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RNA helicases have many important roles in cell metabolism and are 
involved in numerous pathways, e.g. translation, pre-mRNA splicing and 

biogenesis. Interestingly, an increasing number of RNA helicases have been 
shown to be required for more than one cellular pathway. Therefore, protein 
cofactors have been suggested to recruit multifunctional RNA helicases to their 
substrates and regulate their activity. The best characterised family of helicase 
cofactors are G-patch proteins, which all contain a glycine-riche domain. This 
work focuses on the characterisation of the yeast RNA helicase Prp43 and 
its G-patch protein cofactors. Additionally, a new G-patch protein cofactor 
of Prp43 was identifi ed and characterised. Together, the data suggest that 
protein cofactors can regulate the distribution and activity of RNA helicases in 
different pathways.
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SUMMARY

RNA helicases have many important roles in cell metabolism and are involved

in numerous pathways, e.g. translation, pre-mRNA splicing and ribosome

biogenesis. They function in remodelling of RNA-protein complexes by

unwinding or annealing RNA duplexes or displacing proteins. Interestingly, an

increasing number of RNA helicase have been shown to be required for more

than one cellular pathway. Therefore, how these proteins are distributed

between their different targets is a key question.

Protein cofactors have been suggested to recruit multifunctional RNA helicases

to their substrates and regulate their activity. The best characterised family of

helicase cofactors are the G-patch proteins, which all contain a glycine-rich

domain. In yeast, five G-patch proteins have been identified, Spp382, Sqs1,

Pxr1, Spp2 and the orphan G-patch protein YLR271W. Three of the G-patch

proteins (Spp382, Sqs1 and Prx1) interact with Prp43, a multifunctional

DEAH-box RNA helicase that is involved in the maturation of both ribosomal

subunits and in several steps of pre-mRNA splicing, while Spp2 binds to the

spliceosomal RNA helicase Prp2.

In this work the fifth G-patch protein YLR271W (Cmg1) was also found to

interact with Prp43 and increase the RNA-dependent ATPase activity and the

RNA affinity of the helicase. Localisation analysis revealed that Cmg1 is present

in the mitochondrial intermembrane space as well as in the cytoplasm.

Consistent with this, Cmg1 overexpression leads to reduced cell survival

implying that Cmg1 is a novel proapoptotic factor. Interestingly upon induction

of apoptosis, Prp43 is sequestered in mitochondria, where it interacts with the

complex III of the respiratory chain.

The finding that four G-patch proteins interact with the C-terminal region of

Prp43 raised the possibility that they compete for binding to the helicase and by

using in vitro assays such cofactor competition could be demonstrated.

Consistent with this, overexpression of different yeast G-patch proteins leads

to mislocalisation of Prp43 and defects in its target pathway of ribosome

biogenesis. Together, these data suggest that protein cofactors can regulate the

distribution and activity of RNA helicases in different pathways.





1. INTRODUCTION

1.1. RNA helicases
Helicases are enzymes that are generally thought to mainly unwind double-

helical nucleic acids in a nucleoside triphosphate dependent (NTP) manner.

RNA and DNA helicases are closely related and are found in all kingdoms of

life.

1.1.1. Families and architecture
Based on their structure and function, helicases can be classified into six

superfamilies (Singleton et al., 2007). Eukaryotic RNA helicases are only found

in SF1 and SF2. Furthermore, the superfamilies are subclassified based on

typical sequences, structural and mechanistic features. The SF1 includes only

one RNA helicase subclass, the Upf1-like family (Fairman-Williams et al., 2010),

whereas the SF2 contains five subclasses, namely DEAD-box, DEAH/RHA,

NS3/NPH-II, Ski2-like and RIG-I-like (Fairman-Williams et al., 2010). All share

a conserved helicase core domain consisting of two RecA-like domains, which

contain eight conserved motifs (Pyle, 2008; Fairman-Williams et al., 2010;

Cordin and Beggs, 2013). These motifs are necessary for RNA binding (motifs

Ia, Ib, and IV) and unwinding, NTP/ATP binding and hydrolysis (motifs Q, I,

II, V, and VI), and coupling the NTP/ATPase activity to RNA unwinding and

remodelling (motif III; Cordin et al., 2006; Cordin et al., 2012). The largest SF2

RNA helicase subclass are the DEAD-box proteins, whose name derives from

the amino-acid sequence (Asp-Glu-Ala-Asp) in motif II (Linder et al., 1989;

Cordin et al., 2004). A special feature of DEAD-box helicases is their

N-terminal Q-motif, which is essential for their ATP-binding (adenosine

triphosphate-binding) and -hydrolysis function (Tanner et al., 2003; Cordin et al.,

2004). Furthermore, the Ski2-like and DEAH-box RNA helicases share large

C-terminal domains, which all include a winged helix and a ratchet domain that

is also named the seven helix bundle (Walbott et al., 2010; He et al., 2010;

Kudlinzki et al., 2012; Johnson and Jackson, 2013). The winged helix domain

may function as the central hub of the ring-like structure of the helicases and

ensures structural stability (Woodman and Bolt, 2011; Johnson and Jackson,

2013). The ratchet domain is functionally important as it was shown that the

deletion of the domain leads to reduction or even loss of the RNA unwinding

activity (Small et al., 2006; Büttner et al., 2007; Pena et al., 2009; Zhang et al.,

2009).
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Figure 1: SF1 and SF2 domain organisation and subclasses
a) The helicase core is formed of two RecA-like domains (RecA1 and RecA2), which
contain the Q-motif (only DEAD-box proteins), motifs I, II, Ia, Ib, III, IV, V, and VI.
Motifs shown in purple are responsible for ATP/NTP binding and hydrolysis, motifs
shown in yellow are necessary for RNA binding and the motif shown in red connect
the NTP hydrolysis with RNA unwinding (Bleichert and Baserga, 2007; Cordin et al.,
2012). b) Examples of RNA subclasses and domain organisation. Modified from
Fairman-Williams et al., 2010. Domains are not drawn to scale.

Moreover, it is proposed that this domain also functions in regulating the

directionality and the processivity of the DEAH-box RNA helicases (Büttner et

al., 2007; Pyle, 2008; Pena et al., 2009; Cheung et al., 2012; Jia et al., 2012). The

DEAH-box proteins are defined by the specific amino-acid sequence (Asp-

Glu-Ala-His) in motif II (He et al., 2010).

1.1.2. RNA helicase function
As the name helicase implies, one of their main function is duplex unwinding

and indeed, many RNA helicases have been shown to unwind RNA duplexes in

vitro (Pyle, 2008; Jankowsky and Putnam, 2010; Linder and Jankowsky, 2011).

Two types of unwinding mechanisms are known: processive duplex unwinding

and unwinding by local strand separation (Jankowsky, 2011).

Processive unwinding means that a helicase first binds to a single stranded

RNA region close to its dsRNA target and then separates the RNA/RNA

double strands by multiple NTP-dependent steps, often until it reaches the end

of the duplex (Jankowsky, 2011). This type of unwinding is performed by the

NS3/NPH-II RNA helicases, which possess an unwinding polarity in either the

3’ to 5’ or the 5’ to 3’ direction (Singleton et al., 2007; Pyle, 2008; Jankowsky,
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2011). Unwinding polarity is also suggested for the Ski2-like, the RIG-I-like, the

DEAH/RHA, and the Upf1-like helicases and they are therefore also thought

to function by a processive unwinding mechanism (Singleton et al., 2007; Pyle,

2008; Jankowsky, 2011). This hypothesis is supported by structural analysis of

RNA helicases and in comparison to processive DNA helicases, for example in

the case of the DEAH-box protein Prp43 and the DNA helicase Hel308

(Büttner et al., 2007; Walbott et al., 2010).

In contrast, DEAD-box proteins are non-processive RNA helicases. These

helicases are directly loaded onto the RNA duplex and separate the dsRNA by

local strand unwinding (Singleton et al., 2007; Pyle, 2008; Jankowsky, 2011). For

this process ATP binding is required but not ATP hydrolysis (Singleton et al.,

2007; Pyle, 2008; Jankowsky, 2011).

Besides the unwinding function, RNA helicases also participate in other aspects

of RNA metabolism like remodelling and folding. Here, helicases serve as RNA

chaperones by regulating RNA-protein interactions, disassembling

ribonucleoprotein complexes (RNPs), and by promoting RNA annealing

(Chamot et al., 2005; Yang and Jankowsky, 2005; Jankowsky and Bowers, 2006;

Yang et al., 2007; Bhaskaran and Russell, 2007; Jankowsky, 2011). Furthermore,

it was shown that RIG-I-like proteins translocate on dsRNA in an

ATP-dependent manner without unwinding the strands, which is thought to

reflect their role in RNA recognition (Yoneyama and Fujita, 2008; Myong et al.,

2009).

1.1.3. RNA helicases in cellular pathways
Since RNA is involved in multiple cellular processes the same is true for RNA

helicases. During gene expression RNA helicases are required for transcription

regulation (e.g. Sen1; Steinmetz et al., 2001; Fuller-Pace, 2006), translation

initiation (e.g. eIF4A), and termination (Linder and Slonimski, 1988; Blum et al.,

1989; Bleichert and Baserga, 2007). Furthermore, RNA helicases are involved in

RNA quality control (e.g. Dbp2; Cloutier et al., 2012), degradation (e.g. Ski2;

Anderson and Parker, 1998) and small RNA processing (e.g. Sen1 and Mtr4;

Ursic et al., 1997; Jia et al., 2012), where it is proposed that they unwind RNA

duplexes to allow exonucleases access to their target sites. In addition, the RNA

helicases Dbp5 and Sub2 have been shown to play a role in the export of

mRNAs from the nucleus to the cytoplasm (Tseng et al., 1998; Jensen et al.,

2001). Mitochondria possess their own RNA processing machinery and three

RNA helicases, Mss116, Mrh4 and Suv3 are found in these organelles (Cordin
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et al., 2006; Bleichert and Baserga, 2007). However, the cellular processes

involving most RNA helicases are pre-mRNA splicing and ribosome

biogenesis. In yeast eight helicases are required for pre-mRNA splicing (Sub2,

Prp5, Prp28, Brr2, Prp2, Prp16, Prp22, and Prp43; Cordin et al., 2006; Cordin et

al., 2012; Cordin and Beggs, 2013). Moreover, in ribosome biogenesis 19 RNA

helicases are involved, seven (Dbp4, Dbp8, Dhr1, Dhr2, Fal2, Rok1, and Rrp3)

in the maturation of the small ribosomal subunit (SSU), ten (Dbp2, Dbp3,

Dbp6, Dbp7, Dbp9, Dbp10, Drs1, Mak5, Mtr4, and Spb4) in the synthesis of

the large ribosomal subunit (LSU) and two (Has1 and Prp43) helicases are

involved in biogenesis of both subunits (Martin et al., 2013; Rodriguez-Galan et

al., 2013).

1.1.4. Multifunctional RNA helicases
Interestingly, many of the RNA helicases have been found to have multiple

cellular functions. At least six of the 39 putative yeast RNA helicases seem to

be required for more than one pathway. Dbp2 and Mtr4 have functions in

RNA decay as well as in ribosome biogenesis (Gross et al., 2007; Cloutier et al.,

2012; Nag and Steitz, 2012; Martin et al., 2013). Nuclear RNA export and

translation termination have both been suggested to involve the RNA helicase

Dbp5 (Tseng et al., 1998; Bleichert and Baserga, 2007; Gross et al., 2007). As

already mentioned, Sub2 is connected to RNA export and pre-mRNA splicing

(Jensen et al., 2001; Cordin and Beggs, 2013), while Ded1 takes part in splicing

and in translation initiation (Bleichert and Baserga, 2007). Last but not least, the

DEAH-box RNA helicase Prp43, which is involved in several aspects of

biogenesis of both the large and small ribosomal subunits and plays various

roles in pre-mRNA splicing (Arenas and Abelson, 1997; Combs et al., 2006;

Bohnsack et al., 2009; Martin et al., 2013). However, how helicases are directed

to their target pathways has remained elusive so far, but cofactors could play a

crucial role. Moreover, whether multifunctionality of helicases allows co-

regulation of pathways is not yet known.

1.2. Pre-mRNA splicing
Most eukaryotic genes are transcribed to produce precursor messenger RNAs

(pre-mRNAs) that contain multiple non-coding sequences (introns) and coding

sequences (exons). During mRNA maturation, introns have to be removed and

the correct exons have to be joined. Introns almost always have a GU

nucleotide sequence at their 5’ end, which is called the 5’ splice site and an AG
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sequence at their 3’ end named the 3’ splice site. The branch point is located

upstream of the 3’ splice site and contains an invariant sequence including an

adenine nucleotide. Intron removal is achieved by a transesterification reaction

that consists of two steps. First, the 5’ splice site phosphodiester bond is

attacked by the 2’-hydroxyl group of the conserved branch point adenosine

(Figure 2). In the second step, the 3’-hydroxyl group of the free 5’ exon attacks

the phosphodiester bond at the intron lariat-3’ exon.

Figure 2: Schematic representation of the two-step mechanism of pre-mRNA
splicing
Boxes represent exons (E1, E2) and lines represent the intron. The branch point (BP)
adenosine is indicated by the letter A and the phosphate groups (p) at the 5’ and 3’
splice sites (5’SS and 3’SS) are marked. (Will and Lührmann, 2011)

Although the chemical reaction is rather simple, this critical process involves

five small nuclear ribonucleoprotein particles (snRNPs; U1, U2, U4, U5, and

U6) and many protein cofactors, which form together the major spliceosome.

SnRNPs are composed of small nuclear RNAs (snRNAs), Sm and Lsm-

proteins and complex specific proteins (Will and Lührmann, 2011; van der

Feltz, Clarisse et al., 2012; Matera and Wang, 2014).

1.2.1. Spliceosome function and RNA helicases
Splicing is a highly ordered processes with multiple steps and a number of

intermediates, e.g. the spliceosomal E, A, B, B*, and C complexes, have been

identified (Figure 3). First, complex E forms by the recognition of the 5’ splice

site of the pre-mRNA by the U1 snRNP. In the next step, the U2 snRNP joins

the pre-spliceosome at the branch point to form the exon-defined complex

(complex A). This process is facilitated by the DEAD-box helicases Sub2 and

Prp5, which function by displacing spliceosomal cofactors and bring about

RNP remodelling in an energy dependent manner. After complex A assembly,

the pre-assembled tri-snRNP complex U4/U6.U5 is recruited to form the pre-

catalytic spliceosome (complex B). In this step the U1 snRNP at the 5’ splice

site is replaced by U6 snRNP with the help of the DEAD-box protein Prp28.

Furthermore, the Ski2-like helicase Brr2 disrupts the U4/U6 snRNP interaction
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enabling a new U6-U2 interaction to be formed. The release of the U4

snRNPs completes formation of the Bact complex. The DEAH

Prp2 is essential for remodelling the B

spliceosome (B* complex). The catalytically activated B*

first transesterification reaction, which generates the complex

5’ exon and a 3’ intron-exon lariat intermediate.

Figure 3: Overview of a pre-mRNA splicing cycle
Stepwise assembly of spliceosomal intermediate complexes is shown. SnRNPs are
indicated by colored circles. Boxes represent exons (E1, E2) and the black line
represents an intron. For each step the required RNA helicases are shown. (Will and
Lührmann, 2011)

In the last step of pre-mRNA splicing, the second transesterification reacti

occurs, forming the spliced mRNA in the post

process is dependent on rearrangements within the spliceosome by the

helicases Prp16 and Prp22. In addition, Prp22 releases the mature mRNA from

the U5 snRNP. Finally, all snRNPs have to be recycled

functional in the next round of splicing. For this spliceosome disassembly the

two RNA helicases Brr2 and Prp43 are necessary

van der Feltz, Clarisse et al., 2012; Matera and Wang, 2014)

Introduction

U2 interaction to be formed. The release of the U4 and U1

complex. The DEAH-box helicase

Prp2 is essential for remodelling the Bact complex into the activated

The catalytically activated B* complex catalyses the

tion, which generates the complex C, containing the

exon lariat intermediate.

mRNA splicing cycle
Stepwise assembly of spliceosomal intermediate complexes is shown. SnRNPs are
indicated by colored circles. Boxes represent exons (E1, E2) and the black line
represents an intron. For each step the required RNA helicases are shown. (Will and

mRNA splicing, the second transesterification reaction

occurs, forming the spliced mRNA in the post-spliceosomal complex. This

process is dependent on rearrangements within the spliceosome by the

Prp22 releases the mature mRNA from

ve to be recycled in order to be

functional in the next round of splicing. For this spliceosome disassembly the

es Brr2 and Prp43 are necessary (Will and Lührmann, 2011;

2012; Matera and Wang, 2014).
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1.2.2. The spliceosomal function of Prp43
The role of Prp43 in post-spliceosomal complex disassembly was first identified

using a thermosensitive, catalytically inactive Prp43 mutant (G395E; Arenas

and Abelson, 1997). This mutation was shown to increase the levels of pre-

mRNAs and intron lariats while mature mRNA levels were not affected. Based

on these data, it was concluded that Prp43 could play a role in spliceosome

disassembly after mRNA release. Furthermore, it was shown that the RNA-

dependent ATPase activity of Prp43 is necessary to make the lariat-intron RNA

accessible for the debranching enzyme Dbr1 (Martin et al., 2002). Subsequently,

Prp43 was found to be part of the NTC-related proteins complex

(NTR complex, Ntr1/Spp382, Ntr2, and Prp43; Tsai et al., 2005), which

together function in the recycling of the U2, U6 and U5 snRNPs (Boon et al.,

2006). In this context, Spp382 is important for the enzymatic function of Prp43

(Tanaka et al., 2007) and Ntr2 targets Prp43 to the U5 snRNP by interacting

with Brr2 (Tsai et al., 2007). Furthermore, Prp43 is involved in the proofreading

of the 5’ splice site cleavage together with the DEAH-box protein Prp16 and is

there necessary for discarding suboptimal spliceosomal substrates

(Koodathingal et al., 2010; Mayas et al., 2010).

1.3. Ribosome biogenesis
Ribosomes are macromolecular RNA-protein complexes that are responsible

for protein synthesis in every cell through all kingdoms of life. They translate

the genetic information, encoded in DNA sequences and mRNAs into

polypeptides and proteins. The ribosome, which is a ribozyme, is composed of

a small (SSU, 40S) and large (LSU, 60S) ribosomal subunit (Nissen et al., 2000).

While the LSU of Saccharomyces cerevisiae contains three ribosomal RNAs

(rRNAs; 5S, 5.8S, 25S rRNA) and 46 ribosomal proteins (RPs), the SSU

contains the 18S rRNA and 33 RPs (Lafontaine and Tollervey, 2001; Kressler et

al., 2010; Woolford and Baserga, 2013). These two ribonucleoprotein particles

(RNPs) have different functions within the ribosome; the SSU contains the

decoding centre that monitors the condon:anticodon base pairing of the

mRNA and transfer RNAs (tRNAs), while the LSU contains the peptidyl-

transferase activity that is required for peptide bond formation within the

nascent polypeptide chain (Lafontaine and Tollervey, 2001; Woolford and

Baserga, 2013).
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1.3.1. Ribosomal RNA processing and modification
During exponential growth a yeast cell produces approximately 2000 ribosomes

per minute and therefore ribosome biogenesis is one of the most energy

consuming processes in the cell (Warner, 1999). The synthesis of eukaryotic

ribosomes is best studied in the yeast Saccharomyces cerevisiae. Ribosome

biogenesis starts in the nucleolus with the transcription of the 35S precursor

rRNA (pre-rRNA) by RNA polymerase I and the transcription of the 5S rRNA

precursor by polymerase III (Venema and Tollervey, 1999; Warner, 1999).

There are 100-200 copies of the rDNA coding for these rRNAs arranged in a

tandem array on chromosome XII, which form the RDN locus (Long and

Dawid, 1980). Within the 35S pre-rRNA transcript the 5’ and 3’ external

transcribed regions (ETS) flank 18S, 5.8S and 25S rRNAs, which are separated

by two internal transcribed spacers, ITS1 and ITS2 (Venema and Tollervey,

1999; Woolford and Baserga, 2013). An overview of the organisation of a single

rDNA repeat and the pathway of pre-rRNA processing is given in Figure 4.

Pre-rRNA cleavages at sites A0, A1 and A2 can occur co-transcriptionally and

lead to removal of the 5’ ETS and separation of the precursors of the SSU

rRNA (18S) and the LSU pre-rRNAs (5.8S and 25S). These cleavages generate

the 20S pre-rRNA, which is exported to the cytoplasm where it is processed to

the mature 18S rRNA by cleavage at site D, as well as the 27A2 pre-rRNA. The

processing of the 27SA2 pre-rRNA is continued in the nucleus following two

alternative pathways. The majority of the 3’ product of A2 cleavage is processed

by cleavage at site A3 in the ITS1 resulting in a 27SA3 precursor. This short-

lived intermediate is trimmed by a 5’-3’ exoribonuclease to produce the 27SBS

rRNA precursor. In the minor pathway, the 27SBL intermediate is produced by

direct cleavage at site B1L. These two pre-rRNA intermediates are further

processed in an identical manner at sites C1 and C2 in ITS2, releasing the

mature 25S rRNA and the 7SS or 7SL pre-rRNAs. Finally, the mature 5.8SS and

5.8SL rRNAs are produced by exonucleolytic digestion from the 3’ end of the

7S intermediates (Venema and Tollervey, 1999; Fromont-Racine et al., 2003;

Woolford and Baserga, 2013). As well as removal of transcribed spacer regions

by numerous endonucleolytic cleavages (e.g. Rnt1; Kufel et al., 1999) and

exonucleolytic processing (e.g. Rat1; Henry et al., 1994), the maturation of the

rRNAs also involves chemical modifications, mostly dedicated by the action of

75 small nucleolar RNPs (snoRNPs). These modifications are mainly added

co-transcriptionally in the nucleolus. The box H/ACA snoRNPs mediate site-

specific pseudouridylations (Ψ), whereas the box C/D snoRNPs perform 
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methylation of the 2’-hydroxyl group of riboses (2’-O-methylation; Watkins and

Bohnsack, 2012).

Figure 4: Overview of yeast pre-rRNA processing
The 35S pre-rRNA contains sequences for 18S, 5.8S, and 25S rRNAs (black, dark grey,
and light grey cylinders). Separating external and internal transcribed spacers (ETS and
ITS, solid lines) are removed during pre-rRNA processing. Pre-5S rRNA (white
cylinder) is transcribes and processed independently. Endonucleolytic and
exonucleolytic processing sites are indicated with letters. Pre-rRNA processing starts in
the nucleolus, continues in the nucleoplasm and finishes in the cytoplasm. (Woolford
and Baserga, 2013)

The small nucleolar RNA (snoRNA) component of the snoRNPs basepairs

with the pre-rRNA target sites, while the snoRNP proteins provide the catalytic

activity that is essential for the chemical reactions (Watkins and Bohnsack,

2012). Such modifications are important for ribosome maturation and

functionality (Henras et al., 2008; Watkins and Bohnsack, 2012; Woolford and

Baserga, 2013). In addition to their functions in guiding rRNA modifications,

some snoRNPs are required for pre-rRNA folding and processing (Watkins and

Bohnsack, 2012).
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1.3.2. Ribosome assembly and assembly factors
The processing and modifications of the rRNAs are coordinated with the

assembly of the 79 ribosomal proteins (RPs). All RPs directly interact with the

rRNA and their assembly is hierarchical. The 35S pre-rRNA transcript is co-

transcriptionally bound by RPs and assembly factors, which forms the 90S pre-

ribosome. Early pre-rRNA processing steps separate the 90S pre-ribosome into

43S and 66S pre-ribosomal particles. The pre-40S and pre-60S particles follow

separate maturation pathways and are independently exported through the

nuclear pore complex to the cytoplasm, where they undergo the final

processing steps and rejoin to form a mature 80S ribosome (Figure 5; Woolford

and Baserga, 2013).

Figure 5: Schematic overview of ribosome assembly in S. cerevisiae
The 35S pre-rRNA is transcribed by RNA polymerase I and co-transcriptional
assembly of RPs and cofactors leads to the formation of the 90S pre-ribosome. Early
pre-rRNA cleavages separate precursors of the small (blue) and the large (green)
subunits. RNA helicases involved in maturation of the SSU are listed to the left and
those required for the maturation of the LSU are given on the right. Helicases involved
in the maturation of both ribosomal subunits are given in the lower left.
(PhD Thesis R. Martin, 2015)
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More than 200 proteinaceous non-ribosomal assembly factors coordinate

ribosome assembly (Venema and Tollervey, 1999; Woolford and Baserga,

2013). As well as nucleases involved in pre-rRNA processing these cofactors

include AAA-ATPases, GTPases, kinases, phosphatases, RNA-binding

proteins, putative scaffolding proteins, methylthransferases, and RNA helicases

(Venema and Tollervey, 1999; Kressler et al., 2010; Woolford and Baserga,

2013). Together, these cofactors also function in pre-ribosome rearrangement,

protein exchange, protein release, post-translational protein modification,

rRNA modification, and subunit export (Venema and Tollervey, 1999; Henras

et al., 2008; Kressler et al., 2010; Woolford and Baserga, 2013).

1.3.3. RNA helicases in ribosome biogenesis
Most RNA helicases involved in ribosome biogenesis are essential for cell

survival (Martin et al., 2013). Depletion of individual RNA helicases causes pre-

rRNA processing defects implying that these DEAH- and DEAD-box proteins

have important functions in ribosome synthesis. Based on these pre-rRNA

processing defects ten helicases (Dbp2, Dbp3, Dbp6, Dbp7, Dbp9, Dbp10,

Drs1, Mak5, Mtr4, Spb4) are proposed to participate in synthesis of LSU

particles, seven (Dbp4, Dbp8, Dhr1, Dhr2, Fal1, Rok1, Rrp3) are implicated in

40S biogenesis, and two RNA helicases, namely Has1 and Prp43, contribute to

the biogenesis of both subunits (Figure 5; Martin et al., 2013). These RNA

helicases are proposed to function in structural remodelling of rRNA secondary

structure/pre-ribosomal complexes and several (Rok1, Dbp4, Prp43 and Has1)

have been shown to be required for the release of particular snoRNAs from

pre-ribosomes (Kos and Tollervey, 2005; Liang and Fournier, 2006; Bohnsack

et al., 2008; Bohnsack et al., 2009). Of these, Prp43 is the best studied RNA

helicase involved in ribosome biogenesis. Mutational and depletion analysis of

Prp43 revealed 35S and 23S pre-rRNA accumulation, while downstream pre-

rRNA levels were reduced (Lebaron et al., 2005; Combs et al., 2006; Leeds et al.,

2006). These findings are in line with the association of TAP-tagged Prp43 with

the 35S, 27S and 20S pre-rRNAs (Lebaron et al., 2005; Leeds et al., 2006).

Furthermore, UV cross-linking and analysis of cDNA (CRAC; Granneman et

al., 2009; Bohnsack et al., 2012) identified interaction sites of Prp43 with 18S

rRNA, 25S rRNA and snoRNA species (Bohnsack et al., 2009). At the sites in

25S pre-rRNA Prp43 was found to be necessary for release of a cluster of

box C/D snoRNAs (snR39, snR39b, snR50, snR55, snR59, snR60, and snR72)

from pre-ribosomes. Interestingly, the levels of two snoRNAs, snR64 and

snR67, which guide modifications close to Prp43 crosslinking sites, were
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reduced on pre-ribosomes. Together with the 25S rRNA C2337 methylation

defect reported in a prp34-Q423N mutation strain (Leeds et al., 2006), this

suggests that Prp43 also functions in remodelling of pre-ribosomal complexes

enabling snoRNAs to access their target sites. Prp43 is also implicated in

structural remodelling in late SSU particles, where it is proposed to unwind

rRNA structures to enable the endonuclease Nob1 to gain access to its target

site at the 3' end of the 18S rRNA sequence (Pertschy et al., 2009). Strikingly,

for some functions in ribosome biogenesis, Prp43 appears to act together with

cofactors such as Sqs1 and Pxr1 (Lebaron et al., 2009; Pertschy et al., 2009;

sections 1.4.1 and 1.4.3 for further details).

1.4. G-patch proteins
Several RNA helicases have been shown to be regulated by specific cofactors.

For example, in ribosome biogenesis the helicase Rok1 is suggested to be

regulated by Rrp5 (Young et al., 2013), while both the activity of Dbp8 and its

recruitment to its targets are proposed to be stimulated by Esf2 (Granneman et

al., 2006). In addition, the translation initiation factor eIF4G binds to the

DEAD-box protein eIF4A and stimulates its unwinding activity (Dominguez et

al., 1999; Hilbert et al., 2011). Furthermore, the RNA export factor Gle1

activates the RNA helicase Dbp5 (Alcázar-Román et al., 2006), while the

function of the DEAD-box protein Ded1 is inhibited by Gle1 (Bolger and

Wente, 2011).

A specific group of RNA helicase cofactors are the G-patch proteins. By

systematic studies of protein sequences a highly conserved element of

approximately 48 amino acids (aa), containing six specifically distributed glycine

residues, was discovered. Proteins with this element are called G-patch proteins

and are found in eukaryotes and type D retroviruses. Most G-patch proteins are

thought to be RNA-associated proteins although these interactions are not

necessarily mediated by the G-patch domain (Aravind and Koonin, 1999).

In the yeast S. cerevisiae five proteins containing this G-patch motif have been

identified (Table 1). Interestingly, four out of five of these G-patch proteins

function as RNA helicase cofactors. However, the fifth G-patch protein

(YLR271W) is so far uncharacterised.
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Table 1: S. cerevisiae G-patch proteins

Name Alias Systematic name Pathway
Pxr1 Gno1 YGR280C Ribosome biogenesis
Sqs1 Pfa1 YNL224C Ribosome biogenesis
Spp382 Ntr1 YLR424W Pre-mRNA splicing
Spp2 - YOR148C Pre-mRNA splicing
- - YLR271W uncharacterised

1.4.1. Pxr1
Based on the identification of C-terminal KK(E/D) repeats and its nucleolar

localisation, Pxr1 was suggested to be a ribosome biogenesis cofactor

(Guglielmi and Werner, 2002). Pxr1 has also been shown to be required for

pre-rRNA processing steps downstream of the 27SA2 intermediate (Guglielmi

and Werner, 2002; Chen et al., 2014). Interestingly, the G-patch domain of Pxr1

was found to be necessary for pre-rRNA processing as well as mediating

interactions with the RNA helicase Prp43 (Guglielmi and Werner, 2002;

Lebaron et al., 2005; Chen et al., 2014). Moreover, this interaction stimulates the

Prp43 ATPase activity (Chen et al., 2014). These findings lead to the suggestion

that the functions of Pxr1 in ribosome biogenesis are coupled to those of

Prp43 (Chen et al., 2014). In addition, Pxr1 has been suggested to be involved

in processing of the snoRNAs U18 and U24 (Guglielmi and Werner, 2002).

Furthermore, the human homologue of Pxr1, PINX1, has been shown to play a

role in telomere regulation (Zhou and Lu, 2001; Cheung et al., 2012), but it is

not yet known if this function involves interaction with an RNA helicase.

1.4.2. Spp382
Spp382 was first identified as a protein that interacts with Ntr2 and Prp43 in

the NTR complex (NTC-related complex; Tsai et al., 2005; Boon et al., 2006).

This complex is required for the post-catalytic step of intron-lariat release in

pre-mRNA splicing (Tsai et al., 2005). The name Spp382 derives from its

function as a suppressor of prp38-1 mutation, in which Prp38 is a protein

required for U4/U6 snRNA dissociation from Bact complexes (Xie et al., 1998;

Pandit et al., 2006). It was shown that the G-patch domain (aa 51-110) of

Spp382 is sufficient for interaction with the DEAH-box protein Prp43 (Tsai et

al., 2005; Tanaka et al., 2007; Christian et al., 2014). Furthermore, the Spp382 G-

patch domain enhances the RNA unwinding and ATPase activity of Prp43 in

vitro by binding the C-terminal part of the helicase (Tanaka et al., 2007; Christian

et al., 2014). Besides its role in pre-mRNA splicing, Spp382 and its human

homologue TFIP11 are suggested to function in the regulation of non-
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homologous end joining (NHEJ) by sequestering the DNA ligase cofactor

Lif1p in an inactive complex (Herrmann et al., 2007).

1.4.3. Sqs1
The YNL224C-encoded protein impairs spp382-1-based suppression and was

therefore named Sqs1 (squelch of splicing suppression; Pandit et al., 2006). A

direct interaction between Sqs1 and Prp43 was identified (Lebaron et al., 2005;

Lebaron et al., 2009; Walbott et al., 2010). In detail, the N-terminal (aa 1-202)

and C-terminal (aa 574-767) region of Sqs1 were shown to interact

independently with the C-terminal part of Prp43 (Lebaron et al., 2009; Walbott

et al., 2010). Only the Sqs1 C-terminus, containing the G-patch domain, is

necessary to stimulate the Prp43 ATPase and unwinding activity (Lebaron et al.,

2009). Furthermore, a genetic interaction between Sqs1, the pre-40S factor

Ltv1, Prp43, and the nuclease Nob1 was shown (Lebaron et al., 2009; Pertschy

et al., 2009). Immunoprecipitations showed that Sqs1 is associated with 20S pre-

rRNA, together with Prp43, indicating a role in SSU biogenesis (Lebaron et al.,

2005; Lebaron et al., 2009). Further studies showed that Sqs1 overexpression

reduces levels of 23S pre-rRNA, while deletion of Sqs1 protein leads to 20S

pre-rRNA accumulation (Pandit et al., 2009; Pertschy et al., 2009). In addition,

tandem affinity purification with TAP-tagged Sqs1 identified not only proteins

of pre-40S particles, but also of pre-60S and 90S pre-ribosomal particles

(Lebaron et al., 2009). This is in line with the findings that Sqs1 overexpression

reduces levels of 27SA2 pre-rRNA of the LSU (Pandit et al., 2009). Interestingly,

in Δpxr1 cells the steady-state levels of Sqs1 are strongly decreased and Sqs1 is

truncated at the N-terminal part of the protein (Lebaron et al., 2009). Moreover,

an interaction between the G-patch proteins Spp382 and Sqs1 is proposed

(Herrmann et al., 2007; Pandit et al., 2009).

1.4.4. Spp2
The only G-patch protein that was not shown to interact with Prp43 so far is

Spp2. This protein is required for the first catalytic step in pre-mRNA splicing

(Roy et al., 1995). Spp2 enters the spliceosome independently (Roy et al., 1995).

It physically interacts with the C-terminal fragment of the DEAH-box protein

Prp2, which is also necessary for the first transesterification reaction (Yean and

Lin, 1991; Roy et al., 1995; Silverman et al., 2004). The leucine at position 109 of

Spp2, which is part of the G-patch domain, is critical for this interaction

(Silverman et al., 2004). Like the interactions of Pxr1, Sqs1 and Spp382 with
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Prp43, the interaction of Spp2 with Prp2 stimulates the ATPase activity of the

helicase (Roy et al., 1995).

1.5. Aims
RNA helicases are involved in many processes within the cell, e.g. transcription,

translation, ribosome biogenesis, and pre-mRNA splicing. It has emerged that

several RNA helicases function in more than one pathway. A key example is

the DEAH-box protein Prp43 that is involved in the synthesis of the large and

the small ribosomal subunit as well as in pre-mRNA splicing. This raises the

question how helicases are recruited to their RNA targets and how their activity

in the different pathways is regulated, but cofactors are likely to play a major

role. Relatively few RNA helicase cofactors have been identified so far, but a

family of proteins called the G-patch proteins have been shown to interact with

RNA helicases. In yeast, five G-patch proteins are known: three interact with

the multifunctional RNA helicase Prp43, one interacts with the RNA helicase

Prp2 and the fifth is uncharacterised so far.

The objectives of this study were to characterise the orphan G-patch protein

YLR271W (here named Cmg1) and to study the interaction between the ATP-

dependent RNA helicase Prp43 and the five G-patch proteins in yeast

S. cerevisiae.

This work therefore aimed to:

• Identify the RNA helicase interaction partner of Cmg1

• Characterise the helicase-cofactor interaction biochemically

• Determine the sub-cellular localisation of Cmg1

• Study the role of G-patch protein cofactors in recruiting and regulating

Prp43 in its target pathways





2. MATERIALS AND METHODS

2.1. Materials

2.1.1. Chemicals
Chemicals used for experiments were purchased from Sigma-

Aldrich Chemie GmbH (Munich, Germany), VWR International GmbH

(Darmstadt, Germany), Carl Roth GmbH + Co. KG (Karlsruhe, Germany),

and AppliChem GmbH (Darmstadt, Germany). CompleteTM Protease Inhibitor

Cocktail was ordered from Roche (Penzberg, Germany), 32P-γ-ATP 

(6000Ci/mmol) was purchased from Perkin Elmer (Waltham, MA, USA)

and chemiluminescence HRP substrate was bought from Merck Chemicals

GmbH (Schwalbach, Germany).

2.1.2. Media and buffers
For bacterial growth 2xYT (2x Yeast Extract Tryptone) medium was prepared

as described by Sambrook et al., 1989. Media listed in Table 2 and drop-out

media, for selective yeast growth, were prepared according to Treco and

Lundblad, 2001. Yeast extract without amino acids and supplements were

purchased from ForMedium™ (Norfolk, United Kingdom). All components

were solubilised in ultrapure water and sterilised for 20 min at 120 °C.

Table 2: Media used for growth of yeast cultures

Acronym Recipe
YPD 1 % yeast extract, 2 % peptone/tryptone, 2 % dextrose
YPG 1 % yeast extract, 2 % peptone/tryptone, 3 % glycerol

YPL
1 % yeast extract, 2 % peptone/tryptone, 3 % lactate pH 5.5
with NaOH

YPGal 1 % yeast extract, 2 % peptone/tryptone, 2 % galactose

Synthetic glucose
medium

1.9 g/l yeast nitrogen base without amino acids and
ammonium sulphate, 5 g/l ammonium sulphate, 0.79 g/l
Complete supplement mixture drop out: complete

Drop-out media:
1.9 g/l yeast nitrogen base without amino acids and
ammonium sulphate, 5 g/l ammonium sulphate and:

-His 0.77 g/l complete supplement mixture drop out: -His
-Leu 0.69 g/l complete supplement mixture drop out: -Leu
-Ura 0.77 g/l complete supplement mixture drop out: -Ura
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2.1.3. Enzymes and kits
Restriction enzymes were purchased from Fisher Scientific - Germany GmbH

(Schwerte, Germany) or New England Biolabs GmbH (Frankfurt a. M.,

Germany). DNA purification from agarose gels was performed with a gel

extraction kit from QIAGEN GmbH (Hilden, Germany).

2.1.4. Antibodies
Primary antibodies were used to identify specific proteins, while secondary

antibodies fused to HRP enable detection by chemiluminescence. A list of

antibodies used in this study is given in Table 3.

Table 3: Antibodies used in this study

Antibody
target

Detection of/Marker for Source

Atp5 Mitochondrial complex V P. Rehling
Cox2 Mitochondrial complex IV P. Rehling
HA HA-tagged proteins Convance Inc.
Mic10 Mitochondrial intermembrane

space
P. Rehling

Mouse
antigen HRP

secondary antibody Jackson ImmunoResearch
Europe Ltd.

PAP ProteinA-tagged proteins Sigma-Aldrich Chemie GmbH
Pgk1 Cytoplasm Life Technologies GmbH
Prp43 Prp43 R. Lührmann
Qcr8 Mitochondrial complex III P. Rehling
Rabbit
antigen HRP

secondary antibody Jackson ImmunoResearch
Europe Ltd.

Tim21 Inner mitochondrial membrane P. Rehling
Tim44 Inner mitochondrial membrane P. Rehling
Tom70 Outer mitochondrial membrane P. Rehling

2.1.5. RNA oligonucleotides
RNA oligonucleotides used in this study were purchased from Integrated DNA

Technologies (Leuven, Beligum). Names and sequences of RNA

oligonucleotides can be found in Table 4.

Table 4: RNA oligonucleotides used in this study

Name Sequence 5’ to 3’
18S H29 32nt GUAAUGAAAGUGAACGUAAAACAAAACAAAAC

18S H29 11nt fl. GUAAUGAAAGU-Atto647

18S H29 11nt GUAAUGAAAGU
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2.1.6. DNA oligonucleotides
DNA oligonucleotides used in this study were purchased from Sigma-

Aldrich Chemie GmbH (Munich, Germany). Furthermore, oligonucleotides

were used for several different purposes and are grouped accordingly.

Oligonucleotides listed in Table 5 were used for PCR amplification of genes for

cloning.

Table 5: Oligonucleotides used for cloning

Name Sequence 5’ to 3’
RP Gno1_XhoI ATATACTCGAGATCATTGGTGATCATGAAGATTTC

FP Gno1_NcoI ATATACCATGGGACTGGCAGCAACCCG

RP A5 Cmg1 1-85 TTCCATCATTTTATAACCCCTGGGC

FP A5 Cmg1 1-85 TGACCCGGGGAGATCTCATCACC

FP Spp382 51-110
NcoI

TATATCCATGGGTAATGCCCCAACGATCTCAAAATTAAC

RP Spp382 51-110
HindIII A5

TATATAAGCTTCTAGTTGGTATTTGAAAACATTCCTAGACC

RP Spp382 51-110
BamHI A15

ATATAGGATCCGTTGGTATTTGAAAACATTCCTAGACC

FP Spp2 92-157
NcoI

TATATGCCATGGTCACCGAAAAAGAATATAATGAG

RP Spp2 92-157
BglII

TATATAGATCTCAGTTTATTGCCTTATTTAACTTGGC

RP Sqs1 705-767
A101

CATGGACCCTTGGAAGTAGAGGTTTTC

FP Sqs1 705-767 GTTAAAGAAGGTGAGATTGTTGGTCAAAAC

FP Gno1 1-72 A8
Stop

TAAAAGCTTAATTAGCTGAGCTTGG

RP Gno1 1-72 TAATTTAGCACCGAGCCCAAC
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Table 6 provides the primers used in this study for mutagenesis of plasmids for

recombinant protein expression.

Table 6: Oligonucleotides used for mutagenesis

Name Sequence 5’ to 3’
FP Prp43 1-
657/752

ATATATCCCGGGGAGATCTCATCACCATCAC

FP Prp43
92-767

ATATATCCATGGAATTGCCAGTACATGCCCAG

RP Prp43 1-
657

ATATATCCCCGGGCTACTAGAAAAACCCAGACGCAAGAGCC

RP Prp43 1-
752

ATATATCCCGGGCTACTCGTTTAATCTATCAACTTTTTCCTTGATCC

RP Prp43
92-767

TATATACCATGGATCCCTGAAAATAAAGGTTTTCTC

In Table 7 the list of sequencing primers that were used in this study is given.

Further sequencing primers were provided directly by GATC Biotech AG

(Konstanz, Germany).

Table 7: Oligonucleotides used for DNA sequencing

Name Sequence 5’ to 3’
FSP A5 RFP CGAGGGTCGCCACTCCACCG

FSP Prp43 110 ATCCAAACAGCATCCTCTTCC
FSP Prp43 1256 TTGTTTCCCCTATCTCCAAG
FSP Prp43 1403 AATTTATCCTCCACCGTTCTAG
FSP Prp43 1786 TCAAATCGGATGAAGCTTATG
FSP Prp43 1952 TTTGACAACATCAGAAAGGC
FSP Prp43 34 GAAGATTCTCGTCCGAACACC
FSP Prp43 505 AGGAAATGGATGTCAAGTTGG
FSP Prp43 592 ATATGACTGATGGTATGTTGTTG
FSP Prp43 716 TGAAGCAAGTAGTCAAGAGGAG
FSP Prp43 962 ATGAAATTGAAGACGCTGTCAG
FSP Spp382 1428 AGACATAATGACCCCATCTACG
FSP Spp382 423 AAGTCAAATTCAATAAAACCTCC
FSP Spp382 927 CTCGCATATAGAATGGATACAAC
FSP Sqs1 1424 CAGATATTCCGATTTCTGATTC
FSP Sqs1 400 TACGATCCATCCCACAATATG
FSP Sqs1 872 TCCAACGTATTACATGGTATGC



Materials and methods

21

In Table 8 and Table 9 oligonucleotides are listed that were used for PCR

amplification of tag/promoter cassettes used in the preparation of yeast strains.

Table 8: Oligonucleotides used for genomic GFP or RFP tagging

Name Sequence 5’ to 3’

F2_Gno1_Lt
GGGCCGCGTTGATGGACTCCAAGGCACTGAATGAGAT
CTTTATGATAACAAACGACCGGATCCCCGGGTTAATTA
A

R1_Gno1_Lt
CTTGCTGCGTGTGCAGACTGGCCAGCTGCTCACACAAT
GAAACGCAATGGAATGTGAATTCGAGCTCGTTTAAAC

F2_Spp382_Lt
GGGTGGAGGATTCCAGTGGGACCTTTAAGCCAATTTAT
TTATGGGCCCTTGACCTCCGGATCCCCGGGTTAATTAA

R1_Spp382_Lt
CAATTTTGTTTTTCGACAATAATATATAAATCGTGCCTA
TCTCACCTCTTTTATAGGTACTTTGAATTCGAGCTCGTT
TAAAC

FP Prp43g Y
GATTAAACGAGTTGAAACAAGGTAAAAACAAAAAGAA
GAGTAAGCACTCCAAGAAACGGATCCCCGGGTTAATTA
A

RP Prp43g Y
CTATGAAATAGTCCTATAAATTTATATAAATCTATTTTTT
TTTTTTTTTCGACACAAAATGTGAATTCGAGCTCGTTTA
AAC

FP Cmg1-GFP_Anp1-
cRFP

CGACAAGAACAAGAAAAAACATCCTAAAGAAGTTCCAT
TAGACTTCGACCCTGATAGAAACCGGATCCCCGGGTTA
ATTAA

RP Cmg1-GFP_Anp1-
cRFP

CGGTATATATGTACAACTATATGAATTCGTACTTCATAT
GTAGGTCACTAAAAAACCGAGCGAATTCGAGCTCGTTT
AAAC

FP Cmg1-GFP_Ape1-
cRFP

GTTCTTCAACGGATTTTTCAAGCACTGGAGATCAGTCTA
CGATGAATTCGGCGAGTTGCGGATCCCCGGGTTAATTA
A

RP Cmg1-GFP_Ape1-
cRFP

GTATTTTTAGAAAAAGGATAAAGAAACAGAAATCAAAA
GAAATAAAAAGAGTGTGGCAAAAGAATTCGAGCTCGTT
TAAAC

FP Cmg1-GFP_Chc1-
cRFP

GATGGCCAACCTTTGATGCTGATGAACAGCGCGATGAA
CGTTCAACCCACAGGATTTCGGATCCCCGGGTTAATTA
A

RP Cmg1-GFP_Chc1-
cRFP

CGGTAAAAAAAAAAAAAATACACGATGGGGTACAGCAA
ACGAATTATTTTATCCACGTCGAATTCGAGCTCGTTTAA
AC

FP Cmg1-GFP_Dcp1-
cRFP

GACAAAATATCTACGAACTAATAAAATATCTTCTGGAAA
ATGAGCCAAAAGATTCTTTTGCTCGGATCCCCGGGTTA
ATTAA

RP Cmg1-GFP_Dcp1-
cRFP

GTATTAAAGTACATCATTATTTAAAAAAAATTCTCACTT
GGGCATCTCACCTCTGTGCGAATTCGAGCTCGTTTAAA
C

FP Cmg1-GFP_Pex3-
cRFP

GAGCGCCAGCGTATACAGCAACTTTGGCGTCTCCAGCT
CGTTTTCCTTCAAGCCTCGGATCCCCGGGTTAATTAA

RP Cmg1-GFP_Pex3-
cRFP

GATTACGCTATATATATATATATTCTGGTGTGAGTGTCA
GTACTTATTCAGAGAGAATTCGAGCTCGTTTAAAC

FP Cmg1-GFP_Snf7-
cRFP

GGATGAAGAAGATGAAGATGAAAAAGCATTAAGAGAA
CTACAAGCAGAAATGGGGCTTCGGATCCCCGGGTTAAT
TAA
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RP Cmg1-GFP_Snf7-
cRFP

CAGAACATGGAAAGTAAGAACACCTTTTTTTTTTCTTTC
ATCTAAACCGCATAGAACACGTGAATTCGAGCTCGTTT
AAAC

FP Cmg1-GFP_Ssa2-
cRFP

CCCAGGTGGTGCTCCTCCAGCTCCAGAAGCTGAAGGTC
CAACTGTCGAAGAAGTTGATCGGATCCCCGGGTTAATT
AA

RP Cmg1-GFP_Ssa2-
cRFP

CAGAGGAAAGCAAAAGTAAAACTTTTCGGATATTTTAC
AGGGCGATCGCTAAGCGAATTCGAGCTCGTTTAAAC

FP Cmg1g Y
GGATGAAGGTGATCTCTACGAGCATTGCCCAGGAGTG
AATGAAGACGACCACAAACGGATCCCCGGGTTAATTAA

RP Cmg1g Y
AAAAGCTGTTCATTTCTTTCTTCTTGAAATATGACTTTA
CCTATCTCGATAAAATGAATTCGAGCTCGTTTAAAC

FP Cmg1g Y mC
GGATGAAGGTGATCTCTACGAGCATTGCCCAGGAGTG
AATGAAGACGACCACAAAGGATCCATGGAAAAGAGAA
G

Table 9: Oligonucleotides used for promoter exchange and genomic protein-
tagging
Name Sequence 5’ to 3’

FP TAP-Cmg1_pTEF
ACGGACAATAAGAGGTACGCTACACATCTACCATCACTT
TCAGGGAGGGCATAAAGAACAAAAGCTGGAGCTCAT

RP TAP-Cmg1_pTEF
GTGTATTCTTCAAATCTATGCGATCCTCTTTTCTTTTTGT
CTTACTCTCCTCCATCTTATCGTCATCATCAAGTG

FP Cmg1_pGal
GAATAAGAGGACGGACAATAAGAGGTACGCTACACAT
CTACCATCACTTTCAGGGAGGAATTCGAGCTCGTTTAA
AC

RP Cmg1_pGal
CGGTGTATTCTTCAAATCTATGCGATCCTCTTTTCTTTTT
GTCTTACTCTCCTCCATGCACTGAGCAGCGTAATCTG

FP Pfa1_pGal
GAAGGAAGAAGTGATTTAATCGCAGAGTCAAATATAA
GCATAAATTGTTGTAACCGTGAATTCGAGCTCGTTTAA
AC

RP Pfa1_pGal
GCTACCACGTGCATGCCTACGTCTGCTTCCTTGATAATG
ACTATGCCTTTTTGCCATGCACTGAGCAGCGTAATCTG

FP Spp2_pGal
GTTATTAAGGTAATAATGCACGTCGAGCGATGGTAGGT
AAAATGTCTAGAGGCATATCTAGGAATTCGAGCTCGTT
TAAAC

RP Spp2_pGal
CTTGGAAATATTTTTTTTCAAGGTCTTACTCCCCAACTTA
AGTGAAAACTTGCTCATGCACTGAGCAGCGTAATCTG

FP Spp382_pGal
CCAAAATTTCGAAATAGTACAACCGAGAGAGGTCGAAG
AACTTAAGCCTTCAGTACGAATTCGAGCTCGTTTAAAC

RP Spp382_pGal
CGATTCTTCTTTTTTTGAAAAAGAACTTTTTATCTGTGTT
GGAGTCCGAATCCTCCATGCACTGAGCAGCGTAATCTG

FP Gno1_pGal
GAAGCGATGAGATGAGTACTCAATAGTAACATATAGGC
AGCTTACACCATTAAACAAAGAATTCGAGCTCGTTTAAA
C

RP Gno1_pGal
CCGTATTTCTGGGGTCTAAACCAAACCGCTGTTTGGTTC
TTGTAGCTGCCAAACCCATGCACTGAGCAGCGTAATCT
G
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For Northern blotting, oligonucleotides (Table 10) were radioactively labelled

(section 2.2.14) and used as probes.

Table 10: Oligonucleotides used for pre-rRNA detection

Name Sequence 5’ to 3’
P004 CGGTTTTAATTGTCCTA

P020 TGAGAAGGAAATGACGCT

P250 (scR1) ATCCCGGCCGCCTCCATCAC

2.1.7. Plasmids
Plasmids served as templates for PCR amplification of genes for cloning or

tag/promoter cassette amplification for preparation of yeast strains.

Furthermore, plasmids were generated for recombinant protein expression in

E. coli. A list of the plasmids used in this study is shown in Table 11.

Table 11: Plasmids used in this study

Name Usage Source

A 101
Empty vector for H10-MBP-tagging (N-
term.) and protein expression in E. coli

M. Bohnsack

A 101 Gno1 1-72 Recombinant protein expression in E. coli This study
A 101 Spp382 51-110 Recombinant protein expression in E. coli This study
A 101 Spp2 92-157 Recombinant protein expression in E. coli This study
A 101 Sqs1 705-767 Recombinant protein expression in E. coli This study
A 101 Cmg1 1-85 Recombinant protein expression in E. coli This study

A 15
Empty vector for ProteinA-tagging (N-
term.), H6-tagging (C-term.) and protein
expression in E. coli

M. Bohnsack

A 15 Spp382 51-110 Recombinant protein expression in E. coli This study

A 21
Empty vector for H10-ProteinA-tagging (N-
term.) and protein expression in E. coli

M. Bohnsack

A 21 Gno1s PCR template for cloning This study
A 21 Spp382 PCR template for cloning M. Bohnsacl
A 21 Prp43 1-657 Recombinant protein expression in E. coli This study
A 21 Prp43 92-767 Recombinant protein expression in E. coli This study
A 21 Prp43 d753 Recombinant protein expression in E. coli This study
A 21 Prp43 FL Recombinant protein expression in E. coli M. Bohnsack
A 21 Spp2 PCR template for cloning M. Bohnsack
A 21 Sqs1 PCR template for cloning M. Bohnsack

A 21-Cmg1
Recombinant protein expression in E. coli
and PCR template for Cloning

M. Bohnsack

A 4
Empty vector for GFP-tagging (N-term.) in
E. coli

M. Bohnsack

A 4 Prp43 Recombinant protein expression in E. coli This study

A 5
Empty vector for RFP-tagging (N-term.) in
E. coli

M. Bohnsack

A 5 Cmg1 Recombinant expression E. coli This study
A 5 Cmg1 1-85 Recombinant expression E. coli This study
A 8 Empty vector for His8-tagging (N-term.) M. Bohnsack



Materials and methods

24

and protein expression in E. coli
A 8 Gno1 1-72 Template restriction digest and for cloning This study
A 8 Spp2 92-157 G Template restriction digest and for cloning This study
pBS1761 pTEF Ura3 Protein overexpression in S. cerevisiae M. Bohnsack
pFA6a KanMX6 pGal1
3HA

pGal1 insertion/ genomic HA-tagging (C-
term.) in S. cerevisiae

M. Bohnsack

pFA6a RFP NatMx6
Genomic RFP-tagging (C-term.) in S.
cerevisiae

Longtine et al., 1998

pUN100 mRFP-Nop1 Nuclear marker for S. cerevisiae M. Bohnsack

2.1.8. Bacterial strains
For cloning or plasmid preparation, the E. coli strains DH5α or TOP10 F’ (Life 

Technologies) were used. In case of protein expression, the E. coli strains BL21

Codon Plus or BL21 Rosetta Star (Life Technologies) were chosen.

2.1.9. Yeast strains
Yeast strains that were used in this study are listed in Table 12. The strain

preparation is described in section 2.2.3.

Table 12: List of strains used in this study

Name Genotype Source
BY4741 MATa; his3Δ1; leu2Δ0, met15Δ0; ura3Δ0 Brachmann et al., 1998
YMB455 BY4741 with prp43-HTP (Ura3MX) Bohnsack et al., 2009

YMB824
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; 
YLR271w::KanMX4

Euroscarf

YMB858 BY4741 with prp43-GFP (His3MX6)
Ghaemmaghami et al.,
2003

YMB859 BY4741 with cmg1-GFP (His3MX6)
Ghaemmaghami et al.,
2003

YMB884 BY4741 with PTEF-TAP-cmg1 (Ura3MX) This study
YMB886 YMB455 with PGAL1-3HA-spp2 (KanMX6) This study
YMB890 YMB455 with PGAL1-3HA-spp382 (KanMX6) This study
YMB894 YMB455 with PGAL1-3HA-pxr1 (KanMX6) This study
YMB900 YMB455 with PGAL1-3HA-cmg1 (KanMX6) This study
YMB936 YMB455 with PGAL1-3HA-sqs1 (KanMX6) This study
YMB915 YMB859 with dcp1-RFP (NatMX6) This study
YMB918 YMB859 with snf7-RFP (NatMX6) This study
YMB920 YMB859 with pex3-RFP (NatMX6) This study
YMB921 YMB859 with ssa2-RFP (NatMX6) This study
YMB923 YMB859 with chc1-RFP (NatMX6) This study
YMB926 YMB859 with anp1-RFP (NatMX6) This study

YMB932
YMB858 with PGAL1-3HA-cmg1 (KanMX6); pRS415
RFP-nop1 (Leu2MX)

This study

YMB933 YMB859 with pMS124 (mCherry-sbh2) (Leu2MX) Powis et al., 2013

YMB948
YMB858 with PGAL1-3HA-sqs1 (KanMX6); pRS415
RFP-nop1 (Leu2MX)

This study
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YMB950
YMB858 with PGAL1-3HA-spp382 (KanMX6);
pRS415 RFP-nop1 (Leu2MX)

This study

YMB952
YMB858 with PGAL1-3HA-spp2 (KanMX6); pRS415
RFP-nop1 (Leu2MX)

This study

YMB954
YMB858 with PGAL1-3HA-pxr1 (KanMX6); pRS415
RFP-nop1 (Leu2MX)

This study

YMB1000
MATa; ade2-101; his3Δ200; leu2Δ1; ura3-520; trp1-
Δ63; lys2-801;  

Frazier et al., 2006

YMB1002
MATa; ade2-101; his3Δ200; leu2Δ1; ura3-520; trp1-
Δ63; lys2-801; cox4::His3MX6 

Frazier et al., 2006

YMB1001
MATa; ade2-101; his3Δ200; leu2Δ1; ura3-520; trp1-
Δ63; lys2-801; cyt1::His3MX6 

Vukotic et al., 2012

2.2. Methods

2.2.1. Standard molecular biological and biochemical

methods
The preparation of plasmids involved PCR amplification, restriction enzyme

digestion, ligation, and E. coli transformation and was performed according to

standard methods (Sambrook et al., 1989). Sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE) was performed according to

standard protocol (Laemmli, 1970). For the detection of specific proteins by

antibodies, proteins were transferred from the gel onto a nitrocellulose

membrane (AmershamTMProtranTM Premium 0.45 µm NC, GE Healthcare) by

wet blotting. After incubation with specific primary antibodies (Table 3)

followed by incubation with a secondary antibody coupled to a horse radish

peroxidase (HRP), HRP was visualised by enhanced chemiluminescence (ECL)

with chemiluminescence HRP substrate (Millipore). Stripping of bound

antibodies from membranes was done by incubation with 6 M guanidine

hydrochloride, 0.2 % nonidet, 0.1 M beta-mercaptoethanol, and 20 mM

Tris/HCl pH 7.4 for 10 min.

2.2.2. Expression and purification of recombinant

proteins
E. coli expression plasmids containing the open reading frames of the proteins

of interest were transformed into E. coli BL21 Codon Plus (DE3) or Rosetta

star. One to four litres of 2xYT medium, containing 100 μg/ml ampicillin and 

34 µg/ml chloramphenicol were inoculated from an overnight culture and

maintained in logarithmic growth at 37 °C, shaking at 110 rpm. When the
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OD600 reached a value of 0.6-0.8, protein expression was induced by adding

250 µM IPTG and cultures were incubated for 16 h at 18 °C or 3 h at 37 °C

while constantly shaking at 110 rpm. Cells were harvested by centrifugation and

stored at -80 °C. The protein purification was carried out at 4 °C. Cell pellets

were resuspended in 20 ml lysis buffer (50 mM Tris/HCl, pH 7.4, 300 mM

NaCl, 20 mM imidazole, 0.1 mM PMSF, 1 mM MgCl2) per 5 ml cell pellet. Cells

were disrupted by sonication and insoluble material was pelleted by

centrifugation at 20,000 rcf for 20 min. The soluble lysate was incubated for

10 min with 0.5 % polyethylenimine to precipitate nucleic acids and was

centrifuged at 100,000 rcf for 30 min. The supernatant was mixed for 1 h with

5 ml (for Prp43) or 1 ml (all other proteins) of cOmplete His-tag Purification

Resin (Roche). Bound protein was eluted using 500 mM imidazole in 50 mM

Tris/HCl pH 7.4, 150 mM NaCl, and 1 mM MgCl2. Proteins were stored in

50 mM Tris/HCl pH 7.4, 120 mM NaCl, 2 mM MgCl2 and 20 % glycerol

at -80 °C.

2.2.3. Pull-down assays from yeast

2.2.3.1. Pull-downs using yeast strains expressing genomically

tagged proteins
For pull-down assays 20 ml of YPD was inoculated with wild-type yeast or the

pTEF-TAP-cmg1 strain and grown exponentially for 8 h. Each yeast culture was

used to inoculate 6 l fresh YPD medium and was grown exponentially. Cells

were harvested and if they were not directly used for pull-down assay, they were

frozen in liquid nitrogen and stored at -80 °C. For cell lysis, the pellet was

resuspended in one volume of lysis buffer (50 mM Tris/HCl pH 7.4, 100 mM

NaCl, 1 mM EDTA, 0.05 % Tween 20) and dropped into liquid nitrogen. The

frozen cell drops were crushed with a mortar and pestle. In the next step, the

lysate was thawed and mixed with 35 ml of lysis buffer supplemented with

cOmplete Mini protease inhibitors (Roche). Cell debris were removed by

centrifugation (20,000 rcf, 4 °C, 20 min). The supernatant was then incubated

for 1 h at 4 °C on a rolling incubator with 500 µl of IgG Sepahrose

(GE Healthcare) that had been pre-equilibrated in lysis buffer. After binding,

three washing steps were performed with IgG wash buffer (50 mM Tris/HCl

pH 7.4, 100 mM NaCl, 1 mM MgCl2, 0.05 % Tween 20) in a gravity flow

column. Protein bound beads were then equilibrated with TEV cleavage buffer

(10 mM Tris/HCl pH 7.4, 1 mM beta-mercaptoethanol) and incubated

overnight at 4 °C on a rolling incubator with 1 ml of TEV cleavage buffer
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containing 5 µl of 90 µM TEV protease to elute bound complexes. TEV

protease was removed by incubation of the first eluate with 150 µl of

Glutathione Sepharose (GE Healthcare) for 1 h at 4 °C on a rolling incubator.

The second elution fraction was collected and precipitated with 15 %

trichloroacetic acid (TCA) with following centrifugation (15 min, 4 °C,

20,000 rcf). Protein pellets were washed with ice cold acetone and centrifuged

(5 min, 4 °C, and 20,000 rcf) to remove residual TCA and air dried. Samples

were resuspended in 10 µl of 4x SDS sample loading buffer (40 % glycerol,

240 mM Tris/HCl pH 6.8, 8 % SDS, 0.04 % bromophenol blue, and 5 % beta-

mercaptoethanol) and 2 µl of Tris/HCl pH 7.4 and were separated on a

NuPAGE® Novex® 4-12 % Bis-Tris protein gel (Life technologies). Proteins

were transferred to a nitrocellulose membrane and analysed by Western blotting

(section 2.2.1). Alternatively, gels were stained with coomassie brilliant blue

R250 (0.1 % Coomassie R250, 10 % glacial acetic acid, 40 % methanol, 50 %

water) and then destained using destain solution (10 % glacial acetic acid, 20 %

methanol, 70 % water). Proteins in eluates were identified by mass

spectrometry. In brief, samples were digested with trypsin, treated as previously

described (Sloan et al., 2015) and analysed by MS/MS on a MALDI-TOF-TOF

instrument. Proteins were identified using the MASCOT software. Mass

spectrometry was performed by the groups of Dr. Bernhard Schmidt and Prof.

Dr. H. Urlaub.

2.2.3.2. Pull-downs using immobilised recombinant proteins
250 µl of IgG Sepharose was equilibrated with lysis buffer and pre-incubated

with saturating amounts of ProteinA-tagged, recombinantly expressed bait

protein and washed with lysis buffer (50 mM Tris/HCl pH 7.4, 100 mM NaCl,

1 mM EDTA, 0.05 % Tween 20) or, in the case of pull-down with solubilised

mitochondria, solubili buffer (20 mM Tris/HCl pH 7.4, 0.1 mM EDTA,

100 mM NaCl, 10 % glycerol, 1 % digitonin, 2 mM PMSF). The prepared beads

were then incubated with cleared cell lysate or 15 mg of solubilised

mitochondria (section 2.2.16) for at least one hour at 4 °C. When beads were

incubated with whole cell lysate, washing steps were performed as described in

section 2.2.3.1. However, when the beads were incubated with solubilised

mitochondria the washing steps were performed with an alternative wash buffer

(20 mM Tris/HCl pH 7.4, 0.1 mM EDTA, 100 mM NaCl, 10 % glycerol, 0.3 %

digitonin). In both cases, complexes were eluted as described in section 2.2.3.1.

Small scale experiments were also performed using 20 µl of IgG Sepharose and

1 mg solubilised mitochondria.
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2.2.4. Protein interaction analysis

2.2.4.1. Gel based assay
4.2 nmol of ProteinA-tagged Cmg1 or Spp2 were bound to 30 µl of IgG

sepharose (GE Healthcare) and incubated for 30 min at 4 °C in buffer A

(50 mM Tris/HCl pH 7.4, 100 mM NaCl, 1.5 mM MgCl2 and 2 mM beta-

mercaptoethanol). After three washing steps, 2.6 nmol of GFP-tagged Prp43

was added and again incubated for 2 h at 4 °C. After washing with buffer A, the

bound proteins were eluted with 30 µl of elution buffer (50 mM Tris/HCl

pH 7.4 and 2 M MgCl2). Input and elution samples were separated on a

NuPAGE® Novex® 4-12 % Bis-Tris protein gel and stained with coomassie

brilliant blue R-250.

2.2.4.2. Fluorescence based assay
One nanomole of full length ProteinA-tagged Prp43 and RFP-tagged Cmg1 G-

patch domain (1-85) were incubated with 30 µl of IgG sepharose (GE

Healthcare) for 1 h at 4 °C in buffer A (50 mM Tris/HCl pH 7.4, 100 mM

NaCl, 1.5 mM MgCl2, 2 mM beta-mercaptoethanol) supplemented with 1.5

mg/ml BSA. After three washing steps with buffer A, bound proteins were

eluted with 300 µl of elution buffer (40 mM Tris/HCl pH 7.4, 80 mM NaCl,

1.2 mM MgCl2, 1.6 mM beta-mercaptoethanol, 1.2 mg/ml BSA, and 150 mM

DTT). The fluorescence of elution samples were monitored using a BioTEK

Synergy H1 microplate spectrophotometer at excitation wavelength 560 nm

and emission wavelength 610 nm and analysed using Gen5 software.

2.2.5. In vitro competition assay
One nanomole of ProteinA-tagged Spp382 G-patch domain (51-110) was

bound to 30 µl of IgG sepharose (GE Healthcare) and incubated for 30 min

and 4 °C in buffer A (50 mM Tris/HCl pH 7.4, 100 mM NaCl, 1.5 mM MgCl2,

2 mM beta-mercaptoethanol) supplemented with 1.5 mg/ml BSA. After three

washing steps with buffer A, 1 nmol of GFP-tagged Prp43 and 1 nmol or

5 nmol MBP-tagged competing G-patch domains (Table 13; 1) were added to

the IgG beads and were incubated for 2 h at 4 °C. After additional three

washing steps with buffer A, the bound proteins were eluted with 300 µl of

elution buffer (40 mM Tris/HCl pH 7.4, 80 mM NaCl, 1.2 mM MgCl2, 1.6 mM

beta-mercaptoethanol, 1.2 mg/ml BSA, and 150 mM DTT). Elution samples

were analysed using a BioTEK Synergy H1 microplate spectrophotometer at

excitation wavelength of 475 nm and emission wavelength of 510 nm and

analysed using Gen5 software. In an alternative protocol, 1 nmol of ProteinA-
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tagged Prp43 was immobilized on 30 µl of IgG sepharose. After three washing

steps (performed as described above) 1 nmol of RFP-tagged Cmg1 G-patch

domain (1-85) and 1 nmol or 5 nmol of MBP-tagged competing G-patch

domains (Table 13; 2) were added. Subsequent steps were performed as

described above. Samples were analysed at excitation wavelength of 560 nm

and emission wavelength of 610 nm.

Table 13: Proteins with their tags for the appropriate experiment

Experiment ProteinA tag
bait

GFP/RFP tag
readout

MBP tag
competitor

1 Spp382 51-110 GFP-Prp43

Sqs1 705-767
Pxr1 1-82
Cmg1 1-85
Spp2 92-157

2 Prp43 RFP-Cmg1 1-85
Sqs1 705-767
Pxr1 1-82
Spp2 92-157

2.2.6. Electromobility shift assay (EMSA)
Electromobility shift assays were used to detect the RNA affinity of Prp43 in

absence or presence of cofactors. Reactions containing 45 mM Tris/HCl

pH 7.4, 2 mM MgCl, 25 mM NaCl and 2 nM radioactively labelled (32P) 11 nt

RNA (18S H29 11 nt) and increasing amounts of Prp43 (0-500 nM) were

incubated at 30 °C for 30 min. This experiment was performed in the absence

or in the presence of 2 µM Cmg1. The bound and unbound RNAs were

separated by electrophoresis through a native 5 % polyacrylamide gel

containing 22.25 mM Tris-borate, 22.25 mM boric acid, and 0.5 mM EDTA.

After drying the gel, the 32P-labelled RNA was visualised using a

phosphorimager and quantified using ImageQuant software (Molecular

Dynamics).

2.2.7. Anisotropy measurements
The anisotropy setup (MicroTime 200, PicoQuant GmbH, Berlin, Germany)

contains an inverse epi-fluorescence microscope (IX-71, Olympus Europa,

Hamburg, Germany), two identical pulsed 635 nm diode lasers (LDH-P-635,

PicoQuant GmbH, Berlin, Germany); lasers (PDL 828 “Sepia II”, PicoQuant

GmbH, Berlin, Germany), a polarisation-preserving single-mode fibre, four

dichroic mirror (FITC/TRITC, Chroma Technology, Rockingham, VT, USA),

a microscope’s objective (UPLSAPO 60x W, 1.2 N.A., Olympus Europa,
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Hamburg, Germany), a single circular aperture (diameter 150 µm), a polarising

beam splitter cube (Ealing Catalogue, St. Asaph, UK), two single photon

avalanche diodes for the red emission (two SPCM-AQR-13, Perkin Elmer,

Wellesley, MA, USA), emission bandpass filters HC692/40 (Semrock, USA),

and a time-correlated single-photon counting electronics (HydraHarp 400,

PicoQuant GmbH, Berlin, Germany). For the anisotropy measurements, 20 µl

samples containing 20 nM 11 nt Atto647 labelled RNA (18S H29 11nt fl.),

increasing amounts of Prp43 (0-4 µM) and with or without 5 µM cofactor, were

inserted into a measurement chamber. The chamber consisted of two glass

coverslides connected through a 1 mm silicon spacer (Grace Bio-Labs). Before

the experiments, the coverslides were coated with Sigmacote (Sigma-Aldrich),

according to the manufacturer’s instructions, to avoid unspecific binding during

the measurements. At least three independent measurements over 10 min were

performed at room temperature for each sample. For each data point, the mean

and the standard deviation of three independent measurements were calculated.

Finally, dissociation constants were determined using the Origin software to fit

the data with Formula 1.

[ ]
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0

[Prp43] [RNA] [Prp43] [RNA]
[Prp43] [RNA]

RNA 2 2
tot tot d tot tot d

tot tot
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r K K
r r
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Formula 1: Equation for determine RNA dissociation constant of Prp43 in
presence of cofactor
Where r0 is the anisotropy of unbound RNA, rmax is the amplitude, [Prp43]tot is the total
Prp43 concentration and [RNA]tot the total RNA concentration.

Anisotropy measurements were performed in the group of Prof. Jörg Enderlein

together with Mira Prior.

2.2.8. Steady-state ATP hydrolysis
The ATPase activity of Prp43 was monitored with an NADH-coupled ATPase

assay. The decrease of the reduced β-nicotinamide adenine dinucleotide 

(NADH) and the increase of its oxidised version (NAD+) leads to a decrease of

absorption at 340 nm (A340). The assay was performed with 400 nM Prp43 in

the absence, or 250 nM Prp43 in the presence of 1 µM cofactor in 45 mM

Tris/HCl pH 7.4, 25 mM NaCl, 2 mM MgCl2, and 4 mM ATP (Sigma) and

indicated concentrations of 32 nt RNA (18S H29). The reactions were
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supplemented with 1 mM phosphoenolpyruvate (Sigma), 20 U/ml pyruvate

kinase/lactic dehydrogenase (Sigma) and 300 µM NADH (Sigma). Absorbance

data were collected using a BioTEK Synergy HT microplate spectrophotometer

equipped with Gen5 software. The reaction velocities were calculated from the

change in A340. The ATPase rates relative to the RNA concentrations were

determined using the Origin software according to the Michaelis-Menten

equation:

� = [��] ∙ ���� ∙
[���]

�� + [���]

Formula 2: Michaelis-Menten equation
Where [E0] means total enzyme concentration of Prp43, [RNA] is the total RNA
concentration, v means reaction velocity at certain RNA concentration, kcat is the rate
constant and KM is Michaelis-Menten constant.

2.2.9. Preparation of yeast strains
Promoters and tags were amplified from plasmid templates (Longtine et al.,

1998) by PCR using primers containing >50 nt sequence that are

complementary to appropriate regions of yeast genomic DNA. Yeast

transformations were performed under sterile conditions and with sterile

solutions as follows. A 50 ml yeast culture was grown at 30 °C to OD600 0.7.

Cells were harvested by centrifugation (5 min, 4165 rcf) and washed with 10 ml

of sterile water (5 min, 4165 rcf). Cells were resuspended in 1 ml water and

transferred to a 1.5 ml tube and centrifuged (5 min, 4165 rcf). Then cells were

washed with 1 ml of 1xTE/LiOAc (10 mM Tris/HCl pH 7.4, 1 mM EDTA

pH 7.5, 100 mM lithium acetate pH 7.5) and resuspended in 200 µl

1xTE/LiOAc (approx. 2x109 cells/ml). Next, 50 µl of cells were mixed with

5 µl of 10 mg/ml denatured salmon sperm DNA (100 °C, 20 min) and 12 µl

(~5 µg) of DNA for homologous recombination. Immediately, 300 µl of 40 %

PEG4000 in 1xTE/LiOAc was added. Cells were incubated for 30 min at

30 °C while shaking and heat shocked for 15 min at 42 °C. After addition of

800 µl of water, cells were pelleted by centrifugation (10 s, 18,000 rcf),

resuspended in 100 µl water and plated on selective media missing specific

amino acids (auxotrophic markers). Alternatively for antibiotic selection, cells

were grown on YPD plates overnight and replica plated onto selective plates

the next day. Cells were grown at 30 °C and streaked out to obtain single

colonies. Yeast strains were prepared with the help of Philipp Hackert.



Materials and methods

32

2.2.10. Serial dilution growth assay
Serial dilution growth assays were performed as previously described by Kötter

et al., 2009. Saturated cultures of yeast cells were diluted in YPD to an OD600 1

followed by three serial 1:10 dilutions. From the diluted cultures, 5 μl were 

spotted on YPD (Dextrose), YPG (Glycerol) or YPL (Lactate) plates. Colony

sizes were recorded following incubation of the plates for 2 days at 30°C.

2.2.11. Survival assay
Survival assays were performed as previously described by Teng and Hardwick,

2009. Saturated cultures of yeast strains grown in YPD were used to inoculate

5 ml cultures, which were then grown to OD600 0.5. Cultures were split in half

and 2 ml of each culture was treated with 199 mM acetic acid and 2 ml was left

untreated as a control. Cultures were incubated at 30 °C for a further 4 h. Five

1:5 serial dilutions were made and 5 µl of each dilution were spotted onto YPD

plate.

2.2.12. Fluorescence microscopy
For fluorescence microscopy, yeast strains expressing GFP and RFP fusion

protein were cultured in synthetic medium to an OD600 of 0.5. 4 µl of yeast

culture were spread on glass slides and monitored with DeltaVision Spectris

(Applied Precision) fluorescence microscope equipped with a 100× objective

and GFP, mCherry, and DAPI filter sets (excitation wavelengths of 475/28 nm,

575/25 nm, and 390/18 nm and emission wavelengths of 632/60 nm,

525/50 nm, and 435/48 nm respectively). Captured images were deconvolved

using WoRx (Applied Precision) software. Mitochondria were stained with

MitoTracker Orange CMTMRos Invitrogen (Eugen, Oregon, USA).

Fluorescence microscopy was performed with the help of Philipp Hackert.

2.2.13. RNA isolation
RNA isolation from 30 ml OD600 0.7 yeast cell pellet was performed as

previously described by Sambrook in 1989. Cells were lysed by vortexing for

5 min with 0.6 ml glass beads and 0.2 ml GTC mix (6 M guanidinium

thiocyanate, 75 mM Tris/HCl pH 8, 0.2 M β-mercaptoethanol, 3 % sarkosyl) 

and 0.2 ml phenol at 4 °C. A further 3 ml of phenol and 3 ml GTC mix was

added and incubated at 65 °C for 5 min, followed by 5 min chilling on ice.

After addition of 1.6 ml NaAc Mix (100 mM NaAc pH 5.2, 1 mM EDTA

pH 8, 10 mM Tris/HCl pH 8) and 3 ml chloroform samples were centrifuged

(25 min, 4165 rcf, 4 °C). The upper aqueous phase was transferred to a fresh
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tube and mixed with 5 ml PCI (phenol:chloroform:isoamyl alcohol, 25:24:1)

and centrifuged (5 min, 4165 rcf, 4 °C). The resulting upper phase was mixed

with 4.5 ml chloroform, followed by centrifugation (5 min, 4165 rcf, 4 °C). The

remaining 4 ml aqueous phase was mixed with 11 ml of ethanol and RNA was

precipitated for at least 30 min at -80 °C. After centrifugation at 4165 rcf at

4 °C for 30 min, the RNA pellet was washed with ice cold 70 % ethanol (5 min,

4165 rcf, 4 °C) and air dried. Finally, RNA was resuspended in RNase free

water and the concentration was measured using a NanoDrop 2000c. RNA was

stored at -80 °C.

2.2.14. Northern blots
4 µg total RNA was mixed with 5 volumes of 0.2x glyoxal loading dye (8.2 %

glyoxal, 4.9 % glycerol, 61.2 DMSO, 1.22x BPTE) and denatured at 55 °C for

1 h before separation by electrophoresis on a 1.2 % agarose gel in BPTE buffer

(10 mM PIPES, 30 mM Bis-Tris, 10 mM EDTA). After washing steps (20 min

in 100 mM NaOH, 2x 15 min in 0.5 M Tris/1.5 M NaCl, 20 min in 6x SSC; 1x

SSC: 150 mM NaCl, 15 mM sodium citrate, pH 7 with NaOH), RNA was

transferred on a Hybond-N Extra membrane (Amersham Biosciences) by

vacuum blotting (200 mbar and 2 h; Sambrook et al., 1989). The transferred

RNA was UV cross-linked to the membrane by exposure two times to

0.12 J/cm2 in a StratalinkerTM 2400. Mature rRNAs were visualised by

methylene blue staining (0.03 % methylene blue (w/v), 0.3 M sodium acetate

pH 5.2) for 15 min. Afterwards, the membrane was pre-hybridised for 30 min

at 37 °C with SES1 buffer (0.5 M sodium phosphate pH 7.2, 7 % SDS, 1 mM

EDTA). Next, membranes were hybridised overnight at 37 °C with 32P-labelled

DNA oligonucleotide probes. Probes were prepared by phosphorylation of

DNA oligonucleotides with polynucleotide kinase (PNK, Fermentas) and
32P-γ-ATP (Perkin-Elmer), for 30 min at 37 °C. Following hybridisation, 

membranes were washed twice (1: 6x SSC for 30 min; 2: 2x SSC, 0.1 % SDS for

20 min; 1x SSC). Finally, the membrane was dried and exposed to a

phosphorimager screen. Pre-rRNAs were visualised using a phosphorimager

and were quantified using ImageQuant software.

2.2.15. Preparation of enriched mitochondria
Cultures were maintained in exponential phase for ~24 h. Cells (approx. 5g)

were harvested (10 min, 7500 rcf, 18 °C) and washed with 100 ml water. Next,

cell pellets were resuspended in 2 ml/g DTT buffer (100 mM Tris/H2SO4

pH 9.4, 10 mM DTT) and incubated at 30 °C for 30 min with gentle shaking.
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Cells were pelleted by centrifugation (8 min, 5000 rcf, and 18 °C), the buffer

was removed, the pellets were washed with 200 ml 1.2 M sorbitol and again

centrifuged. Cell walls were disrupted by incubation of the cell pellets with 7 ml

zymolyase buffer per gram of yeast (20 mM potassium phosphate buffer

pH 7.4, 1.2 M Sorbitol and 4 mg of zymolyase 20T per gram yeast) for 1.5 h at

30 °C with gentle shaking. Spheroblasts were pelleted by centrifugation

(10 min, 500 rcf, and 18 °C). After washing with ice cold zymolyase buffer

without zymolyase cells were lysed up by 15 strokes with a homogeniser in 2 ml

MES buffer pH 6 (4.22 mM MES, 0.6 M sorbitol, 0.5 mM EDTA, 2 mM KCl,

0.2 M PMSF, cOmplete Mini) per gram yeast, on ice. Then, samples were

centrifuged (5 min, 500 rcf, and 4 °C), the supernatants were then centrifuged

for 10 min at 4 °C at 2000 rcf and then for 15 min at 15,000 rcf at 4 °C). Next

the enriched mitochondrial pellets were washed with ice cold SEM buffer

(125 mM SEM pH 7.2, 200 mM PMSF) and resuspended to a concentration of

10 µg/ml in SEM buffer. Finally, mitochondria were frozen in liquid nitrogen

and stored at -80 °C. Enriched mitochondria were prepared in the group of

Prof. P. Rehling and together with Dr. Markus Deckers.

2.2.16. Preparation of mitochondrial extracts
To prepare mitochondrial extracts for pull-down assays (section 2.2.3.2) 20 mg

or 1 mg mitochondria were thawed and centrifuged (10 min, 20,000 rcf, and

4 °C). After removing the supernatant, mitochondria were resuspended in

1 ml/mg ice cold solubili buffer (20 mM Tris/HCl pH 7.4, 0.1 mM EDTA,

100 mM NaCl, 10 % glycerol, 1 % digitonin, 2 mM PMSF) and incubated for

30 min at 4 °C on a rolling incubator. Insolubilised membranes were pelleted

(15 min, 20,000 rcf, and 4 °C) and discarded and the supernatant was used for

assays.

2.2.17. Mitochondrial sublocalisation assay
The mitochondrial sublocalisation assay was performed following the protocol

described in Mick et al., 2007. Isolated mitochondria were converted to

mitoplasts by hypotonic swelling in EM buffer (1 mM EDTA, 10 mM MOPS

pH 7.2) or lysed in 1% Triton X-100 and then treated with different

concentration of Proteinase K (0, 20, and 100 µg/ml) for 15 min and 4 °C.

Samples were precipitated with TCA (section 2.2.3) and analysed by SDS–

PAGE and Western blotting (section 2.2.1). The mitochondrial sublocalisation

assay was performed in the group of Prof. Peter Rehling with the help of Dr.

Markus Deckers.
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2.2.18. Mitochondrial localisation assay
For mitochondrial localisation assays, yeast strains were treated with 100 mM

H2O2 for 1 h to induce apoptosis or left untreated. Cells were then treated as

described in section 2.2.15 until the step of centrifugation for 5 min at 4 °C

with 500 rcf in MES buffer pH 6. The samples were adjusted with MES buffer

pH 6 to same protein concentration. Next, 500 µl of each sample were taken as

cell extract samples and in addition 1 ml was layered onto an 1.5 ml a 30 %

sucrose cushion in a 1.5 ml tube. Samples were centrifuged at 20,000 rcf for

30 min at 4 °C. Then 500 µl of the supernatants were taken as cytosolic

samples, while the pellets were washed carefully with MES buffer pH 6 and

resuspended in 1 ml MES buffer. Finally, 500 µl samples were taken from the

resuspended enriched mitochondrial pellets. All samples were precipitated with

15 % TCA (15 min, 4 °C, and 20,000 rcf). The protein pellets were washed with

ice cold acetone (5 min, 4 °C, and 20,000 rcf) to remove residual TCA and air

dried. Samples were mixed with 4x SDS sample loading buffer (40 % glycerol,

240 mM Tris/HCl pH 6.8, 8 % SDS, 0.04 % bromophenol blue, and 5 % beta-

mercaptoethanol) and separated on a NuPAGE® Novex® 4-12 % Bis-Tris

protein gel (Life technologies) and analysed by Western blotting (section 2.2.1).





3. RESULTS

3.1. Identification of Cmg1-interacting helicases
Four of the G-patch proteins in yeast have been shown to interact with an

RNA helicase. Pxr1, Sqs1 and Spp382 interact with Prp43 and Spp2 binds to

Prp2. Therefore pull-down experiments from yeast lysate were performed to

determine if the fifth, uncharacterised G-patch protein Cmg1, also interacts

with an RNA helicase. For these experiments a BY4741 wild-type strain was

chosen as negative control and a yeast strain overexpressing a TAP-tagged

version of Cmg1 was prepared. Identical volumes of cleared yeast lysates

(Figure 6a, Input) were incubated with IgG Sepharose and isolated complexes

were eluted.

Figure 6: TAP-tagged Cmg1 co-precipitates Prp43 from yeast cells
a) Samples of cleared lysate (Input) from wild-type (Wt) and TAP-Cmg1 overexpression
strains (Cmg1), as well as elution samples of the pull-down experiments were separated
on a SDS-PAGE and stained with coomassie brilliant blue. Bands are labelled with the
protein name corresponding to proteins identified by mass spectrometry. Asterisk
marks the bands also found in the wild-type control. b) Samples described in (a) were
separated by SDS-PAGE and analysed by Western blotting using an anti-Prp43
antibody.

Inputs and eluates were separated by SDS-PAGE and coomassie staining was

used to visualise proteins that co-precipitated with Cmg1 (Figure 6a). The

Cmg1 elution lane contains several visible bands. The lower bands between 40

to 55 kDa represent the Cmg1 bait protein, while the bands below 40 kDa,

marked with an asterisk, were also found in the negative control suggesting they

correspond to non-specific, background interactions. Interestingly, the band
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corresponding to a protein of approximately 90 kDa was identified as the RNA

helicase Prp43 by mass spectrometry. To support the mass spectrometry

findings, a Western blot using the same samples was performed and probed

with an anti-Prp43 antibody. The result in Figure 6b confirmed that Prp43 can

be co-precipitated with Cmg1 from yeast cells, leading to the conclusion that

these two proteins interact in vivo.

3.2. Analysis of the Cmg1 - Prp43 interaction

in vitro
Although the pull-down assays from yeast showed an in vivo interaction

between Cmg1 and Prp43, it was not clear if the observed interaction is the

result of direct binding. Both proteins could be part of a larger protein complex

and therefore bind via another protein or both might interact with the same

RNA. To exclude these possibilities, an in vitro protein-protein interaction assay

was performed. The gene sequences coding for the Cmg1 and Spp2 G-patch

proteins were cloned into a plasmid that enabled expression of ProteinA-tagged

proteins in E.coli. Recombinant Cmg1 and Spp2 G-patch proteins were purified

and bound in the same amounts to IgG Sepharose (Figure 7, Input lanes 1

and 2).

Figure 7: Cmg1 interacts directly with Prp43
Recombinantly expressed ProteinA-tagged Cmg1 and Spp2 (Input) were immobilised
on IgG sepharose and incubated with GFP-tagged Prp43. Co-precipitated Prp43 was
eluted (Elution) and samples were analysed by SDS-PAGE followed by coomassie
staining. Protein size marker is indicated on the left.

The G-patch protein Spp2 was chosen as a negative control because no

interaction with Prp43 has been demonstrated so far. Both samples were

incubated with an equal amount of recombinant GFP-tagged Prp43 (Figure 7,

lane 3). Next, GFP-Prp43 that was co-precipitated with the G-patch proteins
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was eluted with high magnesium concentrations that disrupt molecular

interactions. Prp43 was only eluted from the Cmg1 bound sepharose beads,

which means that Prp43 binds to Cmg1, but not to Spp2 (Figure 7, lanes 4

and 5). Furthermore, this result clearly shows that Cmg1 can directly interact

with Prp43.

3.3. Identification of Cmg1 and Prp43

interacting domains
Since Cmg1 and Prp43 interact directly, this raised the question of which part

of the helicase Cmg1 binds to. Interestingly, both Spp382 and Sqs1 G-patch

proteins were shown to bind to the C-terminal part of Prp43 (Tanaka et al.,

2007; Lebaron et al., 2009; Walbott et al., 2010; Christian et al., 2014). Prp43

truncation mutants were created based on the known domain architecture of

Prp43 (He et al., 2010) and a crystal structure model of the helicase (Walbott et

al., 2010). Prp43 is a DEAH-box protein with two RecA-like domains

(Figure 8a, green and light blue), containing eight conserved motifs, a winged

helix domain (Figure 8a, pink) and a ratchet domain (Figure 8a, orange). The

first truncation mutant (Prp43 92-767) lacks the amino acids 1-91, which form

the N-terminal domain (Figure 8a and b) that has no known function, so far.

The second truncation mutant (Prp43 1-657) is missing the last 110 amino

acids, which are part of the C-terminal domain that contains an oligonucleotide

binding motif (OB-motif; He et al., 2010). Both versions of the protein were

expressed with an N-terminal ProteinA tag in E. coli. As RNA helicases are able

to bind RNA when they are recombinantly expressed, they are often co-

purified along with E. coli RNAs, which can affect subsequent biochemical

analyses. In order to prepare RNA-free proteins, the purification procedure was

optimised. A polyethyleneimine-based nucleic acid precipitation step and a high

salt washing step were successfully tested and included in the protocol. Before

investigating interactions between these truncated forms of Prp43 and Cmg1 it

was necessary to check whether the purified mutants are able to fold correctly.

Therefore, the functionality of the helicase core domain was confirmed using

an NADH-coupled ATPase assay. In this assay, the decrease in NADH

concentration is directly proportional to the amount of hydrolysed ATP. The

decrease in NADH can be measured spectrophotometrically by monitoring the

absorbance at 340 nm and the hydrolysis rate (ATP/sec) can then be calculated

(section 2.2.8).
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Figure 8: Scheme of Prp43 domain truncations and their functionality
a) Schematic domain organisation of Prp43. The helicase core is formed from two
RecA-like domains (green and light blue), which contain eight conserved motifs (I, II,
Ia, Ib, III, IV, V, and VI). Blue motifs are responsible for ATP/NTP binding and
hydrolysis, motifs in yellow are necessary for RNA binding and the motif shown in red
connects the NTP hydrolysis with RNA unwinding. Also shown are the winged helix
domain (WHD, pink), the ratchet domain (RD, orange), N-terminal domain (blue) and
the C-terminal domain (CTD, yellow). Numbers indicate amino acid (aa) positions.
(Walbott et al., 2010; He et al., 2010) b) Prp43 crystal structure (Walbott et al., 2010).
Amino acids 1-91 are represented in blue (N-terminus), amino acids 92-656 are shown
in green (Core domain) and amino acids 657-767 (C-terminus) are depicted in yellow.
c) NADH-coupled ATPase assay of Prp43 wild-type (wt), Prp43 92-767 and Prp43 1-
657 mutants in the absence (-RNA) or presence (+RNA) of RNA. The ATP hydrolysis
rate was calculated in three independent experiments and is shown with standard
deviation.

Wild-type Prp43 and the N/C-terminal truncation mutants were incubated

without and with RNA because the ATPase activity of Prp43 is stimulated by

the presence of RNA (Martin et al., 2002; Tanaka and Schwer, 2006). Compared

to wild-type Prp43, both truncated versions of Prp43 show slightly impaired

ATP hydrolysis in presence of RNA (Figure 8c). Prp43 92-767 has half of the

ATPase activity of wild-type protein, while Prp43 1-657 has almost three

quarters of the wild-type ATPase rate. These findings mean that the truncation

mutants do have a functional helicase core domain, but that both the N- and

C-terminal domains of the protein influence the ATPase activity of Prp43.

Consistent with this, in a parallel study (Walbott et al., 2010) it was

demonstrated that the mutation of single amino acids within the C-terminal
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region also lead to reduction of RNA-dependent ATPase activity. This is likely

due to the mutation of the OB-motif, since RNA binding is coupled with

ATPase function. In the case of Prp43 92-767, the decrease in ATPase activity

could be due to the destabilised structure as the N-terminal helix folds back

across the core of the protein like a frame (He et al., 2010; Figure 8b, blue part).

Having established that the N- and C-terminal truncated forms of Prp43 are

functional, they could be used to investigate which region of the helicase binds

to Cmg1. Furthermore, the region of Cmg1 that mediates the Prp43-interaction

remains to be identified. Interestingly, it was shown for Spp382 and Sqs1 that

the G-patch domain of these proteins is sufficient for binding to Prp43 (Tanaka

et al., 2007; Lebaron et al., 2009).To test if this is also the case for Cmg1, the

gene sequence encoding the N-terminal part (aa 1-85) of the protein, containing

the proposed G-patch domain (aa 40-85), was cloned into an E.coli expression

vector for N-terminal RFP-tagging and the tagged G-patch domain was

purified. The purified full length and truncated versions of Prp43 were bound,

in saturating amounts, to IgG sepharose and incubated with Cmg1 1-85. RFP-

Cmg1 appeared as a double band when analysed by SDS-PAGE. However, this

could be abolished by addition of high amounts of DTT suggesting they

represent different folding states. Co-precipitated Cmg1 1-85 was eluted and

both input and elution samples were analysed by SDS-PAGE, followed by

coomassie staining. Alternatively, eluted RFP-Cmg1 1-85 was detected

spectrophotometrically using an excitation wavelength of 560 nm and emission

wavelength of 610 nm in a microtiter plate. The results in Figure 9a show that

the Cmg1 1-85 protein is co-precipitated by wild-type Prp43. This interaction is

specific because the negative control without Prp43 (empty beads) shows no

co-precipitation of Cmg1 1-85 (Figure 9a). This means that the G-patch

domain of Cmg1 is sufficient for Prp43 binding. Furthermore, the absence of

any RFP-Cmg1 1-85 co-precipitation with Prp43 92-767 and Prp43 1-657

indicates that the N-terminal, as well as the C-terminal domain, is important for

Cmg1 binding. An explanation could be the ring shaped structure of Prp43, so

that the N- and C-terminus together form the Cmg1 binding platform.
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Figure 9: Cmg1 G-patch domain interacts with both the N- and C-terminal

domain of Prp43

a) Full length and truncated forms of Prp43 were immobilised on IgG sepharose and
incubated with RFP-tagged Cmg1. Inputs and eluted proteins were separated by SDS-
PAGE and visualised by coomassie staining. b) Fluorescence-based protein interaction
assay. Samples were prepared as in a) and the amount of RFP-Cmg1 eluted was
monitored spectrophotometrically. The result of three independent assays and their
standard deviation is shown.

3.4. Effect of Cmg1 on the RNA binding affinity

of Prp43
The previously characterised G-patch cofactors of Prp43, Sqs1 and Spp382

(Tanaka et al., 2007; Lebaron et al., 2009) have been shown to enhance the

unwinding activity of the helicase. However, other cofactors can also inhibit the

activity of their associated helicases. After identifying the Prp43 - Cmg1

interaction, the next step was therefore to investigate the Prp43 enzyme activity

in the presence of the newly identified binding partner. The unwinding activity

of the RNA helicases is coupled to their RNA binding ability, so the influence

of Cmg1 on the RNA binding affinity of Prp43 was analysed. Electromobility

shift assays (EMSAs) were performed with a radioactively labelled 11 nt long

RNA and increasing amounts of Prp43 (0-500 nM) in absence or presence of

full length Cmg1 (Figure 10a). Samples were analysed by native polyacrylamide

gel electrophoresis (PAGE). Under the conditions when RNA is bound to an

interaction partner it migrates more slowly in the gel and a band above the free

RNA pool appears. The results presented in Figure 10a show that in the

absence of cofactor the RNA stably associates with Prp43 at a protein

concentration of 300 nM (lane 7). However, the presence of Cmg1 leads to

stable RNA binding to Prp43 at a protein concentration of 50 nM (lane 12).

Interestingly, Cmg1 alone does not bind RNA (lane 10). This is significant
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because the G-patch domain is often found in RNA-associated proteins and

the Spp382 protein has previously been shown to bind to RNA (Aravind and

Koonin, 1999; Tsai et al., 2005).

Figure 10: Cmg1 stimulates the RNA affinity of Prp43
a) An EMSA was performed using increasing amounts of Prp43 and a radioactively
labelled 11 nt long RNA in absence (-) and presence (+) of Cmg1. Samples were
analysed by native PAGE and RNA was visualised by exposing the dried gel to a
phophorimager screen. b) Anisotropy measurements of Prp43 (0-4 µM) in the absence
or presence of Cmg1 or Spp382 51-110. The mean values of at least three independent
experiments and their fitted curves are shown.

To get a more quantitative analysis of Prp43’s RNA affinity in the presence of

Cmg1, anisotropy experiments were performed in collaboration with Mira Prior

and Prof. Jörg Enderlein. Fluorescence anisotropy measurements are a tool to

monitor the rotational correlation time of a molecule. Since this is connected to

the size and molecular weight of a protein or RNA-protein complex, it can be

used to accurately measure the RNA affinity of a protein. For these

experiments Spp382 51-110 was chosen as a positive control, since this

fragment, containing the G-patch domain, has been shown to increase Prp43’s

unwinding activity (Tanaka et al., 2007; Christian et al., 2014). The anisotropy of

an 11 nt long Atto647 labelled RNA was measured in the absence or presence

of Cmg1 or Spp382 51-110 and increasing amounts of Prp43. Each Prp43

concentration was measured at least three times and the mean values for each

titration point were calculated. The curves were then fitted (Figure 10b)

enabling the dissociation constant (Kd) for each complex to be determined

(Table 14).

Table 14: Determined dissociation constants of the anisotropy measurements

Protein variants Kd [nM]

Prp43 158 ± 70

Prp43 + Cmg1 20 ± 8

Prp43 + Spp382 51-110 24 ± 7
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Consistent with the EMSA data, the anisotropy increases as the concentration

of Prp43 in the assay increases and addition of Cmg1 stimulates the RNA-

affinity of Prp43. Remarkably, the titration curves in the presence of Cmg1 or

Spp382 51-110 display almost the same stimulation and the calculated Kd-

values are close (20 ± 8 nM for Cmg1 and 24 ± 7 nM for Spp382 51-110).

When these constants are compared to the Kd-value of Prp43 alone

(158 ± 70 nM), it becomes apparent that Cmg1 can increase the RNA-binding

affinity of Prp43 approximately six-fold.

3.5. Prp43 ATPase activity in the presence of

Cmg1
As Prp43 is an RNA-dependent ATPase and Cmg1 increases its RNA-binding

affinity, the next experiments performed were ATPase assays to determine

whether Cmg1 also has an influence on the ATP hydrolysis rate of Prp43. For

the measurements the NADH-coupled ATPase assay described earlier was

used. The reactions were carried out with increasing amounts of RNA

(0-4.5 µM), using Prp43 alone and also in the presence of Cmg1 or

Spp382 51-110. Again, Spp382 51-110 functioned as a positive control and all

experiments were performed at least three times. The maximal reaction velocity

was calculated and plotted against the RNA concentration. The resulting

titration curves are presented in Figure 11. The ATPase activity of Prp43

increased as the RNA concentration was raised confirming that it is an RNA-

dependent ATPase. The ATPase activity of Prp43 was stimulated by the

presence of Spp382 51-110 and, to greater extent, by Cmg1. This is in line with

the calculated KM values for the reactions (Table 15), which correlates with

Prp43’s RNA affinity. Thus, Prp43 alone has a high KM value but addition of

either Cmg1 or Spp382 lead to decreased KM values (Table 15), meaning the G-

patch proteins increase the Prp43 ATP hydrolysis rate at certain RNA

concentrations. Furthermore, the rate constants (kcat) of Prp43 alone and in

presence of Spp382 51-110 are close, while surprisingly in the presence of

Cmg1 it is increased (Table 15). To summarise, the fifth, previously

uncharacterised G-patch protein from yeast was identified as a Prp43 cofactor.

Cmg1 increases the Prp43 RNA-binding affinity as well as its ATPase activity.
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Figure 11: Cmg1 stimulates the ATPase activity of Prp43
The ATPase activity of Prp43 was monitored with an NADH-coupled ATPase assay.
The decrease of the reduced β-nicotinamide adenine dinucleotide (NADH) and the 
increase of its oxidised version (NAD+) lead to a decrease of absorption at 340 nm. The
assay was performed with 400 nM Prp43 in the absence, and 250 nM Prp43 in the
presence, of 1 µM cofactor (Cmg1 or Spp382 51-110) and indicated concentrations of
32 nt RNA (18S H29). The reaction velocities were calculated from the change in
absorption and plotted against the RNA concentration. The ATP hydrolysis rates were
analysed with the Origin software and calculated using the Michaelis-Menten equation.

Table 15: Determined Michaelis-Menten constants and rate constants of the
ATPase assays

3.6. Cmg1 cellular localisation
Prp43 is a multifunctional protein that has been shown to act in pre-mRNA

splicing and in ribosome biogenesis. The G-patch proteins Pxr1 and Sqs1 are

Prp43 cofactors in ribosome biogenesis and Spp382 works together with Prp43

in splicing (section 1.4). Accordingly, Pxr1 and Sqs1 are localised in the

nucleolus and Spp382 is found in the nucleus. However, the function of the

newly identified Prp43 cofactor Cmg1 was not known. To get insight into the

role of Cmg1, its localisation was determined using fluorescence microscopy. In

order to distinguish between the different cellular compartments, yeast strains

were prepared with genomically RFP-tagged marker proteins for each

compartment in combination with a genomically GFP-tagged Cmg1 protein.

The strains were analysed for colocalisation of GFP and RFP tagged proteins

KM [µM] kcat [s-1]

Prp43 1.41 ± 0.14 3.61 ± 0.14

Prp43 + Cmg1 0.23 ± 0.05 5.09 ± 0.26

Prp43 + Spp382 51-110 0.22 ± 0.04 3.44 ±0.13
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with fluorescence microscopy. Figure 12a shows that Cmg1 is not present in

endoplasmic reticulum (ER), golgi apparatus, endosome, pre-vacuole,

peroxisomes, and P-bodies. However, in addition to distinct foci, a portion of

Cmg1 was observed to co-localise with the cytoplasmic marker protein

Ssa2.Surprisingly, a colocalisation between the Cmg1 foci and a mitotracker, a

marker for mitochondria, was detected (Figure 12b), implying that Cmg1 is also

localised to mitochondria. For this reason the protein expressed from the gene

locus YLR271W was renamed in this study as cytoplasmic and mitochondrial G-patch

protein 1 (Cmg1).

Figure 12: Cmg1 colocalisation with a mitotracker

a) Yeast strains with RFP-tagged marker proteins (Sbh2, endoplasmatic reticulum;
Anp1, golgi apparatus; Chc1, endosome; Snf7, pre-vacuole; Pex3, peroxisomes; Dcp1,
P-bodies; and Ssa2, cytoplasm) for each compartment in combination with a genetically
GFP-tagged Cmg1 protein were analysed using fluorescence microscopy. A magnified
view of a single cell is given in the upper right-hand corner of each panel.
b) Fluorescence microscopy of yeast cells with mitotracker stained mitochondria and
GFP-tagged Cmg1 was performed as in (a). Scale bar represents 5 µm of main image.
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3.7. Submitochondrial localisation of Cmg1
Mitochondria are essential for aerobic metabolism. They contain an outer

mitochondrial membrane (OMM) and an inner mitochondrial membrane

(IMM). The compartment surrounded by the inner membrane is called matrix

and the space between the two membranes is named the intermembrane space

(IMS). The IMM is folded and forms cristae, which contain enzymes of the

respiratory chain whereas, the matrix contains ribosomes, granules and

mitochondrial DNA. To confirm the localisation of Cmg1 at mitochondria

(Figure 12b) and to answer the question of where within mitochondria Cmg1 is

found, a mitochondrial sublocalisation assay was performed in collaboration

with Dr. Markus Deckers and Prof. Peter Rehling. Isolated mitochondria were

transformed into mitoplasts by hypotonic swelling in EM buffer or lysed in

Triton X-100 and then treated with different concentrations of Proteinase K to

degrade accessible proteins. The remaining proteins were analysed by Western

blotting. Antibodies against ProteinA-tagged Cmg1 were used alongside

antibodies against different mitochondrial proteins as submitochondrial

markers. Tom70 is an OMM protein that faces the cytoplasm. In contrast,

Tim21 is an IMM facing the IMS, while the IMM protein Tim44 is orientated

toward the matrix. The marker protein Mic10 is a soluble protein of the IMS.

The Western blots in Figure 13 show the digestion patterns of proteins

localised in different mitochondrial compartments.

Figure 13: Submitochondrial localisation of Cmg1
Isolated mitochondria were prepared, converted to mitoplasts by hypotonic swelling in
EM buffer or lysed in Triton X-100 and then treated with different concentration of
Proteinase K. Protein samples were analysed by Western blotting. Antibodies against
ProteinA-tagged Cmg1, Tom70 as cytoplasmic OMM protein, Tim21 as IMM protein
facing the IMS, IMM protein Tim44 with matrix orientation, and IMS marker protein
Mic10 were used.
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Tom70, as a cytoplasmic facing marker protein, has almost no signal in

mitochondria treated with 100 µg/ml Proteinase K (Figure 13, lane 3). In

contrast, Cmg1 is not degraded suggesting it is found within the mitochondria

(Figure 13, lanes 1-3). Tim21 is truncated in the mitoplasts, because it spans the

membrane so the part reaching in the IMS is degraded. Thus, the IMM proteins

Tim44 and Tim21 are only fully degraded after total mitochondrial lysis

(Figure 13, lane 8). Interestingly, Cmg1 shows the same profile as Mic10. Both

proteins are present after Proteinase K digestion of intact mitochondria, but

they are no longer detected in Proteinase K treated mitoplasts, where the

protease reaches the IMS. This means Cmg1 is a mitochondrial IMS protein.

3.8. Analysis of mitochondrial metabolism upon

cmg1 deletion or overexpression
The identification of Cmg1 within mitochondria raised the question of the

function of Cmg1 in these organelles. The main function of mitochondria is the

production of cellular energy and one possibility is that Cmg1 is involved in

mitochondrial metabolism. An important molecule in metabolism is glucose,

which serves as a carbon and energy source and is catabolised during glycolysis

in the cytoplasm and during the citric acid cycle in the mitochondrial matrix.

Alternative carbon sources such as glycerol and lactate offer less accessible

energy than glucose for a cell. Glycerol can enter the last steps of glycolysis and

citric acid cycle, while lactate is only catabolised in the citric acid cycle. When

glycerol or lactate is provided as carbon source for yeast growth, functional

mitochondria are very important. If there is a defect in the respiratory chain,

the cells lack energy and often grow slow or even die. This can be the case

when mitochondrial import of tRNAs or molecules necessary for translation is

impaired leading to decreased mitochondrial protein production. To test

whether Cmg1 is involved in one of these processes the growth of a wild-type

strain, a cmg1 deletion strain, and a Cmg1 overexpression strain were compared

using glucose (yeast extract, peptone/tryptone, dextrose; YPD plates), glycerol

(yeast extract, peptone/tryptone, glycerol; YPG plates) or lactate (yeast extract,

peptone/tryptone, lactate; YPL plates) as carbon source. Serial dilution assays

were performed and all plates were incubated for two days at 30 °C (Figure 14).

The colonies on the YPD plate were bigger compared with the ones on the

YPG or YPL plates, which is consistent with the higher energy available.

Besides this, no strong differences in growth were observed between the three
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different yeast strains. This suggests that

mitochondrial energy production, protein expression or import

molecules.

Figure 14: Cmg1 is not required for mitochondrial metabolism
A serial dilution growth assay of wild-type (Wt),
overexpression (Cmg1 oex) strains is shown. Saturated cultures of overnight grown
yeast cells were diluted in YPD to an OD600=1 followed by three serial dilutions 1:10.
Diluted cultures were spotted on YPD, YPG or YPL plates. Plates were incubated for
two days at 30°C.

3.9. Cell growth and survival in

and overexpression strain
The data suggest that Cmg1 does not have an essential function in

mitochondrial metabolism. Besides their function in cellular energy production

mitochondria also play an important role in programmed cell death. When

proapoptotic proteins of the Bcl-2 family are activated, the permeability of the

OMM gets increased and cytochrome c, which is normally an

released from the mitochondria. Release of cytochrome

the presence of reactive oxygen species (ROS)

called caspases that bring about the programmed cell death

Although no significant growth defects were observed in serial dilution assay

more sensitive growth analysis of the wild-

overexpression strains was performed to identify more subtle effects

growth. This approach revealed a reduced growth rate for the

overexpression strain, while the cmg1 deletion strains gr

strain (Figure 15a). The decreased growth rate of the

strain could suggest a role for the protein in apoptosis.
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Figure 15: Cell growth and survival in cmg1 deletion and overexpression strains
a) Shown are the growth curves of wild-type (Wt), cmg1 deletion (Δcmg1), and Cmg1
overexpression (Cmg1 oex) strains, measured over 30 h and 30 °C. b) Survival assay of
wild-type (Wt), cmg1 deletion (Δcmg1), and a Cmg1 overexpression (Cmg1 oex) strains
with or without 199 mM acetic acid treatment are shown. Four serial dilutions 1:5 were
spotted on an YPD agar plate an incubated for two days.

It was therefore tested if Cmg1 is a part of the apoptotic machinery and a wild-

type, cmg1 deletion, and a Cmg1 overexpression strains were examined in a

survival assay. Exponentially growing cultures with an OD600 0.5 were treated

with acetic acid to induce apoptosis and treated and untreated cultures were

incubated at 30 °C for a further 4 h. Finally, serial dilutions were spotted onto

YPD agar plates and growth was monitored for two days (Figure 15b).The

growth of the untreated samples is comparable to the results of the growth

curves (Figure 15a), where the wild-type and cmg1 deletion strains grow

similarly, while the Cmg1 overexpression strain displays decreased colony sizes.

Interestingly, the cmg1 deletion strain has slightly enhanced growth in

comparison to the wild-type strain after acetic acid treatment (Figure 15b).

Furthermore, there is hardly any growth visible for cells overexpressing the

Cmg1 protein after induction of apoptosis. Altogether, these data mean that the

Cmg1 is involved in cell survival and is potentially a new proapoptotic factor.

3.10. Relocalisation of Cmg1 and Prp43 under

apoptotic conditions
During apoptosis cells undergo various physiological changes. One of these

changes is that the outer mitochondrial membrane (OMM) becomes

permeabilised. This has been shown to induce the release of some proapoptotic
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factors such as cytochrome c from the mitochondria into the cytoplasm

(Garrido et al., 2006). However, other apoptotic factors e.g. Bax and Bak are

localised to mitochondria under apoptotic conditions (Ligr et al., 1998;

Westphal et al., 2011). Furthermore, it is suggested that in human cells

cytoplasmic calpain I can gain access to apoptotic mitochondria (Polster et al.,

2005; Cao et al., 2007). The identification of Cmg1 as a potential new

proapoptotic factor in mitochondria raised the question of whether this protein

remains associated with mitochondria in apoptosis. Furthermore, the data show

that Cmg1 is primarily localised to mitochondria but also that it interacts with

Prp43. This leads to a second question of where Prp43 is localised under

apoptotic conditions. For this reason a subcellular fractionation of yeast with

and without previous apoptosis induction was performed to produce a

cytoplasmic extract and enriched mitochondrial fraction. A cleared cell extract

(E, also containing organelles) was prepared from a yeast strain overexpressing

the Cmg1 protein treated with hydrogen peroxide or left untreated. A soluble

cytoplasmic supernatant (S) was collected and an enriched mitochondrial pellet

(P) was then prepared by sedimentation centrifugation through a sucrose

cushion (section 2.2.18). Protein distribution in different fractions was analysed

by Western blotting. A ProteinA antibody was used for detection of ProteinA-

tagged Cmg1 and Prp43 was detected using an antibody against the endogenous

protein. Antibodies against Pgk1 and Tom70 were taken as cytoplasmic and

mitochondrial markers, respectively. Figure 16a shows that all four proteins are

present in the total cell extract (E). The mitochondrial marker protein Tom70 is

predominantly visible in the enriched mitochondria pellet (P). However, slight

cytoplasmic contamination of the mitochondria enriched fraction can be seen

as the Pgk1 signal is also weakly detected in these lanes. Under normal

conditions Cmg1 was detectable in both the mitochondrial pellet and the

cytoplasmic fraction, consistent with the microscopy data (Figure 12).

Interestingly, upon induction of apoptosis Cmg1 is completely localised in the

mitochondrial pellet. Under normal conditions the distribution of Prp43 is

comparable to the Pgk1, but under apoptotic conditions it is distributed similar

to the Tom70 signal. Excitingly, this means that Prp43 relocalises from the

cytoplasm to mitochondria upon induction of apoptosis.The finding that in

apoptosis Prp43 is relocalised to mitochondria, where Cmg1 is located, raised

the question if Prp43 recruitment to mitochondria depends on Cmg1. The

subcellular fractionation experiment was therefore repeated with a cmg1 deletion

strain. Strikingly, the Western blots in Figure 16b show the same band pattern

as in Figure 16a and Prp43 signal shifts from the cytoplasmic supernatant to the
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mitochondrial pellet with hydrogen peroxide treatment. Consequently, Cmg1

does not seem to be responsible for Prp43 relocalisation to mitochondria.

Figure 16: Cmg1 and Prp43 localisation to mitochondria in apoptosis
For mitochondrial localisation assay, mitochondria of a) Cmg1 overexpression strain
(Cmg1 oex) and b) cmg1 deletion (Δcmg1) without (-H2O2) or with (-H2O2) 100 mM
hydrogen peroxide treatment were prepared. Samples of cell extract (E), enriched
mitochondrial pellet (P), and cytoplasmic supernatant (S) were taken. All samples were
precipitated with TCA. Samples were resuspended in SDS sample loading buffer and
analysed by SDS-PAGE for Western blotting. Antibodies against Prp43, Pgk1 as
cytoplasmic marker protein, and Tom70 as mitochondrial marker protein were used.
Cmg1-TAP was detected by using an antibody against ProteinA.

3.11. Mitochondrial binding partners of Prp43 in

apoptosis
Since Prp43 localises to mitochondria in apoptosis in the absence of Cmg1, the

next aim was to find mitochondrial interaction partners of Prp43. For this

reason a pull-down experiment using immobilised recombinant ProteinA

tagged Prp43 or empty IgG sepharose beads and solubilised mitochondria was

performed. For specific elution of complexes formed, the ProteinA-tag of

Prp43 was cleavaged by TEV protease. The elution and input samples were

analysed by SDS-PAGE followed by coomassie staining. The visible bands

were excised and sent for mass spectrometry to identify the corresponding

peptides. Table 16 lists all mitochondrial proteins that were retrieved at

significantly high levels with immobilised Prp43.
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Table 16: Mitochondrial Prp43 binding partners identified by mass spectrometry

Besides two heat shock proteins the highest score was detected for Qcr2 that is

a complex III protein of the electron transport chain. A second protein of this

complex Qcr7 was also found, suggesting that Prp43 may associate with

complex III in the mitochondrial IMS during apoptosis. Other identified

proteins were less likely to interact with Prp43 because they are located in the

mitochondrial matrix or they had a low score. Complex III and complex IV are

thought to form supercomplexes (Lapuente-Brun et al., 2013). For this reason

the pull-down experiment was repeated with mitochondrial lysate from wild-

type yeast and cells in which either complex III (Δcyt1) or complex IV (Δcox4)

were disrupted. If the Cyt1 protein is missing, the complex III fails to assemble

and if a cell lacks Cox4 protein, it is complex IV deficient. The wild-type (Wt)

strain functioned as positive control while incubated with TAP-Prp43 or as

negative control (C) when incubated with empty beads. Precipitated input and

elution samples of the different strains and controls were analysed by SDS-

PAGE followed by Western blotting. The membrane was incubated with

antibodies against the complex III protein Qcr8, the complex IV protein Cox2

and the complex V protein Atp5 (Figure 17). The input sample for the cyt1

deletion strain displayed a reduced signal for Qcr8 and the cox4 deletion strain a

reduced signal for Cox2 as expected. In the negative control elution (C) no

signal is detectable showing that any signals detected arise from interactions

with Prp43. Incubation of mitochondrial lysate from wild-type cells supported

the mass spectrometry findings as proteins of complex III and IV but not

complex V were retrieved. No signal for Cox2 was detected in the elution of

either complex III or IV deficient strains but Qcr8 was pulled down from the

cox4 deletion strain. Atp5 was also not detected in any of the elutions from the

Gene

name
Score Protein description

HSP60 674 Heat shock protein 60
HSP77 485 Heat shock protein SSC1
QCR2 322 Cytochrome b-c1 complex subunit 2

ODP2 209
Dihydrolipoyllysine-residue acetyltransferase component of
pyruvate dehydrogenase complex

PRX1 191 Mitochondrial peroxiredoxin PRX1
RIM1 156 Single-stranded DNA-binding protein RIM1l

ODO2 128
Dihydrolipoyllysine-residue succinyltransferase component of 2-
oxoglutarate dehydrogenase complex

GRPE 57 GrpE protein homolog
ODPB 54 Pyruvate dehydrogenase E1 component subunit beta
QCR7 51 Cytochrome b-c1 complex subunit 7
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Δcyt1 and Δcox4 strains. Together, these results indicate that Prp43 interacts

with complex III in absence of complex IV. In contrast, Cox2 of complex IV

needs complex III for association with Prp43. Thus, it is proposed that Prp43 is

bound to complex III in apoptosis.

Figure 17: Prp43 associates with complex III
Shown are the Western blots of Co-IP of wild-type (Wt) strain, cyt1 deletion strain
(Δcyt1), and cox4 deletion (Δcox4) strain mitochondrial lysate. TAP-Prp43 was used as
bait protein. Wild-type functioned as positive control (Wt) while incubated with TAP-
Prp43 or as negative control (C) while incubated with empty beads. Precipitated input
and elution samples of the different strains and controls were analysed by SDS-PAGE
and by Western blotting. The membrane was incubated with antibodies against
complex III protein Qcr8, complex IV protein Cox2 and complex V protein Atp5.

3.12. Prp43 localisation in the complex III

deficient strain
It was shown so far that Prp43 localises to mitochondria under apoptotic

conditions (section 3.10) and new mitochondrial binding partners were

identified (section 3.11). These results raised the question whether complex III

is necessary for recruitment and/or tethering of Prp43 to the mitochondrial

IMS in apoptosis. For this reason a subcellular fractionation of yeast cell lysates

under apoptotic conditions were repeated with wild-type and a strain in which

complex III (Δcyt1) is destabilised. A cleared cytoplasmic extract (E, also

containing organelles) was prepared from each strain and a cytoplasmic

supernatant and enriched mitochondrial pellet were then prepared by

sedimentation centrifugation through a sucrose cushion (section 2.2.18).

Protein distribution in different fractions was analysed by Western blotting.

Prp43 was detected using an antibody against the endogenous protein.

Antibodies against Pgk1 and Tom70 were taken as cytoplasmic and

mitochondrial markers, respectively.
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The mitochondrial marker protein Tom70 is predominantly visible in the

enriched mitochondria pellet (P; Figure 18) while the cytoplasmic marker Pgk1

is mostly present in the soluble cytoplasmic supernatant (S; Figure 18). Under

apoptotic conditions, in the wild-type strain Prp43 is distributed similar to

Tom70, but in the complex III destabilised strain Prp43 is mainly found in the

soluble cytoplasmic fraction (S). Interestingly, this suggests that Prp43 is

recruited to complex III in apoptosis and is tethered there.

Figure 18: Prp43 is recruited to complex III under apoptotic conditions

For mitochondrial localisation assay, mitochondria of wild-type (Wt) and cyt1 deletion
(Δ3) strains without (-H2O2) or with (-H2O2) 100 mM hydrogen peroxide treatment
were prepared. Samples of cell extract (E), enriched mitochondrial pellet (P), and
cytoplasm (S) were taken. All samples were precipitated with TCA. Samples were
resuspended in SDS sample loading buffer and analysed by SDS-PAGE for Western
blotting. Antibodies against Prp43, Pgk1 as cytoplasmic marker protein, and Tom70 as
mitochondrial marker protein were used.

3.13. Localisation of Prp43 upon G-patch protein

overexpression
Prp43 is a multifunctional RNA helicase involved in ribosome biogenesis in the

nucleolus and cytoplasm and in pre-mRNA splicing in the nucleus. Here,

evidence is provided that Prp43 relocalises to mitochondria in apoptosis. How

Prp43 is distributed between these cellular pathways and compartments is

therefore an interesting question. Prp43 has previously been shown to function

with the G-patch protein Spp382 in splicing and the G-patch proteins Sqs1 and

Pxr1 in ribosome biogenesis. The data in this study further show that Prp43 is

stimulated by the G-patch protein Cmg1. This raises the possibility that these

G-patch cofactors of Prp43 target the helicase to its different cellular functions.

It was therefore investigated if overexpression of G-patch proteins can

influence the localisation of Prp43. Different yeast strains all expressing plasmid

encoded Nop1-RFP and endogenous Prp43-GFP but where expression of a
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particular G-patch protein was under the control of the Gal1 promoter were

produced. A wild-type strain (without Gal1 promoter) served as a control (Wt).

The localisation of Prp43 and Nop1 after induction of the Gal1 promoter was

monitored and compared to the wild-type and the results are shown in

Figure 19.

Figure 19: Prp43 relocalisation upon G-patch protein overexpression
Shown are fluorescence microscopy images of wild-type and Spp2, Cmg1, Pxr1, Sqs1,
and Spp382 Gal1 promoter inducible overexpression strains, containing Prp43-GFP
and Nop1-RFP fusion proteins. Nop1 serves as a nucleolar marker. Shown are the
images of the GFP, RFP and the overlay of both pictures. In the upper right corner of
each overlay a magnified view of one cell is given. Scale bar represents 5 µm of the
main image.

Under normal conditions both Prp43 and Nop1 are predominantly localised in

the nucleolus (Henriquez et al., 1990; Lebaron et al., 2005). Comparison of

localisation of Prp43 and Nop1 in the control strain to the Spp2, Cmg1 and Pxr1

overexpression strains revealed no changes. However, upon the overexpression

of Sqs1 or Spp382 differences in the localisation of Prp43 but not Nop1 were

observed. In addition to the nucleolar signal, a cytoplasmic Prp43-GFP signal is

visible after Sqs1 overexpression suggesting that Prp43 is relocalised to the

cytoplasm. This is in line with the role of Sqs1 in 20S pre-rRNA processing in

the cytoplasm (Lebaron et al., 2009; Pertschy et al., 2009). In the case of Spp382

overexpression Prp43 stays predominantly in the nucleolus, but nuclear

speckles, which are indicated with arrows in Figure 19, are also visible. These

spots likely correspond to splicing speckles in the nucleus, which is consistent

with the role of Spp382 as a splicing cofactor. Together these data show that
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overexpression of cofactors can cause mislocalisation of the helicase to

different cellular compartments.

3.14. G-patch proteins compete for Prp43

binding
The data so far show that the multifunctional DEAH-box protein Prp43 can be

directed to different compartments of the cells by overexpression of its various

G-patch protein cofactors. Interestingly, it was shown Sqs1 and Spp382 bind to

the C-terminal part of Prp43 with their G-patch domains (Tsai et al., 2005;

Lebaron et al., 2009; Christian et al., 2014) and in this study, it was demonstrated

that this is also the case for Cmg1. Together these data raise the possibility that

the Prp43-interacting G-patch proteins compete for binding to the helicase. For

this reason sequences encoding the five G-patch domains of Sqs1, Pxr1, Cmg1,

and Spp2 were cloned into a vector enabling expression of MBP tagged fusion

proteins that were subsequently purified from E. coli. The G-patch domain of

Spp382 was also purified as a ProteinA fusion protein. In addition, Prp43 was

expressed as a GFP fusion protein. The competition assay was performed as

follows; Spp382 was bound to IgG sepharose and incubated with GFP-Prp43

and different concentrations of another G-patch protein. The unbound

proteins were washed away, the IgG associated proteins were eluted and the

fluorescence intensity of GFP was measured. If another G-patch protein

interacts with Prp43 similarly or more strongly than Spp382 the amount of

fluorescence measured will be decreased. Figure 20a shows the result of three

independent measurements, normalised to the sample were no competitor was

added (none). Addition of Spp2 does not influence the association of Prp43-

GFP with Spp382, as would be expected for a protein that does not bind

Prp43. The detected intensities show that Sqs1 competes with Spp382 for

Prp43 binding and suggests that Prp43 has almost the same affinity for these

proteins, since with 1:1 concentrations of the G-patch proteins the GFP signal

is halved. Consistent with this, with increasing amounts of Sqs1 the GFP signal

decreases. The Pxr1 G-patch domain similarly competes with Spp382 for Prp43

interaction and the effect is increased in the presence of higher amounts of

Pxr1. In the case of Cmg1 competition, only minimal differences in the amount

of Prp43-GFP associated with Spp382 could be observed. To examine the

more minor effect of Cmg1 competition in more detail, a second assay was

performed with pre-bound ProteinA-tagged Prp43 on IgG sepharose beads and

RFP-Cmg1 1-85 as a signal output. In this case, direct competition between
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Cmg1 and the other G-patch protein domains could be monitored. To

demonstrate the specificity of Prp43 interactions MBP was also included as a

control.

Figure 20: G-patch protein competition for Prp43 binding
a) Fluorescence based competition assay. The fluorescence intensities of GFP-Prp43 in
the elution of ProteinA-Spp382 51-110 competing with MBP-Sqs1 705-767, MBP-Pxr1
1-82, MBP-Cmg1 1-85, and MBP-Spp2 92-157 are given. The results of three
independent assays with empty beads value subtraction and their standard deviation are
shown. b) Fluorescence based competition assay. The fluorescence intensities of RFP-
Cmg1 competing with MBP, MBP-Sqs1 705-767, MBP-Pxr1 1-82, and MBP-Spp2 92-
157 for interaction with ProteinA-Prp43 are given. The result of three independent
assays with empty beads value subtraction and their standard deviation are shown.

The RFP signals of three independent measurements are given in Figure 20b.

Neither MBP nor Spp2 affected the amount of Cmg1-RFP associated with

Prp43. When Sqs1 or Pxr1 were included the fluorescence signals were

dramatically reduced. This means that Sqs1 and Pxr1 bind to Prp43 with much

higher affinity than Cmg1. Together these data show that the G-patch proteins

compete for interaction with Prp43 and each have different affinities and in the

order: Pxr1 > Sqs1 > Spp382 > Cmg1.

3.15. Overexpression of G-patch proteins affects

precursor ribosomal RNA processing
The findings that G-patch proteins compete and their overexpression causes

Prp43 mislocalisation suggests that changing the levels of individual G-patch

proteins may affect Prp43 functions in its target pathways. Overexpression of

G-patch proteins may influence the amount of Prp43 available for a

particular process, potentially leading to defects in a pathway. To test this

possibility, the effect of G-patch protein overexpression on the processing

of pre-rRNA was studied. Total RNA was isolated from yeast wild-type and
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Spp2, Cmg1, Pxr1, Sqs1, and Spp382 Gal1 promoter inducible overexpression

strains grown in YPGal. Spp2 served as negative control, because it does not

interact with Prp43 and so no effect was expected. The RNA was separated by

agarose-glyoxal gel electrophoresis, and analysed by Northern blotting using

probes hybridising to different regions of the pre-rRNA transcript (p004

and p020; Figure 21a).

Figure 21: Influence of G-patch protein overexpression on ribosome biogenesis
a) Schematic representation of the 35S primary pre-rRNA transcript from yeast. The
mature rRNAs are indicated by white boxes and the relative positions of probes that
were used in Northern blotting are indicated in grey. b) Total RNA was isolated from
wild-type (Wt) and G-patch protein overexpressing yeast strains (Sqs1, Pxr1, Cmg1,
Spp2, and Spp382). After agarose-glyoxal gel electrophoresis Northern blotting was
performed to detect rRNA precursors. c) The intensity of the 35S pre-rRNA signals
was quantified using the ImageQuant software. The values were normalised to those
for scR1 RNA and wild-type level was set to one. Data of at least three experiments
were taken and the standard deviation was calculated.

Together, these probes enable detection of the primary 35S transcript as well as

the SSU pre-rRNAs (23S and 20S) and the LSU pre-rRNAs (27SA and 27SB).

An additional probe, scR1, detects a small cytoplasmic RNA subunit of the

signal recognition particle and was used as loading control. As shown in

Figure 21b, overexpression of the G-patch proteins has minimal effect on the

processing of the SSU pre-rRNAs, 23S and 20S. However, an accumulation of
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the early 35S pre-rRNA is clearly visible upon the overexpression of Sqs1 and

Pxr1. Quantification of the results of at least three experiments show that

overexpressing Sqs1 leads to an eight fold increase of 35S pre-rRNA. This

supports the findings of (Pandit et al., 2009) of a pre-rRNA processing defect

upon Sqs1 overexpression. Interestingly, Pxr1 overexpression also leads to an

accumulation of 35S pre-rRNA. Cmg1 overexpression also causes a minimal

accumulation of 35S pre-rRNA while Spp2 and Spp382 overexpression does

not influence 35S pre-rRNA levels. The accumulation of 35S pre-rRNA

observed here is similar to the pre-rRNA processing defects detected in prp43

mutant strains (Combs et al., 2006; Leeds et al., 2006) implying that the defects

monitored here arise due to a lack of Prp43 available for particular steps in

ribosome biogenesis. For example, the overexpression of the G-patch protein

Sqs1 causes relocalisation of Prp43 to the cytoplasm (Figure 19), meaning less

helicase can be recruited for early nucleolar steps of pre-rRNA processing.



4. DISCUSSION

A growing number of RNA helicases have been shown to play important roles

in multiple cellular pathways, e.g. pre-mRNA splicing, ribosome synthesis,

translation and RNA decay. How RNA helicases are recruited to their target

pathways and how their activities in these processes are regulated has remained

elusive. Protein cofactors are likely to be key players in RNA helicase

recruitment and regulation but only a few helicase cofactors have been

identified so far. Prp43 is a multifunctional RNA helicase that functions in the

biogenesis of both the large and small ribosomal subunits, as well as at several

stages of pre-mRNA splicing. Interestingly, Prp43 interacts with a specific

group of cofactors, the G-patch proteins, and is regulated by them. Five G-

patch proteins have been identified in the yeast S. cerevisiae. Three of these

(Spp382, Sqs1 and Pxr1) have previously been shown to interact with and

regulate Prp43 while the fourth (Spp2) interacts with the RNA helicase Prp2.

At the beginning of this study the fifth G-patch protein (Cmg1/YLR271W)

was uncharacterised.

4.1. Characterisation of the orphan G-patch

protein Cmg1
Four of the yeast G-patch proteins are localised in the nucleolus (Pxr1 and

Sqs1), in the nucleus (Spp2, Spp382, and Sqs1) and cytoplasm (Sqs1; Guglielmi

and Werner, 2002; Huh et al., 2003; Tsai et al., 2005; Lebaron et al., 2009;

Pertschy et al., 2009). In this study we found Cmg1 is localised in the cytoplasm

as well as in the mitochondrial intermembrane space. Based on this

observation, we renamed the protein to cytoplasmic and mitochondrial

G-patch protein 1 (Cmg1). Interestingly, Cmg1 is the only G-patch protein that

is localised in mitochondria. An overview of the localisation of the yeast G-

patch proteins is given in Figure 22 (Exponential growth part). Interestingly, in

other species G-patch proteins are also found in diverse sub-cellular

localisations. In addition to several examples in the cytoplasm and nucleus, in

human erythroleukaemia cells the G-patch protein CHERP is localised to the

endoplasmic reticulum and in Arabidopsis thaliana the G-patch protein DRT111

is reported to be localised in the chloroplasts (Pang et al., 1993; Laplante et al.,

2000). In yeast, the compartments of the cell in which the individual G-patch

proteins are found are consistent with the pathways in which they function, e.g.
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Pxr1 is involved in ribosome biogenesis in the nucleolus. The broad range of

organelles containing G-patch proteins implies that, like their helicase partners,

they have roles in multiple cellular pathways. How the G-patch proteins are

targeted to these different compartments is an important question. In the case

of Pxr1, classical KK(E/D) motifs found in many nucleolar proteins were

identified (Guglielmi and Werner, 2002). Similarly, an atypical nuclear

localisation signal has been identified in Spp382 and its human homologue

TFIP11 (Boon et al., 2006; Tannukit et al., 2009). How the mitochondrial

fraction of Cmg1 is recruited to the IMS was therefore of interest. Most

mitochondrial proteins are synthesised in the cytoplasm, targeted to the

mitochondria and imported via the translocase of the outer membrane

(TOM complex). Proteins imported using this pathway possess an N-terminal

amphipathic α helical segment with a net positive charge and a length of 

15 to 55 amino acids called the N-terminal presequence (Claros et al., 1997;

Dudek et al., 2013). Several prediction programs (e.g. MitoProt,

http://ihg.gsf.de/ihg/mitoprot.html; Claros and Vincens, 1996) could not

identify such a sequence for Cmg1. Although poorly conserved sequences

cannot be identified by these programmes, together with our observation that

tagging Cmg1 at the N-terminal does not affect its mitochondrial localisation,

this implies that Cmg1 is not imported into mitochondria via the classical

TOM complex import pathway. However, alternative signals for protein import

into mitochondria have also been described. C-terminal mitochondrial import

signals have been suggested for the human APE1 protein and the yeast protein

Him1p (Claros et al., 1997; Lee et al., 1999; Li et al., 2010), although the

functionality of these import signals has yet to be experimentally tested.

Furthermore, hydrophobic internal import signals of proteins were discovered

to play a role in mitochondrial protein targeting by interacting with Tom70 and

Tom71 (Bolender et al., 2008; Dudek et al., 2013). Interestingly, small IMS

proteins can also be imported via the MIA pathway. These proteins contain a

mitochondrial IMS sorting signal (MISS) consisting of characteristic CX3C or

CX9C twin motifs where C refers to a cysteine residue, which form disulphide

bridges with the Mia40 protein in order to trap the proteins in the IMS

(Bolender et al., 2008; Stojanovski et al., 2012; Dudek et al., 2013). Cmg1

contains four cysteines but not in the characteristic sequence order of the

MISS. So, how Cmg1 is imported to the mitochondrial IMS currently remains

unknown.
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Figure 22: Scheme of Prp43 and G-patch protein localisation in exponential
growth and apoptosis
In exponentially growing yeast cells, Prp43 is predominantly localised in the nucleolus
(No) where it interacts with Sqs1 and Pxr1 during ribosome biogenesis. In the nucleus
Prp43 interacts with Spp382 as component of the spliceosome. Only small amounts of
Prp43 are in the cytoplasm where it is possibly associated with Sqs1 or Cmg1. Dotted
arrows indicate G-patch protein competition for Prp43 binding. Under apoptotic
conditions the OMM is permeabilised and Prp43 can enter the mitochondrial (Mito)
IMS (dashed arrow) and binds complex III. Legend is given in the upper right.

Mitochondria function in several major cellular pathways such as, energy

production and apoptosis. Our data showed that Cmg1 is not essential for

mitochondrial metabolism. However, the Cmg1 overexpression strain shows

growth defects under normal conditions and reduced survival after induction of

apoptosis, suggesting Cmg1 is a novel proapoptotic factor. In yeast, apoptosis

can be triggered by exogenous signals such as heat stress, UV irradiation and

toxic concentrations of various chemicals, as well as several endogenous cues

including DNA damage and changes in the intracellular calcium concentration.

Together, these signals cause an accumulation of reactive oxygen species (ROS)

in the mitochondrial matrix and cytochrome c, which is normally anchored in

the mitochondria by its interaction with cardiolipin, is then released into the

cytoplasm through the permeabilised outer mitochondrial membrane

(Guaragnella et al., 2012; Côrte-Real and Madeo, 2013). In yeast, this is

dependent on the caspase Yca1 and leads to activation of effector caspase-like

proteins, which cause DNA fragmentation bringing about cell death.
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Interestingly, we observed that the cytoplasmic pool of Cmg1 relocates to

mitochondria under apoptotic conditions. It is possible for proteins to enter the

mitochondrial IMS in apoptosis due to the permeabilised outer mitochondrial

membrane but only a few yeast proteins that promote programmed cell death

translocate to mitochondria under apoptotic conditions and examples include

the proteins Mmi1 and Mcd1 (Rinnerthaler et al., 2006; Yang et al., 2008).

Although novel proapoptotic factors, such as Cmg1, are being identified, their

role in programmed cell death often remains elusive. In the case of the G-patch

protein Cmg1, it is possible that its proapoptotic function involves an RNA

helicase interaction partner.

Here, we identified the DEAH-box protein Prp43 as a Cmg1 interaction

partner. Under normal growth conditions, the DEAH-box protein Prp43 is

predominantly found in the nucleolus and the nucleus (Arenas and Abelson,

1997; Lebaron et al., 2005; Bohnsack et al., 2009). However, Prp43 is also

exported to the cytoplasm with Sqs1 on the pre-40S ribosomal subunit

(Lebaron et al., 2005; Pertschy et al., 2009). Since, without induction of

apoptosis Cmg1 is also mainly cytosolic, it is likely that in exponentially growing

yeast Prp43 and Cmg1 function together in the cytoplasm. However,

elucidating the role of Cmg1-Prp43 complex in the cytoplasm is challenging.

Our data show that, unlike other G-patch proteins, Cmg1 does not bind to

RNA itself, so target RNAs cannot be identified using methods such as CRAC.

This method has previously been applied to identify Prp43-associated RNAs

(Bohnsack et al., 2009). However, Cmg1 is naturally expressed at very low levels

and approximately ten times more Prp43 is present in the cell (Ghaemmaghami

et al., 2003). This means that few Cmg1-Prp43 complexes will be present and

their cytoplasmic targets will be hard to detect amongst the many nuclear

targets of the multifunctional helicase Prp43. However, under apoptotic

conditions Cmg1 is exclusively mitochondrial and cytoplasmic Prp43 is also

relocalised to the mitochondria, indicating that the helicase and its cofactor may

also function together in mitochondria in apoptosis.

4.2. Prp43 at mitochondria in apoptosis
A parallel study recently showed that the human homologue of Prp43, DHX15,

is localised in the nucleus, cytosol and mitochondria under normal growth

conditions (Mosallanejad et al., 2014). How DHX15 is recruited to

mitochondria and its function there were not elucidated, but the helicase was

found to play an important role in the cellular response to RNA virus infection
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by triggering cytokine production and apoptosis through regulation of the

NF-κB and MAPK signalling pathways (Lu et al., 2014; Mosallanejad et al.,

2014). In contrast, in yeast, Prp43 was not detected at mitochondria during

exponential growth but was only recruited to mitochondria in apoptosis.

Although a fraction of Cmg1 is localised to the mitochondria in steady-state

growth, the recruitment of Prp43 to the mitochondrial IMS under apoptotic

conditions was found to be independent of Cmg1. Interestingly, Prp43 was

found to associate with complex III of the respiratory chain (Figure 22) and

this interaction is required for the relocalisation of Prp43 to the mitochondria

in apoptosis. Notably, complex III contains the Cor1 protein that has

previously been shown to be involved in apoptosis in yeast (Büttner et al.,

2011), potentially suggesting a more general role for complex III in

programmed cell death.

It is possible that Prp43 has an active role in mitochondria in apoptosis. Prp43

is required for snoRNA release from pre-ribosomes, intron-lariat release from

spliceosome and spliceosomal disassembly (Martin et al., 2002; Tsai et al., 2005;

Bohnsack et al., 2009), suggesting that the helicase has a general function in the

disassembly of RNP complexes. The disassembly of RNA-protein complexes

can allow better access of nucleases and proteases to their targets and leading to

enhanced degradation. Therefore, in apoptosis, some Prp43 protein may

facilitate degradation of mitochondrial RNP complexes such as mitochondria-

associated ribosomes, mRNPs or the imported cytosolic tRNALys and precursor

of the mitochondrial lysyl-tRNA synthetase complex (Tarassov et al., 1995).

However, these functions would be limited to the IMS and mitochondria-

associated complexes, as Cmg1 and Prp43 likely not enter the mitochondrial

matrix where the degradosome composed of the RNA helicase Suv3 and the

RNAse II-like protein Dss1 (Stepien et al., 1992; Min et al., 1993; Margossian et

al., 1996; Dziembowski et al., 2003), might also be able to perform such

functions in apoptosis. Data from the Bohnsack lab suggest, however, that

rather than playing an active role at mitochondria, Prp43 is sequestered to the

organelle during apoptosis. An UV cross-linking experiment was performed to

analyse the RNA interactions of Prp43 with and without induction of

apoptosis. This revealed that the majority of RNA interactions of Prp43 were

lost after induction of apoptosis. This suggests that during apoptosis Prp43 is

withdrawn from its RNA targets in pre-mRNA splicing and ribosome

biogenesis, likely to inhibit these pathways.
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4.3. Recruitment of helicases to their target sites
Prp43 is one of a growing number of RNA helicases that have been shown to

have multiple cellular functions. Prp43 plays roles in the biogenesis of both

ribosomal subunits and is also involved in pre-mRNA splicing and spliceosome

quality control. Other examples include Dbp2 that is involved in ribosome

biogenesis and RNA quality control/decay and Dbp5, which is implicated in

RNA export and translation (Tseng et al., 1998; Bond et al., 2001; Gross et al.,

2007; Cloutier et al., 2012). Furthermore, the human RNA helicase DDX5 is

reported to function in transcription regulation, pre-mRNA splicing and RNA

decay (Jurica et al., 2002; Wilson et al., 2004). Similarly, the bacterial RNA

helicase CsdA is required for mRNA degradation and ribosome biogenesis

(Moll et al., 2002; Charollais et al., 2004; Peil et al., 2008; Palonen et al., 2012).

The existence of multifunctional helicases may enable cross-regulation of

various cellular pathways. However, since these helicases have numerous RNA

substrates; how to identify their targets and how they are recruited to them are

key questions.

It is possible that some RNA helicases recognise specific sequence motifs or

secondary structures within their substrate RNAs. So far only one example of a

helicase that is recruited in this way has been identified and this is the E. coli

DEAD-box protein DbpA and its Bacillus subtilis ortholog YxiN (Kossen and

Uhlenbeck, 1999; Tsu et al., 2001). In both species, the helicase has been shown

to interact with helix 92 of the 23S rRNA. However, it is highly likely that other

RNA helicases recruited in this way will be discovered as the RNA substrates

and binding sites of a growing number of RNA helicases are being identified.

Interestingly, it was recently shown that the human RNA helicase DDX1 is

recruited to viral particles upon phosphorylation of the nucleocapsid (Wu et al.,

2014), suggesting that post-translational modification of the protein

components of RNP complexes may also regulate recruitment of helicases to

their RNA targets.

Another way in which helicases can be recruited to their substrates is by protein

cofactors. Relatively few RNA helicase cofactors have been identified so far

and direct evidence of their role in targeting helicases is often lacking. However,

the DEAD-box RNA helicase cofactor Esf2 not only stimulates Dbp8 activity

but is suggested to also recruit the helicase to its pre-rRNA target site

(Granneman et al., 2006). Furthermore, the nucleoporin Gle5/Nup159 acts as a

cofactor of Dbp5 and is suggested to recruit the helicase to the nuclear pore

complex for its function in remodelling RNA-protein complexes after export
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(Montpetit et al., 2011). Also, the NTR complex, composed of Ntr2 and the G-

patch protein Spp382, has been shown to recruit Prp43 to the spliceosome

(Tsai et al., 2007).

4.4. Regulation of RNA helicases by cofactor

competition
In addition to conferring substrate specificity on RNA helicases, protein

cofactors can also regulate the ATPase and unwinding activity of RNA

helicases. Different cofactors have been shown to affect all aspects of RNA

helicase function, including RNA- and ATP-binding, RNA unwinding, ATP

hydrolysis, and phosphate-, ADP-, and RNA-release (Karbstein, 2011; Linder

and Jankowsky, 2011). The eIF4G cofactor increases the affinity of the DEAD-

box helicase eIF4A for both ATP and RNA by causing a conformational

change that reduces the distance between the two RecA-like domains (Oberer et

al., 2005; Schütz et al., 2008). In contrast, binding of Upf2 reduces the RNA

affinity of the SF1 helicase Upf1 but enhances its helicase activity by inducing

structural rearrangements (Cheng et al., 2007; Chakrabarti et al., 2011).

Furthermore, the interaction between the DEAD-box protein Dbp5 and its

cofactor Gle1 is mediated by the inositol hexakisphosphate molecule and the

complex shows increased substrate release (Montpetit et al., 2011).

The best characterised class of RNA helicase cofactors are the G-patch

proteins, which contain a conserved glycine-rich domain. The G-patch proteins

PINX1 (human ortholog of Pxr1), Sqs1 and Spp382 have all been shown to

stimulate the helicase and/or the ATPase activity of Prp43 (Tanaka et al., 2007;

Lebaron et al., 2009; Chen et al., 2014; Christian et al., 2014), while Spp2

enhances the ATPase activity of Prp2 (Roy et al., 1995), and here it was found

that the G-patch protein Cmg1 increases the RNA-dependent ATPase activity

and RNA-binding affinity of Prp43. The G-patch domains of Cmg1, Sqs1 and

Spp382 were shown to mediate the interactions with Prp43 (this study; Tsai et

al., 2005; Lebaron et al., 2009; Walbott et al., 2010; Christian et al., 2014) and

mutation analysis of Pxr1 confirmed that the integrity of its G-patch domain is

essential for its interaction with Prp43 (Chen et al., 2014). All DEAH-box RNA

helicases contain a common helicase core domain but have different N- and C-

terminal extensions that are proposed to function as cofactor binding platforms

(Cordin and Beggs, 2013). Here it was shown that deletion of either the N-

terminal helix of Prp43 or 110 amino acid residues from the C-terminus
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abolishes interaction with Cmg1. For Sqs1 it was shown that its G-patch

domain interacts with the C-terminal part of Prp43 and although Sqs1 can still

interact with a C-terminally truncated version of Prp43 (Prp43 1-657), this

interaction is not mediated by the G-patch domain (Walbott et al., 2010).

Similarly, Spp2 binds to the C-terminal domain of the RNA helicase Prp2

(Silverman et al., 2004). Interestingly, all five G-patch proteins interact with the

C-terminal domain of DEAH-box proteins while only certain G-patch proteins

contact the N-termini of their helicase partners, perhaps suggesting that unique

N-terminal sequences confer cofactor specificity.

The finding that four G-patch proteins all bind the C-terminal region of Prp43

raised the possibility that the cofactors compete for binding to the helicase.

Consistent with this, we found that overexpression of individual G-patch

proteins leads to mislocalisation of Prp43. An increase in Sqs1 levels causes

accumulation of Prp43 in the cytoplasm, which is likely to correlate with the

function of Sqs1 in the late steps of biogenesis of the small ribosomal subunit

(Pertschy et al., 2009). Furthermore, Sqs1 overexpression leads to accumulation

of the 35S pre-rRNA. This pre-rRNA processing phenotype is also observed

upon depletion of Prp43 (Bohnsack et al., 2009), implying that Sqs1

overexpression causes withdrawal of the helicase from its early functions in

ribosome biogenesis in the nucleolus. In line with this, overexpression of Sqs1

has also been shown to lead to defects in pre-mRNA splicing (Pandit et al.,

2009). Unsurprisingly, overexpression of the nucleolar G-patch protein Pxr1

does not cause mislocalisation of Prp43, however, accumulation of the 35S pre-

rRNA was observed. This suggests that when Pxr1 is overexpressed, it

competes for Prp43 binding and prevents association of the helicase with early

pre-ribosomal complexes. Mislocalisation of Prp43 to nuclear foci upon

overexpression of Spp382 was also observed and probably reflects recruitment

of Prp43 to spliceosomes. Only minimal pre-rRNA processing defects were

detected but it is possible that the effect observed would be stronger if both

Spp382 and Ntr2 were overexpressed as, along with Prp43, these proteins form

the trimeric NTR-complex and Ntr2, rather than Spp382, is responsible for

recruitment of Prp43 to the spliceosome. A mild accumulation of 35S pre-

rRNA was also observed upon overexpression of Cmg1 indicating that Cmg1

may also compete for interaction with Prp43 in the cytoplasm. Together, these

data support a model of cofactor competition in which changes in the levels of

G-patch proteins affect the localisation of Prp43 and its functions in its target

pathways of ribosome biogenesis and pre-mRNA splicing.
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Competition between G-patch proteins may not only determine the steady-state

distribution of Prp43 between different pathways as high-throughput analyses

suggest that the expression levels of the G-patch proteins are altered in

different conditions. For example, Cmg1 is overexpressed in oxidative and

chemical stress (Gasch et al., 2000; Guan et al., 2012) and both Sqs1 and Pxr1

are overexpressed during sporulation (Brauer et al., 2008; Borde et al., 2009).

Furthermore, the levels of Spp382 are reported to be increased by the unfolded

protein response (Wyrick et al., 1999; Thibault et al., 2011) and Spp2 is

overexpressed during starvation (Bradley et al., 2009).

Analysis of the competition between G-patch proteins in vitro suggests that

there exists a hierarchy of affinities for Prp43, as follows: Pxr1 > Sqs1 >

Spp382 > Cmg1. The consensus motif that was used for the identification of

these G-patch proteins was hhx3Gax2GxGhGx4G, which contains bulky and

hydrophobic residues (h; I, L, V, M), an aromatic residue (a; F, Y, W), several

positions of any residue (xn) and six conserved glycines (G). A multiple

sequence alignment of the G-patch domains of Sqs1, Pxr1, Spp382, Cmg1 and

Spp2 (Figure 23) suggests a correlation between the conservation of the G-

patch motif and the helicase affinity. All six glycine residues are present in the

domains of Sqs1, Prx1 and Ssp382, which were best able to compete for Prp43

binding. Cmg1 contains only five of the six conserved glycine residues, while

Spp2 has only four, which may explain the weaker, or lack of, binding to Prp43.

Furthermore, Chen and co-workers showed that the leucine residues at

positions 33, 44 and 67 of Pxr1 are required for the G-patch domain integrity

implying that not only the glycine residues of this domain are important. Along

this line, an interesting difference between Spp382, which appears to have

relatively low affinity for Prp43, and Pxr1 and Sqs1, which are best able to

compete for Prp43 binding, is the presence of a tyrosine instead of a

tryptophan after the first glycine. However, to confirm the influence for

specific residues on the affinity of each cofactor for the helicase further

mutational and structural analysis would be required. In addition, since other

regions of some G-patch proteins (e.g. Sqs1) have also been shown to contact

Prp43, it would be interesting to compare these data to the relative affinities of

the full-length G-patch proteins.
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Figure 23: Alignment of yeast protein G-patch domains
Shown is an alignment of the five yeast G-patch protein domains used during this
study. The grey box indicates the signature hhx3Gax2GxGhGx4G (h = bulky,
hydrophobic residue: I, L, V, M; a = aromatic residue: F, Y, W; and xn = n positions of
any residues) used for a simple pattern search (Aravind and Koonin, 1999) and which is
shown above the box. Numbers above sequences represent the glycines predicted from
Aravind and Koonin (0 means not predicted). Red coloured glycines are found in all
five G-patch proteins, yellow ones are present in four proteins and green glycines are
only found in three G-patch proteins at the given position. Alignment was performed
using the ClustalW2 software form EMBL-EBI homepage (McWilliam et al., 2013). An
asterisk (*) indicates positions, which have a single, fully conserved residue. A colon (:)
indicates conservation between groups of strongly similar properties. A fullstop (.)
indicates conservation between groups of weakly similar properties.

Besides the primary amino acid sequence, it is likely that additional levels of

regulation, such as post-translational modifications can also influence G-patch

proteins and therefore, their helicase partners. Numerous modifications are

predicted for G-patch proteins, especially in higher eukaryotes. Indeed,

phosphorylation of the human G-patch protein GPKOW has been shown to

influence its RNA-binding affinity (Aksaas et al., 2011) and the G-patch protein

ZGPAT, which is involved in inhibition cell proliferation and survival, is

ubiquitinated and degraded during HIV-1 infection (Maudet et al., 2013). In

addition, G-patch proteins may be regulated by multimerisation. Pandit and co-

workers showed by using a yeast two-hybrid assays that the yeast G-patch

proteins Sqs1 and Spp382 can interact directly (Pandit et al., 2009). Further, a

comprehensive yeast two-hybrid analysis of the factors found in human

spliceosomal complexes suggest that the G-patch proteins GPKOW, RBM10,

SUGP1 and RBM17 are able to multimerise with each other (Hegele et al.,

2012). However, not only heteromers of G-patch proteins have been identified.

Dimerisation of yeast Pxr1 and human GPKOW have been suggested

(Tarassov et al., 2008; Gui et al., 2012) and size-exclusion experiments

performed in the Bohnsack lab suggest that Cmg1 may also forms homo-

multimers.

G-patch proteins are likely to represent the largest family of RNA helicase

cofactors. Proteins containing the G-patch motif are not found in bacteria or

archaea, but G-patch proteins are found throughout higher eukaryotes and are

present in many retroviruses. Human homologues of the five G-patch proteins
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found in yeast have been identified (Sqs1  GPATCH2; Spp382  TFIP11;

Pxr1  PINX1; Spp2  GPKOW). The roles of TFIP11 and GPKOW in

human pre-mRNA splicing appear to be conserved from yeast (Yoshimoto et

al., 2009; Zang et al., 2014). Similarly, PINX1 can substitute for Pxr1 in yeast

(Guglielmi and Werner, 2002; Yoo et al., 2009), but an additional function of

the human protein as a telomerase inhibitor has also been shown (Zhou and

Lu, 2001). Beside these five proteins, human cells contain approximately 20

additional G-patch proteins, which have so far been linked to various cellular

processes including transcription, pre-mRNA splicing, tumour suppression and

some are implicated in viral infection (Feng et al., 2002; Jurica et al., 2002; Li et

al., 2009; Sutherland et al., 2010). The helicases that these cofactors interact with

are mostly not known yet but it has been shown that human G-patch protein

GPKOW binds to the RNA helicase DHX16 (homolog of yeast Prp2) and also

that the G-patch protein RBM5 interacts, via its G-patch domain, with the

human homolog of Prp43, DHX15 (Aksaas et al., 2011; Niu et al., 2012). The

presence of a large number of G-patch proteins in higher eukaryotes implies

that the cofactor competition model identified in yeast will also be highly

relevant for the regulation of multifunctional helicases in humans.

4.5. Conclusions
In summary, the fifth G-patch in S. cerevisiae, Cmg1, was identified as a cofactor

of the multifunctional RNA helicase Prp43. This protein was found to be

localised in the cytoplasm and mitochondrial intermembrane space and to be a

new proapoptotic factor. Furthermore, under apoptotic conditions, Prp43 is

relocated to mitochondria where it interacts with complex III of the respiratory

chain. Furthermore, overexpression of G-patch protein cofactors of Prp43 was

shown to cause mislocalisation of the helicase and defects in its target pathway

of ribosome biogenesis. The data therefore suggest cofactor competition as a

novel mechanism for regulation of multifunctional RNA helicases.
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Characterisation of the 
yeast RNA helicase Prp43

RNA helicases have many important roles in cell metabolism and are 
involved in numerous pathways, e.g. translation, pre-mRNA splicing and 

biogenesis. Interestingly, an increasing number of RNA helicases have been 
shown to be required for more than one cellular pathway. Therefore, protein 
cofactors have been suggested to recruit multifunctional RNA helicases to their 
substrates and regulate their activity. The best characterised family of helicase 
cofactors are G-patch proteins, which all contain a glycine-riche domain. This 
work focuses on the characterisation of the yeast RNA helicase Prp43 and 
its G-patch protein cofactors. Additionally, a new G-patch protein cofactor 
of Prp43 was identifi ed and characterised. Together, the data suggest that 
protein cofactors can regulate the distribution and activity of RNA helicases in 
different pathways.
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