transcription
elongation to transcription termination.

Microarray analysis of the temperature sensitive glc7-12 allele (Chapter 5)
indicated that Glc7p is involved in transcription regulation of ribosomal protein (RP)
and Ribi genes. Two signaling pathways control the transcription of RP and Ribi
genes in response to environmental conditions: the target of rapamycin (TOR) and the
Ras/PKA signaling pathway. These pathways regulate the localization of the
transcription factors Fhllp, Ifthlp, Crflp and Sfplp to RP or Ribi gene promoters.
Epistasis experiments suggest that Glc7p acts downstream of the signaling component
PKA to regulate the transcription of RP genes (Chapter 6). In addition, we found that
Glc7p controls the nuclear localization of Yaklp and Crflp. Yaklp is a downstream
target of the kinase PKA. Crflp in turn is phosphorylated by Yaklp, shuttles to the
nucleus and represses transcription of RP genes. Regulation of the localization of the
co-repressor Crflp by Glc7 could represent one of several redundant ways to suppress

transcription of RP genes.
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1 Introduction: processing and transcription termination of

MRNAS, snoRNAs and snRNAs

1.1 Eukaryotic gene transcription and processing of messenger RNASs

In metazoans, three RNA polymerases (RNAPs) are responsible for the
transcription of genes. RNAP 1 transcribes genes coding for ribosomal RNAs
(rRNAs). RNAP III transcribes genes coding for transfer RNAs (tRNA) and in
addition the 5S rRNA. RNAP II transcribes protein-coding genes and also genes for
non-coding small nuclear RNAs (snRNAs) and small nucleolar RNAs (snoRNAs). In
the following introduction I will concentrate on transcripts generated by RNAP II.

The precursors of mRNAs (pre-mRNAs), snoRNAs and snRNAs have to
undergo a number of processing events to become mature functional RNAs.
Processing of pre-mRNAs includes capping, splicing and 3’ end processing (cleavage
and polyadenylation), which all occur during the transcription process (co-
transcriptionally) in the nucleus of eukaryotic cells. Transcription of genes by RNAP
IT can be divided into three main phases: initiation, elongation and termination of
transcription (Saunders et al., 2006). During transcription initiation RNAP II is
recruited to the promoter with the help of general transcription factors and a
transcription initiation complex is formed that is associated with the template stably
enough to efficiently transcribe the full length of the gene. Transcription of the full
length gene is referred to as transcription elongation and will be discussed in more
detail below. Transcription terminates when RNAP II dissociates from the DNA
template and from the 3’UTR of the RNA transcript.

Soon after transcription has initiated, the nascent pre-mRNA is capped at the
5’ end (Shatkin and Manley, 2000). The 7-methylguanine cap is added to the 5’
triphosphate end of the pre-mRNA when the transcript is around 20-25 nucleotides
long. In S. cerevisiae capping requires the action of three capping enzymes: Cetlp, an
RNA triphosphatase, which hydrolyzes the 5’ triphosphate to a 5 diphosphate;
Ceglp, an RNA guanylyltransferase, which adds GMP to the 5’ end; and finally
Abdlp a methyltransferase that methylates the GMP at position N7 (Shatkin and
Manley, 2000).

Another cotranscriptional event is splicing of pre-mRNAs, which removes

introns from the newly transcribed pre-mRNA and joins exons together. A large
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complex, the spliceosome, composed of small nuclear ribonucleoprotein particles
(snRNPs) and non-snRNP proteins achieves splicing by two transesterification
reactions (Kramer, 1996).

3’ end processing of pre-mRNAs is a two step reaction. The pre-mRNA is
endonucleolyticaly cleaved and subsequently polyadenylated (Wahle and Riiegsegger,
1999.; Figure 1.1). The cleavage and polyadenylation reaction is performed by the
cleavage and polyadenylation factor (CPF) complex together with the cleavage factor
IA (CF IA). Poly(A) tails are important for mRNA stabilization, mRNA export and
also for translation of mRNAs (Long et al., 1995; Sachs and Wahle, 1993). Finally,
transcription termination occurs at random positions within the 3’UTR and is coupled
to 3° end processing (Hirose and Manley, 2000). During transcription termination
RNAP II dissociates from the template DNA and from the nascent RNA and can be

recycled to start a new round of transcription.

Poly(A) Site
m7G — — — — - wnama 3’ OH
CFIA, CFIB
CPF
Cleavage
m7G_ ------- — 31 OH

CFIA, CFIB, CPF, Pablp

Polyadenylation @

miG — e — I AAAAAAAAAAAAA,

Figure 1.1. The two steps of 3’ end processing
The precursor mRNA (top of scheme) is cleaved at the poly(A) site. Factors required for the cleavage
step are indicated. The upstream cleavage product is subsequently polyadenylated. Factors required for

polyadenylation are indicated.
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1.2 3’ end processing of pre-mRNAs

1.2.1 Cis-acting signals are required for 3’ end processing of pre-mRNAs

3’ end processing (endonucleolytic cleavage and subsequent polyadenylation
of pre-mRNAs) of pre-mRNA occurs in the 3> UTRs of pre-mRNAs and is guided by
a number of cis-acting signals. In yeast, up to four separate cis-acting elements were
found. All cis-acting elements contribute to the correct recognition of the processing
site thus ensuring the accuracy and efficiency of cleavage and polyadenylation
(Graber et al., 1999a; Graber et al., 1999b). In contrast to higher eukaryotes, cis-
acting signals in S. cerevisiae are of statistical nature meaning they lack strong
consensus sequences.

The four cis-acting signals are: the efficiency element (EE), the positioning
element (PE), the poly(A) site and the U-rich element (Graber et al., 1999a; Guo et
al., 1995; Wahle and Riiegsegger, 1999; Zhao et al., 1999a; Figure 1.2). The EE is
composed of versions of the sequence UAUAUA which is the most efficient version
of the EE (Guo et al., 1995; Guo and Sherman, 1996). Moreover, in yeast the EE has
been demonstrated to be more important than the PE in selecting the processing site
(Guo and Sherman, 1996). EEs appear to be used only rarely in mammals (Graber et
al., 1999a).

The PE is an A-rich element, frequently AAUAAA, centered approximately
20 nucleotides upstream of the poly(A) site (Graber et al., 1999b). This element is
found in all organisms investigated to date. Whereas the sequence AAUAAA is
highly conserved in mammals, the PE in yeast and plants varies significantly (Graber
et al., 1999a).

Mapping of the poly(A) site, which is equal to the cleavage site, revealed that
polyadenylation occurs most frequently at a Py(A), sequence (Py = pyrimidine;
Heidmann et al., 1994). In contrast to animal genes, in which a single poly(A) site is
found downstream of AAUAAA, in many yeast genes a cluster of poly(A) sites
downstream of the EE and PE are found (Zhao et al., 1999a). In vivo, mutations in the
PE most often do not affect the overall efficiency of processing but instead cause a
defocusing of the endonucleolytic activity from the native poly(A) site to cryptic

poly(A) sites (Guo and Sherman, 1996).
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The poly(A) site is often preceded by U-rich elements in yeast, motifs that do
not have counterparts in animals. In addition, the poly(A) site is also commonly
followed by a downstream U-rich signal. It was recently reported, that the U-rich
signals contribute to the cleavage/poly(A) site selection and enhance 3’ end

processing efficiency in vitro (Dichtl and Keller, 2001).

Rnaldp
Ydhip/ Fiplp
Cft2p  vih1p| Yhhiprcitip
Nab4p/ Paplp Rnal5p
Hrplp )

EE Py(A),

Figure 1.2. Cis- and trans-acting factors required for 3’ end processing of pre-mRNAs

Schematic illustration of the polypeptide composition of the trans-acting factors involved in 3’ end
formation and their relative position to the cis-acting sequenes required for this reaction. EE efficiency
element; PE positioning element; UUE upstream U-rich element; Py(A), poly(A) site; DUE

downstream U-rich element;

1.2.2  Trans-acting factors required for 3’ end processing of pre-mRNAs

Cleavage and polyadenylation of pre-mRNAs is a two step reaction. At first
view one might consider two enzymes to be sufficient for this reactions: an
endonuclease that cleaves the pre-mRNA at the poly(A) site and a poly(A)
polymerases (PAP) that synthesizes the poly(A) tail. However, intensive biochemical
characterization of yeast and mammalian trans-acting factors uncovered a large
number of factors required for 3’ end processing of pre-mRNAs (Keller and
Minvielle-Sebastia, 1997; Wahle and Riiegsegger, 1999; Zhao et al., 1999a). While
the polyadenylation signals used by mammals and yeast are rather different in

consensus sequence and organization, the factors which comprise the
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cleavage/polyadenylation apparatus in these two organisms are conserved to a high
degree (Zhao et al., 1999a).

Fractionation of whole-cell yeast extracts has identified five functionally
distinct activities involved in cleavage and polyadenylation (Chen and Moore, 1992;
Kessler et al., 1996). Cleavage and polyadenylation factor IA (CF IA), IB (CF IB) and
IT (CF 1I) are sufficient for the cleavage reaction, while specific poly(A) addition
requires CF IA, CF IB, Paplp, the poly(A) binding protein (Pablp) and the
polyadenylation factor I (PF I). A multi-protein complex, designated cleavage and
polyadenylation factor (CPF), where PF I/Paplp and CF II activities are combined has
recently been isolated from yeast extracts by an one-step affinity purification
(Ohnacker et al., 2000). It is now generally accepted that PF I and CF II form a
functional unit in vivo.

CF IA consists of four polypeptides, Rnal4p, RnalSp, Pcfllp and Clplp
(Amrani et al., 1997a; Kessler et al., 1996; Minvielle-Sebastia et al., 1994).
Temperature-sensitive rnal4 and rnal5 mutant strains are defective in both cleavage
and polyadenylation of a synthetic precursor RNA (Minvielle-Sebastia et al., 1994).
In addition, these alleles are synthetic lethal with mutations in the PAP1 gene
(Minvielle-Sebastia et al., 1994). RnalS5p has a N-terminal RNA-recognition motif
(RRM) and has affinity to U-rich sequences (Kessler et al., 1996; Minvielle-Sebastia
et al., 1991; Takagaki and Manley, 1997). Recently, it was demonstrated that Rnal5p
recognizes the PE (Gross and Moore, 2001a). The interaction of Rnal5p with PE
requires the presence of Rnal4p and Nab4p/Hrplp (Gross and Moore, 2001a). Pcfl1p
mutant cells display a deficiency in both cleavage and polyadenylation in vitro and
the poly(A) length is strongly reduced in vivo (Amrani et al., 1997a). Pcfl1p has a N-
terminal CTD-interaction domain (CID) that is common to CTD-binding proteins like
yeast Nrd1p (Barilla et al., 2001; Steinmetz et al., 2001). In addition to its role in 3’
end processing, Pcfl1p is also involved in transcription termination of pre-mRNAs
(Sadowski, 2003). Clplp contains Walker A and B motifs, which have been
implicated in ATP-GTP binding (Preker et al., 1997). Mutant Clplp extracts are
deficient in cleavage and polyadenylation (T. Wiederkehr, unpublished result).

Purified CF IB is a single polypeptide encoded by the NAB4/HRP1 gene
(Kessler et al., 1997). This gene was previously identified as a suppressor of a
temperature-sensitive npl/3 allele, a gene encoding a protein which is involved in

mRNA export (Henry et al., 1996). Nab4p contains two RNA binding domains in its
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middle region and RNA-binding and SELEX analyses suggest that it interacts with
the EE (Chen and Hyman, 1998; Henry et al., 1996; Valentini et al., 1999). Nab4 is
essential for the polyadenylation but is not required for the cleavage step.
Furthermore, selection of the correct cleavage site requires Nab4 in a concentration-
dependent manner (Minvielle-Sebastia et al., 1998). Synthetic lethality and two-
hybrid analyses indicate that Nab4p interacts with Rnal4p and Rnal5p (Kessler et al.,
1997). Interestingly, Nab4p is also required for nonsense-mediated mRNA decay
(NMD) in the cytoplasm (Gonzalez et al., 2000). NMD is a surveillance mechanism
that monitors premature translation termination and degrades aberrant mRNAs
(Hentze and Kulozik, 1999).

Pablp has four N-terminal RNA-binding domains and associates with the
poly(A) tails of mRNAs in both the nucleus and the cytoplasm (Adam et al., 1986;
Burd and Dreyfuss, 1994; Swanson and Dreyfuss, 1988). The main functions of
Pablp include the poly(A)-dependent translation initiation (Tarun and Sachs, 1996),
the deadenylation-dependent mRNA turnover (Caponigro and Parker, 1996) and the
poly(A) tail length control (Minvielle-Sebastia et al., 1997).

CPF is comprised of the subunits Yhhlp, Ydhlp, Yshlp, Ptalp, Paplp,
Ref2p, Mpelp, Fiplp, Pfs2p, Ptilp, Glc7p, Swd2p, Ythlp and Ssu72p (Dichtl et al.,
2002b). Yhhlp is an RNA-binding protein which is involved in poly(A) site
recognition (Dichtl and Keller, 2001). In addition to its requirement in the cleavage
and polyadenylation reaction, Yhhlp is involved in transcription termination of pre-
mRNAs (Dichtl et al., 2002b). Interestingly, Yhhlp specifically interacts with the
phosphorylated CTD. The direct interactions of Yhhlp with nascent RNA and the
CTD suggests that it communicates poly(A) site recognition to the elongating RNAP
IT to initiate transcription termination (Dichtl et al., 2002b).

Mutations in Ydhlp inhibit both the cleavage and the polyadenylation step of
pre-mRNA 3’ end processing (Kyburz et al., 2003). In addition, RNA-binding
experiments showed that Ydhlp binds with high affinity to sequences around the
poly(A) site and more weakly to the EE (Dichtl and Keller, 2001). Subsequently, it
was shown that ydh mutant strains are deficient in poly(A) site recognition (Kyburz et
al., 2003) suggesting that binding of Ydhl to sequences around the poly(A) site is
important for poly(A) site selection.

Yshlp has a B-lactamase motif, which is common to metal-dependent

hydrolases (Callebaut et al., 2002). Because of its similarity to other nucleases in the
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metallo-beta-lactamase family, the Brr5/Yshl subunit has been proposed to be the
endonuclease.

Ptalp is exclusively required for the polyadenylation step in pre-mRNA 3’
end processing (Preker et al., 1997). The phosphorylation state of Ptalp is regulated
by the phosphatase Glc7p and an unknown kinase (He and Moore, 2005). He and co-
workers demonstrated that a phosphorylated form of Ptalp inhibits polyadenylation
whereas unphosphorylated Ptalp does not (He and Moore, 2005). This suggests that
yeast mMRNA polyadenylation is regulated by phosphorylation.

Paplp is the enzyme that synthesizes the poly(A) tail. Unlike in the
mammalian system, yeast Paplp is not required for cleavage of pre-mRNAs in vitro
(Patel and Butler, 1992). Interestingly, Paplp is phosphorylated and ubiquitinated
during transition of late S to G2 phase in the cell cycle (Mizrahi and Moore, 2000).
Since phosphorylation inhibits Paplp, the poly(A) adding activity of Paplp is cell
cycle-dependent.

Fiplp physically interacts with Paplp and is exclusively required for the
polyadenylation step of 3’ end processing (Preker et al., 1995). It was shown that
Fiplp increases the Ky of Paplp for RNA around 50 fold and shifts its activity to a
slow and distributive mode (Zhelkovsky et al., 1998).

Pfs2p contains seven WD-repeats and deletion of a single repeat is lethal
(Ohnacker et al., 2000). pfs2 mutant strains display 3' end processing defects,
indicating an essential function for Pfs2p in cleavage and polyadenylation. With a
one-step affinity purification method, which exploits protein A-tagged Pfs2p,
Ohnacker and co-workers showed that this protein is part of CPF. Since Pfs2p shows
numerous interactions with subunits of CPF it likely promotes assembly of CPF
(Ohnacker et al., 2000). Due to this finding, CPF is now commonly affinity purified in
our lab via protein A-tagged Pfs2p.

Ptilp has been shown to be dispensable for both cleavage and polyadenylation
(W. Hibner, unpublished). However, mutations of Ptil or Ctkl (a kinase that
phosphorylates Ser2 of the C-terminal domain of RNAP II) affect 3' cleavage site
choice and transcript abundance of particular genes (Skaar and Greenleaf, 2002).
Therefore it is possible that coupling of transcription to 3' processing of pre-mRNAs
is mediated by a Ptilp-containing complex (Skaar and Greenleaf, 2002). Furthermore,
Ptilp is essential for yeast snoRNA 3' end maturation (Dheur et al., 2003; Nedea et

al., 2003). Dheur and co-workers propose that Ptilp acts by uncoupling cleavage and
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polyadenylation and functions in coordination with the Nrd1p-dependent pathway for
3' end formation of non-polyadenylated transcripts (Dheur et al., 2003).

Ref2p encodes a non-essential RNA-binding protein that has specific affinity
for pyrimidine bases (Russnak et al., 1995). In addition, Ref2p was found to be
essential for snoRNA 3’ end termination (Dheur et al., 2003). Two-hybrid analysis
and affinity purification revealed that Ref2p interacts with Glc7p (Nedea et al., 2003;
Uetz et al., 2000).

Mpelp is an RNA-binding protein and its RNA-binding property may
contribute to poly(A) site selection (M. Sadowski, unpublished). By immunodepletion
experiments it was demonstrated that Mpelp is exclusively required for the
polyadenylation reaction (M. Sadowski, unpublished).

Glc7p is a protein phosphatase and is the main subject of investigation of this
thesis. We and others (He and Moore, 2005) found that Glc7p is required for
polyadenylation of pre-mRNAs. In addition we found that Glc7p is involved in
snoRNA transcription termination (Chapter 3). Furthermore, Glc7p genetically
interacts with transcription elongation factors thereby affecting RNAP II during
transcription elongation (Chapter 4).

Ythlp is required for both steps of pre-mRNA 3’ end processing (Barabino et
al., 2000). It is an RNA-binding protein and binds to pre-mRNA in the vicinity of the
cleavage site, thus participating in its recognition (Barabino et al., 2000).

Ssu72p is required for 3' end cleavage of pre-mRNA but is dispensable for
poly(A) addition and RNAP II termination (He et al., 2003). In addition, several other
reports implicate Ssu72 in transcription termination not only of pre-mRNAs but also
of snoRNAs (Dichtl et al., 2002a; Ganem et al., 2003; Nedea et al., 2003; Steinmetz
and Brow, 2003). Furthermore, analyses of ssu72-2 mutant cells revealed defects in
RNAP II transcription elongation (Dichtl et al., 2002a).

Swd2p is a WD-40 repeat protein and associates with two functionally distinct
multiprotein complexes: the cleavage and polyadenylation factor (CPF) and the SET1
complex (SET1C) that methylates histone 3 lysine 4 (Cheng et al., 2004; Dichtl et al.,
2004). swd2 mutant strains are defective in 3' end formation of specific mRNAs and
snoRNAs. Furthermore, histone 3 lysine 4 di- and tri-methylation are adversely
affected. In addition, telomeres are shortened in swd2 mutants. However, the
functions of Swd2p in CPF and SETIC are independent (Dichtl et al., 2004). In

conflict to these findings, Cheng and co-workers found that cleavage and
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polyadenylation of the mRNA precursor in vitro are normal in Swd2 depleted extracts

(Cheng et al., 2004).

1.3 Transcription termination of mMRNAs

Termination of pre-mRNA transcription is defined as the process by which
RNAP II dissociates from the DNA template and the nascent RNA preventing further
transcription. The importance of transcription termination is to avoid the inappropriate
transcription of downstream genes. A failure to terminate transcription is not only a
waste of energy, but also disturbs normal patterns of gene expression. In particular,
transcription towards promoters of downstream genes can interfere with recruitment
of RNAP II to these promoters thereby preventing the normal transcription of these
downstream genes (Greger et al., 2000). In addition, the release of RNAP II
molecules during termination recycles polymerases for new rounds of transcription
(Dye and Proudfoot, 1999; Greger and Proudfoot, 1998).

The molecular mechanism of transcription termination by RNAP II is still not
completely understood. Part of the problem is that in contrast to RNAP I and III,
transcription of protein-coding genes by RNAP II terminates at ill-defined positions in
the 3° UTR downstream of the poly(A) site, which directs cleavage and
polyadenylation of pre-mRNAs (Proudfoot, 1989). By transcriptional run-on (TRO)
analysis it was shown that transcription termination by RNAP II occurs rather
randomly, at sites between 200-2000 bp downstream of the poly(A) site (Proudfoot,
1989). Nevertheless, it was demonstrated that the efficiency of transcription
termination correlates with the strength of the poly(A) site (Edwalds-Gilbert et al.,
1993; Orozco et al.,, 2002). Moreover, mutations in the poly(A) signal lead to
transcription termination defects, indicating that the poly(A) signal itself is a cis-
acting element required for transcription termination (Proudfoot, 1989). However,
since the poly(A) signal can be far away from the actual site where RNAP 1II is
released from the DNA template and the RNA transcript, the poly(A) site is probably
not the direct trigger for the transcription termination. It remains to be elucidated
whether there exists a sequence motif that triggers termination in addition to the
poly(A) site.

Several reports indicate that sequence motives downstream of the poly(A) site
are required for transcription termination by RNAP II (Birse et al., 1997; Connelly
and Manley, 1989a; Connelly and Manley, 1989b; Yonaha and Proudfoot, 1999).
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Moreover, the presence of specific G-rich sequences (pause sites) located downstream
of a strong poly(A) site lead to transcriptional pausing that could facilitate termination
(Yonaha and Proudfoot, 1999). This pausing of RNAP II downstream of the poly(A)
site may contribute to the process of termination (Yonaha and Proudfoot, 1999). Also,
studies in mammalian cells indicate that pausing might be important for transcription
termination (Park et al., 2004). There is evidence that transcription termination can be
divided into two steps: pausing of RNAP II and release of RNAP II from the
template. Interestingly, pausing of RNAP II is CTD-independent whereas release of
RNAP II is not (Park et al., 2004).

Chromatin structure across the termination region was also found to affect
termination efficiency (Alen et al., 2002). Cells lacking the Chdl chromatin
remodeling factor did not only show defects in chromatin structure at termination
regions but also in transcription termination itself (Alen et al., 2002). Therefore,
chromatin remodeling at sites downstream of the poly(A) site might be important to
facilitate pausing or even template release by RNAP II.

Besides a functional poly(A) site, there are several trans-acting factors known
to be essential for transcription termination of pre-mRNAs that are involved in 3” end
processing of pre-mRNAs. These include subunits of CFI A (Gross and Moore,
2001a; Minvielle-Sebastia et al., 1997), in particular Pcfl1p, Rnal4p and Rnal5p
(Birse et al., 1998b) and the CPF subunits Ssu72p (Steinmetz and Brow, 2003),
Yhhlp (Dichtl et al., 2002b), Swd2p (Dichtl et al., 2004) and Yshlp (M. Garras,
personal communication). Although the mechanism, which links 3’ end processing to
RNA polymerase release remains unclear, the poly(A) signal is important in coupling

of 3° end processing and transcription termination (see below).

1.4 Coupling of 3’ end processing and transcription termination

Direct support for a connection between pre-mRNA 3’ end processing and
transcription termination came from studies demonstrating that the poly(A) site, a
cleavage- and polyadenylation directing signal, is also a cis-element required for
normal transcription termination (Connelly and Manley, 1988; Logan et al., 1987;
Russo, 1995). It was shown that mutation of the poly(A) signal inhibited not only
cleavage and polyadenylation at the poly(A) site but also transcription termination of

RNAP II (Proudfoot, 2000b). Coupling of these two processes is further evident by
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the fact that several yeast subunits of CFIA and CPF which are indispensable for
cleavage and polyadenylation are also required for normal transcription termination
(Aranda and Proudfoot, 2001; Proudfoot, 2004). These include the CFIA subunits
Rnal4p, Rnal5p and Pcfllp (Birse et al., 1998b; Kim et al., 2004a; Sadowski, 2003)
and CPF subunits Yhhlp (Dichtl et al., 2002b) and Ssu72p (Ganem et al., 2003;
Steinmetz and Brow, 2003), Swd2p (Dichtl et al., 2004) and Yshlp (M. Garras
personal communication). In addition, the efficiencies of pre-mRNA 3’ end
processing and transcription termination correlate with the strength of the poly(A) site
(Edwalds-Gilbert et al., 1993). Therefore, the poly(A) signal directly affects RNAP II
transcription termination.

To address the mechanistic basis for the connection between termination and
3’ end processing of pre-mRNAs, two models have been proposed: the allosteric
model and the so-called torpedo model (Buratowski, 2005; Figure 1.3). The allosteric
model suggests that upon recognition of the poly(A) site by the transcription complex,
the enzymatic activity of RNAP II is modified, making it “termination-competent”.
Modification of RNAP II could include a conformational change or the loss of anti-
termination factors, which where associated with the RNAP II. This would then lead
to a loss of RNAP II processivity and eventually to transcription termination (Calvo
and Manley, 2005; Greenblatt et al., 1993; Logan et al., 1987; Sadowski, 2003). The
torpedo model, unlike the allosteric model, requires transcription termination to be
preceded by the endonucleolytic cleavage at the poly(A) site. Cleavage of the pre-
mRNA exposes an uncapped 5’ end of the downstream cleavage product that serves
as substrate for a 5’-to- 3° exonuclease. The exonuclease degrades the downstream
cleavage product while it is still tethered to RNAP II until catching up with the RNAP
II and somehow destabilizing it, ultimately terminating RNAP II (Connelly and
Manley, 1988; Kim et al., 2004b; Luo and Bentley, 2004). Although both models rely
on recognition of the poly(A) site, a fundamental difference is that only the torpedo
model depends on cleavage of the nascent RNA to create the entry site for the 5’-to-

3’ exonuclease.
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Torpedo model
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RNA Pol I

Fig. 1.3. Pre-mRNA transcription termination models

On the left hand side: the RNAP II transcription complex approaches the poly(A) site, which is
required for transcription termination. The allosteric transcription termination model (right hand side,
top) proposes that termination occurs cleavage-independent due to a change in the processivity of
RNAP II. In the torpedo model (right hand side, bottom) a prerequisite for termination is cleavage of
the pre-mRNA. The cleavage reaction generates an entry side for the exonuclease Ratl, which

“torpedos” RNAP II.

There is evidence supporting either of these models. For example, the
allosteric model is supported by a study showing that the 3” end processing and the
termination function of Pcfllp are separable (Sadowski, 2003). Pcfllp associates
directly with the nascent RNA and the CTD via its CTD-interacting domain (CID).
Although the intact CID of Pcfll1p is required for efficient termination, mutations in
this domain have no effect on cleavage in vitro (Sadowski, 2003). This implies that
cleavage of the pre-mRNA is not an obligatory step for transcription termination as
proposed by the torpedo model. In addition, Pcf11p can force the dissociation of an in

vitro assembled RNAP II elongation complex (Zhang et al., 2005; Zhang and
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Gilmour, 2006). The authors propose that by bridging the CTD and the nascent RNA
a conformational change in the CTD is induced that is transduced through Pcf11 to
the nascent transcript causing transcription termination (Zhang et al., 2005; Zhang and
Gilmour, 2006).

Strong evidence in support of the torpedo model comes from the recent
identification of yeast Ratl and human Xrn2, both 5’-to-3> RNA exonucleases, which
are necessary for efficient transcription termination (Kim et al., 2004b; West et al.,
2004). Inactivation of Ratl does not affect cleavage or polyadenylation. However,
inactivation of Ratl results in deficient transcription termination. Moreover, the
downstream cleavage products are stabilized in a ratl-1 mutant strain, suggesting that
Ratl exonuclease activity is required for the degradation of such products (Kim et al.,
2004Db).

A new study by Luo and co-workers (Luo et al., 2006) presents evidence that
both models can be linked together. They propose a unified allosteric/torpedo model
based on the following findings: (1) Ratlp degrades nascent RNA co-
transcriptionally. However this degradation does not elicit termination, showing that it
is not sufficient to cause RNAP II release from the template (2) Ratlp is required for
the recruitment of 3’ end processing factors and for correct 3’ end formation.
Conversely, 3’ end factors are also required for normal Ratlp recruitment. Therefore
it seems that Ratlp is not a dedicated termination factor, but instead, like conventional
3’ end processing factors contributes to both poly(A) site cleavage and termination.

Altogether, this suggests that in addition to the exonucleolytic activity of
Ratlp, Ratlp might influence termination through interactions with the cleavage and
polyadenylation factors. Accordingly, Luo and co-workers proposed that Ratl is an
essential component of a RNAP II complex, which achieves cleavage at the poly(A)
site, degradation of the nascent downstream RNA, and undergoes allosteric changes

that promote RNAP II release from the template.

1.5 Processing and transcription termination of ShHoORNAs

snoRNAs are a class of non-coding RNAs that are transcribed by RNAP II.
These metabolically stable RNAs, which are 60 to 300 nucleotides long, associate
with a number of proteins to form small nucleolar RNPs (snoRNPs; Kiss, 2001). In

the nucleolus, the majority of snoRNAs function as guide RNAs in the post-
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transcriptional synthesis of 2’-O-methylated nucleotides and pseudouridines in
rRNAs, tRNAs and snRNAs and most likely other cellular RNAs (Kiss, 2002). These
modified nucleotides are important to ensure the proper function of rRNAs, tRNAs
and snRNAs.

snoRNAs can be subdivided into two main classes according to evolutionarily
conserved structural and sequence elements: the box C/D snoRNAs and the box
H/ACA snoRNAs (reviewed by Kiss, 2001). While methylation of the 2’—hydroxyl
groups is directed by box C/D snoRNAs, box H/ACA snoRNAs guide the conversion
of uridines to pseudouridines (Kiss, 2001). They do so by base-pairing with the target
RNA, specifying the nucleotides that have to be modified by the respective enzymes.

Whereas most vertebrate snoRNAs are encoded in introns of RNAP II genes,
the majority of S. cerevisiae snoRNAs are independently transcribed monocistronic or
polycistronic genes (Weinstein and Steitz, 1999). However, there are also a few
intron-encoded snoRNAs in yeast (Qu et al., 1995; Villa et al., 1998).

Most precursor snoRNAs are processed at the 5’ and 3’ end resulting in
mature, functional snoRNAs. Some snoRNAs are not processed at their 5° end, like
U3, snR4 and snR13 (Samarsky and Fournier, 1999). Those, that undergo 5’ end
processing, as snR39b, snR40, snR47 and snR79, will loose their trimethylguanosine
cap structure by cleavage by the endonuclease Rntlp (Chanfreau et al., 1998). This
event creates an entry site for Ratl and/or Xrnlp exonucleases, which trim the 5’
extensions (Lee et al., 2003). 3’end-processed snoRNAs differ in several aspects from
3’ end-processed pre-mRNAs. The main difference is that mature snoRNAs are not
polyadenylated. A reason for this might be the diverse genomic organization of
snoRNAs that requires case-specific actions and factors. However, despite this
heterogeneous organization of snoRNAs, processing of most snoRNAs relies on one
general mechanism: endonucleolytic cleavage in the 5’ and 3’ extensions generates
entry sites for exonucleases that trim the ends and release the mature snoRNAs
(Allmang et al., 1999; Petfalski et al., 1998). The exonucleases that remove the 3’
extensions belong to the nuclear exosome. The entry sites are often created by the
Rntl endonuclease (Chanfreau et al., 1997; Chanfreau et al., 1998). However, Rntl
cleavage sites are not present in all snoRNA precursors. Several snoRNAs contain
sequences in their 3’ portion which direct cleavage of the primary transcript by CF IA

(Morlando et al., 2002). Since the cleaved precursor is not subsequently
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polyadenylated, it is likely that CF IA can work in cooperation with factors different
from CPF in the 3’ end processing of snoRNAs.

A small number of primary snoRNA transcript is not endonucleolytically
cleaved, but processed simply through trimming the ends by 3’-to-5’ exonucleases
(Bachellerie et al., 2002). This mode of processing requires prior transcription
termination.

Seven snoRNAs in yeast are encoded in the intron of a gene. A well studied
example is the UI8 snoRNA, which is encoded in the intron of EFBI1 (Villa et al.,
1998). It was shown that two processing modes exist for these intron encoded
snoRNAs. The major type of processing is splicing-dependent. The spliced host intron
is first debranched and subsequently exonucleolytically trimmed resulting in the
mature snoRNA. In the alternative pathway the snoRNA is endonucleolytically cut
out of the intron. This second pathway is not dependent on splicing and might be the
dominant form when the splicing efficiency is reduced (Villa et al., 1998).
Endonucleolytic processing of snoRNAs is also required in all of the poly-snoRNA
precursor transcripts that have been reported in yeast (Zagorski et al., 1988).

The transcription termination of individually transcribed snoRNAs is coupled
to the recognition of cis-acting signals, as it is the case for transcription termination of
pre-mRNAs. Similarly, transcription termination of snoRNAs, like in the case of
termination of pre-mRNAs requires the action of CTD and RNA-interacting factors
(Carroll et al., 2004; Steinmetz et al., 2001). However, the actual mechanism of
snoRNA transcription termination might be different from the one of pre-mRNAs,
since termination of snoRNA crucially involves the Nrdl complex, which is not
engaged in transcription termination of mRNAs. Components of the Nrdl complex,
the RNA-binding proteins Nrd1p and Nab3p, recognize specific RNA sequences in
the 3’ non-coding regions of snoRNAs (Carroll et al., 2004). It is to date unclear, how
recognition of the termination signals is transmitted to the transcribing RNAP II and

what actually forces RNAP II to terminate transcription.

25



1.5.1 Cis and trans-acting factors in S. cerevisiae snoRNA processing and

transcription termination

1.5.1.1 Cis-acting signals

A well-characterized cis-acting signal in the 5’ and 3’ flanking regions of
around 50% of snoRNAs is a stem-loop structure that is recognized by the
endonuclease Rntlp (Chanfreau et al., 1998). This hairpin structure is capped by a
terminal tetraloop showing the consensus AGNN. Rntlp recognizes and cleaves the
hairpin within 13-16 bp of the tetraloop (Chanfreau et al., 2000; Wu et al., 2004). In
cases where there are no Rntlp cleavage sites, cis-acting signals for 3’ end processing
are dubious. It has been suggested that the nascent transcript is cleaved at sites that are
often found downstream, close to predicted Nrd1 and Nab3 binding sites, which are
required for snoRNA transcription termination (Fatica et al., 2000; Morlando et al.,
2002). It is not clear whether recognition of the 3° end processing sequence is coupled
to transcription termination of the snoRNA, as it is the case for pre-mRNA.

Termination of snoRNAs by RNAP II in S. cerevisiae requires two common
RNA sequence motifs in the snoRNA 3’ downstream region: GUA[AG] and UCUU
(Carroll et al., 2004; Steinmetz et al., 2001; Steinmetz et al., 2006). These two motifs
are bound by subunits of the Nrdl complex, Nrdlp and Nab3p. Nrdlp binds to
GUA[AG], whereas Nab3p binds to UCUU. Interestingly, Nrd1p and Nab3p binding
sites are also found in the 5’UTR and 5’ coding region of the Nrdl mRNA. There,
they direct the autoregulation of Nrdl expression by premature transcription
termination (Arigo et al.,, 2006a). As for the poly(A) signal, there is no strong
consensus for these non-poly(A) terminators in S. cerevisiae and in addition, the
arrangement of Nrdlp and Nab3p binding sites varies considerably in number and
location. There are also indications that these sequence motifs work in a synergistic
manner, with one motif alone being insufficient to trigger termination. Moreover, the
organization of these sequences is not strongly conserved among even closely related
yeasts, which indicates a high degree of genetic variability (Carroll et al., 2004). For
some snoRNAs, such as snR13, snR47 and snR65, the terminator region is arranged
in a bipartite fashion (Steinmetz et al., 2006). Interestingly, region I of the snR13 and
snR65 terminators and the Nrdl autoregulatory element show some sequence
similarity. This suggests that regular terminators are more than just a collection of

low-affinity Nrdl and Nab3 binding sites (Steinmetz et al., 2006). Furthermore,
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region II of the snR13 and snR65 terminators have sequence similarity to yeast
cleavage and polyadenylation sites and can direct polyadenylation, indicating that
protein-coding and non-coding RNAP II transcribed genes might use similar

mechanisms to direct termination (Steinmetz et al., 2006).

1.5.1.2 Trans-acting factors

The endonuclease Rntlp, which is the yeast homolog of RNase III, cleaves
stem-loop structures in the 5* and 3’ flanking regions of snRNA and many snoRNAs
(Chanfreau et al., 1998). Cleavage of the stem-loops generates entry sites for
exonucleases to digest 5° and 3’ overhangs resulting in the mature form of the snRNA
and snoRNA. The 3’ overhangs are trimmed by the nuclear exosome, which consists
of a number of 3’ to 5’ exonucleases. Since many snoRNAs do not have Rntlp
cleavage sites in their 5’ and 3’ flanking regions, there must be other factors that
generate entry sites for these exonucleases. Indeed, snoRNAs can contain sequences
in their 3’ portions which direct cleavage of the primary snoRNA transcript involving
CFI A (Morlando et al., 2002). However, none of the subunits of CFI A is known to
have endonucleolytic activity, implying that CFI A has to work together with some
other factor(s) to accomplish the cleavage reaction (Morlando et al., 2002). CFI A
normally functions in combination with CPF in the cleavage and polyadenylation
reaction of pre-mRNAs. It is anticipated that Yshlp, a subunit of CPF, is the
endonuclease that cleaves the pre-mRNA because it contains sequence motifs
common for proteins acting on nucleic acid substrates (Callebaut et al., 2002).
Morlando and co-workers showed, that a ysh/-1 mutant strain is not involved in 3’
end processing of snoRNAs (Morlando et al., 2002). However, yshl-1 is a very
hypomorphic allele of Yshlp that also does not show a cleavage defect in 3° end
processing of pre-mRNAs (M. Garras, personal communication). We therefore
consider the possibility that CFI A joins together with CPF in the 3’ processing of
snoRNAs.

The nuclear exosome is a protein complex consisting of at least 10 different 3’
to 5’ exonucleases involved in the 3’ processing of rRNAs, snRNAs and many
snoRNAs (van Hoof et al., 2000). It was shown that the yeast exosome mutant strains

rrp6 and mtr4 accumulate 3’-extended polyadenylated forms of independently
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transcribed snoRNAs, indicating that the nuclear exosome is required for 3’ end
processing of snoRNAs.

Recently, Egecioglu and co-workers (Egecioglu et al., 2006) discovered that
the polyadenylation of these snoRNA processing intermediates is dependent on the
activity of Trf4p and Trf5p, two variant poly(A) polymerases (Vanacova et al., 2005).
Polyadenylation by Trf4p might stimulate the nuclear exosome to process the 3’ ends
of snoRNAs.

The 5° ends of snoRNAs are processed by the Ratlp/Railp nuclease complex.
The complex contains 5’-to-3’ exonucleases that play also a role in trimming of
several ribosomal RNAs (Kim et al., 2004b). In this context, it is interesting that
Ratlp is also a crucial component in transcription termination of pre-mRNAs (Kim et
al., 2004b; Luo et al., 20006).

Previous studies have described a yeast pathway for transcription termination
of snRNA and snoRNA genes which require the Nrd1 complex, the CTD kinase Ctk1
and the CTD of RNAP II (Conrad et al., 2000; Steinmetz et al., 2001). More recent
studies have also implicated several components of APT (see below), a sub complex
of CPF, in this pathway (Dheur et al., 2003; Nedea et al., 2003; Steinmetz and Brow,
2003). Mutations in any of these genes lead to read-through transcription at certain
snRNA and snoRNA genes (Dheur et al., 2003; Dichtl et al., 2002a; Ganem et al.,
2003; Steinmetz et al., 2001 and this study).

The RNA-binding proteins Nrdlp and Nab3p, and the helicase Senlp have
been assigned to the Nrdl complex. Both Nrdl and Nab3 contain a single conserved
RNA recognition motif (RRM), a domain common to proteins involved in RNA
processing (Conrad et al., 2000), with which they bind to the cis-acting terminator
sequence elements. In addition, Nrdlp exists in two different phosphoisoforms
(Conrad et al., 2000). Overexpression of Nab3p leads to the predominance of the
slower migrating phosphoisoform (Conrad et al., 2000). Moreover, Nrd1p physically
and genetically interacts with the CTD of RNAP II. The CTD interaction domain
(CID) of Nrdl has sequence similarity to two other yeast proteins that function at 3’
ends: Pcfllp and Rtt103p (Kim et al., 2004b). They are involved in transcription
termination of protein-coding genes. Therefore, it is tempting to speculate that
mechanistic similarities in the process of transcription termination of snoRNAs and
mRNAs may exist: Nrdlp similar to Pcfl1p could dismantle the RNAP II complex

from the template.
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Interestingly, Nrd1p and Nab3p are also required for transcription termination
of cryptic unstable transcripts (CUTs), which are RNAs that are derived from non-
annotated regions of the genome (Arigo et al., 2006b; Thiebaut et al., 2006). The
result of Arigo, Thiebaut and co-workers suggests that transcription termination of
CUTs due to Nrd1 and Nab3 is necessary for the subsequent degradation of the CUTs
by the nuclear exosome (Arigo et al., 2006a; Thiebaut et al., 2006).

It was reported previously, that the Nrd1 complex physically interacts with the
nuclear exosome and stimulates the RNA degradation activity of the exosome in vitro
for 3’ end processing of snoRNAs (Vasiljeva and Buratowski, 2006). In the same
study, additional interactions with factors of the TRAMP complex, the endonuclease
Rntlp, RNAP II subunits and the transcription elongation factor Spt5p were reported.
This suggests that Nrdl may link transcription and RNA 3’ end formation of
snoRNAs.

Senlp is a Type | DNA/RNA helicase and has been implicated in processing
of pre-tRNAs, pre-rRNAs and some snoRNAs (Rasmussen and Culbertson, 1998;
Ursic et al., 2004; Ursic et al., 1997). Intriguingly, Senlp is a phosphoprotein and co-
purifies with Glc7p (Ho et al., 2002; Walsh et al., 2002) making it likely that Glc7p
regulates the activity of Senlp in the process of transcription termination of
snoRNAs. Senlp also interacts physically and functionally with the Rntlp
endonuclease (Ursic et al., 2004) thereby linking 3° end processing and termination.

Nrdlp, Nab3p and Senlp are also required for maintaining normal levels of
the Nrdl mRNA. It was shown that at least Nrdlp and Nab3p do so by binding to
Nrd1/Nab3 binding sites in the 5 UTR and 5’ coding region of Nrdl causing
premature transcription termination (Arigo et al., 2006a).

It was proposed that the CPF complex can be subdivided into the holo-CPF
complex, which includes the subunits Ptalp, Yhhlp, Ydhlp, Yshlp, Mpelp, Paplp,
Pfs2p, Ythlp, Fiplp and the APT sub complex comprising the subunits Syclp,
Ssu72p, Ptilp, Ref2p, Swd2p and Glc7p (Nedea et al., 2003; Figure 1.4). APT stands
for associated with Ptal to account for Ptalp’s role in bridging the two sub complexes
(Nedea et al., 2003). Based on the fact that Ssu72p, Ref2p and Ptalp revealed a
transcription termination defect of snoRNAs, Nedea and co-workers suggested that
APT is involved in the snoRNA 3’ end formation (Nedea et al., 2003). This
assumption was further corroborated by the findings that Swd2p and Ssu72p are

required for transcription termination of snoRNAs.
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Holo-CPF

Fig. 1.4. Glc7p is part of the cleavage and polyadenylation factor subcomplex APT

Temperature sensitive swd?2 strains were defective in 3’ end formation of
specific snoRNAs and also some mRNAs (Dichtl et al., 2004). Interestingly, Swd2p
associates with two functionally distinct multiprotein complexes: the SET1 complex,
which methylates histone 3 lysine 4 and the CPF complex (Dichtl et al., 2004).

Ssu72p is a phosphatase and mediates both, termination of snoRNAs and
mRNAs (Dichtl et al., 2002a; Ganem et al., 2003; Steinmetz and Brow, 2003).
Steinmetz and co-workers (Steinmetz and Brow, 2003) showed that a ssu72 mutant
strain in which Nrdl-dependent termination was disrupted, also resulted in deficient
poly(A)-dependent termination. Ssu72 might influence transcription termination via
regulating the CTD phosphorylation, since it dephosphorylates Ser 5 of the CTD and
also physically interacts with the CTD kinase Kin28p and functionally with the CTD
phosphatase Fcplp (Ganem et al., 2003; Krishnamurthy et al., 2004).

Ptilp and Ref2p were found to be required for the 3’ end formation of
snoRNAs, however not for 3’ end processing of pre-mRNAs (Dheur et al., 2003).
Additionally, Ptilp and Ref2p act as multicopy suppressors in a pcf1 /-2 mutant strain
(Dheur et al., 2003). Pcf11p is a subunit of CF IA and it has been reported that CF IA
contributes to snoRNA and snRNA 3’ end formation (Fatica et al., 2000; Morlando et
al., 2002). Intriguingly, the authors suggest that Ptilp and probably also Ref2p
function in the uncoupling of cleavage and polyadenylation during snoRNA 3’ end

formation based on the finding that overexpression of Ptilp inhibits polyadenylation.
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Our own analysis on the function of Glc7p in snoRNA transcription
termination extends the current knowledge on the role of the APT subunits (Chapter
3). We present evidence that Glc7p is crucial for snoRNA transcription termination.

Since no holo-CPF subunit has been shown to be involved in the 3’ end
formation of snoRNAs so far, the subdivision of CPF into holo-CPF and APT could
not only be for physical but also for functional reasons.

Recently, the Pafl complex, which also functions in transcription elongation
and histone modification was shown to be involved in 3’ end formation of snoRNAs
(Sheldon et al., 2005). Deletion of Paflp, a subunit of the Pafl complex, leads to the
accumulation of snoRNA transcripts that are extended at their 3’ ends. The Pafl
complex also facilitates Nrdl recruitment to the snR47 gene. Therefore, it was
proposed that the Pafl complex is directly involved in 3’ end formation of snoRNAs
(Sheldon et al., 2005).

A screen for trans-acting factors that induce readthrough of both snoRNA and
mRNA terminators identified two RNAP II subunits, Rpb3p and Rpb11p (Steinmetz
et al., 2006). The two subunits define a discrete surface at the trailing end of RNAP II
(Steinmetz et al., 2006). This suggests that the signal for RNAP II to release the
template and thus to terminate transcription is mediated by the Rpb3/Rpbll
heterodimer. In addition, this finding supports the idea that protein-coding and non-
coding RNAP II-transcribed genes might use a similar mechanism to direct
transcription termination. The fact that some factors involved in cleavage and
polyadenylation of pre-mRNAs are required for 3’ end formation of snoRNA further
substantiates that there are parallels between the poly(A) and the non-poly(A)

termination mechanisms.

1.6 The C-terminal domain of RNAP Il, an important player in coupling
transcription to capping, splicing and 3’ end processing of pre-mRNAs
A striking feature that distinguishes RNAP II from RNAP I and III, is the
extended carboxyl-terminal domain (CTD) of the largest RNAP II subunit Rpbl. The
CTD consists of multiple heptapeptide repeats of the consensus sequence
Y S,P;3T4SsP6S7 (Prelich, 2002). The number of repeats increases with the complexity
of the organism, for example, the yeast CTD has 26 repeats, whereas the human CTD
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has 52 repeats (Prelich, 2002). In addition, the number of repeats that exactly match
the consensus sequence varies among species (Prelich, 2002). The inherently
unstructured CTD protrudes from the RNAP II enzyme and therefore can be easily
accessed by numerous factors that bind to it (Prelich, 2002). As will be discussed
below, the factors that bind the CTD are mostly RNA processing factors and
elongation factors that act co-transcriptionally to mature the RNA and allow the
transcription of the respective gene. Therefore, the CTD is crucial in coupling RNA
processing events to the transcription of pre-mRNAs by attracting and transporting
many factors that are involved in the production of mature mRNAs.

The CTD can be modified by phosphorylation, glycosylation and cis/trans
isomerization of prolines (Meinhart et al., 2005). Modification of the CTD markedly
affects its conformation and ability to associate with factors that are involved in
transcription elongation, RNA processing and transcription termination. Therefore,
modification of the CTD is important for the coordination of transcription events, and
different modification states of the CTD are characteristic of different transcriptional
stages (Prelich, 2002).

Phosphorylation of the CTD occurs predominantly at serine 2 (Ser2) and
serine 5 (Ser5) (Dahmus, 1996). There are basically three phosphorylation states of
the CTD: the unphosphorylated CTD, the CTD phosphorylated at Ser2 and the CTD
phosphorylated at Ser5. The current paradigm is that different phosphorylation
patterns predominate at different stages in the transcription cycle and that different
proteins bind to specific phosphorylated forms of the CTD (Figure 1.5). This model is
based on results from chromatin immunoprecipitation (ChIP) experiments, which
suggested that the CTD is unphosphorylated during the assembly of the transcription
complex at the promoter. Following transcription initiation, the level of Ser5
phosphorylation increases rapidly. It remains unclear whether the levels of Ser5
phosphorylation during transcription elongation remain constant or decrease towards
the 3’ end of the gene. Ser2 phosphorylation levels appear to increase during
elongation, reaching a peak near the poly(A) site after which the level of Ser2
phosphorylation drops again (Ahn et al., 2004; Kim et al., 2004a; Komarnitsky et al.,
2000; Morris et al., 2005).

Probably at least some repeats remain unphosphorylated. In addition, Ser5
phosphorylation levels do not drop to zero during elongation indicating that not all

repeats of the CTD are phosphorylated in the same way (Ahn et al., 2004).
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Furthermore, different findings indicate that during the elongation stage repeats,
which are phosphorylated at both Ser2 and Ser5 must exist. First, Ctklp, the CTD
Ser2 kinase, efficiently uses Ser5 phosphorylated repeats to generate Ser2/Ser5-
phosphorylated repeats in vitro (Jones et al, 2004). Second, the histone
methyltransferase Set2p, which remodels chromatin during transcription elongation,
requires repeats phosphorylated on both Ser2 and Ser5 for optimal binding (Kizer et
al., 2005; Li et al., 2005). Finally, the monoclonal Antibody (mAb) HS, which is used
to detect Ser2 phosphorylation, binds better to repeats concomitantly phosphorylated
at Ser2 and Ser5 (Jones et al., 2004). This indicates that what was interpreted as Ser2

phosphorylation might actually be phosphorylation on both Ser2 and Ser5.

Initiation Elongation Termination

early productive

| promoter l | poly(A) site

| Ser 5-P (Kin28, Ssu7?) |

| Ser 2-P (Ctk1, Fcpl) | —

Fig. 1.5. Linking RNAP I transcription and RNA processing: a central role for the CTD

The phosphorylation pattern of the CTD changes during different transcription phases indicated by the
purple (for Ser 5 phosphorylation) and blue (for Ser 2 phosphorylation) bars. As a consequence distinct
processing factors (capping enzymes, the Spt4/Spt5 complex, the Paf complex, CPF and CFIA) are
attracted to the CTD during the different phases of transcription.

Several CTD kinases and phosphatases are know to modify the
phosphorylation state of the CTD of RNAP II (Phatnani and Greenleaf, 2006). The
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known CTD phosphatases include Ssu72p, small CTD phosphatases (SCPs) and
Feplp. Kinases required for CTD phosphorylation are Kin 28 and Ctkl1.

Ssu72 has been shown to be a Ser5 phosphatase (Krishnamurthy et al., 2004).
The depletion of Ssu72 and concomitant elevation of Ser5 phospho-levels inhibit
transcription in vitro (Krishnamurthy et al., 2004). Interestingly, Ssu72p is a member
of the CPF complex and has functions in all stages of transcription from initiation
over elongation to termination (Dichtl et al., 2002a; Ganem et al., 2003; Pappas and
Hampsey, 2000; Steinmetz and Brow, 2003), (Meinhart et al., 2005). The essential
role of Ssu72p in 3’ end processing of pre-mRNAs however, is independent of its
phosphatase activity (Krishnamurthy et al., 2004).

Small CTD phosphatases (SCPs), which are specific to higher eukaryotes,
preferentially dephosphorylate Ser5 (Yeo et al., 2003).

FCP1 can dephosphorylate both Ser2 and Ser5 in vitro (Lin et al., 2002).
However, there are discrepancies as to which substrate is preferred in vivo. Mutations
in yeast Fcplp preferentially cause an increase in the levels of phospho-Ser2 (Cho et
al., 2001). Dephosphorylation of the CTD by Fcplp might facilitate recycling of the
hyperphosphorylated form of the polymerase for a new round of transcription (Cho et
al., 1999). FCP1 might also be required to regulate phosphorylation of the CTD
during transcription (Cho et al., 2001). CTD dephosphorylation by Fcpl can also be
stimulated by Essl, a peptidylprolyl isomerase (Kops et al., 2002; Xu et al., 2003).
Essl catalyzes the conversion of the Ser-Thr-Pro moiety from the cis to the trans
conformation (Kops et al., 2002).

In S. cerevisiae, four cyclin-dependent kinases have been identified as being
important for transcription, however only two of them have unambiguously been
shown to phosphorylate the CTD. Among the latter is the Kin28 (Cdk7) subunit of
TFIIH, which phosphorylates the CTD on Ser5, when transcription is initiated
(Rodriguez et al., 2000). Ctkl (Cdk9) associates with elongating RNAP II and
phosphorylates the CTD on Ser2 (Cho et al., 2001).

Capping of pre-mRNAs occurs soon after transcription initiation and before
other processing events. Phosphorylation of Ser5 of the CTD heptapeptide repeats is
important for the recruitment and the enzymatic activity of the mRNA capping
enzyme guanylyltransferase (Cho et al., 1998; Cho et al., 1997; Ho et al., 1998;
Komarnitsky et al., 2000; Rodriguez et al., 2000). Interestingly, levels of the

polyadenylation factor Ptalp are reduced in kin28 mutants in which Ser5
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phosphorylation is poor, indicating that this polyadenylation factor might be recruited
to the transcription complex already at early stages of transcription. Several other
polyadenylation factors remain stable in the kin28 mutant (Rodriguez et al., 2000). In
addition, Ptalp binds specifically to the phosphorylated CTD. This suggests that
polyadenylation and transcription are coupled through this interaction (Rodriguez et
al., 2000).

Phosphorylation of Ser2 by Ctkl is required for the recruitment of
polyadenylation factors (Rnal4p, Rnal5p, Yhhlp and Ydhlp) to the 3’ end of genes
in vivo (Ahn et al., 2004). Also Pcf11p, a subunit of cleavage factor CF IA, was found
to bind efficiently to a Ser2-phosphorylated CTD peptide in vitro (Licatalosi et al.,
2002). Furthermore, deletion of Ctk1 leads to changes in polyadenylation site choice,
presumably due to the loss of co-transcriptional polyadenylation, but does not affect
transcription termination in vivo (Ahn et al., 2004). Ahn and co-workers also showed
that Ctk1 and therefore Ser2 phosphorylation is not required for the recruitment of the
elongation factors SptSp, Sptdp, Spt6p and the PAF complex (Ahn et al., 2004). In
contrast, the chromatin remodeling factors Setlp and Set2p bind to the
phosphorylated CTD (Krogan et al., 2003a; Krogan et al., 2003b; Ng et al., 2003b).
As mentioned above, the optimal binding conditions, at least for Set2p, might be
heptapeptide repeats phosphorylated at both serines (Kizer et al., 2005; Li et al.,
2005).

Interestingly, deletion of Ctkl leads to a defect in snoRNA transcription
termination (Steinmetz et al., 2001), suggesting that phosphorylation of Ser2 is
necessary for efficient snoRNA transcription termination.

The RNAP II CTD itself is essential for 3’ end cleavage of metazoan pre-
mRNAs (McNeil et al., 1998), since deletion of the yeast CTD reduces the efficiency
of cleavage at poly(A) sites and the length of poly(A) tails. This suggests that it helps
to couple 3’ end formation with transcription (Licatalosi et al., 2002).

Normal mRNA splicing and 3’ end processing are disrupted in mammalian
cells expressing RNAP II lacking the CTD (Fong and Bentley, 2001; McCracken et
al., 1997). In yeast, splicing appears unaffected when the CTD is deleted form RNAP
IT (Licatalosi et al., 2002). Moreover, it was shown that whereas the carboxyl-terminal
part of the mammalian CTD consisting of heptads 27-52, supports capping, splicing
and 3’ end processing, the amino-terminus supports only capping (Fong and Bentley,

2001). This indicates that the CTD as a whole stimulates all three major pre-mRNA
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processing steps but that different regions of the CTD serve distinct functions in the
different subprocesses.

Although many functional aspects concerning the CTD of RNAP II have been
solved, still many questions remain open, e.g.: what initiates CTD phosphorylation?
What causes the dissociation of factors from the CTD? Is there a particular order of
factors bound along the length of the CTD?

Therefore, the CTD of RNAP II continues to be an exciting field of investigation.

1.7 Transcription elongation

Transcription of a gene by RNAP II can be divided into three main phases:
initiation, elongation and termination of transcription (Saunders et al., 2006). For
many years, the focus of how gene expression is regulated, was concentrated on the
process of transcription initiation. The subsequent transcription elongation was
thought of as the simple addition of ribonucleotide triphosphates to the growing RNA
chain (Saunders et al., 2006). Only since recently, it is appreciated that also during
transcription elongation mechanisms exist that allow the regulation of gene expression
(Saunders et al., 2006; Sims et al., 2004b). This is due to the identification of a
number of transcription elongation factors that affect mRNA production at particular
stages during transcription (Saunders et al., 2006).

Transcription elongation is divided into three distinct stages: promoter escape
(or promoter clearance), promoter-proximal pausing and productive elongation
(Saunders et al., 2006). Each stage is defined by a marked difference in the stability
and behavior of the RNAP II transcription complex as well as by a distinct repertoire
of factors that associate with it (Saunders et al., 2006).

During promoter escape, some of the general transcription factors dissociate
from the RNAP II transcription complex and RNAP II breaks its contacts to
promoter-sequence elements (Saunders et al., 2006; Sims et al., 2004a). These actions
lead to the release of the RNAP II transcription complex from the promoter and the
start of transcription of the gene. However, to acquire full processivity, the RNAP II
transcription complex has yet to be further transformed. Full transformation into a
highly productive transcription elongation complex is only achieved after a process
known as promoter-proximal pausing (Saunders et al., 2006; Sims et al., 2004b).

Promoter-proximal pausing is a phenomenon where RNAP II pauses at the 5’ region
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of the transcription unit and only progresses efficiently into productive elongation
upon stimulation by appropriate signals. Pausing can be considered as a checkpoint
before committing to productive elongation. During this pausing, capping enzymes
are recruited to the stalled transcription elongation complex and the nascent RNA is
capped (Saunders et al., 2006; Sims et al., 2004a). Escape from the pause site and
promoter escape are the rate-limiting steps in RNAP II transcription elongation (Lis,
1998). In addition, gene expression can be regulated at these points (Lis, 1998).

RNAP II encounters only a few obstacles during the productive elongation
stage. However, to smoothly operate during this stage, RNAP II is dependent on
transcription elongation factors that help to overcome intrinsic arrest sites or remodel
the chromatin structure that would otherwise impair further transcription (Saunders et
al., 2006; Sims et al., 2004a).

A crucial player in all stages of transcription elongation is the CTD of RNAP
IT (Hirose and Manley, 2000; Orphanides and Reinberg, 2002; Proudfoot et al., 2002).
It acts as a platform that attracts and binds many factors involved in transcription
elongation as well as factors involved in mRNA maturation, surveillance and export
(Hirose and Manley, 2000; Orphanides and Reinberg, 2002; Proudfoot et al., 2002)
(see also Chapter CTD). The highly dynamic phosphorylation pattern of the CTD acts
as a code that ensures the stage-specific recruitment of a subset of transcription
elongation factors (Buratowski, 2003; Conaway et al., 2000; Howe, 2002). Once
recruited, they travel along with RNAP II and act co-transcriptionally to modulate the
processivity of RNAP II or remodel chromatin until they are no longer needed

(Maniatis and Reed, 2002; Orphanides and Reinberg, 2002).

1.7.1 FElongation factors that modulate the catalytic activity of RNAP 11

Many elongation factors that modulate the catalytic activity of RNAP II do so
by counteracting or alleviating three major impediments to transcription elongation:
transcriptional pausing, transcriptional arrest and transcription termination (Sims et
al., 2004a). Transcriptional pausing occurs when the RNAP II halts the addition of
NTPs to the nascent RNA transcript for a time before resuming productive elongation
on its own (Sims et al., 2004a). Transcriptional arrest can be defined as an irreversible
halt to RNA synthesis, whereby the RNAP II cannot resume productive elongation

without accessory factors (Sims et al., 2004a). Transcription termination is described
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as the process in which RNAP II is released from the template DNA and the RNA

transcript thereby ending the elongation stage of transcription.

1.7.1.1 Factors that influence transcriptional pausing

Factors that influence transcriptional pausing of RNAP II are the general
transcription factor TFIIF, the positive transcription elongation factor b (P-Tefb) and

the DRB-sensitivity-inducing factor (DSIF).

1.7.1.1.1 TFIIF

Of all the general transcription factors, only TFIIF can be found in the RNAP
II transcription elongation complex (Zawel et al., 1995). It was shown that the human
general transcription factor TFIIF diminishes the time RNAP II is paused and
stimulates the rate of RNAP II transcription elongation (Tan et al., 1994). However,
TFIIF does not move along with RNAP II, but re-associates with the polymerase
when encountering a block to elongation. It was postulated that the transient
association of TFIIF with paused RNAP II induces a conformational change in the
polymerase necessary for optimal elongation. Once this is accomplished, TFIIF is
released from the transcription elongation complex (Zawel et al., 1995). Moreover,
TFIIF directly interacts with and stimulates the CTD Ser2 phosphatase Fcpl (Kamada
et al., 2003). Fcpl stimulates transcription elongation in vitro (Mandal et al., 2002).
The stimulatory activity of TFIIF and Fcplp on elongation is additive (Mandal et al.,
2002). Interestingly, TFIIF also associates with the transcription elongation factors

Spt5 and components of the PAF complex (Lindstrom et al., 2003; Shi et al., 1997).

1.7.1.1.2 P-TEFb

Treatment of mammalian cells with the nucleotide analog DRB (5,6-dichloro-
1-b-D-ribofuranosylbenzimidaole) results in the formation of truncated transcripts
indicating that RNAP II ceased transcription before the end of the gene (Chodosh et
al., 1989). P-TEFb (positive transcription elongation factor b) was originally
identified as a factor that was able to alleviate the effect of DRB on transcription of

long transcripts in vitro (Marshall et al., 1996). It consist of the Cdk9 kinase that
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associates with different cyclins (Peng et al., 1998). The yeast homolog of Cdk9 is the
kinase Ctkl. P-TEFb phosphorylates Spt5 and Ser2 of the RNAP II CTD and this
phosphatase activity is important for the elongation activity of P-TEFb (Fujinaga et
al., 2004; Yamada et al., 2006). Spt5 together with Spt4 forms the DSIF transcription
elongation complex (Hartzog et al., 1998; Wada et al., 1998a). DSIF contributes to
promoter-proximal pausing of RNAP II. P-TEFb counteracts the negative effect of
DSIF on transcription elongation by phosphorylating Spt5 and full-length
transcription is resumed (Yamada et al., 2006). Phosphorylation of Ser2 of the CTD
by p-TEFD is a further hallmark of the transcription elongation phase of transcription.
In addition, inhibition of P-TEFb culminates in incorrect RNA 3’ end processing,
consistent with the important role for the Ser2-phosphorylated CTD in the recruitment
of 3’end processing factors (Ahn et al., 2004; Ni et al., 2004).

1.7.1.1.3 DSIF

DRB-sensitivity-inducing factor (DSIF) was identified based on its ability to
confer DRB sensitivity to a transcription reaction (Wada et al., 1998a). The
heterodimeric DSIF complex is composed of the proteins Spt5S and Spt4. DSIF was
originally reported to inhibit transcription elongation, more recent findings however
also implicate a positive function for Spt4 and Spt5 in transcription elongation
(Lindstrom et al., 2003; Rondon et al., 2003). In vitro transcription assays and genetic
studies in yeast revealed Spt4 as positive transcription elongation factor (Rondon et
al., 2003). Furthermore, Spt4 can antagonize pausing of RNAP II imposed by the
chromatin-remodeling factor Isw1p (Morillon et al., 2003a).

Studies on Spt5 showed that early in transcription Spt5 is inhibitory to
transcription, whereas later in transcription, after promoter-proximal pausing, Spt5
stimulates the transcription process by preventing premature termination and pausing
(Bourgeois et al., 2002; Wada et al., 1998b). Biochemical and genetic evidence
supports interactions between Spt4, Spt5 and RNAP II (Wada et al., 1998a). Further
interaction studies demonstrated that DSIF genetically and physically associates with
TFIIF as well as with the chromatin-related factors Spt6, FACT, Chdl and the PAF
complex (Costa and Arndt, 2000; Hartzog et al., 1998; Krogan et al., 2002; Lindstrom
et al., 2003; Mueller and Jaehning, 2002; Squazzo et al., 2002).
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1.7.1.2  Factors that influence transcriptional arrest

Arrested RNAP II complexes resume productive elongation via an
evolutionarily conserved mechanism that requires cleavage of the RNA transcript
(Sims et al., 2004a). TFIIS was identified as factor that promotes RNAP II read-
through at arrest sites (Conaway et al., 2003) and therefore stimulates elongation by
reducing RNAP II pausing. In addition, it enhances the cleavage reaction, which is an
intrinsic property of RNAP II itself (Orlova et al., 1995). Recently, the structure of
RNAP II in combination with TFIIS could be solved (Kettenberger et al., 2003).
From this structure, Kettenberger and colleagues could determine that the active site
of RNAP II undergoes extensive structural changes during TFIIS binding and these
structural changes are consistent with a realignment of the RNA in the active center
(Kettenberger et al., 2003). The yeast homolog of TFIIS is termed Ppr2p. ppr2
mutants were shown to be sensitive to the drug 6-azauracil (6AU). Sensitivity to 6AU
is a hallmark of transcription elongation mutants. In addition, TFIIS genetically
interacts with elongation factors like DSIF and also with the PAF complex, FACT,
Spt6 and SWI/SNF, which are chromatin remodelers (see below; Costa and Arndt,
2000; Davie and Kane, 2000; Hartzog et al., 2002; Lindstrom and Hartzog, 2001;
Orphanides et al., 1999).

1.7.2  Elongation factors that remodel chromatin

In eukaryotes, DNA is packaged into chromatin. An important structural unit
of chromatin is the nucleosome. The nucleosome consists of an octameric complex of
histone proteins formed of an H3-H4 tetramer and two H2A-H2B dimers around
which 147 bp of DNA are wrapped (Saunders et al., 2006). A linker DNA connects
the nucleosomes. H1, a fifth histone protein can bind to the linker DNA and helps to
stabilize higher order chromatin (Khorasanizadeh, 2004).

Chromatin represents a major block for RNAP II transcription (Sims et al.,
2004a) and therefore has to be remodeled during transcription elongation. Models that
explain how RNAP II can transcribe in a chromatin environment have been put
forward. They propose that both nucleosome mobilization and histone depletion occur
as RNAP II progresses along the chromatin template (Studitsky et al., 2004).
However, it still remains to be elucidated how the elongation factors that remodel or

modify the chromatin structure work together and how histone modifications
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influence the chromatin structure and thus transcription elongation (Sims et al.,
2004a). Elongation factors that remodel chromatin can be further subdivided in ATP-

dependent remodeling factors, histone chaperones and factors that modify histones.

1.7.2.1 ATP-dependent remodeling

SWI/SNF and Chdl are two factors that share a conserved ATPase domain
(Lusser and Kadonaga, 2003). SWI/SNF is an ATP-dependent chromatin-remodeling
complex whose ATPase activity is required for transcription on nucleosomal
templates (Narlikar et al., 2002; Sullivan et al., 2001). The ATPase Chdl remodels
nucleosomes in vitro and appears to function in both elongation and termination (Alen
et al., 2002; Tran et al., 2000). Chd1 interacts genetically with the SWI/SNF complex
(Tran et al., 2000) and physically with the PAF complex, DSIF and FACT (Kelley et
al., 1999; Krogan et al., 2002; Simic et al., 2003). All these factors have been

implicated in transcription elongation (see below).

1.7.2.2 Histone Chaperones

Two factors in particular have been linked with histone disassembly and
reassembly: FACT and Spt6. FACT facilitates the displacement of H2A-H2B dimers
during in vitro transcription and facilitates RNAP II elongation through chromatin
(Belotserkovskaya et al., 2003; Sims et al., 2004a). Spt6 interacts physically with
histones in vitro, most strongly with H3 and H4, and also helps to disassembly the
H2A-H2B dimer (Bortvin and Winston, 1996). After RNAP II has passed by a
nucleosome, FACT and Spt6 help to reassemble the nucleosome (Saunders et al.,
2006). Reassembly of the nucleosome after RNAP II transcription is important for
preventing aberrant transcription initiation from cryptic promoter sites that contain a

TATA element and a proximal initiation site (Saunders et al., 2006).

1.7.2.3 Histone modification factors

Histone proteins are posttranslationally covalently modified by a wide variety
of enzymes. The highly accessible N-terminal histone tails undergo several covalent

modifications including acetylation, methylation, ubiquitination, phosphorylation and
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ADP-ribosylation (Vaquero et al., 2003; Zhang, 2003). Histones of genes that are
transcriptionally active are highly acetylated in comparison to histones of genes that
are silent. Histone acetylation destabilizes chromatin structure by disrupting
internucleosome associations as well as histone tail interactions with linker DNA
(Sims et al., 2004a). Therefore, acetylation of histones is important for productive
transcription (Saunders et al., 2006). Histone lysine methylation at specific lysines
appears to play a role in establishing both short-and long-term transcriptional
regulation (Sims et al., 2004a). Silent or repressed regions co-map with methylation at
histone lysine residues H3-K9, H3-K27 and H4-K20 (Sims et al., 2004a). In contrast,
transcriptionally active domains are typically associated with methylation at H3-K4,
H3-K36 and H3-K79 (Lachner et al., 2003; Sims et al., 2003). These lysines are
methylated by specific methyl transferases called Setlp and Set2p.

Setlp is a specific histone H3-H4 methyltransferase in yeast. It associates with
RNAP II CTD and the PAF complex (Krogan et al., 2003a; Ng et al., 2003a) and most
interestingly also with the CPF complex (Dichtl et al., 2004). Setl-mediated histone
H3-H4 methylation occurs at promoters and within the coding region of active genes
in yeast (Ng et al., 2003b).

Yeast Set2p is an H3-K36-specific histone methyltransferase. Set2 associates
with the hyperphosphorylated form of RNAP II CTD (Krogan et al., 2003b). It was
further demonstrated that association of Set2 and H3-K36 methylation within coding
regions is dependent on the PAF complex (Krogan et al., 2003b).

The PAF complex consist of five subunits, Pafl, Ctr9, Cdc73, Rtfl and Leol
and is conserved from yeast to humans (Krogan et al., 2002; Mueller and Jachning,
2002; Squazzo et al., 2002). Pafl was originally identified as a protein associated with
RNAP II (Shi et al., 1996). The PAF complex has a crucial role in the regulation of
histone monoubiquitylation and methylation of several histones. The PAF complex, in
particular its Rtfl component, is required for the recruitment of the H2B
monoubiquitylation enzyme and therefore for monoubiquitylation of H2B (Wood et
al., 2003). Histone H2B monoubiquitylation was shown to be a prerequisite for H3-
K4 and H3-K79 methylation (Ng et al., 2003a; Wood et al., 2003). Similarly, the PAF
complex is required for recruitment of Setl and Set2 in a manner dependent upon the
phosphorylation state of the CTD of RNAP II and also for correct H3-K4, H3-K36
and H3-K79 methylation (Krogan et al., 2003a; Krogan et al., 2003b; Ng et al.,
2003b; Wood et al., 2003). Apart from their many functions in histone modification,
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the PAF complex subunits revealed a wide range of transcription elongation
phenotypes, including sensitivity to 6AU. In addition, the PAF complex associates
with transcription elongation factors, indicating that it is involved in transcription
elongation, too (Costa and Arndt, 2000; Mueller and Jaehning, 2002; Rondon et al.,
2003; Squazzo et al., 2002). However, a recent study also found functions for the PAF
complex which are independent of actively transcribing RNAP II (Mueller et al.,
2004). In addition, loss of the Pafl factors causes a reduction of RNAP II CTD Ser2
phosphorylation and also shortened poly(A) tails, suggesting that the complex
facilitates linkage of transcriptional and posttranscriptional events (Mueller et al.,
2004). Yet an other function for the PAF complex has been reported recently. It was
shown that the PAF complex is required for the 3’ end formation of snoRNAs, thus
probably linking transcription elongation of snoRNAs to their 3’ end formation

(Sheldon et al., 2005).

1.8 Protein phosphatases

Reversible protein phosphorylation is involved in the regulation of cellular
processes as diverse as glycogen metabolism, muscle contraction, ion channel
regulation, transcription, translation and the cell cycle (Depaoli-Roach et al., 1994).
Protein phosphatases are signal-transducing enzymes that dephosphorylate cellular
phospho-proteins (Barford, 1995). The dephosphorylation of serine, threonine and
tyrosine residues within proteins is catalyzed by three families of protein
phosphatases including two families of Ser/Thr phosphatases and one protein tyrosine
phosphatase family (Barford, 1996). Diversity of structure within a family is
determined by targeting and regulatory subunits and domains. Structural studies of
these enzymes have revealed that although the two families of protein Ser/Thr
phosphatases are unrelated in sequence, the architecture of their catalytic domains is
remarkably similar and distinct from the protein tyrosine phosphatases (Barford,
1996).

Surprisingly, protein phosphatases are outnumbered by a large amount of
protein kinases in the cell. Over the past decade an understanding has emerged of how
such a small number of phosphatases is able to dephosphorylate thousands of proteins
while allowing the level of phosphorylation of each of these proteins to be regulated

independently. Many of these questions have been answered by studies of one of the
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major eukaryotic protein phosphatases: protein phosphatase 1 (PP1). The PP1
catalytic subunit can form complexes with > 50 regulatory subunits in a mutually
exclusive manner. The formation of these complexes converts PP1 into many
different forms, which have distinct substrate specificities, restricted subcellular
locations and diverse regulation. This allows numerous cellular functions that rely on
PP1 to be controlled by independent mechanisms (Cohen, 2002).

The S. cerevisiae genome encodes ~32 protein phosphatases (Sakumoto et al.,
1999). Three of the 32 phosphatase are essential for cell viability (Sakumoto et al.,
1999). One of them is the serine/threonine-specific phosphatase Glc7p (Feng et al.,
1991).

1.8.1 Glc7p

Glc7p is the only yeast homolog of the mammalian PP1 (Feng et al., 1991)
and regulates both nuclear and cytoplasmic processes. The Glc7 protein has a
sequence that is 81% identical with the rabbit protein phosphatase 1 catalytic subunit
(Feng et al., 1991). The molecular weight of Glc7p is 36 kDa. It belongs to the few
genes in S. cerevisiae that have an intron. Exon 1 of Glc7p spans nucleotides 1 — 177
and Exon 2 nucleotides 703 — 1464 (Figure 1.6 a). Glc7p has been implicated in
processes such as glycogen accumulation, carbohydrate metabolism, translation
initiation (Ashe et al., 2000), transcription, mitosis, meiosis, vesicular trafficking, cell
polarity, histone modification and ion homeostasis (Stark, 1996). Time-lapse
fluorescence microscopy revealed that GFP-Glc7p localizes predominantly in the
nucleus throughout the mitotic cell cycle, with the highest concentrations in the
nucleolus (Bloecher and Tatchell, 2000). GFP-Glc7 was also observed in a ring at the
bud neck, which was dependent on functional septins (Bloecher and Tatchell, 2000).

Originally, Glc7p has been identified as a gene that complements a defect in
glycogen accumulation, hence its name: Glc7 for Glycogen-deficient (Feng et al.,
1991). Later, it was found that Glc7p regulates the phosphorylation of Gsy2, the
major isoform of glycogen synthase (Anderson and Tatchell, 2001). Gaclp is the
regulatory and targeting subunit of Glc7p in the dephosphorylation of Gsy2p (Wu et
al., 2001).

Glc7p is involved in several different steps during mitosis. Distinct mutations

in Glc7p lead to an arrest in the cell cycle (MacKelvie et al., 1995). It was proposed
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that Sds22p is the regulatory subunit of Glc7p in this process and that Sds22p
functions positively with Glc7p to promote dephosphorylation of nuclear substrates
required for faithful transmission of chromosomes during mitosis (Peggie et al.,
2002).

Moreover, Glc7p regulates the mitotic phosphorylation of histone H3 at serine
10 in S. cerevisiae (Hsu et al., 2000). The phosphatase activity of Glc7p is opposed by
the kinase Ipllp, which phosphorylates H3 S10 (Hsu et al., 2000). It is believed that
phosphorylation of histone H3 is required for chromosome segregation (Hsu et al.,
2000). A function for Glc7p in meiosis was proposed, based on the fact that Glc7p
counteracts Meklp kinase activity, which is required for the pachytene checkpoint,
and checkpoint-induced pachytene arrest (Bailis and Roeder, 2000).

Glc7p also has functions in glucose repression in S. cerevisiae (Tu and
Carlson, 1994). Glucose repression is a signaling pathway that suppresses
transcription of genes required under glucose starvation conditions. Reglp was
identified as the regulatory subunit of Glc7p in glucose repression (Tu and Carlson,
1995). The Reglp-Glc7p complex antagonizes the action of the protein kinase Snflp
in the transcription of genes required for non-carbon source utilization (Young et al.,
2002). Activation of Snflp, when glucose is limiting, requires phosphorylation of a
threonine residue at the C-terminus of Snflp. It was shown that Glc7p regulates the
phosphorylation state of Snflp .

Reglp interacts with the 14-3-3 proteins Bmhl and Bmh2. Together they
regulate the glucose-induced degradation of maltose permease (Mayordomo et al.,
2003) and also have roles in maintaining glucose repression (Dombek et al., 2004).
Reglp-Glc7p is required for the glucose-induced degradation of fructose-1,6-
bisphosphatase in the vacuole (Cui et al., 2004).

Interestingly, a defect in processing of rRNA was also reported for a
conditional Glc7p deletion strain (Peng et al., 2003). Deletion of Glc7p results in the
accumulation of 35S pre-RNA, indicating a defect in A2 cleavage of the pre-rRNA
(Peng et al., 2003). The delay in A2 cleavage may be a consequence of either altered
snoRNA processing and/or a reduction in the abundance of ribosomal proteins (Peng
et al., 2003).

Two regulatory proteins of Glc7p have been described (Garcia-Gimeno et al.,
2003; Nigavekar et al., 2002). One of them, Glc8p, is an activator of Glc7p
(Nigavekar et al., 2002). However, Glc8p induces the activity of Glc7p only during
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stationary phase, because the expression of Glc8p is repressed by glucose (Nigavekar
et al., 2002). The other regulatory protein, Ypilp, is an inhibitor of the phosphatase
activity of Glc7p (Garcia-Gimeno et al., 2003).

1.8.2  Description of temperature-sensitive glc7 mutant alleles used for this thesis

During the course of this thesis we worked with four temperature-sensitive
(ts) glc7 mutant alleles: glc7-10, glc7-12, glc7-13 and glc7-5 and the corresponding
isogenic W303 WT strain (Figure 1.6 b). These strains were all generated in the
laboratory of Prof. Mike Stark, University of Dundee. The isogenic WT background
is MATa his3 leu2 uro3 ade2 glc7::LEU2 trpl::GLC7::TRP1. The reported

phenotypes of these glc7 mutant alleles will be discussed in the following paragraphs.

1.8.2.1 glc7-10

The temperature-sensitive glc7-10 allele displays aberrant bud morphology
and an abnormal actin cytoskeleton at the restrictive temperature (Andrews and Stark,
2000). At 37°C, glc7-10 strains accumulate a high proportion of budded cells with an
unmigrated nucleus, duplicated spindle pole bodies, a short spindle, delocalized
cortical actin and 2C DNA content indicating a cell cycle block prior to the metaphase
to anaphase transition (Andrews and Stark, 2000). Pkclp, the yeast protein kinase C
homolog, which is thought to regulate the Mpklp MAP kinase pathway involved in
cell wall remodeling and polarized cell growth, was found to act as a dosage
suppressor of glc7-10. Therefore, Glc7p is required for normal cell wall integrity, bud
development and cell cycle progression. In addition, glc7-10 cells require higher
levels of Pkclp activity to sustain these functions (Andrews and Stark, 2000).

Sequencing of the coding region of glc7-10 revealed one point mutation at
position +928, causing an F135L substitution, a residue that is conserved in all
members of the PPP family of protein phosphatases (Andrews and Stark, 2000). The

minimum restrictive temperature of glc7-10 is ~37°C.

1.822 glc7-12

The temperature-sensitive Glc7p allele, glc7-12, causes a block to the

completion of mitosis at the restrictive temperature (MacKelvie et al., 1995). At 37°C,
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around 35% of glc7-12 cells arrest with a nucleus stretched across the neck of the bud
and a short mitotic spindle. Additional copies of SDS22, a known regulator of the
mitotic function of PP1 in Schizosaccharomyces pombe (Ohkura et al., 1989) lead to
the suppression of the glc7-12 mutant (MacKelvie et al., 1995). This suggests that the
interaction of the two proteins is of functional significance and indicates that Sds22p
is a regulatory subunit of Glc7p during mitosis. However, even at high copy number,
SDS22 was unable to rescue growth of either glc7-10 or glc7-13. This allele-specific
effect of Sds22p indicates that the function of Sds22p is related to the role of PP1
during mitosis.

Sequencing of the coding region of glc7-12 revealed three separate point
mutations at positions +93, +734 and +1261. However, since the mutation +734 is
silent, glc7-12 encodes a product with two predicted amino acid changes: N32Y and
G227D. The N32Y substitution is not highly conserved but it lies immediately
adjacent to the motif [-E(I/V)R-] conserved in PP1. The central G227D substitution
alters a residue highly conserved in PP1 which marks the boundary of a predicted a-
helical region (MacKelvie et al., 1995). The minimum restrictive temperature of glc7-

12 1s ~33-34°C.

1.8.2.3 glc7-13

The temperature-sensitive glc7-13 mutant strain exhibits a random arrest with
respect to the cell cycle suggesting that glc7-13 is not involved in cell cycle
progression (Mike Stark, personal communication). In addition, the cell size of glc7-
13 mutant cells is reduced at the restrictive temperature compared to WT (Mike Stark,
personal communication). Sequence analysis of the glc7-13 coding region revealed
two point mutations at positions +143 and at +1049. Therefore, glc7-13 has two
amino acid substitutions: Q48R and L175P (Andrews and Stark, 2000). The minimum

restrictive temperature of glc7-13 is ~32°C.

1.8.2.4 glc7-5

Glc7p promotes mRNA export by facilitating association of Mex67p, a
conserved heterodimeric export receptor, with mRNA (Gilbert and Guthrie, 2004).

Npl3p is required for mRNA export in S. cerevisiae probably by acting as an adaptor
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for Mex67p. Gilbert and co-workers could show that nuclear dephosphorylation of
Npl3p in vivo is promoted by Glc7p and that this is required for mRNA export
(Gilbert and Guthrie, 2004). The authors proposed that Mex67p-dependent mRNA
export is regulated by Glc7 dependent dephosphorylation of Npl3p (Gilbert and
Guthrie, 2004). For their studies Gilbert and co-workers used the glc7-5 ts allele. This
implicates that glc7-5 mutant strains accumulate mRNAs in the nucleus and also that
phosphorylated Npl3p accumulates in these mutants.

glc7-5 was also shown to arrest in the G1 phase of the cell cycle (M. Stark,
personal communication). glc7-5 has a single point mutation at position 1252, which
changes a threonine to an alanine at position 224. The minimum restrictive

temperature of glc7-5 is ~32°C.

1 177 703 1464

Glc7p Exon 1 Intron Exon 2

B

928 — F135L
gle7-10 | | | |
93 — N32Y 734 — silent 1261 = G227D
deri2 | | | ¥ |
143— Q48R 1049 — L175P
|
gle7-13 | <= | < |
1252 — T224A
gles | I I |

Fig. 1.6. Location of point mutations in glc7 mutant alleles.

A) Schematic representation of the genomic organization of Glc7p.

B) Schematic representation of glc7 mutants used in this study. Stars indicate the nucleotide positions
of the point mutations that change the amino acid sequence.
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2 Glc7p regulates polyadenylation but not cleavage of pre-mRNAs

2.1  Summary

Pre-mRNAs are cleaved and the upstream fragments are subsequently polyadenylated
at their 3° end. Cleavage and polyadenylation factor (CPF) is a multiprotein complex
conducting these two reactions in cooperation with cleavage factor IA (CF TA) and
cleavage factor IB (CF IB). Here, we show that the protein phosphatase Glc7p, a
component of CPF, is required for the polyadenylation step however not for the
cleavage step of pre-mRNAs. We found that loss of Glc7p activity causes the
accumulation of shortened poly(A) tails in vivo. GST-pulldown experiments revealed
interactions with several subunits of CPF and CF IA. Moreover, the protein levels of
several subunits of CPF are reduced in a glc7 mutant strain, suggesting that CPF
complex formation is compromised. Finally, we observe a poly(A) site selection
defect in a glc7 mutant strain.

These results indicate that Glc7p is essential for polyadenylation and poly(A) site

selection of pre-mRNAs may be regulated via CPF complex assembly.

2.2 Introduction

pre-mRNAs of eukaryotes have to undergo extensive processing including addition of
a 5’ cap, splicing of introns and 3’ end processing, to become mature, functional
mRNAs. These processes all occur co-transcriptionally and are coupled to
transcription via the CTD of RNAP II, which acts as a landing platform for processing
factors (Proudfoot, 2000a).

3’ end processing of pre-mRNAs consists of two steps: endonucleolytic cleavage at
the poly(A) site followed by the addition of a poly(A) tail to the upstream cleavage
product. Poly(A) tails are important for the stabilization, export and also for
translation of mRNAs. Loss of the poly(A) tails leads to a rapid degradation of
mRNAs. In S. cerevisiae the average poly(A) tail has a length of around 70
nucleotides. Cis-acting sequences in the 3’ untranslated regions (3’UTRs) guide the
trans-acting cleavage and polyadenylation factors to the correct cleavage and
polyadenylation site. In S. cerevisiae the CPF, CF IA, CF IB and the poly(A) binding
protein (Pablp) are required for the cleavage and polyadenylation reactions in vitro

(Chen and Moore, 1992; Ohnacker et al., 2000). CPF has been affinity purified from
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yeast extracts (Ohnacker et al., 2000). Mass spectrometry of this purified CPF led to
the identification of Ref2p, Ptilp, Swd2p, Ssu72p and Glc7p, formerly unknown
subunits of CPF (Dichtl et al., 2002a). In addition, CPF contains the putative
endonuclease Yshlp, the poly(A) polymerase Paplp and the subunits Yhhlp, Ydhlp,
Ythlp, Pfs2p, Ptalp, Mpelp (Ohnacker et al., 2000). Several other groups also found
these subunits to be part of CPF (Gavin et al., 2002; Walsh et al., 2002). CF IA was
shown to comprise the subunits Rnal4p, Rnal5p, Pcfl1p and Clplp (Kessler et al.,
1996). CF IB consist of a single subunit Nab4p/Hrplp (Kessler et al., 1996). Several
subunits of CPF have been shown to be involved in recognition of the poly(A) site
including Yhhlp, Ydhlp and Ythlp (Barabino et al., 2000; Dichtl et al., 2002b; Dichtl
and Keller, 2001; Kyburz et al., 2003). These factors bind to sequences surrounding
the poly(A) site, which specify the actual cleavage site in vivo (Dichtl and Keller,
2001).

Phosphorylation of proteins is a major control mechanism in the cell. It was proposed
that 3° end formation is also regulated via phosphorylation events, since the
polyadenylation activity of Paplp is downregulated by phosphorylation in vitro
(Mizrahi and Moore, 2000). However, this type of regulation seems to be restricted to
the S/G2 transition stage of the cell cycle (Mizrahi and Moore, 2000). Therefore,
Paplp might not be the target of regulating polyadenylation at each round of
transcription of a gene.

Glc7p is a serine/threonine phosphatase that has been implicated in many cellular
processes in the nucleus and the cytoplasm. These include glycogen accumulation,
carbohydrate metabolism, translation initiation, transcription, mitosis, meiosis,
vesicular trafficking, cell polarity, histone modification and ion homeostasis (Stark,
1996). Glc7p is the only yeast homolog of the mammalian protein phosphatase 1
(PP1) and their protein sequences are 81% identical (Feng et al., 1991). To achieve
specificity for different substrates Glc7p associates with targeting or regulatory
subunits that direct it to the substrate and/or regulate its activity. Thus, it is possible
that a single phosphatase carries out many distinct reactions. The association of Glc7p
with CPF suggests that a targeting and/or regulatory subunit may recruit Glc7p to the
complex. This could also imply that Glc7p is involved in the regulation of cleavage or
polyadenylation by phosphorylation. While our studies on the function of Glc7p in 3’
end processing were ongoing, He and co-workers reported that Glc7p is required for

polyadenylation of pre-mRNAs (He and Moore, 2005). The authors demonstrated that
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the phosphorylation state of Ptalp is regulated by Glc7p and that dephosphorylation
of Ptalp is necessary to switch CPF to a poly(A) adding-competent complex.

Here, we show that glc7-13 mutants are defective for polyadenylation but not for
cleavage of pre-mRNAs in vitro and in vivo. In addition, the glc7-12 mutant strain
displays a poly(A) site selection defect. Loss of Glc7p activity leads to reductions in

protein levels of several subunits of CPF.
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2.3 Results

2.3.1 GST-pulldown experiments reveal physical interactions between CPF subunits
and Glc7p

The S. cerevisiae protein phosphatase Glc7p co-purified with CPF (Dichtl et al.,
2002b; Walsh et al., 2002). We therefore decided to identify interaction partners of
Glc7p within CPF. To this end we performed GST-pulldown experiments. Glc7p was
expressed as a fusion protein with glutathione-S transferase (GST) and incubated with
in vitro translated subunits of CPF and CF IA. As a control GST alone was incubated
with the in vitro translated proteins to test for background binding of GST to these
proteins. We observed strong interactions of Glc7p with Pfs2p, Yshl, Ptalp, Paplp,
Pcfllp and Ssu72p. Intermediate interactions are observed for Yhhlp, Ydhlp,
YDLO094c, Clplp and Glc7p itself. Weak GST-pulldown interactions were detected
for Rnal4p. No GST-pulldown interactions with Glc7p were observed for Ptilp,
Ref2p, Mpelp, Fiplp, Pablp, Rnal5 and Nab4p (Fig. 2.1 a; Table 2.1). All these
numerous interactions of Glc7p with CPF indicate that Glc7p is an integral part of
CPF. Moreover, interactions designated as “strong” could have identified Yshlp,
Paplp, Ptalp, Pfs2p, Ssu72p and Pcfl1p as the minimum core interaction partners of
Glc7p within CPF and CF IA.

It is striking that these core interactions include the putative endonuclease Yshlp and
the poly(A) polymerase Paplp, as this may indicate an important function for Glc7p
in the regulation of 3’ end formation.

Correlating with our results, it was reported recently that Ptalp is a phosphoprotein
that is targeted by Glc7p to regulate polyadenylation of pre-mRNAs (He and Moore,
2005). These data also strengthen the idea that the core interactions we observed in
our in vitro GST- pulldown assays reflect the situation in vivo.

We do not observe an interaction of Glc7p with Ref2p in our pulldown experiment.
Contrary to our observation, an interaction between the two proteins was
demonstrated by yeast two hybrid experiments and by affinity purification (Nedea et
al., 2003; Uetz et al., 2000).

We also tested whether GST-Glc7p interacts with proteins involved in transcription or
processing of pre-mRNAs. Those included Rpb2 (second largest subunit of RNAP II),

Sua7p, a general transcription factor required for transcription initiation and start site
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selection by RNAP II, which interacts with Ssu72, Upflp, an ATP-dependent RNA
helicase of the SFI superfamily, required for nonsense mediated mRNA decay and for
efficient translation termination at nonsense codons and Nrdlp, an RNA-binding
protein that interacts with the C-terminal domain of the RNAP II large subunit and is
required for transcription termination and 3' end maturation of non- polyadenylated
RNAs. GST-Glc7p showed strong interaction with Rpb2p, Sua7p and Upflp and
moderate binding with Nrd1p (Fig. 2.1 b, Table 2.1), suggesting further functions of

Glc7p in the transcription process.
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Figure 2.1. Glc7p interacts directly with subunits of CPF and CFIA

(A) GST (lane 2) and GST-Glc7p (lane 1) bound to Glutathione Sepharose 4B were incubated with in
vitro translated **S-labeled subunits of CPF and CFIA as indicated on the left of the panel. Bound
proteins were separated by SDS-PAGE and visualized by autoradiography. Input (lane 3) shows 10%
of the in vitro translation reaction included into the binding reaction.
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Table 2.1

strong interaction  medium weak interaction  no interaction
interaction
Pfs2 Yhh1 Rnal4 Pti1
Ptal Ydhl Nrd1 Ref2
Yshl Glc7 Mpel
Papl YdI094c Fip1
Pcfll Clp1 Pabl
Rpb2 Rnal5
Upfl Nab4
Sua7
Ssu72

2.3.2  The glc7-13 mutant strain shows a defect in polyadenylation but not cleavage

of pre-mRNASs in vitro

3’ end processing of pre-mRNAs is a two step reaction: endonucleolytic cleavage
followed by polyadenylation of the upstream cleavage product (Zhao et al., 1999a).
Subunits of CPF are either involved in the cleavage or the polyadenylation reaction or
in both. Since Glc7p co-purified with CPF and physically interacts with several
subunits of CPF in GST-pulldown experiments, we wanted to gain more insight into
the role of Glc7p in 3 end processing of pre-mRNAs. Therefore, we carried out in
vitro cleavage and polyadenylation assays with protein extracts from WT and Glc7p
mutant strains to asses whether Glc7p could have a function in one of these reactions.
To this end, we prepared protein extracts of WT, glc7-5, glc7-12, glc7-13 and glc7-10
mutant strains. In order to find out whether cleavage is affected we tested these glc7
mutants for their ability to cleave a CYCI precursor RNA (CYCI pre) in vitro at the
permissive or non-permissive temperature. None of the glc7 alleles showed a defect in
cleaving the CYC1 pre-mRNA substrate at the restrictive temperature of 37° C (Fig.
2.2 a and b), indicating that Glc7p is not involved in the cleavage reaction of pre-
mRNAs. However, in the polyadenylation assay, extracts prepared from glc7-13 cells
were not capable to polyadenylate a pre-cleaved CYC1 precursor RNA at 37° C (Fig.
2.2 a, Monika Garras, unpublished). In contrast, glc7-12 and glc7-5 mutant extracts
showed no defect in polyadenylation, suggesting that the defect in polyadenylation is

allele-specific.
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We conclude that Glc7p is needed for the polyadenylation step of 3’ end processing
but not for the cleavage step.

This result is in agreement with recent data published by He and co-workers showing
that a conditional null allele of Glc7p no longer polyadenylates an in vitro transcribed

precursor RNA (He and Moore, 2005).

CYCl

Figure 2.2. glc7-13 is deficient in polyadenylation but not in cleavage of pre-mRNAs.

In vitro analysis of cleavage and polyadenylation activities of glc7 mutant extracts (A and B). Input
lanes represent mock-treated reactions. The migration positions of the CYC1 and CYCl1-precleaved
(CYCl1-pre) RNA substrate, specific cleavage products (5’ and 3”) and the polyadenylation products
(poly(A) are indicated on the right of each panel (A and B). Extracts prepared from yeast strains as
indicated on top were monitored for their ability to cleave internally **P-labeled CYC1 RNA substrate
at 30° C and 37° C. Specific polyadenylation was analysed at 30° C and 37° C with internally **P-
labeled precleaved CYC1 RNA substrate that ends at the natural poly(A) site.
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2.3.3  Poly(A) tails are shorter in glc7 mutants in vivo

To further substantiate the function of Glc7p in the polyadenylation reaction we were
interested whether Glc7p was also important for poly(A) tail synthesis in vivo.
Analysis of the global poly(A) tail length distribution of a cell’s mRNA is helpful to
identify a defect in polyadenylation in vivo and to get a general overview if gene
expression might be altered in a given strain.

To investigate the global poly(A) tail length distribution in vivo, total RNA was
extracted from WT or glc7-10, glc7-12, glc7-13 and glc7-5 mutant strains grown at
RT or shifted to 37°C for one or two hours. Tail lengths were determined by labeling
the RNAs at their 3’ ends, followed by RNase A treatment that leaves only the
poly(A) tails intact. In this assay, we observed that poly(A) tails were significantly
shorter in glc7-12 and to a lesser extent also in glc7-13 and glc7-5 mutant strains
compared to the WT, suggesting a function for Glc7p in polyadenylation of pre-
mRNAs (Fig. 2.3). In contrast, poly(A) tails in the glc7-10 mutant strain were not
affected. We conclude from these findings that Glc7p is necessary for poly(A)
addition not only in vitro but also in vivo. In addition we propose that gene expression
is partially compromised in glc7-12 mutants.

After we have performed this experiment it was reported that a conditional null allele
of Glc7p showed a marked decrease in the length of poly(A) tails in vivo (He and

Moore, 2005), confirming our result.
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Figure 2.3. Poly(A) tail length distribution is affected in glc7-12 mutant strains

Poly(A) tail length analysis of total RNA extracted from WT, glc7-10, glc7-12, glc7-13 and glc7-5
mutant strains after growth at 25° C and 37° C for various time points as indicated at the bottom of the
panel. The position and size (in number of nucleotides) of the marker bands are indicated on the left.

2.3.4 glc7-13 mutant cells show a poly(A) site selection defect

To complete our study on the function of Glc7p in polyadenylation, we were
interested if Glc7p might also be involved in selection of the poly(A) site. 3’
untranslated regions (UTRs) of mRNAs can contain several poly(A) sites. In most
cases, however, the most proximal site is the main poly(A) site which is
predominantly used. A well known example of a gene that encodes multiple poly(A)
sites is ACT1 (Mandart and Parker, 1995). The ACT1 3” UTR contains at least four

potential polyadenylation sites. WT cells mainly use the most proximal poly(A) site

and to a lesser extent downstream sites.

57



To test for poly(A) site selection, we carried out Northern analysis of WT and glc7-
10, glc7-12, glc7-13 and glc7-5 mutant strains with a probe directed against the ACT1
mRNA. This analysis allows detection of the most proximal poly(A) site (site I) and
the most distal poly(A) site (site IV) of ACT1. When cells were shifted to the
restrictive temperature of 37° C for two hours, an increased signal for poly(A) site IV
can be observed in glc7-13 mutants, indicating that site IV is now as frequently used
as site I in this mutant (Fig. 2.4). The other glc7 mutants did not show an alteration in
the selection of the poly(A) site suggesting that this phenotype is allele-specific.

We therefore propose that Glc7p is involved in poly(A) site selection of ACT1 pre-
mRNA.

WT glec7-10 glec7-12 gle7-13 gle7-5

00512 0051 2005120051 2 hrs at 37°C

Actl . m..‘ 4.“'.4—1\/

I II III v

Actl pre-mRNA 1 1 1 1
AAAAAA
AAAAAA
AAAAAA
AAAAAA

Figure 2.4. glc7-13 mutant strains are deficient in recognition of the ACT1 poly(A) site in vivo
The drawing below the figure shows the relative positions of the different poly(A) sites. Northern
analysis of total RNA extracted from WT and glc7-10, glc7-12, glc7-13 and glc7-5 mutant strains
grown at 25° C or after shift to 37° C for 0.5, 1 and 2 hours as indicated at the top. Bands corresponding
to site [ or IV as indicated on the right. Blot was proped against Actl and 18S, which served as a
loading control.

2.3.5 The protein levels of several CPF subunits are altered in glc7 mutants

One possible explanation for the defects observed with some glc7 mutants in the
previous chapters is that CPF did not assemble correctly. The fact that Glc7p is part of

the CPF complex rises the question whether mutations in Glc7p could destroy the
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complex and consequently its function in cleavage and polyadenylation. Reduced
activity of the phosphatase Glc7p might lead to a destabilization of the interactions
between subunits of CPF since modifications of these subunits could be important for
the association with the complex or for their function. Therefore the observed defects
in polyadenylation in g/c7 mutants could be the result of a loss of CPF subunits from
the complex that have important functions in polyadenylation.

To assess protein levels of distinct subunits of CPF in glc7 mutant strains, we
performed Western analysis on protein extracts derived from WT, glc7-10, glc7-12,
glc7-13 and glc7-5 mutant cells before and after a one hour shift to the restrictive
temperature (37° C) using antibodies against several subunits of CPF and CF ITA (Fig.
2.5).

Results of the Western analysis showed a significant decrease of protein levels in the
CPF subunits Fiplp, Pfs2p, Yshlp, Ptilp, Ptalp and a modest decrease of Paplp
levels in the mutant strain glc7-12 at the restrictive temperature. All of the CF IA
subunits tested (Rnal5p, Rnal4p, Pcfl1p) only showed a slight decrease in protein
levels in glc7-12 mutants. In contrast, none of the other glc7 mutants resulted in a
reduction in protein levels within these subunits. These data again suggests that there
seems to be an allele-specific separation of phenotypes. Our results are only in part in
accordance with those of He and co-workers (He and Moore, 2005). These authors
also observed a decrease in protein levels of Ptalp and Fiplp, however not for
Rnal5p and Paplp. This difference could be a result of the different strains used in
these two studies. We were working with temperature-sensitive (ts) alleles whereas
He and co-workers used a conditional null allele of Glc7p.

In conclusion, mutations in Glc7p seem to destabilize subunits of CPF and CF IA.
This destabilization could contribute to the defects observed for polyadenylation in

glc7-12 in vivo.
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Figure 2.5. The amount of CPF subunits is reduced in glc7-12 mutant strains

Western analysis of WT and glc7 mutant extracts prepared from cells grown at 25° C, or after shift to
37° C for 1 hour as indicated on top of the panel. Equal amounts of total protein were loaded in each
lane. Lane 11 shows purified CPF. Lane 12 shows purified CF IA. The filters were treated with
antibodies directed against the proteins indicated at the left.
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2.4 Discussion

Phosphorylation of proteins regulates many cellular processes. The essential protein
phosphatase Glc7p, the yeast homolog of mammalian PP1, has been affinity purified
together with CPF (Dichtl et al., 2002a; Walsh et al., 2002). This suggested to us that
Glc7p could have a function in 3’ end processing of pre-mRNAs. Here, we show that
polyadenylation of a pre-cleaved RNA substrate is impaired in an in vitro cleavage
and polyadenylation assays with whole cell extracts prepared from several glc7
mutant strains. The involvement of Glc7p in the polyadenylat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>