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Chapter 1: Introduction

Chapter 1: Introduction

The survival of living organisms depends on the maintenance of homeostasis and the response to countless

external stimuli. Undoubtedly, proteins play a vital role in all of these processes due to their great functional

versatility and they are  responsible for cellular  roles like catalysis,  transport  and scaffolding as well  as

serving as storage molecules. To ensure all these functions, the cell requires the constant production of these

macromolecules. Therefore, the information for their synthesis is stored in the genes and accessible when

needed. 

It has been postulated that the production of proteins follows a strict directional transfer of information and

has been denominated the central dogma of molecular biology (Crick, 1970). Here, the genes encoded in the

DNA (deoxyribonucleic acid) serve as a library for the proteins to be synthesized that are first transcribed

into RNA (ribonucleic acid) and then finally translated into a polypeptide chain. While there are special cases

as reverse transcription and RNA replication they display exceptions mainly known from viruses  (Hu and

Hughes, 2012; Lohmann, 2013). Basically, the central dogma of molecular biology implies that one gene

ultimately results  in  one protein product  and that  all  proteins  are  already completely predefined by the

sequence of the bases on the DNA level. But cells have found ways to circumvent this limitation and expand

their genetic information. While mechanisms like proteolytic cleavage and post-translational modification

impact structure and function of proteins, these modifications occur only after protein synthesis and do not

contradict Crick’s central dogma. In contrast, a process called splicing already interferes in the transfer of the

genetic information between transcription and translation by altering the RNA and thereby expanding the

possible outcome of protein products.

1.1 Splicing of introns

Once the gene-encoding DNA is transcribed into pre-mRNA (precursor messenger RNA) in the nucleus it

has to undergo various post-transcriptional modifications before it can be exported as a mature mRNA out of

the nucleus for translation. On the one hand, a m7G (7-methylguanosine) cap is coupled to the 5’ end of the

pre-mRNA and a poly(A)-tail is added to the 3’ end, which mainly contribute to the stability of the mRNA

and/or serve as signal for the nuclear export  (Drummond et al., 1985). On the other hand, the pre-mRNA

does not only contain coding sequences called exons, but also non-coding introns, that need to be removed

prior to translation. The excision of introns is termed splicing and there are two different types of splicing.

While  it  is  possible  that  only  all  present  introns  are  cleaved  for  the  final  product,  the  mechanism of

alternative splicing can also result in the excision of exons. Mechanisms like 5’/3’ splice site selection or
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Chapter 1: Introduction

cassette exon skipping recognize flanking intronic regions that influence the cleavage of a specific exon or

an exon can be treated as an intron regardless of the presence of surrounding introns (Nilsen and Graveley,

2010).  This  dramatically  increases  the  possible  outcome  of  one  transcript  and  expands  the  genetic

information stored in the genes.

Introns can be divided into four classes: tRNA (transfer RNA), group I, group II and spliceosomal introns.

The removal of tRNA introns underlies different mechanisms in all domains of life. tRNA introns of archea

and eukaryotes require a mechanism involving an endonuclease, a ligase and a phosphotransferase for their

excision, whereas bacterial tRNA introns belong to a group of self-splicing introns (Abelson et al., 1998).

Group  I  and  II  introns  share  the  common property  to  be  self-splicing  introns  that  do  not  require  any

additional energy for their cleavage  (Kruger  et al., 1982). While both groups perform the excision of the

intron via two subsequent transesterification reactions following an SN2 nucleophilic substitution mechanism,

they  show  significant  differences.  Group  I  introns  require  a  guanosine  co-factor  that  attacks  the

phosphodiester  bond of  the  5’SS (5’ splice  site)  with  its  3’OH (3’ hydroxy group)  leading  to  the  first

cleavage reaction and the attachment of the co-factor to the 5’ end of the intron (Fig. 1a) (Cech, 1990). The

3’OH of the cleaved 5’ exon is now able to perform a nucleophilic attack on the phosphodiester bond of the

3’SS (3’ splice site) resulting in the ligation of both exons and a removed linear intron. In contrast to group I

introns, group II introns do not require an additional co-factor. In this group of introns a conserved adenosine

2

Figure  1: Splicing of group I and II introns.  Group I and II introns are composed of a 5’SS and a 3’SS and are
sandwiched between two exons. In both groups the excision of the introns are performed via two transesterification
steps.  (a) Group I introns require a guanosine co-factor for the first nucleophilic attack on the 5’SS. After the second
nucleophilic attack performed by the 3’OH of the 5’ exon on the 3’SS, the exons are ligated and a cleaved linear intron
is obtained.  (b) Group II intron do not need a co-factor and instead the first reaction is performed by a conserved
adenosine of the intron. The second nucleophilic attack also performed by the 3’SS of the 5’ exon on the 3’SS leads to
ligation of the exons and excision of the intron-lariat. Nucleophilic attacks are highlighted as green arrows. This figure
was adopted from Will and Lührmann (2011).
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in the intron sequence takes over the role of the co-factor and facilitates the first transesterification reaction

via a nucleophilic attack with its 2’OH (Fig. 1b). The second transesterification reaction is performed by an

attack of the 3’OH group at the 3’ end of the 5’ exon with the phosphodiester bond of the 3’SS. This yields

two ligated exons and an excised the so-called intron-lariat (Peebles et al., 1986). 

The vast  majority of  introns however  are  removed with the help of the spliceosome, a highly dynamic

molecular machine with the purpose of aiding the removal of introns in eukaryotes  (Will and Lührmann,

2011). Spliceosomal introns consist as well of a 5’SS, 3’SS and a conserved adenosine as part of the branch-

site, which is located 18 to 40 nucleotides upstream of the 3’SS. Although the basic removal mechanism of

spliceosomal introns is highly similar to the one from group II introns resulting in the ligation of two exons

and the formation of an intron-lariat (Fig. 1b), spliceosomal introns lack the ability of self-splicing and are

strictly dependent on the involvement of the spliceosome.

1.2 The spliceosome

The spliceosome is  a  multimegadalton  complex  composed  of  RNA elements  as  part  of  the  U-snRNPs

(uridine-rich small nuclear ribonucleic particles) and a large number of protein components, that are involved

in an intricate and highly dynamic interplay with the final purpose of mediating the intron excision out of

pre-mRNAs (Wahl et al., 2009). The complex has no predefined active site and thus has to be built up until

reaching  a  state  competent  of  performing  the  two  transesterification  steps.  This  implicates  constant

conformational  and  compositional  rearrangements  of  the  spliceosome.  Almost  none of  the  spliceosomal

components  is  present  throughout  all  stages  of  a  splicing  cycle  and every  recruitment  or  displacement

dictates the next step in the splicing process. Since the spliceosome is a single-turnover molecular machine,

for each intron to be spliced the complex has to be assembled first and only upon activation it is able to

perform the  catalytic  steps  (Fig.  2).  Finally,  the  complex  is  completely  disassembled  and every  single

component is available for another round of splicing. 

1.2.1 Spliceosome assembly

The binding of the U1 snRNP to the 5’SS initiates the spliceosomal assembly on the intronic region of the

pre-mRNA. Here, the 5’ end of the U1 snRNA localizes the 5’SS via base-pairing  (Séraphin  et al., 1988;

Siliciano and Guthrie, 1988; Zhuang and Weiner, 1986). Together with the recognition of the branch-site by

the two proteins Msl5 (Mus Synthetic-lethal 5) and Mud2 (Mutant U1 Die 2), the complex E is formed,

which does not require the consumption of ATP (adenosine triphosphate) for its assembly  (Abovich and
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4

Figure 2: The splicing cycle. The spliceosome is a highly dynamic complex that is composed of RNA (U-snRNAs) and
protein components. It is assembled in a sequential manner until a catalytically active complex is obtained that is able to
perform  the  two  transesterification  steps.  Once  the  intron  is  cleaved  the  spliceosomal  complex  is  completely
disassembled and all components are ready for a new round of splicing. Spliceosomal structures from S. cerevisiae of
each  splicing  step,  if  available,  are  shown as  cartoon models.  The U-snRNAs are  highlighted in  different  colors,
whereas  the  protein  components  are  displayed  as  gray  semi-transparent  cartoons.  Complexes  not  structurally
characterized are shown in a schematic representation. The eight conserved ATP-dependent RNA helicases crucial for
the transition of several spliceosomal complexes are labeled at the corresponding step. This figure was inspired by Galej
(2018). The following PDB depositions were used for the shown complexes: U1 – 5uz5; complex A – 6g90; tri-snRNP
– 5gan; complex pre-B – 5zwn – 5zwm; complex B – 5nrl; complex Bact – 5gm6; complex B* - 6j6g; complex C –
5lj5; complex C* - 5mq0; complex P – 6bk8; ILS complex – 5y88. 
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Rosbash, 1997; Berglund  et al., 1997). The subsequent formation of complex A represents the first ATP-

dependent  step  and  is  achieved  by  the  involvement  of  two  DEAD-box  helicases,  Prp5  (pre-mRNA-

processing factor 5) and Sub2 (Suppressor of BRR1 protein 2). While Sub2 has been suggested to mediate

the displacement of the Msl5:Mud2 dimer thereby making the branch-site available for base-pairing with the

newly recruited U2 snRNP, Prp5 probably remodels the U2 snRNA to influence its binding to the branch-site

(Kistler  and  Guthrie,  2001;  Xu  and  Query,  2007).  The  recruitment  of  the  U4/U6.U5  tri-snRNP to  the

complex A leads to  the  formation of  the  complex pre-B,  which is  the  only  spliceosomal  complex  that

contains all five U snRNPs (Bai et al., 2018; Boesler et al., 2016). The tri-snRNP is only loosely bound to

this new complex and its conformation remains similar to the structure of its free particle  (Nguyen et al.,

2016). It is in the following activation steps that these components get more integrated, ultimately leading to

the formation of an active site competent of performing the catalytic reactions. 

1.2.2 Spliceosome activation

While the complex pre-B contains almost all necessary components known to be important for catalysis, the

active site has first to be formed which implies major rearrangements in terms of structure and composition.

The generation of complex B is achieved by the ATP-dependent action of the DEAD-box helicase Prp28,

which promotes the exchange of the U1 snRNP for the U6 snRNP at the 5’SS (Chen et al., 2001; Staley and

Guthrie, 1999). This eventually leads to the release of the U1 snRNP. The unwinding of the U4/U6 duplex

mediated by the Ski2-like (Superkiller protein 2-like) helicase Brr2 (Bad response to refrigeration 2) ensures

the transition to the activated complex Bact (Laggerbauer et al., 1998; Raghunathan and Guthrie, 1998a). The

disruption of this duplex does not only allow the U6 snRNA to form the ISL (internal stem-loop) and base-

pairing with the U2 snRNA, but also triggers the release of the U4 snRNP (Madhani and Guthrie, 1992).

During this event numerous other splicing factors are displaced (Snu66, Prp6, LSm and Dib1), but also many

others  are  recruited  (NTC,  NTR and RES complexes;  Cwc24 and Cwc27)  (Fabrizio  et  al.,  2009).  The

DEAH-box ATPase Prp2 finally succeeds to catalytically activate the spliceosome, leading to the formation

of the catalytically activated B* complex  (Kim and Lin,  1996).  The involvement of Prp2 results  in the

displacement of SF3a (splicing factors 3a) and SF3b (splicing factors 3b) complexes together with Cwc24

(Complex with CEF1 protein 24) and Cwc27, which has been suggested to increase the accessibility of the

branch-site adenosine in preparation for the first nucleophilic attack (Lardelli et al., 2010; Teigelkamp et al.,

1994; Warkocki et al., 2009). To fulfill its task, Prp2 is strictly dependent on the interaction with the G-patch

(glycine-rich patch) protein Spp2 (Suppressor of PRP protein 2) (Roy et al., 1995; Warkocki et al., 2015). 
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1.2.3 Splicing catalysis

The involvement of Prp2 also creates a high affinity binding site for Yju2 and Cwc25, both of which play a

critical role in the positioning of the U2, U5 and U6 snRNAs as well as the pre-mRNA in the B* complex

(Chiu et al., 2009; Liu et al., 2007). The obtained arrangement of the RNA components facilitates the first

transesterification reaction, also called branching, obtaining complex C with a cleaved 5’ exon and an intron-

lariat formation still attached to the 3’ exon (Galej et al., 2016; Krishnan et al., 2013). In order for the second

transesterification step to happen, the spliceosome still needs to undergo important remodeling, which is

mediated by the DEAH-box ATPase Prp16 (Konarska et al., 2006; Ohrt  et al., 2013; Schwer and Guthrie,

1991, 1992; Smith et al., 2008). Prp16 is located at the 3’SS region and it has been proposed that its ability to

translocate applies pulling forces on the pre-mRNA that for example contribute to the fidelity of the branch-

site recognition and the release of splicing factors Cwc25 and Yju2 (Burgess and Guthrie, 1993; Galej et al.,

2016;  Semlow  et  al.,  2016;  Tseng  et  al.,  2011).  The involvement of Prp16 guarantees the formation of

complex C*, which is now able to perform the second transesterification step. In this complex the active site

is now accessible due to a repositioning of the Prp8 RNaseH-like domain aided by the involvement of Prp18

and Slu7 (Synthetic letahl with U2 snRNA protein 7) (Bertram et al., 2017a; Fica et al., 2017; James et al.,

2002; Ohrt et al., 2013; Yan et al., 2017). The second transesterification reaction results in complex P, where

both exons are found ligated (Bai et al., 2017; Liu et al., 2017; Wilkinson et al., 2017). 

1.2.4 Spliceosome disassembly

Once the spliceosome has achieved its final goal, the excision of the intron, the complete disassembly of the

complex can be initiated. Similar to Prp2 and Prp16, it has been suggested that Prp22 acts as a translocase

that induces conformational rearrangements from a distance by pulling on the mRNA downstream from the

splice junction (Aronova et al., 2007; Company et al., 1991; Fica et al., 2017; Mayas et al., 2006; Schwer,

2008; Semlow et al., 2016). This mechanism is thought to disrupt base-pairings of the mRNA with the U5

snRNA and thereby facilitate the release of the mature mRNA. With the release of the mRNA, the ILS

(intron-lariat  spliceosome)  complex  is  obtained  (Wan  et  al.,  2017).  The  DEAH-box  ATPase  Prp43  is

responsible the final disassembly of the remaining U2, U5 and U6 snRNPs as well as of the intron-lariat

(Arenas and Abelson, 1997; Martin et al., 2002). For its function it relies on the interaction with the G-patch

protein Ntr1 (Nineteen complex-related protein 1) as it is not only involved in the catalytic stimulation of

Prp43 but  also in its  regulation  (Fourmann  et  al.,  2016;  Tauchert  et  al.,  2017;  Tsai  et  al.,  2007).  After

accomplished disassembly, spliceosomal proteins as well as snRNPs are recycled and made available for new

rounds of splicing (Raghunathan and Guthrie, 1998b).
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1.2.5 Spliceosomal cryo-EM structures

The described dynamics of the spliceosome have been studied extensively using genetic and biochemical

approaches over the last decades, but it is the impressive technical development of cryo-EM in recent years

that has boosted the structural knowledge of the spliceosome at an unprecedented pace. The determination of

the tri-snRNP and ILS complex in 2015 initiated the structural elucidation of spliceosomal complexes and up

to date all major steps are structurally characterized with the exception of complex E (Fig. 2, Table 1). The

information gained by these structures have been used to answer longstanding questions that previous studies

have not been able to definitively tackle. For instance, it could be demonstrated that spliceosomal introns and

group II self-splicing introns share a common ancestor and that the catalysis for intron cleavage is RNA-

based  (Jacquier,  1990).  The  structural  similarity  of  the  active site  in  an early  determined ILS complex

compared with the structure of a post-catalytic group II intron provided the evidence that the spliceosome

activity is based on ribozyme activity (Robart et al., 2014; Yan et al., 2015). Further on, it could be proven

on a structural manner that two catalytic metal ions are involved in the two transesterification steps (Fica et

al., 2013, 2017; Steitz and Steitz, 1993; Yan  et al., 2016). These two reactions are performed by a single

active site that requires extensive conformational remodeling not only to be formed, but also to guarantee the

subsequent execution of the two transesterification steps. These structural changes of the spliceosome could

only be deduced by previous genetic and biochemical approaches, but can be more precisely envisioned with

the help of the repertory of different structurally characterized spliceosomal stages.

Table 1: Published cryo-EM structures of spliceosomal complexes. 

Spliceosomal
complex

Species PDBid(s) Overall
resolution (Å)

References RNA helicase in complex

U1 snRNP S. cerevisiae 5uz5 3.7 Li et al., 2017 -

tri-snRNP S. cerevisiae 5gan, 5gap,
5gao, 5gam

5.9 / 3.7 Nguyen et al., 2015,
2016

Brr2

3jcm 3.8 Wan et al., 2016a Brr2

H. sapiens 3jcr 7.0 Agafonov et al., 2016 Brr2, Prp28

6qw6 2.9 Charenton et al., 2019 Brr2, Prp28

A S. cerevisiae 6g90 4.0 Plaschka et al., 2018 -

pre-B S. cerevisiae 5zwm, 5zwn 3.4 – 4.6 Bai et al., 2018 Brr2, Prp28

H. sapiens 6ah0 5.7 Zhan et al., 2018a Brr2, Prp28

6qx9 3.3 Charenton et al., 2019 Brr2, Prp28

B S. cerevisiae 5nrl 3.6 – 17.2 Plaschka et al., 2017 Brr2

5zwo 3.9 Bai et al., 2018 Brr2

H. sapiens 5o9z 4.5 Bertram et al., 2017b Brr2

6ahd 3.8 Zhan et al., 2018a Brr2

Bact S. cerevisiae 5gm6 3.5 Yan et al., 2016 Brr2, Prp2

7
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5lqw 5.8 Rauhut et al., 2016 Brr2, Prp2

H. sapiens 6ff4, 6ff7 3.4 Haselbach et al., 2018 Brr2, Prp2

5z56, 5z57,
5z58

4.9 – 6.5 Zhang et al., 2018 Brr2, Prp2

B* S. cerevisiae 6j6g, 6j6h,
6j6n, 6j6q

2.9 – 3.8 Wan et al., 2019 -

C S. cerevisiae 5gmk 3.4 Wan et al., 2016b -

5lj3, 5lj5 3.8 Galej et al., 2016 Brr2, Prp16

H. sapiens 5yzg 4.1 Zhan et al., 2018b Brr2, Prp16, eIF4A-III,
Aquarius

C* S. cerevisiae 5wsg 4.0 Yan et al., 2017 Prp16 / Prp22

5mps, 5mq0 3.9 Fica et al., 2017 Prp22

H. sapiens 5mqf 5.9 Bertram et al., 2017a Prp22, eIF4A-III, Aquarius

5xjc 3.6 Zhang et al., 2017 Brr2, Prp22, eIF4A-III,
Aquarius

P S. cerevisiae 5ylz 3.6 Bai et al., 2017 Prp22

6bk8 3.3 Liu et al., 2017 Prp22

6exn 3.7 Wilkinson et al., 2017 Prp22

H. sapiens 6idz 3.0 Zhang et al., 2019 Brr2, Prp22, eIF4A-III,
Aquarius, 

6qdv 3.3 Fica et al., 2019 Brr2, Prp22, eIF4A-III,
Aquarius

ILS S. cerevisiae 5y88 3.5 Wan et al., 2017 Prp43

S. pombe 3jb9 3.6 Yan et al., 2015)
Hang et al., 2015

-

H. sapiens 6id0, 6id1 2.9 Zhang et al., 2019 Prp43, Aquarius

1.3 Key players of the spliceosome

The spliceosome is a highly dynamic machinery and almost none of its components is present throughout the

whole splicing cycle.  While the vast  majority of its  constituents are recruited and leave the complex at

different stages, key players of the spliceosome can be divided into two groups: U snRNPs and DExH/D-box

ATPases. 

8
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1.3.1 U snRNPs

Five  U snRNPs (U1,  U2,  U4,  U5 and U6)  build  the  core  of  the  spliceosome and are  recruited  to  the

spliceosome  in  a  sequential  manner.  They  are  composed  of  U  snRNAs,  Sm  (Small  nuclear

ribonucleoprotein) proteins (B/B’ D1, D2, D3, E, F and G) and other proteins specific for each U snRNP

(Shaw et al., 2008). 

In the course of their maturation cycle U1, U2, U4 and U5 snRNAs are transcribed by the RNA polymerase

II and are exported to the cytoplasm where the Sm proteins are assembled in a heteroheptameric ring-like

structure around the highly conserved Sm binding motif (Plessel et al., 1997). Subsequently, the m7G-cap of

the U snRNP is hypermethylated to a m3G (2,2,7-trimethyl-guanosine) cap, which serves as the signal for re-

import into the nucleus (Mattaj, 1986; Narayanan et al., 2004). In the nucleus additional proteins specific for

each U snRNP are bound and in the cajal bodies specific nucleotides of the RNA components are modified

by methylation or pseudo-uridylation (Darzacq et al., 2002; Jády et al., 2003). 

In contrast to the aforementioned U snRNAs, the U6 snRNA is transcribed by the RNA polymerase III and is

not exported out of the nucleus  (Paule and White, 2000). Instead of a m7G cap, U6 snRNA obtains a  γ-

monomethyl phosphate cap after transcription, which targets it to the nucleolus, where it undergoes 2’-O-

methylation and pseudo-uridylation  (Lange and Gerbi, 2000; Singh and Reddy, 1989). Once it leaves the

nucleolus  the  Sm proteins  are  assembled  and  the  U6  snRNP is  targeted  to  the  cajal  bodies.  Here  the

U4/U6.U5 tri-snRNP is assembled, which is then competent for the recruitment to the spliceosome.

Being  the  core  of  the  spliceosome,  the  U  snRNPs  assume  important  roles  like  5’SS  and  branch-site

recognition in order to initiate the assembly, which then in turn serve as a docking platform for the binding of

the tri-snRNP. Via countless base-pairing interactions with each other but also with the pre-mRNA, they play

a vital role in positioning all RNA components of the spliceosome with the final purpose of ensuring both

catalytic steps. Despite their central role, not all of them remain constantly present. The dynamic nature of

the spliceosome leads to numerous displacements and recruitments of either U snRNPs or other protein

factors and these rearrangements need to be tightly timed to follow the sequential order of a splicing cycle.

The right orchestration of these events is mainly given by the action of so-called DExH/D-box helicases.

1.3.2 Spliceosomal RNA helicases

All RNA helicases, also called DExH/D-box helicases, involved in the spliceosome belong to the helicase

superfamily 2 (SF2), which itself belong to one of the six (SF1-6) RNA- and DNA-dependent superfamilies

(Leitão et al., 2015). Generally, SF1 and SF2 members are monomeric acting helicases with two RecA-like

domains in close juxtaposition and SF3-SF6 helicases assemble in a hexameric toroidal fashion built  of
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either six RecA-like or AAA+ (ATPase associated with diverse cellular activities) domains (Iyer et al., 2004).

The SF2 members acting in the splicing cycle belong to the subfamily of the DEAD-box, Ski2-like and

DEAH-box helicases. 

Although these proteins are termed helicases, which means that they unwind double-stranded nucleic acid

strands, not all of them fulfill the requirements to be named as such. These proteins act in virtually all RNP

metabolism pathways and assume diverse functions like translocation, RNP remodeling, RNA anchoring,

stabilizing folding intermediates and even annealing of nucleic acid strands  (Bleichert and Baserga, 2007;

Schwer,  2001).  They all  have in  common that  they act  in  the  context  of  nucleic  acids  often under  the

consumption of NTP and most of them are part of large macromolecular machines like the spliceosome. 

DEAD-box, Ski2-like and DEAH-box helicases share a conserved architecture with two juxtaposed RecA-

like  domains,  also  called  the  helicase  core.  These  RecA-like  domains  harbor  at  least  eight  conserved

sequence motifs  that  are crucial  for  the function of these proteins (Fig.  3a).  Motifs I,  II,  V and VI are

10

Figure  3: Conserved sequence motifs of DEAD-box, DEAH-box and Ski2-like helicases.  (a) DExH/D-box
helicases share at least eight conserved sequence motifs that are allocated on both RecA-like domains. These
motifs play a role in ATP binding and hydrolysis, RNA binding as well as in coupling ATP hydrolysis to RNA
unwinding.  (b-d) When the conserved  sequence motifs  come into close proximity they  form together  the
nucleotide binding site and the RNA interaction platform. This figure was adopted from Cordin et al. (2012).
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involved  in  the  binding  and  hydrolysis  of  NTP,  whereby  motifs  Ia,  Ib  and  IV are  responsible  for  the

interaction with the nucleic acid substrate (Fairman-Williams et al., 2010; Walker et al., 1982). Motif III has

been suggested to connect ATP hydrolysis to unwinding (Pause and Sonenberg, 1992; Schwer and Meszaros,

2000). DEAD-box and Ski2-like helicases possess an additional Q-motif, that mediates specificity for ATP

(Tanner et al., 2003). These motifs, which are spread over both RecA-like domains, need to come into close

proximity in order to form the NTP-binding cleft  and the platform for nucleic acid  binding (Fig.  3b-d).

Additionally, to these sequence motifs, structural features like a β-hairpin, a hook-loop and a hook-turn have

been identified and suggested to  play an important  role  in  translocation/unwinding  (Prabu  et  al.,  2015;

Tauchert et al., 2017; Walbott et al., 2010).

N-terminal flanking regions of these helicases are highly variable in sequence, length and function and assist

the helicase in non-catalytic functions like nucleic acid binding or recruitment (Schneider and Schwer, 2001).

While  the  C-terminal  domains  of  DEAD-box  helicases  are  also  variable,  DEAH-box  helicases  have  a

conserved  C-terminal  architecture composed  of  a  winged-helix  (WH),  helix-bundle  (HB)  and

oligonucleotide-binding (OB) domain (Fig.  3a). Ski2-like helicases possess as well a C-terminal winged-

helix domain and additionally a Sec63 unit,  which is divided into a ratchet,  helix-loop-helix (HLH) and

fibronection-like (Fn) domain. 

While these three SF2 subfamily members that are involved in splicing share a conserved helicase core and

interact with nucleic acids in an ATP-dependent manner, they differ strongly in their way of functioning. In

the following sections a more detailed focus will be given to these differences and unique features of each

subfamily will be highlighted.

1.3.2.1 DEAD-box ATPases

The first  steps  in  splicing are  governed by Prp5, Sub2 and Prp28.  These proteins belong to the largest

subfamily of the SF2 members, the DEAD-box helicases (Fig.  2). Although they share a highly conserved

helicase core composed of the RecA-like domains with other members of the SF2 family, they exhibit a high

diversity in composition and function of their N- and C-terminal extensions (Fig.  4) (Cordin and Beggs,

2013). Due to the lack of bulky domains flanking the helicase core, DEAD-box helicases are able to adopt a

wide range of open conformations with both RecA-like domains distinctly apart from each other (Andersen

et  al.,  2006;  Caruthers  et  al.,  2000;  Cheng  et  al.,  2005;  Zhang  et  al.,  2013).  In  this  conformation  the

conserved sequence motifs distributed on both RecA-like domains are positioned apart from each other and

do not form an active site. In this state the protein is found in a non-productive conformation. In contrast, in

the presence of ATP and RNA DEAD-box helicases exhibit a more compact structure with both RecA-like
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domains  in  a  productive  closed  conformation  (Andersen  et  al.,  2006;  Sengoku  et  al.,  2006).  Here  the

conserved sequence motifs are in close proximity and form the active site for nucleotide binding and an

interaction stretch for RNA binding (Fig. 3b). 

In contrast to most other representatives of the SF2 family, DEAD-box helicases are non-processive duplex

unwindases (Pyle, 2008). They disrupt locally short double-stranded regions in a switch-like mechanism by

forcing the bound RNA into a pronounced kinked conformation incompatible of forming a duplex  (Del

Campo and Lambowitz, 2009; Sengoku et al., 2006). Single-stranded regions flanking a duplex facilitate the

loading of the helicase onto duplex and in contrast to other SF2 members they do not have any 3’ or 5’

overhang preference (Bizebard et al., 2004; Rogers et al., 2001; Yang and Jankowsky, 2006). Generally, they

bind the backbone of the RNA, making the binding independent of the base sequence and additionally all

DEAD-box helicases  are  able  to  discriminate  between DNA and RNA by directly  contacting the 2’OH

groups  of  the  ribose  moiety  (Peck  and  Herschlag,  1999;  Sengoku  et  al.,  2006).  Due  to  the  lack  of

processivity and overhang preference the unwinding mechanism of these helicases differs significantly from

the working mechanism of the two remaining SF2 representatives acting in the spliceosome, namely the

Ski2-like and DEAH-box ATPases, which will be described in the following sections.

1.3.2.2 Ski2-like helicase Brr2

Brr2 is the only representative of the Ski2-like helicases acting in the spliceosome (Fig. 2). It is loaded onto

the  U4 snRNA in  complex B,  where it  is  responsible  for  the  unwinding of  the  U4/U6 snRNA duplex

(Laggerbauer  et  al.,  1998;  Raghunathan and Guthrie, 1998a). As an integral part  of the U5 snRNP it  is

present almost throughout the complete splicing cycle. 
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Figure  4:  Conformational  changes  of  the  DEAD-box helicase  eIF4A-III.  The DEAD-box helicase  eIF4A-III  is
mainly composed of two RecA-like domains (RecA1: orange; RecA2: blue). In the absence of RNA or nucleotide
eIF4A-III adopts a non-productive and open conformation (PDBid: 2hxy). Upon binding of ATP and ssRNA eIF4A-III
switches into a closed conformation competent of hydrolyzing ATP and binding RNA (PDBid: 2hyi).
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Typical for an SF2 member, Ski2-like helicases possess a conserved helicase core composed of two RecA-

like domains, but in contrast to the DEAD-box helicases they are additionally characterized by a conserved

C-terminal domain containing a winged-helix (WH), ratchet and helix-loop-helix (HLH) domain (Fig.  3a)

(Cordin  et al., 2012). Some members like Brr2 exhibit a further C-terminal fibronectin-like (Fn) domain

(Fig.  5)  (Santos et al., 2012). They unwind their DNA or RNA substrates strictly with a 3’-5’ polarity and

accomplish the loading of the nucleic acids by binding to a 3’ single-stranded overhang (Büttner et al., 2007;

Fairman-Williams et al., 2010). A structural study on the Archaeoglobus fulgidus Hel308 suggests that Ski2-

like helicases unwind nucleic acids duplex by translocating in an ATP-dependent  manner on the loaded

single strand and thereby disrupting the duplex with the help of a β-hairpin in the RecA2 domain (Büttner et

al., 2007). 

Brr2 exhibits a peculiar architecture as it exhibits two helicase cassettes (Santos et al., 2012). Interestingly,

only the N-terminal cassette shows ATPase and helicase activity  in vitro, whereas the C-terminal cassette

lacks such functions. Instead the C-terminal cassette has been proposed to act as a protein-protein interaction

unit and to play a role in regulating the activity of the N-terminal domain (van Nues and Beggs, 2001; Santos

et al., 2012).

13

Figure  5: Overall structure of the Ski2-like Brr2.  The Ski2-like helicase Brr2 (PDBid: 4f93) is composed of two
helicase cassettes. The N-terminal cassette is displayed as a cartoon model, whereas the C-terminal cassette is depicted
as a ribbon model. Both cassettes contain a helicase core composed of two RecA-like domains (RecA1: orange; RecA2:
blue), a winged-helix (WH: gray), ratchet (wheat),  helix-loop-helix (HLH: green) and fibronectin-like (Fn: yellow)
domain. The N-terminal extension is shown in black.
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1.3.2.3 DEAH-box ATPases

DEAH-box ATPases Prp2, Prp16, Prp22 and Prp43 dominate the activation, catalysis and disassembly steps

of the splicing cycle. They are composed of a helicase core with two RecA-like domains and a C-terminal

domain  containing  a  winged-helix  (WH),  helix-bundle  (HB)  and  oligonucleotide-binding  (OB)  domain

(Fig. 6)  (Tauchert  et al., 2017; Walbott  et al., 2010). While the C-terminal domains are highly conserved

among this subfamily, the N-terminal extensions are very variable and do not only significantly differ in

length but also in function  (Cordin and Beggs, 2013). The N-terminal domain can serve as an interaction

platform for recruitment,  RNA binding or  for cellular  localization  (Fouraux  et  al.,  2002;  Schneider and

Schwer, 2001; Wang and Guthrie, 1998).  DEAH-box ATPases lack the Q-motif and therefore are able to

hydrolyze any type of NTP (Fig. 3a). While many mostly biochemical studies have verified the importance

of the conserved sequence motifs for the function of the spliceosomal DEAH-box ATPases, recent structural

investigations  have  identified  additional  conserved  structural  features  to  play  an  important  role

(Campodonico and Schwer, 2002; Schneider et al., 2004; Schwer and Meszaros, 2000; Tanaka and Schwer,

2006). Crystal structures of the DExH-box helicase MLE and Prp43 led to the identification of a hook-loop

and a hook-turn, respectively, that were proposed to play a vital role in the processivity of these two proteins
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Figure  6:  Overall  structure  of  the  DEAH-
box ATPase Prp43.  The DEAH-box ATPase
Prp43  (PDBid:  5i8q)  is  composed  of  a
helicase  core  with  two  RecA-like  domains
(RecA1:  orange;  RecA2  blue)  and  a  C-
terminal domain composed of a winged-helix
(WH:  gray),  helix-bundle  (HB:  wheat)  and
oligonucleotide-binding (OB: green) domain.
An N-terminal extension is depicted in black.
Bound  nucleotides  are  sandwiched  between
the  two  RecA-like  domains.  The  single-
stranded  RNA (red)  is  bound  in  an  RNA-
binding  tunnel  formed  between  the  helicase
core and the C-terminal domains. The sugar-
phosphate  backbone  of  the  RNA  interacts
mainly  with  the  RecA-like  domains  and  the
bases face towards the C-terminal domains. 
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(Prabu et al., 2015; Tauchert et al., 2017). DEAH-box ATPases are generally able to interact with DNA as

well as with RNA substrates and have the ability to unwind double-stranded nucleic acids with 3’-5’ or 5’-3’

polarity (Fairman-Williams et al., 2010). It has been shown that single-stranded RNA is bound in a tunnel

formed between the helicase core and the C-terminal domains (He et al., 2017; Prabu et al., 2015; Tauchert

et al., 2017). The loading of this ssRNA is facilitated by the movement of the C-terminal domains into an

open conformation forming a cleft  competent for nucleic acid binding, which closes upon RNA binding

(Roychowdhury et al., 2019; Tauchert et al., 2017). 

It is a longstanding debate how this protein family manages to unwind double-stranded nucleic acids and

members of this family have been suggested to work in a processive manner similar to other SF2 members

like Ski2-like and NS3 helicases. Processive helicases link translocation along a single-stranded nucleic acid

with the disruption of duplexes (Pyle, 2008). However, in order to understand how duplexes are separated it

is first required to know how translocation is performed in this subfamily. Additionally, not only recent cryo-

EM structures but also biophysical studies suggest that especially the spliceosomal DEAH-box ATPase might

not require unwindase activity to fulfill their tasks, but instead the mere translocation on a single-stranded

RNA might be sufficient (Bao et al., 2017; Fica et al., 2017; Liu et al., 2017; Rauhut et al., 2016; Semlow et

al., 2016; Wan et al., 2017; Yan et al., 2016). Due to this reason members of this subfamily have been named

DEAH-box ATPases instead of the commonly used term DEAH-box helicases throughout this thesis. 

Over the last decade, since the first ADP-bound structures of Prp43 have been published, mainly structural

studies on DEAH-box or the closely related DExH-box/RHA ATPases have focused on the elucidation of the

translocation mechanism of this family (He et al., 2010, 2017; Prabu et al., 2015; Tauchert et al., 2016, 2017;

Walbott et al., 2010). The structural analysis of different nucleotide-bound catalytic states (ADP- and ATP-

bound) have played a crucial role in the proposition of two models that might describe the translocation

mechanism by these proteins:  the contraction and the expansion model  (He  et  al.,  2017). Based on the

contraction model, the DEAH-box ATPases translocate along the single-stranded RNA using small rotational

movements of both RecA-like domains in order toggle between states with three and four stacked RNA

nucleotides in the binding tunnel. The expansion model however suggests that a so far structurally unknown

nucleotide-free state with a much more open helicase core conformation is needed in order to fit a stack of

five nucleotides in the RNA binding tunnel and that the nucleotide-dependent repetition of open and closed

conformations of the helicase core allows the transition between four and five stacked RNA nucleotides in

the  binding  tunnel.  The  latter  model  is  inspired  by  the  translocation  mechanism of  the  closely  related

NS3/NPH-II helicase family (Appleby et al., 2011; Gu and Rice, 2010; Myong et al., 2007). 

The  main  focus  of  this  thesis  concentrates  on  the  elucidation  of  the  missing  aspects  required  to  fully

understand how translocation on a  ssRNA in this SF2 subfamily works.  In  order  address this  topic the
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spliceosomal DEAH-box ATPases Prp2 and Prp22 were structurally and biochemically studied during this

thesis and will be introduced in the upcoming sections.

1.4 DEAH-box ATPases examined in this thesis

1.4.1 Prp2

Prp2  plays  a  critical  role  during  splicing  as  its  recruitment  ensures  the  transition  from  the  activated

spliceosome (Bact) to the catalytically activated (B*) stage of the spliceosome that is then able to perform the

first splicing step (Yean and Lin, 1991). Prp2 has been proposed to be recruited to the spliceosome via its C-

terminal  domains  and  it  is  involved  in  drastic  conformational  and  compositional  rearrangements  by

displacing bound factors and recruiting new ones.  Analyses via dcFCCS (dual-color fluorescence cross-

correlation spectroscopy) have provided some insights into the dynamics induced by the recruitment of Prp2

(Ohrt  et  al.,  2012). Using this method it  was demonstrated that  Cwc24 and Cwc27 dissociate from the

complex upon Prp2-mediated catalytic activation. Interestingly, Cwc24 has been shown to be essential for

splicing to happen, but its displacement before the first transesterification step indicates that it is not required

for the catalysis  per se and is regarded just as an assembly factor  (Goldfeder and Oliveira, 2008). Other

proteins showed not to be completely displaced by the action of Prp2 but their binding affinity was strongly

reduced as it is the case for U2-associated SF3a/b proteins Prp11 and Cus1. SF3a/b proteins are bound to

pre-mRNA on both sides of the branch site meaning that its destabilization could possibly expose the branch

site adenosine and thereby enable its nucleophilic attack at the 5' splice site as also previously suggested in

other studies (Gozani et al., 1998; Lardelli et al., 2010). Prp2-mediated rearrangements do not only induce

displacements  and destabilizations  of  already bound factors,  but  its  activity  during the transition to  the
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Figure  7:  Model  of  Prp2 action.  Prp2 joins  the  spliceosomal  complex  at  the  Bact complex  potentially  via  initial
interactions with the Ski2-like helicase Brr2. Once recruited it binds a segment +23 to +33 downstream of the branch-
site in the 3’ tail. This region is highlighted as cyan dotted patch on the intron. In the presence of Spp2, the interaction
with  the  RNA stimulates  the  ATP/translocase  activity  of  Prp2.  This  leads  to  major  spliceosomal  rearrangements,
whereby mainly SF3a/b is destabilized, which probably exposes the branch-site adenosine. After its involvement, Prp2
as well leaves the complex. The branch-site adenosine is now available for the first transesterification step. This figure
was adopted from Liu et al. (2012).
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catalytically activated spliceosome also involves stabilizations or/and new recruitments needed for example

for the first transesterification step. Yju2 has a very low affinity to spliceosome before Prp2 intervention, but

its affinity is strongly enhanced in the catalytically activated complex. Additionally, a strong binding site for

the protein Cwc25 is created, recruiting it for the first time to the spliceosome. This results are consistent

with previous findings where Cwc25 was shown to be of great importance during the first splicing step after

the action of Prp2 as well as the idea that Yju2 might be involved in the recruitment of Cwc25 (Chiu et al.,

2009). 

In order to fulfill all these rearrangements Prp2 has to interact with the spliceosome and be transiently part of

it  prior to  its  remodeling activity.  Studies using yeast  two-hybrid assays have revealed that  Prp2 might

interact with Brr2 which was further on verified by pulldown assays (Liu and Cheng, 2012; van Nues and

Beggs, 2001). Since Brr2 is an integral part of the spliceosome it has been suggested that Prp2 is recruited to

the complex upon binding to Brr2. However, cryo-EM structures of the Bact complex cannot confirm a direct

interaction between Prp2 and Brr2, but only a close spatial proximity (Rauhut et al., 2016; Yan et al., 2016).

Additionally,  UV cross-linking  experiments  have  proven  that  Prp2  also  interacts  with  the  pre-mRNA

downstream of the branch-site  (Teigelkamp et al., 1994). The nucleotides interacting with Prp2 have been

pinned down to a segment +23 to +33 downstream of branch-site in the 3'  tail,  which is necessary and

sufficient to stimulate ATPase activity of Prp2 (Liu and Cheng, 2012). The interaction is position-dependent

and seems to have no or low sequence dependency as comparable results were yielded using two different

sequences for this region. This is in agreement with the sequence-unspecific binding of ssRNA observed for

Prp43,  which  is  likely  applicable  to  the  complete  subfamily  of  DEAH-box  ATPases  (He  et  al.,  2017;

Tauchert  et al.,  2017). The interaction with this region serves as a stimulus for Prp2, inducing its RNA-

dependent  ATPase  activity.  The  destabilization  of  SF3a/b  has  been  proposed  to  be  due  to  ATP-driven

translocation of Prp2 along the pre-mRNA in 3'-5'  direction coming into conflict with SF3a/b's Hsh155,

which is associated to the pre-mRNA directly upstream of Prp2's interaction site  (Liu and Cheng, 2012;

Rauhut  et al., 2016; Yan  et al., 2016). After destabilization of SF3a/b, the branch-site adenosine is likely

exposed and available for the first transesterification step and Prp2 leaves the spliceosomal complex. 

1.4.1.1 Interplay of Prp2 with its G-patch protein Spp2

In order to fulfill its function, Prp2 is strictly dependent on the interaction with the G-patch protein Spp2

(Roy  et al.,  1995; Silverman  et al.,  2004). G-patch proteins are named after a glycine-rich motif that all

members of this protein family harbor, which contains at least six conserved glycine residues (Aravind and

Koonin, 1999). While these proteins are absent in bacteria and archaea, they are abundant in eukaryotes and

present in some retroviruses, where the G-patch motif is part of RNA- and DNA-binding proteins (Robert-
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Paganin et al., 2015). Only five G-patch proteins have been identified in yeast and all of them interact with

spliceosomal DEAH-box ATPases. Four of them interact with Prp43 (Ntr1, Pfa1, Gno1 and Cmg1) and only

one, Spp2, with Prp2 (Guglielmi and Werner, 2002; Heininger et al., 2016; Lebaron et al., 2009; Roy et al.,

1995; Tsai et al., 2005). 

While the G-patch proteins interacting with Prp43 have been shown to stimulate both, the RNA-independent

ATPase as well as the helicase activity of Prp43, Spp2 only increases the ATPase activity of Prp2 when RNA

is present (Christian et al., 2014; Tauchert et al., 2017; Warkocki et al., 2015). Up to date, Prp2 is the only

spliceosomal DEAH-box helicase not to show any in vitro helicase activity, not even in the presence of its G-

patch protein (Bao et al., 2017; Kim et al., 1992; Warkocki et al., 2015). Such a helicase activity is likely not

needed since it  targets  the  single-stranded pre-mRNA at  the  spliceosomal  periphery and Prp2 has  been

suggested to accomplish its function via translocation rather than unwinding (Liu and Cheng, 2012; Rauhut

et al., 2016; Yan et al., 2016). Here, Spp2 plays a critical role in strongly stimulating the ATPase activity of

Prp2 once it interacts with the pre-mRNA, since in absence of the G-patch protein Prp2 only exhibits low

levels of activity (Warkocki et al., 2015). 

It  has been shown that  Prp2 is  recruited to the spliceosome in complexes lacking Spp2,  but  only upon

addition of Spp2 catalytic activation can happen  (Warkocki  et al., 2015). One the one hand, the G-patch

protein induced stimulation could play an important role, but on the other hand, Spp2 could also play a role

in proper positioning of Prp2 once recruited. Although cryo-EM structures of the Bact spliceosome seem to

contradict  that  Prp2 is recruited via Brr2 due to lack of direct  contacts in these complexes,  it  could be

feasible  that  Prp2 initially  joins  the  spliceosome by interacting with  Brr2  and is  subsequently  properly

positioned by Spp2 to interact  with the pre-mRNA  (Liu and Cheng,  2012;  van Nues and Beggs,  2001;

Rauhut  et  al.,  2016;  Yan  et  al.,  2016).  Due  to  the  high  flexibility  of  Spp2,  the  cryo-EM  structures,

unfortunately,  do  not  provide  any  structural  information  about  the  interaction  of  Spp2  with  either  the

spliceosome or Prp2. Here, crystal structures of a Prp2-Spp2 complex as well as deeper insights into the

biophysical properties of the G-patch in solution could complement the available data and provide a more

profound understanding about the interplay between Prp2 and Spp2. 

1.4.2 Prp22

Prp22 is a DEAH-box ATPase that is responsible for the transition from the complex P to the ILS complex

and  ensures  the  release  of  the  mature  mRNA out  of  the  spliceosomal  complex  after  intron  cleavage

(Company et al., 1991; Schwer, 2008). As common for spliceosomal DEAH-box ATPases, Prp22 binds at the

periphery of the spliceosome, specifically to the 3’ exon and it has been shown that it requires at least 13
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ribonucleotides downstream from the 3’SS (Liu et al., 2017; Schwer, 2008). Structural and biochemical data

are consistent with a model where Prp22 uses translocation on the pre-mRNA to pull  on it and thereby

promote  remodeling  of  the  spliceosome  from  a  distance  (Semlow  et  al.,  2016).  Although  Prp22  is

additionally bound to the spliceosome via interactions with Prp8 and Yju2, the interaction with the RNA

might play the major role for the attachment since once the pre-mRNA is pulled out/released, Prp22 as well

dissociates from the complex (Liu et al., 2017; Semlow et al., 2016; Wilkinson et al., 2017). 

Prp22 has also been attributed the function of being able to perform proofreading in order to inhibit splicing

of suboptimal 3’SS or to select for alternative splice sites  (Mayas  et al., 2006; Semlow et al., 2016). The

DEAH-box ATPase is already part of the spliceosome in complex C* and the cryo-EM structure of this state

exhibits density for 3 nucleotides in the RNA-binding tunnel, which likely correspond to the 3’ exon (Fica et

al., 2017). At this stage the 3’exon-intron is already docked close to the end of the 5’ exon, but the exons are

not yet ligated. By pulling on the 3’exon-intron at this stage, Prp22 could compete with the exon ligation

event by destabilizing 3’SS and spliceosome interactions that eventually might discard suboptimal 3’SS or

ensure the selection of alternative 3’SS. 

Similar to all other spliceosomal DEAH-box ATPases, Prp22 is as well stimulated by the presence of RNA,

is able to unwind duplexes with a 3’-5’ polarity, is not sequence-specific and needs a 3’ overhang, but in

contrast to Prp43 and Prp2 it has not been shown to require a G-patch-like interaction partner to fulfill its

function (Tanaka and Schwer, 2005; Wagner et al., 1998). Prp22 exhibits the longest N-terminal extension of

the spliceosomal DEAH-box ATPases,  which contains a S1 domain important  for spliceosomal function

(Schneider and Schwer,  2001). On the one hand, the lack of the need of an additional protein factor to

stimulate  ATPase/translocase/helicase  activity  makes  Prp22  an  interesting  target  for  comparisons  with

DEAH-box  ATPases  requiring  G-patch  proteins  for  their  function,  like  Prp2  and  the  most  intensively

structurally studied spliceosomal DEAH-box ATPase Prp43  (He  et al., 2010, 2017; Tauchert  et al., 2016,

2017; Walbott  et al.,  2010). On the other hand, due to the independence of external modulating factors,

Prp22 is a more suitable candidate than Prp43 to study mechanistic details that might help to fully understand

processivity in this SF2 subfamily. Here, the characterization of structurally undetermined catalytic states

(for example states in absence of an adenosine nucleotide) could provide the decisive insights to unravel the

translocation mechanism of spliceosomal DEAH-box ATPases.
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1.5 Scope - Insights into the translocation mechanism of DEAH-box ATPases

This thesis mainly concentrates on the structural and biochemical characterization of the two spliceosomal

DEAH-box ATPases Prp2 and Prp22. The work on these two proteins lead to two peer-reviewed publications

(chapters 2 and 5), one submitted manuscript to a peer-reviewed journal (chapter 3) and a manuscript in

preparation (chapter 4). 

At the beginning of this thesis no structural data of either Prp2 nor Prp22 was publicly available. Prp43 was

the  only  structurally  characterized  and  by  far  the  most  biochemically  studied  spliceosomal  DEAH-box

ATPase. However, the exact mechanism of unwinding/translocation of this SF2 subfamily has long remained

elusive and mechanistic propositions were primarily driven by comparisons with other SF2 members of the

closely related Ski2-like and NS3/NPH-II subfamilies. Recent structural work on Prp43 and the DExH-box

ATPase MLE have contributed to a better understanding of how these proteins load and bind ssRNA and

have identified new structural features important for processivity, like the hook-loop and hook-turn. While

these structures started to unravel structural dynamics needed for a processive function by comparing ATP-

and ADP-bound states,  structural  snapshots  of  spliceosomal  DEAH-box ATPases  in  the  absence of  any

adenosine nucleotide were still  missing.  In order to complete the structural  repertory of catalytic states,

Prp22 from  Chaetomium thermophilum was crystallized in two different adenosine nucleotide-free states.

Using  the  information  of  these  structures  compared  with  already  available  structures  of  Prp43  a  more

complete model for single-stranded RNA translocation could be postulated. 

A second project  focused on the elucidation of  the  functional  differences  of  Prp2 compared with other

spliceosomal  DEAH-box ATPases  and the structural  investigation of  the  Prp2-Spp2 G-patch interaction.

Although  there  were  no  structural  information  available  of  Prp2  at  the  start  of  the  thesis,  sequence

alignments already suggested a highly similar architecture of the catalytic unit compared to Prp43. But in

contrast to Prp43, Prp2 is unable to unwind duplex RNAs. Despite the high similarity, minor differences not

obvious at a sequence level, seem to differently regulate the function of these DEAH-box ATPases. The

investigation of such differences might additionally provide insights into more fundamental aspects of the

processive function of this protein family. In order to identify these subtle differences, complexes already

characterized for Prp43 (ADP-bound as well as ATP- and RNA-bound complexes) were crystallized for Prp2

from Chaetomium thermophilum. Additionally, the interaction between Prp2 and the G-patch motif of Spp2

was investigated on a structural manner in order to unveil how this interaction influences Prp2 activity and

how the bound G-patch is able to adapt to the conformational dynamics of the ATPase during translocation.
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Abstract

2.1 Introduction

(Bai et al., 2018; Fica et al., 2017; Galej, 2018; Galej et al., 2016; Li et al., 2017; Liu et al., 2017; Nguyen et

al., 2016; Plaschka et al., 2017, 2018; Wan et al., 2017, 2019; Yan et al., 2016)

(Cordin et al., 2012)

(Schmitt et al., 2018)
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2.2 Materials and methods

2.2.1 Gene expression and protein production
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Abstract

The spliceosome consists  of  five  small  RNAs and more  than  100 proteins.  Almost  50% of  the  human

spliceosomal proteins were predicted to be intrinsically disordered or to contain disordered regions, among

them the G-patch protein Spp2. The G-patch region of Spp2 binds to the DEAH-box ATPase Prp2, and both

proteins  together  are  essential  for  promoting  the  transition  from the  Bact to  the  catalytically  active  B*

spliceosome. Here we show by CD and NMR spectroscopy that Spp2 is intrinsically disordered in solution.

Crystal structures of a complex consisting of Prp2-ADP and the G-patch domain of Spp2 demonstrate that

the G-patch gains a secondary structure element when it is bound to Prp2. While the N-terminal region of the

G-patch always folds into an ɑ-helix in five different crystal structures, the C-terminal part is able to adopt

two alternative conformations. NMR studies further revealed that the N-terminal part of the Spp2 G-patch,

which is the most conserved region in different G-patch proteins, transiently samples helical conformations,

possibly facilitating a conformational selection binding mechanism. The structural analysis unveils the role

of conserved residues of the G-patch in the dynamic interaction mode of Spp2 with Prp2, which is vital to

maintain the binding during domain movements needed for RNA translocation by Prp2. 

Significance statement

The G-patch domain is found in eukaryotic and viral proteins involved in protein-protein and protein-nucleic

acid interactions. Some G-patch proteins play a vital role in the stimulation of the DEAH-box ATPases Prp2

and Prp43, however, their structural characterization and the exact binding mode have remained elusive. By

studying the interaction of the Spp2 G-patch domain with Prp2 by means of X-ray crystallography and

NMR, we could show that the G-patch is mostly disordered in solution but adopts a defined secondary

structure element upon binding to Prp2. While one interaction site serves as a stable anchor for the binding,

the other site exhibits a flexible interaction mode that is needed to adapt to the different conformations of

Prp2.
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3.1 Introduction

Intrinsically disordered proteins (IDPs) or protein regions (IDRs) lack stable secondary and tertiary structure

under physiological conditions and in the absence of an interaction partner or ligand. However, IDPs and

IDRs might undergo a disorder-to-order transition upon binding to their targets, which has been referred to as

“coupled folding and binding” or “induced folding”. The disorder of proteins provides functional advantages

like the adaptability to different binding partners or the ability to bind with high specificity but relatively low

affinity, which enables fast association or dissociation of the IDPs/IDRs to dynamic complexes (1–3). 

IDPs and IDRs are widespread throughout the family of proteins involved in pre-mRNA splicing, as it has

been predicted that about 45% of the human spliceosomal proteins are fully disordered and about 80% of the

spliceosomal proteins contain disordered regions with a length of at least 30 residues (4) . The spliceosome is

a highly dynamic multi-megadalton ribonucleoprotein (RNP) complex, which catalyzes the removal of non-

coding introns from precursor messenger RNAs (pre-mRNAs) in the nucleus of eukaryotic cells (5–7). The

spliceosomes of all organisms consist of five uracil-rich small nuclear RNAs (UsnRNAs), a defined set of

proteins stably associated with these UsnRNAs forming the UsnRNPs, and a large number of additional

spliceosomal proteins, which might only transiently bind to the spliceosome (8).  Notably, the total number

of spliceosomal proteins varies significantly with the organism (9). 

For each intron to be excised, the spliceosome assembles newly onto the pre-mRNA in a stepwise order.

Initially the U1 snRNP binds to the 5’ splice site of the pre-mRNA and the U2 snRNP to the branch point

sequence (BPS), resulting in formation of the spliceosomal A complex. Subsequently, the U4/U6.U5 tri-

snRNP joins the spliceosome, leading to the catalytically inactive B act complex. In the subsequent step, the

catalytically active B* complex is formed, which catalyzes the first transesterification reaction. After that,

further remodeling leads to the formation of complex C and the second transesterification reaction takes

place. Finally, the spliceosome is disassembled resulting in the release of the spliced mRNA and the intron

lariat.

During assembly,  splicing reaction and disassembly,  the spliceosome undergoes large compositional  and

conformational  changes  including  the  remodeling  of  RNA-RNA,  RNA-protein  and  protein-protein

interactions  (8).  These rearrangements  are  mainly driven by eight  DExD/H-box ATPases  which use the

energy from ATP hydrolysis to unwind dsRNA and/or to remodel RNA-protein interactions (10–12). These

ATPases belong to the helicase superfamily 2 (SF2) and share a common fold consisting of two RecA-like

domains which form the helicase core (13). Additional domains located C-terminal of the helicase core have

been shown to act as binding platform for interaction partners or have a regulatory effect on the ATPase

activity of the helicase (14, 15). The transition into the catalytically active B* complex is promoted by the
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DEAH-box ATPase Prp2 together with its cofactor Spp2 (16–19). The Prp2-specific cofactor Spp2 belongs

to the family of G-patch containing proteins. The name-giving glycine-rich patch (G-patch) consists of at

least six conserved glycines and was first identified in RNA-associated proteins by bioinformatic analysis

(20).  G-patch  proteins  are  absent  in  archaea  and  bacteria  but  present  in  some  retroviral  proteins  and

widespread among eukaryotes, where the G-patch domain can be found in various RNA and DNA-binding

proteins  (21).  The  G-patch  protein  Ntr1  strongly  enhances  the  ATPase  and  helicase  activities  of  the

spliceosomal DEAH-box helicase Prp43 (22, 23). This stands in contrast to Spp2, which only stimulates the

RNA-dependent ATPase activity of isolated Prp2, but not any helicase activity (24). Actually, no helicase

activity could be observed for isolated Prp2 or the Prp2-Spp2 complex within the spliceosome (25, 26). This

appears to be consistent with the recently determined cryo-EM structures of the B act complex, as Prp2 binds

just to single stranded RNA at the periphery of the spliceosome (27, 28). These cryo-EM structures, however,

do not provide any information regarding Spp2. In addition to the cryo-EM structures, biophysical studies on

spliceosomal  DEAH-box ATPases  Prp16 and Prp22 also argue in favor of translocation along a  single-

stranded RNA being the primary function of these proteins rather than RNA duplex unwinding (29). Recent

structural studies have shown on a molecular level that RNA translocation is a highly dynamic process that

requires DEAH-box ATPases to toggle between open and closed conformations of the helicase core (30, 31).

Here, the motif V within the RecA2 domain senses the bound nucleotide and ensures the proper positioning

of this domain in accordance to the catalytic state.

In order to gain insights into the structure of Spp2 and to understand how its interaction to Prp2 could be

maintained despite  the  pronounced domain movements  needed during RNA translocation,  we examined

unbound Spp2 in solution by means of CD and NMR spectroscopy, and determined five crystal structures of

Prp2 in complex with the G-patch domain of Spp2 (Spp2G-patch). Spp2G-patch is unfolded in solution and only

transiently  samples an  ɑ-helical  conformation in  its  N-terminal  part.  This N-terminal  amphipathic helix

stably binds Prp2 mainly via hydrophobic interactions with a conserved hydrophobic patch at the winged-

helix domain (WH). While this part of the G-patch is indifferent in all determined crystal structures, the C-

terminal part binds to the RecA2 domain and adopts two alternative conformations. Although the binding of

Spp2G-patch does not show major structural effects on Prp2 when compared to structures of Prp2 alone, the

crystallographic snapshots of the interaction demonstrate that the N-terminal part of the G-patch serves as a

stable anchor point whereas the remaining regions associate in a much more flexible manner that likely

guarantees its attachment to the mobile RecA2 domain. 
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3.2 Results

3.2.1 Purified scSpp2 is intrinsically disordered

The G-patch protein Spp2 from S. cerevisiae (scSpp2) consists of 185 amino acids and is predicted to be

intrinsically disordered (Figure 1A), however, experimental data regarding the folding and oligomerization

state  of  scSpp2  has  not  been  available  (32).  Since  expression  of  full  length  scSpp2  in  E.  coli  was

unsuccessful, truncated scSpp210-185 lacking the N-terminal nine residues was used for further experiments.

Size exclusion chromatography of scSpp210-185 resulted in an apparent  molecular mass of about  65 kDa,

which is about three times higher than the calculated molecular mass of scSpp210-185. In contrast, multi angle

light scattering (MALS) showed that this truncated Spp2 is a monomer, indicating that the protein behaves

like a partially or fully unfolded protein (Fig. S1). In addition, circular dichroism (CD) measurements were

performed with scSpp210-150 as well as with the further truncated version scSpp2100-150 containing only the G-

patch region.  The CD spectra clearly show the absence of  stable  secondary structure  elements  for both

samples (Figure 1B). To study the properties of scSpp2 in more detail, a heteronuclear singular quantum

coherence (HSQC) NMR spectrum of 15N labeled scSpp210-185 was recorded (Figure 1C). The NMR spectrum

was of high quality with a narrow distribution of the cross peaks around 8 ppm of the 1H frequency, which is

typical for the spectra of intrinsically disordered proteins.

3.2.2 Crystal structure of the ctPrp2-ctSpp2G-patch complex

Since all  attempts  to  crystallize  the  yeast  Prp2-Spp2100-150 complex were fruitless,  we used the ortholog

proteins  of  Chaetomium  thermophilum (ct),  as  this  approach  had  previously  been  successful  for  the

crystallization of other spliceosomal proteins like Prp2, Prp22, Prp43, Brr2 and Cwc27 (31, 33–38). The

ctSpp2  consists  of  313 residues,  with  the  G-patch  domain  located  between  residues  211  and  254.  For

crystallization  experiments  ctSpp2211-254 was  generated  and the  stable  complex  of  the  truncated  proteins

ctPrp2270-921 and ctSpp2211-254 was prepared. Five different crystal forms (CF1-CF5) of this ctPrp2-ctSpp2211-254

complex in four unique crystal packing arrangements were obtained, and all crystal structures were solved

and refined.

In all  crystal  forms of  the  ctPrp2-ctSpp2211-254 complex the N-terminal  residues  212-222 of  the  G-patch

domain form an amphipathic ɑ-helix that is bound to the WH domain (Figure 2). The ɑ-helix is terminated

by a sharp kink followed by a region exhibiting an extended conformation reaching the β-hairpin of the

RecA2 domain. The C-terminal part of the ctSpp2 G-patch adopts two alternative conformations in the five

different crystal structures. In conformation 1 (CF1 and CF5) this part interacts with the upper region of the
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RecA2 domain and adopts a loop-like conformation. In both molecules of CF5 this section is preceded by a

less than two turns long ɑ-helical fragment not present in CF1, while in both crystal forms another short ɑ-

helical fragment is formed by the C-terminal residues of the G-patch. Formation of the ɑ-helical fragment

present only in CF5 is most likely induced by crystal contacts with the G-patch of the symmetry-related

molecule  (Fig.  S2).  While in conformation 1 the polypeptide chain path is  kinked at  position Y238,  in

conformation 2 it forms a roughly straight extended conformation up to N240 followed by a turn redirecting

it to bind to a similar region of the RecA2 domain as observed for the C-terminus of conformation 1. The G-

patch of conformation 1 structures could be resolved up to D254 and in conformation 2 only residues up to

R247 were interpretable in the electron density map. 

The Spp2 G-patch binds Prp2 mainly via hydrophobic interactions (Figure 3B). The sequence alignment of

Spp2 from C. thermophilum, S. cerevisiae and H. sapiens together with the S. cerevisiae G-patch domains of

Prp43-binding G-patch proteins Ntr1, Gno1 and Pfa1 highlights the conservation of the hydrophobic residues

of the N-terminal amphipathic  ɑ-helix and a hydrophobic stretch at the C-terminal end (Figure 3A). The

hydrophobic side of the N-terminal ɑ-helix face a highly conserved hydrophobic patch on the surface of the

WH (Figure 3B). Both alternative C-terminal conformations bind the same conserved hydrophobic region on

the RecA2 domain. Additionally to these hydrophobic interactions, the N-terminal ɑ-helix is anchored via -
stacking  between  F214(ctSpp2)  and  Y697(ctPrp2)  and  the  two  hydrogen  bond  pairs  G215(ctSpp2)-

N694(ctPrp2)  and  R229(ctSpp2)-T686(ctPrp2)  (Figure  3C).  The  conformation  1  is  stabilized  by  polar

interactions between L241(ctSpp2) and Y592(ctPrp2) as well as between K250(ctSpp2) and Y489(ctPrp2)

constituting the C-terminal fragment of ctSpp2211-254 (Figure 3D). Conformation 2 is stabilized by a hydrogen

bond formed between G243(ctSpp2) and E486(ctPrp2) (Figure 3E). 

Apart from a set of conserved glycines, the middle section of the G-patch connecting the N-terminal ɑ-helix

with the C-terminal hydrophobic stretch shows a very low degree of conservation (Figure 3A). In all crystal

forms except CF5 this linker region does not directly interact with Prp2 and exhibits significantly elevated B-

factors  implicating its  larger flexibility (Fig.  S3).  B-factors of the linker in  CF5 are  not  elevated as its

conformation is stabilized by crystal contacts with the G-patch of a symmetry related complex (Fig. S2).

The functional  impact  of  the conserved glycine residues being a hallmark of the G-patch has remained

elusive  so  far.  Analysis  of  the  ctPrp2-ctSpp2211-254 complex  crystal  structure  revealed,  that  the  observed

combination of φ and ψ torsion angles of the Spp2 glycine residues 223, 226, 230 and 245, which are highly

conserved  throughout  all  G-patch  proteins,  are  only  favored  for  glycine  residues  according  to  the

Ramachandran plot (Fig. S4). 

In all  five complex structures Prp2 contains a bound ADP molecule.  A comparison with the previously

reported  structures  of  the  Prp2-ADP complex  reveals  that  the  nucleotide  conformation  as  well  as  the
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conformation of the Prp2 catalytic center are not affected by the binding of the G-patch (Fig. S5A) (35). This

is also reflected in a virtually identical  Kd of about 170 nM for the binding of ADP either in absence or in

presence of the G-patch (Fig. S5B) (35). The binding of ATP in dependence of the G-patch could not be

tested as non-hydrolyzable ATP analogs (AMPPNP, AMPPCP and ATPγS) did either not bind or were still

hydrolyzed  by  Prp2.  Although  the  interaction  seems  not  to  have  a  major  influence  on  the  global

conformation of Prp2, a stabilization of the conformation of the RecA2 β-hairpin can be observed (Fig. S6). 

3.2.3 Cross-linking data confirm Spp2 binding site in solution

In order to exclude the possibility that the binding mode of Spp2 observed in the crystal structure is solely

induced by packing of the molecules in the crystal lattice, in-solution chemical cross-linking was performed

on  the  complex  of  ctPrp2  with  full-length  ctSpp2,  and  cross-linked  peptides  were  identified  by  mass

spectrometry. Chemical cross-linking was performed with BS3, a lysine-directed homo-bifunctional cross-

linking reagent with an 11.4 Å spacer arm, as well as EDC, a hetero-bifunctional cross-linking reagent, that

leads to the formation of a covalent bond between primary amines (Lys) and carboxyl containing amino acid

residues (Asp, Glu).

Two out of the five lysine residues located within the G-patch and thus present in the crystal structure were

cross-linked to ctPrp2, namely K236 and K250, which form cross-links to E646/D648 and K761 of ctPrp2

respectively.  The  first  cross-link  corresponds  to  a  zero-length  cross-link,  while  the  second  cross-link

corresponds to lysine residues within the distance of the spacer  arm of BS3.  These results  are  in  good

agreement with the crystal structure of the ctPrp2-ctSpp2211-254 complex (Figure 3F).

Since the in-solution cross-linking experiments were performed with full-length ctSpp2, five more cross-

links outside of the crystallized Spp2 fragment could be identified. These correspond to the lysine residues

K17, K26, K72 and K296 in ctSpp2, cross-linked to the ctPrp2 residues K760, K761, K532/K535 and K761,

respectively (Fig. S7A/B). Taken together, the cross-linking experiments with both reagents showed that the

mode of binding of ctSpp2211-254 to ctPrp2 in solution is maintained in the reported crystal structures of the

complex, and that the interactions between both proteins extend beyond the crystallized ctSpp2 fragment.

Cross-linking studies on the spliceosomal Bact complex from yeast also showed that regions other than the G-

patch of scSpp2 also interact with scPrp2 as well as other spliceosomal factors (27).
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3.2.4 The G-patch of Spp2 populates transient helical conformations in solution

To obtain residue-specific insight into the conformational space sampled by G-patch proteins in solution and

prior to complex formation, a slightly larger ctSpp2 G-patch region (ctSpp2208-254) was generated, as a higher

yield of the purified recombinant protein could be obtained. Circular dichroism on ctSpp2 208-254 displayed a

minimum  around  203 nm,  typical  of  an  unstructured  protein  that  does  not  possess  a  stable  secondary

structure  (Figure  4A),  in  agreement  with  the  results  for  scSpp2  (Figure  1).  In  addition,  dynamic  light

scattering showed that  ctSpp2208-254 is predominantly monomeric in solution (Figure 4A). To perform the

sequence-specific  assignment  of  its  backbone  resonances,  the  three-dimensional  triple-resonance  NMR

experiments  HNCA,  HN(CO)CA,  HNCACB,  CBCA(CO)NH and  HNCO were  recorded  using  13C/15N-

labeled ctSpp2208-254. Analysis of the corresponding spectra enabled assignment of the backbone resonances

of all non-proline residues of ctSpp2208-254 (Figure 4B). 

On the basis of the NMR chemical shifts the secondary structure of ctSpp2208-254 was studied with single-

residue resolution. Particularly useful for this analysis are the Cα and Cβ chemical shifts (39). Figure 4C

shows the variation in ΔδCα - ΔδCβ values along the primary sequence of ctSpp2208-254, that is the deviation

between  the  experimental  chemical  shifts  and  those  expected  for  a  random  coil  peptide.  Stretches  of

consecutive  residues  with  positive  ΔδCα -  ΔδCβ values  are  characteristic  for  the  population  of  helical

conformations, while regions with negative ΔδCα - ΔδCβ values identify β-structure. For  ctSpp2208-254, the

magnitude  of  ΔδCα -  ΔδCβ values  was  below 1.0  (Figure  4C),  in  agreement  with  the  absence  of  rigid

secondary structure (Figure 4A),  which would result  in ΔδCα -  ΔδCβ values > 3.0.  At the same time,  a

pronounced tendency of residues F214-S221 to populate helical conformations was detected (Figure 4C).

Quantitative analysis of the ΔδCα - ΔδCβ values indicated that about 20% of the conformations sampled by

F214-S221 are helical (40). 

Next, the dynamic properties of ctSpp2208-254 were investigated. Subjecting the assigned chemical shifts to the

software TALOS+ (41) provided estimates for the general order parameter (S2). S2 values describe the extent

of motions on a ps-ns time scale, providing important information on the level of spatial restriction within

the molecular reference frame. Low order parameters throughout the backbone of  ctSpp2208-254 were found

(Figure 4C), indicating a low motional restriction typical for IDPs. The least dynamic residues were F214-

S221,  which  transiently  populate  helical  structure.  The  decreased  mobility  of  this  region  was  further

supported by  15N spin relaxation measurements.  The N-terminus and the C-terminal  residues  starting at

residue  L244  had  negative  steady-state  {1H,15N} nuclear  Overhauser  effect  (NOE)  values  (Figure  4D),

indicating that they are the most dynamic parts of ctSpp2208-254. In between, steady-state {1H,15N} NOE values

were  approximately  0.25.  Notably,  residues  F214-S221 did  not  have  higher  steady-state  { 1H,15N} NOE

values  than  the  following residues  up  to  A239  (Figure  4D),  suggesting  that  the  elevated general  order
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parameters S2  of F214-S221 are caused by slower motions, which affect the chemical  shifts but  not the

steady-state  {1H,15N }  NOE.  Such  slower  motions  are  consistent  with  transient  helix  formation.  Taken

together,  NMR spectroscopy demonstrates  that  the  conserved N-terminal  part  of  the  G-patch of  ctSpp2

populates transient helical conformations in solution and a part of the conserved hydrophobic C-terminal

stretch shows increased dynamics in agreement with the alternative conformations of this region found in the

crystal structures (Figure 4E).

3.3 Discussion

G-patch proteins play a vital role in the functioning of the spliceosomal DEAH-box ATPases Prp2 and Prp43

and their interplay has thus been subject of numerous studies. While in both cases the interaction of the G-

patch protein with the corresponding ATPase is essential to fulfill their roles in the spliceosomal context, they

modulate the activity of its ATPase differently (18, 19, 23, 42). Spp2 enhances the ATPase activity of Prp2

only in the presence of RNA and is  not  able to induce any helicase activity (24,  25) .  In contrast,  Ntr1

stimulates the Prp43 ATPase activity in presence and in absence of RNA, and greatly enhances the helicase

activity (22, 23, 37). Although the functional impact of the G-patch proteins on the spliceosomal DEAH-box

ATPases and ultimately its role during splicing has been extensively studied, not much about their interaction

mode is known. It has been demonstrated that a stretch of sixty amino acids containing the conserved G-

patch domain of Ntr1 is sufficient for Prp43 interaction and stimulation (22, 43). With this information we

designed a minimal Spp2 construct to gain molecular insights into the interaction of the G-patch with the

DEAH-box ATPase Prp2 by means of X-ray crystallography and to study its properties in solution using CD

and NMR spectroscopy. 

Our data show that both, N-terminally truncated scSpp210-185 and the G-patch domains of scSpp2 and ctSpp2,

are intrinsically disordered in solution (Figure 1, Figure 4). However, in the ctPrp2-ctSpp2211-254 complex, the

N-terminal region of the G-patch adopts a helical conformation, which could be confirmed to be transiently

present  in  only 20% of  the  molecules in  solution (Figure 2,  Figure  4).  This  amphipathic  ɑ-helix  binds

primarily via hydrophobic interactions to the ctPrp2 winged-helix domain in all crystal structures (Figure 3).

The C-terminal end of the crystallized G-patch exhibits two alternative conformations in different crystal

structures, both of which mainly bind to the RecA2 domain also via hydrophobic interactions (Figure 2,

Figure 3). This C-terminal hydrophobic stretch and the N-terminal ɑ-helix are connected by a linker region

that does not directly interact with ctPrp2. Elevated B-factor values in CF1-4 suggest a high flexibility of this

region (Fig. S3). 
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The G-patch regions of Spp2 and Ntr1 share the property of being intrinsically disordered in solution (22).

Interestingly, CD spectra of the Ntr1 G-patch showed no secondary structures, but formation of  ɑ-helices

could be induced upon addition of trifluorethanol (TFE). These helices could likely correspond to the N-

terminal  ɑ-helix observed for ctSpp2211-254 upon interaction with ctPrp2. In fact, this part of the G-patch is

highly conserved in G-patch proteins interacting with either Prp2 or Prp43 and the presence of hydrophobic

residues occurring in a 3-4 pattern (HxxH, HxxxH) is strongly arguing in favor of the formation of an

amphipathic ɑ-helix as well in all G-patch proteins interacting with Prp43 (Figure 3A). The C-terminal end

shows also a high degree of conservation of hydrophobic residues and glycines. The flexible linker region of

Spp2 does not show any sequence conservation, except for a set of glycine residues. The occurrence of these

glycines in all G-patch domains might play a role in maintaining the flexibility of this linker. Additionally,

the hydrophobic patches on ctPrp2 involved in the interaction with the N- and C-terminal parts of ctSpp2 211-

254 are also conserved among Prp2 and Prp43 (Fig. S8). The level of conservation of the interacting regions

on both, Prp2/Prp43 and the different G-patch domains, suggests that the interactions of G-patchs with Prp43

might be comparable to the one seen in the ctPrp2-ctSpp2211-254 complex. In fact, a previously published study

on the scPrp43-scNtr1 interaction proposes a binding site which is similar to the one seen in the ctPrp2-

Spp2211-254 complex structure (22).  By superposition-based modeling of ctSpp2211-254 onto the ADP-bound

scPrp43 structure, several of the identified cross-links between scPrp43 and scNtr1 could be confirmed to be

in good agreement with respect to the observed distances in the model, thereby suggesting a similar binding

mode as seen for ctSpp2211-254 and ctPrp2 (Fig. S9).

Both, Spp2 and Ntr1, have been proposed to bind to the C-terminal domain of their respective ATPase and

the OB-fold domain was accredited a special role in this interaction (19, 22, 44). While we can confirm that

the N-terminal  ɑ-helix of the G-patch indeed binds to the winged-helix domain which is part of the C-

terminal domain, our complex structure does not show any direct interactions between ctSpp2211-254 and the

OB-fold domain (Figure 2, Figure 3).  However, the C-terminal stretch of the ctSpp2 G-patch binds to a

hydrophobic  patch on  the  RecA2 domain  located at  the  interface between the OB-fold and the  RecA2

domain. Conformational perturbations due to mutations introduced into the OB-fold domain (19) or even the

complete truncation of this domain (44) could indirectly lead to the observed impacts in binding and function

of the G-patch protein. In particular, the β-hairpin of the RecA2 domain, which is involved in numerous

contacts with the OB-fold domain, may be structurally influenced by artificial variations of the OB-fold

domain. This could lead to an indirect effect on the binding of the G-patch, since its linker region extends

close to this structural feature.

Cryo-EM structures of the Bact complex unveiled the location of Prp2 within the spliceosome, but due to the

high flexibility of Spp2 and the limited resolution of cryo-EM 3D reconstructions at the periphery of such

dynamic complexes, no structural information of the G-patch protein could be gained by this technique so far
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(27, 28, 45, 46). Using the presented ctPrp2-ctSpp2211-254 complex structure it is now possible to situate the

Spp2 G-patch within the Bact complex and in concert with available cross-link data estimate the interaction

network of flanking regions of the G-patch (Fig. S10) (27). The association of Spp2 with the spliceosome

can be divided into three different interaction regions. The N-terminal part contacts spliceosomal factors

Brr2 and Rse1 as well as Prp2 (Figure 5A/B). The interaction between Spp2 and Prp2 at this site seems to be

highly dynamic as multiple cross-links were found on the ATPase. The Spp2 G-patch likely plays the role of

the major anchor point of Spp2 on Prp2 and extends from the winged-helix domain up to the RecA2 domain.

Cross-links between the C-terminal end of the G-patch and the OB-fold domain located in close proximity

are in good agreement with the ctPrp2-ctSpp2211-254 complex structure (Figure 5B/C). Additionally, this part

of  the  G-patch  contacts  nearby regions  of  Bud13 and Pml1,  which  are  not  visible  in  the  cryo-EM 3D

reconstruction.  C-terminally from G-patch,  Spp2 contacts Prp2 at  a more distant  location of the RecA2

domain. The numerous interactions of Spp2 with Prp2 and the spliceosomal factors Brr2, Rse1, Bud13 and

Pml1 might play a role in the proper positioning of the ATPase after recruitment to the spliceosome. In

summary, the cross-link data published by Rauhut  et al. (2016) are supported by our ctPrp2-ctSpp2211-254

complex  structure  as  the  relative  orientation  of  the  G-patch  is  in  good agreement  with  these  findings.

Additionally, our cross-link data confirm that also parts outside the ctSpp2 G-patch can contact ctPrp2, as

seen for S. cerevisiae Spp2 and Prp2. (Fig. S7). 

The intrinsic flexibility of proteins is known to be connected to many advantages in binding to interaction

partners, like increased adaptability and specificity, and in the case of G-patch proteins this flexibility seems

to be crucial for coping with the conformational dynamics of Prp2 and Prp43 (1–3). It has been shown that

during  the  RNA translocation  of  DEAH-box  ATPases,  the  RecA2  domain  is  the  most  mobile  domain,

rotating 19° upon ATP hydrolysis, moving away from the RecA1 domain by 6.5 Å after ADP release and

returning to a closed conformation upon ATP binding (Figure 5D) (31). Since the C-terminal hydrophobic

stretch of ctSpp2211-254 is located on the RecA2 domain of Prp2, it has to be able to adapt to the movements of

the  RecA2 domain  during  translocation  in  order  to  remain  constantly  bound.  On  the  one  hand,  this  is

achieved  by  the  presence  of  a  flexible  linker  connecting  the  anchoring  ɑ-helix  with  the  C-terminal

interacting fragment of the G-patch and, on the other hand, by a highly flexible interaction mode of the C-

terminal ctSpp2211-254 region with the ctPrp2 RecA2 domain (Figure 3B; Fig. S3). The binding at this site

relies mainly on hydrophobic interactions, which has the advantage that only few polar interactions have to

be  broken upon conformational  changes  (Figures  3D/E).  This  allows  this  part  of  the  G-patch  to  adopt

different  alternative conformations as  seen in  the  crystal  structures  (Figure  2).  Additionally,  NMR data

indicate that even in solution the C-terminal part of the ctSpp2 G-patch exhibits an increased flexibility,

consistent with the alternative conformations observed in the crystal structures (Figure 4D). Although we

were able to observe two different interaction modes of this region in the ADP-bound state of Prp2, other
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conformations might occur in different nucleotide-bound states of Prp2. Conserved glycines at the beginning

of the linker and in the C-terminal hydrophobic stretch likely enhance the flexible properties of these two

regions and ultimately ensure that the C-terminal end of the G-patch is able to stay in contact with the

hydrophobic patch on the RecA2 domain at every nucleotide-specific conformational state of the DEAH-box

ATPase (Figure 3A; Figure 5D). In contrast, the N-terminal amphipathic  ɑ-helix of the G-patch shows no

variability in binding to the winged-helix domain in all  crystal  structures (Figure 2).  In addition,  NMR

studies indicate that the flexibility of these residues is lower when compared to other regions of the G-patch

(Figure 4C). This favors the binding of the ctSpp2 G-patch to ctPrp2, because the entropic penalty that the

G-patch  has  to  pay  when  it  assumes  a  rigid  conformation  in  the  bound  state  is  decreased.  Thus,

crystallographic and NMR data suggest that the N-terminal part of the G-patch acts as the main anchoring

point to Prp2. Although this part of the G-patch transiently samples helical conformations with an average of

20%  (ensemble  and  time  average),  it  does  not  provide  enough  evidence  for  a  binding  based  on

conformational selection (Figure 4E). Assuming this case, Prp2 might be able to select and further stabilize

already transiently populated helical conformations of the N-terminal part and the C-terminal parts could

subsequently bind to Prp2 as well. Instead, a folding upon binding mechanism cannot be excluded as the

majority of the Spp2 G-patch is not found in the pre-folded state.

Due to the  stimulating effect  of  G-patch proteins  on the functions  of  Prp2 and Prp43 it  has  also been

speculated that the G-patch might directly interact with either the ATP- or RNA-binding site (22, 24). Our

ctPrp2-ctSpp2211-254 complex structures can confirm that the G-patch does not bind anywhere close to the

adenosine nucleotide-binding site and thus is not able to directly alter the catalytic center (Figure 2).  In

contrast, the C-terminal end of the Spp2 G-patch is located in close proximity to the entrance of the RNA-

binding tunnel as seen in the RNA complex structures of Prp43 and Prp22 (31, 37). However, assuming the

same binding of the C-terminal end to the RecA2 domain in the ATP and Apo states, this part of the G-patch

is still about 12-13 Å distant to the closest RNA backbone phosphate (Figure S11). This distance makes an

involvement of the G-patch in interactions with the RNA unlikely. Instead of directly interacting and altering

binding sites  for ATP/ADP and RNA, the G-patch might  have an effect  on the global  dynamics  of the

DEAH-box ATPase and thus affect functional properties like ligand binding and catalytic efficiency in a

more indirect manner. For example, the N-terminal amphipathic ɑ-helix binds to the winged-helix domain,

which serves as hinge region for the opening of the RNA-binding tunnel (Figure 2) (37). This interaction

might have an impact on the binding of the RNA, which in turn could lead to the observed RNA-dependent

stimulation of the ATPase activity of Prp2 and Prp43 by its respective G-patch protein (22, 24). On the other

side, the C-terminal part of the G-patch interacts with the highly mobile RecA2 domain and might affect the

mobility of this domain (Figure 5D) (31). Additionally, although the linker region of the G-patch does not

interact with the β-hairpin of the RecA2 domain, it folds over this structural feature like a safety belt in all
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ctPrp2-ctSpp2211-254 complex structures and stabilizes its conformation, which has been found to be rather

flexible in the absence of Spp2 (Fig. S6) (35). Since the mobility of the RecA2 is tightly linked to ATP

hydrolysis, influences by the G-patch on the dynamics of this domain might have a regulatory effect on

binding constants of ATP/ADP as well as on the catalysis rate of ATP. In order to get more in depth insights

into the exact modus operandi of the G-patch proteins extensive studies using other techniques are needed.

Single-molecule experiments as well as stopped-flow kinetics with Prp2 and Prp43 in presence and absence

of  their  respective  G-patch  proteins  could  provide  more  detailed  information  about  the  functional

implications and complement our structural data.

3.4 Materials and methods

3.4.1 Protein expression and purification

For expression of Saccharomyces cerevisiae Spp2 (scSpp2), cDNA encoding truncated proteins comprising

either residues 10 – 185 or the G-patch containing region 100 – 150 were cloned into pET-21a vector. The

recombinant proteins with C-terminal hexa-histidine tag were expressed in Escherichia coli Rosetta II (DE3)

at 16 °C. Cells were disrupted in 50 mM HEPES/NaOH (pH 7.5), 500 mM NaCl, 5% (v/v) glycerol, 2 mM

β-mercaptoethanol and lysate was clarified by centrifugation for 30 minutes at 30,000 xg. The proteins were

purified at 20 °C on a Ni-NTA-Sepharose column (in 50 mM HEPES/NaOH (pH 7.5), 500 mM NaCl, 5%

(v/v)  glycerol,  30 mM imidazole,  2  mM β-mercaptoethanol)  including a  wash step with binding buffer

supplemented with 2 M LiCl to remove bound nucleic acids. The buffer was exchanged against 10 mM

HEPES/NaOH (pH 7.5), 50 mM NaCl, 5% (v/v) glycerol, 2 mM β-mercaptoethanol using a HiTrap desalting

column (GE Healthcare).  Further  purification was obtained by anion-exchange  chromatography using a

Source30Q column. Finally, the protein was purified by a Superdex-75 gelfiltration column (GE Healthcare)

in  a  buffer  containing  10  mM  HEPES/NaOH  (pH 7.5),  100  mM  NaCl,  5%  (v/v)  glycerol,  2  mM β-

mercaptoethanol. The protein was concentrated to 10 mg/ml using an Amicon Ultra centrifugal concentrator

(Merck) in 10 mM HEPES/NaOH (pH 7.5), 200 mM NaCl, 5% (v/v) glycerol and 2 mM β-mercaptoethanol.

For  NMR-experiments,  scSpp210-185 was  expressed  in  M9  minimal  media  supplemented  with  15NH4Cl.

Purification of the N15-labeled scSpp2 was performed as described above.

Spp2 from  Chaetomium thermophilum (ctSpp2) was identified by NCBI BLAST search tool  (GenBank:

EGS17798.1) and the gene encoding for the full-length protein was amplified by PCR from a total DNA

preparation.  The  PCR product  was  cloned into  the  IBA Stargate  pASG-IBA-3 vector  according  to  the

manufacturer’s protocol. The Strep-tagged recombinant protein was expressed in Escherichia coli Rosetta II

(DE3) at 16°C. Cells were disrupted using a fluidizer (Microfluidics) in 50 mM HEPES/NaOH (pH 7.5), 500
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mM NaCl, 5% (v/v) glycerol, 1 mM DTT and lysate was clarified by centrifugation for 30 minutes at 30,000

xg.  The protein was purified at 20 °C on a Streptactin-Sepharose column (in 50 mM HEPES/NaOH (pH

7.5), 500 mM NaCl, 5% (v/v) glycerol, 1 mM DTT). Further purification was obtained by a Superdex-75

gelfiltration column. The protein was concentrated to 20 mg/ml in 10 mM HEPES/NaOH (pH 7.5), 150 mM

NaCl, and 1 mM DTT. 

For expression of truncated ctSpp2 comprising G-patch residues 211 – 254, the encoding gene was amplified

by PCR from a total DNA preparation (Altschul  et al, 1990). The PCR product was cloned into the IBA

Stargate  pASG-IBA-25 vector  according  to  the  manufacturer’s  protocol.  Expression and purification by

Glutathion-Speharose  was  performed  as  described  for  scSpp2.  Further  purification  was  achieved  by  a

Superdex-75 gelfiltration column. The protein was concentrated to 20 mg/ml in 10 mM HEPES/NaOH (pH

7.5), 150 mM NaCl, and 1 mM DTT. 

For NMR studies a construct of the ctSpp2 G-patch comprising residues 208 – 254 was cloned into the

plasmid pASG-IBA 25, which was transformed into BL21 (DE3) cells. ctSpp2 208-254 was expressed in M9

minimal medium for the production of  15N- and 15N/13C-labelled ctSpp2208-254. Purification of this construct

was performed as described for ctSpp2211-254, with the exception of the gelfiltration buffer containing 10 mM

HEPES/NaOH pH 7.5, 200 mM NaCl, 5% Glycerol, 1 mM DTT and 0.02% NaN3. Prior to NMR studies the

buffer was exchanged to 10 mM HEPES/NaOH pH 6.5, 200 mM NaCl, 0.5% Glycerol, 1 mM DTT, 5 mM

EDTA and 0.02% NaN3.

ctPrp2 was expressed and purified as described in (35). 

3.4.2 Far-UV circular dichroism spectroscopy

scSpp210-185 and scSpp2100-150 samples were dialyzed against buffer containing 100 mM sodium phosphate pH

7.5 and diluted to 0.1 mg/ml. ctSpp2208-254 was dialyzed in pure water and diluted to a final concentration of

0.2 mg/ml. 200 μL of the sample were pipetted into a cuvette with a path length of 1 mm and transferred into

a Chirascan CD spectrometer (AppliedPhotophysics). The spectra were recorded in the far UV range from

190 – 260 nm at 20 °C with a time-per-point value of 1 s and a path length of 1 nm. Every measurement was

performed three times. For the final absorption curve, the values of the negative control, which contained

exclusively the sample buffer or pure water, were subtracted from the values of the protein sample.
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3.4.3 NMR spectroscopy

NMR  experiments  on  scSpp210-185 and  scSpp2100-150 were  measured  at  288  K  on  Bruker  600  MHz

spectrometers equipped with cryoprobes. The 2D 1H-15N HSQC was recorded at 288K with 1024(H)*300(N)

complex points. Four transients were accumulated for each FID. Spectra were processed using NMRPipe

(48) and analyzed using Sparky (49).

NMR experiments on ctSpp2208-254 were performed on a 700 MHz spectrometer (Bruker) equipped with a

cryogenic  probe.  Three-dimensional  triple  resonance  experiments  HNCA,  HN(CO)CA,  HNCACB,

CBCA(CO)NH and  HNCO  (50)  were  recorded  at  298  K  on  15N,13C-labelled  ctSpp2208-254.  Steady-state

heteronuclear  {1H,15N}-NOE values  were  acquired  at  298 K with  and without  1H presaturation,  with  a

recycle delay of 4 s. Spectra were processed with Topspin (Bruker) and NMRPipe (48) and analyzed with

ccpnmr Analysis 2.2.1 (51). All NMR experiments were acquired at a protein concentration of 0.52 mM.

The  structural  ensemble  of  ctSpp2208-254 was  calculated  using  flexible-meccano  assuming  an  ɑ-helical

propensity of 20 % for residues F214-S221,  which was determined from the experimental  13Cα and  13Cβ

chemical shift as described by Marsh et al. (40).

3.4.4 Dynamic light scattering 

Dynamic light scattering was performed on a sample of ctSpp2208-254 (concentration of 0.2 mM) at 25 °C both

in water and in 10 mM HEPES/NaOH pH 6.5, 200 mM NaCl, 0.5% Glycerol, 1 mM DTT, 5 mM EDTA and

0.02% NaN3. Measurements were acquired in triplicates on a Dynamic proTitan DLS instrument equipped

with a  temperature  control  system (Wyatt  technology corporation)  with a power  laser  strength of  60%.

Samples were allowed to equilibrate for one minute before starting the acquisition.

3.4.5 Crystallization

Crystals of crystal forms 1 – 4 were grown at 20°C by sitting drop vapor diffusion after mixing 1µl of

reservoir solution with 1µl of 2.5 mg/ml ctPrp2 supplemented with a 2-fold excess of ctSpp2211-254, 10-fold

molar excess of ADP, a 20-fold molar excess of BeSO4, a 60-fold molar excess NaF and a 2.5-fold molar

excess of U12-RNA (AXOlabs, Germany). Crystals of CF1 were obtained in 100 mM MES pH 6.5, 350 mM

calcium acetate and 19% (w/v) PEG4000; crystals of CF2 in 100 mM Bis-Tris pH 5.5, 400 mM ammonium

sulfate and 23% (w/v) PEG3350; crystals of CF3 in 100 mM sodium cacodylate pH 6, 33 mM KCl, 12%

(v/v) isopropyl alcohol and 25 mM MgCl2  and crystals of CF4 in 100 mM HEPES/NaOH pH 7, 8% (w/v)
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polyvinyl alcohol and 7.5% (v/v) isopropyl alcohol. Crystals of CF5 were grown at 20°C by sitting drop

vapor diffusion after mixing 1µl of reservoir solution with 2µl of 3.5 mg/ml ctPrp2 supplemented with 3-fold

molar excess of ctSpp2211-254 and a 10-fold molar excess of ADP. CF5 crstals were obtained in 100 mM

Bicine/Trizma pH 7.5,  11% (w/v)  PEG8000,  20% (w/v)  ethylene  glycol,  20  mM of  a  monosaccharide

mixture (D-glucose, D-mannose, D-galactose, L-fucose, D-xylose and N-acetyl-D-glucosamine). 

3.4.6 Data collection and processing

Crystals of CF1 and CF2 were cryoprotected in the respective reservoir solution complemented with 10%

(w/v)  glycerol,  CF3  with  40%  (w/v)  glycerol,  CF4  with  25%  glycerol  and  CF5  was  not  additionally

cryoprotected. X-ray diffraction data of CF1, CF2 and CF5 were collected at 100 K on beamline P13 and

CF3 as well as CF4 were collected at beamline P14, PETRA III, DESY (Hamburg, Germany). Processing of

the diffraction data was performed with the XDS package (52). The highest resolution limit was estimated

using a  minimum I/σ(I)  of  1.5 and a  minimum CC1/2 of  60% as  cutting criteria.  X-ray diffraction data

statistics are summarized in Table 1. 

3.4.7 Structure solution, refinement and analysis

All crystal forms of the ctPrp2-ctSpp2 complex were solved by molecular replacement using Phaser with the

structure of ctPrp2 (PDBid: 6fa5) as a search model (35, 53). After an initial refinement with PHENIX, the

ctSpp2  G-patch  could  be  built  manually  with  Coot using  the  mFo-DFc map  (54,  55).  All  consecutive

refinement  cycles  were  performed  with  PHENIX including  TLS,  weight  optimization  and  bulk-solvent

optimization.  The quality  of the  final  models was assessed  MolProbity and with the  validation tools  in

PHENIX (56). The figures were prepared with PyMOL (v.1.8; Schrödinger). 

3.4.8 Protein-protein cross-linking

The optimal cross-linker to protein ratio was determined by using 2.5 µg aliquots of the ctPrp2/ctSpp2

complex and a series of cross-linker molar excesses of 5, 10, 25, 50, 100 and 200 as well as a control.

Samples were allowed to react with freshly prepared BS3 for 30 minutes at room temperature. The chosen

cross-linker to protein ratio was 75, which led to a high yield, yet to a homogeneous sharp band as visualized

on SDS-PAGE. The cross-linked samples were analyzed by SDS page on a 4-12% Bis-Tris gel (Invitrogen)

with MES as running buffer and stained with Coomassie blue.
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For MS analysis, the ctPrp2/ctSpp2 mixture was cross-linked with freshly prepared BS3 and EDC (Pierce,

Thermo Scientific) in a 75:1 cross-linker to protein ratio, allowed to react and separated as described above.

Cross-linked bands were excised from the gel and combined in a single reaction cup according to cross-

linking reagent. In gel digestion and extraction of peptides was achieved as described elsewhere (57). The

solution of extracted peptides  was concentrated on a  vacuum evaporator to  5 µL and diluted to  a final

volume of 10 µl to reach a sample solvent composition of 5% (v/v) CAN, 1% (v/v) FA. Samples were

submitted  for  immediate  analysis  to  the  mass  spectrometer.  Mass  spectrometric  analysis  and  cross-link

identification were performed as described elsewhere (22).

3.4.9 Isothermal titration calorimetry (ITC)

The binding of ADP to ctPrp2 in the presence of ctSpp2211-254 was assessed via ITC with a MicroCal VP-ITC

(Malvern) using a ctPrp2 and ctSpp2211-254 concentration of 10 µM and 20 µM, respectively, in the cell and a

concentration  of  100 µM  ADP in  the  syringe.  A reaction  buffer  consisting  of  20 mM  HEPES  pH 7.5,

200 mM NaCl,  5% glycerol  and 2 mM MgCl2 was used.  Each measurement consisted of an initial  6 µl

injection and injections with a volume of 14 µl injected with a speed of 1 µl s-1. The interval between each

injection was set to 250 s and the binding was monitored at 20°C. NITPIC was utilized for data integration,

the integrated data were processed and analyzed with SEDPHAT and for the final representation of the data

GUSSI was used (58-60). 
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Figure 1: Disorder and secondary structure analysis of yeast Spp2 in solution

(A) Analysis  of  the  scSpp2  amino  acid  sequence  by  Genesilico  MetaDisorder  prediction  server  .  The

probability to form disordered regions (y-axis) is shown with respect to the residue number (x-axis).  (B)

Circular dichroism spectra of scSpp210-185 (blue line) and scSpp2100-150 (red line). The circular dichroism in

mdeg (y-axis) is shown with respect to the wavelength (x-axis). (C) Two-dimensional 1H-15N HSQC-spectrum

of scSpp210-185 at 288 K and pH 6.5. 
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Figure 2: Structural overview of the ctSpp2 G-patch bound to ctPrp2

The model of the ctPrp2-ctSpp2211-254 complex is depicted as a cartoon model and ctPrp2 is displayed semi-

transparent. N-terminual residues (270-296) of ctPrp2 are shown in black, the RecA1 domain (297-476) in

orange, the RecA2 domain (477-653) in blue, the winged-helix domain (WH; 654-721) in gray, the helix-

bundle domain (HB; 722-840) in wheat and the oligonucleotide-binding domain (OB; 841-921) in green. Two

alternative conformations of the ctSpp2 G-patch were found in complex structures obtained from five crystal

forms (CF). ctSpp2211-254 molecules exhibiting conformation 1 are depicted in different shades of red, whereas

molecules belonging to conformation 2 are displayed in different shades of yellow. The right panel shows a

zoomed in view of the alternative conformations at the C-terminal end of the G-patch with one representative

for each conformation. 
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Figure 3: ctPrp2-ctSpp2211-254 interactions

(A) Sequence  alignment  of  the G-patch domains of  Spp2 from  C. thermophilum,  S.  cerevisiae and  H.

sapiens together  with  Ntr1,  Gno1  and  Pfa1  from  S.  cerevisiae.  Conserved  hydrophobic  residues  are

highlighted in yellow whereas glycine residues are shown in red. Secondary structure elements present in

either of the five crystal forms are displayed on top of the corresponding segment of the sequence. The N-

terminal amphipathic helix as well as a hydrophobic stretch at the C-terminal end are highly conserved. (B)

Overview of hydrophobic interactions between ctSpp2211-254 and ctPrp2. Hydrophobic residues of ctSpp2 are

shown in orange, while hydrophobic residues of ctPrp2 within 8Å of the conserved ctSpp2 211-254 hydrophobic

residues  are  displayed  in  blue.  Glycine  residues  of  ctSpp2211-254 are  highlighted  as  green  spheres.  (C)

Additionally to the hydrophobic interactions, the N-terminal part of the G-patch is only involved in two further

polar interactions and a π-π-stacking. (D) ctSpp2211-254 interacts via hydrogen bonding with two tyrosines of

ctPrp2 in conformation 1.  (E) In conformation 2 ctSpp2211-254 is only involved in one polar interaction with

ctPrp2. (F) Residue identified to cross-link to the lysines K236 and K250 of ctSpp2211-254 are shown as sticks

and the cross-linked residues on ctPrp2 are shown in green. 
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Figure 4: Transient helical conformations in the G-patch of ctSpp2 prior to complex formation. 

(A) Far-UV CD spectrum (mean residue ellipticity vs wavelength in nm) of ctSpp2208-254. The inset shows the

results of DLS measurements, demonstrating that ctSpp2208-254 is predominantly monomeric in solution. (B)

Two-dimensional 1H-15N-HSQC spectrum of ctSpp2208-254. The sequence-specific assignment of the backbone

resonances is indicated.  (C) Residue-specific ΔCα-ΔCβ secondary chemical shifts of ctSpp2208-254 together

with  S2  parameters  derived  by  TALOS+.  Positive  values  of  ΔCα-ΔCβ indicate  propensity  for  -helical

conformations, while negative values indicate the propensity to form extended structure. The position of α-

helices observed in ctSpp2208-254 when in complex with Prp2 are shown on top.  (D) Heteronuclear steady-

state {1H, 15N}-NOE as a function of residue number. (E) Ensemble of -helical conformations populated by

residues D213-F221 of ctSpp2208-254.
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Figure 5: Spp2 in the spliceosome and its conformational adaptability to different DEAH-box ATPase

conformations

Using a combination of the ctPrp2-ctSpp2211-254 complex structure together with the cryo-EM and cross-link

data  from  Rauhut  et  al. (2016),  it  can  be  estimated  how  Spp2  interacts  with  the  spliceosome.  All

spliceosomal factors are depicted as cartoon models and cross-links of Spp2 are highlight as pink spheres.

The estimated path of Spp2 is displayed as a pink dashed line and main contact sites are numbered starting

from the most N-terminal cross-linked residue. (A) N-terminally from the G-patch Spp2 cross-links with Brr2

and Rse1, as well as with Prp2.  (B) The C-terminal end of the Spp2 G-patch cross-links with the OB-fold

domain of Prp2 and parts of Bud13 and Pml1. Cross-linked regions of Bud13 and Pml1 are not part of the

cryo-EM model and are symbolically depicted as dashed lines. C-terminally from the G-patch Spp2 contacts

another part of the RecA2 domain. (C) Overview of Spp2 cross-links numbered as in A and B. (D) Schematic

representation of the catalytic states of Prp2 during one translocation cycle. The RecA2 domain is the most

mobile  domain  during this  process and due to  the versatile  conformations  of  the  conserved  C-terminal

stretch  together  with  the  flexible  linker  region  the  Spp2  G-patch  is  able  to  adapt  to  the  individual

conformations of the RecA2 domain. 
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Table 1. Data collection and refinement statistics.

Data collection CF1 CF2 CF3 CF4 CF5
Space group P212121 P212121 P212121 P21 P212121

 a (Å)
 b (Å)
 c (Å)
 β (°)

64.3
75.5
154.4
90.0

65.9
77.4
148.9
90.0

66.7
95.3
124.8
90.0

69.4
72.6
70.3
93.3

74.7
113.7
191.7
90.0

X-ray source P13, PETRA
III, DESY

P13, PETRA
III, DESY

P14, PETRA 
III, DESY

P14, PETRA 
III, DESY

P13, PETRA 
III, DESY

Resolution range 
(Å)

77.22 – 1.95
(2.05 – 1.95)

74.45 – 1.85
(1.95 – 1.85)

45.55 – 2.10
(2.20 – 2.10)

70.15 – 2.50
(2.60 – 2.50)

48.90 – 2.60
(2.71 – 2.60)

No. of unique 
reflections

55604 65564 46827 23946 50939

Completeness (%) 100.0 (99.9) 99.7 (99.8) 99.4 (99.4) 98.5 (98.7) 99.6 (99.7)
Rmerge (%) 7.4 (133.5) 6.6 (109.9) 5.3 (114.4) 7.8 (66.1) 6.9 (93.0)

Average I/σ(I) 15.97 (2.08) 11.45 (1.84) 14.83 (1.58) 12.16 (1.92) 17.33 (1.83)
Redundancy 9.37 (9.75) 4.55 (4.64) 4.54 (4.65) 3.16 (3.07) 5.04 (5.10)
CC1/2 99.9 (81.0) 99.8 (67.8) 99.9 (63.3) 99.7 (79.3) 99.9 (72.6)

Wilson B (Å2) 46.62 45.42 55.89 55.35 66.75

Refinement
Resolution (Å) 42.53 – 1.95

(1.98 – 1.95)
68.69 – 1.85
(1.88 – 1.85)

45.55 – 2.10
(2.14 – 2.10)

70.15 – 2.50
(2.60 – 2.50)

48.90 – 2.60
(2.65 – 2.60)

No. of reflections 55587 65546 46795 23930 50847
Rwork (%) 20.00 (32.3) 19.79 (34.9) 22.41 (34.1) 20.81 (32.4) 22.22 (38.1)

Rfree (%) 21.78 (34.6) 21.20 (36.0) 24.44 (34.6) 25.80 (38.1) 25.04 (40.8)

Molecules per 
asymmetric unit

1 1 1 1 2

Total number of 
atoms

5782 5850 5611 5022 10938

 Protein residues 700 694 688 656 1375
 Water molecules 190 319 192 4 116
r.m.s. deviations
 Bond length (Å) 0.004 0.011 0.009 0.009 0.004
 Bond angles (°) 0.66 1.23 1.06 1.06 0.54
Mean B-factors 
(Å2)

54.35 49.22 61.67 61.61 78.70

Ramachandran 
statistics
 favoured (%) 96.84 97.97 98.24 95.81 96.41
 allowed (%) 3.02 2.03 1.76 3.73 3.37
 outliers (%) 0.14 0.00 0.00 0.47 0.22
PDB accession 
code

6rm8 6rm9 6rma 6rmb 6rmc
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Fig. S1. MALS measurements of scSpp210-185

The determined molecular weight represented as dots is plotted against the time. UV-absorption and light

scattering are shown as solid and dashed lines, respectively. The determined molecular weight of the protein

within the UV Absorption peak is 2.453e+4 g/mol, corresponding to monomeric scSpp210-185.
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Fig. S2. Crystal contact overview of the

C-terminal part of the ctSpp2 G-patch

in the different crystal forms.

Prp2-Spp2  complexes  are  depicted  as

cartoon  models.  Prp2  is  shown  in

different shades of gray and Spp2 either

in red or  blue.  The left  panels  show an

overview of  the  closest  symmetry-based

complexes  to  the  C-terminal  part  of  the

G-patch. The right panels display a close-

up view of the C-terminal part of the G-

patch.  CF1  and  CF5  undergo  crystal

contacts  with  symmetry-related

molecules,  whereas  CF2,  CF3  and  CF4

are not involved in crystal contacts.
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Fig S3. B-factors distribution of ctSpp2 

The overview representation  of  the  B-factors  of  ctSpp2  shows  increased  B-factor  values  for  the  linker

connecting the N-terminal α-helix with the C-terminal hydrophobic stretch, highlighting the flexibility of this

region. B-factor values are not elevated in CF5 due to crystal contacts.
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Fig. S4. Mainchain analysis of ctSpp2 glycines

(A) List of psi and phi angles of all glycines in the ctSpp2 G-patch. CF1 is used exemplary for conformation

1 and CF2 for conformation 2. (B) Ramachandran plot of ctSpp2 G-patch glycines depicted on favored (light

blue) and allowed (dark blue) boundaries for all residues except glycine and proline. (C) Ramachandran plot

of ctSpp2 G-patch glycines depicted on favored (light blue) and allowed (dark blue) boundaries for glycine. 
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Fig. S5. ADP binding in Prp2-ADP and Spp2-Prp2-ADP complexes

(A) Prp2 is depicted as a semi-transparent cartoon model, the bound ADP is shown as a stick model. Prp2-

ADP complex structures are displayed in different shades of gray and Spp2-Prp2-ADP structures in different

shades of blue. The nucleotide binding site of Prp2 is not altered by the binding of the Spp2 G-patch, leading

to an almost identical binding of the ADP in all Prp2-ADP and Spp2-Prp2-ADP structures.  (B) Isothermal

titration calorimetry measurements of ADP binding to Prp2 in presence of a two fold molar excess of Spp2

G-patch.  A dissociation  constant  (Kd)  of  170 nM  was  determined  (n=  1,  ΔH=  -10.06  kcal/mol,  ΔS=

-3.57cal/mol*K). This value closely resembles the  Kd of the ADP binding to Prp2 in absence of Spp2 G-

patch (Kd= 179 nM), which was published by Schmitt el al. (2018). Individual triplicates are depicted in

blue, black and red. The upper panel shows the thermograms, the middle panel shows the individual fits with

the correspondent residual in the lower panel.
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Fig. S6. Binding of Spp2 stabilized β-hairpin conformation

The overall  structure of Prp2 is depicted as a semi-transparent surface model. The OB-fold domain was

omitted for clarity reasons. Spp2 G-patch and the β-hairpin are displayed as cartoon models. Cartoon models

shown in different shades of blue correspond to Prp2-ADP complex structures and models in different shades

of gray represent  Spp2-Prp2-ADP structures.  While the β-hairpin exhibits  multiple conformations in the

different Prp2-ADP complex structures, the binding of Spp2 seems to stabilize one of these conformations in

all Prp2-Spp2-ADP structures.
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Fig. S7. Overview of cross-links between ctSpp2 and ctPrp2

(A) Map of ctSpp2-ctPrp2 cross-links. ctPrp2 is represented as the upper with coloring as in Figure 2 and

ctSpp2 as the lower bar (length of bar not up to scale). Intermolecular cross-links are indicated by dashed

lines between the corresponding residues.  (B) ctPrp2 is depicted as a surface model in gray and the two

alternative  ctSpp2  conformations  are  displayed  as  cartoon  models  in  red  (conformation  1)  and  yellow

(conformation 2). Cross-linked residues of ctPrp2 are highlighted in green and labeled accordingly. 
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Fig. S8. Sequence conservation of Prp2 and Prp43

(A) The surface model of Prp2 is colored by sequence conservation using an alignment of Prp2 from  C.

thermophilum,  S. cerevisiae,  H. sapiens,  M. musculus,  N. crassa and D. rerio, with conserved and variable

residues in purple and green, respectively. Residues of Prp2 interacting with the N-terminal α-helix and the

C-terminal end of ctSpp2 G-patch are conserved.  (B) The surface model of Prp2 is colored by sequence

conservation using an alignment of Prp2 from C. thermophilum, S. cerevisiae and H. sapiens together with

Prp43 from the same organisms. Prp43 shows the same conservation for the interaction sites with the N-

terminal and C-terminal ends.
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Fig. S9. Overview of scNtr1 and scPrp43 cross-links

scPrp43 is depicted as a gray cartoon model and Ntr1 was modeled as a blue cartoon model onto the scPrp43

structure assuming a similar binding as Spp2 to Prp2. Cross-link pairs identified by Christian et al. (2014)

between Ntr1 and Prp43 are colored in the same color and labeled accordingly. The found cross-links are in a

feasible distance for an interaction mode of Ntr1 with Prp43 similar to the Spp2-Prp2 complex. 
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Fig. S10. Prp2-Spp2 complex in the spliceosomal Bact complex

The Bact spliceosome is depicted as a cartoon model. Spliceosomal factors not found to cross-link with Prp2

or Spp2 by Rauhut et al. (2016) are shown as gray semi-transparent cartoon models. The Prp2-Spp2 complex

structure was superimposed on the scPrp2 model of the Bact complex in order to estimate the position of the

Spp2 G-patch in this spliceosomal complex. 
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Fig. S11. Distance between the C-terminal end of the Spp2 G-patch and bound RNA

The position of the Spp2 G-patch in the ATP and Apo states was modeled by a superposition of the Prp2

RecA2 domain on the RecA2 domain of Prp43 (ATP) and Prp22 (Apo). In both states the closest distance of

the G-patch to the RNA ranges between 12Å and 13Å. This distance is too big to predict a direct interaction

between the Spp2 G-patch and the RNA.
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Abstract

Non-coding intron sequences present in precursor mRNAs need to be removed prior to translation and in

higher eukaryotes they are excised via the spliceosome, a multi-megadalton molecular machine composed of

numerous protein and RNA components. The DEAH-box ATPase Prp2 plays a crucial role during pre-mRNA

splicing as it ensure the catalytic activation of the spliceosome. In contrast to other spliceosomal DEAH-box

helicases,  Prp2 seems not  to  function as  an RNA-unwindase but  rather  as  an RNA-dependent  RNPase.

Recent crystal structures of the spliceosomal DEAH-box ATPases Prp43 and Prp22 as well as of the closely

related RHA helicase MLE in complex with RNA have contributed to a better understanding of how RNA-

binding and processivity might be achieved in this helicase family. In order to shed light onto the divergent

way  of  functioning  of  Prp2  we  crystallized  an  N-terminally  truncated  construct  of  the  Chaetomium

thermophilum Prp2 in the presence of ADP-BeF3
- and a poly-U12 RNA. The refined structure revealed a

virtually  identical  conformation  of  the  helicase  core  compared  with  the  ADP-BeF3
-- and  RNA-bound

structure of Prp43 and only a minor shift of the C-terminal domains. Interestingly, the stacked 3’ RNA region

shows an almost identical conformation in both structures, but at the 5’ region the RNAs exhibit different

conformations. While in Prp43 and Prp22 a kink in the RNA-backbone is introduced at the first position after

the stack region, in Prp2 this nucleotide follows first the straight RNA-backbone path of the previous four

nucleotides and a kink is introduced at a later position. We identified a loop in the C-terminal domains

influencing the RNA conformation right after the 3’ stack. In Prp43 a conserved serine and proline interact

with  the  base  at  this  position,  whereby  Prp2  exhibits  an  insertion  in  this  loop  inducing  an  alternative

conformation of this loop, which is stabilized by an extensive interaction network with surrounding residues.

We postulate that this different loop conformation alters the RNA-binding in a way that impedes Prp2 being

an effective helicase. 

4.1 Introduction

In eukaryotes most precursor messenger RNA (pre-mRNA) contain non-coding intron sequences which need

to be removed in order to obtain a mature mRNA that can serve as a template for translation. The vast

majority of these intervening sequences are removed with the help of the spliceosome (Matera and Wang,

2014;  Wahl  et  al.,  2009;  Will  and  Lührmann,  2011).  The  spliceosome  is  a  multimegadalton  molecular

machine that is sequentially assembled out of RNA and protein components. For each splicing cycle the

complex is assemble  de novo on a pre-mRNA and since it has no preformed active site, compositional as

well  as conformational  rearrangements ensure the formation of a catalytically active complex.  Once the
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intron is excised via two subsequent transesterification steps, the complex is completely disassembled and

each component is available for a new round of splicing.

These rearrangements need to be tightly orchestrated and are driven by a set  of  so-called DExD/H-box

helicases that ensure the transition of the different spliceosomal complexes  (Cordin et al., 2012; Ding and

Pyle, 2012; Ozgur et al., 2015). The assembly steps are dominated by DEAD-box helicases, followed by the

Ski2-like  helicase  Brr2  and  all  following  activation,  catalytic  and  disassembly  steps  are  performed  by

DEAH-box ATPases.  All  of  them belong to the  helicase  superfamily 2 (SF2)  and have a  helicase  core

composed of two RecA-like domains which harbor at least eight conserved sequence motifs (I, Ia, Ib, II, III,

IV, V and VI)  (Fairman-Williams  et al., 2010). They play important roles in ATP binding and hydrolysis,

RNA binding and coupling these processes to unwinding/translocation  (Campodonico and Schwer, 2002;

Schneider et al., 2004; Schwer and Meszaros, 2000). Additionally, Ski2-like and DEAH-box ATPases posses

an auxiliary C-terminal domain that together with the helicase core form an RNA-binding tunnel (Büttner et

al., 2007; Hamann et al., 2019; He et al., 2017; Prabu et al., 2015; Tauchert et al., 2017). 

One key player during the catalytic activation of the spliceosome is the DEAH-box ATPase Prp2, which

ensures the transition from the Bact to B* complex (Kim and Lin, 1996; King and Beggs, 1990; Roy et al.,

1995; Silverman et al., 2004). Here it is responsible for the destabilization of the SF3a/b complex, which

exposes the 5’ splice site and the branch-site enabling the first  transesterification step  (Bao  et al.,  2017;

Lardelli et al., 2010; Ohrt et al., 2012; Warkocki et al., 2009). For its function it is strictly required to interact

with the G-patch protein Spp2 (Krishnan et al., 2013; Roy et al., 1995; Silverman et al., 2004; Warkocki et

al., 2015). Interestingly, Prp2 is the only spliceosomal DEAH-box ATPase that does not show any in vitro

RNA unwinding activity (Christian et al., 2014; Schwer and Gross, 1998; Tanaka and Schwer, 2005; Tanaka

et al.,  2007; Tauchert  et al.,  2017; Wang  et al.,  1998). While recent biochemical evidence and cryo-EM

structures  suggest  that  DEAH-box  ATPases  likely  act  as  translocases  rather  than  unwindases  in  the

spliceosome, Prp16, Prp22 and Prp43 still have the ability to unwind double-stranded RNA (Galej  et al.,

2016; Liu et al., 2017; Rauhut et al., 2016; Yan et al., 2016). 

In  order  to  investigate  why  Prp2  is  not  able  to  unwind  RNA duplexes  as  the  other  closely  related

spliceosomal DEAH-box ATPases, we crystallized Prp2 in the presence of an ssRNA and the ATP-analog

ADP-BeF3
-.  Comparing  this  structure  with  ADP-bound  Prp2  structures  we  were  able  to  identify  a  yet

undescribed  connection  between  the  nucleotide-binding  site  and  the  protein  surface  mediated  by  the

movement  of  the  conserved  sequence  motif  III.  This  channel  could  serve  as  an  exit  passage  for  the

hydrolyzed γ-phosphate or ensure exchange of water molecules with the active site. Additionally, we could

describe an alternative mode of binding of the RNA in Prp2 with a kink in the RNA backbone which is

shifted in position compared to RNA-bound Prp22 and Prp43 structures. We identified a loop in the C-
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terminal domains to play an important role in threading the 5’ RNA region, which strongly differs between

Prp2 and Prp43. We postulate that this difference in RNA binding due to the influence of the C-terminal loop

impedes Prp2 from being a competent unwindase. 

4.2 Material and methods

4.2.1 Protein production and crystallization

Prp2 from Chaetomium thermophilum (ctPrp2) containing residues 286-921 was recombinantly expressed as

a GST-tag fusion protein and purified as described in Schmitt et al. (2018). The complex containing 2 mg ml-

1 ctPrp2 (27.4 µM), tenfold molar excess of ADP (274 µM), twenty-fold molar excess of BeSO4 (548 µM),

sixty-fold molar excess of NaF (1.644 mM) and 2.5-fold molar excess of poly-U12 RNA (68.5 µM; Axolabs,

Germany) was incubated for at least 30 min at 4°C prior to the crystallization trials. The complex crystallized

using the sitting-drop vapor-diffusion technique mixing 1 µl complex solution with 1 µl of the crystallization

buffer. Crystals were grown in 100 mM MOPS/Na-HEPES pH 7.5, 8% PEG20000, 22% PEGMME 550 and

20 mM 1,6-hexanediol,  1-butanol,  (RS)-1,2-propanediol,  2-propanol,  1,4-butandiol,  1,3-propanediol.  Rod-

shaped crystals were obtained after 2 days of incubation at 20°C. 

4.2.2 Data collection and processing

Prior to data collection the crystals were cryoprotected with reservoir solution complemented with 5% (w/v)

PEG400 and 5% (w/v) glycerol and flash-frozen in liquid nitrogen for storage. Oscillation images were

collected  at  100 K  on  beamline  P14,  PETRA III,  DESY (Hamburg,  Germany).  Data  processing  was

performed using the XDS package (Kabsch, 2010). X-ray diffraction data statistics are summarized in Table

1.

4.2.3 Structure solution, refinement and analysis

The structure of ctPrp2 in complex with ADP-BeF3
- and poly-U RNA was solved by molecular replacement

using Phaser (McCoy et al., 2007). The RecA1, RecA2 and C-terminal domains of the ADP-bound ctPrp2

structure (PDBid: 6fa5) were used as individual search models for molecular replacement  (Schmitt  et al.,

2018). Due to a divergent conformation of Prp2 in this complex, no phasing solution could be found with an

existing complete model. The model was manually built with  Coot and refinements were performed with

PHENIX, including TLS, weight optimization and bulk-solvent optimization (Adams et al., 2010). Validation
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tools  in  PHENIX and  MolProbity were  used  to  asses  the  final  model  quality  (Chen  et  al.,  2010).

Superpositions of structures were performed with LSQMAN (Kleywegt, 1996) and figures were prepared

with PyMOL (v.1.8, Schrödinger). 

4.3 Results

4.3.1 Overall conformation of ADP-BeF3
-- and RNA-bound Prp2

In order to investigate the discrepant way of functioning of Prp2 in terms of processivity, we crystallized

Prp2  from  Chaetomium  thermophilum in  presence  of  ADP-BeF3
- and  a  U12-ssRNA,  of  which  seven

nucleotides were traceable in the electron density map. The used construct contains amino acids 286-921 and

comprises the helicase core, composed of a RecA1 and RecA2 domain, and the C-terminal domains with its

winged-helix  (WH),  helix-bundle  (HB)  and  oligonucleotide-binding  (OB)  domain  (Figure  1A).  The

truncated N-terminal extension is only present with 10 amino acids, as it has been proven that the heli case

core and the C-terminal domains are the key domains for the ATPase function of the DEAH-box family

(Hamann et al., 2019; Tauchert et al., 2017). 

Seven out of twelve RNA nucleotides were traceable in the electron density map. For U 2 only a model of the

sugar-phosphate could be built. The ssRNA binds to an RNA-binding tunnel between the helicase core and

the C-terminal  domains,  as already reported for the spliceosomal DEAH-box ATPases Prp43 and Prp22

(Figure 1A) (Hamann et al., 2019; He et al., 2017; Tauchert et al., 2017). The ssRNA interacts mainly with

its sugar-phoshate backbone via polar interactions with Prp2 and leads to a sequence-unspecific binding. The

only exception is U3, as the base hydrogen bonds with Q516. RNA nucleotides U4-U7 are found in a stacked

conformation and the backbone interacts with residues of the conserved sequence motifs (Ia: R352, R353; Ib:

T395; IV: Q516; V: T572, N573) and conserved structural features (hook-turn: R380; hook-loop: S547; β-

hairpin: K594). These interactions are identical among structurally characterized spliceosomal DEAH-box

ATPases and ensure a stack of four RNA nucleotides in the ATP-bound state and a stack of five RNA

nucleotides in the adenosine nucleotide-free state  (Hamann et al., 2019; Tauchert  et al., 2017). The U1-U3

stretch is only stabilized by three polar interactions, the base of U 3 with Q516 and the U2 phosphate with

H877 and T900 (Figure 1A). 

The  ATP-mimic  ADP-BeF3
- is  sandwiched  between  both  RecA-like  domains  (Figure  1A).  Conserved

residues  comprising  the  active  site  bind  the  ADP-BeF3
- in  virtually  identical  manner  as  seen  for  the

ctPrp43+ADP-BeF3
- complex  (Figure  1B)  (Tauchert  et  al.,  2017).  This  leads  to  an  arrangement  of  the
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helicase core that  is  conserved among DExH-box ATPases in the ATP-bound catalytic state (Figure 1C)

(Chen et al., 2018a; Prabu et al., 2015; Tauchert et al., 2017). 

4.3.2 Putative exit channel for phosphate after ATP hydrolysis

By analyzing differences in psi and phi angles of all available ctPrp2 structures, the regions exhibiting the

greatest deviations in conformation were identified (Figure 2A). The flexibility of the β-hairpin and motif VI

have already been discussed by Schmitt et al. (2018) and the role of the conformational variance of motif V

was described by Hamann et al. (2019). Due to the rotation of the RecA2 domain between the ATP- and the

ADP-bound state, the linker connecting both RecA-like domains also results in high differences of psi and

phi angles. Interestingly, also motif III (SAT) exhibits increased conformational variability, which has not

been described before. This motif has been proposed to play a role in coupling ATP hydrolysis to unwinding

(Gross and Shuman, 1998; Heilek and Peterson, 1997; Pause and Sonenberg, 1992; Schwer and Meszaros,

2000). This motif is  located close the phosphate moiety of the bound adenosine nucleotides and crystal

structures  of  Prp2  in  complex  with  ADP or  ADP-BeF3
- show  that  it  is  able  to  adopt  three  different

conformations (Figure 2C). Interestingly, in one of the ADP-bound structures (ctPrp2-ADP-CF1) it exhibits a

conformation that forms a channel connecting the γ-phosphate position of the active site with the surface of

the protein. This channel could potentially display an exit passage for the resulting inorganic phosphate after

ATP hydrolysis that has not been described yet. All other motif III conformations in the ADP-bound state do

not allow the formation of a channel that connects the active site with the surface. In all ADP-bound crystal

structures the H421 of the the eponymous DEAH-motif (motif II) interacts via a hydrogen bond with the

mainchain nitrogen of A451, but only in ctPrp2-ADP-CF1 this alanine exhibits a conformation that ensure

the start of an α-helix at this position (Figure 2D). This alternative conformation displaces A451, enabling

the formation of the channel. In the ATP-bound state this channel is as well occluded by motif III (Figure

2C). Here, H421 of motif II interacts with the sidechain of S450 and Q621 of motif VI hydrogen bonds with

the sidechain of T452 (Figure 2E). Additionally, the A451 mainchain nitrogen, which in the ADP-bound state

interacts with H421, is now involved in a hydrogen bond with the relay water of the active site (Dittrich and

Schulten, 2005). 

4.3.3 Divergent 5’ RNA conformations

In all crystal structures of RNA-bound spliceosomal DEAH-box ATPases the 3’ region of the ssRNA exhibits

a stacked conformation that is stabilized by conserved interactions with the conserved sequence motifs of

both  RecA-like  domains  (Hamann  et  al.,  2019;  He  et  al.,  2017;  Tauchert  et  al.,  2017).  The  stack
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accommodates either four or five RNA nucleotides depending on the adenosine nucleotide state and extends

from the 3’ end of the RNA up to the β-hairpin of the RecA2 domain. This structural feature ends the stack

and redirects the 5’ region of the RNA through the RNA-binding tunnel. While the stack of the 3’ region

seems to be conserved in terms of conformation, the 5’ region shows different conformations in RNA-bound

DExH-box  ATPase  crystal  structures  (Hamann  et  al.,  2019).  Interestingly,  all  spliceosomal  DEAH-box

ATPases exhibit a kink in the 5’ region, but a superposition of the RecA2 domains reveals differences in the

position of this kink in Prp2 (Figure 3). In the Prp2 crystal structure the kink is introduced significantly more

distal when compared to the Prp43 or Prp22 structures, whereas it roughly overlaps when directly comparing

the Prp43 and Prp22 structures (Figure 3).  The analysis  of  the  electrostatic  potential  of  the DEAH-box

ATPases shows that at the region of the RNA kink Prp2 is significantly more positively charged than Prp43

and Prp22 (Figure S1). This positively charged patch on Prp2 could contribute in guiding the RNA into an

alternative 5’ conformation with a shifted kink.

4.3.4 Loop in C-terminal domain threads 5’ RNA region through tunnel in the ATP-bound 

state

The ctPrp43+ADP-BeF3
-+RNA structure is the only previously published genuine DEAH-box ATPase in the

ATP-  and  RNA-bound  state  (Tauchert  et  al.,  2017).  A superposition  highlights  the  virtually  identical

conformation of the helicase core and the highly similar position of the C-terminal domains (Figure 4A). The

stacked 3’ RNA region superposes as well to high degree, but at the first RNA nucleotide position after the

stack the path of the RNAs differs. In the ctPrp43 structure a kink of the RNA backbone is introduced at this

position mainly by the stacking of U3 with P557 and a hydrogen bond with S555 (Figure 4B). These two

residues are part of a loop in the helix-bundle domain as part of the C-terminal domains. The respective loop

in ctPrp2 displays an alternative conformation with a more extended α-helix due to an insertion (Figure 4A).

This conformation is stabilized by a network of polar interactions with surrounding residues (Figure 4C).

T752 of the C-terminal loop hydrogen bonds with N548 from the hook-loop motif of the RecA2 domain,

which itself interacts with R811 from the helix-bundle domain. R811 interacts as well with E749, which  is

stabilized by a hydrogen bond with S808. All these interactions lock the C-terminal loop in a conformation

incompatible with an RNA kink as seen in the ctPrp43 structure. Instead, a kink in the RNA backbone is

introduced at a position closer to the 5’ end. While the conformation of the stacked 3’ RNA region is highly

conserved, the divergent conformations of the 5’ RNA region seem to be highly influenced by the C-terminal

loop.
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4.3.5 Conservation of C-terminal loop

The sequence alignment of the C-terminal loop reveals that it differs among the four spliceosomal DEAH-

box ATPases but it is conserved for each individual ATPase (Figure 5A). While Prp43 and Prp16 share a

highly conserved proline that stacks with a base of the RNA in the ctPrp43+ADP-BeF3
-+RNA structure,

Prp22 has a conserved glutamine at this position. Prp2 is the only spliceosomal DEAH-box ATPase with an

insertion in this loop, contributing to its unique conformation (Figure S2). Interestingly, although an insertion

is conserved, the type of insertion differs among higher eukaryotes (Figure 5C). In the representatives of the

fungi the glutamate and the threonine of the C-terminal loop are conserved. In some fungal members the

threonine is replaced by a serine, which should still maintain the same interacting properties with the hook-

loop observed in the ctPrp2+ADP-BeF3
-+RNA structure. In the representatives of the animals, the glutamate

is not present and instead two asparagines are conserved. 

The  asparagine  of  the  hook-loop  interacting  with  the  C-terminal  loop  in  the  ctPrp2+ADP-BeF 3
-+RNA

structure is present in Prp2 of all  analyzed organisms and suggests that the interplay between these two

structural features is conserved in Prp2 (Figure 5B/D). 

The conserved insertion of the C-terminal loop together with the interaction with the hook-loop leads to a

unique conformation of the C-terminal loop in Prp2, which might play a regulatory role. In contrast, C-

terminal  loops  of  ctPrp43  and ctPrp22  show the  same length  of  the  α-helix  as  well  as  a  very  similar

conformation of the loop itself (Figure S2). 

4.4 Discussion

Among the spliceosomal DEAH-box ATPases Prp2 plays a special role as up to date no dsRNA unwinding

activity could be determined for this ATPase (Bao et al., 2017; Kim et al., 1992; Warkocki et al., 2015). In

contrast, for Prp43, Prp22 and Prp16 in vitro helicase activity has been characterized (Christian et al., 2014;

Schwer and Gross, 1998; Tanaka and Schwer, 2005; Tanaka et al., 2007; Tauchert et al., 2017; Wang et al.,

1998).  This  raises  the  question  why  Prp2  functions  so  differently  despite  the  sequence  and  structure

similarity with the other spliceosomal DEAH-box ATPases. The elucidation of the determinant impeding

Prp2 from being a competent unwindase might as well provide additional insights into regulatory aspects of

DEAH-box ATPases capable of disrupting duplex RNAs. In order to address these questions we solved the

crystal structure of ctPrp2 with a bound U7-RNA and the ATP-analog ADP-BeF3
- (Figure 1A). 

Comparing the ATP-bound state of ctPrp2 with previously published ADP-bound structures we were able to

identify significant conformational changes of the motif III between these states. This motif exhibits a closed

conformation in the presence of ADP-BeF3
-, which is stabilized by polar contacts with neighboring motifs II
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and VI (Figure 2E). It additionally interacts with the relay water of the adenosine nucleotide binding site.

Active site water molecules are structurally highly conserved and specific to each nucleotide-bound state. In

the ADP-bound state four water molecules are always coordinated by the active site magnesium, whereas in

the ATP-bound state it coordinates three water molecules (He et al., 2010; Schmitt et al., 2018; Tauchert et

al., 2016, 2017; Walbott et al., 2010). The ATP-bound state additionally harbors a catalytic and a relay water

molecule present in all structures of this state  (Dittrich and Schulten, 2005). The magnesium-coordinated

water molecules as well as the catalytic water molecule have been proposed to play a crucial role in dictating

the position of the RecA2 domain  (Hamann  et al., 2019). Due to the fact that these water molecules are

specific for a certain catalytic state, a sensor serine in the RecA2 motif V is able to discriminate between the

ADP- and the ATP-bound state in order to accordingly position the RecA2 domain. The relay water molecule

might also function as an active site component that is sensed by motif III in order to induce the closed

conformation of this motif. Conversely, this conformation might be needed to properly position the relay

water for its role during ATP hydrolysis. Interestingly, one ADP-bound structure (PDBid: 6fac) exhibits an

open conformation of motif III, which results in a direct connection of the nucleotide-binding site with the

surface of the protein (Figure 2C). Up to date the exact order of events after the generation of ADP and P i is

still unknown and it is not clear what is released first. For DEAD-box helicases it has been shown that the P i

is  released prior to the ADP (Wong et al., 2016). In the case that in the DEAH-box ATPase family the P i is as

well released first, another exit passage apart from the ATP entry/ADP exit site would be needed. The ctPrp2-

ADP-CF1 structure shows the first evidence for such a channel connecting the phosphate-bound end of the

active site with the outer surface, thereby providing an alternative passage that would not be in conflict with

the bound ADP. Alternatively, this channel could also function in the exchange of water molecules of the

active site while the nucleotide remains bound. In order to determine the exact order of events during ATP

hydrolysis in DEAH-box ATPases, detailed biochemical analyses as performed for the DEAD-box helicase

Dbp5 are required (Wong et al., 2016). 

Although recent  structural and biochemical  evidence suggest,  that the spliceosomal DEAH-box ATPases

might not need unwinding activity to fulfill their functions during splicing, Prp16, Prp22 and Prp43 show in

vitro helicase activity (Christian et al., 2014; Schwer and Gross, 1998; Tanaka and Schwer, 2005; Tanaka et

al., 2007; Tauchert  et al., 2017; Wang et al., 1998). Prp2 is the only spliceosomal DEAH-box ATPase for

which no  in vitro unwinding activity has been determined  (Bao  et al.,  2017; Kim  et al.,  1992). Since a

divergent mode of interaction with RNA of Prp2 might lead to the lack of unwinding activity, we crystallized

Prp2 in the presence of ssRNA and the ATP-analog ADP-BeF3
-. A comparison with already published RNA-

bound structures of spliceosomal DEAH-box ATPases shows that, while all exhibit a kink of the RNA at the

5’ region, it is shifted in the Prp2 structure compared to the ones from Prp43 and Prp22 (Figure 3). On the

one hand, different electrostatic potentials of the ATPases close to this kink might influence the binding, and
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on the other hand a loop in the helix-bundle domain seems to play a crucial role in dictating the conformation

of the RNA right after the interruption of the stack by the β-hairpin (Figure 4; Figure S1) (Hamann et al.,

2019; Tauchert et al., 2017). Due to the strong dependence of the catalytic state on the overall conformation

of DEAH-box ATPases, we primary compared the ADP-BeF3
-- and RNA-bound structure of Prp2 with the

structure of Prp43 in the same state. While the 3’ stacked region of the RNA superimposes almost identically,

the conformation of the 5’ region shows major differences (Figure 4A). In the Prp43 structure the RNA is

guided by an interaction with a proline and a serine of a loop protruding out of the C-terminal domains

(Figure 4A/B). This interaction ensures the kink in the RNA directly after the β-hairpin. Prp2 lacks such an

interaction with the RNA at this position and instead this loop harbors a conserved insertion that ensures an

alternative conformation of this loop, which is stabilized by multiple interactions with neighboring residues

(Figure 4C). One of these interactions is with N548, which is part of the hook-loop  (Prabu  et al., 2015).

Interestingly, this structural feature has been proposed to play an important role in processivity in the DExH-

box helicase MLE. However, it has also been shown that the hook-loop is dispensable for helicase function

in Prp43 (Tauchert  et al., 2017). The hook-loop and the C-terminal loop are in close proximity and might

play similar roles in threading the RNA through the RNA-binding tunnel in the 5’ region. Since the RNA in

Prp43 primarily interacts with the C-terminal loop in the 5’ region, the interaction with the hook-loop might

be circumvented. The hook-loop as well as the C-terminal loop show only low sequence conservation among

the four spliceosomal DEAH-box ATPases, but are conserved for each DEAH-box ATPase (Figure 5A/B).

This  suggests  that  the  different  spliceosomal  DEAH-box  ATPases  have  a  different  conserved  ways  of

threading the RNA through the tunnel after the stacked 3’ region. Prp43 utilizes mainly a conserved proline

and serine of the C-terminal loop and exhibits short residues in the hook-loop that do not intervene in the

binding. Although Prp16 has a highly similar C-terminal loop, the hook-loop has a different property and

might induce a different RNA conformation as compared with Prp43. Prp22 has a unique glutamine instead

of a proline in the C-terminal loop and the sequence of the hook-loop is also different to the other ones.

Unfortunately, only an RNA-bound but nucleotide-free structure of Prp22 is available, where the RecA2

domain  is  differently  positioned and thereby the  C-terminal  loop and the  hook-loop are  spatially  apart

(Hamann et al., 2019). In this structure these two structural features do not interact with each other and the

C-terminal loop does not contact the RNA. The overall conformation of the C-terminal loop in Prp22 closely

resembles the one from Prp43 (Figure S2). Interestingly, in the RNA- and ADP-BeF3
--bound Prp2 structure,

the C-terminal loop displays a distinct conformation due to an insertion. Instead of interacting with the RNA,

it interacts with a conserved asparagine of the hook-loop and other surrounding residues (Figure 4C). This

interaction network is likely conserved and threads the 5’ RNA region in a completely different manner

compared to Prp43 and Prp22 (Figure 3). Interestingly, the conservation of the C-terminal loop shows major

differences in sequence between representatives of the fungi and animalia, but in both cases an insertion
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seems to be conserved as a feature of this structural  motif in Prp2 (Figure 5C). Despite this difference in

sequence  of  the  C-terminal  loop,  the  hook-loop  is  consistently  conserved  among  fungi  and  animalia,

suggesting a similar conformation and interaction network for the animalia as seen for the  Chaetomium

thermophilum Prp2 as a candidate of the fungi (Figure 5D). We postulate that this difference in interaction

mode with the RNA impedes Prp2 from being able to perform in vitro unwinding of duplex RNA. We further

on suggest that in some DEAH-box ATPases there might by an interplay between the C-terminal loop and the

hook-loop that dictates how the 5’ RNA region is threaded and thereby play a regulatory role. The proper

positioning of the 5’ region might  not  only be relevant  for unwinding capabilities,  but  specially for the

spliceosomal DEAH-box ATPases it might be crucial for correctly interacting with the ssRNA targets in

order to translocate on them. 
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Table 1: X-ray and refinement statistics

Data collection Prp2 + ADP-BeF3
- + RNA

Space group P212121

 a, b, c (Å) 48.66, 100.41, 140.95

 α, β, γ (°) 90, 90, 90

X-ray source P14, PETRA III, DESY
Resolution range (Å) 50.0 – 2.1 (2.2 – 2.1)
No. of unique 
reflections

41019 (5228)

Completeness (%) 99.5 (99.0)
Rmerge (%) 12.6 (127.9)

Average I/σ(I) 14.88 (2.21)
Redundancy 13.68 (13.90)
CC1/2 99.9 (81.3)

Wilson B (Å2) 42.3

Refinement
Resolution (Å) 81.78 – 2.10 (2.15 – 2.10)
No. of reflections 41000
Rwork (%) 21.11 (27.51)

Rfree (%) 23.66 (29.78)

Molecules per 
asymmetric unit

1

Total number of atoms 5068
 Protein residues 625
 Water molecules 99
r.m.s. deviations
 Bond length (Å) 0.002
 Bond angles (°) 0.591
Ramachandran 
statistics
 favoured (%) 96.94
 allowed (%) 2.90
 outliers (%) 0.16
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Figure 1: Structural overview of the pre-catalytic state of Prp2. (A) Prp2 and the bound RNA are displayed as a
cartoon model  and the ADP-BeF3

- is  depicted  as  sticks.  The crystallized construct  is  composed of  two RecA-like
domains (RecA1: orange; RecA2: blue), a winged-helix (WH: gray), a helix-bundle (HB: wheat) and a oligonucleotide-
binding  (OB:  green)  domain.  The RNA is  bound between  the  helicase  core  and  the  C-terminal  domains  and  the
nucleotide is sandwiched between both RecA-like domains. Conserved residues interacting with the RNA backbone of
the 3’ stacked region are shown in circles, whereby remaining interacting residues are shown in a rectangular shape. (B)
Superposition of active site residues of Prp2 and Prp43 interacting with the ADP-BeF 3

-.  Both DEAH-box ATPases
interact  in the identical  manner with the nucleotide.  (C) Superposition of  all  structurally  characterized DExH-box
ATPases bound to an ATP-analog. The conformation of the helicase core in the ATP-bound state is highly conserved. 
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Figure  2:  Movements  of  conserved  sequence  motif  III  control  the  formation  of  a  channel  connecting  the
nucleotide-binding site with the protein surface. (A) Differences of psi and phi angles for single residues of the
helicase core of all available Prp2 structures are plotted onto the Prp2 structure. Motifs III, V and VI as well as the β-
hairpin  and  the  linker  connecting  both  RecA-like  domains  show movements  of  the  mainchain.  (B) Overview  of
conserved sequence motifs spread over the two RecA-like domains.  (C) In the ctPrp2-ADP-CF1 structure, motif III
adopts a conformation that allows the formation of a channel that connects the γ-phosphate position of the active site
with the exterior  of the protein.  In  other ADP- and ADP-BeF3

--bound structures motif  III  closes this channel.  (D)
Overview of motif III interactions in the ADP-bound state.  (E) Overview of motif III interactions in the ADP-BeF3

--
bound state.
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Figure 3: Comparison of ssRNA binding to spliceosomal DEAH-box ATPases. All ssRNAs bound to spliceosomal
DEAH-box ATPases exhibit a kink in the 5’ region. When the RecA2 domains are superimposed, the kink in the Prp43
and Prp22 structures share a similar position and only the kink in the Prp2 structure is differently positioned. 
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Figure 4: C-terminal loop dictates conformation of 5’ RNA region. (A) Superposition of Prp2 and Prp43 in the pre-
catalytic state via the helicase core. The 3’ stacked RNA region superposes almost identically, but at the beginning of
the 5’ region, the RNA bound to Prp43 interacts with the C-terminal loop. This loop has a different conformation in
Prp2 and does not interact with the RNA.  (B) The base of the first nucleotide of the 5’ RNA region interacts with a
proline and serine of the Prp43 C-terminal loop.  (C) The alternative conformation of the Prp2 C-terminal loop is
stabilized by interactions with surrounding residues belonging to the helix-bundle domain and the hook-loop of the
RecA2 domain.
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Figure 5: Sequence conservation of C-terminal loop and hook-loop. Sequence alignment of the C-terminal loop (A)
and the hook-loop (B) of Prp2, Prp43, Prp16 and Prp22 from Chaetomium thermophilum,  Saccharomyces cerevisiae,
Homo sapiens, Xenopus laevis and Caenorhabditis elegans. Extended sequence alignment of the Prp2 C-terminal loop
(C) and hook-loop (D) from Chaetomium thermophilum, Saccaromyces cerevisiae, Saccaromyces pombe, Neurospora
crassa,  Ustilago  hordei,  Armillaria  ostoyae,  Rhizopus  microsporus,  Homo  sapiens,  Mus  musculus,  Danio  rerio,
Xenopus laevis and Caenorhabditis elegans. 
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Supplementary information

Fig. S1: Electrostatic potential of RNA-bound Prp2, Prp43 and Prp22 structures.  Prp2 (A), Prp43 (B) and Prp22
(C) are depicted as surface representation and colored based on their electrostatic potential. The RNA is displayed as a
cartoon model. The region of interest close to the 5’ RNA region kink is highlighted with a circle. The helix-bundle
domain was omitted for clarity reasons. Prp2 exhibits the strongest positive charge of this region and likely influences
the conformation of the 5’ region. 
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Fig S2: Comparison of the C-terminal loop of Prp2, Prp43 and Prp22. Due to the insertion in the Prp2 C-terminal
loop, the helix proceeding this loop is significantly longer and the loop itself has a unique conformation. 
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The main goal of the presented work was to unravel mechanistic details about processivity in the DEAH-box

ATPase  subfamily.  Adenosine  nucleotide-free  structures  of  Prp22  in  absence  and  in  presence  of  RNA

unveiled  previously  undescribed  domain  movements  that  allowed  the  postulation  of  a  novel  model  of

translocation for this protein family. While the interaction of the ATPases with the 3’ stacked RNA region is

highly conserved, the 5’ RNA region is differently bound in all RNA-containing structures of DEAH-box

ATPases. A structure of the ADP-BeF3
-- and RNA-bound Prp2 suggests that a protruding loop in the C-

terminal domain dictates the conformation of the 5’ RNA region and thereby might play a regulatory role that

in  the  case  of  Prp2  impedes  the  ATPase  from  being  an  unwindase.  Catalytic  functions  of  Prp2  are

additionally  regulated  by  the  interaction  with  the  G-patch  protein  Spp2.  By  solving  multiple  crystal

structures of the Prp2-Spp2 G-patch complex the dynamic binding mode could be observed, revealing how

the G-patch motif  is  able to remain constantly bound during the domain movements required for RNA

translocation. 

While many aspects concerning these results were already discussed in detail in chapters 2-5, the insights

gained by the different projects will be put into a broader perspective in this discussion chapter. Here, the

conservation of the translocation mechanism as well as the sensing of the catalytic state among SF2 and SF1

members will be in focus. Additionally, more recent structures of DEAH-box ATPases released after the

preparation  of  the  publications/manuscripts  will  be  analyzed  to  provide  a  revised  view  of  the  domain

movements as well as of the RNA loading and binding by this protein family. Finally, the importance of

translocation by DEAH-box ATPases in the spliceosome will be more throroughly discussed and the newly

gained structural insights of the G-patch will be analyzed in the context of the spliceosome. 

6.1 Conservation of translocation in SF1 and SF2 members

The molecular basis for directional motion by helicases has always been an area of intense interest. During

this thesis a set of new structures were determined that shed light onto the RNA translocation mechanism of

DEAH-box ATPases (chapter 5). Taking advantage of the variations in conformation as a function of the

ligand-bound state, the following translocation model for DEAH-box ATPases could be postulated: In the

ATP-bound state the RecA-like domains are in close proximity and accommodate a stack of four RNA

nucleotides in the RNA-binding tunnel (He et al., 2017; Prabu et al., 2015; Tauchert et al., 2017). Upon ATP

hydrolysis,  the RecA2 domain rotates and as a consequence the contacts of  this  domain with the RNA
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backbone are lost (Schmitt et al., 2018; Tauchert et al., 2016). The release of ADP triggers the opening of the

helicase core and the RecA2 domain binds again the RNA backbone shifted by one RNA nucleotide position

towards the 5’ end leading to a stack of five nucleotide in the RNA-binding tunnel (chapter 5). The binding

of ATP ensures the closure of the helicase core and thereby the RNA is pushed through the tunnel in 3’

direction  by  a  distance  equivalent  to  one  RNA nucleotide.  Briefly,  the  continuous  transition  between

adenosine nucleotide-dependent open and closed states allows DEAH-box ATPases to translocate along an

ssRNA at a pace of one RNA nucleotide per hydrolyzed ATP. While it has been discussed in chapter 5 that

this model is highly similar to the translocation mechanism proposed for NS3/NPH-II helicases, the closest

139

Figure 8: Structural analysis of helicase core dynamics in translocating SF1 and SF2 members. The helicase cores
(orange: RecA1; blue: RecA2) of SF1 (a-d) and SF2 (e-g) members known to translocate are shown in ATP-bound and
nucleotide-free states, if available. The distance between the domains centers are depicted to highlight the nucleotide-
dependent movements of the helicase core. Bound nucleic acids are displayed as red and gray cartoon models. Helicase
core-induced stacked RNA/DNA regions are shown in red. (h) Cladogram of SF1 and SF2 helicases based on sequence
alignments of the helicase core from helicases from E. coli,  S. cerevisiae,  H. sapiens and several viruses. This figure
was adopted from Fairman-Williams et al. (2010). 
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of the SF2 relatives, it is of interest if this model can also be applied to more distantly related SF2 or even

SF1 members. 

Since the key features to ensure the described translocation model are the adenosine nucleotide-dependent

opening and closing of the helicase core and the transition between a four and a five RNA nucleotide bound

stack, structures of other SF2 and SF1 members proposed to rely on translocation have been analyzed in

order to prove similar dynamics (Fig. 8a-g). Since for the DEAH-box ATPase subfamily the most prominent

domain  movements  are  observed  when  comparing  ATP-bound  and  adenosine  nucleotide-free  states,

structures of these two states from a representative of each of the other subfamilies were considered, if

available.  Among  the  SF2  members,  NS3,  Ski2-like  and  RIG-I-like  helicases  are  known  to  rely  on

processivity  for  their  functions  (Appleby  et  al.,  2011;  Büttner  et  al.,  2007;  Gu  and  Rice,  2010).  NS3

helicases  are  the  closest  SF2 relatives  of  the  DEAH-box family and the high similarity  concerning the

translocation mechanism has been thoroughly discussed in chapter 5 (Fig. 8b). Unfortunately, there are no

structures of one Ski2-like representative in both catalytic states with bound nucleic acids and therefore two

different members of this family in the same state were chosen for a comparison with the DEAH-box and

NS3 members (Fig. 8c)  (Büttner  et al.,  2007; Weir  et al., 2010). Although no domain movement can be

described,  these  structures  show similarities  with  the  nucleotide-free  state.  Both  exhibit  a  rather  open

conformation with a comparable RecA1-RecA2 distance to the DEAH/NS3 in the open state along with a

bound stack of five nucleotides. Additionally, in the Ski2-like family the 5’ end of the stack is delimited by a

β-hairpin,  which  is  also  the  case  for  DEAH/NS3.  These  similarities  suggest,  that  the  translocation

mechanism proposed for  DEAH/NS3 might  also be conserved in  Ski2-like  helicases.  In  contrast  to  the

DEAH-box,  NS3  and  Ski2-like  members,  the  RIG-I-like  subfamiliy  does  not  translocate  along  single-

stranded RNA, but on double-stranded helical RNA constructs (Devarkar et al., 2018; Jiang et al., 2011; Luo

et al., 2011). Despite the completely different target, the fundamental principle of directional motion might

be comparable, since a nucleotide-dependent transition between an open and a closed conformation can as

well be observed for RIG-I (Fig. 8d). 

Most  SF1 helicases have as well  been proposed to use  translocation to fulfill  their  functions  (Fairman-

Williams et al., 2010). Due to their similar architecture of the helicase core, which is also composed of two

RecA-like domains, a similar translocation mechanism as for DEAH-box helicases seems to be feasible. By

comparing  the  same  catalytic  states  in  the  three  SF1  subfamilies  (Upf1-like,  UvrD/Rep,  Pif1-like),  a

nucleotide-dependent movement of the RecA-like domains, which is similar to the one observed for SF2

members, can as well be determined (Fig. 8e-g). Interestingly, ATP-bound states of Upf1 and PcrA also

exhibit a stack of four nucleotides and the nucleotide-free state of PcrA a stack of five, which suggests a high

compatibility with the SF2 mechanism. Although RecD2 appears to be able to accommodate more stacked

nucleotides than all other SF1 and SF2 representatives, with a stack of six DNA nucleotides in the ATP-
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bound state and seven in the adenosine nucleotide-free state, it still exhibits the feature of being able to

accommodate an additional nucleotide in the nucleotide-free state (Fig. 8g). 

Summarizing, a translocation mechanism based on a toggling between open and closed conformational states

of the helicase core seems to be a conserved feature of both, SF1 and SF2. On average, the helicase core

opens and closes by about 3Å during each ATP hydrolysis cycle.  Additionally, most examples exhibit  a

binding of a further DNA/RNA nucleotide in the ATP-free state, suggesting that they all translocate with a

step-size  of  one  RNA/DNA nucleotide  per  hydrolyzed  ATP.  In  fact,  for  many  of  these  helicases  an

inchworm-typ of translocation mechanism has been described (Appleby et al., 2011; Büttner et al., 2007; Gu

and Rice, 2010; Hamann et al., 2019; He et al., 2017; Saikrishnan et al., 2009; Velankar et al., 1999)

These movements of the helicase core, however, need to be tightly regulated for controlled translocation to

happen. In chapter 5 a serine in conserved sequence motif V was proposed to play a central role in sensing

the catalytic state and positioning the RecA2 domain. In the following section the conservation of such a

sensing mechanism will be in focus.

6.2 Conservation of catalytic state sensing and RecA2 positioning

DEAH-box ATPases sense the catalytic state with the help of a serine in the conserved sequence motif V,

which interacts via the mainchain with structurally conserved water molecules of the active site. These water

molecules are unique to each catalytic state and due to this, DEAH-box ATPases are able to discriminate

between a bound ATP or ADP or no adenosine nucleotide at all (chapter 5). This ultimately results in the

defined positioning of the RecA2 domain according to the current catalytic state. In this process, the motif V

switches between helical (ADP, no adenosine nucleotide) and distorted (ATP) conformations. This sensing of

the active site water molecules shows a striking similarity to the γ-phosphate sensing mechanism of switch

regions in G domains of guanine nucleotide-binding proteins  (Vetter and Wittinghofer, 2001; Wittinghofer

and Vetter, 2011). Here, the hydrolysis of GTP triggers a spring-like conformational change of these switch

regions, which is transduced to associated domains leading to large molecular movements like observed for

motor proteins as kinesin and myosin (Fig. 9i) (Kull and Endow, 2002; Milburn et al., 1990). Since motif V

is highly conserved among SF1 and SF2 helicases, a similar sensing mechanism as for DEAH-box ATPases

could be expected for all other members. In order to get more insights into the conservation of this sensing

mechanism, structures of SF1 and SF2 members in different catalytic state are compared focusing especially

on conformational changes of motif V. 

To reveal conformational changes of motif V, the RecA2 domains of the individual catalytic states were

superimposed and only the motif V is highlighted (Fig. 9a-h). Strikingly, all ATP-bound structures of SF2
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members exhibit a distorted motif V conformation, whereas the other states show this motif in the helical

conformation (Fig. 9d-h). Although DEAD-box helicases do not share the ability of translocation with the

other analyzed SF2 helicases, they are known to undergo massive conformational changes of the helicase

core during the course of the stationary duplex unwinding process (Pyle, 2008). These domain movements

seem also to be controlled by the sensing mechanism of motif V, as it is also distorted in the ATP-bound state

(Fig. 9f). Interestingly, the DEAH-box subfamily is the only one to exhibit a serine in the prime sensing

position of motif V, but since the sensing is performed by the mainchain a glycine at this position is as well
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Figure 9: Structural comparison of the adenosine nucleotide-dependent conformational changes of motif V in SF1
and SF2  families.  SF1  (a-c) and  SF2  (d-h) helicases  are  shown as  semi-transparent  ribbon  models  in  different
adenosine nucleotide-bound states. Motif V is the only region highlighted as non-transparent ribbons. Bound nucleic
acids are depicted as cartoon models and adenosine/guanine nucleotides are displayed as ball-and-stick models. (i) The
G domain of Ras is shown as a semi-transparent ribbon model with the switch region highlighted in full opacity. All
NTP-bound structures are colored gray, NDP-bound structures red and adenosine/guanine-free structures blue. 
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capable of assuming this function, which is conserved in all other SF1 and SF2 members (Fig. 10). While the

motif  V seems to be structurally highly conserved in the SF2 family,  the sequence conservation is  less

stringent. Only a threonine at the beginning of the motif and the sensing G/S position are strictly conserved.

The variations in sequence of this motif might be necessary to meet the requirements of slightly different

domain positions in the other subfamilies or to cope with restrictions from additional auxiliary domains. This

might be specially the case for the Ski2-like subfamily, which shows the lowest sequence conservation, as

for these helicases the C-terminal ratchet domain has been proposed to play a central role in processivity,

while the C-terminal  domains in DEAH-box ATPases seem to have a rather regulatory role (chapter 4)

(Büttner et al., 2007).

In  contrast,  SF1  members  only  show one  motif  V conformation  independently  from the  catalytic  state

(Fig. 9a-c). Interestingly, in all structures it is found in the distorted conformation as seen for the ATP-bound

state of the SF2 family.  The constant  identical  conformation of the motif  indicates that  it  likely has no

sensing function in the SF1 family although the sensor glycine is still conserved (Fig. 10). Here, the primary

function of the motif is probably the interaction with the nucleic acids, which agrees with the conservation of

a threonine at the beginning of the motif also known to be involved in RNA/DNA backbone interactions in

SF2 representatives. In general,  the complete motif exhibits a strongly decreased degree of conservation

compared with SF2 members. While many hydrophobic residues remain conserved in the SF2 family, these
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Figure  10: Sequence conservation of  motif  V in
SF1 and SF2 families.  The sequence conservation
of motif V is analyzed with respect to the sequence
of  DEAH/DExH-box  ATPases.  Residues  strictly
conserved  are  highlighted  in  red  and  residues
sharing similar properties are colored in yellow. The
sensor serine/glycine position is depicted in blue. 
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are frequently substituted by polar or charged residues in SF1 members. This might give motif V different

functional properties in SF1 representatives. However, domain movements for translocation still need to be

coordinated and in the SF1 family additional N- or C-terminal domains might adopt the role of sensing and

positioning. 

In summary, it seems likely that the sensor function of motif V as proposed for DEAH-box ATPases is

conserved across all  SF2 members, but not  conserved in the SF1 family.  Despite the importance of the

domain movements of the helicase core for translocation, the dynamics of the auxiliary domains are also of

importance. For example movements of the C-terminal domains of DEAH-box ATPases play a role in the

loading of the single-stranded RNA. Although many aspects of DEAH-box ATPase domain dynamics have

been discussed in chapter 5, in the next section this topic will be revisited in the light of new structural

publications being released after the preparation of the presented publications/manuscripts. 

6.3 DEAH-box ATPase domain dynamics - revisited

Two recent structural studies about the DEAH-box ATPase Dhr1/DHX37 (S. cerevisiae/M. musculus) have

been published since the release of the chapter 5 publication (Boneberg et al., 2019; Roychowdhury et al.,

2019).  This  protein  is  involved  in  the  eukaryotic  ribosome  biogenesis,  where  it  catalyzes  structural

remodeling of RNAs or RNP complexes. Since the Dhr1 structure represents the ligand-free state and the

DHX37 structure the RNA-bound but adenosine nucleotide-free state, these structures will be used in this
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Figure  11:  Catalytic  state-dependent  conformational  conservation  of  the  helicase  core  in  DEAH/DExH-box
ATPases.  DEAH- and DExH-box ATPases  are  shown as  ribbon models  with the helicase core highlighted  in  full
opacity. All structure are superimposed via the RecA1 domain. NTP/NDP-bound (a & b) and RNA-bound (c) structures
show highly conserved helicase conformations dependent on the bound ligand. (d) Ligand-free structures exhibit a high
variability in the positioning of the RecA2 domain.
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section  to  reevaluate  the  helicase  core  dynamics  described  in  chapter  5  and  the  C-terminal  domain

movements needed for RNA loading and binding.

Translocation requires the accurate conformational orchestration of the helicase core, which is induced by

the different bound ligands (ATP, ADP and RNA) during this process. Here, the adenosine nucleotide plays

the most important role as it is able to dictate the conformation of the helicase core independently of the

presence or absence of RNA (Fig. 11b)  (Tauchert  et al., 2017). The conformation induced by the ATP is

highly conserved among genuine DEAH-box ATPases as well as in the closely related DExH-box ATPases,

leading to an almost identical superposition of the helicase cores of all available ATP-bound structures. Such

a structural conservation can also be observed for the ADP/CDP-bound state (Fig. 11a). While the RNA only

plays a subordinate role when an adenosine nucleotide is present, it is responsible for the positioning of the

RecA2 domain in absence of any adenosine nucleotide. This leads to a conserved open conformation of the

helicase core (Fig. 11c). In chapter 5 this catalytic state of the DEAH-box ATPase Prp22 could only be

compared with similar structures of the related DExH-box family, as it was the first structure of a genuine

DEAH-box ATPase in this conformation. In the meantime, the structure of the DEAH-box ATPase DHX37
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Figure  12: Overview of domain distances of different DEAH-box ATPase catalytic states.  DEAH-box ATPases are
depicted as semi-transparent cartoon models. Center of mass of RecA1 (orange), RecA2 (blue) and the C-terminal
domains (black) are shown as spheres. The distances between the centers of mass of these domains are given. The
different ligand-bound catalytic states dictate the position of the individual domains, which is represented by varying
interdomain distances. 
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was also solved in the same catalytic state and exhibits a virtually identical open helicase core conformation,

further reinforcing a conservation of this RNA-induced conformation (Fig. 12e, f) (Boneberg et al., 2019).

However, if there is no ligand present, the helicase core exhibits an increased conformational freedom. This

was postulated in chapter 5 based on a ligand-free structure of Prp22, in which the RecA2 domain adopts two

different  conformations in  the  two molecules  present  in  the  asymmetric  unit.  Although other  adenosine

nucleotide-free structures of Prp2 and DHX36 have been solved at the timepoint of the chapter 5 publication,

these structures resemble adenosine nucleotide-bound structures and should be considered with caution as

they might be biased by crystal packing. In fact,  crystallization conditions and crystal cell  constants are

virtually identical to their adenosine nucleotide-bound counterparts (Chen et al., 2018b; Schmitt et al., 2018).

This in turn argues in favor of the intrinsic RecA2 mobility, as in this case it can be assumed that the RecA2

domain can be forced into the adenosine nucleotide-mimicking conformation by the crystal packing. A recent

structure of the DEAH-box ATPase Dhr1 was also solved in the absence of an adenosine nucleotide and

RNA (Roychowdhury et al., 2019). Here, the helicase core also exhibits a unique and open conformation.

This observation can be used to confirm the intrinsic mobility of the RecA2 domain, which in the ligand-free

state is able to adopt a variety of open and closed conformations. Dhr1 even shows a slightly more open

helicase core conformation (32.2 Å) than reported for the ligand-free Prp22 (29.4 Å/31.0 Å) (Fig. 12a, c, d).

In total, due to the mobility of the RecA2 domain RecA1-RecA2 distances between 27.4 Å and 32.2 Å can

be achieved (Fig. 12). 

Interestingly, the Dhr1 not only shows an increased RecA1-RecA2 distance, but it also exhibits an increased

distance of the C-terminal domains to the helicase core (Fig. 12a; Fig. 13b)  (Roychowdhury  et al., 2019).

ADP-BeF3
--bound  crystal  structures  of  Prp43  show  an  open  conformation  of  the  C-terminal  domains

exposing the RNA-binding tunnel and it has been suggested that the binding of ATP triggers this opening and
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Figure 13: Distance of C-terminal domains to the helicase core in different catalytic states. DEAH-box ATPases in
different catalytic states are shown as semi-transparent ribbon models. The distance of the C-terminal domains to the
RecA1 and RecA2 domain is given. The black spheres represent the closest residues between these domains, which
were found in the ADP-bound Prp2 structure  (e). The same residues were used for the analysis of the interdomain
distances in all other structures (a-d). 
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thereby facilitates the loading of the single-stranded RNA (Tauchert et al., 2017). However, while Prp43 and

Prp22 show indeed a slightly increased affinity towards ssRNA in the presence of the ATP-analog AMPPNP,

both ATPases are as well capable of stably bind ssRNAs in absence of an adenosine nucleotide (chapter 5).

This suggests that ATP is not strictly necessary for the opening of the C-terminal domains, which is in line

with the similarly open conformation of the ligand-free Dhr1 (Fig. 13b). In contrast of stabilizing an open

conformation,  the ATP might rather increase the mobility of this domain.  This could favor the transient

formation of open conformations, which were trapped in this state by the crystal packing in the two Prp43

structures. It is also worth mentioning, that an ATP-bound structure of the DExH-box ATPase DHX36 is

trapped in a closed C-terminal conformation (Chen et al., 2018a). This argues against the stabilization of an

open conformation and supports the idea of an increase in mobility when ATP is present. ATP- and RNA-

bound structures as well as solely RNA-bound structures of DEAH-box ATPases show unanimously a closed

C-terminal conformation with the ssRNA enclosed in the RNA-binding tunnel (Fig. 13c, d) (chapter 4 and 5)

(Boneberg et al., 2019; Chen et al., 2018a, 2018b; He et al., 2017; Prabu et al., 2015; Tauchert et al., 2017).

Once the RNA is bound, its interactions with the C-terminal domains might ensure the maintenance of the

closed conformation. 

In  summary,  the  new Dhr1 and DHX37 structures  confirm on the one hand that  the  open RNA-bound

catalytic state observed for Prp22 is conformationally conserved and on the other hand they provide more

proofs for the intrinsic mobility of the RecA2 domain. Additionally, Dhr1 provides the structural evidence

that RNA loading is also possible in the absence of an adenosine nucleotide. The C-terminal domains are

able to flexibly move as a rigid body independently of the adenosine nucleotide state, but this mobility might

be increased in the presence of ATP. In the spliceosome, DEAH-box ATPase are loaded on single-stranded

RNA stretches at the peripheries of the complex and in the next section the mechanisms of RNA loading and

translocation will be discussed in the context of the spliceosome. 

6.4 Translocation of DEAH-box ATPases in the spliceosome

DEAH-box  ATPases  join  their  respective  spliceosomal  complexes  very  transiently  as  they  are  usually

displaced as a consequence of their remodeling. Since their involvement during splicing is so short-lived,

they  can  only  be  recruited  to  peripheral  regions  to  fulfill  their  tasks.  Although  they  usually  ensure

rearrangements by the displacement of nearby splicing factors, their intervention remodels also more buried

parts of the spliceosome. Due to the inaccessibility of these regions to the DEAH-box ATPases, their targets

need to somehow connect these interior parts with the outer binding sites of the ATPases. Prp2, Prp16 and

Prp22 bind the pre-mRNA, 3’exon-intron and mRNA, respectively, on the peripheries, which are all linked
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Figure  14: Effects  of DEAH-box ATPase translocation on spliceosomal rearrangements.  Protein components of
spliceosomal complexes are shown as semi-transparent cartoon models, with the exception of the DEAH-box ATPases,
which  are  shown in full  opacity.  RNA components  are  shown as  tube  models.  Displaced  splicing factors  by  the
involvement  of  Prp2,  Prp16 and  Prp22 are  depicted  as  semi-transparent  surface  models.  DEAH-box ATPases  are
always located at the periphery of the spliceosome and are facing with the 5’ RNA entrance of the RNA-binding tunnel
towards the  core  of  the complex.  Prp2,  Prp16 and  Prp22 target  single-stranded RNA sequences  that  are  used for
translocation. Prp43 is the only ATPase with a duplex nearby. 
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to the active site (Fig. 14). By using translocation on these single-stranded RNAs they are able to apply

pulling forces on the RNA that have an impact on associated protein factors and on the RNA network. 

But before they can fulfill  their functions, the proper recruitment of the DEAH-box ATPases is of great

importance. Not only do they need to bind the right site at the spliceosome, but need also to be correctly

oriented. Since they are 3’-5’ translocases, all  DEAH-box ATPases are found bound in the spliceosomal

cryo-EM structures with the 5’ RNA entrance facing towards the core of the complex, from which the target

RNA comes from (Fig. 14).  In most  of these structures the ATPases contact the spliceosome via the C-

terminal domains. Such an attachment to the complex provides the spatial requirements for the RecA-like

domains to be able to move as needed for translocation. Due to the fact that the DEAH-box ATPases bind to

large RNA segments,  the loading needs to  be performed by the opening of the C-terminal  domains,  as

described  in  the  previous  section.  Once  the RNA is  loaded,  the  translocation of  these proteins  ensures

spliceosomal remodeling.

Prp2  performs  translocation  on  the  pre-mRNA  and  thereby  ensures  one  of  the  most  prominent

rearrangements during the splicing cycle. Its involvement displaces the SF3a/b and RES complexes as well

as splicing factors Cwc24 and Cwc27 (Wan et al., 2019). In the Bact complex, these factors are arranged close

to the pre-mRNA (Fig. 14a) (Rauhut et al., 2016; Yan et al., 2016). The influence of the Prp2 translocation

on the pre-mRNA likely influences the interaction of these factors with the pre-mRNA, ultimately leading to

their dissociation. But also the RNA network is remodeled. The U2/pre-mRNA duplex is significantly shifted

towards the active site in the B* complex compared to its more outer position in the Bact complex. Whether

this relocation is directly caused by the Prp2 translocation or by the displacement of the splicing factors

cannot be assigned with certainty, but it is likely a combined effect. Interestingly, Prp16 has a lower impact

on compositional changes in the transition from the C to the C* complex  (Fica  et al., 2017; Galej  et al.,

2016). Due to its involvement only Cwc25, Yju2 and Isy1 are displaced (Fig. 14b). These factors are close to

the active site and its displacement highlights how DEAH-box ATPases are able to remodel the spliceosome

composition from a distance. The pulling on the 3’exon-intron RNA by the Prp16 translocation additionally

causes a dramatic 75° rotation of the active site branch helix, a duplex between U2 and the intron. In the P

complex,  Prp22  releases  the  ligated  mRNA from  the  complex  possibly  by  pulling  out  the  RNA via

translocation, which also displaces several other splicing factors nearby (Fig.  14c)  (Liu  et al., 2017). The

active site however remains vastly intact  (Wan  et al., 2017). Prp43 is the only DEAH-box ATPase in the

spliceosome with a duplex in close proximity. It is yet unclear if it targets the U2 or U5 snRNA and it is even

feasible,  that  it  is  the  only  spliceosomal  DEAH-box  ATPase  to  couple  translocation  to  direct  duplex

unwinding. The involvement of Prp43 leads to the complete disassembly of the spliceosome. 

149



Chapter 6: Discussion and Outlook

Summarizing, the cryo-EM structures reinforce the importance of translocation by DEAH-box ATPases. Due

to  their  transient  involvement  in  the  spliceosome  they  can  only  be  recruited  to  the  peripheries  of  the

complex, but need to ensure the remodeling of distant spliceosomal regions. This is achieved by targeting

RNAs at the complex surface that are also part of the active site. The pulling effect of translocation then has

an impact on splicing factors associated with this RNA and RNA networks at the active site.  While the

catalytic functions of Prp22 and Prp16 are not known to be regulated by other spliceosomal factors, Prp2 and

Prp43 require the help of G-patch proteins to fulfill their tasks. The interaction of Prp2 with its co-factor

Spp2 has been discussed in detail in chapter 3 and in the next section these gained insights will be used to

analyze the Prp43 interaction with the G-patch protein Ntr1 in the context of the spliceosome. 

6.5 Insights into the Prp43-Ntr1 interaction in the spliceosome

The  G-patch  proteins  Spp2  and  Ntr1  play  a  vital  role  for  the  DEAH-box  ATPases  Prp2  and  Prp43,

respectively (Fourmann et al., 2016; Roy et al., 1995; Silverman et al., 2004; Tsai et al., 2007; Warkocki et

al.,  2015).  By  the  stimulation  of  the  ATPase  activity  of  both  and  the  helicase  activity  of  Prp43  their

interaction with the respective ATPase is  essential  for  the spliceosomal function  (Christian  et  al.,  2014;

Tauchert et al., 2017; Warkocki et al., 2015). Chapter 3 reveals the first structural insights into the interaction

of a G-patch motif with a spliceosomal DEAH-box ATPase based on the complex crystal structure of Prp2

and the Spp2 G-patch. Due to the limited resolution at the peripheries of spliceosomal cryo-EM structures,

the structural  elucidation of the at  least  partially disordered G-patch proteins has remained an unsolved

challenge. In chapter 3 the crystal structure of the Prp2-Spp2 G-patch complex together with available cross-

linking data of the Bact complex was used to locate the G-patch within the spliceosome and predict the

attachment to the spliceosome of flanking Spp2 regions. Using the information gained from chapter 3, the

cryo-EM-based information of the interaction of Prp43 with the G-patch protein Ntr1 in the ILS will be

revisited in this section (Wan et al., 2017).

Although there is no structural information about the Prp43-Ntr1 G-patch interaction, it has been suggested

in chapter 3 that the interaction might be highly similar to the one of Prp2 and Spp2. This was based on the

facts, that the G-patch motif and the interaction sites on the DEAH-box ATPases are highly conserved and

that available cross-link data support a comparable binding  (Christian  et al., 2014).  Based on this, the G-

patch of Ntr1 can be modeled onto the Prp43 structure in the spliceosome (Fig.  15a). In contrast to Spp2,

which is  intrinsically disordered in its  entirety,  Ntr1 exhibits  only disorder in its  G-patch-containing N-

terminal region. The C-terminal part adopts a large superhelical conformation, which is attached to Snu114 at

its most C-terminal end (Wan et al., 2017). The model of the Ntr1 G-patch is oriented in a way that it faces
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towards the superhelical region of Ntr1 (Fig. 15a). Interestingly, the modeled superhelical region of Ntr1

already contains a portion of the C-terminal section of the G-patch, which in the modeled G-patch based on

the Prp2-Spp2 crystal structure is attached to the RecA2 domain. This leads to a discrepancy in location of

about 60 Å (Fig. 15b). Since the distance from the N-terminal helix of the G-patch to either the C-terminal

end bound to RecA2 domain or to the superhelical region is about 50-60 Å, it could be feasible that only the

N-terminal helix binds to Prp43 in the spliceosomal context. On the other hand, due to the high dynamics of

the  spliceosomal  peripheries,  it  could  also  be  possible  that  the  C-terminal  G-patch  region  binds  only

transiently. Such a transient binding of this stretch would be in agreement with its alternative conformations

found in the Prp2-Spp2 G-patch crystal structures (chapter 3). 

Although the structural work on the Prp2-Spp2 G-patch complex could provide insights into how G-patch

motifs are able to conformationally adapt to the DEAH-box ATPase domain movements during translocation,

the structures only provide limited evidence on how stimulation is achieved (chapter 3). Since the G-patch

does not directly contact adenosine nucleotide- or RNA-binding sites, it has been proposed that instead it has

an impact on the dynamics of the ATPases. The C-terminal part of the G-patch binds to the RecA2 domain

and could thereby influence its mobility that has been described to be vital for translocation (chapter 5). The

N-terminal α-helix binds to the winged-helix domain, which is the hinge domain for the opening of the C-
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Figure 15: Model of Ntr1 G-patch in the splicesosome. Protein components of the ILS (intron lariat spliceosome) are
shown as cartoon models. snRNAs are depicted as tube models. The Ntr1 G-patch is modeled onto Prp43 based on a
superposition of the Prp2-Spp2 G-patch complex structure on Prp43.  (a) The bound G-patch is oriented towards the
superhelical region of Ntr1. (b) The distances are given that need to be bridged between the cryo-EM Ntr1 model and
the superposition-based G-patch model.
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terminal domains and due to this could have an impact on RNA loading (Tauchert et al., 2017). In fact, in the

presence of  Ntr1 Prp43 binds ssRNA with an about  100-fold higher  affinity  (Marieke Enders,  personal

communication). An additional factor could be that, once the RNA is loaded, Ntr1 locks the hinge function of

the winged-helix domain and thereby hinders the release of the ssRNA out of the tunnel. This could explain

the increased affinity towards ssRNA and the stimulation of translocation/unwinding. Furthermore, it could

be shown that  the release of bound ADP is favored in  the  presence of Ntr1 (Marieke Enders,  personal

communication). Such a function as nucleotide-exchange factor is in line with the stimulation of the ATPase

activity of Prp43  (Christian  et al.,  2014; Tauchert  et al.,  2017). These findings only start  to deepen the

knowledge about the interplay of DEAH-box ATPases with their G-patch proteins and extensive biophysical

studies are still needed to fully understand the structural data obtained during this thesis. 
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Chapter 7: Abstract

DEAH-box ATPases play a vital role in the activation, catalytic and disassembly steps of the spliceosome.

They are key for the orchestration of conformational and compositional rearrangements during the splicing

cycle. It has long been proposed that they do this by targeting double-stranded RNA networks and unwinding

duplexes. However, recent structural as well as biochemical studies suggest that they rather act on single-

stranded RNAs at the spliceosomal peripheries and thereby remotely remodel the spliceosome. While mainly

structural  approaches  have  tried  to  unravel  the  translocation  mechanism  of  spliceosomal  DEAH-box

ATPases, only initial insights into the conformational dynamics of this family could be gained. It has been

proven that the analysis of different ligand-bound states has been key to unveil  domain movements and

adenosine nucleotide-free states of spliceosomal DEAH-box ATPases still remained elusive at the beginning

of this thesis. The determination of the apo structure of the  Chaetomium thermophilum Prp22 revealed an

intrinsic  mobility  of  the  RecA2 domain that  allows open conformations of  the helicase core  previously

undescribed.  A bound RNA to the adenosine nucleotide-free  Prp22 stabilizes  the  RecA2 domain into a

defined open conformation of the helicase core. Compared to the RNA- and ATP-bound state of Prp43 with a

closed helicase conformation, the adenosine nucleotide-free state is able to accommodate an additional RNA

nucleotide in  the  binding tunnel.  A continuous toggling between closed and open conformations of  the

helicase core,  enables DEAH-box ATPases to translocate along an ssRNA with a step-size of one RNA

nucleotide per hydrolyzed ATP. In order to synchronize these domain movements, a serine in the conserved

sequence motif V is able to sense the catalytic state and accordingly position the RecA2 domain.

A further goal of this thesis was to study the discrepant way of functioning of Prp2. Prp2 plays a special role

among spliceosomal DEAH-box ATPases as it is the only one not showing any in vitro unwinding capability.

Comparing the ADP-BeF3
--  and RNA-bound structure  of  Chaetomium thermophilum Prp2 with a  Prp43

structure in the same catalytic state, a loop in the C-terminal domains could be identified that ensures a

divergent  way of interaction with the RNA in Prp2. An insertion in this loop in Prp2 threads the RNA

differently through the binding tunnel and might play a role in impeding Prp2 from being an unwindase.

Additionally, complex structures of a Prp2-Spp2 G-patch complex could be solved and provide the first

glimpse of a G-patch domain bound to its target protein. The structures show that the N-terminal part of the

G-patch stably binds the winged-helix domain of Prp2, while the C-terminal end binds the RecA2 domain

with two alternative conformations. Together with a flexible linker connecting these two parts, the G-patch

exhibits  an increased conformational flexibility that enables it  to adapt to the movements of the RecA2

domain during translocation.  
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Abbreviations

°C Degree Celsius

2’OH 2‘ hyroxy

3’SS 3’ splice site

3’OH 3‘ hydroxy

5’SS 5’ splice site

6-FAM 6-Carboxyfluorescein

A Adenine

Å Angström

AAA+ ATPase associated with diverse cellular activities

ADP Adenosine diphosphate

AMPPNP Adenosine-5'-[(β,γ)-imido]triphosphate

ATP Adenosine triphosphate

Bact Activated complex B

Brr2 Bad response to refrigeration 2

CD Circular dichroism

CDP Cytidine diphosphate

Cmg1 Cytoplasmic and mitochondrial G-patch protein 1

Cryo-EM Cryo-electron microscopy

ct Chaetomium thermophilum

C. thermophilum Chaetomium thermophilum

C-terminal Carboxy-terminal

Cus1 Cold sensitive U2 snRNA Suppressor 1

Cwc Complexed with CEF1
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Da Dalton

Dbp5 DEAD box protein 5

dcFCCS Dual-color fluorescence cross-correlation spectroscopy

DEAD aspartate-glutamate-alanine-aspartate

DEAH aspartate-glutamate-alanine-histidine

Desy Deutsches Elektronen-Synchrotron

DFG Deutsche Forschungsgemeinschaft

DNA deoxyribonucleic acid

DHX DEAH-box helicase

Dib1 DIm1+ in Budding yeast 1

E. coli Escherichia coli

eIF4A Eukaryotic initiation factor 4A

ESRF European Synchrotron Radiation Facility

Fn Fibronectin-like

Gno1 G-patch nucleolar protein 1

G-patch Glycine-rich patch

GTP Guanosine triphosphate

HB helix-bundle

HCV Hepatitis C virus

Hel308 ATP-dependent DNA helicase Hel308

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

hs Homo sapiens

H. sapiens Homo sapiens

Hsh155 Human Sap Homolog 155

ILS Intron-lariat spliceosome

ISL Internal stem-loop
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Isy1 Interactor of SYf1p 1

ITC Isothermal titration calorimetry

K Kelvin

Kcat Turnover numbered

KM Michaelis constant

l Liter

LSm U6 snRNA-associated Sm-like protein

m3G 2,2,7-trimethyl-guanosine

m7G 7-methylguanosine

min Minute

MPD 2-Methyl-2,4-pentanediol

mRNA messenger RNA

NADH Nicotinamide adenine dinucleotide

MLE maleless

Msl5 Mud Synthetic-Lethal 5

Mtr4 mRNA transport regulator MTR4

Mud2 Mutant U1 Die 2

NDP Nucleoside diphosphate

NMR Nuclear magnetic resonance

NS3 Non-structural protein 3

NTC NineTeen complex

N-terminal Amino-terminal

NTP Nucleoside triphosphate

NTR NineTeen-Related

Ntr1 Nineteen complex-related protein 1
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OB Oligonucleotide-binding

OD Optical density

OH hydroxy group

PAGE Polyacrylamide gel electrophoresis

PcrA plasmid copy reduced A

PDB Protein Data Bank

PEG Polyethylene glycol

PEP 2-phosphoenolpyruvate

PETRA III Positron-Elektron-Tandem-Ring-Anlage III

Pfa1 Prp forty-three associated 1

Poly-A Poly-adenine

Poly-U Poly-uridine

Pif1 Petite Integration Frequency 1

pre-mRNA precursor mRNA

Prp pre-mRNA-processing factor

Rad3 RADiation sensitive 3

RES pre-mRNA retention and splicing complex

RHA RNA helicase A

RIG-I-like Retinoic acid inducible gene I

r.m.s.d. Root-mean-square deviation

RNA Ribonucleic acid

RNP Ribonucleoprotein

rpm Revolutions per minute

sc Saccharomyces cerevisiae

S. cerevisiae Saccharomyces cerevisiae
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Abbreviations

S. pombe Schizosaccharomyces pombe

SF superfamily

SF splicing factor

Ski2 Superkiller protein 2

Slu Synthetic lethal with U2 snRNA protein

Sm Small nuclear ribonucleoprotein

Snu small nuclear ribonucleic associated

snRNP small nuclear RNP

snRNA small nuclear RNA

SN Nucleophilic substitution mechanism

Spp Suppressor of PRP protien

ss single-stranded

Sub2 Suppressor of BRR1 protein 2

Tris 2-Amino-2-(hydroxymethyl)propane-1,3-diol

tRNA transfer RNA

U Uracil

Upf1 Up-frameshift suppressor 1

U-snRNP uridine-rich small nuclear ribonucleic particle

WH winged-helix

Yju2 Protein CWC16
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