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ABSTRACT

The life of mRNA begins with transcription in the nucleus and ends with
destruction in the cytoplasm. Several proteins work in unison to regulate the various
stages of mRNA metabolism. The Ccr4-Not complex plays roles from the “birth” to the
“death” of mRNAs. Dhh1, an evolutionarily conserved member of the DEAD box family
in yeast, associates with the Ccr4-Not complex, and regulates both transcription and
mRNA decay. Additionally, in response to cellular stress, Dhh1 localizes to P-bodies
where it affects the destruction of mRNAs. By interacting with the translation machinery
Dhh1 and its orthologs also play roles in translational repression. Further it also plays
important roles in G1/S DNA damage checkpoint recovery. Given the many functions of
Dhh1 in both the synthesis and decay of RNAs, this study seeks to examine the structural
requirements for all of Dhh1’s functions. Biochemical analysis of Dhh1 reveals that this
protein binds RNA with high affinity but displays poor ATPase activity in vitro as
compared to other DEAD box helicases. By studying the biochemical activities of Dhh1,
key residues involved in ATP and RNA binding, and ATP hydrolysis have been
identified. Next, this study helps dissect out how inactivation of these various
biochemical activities affects the functioning of Dhh1, in vivo. In vivo analysis of mutant
alleles that affect the biochemical activities has revealed the important roles of ATP
binding and hydrolysis in most of the functions of Dhh1. Interestingly, the weak ATPase
activity of Dhh1 is in part due to extensive inter-domain interactions, disruption of which
greatly enhances ATP hydrolysis. We hypothesize that Dhh1 activity is stimulated by
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cellular factors, which impart a tight regulation on the functioning of this very abundant
helicase.
The highly conserved Ccr4-Not complex has been ascribed many functions, from
transcription regulation to mRNA decay. Initial studies described a role of this complex
in preinitiation complex formation, but a number of studies have clearly shown Ccr4-Not
mediates deadenylation of mRNAs and protein ubiquitylation in the cytoplasm. It is still
not clear how Ccr4-Not regulates gene expression, and which of these functions are
controlled directly by this complex. This study demonstrates that Ccr4-Not complex
directly regulates RNAP II-dependent transcription elongation. Using purified Ccr4-Not
complex and yeast RNAP II in an in vitro transcription system, the role of the Ccr4-Not
complex in regulating transcription elongation has been studied. Studies show that the
complex binds directly to the elongating RNAP II complex, which is partially dependent
on the emerging transcript, and it also makes contacts with the emerging transcript. Using
transcription run on assays, Ccr4-Not is shown to stimulate the resumption of elongation
from paused RNAP II elongation complexes. Further, Ccr4-Not works co-operatively
with positive elongation factor TFIIS to stimulate elongation through transcription
blocks. The in vitro results are substantiated by in vivo studies, showing that Ccr4-Not
co-purifies with RNAP II and associates with the open reading frames of transcribing
genes. Together these studies support a model by which the Ccr4-Not complex directly
associates with transcribing RNAP II and via its interaction with the emerging transcript
positively regulates transcription elongation.
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CHAPTER 1
INTRODUCTION

1.1 The transcription cycle
The very fabric of life and its diversity is the result of information stored in its genetic
material; the well-regulated and co-coordinated expression of which governs the fate and
life of each cell. Gene expression specifies what proteins are expressed in cells, via the
intermediary messenger RNAs (mRNAs) (Brenner et al., 1961). The “molecular
machines” that transcribe RNAs in cells, by decoding the information in DNA are the
DNA dependent RNA polymerases (RNAP). In prokaryotes a single type of polymerase
synthesizes all RNAs, whereas in eukaryotes this function is distributed among three
polymerases. While mRNAs are transcribed by RNA polymerase II (RNAPII), RNA
polymerase I transcribes 18S, 5.8S and 28S ribosomal RNA in the nucleolus (Lodish,
1996). All transfer RNAs and other ribosomal RNAs, 5S rRNA, as well as several small
RNAs are synthesized by RNA polymerase III in the nucleoplasm (Lassar et al., 1983).
These DNA-dependent RNA polymerases transcribe in a 5’- 3’ direction, similar
to DNA-dependent DNA polymerases (Cramer, 2002a, b). This dynamic and highly
regulated transcription of mature mRNAs, involves multiple processes that work
sequentially and in parallel, in a process called the transcription cycle. The transcription
cycle involves the steps of preinitiation, initiation, promoter clearance, elongation, and
termination (Figure 1.1).
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1.1.1 Preinitiation and initiation. The transcription cycle begins with the assembly of a
preinitiation complex (PIC) at the promoter. Formation of the PIC includes the general
transcription factors (GTFs) IID, IIB, IIE, IIF, IIH along with TATA binding protein
(TBP), TBP associated factors (TAFs), the mediator and several additional cofactors,
besides RNAPII (Hahn, 2004; Orphanides et al., 1996; Orphanides and Reinberg, 2002).
For transcription initiation, the next step involves formation of an open complex between
RNAPII and the DNA template. This ATP-dependent step of melting the double-stranded
DNA into a single-stranded bubble requires the action of two GTFs, IIE and IIH
(Goodrich and Tjian, 1994; Holstege et al., 1996; Kim et al., 2000). Other initiation
factors docked onto sites on the RNAPII surface and help align the transcription start site
with the active centre (Cramer, 2002b).

1.1.2 Promoter clearance and early elongation. Subsequent to assembly of RNAPII on
DNA and formation of the open complex, transcription initiation ensues with the addition
of the two initiating nucleoside triphosphates. During early stages of transcription, the
transcription complex is unstable and leads to iterative transcription by scrunching of the
DNA template by RNAPII (Revyakin et al., 2006). This stage of abortive initiation is
associated with the release of transcripts that are 3-5 bases in length (Young et al., 2002).
Transcription of the first 8-9 bases stabilizes the transcription complex (Kireeva et al.,
2000a; Kireeva et al., 2000b), after which the RNAPII enters a phase of elongation, but
the synthesis of the first ~23 bases renders the elongation complex maximally stable
allowing productive elongation by RNAPII (Pal and Luse, 2003). TFIIH plays an integral
role in facilitating promoter clearance (Dvir et al., 1996a; Dvir et al., 1996b; Goodrich
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and Tjian, 1994). Promoter clearance is associated with partial PIC disassembly, with a
sub-set of GTFs remaining associated with the promoter for subsequent rounds of
transcription initiation (Orphanides and Reinberg, 2000; Yudkovsky et al., 2000).

1.1.3 Transcription elongation. Promoter clearance by RNAPII, allows for productive
elongation by RNAPII. RNAPII catalyzes the addition of nucleotides via a “two metal
ion mechanism”, wherein one divalent metal ion enters the active site together with an
NTP. Another divalent metal ion coordinates an SN2-type reaction, generating an
elongated RNA and a pyrophosphate ion, which then leaves the active site (Steitz and
Steitz, 1993). Transcription elongation proceeds by one of two mechanisms or a
combination of both: “Brownian ratchet mechanism” (Guajardo and Sousa, 1997), in
which the RNAPII oscillates between a pre-translocated and a post-translocated state due
to Brownian motion and the binding of NTP “locks’’ the RNAPII in a post translocated
form, or by the “Powerstroke mechanism” (Landick, 2004; Steitz, 2004), in which
changes in protein conformation of RNAPII during the steps of elongation drives forward
translocation.
Besides the catalytic activity of the polymerase, various factors affect efficient
transcription elongation across genes. RNAPII encounters several blocks including
sequence-specific pause sites, nucleotide limitations, DNA lesions, negative elongation
factors and DNA-bound proteins. On encountering such road- blocks the polymerase
pauses, arrests or terminates transcription (Erie, 2002; Shilatifard et al., 2003; Uptain et
al., 1997). Transcriptional pausing occurs when the RNA polymerase stops further
addition of nucleotides to the nascent transcript (Erie, 2002). In a paused polymerase, the
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RNA:DNA hybrid is intact and the polymerase backtracks by a few nucleotides, resulting
in slight misalignment of the RNA 3’-OH and the active site of the enzyme (Steitz, 2004;
Uptain et al., 1997). This paused/partially arrested polymerase is in a state of dynamic
equilibrium with the elongating form of the polymerase and is capable of resuming
elongation on its own (Komissarova and Kashlev, 1997). Transcriptional arrest is
associated with an irreversible halt of RNA synthesis; with a dissociation of the
RNA:DNA hybrid, significant backtracking of the polymerase and disengagement of the
3’ end of the transcript with the catalytic site (Awrey et al., 1997; Wang et al., 2009). If
the RNAPII terminates elongation, the RNA polymerase and RNA transcript are released
from the DNA, effectively ending the cycle of transcription (Awrey et al., 1997). During
transcription several elongation factors function to counteract and alleviate these blocks.

1.1.4 Transcription termination. During termination of transcription, RNAPII releases
the transcript and dissociates from the DNA template. In eukaryotes, termination and
mRNA processing are closely linked (Proudfoot, 2004; Proudfoot and O'Sullivan, 2002).
The mature mRNAs are capped at the 5’ end and polyadenylated at the 3’ end before
being transported from the nucleus (Moore and Proudfoot, 2009). The polyA tail is
attached to the pre-mRNA after cleavage at sequences by a nuclease in the
polyadenylation machinery, leading to the RNase catching up with the elongating
RNAPII, which terminates at a site 900-1600 bases downstream of the cleavage site
(Connelly and Manley, 1988; Proudfoot, 1989; Teixeira et al., 2004). The alternative
“antiterminator” or “allosteric” model suggests that passage of the RNAPII through the
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polyA signal results in a conformational change in the transcribing RNAPII resulting in
termination (Logan et al., 1987).

1.2 Elongation factors regulate transcription by RNAPII
1.2.1 Factors affecting transcriptional pauses. As described in the previous section the
elongating polymerase pauses or arrests when it encounters transcription roadblocks. This
is overcome by the several elongation factors that alter the processivity and rate of
elongation by RNAPII. These factors include TFIIF, the ELL family, Elongins, CSB,
DSIF, PAF and Spt16 that affect paused polymerases and stimulate transcription
(reviewed in (Sims et al., 2004a; Sims et al., 2004b).
TFIIF. In addition to the role as a general transcription factor involved in PIC formation
and promoter clearance, it cooperates with TFIIH to prevent arrest of early elongation
intermediates (Flores et al., 1989; Izban and Luse, 1992; Tan et al., 1994). Upon release
from the early transcription complex, it can re-associate with paused polymerases and
stimulate the rate of transcription elongation (Zawel et al., 1995; Zawel and Reinberg,
1995).
Elongins. Isolated as RNAPII stimulatory factors, Elongins stimulate the rate of RNAPII
elongation by aligning the 3’-OH end of the transcript with the active site of RNAPII
(Bradsher et al., 1993a; Bradsher et al., 1993b). They work in the absence of TFIIF, when
the elongation complex converts to an “elongin-activatable” state (Moreland et al., 1998).
Elongins are not found in yeast, and is a higher eukaryotic gene-specific factor (Sims et
al., 2004a).
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ELL (eleven-nineteen lysine rich leukemia). ELL functions to suppress transcriptional
pauses and affects rate of elongation (Shilatifard et al., 1996). In drosophila, ELL is
essential for development and associates with sites of active transcription following heat
shock (Eissenberg et al., 2002; Gerber et al., 2001).
DSIF (DRB-sensitivity-inducing factor). DSIF was identified as a factor that confers
DRB

(5,6-dichloro-1-b-D-ribofuranosylbenzimidazole)

sensitivity

to

transcription

reactions from partially purified extracts (Chodosh et al., 1989; Yamaguchi et al., 1998).
In yeast, DSIF is composed of two subunits Spt4 and Spt5 (Wada et al., 1998). Though
DSIF in higher organisms has been described to inhibit transcription, the yeast Spt4 has
been shown to be a positive elongation factor (Kephart et al., 1992; Marshall and Price,
1992; Rondon et al., 2004). Spt5 has been shown to prevent premature termination and
pausing during elongation.
P-TEFb (positive transcription elongation factor b). This factor was originally identified
based on its ability to stimulate DRB-sensitive transcription of long transcripts in vitro
(Kephart et al., 1992; (Marshall et al., 1996). P-TEFb phosphorylates the CTD of Rpb1
(Marshall et al., 1996). Though it does not act on its own to stimulate transcription,
phosphorylation of DSIF by P-TEFb reverses the inhibition by DSIF and NELF (Price,
2000).
CSB. CSB is a DNA-dependent ATPase, shown to stimulate the rate of elongation in
vitro by binding directly to RNAPII and affecting the activity of TFIIS (Selby and
Sancar, 1997; Tantin et al., 1997). CSB is also involved in transcription-coupled
nucleotide repair (TCR) and base excision repair (BER) (Licht et al., 2003).
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PAF (RNA polymerase-associated factor 1). PAF associates with RNAPII and works as
a scaffold for recruitment of other factors, and is important for Rad6-mediated histone
H2B monoubiquitination, a histone modification that is a prerequisite for H3-K4 and H3K79 methylation (Dover et al., 2002; Krogan et al., 2003; Krogan et al., 2002; Shilatifard
et al., 2003; Wood et al., 2003). In addition, it is also required for Set2 recruitment and
H3-K36 methylation. Recent in vitro studies on nucleosomal templates have shown that
PAF on its own and in conjunction with TFIIS can stimulate transcription (Kim et al.,
2010).

1.2.2 TFIIS relieves polymerase from transcription arrest
Transcription arrest is associated with RNA polymerase “backtracking” on the DNA
template, which results in misalignment of the catalytic site and 3’-OH of the nascent
RNA transcript (Awrey et al., 1997; Wang et al., 2009). Even though the RNAPII is
catalytically active, it is in an elongation incompetent form. For productive elongation to
resume, the transcript must be cleaved to realign the 3’-OH of the transcript with the
catalytic center (Awrey et al., 1997). As shown in figure 1.2, the elongation factor that
has been shown to stimulate transcription from arrested polymerases is TFIIS (Conaway
et al., 2003; Fish and Kane, 2002) TFIIS interacts with RNAPII, inserts through the
secondary channel and reaches the active site of RNAPII (Kettenberger et al., 2003). In
doing so, it results in structural changes to the active site, resulting in the stimulation of
the nucleolytic activity of RNAPII, which removes the 3’ overhanging transcript, and
realigns it with the active site (Fish and Kane, 2002; Kettenberger et al., 2003). This
mechanism is similar to Escherichia coli proteins GreA and GreB that relieve
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backtracked RNA polymerases and stimulate elongation (Conaway et al., 2003). TFIIS
promotes read-through of arrested elongation complexes formed due to blocks caused by
intrinsic DNA sequences, DNA-binding proteins and drugs (Fish and Kane, 2002). In
addition TFIIS also helps to preferentially remove misincorporated bases (Jeon and
Agarwal, 1996).
In yeast, TFIIS has been shown to crosslink to the open reading frame (ORF) of
genes and genetically interact with elongation factors such as PAF complex, Spt4/Spt5,
RAD26, the Ccr4-Not complex and the chromatin modifiers SWI/SNF, FACT, and Spt6
(Costa and Arndt, 2000; Davie and Kane, 2000; Kulish and Struhl, 2001; Lee et al., 2001;
Lindstrom et al., 2003; Orphanides et al., 1999). Also, deletion of DST1, the gene
encoding yeast TFIIS, makes cells sensitive to 6-azauracil (6-AU) and mycophenolic acid
(MPA), that have been used extensively to study and identify elongation factors
(Nakanishi et al., 1995). Low nucleotide concentrations slow transcription, and increase
pausing by RNAPII. Transcriptional pauses can decay into arrests in a time-dependent
fashion contingent on the “dwell time” of RNAPII at pause sites (Gu and Reines, 1995).
6-AU, a UTP analog, affects transcription by lowering the cellular concentration of GTP
and UTP (Exinger and Lacroute, 1992). MPA on the on the other hand inhibits inosine
monophosphate dehydrogenase, the enzyme that controls the rate of synthesis of guanine
monophosphate, thus reducing pools of GTP in cells.
Elongation factors promote productive and processive elongation, which is key to
successful transcription of genes by RNAPII, leading to precise transfer of information
form DNA to RNA to proteins. It is thus essential to understand the mechanisms by
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which these factors work independently and in unison for successful transcription in
cells.

1.3 mRNA degradation
The life of the mRNA begins with its “birth’, during the process of transcription,
following which it is capped, spliced and polyadenylated in the nucleus and transported
to the cytoplasm. Once translated into proteins by the ribosomes, it is finally degraded in
the cytoplasm (Figure 1.3).
The path of mRNA decay begins with the destruction of one of two structures that
provide stability to the mRNAs, the 5' 7-methylguanosine cap or the 3' polyA tail
(reviewed in (Caponigro and Parker, 1996; Garneau et al., 2007). These structures are
bound by proteins during translation that prevent the onset of decay; eIF4E and the polyA
binding protein (PABP) that bind the 5’ cap and the 3’ polyA tail respectively (Gingras et
al., 1999; Sachs et al., 1997). In eukaryotes the normal mechanism of mRNA decay starts
by shortening of the polyA tail, a process called deadenylation, by Mg2+ dependent, 3'-5'
exonucleases belonging to the RNAse D-family (Zuo et al., 2005). In Saccharomyces
cerevisiae, the PABP-dependent polyA nuclease, Pan2-Pan3, deadenylates the polyA
tails of mRNAs to ~60–80 nucleotides (Brown et al., 1996; Yamashita et al., 2005). The
job is next passed on to the Ccr4-Not complex, where polyA nucleases Ccr4 and Pop2,
deadenylate the polyA tail (Dupressoir et al., 2001; Tucker et al., 2002; Tucker et al.,
2001). Ccr4 is the major yeast deadenylase, and its function unlike Pan2/Pan3, is
independent of PABP, which in fact inhibits Ccr4 activity (Tucker et al., 2001). PARN, a
cap-dependent polyA nuclease, not found in yeast, has been shown to be important for
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developmentally regulated degradation of mRNAs in higher eukaryotes (Dehlin et al.,
2000; Gao et al., 2000; Martinez et al., 2001).
Following removal of the polyA tail, decapping enzymes Dcp1 and its catalytic
partner Dcp2, remove the 5' 7-methylguanosine cap (Steiger et al., 2003; Wang et al.,
2002), which is then degraded by the scavenger-decapping enzyme DcpS (Liu et al.,
2002). This decapping reaction is promoted by several factors that include the heptameric
Lsm1–7 complex, Edc3, PAPB-1 and Pat1, along with DEAD-box containing protein
Dhh1 ((Bonnerot et al., 2000; Coller et al., 2001; Dunckley et al., 2001; Mangus et al.,
1998; Tharun et al., 2000; Tharun and Parker, 2001; Tucker and Parker, 2000). The
transcript without the 3’ polyA tail and 5’ cap is further degraded by the 5’-3’exonuclease
Xrn1 and in the 3'-5' direction by the exosome (Dunckley et al., 2001; Houseley et al.,
2006; Long and McNally, 2003; Sheth and Parker, 2003).
Beside the prevalent deadenylation dependent pathway, mRNAs can also be
degraded via the cap-dependent pathway where first decapping is promoted by the
interaction of ps28B and Edc3 with the decapping complex of Dcp1/Dcp2 (Badis et al.,
2004; Garneau et al., 2007). Following decapping, the mRNA is degraded by Xrn1 (Long
and McNally, 2003). In another pathway, deadenylation and decapping are not the
precursors for mRNA decay. Endonucleases such as Ire1, Pmr1 and RNase MRP
internally cleave the mRNA, to generate unprotected fragments that are then degraded by
Xrn1 and the exosome [reviewed in (Garneau et al., 2007)].
Many of the components of the mRNA degradation machinery localize to distinct
cytoplasmic foci that are referred to processing bodies (P-bodies) (Eulalio et al., 2007;
Garneau et al., 2007; Parker and Sheth, 2007). These P bodies are dynamic centers of
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mRNA decay and are formed in response to cellular cues (Balagopal and Parker, 2009;
Eulalio et al., 2007). They were identified as centers of mRNA decay, when mRNA
decay intermediates and most proteins involved in the 5’-3’ decay pathway were found to
be localized to these centers (Cougot et al., 2004; Sheth and Parker, 2006; Teixeira et al.,
2005). Interestingly, disruption of the 5’-3’ decay process; can dramatically vary the size
and number of P bodies (Teixeira and Parker, 2007). Mutations or deletions of DCP1,
DCP2 and XRN1 that prevent decay of mRNAs increase their size, whereas blocking
translation or deleting proteins that are believed to communicate between the translation
machinery and mRNA degradation such as Dhh1 and Pat1 leads to a reduction in size of
P bodies (Coller and Parker, 2005; Coller et al., 2001; Cougot et al., 2004; Sheth and
Parker, 2003; Teixeira and Parker, 2007).
P bodies have been shown to increase in size and number as a response to cellular
stress (Teixeira and Parker, 2007). It has been suggested that increase in P body size
during glucose deprivation or as a response to DNA damage, may serve to accumulate
mRNAs that are not destined for degradation (Balagopal and Parker, 2009). Sequestration
of mRNAs in P bodies might be a way of compartmentalizing and sequestering mRNAs
that are not necessarily targeted for destruction, but to prevent their association with
ribosomes (Brengues et al., 2005). Thus P bodies play a regulatory role in RNA sorting
and function to maintain a balance between translation and decay of mRNAs (Brengues
et al., 2005; Parker and Sheth, 2007).

11

1.4 The Ccr4-Not complex
Life of mRNAs encompasses several well-regulated and coordinated steps, beginning
with transcription of genes and mRNA processing in the nucleus followed by translation
of proteins and mRNA degradation in the cytoplasm. Though most stages in the life of
mRNAs are functions of one group of proteins/ protein complexes, very few have roles
that dictate multiple steps of this process. The Ccr4-Not complex, an evolutionarily
conserved, multi-subunit complex (figure 1.4), plays roles in both regulating transcription
of genes and degradation of mRNAs, giving this complex a “modular nature” (Collart,
2003; Collart and Timmers, 2004; Denis and Chen, 2003). Purified as a 1 MDa or a
larger 1.9 MDa complex, it has nine core sub-units that are present in both complexes,
which include Ccr4, Pop2, Caf40, Caf130, Not1, Not2, Not3, Not4 and Not5 (Chen et al.,
2001). The larger complex includes additional proteins, the subunit composition of which
has not been determined. Not1 is the only essential member of this complex and
functions as a scaffold, to which the two distinct, albeit overlapping modules are docked
(Bai et al., 1999; Maillet et al., 2000). The “Ccr4 group” first identified as necessary for
non-fermentative gene expression, interacts with the N terminus of Not1 (Maillet and
Collart, 2002; (Denis, 1984). Subsequently members of this sub-group, Ccr4, Pop2 and
Dhh1 were also characterized for their role in mRNA degradation (Collart and Timmers,
2004; Maillet and Collart, 2002; Tucker et al., 2001). The Not group of proteins (Not1-5),
interact with the C terminus of Not1, and have been shown to have multiple roles in
transcription regulation (Liu et al., 1998). Interestingly, Not4, a member of the Not group
of proteins, was shown to be an E3 ubiquitin ligase that regulates the turn-over of nascent
polypeptide-associated complex (NAC) in the cytoplasm.
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1.4.1 The Ccr4-Not complex plays important roles throughout the life of mRNAs
1.4.1.1 Roles of Ccr4-Not in regulating transcription
Members of the Ccr4-Not complex were initially identified in yeast genetic screens
directed towards identification of transcriptional regulators. The CCR4 (carbon catabolite
repression) gene was identified in a screen for mutations that prevented expression of
ADH2 (Denis, 1984). CAF1 (Ccr4p associated factor) also known as POP2 (PGKpromoter directed overproduction) was identified as a gene necessary for glucose
derepression, growth at high temperature and sporulation (Sakai et al., 1992). It was later
found to be also important for ADH2 expression (Collart, 2003). Interestingly, Not1 and
Not2 were initially identified as CDC genes, mutations of which resulted in cell cycle
arrest at G1, when cells were grown at restrictive temperatures (Reed, 1980). Not4 also
known as Mot2, was identified in a screen for dosage suppressors of a conditionally
functional Ste11 protein (Cade and Errede, 1994). Defining a role for the NOT genes in
transcription, was the observation that mutations in NOT (Negative on TATA-less) genes
increased expression of the HIS3 gene from its TATA-less promoter (Collart and Struhl,
1993, 1994).
Besides their identification as genes that play roles in regulating transcription,
Ccr4-Not sub-units were also shown to physically and genetically interact with the
TATA-binding protein (TBP) and TFIID-associated factors (TAFIIs) suggesting that this
complex regulates transcription by interacting with or controlling TFIID function
(Badarinarayana et al., 2000; Deluen et al., 2002; Lemaire and Collart, 2000). The
association of Not5 with promoters of stress response genes and its role in TAF1
recruitment, provided further evidence for a role of this complex in regulating
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transcription initiation (Deluen et al., 2002). Mutations of genes encoding several
components of the Ccr4-Not complex were also shown to suppress a temperature
sensitive mutation in SRB4, encoding a component of the RNA polymerase II
holoenzyme (Lee et al., 1998). NOT1 and NOT2 were also isolated as suppressors of
temperature sensitivity associated with mutations in RPB2, encoding the second largest
subunit of RNA polymerase II (Lee et al., 1998). Interestingly, some subunits of this
complex have also been shown to crosslink to the promoters of stress and Gcn4-regulated
genes (Deluen et al., 2002; Mulder et al., 2005; Qiu et al., 2004; Swanson et al., 2003).
Beside a role in transcription initiation, Ccr4-Not has been proposed to play roles
in transcription elongation, as Ccr4-Not mutants are sensitive to the drugs 6-AU and
MPA and show genetic interactions with elongation factors such as DST1 and SPT16
(Biswas et al., 2006; Denis et al., 2001). Additionally, a physical interaction between
Ccr4p and the elongation complex Paf1c has been described (Chang et al., 1999). Recent
studies show that mutations of Ccr4-Not caused reduced H3 K4methylation in vivo, as
well as regulation of the stability of Jhd2, the H3K4me3 demethylase by the ubiquitin
ligase activity of Not4p (Laribee et al., 2007; Mersman et al., 2009; Mulder et al., 2007).
Recent studies have highlighted that deletion of sub-units of the Ccr4-Not complex
affects gene expression on a global scale (Azzouz et al., 2009b).

1.4.1.2 Roles of Ccr4-Not in regulating mRNA decay
The modular nature of the Ccr4-Not complex arises from the fact that components of this
complex regulate both transcription and mRNA decay (Collart, 2003). Though Ccr4 and
Pop2 were initially identified as regulators of gene expression, both proteins play more
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important cytoplasmic functions in vivo (Dupressoir et al., 2001; Tucker and Parker,
2000). Ccr4, the major yeast deadenylase, along with Pop2 regulates the major pathway
of mRNA degradation in yeast by removing the polyA tail, which is followed by
decapping and digestion of the mRNA (Tucker et al., 2002). Identification of a DEADbox containing protein, Dhh1, as a protein associated with the N-terminus of Not1
provides additional support for a key role of this complex in mRNA degradation (Hata et
al., 1998; Maillet and Collart, 2002). Dhh1 functions as an enhancer of decapping of
mRNAs by enhancing the activity of decapping enzymes Dcp1 and Dcp2, and regulates
translation of mRNAs. Together with Ccr4 and Pop2, Dhh1 regulates mRNA stability
and can be localized to cytoplasmic processing bodies (P-bodies), which are the sites of
mRNA degradation (Sheth and Parker, 2003; Teixeira and Parker, 2007). Surprisingly,
the Not proteins that have not been shown to have direct functions in regulating mRNA
decay, also localize to P-bodies during stress (Muhlrad and Parker, 2005). Moreover,
deletion of DHH1, NOT2, NOT4 and NOT5 slowed the decapping of EDC1 mRNA
(Muhlrad and Parker, 2005). New studies have also shown that Ccr4-Not interacts with
the nuclear exosome. Not5 has been shown to co-purify as a component of the TRAMP
complex (Azzouz et al., 2009a). Since Ccr4-Not complex functions in the “birth” and
“death’ of mRNAs, how these two processes are regulated to maintain cellular
homeostasis poses an interesting question.

1.5 DEAD box helicases
The biogenesis and functioning of RNAs is one of the most intricately controlled
processes. An important class of proteins that regulates various aspects of the life of
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mRNAs is the RNA helicases. RNA helicases belong to an abundant protein family of
DEAD or DExD/H helicases that is conserved from bacteria to humans (Bork and
Koonin, 1993; Linder et al., 1989). These RNA helicases belong to the Superfamily 2
(Sf2) group of helicases, are made up of two covalently linked globular domains, each
made up of five β-strands surrounded by five α-helices, resembling a RecA fold
(Bleichert and Baserga, 2007; Cordin et al., 2006; Jankowsky and Fairman, 2007; Rocak
and Linder, 2004). As shown in figure 1.5, encompassing the two globular domains of
DEAD box helicases are nine conserved motifs: motifs Q, I, Ia, Ib, II and III in domain 1
and motifs IV, V, and VI in domain 2, that make up the helicase core (Bleichert and
Baserga, 2007; Cordin et al., 2006; Jankowsky and Fairman, 2007). Most DExD/H
helicases have been identified and defined to belong to this group based on the presence
of these motifs. Based on genetic, biochemical, and structural data, different functions
have been assigned to these motifs. The Q-motif and motifs I and II also known as
Walker motif A and B, bind ATP and are required for its hydrolysis (Rocak and Linder,
2004). The highly conserved glutamine in the Q-motif (GAxxPoxxQ) forms hydrogen
bonds with nitrogen atoms at positions 6 and 7 of the adenine, whereas the adjacent
aromatic residue stacks with the adenine base (Cordin et al., 2004; Sengoku et al., 2006;
Tanner, 2003; Tanner et al., 2003). Motif I (AxxGxGKT) forms the P loop that
accommodates the α- and β-phosphates of ATP and the conserved lysine residue interacts
with phosphates of MgATP or MgADP (Blum et al., 1992; Caruthers and McKay, 2002;
Rozen et al., 1989). Motif II (DEAD or DExD/H) forms interactions with the β- and γphosphates through Mg2+ and is required for ATP hydrolysis (Pause and Sonenberg,
1992; Shi et al., 2004; Story et al., 2001). Motif III (SAT) links the ATP binding and

16

hydrolysis to conformational changes that are required for helicase activity (Bork and
Koonin, 1993; Pause and Sonenberg, 1992; Rocak and Linder, 2004). Motif VI
(HRxGRxGR) is believed to participate in ATP binding, and mutations in this motif also
affect ATP hydrolysis (Caruthers et al., 2000; Pause et al., 1993; Rogers et al., 2002;
Story et al., 2001). The structures of RNA helicases indicate that the remaining motifs Ia
(PTRELA), Ib (TPGR), IV (LIV) and V (ARGID) are involved in RNA binding
(Caruthers et al., 2000; Caruthers and McKay, 2002).
Based on their classification as RNA helicases, members of the DEAD or
DExD/H family have been shown to have some or all of the following activities : binding
to RNA, hydrolyzing nucleotide triphosphates (NTPs) and helicase activity. In line with
ubiquitous functions of these proteins, a study of members of this family has shown that
they lack specificity in their binding to RNA (reviewed in Rocak and Linder, 2004).
Crystal structure of DEAD box helicases bound to RNA show that these molecules
contact with about 8-10 bases of the bound RNA, which is sharply bent in order to be
accommodated in a cleft formed between the two domains of these proteins (Sengoku et
al., 2006; Del Campo and Lambowitz, 2009). The ATPase activity of all DEAD box
proteins that have been studied thus far, in vitro have been shown to be stimulated by
RNA (Rocak and Linder, 2004; (Cordin et al., 2006). Though ATPase activity of most
helicases can be stimulated by non-specific RNAs, there are exceptions such as DbpA,
that requires specific structure of 23S rRNA for ATPase activity (Nicol and Fuller-Pace,
1995; Tsu and Uhlenbeck, 1998). However, it is important to note a distinction in
ATPase activities between DEAD box containing proteins from their “close cousins”, the
DExD/H proteins. Though robust in vitro ATPase activity has been reported for the
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DExD/H proteins, such as Nsr3, proteins of the DEAD box family including eIF4A,
DbpA, Vasa, Ded1, Prp5 and UAP56, have been shown to have weak ATPase activity
(comparison of ATPase activities Cordin et al., 2006). It is entirely possible that the
ATPase activity of these proteins is stimulated in vivo by binding of interacting proteins
or cofactors, post-translational modification or by the recognition of specific RNAs.
In congruence with weak ATPase activity of these proteins, most DEAD box
proteins do not display unwinding of duplex substrates in vitro. The few that have been
shown to have helicase activity include Dbp9, eIF4A, p68, Dbp5 and RhIE (Bizebard et
al., 2004; Huang and Liu, 2002; Kikuma et al., 2004; Rogers et al., 2001). The function
of ATP hydrolysis in the helicase cycle, is associated with the release of RNA, and
forward translocation. Although traditional definition of helicase activity implies the
unwinding of strands of a duplex, these RNA helicases might use their ATPase activity to
bind and translocate along single-stranded RNA (ssRNA). Further they may also be
involved in transport of RNA, where the release of the bound molecule or dissociation of
RNA–protein complexes requires ATP hydrolysis. Such activities would suit the role for
DEAD box helicases in many processes of RNA metabolism, such as splicing, RNA
export, ribosome biogenesis and translation (Bleichert and Baserga, 2007; Cordin et al.,
2006; Jankowsky and Fairman, 2007; Rocak and Linder, 2004). The multiple roles
DEAD box proteins play in RNA metabolism in yeast is shown in figure 1.6.

1.6 Yeast DEAD box helicase Dhh1
The yeast protein Dhh1 is a 57 kDa protein belonging to the superfamily 2 (Sf2) of
DEAD box containing RNA helicases. Originally identified and annotated as a DEAD box
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helicase on the basis of sequence homology, this nonessential protein was first shown to be
play roles in sporulation in yeast (Strahl-Bolsinger and Tanner, 1993). Belonging to the
“DDX6 like” subfamily of DEAD box helicases, Dhh1 is evolutionarily conserved from
yeast to humans sharing a 68% identity with its human ortholog Ddx6 (Bergkessel and
Reese, 2004; Tseng-Rogenski et al., 2003). The published crystal structure of Dhh1 shows
that the nine conserved motifs that make up the core of Dhh1 are well distributed in two
RecA-like globular domains (Cheng et al., 2005). Different from what has been observed in
structures of other DEAD box helicases, Dhh1 has a unique domain arrangement which
allows for novel inter-domain interactions of motif V in the C-terminal domain with motif I
and the Q motif in the N-terminal domain, thereby leading to a closed confirmation of this
protein (Cheng et al., 2005). Also compared to its orthologs, Dhh1 has longer extensions at
the N and C-termini, beside the core domains (Weston and Sommerville, 2006).
Dhh1 has been identified as an important component in mRNA degradation. The
major pathway of mRNA turnover is initiated with shortening of the 3′ polyA tail followed
by removal of the 5′-cap by the Dcp1p/Dcp2p decapping complex (Garneau et al., 2007).
Dhh1, along with members of this machinery localize to P bodies (Hata et al., 1998; Teixeira
and Parker, 2007). Dhh1 along with its interacting protein Pat1, facilitates the formation of Pbodies (Coller and Parker, 2005). Further, it has been shown that Dhh1p interacts the
decapping enzyme Dcp1p and increases the efficiency of mRNA decapping (Coller et al.,
2001; Fischer and Weis, 2002). It also interacts with Pop2p, a subunit of the mRNA
deadenylation complex, and with Lsm1 complex and Edc3, which are activators of decapping
(Hata et al., 1998). Dhh1 along with its interactors Pat1 and Edc3, is also involved in
translational repression of mRNAs, and has been also shown to sequester RNAs into a non-

19

translating pool that do not undergo degradation and can be returned to translation on
receiving cellular cues (Brengues et al., 2005; Coller and Parker, 2005; Coller et al., 2001;
Teixeira et al., 2005). Over-expression of Dhh1 leads to translational repression of mRNAs
in yeast cells and this affect is also observed on translation in vitro (Coller and Parker, 2005).
Furthermore, Dhh1 can work to repress translation independently of the 5’ cap, by repressing
translation of mRNAs where translation initiation is dependent on the presence of an internal
ribosomal entry site (IRES) (Coller and Parker, 2005).
Deletion of DHH1 makes yeast sensitive to a variety of environmental stresses
including DNA damaging agents, radiation and heat (Bergkessel and Reese, 2004). Linking
its role in stress response in yeast, is the observation that Dhh1 plays roles in cell cycle
regulation, where it has been shown to be important for G1/S DNA-damage checkpoint
recovery (Bergkessel and Reese, 2004). Further deletion of DHH1 suppresses deleterious
effects of DNA damage or ectopic expression of the human tumour suppressor gene BRCA1,
implicating that Dhh1 has important roles in G1/S transition (Westmoreland et al., 2003).
Dhh1 interacts with the evolutionary conserved Ccr4-Not complex (Hata et al., 1998;
Maillet and Collart, 2002). Multiple roles have been assigned to the Ccr4-Not complex in
regulating the life of mRNAs (Collart, 2003; Collart and Timmers, 2004; Denis and Chen,
2003). Besides the role in mRNA decay, members of this complex have multiple roles in
regulating transcription of mRNAs (Collart, 2003; Collart and Timmers, 2004; Denis and
Chen, 2003). Studies from our lab have shown that the deletion of DHH1 as well as members
of the Ccr4-Not complex affects the transcription of genes (Kruk. J, unpublished).
Interestingly, along with members of this complex Dhh1 is recruited to the body of genes in a
transcription dependent manner and plays roles in regulating transcription elongation (Kruk.
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J, unpublished). Because some of the Not proteins, traditionally believed to be involved in
transcriptional regulation have been found localized to P bodies (Muhlrad and Parker, 2005),
it is interesting to ask if Dhh1 offers a possible link between transcriptional regulation and
mRNA decay processes via its interaction with this complex.
The human ortholog of Dhh1, Ddx6 (rck/p54) bears a 68% identity and 85%
similarity with Dhh1 (Bergkessel and Reese, 2004). It has been shown to have similar
functions in mRNA decay and translational repression (Andrei et al., 2005; Cougot et al.,
2004; Ingelfinger et al., 2002), and recent studies indicate that it plays a role in cell cycle
regulation (Akao et al., 2006). It was identified as a target of the (11;14)(q23;q32)
chromosomal translocation observed in human B-cell lymphoma (Lu and Yunis, 1992) and
over-expression of this protein has been associated with human colorectal carcinomas,
hepatocarcinomas (Akao et al., 1995; Akao et al., 2006) and in cases of HCV linked chronic
hepatitis (Jangra et al.; Miyaji et al., 2003). Interestingly Ddx6, has been shown to have RNA
unwinding activity toward c-myc RNAs in vitro (Akao et al., 2003). Highly conserved
orthologs of Dhh1 have been shown to play a role in repressing translation of specific
messages in early development and association with RNAPs in Xenopus laevis, Drosophila
melanogaster, and Spisula solidissima (Figure 1.7). The Drosophila Me31B was found to be
expressed in oocytes and nurse cells (Nakamura et al., 2001; Wilhelm et al., 2000) and
Xenopus Xp54, plays impotant roles as an integral component of messenger
ribonucleoprotein (mRNP) particles involved in translational control in oocytes (Weston and
Sommerville, 2006). The ortholog of Dhh1 in C. elegans, Cgh1, is expressed in the germ
cells of caenorhabditis where it modulates physiological germline apoptosis (Minshall et al.,
2001)
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1.7 Scope and significance of this dissertation
The objective of my research was to biochemically characterize proteins/protein
complexes that are involved in regulating various aspects of mRNA metabolism. The
focus of my work has been two fold:
1) Biochemically characterize the yeast DEAD box helicase Dhh1 and study how the
various biochemical activities of this protein regulates its in vivo functions.
2) Understand the role of the yeast Ccr4-Not complex in regulating transcription
elongation.

RNA metabolism involves the coordinated function of several proteins, key
effectors of which include a group of DEAD box containing RNA helicases. Dhh1, an
evolutionarily conserved member of the DEAD box family in yeast, associates with the
Ccr4-Not complex, and regulates transcription of DNA damage inducible genes by
influencing the recruitment of transcription factors. Additionally, in response to cellular
stress, Dhh1 localizes to P-bodies and affects the destruction of mRNAs and translational
repression. It also plays important roles in G1/S DNA damage checkpoint recovery.
Given the many functions of Dhh1 in both the synthesis and decay of RNAs, I have
examined how biochemical activities of Dhh1 regulate its functions in vivo. Biochemical
analysis of Dhh1 has helped identify key residues involved in ATP and RNA binding,
and ATP hydrolysis. In vivo analysis of mutant alleles that affect the biochemical
activities, has revealed the important roles of ATP binding and hydrolysis in most of the
functions of Dhh1. Interestingly, Dhh1 is able to bind both RNA and ATP, but has weak
ATPase activity in vitro as compared to other DEAD box helicases. This study shows
that this is in part due to extensive inter-domain interactions, disruption of which greatly

22

enhances ATP hydrolysis. I hypothesize that activity of an abundant helicase like Dhh1,
which plays multiple roles in mRNA metabolism is stimulated by cellular factors, which
impart a tight regulation on the functioning of this very abundant helicase.
I have then extended my work to also understand the role of the evolutionary
conserved Ccr4-Not complex in transcription regulation. The highly conserved Ccr4-Not
complex has been ascribed many functions, from transcription regulation to mRNA
decay. Initial studies described a role of this complex in preinitiation complex formation,
but a number of studies have clearly shown Ccr4-Not mediates deadenylation of mRNAs
and protein ubiquitylation in the cytoplasm. It is still not clear how Ccr4-Not regulates
gene expression. My study demonstrates that Ccr4-Not complex directly regulates
RNAPII-dependent transcription elongation. Using purified Ccr4-Not complex and yeast
RNAPII in an in vitro transcription system I have studied how this complex affects
transcription elongation. My studies show that the complex binds directly to the
elongating RNAPII complex, which is partially dependent on the emerging transcript,
and crosslinking studies show it also makes contacts with the transcript. Using
transcription run on assays, I demonstrate that Ccr4-Not stimulates the reinitiation of
RNAPII elongation from paused elongation complexes. Further, Ccr4-Not works
synergestically with positive elongation factor TFIIS to stimulate elongation through
transcription blocks. My in vitro results are substantiated by in vivo studies, showing that
Ccr4-Not co-purifies with RNAPII and associates with the open reading frames of
transcribing genes. Together these studies support a model by which the Ccr4-Not
complex directly associates with transcribing RNAPII and positively regulates
elongation.
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Figure 1.1

(Hirose and Ohkuma, 2007)
Figure 1.1 The transcription cycle
Schematic shows the different stages of the transcription cycle with some of the
associated factors. Stages shown are initiation, promoter clearance and early elongation,
elongation and termination.
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Figure 1.2

(Fish and Kane, 2002)
Figure 1.2 TFIIS alleviates transcription elongation arrests
TFIIS interacts with arrested polymerases to stimulate the nuclease activity of RNAPII,
allowing realignment of the 3’-OH of the transcript with the active site, thus allowing
elongation to ensue.
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Figure 1.3

(Garneau et al., 2007)
Figure 1.3 mRNA degradation pathways
(A) The deadenylation dependent pathway starts with the removal of the polyA tail by
Ccr4 or PARN, followed by decapping by Dcp1/Dcp2 and exonucleolytic cleavage by
Xrn1 and the exosome. (B) In the deadenylation independent pathway, Edc3 and Rps28B
first promote decapping. Removal of the 5’-cap allows exonucleolytic cleavage by Xrn1.
(C) The nuclease–mediated pathway is independent of 3’ polyA tail and 5’-cap removal.
Endonucleases such as IRE1, PMR1 and RNase MRP, cleave the RNA, generating
unprotected 5’ and 3’ ends, which is then degraded by Xrn1 and the exosome.
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Figure 1.4

Figure 1.4 Composition of the core Ccr4-Not complex.
The 1 MDa Ccr4-Not complex has nine core sub-units, which include Ccr4, Pop2, Caf40,
Caf130, Not1, Not2, Not3, Not4 and Not5. The “Ccr4 group”, Ccr4, Pop2 and Dhh1,
interacts with the N terminus of Not1 have roles in mRNA metabolism, whereas, the Not
group of proteins (Not1-5), interact with the C terminus of Not1, and have been shown to
have multiple roles in transcription regulation. Not4 has been shown to function as an E3
ubiquitin ligase.
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Figure 1.5

(Bleichert and Baserga, 2007)
Figure 1.5 Schematic showing the nine conserved domains of DEAD-box helicases
with functions annotated to each motif.
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Figure 1.6

(Cordin et al., 2006)
Figure 1.6 DEAD-box proteins in Saccharomyces cerevisiae participate in multiple
processes of RNA metabolism.
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Figure 1.7

(Weston and Sommerville, 2006)

Figure 1.7 Orthologs of Dhh1 function in multiple pathways to regulate RNA
metabolism.
Dhh1p associates both with the mRNA deadenylation complex containing Ccr4p and
Pop2p and the mRNA decapping complex containing Dcp1/2p, Pat1p and Lsm1-7p and
promotes decapping activity in P-bodies. CGH-1 locates to cytoplasmic mRNP particles
and to P granules which are sites of mRNP assembly or remodeling. Deletion of CGH-1
results in physiological germ cell apoptosis. In Drosophila, Me31B binds to maternal
mRNAs synthesized in nurse cells which are exported to the oocyte. Deletion of ME31B
results in premature translation of mRNAs, normally located to and stored in the oocyte,
in nurse cells. The Xenopus Xp54 can shuttle between cytoplasm and nucleus. It binds
nascent pre-mRNA transcripts in mRNP particles, exits the nucleus and stores the
transcripts in a non-translatable form.
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CHAPTER 2
MATERIALS AND METHODS
2.1 Materials
All RNA oligonucleotides were from Dharmacon Research; All DNA oligonucleotides
were from Integrated DNA Technologies, Inc.; [γ-32P]-ATP (6000 Ci/mmol) was from
Perkin Elmer; [α-32P]-ATP, UTP, CTP, GTP, dATP (3000 Ci/ mmol) was from Perkin
Elmer; T4 polynucleotide kinase was from USB; ATP was from GE Healthcare;
AMPPNP, 7-methylguanosine and purine nucleoside phosphorylase were from Sigma; all
other reagents were from Sigma, Fisher or VWR.

2.2 Construction, expression and purification of yeast Dhh1
The ORF of yDHH1 was cloned into pET-15b and the recombinant protein was
expressed in Escherichia coli BL21-DE3. Mutant proteins were generated by sitedirected mutagenesis. Dhh1 and mutant proteins were purified by transforming both the
into expression host E. coli BL21-DE3 pLyS. Cells were grown in 1.0 l Luria Bertani
media with ampicillin (100 µg/ml) to an A600 of 0.6 at 37 °C and induced with 1.0 mM
IPTG for 4 hrs at room temperature. The cells were harvested and the cell pellet was
resuspended in 20 ml buffer A [20 mM Tris-HCl (pH 7.4), 500 mM NaCl, 0.1% Triton-X
100 and 10% glycerol] containing 100 µM PMSF, Pepstatin, Leupeptin and Chymostatin
(5 µg/ml each), 1 mM Benzamidine hydrochloride and 10 mM imidazole. The cell
suspension was sonicated on ice using a Branson sonifier. The resulting cell lysate was
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centrifuged at 16,000 rpm for 30 minutes. The clear supernatant was collected and used
for protein purification. The supernatant was incubated with 0.5 ml of Co beads for 1
hour at 4 °C and was loaded in a column and washed with 50 ml of buffer A containing
10 mM imidazole followed by wash with Buffer A containing 20 mM imidazole. The
protein was eluted using of 250 mM imidazole in buffer B [20 mM Tris-HCl (pH 7.4),
250 mM NaCl, 0.1% Triton-X 100 and 10% glycerol] containing 100 µM PMSF and 1
mM Benzamidine hydrochloride. The fractions were pooled and dialyzed against 2.0 l of
buffer C [20 mM HEPES-NaOH (pH 7.4), 75 mM NaCl, 10% glycerol]. The dialyzed
fractions were passed over a 0.5 ml SP-sepharose column. The column was washed with
20 ml of buffer C followed by wash with 10 ml of buffer D [20 mM HEPES-NaOH (pH
7.4), 150 mM NaCl, 10% glycerol]. The protein was eluted using buffer E [20 mM
HEPES-NaOH (pH 7.4), 500 mM NaCl, 10% glycerol]. The fractions containing no
impurities were pooled and dialyzed against 2 L of buffer B containing 1mM
dithiotheritol (DTT), 0.5 mM EDTA. The protein was stored at –80 °C.

2.3 ATPase assay
Reactions were performed at 30 °C. Reactions contained 25 mM MOPS pH 7.0, 50 mM
NaCl, 10 mM MgCl2, 4 µM Dhh1 or mutant proteins, 50 µM ATP, 4 µCi γ32P-ATP and
10 µg of poly U. Reactions were initiated by the addition of ATP. Reactions were
quenched after one hour by addition of EDTA to 100 mM. Specific concentrations of
substrate or enzyme, along with any deviations from the above, are indicated in the
appropriate figure legend. 3 µL of the quenched reaction was spotted onto
polyethyleneiminecellulose TLC plates (EM Science). TLC plates were developed in
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LiCl, formic acid buffer, pH 7.0, dried, and exposed to a PhosphorImager screen. TLC
plates were visualized by using a PhosphorImager and quantified by using the
ImageQuant software (Molecular Dynamics) to determine the amount of ATP hydrolyzed
to ADP and Pi.

2.4 ATP binding assay
Reactions were performed at room temperature. Reactions contained 25 mM MOPS pH
7.0, 50 mM NaCl, 10 mM MgCl2, 4 µM Dhh1 or mutant proteins, 10 µCi [α-32P]ATP/UTP/CTP/GTP/dATP. Following incubation at room temperature for 10 minutes the
samples were crosslinked on ice, in a UV crosslinker (254 nm) for 6 minutes. The
samples were boiled in SDS-PAGE buffer and resolved in a 10% SDS-PAGE gel. The
gels were stained with Coomassie blue, dried and exposed to a PhosphorImager screen.
The gels were visualized by using a PhosphorImager and quantified by using the
ImageQuant software (Molecular Dynamics) to determine the amount of ATP crosslinked
compared to an un-crosslinked sample.

2.5 Nucleic acid binding assay
Experiments were performed using a Beacon fluorescence polarization system (GE
Healthcare). Assays were performed by mixing 0.1 nM 3’-fluorescein-labeled polyU
(Dharmacon) with increasing concentrations of either WT or mutant Dhh1 proteins in
binding buffer (25 mM MOPS, pH 7.0, 2 mM β-mercaptoethanol, 10 mM MgCl2 and 50
mM NaCl) followed by monitoring the change in fluorescence polarization (mP). The
volume of Dhh1 added to the binding reaction was equal to one-tenth the total volume of
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the reaction. All steps were performed in reduced light. To determine the dissociation
constant (Kd), polarization (mP) was plotted as a function of Dhh1 concentration and the
data were fit to a hyperbola.

2.6 Purification and 5’-32P labeling of RNA oligonucleotides
RNA oligonucleotides were purified by denaturing PAGE and end-labeled by using γ-32P
ATP and T4 polynucleotide kinase. Concentrations were determined by measuring the
absorbance at 260 nm using a Nanodrop spectrophotometer and using the appropriate
calculated extinction coefficient.

2.7 Annealing of unwinding substrates
Oligonucleotides were annealed at 5 µM in 25 mM MOPS, pH 7.0, 50 mM NaCl by
using a Progene Thermocycler (Techne). The ratio of loading strand to displaced strand
was 1:1.2. Annealing reactions were heated to 90 °C for 1 min and slowly cooled to room
temperature.
2.8 Helicase assay
Reactions were performed at 30 °C. 4 µM Dhh1 was mixed with 2 nM [32P]-labeled
unwinding substrate in 25 mM MOPS pH 7.0, 50 mM NaCl and 1 mM EDTA. Reactions
were initiated by the addition of 10 mM ATP, 10 mM MgCl2 and 100 nM trapping strand
in 25 mM MOPS pH 7.0, 50 mM NaCl. The trapping strand is a 9-mer RNA that is
complementary to the displaced strand. Reactions were quenched at various times by
addition EDTA to 100 mM and SDS to 0.33%. Products were resolved by native PAGE.
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2.9 Strains and media
The ORF of yDHH1 with 800 bp upstream and 400 bp downstream was cloned into
pRS414. Mutant proteins were generated by site-directed mutagenesis. Plasmids with WT
and mutant Dhh1 were transformed into PH499 ∆DHH1 yeast cells. Cells were grown at
30°C in synthetic complete (SC)-TRP medium, containing 4% dextrose to an absorbance
(600 nm) of 0.8 and shifted to media containing yeast extract-peptone, 4% dextrose and
20µg/mL adenine sulfate (YPAD). For sensitivity tests, cultures were grown overnight
and diluted to an OD600=1.0. Three-fold dilutions of cultures were spotted on (SC)-TRP
containing 75 µg/ml HU, 0.01% MMS or exposed to 60 J/m2 of UV and grown at 30°C.
For checking sensitivity to heat cells were grown at 37°C. Strains used in this study are
listed in Table 1. For purification of Ccr4-Not complexes cells were grown in YPAD at
30°C. Gene deletions and tagging were performed as previously described using PCRmediated gene disruption and modification (Brachmann et al., 1998).
Table 2.1 Strains used in the study
Strain
BY4741

Phenotype
WT

Genotype
MATa, his3∆1, leu2∆0, met15∆0, ura3∆0

Dhh1-myc

BY4741 with Dhh1-myc::HIS3

Ccr4-myc

BY4741 with Ccr4-myc::HIS3

Ccr4-myc, rpb4∆

BY4741 with Ccr4-myc::HIS3, rpb4∆::kanMX

Pop2-myc

BY4741 with Pop2-myc::HIS3

Not2-myc

BY4741 with Not2-myc::HIS3

Not5-myc

BY4741 with Not5-myc::HIS3
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Euroscarf

PH499

Not4-TAP

BY4741 with Not5-TAP::HIS3

Not4-TAP, dst1∆

BY4741 with Not4-TAP::HIS3, dst1∆::URA3

Ccr4-TAP, dst1∆

BY4741 with Ccr4-TAP::HIS3, dst1∆::URA3

WT

MATa, ade2-101; his3-Δ200; leu2-Δ1; ura3-52;
trp1-Δ63; lys2-801
PH499 with dhh1∆::HIS3

dhh1∆

2.10 RNA isolation and analysis of RNA by Northern blotting or Real-time PCR
RNA isolation and northern blotting were carried out as previously described (Reese and
Green, 2003).

15 µg of total RNA was separated on 1% formaldehyde gel and

transferred to nitrocellulose membrane (Hybond-N+; Amersham Pharmacia Biotech,
Piscataway, NJ) via capillary action. After UV crosslinking and a ≥4 hr prehybridization
at 65ºC, radioactively-labeled gene-specific probes were added. Signal was detected
using Phosphor Screen (Molecular Dynamics), scanned with the Typhoon system
(Molecular Dynamics), and quantified using ImageQuant. For checking GAL1 induction
the isolated RNA was converted to cDNA analyzed by real-time PCR. Real-time PCR
was performed with SYBR® Green detection (Quanta Biosciences, Gaithersburg, MD)
using a StepOne Plus qPCR thermocycler (Applied Biosystems, Foster City, CA).

2.11 Chromatin Immunoprecipitation
ChIP assays were performed as previously described, with minor changes (Sharma et al.,
2007). Yeast cultures (100 ml) were grown at 30°C in synthetic complete (SC)-TRP
medium containing 3% raffinose to an absorbance (600 nm) of 0.8 and shifted to media

36

containing yeast extract-peptone, 3% raffinose and 20µg/mL adenine sulfate and grown
for 1 hour at 30°C followed by induction in YPAD + 2% galactose for 1 hour. A portion
of culture was crosslinked for initial time point. Remaining cells were centrifuged and
resuspended in 2% galactose medium. Cells were cross-linked with 1% (vol/vol)
formaldehyde at room temperature for 15 min.

Formaldehyde was quenched with

glycine (125mM). Whole-cell extracts were prepared by glass bead disruption and
sheared into fragments averaging 200 to 600 bp in size using a Bioruptor (Diagenode,
Philadelphia, PA). Whole-cell extracts were immunoprecipitated (IP) with the antibodies
indicated. After purification, the precipitated and input DNAs were analyzed by realtime PCR. Real-time PCR was performed with SYBR® Green detection (Quanta
Biosciences, Gaithersburg, MD) using a StepOne Plus qPCR thermocycler (Applied
Biosystems, Foster City, CA). The percent IP represents the following product: (IP
signal/input signal) x 100. Error bars represent the standard errors of at least repetitions.
The following antibodies were used in ChIP: 2µL of αDhh1 (αDhh1; our lab) and 2µL of
αRNAPII (8WG16; Covance, Princeton, NJ).

2.12 RNA Immunoprecipitation
RIP assays were performed as per the previously described ChIP assay with some
changes. Yeast cultures (100 ml) were grown at 30°C in synthetic complete (SC)-TRP
medium, containing 4% dextrose to an absorbance (600 nm) of 0.8 and shifted to media
containing yeast extract-peptone, 4% dextrose and 20µg/mL adenine sulfate and grown
for 1 hour at 30°C. For induction of stress, cells were treated with 0.03% MMS for 1
hour prior to crosslinking. A portion of culture was crosslinked for initial time point.
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Remaining cells treated with MMS. Cells were cross-linked with 1% (vol/vol)
formaldehyde at room temperature for 15 min.

Formaldehyde was quenched with

glycine (125mM). All buffers used in the assay were prepared in DEPC-treated water.
Whole-cell extracts were prepared by glass bead disruption and sonicated using a
Bioruptor (Diagenode, Philadelphia, PA). Whole-cell extracts were treated with DNAse I
for 1 hour, immunoprecipitated (IP) with the Dhh1 antibody bound to beads. After
purification, the precipitated and input RNAs were treated with DNAse I and further
purified. The precipitated and input RNAs were converted to cDNA and analyzed by
semi-quantitative PCR. PCR products were analyzed by electrophoresis and ethidium
bromide staining, scanned with the Typhoon system (Molecular Dynamics), and
quantified by using ImageQuant. The percent IP represents the following product: (IP
signal/input signal) x 100. Error bars represent the standard errors of at least 3 repetitions.
The following antibodies were used in RIP: 2µL of αDhh1 (αDhh1; our lab).

2.13 Immunofluorescent Staining
Yeast cultures (5 ml) were grown at 30°C in synthetic complete (SC)-TRP medium,
containing 4% dextrose to an absorbance (600 nm) of 0.4 and shifted to media containing
yeast extract-peptone, 4% dextrose and 20 µg/mL adenine sulfate and grown for 1 hour at
30°C. Cells were stressed by shifting to media containing yeast extract-peptone without
dextrose. Yeast cells were fixed by adding 600 µl of 37% formaldehyde, and incubation at
room temperature for 30 minutes. Cells were washed in 0.1 M potassium phosphate buffer
(pH 6.5). Cells were resuspended in buffer A [0.1 M potassium phosphate buffer (pH 6.5)
containing 1.2 M sorbitol]. Cell walls were digested at 30°C for 10 minutes in buffer A
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containing 15 µg/mL zymolyase and ß-mercaptoethanol. Cells were washed twice in buffer
A, and resuspended in the 100 µl of the buffer. Cells were placed on slides coated with 0.1%
polylysine, and excess cells were aspirated after 10 minutes and air dried. Blocking was
carried out using 5 mg/ml bovine serum albumin (BSA) in phosphate buffered saline (PBS).
Cells were incubated with Dhh1 primary antibody (1:100 dilution) in PBS containing 1
mg/ml BSA for 4 hours at room temperature in a moist chamber. Cells were washed using
PBS containing 1 mg/ml BSA and incubated with Cy5-rabbit secondary antibody for 1 hour.
Cells were finally washed with PBS containing 1 mg/ml BSA.
Fluorescent images were acquired using the Olympus Fluoview 1000 confocal laser scanning
microscope equipped with 40x/1.25 oil immersion objective. Scanning of Cy5 was
performed by excitation a 488-nm argon laser. All the images were collected and processed
using Olympus Fluoview software. The contrast and brightness of related images were
identically linearly enhanced.

2.14 Co-immunoprecipitation and Western blotting
Yeast cultures (1L) were grown to an OD600 of 1.0 to 1.5. Protein extracts were
prepared as previously described (Reese et al., 1994; Woontner et al., 1991). 2mg of
protein extract was incubated either with or without 100ug/mL RNase A.

Extract

incubated with the indicated antibody for 1-3 hours prior to the addition of Protein A
Sepharose CL-4B for overnight incubation at 4C (GE Healthcare, Piscataway, NJ).
Extracts were washed and centrifuged, and 1 volume of 3x sodium dodecyl sulfate (SDS)
load buffer was added before boiling. Extracts were separated by SDS-polyacrylamide
gel electrophoresis (SDS-PAGE), transferred to nitrocellulose membranes (Whatman
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Protran®) and probed with the indicated antibodies. The following antibodies were used
in coIP for pull-down: 2µL anti-myc (9E10 ascites; Covance, Emeryville, CA), 2µL antiDhh1 (anti-Dhh1; our lab), 2µL anti-Rpb3 (Rpb3 ascites, Neoclone, Madison, WI). The
following antibodies were used in Western blotting: 1:5000 of anti-myc (9E10 ascites;
Covance, Emeryville, CA), 1:3000 of anti-Dhh1 (anti-Dhh1; our lab), 1:1000 of antiRpb1 N-terminal (Rpb1 (y-80); Santa Cruz Biotechnologies, Santa Cruz, CA), 1:1000 of
anti-RNAPII (8WG16; Covance, Princeton, NJ).

2.15 Purification of Ccr4-Not complex
Both TAP-Not4 and TAP-Ccr4 complexes were purified from strains containing a
deletion of DST1. Purification of the complex in a dst1∆ strain is essential because trace
amounts of TFIIS activity were detected in preparations from DST1+ strains. The
protocol for TAP purifications was adapted as previously described (Rigaut et al., 1999),
with some minor modifications. Cells were broken open in buffer containing 250 mM
KCl. All subsequent steps of purification were carried out in buffer containing 150mm
NaCl. The proteins were stored in a buffer containing 25 mM HEPES pH 7.6, 150 mM
KCl, 12 mM MgCl2, 10% glycerol, 0.5 mM EDTA. TFIIS was expressed and purified as
a his-tagged protein in E. coli (Kim et al., 2007). Yeast RNAPII was purified using a
Rpb4-TAP strain as described in a previous publication (Suh et al., 2005), and were
kindly provided by Jinhua Fu.
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2.16 Generation of DNA Templates for Elongation Complexes
Templates were PCR amplified from a plasmid containing a G-less cassette followed by
DNA sequence containing all four nucleotides. The forward primer contains a BglII site.
The PCR products had a 70 nucleotide long G-less cassette followed by 80 or 920
nucleotides of G-containing sequence. These were digested with BglII, dephosphorylated
with λ phosphatase (New England Biolabs, Ipswich, MA) and ligated to a 5’phosphorylated oligonucleotide with the sequence GATCAAAAAAAATTA. The
resulting 11 nt overhang served as an initiation site for Pol II in the presence of the
starting dinucleotide UpG (Sigma Aldrich, St. Louis, MO).
2.18 Generation of Stalled Elongation Complexes and gel shift assay
Elongation complexes and reagents were prepared similar to that described for
Drosophila elongation complexes (Zhang et al., 2004). Transcription reactions (15 ul)
contained 50 mM HEPES pH 7.6, 100 mM KCl, 1 mM MnCl2, 12% glycerol, 0.5 mM
DTT, 0.5 mM UpG, 20 units of RNasin (Promega, Madison, WI), 100 ng of template and
~100 ng (~0.25 pmol) of purified yeast RNAPII. The template was preincubated with
RNAPII for 5 minutes in the transcription buffer, and then transcription was initiated by
adding a 5 µl NTP mix, yielding final concentrations of 0.1 mM ATP, 0.1 mM CTP, 5
µM UTP, 5 uM 3’O-methyl GTP and 4 uCi/reaction of [α-32 P] UTP. Each reaction was
incubated at 30°C for 20 minutes. The final KCl concentration in the 20 ul transcription
reaction was 75 mM. Elongation complexes with Drosophila RNAPII (a kind gift of
David Gilmour, Penn State University) were generated by incubation at room
temperature, whereas elongation complexes with Pyrococcus furiosus archaeal
polymerase (a kind gift of Katsu Murakami, Penn State University) were generated by
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incubation at 75°C. Purified Ccr4-Not complex was added to the stalled elongation
complexes which were formed as described above, and allowed to bind to the yRNAPII,
dRNAPII or archaeal polymerase elongation complexes for 5 minutes. 1 ug of yeast RNA
was then added to the reactions to reduce nonspecific binding of proteins to the nascent
transcript. The samples were run on 4% native gel in a buffer containing 50 mM Tris pH
8.5, 0.38 M Glycine, 2 mM EDTA and 5 mM MgCl2. The gels were dried and analyzed
using a Phosphorimager and scanned using the Typhoon system (Molecular Dynamics).

2.19 In Vitro Run-On Assay
Stalled elongation complexes were formed as described above, with the exception that
3’O-methyl GTP was not added to the reactions. Following incubation with Ccr4-Not
complex or equivalent amounts of BSA, 50 uM UTP and 100 uM GTP were added and
samples were removed at the indicated time points. Transcription reactions were
terminated and RNA was purified and analyzed on urea-containing denaturing gels. The
gels were dried and analyzed using a Phosphorimager. In order to analyze the affect of
Ccr4-Not complex on rate of elongation, yRNAPII was incubated with UpG and 1Kb run
off template for 5 minutes, followed by the addition of the Ccr4-Not complex.
Transcription was initiated by addition of all nucleotides (0.1 mM ATP, 0.1 mM CTP,
0.1 mM GTP, 5 uM UTP, and 1 uCi/reaction of [α-32P] UTP). Samples were removed at
indicated time points, and processed as described above.

2.20 Protein-RNA UV crosslinking
Protein-bound ECs were UV cross-linked on ice for 10 minutes, using a 300 nm
wavelength lamp, as Bromo-UTP has an absorption maximum of 305 nm. The samples
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were then treated with RNase A (400 ng) and DNase I (0.2 unit) for 15 minutes at room
temperature. The reactions were boiled in SDS-PAGE buffer and proteins separated by a
SDS-PAGE gel. Gels were dried and exposed to a phosphoimager screen and analyzed
using a Phosphorimager. Gels were then rehydrated in water and then silver stained.
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CHAPTER 3
BIOCHEMICAL CHARACTERIZATION OF YEAST DEAD BOX
HELICASE DHH1

3.1 Introduction
The regulation of gene expression in eukaryotic organisms is a complex series of events that
are well coordinated by different cellular machineries. Central to this process is the
regulation of mRNA metabolism. It begins with transcription followed by mRNA processing
in the nucleus, nucleo-cytoplasmic transport of the mRNA, translation and finally controlled
degradation of the mRNA.
mRNA degradation is one of the important means of mRNA quality control. In
eukaryotic cells two major pathways have evolved for mRNA degradation- the non-sense
mediated decay (NMD), which is deadenylation independent, and the more ubiquitously
used, deadenylation-dependent pathway (Garneau et al., 2007). NMD is the process of choice
for quick and efficient removal of transcripts with non-sense codons, unspliced introns or
extended 3’-UTRs (Chang et al., 2007). The deadenylation-dependent pathway begins with
the removal of the 3’-polyA tail by 3’-5’ exonucleases Ccr4 and Pop2 or poly (A) nuclease
(PAN –Pan2,Pan3) (Brown et al., 1996; Dupressoir et al., 2001; Tucker et al., 2002; Tucker
et al., 2001; Yamashita et al., 2005). This is followed by removal of the 5’ m7guanosinetriphosphate cap by the Dcp2/Dcp1 decapping complex (Steiger et al., 2003; Wang et al.,
2002). Binding to the 5’ cap and the decapping reaction are enhanced in part by a complex of
seven Lsm (like-Sm) proteins (Lsm1 through Lsm7), and Pat1, Edc1, Edc2 and Dhh1
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proteins (Bonnerot et al., 2000; Coller et al., 2001; Dunckley et al., 2001; Mangus et al.,
1998; Tharun et al., 2000; Tharun and Parker, 2001; Tucker and Parker, 2000) The final step
in the pathway involves degradation of the decapped and deadenylated RNA by the 5’-3’
exonuclease Xrn1 and by the exosome, that acts in the 3’-5’ direction (Dunckley et al., 2001;
Houseley et al., 2006; Long and McNally, 2003). Most of the proteins involved in mRNA
processing are localized to distinct foci in the cytoplasm called processing bodies (P-bodies)
or GW bodies (Eulalio et al., 2007; Sheth and Parker, 2003, 2006). Though P-bodies have
been traditionally associated with mRNA decay and storing translationally repressed RNA,
recent studies have shown that they are not terminal centers of RNA processing, as a subset
of translationally repressed RNA can reenter the translationally active pool on specific
stimulus (Balagopal and Parker, 2009; Brengues et al., 2005; Parker and Sheth, 2007).
One of the factors associated with mRNA degradation in yeast, is the abundantly
present, DEAD/DExH protein, Dhh1. Dhh1 localizes to P-bodies and stimulate mRNA
decapping by interacting with the decapping enzyme Dcp1p (Coller et al., 2001; Fischer and
Weis, 2002; Teixeira and Parker, 2007). Dhh1 along with its interactors Pat1 and Edc3, is
also involved in translational repression of mRNAs, and has been also shown to sequester
RNAs into a non-translating pool that do not undergo degradation and can be returned to
translation on receiving cellular cues (Brengues et al., 2005; Coller and Parker, 2005;
Teixeira et al., 2005). Studies have linked Dhh1 to cell cycle regulation, where it has been
shown to be important for G1/S DNA-damage checkpoint recovery in S. cerevisae
(Bergkessel and Reese, 2004; Westmoreland et al., 2003).
The human ortholog of Dhh1, Ddx6 (rck/p54) bears a 68% identity and 85%
similarity with Dhh1 (Bergkessel and Reese, 2004). It has been shown to have similar
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functions in mRNA decay and translational repression and recent studies indicate that it plays
a role in cell cycle regulation (Akao et al., 1995; Akao et al., 2006; Akao and Nakagawa,
2006; Cougot et al., 2004; Ingelfinger et al., 2002). It was identified as a target of the
(11;14)(q23;q32) chromosomal translocation observed in human B-cell lymphoma (Lu and
Yunis, 1992) and over-expression of this protein has been associated with human colorectal
carcinomas, hepatocarcinomas and in cases of HCV linked chronic hepatitis (Jangra et al.;
Miyaji et al., 2003). Highly conserved orthologs of Dhh1 have been shown to play a role in
repressing translation of specific messages in early development of Xenopus laevis,
Drosophila melanogaster, and Spisula solidissima [reviewed in (Weston and Sommerville,
2006)].
Dhh1 further interacts with the evolutionary conserved Ccr4-Not complex. Multiple
roles have been assigned to the Ccr4-Not complex in regulating the life of mRNAs (Hata et
al., 1998; Maillet and Collart, 2002). Ccr4 is the major yeast polyA deadenylase (Dupressoir
et al., 2001; Tucker and Parker, 2000; Tucker et al., 2002; Tucker et al., 2001). Besides the
role in mRNA decay, members of this complex have multiple roles in regulating transcription
(J. Kruk, unpublished). Studies from our lab have shown that the Ccr4-Not complex interacts
with the elongating RNAPII and directly regulates transcription elongation (J. Kruk,
unpublished). Interestingly some of the Not proteins, traditionally believed to be involved in
transcriptional regulation have been found localized to P bodies, offering a possible link
between transcriptional regulation and mRNA decay processes (Muhlrad and Parker, 2005).
It is interesting to ask if Dhh1 via its interaction with this complex also regulates
transcription.
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Dhh1 belongs to the superfamily 2 (Sf2) of DEAD box proteins (Strahl-Bolsinger and
Tanner, 1993). These Sf2 helicases contain 9–11 conserved helicase motifs (reviewed in
(Bleichert and Baserga, 2007; Cordin et al., 2006; Jankowsky and Fairman, 2007; Rocak and
Linder, 2004). DEAD box proteins have been reported to be components of various cellular
machineries and are involved in mRNA splicing, transport, translation, decapping and
deadenylation, as well as in ribosome biogenesis and as part of transcription complexes in
both eukaryotic and prokaryotic systems (reviewed in Rocak and Linder, 2004). In addition,
some DEAD-box proteins are shown to be able to displace protein factors from singlestranded RNA without duplex unwinding (Bizebard et al., 2004; Huang and Liu, 2002;
Kikuma et al., 2004; Rogers et al., 2001).
The crystal structure of Dhh1 was solved by Cheng et al. The domain structure of
Dhh1 compares well with domain structures of other DEAD box helicases like S. cerevisae
eIF4A, MjDEAD, D. melanogster Vasa and HCV NS3 (Benz et al., 1999; Caruthers et al.,
2000; Johnson and McKay, 1999; Kim et al., 1998; Sengoku et al., 2006; Story et al., 2001).
However, there are distinct differences in the relative orientation between domains between
these proteins (Cheng et al., 2005). The structure of Dhh1 has been insightful in predicting
domain orientations and key residues that may be involved in enzymatic function, however
enzymatic activities of Dhh1, including ATPase and helicase activities, as well as ATP and
RNA binding, have not been studied in great detail. Many unanswered questions remain as to
how the various biochemical activities of Dhh1, regulate in vivo functions of this abundant
protein, such as regulating mRNA decay and translational repression, localization to P
bodies, cell cycle regulation in response to cellular stress and possible roles in transcription.
Dhh1 functions in many aspects of mRNA metabolism, from the synthesis to the
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decay of RNAs. To understand how Dhh1 regulates so many diverse functions we have
attempted to examine the biochemical requirements for all of Dhh1’s functions. We have
studied the biochemical activities of Dhh1 and have identified key residues involved in ATP
and RNA binding, and ATP hydrolysis. Interestingly, Dhh1 has weak RNA stimulated
ATPase activity in vitro as compared to other DEAD box helicases. This is in part due to
extensive inter-domain interactions, disruption of which greatly enhances ATP hydrolysis.
We have further determined, how inactivation of these various biochemical activities affects
the functioning of Dhh1, in vivo. Our analysis of mutant alleles that affect the biochemical
activities, has revealed that ATP binding and hydrolysis and RNA binding regulate the
response to cellular stress by DNA damage and heat. Interestingly, though most of these
biochemical activities affect its role in mRNA decay, binding to both ATP and RNA, but not
ATP hydrolysis, are important for transcription regulation. We also observe a differential
localization of the mutant proteins to P bodies and changes in RNA binding in vivo. Our
study provides a comprehensive analysis of how the biochemical activities of Dhh1 regulate
its in vivo functions. Further, based on our analysis, we hypothesize that Dhh1 activity is
stimulated by cellular factors, which impart a tight regulation on the functioning of this very
abundant helicase.
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3.2 Experimental procedures
3.2.1 Materials
All RNA oligonucleotides were from Dharmacon Research, Inc.; All DNA
oligonucleotides were from Integrated DNA Technologies, Inc.; γ-32P-ATP (6000
Ci/mmol) was from Perkin Elmer; α-32P-ATP, UTP, CTP, GTP, dATP (3000 Ci/ mmol)
was from Perkin Elmer; T4polynucleotide kinase was from USB; ATP was from GE
Healthcare; AMPPNP, 7-methylguanosine and purine nucleoside phosphorylase were
from Sigma; all other reagents were from Sigma, Fisher or VWR.

3.2.2 Construction, expression and purification of yeast Dhh1
The ORF of yDHH1 was cloned into pET-15b and the recombinant protein was
expressed in Escherichia coli BL21-DE3. Mutant proteins were generated by sitedirected mutagenesis. Dhh1 and mutant proteins were purified by transforming both the
into expression host E. coli BL21-DE3 pLyS. Cells were grown in 1.0 l Luria Bertani
media with ampicillin (100 µg/ml) to an A600 of 0.6 at 37 °C and induced with 1.0 mM
IPTG for 4 hrs at room temperature. The cells were harvested and the cell pellet was
resuspended in 20 ml buffer A [20 mM Tris-HCl (pH 7.4), 500 mM NaCl, 0.1% Triton-X
100 and 10% glycerol] containing 100 µM PMSF, Pepstatin, Leupeptin and Chymostatin
(5 µg/ml each), 1 mM Benzamidine hydrochloride and 10 mM imidazole. The cell
suspension was sonicated on ice using a Branson sonifier. The resulting cell lysate was
centrifuged at 16,000 rpm for 30 minutes. The clear supernatant was collected and used
for protein purification. The supernatant was incubated with 0.5 ml Co beads for 1 hour
at 4 °C and was loaded in a column and washed with 50 ml of buffer A containing 10
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mM imidazole followed by wash with Buffer A containing 20 mM imidazole. The
protein was eluted using of 250 mM imidazole in buffer B [20 mM Tris-HCl (pH 7.4),
250 mM NaCl, 0.1% Triton-X 100 and 10% glycerol] containing 100 µM PMSF and 1
mM Benzamidine hydrochloride. The fractions were pooled and dialyzed against 2.0 l of
buffer C [20 mM HEPES-NaOH (pH 7.4), 75 mM NaCl, 10% glycerol]. The dialyzed
fractions were passed over a 0.5 ml SP-sepharose column. The column was washed with
20 ml of buffer C followed by wash with 10 ml of buffer D [20 mM HEPES-NaOH (pH
7.4), 150 mM NaCl, 10% glycerol]. The protein was eluted using buffer E [20 mM
HEPES-NaOH (pH 7.4), 500 mM NaCl, 10% glycerol]. The fractions containing no
impurities were pooled and dialyzed against 2 l of buffer B containing 1mM dithiotheritol
(DTT), 0.5 mM EDTA. The protein was stored at –80 °C.

3.2.3 ATPase assay
Reactions were performed at 30 °C. Reactions contained 25 mM MOPS pH 7.0, 50 mM
NaCl, 10 mM MgCl2, 4 µM Dhh1 or mutant proteins, 50 µM ATP, 4 µCi [γ32P]-ATP and
10 µg of poly U. Reactions were initiated by the addition of ATP. Reactions were
quenched after one hour by addition of EDTA to 100 mM. Specific concentrations of
substrate or enzyme, along with any deviations from the above, are indicated in the
appropriate figure legend. 3 µL of the quenched reaction was spotted onto
polyethyleneiminecellulose TLC plates (EM Science). TLC plates were developed in
LiCl formic acid buffer, dried, and exposed to a PhosphorImager screen. TLC plates were
visualized by using a PhosphorImager and quantified by using the ImageQuant software
(Molecular Dynamics) to determine the amount of ATP hydrolyzed to ADP and Pi.
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3.2.4 ATP binding assay
Reactions were performed at room temperature. Reactions contained 25 mM MOPS pH
7.0, 50 mM NaCl, 10 mM MgCl2, 4 µM Dhh1 or mutant proteins, 10 µCi [α-32P]ATP/UTP/CTP/GTP/dATP. Following incubation at room temperature fro 10 minutes the
samples were crosslinked on ice, in a UV crosslinker (254 nm) for 6 minutes. The
samples were boiled in SDS-PAGE buffer and resolved in a 10% SDS-PAGE gel. The
gels were stained with Coomassie blue, dried and exposed to a PhosphorImager screen.
The gels were visualized by using a PhosphorImager and quantified by using the
ImageQuant software (Molecular Dynamics) to determine the amount of ATP crosslinked
compared to a un-crosslinked sample.

3.2.5 Nucleic acid binding assay
Experiments were performed using a Beacon fluorescence polarization system (GE
Healthcare). Assays were performed by mixing 0.1 nM 3’-fluorescein-labeled polyU with
increasing concentrations of either WT or mutant proteins in binding buffer (25 mM
MOPS, pH 7, 2 mM β-mercaptoethanol, 10 mM MgCl2 and 50 mM NaCl) followed by
monitoring the change in fluorescence polarization (mP). The volume of Dhh1 added to
the binding reaction was equal to one-tenth the total volume of the reaction. All steps
were performed in reduced light. To determine the dissociation constant (Kd),
polarization (mP) was plotted as a function of Dhh1 concentration and the data were fit to
a hyperbola.
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3.2.6 Purification and 5’-32P labeling of RNA oligonucleotides
RNA oligonucleotides were purified by denaturing PAGE and end-labeled by using γ-32P
ATP and T4 polynucleotide kinase. Concentrations were determined by measuring the
absorbance at 260 nm using a Nanodrop spectrophotometer and using the appropriate
calculated extinction coefficient.

3.2.7 Annealing of unwinding substrates
Oligonucleotides were annealed at 5 µM in 25 mM MOPS, pH 7.0, 50 mM NaCl by
using a Progene Thermocycler (Techne). The ratio of loading strand to displaced strand
was 1:1.2. Annealing reactions were heated to 90 °C for 1 min and slowly cooled to room
temperature.

3.2.8 Helicase assay
Reactions were performed at 30°C. 4 µM Dhh1 was mixed with 2 nM [32P]-labeled
unwinding substrate in 25 mM MOPS pH 7.0, 50 mM NaCl and 1 mM EDTA. Reactions
were initiated by the addition of 10 mM ATP, 10 mM MgCl2 and 100 nM trapping strand
in 25 mM MOPS pH 7.0, 50 mM NaCl. The trapping strand is a 9-mer RNA that is
complementary to the displaced strand. Reactions were quenched at various times by
addition EDTA to 100 mM and SDS to 0.33%. Products were resolved by a native
polyacrylamide gel.

3.2.9 Strains and media
The ORF of yDHH1 with 800 bp upstream and 400 bp downstream was cloned into
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pRS414. Mutant proteins were generated by site-directed mutagenesis. Plasmids with WT
and mutant Dhh1 were transformed into PH499 ∆DHH1 yeast cells. Cells were grown at
30°C in synthetic complete (SC)-trptophan medium, containing 4% dextrose to an
absorbance (600 nm) of 0.8 and shifted to media containing yeast extract-peptone, 4%
dextrose and 20µg/mL adenine sulfate.

For sensitivity tests, cultures were grown

overnight and diluted to an OD600=1.0. Three-fold dilutions of cultures were spotted on
or (SC)-trptophan plates containing 75 µg/ml HU, 0.01% MMS or exposed to 60 J/m2 of
UV and grown at 30°C. For checking sensitivity to heat cells were grown at 37°C.
Gene deletions was performed as previously described using PCR-mediated gene
disruption and modification (Brachmann et al., 1998; Longtine et al., 1998).

3.2.10 RNA isolation and analysis of RNA by Northern blotting or Real-time PCR
RNA isolation and northern blotting were carried out as previously described (Reese and
Green, 2003). 15µg of total RNA was separated on 1% formaldehyde gel and transferred
to nitrocellulose membrane (Hybond-N+; Amersham Pharmacia Biotech, Piscataway,
NJ) via capillary action. After UV crosslinking and a ≥4 hr prehybridization at 65ºC,
radioactively labeled gene-specific probes were added.

Signal was detected using

Phosphor Screen (Molecular Dynamics), scanned with the Typhoon system (Molecular
Dynamics), and quantified using ImageQuant. For checking GAL1 induction the isolated
RNA was converted to cDNA analyzed by real-time PCR. Real-time PCR was performed
with SYBR® Green detection (Quanta Biosciences, Gaithersburg, MD) using a StepOne
Plus qPCR thermocycler (Applied Biosystems, Foster City, CA).

53

3.2.11 Chromatin Immunoprecipitation
ChIP assays were performed as previously described, with minor changes (Sharma et al.,
2007). Yeast cultures (100 ml) were grown at 30°C in synthetic complete (SC)-TRP
medium, containing 3% raffinose to an absorbance (600 nm) of 0.8 and shifted to media
containing yeast extract-peptone, 3% raffinose and 20µg/mL adenine sulfate and grown
for 1 hour at 30°C. For induction of GAL1, cells were then shifted to media containing
yeast extract-peptone, 2% galactose and 20µg/mL adenine sulfate. A portion of culture
was crosslinked for initial time point. Remaining cells were centrifuged and resuspended
in 2% galactose medium. Cells were cross-linked with 1% (vol/vol) formaldehyde at
room temperature for 15 min. Formaldehyde was quenched with glycine (125mM).
Whole-cell extracts were prepared by glass bead disruption and sheared into fragments
averaging 200 to 600 bp in size using a Bioruptor (Diagenode, Philadelphia, PA).
Whole-cell extracts were immunoprecipitated (IP) with the antibodies indicated. After
purification, the precipitated and input DNAs were analyzed by real-time PCR. Real-time
PCR was performed with SYBR® Green detection (Quanta Biosciences, Gaithersburg,
MD) using a StepOne Plus qPCR thermocycler (Applied Biosystems, Foster City, CA).
The percent IP represents the following product: (IP signal/input signal) x 100. Error bars
represent the standard errors of at least repetitions. The following antibodies were used
in ChIP: 2µL of αDhh1 (αDhh1; our lab) and 2µL of αRNAPII (8WG16; Covance,
Princeton, NJ).

3.2.12 RNA Immunoprecipitation
RIP assays were performed as per the previously described ChIP assay with some

54

changes. Yeast cultures (100 ml) were grown at 30°C in synthetic complete (SC)-TRP
medium, containing 4% dextrose to an absorbance (600 nm) of 0.8 and shifted to media
containing yeast extract-peptone, 4% dextrose and 20µg/mL adenine sulfate and grown
for 1 hour at 30°C. For induction of stress, cells were treated with 0.03% MMS for 1
hour prior to crosslinking. A portion of culture was crosslinked for initial time point.
Remaining cells treated with MMS. Cells were cross-linked with 1% (vol/vol)
formaldehyde at room temperature for 15 min.

Formaldehyde was quenched with

glycine (125mM). All buffers used in the assay were prepared in DEPC-treated water.
Whole-cell extracts were prepared by glass bead disruption and sonicated using a
Bioruptor (Diagenode, Philadelphia, PA). Whole-cell extracts were treated with DNAse I
for 1 hour, immunoprecipitated (IP) with the Dhh1 antibody bound to beads. After
purification, the precipitated and input RNAs were treated with DNAse I and further
purified. The precipitated and input RNAs were converted to cDNA and analyzed by
semi-quantitative PCR. PCR products were analyzed by electrophoresis and ethidium
bromide staining, scanned with the Typhoon system (Molecular Dynamics), and
quantified by using ImageQuant. The percent IP represents the following product: (IP
signal/input signal) x 100. Error bars represent the standard errors of at least 3 repetitions.
The following antibodies were used in RIP: 2µL of αDhh1 (αDhh1; our lab).

3.2.13 Immunofluorescent Staining
Yeast cultures (5 ml) were grown at 30°C in synthetic complete (SC)-TRP medium,
containing 4% dextrose to an absorbance (600 nm) of 0.4 and shifted to media containing
yeast extract-peptone, 4% dextrose and 20 µg/mL adenine sulfate and grown for 1 hour at
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30°C. Cells were stressed by shifting to media containing yeast extract-peptone without
dextrose. Yeast cells were fixed by adding 600 µl of 37% formaldehyde, and incubation at
room temperature for 30 minutes. Cells were washed in 0.1 M potassium phosphate buffer
(pH 6.5). Cells were resuspended in buffer A [0.1 M potassium phosphate buffer (pH 6.5)
containing 1.2 M sorbitol]. Cell walls were digested at 30°C for 10 minutes in buffer A
containing 15 µg/mL zymolyase and ß-mercaptoethanol. Cells were washed twice in buffer
A, and resuspended in the 100 µl of the buffer. Cells were placed on slides coated with 0.1%
polylysine, and excess cells were aspirated after 10 minutes and air dried. Blocking was
carried out using 5 mg/ml bovine serum albumin (BSA) in phosphate buffered saline (PBS).
Cells were incubated with Dhh1 primary antibody (1:100 dilution) in PBS containing 1
mg/ml BSA for 4 hours at room temperature in a moist chamber. Cells were washed using
PBS containing 1 mg/ml BSA and incubated with Cy5-rabbit secondary antibody for 1 hour.
Cells were finally washed with PBS containing 1 mg/ml BSA. Fluorescent images were
acquired using a Olympus Fluoview 1000 confocal laser scanning microscope equipped with
40x/1.25 oil immersion objective. Scanning of Cy5 was performed by excitation a 488-nm
argon laser. All the images were collected and processed using Olympus Fluoview software.
The contrast and brightness of related images were identically linearly enhanced.
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3.3 Results
3.3.1 Dhh1 has RNA stimulated ATPase activity
Dhh1 belongs to the group of DEAD box containing RNA helicases. Members of this family
in yeast include proteins such as eIF4A and Ded1 that have been shown to have RNA
dependent ATPase activities (Cordin et al., 2004; Iost et al., 1999; Pause and Sonenberg,
1992; Schmid and Linder, 1991; Story et al., 2001). Previous studies by Cheng et al., using a
truncated form of Dhh1, which contained only the conserved motifs, failed to show any
ATPase activity of this protein. It is possible that amino acid residues at the N and C termini
of Dhh1 contribute to its ATPase activity. Given that Dhh1 contains all canonical motifs
characteristic of DEAD box helicases, we sought to first analyze the ATPase activity of the
full-length protein.
We cloned the ORF of yDHH1 into pET-15b, and expressed the recombinant protein
in E. coli BL21-DE3 pLyS. Recombinant Dhh1 containing a N-terminal 6-His tag was
purified using cobalt beads followed by another round of purification using a SP-sepharose
column. As shown in figure 3.1a the protein had a purity of ~95%. We have used this protein
for all our studies. ATPase assays were carried at 30 °C for 60 minutes using 4 µM Dhh1 and
increasing amounts of polyU. Dhh1 has very low ATPase activity in the absence of RNA
(Figure 3.1b). The ATPase activity of Dhh1 is stimulated by RNA, which increases as a
function of RNA concentration, and a ~20-25 fold stimulation in ATPase activity was
observed in the presence of RNA (Figure 3.1b).
Though we have observed RNA stimulated ATPase activity of Dhh1, a comparison of
the moles of ATP hydrolyzed by Dhh1 when compared to other DEAD-box proteins, such as
eIF4A and Ded1, revealed that Dhh1 is a weak ATPase (~ 10 fold lower ATP hydrolysis)
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even in the presence of RNA (Cordin et al., 2004; Iost et al., 1999; Pause and Sonenberg,
1992; Schmid and Linder, 1991; Story et al., 2001). As described by Cheng et al. we
compared of the crystal structure of Dhh1 with that of other known crystal structures of
DEAD-box proteins such as eIF4A and mjDEAD, in order to understand this difference in
ATPase activities. Interestingly, the crystal structure of Dhh1 shows that there are extensive
inter-domain interactions between the C terminal and N terminal domains, that are lacking in
eIF4A and mjDEAD (Cheng et al., 2005; Benz et al., 1999; Caruthers et al., 2000; (Caruthers
and McKay, 2002); Johnson and McKay, 1999; Kim et al., 1998(Story et al., 2001). More
specifically Leu342 and Thr344 of motif V in C terminal domain make contacts with Lys91
of motif I in the N terminal domain via hydrogen bonds (Figure 3.2a) (Cheng et al., 2005).
Further the side chain of Arg345 in motif V stacks against that of Arg89 in motif I and
Leu343 in motif V make Van der Waals interactions with Gly93 and Thr94 in motif I (Cheng
et al., 2005). It has been suggested that binding of ATP and/or RNA by DEXD/H-box
proteins, results in a conformational change bringing the C and N terminal domains closer,
which are otherwise in an open conformation, thus resulting in efficient ATPase and helicase
activities of these proteins (Cordin et al., 2006; Singleton et al., 2007). Given the extensive
inter-domain interactions observed in the crystal structure of Dhh1, we hypothesized that
these interactions may be hindering effective movement of the C and N terminal domains
with respect to each other, thus preventing the required conformational change for robust
ATPase activity. To study if the decreased ATPase activity of Dhh1 was due to these interdomain interactions, we have mutated Thr344 of motif V and Lys91 of motif I to alanines, in
order to disrupt the hydrogen bonding between these residues. This would weaken the interdomain interactions and possibly allow a more effective conformational change in Dhh1 on
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ATP and RNA binding, resulting in increased ATPase activity. Further, to use as a control
for studying ATPase activity we have mutated Asp195 in the catalytic DEAD box to alanine,
which would render the protein unable to catalyze ATP hydrolysis. The mutant proteins were
purified as described earlier, and ATPase assays were carried out in the presence increasing
amounts of polyU. As expected, the D195A mutation in the catalytic domain showed very
low RNA stimulated ATPase activity (Figure 3.2b). Interestingly mutation of both Lys91 and
Thr344 to alanines, as hypothesized, resulted in a ~2.5-3 fold stimulation of ATPase activity
as compared to wild type (WT) Dhh1, in the presence of RNA (Figure 3.2b). However
mutating these residues individually to alanines did not result in a significant increase in
RNA stimulated activity (Figure 3.8). This may be due to the fact that these residues may still
be able to make contacts with other residues. These results suggest that the closed
conformation of Dhh1, arising from the inter-domain interactions may be preventing
effective conformational changes required for ATP hydrolysis.
The ATPase hydrolysis studied thus far had been carried out in the presence of
polyU. In order to evaluate how other RNAs affect the ATPase activity of Dhh1, we
analyzed the ATPase activities of WT Dhh1, D195A and K91A T344A in the presence of 10
ug of polyU, polyA, polyC and polyG. As shown in figure 3.3a, polyU, polyA and polyC
stimulate the ATPase activity of Dhh1 and K91A T344A but not D195A. However, polyG
fails to stimulate the ATPase activity of Dhh1 or the K91A T344A mutant. This could arise
due to the formation of G-quadrapelxes, and the lack of single stranded RNA could explain
why polyG did not stimulate ATPase activity.
We have further examined whether Dhh1 can hydrolyze NTPs other than ATP.
NTPase assays were carried out as described earlier, in the presence of 10 ug of polyU, and
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either 50 µM cold NTP (ATP/GTP/UTP/CTP/dATP) and trace amounts of corresponding
α32P NTP. As shown in figure 3.3B, Dhh1 and K91A T344A can hydrolyze ATP and dATP,
but not GTP, CTP, and UTP. No NTP hydrolysis was observed in case of the catalytic
mutant D195A. Our studies show for that Dhh1 has RNA dependent ATPase activity, which
is regulated by inter-domain interactions of this protein.

3.3.2 Dhh1 binds single stranded RNA with high affinity
An important prerequisite for ATP hydrolysis by DEXD/H-box proteins is the ability to bind
both ATP and RNA and co-ordinate these activities for productive ATP hydrolysis. Dhh1
plays important roles in yeast by regulating mRNA decay, translational repression and
localization to P bodies (Coller et al., 2001; Fischer and Weis, 2002; Teixeira and Parker,
2007). All these functions would require the ability of Dhh1 to bind RNA with high
affinities. Further, we have also observed a RNA dependent ATPase activity for Dhh1
(Figure 3.1b). Thus we sought to characterize RNA binding by Dhh1 and identify residues
that play important roles in this function.
We first analyzed how well Dhh1 binds RNA using fluorescence polarization. Assays
were performed by titrating in increasing concentrations of Dhh1 (0.1 nm -1 µM) into a
binding buffer containing 0.1 nM 3’-fluorescein-labeled 20mer polyU (rU20), followed by
monitoring the change by fluorescence polarization (mP). Dissociation constant for the
binding of Dhh1 to RNA was calculated by plotting fluorescence polarization (mP) as a
function of Dhh1 concentration and the data was fitted to a rectangular hyperbola. We have
carried out rU20 binding experiments with or without 5 mM ATP. Dhh1 binds rU20 with
very high affinity (Kd of ~2 nM) (Figure 3.4a, Table 3.1a). In order to further study how
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nucleotides and divalent cations affect RNA binding, we have carried out assays in the
presence and absence of divalent cations (Mg2+ and Mn2+), and nucleotides ATP, ADP and
AMP-PNP. We have not observed any change in binding affinities for rU20 under the
different conditions (Table 3.1a). Our studies are in agreement with that by Cheng et. al.
where they have observed no change in RNA binding with or without ATP.
Crystal structures of DEXD/H-box proteins bound to RNA such as Drosophila
melanogaster Vasa and yeast Mss116 have revealed that these helicases bind RNA by
bending the RNA into the groove between the two globular domains of the proteins. ~10
nucleotides of this bound RNA is accommodated into the RNA binding site created between
the domains, where the RNA makes several contacts with amino acid residues from both C
and N terminal domains (Del Campo and Lambowitz, 2009; Sengoku et al., 2006). In order
to further analyze the length requirement for Dhh1 to effectively bind RNA, we have carried
out fluorescence polarization experiments with varying lengths of polyU (rU5, rU7, rU8,
rU10, rU12 and rU20). Figure 3.4b shows that Dhh1 displays increasing affinity for polyU
binding, as the length of RNA increases. Dhh1 does not bind RNA shorter than 8 nucleotides,
possibly due to insufficient contacts made with these shorter RNAs (Table 3.1b). However,
Dhh1 does exhibit stronger binding for RNA longer than 10 nucleotides (Figure 3.4b, Table
3.1b). This is in agreement with observed crystal structures of DEXD/H-box proteins bound
to RNA, where 10 nucleotides of the bound RNA make effective contacts in the RNA
binding cleft (Del Campo and Lambowitz, 2009; Sengoku et al., 2006). The increase in
binding affinities observed for rU12 and rU20, most likely arise from the fact that the longer
RNAs can make additional contacts with residues of the C and N terminal domains, besides
those in the RNA binding cleft created between C and N domains in these proteins, thus
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further stabilizing the protein-RNA interactions.
An important aim of our study is to analyze how the different biochemical activities
of Dhh1 affect its various functions in vivo. To this end we sought to identify mutations in
residues that would affect RNA binding. The crystal structure of Dhh1 as solved by Cheng et
al. has described a positively charged patch of amino acid residues that reside in the cleft
between the N and C terminal domains of Dhh1. Their studies have identified Arg89 and
Lys91 in motif I, Arg345 and Gly346 in motif V and Arg370 in motif VI to be important for
RNA binding (Figure 3.5a). Also, a study of the RNA bound crystal structure of Drosophila
melanogaster DEXD/H-box protein Vasa, further revealed that Arg528 and Thr546 play
important roles in RNA binding by Vasa (Sengoku et al., 2006). The amino acids
corresponding to Arg528 and Thr546 in Vasa are Arg322 and Ser340 in Dhh1 (Figure 3.5b).
We have mutated Arg322 and Ser340 to alanines and have carried out RNA binding assays,
using rU10 as described above. Mutation of these residues individually, did not affect RNA
binding significantly (figure 3.6b), however when both residues were mutated together to
alanines, binding to RNA was reduced 4 fold as compared to WT [Kd ~ 80nm for WT, Kd ~
325 nM) for R322A S340A] (Figure 3.6a, b). We further mutated Lys91, Asp195, Thr 344,
Arg345, and Arg370 to alanines and assayed their binding to RNA. Figure 3.6B shows a
relative binding of the mutants to WT for rU10. WT binding for rU10 has been normalized to
1. Table 3.1c shows the binding constants for the various mutants. Mutation of K91A,
R322A S340A and R370A showed the most significant changes in binding, where RNA
binding was reduced to 20-40% of the WT. Mutation of catalytic residue D195A did not
result in a decrease in RNA binding. These results point to the fact that positively charged
residues including Lys91, Arg322 and Arg370 and the aliphatic Ser322 located in the RNA
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binding cleft between the N and C terminal domains, may be playing important roles in RNA
binding by making contacts with the negatively charged RNA backbone. The distribution of
these amino acid residues in the cleft between the N and C terminal domains of Dhh1, also
suggest that the RNA when bound by Dhh1 makes contacts with both domains of Dhh1 and
may possibly be bent into this RNA binding cleft as observed in the case of other DEXD/Hbox helicases.
In order to analyze how RNA binding affects ATPase activity of Dhh1, we have
carried out ATPase assays as described earlier, using 10 µg of polyU. A double mutant of
R322A and S340A, which has reduced RNA binding, also showed reduced ATPase activity,
emphasizing that the RNA binding is important for ATPase activity of Dhh1 (Figure 3.8).
Congruent with our results for RNA binding, single mutations of R322A or S340A which did
not affect RNA binding, showed no defects in ATPase activities (Figure 3.8). Interestingly,
K91A affected RNA binding, with no affect on ATPase activity (Figure 3.8). Since mutation
of K91A should result in weakening of inter-domain interactions, the loss in ATPase activity
caused due to weaker RNA binding could be compensated by increased flexibility between
the N and C terminal domains of Dhh1.

3.3.3 Dhh1 binds specifically to ATP and dATP
Our studies have clearly demonstrated that Dhh1 can hydrolyze ATP and dATP, but not
other NTPs, in a RNA dependent manner. To understand if this differential NTPase activity
of Dhh1 is at the level of NTP binding or a post-NTP binding step, we sought to study NTP
binding by Dhh1. The Q motif of DEXD/H-box proteins has been shown to be involved in
ATP binding (Cordin et al., 2004). Crystal structures of Vasa, eIF4A and UAP56, that have
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been solved with a nucleotide bound to the protein, have shown that residues in the Q motif
make contacts with the base of the nucleotide, whereas residues in motif I, II and VI, make
contacts with the phosphate moiety (Sengoku et al., 2006; Shi et al., 2004; Tanner et al.,
2003; Zhao et al., 2004). In order to study differential binding of nucleotides we mutated two
conserved residues of the Q motif (FxxPxxIQ), the first phenylalanine Phe66 and the last
glutamine Gln73 to arginine and alanine, respectively. The corresponding residues in Vasa
have been shown to interact directly with the base of the bound nucleotide (Sengoku et al.,
2006). We used the catalytic mutant D195A as a control, as this mutant should bind NTPs
but not hydrolyze them. We have used a UV crosslinking assay to analyze NTP binding by
Dhh1. 4 µM Dhh1 or mutant proteins were incubated with 10 µCi of α P32 NTP (ATP /GTP
/UTP /CTP /dATP). The samples were crosslinked using UV light and resolved by SDSPAGE. The amount of NTP crosslinked was quantified and the signals for each sample were
normalized first to the amount of protein in the Coomasie blue stained gel, followed by
normalization to the signal from WT Dhh1, which was set to 1. As shown in figure 3.7a,b
mutation of both residues F66R and Q73A resulted in a reduction of cross-linking to ATP by
50 %. However, the catalytic mutant D195A showed more crosslinking to ATP as compared
to the WT, due to its inability to hydrolyze ATP. This inefficient turnover/ release of ATP,
would increase the crosslinking of ATP by the protein (Figure 3.7a,b). Based on the ATP
binding observed in WT Dhh1 and mutants, it could be expected that if a NTP was bound in
the NTP binding site of Dhh1, a differential result would be observed, i.e. a decrease in NTP
crosslinking in case of the F66R Q73A mutant and an increased crosslinking in case of the
D195A mutant as compared to WT Dhh1. On the other hand if the crosslinking of the NTP to
Dhh1 was due to interactions with surface residues of Dhh1 and not residues in the ATP
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binding site, no difference in crosslinking would be observed between WT Dhh1 and the
mutants.
Our analysis of crosslinking of various nucleotides to WT Dhh1, F66R Q73A and
D195A is shown in figure 3.7c. In case of each nucleotide, the crosslinking to WT has been
set to 1 and nucleotide crosslinking by the mutant proteins have been compared to WT.
Interestingly we observe that Dhh1 binds specifically to ATP and dATP but not CTP UTP or
GTP, as differences in crosslinking were observed between the WT and mutants only in the
case of ATP and dATP, but not in case of CTP, UTP and GTP. The crosslinking observed in
case of CTP, UTP and GTP, could arise from non-specific interactions of these nucleotides
with surface residues of Dhh1 and not the NTP binding site.
Our results for UV-crosslinking of nucleotides to Dhh1, suggests that the inability of
Dhh1 to hydrolyse NTPs other than ATP and dATP (Figure 3.3b) arises form the fact that
Dhh1 does not bind these nucleotides. As would be expected, an analysis of the ATPase
activity of the ATP binding mutant F66R Q73A, shows reduced ATPase activity (Figure
3.8).

3.3.4 Dhh1 does not display helicase activity in vitro
Our studies thus far have show that Dhh1, like many DEXD/H-box proteins, can bind both
ATP and RNA, and displays RNA dependent ATPase activity. We sought to examine, if the
RNA stimulated ATPase activity, would result in unwinding of double stranded RNA by this
protein. Our previous experiments have shown that Dhh1 can bind a 12mer RNA with high
affinity. We designed substrates to in corporate a 12mer ssRNA overhang either at the 5’ or
3’ ends with a 8mer duplex. We titrated various concentrations of Dhh1 (0.3, 0.6 and 1.0
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µM) Dhh1, as well as, carried out experiments with 1 µM WT, K91A T344A and D195A
E196A mutants. We failed to observe unwinding of short double stranded RNAs (8 bp) with
the 12-mer ssRNA overhangs at either the 5’ or 3’ ends (Figure 3.9a). We have used the
HCV NS3 protein that unwinds double stranded RNA, with a 3’ overhang as a control
(Figure 3.9a). Under our reaction conditions 0.5 µM NS3 specifically unwinds double
stranded RNA with a 3’ overhang but not a substrate with a 5’ overhang, as has been shown
earlier. Because Dhh1 bound most strongly to a 20mer RNA, we carried out helicase assays
using substrate with 20mer ssRNA overhang either at the 5’ or 3’ ends with a 9mer duplex.
As observed earlier we did not observe any Dhh1 dependent unwinding of substrates
however, HCV NS3 unwound the substrate with a 3’ overhang (Figure 3.9b).

3.3.5 Mutations in Dhh1 result on sensitivity to stress
Our in vitro analysis of Dhh1 has helped us identify residues that affect the biochemical
activities including ATPase activity, RNA and ATP binding. We next set out to determine
how defects in biochemical activities of Dhh1 affected several of its activities in vivo,
including sensitivity to stress, regulation of mRNA turnover, role in transcription regulation,
recruitment to P bodies and binding of RNA.
Earlier studies have shown that a DHH1 null mutant is viable, but displays
sensitivities to stress conditions including heat and DNA damaging agents such as methyl
methane sulphonate (MMS), hydroxyurea (HU) and UV irradiation (Bergkessel and Reese,
2004). In order to study the affects on in vivo functions, we expressed WT Dhh1 or mutant
proteins under the control of its own promoter from single copy plasmids, in a DHH1 null
strain. We observed that the mutations affecting the biochemical activities of Dhh1 had
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varying affects on their ability to complement the DHH1 null mutant under conditions of
stress. Mutations in DHH1 were most sensitive to DNA alkylating agent MMS and UV
irradiation and to a lesser degree to stress due to HU (Figure 3.10). We observed increased
sensitivities to MMS, HU and UV in the catalytic mutants D195A and D195A E196A, as
well mutations showing significant defects in ATP binding (F66R Q73A) and RNA binding
(R322A S340A). Also mutations in residues G346A (affecting intra-domain interactions
between domains V and VI) and R322A significantly increased sensitivity to DNA damage
induced stress. Interestingly, single mutations of Q73A (affecting ATP binding), K96A and
R373I (affecting ATPase activity), R370A (affecting RNA binding) did not result in any
significant increase in sensitivities to MMS and UV. As expected, the K91A T344A and the
K91A mutants that displayed increased ATPase activity were not sensitive to DNA damage
induced stress, displaying growth phenotypes similar to WT Dhh1. Interestingly, our results
show that mutations in Dhh1 are significantly more sensitive to stress when cells are grown
at higher temperature (37°C) than that caused by DNA damaging agents (Figure 3.11).
Mutations in residues that affect any or all of the biochemical activities of Dhh1 failed to
complement the temperature sensitivity of the DHH1 null mutant, with the exception of
R370A that showed decreased RNA binding in vitro. Further, though single mutations of
R322A and S340A did not affect any in vitro activities of Dhh1, these mutants displayed
increased sensitivity to heat. As in the case of treatment with DNA damaging agents,
mutations in K91A or K91A T344A fully complemented the temperature sensitivity of the
DHH1 null mutant. In fact the K91A T344A mutant showed better growth than WT Dhh1 at
37°C suggesting that the ATPase activity of Dhh1 may be key to its function as a component
of cellular response to elevated temperature induced stress by yeast. Our results also clearly
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demonstrate that all biochemical activities of Dhh1 are important for in vivo functions of
Dhh1 in efficient stress response. Interestingly, mutations in Dhh1 are more sensitive to heat
than DNA damaging agents. One could envision that exposure of yeast cells to elevated
temperatures may result in subtle changes in the structure of the protein that could affect
ATP and/or RNA binding and ATPase activities, which could be further exasperated by
mutations to the various residues, thus resulting in a more drastic phenotype.

3.3.6 Analysis of Dhh1 functions in regulating life of mRNAs: roles in transcription
and mRNA turnover
Among the various functions of Dhh1 that have been studied, are its roles in regulating
mRNA turn over by translation repression of mRNAs and by affecting decapping of mRNAs
through its interaction with Dcp1 (Coller et al., 2001; Fischer and Weis, 2002). In addition to
its role in mRNA decay, Dhh1 also interacts with the evolutionarily conserved Ccr4-Not
complex, which plays roles in transcription regulation and deadenylation of polyA tails of
mRNAs (Hata et al., 1998; Maillet and Collart, 2002). Studies from our lab and others have
shown that deletion of DHH1 and Ccr4-Not subunits affect transcription of genes by
regulating pre-initiation complex (PIC) formation and transcription initiation (Kruk et al.,
unpublished data). Also, Dhh1 and Ccr4-Not regulate transcription elongation and are
recruited to genes in a transcription dependent manner (Kruk et al., unpublished data). In
order to understand how the various biochemical activities of Dhh1 may play roles in
transcription regulation by this protein, we performed chromatin immunoprecipitation (ChIP)
analysis at the tightly regulated GAL1 locus, which has been shown to be a target for
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regulation by Dhh1 (Kruk et al., unpublished data). We examine the recruitment of RNAPII
and Dhh1 to the promoter and ORF of GAL1 under both uninduced (raffinose) and induced
(galactose) conditions, in the WT and mutant strains (Figure 3.12). Briefly, cells were grown
overnight in raffinose, induced with galactose, and RNAPII and Dhh1 crosslinking was
monitored using 8WG16 antibody directed against RNAPII and Dhh1 polyclonal antibody.
The crosslinking of Dhh1 at both the promoter and ORF of GAL1 positively correlated with
that of RNAPII, following induction with galactose (Figure 3.12). Dhh1 and RNAPII density
increased following the addition of galactose, peaking at ~7-fold and ~30 fold respectively,
above raffinose levels, 90 minutes post galactose induction (Figure 3.12a, b). A loss of Dhh1
reduced RNAPII crosslinking to both regions by 60-70%. Analysis of the mutant strains
revealed that mutations of residues that affect RNA binding (R322A S340A) and ATP
binding (F66R Q73A) resulted in a 40-50% reduction of Dhh1 crosslinking along with a
concomitant loss of RNAPII crosslinking to both the promoter and ORF of GAL1 as
compared to WT. Surprisingly, a loss of ATPase activity (D195A E196A) did not
significantly affect recruitment of RNAPII and Dhh1. Further, the K91A T344A mutant
which shows higher levels of ATP hydrolysis than WT Dhh1, in vitro, shows RNAPII
recruitment similar to WT but interestingly a ~2 fold higher recruitment of Dhh1 at the
promoter of GAL1. Our results suggest that the Dhh1 dependent recruitment of RNAPII is
affected by the ability of Dhh1 to specifically bind RNA and ATP but not necessarily on its
ability to hydrolyze ATP. It is interesting to note that in our in vitro assays the catalytic
mutant did not display defects in either RNA or ATP binding.
To further understand how the differences in recruitment of Dhh1 and RNAPII in the
various mutants affect the levels of transcription for the GAL1 locus, we measured the levels
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of GAL1 transcript formed post induction with galactose. Cells were grown overnight in
raffinose, induced with galactose as in our ChIP experiments, and levels of GAL1 transcripts
formed was monitored at the indicated time points, by Northern blot analysis.
Counterintuitive to what we expected from reduced levels of RNAPII at the GAL1 locus, we
observed slightly increased levels of transcripts in the deletion strain and in case of both
RNA binding (R322A S340A) and catalytic (D195A E196A) mutants, as compared to WT
(Figure 3.13). Also, a ~2 fold increase in GAL1 transcript levels was observed for K91A
T344A mutant which had RNAPII levels similar to WT. The ATP binding mutant has
transcript levels less than WT. Given the role of Dhh1 in regulating mRNA turnover, a
possible explanation for increase in GAL1 transcript levels was inability to effectively
degrade the mRNAs in the mutants. In order to address the affect of mRNA decay in the
various mutants of Dhh1, cells were grown in galactose overnight, repressed by addition of
dextrose and transcript levels measured by northern blot analysis, at indicated time points.
We observed that mutations in Dhh1 affecting all of biochemical activities including ATP
hydrolysis (D195A E196A), RNA binding (R322A S340A) and ATP binding (F66R Q73A)
resulted in a doubling of half-life of the GAL1 mRNA, as compared to the WT (Figure 3.14).
Also, the half-life of GAL1 mRNA in the K91A T344A mutant, was ~25% shorter than WT,
consistent with its ability to hydrolyze ATP better than WT. The longer half life in the case
of the DHH1 null mutant and RNA binding (R322A S340A), could explain the observed
increase in levels of GAL1 transcripts, even though RNAPII recruitment was affected at
GAL1. The increase observed in the catalytic mutant could be due a combinatorial affect of
slower turnover of mRNA coupled with WT levels of RNAPII recruitment. It is interesting
that though the catalytic and ATP binding mutants did not affect RNA binding in vitro, these
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mutations affected Dhh1 function in mRNA decay, suggesting that along with RNA binding,
both ATP binding and hydrolysis play roles in mRNA turnover functions of Dhh1.
To further substantiate our results showing that mutations in Dhh1 directly correlated
with defects in mRNA turnover, we have studied the levels of EDC1 mRNA, which is
sensitive to the loss of Dhh1 (Muhlrad and Parker, 2005). Here we observed that mutants that
affect ATPase activity (D195A, D195A E196A, and K96A), ATP binding (F66R Q73A),
RNA binding (R322A S340A) and intra-domain interactions (G46A, R345A G346A), led to
the accumulation of EDC1 mRNA (Figure 3.15). Also the K91A T344A slightly reduced the
levels of EDC1 mRNA. These results further verify our observations on regulation of GAL1
mRNA turnover by Dhh1.

In combination, these results indicate a strong correlation

between the in vitro defects in RNA and ATP binding, ATP hydrolysis and function of
Dhh1p in vivo.

3.3.7 Recruitment to P bodies
The role of Dhh1 in mRNA turnover has been attributed to its interaction with the mRNA
decapping machinery (Dcp1/Dcp2) and localization to P bodies, as well as its interaction
with other proteins involved in RNA decay including Pat1, Lsm1-7, Edc3, and the
exonuclease Xrn1 (Brengues et al., 2005; Coller et al., 2001; Coller et al., 2005; Coller and
Parker, 2005; Fischer and Weis, 2002; Hata et al., 1998; Teixeira and Parker, 2007). Our
results thus far, have shown that Dhh1 functions in stress response in yeast and binds RNAs
with high affinity and all of Dhh1’s biochemical activities, including RNA and ATP binding,
ATP hydrolysis are essential to its role in mRNA turnover. If the mRNA turnover function of
Dhh1 were linked to its ability to localize to P bodies, it would be important to ask how
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mutations affecting biochemical activities of Dhh1 regulate its localization to P bodies. In
order to understand how these mutations affect localization to P bodies, WT and mutant cells
were grown to an absorbance of 0.4 in dextrose containing media and shifted to media
without dextrose. The removal of carbon source has been shown to induce P body formation
in yeast (Teixeira et al., 2005). Cells were fixed, followed by immuno-staining with Dhh1
primary antibody, followed by Cy5-labelled secondary antibody. Localization of Dhh1 to P
bodies under unstressed (with glucose) and stressed (without glucose) conditions was
analyzed by confocal microscopy. As shown in figure 3.16a, no immunostaining was
observed in the DHH1 null strain, whereas an increase in the number of P bodies was
observed in the WT strain when cells were stressed (-glucose). An increase in localization of
Dhh1 to P bodies was observed for the K91A T344A mutant under stressed conditions
(Figure 3.16a). This could be expected, because as shown earlier this mutant increases ATP
hydrolysis in vitro and also shortens the half-life of both GAL1 and EDC1 mRNAs (Figure
3.14, 3.15). An analysis of Dhh1 localization to P bodies in mutants that affect half- life of
mRNAs yielded interesting results. The RNA binding mutant (R322A S340A) showed
decreased P body formation when cells were stressed. This suggests that binding of RNA by
Dhh1 is closely linked to its ability localize to P bodies and affect mRNAs turnover. We had
observed that mutations that affect ATP hydrolysis (D195A E196A, K96A) resulted in
prolonged half lives of mRNAs. Thus we expected results similar to that observed for the
RNA binding mutant. Counter intuitively; we observed an increase in Dhh1 localization to P
bodies both in stressed and unstressed conditions. This is an interesting observation, because
such an increase in P body size and number is also observed when XRN1 or DCP1 deletion
strains are subjected to stress (Teixeira et al., 2005). In case of DCP1 deletion, the
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Dcp1/Dcp2 decapping machinery does not effectively decap mRNAs, whereas an XRN1
deletion results in inefficient 3’-5’ exonucleolytic cleavage of mRNAs. Both deletions lead
to an accumulation of unprocessed mRNAs that causes P bodies to increase in both size and
number (Teixeira et al., 2005). In case of a DEAD box protein such as Dhh1, which does not
exhibit robust helicase activity, it has been speculated that the ATPase activity may function
to release mRNAs bound by these proteins. Thus, the observed increase in size and number
of P bodies in case of ATP hydrolysis mutant, may arise from the fact that though Dhh1 may
be effectively transporting mRNAs to P bodies, the failure to hydrolyze ATP and release
mRNAs, prevents further action by the mRNA decay machinery, leading to an accumulation
of mRNAs in P bodies which causes them to grow in size and number. This also explains our
earlier results, where we have observed increased half-life of mRNAs in these mutants.
Further no significant change in localization of Dhh1 to P bodies is observed in case of the
ATP binding mutants in the presence and absence of glucose. These results indicate a
correlation between mRNA turnover and the ability of Dhh1 to localize to P bodies.
Our experiments thus far have looked at the localization of Dhh1 to P bodies, but do
not answer the question of how these mutations affect P body formation. To address this
issue, we transformed a plasmid that expresses Dcp2-GFP, into yeast strains where the
genomic copy of Dhh1 was mutated, resulting in the expression of WT or mutant Dhh1
proteins. Cells were grown as described above but in SC-uracil medium with dextrose and
stressed by transferring them to medium without dextrose for 15 minutes. Cells were
immediately imaged using a fluorescence microscope to visualize Dcp2-GFP. Foci
containing Dcp2-GFP, corresponding to P bodies were observed in all strains, when cells
were stressed in the absence of dextrose. Interestingly, the K91A T344A and D195A E196A
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mutants showed increased P bodies in unstressed cells (+ dextrose), as compared to the WT.
This mirrors some of the results that have been described above, however some of the
differences can be attributed to the difference between immunofluorescence and direct
imaging methods.

3.3.8 Analysis of in vivo RNA binding by Dhh1
We have observed that the various mutations in Dhh1 affect mRNA decay and P body
formation (Figures 3.14, 3.15, 3.16). If the function of Dhh1 in cells is to transport mRNAs
to P bodies for decay, an analysis of RNA binding in vivo will help explain its role in mRNA
decay. We have used RNA immunoprecipitaion (RNAIP) to study Dhh1 binding to RNA.
Since localization of Dhh1 to P bodies, is increased by stress to cells, we have carried out
RNAIP in the presence and absence of DNA damaging agent MMS, which has been shown
to increase P body formation in yeast. Briefly, cells were grown in dextrose media, induced
with MMS, cells were crosslinked with formaldehyde and Dhh1 crosslinking to RNA was
monitored using polyclonal antibody directed against Dhh1, 60 minutes post-induction with
MMS. In order to rule out secondary affects arising from analysis of genes whose expression
may be affected by either treatment of cells with MMS or deletion of DHH1, we have chosen
to analyze crosslinking to PYK1, which is a constituitively active gene, the expression of
which, based on microarray analysis, has been shown to be unaffected by deletion of DHH1
(Kruk JA, unpublished). We have used crosslinking to a DHH1 deletion strain as control, to
monitor non-specific crosslinking. As shown if figure 3.17, Dhh1 crosslinks to PYK1 mRNA,
and this crosslinking is increased when cells are subjected to stress by MMS. Crosslinking to
mRNA was increased in case of the D195A E196A and K91A T344A mutants. This helps
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explain the increased localization of these mutant proteins to P bodies. Interestingly, we
observe a ~ 50% decrease in crosslinking in case of the RNA binding mutant R322A S340A.
This could help explain, our observation of reduced localization of this mutant to P bodies
and a defect in mRNA decay. The ATP binding mutant showed crosslinking to PYK1 mRNA
similar to WT levels in unstressed conditions, but interestingly the crosslinking to PYK1
mRNA did not increase when cells were stressed with MMS, which could explain the defect
in mRNA processing by this mutant. Our results show a close link between the ability of
Dhh1 to bind and transport mRNAs to P bodies, and mRNA degradation, showing that all
biochemical activities of this protein are essential for effective functioning of Dhh1 in cells.
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3.4 Discussion
The DEAD box family of proteins, commonly annotated by the presence of nine conserved
motifs, has been implicated in many facets of cellular metabolism. Dhh1, an evolutionary
conserved member of this family, has been shown to have a vast array of cellular functions,
ranging from response to cellular stress to affecting mRNA decay by localization to P-bodies
and translational repression (Bleichert and Baserga, 2007; Cordin et al., 2006; Jankowsky
and Fairman, 2007; Rocak and Linder, 2004). Further, in association with the Ccr4-Not
complex it plays roles in the transcription of several genes (Hata et al., 1998; Maillet and
Collart, 2002; J. Kruk et al., unpublished). While, the crystal structure of Dhh1 solved by
Cheng et al. provided intriguing details on the domain orientation and arrangement of the
various motifs, a detail characterization of its biochemical activities and how these
biochemical activities contribute to its various functions in vivo, remained unclear. Given the
many functions of Dhh1 in both the synthesis and decay of RNAs, we have attempted to
examine the structural requirements for all of Dhh1’s functions. We have studied the
biochemical activities of Dhh1 and have identified key residues involved in ATP and RNA
binding, and ATP hydrolysis. We have also dissected out how inactivation of these various
biochemical activities affects the functioning of Dhh1, in vivo.

3.4.1 Insights from biochemical analysis of Dhh1
The classification of Dhh1 as a DEAD box helicase, is based on the presence of well
annotated motifs, characteristic of this family (Strahl-Bolsinger and Tanner, 1993). To be
truly classified as a helicase, this protein would be expected to be able to bind ATP and
RNA, hydrolyze ATP and unwind duplexed RNA or a RNA-DNA hybrid. We show that
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Dhh1 is able to bind both RNA and ATP and hydrolyze ATP in a RNA dependent manner
(Figures 3.1-8). Interestingly, a comparison of ATPase activities of this protein with that of
other well characterized helicases revealed that Dhh1 has poor ATPase activity, in vitro. The
structure of Dhh1 as compared to that of other helicases, had shown that Dhh1 has
uncharacteristically large number of interactions between the N and C terminal domains,
which was lacking in other DEAD box proteins whose structures have been solved (Cheng et
al., 2005). The prevailing hypothesis of how DEAD box proteins hydrolyze ATP, is that
binding of ATP and RNA, results in a conformational change in these proteins, bringing the
N and C terminal domains together, with a concomitant movement of these domains with
respect to each other (Singleton et al., 2007). This realignment then results in effective ATP
hydrolysis. We surmised that in the case of Dhh1, the inter-domain interactions could
possibly be restrictive in the movement of its N can C terminal domains, hence reduce
ATPase activity of this protein. Analysis of a double mutant of K91A and T344A, that
weaken the inter-domain interactions by disrupting hydrogen bonding, showed a ~3 fold
increase in ATPase activity of this protein. This result shows a critical requirement of the
changes in domain orientation for effective ATP hydrolysis (Figure 3.2b).
Our studies further show that Dhh1 binds ssRNA with high affinity (Figure 3.4b).
This affinity to bind RNA increases as a function of increasing RNA length, with tight
binding observed for RNA, ten nucleotides in length or longer (Figure 3.4b, Table 3.1b). This
observation is congruent with crystal structure of DEAD box proteins like Vasa, which was
solved with bound RNA, and shows that about 10 nucleotides make contact with the cleft
between that N and C terminal domains (Sengoku et al., 2006). Our analysis of mutants that
affect RNA binding by Dhh1 reveals that these amino acid residues are positioned within the
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groove/cleft between that N and C terminal domains of Dhh1, with their respective charged
or hydrophilic groups facing the groove, where they make contacts with the bound RNA.
These observations further suggest, that like Vasa the bound RNA may be bent into the
structure of Dhh1, suggesting a general mechanism by which these proteins bind RNA. Our
results further show that Dhh1 specifically binds and hydrolyzes ATP and dATP, but not
other nucleotides (Figure 3.3a). This observation has been made for most DEAD box
helicases, which have been shown to only hydrolyze ATP, as compared to DExH group of
proteins, which are more promiscuous in their NTP usage (Cordin et al., 2006; Rocak and
Linder, 2004).
An interesting observation from RNA binding and ATPase assays is the fact that
though Dhh1 binds RNA with dissociation constants in the nanomolar range, stimulation of
ATPase activity requires much higher amount of RNA. It is possible that Dhh1 has two sites
for RNA binding, a high affinity site with Kd in the nanomolar range and a low affinity site.
It is interesting to note that in case of most helicases binding to RNA is dependent on
nucleotide binding, and dissociation constants for RNA binding are in high nanomolar to
micromolar range. Our RNA binding studies using fluorescence polarization detected the
high affinity site, binding to which was independent of ATP. It is possible that Dhh1 has a
second site with lower affinity to RNA that is coupled with ATP hydrolysis.
Given that Dhh1 binds ATP and RNA, and hydrolyzes ATP in a RNA-dependent
manner, one would expect to observe helicase activity of this protein. However, despite our
various attempts at trying to study helicase activity using a variety of experimental conditions
and substrates, we were unable to observe helicase activity of this protein. The group of
DEXD/H-box proteins has been putatively termed as RNA helicases based on sequence and
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structural similarities to DNA helicases (Checkley et al.; Cordin et al., 2006; Linder et al.,
1989). However, though many of the DEAD-box proteins have been shown to have robust
RNA dependent ATPase activities, only a subset of these proteins have been shown to
unwind dsRNA in vitro (Bizebard et al., 2004; Huang and Liu, 2002; Kikuma et al., 2004;
Rogers et al., 2001). Helicases have been proposed to work in a cyclical manner; coordinated
binding of ATP and RNA, followed by ATP hydrolysis and the concomitant release of
RNA/DNA leading to strand separation, release of ADP, followed by subsequent binding of
ATP and RNA/DNA again (Singleton et al., 2007). If the ATPase activity is essential for the
step of RNA release, this function may be crucial in regulating the binding and release of
RNA by Dhh1 in a manner similar to binding and release of RNA at the exon junctions by
eIF4AIII (Rogers et al., 2002; Rogers et al., 2001).
Our observations on the biochemical activities of Dhh1 are insightful in providing
clues about how Dhh1 function may be regulated in vivo. Dhh1 is an abundant protein with
~40,000 copies per cell and has an array of functions in yeast. It has been shown that Dhh1
binds RNA with high affinity, interacts with the translation machinery, and can transport
RNAs to P bodies, either for mRNA degradation or to sequester RNAs away from a
translating pool (Coller et al., 2005). These functions would require tight regulation of
Dhh1’s activity. The unique structure of Dhh1, which allows it to bind both RNA and ATP,
but prevents ATP hydrolysis due to strong inter-domain interactions, could be a means of
self-regulation by this protein. In response to cellular cues, the ATPase activity of Dhh1 can
be possibly modulated by its interaction with other proteins or by post-translational
modifications, leading to a release of the bound RNA (Figure 3.18). This mechanism would
provide an efficient and tight regulation of Dhh1s’ function in vivo.
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3.4.2 Biochemical activities of Dhh1 affect its functions in vivo
One of the important aims of this study was to analyze how the different biochemical
activities of Dhh1 affect its various functions in vivo. DHH1 null mutant is viable, but
displays sensitivities to stress conditions including heat and DNA damaging agents such
as methyl methane sulphonate (MMS), hydroxyurea (HU) and UV irradiation
(Bergkessel and Reese, 2004). Our analysis shows that all of Dhh1 biochemical activities
are required for stress response by Dhh1 (Figures 3.10-11). The sensitivities to stress in a
DHH1 null mutant could arise form an inability to regulate mRNA decay. Given the role
Dhh1 plays in regulation of mRNAs, both in decay of mRNA by its localization to P
bodies and translational repression of specific RNAs, our study shows that all mutants
that displayed sensitivity to stress also affected mRNA turnover (Figures 3.14-15).
Interestingly, the affect on mRNA turnover is not entirely due to the inability of Dhh1 to
localize to P bodies under conditions of stress and RNA binding by Dhh1 seems to be a
prerequisite for P body localization, as the R322A S340A, which has reduced RNA
binding in vitro and in vivo, resulted in lesser localization of Dhh1 to P bodies (Figure
3.16).

On the contrary to our expectation, the lack of ATPase activity resulted in

increased RNA binding in vivo, and an increased localization to P bodies as compared to
wild type (Figure 3.16). A possible explanation for this observation is that Dhh1 binds
RNAs and transports them to P bodies for degradation, where the ATPase activity of the
protein is stimulated by the presence of other factors, resulting in the release of the
RNAs. A failure to release RNAs results in accumulation of RNAs in P bodies, due to
ineffective turnover and increase in their size and number. This observation is similar to
increase in P body size and number observed when XRN1 or DCP1 deletion strains are
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subjected to stress, due to the inability of these cells to degrade mRNAs (Teixeira et al.,
2005).
A DEAD-box protein like Dhh1 and its orthologs play important roles in the life of
mRNAs, through its association with the deadenylation and decapping machinery, which
affects regulation of mRNA stability and/or regulation of the translational state of the mRNA
(Weston and Sommerville, 2006). In yeast it has been suggested that efficient recovery from
G1/S checkpoint arrest requires Dhh1, which could either stimulate the decay or alter the
translational status of a subset of mRNAs during the cell cycle (Bergkessel and Reese, 2004).
In addition to roles played by Dhh1p in yeast, the Xenopus ortholog Xp54 has been shown to
shuttle between the nucleus and cytoplasm in a developmentally regulated manner, whereby
it interacts with nascent transcripts in the nuclei of transcriptionally active oocytes and
localizes to the cytoplasm in transcriptionally quiescent oocytes (Weston and Sommerville,
2006). Also, studies in Drosophila, trypanosomes and clam have shown that orthologs of this
protein repress translation of maternal mRNAs to which they bind during early development
(Minshall et al., 2001; Navarro et al., 2001; Nakamura et al., 2001). Further, the human
ortholog of Dhh1, Ddx6 which has been shown to complement a deletion of DHH1 in yeast,
plays important role in translation repression and HCV replication as well as regulation of
several cancers (Akao et al., 1995; Akao et al., 2006; Andrei et al., 2005; Bergkessel and
Reese, 2004; Cougot et al., 2004; Ingelfinger et al., 2002; Jangra et al.; Miyaji et al., 2003).
An attractive model for such co-coordinated control of mRNA regulation by Dhh1 and its
various orthologs, is that Dhh1 does not act as a canonical helicase, but as a protein that
binds the RNAs specifically and with high affinity. Dhh1 transports these RNAs for
degradation to P bodies or sequesters them from the translating pool, releasing them only
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under cellular cues when the ATPase activity is triggered by interaction with other proteins
or by post-translational modification. The apparent reduction in ATPase activity of Dhh1
may well be an evolutionary adaptation, which prevents the release of RNAs by Dhh1 and its
orthologs unless proper cellular signals are received (Figure 3.18).
Besides the fore mentioned roles in regulating mRNA at the level of decay, our
study shows for the first time that Dhh1 may be playing a direct role in transcription of
mRNAs. As described in our results, DHH1 null mutant affects the recruitment of
yRNAPII to both the promoter and the ORF of GAL1. Further, we also show a
recruitment of Dhh1 to the promoter and ORF of GAL1 in a transcription dependent
manner. Though it is not entirely clear at the moment how Dhh1 directly regulates
transcription, it is possible that its interaction with the Ccr4-Not complex may be
important for this function. Studies from our lab have shown a direct role of Ccr4-Not
and Dhh1 in regulating transcription by stimulating the re-initiation of elongation from
paused polymerases (J. Kruk, unpublished). It is possible that Dhh1 translocates along the
emerging transcript to interact with the paused RNAPII. By interacting with the RNA, it
stabilizes the elongation competent form of RNAPII, thus stimulating the re-initiation of
elongation.
Our study provides important insight in to the various biochemical activities of Dhh1 and
their role in regulating Dhh1 function in cells. We suggest that the weak ATPase activity
of Dhh1 may be a stimulated by cellular factors, to impart a tight regulation on the
functioning of this very abundant helicase.
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Figure 3.1
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Figure 3.1 ATPase activity of Dhh1 is stimulated by RNA
(A) Purification of Dhh1. The ORF of yDHH1 was cloned into pET-15b and the
recombinant protein was expressed in E. coli BL21-DE3 pLyS. Recombinant Dhh1
containing a N-terminal 6-His tag was purified using cobalt beads followed by another
round of purification using a SP-sepharose column. SDS-PAGE gel showing the different
fractions during purification; UI- uninduced, U- induced, SUP- supernatant after cells
were lysed and spun, FT- flowthrough after binding Co- beads, W-wash, E1-E4- elutions
from Co beads or SP-separose column.
(B) ATPase activity of Dhh1. ATPase assays were carried at 30 °C for 60 minutes using
4 µM Dhh1 and increasing amounts of polyU; (left) Autoradiograph showing hydrolysis
of ATP with increasing amounts of RNA, (right) Quantification of pmoles of ATP
hydrolyzed as a function of increasing polyU concentration.
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Figure 3.2

Figure 3.2 ATPase activity of Dhh1 is stimulated by the disruption of inter-domain
interactions.
(A) The crystal structure of Dhh1 reveals unique inter-domain interactions between the
C’ and N’ terminal domains. Lysine 91 and Threonine 344 are linked by hydrogen bonds.
Both residues were mutated to alanines (K91A T344A), to study affect of disruption of
inter-domian interactions on the ATPase activity.
(B) ATPase activity of WT and mutants. ATPase assays were carried at 30 °C for 60
minutes using 4 µM WT and mutant proteins and increasing amounts of polyU.
Quantification of pmoles of ATP hydrolyzed as a function of increasing polyU
concentration for WT Dhh1, catalytic mutant D195A and K91A T344A.
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Figure 3.3

Figure 3.3 Characterization of catalytic activity of Dhh1
(A) ATPase activity of Dhh1 is stimulated by different RNAs. ATPase activity of WT
and mutants proteins was carried at 30 °C for 60 minutes using 4 µM protein and 10 ug of
different RNAs (polyA, polyU, polyG and polyC). Quantification of pmoles of ATP
hydrolyzed is shown above. The data represents an average of three independent
experiments.
(B) Dhh1 hydrolyses ATP and dATP but not other nucleotides. NTPase activity of WT
and mutants proteins was carried at 30 °C for 60 minutes using 4 µM protein and 10 ug of
polyU. Quantification of pmoles of ATP hydrolyzed is shown in figure above. The data
represents an average of three independent experiments.
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Figure 3.4
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Figure 3.4 Dhh1 binds RNA with high affinity that is dependent on the length of
RNA
0.1 nM 3’-fluorescein-labeled 20mer poly U (rU20) was titrated with increasing
concentration of Dhh1. Binding was measured by monitoring the change in fluorescence
polarization (mP). The data were fit to a hyperbola.
(A) Dhh1 binds rU20 with equal affinity in the presence or absence of ATP. Data
represents quantification of change in mP as a function of increasing concentration.
(B) Binding of RNA by Dhh1 is dependent on the length of RNA. Quantification of
change in mP as a function of increasing concentration of Dhh1 for each of the different
RNAs tested. rU5, rU7, rU8, rU12 and rU20 represent fluorescein-labeled polyU of 5, 7,
8, 10, 12 or 20 nucleotides in length.
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Figure 3.5
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Figure 3.5 Residues in Dhh1 that could be involved in binding RNA.
(A) Crystal structure of Dhh1, showing a potential RNA binding cleft between N and C
terminal domains that contains positively charged amino acid residues. These positively
charged residues were mutated to alanines to study RNA binding.
(B) Resides in the crystal structure of Drosophila DEAD-box protein Vasa that make
contacts with the bound RNA. Mutation of threonie 546 and arginine 528 in Vasa
significantly decreased RNA binding. Equivalent residues in Dhh1 that were mutated to
alanines are serine 340 and arginine 322.
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Figure 3.6
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Figure 3.6 Mutation of residues in Dhh1 affect RNA binding
0.1 nM fluorescein-labeled 10mer poly U (rU10) was titrated with increasing
concentration of WT or mutant proteins. Binding was measured by monitoring the
change in fluorescence polarization (mP). The data were fit to a hyperbola.
(A) Mutation or both arginine 322 and serine 30 to alanines reduces affinity for a 10mer
polyU (rU10). Quantification of rU10 binding for WT and R322A S340A is represented
in graph above. Quantification is represented as change in mP as a function of increasing
concentration of protein.
(B) Binding of rU10 by WT and mutant proteins. The graph represents relative binding of
mutant proteins as compared to WT Dhh1. Binding by WT protein is set to 1.
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Table 3.1
A
Dissociation
constant (nM)
Protein

1.16 ± 0.25

Protein + ATP

2.78 ± 0.77

Protein + MgCl2

1.76 ± 0.43

Protein + MgCl2 + ATP

2.23 ± 0.81

B
RNA length

Dissociation constant (nM)

rU5

1000 ± 317

rU7

577 ± 112

rU8

405 ± 54

rU10

81.3 ± 8.3

rU12

5.38 ± 0.5

rU20

2.72 ± 0.6

C

Mutant

Dissociation constant (nM)

WT dhh1

81.9 ± 8.8

Q73A

84.7 ± 4.4

D195A

120 ± 20

K91A

219 ± 13

T344A

48.3 ± 4.9

G346A

67.7 ± 7.0

K91A G346A

149 ± 11

K91A T344A

136 ± 21

R322A

128 ± 10

S340A

68.7 ± 2.9

R322A S340A

316 ± 20

R370A

402 ± 45
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Table 3.1 Dissociation constants for RNA binding
0.1 nM fluorescein-labeled poly U was titrated with increasing concentration of WT or
mutant proteins. Binding was measured by monitoring the change in fluorescence
polarization (mP). The data were fit to a hyperbola and dissociation constants were
calculated.
(A) Dissociation constants for rU20 binding by WT Dhh1 under different conditions;
presence/absence of Mg2+ or ATP.
(B) Dissociation constants WT Dhh1 binding to RNAs of different lengths.
(C) Dissociation constants for rU10 binding by WT and mutant Dhh1 proteins.
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Figure 3.7
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Figure 3.7 Analysis of NTP binding by Dhh1
Reactions contained 4 µM WT or mutant proteins and 10 µCi [α-32P]
ATP/UTP/CTP/GTP/dATP. Following incubation at room temperature for 10 minutes the
samples were crosslinked on ice, in a UV crosslinker (254 nm) for 6 minutes. The
samples were resolved in a 10% SDS-PAGE gel. The gels were stained with Coomassie
blue, dried and exposed to a PhosphorImager screen. The gels were visualized by using a
PhosphorImager and quantified by using the ImageQuant software (Molecular Dynamics)
to determine the amount of ATP crosslinked compared to a un-crosslinked sample.
(A,B) Analysis of ATP binding by WT, catalytic mutant D195A and ATP binding mutant
F66R Q73A. Autoradiograph shown on left and coomassie blue stained gel is shown on
right. Relative ATP crosslinking is shown in graph (B), where crosslinking by WT
protein was set to 1.
(C) Relative crosslinking of WT and mutant proteins to NTPs. In each case crosslinking
by WT Dhh1 is set to 1. Autoradiographs and coomassie blue stained gels are shown
below.
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Figure 3.8

Figure 3.8 ATPase activity of WT and mutant proteins
ATPase assays were carried at 30 °C for 60 minutes using 4 µM WT Dhh1 and mutant
proteins in the presence of 10 µg of polyU. Quantification of pmoles of ATP hydrolyzed
for each of the proteins is shown. Qunatification represents an average of three
independent experiments.
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Figure 3.9
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Figure 3.9 Dhh1 does not have helicase activity in vitro
Helicase assays were carried out using 2 nM [32P]-labeled 5’ and 3’ overhang
substrates(A and B) and 4 µM WT Dhh1, K91A T344A mutant and 4 µM NS3 was used
as control. Reactions were performed at 30°C. The trapping strand is a 8-mer (A) or 9mer (B) RNA that is complementary to the displaced strand. Reactions were quenched at
various times by addition EDTA to 100 mM and SDS to 0.33%. Products were resolved
by a native polyacrylamide gel.
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Figure 3.10
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Figure 3.10 Biochemical activities of Dhh1 are required for resistance to DNA
damage
(A) The ORF of DHH1 with 800 bp upstream and 300 bp downstream was cloned into
pRS414. Mutations affecting various biochemical activities were generated. Yeast cells
were transformed with the plasmids carrying WT and mutant proteins and threefold serial
dilutions of cultures were spotted onto SC-tryptophan plates or the same medium
containing 75 mM HU, 0.01% MMS and one was exposed to 60 J/m2 UV irradiation
after plating. Plates were placed at 30° for 2 or 3 days (DNA damage exposure). The
mutants were tested in two groups, each is shown with WT and deletion strains.
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Figure 3.11

Figure 3.11 Biochemical activities of Dhh1 are required for resistance to elevated
temperatures.
(A) Yeast cells were transformed with the plasmids carrying WT and mutant proteins and
threefold serial dilutions of cultures were spotted onto SC-tryptophan plates Plates were
placed at 30°C or 37°C for 2 or 3 days. The mutants were tested in two groups, each is
shown with WT and deletion strains.
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Figure 3.12

D. Jain
Figure 3.12 Recruitment of Dhh1 and RNAPII to GAL1 is affected by mutations in
Dhh1
(A,B) Schematic of GAL1 and primer location. ChIP analysis of Dhh1 and RNAPII at
GAL1 promoter (A) and ORF (B). Cells were grown overnight in SC-tryptophan +
raffinose to an absorbance of 0.8 and shifted to YPAD + 2% galactose for 1 hour and
then induced with 2% galactose for 90 minutes. Percent IP was calculated by correcting
the IP DNA value for the Input DNA value.
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Figure 3.13
.

D. Jain
Figure 3.13 GAL1 expression is affected in yeast expressing mutant Dhh1 proteins
Quantification of northern blot analysis of GAL1 transcripts in yeast expressing WT and
mutant Dhh1 following GAL1 expression. Cells were grown overnight in YP + raffinose
to an absorbance of 0.8 and induced with 2% galactose. Samples were collected at
different time points. Blots were probed with GAL1 and loading control, ScR1. GAL1
signal was corrected based on ScR1 signal. All signals were normalized to WT signal at 0
minute.

103

Figure 3.14

Figure 3.14 Half life of GAL1 transcripts are affected by mutations in Dhh1
Quantification of northern blot analysis of GAL1 transcripts in yeast expressing WT and
mutant Dhh1 following shutdown of GAL1 expression. Cells were grown overnight in
SC-trptophan media containing 2% galactose to an absorbance of 0.8 and shifted to
YPAD + 2% galactose for 1 hour followed by shutdown of GAL1 expression by
transferring cells to 4% dextrose. Samples were collected at different time points. Blots
were probed with GAL1 and loading control, ScR1. GAL1 signal was corrected based on
ScR1 signal. All signals were normalized to WT signal at 0 minute. To calculate half life,
0 minute time point for each set was set to 100% and log of amount of transcript was
plotted as a function of time.
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Figure 3.15

Figure 3.15 Decay of EDC1 mRNAs are affected by mutations in Dhh1
Quantification of northern blot analysis of EDC1 transcripts in yeast expressing WT and
mutant Dhh1. Cells were grown overnight in SC-trptophan media containing 4% dextrose
to an absorbance of 0.8 and shifted to rich media for 1 hour. Blots were probed with
EDC1 and loading control, ScR1. EDC1 signal was corrected based on ScR1 signal. All
signals were normalized to WT signal set to 1. Bars represent average and standard
deviation of at least three independent experiments.
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Figure 3.16
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B
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Figure 3.16 P body localization of Dhh1 is affected by mutations in the protein
Localization of Dhh1 to P bodies was analyzed by immunofluorescence. (A) Cells were
grown in SC-trptophan media containing 4% dextrose to an absorbance of 0.4 and shifted
to YPAD for 1 hour. Cells were stressed by growing them in media without a carbon
source for 15 minutes. For immunofluorescence, cells were fixed and stained with Dhh1
primary and Cy5-labelled secondary antibodies. P bodies were visualized by confocal
microscopy. (B) Strains expressing WT and mutant Dhh1 proteins from genomic loci,
were transformed with plasmid expressing Dcp2-GFP. Cells were grown in SC-uracil
media containing 4% dextrose to an absorbance of 0.4 and shifted to YPAD for 1 hour.
Cells were stressed by growing them in media without a carbon source for 15 minutes.
Localization of Dcp2 to P bodies was observed by imaging using a fluorescent
microscope to visualize GFP.

108

Figure 3.17

Figure 3.17 Binding of RNA in vivo by Dhh1 is affected by mutations.
RNAIP analysis of Dhh1 binding to PYK1 mRNA. Cells were grown in SC-tryptophan +
4% dextrose to an absorbance of 0.8 and shifted to YPAD + 4% dextrose for 1 hour.
Stress was induced by growing cells in the presence of 0.01% MMS. RNA
immunoprecipitation was carried out using Anti-Dhh1 antibodies. RNA was extracted
and converted to cDNA. Binding of Dhh1 to PYK1 mRNA was analyzed by PCR using
primers to the ORF of PYK1. Percent IP was calculated by correcting the IP RNA value
for the Input RNA value.
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Figure 3.18

Figure 3.18 Proposed model for regulation of Dhh1 activity.
Dhh1 binds RNA with high affinity in the cytoplasm, and transports RNAs to P bodies,
either for mRNA degradation or to sequester RNAs away from a translating pool. In
response to cellular cues, the ATPase activity of Dhh1 is modulated by its interaction
with other proteins or by post-translational modifications, leading to a conformational
change associated with ATP hydrolysis and release of the bound RNA. The unique
structure of Dhh1, which allows it to bind both RNA and ATP, but prevents ATP
hydrolysis due to strong inter-domain interactions, provides a means of self-regulation by
this protein.
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CHAPTER 4
THE YEAST CCR4-NOT COMPLEX DIRECTLY
REGULATES TRANSCRIPTION ELONGATION
4.1 Introduction
In all organisms information that governs life flows through an important class of
molecules called mRNAs. From their “inception’ through the process of transcription, to
their ultimate “demise”, when they are degraded, several processes work in a highly
regulated and co-coordinated fashion. This involves the functioning of several
proteins/protein complexes that have defined roles for successful completion of the “life
cycle” of mRNAs. In most cases components involved in this process have a defined
single role, however in few instances as is in the case of the evolutionary conserved Ccr4Not complex, multiple roles from transcription to degradation of mRNAs has been
attributed to this complex [reviewed in (Collart, 2003; Collart and Timmers, 2004; Denis
and Chen, 2003)].
The Ccr4-Not originally identified for its role in non-fermentative gene
expression, is a multi-subunit protein complex, which is modular in nature (Denis, 1984).
Existing as a 1 MDa or a larger ~1.9 MDa, it consists of nine core subunits (Ccr4, Caf1p,
Caf40, Caf130, Not1-5) (Chen et al., 2001). Not1 is the only member of this complex that
is essential in yeast and functions as a scaffolding protein, bringing together the two
modules of the complex (Bai et al., 1999; Maillet et al., 2000). Interacting with the Nterminus of Not1, the “Ccr4 group” consisting of Ccr4, Pop2 and Dhh1 have been
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characterized for their role in mRNA degradation (Collart and Timmers, 2004; Maillet
and Collart, 2002; Tucker et al., 2001). Associating with the C-terminus of Not1 is the
“Not group” of proteins, Not2-Not5, which were initially characterized for their role in
repressing transcription from the HIS3 promoter that lacked a canonical TATA sequence
(Badarinarayana et al., 2000; Collart, 1996; Collart and Struhl, 1993, 1994; Liu et al.,
1998). Besides roles in transcription and mRNA decay, a member of this complex, Not4
was shown to be an E3 ubiquitin ligase that regulates the turn-over of nascent
polypeptide-associated complex (NAC) in the cytoplasm (Panasenko et al., 2006).
Defining a role for this complex in mRNA decay are studies that show that Ccr4,
the major yeast deadenylase, along with Pop2 regulate mRNA degradation in yeast by
removing the polyA tail (Dupressoir et al., 2001; Tucker and Parker, 2000). Also the
DEAD-box protein, Dhh1, an enhancer of decapping, that associates with the N-terminus
of Not1 and interacts with Pop2, provides additional support for a key role of this
complex in mRNA degradation (Hata et al., 1998; Maillet and Collart, 2002; Tucker et
al., 2002). Together with Ccr4 and Pop2, Dhh1 regulates mRNA stability and can be
localized to cytoplasmic processing bodies (P-bodies), which are the sites of mRNA
degradation (Sheth and Parker, 2003; Teixeira and Parker, 2007).
Role for this complex in regulating transcription, stems for the fact that the Ccr4Not complex plays a regulatory role in global transcription, affecting gene expression
both positively and negatively (Azzouz et al., 2009b; Collart, 2003; Cui et al., 2008).
Also it has been shown that Ccr4-Not physically and genetically interacts with the
TATA-binding protein (TBP) and TFIID-associated factors (TAFIIS) and has been
suggested to regulate transcription by either interacting with or controlling the function of
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TFIID (Badarinarayana et al., 2000; Deluen et al., 2002; Lemaire and Collart, 2000).
Also this complex is recruited to the stress responsive genes and Gcn4p-dependent
promoters, such as ARG1 (Mulder et al., 2005; Qiu et al., 2004; Swanson et al., 2003).
Besides its role in transcription initiation an interesting lesser well-defined function for
Ccr4-Not has been suggested. Based on observations that Ccr4-Not mutants are sensitive
to the drugs such as 6-AU and MPA and genetically or physically interact with mutations
in elongation factors such as DST1, PAF1 and SPT16, it has been suggested that this
complex may be regulating transcription by playing roles at the step of transcription
elongation (Biswas et al., 2006; Chang et al., 1999; Denis et al., 2001). Observations that
some Ccr4-Not mutations cause reduced H3K4 methylation in vivo, also suggests a role
for this complex in transcription elongation (Laribee et al., 2007; Mulder et al., 2007).
Despite growing evidence supporting a role for this complex in transcription, whether
these genetic and physical interactions are direct, or even significant, is unclear.
In order to better understand a role for this complex in transcription, studies
initiated in our lab showed that deletion of members of this complex did in fact reduce
transcription of genes as have been reported (J. Kruk, unpublished; Mulder et al., 2005).
Also it was observed that Ccr4-Not complex was recruited to the open reading frame of
genes in a transcription and RNA polymerase II (RNAPII)-dependent manner and
members of this complex co-immunoprecipitated with RNAPII (J. Kruk, unpublished).
Further studying the affect of this complex in elongation it was observed that deletion of
members of Ccr4-Not, resulted in a “build up” of RNAPII within the body of a long gene
YLR454W. This suggested that though the polymerase loaded onto the promoter it was
slow to complete transcription of the gene or was not resuming transcription after
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transient stalling or pausing events. These studies suggest a role of this complex in
transcription elongation, however the mechanism of Ccr4-Not action during transcription
is not clear.
My work focuses on understanding how Ccr4-Not directly regulates transcription
elongation. Using purified RNAPII and Ccr4-Not complex in a well-defined in vitro
system we show that this complex directly associates with the elongating RNAPII, in a
species-specific manner, and this interaction is partially dependent on the length of the
emerging transcript. We also show that purified Ccr4-Not can stimulate the resumption of
elongation of paused RNAPII in a transcript length-dependent manner, but does not
affect rate of elongation. Using crosslinking experiments it is clear that a Ccr4-Not also
contacts the nascent transcript. Interestingly we find that Ccr4-Not that has been shown to
genetically interact with DST1 in vivo (Denis et al., 2001), can function synergistically
with TFIIS to stimulate elongation from arrested elongation complexes in vitro. Our data
provides direct evidence that the Ccr4-Not complex functions to regulate transcription
elongation by stimulating the re-initiation of transcription from paused polymerases.
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4.2 Material and methods
Strains and media.
Strains used in this study are listed in Table 4.1. Cells were grown in yeast extractpeptone at 30°C with appropriate carbon source: 4% dextrose. Media was supplemented
with 20µg/mL adenine sulfate. Gene deletions and tagging were performed as previously
described using PCR-mediated gene disruption and modification (Brachmann et al.,
1998; Longtine et al., 1998).
Table 4.1 Strain used in the study
Strain
Phenotype
Genotype
BY4741
WT
MATa, his3∆1, leu2∆0, met15∆0, ura3∆0

Euroscarf

Dhh1-myc

BY4741 with Dhh1-myc::HIS3

Ccr4-myc

BY4741 with Ccr4-myc::HIS3

Ccr4-myc, rpb4∆

BY4741 with Ccr4-myc::HIS3, rpb4∆::kanMX

Pop2-myc

BY4741 with Pop2-myc::HIS3

Not2-myc

BY4741 with Not2-myc::HIS3

Not5-myc

BY4741 with Not5-myc::HIS3

Not4-TAP

BY4741 with Not5-TAP::HIS3

Not4-TAP, dst1∆

BY4741 with Not4-TAP::HIS3, dst1∆::URA3

Ccr4-TAP, dst1∆

BY4741 with Ccr4-TAP::HIS3, dst1∆::URA3

4.2.2 Co-immunoprecipitation and Western blotting
Yeast cultures (1L) were grown to an OD600 of 1.0 to 1.5. Protein extracts were
prepared as previously described (Reese et al., 1994; Woontner et al., 1991). 2mg of
protein extract was incubated either with or without 100ug/mL RNase A.
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Extract

incubated with the indicated antibody for 1-3 hours prior to the addition of Protein A
Sepharose CL-4B for overnight incubation at 4C (GE Healthcare, Piscataway, NJ).
Extracts were washed and centrifuged, and 1 volume of 3x sodium dodecyl sulfate (SDS)
load buffer was added before boiling. Extracts were separated by SDS-polyacrylamide
gel electrophoresis (SDS-PAGE), transferred to nitrocellulose membranes (Whatman
Protran®) and probed with the indicated antibodies. The following antibody was used in
co-IP for pull-down: 2µL anti-myc (9E10 ascites; Covance, Emeryville, CA). The
following antibodies were used in Western blotting: 1:5000 of anti-myc (9E10 ascites;
Covance, Emeryville, CA) and 1:1000 of anti-RNAPII (8WG16; Covance, Princeton,
NJ).

4.2.3 Purification of Ccr4-Not complex
Both TAP-Not4 and TAP-Ccr4 complexes were purified from strains containing a
deletion of DST1. Purification of the complex in a dst1∆ strain is essential because trace
amounts of TFIIS activity were detected in preparations from DST1+ strains. The
protocol for TAP purifications was adapted as previously described (Rigaut et al., 1999),
with some minor modifications. Cells were broken open in buffer containing 250 mM
KCl. All subsequent steps of purification were carried out in buffer containing 150 mM
NaCl. The proteins were stored in a buffer containing 25 mM HEPES pH 7.6, 150 mM
KCl, 12 mM MgCl2, 10% glycerol, 0.5 mM EDTA. TFIIS was expressed and purified as
a his-tagged protein in E. coli (Kim et al., 2007). Yeast RNAPII was purified using a
Rpb4-TAP strain as described in a previous publication (Suh et al., 2005) was kindly
provided by Jinhua Fu.
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4.2.4 Generation of DNA Templates for Elongation Complexes
Templates were PCR amplified from a plasmid containing a G-less cassette followed by
DNA sequence containing all four nucleotides. The forward primer contains a BglII site.
The PCR products had a 70 nucleotide long G-less cassette followed by 80 or 920
nucleotides of G-containing sequence. These were digested with BglII, dephosphorylated
with λ phosphatase (New England Biolabs, Ipswich, MA) and ligated to a 5’phosphorylated oligonucleotide with the sequence GATCAAAAAAAATTA. The
resulting 11 nt overhang served as an initiation site for RNAPII in the presence of the
starting dinucleotide UpG (Sigma Aldrich, St. Louis, MO).
4.2.5 Generation of Stalled Elongation Complexes and gel shift assay
Elongation complexes and reagents were prepared similar to that described for
Drosophila elongation complexes (Zhang et. al., 2004). Transcription reactions (15 ul)
contained 50 mM HEPES pH 7.6, 100 mM KCl, 1 mM MnCl2, 12% glycerol, 0.5 mM
DTT, 0.5 mM UpG, 20 units of RNasin (Promega, Madison, WI), 100 ng of template and
~100 ng (~0.25 pmol) of purified yeast RNAPII. The template was preincubated with
RNAPII for 5 minutes in the transcription buffer, and then transcription was initiated by
adding a 5 µl NTP mix, yielding final concentrations of 0.1 mM ATP, 0.1 mM CTP, 5
µM UTP, 5 uM 3’O-methyl GTP and 4 uCi/reaction of α-32P UTP. Each reaction was
incubated at 30°C for 20 minutes. The final KCl concentration in the 20 ul transcription
reaction was 75 mM. Elongation complexes with Drosophila RNAPII (kind gift of David
Gilmour, Penn State University) were generated by incubation at room temperature,
whereas elongation complexes with Pyrococcus furiosus archaeal polymerase (a kind gift
of Katsu Murakami, Penn State University) were generated by incubation at 75°C.

117

Purified Ccr4-Not complex was added to the stalled elongation complexes which were
formed as described above, and allowed to bind to the yRNAPII, dRNAPII or archaeal
polymerase elongation complexes for 5 minutes. 1 ug of yeast RNA was then added to
the reactions to reduce nonspecific binding of proteins to the nascent transcript. The
samples were run on 4% native gel in a buffer containing 50 mM Tris pH 8.5, 0.38 M
Glycine, 2 mM EDTA and 5 mM MgCl2. The gels were dried and analyzed using a
Phosphorimager and scanned using the Typhoon system (Molecular Dynamics).

4.2.6 In Vitro Run-On Assay
Stalled elongation complexes were formed as described above, with the exception that
3’O-methyl GTP was not added to the reactions. Following incubation with Ccr4-Not
complex or equivalent amounts of BSA, 50 uM UTP and 100 uM GTP were added and
samples were removed at the indicated time points. Transcription reactions were
terminated and RNA was purified and analyzed on urea-containing denaturing gels. The
gels were dried and analyzed using a Phosphorimager. In order to analyze the affect of
Ccr4-Not complex on rate of elongation, yRNAPII was incubated with UpG and 1Kb run
off template for 5 minutes, followed by the addition of the Ccr4-Not complex.
Transcription was initiated by addition of all nucleotides (0.1 mM ATP, 0.1 mM CTP,
0.1 mM GTP, 5 uM UTP, and 1 uCi/reaction of [α-32P] UTP). Samples were removed at
indicated time points, and processed as described above.

118

4.2.7 Protein-RNA UV crosslinking
Protein-bound ECs were UV cross-linked on ice for 10 minutes, using a 300 nm
wavelength lamp. The samples were then treated with RNase A (400 ng) and DNase I
(0.2 unit) for 15 minutes at room temperature. The reactions were boiled in SDS-PAGE
buffer and proteins separated by a SDS-PAGE gel. Gels were dried and exposed to a
phopshoimager screen and analyzed using a Phosphorimager. Gels were then rehydrated
in water and then silver stained.
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4.3 Results
4.3.1 Ccr4-Not complex regulates transcription in vivo
The Ccr4-Not complex has been implicated to perform several functions in the life of
RNAs. The roles for Ccr4-Not in regulating mRNA decay have been well established and
it has also been shown to regulate transcription both positively and negatively (Azzouz et
al., 2009b; Collart, 2003; Cui et al., 2008). However, the mechanism by which this
complex regulates gene expression remains poorly understood. Jennifer Kruk started this
project in the lab. She carried out studies in vivo to understand how Ccr4-Not affected
transcription. She examined the role of the Ccr4-Not complex in transcription regulation
of ribonucleotide reductase 3 (RNR3) and GAL1. She observed that deletion of genes
coding for the members of the Ccr4-Not complex showed a reduction in RNR3 gene
expression compared to wild type (J. Kruk, unpublished). Since a role for the Ccr4-Not
complex in initiation has been described, she analyzed the recruitment of TBP and TFIID
at the promoter of RNR3, in the WT and mutants. In agreement with work from other
labs, TFIID and TBP recruitment were reduced in these mutants suggesting that RNR3
expression is possibly affected during transcription initiation (J. Kruk, unpublished).
Besides a role of this complex in transcription initiation, deletion of subunits of
this complex have been shown to make yeast sensitive to 6-AU and MPA. Sensitivity to
these drugs is a well-defined characteristic of mutants that are defective in transcription
elongation. Further, Ccr4-Not complex has been shown to physically and genetically
interact with elongation factors such as the Paf complex and DST1 and SPT16 (Biswas et
al., 2006; Chang et al., 1999; Denis et al., 2001). Although previous results suggest that
regulation of RNR3 by the Ccr4-Not complex could be at the level of transcription

120

initiation, an interesting possibility arises that this complex may be regulating
transcription at the step of elongation.
To study if Ccr4-Not directly regulates RNR3 at the step of transcription
elongation, Jennifer performed chromatin immunoprecipitation (ChIP) analysis, to
determine if these subunits could be crosslinked to the ORF of RNR3. Following the
induction of transcription, members of the Ccr4-Not complex including Dhh1, Ccr4 and
Not5 were recruited to the body of RNR3, in a transcription dependent manner (J. Kruk,
unpublished). Similar recruitment of Ccr4-Not complex was also observed to the ORF of
the well-characterized GAL1 gene (J. Kruk, unpublished). Also, the pattern of crosslinking of Ccr4-Not to GAL1 and RNR3 mirrors that of RNAPII at these genes. These
results suggest that in addition playing a role in transcription initiation, the Ccr4-Not
complex may also regulate transcription elongation.

4.3.2 Ccr4-Not binds directly to RNAPII elongation complexes in vitro and in vivo
Jennifer’s experiments to study the role of the Ccr4-Not complex in vivo provided
us with vital evidence that this complex plays a role in regulating transcription
elongation. Though Ccr4-Not was recruited to RNR3 and GAL1 genes and deletion of
members of this complex affected transcription, it could not be determined if the affects
that were observed were due to a direct interaction of the Ccr4-Not complex with
RNAPII elongation complexes. Since Ccr4-Not has been shown to physically associate
with members of the transcription machinery, including TBP, TAFIIs, SAGA, and
SRB/Mediator, as well as with known elongation complexes such as PAF, it is possible
that the recruitment observed at genes, was due to interaction with other transcription
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factors and not directly with polymerase (Deluen et al., 2002; Mulder et al., 2005; Qiu et
al., 2004; Swanson et al., 2003). I started studies in the lab to understand if the Ccr4-Not
directly associated with yeast RNA polymerase II (yRNAPII) and if this interaction had
any direct affect on transcription elongation.
In order to study interaction of the Ccr4-Not complex with polymerase, we used
an in vitro system using purified yRNAPII and Ccr4-Not complex (Figure 4.1) (Suh et
al., 2005). The Ccr4-Not complex was purified by tandem affinity purification (TAP)
using a TAP-Not4 strain with a deletion of DST1 that codes for positive elongation factor
TFIIS. TFIIS has been observed to co-purify with elongation complexes. This strategy
allowed us to avoid any compounding affects due to the presence of TFIIS. As shown in
figure 4.1B, silver staining of the SDS-PAGE gel shows that all of the known core
subunits of the Ccr4-Not complex were present in the TAP-Not4 complex and the
composition of our complex matched that of the complex purified by others (Azzouz et
al., 2009a; Chen et al., 2001; Lau et al.; Mulder et al., 2007). Due to the modular nature
of the Ccr4-Not complex, we wanted to rule out any bias arising from purification of the
complex using a Not subunit, namely Not4, that associates with the C terminus of the
scaffolding protein Not1. Because Ccr4 associates with the N terminus of Not1 we
purified the complex from a TAP-Ccr4 strain. The same peptide composition was
observed in both complexes purified (Figure 4.1B). We have also purified complexes
from a TAP-Not5 and TAP-Dhh1 strains. As shown in figure 4.1B, the peptide
composition of the complex purified from a TAP-Not5 and TAP-Dhh1 strains was
different and some core sub-units were found to be missing. It is possible that purification
using a TAP-Not5 and TAP-Dhh1 only co-purifies a sub-complex and/or prevents some
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interactions due to the tag on the protein. The subunits were identified based on published
mass spectrometric analysis by other groups. The purified yRNAPII was a kindly
provided to us by Jianhua Fu and David Gilmour. Silver staining of the yRNAPII
preparation revealed that all 12 subunits of RNAPII were present (Figure 4.1A).
In order to demonstrate an interaction of Ccr4-Not with RNAPII using a defined
in vitro system, elongation complexes were assembled on to tailed templates using 0.25
pmol of highly purified yeast RNAPII. RNAPII has been shown to initiate transcription
on a tailed template in the presence of a starting dinucleotide and NTPs (Zhang et al.,
2004). We have initiated transcription by yRNAPII on a 150 bp tailed template,
containing a 70 nucleotide long G-less cassette, in the presence of starting dinucleotide
UpG (Figure 4.2A). Addition of all nucleotides except GTP, allows transcription to the
end of the G-less cassette. The incorporation of α32P UTP into the nascent transcript,
allowed us to monitor the stalled elongation complex in native PAGE gels.
In order to demonstrate a direct interaction of the Ccr4-Not complex with
RNAPII, we incubated increasing amounts (0.25 pmol, 0.5 pmol and 1 pmol) of the Ccr4Not complex with the 0.25 pmol of pre-formed elongation complex, which corresponded
to a molar ratios of 1:1, 1:2 or 1:4 of yRNAPII:Ccr4-Not. 1 ug competitor RNA was
added to all reactions. The complexes were then resolved in a 4% native polyacrylamide
gel. A slower migrating species formed with increasing amounts of the Ccr4-Not
complex, along with a corresponding decrease in the faster migrating RNAPII elongation
complex (Figure 4.2B). This result demonstrates that the Ccr4-Not complex directly
interacts with elongating yRNAPII. Similar slower migrating species was also observed
when experiments were carried out using Ccr4-Not purified through a Ccr4-TAP tag
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(Figure 2b). The differences in amounts of the slower migrating species when TAP-Not4
or TAP-Ccr4 complexes were used could arise as the quantification of proteins present in
both complexes is an approximate amount based on silver staining.
We have also carried out co-immunoprecipitation (co-IP) experiments in vivo to
study the interaction of the Ccr4-Not complex with RNAPII by using strains containing
epitope-tagged Ccr4-Not subunits. All epitope-tagged subunits of Ccr4-Not tested coimmunoprecipitated with RNAPII (Figure 4.3). Ccr4-Not complex contains RNA-binding
proteins, namely Dhh1, Ccr4, Pop2 and Not4. To examination if the interactions with
RNAPII was dependent on the emerging transcript, co-IP experiments were carried out
subsequent to treatment of extracts with RNase A. The addition of RNaseA did not
disrupt the association of Ccr4-Not with RNAPII (Figure 4.3). This suggests that that
Ccr4-Not may be interacting directly with the body of the polymerase. We cannot
however rule out that interaction with RNA may be important for in vivo functions of
Ccr4-Not. These results for in vivo and in vitro experiments, suggest that the Ccr4-Not
complex is recruited to genes by direct interactions with RNAPII and possibly “travels”
with RNAPII during elongation.

4.3.3 The Ccr4-Not complex interacts with the body of polymerase in a species-specific
manner
Gel shift experiments show that Ccr4-not complex interacts with the elongating
RNAPII (Figure 4.4A). However these experiments do not differentiate if the interaction
is mediated via direct contacts with the body of RNAPII or via the emerging transcript.
Further since Ccr4-Not complex contains RNA-binding proteins, it is possible that Ccr4-
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Not interaction with elongating RNAPII maybe mediated via association with the RNA
or a transcription-dependent nucleic acid hybrid, even in the presence of competitor
RNA. To address this, we tested the interaction of the Ccr4-Not complex with elongation
complexes formed with either Drosophila melanogaster RNAPII or archael RNA
polymerase from Pyrococcus furiosus, both of which have been shown to be able to
initiate transcription for tailed templates (Mishra A, unpublished). Since all complexes
would contain a 70mer transcript, an interaction of Ccr4-Not would be expected if the
interactions were solely mediated by nucleic acids. The results in figure 4.4b indicate that
the Ccr4-Not complex interacts specifically with yRNAPII elongation complex, because
no slower migrating complex was observed when Ccr4-Not was incubated with
elongation complexes formed from dRNAPII or archael polymerase. Though yeast and
Drosophila polymerases are conserved in evolution, yeast Ccr4-Not specifically
recognizes only yeast elongation complexes. These results clearly demonstrate that the
interaction of Ccr4-Not with yRNAPII elongation complex is species specific, and is
mediated by direct contacts with the body of yRNAPII. This result also corroborates well
with our co-IP experiments, where the addition of RNaseA to extracts prior to co-IP did
not disrupt the association of Ccr4-Not with RNAPII, thus providing strong evidence that
Ccr4-Not is recruited to genes by direct interactions with RNAPII.

4.3.4 Ccr4-Not complex exhibits stronger interaction with elongated form of RNAPII
The transcription cycle involves transcription initiation, followed by a phase of
iterative abortive transcription. During this phase the RNAPII transcribes the first 7 bases
and this step is associated with backtracking and release of RNAPII. The polymerase
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finally enters into productive elongation once 8-9 nucleotides are transcribed. The
progression of RNAPII from initiation to elongation is associated with changes in
RNAPII structure. In order to better understand if the interaction of Ccr4-Not complex
with RNAPII is dependent on structural confirmations of RNAPII during transcription,
we have carried out gel shift experiments using radio-labeled 150 bp tailed template. In
short, binding of RNAPII to kinased DNA template and starting dinucleotide UpG,
represents initiated RNAPII; addition of the first nucleotide, UTP, in addition to kinased
DNA template and starting dinucleotide UpG, allows polymerase to transcribe the first 4
bases, represents RNAPII during abortive initiation: and productive elongation
complexes are formed by addition of RNAPII to kinased DNA template, starting
dinucleotide UpG and ATP, CTP, UTP and O-me GTP (Figure 4.5A). Addition of Ccr4Not4 complex to RNAPII, resembling steps during transcription, results in a slower
migrating species in all cases (Figure 4.5B). Ccr4-Not complex interacts weakly with
both the initiated and abortive forms of polymerase, in each case resulting in small
amount of shifted complex. Interestingly, when all nucleotides are added to form a
productive elongation complex, two bands were observed in the RNAPII only lane,
representing RNAPII bound to template and a slower migrating species, which is the
RNAPII elongation complex. Addition of Ccr4-Not results in a shifted band, that is
greater in intensity than that observed with the other two forms of polymerase.
Interestingly, the band in the RNAPII only lane, corresponding to RNAPII elongation
complex was completely sifted, and not much of a detectable shift is observed from that
the band corresponding to RNAPII bound only to template. Given the weaker interaction
of Ccr4-Not with RNAPII bound only to DNA, it cannot be discounted that Ccr4-Not
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may be binding and shifting a very small percentage of this form. This result indicates
that Ccr4-Not may possibly be recognizing a structural change in RNAPII associated
with elongation, and displays greater affinity for the elongating form of polymerase over
the initiated form. However, it is also possible that the interaction of Ccr4-Not with
polymerase is dependent partially on the nascent transcript, which is present only in case
of the elongating polymerase.

4.3.5 Interaction of Ccr4-Not with RNAPII is independent of the phosphorylation of
Rpb1 CTD
The CTD of the large subunit of RNAPII, Rpb1, is made up of heptad repeats that vary in
number from organism to organism. In yeast the CTD of Rpb1 contains 27 heptad
repeats. Serines 2, 5 and/or 7 in these heptad repeats are phosphorylated during
transcription. Phosphorylated CTD of Rpb1 is known to serve as a docking site for a
number of elongation and mRNA processing factors (reviewed in (Buratowski, 2009;
Hampsey and Reinberg, 2003; Howe, 2002; Kobor and Greenblatt, 2002). Moreover, the
CTD phosphorylation pattern is tightly coordinated with the stages of transcription and
the phosphorylated state of the CTD is a key determinant for interaction of various
elongation factors. The CTD of Rpb1 in purified yRNAPII complexes is largely
unphosphorylated (Suh et.al., 2005). In order to determine if phosphorylation of the CTD
affects the association of RNAPII with the Ccr4-Not complex, we phosphorylted the
CTD using a non specific MAPK kinase, Erk2, that phosphorylates all serines on the
CTD of Rpb1. Figure 4.6A shows that the Rpb1 with phosphorylated CTD, migrates
slower on a 6% SDS-PAGE gel compared to the unphosphorylated form. We have further
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confirmed phosphorylation of the CTD by carrying out phosphorylation of the CTD using
radio-labelled ATP (Figure 4.6A). We carried out gel-mobility shift assays using the 0.25
pmol of phosphorylated and unphosphorylated forms of RNAPII, and built elongation
complexes on the tailed template with a 70 bp G-less cassette. In these experiments, we
added only ~0.3 pmol of Ccr4-Not. Based on observation in previous experiments this
concentration of Ccr4-Not did not completely shift all of the RNAPII elongation
complexes. This was done so that we could clearly observe any changes in the binding,
when Ccr4-Not interacted with unphosphorylated vs phosphorylated versions of RNAPII.
As shown in figure 4.6B, Ccr4-Not binds both elongation complexes formed with either
phosphorylated or unphosphorylated polymerases, with equal affinity. This along with
other data from our lab that have shown that Ccr4-Not subunits co-IP with both CTDcontaining and CTD-less Rpb1 (J Kruk, unpublished), suggests that the CTD of Rpb1 or
its phosphorylation status is not a key determinant for interaction of Ccr4-Not with
elongating RNAPII.

4.3.6 Ccr4-Not complex stimulates resumption of elongation from stalled yRNAPII
elongation complexes
Our results thus far have shown that Ccr4-Not interacts directly with yRNAPII
and is recruited to the body of genes in a transcription dependent manner. Studies by
other groups have shown that deletion of Ccr4-Not subunits leads to sensitivity to 6-AU
and MPA, chemical agents that are commonly used to assay for factors involved in
transcription elongation. Also the fact that Ccr4-Not interacts with elongation factors like
Paf opens an interesting possibility that Ccr4-Not may be playing a role in transcription
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elongation. We therefore examined if Ccr4-Not directly affects elongation by yRNAPII.
Elongation complexes were setup on the G-less cassette, as described before with the
exception that O-me GTP was not added. Following a 5-minute incubation of 0.25 pmol
of the stalled elongation complex with either 1 pmol of Ccr4-Not or buffer containing 1
µg of BSA, transcription run-on assay was carried out by addition of 100 µM GTP and
50 µM UTP. The addition of excess cold UTP allows detection of run-off products
resulting from the stalled elongation complexes formed before the addition of Ccr4-Not
(Schematic in figure 4.7A). The use of this defined system allows us to by-pass potential
confounding effects of Ccr4-Not on initiation, and focus exclusively on its affect on
RNAPII activity during elongation. The percentage of runoff product was plotted as a
function of time for both RNAPII + BSA and RNAPII with the Ccr4-Not complex. As
shown in figure 4.7b-c, Ccr4-Not stimulates the resumption of elongation of stalled
RNAPII by 1.5-2.0 fold. Thus, Ccr4-Not can stimulate elongation by the re-activation of
the stalled ECs into an elongation competent form.
We added approximately equal amounts BSA to that of Ccr4-Not complex, to the
polymerase only reaction. However it is possible that the stimulation of transcription
elongation observed in the presence of the Ccr4-Not complex may be an artificial effect
of stabilization of the stalled polymerases by Ccr4-Not. To address if the stimulation of
elongation by Ccr4-Not is specific, we have carried out transcription run-on assays using
Drosophila RNAPII, in the presence and absence of Ccr4-Not. Ccr4-Not complex failed
to stimulate elongation by dRNAPII (Figure 4.8A,B). This is consistent with our earlier
observation that no interaction was also observed between the Ccr4-Not and drosophila
elongation complexes (figure 4.4B). Together, these results provide evidence that the
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Ccr4-Not complex directly and specifically interacts with elongating yRNAPII and
stimulates the resumption of elongation from stalled yeast RNAPII elongation
complexes.

4.3.7 Ccr4-Not complex stimulates resumption of elongation but does not affect the
rate of elongation by RNAPII
The affects observed on the stimulation of elongation by Ccr4-Not have suggested
that it possibly functions by re-activation of stalled ECs into an elongation competent
form. It should be noted that using the 150 bp tailed template in our previous
experiments, allowed for a length of the run-off product of only 150 bp and any
stimulation of elongation rate (nucleotides/sec) would not be detected on such a short
template. We therefore used a 1000 bp tailed template with a 70 bp G-less cassette that
would allow us to monitor stimulation of elongation rate. To study if Ccr4-Not affected
rate of elongation, we altered the experimental design and conducted the assay on the
longer run off template. yRNAPII was added to initiating dinucleotide and the template to
form initiation complexes. Ccr4-Not or buffer + BSA was added, and after a 5 minute
preincubation period, all NTPs were added to allow runoff to occur (Schematic in Figure
4.10A). The assay was also repeated in parallel on the longer template, where stalled
elongation complexes were formed and then excess GTP and UTP were added for run off
(Figure 4.9). Interestingly, Ccr4-Not did not stimulate the production of run off products
when RNAPII was not stalled at a G-tract (Figure 4.10b,c). On the other hand,
stimulation, about 2-2.5 fold, was observed when Ccr4-Not was added to stalled
templates (Figure 4.9b,c). Carrying out run-on assays in the presence of reduced
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concentration of nucleotides reduces the rate of elongation. This allows for an effective
system for assaying affects of factors on rates of RNAPII elongation. The experiments
described above were also repeated with decreased amounts of nucleotides specifically
the GTP concentration was reduced from 100 uM to 10 uM (Schematic in figure 4.11a).
As observed earlier, Ccr4-Not failed to stimulate the production of run off products when
RNAPII was not stalled at a G-tract (Figure 4.11b, c). These results suggest that Ccr4Not stimulates the reactivation of stalled RNAPII, rather than affecting the rate of
elongation of RNAPII.

4.3.8 Ccr4-Not complex stimulates elongation by a mechanism that is distinct from
TFIIS mediated stimulation of transcription
Having observed the ability of Ccr4-Not to stimulate the resumption of elongation
from stalled elongation complexes, we asked if the mechanism by which this complex
stimulates elongation is similar to that of positive elongation factor TFIIS. TFIIS is a
factor that is known to stimulate transcription elongation by relieving transcription arrest.
The arrested RNAPII is in an irreversible state, and resumes elongation only in the
presence of TFIIS. Transcriptional arrest is accompanied by backtracking of the
polymerase, resulting in the 3’ end of the nascent transcript no longer being aligned with
the active site of RNAPII. TFIIS interacts with RNAPII and stimulates the 3’-5’
transcript cleavage activity of RNAPII to hydrolyze the 3’ end of the RNA, till it is
realigned with the active site (Arndt and Kane, 2003; Fish and Kane, 2002; Wind and
Reines, 2000). In order to mimic an arrested state, elongation complexes were formed as
described before, along with the addition of chain terminator nucleotide O-me GTP.
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When elongation complexes are formed on the tailed template with the G-less cassette,
RNAPII will incorporate O-me GTP at the first G, after the G-less cassette and get
arrested. Transcription run-on from this arrested complex will only ensue, pursuant with
stimulation of 3’-5’ cleavage of the RNA transcript by RNAPII to remove the 3’ O-me
GTP, thus allowing further incorporation of bases (Schematic in figure 12a). Using this
setup, transcription run-on assays were carried out in presence of Ccr4-Not complex,
TFIIS or buffer with BSA. As expected TFIIS stimulated transcription elongation and all
of the arrested complexes were converted to run-off products within one minute of
addition of GTP and UTP (Figure 12b). Run-off products were observed when the
elongation complexes were incubated with TFIIS, even without the addition of GTP and
UTP (time 0). This could be due to misincorporation of bases by RNAPII in the presence
of Mn2+, which was added to the reaction to allow RNAPII to initiate transcription form a
tailed template in the presence of starting dinucleotide, UpG. TFIIS, as expected, also
stimulated elongation of RNAPII when elongation complexes were formed in the absence
of O-me GTP (Figure 4.15b). However, no such stimulation of elongation was observed
when elongation complexes were incubated with Ccr4-Not or buffer + BSA, and
nucleotides were added for elongation (Figure 4.12c). Only a very small fraction of runoff products were formed in case of RNAPII alone and in the presence of Ccr4-Not,
which could be from stalled polymerases where O-me GTP was not incorporated (Figure
4.12c). Our results show that Ccr4-Not complex stimulates elongation from a stalled
RNAPII, where the polymerase is not arrested and is capable of resuming elongation in
the presence of nucleotides. Unlike TFIIS, Ccr4-Not complex does not stimulate
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elongation from arrested RNAPII by stimulating 3’-5’ exonuclease activity of RNAPII,
that results in realignment of the 3’ end of the transcript with the active site.

4.3.9 Binding of Ccr4-Not to RNAPII elongation complexes is partially dependent on
the length of the nascent transcript
Our analysis of interaction between Ccr4-Not complex and RNAPII using co-IP
experiments showed that the interaction was possibly independent of RNA, as we
observed co-immunoprecipitation even when extracts were treated with Rnase A (Figure
4.3). Further gel shift experiments also showed that the interaction is most likely
mediated through contacts with the body of polymerase, and not exclusively by contacts
made via nucleic acids (Figure 4.2 and 4.4). However these experiments do not
completely rule out any/all contributions by the emerging transcript and how the length
of the emerging RNA might contribute towards this interaction. To examine the role of
the emerging transcript on the interaction of Ccr4-not with elongating RNAPII, we
generated elongation complexes from modified tailed templates, containing 70, 31 or 22
nucleotide long nascent transcripts (Figure 4.13a). Recent studies using single molecule
FRET (Fluorescence Resonance Energy Transfer) have shown that RNA is about 18
nucleotides long when it emerges from the exit channel in body of the polymerase
(Andrecka et al, 2008; Andrecka et al, 2009). Thus the lengths of the nascent transcripts
emerging from RNAPII would be 52, 13 and 4 nucleotides long in case of EC70, EC31
and EC22 respectively. We carried out gel-mobility shift assays to study the interaction
of Ccr4-Not with the various complexes. Addition of increasing amounts of the Ccr4-Not
complex (~0.5 pmol and ~1.0 pmol) to ~ 0.25 pmol of stalled elongation complexes,
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resulted in slower migrating species in all cases (Figure 4.14b). Quantification of the data
shows that while Ccr4-Not shifted ~50% of EC70 and EC31 elongation complexes, only
a ~25% shift was observed with the EC22 elongation complexes (Figure 4.14c). These
results points to the fact that as suggested by previous experiments the interaction of the
Ccr4-Not complex is not only mediated by interaction with the body of polymerase, but
also is partially dependent on the length of the emerging transcript. This observation
further opens up the possibility that RNA-binding proteins, such as Dhh1, Ccr4, Pop2 and
Not4, which are members of this complex, may contribute towards interaction of Ccr4Not with RNAPII and have roles to play in stimulation of elongation.

4.3.10 Stimulation of elongation by Ccr4-Not complex is dependent on the length of the
emerging transcript
Since binding of Ccr4-Not complex is partially dependent on the length of the emerging
transcript, we next examined, how this would affect stimulation of elongation from
stalled RNAPII complexes. We set up elongation complexes on the G-less cassettes 31
and 22 bp long, and following a 5-minute incubation of the stalled elongation complex
with either the Ccr4-Not complex or buffer containing BSA, we carried out a
transcription run-on assay by addition of GTP and excess cold UTP. The percentage of
runoff product was plotted as a function of time for both RNAPII alone and RNAPII with
the Ccr4-Not complex. As was shown in figure 4.9, Ccr4-Not complex stimulates
elongation of RNAPII by 1.5-2.0 fold, from stalled EC70 complex. Surprisingly, though
we observed interaction of Ccr4-Not with EC31 and EC22 elongation complexes (Figure
4.13), it failed to stimulate elongation of RNAPII stalled at these substrates (Figure 4.14a,

134

b). To rule out the possibility that the absence of stimulation by Ccr4-Not form EC31 and
EC22 substrates was due to release of transcript by RNAPII from these elongation
complexes, we carried out run-on assays in the presence of positive elongation factor
TFIIS. Addition of TFIIS resulted in stimulation of transcription form both stalled EC31
and to a lesser extent for EC22 elongation complexes (Figure 4.16 and 4.17). The
decreased stimulation in the presence of TFIIS observed for EC22, could arise from the
fact that a portion of the RNAPII is stalled or arrested, while some of RNAPII may be in
an elongation incompetent form and may have released the transcripts. This transcript
length dependent stimulation of elongation by Ccr4-Not is interesting, as it suggests a
possible mechanism by which sub-units of the Ccr4-Not complex may be interacting with
the emerging transcript which could lead to stabilization of the stalled RNAPII elongation
complex, resulting in a conformational change needed for resumption of productive
elongation.

4.3.11 Ccr4-Not complex crosslinks to the nascent transcript
Since the length of the emerging transcript has a partial affect on the interaction of Ccr4Not with RNAPII and is important for stimulation of elongation, it is possible that
proteins in the Ccr4-Not complex, specifically the RNA binding proteins like Dhh1,
Not4, Ccr4 and Pop2 may make contacts with the emerging nascent transcript. To test
whether Ccr4-Not makes direct contacts of with the emerging transcript, protein-RNA
cross-linking studies were performed on EC70 elongation complexes in the presence and
absence of Ccr4-Not complex purified from a TAP-Not4 strain. Transcription reactions
were assembled as before on the tailed template with a 70 bp G-less cassette, except that
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the UV cross-linkable UTP analog 5-bromo UTP was used instead of UTP and α32P-CTP
was used instead of α32P-UTP (Schematic in figure 4.18a). Two bands corresponding to
the mobility of the two largest subunits of RNAPII, Rpb1 and Rpb2, were observed to
cross-link to the RNA in the EC70 complex in the RNAPII only lane (Figure 4.18b).
When Ccr4-Not complex purified from a TAP-Not4 was added, additional bands
corresponding to ~70 kDa and ~55 kDa proteins were detected (Figure 4.18b). We also
carried out the same experiment with Ccr4-Not complex purified from a Ccr4-TAP strain
and observed similar cross-linked band at ~70 kDa, in addition to Rpb1 and Rpb2. The
two RNA binding proteins, Dhh1 and Not4, that associate with the Ccr4-Not complex
and are ~ 70kDa in size, are potential interesting candidates that might be interacting with
the emerging transcript. We have occasionally also observed a ~ 50 kDa band when
Ccr4-Not was crosslinked with elongation complexes (present in figure 4.18b but not in
figure 4.18c). It is possible that this band is a degradation product of the 70 kDa
crosslinked protein or another component of the Ccr4-Not complex that interacts weakly
or transiently with the emerging transcript, therfore is observed in some experiments and
not others.
Given the transcript length dependent stimulation of elongation by Ccr4-Not, we
next wanted to study if this observation was due to reduced binding of the emerging
transcript by proteins in the Ccr4-Not complex. When Ccr4-Not complex purified from a
Not4-TAP strain, was added to the EC70, EC31 and EC22 complexes, a decrease in
intensity of the cross-linked 70 kDa band was observed with decreasing length of the
emerging transcript (Figure 4.19). Cross-linking of Rpb1 and Rpb2 to the nascent
transcript was almost equivalent in case of all elongation complexes studied. The
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observed increase in intensity of cross-linking for Rpb1 and Rpb2, when Ccr4-Not was
added, could be a result of stabilization of the stalled RNAPII elongation complex. It is
possible that the 70 kDa protein form the Ccr4-Not complex nonspecifically cross-links
to RNA transcripts. This is however unlikely as we observed increased crosslinking with
increasing length of the transcript. As a control to determine specificity of crosslinking by
the Ccr4-Not complex, we formed EC70 elongation complexes with equivalent amounts
of archaeal RNA polymerase from Pyrococcus furiosus. Bands corresponding to archaeal
polymerase subunits A’ and B, which are equivalent to yeast Rpb1 and Rpb2, were
observed in the polymerase only lane (figure 4.19). Relative cross-linking of archaeal A’
and B subunits was observed to be weaker than that of yeast Rpb1 and Rpb2. Addition of
Ccr4-Not showed that the 70kDa protein cross-linked very weakly to RNA, which could
due to some weak contacts made by this protein with the transcript, in the absence of
interaction with the body of the polymerase.

4.3.12 Ccr4-Not complex may function with TFIIS to stimulate elongation
Our results thus far have shown that Ccr4-Not complex can stimulate elongation
from stalled polymerases and works in a mechanism different from TFIIS. In our initial
attempts to understand the role of Ccr4-Not in elongation, we purified the complex using
TAP-Not4 from a wild type strain. Using this complex in our in vitro run-on assays
yielded some very unexpected results. This complex could stimulate elongation from
polymerases that were stalled in the presence and the absence of O-me GTP, suggesting
to us that it was capable of stimulating the 3’-5’ exonuclease activity of RNAPII (Figure
20a, b). Knowing the factor with such an activity is TFIIS, we suspected that TFIIS was
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co-purifying with our complex. Interestingly, on purification of the Ccr4-Not complex
from a strain with a deletion of TFIIS, we were unable to observe stimulation of
elongation from stalled RNAPII elongation complexes that were built in the presence of
O-me GTP (Figure 4.21b). This suggested that indeed that the presumed TFIIS like
activity of the Ccr4-Not complex was from very small, possibly sub-stoichiometric
amount of TFIIS co-purifying with this complex. Observations from our experiments and
those of other labs, have suggested that TFIIS stimulates elongation of arrested RNAPII
in vitro at equimolar concentrations of TFIIS to RNAPII or greater (Davie and Kane,
2000). Given the stimulation of elongation by submolar amounts of TFIIS in the presence
of Ccr4-Not, our observations suggested a potential link between Ccr4-Not and TFIIS in
working together to regulate transcription elongation.
Ccr4-Not complex has been shown to physically and genetically interact with
many elongation complexes. Studies have shown a genetic interaction between Ccr4 and
TFIIS. While a deletion of either CCR4 or DST1, did not affect growth of yeast at 30 °C,
or at elevated temperature of 39 °C, deletion of both genes resulted in synthetic lethality
only at 39 °C (Denis et al., 2001). This suggests that Ccr4-Not and TFIIS may be
working in parallel, to promote elongation during transcriptional stress at elevated
temperatures. We thus hypothesized that both elongation factors may function together to
stimulate elongation form stalled and arrested complexes.
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4.3.13 Ccr4-Not complex acts co-operatively with TFIIS to stimulate elongation from
arrested RNAPII elongation complexes
In order to understand better a link between Ccr4-Not complex and TFIIS, we
carried out run-on assays from elongation complexes that were built in the presence of Ome GTP, which resembles arrested elongation complexes. In these complexes the
RNAPII would not be able to resume elongation unless the 3’ O-me GTP was cleaved off
by the 3’-5’ nuclease activity of RNAPII, which is stimulated by TFIIS. Using a tailed
EC70 substrate, we studied run-off products formed using submolar amounts of TFIIS
(RNAPII:TFIIS :: 1: 0.3). As shown in figure 4.21c, using submolar amounts of TFIIS
did not result in stimulation of elongation. Also, addition of 1.0 pmol of the Ccr4-Not
complex failed to stimulate elongation. Surprisingly, when both Ccr4-Not complex and
TFIIS were added together, a significant stimulation of elongation was observed.
In our previous assays, we showed that though Ccr4-Not complex could stimulate
the resumption of elongation from a stalled EC70 elongation complex, it failed to
stimulate elongation from either stalled EC31 or EC22 elongation complexes. In order to
test if Ccr4-Not and TFIIS could act synergestically on substrates that Ccr4-Not does not
act on alone, we carried out elongation assays as described above, using the EC31 and
EC22 tailed substrates. A significant stimulation of elongation was observed from both
arrested EC31 and EC22 elongation complexes, in the presence of Ccr4-Not and TFIIS
(Figure 4.22a,b). Our results demonstrate that Ccr4-Not and TFIIS maybe working cooperatively in regulating transcription elongation. Since Ccr4-Not cannot stimulate
elongation from arrested complexes, as well as from complexes with shorter transcripts, it
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is possible that Ccr4-Not maybe enhance the association of TFIIS with the arrested
polymerase and stimulate TFIIS mediated cleavage activity of RNAP II.
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4.5 Discussion
The Ccr4-Not complex has been shown to have both positive and negative affects
on transcription of genes. A role for Ccr4-Not in transcription initiation was described
based on physical and genetic interactions with TFIID, TBP and SAGA (Badarinarayana
et al., 2000; Deluen et al., 2002; Lemaire and Collart, 2000). Results from our lab show
that deletion of sub-units of the Ccr4-Not complex indeed affects transcription of genes
(J. Kruk, unpublished). In addition, Ccr4-Not is not only recruited to promoters, but also
associates with the ORF of genes in a transcription dependent manner (J. Kruk,
unpublished). This raised the possibility that Ccr4-Not may play additional roles in
transcription elongation besides affecting transcription initiation.
Proteins have been classically described as elongation factors when they possess a
number of characteristics, one of which is recruitment to the body of genes, as observed
for Ccr4-Not. Also, mutation or deletion of elongation factors cause sensitivity to 6-AU
or MPA (Arndt and Kane, 2003; Davie and Kane, 2000; Simic et al., 2003). Studies from
our lab and others show that deletion of Ccr4-Not sub-units indeed results in sensitivity to
6-AU. In addition this complex shows genetic interactions with elongation factors such
as TFIIS, Spt16 and the PAF complex and Ccr4 has been shown to co-purify with the
elongation complex PAF (Badarinarayana et al., 2000; Chang et al., 1999); Deluen et al.,
2002; Lemaire and Collart, 2000). Besides known elongation factors, mutation in genes
not directly involved in elongation, such as mRNA processing are also sensitive to 6-AU
and MPA (Desmoucelles et al., 2002; Riles et al., 2004). Given the role of Ccr4-Not in
mRNA regulation it was imperative that we carried out studies to show that affects on
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transcription observed in vivo, were not due affect of defects in mRNA turnover, but
could be directly linked to Ccr4-Not functioning in transcription elongation.
Using a well defined in vitro system, our studies show that Ccr4-Not binds
directly and specifically to elongation complexes in vitro (Figure 4.2) and coimmunoprecipitates with RNAPII (Figure 4.3). Also Ccr4-Not binds only yeast RNAPII
elongation complexes, and is not capable of binding elongation complexes formed with
either Drosophila or Archaeal polymerases (Figure 4.4), suggesting that this interaction is
species–specific and is likely mediated by direct contacts with the body of the
polymerase. Supporting the idea that Ccr4-Not binds the elongating form of RNAPII, we
observed that Ccr4-Not interacts better with RNAPII in elongation complexes than
initiated complexes (Figure 4.5). These results could not however, rule out any role of the
emerging transcript in the interaction of Ccr4-Not with RNAPII.
We therefore analyzed binding of Ccr4-Not to elongation complexes with varying
lengths of transcripts emerging from RNAPII. These experiments showed that the
interaction was only partially dependent on the length of the emerging transcript, as Ccr4Not interacted better with EC70 and EC31 compared to EC22 (Figure 4.13). Further
substantiating the idea that while interacting with the polymerase, Ccr4-Not complex
makes contacts with the emerging transcript, we observed a ~70 kDa sub-unit of the
Ccr4-Not complex cross-links with the emerging transcript in a length dependent manner,
showing maximal crosslinking with EC70 and least with EC22 (Figure 4.18, 4.19). The
transcribed RNA emerges from the exit channel of polymerase when it is ~17-18 bases
long. This emerging transcript makes contacts not only with the exit channel of
polymerase but also with the body of the polymerase, till the transcript is ~32-35 bases
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long. When this emerging RNA grows beyond 35 bases it is flexible and can possibly
make contacts with other factors, including mRNA capping and processing machinery. It
is thus possible that Ccr4-Not interaction with the emerging transcript is hindered till it is
about 30 bases long. However it is also possible that the sub-unit of Ccr4-Not that
interacts with RNA may also have reduced affinity for RNA of shorter lengths. Ccr4-Not
has several RNA binding proteins in the complex, but an interesting candidate is Dhh1,
which has a molecular weight of 60 kDa. Our previous studies have shown that Dhh1
binds RNA with high affinity and more so with those of lengths greater than 12 bases. If
the emerging transcript is available for interaction beyond 30-35 bases, a productive
interaction with Dhh1 would be expected with lengths greater than 50 bases. Indeed we
observe greater crosslinking with the EC70 substrate.
To understand how the interaction of Ccr4-Not with the elongating polymerase
affects transcription, we have used an in vitro run on assay to directly monitor
transcription elongation. RNAPII elongation complexes were built from tailed templates
and stalled at the end of the G-less cassette, allowing run-on from stalled elongation
complexes. This facilitates direct evaluation of affects on elongation, and eliminates the
confounding effects of Ccr4-Not on initiation. Using these assays we have shown that
Ccr4-Not complex interacts directly with RNAPII and stimulated the reinitiation of
elongation from stalled complexes (4.7). Interestingly, Ccr4-Not can stimulate the
resumption of transcription of RNAPII stalled at a G-tract; however, has no effect on
elongation if RNAPII is not stalled (Figures 4.9-11). This suggests that Ccr4-Not does
not affect the rate of RNAPII transcription, but rather the ability of RNAPII to resume
transcription from a stalled state. Further confirming our observation that yeast Ccr4-Not
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interacts specifically with stalled yeast elongation complexes, we do not observe
stimulation of elongation from stalled Drosophila RNAPII elongation complexes (Figure
4.8). The emerging transcript was observed to be partially responsible for interaction of
Ccr4-Not with stalled complexes suggesting a role of the RNA in Ccr4-Not mediated
regulation of transcription elongation (Figure 4.14). Interestingly, we observed that Ccr4Not was unable to stimulate elongation from EC22 and EC31 elongation complexes,
however showed strong affects on resumption of elongation from EC70 elongation
complex, suggesting that productive interaction with the emerging transcript is critical for
its role as a positive elongation factor.
During the transcription cycle, the core of RNAPII is known to adopt multiple
conformations depending on the stage of transcription and activity of the enzyme
(Cramer et al., 2008; Nudler, 2009). Previous studies have suggested stalling or halting of
RNAPII, can result in disengagement of the catalytic center from the RNA 3’end without
disruption of the RNA:DNA hybrid (Steitz, 2004; Wang et al., 2009). This backward
translocation of the polymerase, does not affect the stability of the ternary complex, and
is referred to a fast arrest-like inactivation. Thus the RNAPII can exist in an arrestcompetent or elongation competent conformation. On encountering transcription blocks,
it is likely that RNAPII switches back and forth between these two conformations,
without 3’-5’ cleavage of the RNA or altering the alignment of RNA-DNA base pairing.
Thus, such halted complexes present in at least two convertible isoforms that are in a
state of dynamic equilibrium, requiring additional factors to reinitiate productive
transcriptional elongation (Komissarova and Kashlev, 1997). Based on our observation
that Ccr4-Not can stimulate resumption of elongation from stalled RNAPII elongation
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complex, it is plausible that the complex facilitates elongation by RNAPII, perhaps by
influencing a conformational change in RNAPII from a fast arrest-like inactivated from
to an elongation-competent form (Model in figure 23).
It is also known that binding of proteins to the emerging transcript can favor
elongation by disfavoring backtracking (Nudler, 2009; Proshkin et al., 2010; Reeder and
Hawley, 1996; Roberts et al., 2008). Thus the binding of the RNA by Ccr4-Not might
contribute towards preventing breakage of the heteroduplex, which stabilizes the
elongation complex, disallowing the polymerase from adopting an arrested confirmation.
The combined affect of stabilizing the RNA transcript and influencing the polymerase to
adopt an elongation-competent conformation, can then result in productive elongation
from the stalled polymerase. The DEAD box protein Dhh1 is interesting is this context,
because a mutant of Dhh1 that has defects in RNA binding, resulted in decreased RNAP
II recruitment and transcription of genes. This would suggest a critical role for Dhh1
RNA binding activity in regulating transcription. Dhh1 via its interaction with the Ccr4Not complex, could contact the emerging transcript, thus stabilizing the elongation
complex by preventing backtrack, which allows for productive elongation. Supporting
this idea are observations from our lab that deletion of DHH1 results in an increase in
RNAPII density across the ORF of a long gene GAL1p-YLR454W, which resembles a
piling up of polymerase across the ORF (J. Kruk, unpublished). Furthermore, by
monitoring the “last wave” of RNAPII traveling across the gene after repression of
transcription, it was observed that time required for RNAPII to go across the gene was
extended in this mutant (J. Kruk, unpublished). These phenotypes suggest that
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polymerase that has loaded onto the promoter is slow to complete transcription of the
gene or is not efficiently resuming transcription after transient stalling or pausing events.
Our biochemical data shows that both TFIIS and Ccr4-Not can stimulate the
resumption of elongation of RNAPII paused at G-residues on a G-less cassette (Figures
21,22). Ccr4-Not cannot reactivate RNAPII arrested by the incorporation of chainterminating nucleotides, suggesting that it does not stimulate the intrinsic nuclease
activity of RNAPII, like TFIIS does (Figure 4.12). Our in vitro run on assays to study reinitiation of transcription from arrested complexes, show that TFIIS at submolar
concentrations is unable to stimulate elongation from these complexes. However,
addition of Ccr4-Not complex greatly stimulated elongation from arrested complexes,
though it is unable to stimulate transcript cleavage by RNAPII (Figure 4.21-22). It is
plausible that Ccr4-Not and TFIIS act synergistically, in which TFIIS stimulates
transcript cleavage, to help realign the 3’ end of the transcript with the active site of the
polymerase, and Ccr4-Not via its interaction with the emerging transcript and body of
RNAPII promotes formation of an elongation- competent conformation. Thus the
simultaneous action of realignment and preventing the polymerase from adopting an
arrest-competent conformation, allows a rapid and productive stimulation of elongation
from arrested or paused polymerases. Further, it cannot be discounted that Ccr4-Not may
also function to increase TFIIS affinity for arrested RNAPII and stimulate its activity.
The difference in molecular mechanism, but yet a common function in promoting
elongation, suggest Ccr4-Not and TFIIS can act co-operatively to affect elongation
through different pathways. This could also explain the synthetic lethal interactions
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between deletion of CCR4 and TFIIS (Denis et al., 2001) and purification of TFIIS with
the Ccr4-not complex.
During transcription elongation, the RNAPII encounters several roadblocks,
including sequence-specific pause sites, nucleotide limitations, DNA lesions, negative
elongation factors, and DNA-bound proteins, causing the polymerase to stall or get
arrested during transcription (Svejstrup, 2007). Also cellular stress conditions can also
result in slowing of polymerases. Elongation factors such as TFIIS and Ccr4-Not can
relieve RNAPII from paused or arrested states, allowing RNAPII to resume elongation.
The Ccr4-Not complex has been shown to be involved in stress resistance in yeast
(Collart and Timmers, 2004). It is possible, that polymerases are stalled during stress, and
Ccr4-Not relieves polymerases by stimulating elongation from the paused states. The
interesting question that looms as to how this complex regulates both its functions in
mRNA decay and in promoting transcription. A better understanding of this complex
with multiple activities in mRNA biogenesis will help answer questions of how mRNAs
are co-ordinatively regulated from “birth to death”.
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Figure 4.1
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Figure 4.1 TAP- tag purification of yeast RNAPII and CCr4-Not complex
(A) Silver stained SDS-PAGE gels showing the composition of yeast RNAPII purified
from a TAP-Rpb4 strain (B) and the Ccr4-Not complex purified from a TAP-Not4 strain,
TAP-Ccr4, TAP Dhh1 and TAP-Not5 strains. The sub-units purified with each TAP-tag
protein are labeled based on purification and mass spectrometric analysis of complex subunit composition as reported by other groups.
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Figure 4.2
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Figure 4.2 Ccr4-Not interacts with elongating RNAPII
(A) Schematic representation of the in vitro elongation system. RNAPII initiates
transcription with UpG on the tailed template and stalls at the G-residues located at the
end of the G-less cassette. (B) Native gel analysis of interaction of Ccr4-Not with
elongation complexes. RNAPII elongation complexes were formed on the tailed template
(EC70), containing a 70 nucleotide radiolabeled nascent transcript. 100 ng of template
was used in each reaction. Approximately 100 ng (~0.25 pmol) of RNAPII was present in
each sample. Elongation complexes stalled at the end of the G-less cassette were
incubated for 10 min with increasing amounts of purified Ccr4-Not complex
(approximately 0.25 pmol, 0.5 pmol and 1.0 pmol of Ccr4-Not complex). The
concentrations of all proteins were estimated by comparing intensities of their bands to
that of known amounts of BSA on a silver stained SDS-PAGE gel. RNAPII only lane
contains 1 µg of BSA.
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Figure 4.3

J. Kruk
Figure 4.3 Ccr4-Not associates with RNAPII I in vivo.
Co-IP of myc-tagged Ccr4-Not subunits with RNAPII. Whole cell extracts (WCE) were
either treated or untreated at room temperature with 100ug/mL RNase A prior to addition
of antibody. Rpb1 subunit of RNAPII (8WG16) was detected by western blotting. Antimyc was used as an IP and loading control.
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Figure 4.4
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Figure 4.4 Yeast Ccr4-Not complex interacts specifically with yRNAPII elongation
complexes
Yeast (yRNAPII), Drosophila (dRNAPII) and archaeal polymerase from Pyrococcus
furiosus (aPol) were used to generate elongation complexes (EC70) on the tailed
template. Ccr4-Not complex (0.5 pmol and 1 pmol) were added to each of the elongation
complexes and reactions were analyzed on a 4% native gel.
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Figure 4.5
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Figure 4.5 Ccr4-Not interacts with the elongating form of RNAPII.
(A) Schematic representation of the in vitro system representing how the different forms
of RNAPII were generated. (B) Native gel analysis of interaction of Ccr4-Not with
different forms of RNAPII. 100 ng of kinased template was used in each reaction.
Approximately 100 ng (~0.25 pmol) of RNAPII was present in each sample. RNAPII
representing the different stages of transcription were incubated with 1 pmol of purified
Ccr4-Not complex. Two kinased templates are shown. The upper band is most likely due
to formation of two 150 bp templates being ligated.
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Figure 4.6

Figure 4.6 Phosphorylation of the CTD of Rpb1 is not essential for Ccr4-Not
interaction with RNAPII
(A) RNAPII was phosphorylated using non-specific MAPK kinase Erk2 that
phosphorylates all serines on the CTD of Rpb1. Autoradiograph and silver staing
showing unphsophrylated and phosphorylated RNAPII. (B) Native gel analysis of
interaction of Ccr4-Not with elongation complexes formed with unphsophrylated and
phosphorylated RNAPII. RNAPII elongation complexes were formed on the tailed
template (EC70) substrate. Each reaction contains 0.25 pmoles of RNAPII. 0.3 pmoles
(300ng) of Ccr4-Not or 300 ng of BSA were added for gel shift analysis.
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Figure 4.7
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Figure 4.7 Ccr4-Not stimulates the resumption of transcription from stalled yeast
RNAPII elongation complexes.
(A) Outline of the in vitro elongation run off assay. Paused RNAPII elongation
complexes (EC70) were formed in the absence of GTP. RNAPII is able to resume
elongation and generate a 150 base run-off transcript after the addition of GTP and UTP.
(B) In vitro run off assay in the presence of Ccr4-Not. Arrested elongation complexes
were incubated with 1.5 pmol of Ccr4-Not complex or 1 µg BSA for 10 minutes and then
GTP and UTP were added to allow run off. The transcripts were purified and analyzed on
a 10% denaturing (Urea-PAGE) gel. (C) Percentage of run-off product was calculated
and plotted as a function of time.
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Figure 4.8

Figure 4.8. Ccr4-Not does not stimulate the resumption of transcription from
arrested drosophila RNAPII elongation complexes.
(A) In vitro run off assay using drosophila RNAPII elongation complexes. Elongation
complexes were generated as described in figure 6. Paused elongation complexes were
incubated with 1.0 pmol of Ccr4-Not complex or 1 µg BSA for 10 minutes and then GTP
and UTP were added to allow run off. The transcripts were purified and analyzed on a
10% denaturing (Urea-PAGE) gel. (B) Percentage of run-off product was calculated and
plotted as a function of time.
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Figure 4.9
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Figure 4.9 Ccr4-Not stimulates the resumption of transcription from arrested yeast
RNAPII elongation complexes on a 1kb DNA substrate.
(A) Outline of the in vitro elongation run off assay. Paused RNAPII elongation
complexes were formed in the absence of GTP. RNAPII stalls at the end of the 70 bp Gless cassette. RNAPII is able to resume elongation and generate a 1 kb base run-off
transcript after the addition of GTP and UTP. (B) In vitro run off assay in the presence of
Ccr4-Not. Arrested elongation complexes were incubated with 1.0 pmol of Ccr4-Not
complex or 1 µg BSA for 10 minutes and then GTP and UTP were added to allow run
off. The transcripts were purified and analyzed on a 10% denaturing (Urea-PAGE) gel.
(C) Percentage of run-off product was calculated and plotted as a function of time.
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Figure 4.10
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Figure 4.10 Ccr4-Not does not stimulate elongation of unstalled RNAPII elongation
complexes
(A) Outline of the in vitro elongation system to analyze the affects of Ccr4-Not on
elongation of unstalled complexes. RNAPII is incubated with UpG and the tailed
template (EC70 1kb) to form initiated complexes, followed by the addition of 1.0 pmol of
Ccr4-Not complex or 1 µg BSA for 10 minutes. All nucleotides were added and samples
were collected at different time points. (B) Analysis of transcripts following addition of
100 uM GTP. (C) Percentage of run-off product was calculated with run-off product at 16
minutes set to 100%. All other time points were normalized to the 16 minute time point
and plotted as a function of time.
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Figure 4.11
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Figure 4.11 Ccr4-Not does not affect rate of elongation at low nucleotide
concentrations.
(A) Outline of the in vitro elongation system to analyze the affects of Ccr4-Not on
elongation of unstalled complexes. RNAPII is incubated with UpG and the tailed
template (EC70 1kb) to form initiated complexes, followed by the addition of 1.0 pmol of
Ccr4-Not complex or 1 µg BSA for 10 minutes. 100 uM ATP, 100 uM CTP, 5 uM UTP
and 10 uM GTP were added and samples were collected at different time points. (B)
Analysis of transcripts following addition of 10 uM GTP. (C) Percentage of run-off
product was calculated with run-off product at 16 minutes set to 100%. All other time
points were normalized to the 16 minute time point and plotted as a function of time.
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Figure 4.12
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Figure 4.12 Ccr4-Not unlike TFIIS, does not stimulate 3’-5’ exonuclease activity of
RNAPII.
(A) In vitro elongation system was setup as described above, with the exception that Ome GTP was added to form the arrested elongation complex. (B,C) In vitro run off assay
in the presence of Ccr4-Not or TFIIS. Prior to the addition of nucleotides, 0.5 pmol of
TFIIS (B) or 1.0 pmol of Ccr4-Not complex (C) was added to elongation complexes. The
transcripts were purified and analyzed on a 10% denaturing (Urea-PAGE) gel.
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Figure 4.13
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Figure 4.13 Interaction of Ccr4-Not with RNAPII elongation complexes is partially
dependent on the length of the emerging transcript.
(A) Schematic showing elongation complexes with different lengths of the nascent
transcript generated by substrates of varying lengths of the G-less cassette. (B) Binding of
Ccr4-Not to elongation complexes with different lengths of nascent transcripts.
Elongation complexes were formed as described before. 0.25 pmol of elongation
complex containing 70, 31 or 22 nt were incubated with 0.5 pmol and 1.0 pmol of Ccr4Not, followed by analysis in a native gel. (C) Percentage of bound elongation complex
was calculated and plotted as a function of Ccr4-Not concentration.
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Figure 4.14
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Figure 4.14 Ccr4-Not does not stimulate the resumption of transcription from
arrested yeast RNAPII elongation complexes with short transcripts.
(A) In vitro run off assay from stalled EC31 elongation complexes. Arrested RNAPII
elongation complexes (EC31) were formed in the absence of GTP. RNAPII is able to
resume elongation and generate a 115 base run-off transcript after the addition of GTP
and UTP. Arrested elongation complexes were incubated with 1.0 pmol of Ccr4-Not
complex or 1 µg BSA for 10 minutes and then GTP and UTP were added to allow run
off. The transcripts were purified and analyzed on a 10% denaturing (Urea-PAGE) gel.
Percentage of run-off product was calculated and plotted as a function of time. (B) In
vitro run off assay from stalled EC31 elongation complexes. Experiments were carried
out as described above, except from using EC22 elongation complexes. The degradation
of the EC31 and EC22 bands is most likely due to action of Ccr4 on a portion of the
released transcripts.
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Figure 4.15

Figure 4.15 TFIIS stimulates the resumption of transcription from stalled and
arrested EC70 elongation complexes.
(A and B) In vitro run off assay in the presence of TFIIS. Stalled RNAPII elongation
complexes (EC70) were formed in the absence of GTP. Arrested RNAPII elongation
complexes (EC70) were formed in the presence of O-me GTP. Stalled and arrested
elongation complexes were incubated with 0.5 pmol of TFIIS or 1 µg BSA for 10
minutes and then GTP and UTP were added to allow run off. The transcripts were
purified and analyzed on a 10% denaturing (Urea-PAGE) gel.
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Figure 4.16

Figure 4.16 TFIIS stimulates the resumption of transcription from stalled and
arrested EC31 elongation complexes.
(A and B) In vitro run off assay in the presence of TFIIS. Stalled RNAPII elongation
complexes (EC31) were formed in the absence of GTP. Arrested RNAPII elongation
complexes (EC31) were formed in the presence of O-me GTP. Stalled and arrested
elongation complexes were incubated with 0.5 pmol of TFIIS or 1 µg BSA for 10
minutes and then GTP and UTP were added to allow run off. The transcripts were
purified and analyzed on a 10% denaturing (Urea-PAGE) gel.
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Figure 4.17

Figure 4.17 TFIIS stimulates the resumption of transcription from a fraction of
stalled and arrested EC22 elongation complexes.
(A and B) In vitro run off assay in the presence of TFIIS. Stalled RNAPII elongation
complexes (EC22) were formed in the absence of GTP. Arrested RNAPII elongation
complexes (EC22) were formed in the presence of O-me GTP. Stalled and arrested
elongation complexes were incubated with 0.5 pmol of TFIIS or 1 µg BSA for 10
minutes and then GTP and UTP were added to allow run off. The transcripts were
purified and analyzed on a 10% denaturing (Urea-PAGE) gel.
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Figure 4.18
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Figure 4.18 Ccr4-not makes contacts with the emerging transcript.
(A) Outline of UV crosslinking of transcription complexes. Arrested RNAPII elongation
complexes (EC70) were formed in the presence of O-me GTP. The RNAPII complexes
were left untreated or incubated with Ccr4-Not before UV crosslinking. Samples were
then treated with RNase A and DNase I, and subjected to SDS PAGE analysis. Gels were
dried and exposed to a phosphoimager. (B) Crosslinking in the presence of Ccr4-Not. 1.0
pmol of Ccr4-Not complex purified using TAP-Not4 was incubated with 0.5 pmol of
elongation complex followed by crosslinking and SDS-PAGE analysis. Uncrosslinked
samples were treated similar to crosslinked samples except the crosslinking step. (C)
Crosslinking of Ccr4-Not complex purified from TAP-Ccr4 strain.
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Figure 4.19

A
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Figure 4.19 Interaction with Ccr4-Not with the emerging transcript is dependent on
the length of the transcript
(A) EC70, EC31 and EC22 RNAPII elongation complexes were formed in the presence
of O-me GTP. 1.0 pmol of Ccr4-Not complex purified using TAP-Not4 was incubated
with 0.5 pmol of each elongation complex followed by croslinking and SDS-PAGE
analysis. For crosslinking with archaeal polymerase EC70 substrate was used.
Uncrosslinked samples were treated similar to crosslinked samples except the
crosslinking step. Samples were then treated with RNase A and DNase I, and subjected to
SDS PAGE analysis. Gels were dried and exposed to a phosphoimager.
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Figure 4.20
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Figure 4.20 TFIIS co-purifies with Ccr4-Not complex
(A and B) In vitro run off assay in the presence of Ccr4-Not complex purified from a WT
or ∆ DST1 strain. Stalled RNAPII elongation complexes (EC70) were formed in the
absence of GTP (A) or in the presence of O-me GTP (B). Stalled and arrested elongation
complexes were incubated with 1.0 pmol of Ccr4-Not or 1 µg BSA for 10 minutes and
then GTP and UTP were added to allow run off. The transcripts were purified and
analyzed on a 10% denaturing (Urea-PAGE) gel.
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Figure 4.21
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Figure 4.21 Ccr4-Not and TFIIS co-operatively stimulate elongation across
transcriptional blocks
(A) In vitro run off assay from arrested EC70 elongation complexes. Arrested RNAPII
elongation complexes (EC70) were formed in the presence of O-me GTP. RNAPII is
unable to resume elongation and generate a 115 base run-off transcript after the addition
of GTP and UTP. (C) Arrested elongation complexes were incubated with 1 µg BSA or
0.08 pmol TFIIS or 1.0 pmol of Ccr4-Not complex or 0.08 pmol TFIIS + 1.5 pmol of
Ccr4-Not for 10 minutes and then GTP and UTP were added to allow run off. The
transcripts were purified and analyzed on a 10% denaturing (Urea-PAGE) gel.
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Figure 4.22
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Figure 4.22 Co-operative stimulation of elongation by Ccr4-Not and TFIIS across
transcriptional blocks is independent of the length of the emerging transcript.
In vitro run off assay from arrested EC31 (A) or EC22 (B) elongation complexes.
Arrested RNAPII elongation complexes were formed in the presence of O-me GTP.
RNAPII is unable to resume elongation and generate a 115 base run-off transcript after
the addition of GTP and UTP. (A, B) Arrested elongation complexes were incubated with
1 µg BSA or 0.08 pmol TFIIS or 1.0 pmol of Ccr4-Not complex or 0.08 pmol TFIIS +
1.0 pmol of Ccr4-Not for 10 minutes and then GTP and UTP were added to allow run off.
The transcripts were purified and analyzed on a 10% denaturing (Urea-PAGE) gel.
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Figure 4.23
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Figure 4.23 Model for Ccr4-Not mediated stimulation of re-initiation of elongation
from stalled/paused elongation complexes
(A) During transcription elongation, the RNAP II encounters several roadblocks such as
sequence-specific pause sites, nucleotide limitations, DNA lesions, negative elongation
factors, and DNA-bound proteins.
(B) On encountering a transcription “roadblock”, the polymerase either stalls/pauses or
gets arrested. If the polymerase stalls, it can backtrack a few bases, without disruption of
the RNA:DNA hybrid, entering a partially-arrested form. This form of the polymerase is
in dynamic equilibrium with the elongation-competent form of RNAP II. However, on
getting arrested, RNAPII backtracks several bases, with disruption of the RNA:DNA
hybrid, and is in an elongation incompetent form.
(C) Ccr4-Not associates directly with the stalled RNAPII, and via interaction with the
emerging transcript, stabilizes RNAPII preventing backtrack, which helps covert it into
an elongation competent form, allowing for re-initiation of transcription.
On arrested complexes, Ccr4-Not works synergistically with TFIIS. Ccr4-Not could help
to stimulate TFIIS dependent transcript cleavage of RNAPII by helping better
recruitment and productive association of TFIIS with RNAPII. Also on realignment of
the 3’ end of the transcript with the active site of the polymerase, Ccr4-Not promotes
formation of the elongation-competent conformation and prevents any further backtrack.
In doing so Ccr4-Not and TFIIS allow transcription elongation to ensue.
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CHAPTER 5

Concluding remarks

My work has focused on understanding the roles of proteins and protein complexes in
regulating various aspects of mRNA metabolism. I have biochemically characterized the
yeast DEAD box helicase Dhh1 and have studied how the structural requirements of
Dhh1 regulate its functions in vivo. Further studying the Ccr4-Not complex, with which
Dhh1 has been shown to associate, I show that this complex directly regulates
transcription elongation.
Insights from the characterization of Dhh1
The crystal structure of Dhh1 provided intriguing details on the structural arrangement of
the motifs and domain orientations, however a detailed biochemical characterization of
this protein and understanding of how the various biochemical activities contributed to its
functions in vivo, remained unclear. Using a mutational approach we have assayed its
various activities in vitro and tested how the biochemical activities affect the multiple
functions in vivo. Our study shows that though Dhh1 binds RNA with high affinity and
can bind ATP, it displays very weak ATPase activity and virtually no helicase activity in
vitro. Using this knowledge from in vitro mutational analysis, we next assayed how ATP
and RNA binding, as well as ATPase activities affected the functions of Dhh1 in mRNA
metabolism and stress response. All of Dhh1’s biochemical activities were important for
DNA damage and temperature induced stress response by this protein. Interestingly,
though affecting ATP and RNA binding and ATPase activity resulted in impairment of
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Dhh1 function in mRNA decay, only mutants that showed defects in RNA binding both
in vitro and in vivo, were crucial for recruitment of Dhh1 to P bodies. This study also
assigns a new role for Dhh1 in directly regulating transcription via its recruitment to the
ORF of genes.
Combining our study with structural insights from the arrangement of residues
that are govern Dhh1’s biochemical activity, our results show how this protein is in some
ways similar but also different from other DEAD box proteins. Confirming that RNA
binds in a cleft between the N and C terminal domains, we observed that residues in
Dhh1 that are important for RNA binding were indeed distributed along this cleft,
suggesting, that in order to accommodate the RNA, it would have to be bent into place,
similar to that of Vasa and Mss116. This mode of RNA binding could be a general
mechanism by which most DEAD/DExH-box proteins bind RNA, which requires
productive contributions of both domains and allows communication between them for
productive catalysis. However contrary to our expectations, Dhh1 displayed poor ATPase
activity and no helicase activity. The reduction in ATPase activity can be attributed to
unique domain orientations of this protein that allows for extensive inter-domain
interactions and would prevent efficient reorganization of the two domains needed for
productive catalysis. Indeed, disruptions of some of these structural constrains increases
ATPase activity of this protein. This seemingly clever evolutionary adaptation could have
profound affects on Dhh1 functions in vivo, where interaction with other proteins or posttranslational modifications, can regulate Dhh1 structural change needed for its efficient
functioning. Also this kind of a protein structure could be present in other DEAD/DExH
helicases which would allow for tight regulation of their various activities.
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The group of DEAD proteins has been putatively called RNA helicases based on
sequence and structural similarities. Though many of the DEAD box proteins have been
shown to have robust RNA dependent ATPase activities, only a subset of these proteins
have been shown to unwind dsRNA in vitro. It is therefore not surprising that Dhh1 did
not exhibit any in vitro helicase activity. Helicases coordinate the binding and release of
RNA with the cycle of ATP binding and hydrolysis. The ATPase activity is the essential
at the step of RNA release. It is entirely plausible that this function may be crucial in
regulating the binding and release of RNA by Dhh1, and Dhh1 may not be a productive
helicase.
Dhh1 and its orthologs in higher organisms function play important roles in the
life of mRNAs, through their association with the deadenylation and decapping
machinery, regulating mRNA stability and/or the translational state of the mRNA. Based
on our observations, in vitro and in vivo, we propose a model for co-coordinated control
of mRNA regulation by Dhh1 and its various orthologs. This group of “DDX6-like”
proteins may not in fact function as a canonical helicases, but as proteins that function to
transport RNA not only to sites of decay but also sequester RNAs away from a
translational pool. The unique structure of Dhh1, which may be also extended to its
orthologs, allows for binding both to RNA and ATP, but prevents ATP hydrolysis due to
strong inter-domain interactions. In response to cellular cues, such as those during
developmental regulation or stress, the ATPase activity can be modulated by its
interaction with other proteins or by post-translational modifications, leading to a release
of the bound RNA. The reduction in ATPase activity may be a unique adaptation, which
not only prevents uncontrolled ATP hydrolysis of this abundant protein that might be
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toxic to cells but also prevents the release of RNAs by Dhh1 and its orthologs unless
proper cellular signals are received.
Interesting questions still remain as to what factors or cellular cues trigger Dhh1 ATPase
activity and how the activity is developmentally controlled in higher organisms. Also
does Dhh1 bind many RNAs and is a general regulator of mRNA decay or binds and
regulates a subset of RNAs. To understand how Dhh1 can function both in mRNA decay
and sequestration of some RNAs, it would be crucial to identify RNAs that are bound by
Dhh1 during regular cellular homeostasis and differentiate them from those bound during
stress response or developmental regulation.

Insights from studies of the Ccr4-Not in transcription elongation.
The evolutionary conserved Ccr4-Not complex has been shown to function in
multiple aspects of both the “birth” and “death” of RNAs. With multiple nuclear and
cytoplasmic roles described for this complex in transcription initiation, mRNA decay,
protein ubiquitylaion along with sketchy evidence for a role in transcription elongation, it
remained unclear as to what the true function of this multi-dimensional complex was.
Using a biochemical approach, with purified components, in an in vitro transcription
system, we firmly establish a role for Ccr4-Not as a positive elongation factor. Our
studies clearly show that Ccr4-Not interacts directly with the body of the elongating
RNAPII, which is partially dependent on the length of the emerging transcript and
independent of modifications of the CTD of Rpb1. Further, defining its role as a positive
elongation factor, Ccr4-Not stimulates the resumption of elongation when polymerases
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are paused but not arrested, without affecting rate of elongation. This activity is
interestingly dependent on the length of the emerging transcript and our crosslinking
experiments provide further verification, as we observe that a sub-unit of the Ccr4-Not
complex makes contacts with the RNA.
During transcription polymerases often pause or arrest when they encounter
roadblocks and adopt an elongation-incompetent conformation. A similar halting or
slowing down of polymerases is observed during cellular stress. For resuming
transcription, it is paramount that stalled polymerases return to an elongation-competent
form. Given multiple roles of Ccr4-Not in stress response and its function as a global
regulator of transcription at both SAGA and TFIID regulated genes, this complex
working alongside TFIIS, interacts with the emerging transcript and the body of RNAPII.
In doing so it stabilizes the RNA transcript, preventing backtrack and converts the paused
polymerases to an elongation competent form. This then allows for productive
elongation. Further, an interesting characteristic of stress response genes is paused
polymerases, which are rapidly induced on cellular cues. Since Ccr4-Not has roles in
stress response and regulates SAGA dependent genes, it may act as a sensor of stress and
positively regulate these genes by modulating the paused polymerases, allowing for a
rapid burst of expression form these genes.
mRNA metabolism is a well coordinated functioning of several protein
complexes, where each step of the process must communicate with others for proper
regulation. Since Ccr4-Not functions in both transcription and mRNA decay, it could
function as part of a feedback loop that communicates between both processes, not only
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during normal cellular conditions but also as a response to stress, thus maintaining a fine
balance between the “birth” and “death” of mRNAs.
Though our studies provide useful insight into the mechanism by which the Ccr4Not complex stimulates elongation, a number of questions remain unanswered. Are all
sub-units of the complex essential or is it a sub-complex that plays roles in elongation?
Which subunits contact the polymerase and the RNA and do they modulate structure of
RNA? How does Ccr4-Not work co-operatively with TFIIS and how are its functions
modulated by its interaction with other elongation factors? Several questions need to be
addressed to fully understand how the Ccr4-Not complex co-ordinates both its functions
in mRNA decay and transcription and what bearing one function has on the other.
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