ANALYZING THE EFFECTS OF CIS-ELEMENTS AND
TRANS-FACTORS ON THE
STABILITY OF THE GAL1 mRNP

A DISSERTATION IN
Molecular Biology and Biochemistry
and
Cell Biology and Biophysics

Presented to the Faculty of the University
of Missouri-Kansas City in partial fulfillment of
the requirements for the degree
DOCTOR OF PHILOSOPHY

by
KARIM PIRANI
B.Sc., University of Mumbai, 2002
M.Sc., University of Mumbai, 2004
M.S., University of Missouri-Kansas City, 2008

Kansas City, Missouri
2014

2014
KARIM PIRANI
ALL RIGHTS RESERVED
©

ANALYZING THE EFFECT OF CIS-ELEMENTS AND TRANSFACTORS ON THE
MORPHOLOGY OF GAL1 mRNP
Karim Pirani, Candidate for the Doctor of Philosophy Degree
University of Missouri-Kansas City, 2014

ABSTRACT

The highly dynamic and nonrandom spatial organization of the eukaryotic nucleus
plays an important role in the regulation of gene expression. For example, in S. cerevisiae,
several conditionally expressed genes relocate to the nuclear periphery upon activation.
Moreover, these genes can be retained at the nuclear periphery for a considerable time after
transcriptional shutoff. Sequence specific DNA binding proteins, transcription, chromatin
remodeling, and mRNP quality control factors have all been implicated in perinuclear gene
repositioning, but their relative contributions to the events of gene recruitment, capture and
retention at the periphery remain unresolved. Sus1 is a conserved eukaryotic protein involved
in transcription, mRNA export and perinuclear gene repositioning. Here, we show that the
functions of Sus1p in perinuclear repositioning of GAL genes and its chromatin-linked
functions can be genetically uncoupled, and that the role of Sus1p in the retention of mRNA
in gene-proximal foci is chromatin-independent. Histone variant H2A.Z, likewise has been
suggested to play a role in the post-transcriptional association of the yeast genes with the
nuclear periphery. Our findings indicate that the loss of H2A.Z doesn’t alter gene-proximal
mRNA retention, but has a differential effect on perinuclear repositioning of GAL genes.
iii

H2A.Z affects recruitment of GAL1 promoter-driven genes to the nuclear periphery in a
3’UTR-dependent manner, but its effect on posttranscriptional retention of GAL1 genes at the
nuclear periphery is locus specific. Our previous analysis has also shown that the retention of
RNA at the site of transcription is dependent on 3’end of the Gal1. Our results indicate that
the absence of AU-rich element (ARE) sequence in Gal1 3’UTR may be one of the factor
leading to Gal1 mRNP formation at the transcription site. Moreover, our data shows that by
introducing the ARE sequence (TATTTAT), between the two cleavage sites of Gal1 3’UTR,
it not only reduces the number of cells that for Gal1 mRNP but also abolishes the synthesis
of extended transcript at Gal1 locus.
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CHAPTER 1:
BACKGROUND AND SIGNIFICANCE:
Synthesis of messenger RNAs (mRNAs) are the central conduits in the flow of
information from DNA to protein. In eukaryotes, mRNAs synthesis occurs in the nucleus as
pre-mRNAs and these pre-mRNAs are than subjected to 3 distinct processing mechanisms,
1) 5’-end capping, 2) splicing, 3) 3’-end cleavage, and polyadenylation for proper
maturation. Once pre-mRNAs are processed completely, the mature mRNAs are then
exported to the cytoplasm, where they serve as the templates for protein synthesis. After
serving its purpose, mRNAs are degraded. This short summary is a very dry and simplistic
description of the life of mRNA; however this description captures nothing about the ins and
outs and intrigues of the life history of even the most common mRNA (Fig. 1.
All through their life, mRNAs are always bound by a host of associated factors, some of
which are dynamic and are subject to change according to cellular environment and cell
response. mRNA along with this complement of proteins and small non coding RNAs [e.g.,
microRNAs (miRNAs)] constitute the messenger ribonucleoprotein particle (mRNP)
(Schroder et al. 2005). Once the transcriptional process starts, mRNA is constantly
approached by various protein factors that help in modification of mRNA to make it mature
enough to leave the cell nucleus. The maturation or the modification process starts with the
addition of the 7’-methylguanosine at the 5’end. This process involves the binding of enzyme
guanylyl transferase, followed by cap binding proteins CBC1/2. This step is then followed by
removal of introns by splicing mechanism. The change of processes from capping to splicing
is dependent
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Figure 1. mRNA life-cycle in eukaryotic cell (Das S et al. 2013): Schematic view of the
nuclear and cytoplasmic phases of mRNA life cycle, namely transcription, capping, splicing,
polyadenylation, nuclear export, translation and finally degradation in cytoplasm. Various
mRNA binding proteins which are deposited onto/remain associated with maturing
transcripts during different stages of nuclear phase of life. Note that THO
components/maturing factors/mRNA-binding proteins are released from mRNA once the
mRNA matures and become export competent. Similarly export factors are also released
from transcript body once mRNA arrives at the cytoplasm and finally shuttle back to nucleus.
All vertical downward arrowheads represent various biogenesis steps as mentioned in the
figure (Adapted from Das S et al. 2013).
2

on phosphorylation state of the C-terminal domain (CTD) of RNA Polymerase II (RNAP II)
(Zhang et al. 1991). In a simple eukaryote like Sacchromyces cerevisiae (Baker’s yeast,
henceforth just referred to as yeast); only 5 % of the 6,000 genes have introns. The typical
splicing machinery is a multicomponent complex known as the spliceosome. This
multicomponent complex contains five small nuclear ribonucleoproteins (snRNPs) and more
than 100 proteins (Faustino et al. 2003). Each snRNP is made up of multiple proteins and a
single uridine rich small nuclear RNA (snRNA). These snRNPs bind to the splice site of the
mRNA leading to RNA: RNA, RNA: Protein and Protein: Protein interactions. The splicing
of mRNA is then followed by cleavage and polyadenylation. Similar to capping and splicing
process, cleavage and polyadenylation is also dependent on signals from CTD of RNAP II.
This final step is crucial for the maturation of mRNA from pre-mRNA, and hence this final
step of cleavage and polyadenylation is dependent on several sequences in the 3'region (ciselements, which are discussed later in the chapter) and on many protein factors (transfactors). Using affinity purification, more than 20 yeast proteins were identified to play a role
in 3'end cleavage and polyadenylation (Gavin et al. 2002, Mandel et al. 2008). These proteins
bind to each other and to specific sequence on pre-mRNA to make mature mRNA by two
step enzymatic process. The initial endonucleolytic reaction leads to cleavage of the premRNA and then the polyA polymerase (PAP) catalytically adds polyA tail (Yonaha et al.
2000). Mature mRNA is now coated with various proteins, like cap binding proteins, RNA
quality control and export factors and polyA binding proteins (PABP). The RNA bound with
these protein factors (mRNP) is now export competent and are exported out of nucleus
through nuclear pore (Fig 1).
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mRNA quality control:
The quality of the mRNA is essential for the survival of the organism, as any expression
from aberrant mRNA may lead to chaos within the cell or may prove fatal. The cell itself has
built safeguards against the export of aberrant mRNA to the cytoplasm. Using yeast as a
model it has been demonstrated that, the spontaneously generated abnormal or aberrant
mRNA/transcript are subjected to rapid degradation. (Burkand et al. 2000, Bousquetantonelli 2000, Das B et al 2000, 2006, Torchet 2002, Doma et al. 2007, Isken et al. 2007).
Many genes and pathways that aid in rapid degradation have been identified by molecular
studies and genetic suppressor analysis. (Burkard et al. 2000; Bousquet-Antonelli et al. 2000;
Das B et al. 2000, 2006, Torchet et al. 2002, Fasken et al. 2005, Doma et al. 2007, Isken et al.
2007). Identification of genes that are involved in degradation pathway was made by
stabilizing various aberrant messages by inactivating or deleting specific genes. A general
conclusion from all the above RNA quality control studies was that, the eukaryotic cells are
equipped with a many quality control/surveillance systems that are constantly monitoring
mRNP biogenesis at various steps, and that they can readily detect the aberrant mRNAs and
degrade them very rapidly. A number of other studies have also revealed that the mRNA
quality control pathways not only work throughout the entire life of the mRNAs in the
nucleus but also works in the cytoplasm, as described later (Fasken et al. 2005, Doma et al.
2007, Isken et al. 2007).
Aberrant transcripts are generated by two broad mechanisms. First, a specific base pair
mutation within a given gene may convert the corresponding transcript to an aberrant state.
Second, an anomaly in a given message may arise owing to an error-prone transcription and
mRNP biogenesis events in nucleus.
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A classic example of first kind of aberration is the transcripts synthesized from genes
containing an in-frame premature termination codon (PTC) due to a mutational alteration of a
genomic sequence either in the ORF or in the DNA upstream of ORF. Such messages are
degraded by mRNA surveillance systems in the cytoplasm called Nonsense Mediated Decay
pathway (NMD) (Rasmussen et al. 1993, Shuman 1997).
The second mechanism involves an integral inaccuracy associated with mRNA processing
and biogenesis machinery in the nucleus that can result in a variety of defective messages
even in the absence of any kind of mutation. Aberrant splicing or imprecise polyadenylation
in a fraction of a total pool of a given massage can lead to the formation of defective/aberrant
counterpart of that normal message in the cell.
The production of aberrant mRNAs is part of the cell life and can be produced by many
different mechanisms and sources, and that the cell should constantly be flooded with
aberrant transcripts, however the evidence points to contrary and very few aberrant
transcripts exist within the cell. This points to an elaborate mechanism that exists to control
the quality of the transcript synthesized within the nucleus, which detects and removes the
vast majority of aberrant messages. These quality control mechanisms persistently monitor
the synthesis of the transcript at various stages to ensure that aberrant transcripts are
immediately sequestered and destroyed. The quality control mechanism not only acts in the
nucleus but also works in the cytoplasm as discussed below.
In yeast, there are few mRNA quality control pathways that work in the cytoplasm –
NMD (Nonsense mediated decay), NSD (Non-stop decay) and NGD (No-go decay)
pathways. NMD pathway is the most well-studied quality control mechanism (Fig 2.) (Isken
et al. 2007, Rebbapragada et al. 2009).
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Nonsense-mediated decay: NMD pathway was initially discovered in yeast by Losson and
Lacroute in 1979, when they showed the degradation of the mRNAs that contained premature
termination codon (PTC) (Losson et al. 1979). However the number of aberrant RNA
substrates that are now known to be targeted by the NMD has increased considerably (Parker
2012). This list include (i) mRNAs that have long 3’extended termini (Muhlrad et.al. 1994,
Das et al. 2000, Kebaara et al. 2009, Deliz-Aguirre et al. 2011), (ii) mRNA with altered
translation initiation sites (Welch et. al. 1999), (iii) mRNAs with uORF (Gaba et al. 2005),
(iv) improperly spliced mRNA that contain intron(s) (He et al. 1993, Sayani et al. 2008) and
(v) mRNAs that have undergone frameshift by the translating ribosome to create PTC (Belew
et al. 2011).
Non-stop decay: The other two quality control pathways that act in the cytoplasm of yeast,
other than NMD are the NSD and NGD pathways. These pathways selectively degrade two
specific kind of aberrant transcripts. Aberrant transcripts that lack any stop codon are
recognized by the NSD pathway and are degraded (Fig. 3a).
No-go decay: This quality control pathway specifically targets mRNAs which contains
aberrant secondary structures in the coding region. These structures that cause the
translational elongation to pause are targeted by NGD pathway. During the degradation
process one or many endonucleolytic cleavage occurs in the translating transcripts near the
pause site resulting in at least two intermediates (Fig. 3b). What is not known about NGD is
that whether there occurs a single or multiple endonucleolytic cleavage or a single cleavage
followed by multiple cleavages in the aberrant transcript.
Aberrant mRNAs defective in export competent mRNP formation: The RNA here, is
referred to as mature RNA when it has undergone proper 5’-capping, splicing and 3’-end
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formation, but prior to its export it is assembled into mRNP by binding of various protein
factor to generate mature mRNP. Mutation or improper assembly of the component proteins
can lead to aberrant mRNP which is export incompetent. (Le Hir et al. 2001, Zenklusen et al.
2002, Stutz et al. 2003, Jensen et al. 2003b, Vinciguerra et al.2004, Kohler et al. 2007, Luna
et al. 2008). A number of protein factors collectively called THO and TREX complexes bind
to the transcript, right from the start of transcription and remain associated during various
stages of RNA maturation (Fig. 1) (Proudfoot et al. 2002, Vinciguerra et al. 2004, Kohler et
al. 2007, Luna et al. 2008). Proper binding of the THO and TREX complex factors ensure
the export of the mRNP from nucleus to cytoplasm. Hence, deletion or mutation of any of the
genes that encode the components of THO or TREX complex causes retention of the mRNP
in the nucleus and thus activating the quality control machinery which leads to elimination of
these aberrant mRNPs by nuclear exosome (Proudfoot et al. 2002, Vinciguerra et al. 2004).
mRNA quality control in nucleus:
The nucleus is the organelle where RNA biogenesis occurs, but it is also the site where
~90% of the RNA is degraded. The degradation of the various species of RNA, like rRNA
(ribosomal RNA), snoRNA (small nucleolar RNA), snRNA (small nuclear RNA), ncRNA
(non-coding RNA), miRNA, as well as introns spliced from mRNAs occurs in the nucleus.
The degradation of the species of RNA mentioned above is the routine process that takes
place in the nucleus, but there are messages that are transcribed in the nucleus which are
improperly processed, these aberrant species of the RNA are retained in the nucleus. At this
juncture the nuclear quality control mechanism kick in, wherein the retained aberrant
transcript is degraded by the nuclear RNA exosome (Mitchell et al. 1997, Allmang et al.
1999). The RNA exosome is a large macro complex consisting of 10 different 3’→5’
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exoribonuclease which helps with removal of the large load of undesired, as well as
improperly processed transcripts in the nucleus. There is also a minor pathway that degrades
specialized mRNAs with the help of Rrp6p in a cap dependent manner. Rrp6p along with
cap-binding protein Cbc1p help in removal of cyc1-512, mutant lys2-187 and other RNA
species that are deficient in the poly (A) tail. (Das B et al. 2000, 2003; Kuai et al. 2005)
The discovery of machinery that helps in degradation of the RNAs in the nucleus was
made by the Tollervey lab in yeast. The eukaryotic RNA exosome was then showed to
contain ten or more proteins (Mitchell et al. 1997, Allmang et al. 1999, Butler 2002) It was
shown that the mutation of RNA exosome caused the accumulation of the rRNA
intermediates. (Mitchell et al. 1997, Allmang et al. 1999). In later studies, RNA exosome’s
major function as a degradation machinery was established (Allmang et al. 1999, van Hoof et
al. 2000). The exosome core consist of nine subunits that are arranged in circular manner and
in two layers. (Liu et al. 2006, Lykke-Andersen et al. 2011, Chlebowski et al. 2013). The top
layer consist of three proteins Rrp40p, Rrp4p and Csl4p which form the trimeric ‘cap’,
whereas the remaining six subunits; Rrp41p, Rrp42p, Rrp43p, Rrp45p, Rrp46p, Rrp40p and
Mtr3p form the bottom layer with a central channel. The Exo-9 subunit is necessary for the
structure of the exosome and also for the binding of the RNA substrates, but this unit is
catalytically inactive exoribonuclease. The 10th subunit Dis3p or also known as Rrp44p is the
catalytically active subunit. This subunit possess both the endonucleolytic and exonucleolytic
activities (Lorentzen et al. 2008, Schaeffer et al. 2009, Schneider et al. 2009) to form Exo- 10
(Lykke-Andersen et al. 2011, Chlebowski et al. 2013). In Addition to Rrp44 there also exist a
catalytically active 3′→5′ exoribonuclease known as Rrp6p (Briggs et al. 1998) that binds to
exo-10 complex to form Exo-11 (Allmang et al. 1999, Liu et al. 2006). The mechanism by
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which the exosome functions, is by threading the RNA through the central channel formed
by the cap and core subunits of exosome till it finally is acted upon by the Rrp44p at the
other end of the channel. The activity of passing the RNA through the core channel can be
bypassed by RNA directly interacting with Dis3p. (Wang et al. 2007, Bonneau et al. 2009).
The nuclear form of exosome associates with TRAMP, Nrd1p/Nab3p complex and also
with other accessory factors Rrp47p also known as Lrp1p (associates with Rrp6p) and
Mpp6p. These accessory factors have been shown to interact directly with Rrp6p of the
exosome and are necessary for the nuclear function of the exosome (Fig. 2) (Mitchell et al.
2003, Milligan et al. 2008, Butler et al. 2011).

9

Figure 2. Model of nuclear surveillance pathway in S. cerevisiae (Das S et al. 2013): Schematic
diagram showing the stages of mRNA biogenesis in nucleus each of which is subject to quality
control by nuclear surveillance systems such as nuclear exosome. As shown in the figure bulk normal
mRNAs after synthesis and processing are exported quickly out of the nucleus into the cytoplasm.
Aberrant messages on the other hand are not exported rapidly and spend longer time in the nucleus
(RNA retention) and subjected to the action of exosome. The coupling of various biogenesis events to
quality control systems are represented by dashed arrow. Aberrant messages are thus quickly
destroyed by exonucleolytic action of either exosome which maintains the fidelity of gene expression.
Various mRNA binding proteins which are deposited onto/remain associated with maturing
transcripts during different stages of nuclear phase of life are shown by colored solid symbols on the
transcript body. AUG and UAA indicate the beginning and end of the open reading frame (ORF)
carried by the message. (Adapted from Das S et al. 2013).
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The RNA exosome along with its function in RNA turnover is also part of RNA quality
control. One of the major evidence that suggest this, is the observation that, when Rrp6
exoribonuclease is deleted, the polyadenylation defect of pap-1 mutation is no longer
suppressed (Burkard et al. 2000). This evidence indicates that unadenylated RNAs generated
in the pap-1 mutant strains are rapidly degraded by Rrp6p, hence removing RNA from the
nucleus which are not qualitatively stable (Burkard et al. 2000). The other evidence that
points to the role of exosome in RNA quality control is the removal of pre-mRNAs that
contain introns in the splicing defective prp2-1 temperature sensitive strain (BousquetAntonelli et al. 2000). Additional proof that RNA exosome is involved in RNA quality
control comes from the lab of Dr. Tollervey, which indicates that exosome helps in
elimination of the 3’-extended read-through transcripts generated in rna14-1 and rna15-2
mutants strains (Torchet et al. 2002). RNA14 and RNA15 genes are very important for the
maturation of the 3’-end of the genes and they are part of cleavage and polyadenylation
pathway. (Minvielle-Sebastia et al. 1991, 1994). Mutations such as rna14-1 and rna15-2
inhibit the polyadenylation by poly(A) polymerase and thus generating extended transcripts.
(Birse et al. 1998; Yonaha et al. 2000; Minvielle-Sebastia et al. 1999; Proudfoot 2000). The
extended transcripts generated in rna14-1 and rna15-2 are targeted by the catalytically active
exosome component Rrp41p along with TRAMP complex factor Mtr4. Together with above
data and new findings it has been shown that the aberrant extended transcript is processively
degraded in the 3’→5’ direction, till the RNA exosome reaches close to the polyadenylation
site. The role of RNA exosome in the quality control pathway of RNA is now a wellestablished fact.
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Mutations in the exosome complex or deletion of the catalytically active subunits affect
this quality control process and lead to accumulation of the aberrant RNAs and mRNPs
within the cell. In addition to the above mentioned function, Rrp6p, component of the
exosome has been shown to play a role in retention of the transcript at the site of
transcription. In yeast, it has been shown that the mutation in THO complex component
sub2-1, leads to global failure of the formation of the functionally export-competent mRNPs.
Specifically heat shock HSP104 mRNA in this strain, have been shown to be retained at the
site of transcription in an Rrp6-dependent manner and have presumably failed to assemble
into proper export competent mRNP (Jensen et al. 2001a; Libri et al. 2002). In the
polyadenylation deficient pap1-1 yeast strain and in export defective rat7-1 or rip1-Δ yeast
strains, there exist unadenylated and hyperadenylated versions of HSP104 mRNA
respectively. These versions of the HSP104 mRNAs are also retained at the site of
transcription in Rrp6 dependent manner (Hilleren et al 2001). The mechanism by which the
exosome tethers the aberrant transcript at the site of transcription is still not known. It is
believed that this tethering may allow exosome to further process the mRNA or the exosome
can further prevent the formation of aberrant mRNPs of that specific mRNA. Together, with
all the results and data mentioned above, it is well accepted that nuclear RNA exosome and
its catalytically active subunit Rrp6p are responsible for rapid degradation of the aberrant and
defective mRNAs and they also play a role in retention of some defective mRNAs at the site
of transcription.
RNA retention in the nucleus:
Saccharomyces cerevisiae strains bearing temperature sensitive mutations in genes
encoding nuclear processing factors manifest a pronounced nuclear mRNA retention.
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These genes include poly(A) polymerase PAP1 (Hilleren et al. 2001), the mRNA export
receptor MEX67 (Jensen et al. 2001b), and 3’-end processing factors RNA14 and RNA15
(Libri et al. 2002), as well as the components of the nuclear THO/TREX complex SUB2,
HPR1, and MFT1 (Jensen et al. 2001a; Libri et al. 2002). Upon a shift to nonpermissive
conditions, these strains accumulate mRNA in discrete, transcription-site-proximal foci
(referred to as ‘‘dots’’) that can be visualized by FISH with gene-specific probes.
The mRNP dots can also be observed in wild-type cells under physiological conditions.
For example, dots arise from a GAL-driven GFP-encoding reporter construct, which
bypasses normal 3’-end processing because it terminates in a hammerhead ribozyme
(pGALGFP-RZ). Dots also seen by FISH from a reporter with a wild-type GAL 3’-UTR
(containing GAL1 3’-end formation signals; pGAL-GFP-pA) and even from the endogenous
GAL1 gene (Dower et al. 2004; Abruzzi et al. 2006). Therefore, dot formation is a regular
feature of Gal1 gene expression, which is quantitatively increased when nuclear mRNA
processing is suboptimal or perturbed. Importantly, both pGAL-GFP-RZ and pGAL-GFP-pA
reporters give rise to dots containing RNA that is largely post-transcriptional (i.e., nonnascent). This is because they persist long after the transcriptional shutoff (Abruzzi et al.
2006). Moreover, dots remain adjacent to their transcription sites even after transcription
shutoff.
Interestingly, dot formation correlates with the tendency of active reporter genes to
associate with the nuclear periphery (Abruzzi et al. 2006), this suggests that there exist
mechanistic links between these two processes. There are several mechanisms that have been
proposed to contribute to the gene recruitment, and retention at the nuclear envelope; (i)
direct interactions between transcriptional activators and nucleoporins (Menon et al. 2005;
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Schmid et al. 2006), (ii) the act of transcription itself (Cabal et al. 2006; Taddei et al. 2006),
(iii) transcription-associated chromatin remodeling (Brickner et al. 2007), and (iv)
unspecified mRNA- and/or 3’-UTR-dependent interactions (Casolari et al. 2005; Taddei et
al. 2006).
Gene regulation at the nuclear pore: For many years, the nuclear periphery compartment
of the cell was thought to be a repressive. However, recent evidence has shown the
coexistence of a repressive as well as active compartment at the nuclear periphery nuclear
pore complex. One of the examples is the artificial tethering of the yeast gene HXK1 at the
nuclear periphery via Esc1 (a nuclear envelope protein implicated in NPC assembly) which
impacts transcription of HXK1 by enhancing HXK1 repression in glucose media, but it also
stimulates the HXK1 expression under activating conditions (Taddei et al. 2006). This study
points to the twin role of the nuclear periphery in gene transcription regulation.
The NPC is a large macromolecular complex (60- to 125-MDa complex) implanted in the
nuclear envelope. NPC consist of 30 different proteins, called nucleoporins or Nups (Fig. 3)
(D’Angelo et al. 2008). The architecture and function of the NPC has been conserved from
yeast to higher eukaryotes (Strambio-De-Castillia et al. 2010). The main function of the NPC
is in the export of mRNP from the nucleus to the cytoplasm. To achieve this aim, the nuclear
pores are designed in a form of a basket which consists of a central core that contains the
translocation channel which extends to the cytoplasm from the nucleus. This NPC basket
structure has been implicated in mRNP binding and quality control prior to nuclear exit (Fig.
3) (Strambio-De-Castillia et al. 2010). In 1985, G. Blobel had proposed the gene-gating
model, where he hypothesized that the active genes move to nuclear pores to facilitate
mRNA export (Blobel 1985).
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In recent years and with the advance of microscopy it has been recognized that the relative
nuclear position of various genes is linked to their transcriptional state (Egecioglu et al
2011). On one hand, several developmentally induced genes have been shown to localize at
the nuclear periphery when they are repressed and these genes internalize into the
nucleoplasm when their expression is induced following cellular differentiation (Egecioglu et
al. 2011). On the other hand, numerous loci are targeted from the nucleoplasm to the nuclear
rim when their transcription is activated. In budding yeast, inducible genes GAL1-10, GAL2,
INO1, HSP104, SUC2 and HKX1 become physically tethered to the nuclear periphery (Fig.
3) when their expression is activated (Brickner et al. 2004, Casolari et al. 2004, Cabal et al.
2006, Dieppois et al. 2006, Schmid et al. 2006, Taddei et al. 2006, Sarma et al. 2007, Berger
et al. 2008). This phenomenon of gene confinement at the nuclear periphery upon
transcriptional activation is not limited to yeast but has also been documented in Drosophila
and mice (Egicioglu et al. 2011). Gene tethering at the nuclear rim requires a number of
factors that are involved in export and/or are associated with the NPC (Cabal et al 2006;
Dieppois et al 2006). For example, NPC protein Mlp1 and export protein Mex67 are needed
for the association of GAL10 and HSP104 loci to the nuclear rim (Dieppois et al 2006).
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Figure 3. Interaction of the gene to nuclear pore in yeast is mediated by factors involved in
transcription and mRNA biogenesis as well as NPC basket associated proteins (left). The
composition of the main yeast complexes involved in this process are indicated in the
drawing. The TREX2 complex (Sus1-Sac3-Thp1 and CDC31 interact with SAGA mediator
complex. (Adapted from Texari et al. 2014)
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Additionally, histone variant H2A.Z, encoded by htz1 gene has also been suggested to
play a role in the confinement of INO1 and GAL1 loci at the nuclear periphery (Brickner et
al. 2007, Brickner 2009). However, mutation of co-activator SAGA complex or large subunit
of RNAPII show that transcription per se is not required for gene tethering at the nuclear
periphery (Schmid et al 2006). Consistent with these results, GAL1 locus remains confined to
the nuclear periphery even after transcription has ceased (Abruzzi et al. 2006). Besides, gene
confinement at the NP also requires cis elements present either at the 5'- or 3'-UTR (Abruzzi
et al 2006; Taddei et al., 2006; Dieppois et al 2006; Ahmed et al 2010). For instance, GAL2
localization at the nuclear envelope necessitates the presence of promoter sequence but does
not require the ORF or 3'UTR (Dieppois et al 2006). Conversely, GAL1 reporter constructs
and HXK1 gene depend on the 3'UTR for their peripheral targeting (Abruzzi et al 2006;
Dieppois et al. 2006). These observations, suggest that the phenomenon of genome
association with the nuclear periphery is controlled by various mechanisms. Other studies
suggest that the transcript itself might participate in tethering its cognate gene to the nuclear
periphery. Additionally, TREX2 components Sac3, Thp1 and Sus1 (export complex which
associate with NPC) are required for the induced confinement of reporter genes driven by
GAL1 promoter at the nuclear periphery (Chekanova et al. 2008). Interestingly, Sus1 protein
affects transcript accumulation at the site of transcription (Chekanova et al. 2008). This
accumulation is manifested as mRNP/mRNA dots visible using deconvolution fluorescent
microscopy and they remain observable by Fluorescent in situ hybridization (FISH) up to 6090 minutes after transcription shutoff (Abruzzi et al. 2006, Chekanova et al. 2008). Sus1p
associates with two complexes: the co-activator SAGA complex and the export complex
TREX2 (Rodriguez-Navarro et al. 2004, Köhler et al, 2006, Samara et al, 2010, Köhler et al,
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2010). SAGA complex affects the transcription of about 10% of the yeast genome and is
highly conserved among Eukaryotes (García-Oliver et al. 2012). On the other hand, TREX2
acts at the NPC for the export of mRNP particles (García-Oliver et al. 2012). Because of this
dual presence in SAGA and TREX2, Sus1p has been suggested to act as a bridge between
transcriptional apparatus and export machinery (Fig. 3) (Rodriguez-Navarro et al. 2004,
Köhler et al. 2006, García-Oliver et al. 2012, Rodriguez-Navarro et al. 2011).
Sus1p binding to SAGA complex is mediated through its association with the histonedeubiquitinating module (also called DUBm) composed of Ubp8, Sgf11, Sgf73 and Sus1
(Köhler et al. 2010). Co-immunoprecipitation experiments have shown that deletion of either
Ubp8 or Sgf11 proteins lead to the physical dissociation of Sus1p from the SAGA complex
(Rodriguez-Navarro et al. 2004, Köhler et al. 2006). Interestingly, Sus1p binding to TREX2
complex is intact when Ubp8 or Sgf11 are disrupted (Rodriguez-Navarro et al. 2004). Based
on these findings, we investigated the effect of Sus1p dissociation from SAGA complex on
gene-nuclear periphery association and mRNP dot formation.
We also, investigated the role of H2A.Z and Swr1 in recruitment and retention of the
reporter gene at the nuclear periphery. H2A.Z is a H2A histone variant which is expressed by
htz1 gene and it is conserved in all eukaryotes. Various studies in yeast have shown that
H2A.Z is important for regulation of gene expression (Kobor et al., 2004; Mizuguchi et al.,
2003), gene silencing boundaries (Meneghini et al., 2003), DNA repair (Kalocsay et al.,
2009), cell cycle progression (Dhillon et al., 2006) and chromosome stability (Krogan et al.,
2004; Rangasamy et al., 2004).
The incorporation of H2A.Z at the promoters in vivo is dependent on the multi-subunit
SWR1 complex (Kobor et al., 2004; Krogan et al., 2003; Mizuguchi et al., 2003). SWR1
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utilizes the energy of ATP hydrolysis to evict a H2A-H2B dimer from the nucleosome and
hence, leads to deposition of the H2A.Z-H2B dimer (Luk et al., 2010; Mizuguchi et al.,
2003). The SWR1 complex is composed of 14 distinct components, at least seven of which
(Swr1, the catalytic subunit, and accessory subunits Swc2, Arp6, Swc6, Swc5, Arp4 and
Yaf9) are necessary for the core histone replacement (Wu et al., 2005;Wu et al., 2009).
H2A.Z is absent from the INO1 promoter when the gene is in either activated or long-term
repressed states. Transcriptional activation of INO1 is accompanied by its relocation to the
NP where it remains associated long after transcriptional repression. However, this peripheral
association is lost in Htz1 mutants (Brickner et al. 2004; 2007). The GAL1 locus shows
similar persistent perinuclear retention after transcriptional repression (Brickner et al. 2007;
Cabal et al. 2006). This observation parallels our findings with ectopically integrated GAL1
promoter-driven reporter genes (Abruzzi et al. 2006).
Here, we find that the Sus1p interaction with SAGA complex, as mediated by Ubp8p and
Sgf11p, is not required for Gal-promoter driven GFP reporter constructs with GALpA,
GALRz and GAL1 loci recruitment to the nuclear rim. We also find that the fraction of cells
with peripheral loci under transcription-inducing conditions is variable from locus to locus.
GALRz is recruited at highest rates to the NP when compared to GALpA and endogenous
GAL1. In addition, our results show that kinetics of dissociation from the nuclear periphery
are not affected by Ubp8p or Sgf11p deletions. Interestingly, we find that the histone variant,
Htz1p, as well as Swr1 do not affect locus recruitment to the nuclear periphery for GALpA
and GAL1 loci but decreases that of the GALRz locus. Additionally, we find that htz1∆
increases the rate of post-transcriptional dissociation from NP, for GALRz and GALpA.
Finally, we find that dot formation is not affected by Ubp8p, Sgf11p or Htz1p deletions.
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Next our lab investigated the effect of the 3’UTR on the Gal1 mRNP formation. It has
been previously reported that the reporter genes GAL-GFP-GALpA and TDH-GFP-GalpA
mRNAs are retained in a dot, but TDH-GFP-TDHpA and GAL-GFP-TDHpA mRNAs are
not, indicating the nature of the 3'UTR affects RNA retention at the site of transcription. The
GAL-GFP-GALpA and GAL-GFP-TDHpA constructs are identical in sequence of the
promoter and ORF, but only differ in their 3'UTRs, and both constructs show similar
transcriptional activation in galactose (Abruzzi et al 2006). These data show that the Gal1
3’UTR of the reporter gene is responsible for the RNA retention at the site of transcription.
Hence, we designed various reporter constructs to identify the elements in the Gal1 3’UTR
that lead to RNA retention. The next approach was to identify the differences in the 3’cis
elements between the two 3’UTRs Gal1 and TDH.
Although mature mRNA 3'-ends of mRNAs are generated by cleavage and
polyadenylation in the yeast, the poly(A) signals are unexpectedly complicated. The
AAUAAA motif, which is the consensus polyA signal in the 3’UTR of the mammalian
genes, is not absolutely required for the 3'-end formation of the corresponding mRNA in
yeast. This indicates that yeast use different sequences from those of mammalian cells to
signal polyadenylation. Extensive studies have indicated that the yeast sequences necessary
for polyadenylation do not contain conserved motifs. It has been unclear whether yeast has
more than one poly(A) signal, or whether the underlying consensus has eluded us. The
researchers identified the common motifs to certain 3”UTR signals that help in
polyadenylation, but they are not part of all the yeast genes (Mandel et al. 2007)
Some of the most common 3’UTR cis-elements are the (i) positioning elements: These 3’
cis-element helps in positioning of the components of the polyadenylation complex in the
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3’UTR of the gene, (ii) Efficiency elements: These elements enhance the binding of the
polyadenylation complex to the positioning elements and other cis elements. The effect of the
efficiency elements depend on the distance from the pA site and positioning elements and
lastly, (iii) poly(A) site: consensus sequence for polyadenylation is PyA (where Py stands for
pyrimidine) for the yeast poly(A) sites. These three elements are the major cis-elements that
are part of all yeast genes. In addition to the above mentioned elements there also exist other
secondary elements that are present in some yeast genes and absent in others. These elements
are GU-rich elements (GRE) or AU-rich elements (ARE) (Guo et al. 1996). When the 3’UTR
of Gal1 and TDH were compared, it was seen that Gal1 3’UTR had two cleavage sites and it
was missing ARE sequence, whereas, TDH 3’UTR has single cleavage site (~102bp from
stop codon) and has 3 ARE elements.
This prompted our lab to investigate using Fluorescent in situ hybridization (FISH),
whether the cleavage sites of the Gal1 3’UTR had any effect on RNA retention at the
transcription or whether the absence of ARE in the Gal1 3’UTR leads to dot formation. We
found that Gal1 cleavage sites had no role in dot formation and also the presence of the AUrich elements (ARE) in the TDH 3’UTR prevented the reporter gene from accumulating
RNA at the site of transcription and that the introduction of this element in the Gal1 3’UTR,
between the two cleavage sites, reduced the number of cells that retain RNA at the site of
transcription. The ARE sequence in the Gal1 3’UTR also affected the synthesis of the
extended transcript. Although the experiments show that absence of ARE in Gal1 3’UTR
may be responsible for RNA retention, it may not be true for all the yeast genes that are
missing ARE sequence. Our experiments also identified Gal3 3’UTR as a novel sequence
which also lead mRNP formation at the site of RNA synthesis.
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Our data had initially recognized the trans-factors Sus1, Sac3 and Thp1 which are part of the
TREX2 complex, which affected the Gal1 mRNP and also affected the retention of the
reporter gene at the nuclear periphery (Chekanova et al. 2008). The Sus1p was then found to
be part of two complexes SAGA and TREX2. Our experiments identified that it serves two
separate functions based on its location and that the separation of Sus1 from SAGA by
deleting Ubp8 and sgaf11, has no effect on its function at TREX2. Here we also identified
the cis-element ARE which is absent in Gal1 3’UTR and is one of the reason for RNA
accumulation at the site of transcription. The ARE sequence when placed between the two
Gal1 cleavage sites affects the synthesis of elongated transcripts. The mechanism by which
the ARE sequence affects the synthesis of elongated transcript is not known, for this we have
discussed the possible mechanisms in chapter 5.
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CHAPTER 2
MATERIALS AND METHODS:
Strain design and growth conditions (strains used in Chapter 3).
The yeast strains used in this Chapter 3 and their derivatives are described in Table 1.
The base WT strains with chromosomally integrated GAL-GFP-GALpA and GAL-GFP-RZ
reporters, yDB533 and yDB534 respectively, are described in Abruzzi et al., 2006. The
yDB632, MATa leu2::TetR-GFP-LEU2 GAL1-FUR4 int::TETOR112-NatMx, was the base
strain used for visualization of GAL1 locus movement (Cabal, 2006; gift from Ed Hurt).
To delete UBP8, SGF11 and HTZ1, the kanamycin (KanMX) cassettes with flanking regions
(ubp8::KanMX, sgf11::KanMX and htz1::KanMX fragments) were PCR-amplified from the
respective KanMX-marked deletion strains obtained from OpenBiosystems (Brachmann et
al. 1998), using primer pairs oDB1638/1639, oDB1640/1641 and oDB1705/1706,
respectively (Table 2). To generate ubp8Δ/sus1Δ double-knockout strains, SUS1 was
disrupted in yDB557 and yDB559 strains using the nourseothricin resistance gene NatMX
(Goldstein and McCusker, 1999). The natR gene was amplified from p4339 plasmid (gift
from Charlie Boone) with oDB1884/1885. The sus1::natR fragment was constructed by
overlap extension PCR. Upstream and downstream SUS1 sequences for homologous
integration were amplified from WT genomic DNA using oDB1863/1883 and
oDB1886/1864. SUS1 disruption in yDB754 and yDB755 strains (for visualization of GAL1
locus movement) was performed using URA3 as a marker. URA3 was amplified from
pRS306 plasmid using primers pair oDB1998/2078 (Sikorski and Hieter, 1989). The same
overlap extension PCR strategy as above was followed to generate the sus1::URA3 fragment.
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Upstream and downstream SUS1 sequences were amplified using oligonucleotide pairs
oDB1863/1999 and oDB2079/1864, respectively. Integrations were verified by PCR.
To visualize the dynamics of plasmid borne GAL-GFP-GALpA gene we used single copy
plasmid (pSV2) containing LacO256 integrated next to the reporter gene. In this strain,
NUP49-GFP and LacI-GFP were expressed from plasmid pKA67 (plasmids were gift from
Michael Rosbash; Table 3, plasmid construction is described in Vodala et al. 2008).
Strain design and growth conditions (strains used in Chapter 4).
The yeast strains and their derivatives used in chapter 4 are mentioned in Table 4. The
primary plasmids for all the strains pGal-GFP-GalpA were designed by overlap extension
PCR. The Gal1 promoter region was amplified from yeast genomic DNA using oligos
oDB2352/oDB2353. The RAT-tag was introduced in all the multi and low copy number
plasmids and it was amplified from plasmid pDB879 (Gift from Collins lab) using oligos
oDB2354/oDB2355. The mutant GFP along with Gal1 3’end was amplified from strain
yDB534 (see table 1 For chapter 3) using oligos oDB2356/ oDB2357. All these PCR
products were joined together by overlap extension PCR using Takara Ex-Taq DNA
polymerase (Clonetech).
The purified long PCR product is amplified again by VENT polymerase by NEB for blunt
end ligation. This PCR product was then ligated to plasmid pRS425 (digested by SmaI) and
pRS41H (digested by EcoRV).
After the generation of the primary plasmid, the other plasmid mutants and variants were
then created and ligated in the manner mentioned above. For oligos and plasmid information
please see Table 5 and 6 respectively.
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Plasmids were then introduced into yeast strain yDB882 (MATa his3D1 leu2D0 met15D0
ura3D0) by lithium-acetate transformation to generate various strains mentioned in table 3.
All the strains were then checked for growth on YPGal (galactose) media. Strains were also
created where the ARE sequence was introduced in the 3'region of the endogenous Gal1
gene. To achieve this a PCR fragment of Gal1 3'region with ARE and its mutant were
amplified from their respective multi-copy plasmid (pDB1152 and pDB1169). This was then
fused to URA3 amplified from pRS306 (Sikorski and Hieter, 1989). The ARE and the mutant
replaced the original Gal1 3'region in strain yDB882 by homologous recombination. This
was confirmed by sequencing the genomic DNA of the mutant strain.
Microscopy (Chapter 3 and 4).
GFP fusion proteins were observed in cells grown to OD ~1 in YPGal (2% Galactose
inducing media) and fixed for 15 min in 4% paraformaldehyde (without acetic acid). Imaging
was done using DeltaVision workstation with Olympus IX71 inverted microscope
(AppliedPrecision, LLC, WA). Z-stacks were taken at 0.2 mm step size and subjected to
constrained iterative deconvolution. To repress the expression of the gene 2% glucose was
added to the media at O.D ~1 and cells were fixed at various time points (15, 30, 60 and 90
mins after repression). Positions of the TetR-GFP marked locus were scored in the z-section
that cuts through the middle of the nucleus as described (Brickner et al. 2004) into
intranuclear, peripheral and subperipheral (i.e. locus touching the nuclear envelope but not
coplanar with it).The subperipheral fraction varied little in all conditions and, therefore, is not
reported. Positions of each locus were scored visually using 3 biological replicates. Sample
size was between 150 and 300 cells per sample/time-point. Yeast cells growth conditions for
performing FISH, visualization of GFP fusion proteins, and galactose-to-glucose shift were
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done as described (Abruzzi et al., 2006). Cells were fixed for 15 min in 4%
paraformaldehyde (electron microscopy sciences) and washed four times in Sorb/KPi (1.2 M
sorbitol, 0.1 M potassium phosphate, pH 6.5). These washed cells were then allowed to
adhere onto multiwell slides and were spheroplasted using a combination of Lyticase (Sigma)
and Zymolyase 20T (Seikagaku). Slides were visualized using a Deltavision deconvolution
microscope with a × 100 objective using a rhodamine or DAPI filter set. Images were
captured using Softworx explorer (deltavision) and the exposure times used to capture FISH
or DAPI images were kept consistent throughout each experiment.
RNA analyses (Chapter 3).
Total cellular RNA extraction and Northern blot analysis were performed as described in
Chekanova et al. (2001). Total RNA was extracted from each strain and 20µg were loaded
per lane on the agarose gel. Subsequently, samples were transferred on Biotrans(+)™ Nylon
Membrane (MP Biomedicals, Inc., OH) and probed with specific DNA fragments. GFP (for
GAL-GFP-GALpA and GAL-GFP-Rz mRNAs) and GAL1 (for endogenous GAL1 mRNA).
Probes were amplified using oligonucleotide pairs oDB1952/1953 and oDB2085/2090
respectively and radiolabeled by alpha-32P-dATP using Klenow enzyme. SCR1 transcript
was detected using end radiolabeled oDB492 oligonucleotide. The kinase reaction was
performed using T4 polynucleotide kinase (new england biolabs).

RT-PCR analysis (Chapter 4):
The cells were grown under induced (YPGal) and repressed conditions (YPGlucose),
pellets of cells were sheared in LiCl buffer and phenol/chloroform using 0.5mm glass beads,
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RNA was precipitated by absolute ethanol and wahsed thrice with 70% ethanol. The RNA
pellet was dried and resuspended in RNAse-free water.
A total of 2µg of DNAse-treated total RNA was reverse transcribed using 50pmol oligodT
and 20units of superscript III transcriptase (Invitrogen) at 42ᵒC for 1hour.
The reaction was diluted 1/20th time before setting up the PCR for respective Gal1 of GFP
genes.
The oligos used in the Gal1 3'region are common to both Gal1 and GFP reporter gene, but
the oligos used for Gal1 ORF was oDB2804 and GFP ORF is 2379 (Table 4).
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Table 1: Yeast Strains used in Chapter 3

yDB#
532

535

Description
MATa, ura3, trp1, his3, leu2::LEU2 tetRGFP, 2x224tetO URA3 integrated between
BMH1 and PDA1
GAL-GFP-RZ (pDB716) + NUP49-GFPHIS3 in yDB532
GAL-GFP-pA (pDB719) + NUP49-GFPHIS3 in yDB532
sus1Δ::KanMx in yDB533

536

sus1Δ::KanMx in yDB534

557
559
571

ubp8Δ::KanMX in yDB533
ubp8Δ::KanMX in yDB534
MATa/alpha his3D1/his3D1 leu2D0 /leu2D0
lys2D0/LYS2 Htz1::KanMX/Htz1::KanMX
sgf11Δ::KanMX in yDB533
sgf11Δ::KanMX in yDB534
htz1Δ::KanMX in yDB533
htz1Δ::KanMX in yDB534
MATa leu2::TETR-GFP-LEU2 GAL1-FUR4
int::TETOR112-NatMx
sus1Δ::NatR in yDB557
sus1Δ::NatR in yDB559
ubp8Δ::KanMX in yDB632
NUP49-GFP-HIS3 in yDB699
NUP49-GFP-HIS3 in yDB632
htz1Δ::KanMX in yDB755
sgf11Δ::KanMX in yDB755
sus1Δ::URA3 in yDB755
sus1Δ::URA3 in yDB754
MATa his3D1 leu2D0 met15D0 ura3D0
sgf11Δ::KanMx
MATa his3D1 leu2D0 met15D0 ura3D0
ubp8Δ::KanMx

533
534

581
582
586
588
632
665
669
699
754
755
757
767
775
776
778
779
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Study
AE3 in Abruzzi et
al., 2006
Chekanova et al.,
2008
Chekanova et al.,
2008
Chekanova et al.,
2008
Chekanova et al.,
2008
This Study
This Study
Open Biosystems
This Study
This Study
This Study
This Study
Ed Hurt Lab
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
Open Biosystems
Open Biosystems

Table 2: Oligonucleotides used for chapter 3
oDB#
1638

Sequence
TGGGCTAGAAAGCTGTCGTAAT

1639

TCCAGCCTTTGCTCTTTTGT

1640

ATGACGCAATATAGGGTAACAGA

1641

AACCCTTCCACATAACGGAAT

KanB

CTGCAGCGAGGAGCCGTAAT

KanC

TGATTTTGATGACGAGCGTAAT

1646

TTCGCGAACAACAAGGTATG

1647

GGTGTGATGTTGCAGCATATT

1705

CGTAGAACTGGCCGCTGGTG

1706

GAGATTAGACGTGAAAGGAGAGATAG

1707

GTGTTACCCGCAATCAATATGTC

1863

GATTCATATGAAGGCTGTCTGACGTTG
TATTAAACCG
AATATGCATCGAGAAATGTTGTGTAGC
TCAC
GGCGCGCCTTAATTAACCCGGGGATCCA
TAGTCATTGGAGTGAAGGCCAG

1864
1883
1884

CTGGCCTTCACTCCAATGACTATGGAT
CCCCGGGTTAATTAAGGCGCGCC

1885

TGCTTAAAAGGTTTTCCCGATGAGCTC
GTTTTCGACACTGGATGGCGGCG

1886

CGCCGCCATCCAGTGTCGAAAACGAGCT
CATCGGGAAAACCTTTTAAGCA

1996

TTCTGGCCTTCACTCCAATGACTATTAACT
ATGCGGCATCAGAGCAGATT

1997

AATCTGCTCTGATGCCGCATAGTTAAT
AGTCATTGGAGTGAAGGCCAGAA

1998

CGTAAGGAGAAAATACCGCATCAGGA
TCGGGAAAACCTTTTAAGCAATAA

Purpose
Upstream of Ubp8 gene for
disruption
Downstream of Ubp8 gene for
disruption
Upstream of Sgf11 gene for
disruption
Downstream of Sgf11 gene for
disruption
Used to check for gene-knockouts
when using KanMx cassette
Used to check for gene-knockouts
when using KanMx cassette
Downstream of KanC to check for
UBP8 disruption
Downstream of KanC to check for
UBP8 disruption
Upstream of Htz1 gene for
disruption
Downstream of Htz1 gene for
disruption
Upstream of KanB to check for
HTZ1 disruption
Upstream of SUS1 for disruption
using NatR cassette
Downstream of SUS1 for disruption
using NatR cassette
antisense (use w. oDB1863);
upstream SUS1 for overlap PCR
with NatR
Sense (use w. oDB1885); NatR frag.
For overlap PCR with SUS1 up-&
downstream
Antisense (use w. oDB1884); NatR
frag. For overlap PCR with SUS1
up-&down-stream
Sense (use w. oDB1864);
downstream SUS1 for overlap PCR
with NatR
Sense (use w. oDB1999); URA3
frag. For overlap PCR with SUS1
up-& downstream
antisense (use w. oDB1863);
upstream SUS1 for overlap PCR
with URA3
Sus1 KO with URA3(URA3-senseSus1-down overlap)
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Study
This Study
This Study
This Study
This Study
This Study
This Study

This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study

Table 2: --Continued
1999

TTATTGCTTAAAAGGTTTTCCCGATCCTGA
TGCGGTATTTTCTCCTTACG

2918

TCAGCATCCACAATGTATCAGGTATTG
GATAATCGAAATCTCTTACATTG
GT*GCCCATTAACAT*CACCATCTAATT
*CAACAAGAAT*TGGGACAACT*CCAG
T
GTACAT*AACCTTCGGGCAT*GGCACTC
TT*GAAAAAGTCAT*GCCGTTTCAT*AT
GATTCCAT*TCTTTTGTT*TGTCTGCCAT
*GATGTATACAT*TGTGTGAGTT*ATA
CCCAGCAGCT*GTTACAAACT*CAAGA
AGGACCAT*GTGGTCT*CTCTTTTCGT*
T

kd209
kd210
kd211
kd212

Antisense (use w. oDB1996); URA3
frag. For overlap PCR with SUS1
up-&down-stream
180-Chimeric design primer
(Reverse)used with oDB2352
FISH probe for GFP
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FISH probe for GFP
FISH probe for GFP
FISH probe for GFP

This Study
This Study
Abruzzi et.
al. 2006
Abruzzi et.
al. 2006
Abruzzi et.
al. 2006
Abruzzi et.
al. 2006

Table 3: Plasmids used in Chapter 3
Plasmids
p4339
pRS306
pKA67
pVS2

Description
Used to amplify NatR gene for Sus1 Knockout in
Used to amplify URA3 gene for Sus1 Knockout
Used to express NUP49-GFP and LacI-GFP
Used to express reporter construct GAL-GFPGALpA
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Study
Charlie Boone Lab
Sikorski and
Hieter,1989
Vodala et al. 2008
Vodala et al. 2008

Table 4: Yeast Strains used in Chapter 4
yDB#

Description

Study

612

MATa, ura3, trp1, his3, leu2::LEU2 tetR-GFP,
2x224tetO URA3 integrated between BMH1 and PDA1
MATa his3D1 leu2D0 met15D0 ura3D0

From Abruzzi et al 2006
(EMBO)
BY4741 from open
biosystems
This Study

882
892
894
896
908
909
910
911
912
913
914
915
917
918
928

yDB882+ pDB1031 (Gal-GFP-GalpA contains RATtag,T7 to T3 direction)
yDB882+ pDB1033 (Gal-GFP-GalpA contains RATtag,T7 to T3 direction)
yDB882+ pDB1035 (Gal-GFP-GalpA contains RATtag,T7 to T3 direction)
yDB882+ pDB1057 (Gal-GFP- Chimeric 3'UTR with
60bp GAL and remaining TDH sequence,T7 to T3
direction)
yDB882+ pDB1058 (Gal-GFP-Chimeric 3'UTR with
170bp GAL and remaining TDH sequence,T7 to T3
direction)
yDB882+ pDB1059 (Gal-GFP- Chimeric 3'UTR with
200bp GAL and remaining TDH sequence,T7 to T3
direction)
yDB882+ pDB1060 (Gal-GFP- Chimeric 3'UTR with
250bp GAL and remaining TDH sequence,T7 to T3
direction)
yDB882+ pDB1061 (Gal-GFP- Chimeric 3'UTR with
300bp GAL and remaining TDH sequence,T7 to T3
direction)
yDB882+ pDB1102 (Gal-GFP- Chimeric 3'UTR with
180bp GAL and remaining TDH sequence,T7 to T3
direction)
yDB882+ pDB1103 (Gal-GFP-Chimeric 3'UTR with
190bp GAL and remaining TDH sequence,T7 to T3
direction)
yDB882+ pDB1106 (Gal-GFP-HXK1pA contains
RAT-tag,T7 to T3 direction)
yDB882+ p1112 (Gal-GFP-TDH(pA) 50-70 bp added
from Gal 3'UTR which is the first cleavage site,T7 to
T3 direction)
yDB882+ pDB1113 (Gal-GFP-TDH(pA) 160-180 bp
added from Gal 3'UTR which is the second cleavage
site,T7 to T3 direction)
yDB882+ pDB1120 (Gal-GFP-Gal(pA) 40-60 bp
removed from 3'UTR which is the first cleavage site,T7
to T3 direction)
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This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study

Table 4: --Continued
929

930
931

942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958

yDB882+ pDB1121 (Gal-GFP-Gal(pA) 93-113 bp
added from TDH 3'UTR which is the clevage site to
replace first cleavage site in Gal 3'UTR,T7 to T3
direction)
yDB882+ pDB1122 (Gal-GFP-TDH(pA) 93-113 bp
removed from TDH 3'UTR which is the cleavage
site,T7 to T3 direction)
yDB882+ pDB1123 (Gal-GFP-TDH(pA) 93-113 bp
removed from TDH 3'UTR which is the cleavage site
but GAL 2nd Cleavage site added (160-180bp),T7 to T3
direction)
yDB882+ p1129 (Gal-GFP-GalpA contains RAT-tag
(Δ70-100 from 3'UTR),T7 to T3 direction)
yDB882+ p1130 (Gal-GFP-GalpA contains RAT-tag
(Δ101-135 from 3'UTR),T7 to T3 direction)
yDB882+ p1131 (Gal-GFP-GalpA contains RAT-tag
(Δ135-170 from 3'UTR),T7 to T3 direction)
yDB882+ pDB1107 (Gal-GFP-Gal(pA) 50-70 bp
removed from 3'UTR which is the first cleavage site,T7
to T3 direction)
yDB882+ pDB1132 (Gal-GFP-GalpA contains RAT-tag
(Δ160-180 from 3'UTR),T7 to T3 direction)
yDB882+ p1133 (Gal-GFP-GalpA contains RAT-tag
(∆40-60 bp and Δ160-180 from 3'UTR),T7 to T3
direction)
yDB882+ p1134 (Gal-GFP-GalpA contains RAT-tag
(Δ1-180 from 3'UTR),T7 to T3 direction)
yDB882+ pDB1135 (Gal-GFP-GalpA contains RAT-tag
(Δ1-60 from 3'UTR),T7 to T3 direction)
yDB882+ pDB1136 (Gal-GFP-GalpA contains RAT-tag
(Δ40-180 from 3'UTR),T7 to T3 direction)
yDB882+ pDB1137 (Gal-GFP-GalpA contains RAT-tag
(Δ170-200 from 3'UTR),T7 to T3 direction)
yDB882+ pDB1138 (Gal-GFP-GalpA contains RAT-tag
(Δ200-250 from 3'UTR),T7 to T3 direction)
yDB882+ pDB1139 (Gal-GFP-GalpA contains RAT-tag
(Δ250-300 from 3'UTR),T7 to T3 direction)
yDB882+ pDB1140 (Gal-GFP-GalpA contains RAT-tag
(Δ181-500 from 3'UTR),T7 to T3 direction)
yDB882+ pDB1147 (Gal-GFP-GalpA,T7 to T3
direction)
yDB882+ pDB1149 (Gal-GFP-TDHpA,T7 to T3
direction)
yDB882+ pDB1150 (Gal-GFP-Rz,T7 to T3 direction)
yDB882+ pDB1151 (Gal-GFP-GalpA contains RAT-tag
with ARE sequence (TATTTAT) between stop codon
and 1st cleavage site,T7 to T3 direction)
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This Study
This Study

This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study

Table 4: --Continued
959
960
961

962
967

968
969
970
971
980
981
982

983

984

985

yDB882+ pDB1152 (Gal-GFP-GalpA contains RAT-tag
with ARE sequence (TATTTAT) between 1st cleavage
site an 2nd cleavage site,T7 to T3 direction)
yDB882+ pDB1153 (Gal-GFP-GalpA contains RAT-tag
with scramble ARE sequence (TATATAT) between
stop codon and 1st cleavage site,T7 to T3 direction)
yDB882+ pDB1154 (Gal-GFP-GalpA contains RAT-tag
with ARE sequence (TATTTAT) between stop codon
and 1st cleavage site and also between 2nd site
(2AREs),T7 to T3 direction)
yDB882+ pDB1155 (Gal-GFP-GalpA contains RAT-tag
Gal-GFP-Chimeric 3'UTR with 110bp TDH and
remaining gal sequence,T7 to T3 direction)
yDB882+ pDB1169 (Gal-GFP-GalpA contains RATtag, with ARE sequence (TATTTAT mutated to
CAGGCAC) between 1st cleavage site an 2nd cleavage
site T7 to T3 direction)
yDB882+ pDB1170 (Gal-GFP-Gal10pA contains RATtag,T7 to T3 direction)
yDB882+ pDB1171 (Gal-GFP-Gal3pA contains RATtag,T7 to T3 direction)
yDB882+ pDB1172 (Gal-GFP- HXK1(pA) W/O ARE
sequence contains RAT-tag,T7 to T3 direction)
yDB882+ pDB1173 (Gal-GFP-60bpGalpA + 440bp
TDH with ARE sequence from TDH removed, contains
RAT-tag,T7 to T3 direction)
yDB882+ pDB1182 (Gal-GFP-GalpA in low copy
plasmid pRS41H, contains RAT-tag,T7 to T3 direction)
yDB882+ pDB1183 (Gal-GFP-TDHpA in low copy
plasmid pRS41H, contains RAT-tag,T7 to T3 direction)
yDB882+ pDB1184 (Gal-GFP-GalpA in low copy
plasmid pRS41H, ARE sequence (TATTTAT) between
stop codon and 1st cleavage site, contains RAT-tag,T7
to T3 direction)
yDB882+ pDB1185 (Gal-GFP-GalpA in low copy
plasmid pRS41H, ARE sequence (TATTTAT) between
1st cleavage site an 2nd cleavage site, contains RATtag,T7 to T3 direction)
yDB882+ pDB1186 (Gal-GFP-GalpA in low copy
plasmid pRS41H, ARE sequence (TATTTAT mutated
to CAGGCAC) between 1st cleavage site an 2nd
cleavage site, contains RAT-tag,T7 to T3 direction)
yDB882+pDB1187 (Gal-GFP- Chimeric 3'UTR with
110bp TDH and remaining 390bp GalpA, in low copy
plasmid pRS41H, contains RAT-tag,T7 to T3 direction)
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This Study
This Study

This Study
This Study
This Study
This Study
This Study
This Study
This Study

This Study

This Study

This Study

Table 4: --Continued
986
997
998
1000
1001
1002
1003
1006
1007
1008
1009
1010
1017
1018
1019

yDB882+ pDB1189 (Gal-GFP-Gal3pA (2ARE site
added by addition of 5 bases), contains RAT-tag,T7 to
T3 direction)
yDB882+ ARE sequence added between Gal1 cleavage
sites at the Gal1 Locus (URA selection)
yDB882+ ARE mutant sequence added between Gal1
cleavage sites at the Gal1 Locus (URA selection)
yDB612+ Gal-GFP-60bpGal1 and 440TDH introduced
at BMH1 locus(nuclear periphery not marked)ARE from
TDH mutated
yDB612+Gal-GFP-Gal at BMH1 locus, ARE sequence
introduced between 1st and 2nd cleavage site (nuclear
periphery not marked)
yDB612+Gal-GFP-Gal at BMH1 locus, ARE sequence
introduced between 1st and 2nd cleavage site (nuclear
periphery not marked) ARE mutant
yDB612+Gal-GFP-110bp of TDH and 390bp of Gal1
(nuclear periphery not marked)
yDB612+Gal-GFP-Gal3 (nuclear periphery not marked)
yDB612+Gal-GFP-Gal3 , except 2ARE sequence
introduced (nuclear periphery not marked)
yDB612+Gal-GFP-TDH (nuclear periphery not marked)
yDB882+ pDB1190 (Gal-GFP-170GalpA + 330bp
TDHpA, the sequence at the junction of Gal1 and TDH
was mutated, contains RAT-tag,T7 to T3 direction)
yDB882+ pDB1191 (Gal-GFP- TDH 3'UTR with all the
ARE sequence mutated, contains RAT-tag,T7 to T3
direction)
yDB882+ pDB1192 (Gal-GFP-GalpA with ARE
sequence placed after the 2nd site, contains RAT-tag,T7
to T3 direction)
yDB612+ Gal1-GFP - TDHpA introduced at BMH1
locus(nuclear periphery not marked)All ARE sites
mutated
yDB612+ Gal1-GFP-Gal1pA introduced at BMH1
locus(nuclear periphery not marked)ARE site introduced
after 2nd Cleavage site
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This Study
This Study
This Study
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Table 5: Oligonucleotides used in chapter 4
oDB#
1085
1095
2352
2353
2354
2355
2356
2357
2415
2416
2417
2455
2745
2746
2747
2748
2805
2806
2808
2809
2810
2811
2812
2917

Sequence
GGGTATTCTGGGCCTCCATGTTGGACG
ATATCAATGCCGTA
CCTCGAGGAACAAGAGGTCA
ATTGTCGACTGGAACTTTCAGTAATAC
GCTTAAC
CTTAAAGCTTGATATCGGTACCCATTT
ACTCATTATAGTTTTTTCTCC
GGAGAAAAAACTATAATGAGTAAATG
GGTACCGATATCAAGCTTTAAG
AACTCCAGTGAAAAGTTCTTCTCCCAC
CGCGGTGGCGGCCGCTCTAGA
TCTAGAGCGGCCGCCACCGCGGTGGGA
GAAGAACTTTTCACTGGAGTT
ATTAGATCTATTTCTTTTCCTCCTCGCG
CTTGTCT
GGCATGGATGAACTATACAAATAGGTG
AATTTACTTTAAATCTTGCAT
ATGCAAGATTTAAAGTAAATTCACCTA
TTTGTATAGTTCATCCATGCC
ATTAGATCTGGAATCTGTGTATATTA
ATTGAGCTCCCTGTTTCGTCCTCACGG
AT
TCTCATTTTTTTCTACTCATAACTTTTTC
AATTTATATACTATTTTAATG
CATTAAAATAGTATATAAATTGAAAAA
GTTATGAGTAGAAAAAAATGAGA
ATAATGTTTTCAATGTAAGAGATTTTCT
GTAGTAGATACCTGATACATTG
CAATGTATCAGGTATCTACTACAGAAA
ATCTCTTACATTGAAAACATTAT
ATCCACAAACTTTAAAACACAGGGAGC
TGAGTGAAATTTTAGTTAATA
TATTAACTAAAATTTCACTCAGCTCCCT
GTGTTTTAAAGTTTGTGGAT
GCTGCGTTTTGGATACCTATTCTTGATA
TTGGCTTTTTTTTTTAAAGT
ACTTTAAAAAAAAAAGCCAATATCAA
GAATAGGTATCCAAAACGCAGC
CAAGAATAGGTATCCAAAACGCAGC

Purpose
Check the integration of GFP reporter
at BMH1 locus
Check the integration of GFP reporter
at BMH1 locus
GTCGAC-Sal1 site, Gal promoter
sense Primer
GFP-RAT 5’ antisense overlap

Study
Abruzzi et.
al. 2006
Abruzzi et.
al. 2006
This Study

GFP-RAT 5’ sense overlap -for 5' end

This Study

GFP-RAT 3’ antisense overlap-

This Study

GFP-RAT 3’ sense overlap

This Study

BglII site Gal 3’UTR antisense

This Study

This Study

sense GFP-TDH3’UTR
antisense GFP-TDH3’UTR

This Study

antisense TDH3’-UTR with BglII site

This Study
This Study

RZ reverse primer

Gal3'UTR 60bp from stop codon
overlap TDH3 3'UTR-(Forward)
Gal3'UTR 60bp from stop codon
overlap TDH3 3'UTR-(Reverse)
Gal3'UTR 170bp from stop codon
overlap TDH3 3'UTR-(Forward)
Gal3'UTR 170bp from stop codon
overlap TDH3 3'UTR (reverse)
Forward with Chimeric TDH 3’UTR
with 200bp overlap with Gal
Reverse with Chimeric TDH 3’UTR
with 200bp overlap with Gal
Forward with Chimeric TDH 3’UTR
with 250bp overlap with Gal
Reverse with Chimeric TDH 3’UTR
with 250bp overlap with Gal
Reverse Primer downstream 250base
from stop codon in Gal gene
Forward with Chimeric TDH 3’UTR
with 300bp overlap with Gal 3’UTR
Reverse with Chimeric TDH 3’UTR
with 300bp overlap with Gal 3’UTR
180-chimeric design primer
(forward)used with oDB2417

TTGTACGTGGGGCAGTTGACGTCTTAA
CGATTCTGAAGTTACTCTTAG
CTAAGAGTAACTTCAGAATCGTTAAGA
CGTCAACTGCCCCACGTACAA
CAATGTAAGAGATTTCGATTATCCAAT
ACCTGATACATTGTGGATGCTGA
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This Study
This Study
This Study
This Study
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This Study
This Study
This Study
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Table 5: --Continued
2918
2919
2920
2927

TCAGCATCCACAATGTATCAGGTATTG
GATAATCGAAATCTCTTACATTG
GATTTCGATTATCCACAAACTTTAACA
TTGTGGATGCTGAGTGAAATTTT
AAAATTTCACTCAGCATCCACAATGTT
AAAGTTTGTGGATAATCGAAATC
AGAACAACTTCTCATTTTTTTCTAAAAT
ACGCAATAATAACGAGTAGT

2928

ACTACTCGTTATTATTGCGTATTTTAGA
AAAAAATGAGAAGTTGTTCT

2929

TGGCATGGATGAACTATACAAATAGTG
AAAAAAATGTAATGAAATATAAA
TTTATATTTCATTACATTTTTTTCACTA
TTTGTATAGTTCATCCATGCCA

2930
2931

CTACGACTTTCTCCCTCTCTCCAAC

2939

CTCATAACTTTAGCATCACATATACTA
TTTTAATGACATTTTCGA
TGTGATGCTAAAGTTATGAGAAGCTAT
AAAAAGAAAATTTATTTA

2940
2941
2942
3002
3003
3005
3071
3006
3007
3008
3175
3176

TAAGAGATTTCGATTATCCAATACCTG
ATACATTGTGGATGCTGA
TGGATAATCGAAATCTCTTAGGCGAAA
AAGACAAGAACAATGCAA
TTACTTTGTTCAGAACAACTTCTCATAG
CATCACAAAATACGCAATAA
TTATTGCGTATTTTGTGATGCTATGAGA
AGTTGTTCTGAACAAAGTAA
CTAAGCTTTCAATCAATGAATCGTGAG
AAGTTGTTCTGAACAAAGTAA
CTCAGATTCATTGATTGAAAGCTTTAG
CATCACAAAATACGCAATAAT
TTATATACTATTTTAATGACATTTTTTG
TGTTTTTTCTTGATGCGCTA
TAGCGCATCAAGAAAAAACACAAAAA
ATGTCATTAAAATAGTATATAA
CTAAGAGATTTCGATTATCCAATACCT
GATACATTGTGGATGCTGAGT
AAATGAGAAGTTGTTCTGAACAAAGTA
AAAAAAAGAAGT
CATACAATCATTTATTAAGTAGTTGAA
GCATGTATGAAC

180-Chimeric design primer
(Reverse)used with oDB2352
190-chimeric design primer
(forward)used with oDB2417
190-Chimeric design primer
(reverse)used with oDB2352
deletion of 20bp in gal3'UTR to
remove first cleavage site (sense) use
with oDB2357
deletion of 20bp in gal3'UTR to
remove first cleavage site (antisense)
use with oDB2352
HXK1 cloning in reporter sense (GFP
overlap) use with oDB2931
HXK1 cloning in reporter antisense
(GFP overlap) use with oDB2352 for
complete upstream fragment
HXK1 3'UTR cloning downstream
fragment antisense
addition of Gal 1st Cleavage site to
TDH3'UTR (sense) use with oDB2417
addition of Gal 1st Cleavage site to
TDH3'UTR (antisense) use with
oDB2352
addition of Gal 2nd Cleavage site to
TDH3'UTR (sense) use with oDB2417
addition of Gal 2nd Cleavage site to
TDH3'UTR (antisense) use with
oDB2352
Deletion of first cleavage site 40-60 in
Gal 3'UTR (forward)
Deletion of first cleavage site 40-60 in
Gal 3'UTR (Reverse)
Introducing TDH cleavage site in
Gal3'UTR (Reverse)
Introducing TDH cleavage site in
Gal3'UTR (forward)
Removal of TDH cleavage site from
TDH 3'UTR (forward)
Removal of TDH cleavage site from
TDH 3'UTR (Reverse)
Introduction of 2nd Cleavage site of
GAL in TDH 3'UTR (forward)
Gal1 anti-sense region between stop
codon and 1st cleavage site
Gal1 anti-sense region between1st
cleavage site and 2nd Cle site
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This Study
This Study
This Study
This Study
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Table 5: --Continued
3009
3197
3198
3199
3200
3201
3202
3203
3204
3393
3394
3395
3396
3348
3349
3458
3459
3460
3461
3462
3463
3464
3549

Introduction of 2nd Cleavage site of
GAL in TDH 3'UTR (Reverse)
deletion of 71-100bp from Gal1
3'UTR (forward use with oDB2357)
deletion of 71-100bp from Gal1
3'UTR (Reverse use with oDB2352)
deletion of 101-135bp from Gal1
3'UTR (forward use with oDB2357)
deletion of 101-135bp from Gal1
3'UTR (Reverse use with oDB2352)
deletion of 136-170bp from Gal1
3'UTR (forward use with oDB2357)
deletion of 136-170bp from Gal1
3'UTR (reverse use with oDB2352)
Deletion of second cle site in Gal
3'UTR (forward use with oDB2357)
Deletion of second cle site in Gal
3'UTR (reverse use with oDB2352)
deletion of 1-180bp from Gal1 3'UTR
Forward primer use with oDB2357
deletion of 1-180bp from Gal1 3'UTR
Reverse primer use with oDB2352
deletion of 1-60bp from Gal1 3'UTR
Forward primer use with oDB2357
deletion of 1-60bp from Gal1 3'UTR
Reverse primer use with oDB2352
deletion of 40-180bp from Gal1
3'UTR Forward primer use with
oDB2357
TTTTGTCCCTGTGTTTTAAAGTTTGTGA
deletion of 40-180bp from Gal1
GAAGTTGTTCTGAACAAAGT
3'UTR Reverse primer use with
oDB2352
TAATGTTTTCAATGTAAGAGATTTCAA deletion 170-200 in gal3'UTR use with
AATTCTTGATATGCTTTCAAC
oDB2357
GTTGAAAGCATATCAAGAATTTTGAAA deletion 170-200 in gal3'UTR use with
TCTCTTACATTGAAAACATTA
oDB2352
TCCACAAACTTTAAAACACAGGGAACA deletion 200-250 in gal3'UTR use with
TGATATGACTACCATTTTGTT
oDB2357
AACAAAATGGTAGTCATATCATGTTCC deletion 200-250 in gal3'UTR use with
CTGTGTTTTAAAGTTTGTGGA
oDB2352
CTGCGTTTTGGATACCTATTCTTGATCA deletion 250-300 in gal3'UTR use with
TATGTCAAAGTCATTTGCGA
oDB2357
TCGCAAATGACTTTGACATATGATCAA deletion 250-300 in gal3'UTR use with
GAATAGGTATCCAAAACGCAG
oDB2352
TGGATAATCGAAATCTCTTACATTG
180bp of gal 3'UTR from stop codon
CCAATTGGCGATGGCCCTGTC
GFP internal sense primer for RTPCR

TTGGATAATCGAAATCTCTTAGGCGAA
AAAGACAAGAACAATGCAATA
CTCATAACTTTAGCATCACATTTATAGT
TCATACATGCTTCAACTACTTA
AGCATGTATGAACTATAAATGTGATGC
TAAAGTTATGAGTAGAAAAAAAT
TAATAACGAGTAGTAACACTTGATTGT
ATGATAATGTTTTCAATGTAAGA
AAACATTATCATACAATCAAGTGTTAC
TACTCGTTATTATTGCGTATTTT
TGCTTCAACTACTTAATAAACGATTAT
CCACAAACTTTAAAACACAGGGA
TAAAGTTTGTGGATAATCGTTTATTAA
GTAGTTGAAGCATGTATGAACTA
GTATGATAATGTTTTCAATGCAAACTT
TAAAACACAGGGACAAAATTCTT
CCCTGTGTTTTAAAGTTTGCATTGAAA
ACATTATCATACAATCATTTATT
GGATCTGGCTGCTAAGTCGACTAACAA
ACTTTAAAACACAGGGACAAA
TTTTGTCCCTGTGTTTTAAAGTTTGTTA
GTCGACTTAGCAGCCAGATCC
GGATCTGGCTGCTAAGTCGACTAATAG
CATCACAAAATACGCAATAAT
ATTATTGCGTATTTTGTGATGCTATTAG
TCGACTTAGCAGCCAGATCC
ACTTTGTTCAGAACAACTTCTCACAAA
CTTTAAAACACAGGGACAAAA
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Table 5: --Continued
3551

GGAGAAAAAACTATAATGAGTAAAGG
AGAAGAACTTTTCACTGGAGTT

3552

AACTCCAGTGAAAAGTTCTTCTCCTTT
ACTCATTATAGTTTTTTCTCC

3553

TTTTTTTACTTTGTTCAGAACTATTTAT
CTTCTCATTTTTTTCTACTCAT

3554

ATGAGTAGAAAAAAATGAGAAGATAA
ATAGTTCTGAACAAAGTAAAAAAA

3555

GTAGTAACACTTTTATAGTTCTATTTAT
ATACATGCTTCAACTACTTAAT

3556

ATTAAGTAGTTGAAGCATGTATATAAA
TAGAACTATAAAAGTGTTACTAC

3607
3608

TGAAGTCAAGTTTGAAGGTG
ACATTTTCGATTCATTGATTGAAAGAT
ACATGCTTCAACTACTTAATA

3609

TATTAAGTAGTTGAAGCATGTATCTTT
CAATCAATGAATCGAAAATGT

3610

TTTTTTTACTTTGTTCAGAACTATATAT
CTTCTCATTTTTTTCTACTCAT

3611

ATGAGTAGAAAAAAATGAGAAGATAT
ATAGTTCTGAACAAAGTAAAAAAA

3756

GTAGTAACACTTTTATAGTTCCAGGCA
CATACATGCTTCAACTACTTAAT

3757

ATTAAGTAGTTGAAGCATGTATgtccgtcG
AACTATAAAAGTGTTACTAC

3772

GGCATGGATGAACTATACAAATAGTTT
GCCAGCTTACTATCCTTCTTG
CAAGAAGGATAGTAAGCTGGCAAACT
ATTTGTATAGTTCATCCATGCC

3773

Gal-GFP overlap to remove RAT-tag
to construct control plasmid sense use
with oDB2417 or oDb2357 or
oDB2455
Gal-GFP overlap to remove RAT-tag
to construct control plasmid Antisense
use with oDB2352
ARE sequence added before 1st cle
site in Gal3'UTR Sense use with
oDB2357
ARE sequence added before 1st cle
site in Gal3'UTR Anti-Sense use with
oDB2352
ARE sequence added between 1st and
2nd cle site in Gal3'UTR Sense use
with oDB2357
ARE sequence added between 1st and
2nd cle site in Gal3'UTR Sense use
with oDB2352
GFP forward for RT
for TDH-Gal chimeric 3'UTR (110bp
of TDH and 390bp Gal1 3'UTR (use
with oDB2357)
for TDH-Gal chimeric 3'UTR (110bp
of TDH and 390bp Gal1 3'UTR (use
with oDB2352)
ARE sequence added before 1st cle
site in Gal3'UTR Sense use with
oDB2357 (scramble control)
ARE sequence added before 1st cle
site in Gal3'UTR Anti-Sense use with
oDB2352 (scramble control)
ARE sequence added between 1st and
2nd cle site in Gal3'UTR Sense use
with oDB2357 (ARE replaced by
CAGGCAC)
ARE mutant sequence added between
1st and 2nd cle site in Gal3'UTR
Sense use with oDB2352 (ARE
replaced by CAGGCAC)
GFP overlap Gal10 3'UTR use with
oDB3774
GFP overlap Gal10 3'UTR use with
oDB2352
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This Study
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Table 5: --Continued
3774

TTAAGGAAAATGACAGAAAATATAT

3775

TGGCATGGATGAACTATACAAATAGCA
CTAAACACCTTCTTGGAACAA
TTGTTCCAAGAAGGTGTTTAGTGCTAT
TTGTATAGTTCATCCATGCCA
GCGTAGTCACTATTAGTAATACCA

3776
3777
3778
3779
3790

AATATAGACACACACATATATATAGTG
TATAATCCTAGCTAATAAACA
TGTTTATTAGCTAGGATTATACACTAT
ATATATGTGTGTGTCTATATT
TTTTTCTACTCATAACTTTTTCACAGGC
CATACTATTTTAATGACATTTT

3791

AAAATGTCATTAAAATAGTATGGCCTG
TGAAAAAGTTATGAGTAGAAAAA

3784

TTCTACTCATAACTTTAGCATTATTTAT
CACAAAATACGCAATAATAACG

3785

CGTTATTATTGCGTATTTTGTGATAAAT
AATGCTAAAGTTATGAGTAGAA

3786

TTCAACTACTTAATAAATGATTATTTAT
TGTATGATAATGTTTTCAATGT

3787

ACATTGAAAACATTATCATACAATAAA
TAATCATTTATTAAGTAGTTGAA

3792

GATAATGTTTTCAATGTAAGAGCAGGC
CTGTAGTAGATACCTGATACATT

3793

AATGTATCAGGTATCTACTACAGGCCT
GCTCTTACATTGAAAACATTATC

3838

AACACCTTCTTGGAACAACCTATTTAT
AATATTTATAAAGTTTACTCATACCTCT
T
AAGAGGTATGAGTAAACTTTATAAATA
TTATAAATAGGTTGTTCCAAGAAGGTG
TT

3839

Gal10 3'UTR construct Anti sense
primer use with oDB3772 and
oDB2352
GFP overlap Gal3 3'UTR use with
oDB3777
GFP overlap Gal3 3'UTR use with
oDB2352
Gal3 3'UTR construct Anti sense
primer use with oDB3775 and
oDB2352
Removing ARE sequence from HXK1
3'UTR, use with oDB2931
Removing ARE sequence from HXK1
3'UTR, use with oDB2352
mutating ARE sequence ATTTAT to
CAGGCC in the 60bp chimeric
sequence, use with oDB2417
mutating ARE sequence ATTTAT to
CAGGCC in the 60bp chimeric
sequence, use with oDB2352
Moving ARE sequence closer to 1st
cle site and ARE is between 1st and
2nd cle site, use oligo with oDB2357
Moving ARE sequence closer to 1st
cle site and ARE is between 1st and
2nd cle site, use oligo with oDB2352
Moving ARE sequence closer to 2nd
cle site and ARE is between 1st and
2nd cle site, use oligo with oDB2357
Moving ARE sequence closer to 2nd
cle site and ARE is between 1st and
2nd cle site, use oligo with oDB2352
mutating ARE sequence ATTTAT to
CAGGC in the 170bp chimeric
sequence, use with oDB2417
mutating ARE sequence ATTTAT to
CAGGC in the 170bp chimeric
sequence, use with oDB2352
Adding two ARE sequences to the
Gal3 3'UTR (sense)

This Study

Adding two ARE sequences to the
Gal3 3'UTR (antisense)

This Study

40

This Study
This Study
This Study
This Study
This Study
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Table 5: --Continued
3840

GTAGTAACACTTTTATAGTTCTATATAT
ATACATGCTTCAACTACTTAAT

3841

GTAGTAACACTTTTATAGTTCTATATAT
ATACATGCTTCAACTACTTAAT

3855

GAACTATACAAATAGGTGACGGCCCTT
TAAATCTTGCCGGCCAATAAATTTTCTT
TTTAT

3856

ATAAAAAGAAAATTTATTGGCCGGCAA
GATTTAAAGGGCCGTCACCTATTTGTA
TAGTTC

3882

CGAAATCTCTTACATTGAAAACATTAT
CA
ATAGCTTTATGACTTAGTTTCACGGCCT
ATACTATTTTAATGACATTT
AAATGTCATTAAAATAGTATAGGCCGT
GAAACTAAGTCATAAAGCTAT

4205
4206
4065
4066
4067
4068
4115

TATATTGAGCTCTGGAACTTTCAGTAA
TACGCTTAAC
TATATTGGGCCCATTTCTTTTCCTCCTC
GCGCTTGTCT
TATATTGGGCCCGGAATCTGTGTATAT
TACTGC
TATATTGGGCCCGCGTAGTCACTATTA
GTAATACCA
ACAAGCGCGAGGAGGAAAAGAAATAT
GCGGCATCAGAGCAGATTGTAC

4116

GTACAATCTGCTCTGATGCCGCATATT
TCTTTTCCTCCTCGCGCTTGT

4117

GTATACTTCTTTTTTTTACTTTGTTCAG
AA
ACCCTGCGGTGTGAAATACCGCACGAC
AGAAAAATTCCGATGGACAAG
CTTGTCCATCGGAATTTTTCTGTCGTGC
GGTATTTCACACCGCAGGGT
GTAAGAGAGAACAGAGATTTAATGGA
AAAT
AGATTTCGATTATCCACAAACTATTTA
TTTTAAAACACAGGGACAAAAT
ATTTTGTCCCTGTGTTTTAAAATAAATA
GTTTGTGGATAATCGAAATCT

4118
4119
4120
4213
4214

ARE converted to efficiency element
sequence added between 1st and 2nd
cle site in Gal3'UTR Sense use with
oDB2357
ARE converted to efficiency element
sequence added between 1st and 2nd
cle site in Gal3'UTR antisense use
with oDB2352
SENSE remove first two ARE
sequence from TDH 3'UTR, Use with
oDB2417
Anti-Sense remove first two ARE
sequence from TDH 3'UTR, use with
oDB2352
Gal1 3'UTR near 2nd cle site Reverse
for RT
removing 3rd ARE from TDH
sequence use with oDB4112 (sense)
removing 3rd ARE from TDH
sequence use with oDB4110
(antisense)
Gal1 (oDB2352 with SacI site)

This Study

Gal1 3'UTR (oDB2357 with ApaI site)

This Study

TDH 3'UTR (oDB2417 with ApaI
site)
Gal3 3'UTR (oDB3777 with ApaI site)

This Study

URA overlap Gal1 3'region for
integrationof ARE into Gal1 gene
(sense) Use with oDB4119
URA overlap Gal1 3'region for
integration of ARE into Gal1 gene
(antisense) use with oDB4117
Gal1 3'region after stop codon

This Study

Ura 3'end overlap Gal1 3'region
(sense) Use with oDB4120
Ura 3'end overlap Gal1 3'region
(antisense) Use with oDB4115
Gal1 3'end and Promoter of Fur4
(antisense) Use with oDB4118
adding ARE after the 2nd cle site
(sense)
adding ARE after the 2nd cle site
(antisense)

This Study
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This Study

This Study
This Study
This Study
This Study
This Study
This Study

This Study

This Study
This Study

This Study
This Study
This Study
This Study

Table 6: Plasmids used in Chapter 4
pDB#

Description

757

pRS41H

Parent Plasmid
pRS41H

999

pRS425

pRS425

1030

pRS313

pR313

1031

Gal-GFP-GalpA with RAT-tag (T7 to T3
direction)
Gal-GFP-GalpA with RAT-tag (T3 to T7
direction)
Gal-GFP-TDHpA with RAT-tag (T7 to T3
direction)
Gal-GFP-TDHpA with RAT-tag (T3 to T7
direction)
Gal-GFP-Rz with RAT-tag (T7 to T3
direction)
Gal-GFP-Rz with RAT-tag (T3 to T7
direction)
Gal-GFP- Chimeric 3'UTR with 60bp GAL
and remaining TDH sequence
Gal-GFP-Chimeric 3'UTR with 170bp GAL
and remaining TDH sequence
Gal-GFP- Chimeric 3'UTR with 200bp GAL
and remaining TDH sequence
Gal-GFP- Chimeric 3'UTR with 250bp GAL
and remaining TDH sequence
Gal-GFP- Chimeric 3'UTR with 300bp GAL
and remaining TDH sequence
Gal-GFP- Chimeric 3'UTR with 180bp GAL
and remaining TDH sequence
Gal-GFP-Chimeric 3'UTR with 190bp GAL
and remaining TDH sequence
Gal-GFP-HXK1pA
Gal-GFP-Gal(pA) 50-70 bp removed from
3'UTR which is the first clevage site
Gal-GFP-TDH(pA) 50-70 bp added from Gal
3'UTR which is the first clevage site
pGal-GFP-TDH(pA) 160-180 bp added from
Gal 3'UTR which is the second clevage site
Gal-GFP-Gal(pA) 40-60 bp removed from
3'UTR which is the first clevage site
Gal-GFP-Gal(pA) 93-113 bp added from
TDH 3'UTR which is the clevage site to
replace first cleavage site in Gal 3'UTR
Gal-GFP-TDH(pA) 93-113 bp removed from
TDH 3'UTR which is the clevage site

pRS425

Taxis and Knop
2006
Christianson et al.
1992
Sikorski and
Hieter 1989
This Study

pRS425

This Study

pRS425

This Study

pRS425

This Study

pRS425

This Study

pRS425

This Study

pRS425

This Study

pRS425

This Study

pRS425

This Study

pRS425

This Study

pRS425

This Study

pRS425

This Study

pRS425

This Study

pRS425
pRS425

This Study
This Study

pRS425

This Study

pRS425

This Study

pRS425

This Study

pRS425

This Study

pRS425

This Study

1032
1033
1034
1035
1036
1057
1058
1059
1060
1061
1102
1103
1106
1107
1112
1113
1120
1121
1122
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Study

Table 6: --Continued
1123
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1147
1149
1150
1151
1152
1153
1154

1155
1169

1170
1171
1172
1173
1182

Gal-GFP-TDH(pA) 93-113 bp removed from
TDH 3'UTR which is the clevage site but
GAL 2nd Cleavage site added (160-180bp)
GAL-GFP-Gal (Δ70-100 from 3'UTR)
GAL-GFP-Gal (Δ101-135 from 3'UTR)
GAL-GFP-Gal (Δ135-170 from 3'UTR)
GAL-GFP-Gal (Δ160-180 from 3'UTR)
GAL-GFP-Gal (∆40-60 bp and Δ160-180
from 3'UTR)
GAL-GFP-Gal (Δ1-180 from 3'UTR)
GAL-GFP-Gal (Δ1-60 from 3'UTR)
GAL-GFP-Gal (Δ40-180 from 3'UTR)
GAL-GFP-Gal (Δ170-200 from 3'UTR)
GAL-GFP-Gal (Δ200-250 from 3'UTR)
GAL-GFP-Gal (Δ250-300 from 3'UTR)
GAL-GFP-Gal (Δ181-500 from 3'UTR)
Gal-GFP-GalpA (no RAT-tag control)
Gal-GFP-TDHpA (no RAT-tag control)
Gal-GFP-Rz(no RAT-tag control)
Gal-GFP-GalpA with ARE sequence
(TATTTAT) between stop codon and 1st
cleavage site
Gal-GFP-GalpA with ARE sequence
(TATTTAT) between 1st cleavage site an 2nd
cleavage site
Gal-GFP-GalpA with scramble ARE
sequence (TATATAT) between stop codon
and 1st cleavage site
Gal-GFP-GalpA with ARE sequence
(TATTTAT) between stop codon and 1st
cleavage site and also between 2nd site
(2AREs)
Gal-GFP-Chimeric 3'UTR with 110bp TDH
and remaining gal sequence
pRS425+pGal-GFP-GalpA with ARE
sequence (TATTTAT mutated to
CAGGCAC) between 1st cleavage site an 2nd
cleavage site
pRS425+pGal-GFP-Gal10pA
pRS425+pGal-GFP-Gal3pA
pRS425+pGal-GFP-HXK1(pA) W/O ARE
sequence
pDB1057 with ARE site removed from TDH
region
pRS41H+pGAL-GFP-Gal(pA)
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pRS425

This Study

pRS425
pRS425
pRS425
pRS425
pRS425

This Study
This Study
This Study
This Study
This Study

pRS425
pRS425
pRS425
pRS425
pRS425
pRS425
pRS425
pRS425
pRS425
pRS425
pRS425

This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study

pRS425

This Study

pRS425

This Study

pRS425

This Study

pRS425

This Study

pRS425

This Study

pRS425
pRS425
pRS425

This Study
This Study
This Study

pRS425

This Study

pRS41H

This Study

Table 6: --Continued
1183
1184
1185
1186

1187
1189
1190
1191
1192

pRS41H+pGAL-GFP-TDH(pA)
pRS41H+pGal-GFP-GalpA with ARE
sequence (TATTTAT) between stop codon
and 1st cleavage site
pRS41H+pGal-GFP-GalpA with ARE
sequence (TATTTAT) between 1st cleavage
site an 2nd cleavage site
pRS41H+pGal-GFP-GalpA with ARE
sequence (TATTTAT mutated to
CAGGCAC) between 1st cleavage site an 2nd
cleavage site
pRS41H + Chimeric 3'UTR with 110bp TDH
and remaining gal sequence
pRS425+pGal-GFP-Gal3pA (2ARE site
added by addition of 5 bases)
same as pDB1058, but the junction of gal1
and TDH was mutated
pRS425+pGal+GFP+TDH 3'UTR with all the
ARE sequence mutated
pRS425+pGal+GFP+Gal1 3'UTR with ARE
sequence placed after the 2nd site
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pRS41H
pRS41H

This Study
This Study

pRS41H

This Study

pRS41H

This Study

pRS41H

This Study

pRS425

This Study

pRS425

This Study

pRS425

This Study

pRS425

This Study

CHAPTER 3
POSTTRANSCRIPTIONAL PERINUCLEAR RETENTION OF ACTIVATED GENES IN
S.CEREVISIAE: CHROMATIN-INDEPENDENT EFFECTS OF SUS1 AND POSITION
DEPENDENT EFFECTS OF H2A.Z
Introduction:
The spatial organization of the nucleus plays an important role in the regulation of
eukaryotic gene expression (Akhtar and Gasser 2007; Zimmer and Fabre 2011). The nuclear
periphery (NP), long considered to be a transcriptionally repressive territory, has emerged in
recent years as a hub of transcriptional activity (Casolari et al. 2004; Egecioglu and Brickner
2011). In S. cerevisiae, many inducible genes, including GAL1, GAL10, GAL2, INO1, TSA2,
and HXK1,relocate to the NP upon activation, and some of them remain associated with the
NP long after transcriptional repression (Abruzzi et al. 2006; Ahmed et al., 2010;Brickner
and Walter, 2004; Brickner et al. 2007; Cabal et al., 2006; Casolari et al., 2004, 2005;
Dieppois et al., 2006).Perinuclear relocalization of activated genes has been proposed to
facilitate RNA export (Blobel 1985), determine the optimal level of transcription (Taddei et
al. 2006), and delineate the boundaries between active and silent chromatin domains (Ishii et
al. 2002). This relocalization may also be involved in interactions between the 5’ and 3’ ends
of genes (Tan-Wong et al. 2009).Numerous factors have been implicated in perinuclear gene
repositioning ,including sequence-specific DNA binding proteins (Schmid et al.
2006),transcription complexes (Brickner et al. 2012), chromatin remodeling factors(Cabal et
al. 2006; Luthra et al. 2007), cis elements present in the 5'- or 3'-UTR(Abruzzi et al. 2006;
Ahmed et al. 2010; Dieppois et al. 2006; Light et al. 2010,Taddei et al. 2006), and mRNPs
(Abruzzi et al. 2006). However, the relative contributions of these factors to the events of
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gene recruitment, capture, and posttranscriptional retention at the NP have not been resolved.
The processing and packaging of nuclear mRNA during transcription is directly coupled to
its export from the nucleus to the cytoplasm through the nuclear pore complexes (NPC)
(García-Oliver et al. 2012), and all steps of nuclear mRNP biogenesis are subjected to
elaborate quality control (Assenholt et al. 2011; Jensen et al. 2003; and Skruzný et al. 2009;
Vodala et al. 2008). Many defects in mRNA processing, in cis or in trans, or perturbations of
mRNP assembly, lead to accumulation of defective mRNP molecules in nuclear foci
associated to the site of transcription (Jensen et al. 2001a, 2001b; Libri et al. 2002; Thomsen
et al. 2003). Such mRNA foci (referred to as “dots”) tend to remain tethered to the
transcription sites long after transcriptional repression and can be visualized by fluorescence
in situ hybridization (FISH) with a gene-specific probe. In case of THO/Sub2 yeast mutants,
these stalled intermediates in the mRNP biogenesis pathway were reported to contain NPCand 3'-end processing–complex components, reflecting the persistent association of
transcribed DNA with the NP (Rougemaille et al. 2008).
Some mRNAs in yeast can be retained in transcription site-proximal foci/dots in wild-type
cells as well. For example, such dots can arise from a GAL1 promoter driven reporter
construct, which terminates in a hammerhead ribozyme, thus bypassing normal 3’-end
processing and creating a cis mutant, or from a reporter with a wild-type GAL1 3’ UTR, and
even from the endogenous GAL1 gene(Abruzzi et al. 2006; Casolari et al. 2006; Dower et al.,
2004). The transcript-to gene retention apparently reflects a regular feature of gene
expression, which is quantitatively increased when nuclear mRNA processing is suboptimal
or perturbed. It has been shown that mRNA retained in dots in wild-type cells is also largely
posttranscriptional, and these mRNPs contribute to gene-to-nuclear periphery tethering, thus
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coupling the mRNA-to-gene with gene-to-nuclear periphery tethering (Abruzzi et al. 2006).
Interestingly, the kinetics of dissociation of these genes from the nuclear periphery after
transcriptional repression depends on the nature of their 3’UTRs, i.e. on reporter gene 3’-end
formation signals (Abruzzi et al. 2006).
We have previously found that Sus1, a small protein conserved among eukaryotes
(García-Oliver et al. 2012), is required for persistent tethering of GAL1 promoter-driven
mRNP foci to their cognate genes and for retention of the genes at the NP in yeast (Cabal et
al. 2006; Chekanova at al. 2008). Sus1p associates with transcription co-activator complex
SAGA, and is also part of the TREX2 mRNA export complex (Sac3-Thp1-Sus1-Cdc31),
which is anchored to the NPC via Sac3-Nup1 (Fischer et al. 2002). Interactions between the
SAGA complex, and export factors that in turn associate with the NPC were suggested to
target active GAL1 genes to the NPC at the beginning of transcription and couple it to export
(Rodríguez-Navarro et al., 2004). Thus, one of the chromatin level mechanisms proposed to
be involved in the perinuclear association of regulated genes involves SAGA complex (Cabal
et al. 2006; Rodriguez-Navarro et al. 2004).
Drosophila Sus1/E(y)2 is likewise required for efficient mRNA export and for full
transcriptional induction of hsp70, as well as for the barrier activity of the Su(Hw) insulators
(Kurshakova et al. 2007a, 2007b). This finding parallels observations in yeast, where
interactions of a gene with the inner basket of the NPC has been found to confer boundary
activity, which is defined as protection from gene silencing triggered by proximity to a
heterochromatic domain (Ishii et al. 2002; Schmid et al. 2006). Whether the multiple
functions of Sus1p in transcription, mRNA export, boundary and/or barrier activity, and

47

perinuclear repositioning of activated genes share a common mechanistic basis is not
presently understood.
Here, we present evidence that dissociation of Sus1p from chromatin does not affect its
ability to support the retention of mRNA in gene-proximal foci, and that the functions of
Sus1p in perinuclear repositioning of the activated GAL genes also can be genetically
uncoupled from its chromatin-linked functions. In addition to Sus1p, it has been suggested
that histone variant H2A.Z plays a role in the confinement of activated genes at the nuclear
periphery (Brickner et al. 2007, Brickner et al. 2009).
In this study, we demonstrate that posttranscriptional mRNA-gene retention is independent of
histone variant H2A.Z and SWR1 gene. Interestingly though, our findings indicate that the
loss of H2A.Z and SWR1 affects the gene-to-nuclear periphery recruitment of GAL1
promoter driven reporters in a 3’UTR-dependent manner, but the effect of this histone variant
on the posttranscriptional gene retention is locus-specific.
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Figure 4. Proportion of activated GAL-GFP-GALpA, GAL-GFP-RZ and GAL1 genes associated with
NP in WT, and ubp8Δ, sgf11Δ, sus1Δ, sus1Δ/ubp8Δ mutant cells under transcription activating
conditions. Intranuclear position of each locus was visualized using TetR-GFP bound to a TetO448
array positioned next to each one of the reporter genes and TetO112 array next to GAL1 gene, NP was
visualized by coexpressed Nup49-GFP fusion.
Fraction of cells with NP associated GAL-GFP-GALpA (A) BMH1 locus without the reporter gene
(B) GAL-GFP-GalpA, GAL-GFP-RZ (C) and GAL1 (D) genes upon repression (Glu) or induction
(Gal) of transcription in WT, ubp8Δ, sgf11Δ, sus1Δ, sus1Δ/ubp8Δ cells. Activated (Gal) reporters and
GAL1 gene colocalize with NP in 55-65% of the population the cells, while repressed (Glu) reporters
colocalize with NP in 32-40% of the cells in WT, and ubp8Δ, sgf11Δ mutants. In sus1Δ and
sus1Δ/ubp8Δ double mutant strain the recruitment of the GAL-GFPGALpA and GAL1 genes to the NP
is lost (B, D), as previously reported in sus1Δ mutants (Cabal et al. 2006; Chekanova et al. 2008).
GAL-GFP-Rz (A) recruitment to the nuclear periphery is reduced on galactose, but not lost. Only the
proportion of peripherally positioned loci is graphed. Error bars represent standard deviation.
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RESULTS:
Posttranscriptional perinuclear retention of GAL genes doesn’t require Sus1p association with
the chromatin remodeling SAGA complex.
Sus1p binding to the SAGA complex is mediated through its association with the histonedeubiquitination module (also called DUBm) composed of Ubp8, Sgf11, Sgf73 and Sus1
(Köhler et al. 2010). Coimmunoprecipitation experiments have shown that deletion of either
Ubp8 or Sgf11 proteins lead to physical dissociation of Sus1p from the SAGA complex
(Rodriguez-Navarro et al. 2004; Köhler et al. 2006). To uncouple Sus1 chromatin functions
from its functions in perinuclear repositioning of activated genes and their posttranscriptional
retention, we used two different reporters and examined their spatial dynamics in the
presence or absence of UBP8 or SGF11. If the Sus1p chromatin functions related to the
SAGA complex are distinct from its functions related to perinuclear repositioning, then the
deletion of ubp8 or sgf11 gene should not affect the repositioning behavior of these reporter
genes with regard to transcriptional activation and shutoff. The two reporter constructs were
driven by the GAL1 promoter, which is activated by galactose and repressed by glucose.
Also, both constructs used an ORF encoding GFP, whose chromophore was intentionally
destroyed by site-directed mutagenesis, to enable simultaneous visualization of intranuclear
position of the locus using the TetRGFP/TetO448 system (materials and methods). To
produce different mRNAs, one reporter construct contained the 3’-UTR or poly(A) signal
derived from the GAL1 gene and the other construct terminated in the hammerhead ribozyme
(RZ) (constructs termed GAL-GFP-GALpA and GAL-GFP-RZ, respectively). The RZ
autocatalytic endonucleolytic activity bypasses the normal pathway of mRNA 3’-end
biogenesis and results in formation of aberrantly processed unadenylated RNA (Dower et al.
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2004). Each reporter was integrated into the ECM32 - BMH1 intergenic region on S.
cerevisiae chromosome V. To monitor the intranuclear dynamics of the reporter loci, an
array of 448 Tet operators (TetO448), inserted just downstream of BMH1, was visualized
with a TetR-GFP fusion protein expressed constitutively (Abruzzi et al. 2006). Furthermore,
to relate the position of the reporter locus to the NP, nuclear pore complexes were
simultaneously visualized using a NUP49-GFP fusion. Finally, to examine the spatial
dynamics of the native GAL1 locus, we also generated mutants of UBP8 or SGF11 in the
yeast strain in which the endogenous GAL1 locus on chromosome II was marked with
TetO112 (Cabal et al. 2006). We showed previously that in WT cells, both GAL promoterdriven reporters and GAL1 genes are recruited to the NP when transcription is activated by
galactose (Abruzzi et al. 2006; Cabal et al., 2006). Recruitment to the NP never results in
localization of a gene at the NP in 100% of the cells because genes continue to move and
peripheral localization is cell cycle dependent, being lost during S-phase (Brickner et al.
2010, 2011; Cabal et al., 2006). In WT cells activated reporters and GAL1 gene colocalize
with NP in 55-65% of the cells in the population, but repressed reporters colocalize with NP
in 35-45% of the cells (Fig. 4B,C and D; Abruzzi et al. 2006; Cabal et al., 2006), similar to
the frequencies reported for other genes recruited to NP. As a control we checked the
localization of the BMH1 locus without the presence of the reporter gene in both activated
and repressive conditions, Here, we see that ~45% of the BMH1 locus was localized to the
nuclear periphery (Fig. 4A) under both active and repressive conditions. When we examined
the behavior of these loci under activating conditions in ubp8Δ and sgf11Δ strains, we found
that all three genes associate with the nuclear periphery in a manner indistinguishable from
WT cells. In the ubp8Δ strain, the proportion of peripherally associated GAL-GFP-GALpA,
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GAL-GFP-RZ reporter genes and endogenous GAL1 loci were 55.67±2.35%, 66.00±2.38%
and 54.33±0.62, respectively (Fig.4B, C, D), and in the sgf11Δ strain they were
54.35±0.57%, 60.79±1.88% and 54.16±0.24% compared to the 58.33±3.30%, 65.67±0.47%,
and 53.04±1.30% in WT cells (Fig.4A, B, C). We therefore conclude that association of
Sus1p with the SAGA complex is not required for the targeting and recruitment of GALGFP-GALpA, GAL-GFP-RZ or GAL1 to the NP under transcription-activating conditions.
The kinetic of dissociation of these reporters from the NP following transcriptional
repression has been shown to be different even in WT, and this difference is based on the
nature of their 3’UTRs. The GAL-GFP-GALpA locus dissociates from the nuclear periphery
gradually, yet more slowly than the kinetics of the RNAP II runoff (as determined by ChIP
previously; Abruzzi et al. 2006), while the GAL-GFP-RZ locus shows retention at the nuclear
periphery that lasts for more than an hour after transcriptional repression (Fig. 5B, D;
Abruzzi et al. 2006, Chekanova et al. 2008). This difference in dissociation kinetics is due to
the fact that mRNP properties influence both RNA-to-gene and gene-to-NP
posttranscriptional association (Abruzzi et al. 2006). To confirm that the dissociation of the
reporter gene from nuclear periphery was independent of BMH1 locus, we did similar kinetic
dissociation experiment, and we saw that the BMH1 locus showed no effect even after 60
mins of transcriptional shutoff (Fig 4.) However, it was shown that in the sus1Δ strain,
perinuclear association of both of these reporter genes becomes compromised. In sus1Δ,
GAL-GFP-GALpA and the endogenous GAL1 loci, which produce properly processed and
remodeled mRNPs, fail to be recruited to the nuclear rim altogether under activating
conditions, while GALGFP-RZ is recruited but its association with the NP lasts only for the
duration of transcription and is rapidly lost upon transcriptional shutoff (Cabal et al.
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2006;Chekanova et al. 2008; Drubin et al. 2006).Therefore, we next examined the
posttranscriptional retention of these genes at the NP after transcriptional repression in WT,
ubp8Δ and sgf11Δ cells. We found that posttranscriptional behavior of GAL-GFP-pA and
GAL-GFP-RZ reporters, as well as endogenous GAL1 gene in ubp8Δ and sgf11Δ strains is
identical to their behavior in WT cells (Fig. 5A, C, E).To exclude the possibility that the
persistent retention of these genes at the nuclear periphery resulted from a novel, distinct
pathway that was triggered by the loss of Ubp8p and bypassed the requirement for TREX2
function, we constructed the ubp8Δ/sus1Δ double mutant and examined the behavior of the
GAL-GFP-RZ, GAL-GFP-GALpA reporters and endogenous GAL1 loci in this strain. We
found that the behavior of all three loci in the ubp8Δ/sus1Δ double mutant cells mimicked the
behavior of these loci in the sus1Δ single mutant (Chekanova et al. 2008; Cabal et al. 2006;
Fig. 5A, C, E). The GAL-GFP-GALpA reporter and endogenous GAL1 locus were not
recruited to the NP under the activating conditions, i.e only 35-45% of the cells in the
population had the locus colocalizing with the NP, which is similar to the proportion of
peripherally positioned loci observed in cells grown on glucose (Fig. 4B, C; Fig.5A, E). The
Gal-GFP-RZ locus did relocate to the NP on galactose, as previously reported for the sus1Δ
single mutant (Fig.4C), but dissociated from the periphery rapidly after the addition of
glucose (Fig. 5C). Hence, the recruitment to the periphery and posttranscriptional perinuclear
retention of examined genes were still Sus1-dependent in the ubp8Δ mutant cells. In this and
all subsequent experiments, we verified by Northern blot analyses that the kinetics of mRNA
disappearance after the transcriptional shutoff was comparable for a given reporter across all
experiments (Fig.5B, D, F) Ubp8p is known to be responsible for the removal of ubiquitin
from H2B and this function is also dependent on its association with the SAGA complex

53

through Sgf11p (Lee et al. 2005). The loss of Ubp8 was shown to lead to higher levels of
ubiquitinated H2B at Lysine 123 at GAL1 promoter and subsequently to increased
methylation of Lysine 3 on H3 (Shukla et al. 2006). Since deletions of Ubp8 and Sgf11 do
not affect dynamics of GAL-GFP-GALpA, GAL-GFP-Rz andGAL1 loci, we also conclude
that the chromatin changes known to be associated with the loss of Ubp8 are not involved in
repositioning of these loci either. mRNA-to-gene posttranscriptional mRNA retention and
mRNP dot morphology are not affected in ubp8Δ and sgf11Δ strains.
We previously showed that the loss of components of TREX2 complex, Sus1, Thp1 or
Sac3, also leads to enlargement and/or fragmentation of mRNP dots and eventual
dissociation of the dots from their cognate genes (Chekanova et al. 2008). These findings
prompted us to investigate whether the dissociation of Sus1p from the SAGA complex
affects mRNA-gene retention. When we examined the mRNA-gene retention by FISH in
ubp8Δ and sgf11Δ mutants either in transcription activating conditions or 30 min after
transcriptional shutoff we found that GAL-GFP-GALpA and GAL-GFP-RZ reporters, as well
as endogenous GAL1, give rise to mRNA-containing dots which look indistinguishable from
the dots observed in WT cells (Fig. 6A, B, C). Likewise, these RNA dots remain adjacent to
their transcription sites after transcriptional shutoff. We also examined the mRNAs produced
from GAL-GFP-RZ and GAL-GFPGALpA reporters and endogenous GAL1 in the ubp8Δ
sus1Δ double mutant strain. We found that the dots didn’t noticeably increase in size during
active transcription in ubp8Δ sus1Δ. This is most likely due to the slightly impaired growth
of the double mutant strain as well as the reduced amount of mRNA produced from the
GAL1 gene in ubp8Δ strain, as previously reported (Shukla et al. 2006). However, we were
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able to observe the loss of integrity and eventual detachment of the RNA dot from the gene
30 min after transcriptional shutoff (Fig. 6A, B, C).
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Figure 5. Dynamics of GAL-GFP-GALpA, GAL-GFP-RZ and GAL1 genes dissociation from
the NP following transcriptional repression in WT, ubp8Δ, sgf11Δ, sus1Δ/ubp8Δ mutant
cells.
The peripheral localization of the GAL-GFP-GALpA (A), GAL-GFP-RZ (C), and GAL1 (E)
genes in WT, ubp8Δ, sgf11Δ and sus1Δ/ubp8Δ cells scored at 0, 15, 30 and 60 min after
glucose addition. UBP8 and SGF11 deletions do not affect the kinetics of either gene
dissociation from the nuclear rim. In sus1Δ/ubp8Δ double mutant strain GAL-GFP-GALpA
(A) and GAL1 (E) genes are not recruited to the NP, while peripheral association of GALGFP-Rz (C) gene is lost upon addition of galactose. B, D, F, Northern blot analysis of GALGFP-GALpA (B), GAL-GFP-Rz (D) and GAL1 (F) transcripts following transcriptional
repression. Transcripts from each gene accumulate on galactose (lane 2 in B, D, F). Shifting
cells into glucose leads to disappearance of transcripts produced from all three loci in WT
and mutant cells, thus verifying transcriptional repression (B, D and C). The residual GAL1
transcript observed at the same level even 90 min after transcriptional repression is a result of
GAL1 biphasic decay pattern (Kim H.J. et al. 2004; Jimeno-Gonzalez et al. 2010).
Transcripts are not detected in cells grown on glucose (Glu) (lane 1 in B, D, F). SCR1
transcript, which is not affected by glucose or galactose, is used as internal control. GAL1
and SCR1 indicate probes used for GAL1 and SCR1 transcripts, respectively
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Figure 6. FISH of GAL-GFP-GALpA, GAL-GFP-RZ, and GAL1 mRNA foci (dots) with
simultaneous visualization of their genes in ubp8Δ, sgf11Δ, and ubp8Δ/sus1Δ strains.
GAL-GFP-GALpA mRNA (A), GAL-GFP-RZ mRNA (B) and GAL1 mRNA (C) is
visualized by FISH. T0 and T30 correspond to the time after addition of glucose to repress
transcription, 0 and 30 min respectively. FISH signal (red) overlay on either TetR-GFP or
LacI-GFP (green), and DAPI staining for the total DNA (blue). Scale bar is 2 μm.
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H2A.Z affects posttranscriptional perinuclear retention of GAL1 promoter driven genes in a
locus- dependent manner.
In addition to the SAGA-dependent remodeling, the other chromatin-level mechanism
implicated in the perinuclear association of inducible genes involves histone H2A variant
H2A.Z, encoded by HTZ1 in S. cerevisiae. We also wanted to check whether the deletion of
Swr1 which is the active ATPase, which exchanges histone variant H2A.Z for chromatinbound histone H2A. The deletion of Swr1 mutants shows similar phenotype to Htz1 deletion
mutants, indicating that deletion of Swr1 affects the replacement of H2A histone in the
chromosome and that the absence of H2A.Z from the chromosome is similar to absence of
H2A.Z in general. To address the possible role of H2A.Z and Swr1p in the
posttranscriptional retention of the GAL1 promoter driven genes at the nuclear periphery, we
deleted the HTZ1 and Swr1 gene in strains bearing either GAL-GFP-GALpA or GAL-GFP-RZ
reporters, as well as in the WT strain in which the GAL1 locus was similarly marked as
described above (Cabal et al. 2006). First, we examined the size and morphology of RNA
dots during active transcription and 30 min after transcriptional repression in htz1Δ strains,
and found them to be absolutely indistinguishable from the RNA dots observed in WT cells
(Fig. 7E). Therefore, the retention of posttranscriptional mRNAs next to their gene of origin
is not affected by the loss of HTZ1. We next examined the spatial dynamics of these three
genes in the absence of Htz1p and Swr1p. Our results show that in the htz1Δ strain
54.21±0.17% of cells show peripherally positioned GAL-GFP-GALpA, 51.99±1.49% of
GAL-GFP-RZ and 50.78±0.59% of GAL1 loci compared to 58.33±3.30%, 65.67±0.47% and
53.04±1.30% respectively in WT cells (Fig. 7A). These results indicate that GAL1 driven
genes are recruited to the NP in the absence of HTZ1 gene. Interestingly though, the
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proportion of cells with the NP localized/recruited GAL-GFP-RZ gene was consistently 1015% lower in the population of htz1Δ cells than in the WT strain.
We next investigated the possible role of Htz1p in the kinetics of posttranscriptional
dissociation from the NP for the three genes used in this study. We have found that in htz1Δ
genetic background both GAL-GFP-GALpA and GAL-GFP-RZ reporters dissociated from the
periphery upon transcriptional shutoff with the same kinetics as they dissociate from NP in
WT (Fig. 7B, 4C).
Therefore, we conclude that the loss of H2A.Z does not affect posttranscriptional
perinuclear retention of the GAL1 promoter-driven reporter genes integrated ectopically. For
the endogenous GAL1 locus, we observed the same proportion of cells with the GAL1 gene
recruited to the nuclear periphery under activating conditions in htz1Δ as in the WT strain
(Fig. 7A). However, in contrast to the reporter genes, we observed that this association of the
Gal1 gene to the NP continued only during active transcription and was quickly lost after
transcriptional shutoff (Fig. 7D).
Therefore, although the loss of H2A.Z does not affect perinuclear retention of the recently
transcribed ectopically integrated GAL1 promoter-driven reporter genes it does affect
posttranscriptional perinuclear retention of the endogenous GAL1 locus. We also examined
the spatial dynamics of GAL-GFP-GALpA expressed from a single copy plasmid, in terms of
both recruitment and retention, and found its behavior to be identical in htz1Δ and WT cells
(Fig.7A, Fig.7E). These data suggest that the loss of H2A.Z affects posttranscriptional
retention of recently activated genes in a location-dependent manner.
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Figure 7. Spatial dynamics of ectopically integrated GAL-GFP-GALpA and GAL-GFP-RZ,
endogenous GAL1, and plasmidic GAL-GFP-GALpA genes (A-E), and mRNP dot
morphology (F) in htz1Δ mutant.
A, Proportion of cells containing NP associated locus upon repression (Glu) or induction
(Gal) of transcription in BMH1 locus marked cells without the reporter gene. B, Proportion
of cells containing NP associated locus upon repression (Glu) or induction (Gal) of
transcription. GAL1 and reporter genes were recruited to NP in the absence of HTZ1 and
Swr1, although proportion of GAL-GFP-RZ cells with periphery positioned loci was
significantly decreased. C, Kinetic of GAL-GFP-GALpA, GAL-GFP-RZ, endogenous
GAL1, and plasmidic GAL-GFP-GALpA locus dissociation from NP in htz1Δ and
Swr1Δmutant cells. D, Northern blot analysis of GAL-GFP-GALpA, GAL-GFP-Rz and GAL1
transcripts following transcriptional repression. Transcripts from each gene accumulate on
galactose (lane 2). Shifting cells into glucose leads to disappearance of transcripts produced
from all three loci in WT and mutant cells, thus verifying transcriptional repression. The
residual GAL1 transcript observed at the same level even 90 min after transcriptional
repression is a result of GAL1 biphasic decay pattern (Kim H.J. et al. 2004; Jimeno-Gonzalez
et al. 2010). Transcripts are not detected in cells grown on glucose (Glu) (lane 1). SCR1
transcript, which is not affected by glucose or galactose, is used as internal control. GAL1
and SCR1 indicate probes used for GAL1 and SCR1 transcripts, respectively. E, GAL-GFPGALpA mRNA, GAL-GFP-RZ mRNA, GAL1 mRNA, and plasmidic GAL-GFP-GALpA
mRNA visualized by FISH. T0 and T30 correspond to the time after addition of glucose to
repress transcription, 0 and 30 min respectively. FISH signal (red) overlay on either TetRGFP or LacI-GFP (green), and DAPI staining for total DNA (blue). Scale bar is 2 μm.
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CHAPTER 4:
INTRODUCTION OF AU-RICH ELEMENT (ARE) IN THE 3’UTR OF GAL1,
RELEASES mRNA FROM THE SITE OF TRANSCRIPTION AND ALSO CEASES THE
SYNTHESIS OF ELONGATED TRANSCRIPTS.
During the process of transcription, mRNA undergoes various posttranscriptional
modifications such as capping, splicing and polyadenylation. The processed mRNA is then
packaged into a protein-mRNA (mRNP) complex prior to its export from the nucleus to the
cytoplasm (Jensen et al 2003, Fasken et al 2005). Defects in the mRNA processing or export
pathway lead to the accumulation and retention of RNA and protein factors at the site of
transcription. This results in the formation of discrete transcription-site-proximal foci, which
can be visualized by fluorescent in-situ hybridization (FISH) using gene-specific
oligonucleotides (Fig. 10A), and are generally referred to as “dots” (Abruzzi et al. 2006).
This accumulation of RNA at the site of transcription under physiological condition is
dependent on the 3’end of the mRNA transcript (Abruzzi et al. 2006). My hypothesis is that
cis-acting sequences called AU rich elements (ARE), if introduced near cleavage and
polyadenylation sites of Gal1 3’region, play a role in the processing and release of mRNA
from the site of transcription. Recent studies in our laboratory show that when an ARE
sequence (e.g. TATTTAT) is added between two cleavage sites in the 3’ region of a Gal1
reporter construct, it decreases the number of cells with mRNP dots and also affects the
synthesis of elongated transcripts which are generated beyond the cleavage site.
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RESULTS:
The Gal1 cleavage sites have no effect on dot formation:
Using a series of reporter gene constructs, Abruzzi and coworkers showed that elements
in the 3’ end of the transcribed gene affects RNA processing and export (Abruzzi et al.2006)
My study was focused on identifying the elements in the 3’ region of the genes that show
accumulation of RNA at the site of transcription. To discover these elements, I started with
two reporter constructs pGal-GFP-GalpA and pGal-GFP-TDHpA and cloned them into a
low-copy plasmid as well as high copy plasmid (pRS41H and pRS425 respectively, Taxis et
al. 2004 and Christianson et al. 1992) and transformed into yeast strain BY4741 (open
biosystems) generating strains yDB892/yDB894 (high copy) and strains yDB955/yDB956
(Table 5). The Gal1 promoter in the reporter construct allows for induction (grown in
Galactose containing media) and repression (grown in Glucose containing media) of the
cloned reporter construct and the GFP open reading frame in the reporter construct was
mutated for this study, so that it doesn’t interfere with microscopy techniques. The reporter
constructs containing either 500bp of Gal1 3’region or 500bp of TDH 3’region, undergo
normal RNA processing, but the reporter RNA generated from Gal1 3’region is retained near
the site of transcription, while no such accumulation is observed in TDH 3’region containing
reporter construct (Figure 1a; Abruzzi et al. 2006). I then confirmed by FISH that these
strains show similar dot formation as seen previously in a chromosomally integrated reporter
gene (Chekanova et al. 2008 and Chapter 3), as expected high-copy plasmid show higher
number of dots per cell in strain containing Gal1 3’UTR when compared to low copy
plasmid. Also, as expected cells containing reporter gene with TDH 3’UTR (low as well as
high-copy plasmid) did not show dot formation. (Fig. 8A).
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Figure 8. The removal of cleavage and polyadenylation site of the reporter gene still leads to
mRNP formation: A. The microscopic images of yeast cells with reporter plasmids
containing either Gal1 3’ region or TDH 3’region. The mRNp is visualized by labelling FISH
probes with cy3 and nucleus is visible due to DAPI. B. The 3’region representation of the
reporter gene where the blue bar is the Gal1 3’region and the yellow bar is the TDH 3’region.
The lightning marks indicate the cleavage sites in the Gal1 and TDH 3’region. The red dots
and the – sign indicate the reporters, dot forming capability. The constructs 1 and 5 form
dots. C. The 3’region representation of the reporter gene where the cleavage sites were
deleted. The broken bars indicate the removal of the cleavage site. The number of base pairs
that were deleted are mentioned above the sequence. The dot forming capability of each
sequence is shown by the presence or absence of the red dot.
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Next, I wanted to check the minimum bp length of Gal1 3'region that would still lead to
dot formation. To achieve this, I created chimeric constructs where the 3'regions of Gal1 and
TDH of varying length were fused together (keeping total at 500bp) (Fig. 8B). Here, we
conclude that minimum 180bp of Gal1 3'UTR was required for mRNP formation. Though
this was the initial assessment and further experiments were carried out using this as a
conclusion, I show further down that this conclusion may not be true and that whether there
is the presence or absence of the initial 180bp of Gal1 3'UTR, mRNP is still form regardless
of that sequence.
After concluding that minimum 180bp was required for mRNP formation, I then wanted
to check whether the Gal1 cleavage sites, (there are two of them 50bp and ~170bp from Gal1
ORF stop codon) (Vodala et.al. 2008 and Cui et al. 2003) had any effect on mRNP
formation. The major form of RNA from Gal1 gene is the long form, it is produced from the
second cleavage site and is twice in amount when compared to RNA produced from the first
cleavage site. It has been hypothesized that RNA produced from the first cleavage site in
unadenylated and it is this RNA that gets accumulated in the mRNP. For this aim I created
various constructs where I deleted Gal1 cleavage sites (by removing total of 20bp up and
down the cleavage site), in a specific order by deleting the first site and checking the effect
on dot formation followed by deletion of the second cleavage site and then removal of both
the cleavage site for the 3'region (Fig. 8C constructs 1, 2 and 3). Here I conclude that the
removal of Gal1 cleavage site had no effect on dot formation. Then I wanted to check
whether insertion of Gal1 cleavage site in TDH 3'region will have any effect on dot
formation. I went ahead and deleted the TDH cleavage site which is 103bp from the stop
codon (this data identified in the lab). After this, I introduced both the first and second
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cleavage site, one at a time in the TDH 3' region which is missing the original cleavage site. I
saw that introduction of the Gal1 cleavage site into TDH 3' region had no effect on dot
formation. Then, I went ahead and replaced the first Gal1 cleavage site with TDH cleavage
site, and I didn't see any effect on dot formation (Fig. 8C, construct 4, 5, 6 and 7).
The results from the experiments indicate that the Gal1 cleavage sites had no effect on dot
formation. These data didn't provide any clear answers, hence, I proceeded to reanalyze the
3'region of Gal1 and TDH to check for other cis-elements that may be present in one gene
and absent in the other sequence.
Absence of ARE sequence in the Gal1 3' region is one of the reason for RNA accumulation
at the site of transcription.
To identify the elements in Gal1 3’region that lead to retention of RNA at the site of
transcription we did a series of deletion, and we found that the RNA accumulation may not
be due to an element present in the 3’region but it may be due to an absence of an element/s
in the 3’ region of Gal1 (Fig. 9A). Closer analysis of the sequences of Gal1 and TDH 3'
region identified several differences which are highlighted along with the regular features of
the 3’end in Figure 9A. We found that the 3'region of Gal1 and TDH share almost all the
elements found in a typical 3’region of a mRNA, with the exception that the 3'region of Gal1
had no AU Rich Element (ARE sequence).
The ARE sequences were first identified within the 3’-untranslated regions (3’-UTR) of
mRNAs encoding several cytokines or lymphokines (Caput et. al. 1986) and, now the list of
mRNAs that contain ARE sequence motifs has considerably lengthened. Nearly, 5–8% of
human mRNAs contain AREs and the corresponding proteins perform a
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Figure 9: Analyzing and utilizing the difference in cis-elements between the Gal1 and TDH
3’regions: A. The sequence of the two 3’regions with various cis-elements that are
highlighted. The RED bases indicate the cleavage sites in both the sequence, the blue bases
indicate the efficiency elements and the green sequence indicate the positioning elements.
The orange bases in the TDH sequence indicate the AU rich element (ARE). B. The graph
representing percentage of cells of the different strains forming mRNP dots with different
reporter construct using high copy plasmid. 1) strain with reporter gene that has WT gal1
3’UTR (yDB892) 2) strain with ARE sequence placed between GFP stop codon and Gal1 1st
cleavage site (yDB958) 3) strain with ARE sequence placed between the two cleavage sites
(yDB959) 4) strain with 2 ARE sequence (yDB961) 5) strain where ARE sequence
TATTTAT placed between 1st and 2nd cleavage site was mutated to CAGGCAC (yDB967).
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C. Graph representing number of cells with mRNP dots with reporter gene on low copy
plasmid. 1) Strain containing reporter gene with WT gal1 3’region (yDB980) 2) Strain
containing ARE sequence between stop codon and 1st cleavage site (yDB 982) 3. Strain with
ARE sequence between the two cleavage sites in Gal1 3’region (yDB983) and 4) Strain in
which ARE sequence placed between 1st and 2nd cleavage site was mutated to CAGGCAC
(yDB984). Error bars represent standard deviation.
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variety of functions. The ARE sequence are classified into 3 classes, based on the number
and the distribution of AUUUA pentamers. Class I AREs contain several dispersed copies of
the AUUUA motif, whereas Class II AREs possess at least 2 overlapping
UUAUUUA(U/A)(U/A) nonamers in the 3’UTR. Class III AREs are not well defined as they
do not contain the AUUUA motif, but are basic U-rich regions in the 3’UTR, a good example
of class III ARE can be found in c-jun mRNA (Barreau et al. 2005, Chen et. al. 1994, Peng
et. al. 1996 and Xu et. al. 2001).
To check whether ARE sequence affect the mRNP dot formation, I designed 3 constructs
with high-copy plasmid. In the first reporter construct I placed Class I ARE sequence
between the stop codon and first cleavage site (yDB958). In the second construct I
introduced ARE sequence between 1st and 2nd cleavage site of Gal1 3' region (yDB959). In
the third construct, there were two ARE sequence, between stop codon and first cleavage site
as well as between 1st and 2nd cleavage site (yDB961). I then did FISH analysis to see
whether introduction of ARE sequence in the Gal1 3'region has any effect on RNA
accumulation at the site of transcription.
In figure 9B and 9C, we see that when ARE sequence is placed between 1st and 2nd
cleavage site of reporter construct (yDB959), there is a only ~5% cells have mRNP dots.
Similar result is seen with reporter construct containing 2 ARE sequences (yDB961). But,
we see that ~25% of cells with the reporter construct that has ARE sequence between stop
codon and first cleavage site have mRNP (yDB958) and this is similar to cells containing
WT Gal1 3’region (Fig. 9B). Note that reporter construct with WT Gal1 3'region (yDB892)
shows only ~28% cells with mRNP dot, this number is much lower compared to number of
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cells that show mRNP dots when the reporter construct is chromosomally integrated. The
discrepancy in the number of cells with mRNP, may be due to the use of plasmid reporter
gene. The segregation of the plasmid during cell division is uneven and the cells after
division may contain same or less number of plasmid. Secondly, the correction of images
during the deconvolution process may correct the images in a manner in which the cells
containing more number of plasmids (>10) may be enhanced over the cells containing less
plasmid (<5) and hence affecting the fluorescent images of the cells.
These data were confirmed by using low-copy plasmid where the reporter construct with WT
Gal1 3'region (yDB980) shows ~46% cells with mRNP dots, which is higher compared to
high-copy plasmid data (Fig. 9B and C). This increase in the number also affects that data
where the reporter construct with ARE between 1st and 2nd cleavage site (yDB983) also
shows higher number ~17% of cell with mRNP dots compared to the high-copy plasmid data
(Fig. 9C). The cells which contained low copy plasmid with reporter gene with ARE
sequence placed between stop codon and first cleavage site (yDB982) show similar number
of cells with mRNP dots as the cells containing WT reporter plasmid (yDB980).
Since, the ARE sequence was placed in the 3'region of GAL1, it is not known whether the
effect seen was due to ARE or the disruption of an unknown element, or the disruption of the
3'sequence. To show that the effect was due to ARE sequence alone, I mutated the ARE
sequence TATTTAT to CAGGCAC (note that only the T's were mutated). When the strains
with ARE mutant reporter constructs (yDB967 and yDB984) were analyzed by FISH, we see
that the number of cells with mRNP dots are similar to those seen in cells with WT reporter
construct (both in high copy and low copy plasmid). Figure 9B and 9C.
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ARE sequence affects the synthesis of extended transcripts:
The number of cells with mRNP dot formation is affected by the presence of ARE
sequence between the 1st and 2nd cleavage site. But the presence of ARE sequence doesn't
completely eliminate the dot formation in cells, indicating that absence of ARE sequence in
the 3' region of the Gal1 maybe one of the contributing factors for dot formation. Since, we
see a significant effect on dot formation by the introduction of ARE sequence in the reporter
gene, it would be interesting to check whether ARE sequence will have any effect on dot
formation of endogenous Gal1 gene and that there is any effect on mRNA synthesis. Hence,
to take a look at the effect of ARE on endogenous Gal1 gene by introducing the ARE
sequence and its mutant (TATTTAT to CAGGCAC) in the 3'region of the gene by
homologous recombination using URA3 as the selection marker in yeast strain yDB882
(Table 4).
After confirming the presence of the ARE sequence in the 3'region, I did FISH analysis
which showed that ~93% of cells show accumulation of RNA at the site of transcription in
the WT cell (yDB882) whereas only ~65% of cells that contain ARE sequence (yDB997)
show dot formation. This effect of ARE is reversed by mutating the sequence to CAGGCAC
(yDB998) Figure 10A.
Next, I checked the effect of ARE on Gal1 mRNA synthesis by RT-PCR. For this I
isolated total RNA from 4 yeast strains yDB882, yDB997 and 2 isolates of yDB998 (Table
4). After RNA extraction, reverse transcription (RT) was performed as mentioned in
materials and methods using oligo dT16. PCR was performed on cDNA synthesized from RT
using oligo oDB2804 and oligo oDB3175 for checking RNA from 1st cleavage site and oligo
oDB3882 for RNA synthesized from 2nd cleavage site (Fig. 10B). Form these data we can
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Figure 10: The ARE sequence in the Gal1 3’UTR affects the mRNP dots and also affects the
synthesis of extended transcripts. A. Graph representing strain with chromosomally integrated ARE
sequence at the Gal1 locus. (n=2) (total cells counted per biological replicate >300) 1) BY4741 cells
with WT Gal1 gene (yDB882) 2) Cells with ARE sequence present between the two cleavage sites in
the Gal1 3’sequnece at the Gal locus (yDB997) 3) Cells where ARE sequence has been mutated to
CAGGCAG at the Gal locus (yDB998). B. RT-PCR analysis of Gal1 gene with ARE and ARE
mutant sequence with 1, 2 and 3 are as mentioned above along with 4 which is the different isolate of
yDB998 or 3. Oligos used for RT-PCR are highlighted near the sequence where they bind. Genomic
DNA amplification was used as control to show that the oligos function fine. No-RT is the negative
control where no reverse transcriptase was present. C. Similar RT-PCR analysis of the integrated
reporter genes. Strains 1,2 and 3 are as mentioned in Figure 3A. Strain 4 (reporter gene with 110bp of
TDH and 390bp of Gal1) served as a negative control and strain 5 is to check the effect of ARE when
place after the second cleavage site (yDB1019).
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see that ARE sequence has no effect on RNA synthesized from both the cleavage site which
are 50 and 170bp from the stop codon. I then checked whether we see any extended
transcripts exist and this was also checked by RT-PCR using oligo oDB2810 (Table 5). RTPCR of the endogenous Gal1 gene showed the presence of extended transcripts that are
transcribed beyond the second cleavage site (Fig. 10). I then wanted to check the effect of
ARE sequence on the above mentioned extended transcripts. The synthesis of extended
transcript is halted in the presence of ARE sequence between 1st and 2nd cleavage site.
When the ARE sequence is mutated to CAGGCAC, the extended transcript synthesis is back
to normal, indicating that ARE sequence can prevent the synthesis of extended transcript at
the Gal1 locus.
These data were further corroborated by integrating the reporter genes into yeast
chromosome V at the BMH1 locus to generate strains yDB1001, yDB1002, yDB1003 and
yDB1019 (Table 4). The integration of the reporter gene was done using plasmid pDB775
(Abruzzi et. al. 2006) (see Material and Methods, Table 5). After the integration of the
reporter gene, I did RT-PCR to check whether the reporter gene produces extended transcript
and also confirm the previous analysis that ARE sequence affects synthesis of extended
transcript. The results of the RT-PCR confirm that ARE sequence affect synthesis of
extended transcript (Fig. 10C lane 2) and that the mutation of ARE sequence reverts back the
effect of ARE. Lane 4 in Figure 10C was a negative control which contained 110bp of TDH
and 390bp of Gal1 (1-110bp of TDH from stop codon and 111-500bp of Gal1 from stop
codon) and hence we see no RNA from the Gal1 oligos that were used and there are PCR
bands in genomic DNA and for Actin RNA as expected, which serve as controls.
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Our results show that (i) the cleavage sites of Gal1 gene have no effect on RNA
accumulation at the site of transcription and (ii) that the absence of ARE sequence between
the two cleavage sites is one of the factors that can affect this phenomenon. The introduction
of ARE between the two sites affected the number of cells with mRNP dots and it also
affected the synthesis of an extended transcript in a reporter construct as well as endogenous
Gal1 gene.
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Figure 11: The percentage of cells that form dots with Gal10 and Gal3 3’UTR . The strains
represented in this graph contain high copy plasmid with reporter gene with different
3’regions. Error bars represent standard deviation.
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Not all genes without ARE in the 3'region form dots.
After comparing the TDH and Gal1 3'region, It was seen that TDH had three ARE
sequences while Gal1 had none. Based on this, we did experiments that showed that
introduction of the ARE sequence between the two cleavage sites of Gal1, affects the number
of cells that form dots and also affects the synthesis of Gal1 extended transcript. Since both
TDH and Gal1 are inducible genes, I wanted to then check other inducible genes for dot
formation and whether they have, or are missing ARE sequences.
HXK1 (Hexokinase isoenzyme 1), is induced in the presence of non-glucose carbon
source (Lobo et al. 1977, Rodriquez et. al. 2001 and Byrne et. al. 2005) and the gene is
repressed by addition of the glucose to the media. This gene has been previously shown to
localize to the nuclear periphery, similar to that seen with Gal1 gene upon induction (Cabal et
al 2006). To see whether the HXK1 gene, which has single ARE sequences forms dots, I
designed the reporter construct as mentioned previously by having HXK1 3' region instead of
Gal1 3'region to generate high-copy plasmid pDB1106 (Table 6) and transformed this
plasmid into yeast strain yDB882 to generate strain yDB915 (Table 4). Since, HXK1
contains ARE sequence, no mRNP dot formation was seen with FISH analysis, as was
expected. But, after removal of the ARE sequence to generate strain yDB970, there is still no
mRNP formation indicating that the absence of ARE alone cannot generate mRNP dots.
Next, I checked other Galactose metabolism genes Gal10 and Gal3, which are activated in
the presence of galactose sugar in the media. The high-copy reporter plasmids were designed
that contained Gal10 and Gal3 3’region to generate pDB1170 and pDB1171 respectively.
Which were then transformed into yeast stain yDB882 (Table 5) to generate yeast strains
yDB968 and yDB969 (Table 4). The reporter with Gal10 3’region shows small percentage of
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cells with mRNP ~12% compared to WT which showed ~28% cell with mRNP, whereas
reporter with Gal3 3’region show ~30% of cells with mRNP, which is similar to that seen
with WT Gal1 gene (Fig. 11).
Since Gal3 3’UTR didn’t contain ARE sequence, the next step was to introduce ARE in
the 3’region of Gal3 to generate plasmid pDB1189 and strain yDB986. Our data showed
similar results that were seen with Gal1 3’region (Fig. 9), that the introduction of ARE
reduced the number of cells with mRNP down to 8% from 30%.
Here we found Gal3 as a novel gene that shows accumulation at the site of transcription
under standard conditions. Unlike Gal1 which is involved in Galactose phosphorylation (De
Robichon-Szulmajster 1958) Gal3 is involved in release of inhibition of the Gal1 promoter in
the presence of Galactose (Torchia et al. 1986). From evolutionary perspective the result is
expected and that Gal3 should show similar behaviour compared to Gal1 as they are
paralogues, which arose during genome duplication (Platt et al. 2000).

79

CHAPTER 5
CONCLUSIONS AND DISCUSSION
Posttranscriptional perinuclear retention of GAL genes doesn’t require Sus1p association with
the chromatin remodeling SAGA complex.
Recent studies in S.cerevisiae suggest that some regulated genes are targeted to the
nuclear periphery upon transcriptional activation. GAL genes are also known to remain
associated with the NP long after transcriptional repression (Abruzzi et al. 2006; Brickner et
al. 2007). However, the mechanisms responsible for gene recruitment to NP, locus capture,
and posttranscriptional retention at the NP are not fully understood. One of the mechanisms
of targeting active genes to the NPC was suggested to occur at the beginning of transcription
via interactions between the transcription co-activator complex SAGA and nuclear export
factors that in turn associate with the NPC through Sus1p (Rodríguez-Navarro et al. 2004).
The dual association of Sus1 with the transcription co-activator complex SAGA as well as
with the NP associated TREX2 complex has precluded discriminating between a
transcriptional and a posttranscriptional role of the Sus1p in these processes. In this study we
investigated the role of Sus1p interaction with the SAGA complex in gene-NP interaction as
well as in retention of transcript at the site of transcription.
Deletions of Ubp8 or Sgf11 proteins abrogate the interaction of Sus1p with the coactivator SAGA complex (Rodriguez-Navarro et al. 2004; Köhler et al. 2006). Previous
reports also demonstrated that Sus1p localization at the nuclear periphery is increased when
Ubp8p or Sgf11p are deleted (Köhler et al. 2006), while deletion of TREX2 component Sac3
releases Sus1 from TREX2 and NP (Fischer at al. 2002; Köhler et al. 2008). Our results show
that Sus1p association with the SAGA complex is not required for the targeting of tested loci
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to the nuclear rim upon transcriptional induction, nor for the post-transcriptional perinuclear
tethering of recruited loci. Combined with our earlier findings showing that deletions of
Sus1, Thp1 and Sac3 disrupt posttranscriptional gene-NP association (Chekanova at al.
2008), our results here suggest that the role of Sus1p in gene tethering to the nuclear
periphery is mediated through its interaction with the TREX2 complex (Sac3-Thp1-Sus1Cdc31), rather than with the SAGA complex. In support of this view, the recent structural
studies of DUBm and TREX2 demonstrate that a single Sus1p cannot bind SAGA and
TREX2 complex at the same time (Jani et al. 2009; Ellisdon et al. 2010; Köhler et al. 2010;
Samara et al. 2010). It was also reported that Sus1p binds to mRNA export factors Yra1 and
Mex67 and this interaction may constitute a bridge between mRNP and the TREX2 complex,
which in turn mediates gene tethering at the nuclear rim (Pascual-Garcia et al. 2008).
In addition to examining Sus1p, we also investigated the effect of HTZ1 and Swr1
deletion on gene-NP interaction. Htz1p is involved in different biological processes,
including transcriptional initiation, gene silencing, nucleosome turnover, DNA repair,
heterochromatin formation, as well as transcriptional memory (reviewed in Zlatanova and
Thakar 2008; Altaf et al. 2009 and Talbert and Henikoff 2010). This multitude of functions
correlates with the multiple Htz1p genetic and physical interactions that have been identified
(BioGrid data). HTZ1 and Swr1 deletion does not affect the initial recruitment of the GAL1
gene to the NP (Fig. 7A, C) and the GAL1 promoter driven GAL-GFP-GALpA reporter is
similarly unaffected by the loss of HTZ1, regardless of whether it is integrated into the
genome or present on a plasmid (Fig. 7A and E). To our surprise, we found that disruption of
HTZ1 reduced the proportion of cells with GAL-GFP-RZ gene localization to the NP by 1015%. The only difference between the GAL-GFP-GALpA and GALGFP- RZ reporters is their
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3’UTR, with the GALpA 3’UTR leading to transcript processing by the
cleavage/polyadenylation machinery and the RZ 3’UTR leading to aberrant processing by
self-cleaving ribozyme, thus bypassing any required processing/remodeling step. Therefore,
the observed decrease in recruitment and/or capture of the ectopically integrated GAL-GFPRZ reporter gene suggests that in this case Htz1p might act in an mRNP remodeling step
required for locus recruitment and/or capture at the NP. However, further experimentation
will be required to confirm this possibility.
When we examined the role of H2A.Z and Swr1in the posttranscriptional behavior of the
endogenous GAL1 locus we found that, despite the fact that the GAL1 locus is recruited in
the same proportions to the NP under activating conditions in htz1Δand WT strains, this
association was lost upon transcriptional shutoff. However, we found that the loss of HTZ1
and Swr1didn’t affect the kinetics of dissociation of plasmidic or ectopically integrated GAL1
promoter-driven genes. This result most likely can be explained by the fact that based on the
analysis of genome-wide H2A.Z deposition, it was found that H2A.Z deposition is enriched
at repressed
GAL1 promoter but not at the BMH1 locus where the GAL-GFP-GALpA and GAL-GFP-RZ
reporters are integrated (Zhang et al. 2005; Guillemette et al. 2005). Recent studies also
reported interaction of Htz1p with nuclear envelope protein Mps3; however, in accord with
our results, it has been found that Mps3, but not Htz1, is needed for the tethering of GAL1
locus at the nuclear rim (Gardner et al 2011; Haas et al 2012). Taken together these results
suggest that H2A.Z might play a role in the post-transcriptional behavior of GAL1, but they
also indicate that this function is location-dependent, behaving differently at the GAL1 and
BMH1 loci. The effect of Swr1 deletion on the gene retention at the NP, may be due to
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absence of H2A.Z in the promoter of the active reporter and Gal1 gene, hence; the behavior
of the reporter locus and Gal1 gene in Swr1 knockout strain mimics the results that are seen
in htz1Δ strain. It appears that, although many genes interact with the NPC, they may be
targeted to NP and retained there by distinct mechanisms. The mechanisms involved in geneNP interactions could be different/multiple and/or redundant in case of different genes,
similar to results of studies which have shown that gene-NP association enhances
transcriptional activity for some genes while having no effect on others (Abruzzi et al. 2006;
Cabal et al. 2006; Dieppois et al. 2006; Schmid et al. 2006; Taddei et al. 2006; Ahmed et al.
2010; Brickner et al. 2012).

Introduction of AU-rich element (ARE) in the 3’UTR of Gal1, releases mRNA from the site
of transcription and also ceases the synthesis of elongated transcripts.
There are many reasons, why the RNA is retained in the nucleus and as an mRNP, these
reasons were earlier discussed in the introduction. But, the Gal1 gene has been shown to
retain RNA at the site of transcription under physiological conditions (Chekanova et al.
2008). The reason why the Gal1 gene retains RNA is unknown. Some of the factors that
affect this phenomenon are the part of the TREX-2 complex. Deletion of Sus1 or Sac3 or
Thp1, affects the morphology of the Gal1 mRNP. Though the morphology of the mRNP is
affected, the accumulation of RNA is still seen near the site of transcription (Chekanova et al.
2008). The other factor that can affect mRNP is the 3’UTR. It has been shown previously
that replacing the Gal1 3’UTR in the reporter gene GAL-GFP-GALpA with TDH 3’UTR
results in the loss of RNA retention near the site of transcription. This results indicates that
the Gal1 3’UTR may contain certain factors that lead to this RNA accumulation. On the other
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it is also possible that TDH 3’UTR contains certain elements that are missing in Gal1 3’UTR,
that help in avoiding the retention of the RNA. Consequently, I went ahead and investigated
the features of both the 3’UTR and tried to identify the elements that can affect the Gal1
mRNP.
Our initial results using chimeric 3’region indicated that minimum 180bp of Gal1
3’region was necessary for the dot formation (Fig. 8). But this phenomenon later turned out
to be false as other results later show that there is no minimum base pair requirement. These
data were also confirmed when the first 180bp of the Gal1 3’region was deleted, the reporter
gene still formed mRNP dots by FISH (data not shown).
Next I show that the removal of cleavage sites from the Gal1 3’regon had no effect on
mRNP formation. To further analyze the data I deleted the region between the two cleavage
sites systematically by removing ~30bp to generate three different reporter strains yDB942,
yDB943 and yDB944. None of these strains had any effect on mRNP formation (data not
shown). The reason to conduct the experiment was to compare Gal1 and TDH 3’UTR as
Gal1 has two cleavage sites compared to TDH (Cui et al. 2003) and to show that the region
between the two sites was not responsible for the accumulation of the RNA at the
transcription site.
After, establishing the fact that the Gal1 cleavage sites and the region between the two
sites did not affect the Gal1 dot. I checked the two sequences Gal1 3’UTR and TDH 3’UTR
for presence of other cis-elements. The comparison between the two sequence show that both
the sequences have positioning elements and efficiency elements in their 3’UTR, (discussed
in the introduction) but the Gal1 3’UTR has an extra cleavage site when compared to TDH
(only one cleavage site) and that Gal1 3’UTR has no ARE sequence in its 3’UTR. Since, we
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have already checked for the effect of cleavage sites on the dot formation (Fig. 9), it
remained to be seen whether the introduction of the ARE sequence in the Gal1 3’UTR will
have any effect on Gal1 mRNP.
Our data show that the introduction of the ARE sequence between the stop codon and the
1st cleavage site had no effect on Gal1 mRNP, such was not the case when the ARE sequence
was introduced equidistantly between the two cleavage sites (Fig. 9). The number of cells
that formed mRNP dots significantly decreased. Next, it was crucial to check whether the
effect was due to ARE and not due to the placement of ARE in Gal1 3’ UTRs sequence, I
mutated the ARE sequence from TATTTAT to CAGGCAC and saw that the effect of ARE
was released and that the number of cells that form mRNP corresponded to the number seen
in cells containing normal reporter gene with normal Gal1 3’UTR. It still remains to be seen
whether the distance of ARE from either cleavage site matters. The data mentioned here was
generated using high copy plasmid pRS425 (Christianson et al. 1992). The main issue that
arose from using the high-copy plasmid was that the number of cells that showed mRNP
formation with normal reporter gene GAL-GFP-GALpA was less (~29%), when compared to
reporter gene that was integrated into the chromosome (~93%) (Chekanova et al. 2008). But
the advantage of using high-copy plasmid was that we could easily construct many mutant
reporter strains in a short amount of time.
I then checked, the effect of ARE sequence on the Gal1 gene expression. The ARE
sequence has been previously reported to participate in alternative polyadenylation (Seoane
et al. 2009). Since, Gal1 gene has two cleavage and polyadenylation sites, our lab wanted to
see whether the ARE sequence will lead to preferential selection of one cleavage site over the
other using RT-PCR. Hence, for this the ARE sequence was introduced between the two
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cleavage sites at the Gal1 loci using URA3 as the selection marker (Fig. 10B). To our
surprise ARE sequence had no effect on the selection of the cleavage site. Hence, to probe
further, we checked for the extended transcripts of Gal1 gene. Using RT-PCR we saw that,
there exist extended transcripts that were synthesized beyond the second cleavage site (Fig.
10B). Later, we established that the ARE sequence ceased the synthesis of these extended
transcripts. This effect was reversed when the ARE sequence was mutated. These extended
transcripts are not only seen at Gal1 locus but were also seen when the reporter gene were
ectopically integrated at the BMH1 locus in the yeast genome, and here too, the ARE
sequence ceased the synthesis of extended transcript (Fig. 10C).
Our data show that the absence of ARE sequence may be one of the contributing factor
for the accumulation of the RNA at the site of transcription of the Gal1 and reporter gene.
Hence, to check further whether this may be the case with other genes in the yeast genome,
we decided to check genes that were inducible and have been previously shown to move to
NP upon activation. I then examined three such genes HXK1, Gal10 and Gal3. The 3’UTR of
HXK1 contains one ARE sequence, whereas Gal10 and Gal3 contain no ARE sequence. The
reporter gene with HXK1 3’UTR showed no mRNP formation which was expected, but the
removal of the ARE still showed no mRNP formation. In contrast to HXK1, Gal 10 and Gal3
reporter genes showed RNA retention, but the number of cells that lead to RNA retention
were higher in reporter gene with Gal3 3’UTR compared to Gal10 3’UTR (Fig 11). The
reporter gene with Gal3 3’UTR had similar percentages of cell with mRNP as seen with
reporter gene with Gal1 3’UTR. The results with Gal3 3’UTR are not surprising considering
that Gal3 is the paralogue of Gal1 which arose from genome duplication (Platt et al. 2000).
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Our data established that the presence of ARE sequence at specific position in the 3’UTR of
the gene can affect the Gal1 mRNP formation and it can also affect the synthesis of extended
transcripts. The mechanism by which the ARE sequence affects the transcript synthesis is not
yet known.
The nature of the transcript that accumulates at the sites of transcription is not known,
a hypothesis from Roshbash lab states that the Gal1 mRNA seen in the dots may be
unadenyalted transcript from the 1st cleavage site and that this accumulation is affected in the
absence of Rrp6 and pap1 proteins (Vodala et al. 2008). Together with our data we speculate
that dot RNA may be unadenylated and extended transcripts together near the site of
transcription. Previous data have shown that the ARE sequence interacts with factors of
cleavage and polyadenylation process, as it helps in the alternative polyadenylation (Seoane
et al. 2009). We can speculate that the ARE sequence when introduced in the 3’UTR of Gal1
may be interacting with the cleavage factors pcf11, rna14 and rna15 to stop the synthesis of
extended transcript as well as enhance the polyadenylation process and polyadenylate the
unadenylated transcripts generated from the first cleavage site (Fig 12). Our results shows
that, though ARE sequence affects dot formation in some cells, it doesn’t completely
eliminate the RNA retention, this indicates that there are other trans or cis-factors that are yet
to be identified.
Another mechanism by which the ARE sequence may affect RNA retention is by
targeting the RNA for degradation. mRNAs containing an AU-rich element (ARE) in the 3’
UTR have been shown to undergo rapid ARE-mediated mRNA decay (AMD) in the
cytoplasm (Chen & Shyu, 1995). In vitro decay studies indicate that ARE-mRNAs are
degraded primarily in the 3’–5’ direction by the exosome (Chen et al, 2001; Mukherjee
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Figure 11. Mechanisms by which the ARE can affect Gal1 dot formation. Gal1 gene shows
RNA accumulation in ~93% of cells at the site of transcription (seen in green) by FISH (red
cy3 labelled oligos). Introduction of ARE between the two Gal1 cleavage sites affects dot
formation and hence the percentage of cells with dot deceases to ~64%. The ARE sequence
may target the dot RNA for degradation or help in effective cleavage and polyadenylation.
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et al, 2002), although decapping has also been reported (Gao et al, 2001). ARE-binding
mammalian proteins such as TTP and BRF1 were shown to interact with both the exosome
and components of the decapping/ 5’–3’ decay pathway (Chen et al, 2001; Gherzi et al, 2004;
Lykke-Andersen & Wagner, 2005). AMD accounts for degradation of most unstable mRNAs
in human cells (26). It can be speculated that the introduction of the ARE in the Gal1 gene
helped target the extended transcript as well as unadenylated transcript for the 1st cleavage
site for degradation via exosome (Fig 12). This data can be verified by conducting
experiments where the exosome factor Rrp6 can be deleted, and see if this helps in stabilizing
the extended transcript again. This will help us verify the pathway by which the presence of
ARE sequence inhibits the synthesis of extended transcript.
We have shown that both trans-factors like Sus1, Sac3, Thp1 and cis-elements like ARE
can affect the dot formation of the Gal1 gene. Identification of all the factors that are
involved in RNA retention at the Gal1 gene will help us understand the reason for mRNA
accumulation at the site of transcription.

89

REFERENCES
Abruzzi KC, Belostotsky DA, Chekanova JA, Dower K, Rosbash M. 2006. 3’-End formation
signals modulate the association of genes with the nuclear periphery as well as mRNP dot
formation. EMBO J 25:4253–4262.
Ahmed S, Brickner DG, Light WH, Cajigas I, McDonough M, Froyshteter AB,Volpe T,
Brickner JH. 2010. DNA zip codes control an ancient mechanism for gene targeting to the
nuclear periphery. Nat Cell Biol. 12(2):111-118.
Akhtar A and Gasser SM. 2007. The nuclear envelope and transcriptional control. Nat Rev
Genet. 8(7):507-517. Altaf M, Auger A, Covic M, Côté J. 2009. Connection between histone
H2A variants and chromatin remodeling complexes. Biochem Cell Biol. 87(1):35-50.
Review.
Allmang C, Kufel J, Chanfreau G, Mitchell P, Petfalski E, Tollervey D. 1999. Functions of
the exosome in rRNA, snoRNA and snRNA synthesis. EMBO J. 18: 5399–5410.
Assenholt J, Mouaikel J, Saguez C, Rougemaille M, Libri D, Jensen TH. 2011. Implication
of Ccr4-Not complex function in mRNA quality control in Saccharomyces cerevisiae. RNA
17(10):1788-1794.
Barreau C, Paillard L, Osborne B. 2005. AU-rich elements and associated factors: are there
unifying principles? Nucl Acid Res. 33(22): 7138-7150.
Belew AT, Advani VM, Dinman JD. 2011. Endogenous ribosomal frameshift signals operate
as mRNA destabilizing elements through at least two molecular pathways in yeast. Nucleic
Acids Res. 39: 2799–2808.
Berger AB, Cabal GG, Fabre E, Duong T, Buc H, Nehrbass U, Olivo-Marin JC, Gadal O,
Zimmer C. 2008. High-resolution statistical mapping reveals gene territories in live yeast.
Nature Methods 5: 1031 – 1037
Birse CE, Minvielle-Sebastia L, Lee BA, Keller W, Proudfoot NJ. 1998. Coupling
termination of transcription to messenger RNA maturation in yeast. Science 280: 298–301.
Blobel G. 1985. Gene Gating: A Hypothesis. Cell Biol. 82: 8527-8529.
Bonneau F, Basquin J, Ebert J, Lorentzen E, Conti E. 2009. The yeast exosome functions as a
macromolecular cage to channel RNA substrates for degradation. Cell 139: 547–559.
Bousquet-Antonelli C, Presutti C, Tollervy D. 2000. Identification of a regulated pathway for
nuclear pre-mRNA turnover. Cell 102: 765–775.

90

Brachmann CB, Davies A, Cost GJ, Caputo E, Li J, Hieter P, Boeke JD. 1998. Designer
deletion strains derived from Saccharomyces cerevisiae S288C: a useful set of strains and
plasmids for PCR-mediated gene disruption and other applications. Yeast 14: 115-132.
Brickner DG, Ahmed S, Meldi L, Thompson A, Light W, Young M, Hickman TL, Chu F,
Fabre E, Brickner JH. 2012. Transcription Factor Binding to a DNA Zip Code Controls
Interchromosomal Clustering at the Nuclear Periphery. Developmental Cell
doi:10.1016/j.devcel.2012.03.012.
Brickner JH. 2009. Transcriptional memory at the nuclear periphery. Curr Opin Cell Biol.
21(1):127-133.
Brickner DG, Cajigas I, Fondufe-Mittendorf Y, Ahmed S, Lee P-C, Widom J, Brickner JH.
2007. H2A.Z-Mediated Localization of Genes at the Nuclear Periphery Confers Epigenetic
Memory of Previous Transcriptional State. PloS Biol. 5: e81.
Brickner JH, and Walter P. 2004. Gene recruitment of the activated INO1 locus tothe nuclear
membrane. PloS Biol. 2:1843-1853.
Burkard KT, Butler JS. 2000. A nuclear 3'-5' exonuclease involved in mRNA degradation
interacts with Poly(A) polymerase and the hnRNA protein Npl3p. Mol. Cell. Biol. 20: 604–
616.
Butler JS, Mitchell P. 2011. Rrp6, Rrp47 and cofactors of the nuclear exosome. Adv. Exp.
Med. Biol. 702: 91–104.
Butler JS. 2002. The yin and yang of the exosome. Trends Cell Biol. 12: 90–96.
Byrne KP, Wolfe KH. 2005. The Yeast Gene Order Browser: combining curated homology
and syntenic context reveals gene fate in polyploid species. Genome Res 15(10): 1456-61
Cabal GG, Genovesio A, Rodriguez-Navarro S, Zimmer C, Gadal O, Lesne A, Buc H,
Feuerbach-Fournier F, Olivo-Marin JC, Hurt EC, Nehrbass U. 2006. SAGA interacting
factors confine sub-diffusion of transcribed genes to the nuclear envelope. Nature 441:770773.
Cabal GG, Genovesio A, Rodriguez-Navarro S, Zimmer C, Gadal O, Lesne A, Buc H,
Feuerbach-Fournier F, Olivo-Marin JC, Hurt EC et al. 2006. SAGA interacting factors
confine sub-diffusion of transcribed genes to the nuclear envelope. Nature 441:770–773.
Caput D, Beutler B, Hartog K, Thayer R, Brown-Shimer S, Cerami A. 1986. Identification of
a common nucleotide sequence in the 3'-untranslated region of mRNA molecules specifying
inflammatory mediators. PNAS. 83: 1670–1674.
Casolari JM, Brown CR, Komili S, West J, Hieronymus H, Silver PA. 2004. Genome-wide
localization of the nuclear transport machinery couples transcriptional status and nuclear
organization. Cell 117:427-439.
91

Casolari JM, Brown CR, Drubin DA, Rando OJ, Silver PA. 2005. Developmentally induced
changes in transcriptional program alter spatial organization across chromosomes. Genes
Dev. 19(10):1188-1198.
Chekanova JA, Abruzzi KC, Rosbash M, Belostotsky DA. 2008. Sus1, Sac3, and Thp1
mediate post-transcriptional tethering of active genes to the nuclear rim as well as to nonnascent mRNP. RNA 14:66–77.
Chekanova JA, Shaw RJ, Belostotsky DA. 2001. Analysis of an essential requirement for the
poly(A) binding protein function using cross-species complementation. Curr Biol 11(15):
1207-1214.
Chen CY, Gherzi R, Ong SE, Chan EL, Raijmakers R, Pruijn GJ, Stoecklin G, Moroni C,
Mann M, Karin M. 2001. AU binding proteins recruit the exosome to degrade AREcontaining mRNAs. Cell 107: 451–464.
Chen C-YA, Shyu A-B. 1995. AU-rich elements: characterization and importance in mRNA
degradation. Trends Biochem Sci 20: 465–470.
Chen YA, ChenTM, Shyu AB. 1994. Interplay of two functionally and structurally distinct
domains of the c-fos AU-rich element specifies its mRNA-destabilizing fuction. Mol Cell
Biol. 14: 416–426.
Chlebowski A, Lubas M, Jensen TH, Dziembowski A. 2013. RNA decay machines: The
exosome. Biochim Biophys Acta. 1829: 552–560.
Christianson TW, Sikorski RS, Dante M, Shero JH, Hieter P. 1992. Multifunctional yeast
high-copy-number shuttle vectors. Gene 110, 119-122.
Cui Y, Denis CL. 2003. In vivo evidence that defects in the transcriptional elongation factors
RPB2, TFIIS, and SPT5 enhance upstream Poly(A) site utilization. Mol and Cell Biol 23(21):
7887-7901.
D’Angelo MA, Hetzer MW. 2008. Structure, dynamics and function of nuclear pore
complexes. Trends Cell Biol 18:456–466.
Das B, Guo Z, Russo P, Chartrand P,Sherman F 2000. The role of nuclear cap binding
protein Cbc1p of yeast in mRNA termination and degradation Mol. Cell Biol. 20: 2827–
2838.
Das B, Butler JS, Sherman F. 2003. Degradation of normal mRNA in the nucleus of yeast.
Mol. Cell. Biol. 23: 5502–5515.
Das B, Das S, Sherman F. 2006. Mutant lys2 mRNAs retained and degraded in the nucleus of
Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA 103: 10871–10876.
92

Das S, Das B. 2013. mRNA quality control pathways in Saccharomyces cerevisiae. J. Biosci.
38(3): 615-640
De Robichon-Szulmajster H. 1958. Induction of enzymes of the galactose pathway in
mutants of Saccharomyces cerevisiae. Science. 127(3288): 28-9.
Deliz-Aguirre R, Atkin AL, Kebaara BW. 2011. Copper tolerance of Saccharomyces
cerevisiae nonsense-mediated mRNA decay mutants. Curr. Genet. 57: 421–430.
Dhillon N, Oki M, Szyjka SJ, Aparicio OM, Kamakaka RT. 2006. H2A.Z functions to
regulate progression through the cell cycle. Mol Cell Biol. 26:489–501.
Dieppois G, Iglesias N, Stutz F. 2006. Cotranscriptional recruitment to the mRNA export
receptor Mex67p contributes to nuclear pore anchoring of activated genes. Mol. Cell Biol. 26:
7858-7870.
Doma M, Parker R. 2007. RNA quality control in eukaryotes. Cell 131: 660–668.
Dower K, Kuperwasser N, Merrikh H, Rosbash M. 2004. A synthetic tail rescues yeast
nuclear accumulation of a ribozyme-terminated transcript. RNA 10:1888-1899.
Drubin DA, Garakani AM, Silver PA. 2006. Motion as a phenotype: the use of live-cell
imaging and machine visual screening to characterize transcription dependent chromosome
dynamics. BMC Cell Biol. 7:19.
Egecioglu D and Brickner JH. 2011. Gene positioning and expression. Curr Opin Cell Biol.
23(3):338-345.
Ellisdon AM, Jani D, Köhler A, Hurt E, Stewart M. 2010. Structural basis for the interaction
between yeast Spt-Ada-Gcn5 Acetyltransferase (SAGA) complex components Sgf11 and
Sus1. J. Biol. Chem. 285: 3850-3856.
Fasken MB, Corbett AH. 2005. Process or perish: quality control in mRNA biogenesis. Nat
Struct Mol Biol 12: 482–488.
Fischer T, Strässer K, Rácz A, Rodriguez-Navarro S, Oppizzi M, Ihrig P, Lechner J, Hurt E.
2002. The mRNA export machinery requires the novel Sac3p- Thp1p complex to dock at the
nucleoplasmic entrance of the nuclear pores. EMBO J. 21(21):5843-5852.
Gaba A, Jacobson A, Sachs MS. 2005. Ribosome occupancy of the yeast CPA1 upstream
open reading frame termination codon modulates nonsense-mediated mRNA decay. Mol.
Cell 20: 449–460.
Gao M, Wilusz CJ, Peltz SW, Wilusz J. 2001. A novel mRNA-decapping activity in HeLa
cytoplasmic extracts is regulated by AU-rich elements. EMBO J 20:1134–1143.
93

García-Oliver E, García-Molinero V, Rodríguez-Navarro S. 2012. mRNA export and gene
expression: The SAGA-TREX-2 connection. Biochim Biophys Acta. 1819(6):555-565.
Gardner JM, Smoyer CJ, Stensrud ES, Alexander R, Gogol M, Wiegraebe W, Jaspersen SL.
2011. Targeting of the SUN protein Mps3 to the inner nuclear membrane by the histone
variant H2A.Z. J Cell Biol. 193(3):489-507.
Gavin AC, Bosche M, Krause R, Grandi P, Marzioch M, Bauer A, Schultz J, Rick JM,
Michon AM, Cruciat CM, Remor M, Hofert C, Schelder M, Brajenovic M, Ruffner H,
Merino A, Klein K, Hudak M, Dickson D, Rudi T, Gnau V, Bauch A, Bastuck S, Huhse B,
Leutwein C, Heurtier MA, Copley RR, Edelman A, Querfurth E, Rybin V, Drewes G, Raida
M, Bouwmeester T, Bork P, Seraphin B, Kuster B, Neubauer G, Superti-Furga G. 2002.
Functional organization of the yeast proteome by systematic analysis of protein complexes.
Nature 415:141–147.
Gherzi R, Lee KY, Briata P, Wegmuller D, Moroni C, Karin M, Chen CY. 2004. A KH
domain RNA binding protein, KSRP, promotes ARE-directed mRNA turnover by recruiting
the degradation machinery. Mol Cell 14:571–583.
Goldstein AL and McCusker JH. 1999. Three new dominant drug resistance cassettes for
gene disruption in Saccharomyces cerevisiae. Yeast. 15(14):1541-1553.
Guillemette B, Bataille AR, Gévry N, Adam M, Blanchette M, Robert F, Gaudreau L. 2005.
Variant histone H2A.Z is globally localized to the promoters of inactive yeast genes and
regulates nucleosome positioning. PLoS Biol. 3(12):e384.
Guo Z, Sherman F. 1996. 3’-end-forming signals of yeast mRNA. TIBS 21: 477-481.
Haas J, Lemoncelli A, Morozov C, Franke K, Dominder J, Antoniacci LM. 2012. Physical
Links between the Nuclear Envelope Protein Mps3, Three Alternate Replication Factor C
Complexes, and a Variant Histone in Saccharomyces cerevisiae. DNA Cell Biol. [Epub ahead
of print]
He F, Peltz SW, Donahue JL, Rosbash M, Jacobson A. 1993. Stabilization and ribosome
association of unspliced pre-mRNAs in a yeast upf1- mutant. Proc. Natl. Acad. Sci. 90:
7034– 7038.
Hilleren P, McCarthy T, Rosbash M, Parker R, Jensen TH 2001 Quality control of mRNA
3’-end processing is linked to the nuclear exosome. Nature 413: 538–542.
Ishii K, Arib G, Lin C, Van Houwe G, Laemmli UK. 2002. Chromatin boundaries in budding
yeast: the nuclear pore connection. Cell 109(5):551-562.
Isken O, Maquat LE. 2007. Quality control of eukaryotic mRNA: safeguarding cells from
abnormal mRNA function. Nat. Rev. Genet. 9: 699–712.
94

Jani D, Lutz S, Marshall NJ, Fischer T, Köhler A, Ellisdon, AM, Hurt E, Stewart M. 2009.
Sus1, Cdc31, and the Sac3 CID region form a conserved interaction platform that promotes
nuclear pore association and mRNA export. Mol Cell. 33: 727-737.
Jensen TH, Patricio K, McCarthy T, Rosbash M. 2001a. A block to mRNA nuclear export in
S. cerevisiae leads to hyperadenylation of transcripts that accumulate at the site of
transcription. Mol Cell. 7(4):887-98.
Jensen TH, Boulay J, Rosbash M, Libri D. 2001b. The DECD box putative ATPase Sub2p is
an early mRNA export factor. Curr Biol. 11(21):1711-1715. Erratum in: Curr Biol. 2004
Mar 9;14(5):447.
Jensen TH and Roshbash M. 2003a. Co-transcriptional monitoring of mRNP formation. Nat.
Struc Bio. 10:10-12.
Jensen TH, Dower K, Libri D, Roshbash M. 2003b. Early formation of mRNP: license for
export or quality control? Mol. Cell. 11: 1129–1138.
Jimeno-González S, Haaning LL, Malagon F, Jensen TH. 2010. The yeast 5'-3' exonuclease
Rat1p functions during transcription elongation by RNA polymerase II. Mol Cell. 37(4):580587.
Kalocsay M, Hiller NJ, Jentsch S. 2009. Chromosome-wide Rad51 spreading and SUMOH2A.Z-dependent chromosome fixation in response to a persistent DNA double-strand break.
Mol Cell. 33:335–343.
Kebaara BW, Atkin AL. 2009. Long 3'-UTRs target wild-type mRNAs for nonsensemediated mRNA decay in Saccharomyces cerevisiae. Nucleic Acids Res. 37: 2771–2778.
Kim HJ, Jeong SH, Heo JH, Jeong SJ, Kim ST, Youn HD, Han JW, Lee HW, Cho EJ. 2004.
mRNA capping enzyme activity is coupled to an early transcription elongation. Mol Cell
Biol. 24(14):6184-6193.
Kobor MS, Venkatasubrahmanyam S, Meneghini MD, Gin JW, Jennings JL, Link AJ,
Madhani HD, Rine J. 2004. A protein complex containing the conserved Swi2/Snf2-related
ATPase Swr1p deposits histone variant H2A.Z into euchromatin. PLoS Biol 2(5): E131
Köhler A, Pascual-Garcia P, Llopis A, Zapater M, Posas F, Hurt E, Rodriguez- Navarro S.
2006. The mRNA Export Factor Sus1 Is Involved in Spt/Ada/Gcn5 Acetyltransferasemediated H2B Deubiquitinylation through Its Interaction with Ubp8 and Sgf11. Mol Biol
Cell 17:4228-4236.
Kohler A, Hurt E. 2007. Exporting RNA from the nucleus to the cytoplasm. Nat. Rev. Mol.
Cell Biol. 8: 761–773.

95

Köhler, A., Schneider, M., Cabal, G.G., Nehrbass, U., and Hurt, E. 2008. Yeast Ataxin-7
links histone deubiquitination with gene gating and mRNA export. Nat. Cell Biol. 10: 707715.
Köhler A, Zimmerman, E., Schneider, M., Hurt, E., Zheng, N. 2010. Structural basis for
assembly and activation of the heterotetrameric SAGA histone H2B deubiquitinase module.
Cell 141: 606–617.
Krogan NJ, Baetz K, Keogh MC, Datta N, Sawa C, Kwok TC, Thompson NJ, Davey MG,
Pootoolal J, Hughes TR, et al. 2004. Regulation of chromosome stability by the histone H2A
variant Htz1, the Swr1 chromatin remodeling complex, and the histone acetyltransferase
NuA4. Proc Natl Acad Sci 101:13513–13518.
Krogan NJ, Keogh MC, Datta N, Sawa C, Ryan OW, Ding H, Haw RA, Pootoolal J, Tong A,
Canadien V, et al. 2003. A Snf2 family ATPase complex required for recruitment of the
histone H2A variant Htz1. Mol Cell. 12:1565–1576.
Kuai L, Das B, Sherman F. 2005. A nuclear degradation pathway controls the abundance of
normal mRNAs in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. 102: 13962–13967.
Kurshakova MM, Krasnov AN, Kopytova DV, Shidlovskii YV, Nikolenko JV, Nabirochkina
EN, Spehner D, Schultz P, Tora L, Georgieva SG 2007a. SAGA and a novel Drosophila
export complex anchor efficient transcription and mRNA export to NPC. EMBO J.
26(24):4956-65.
Kurshakova M, Maksimenko O, Golovnin A, Pulina M, Georgieva S, Georgiev P, Krasnov A
2007b. Evolutionarily conserved E(y)2/Sus1 protein is essential for the barrier activity of
Su(Hw)-dependent insulators in Drosophila. Mol Cell. 27(2):332-338.
Le Hir H, Gatfield D, Izaurralde E, Moore MJ. 2001. The exon-exon junction complex
provides a binding platform for factors involved in mRNA export and nonsense mediated
mRNA decay.
EMBO J. 20: 4987–4997.
Lee KK, Florens L, Swanson SK, Washburn MP, Workman JL. 2005. The deubiquitylation
activity of Ubp8 is dependent upon Sgf11 and its association with the SAGA complex. Mol
Cell Biol. 25(3):1173-1182.
Libri D, Dower K, Boulay J, Thomsen R, Rosbash M, Jensen TH. 2002. Interactions between
mRNA export commitment, 3'-end quality control, and nuclear degradation. Mol Cell Biol.
22(23):8254-8266.
Light WH, Brickner DG, Brand VR, Brickner JH. 2010. Interaction of a DNA zip code with
the nuclear pore complex promotes H2A.Z incorporation and INO1 transcriptional memory.
Mol Cell 40(1):112-125.

96

Liu Q, Greimann JC, Lima CD. 2006. Reconstitution, activities, and structure of the
eukaryotic RNA exosome. Cell 127: 1223–1237.
Lobo Z, Maitra PK. 1977. Physiological role of glucose-phosphorylating enzymes in
Saccharomyces cerevisiae. Arch Biochem Biophy.s 182(2): 639-645.
Lorentzen E, Basquin J, Conti E. 2008. Structural organization of the RNA-degrading
exosome. Curr. Opin. Struct. Biol. 18: 709– 713.
Losson R, Lacroute F. 1979. Interference of nonsense mutations with eukaryotic messenger
RNA stability. Proc. Natl. Acad. Sci. 76: 5134–5137.
Luk E, Ranjan A, Fitzgerald PC, Mizuguchi G, Huang Y, Wei D, Wu C. 2010. Stepwise
histone replacement by SWR1 requires dual activation with histone H2A.Z and canonical
nucleosome. Cell. 143:725–736.
Luna R, Gaillard H, Gonzalez-Aguilera C, Aguilera A. 2008. Biogenesis of mRNPs:
integrating different processes in the eukaryotic nucleus. Chromosoma 117: 319–331.
Luthra, R., Kerr, S.C., Harreman, M.T., Apponi, L.H., Fasken, M.B., Ramineni, S.,
Chaurasia, S., Valentini, S.R., and Corbett, A.H. (2007). Actively Transcribed GAL Genes
Can Be Physically Linked to the Nuclear Pore by the SAGA Chromatin Modifying Complex.
JBC 5:3042-3049.
Lykke-Andersen S, Tomecki R, Jensen TH, Dziembowski A. 2011. The Eukaryotic RNA
exosome. RNA Biol. 8: 61–66.
Lykke-Andersen S, Brodersen DE, Jensen TH. 2009. Origins and activities of the eukaryotic
exosome. J. Cell Sci. 122: 1487–1494.
Lykke-Andersen J, Wagner E. 2005. Recruitment and activation of mRNA decay enzymes
by two ARE-mediated decay activation domains in the proteins TTP and BRF-1. Genes Dev
19:351–361.
Mandel CR, Bai Y, Tong L. 2008. Protein factors in pre-mRNA 3'-end processing. Cell Mol
Life Sci 65(7-8): 1099-1122.
Meneghini MD, Wu M, Madhani HD. 2003. Conserved histone variant H2A.Z protects
euchromatin from the ectopic spread of silent heterochromatin. Cell. 112:725–736.
Mizuguchi G, Shen X, Landry J, Wu WH, Sen S, Wu C. 2003. ATP-driven exchange of
histone H2AZ variant catalyzed by SWR1 chromatin remodeling complex. Science 303:343–
348.

97

Milligan L, Decourty L, Saveanu C, Rappsilber J, Ceulemans H, Jacquier A, Tollervey D.
2008. A yeast exosome cofactor, Mpp6, functions in RNA surveillance and in the
degradation of
noncoding RNA transcripts. Mol. Cell Biol. 28: 5446–5457.
Minvielle-Sebastia L, Keller W. 1999. mRNA polyadenylation and its coupling to other
RNA processing reactions and to transcription. Curr. Opin. Cell Biol. 11: 352–357.
Minvielle-Sebastia L, Preker PJ, Keller W. 1994. RNA14 and RNA15 proteins as
components of a yeast pre-mRNA 3'-end processing factor. Science 266: 1702–1705.
Minvielle-Sebastia L, Winsor B, Bonneaud N, Lacroute F. 1991. Mutations in the yeast
RNA14 and RNA15 genes result in an abnormal mRNA decay rate; sequence analysis
reveals an RNA-binding domain in the RNA15 protein. Mol. Cell Biol. 11: 3075–3087.
Mitchell PE, Petfalski R, Houalla A, Podtelejnikov M, Mann M, Tollervey D. 2003. Rrp47p
is an exosome-associated protein required for the 3′processing of stable RNAs. Mol. Cell
Biol.
23: 6982–6992.
Mitchell P, Petfalski E, Shevchenko A, Mann M, Tollervey D. 1997. The Exosome: A
conserved eukaryotic RNA processing complex containing multiple 3’→5’ exoribonucleases. Cell 91: 457–466.
Muhlrad D, Parker R. 1994. Premature translational termination triggers mRNA decapping.
Nature 370: 578–581.
Mukherjee D, Gao M, O’Connor JP, Raijmakers R, Pruijn G, Lutz CS, Wilusz J. 2002. The
mammalian exosome mediates the efficient degradation of mRNAs that contain AU-rich
elements. EMBO J 21: 165–174.
Parker R. 2012. RNA Degradation in Saccharomyces cerevisiae. Genetics 191: 671–702.
Pascual-García, P., Govind, C.K., Queralt, E., Cuenca-Bono, B., Llopis, A., Chavez, S.,
Hinnebusch, A.G., Rodríguez-Navarro, S. 2008. Sus1 is recruited to coding regions and
functions during transcription elongation in association with SAGA and TREX2. Genes Dev.
22: 2811-2822.
Peng SS, Chen CY, Shyu AB. 1996. Functional characterization of a non-AUUUA AU-rich
element from the c-jun proto-oncogene mRNA: evidence for a novel class of AU-rich
elements. Mol Cell Bio.16: 1490–1499.
Platt A, Ross HC, Hankin S, Reece RJ. 2000. The insertion of two amino acids into a
transcriptional inducer converts it into a galactokinase. PNAS. 97(7): 3154-3159.

98

Proudfoot NJ, Furger A, Dye MJ. 2002. Integrating mRNA processing with transcription.
Cell 108: 501–512.
Rangasamy D, Greaves I, Tremethick DJ. 2004. RNA interference demonstrates a novel role
for H2A.Z in chromosome segregation. Nat Struct Mol Biol. 11:650–655.
Rasmussen EB, Lis JT. 1993. In vivo transcriptional pausing and cap formation on three
Drosophila heat shock genes. Proc. Natl. Acad. Sci. 90: 7923–7927.
Rebbapragada I, Lykke-Andersen J. 2009. Execution of nonsense-mediated mRNA decay:
what defines a substrate? Curr. Opin. Cell Biol. 21: 394–402.
Rodriquez A, De La Cera T, Herrero P, Moreno F. 2001. The hexokinase 2 protein regulates
the expression of the GLK1, HXK1 and HXK2 genes of Saccharomyces cerevisiae. Biochem
J. 355(3): 625-631.
Rodríguez-Navarro S, Hurt E. 2011. Linking gene regulation to mRNA production and
export. Current Opinion in Cell Biology 23(3):302-309.
Rodriguez-Navarro, S., Fischer, T., Luo, M.J., Antunez, O., Brettschneider, S., Lechner, J.,
Perez-Ortin, J.E., Reed, R., and Hurt, E. 2004. Sus1, a functional component of the SAGA
histone acetylase complex and the nuclear pore-associated mRNA export machinery. Cell
116:75-86.
Rougemaille M, Dieppois G, Kisseleva-Romanova E, Gudipati RK, Lemoine S, Blugeon C,
Boulay J, Jensen TH, Stutz F, Devaux F, Libri D. 2008. THO/Sub2p functions to coordinate
3'-end processing with gene-nuclear pore association. Cell 135(2):308-321.
Samara, N.L., Datta, A.B., Berndsen, C.E., Zhang, X., Yao, T., Cohen, R.E., and Wolberger,
C. 2010. Structural insights into the assembly and function of the SAGA deubiquitinating
module. 10.1126/science.1190049.
Sarma NJ, Haley TM, Barbara KE, Buford TD, Willis KA, Santangelo GM. 2007. Glucoseresponsive regulators of gene expression in Saccharomyces cerevisiae function at the nuclear
periphery via a reverse recruitment mechanism. Genetics 175:1127–1135.
Sayani S, Janis M, Lee CY, Toesca I, Chanfreau GF. 2008. Widespread impact of nonsensemediated mRNA decay on the yeast intronome. Mol. Cell 31: 360–370.
Schaeffer D, Tsanova B, Barbas A, Reis FP, Dastidar EG, Sanchez- Rotunno M, Arraiano
CM, van Hoof A. 2009. The exosome contains domains with specific endoribonuclease,
exoribonuclease and cytoplasmic mRNA decay activities. Nat. Struct.Mol. Biol. 16: 56–62.
Schmid, M., Arib, G., Laemmli, C., Nishikawa, J., Durussel, T., and Laemmli, U.K. 2006.
Nup-PI: The nucleopore-promoter interaction of genes in yeast. Mol. Cell 21:379-391.
99

Schneider C, Leung E, Brown J, Tollervey D. 2009. The N-terminal PIN domain of the
exosome subunit Rrp44 harbors endonuclease activity and tethers Rrp44 to the yeast core
exosome. Nucleic Acids Res. 37: 1127–1140.
Schroder PA, Moore MJ. 2005. Association of ribosomal proteins with nascent transcripts in
S. cerevisiae. RNA. 11(10): 1521-1529
Seoane S, Lamas-Maceiras M, Rodriguez-Torres AM and Freire-Picos AM. 2009.
Involvement of Pta1, Pcf11 and a KlCYC1 AU-rich element in alternative RNA 3’-end
processing selection in yeast. FEBS Letters. 583: 2843-2848.
Shukla A, Stanojevic N, Duan Z, Sen P, Bhaumik SR. 2006. Ubp8p, a histone deubiquitinase
whose association with SAGA is mediated by Sgf11p, differentially regulates lysine 4
methylation of histone H3 in vivo. Mol Cell Biol. 26(9):3339-3352.
Shuman S. 1997. Origins of mRNA identity: capping enzymes bind to the phosphorylated Cterminal domain of RNA polymerase II. Proc. Natl. Acad. Sci. 94: 12758–12760.
Sikorski R.S. and Hieter P. (1989). A System of Shuttle Vectors and Yeast Host Strains
Designed for Efficient Manipulation of DNA in Saccharomyces cerevisiae. Genetics 122:
19-27.
Skruzný M, Schneider C, Rácz A, Weng J, Tollervey D, Hurt E. (2009). An
endoribonuclease functionally linked to perinuclear mRNP quality control associates with the
nuclear pore complexes. PLoS Biol. 7(1):e8.
Strambio-De-Castillia C, Niepel M, Rout MP. 2010. The nuclear pore complex: bridging
nuclear transport and gene regulation. Nat Rev Mol Cell Biol 11:490–501.
Stutz F, Izaurrelde E. 2003. The interplay of nuclear mRNP assembly, mRNA surveillance
and export. Trends Cell Biol. 13:319–327.
Taddei, A, Van Houwe G, Hediger F, Kalck V, Cubizolles F, Schober H, Gasser SM. 2006.
Nuclear pore association confers optimal expression levels for an inducible yeast gene.
Nature 441: 774-778.
Talbert PB, Henikoff S 2010. Histone variants--ancient wrap artists of the epigenome. Nat
Rev Mol Cell Biol. 11(4):264-75.
Tan-Wong SM, Wijayatilake HD, Proudfoot NJ. 2009. Gene loops function to maintain
transcriptional memory through interaction with the nuclear pore complex. Genes Dev.
23(22):2610-2624.
Taxis C, Knop M. 2006. System of centromeric, episomal, and integrative vectors based on
drug resistance markers for Saccharomyces cerevisiae. BioTechn 40: 73-77.

100

Texari L, Stutz F. 2014. Sumoylation and transcription regulation at nuclear pores.
Cromosoma 1819(6): 521-530.
Thomsen R, Libri D, Boulay J, Rosbash M, Jensen TH. (2003). Localization of nuclear
retained mRNAs in Saccharomyces cerevisiae. RNA 9: 1049–1057.
Torchet C, Bousquet-Antonelli C, Milligan L, Thompson E, Kufel J, Tollervey D. 2002.
Processing of 3'-extended read-through transcripts by the exosome can generate functional
mRNAs. Mol. Cell 9: 1285–1296.
Torchia TE, Hooper JE. 1986. Genetic and molecular analysis of the GAL3 gene in the
expression of the galactose/melibiose regulon of Saccharomyces cerevisiae. Genetics.
113(2): 229-246.
Vodala, S, Abruzzi, K.C., and Rosbash, M. 2008. The nuclear exosome and adenylation
regulate posttranscriptional tethering of yeast GAL genes to the nuclear periphery. Mol Cell
31:104-113.
Vinciguerra P, Stutz F. 2004. mRNA export: An assembly line from genes to nuclear pores
Curr. Opin. Cell Biol. 16: 285–292.
Wang HW, Wang J, Ding F, Callahan K, Bratkowski MA, Butler JS, Nogales E, Ke A. 2007.
Architecture of the yeast Rrp44 exosome complex suggests routes of RNA recruitment for 3’
end processing. Proc. Natl. Acad. Sci. 104: 16844–16849.
Welch EM, Jacobson A. 1999. An internal open reading frame triggers nonsense-mediated
decay of the yeast SPT10 mRNA. EMBO J. 18: 6134–6145.
Wu WH, Wu CH, Ladurner A, Mizuguchi G, Wei D, Xiao H, Luk E, Ranjan A, Wu C. 2009.
N terminus of Swr1 binds to histone H2AZ and provides a platform for subunit assembly in
the chromatin remodeling complex. J Biol Chem. 284:6200–6207.
Wu WH, Alami S, Luk E, Wu CH, Sen S, Mizuguchi G, Wei D, Wu C. 2005. Swc2 is a
widely conserved H2AZ-binding module essential for ATP-dependent histone exchange. Nat
Struct Mol Biol. 12:1064–1071.
Xu N, Chen C, Shyu A. 2001. Versatile role for hnRNPD isoforms in the differential
regulation of cytoplasmic mRNA turnover. Mol Cell Biol. 21: 6960–6971.
Yonaha M, Proudfoot NJ. 2000. Transcriptional termination and coupled polyadenylation in
vitro. EMBO J. 19(14): 3770-3777.
Zenklusen D, Vinciguerra P, Wyss JC, Stutz F. 2002. Stable mRNP formation and export
require co-transcriptional recruitment of the mRNA export factors Yra1p and Sub2p by
Hpr1p.
Mol. Cell Biol. 22: 8241–8253.
101

Zhang H, Roberts DN, Cairns BR 2005. Genome-wide dynamics of Htz1, a histone H2A
variant that poises repressed/basal promoters for activation through histone loss. Cell
123(2):219-231.
Zhang J, Corden JL. 1991. Identification of phosphorylation sites in the repetitive carboxylterminal domain of the mouse RNA polymerase II largest subunit. Jour Biol Chem. 266(4):
2290-2296.
Zimmer C, Fabre E. 2011. Principles of chromosomal organization: lessons from yeast. J
Cell Biol. 192(5):723-733.
Zlatanova J, Thakar A 2008. H2A.Z: view from the top. Structure 16(2):166- 179.

102

VITA
Karim Pirani was born in Mumbai, India on February 19, 1981. He graduated from
S.C.D Barfiwala college of Arts and Science, Mumbai, in 1999 and went on to receive a
Bachelor of Science in Biochemistry and Chemistry (2002) and a Master of Science in
Biochemistry (2004) from the University of Mumbai, India. In 2005, Karim began graduate
school at the Kansas State University and then transferred to University of Missouri-Kansas
City in fall of 2006. He received a Master of Science in Molecular Biology and Biochemistry
from the University of Missouri-Kansas City in 2007. During his graduate career, he received
financial support from the School of Graduate Studies, the School of Biological Sciences
Dean’s Office, the Division of Molecular Biology and Biochemistry. Upon completion of his
degree requirements Karim plans to pursue postdoctoral research working on a drug
discovery project related to bladder cancer at the University of Kansas-Medical Center in Dr.
Eugene Lee’s lab.

103

