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Abstract

mRNA splicing is a highly dynamic process by which non-coding sequences are
removed from a pre-mature mRNA. It is catalyzed by the spliceosome, a huge and
highly dynamic ribonucleoprotein complex consisting of up to five small nuclear
RNAs and more than 100 proteins. For each intron to be excised, the spliceo-
some has to assemble on the pre-mRNA, catalyze the two steps of the splicing
reaction and is disassembled afterwards. The dynamics of the spliceosome are
driven and controlled by at least eight conserved DExD/H-box ATPases which
remodel RNA-RNA | protein-RNA and protein-protein interactions during assem-
bly, catalysis and disassembly of the spliceosome and are furthermore involved in
quality control.

The DEAH-box ATPase Prp2 plays a key role in the activation of the spliceosome,
as it promotes the transition of the spliceosome from the Bact to the catalyti-
cally active B® complex. Prp2 exhibits an RNA-dependent NTPase activity and
is active in the spliceosome after binding to its interaction partner, the G-patch
conteining protein Spp2. The G-patch sequence motif consists of a conserved
glycine pattern and is mostly found in proteins involved in RNA processing. So
far, the structure of a G-patch motif has been unknown and the function of the
G-patch motif in general and in particular of Spp2 remained elusive.

Here, the crystal structure of Spp2 from Chaetomium thermophilum in complex
with Prp2 is shown, representing the first crystal structure of a G-patch pro-
tein. Free Spp2 is intrinsically disordered as demonstrated by CD- and NMR-
spectroscopy, but at least its G-patch region adopts a well-defined fold upon
binding to Prp2. The interaction with Spp2 induces major structural changes in
the B-hairpin of Prp2, a region which is supposed to move upon ATP binding.
However, Spp2 does not affect the ATPase activity or RNA affinity of Prp2 in
vitro. Together, these findings give rise to the hypothesis that Spp2 might fulfill
the function of an adaptor protein recruiting Prp2 to the spliceosome and trans-
ferring mechanical forces generated by ATP hydrolysis to other components of

the spliceosome.






1 Introduction

In the eukaryotic cell, the major part of the genetic information is stored as chro-
mosomal DNA, located in the nucleus. Upon transcription, the DNA-sequence
is transcribed into precursor messenger RNA (pre-mRNA), which has to be pro-
cessed before it is exported into the cytoplasm were translation into a polypeptide
by ribosomes takes place (Moore and Proudfoot, 2009; Hocine et al., 2010). Pro-
cessing steps include the addition of an m”Guanosin cap at the 5’ end, protecting
the mRNA against 5’-3’ exonucleases and serving as recognition motif for proteins
involved in translation or RNA export (Drummond et al., 1985; Hsu and Stevens,
1993). At the 3’ end of the pre-mRNA a poly(A)-tail is added which increases
stability and plays an important role for translation efficiency (Tarun and Sachs,
1996).

A further necessary step is the removal of non-coding intervening sequences (in-
trons) from the pre-mRNA which is achieved by excision of the intron, followed by
ligation of the coding sequences (exons) in a process termed splicing. The process
of splicing is catalyzed by a highly dynamic multi-megadalton ribonucleoprotein
(RNP) complex, the spliceosome (Wahl et al., 2009; Will and Lithrmann, 2011).
Two different modes of splicing are known today: constitutive splicing, where all
exons are present in the processed mRNA and alternative splicing, where some
exons are excised during mRNA maturation, alternative 5’splice sites (5’ss) or
3’splice sites (3’ss) are recognized or in rare cases introns are retained. Alter-
native splicing results in different species of mRNA originating from the same
pre-mRNA and is found in higher eukaryotes were it increases the genomic flexi-
bility, as different proteins can be coded by one gene (Ast, 2004; Chen and Manley,
2009).

1.1 Introns

In eukaryotes, four different classes of introns have been described so far. Besides

the spliceosomal introns these are the group I & II of self-splicing introns as well



1 Introduction

as t-RNA introns.

Among the self-splicing introns, group I introns have been discovered in 1982 and
represent the first example of an RNA-catalysis (Zaug and Cech, 1980; Kruger
et al., 1982). Group II introns are mainly found in plants, protists and funghi
(Peebles et al., 1986) but they are also widely distributed in bacteria (Toro, 2003).
Group IT self-splicing introns are generally assumed to have diverged from a com-
mon ancestor with spliceosomal introns - a theory which is supported by crystal
structure analysis of a group II intron from Oceanobacillus iheyensis in different
states of catalysis (Toor et al., 2008; Dayie and Padgett, 2008; Chan et al., 2012).
tRNA introns are present in bacteria, archaea and eukaryotes. While tRNA in-
trons in bacteria are self-splicing (Biniszkiewicz et al., 1994), the splicing reaction
in yeast occurs in three steps requiring the activity of an endonuclease, a ligase
and a phosphotransferase (Abelson et al., 1998). In Saccharomyces cerevisiae, 59
of the 272 tRNA genes are interrupted by introns (Trotta et al., 1997). Within
the four classes, the major part represents spliceosomal introns which are pro-
cessed by the spliceosome. Spliceosomal introns contain several characteristic
sites, namely the 5’ss, the 3’ss, and the branch site (bs) located 18-40 nt up-
stream of the 3’splice site, which are recognized by the spliceosome via highly
conserved sequence motifs at these positions (Will and Lithrmann, 2011). Addi-
tional cis-acting elements on the pre-mRNA such as exonic or intronic splicing
silencers (ESSs/ISSs) as well as exonic or intronic splicing enhancers (ESEs/ISEs)
are interacting with ¢rans-acting factors of the spliceosome and thereby inhibit or
strengthen splice site recognition or spliceosome assembly (Burgess and Guthrie,
1993; Smith and Valcarcel, 2000). In yeast, only 3.8% of the genes contain in-
trons, 70% of them coding for ribosomal proteins (Lopez and Séraphin, 1999). In

contrast, 92% of mammalian genes contain introns (Fedorova and Fedorov, 2005).

1.2 The splicing reaction

For excision of an intron, two consecutive Sy2-type transesterification reactions
have to occur (Figure 1.1). These reactions take place at the conserved 5'- and
3’ss as well as on the branch point and require no additional energy in form of
ATP (Moore and Sharp, 1993).

During the first reaction, the 2’-hydroxyl group of the branch site adenosine per-
forms a nucleophilic attack on the esterbond of the 5’ss phosphate. This results in

a free 5’-exon with a free 3’-hydroxyl group and a lariat intermediate formed by a



1.3 The spliceosome

2’-5" phosphodiester bond between the branch point adenosine and the phosphate
of the 5’ss. In the second step, the 3’-hydroxyl group of the 5’-exon attacks the
phosphodiester bond of the 3’ss in a nucleophilic manner resulting in ligation of
the two exons by a new 3’-5’ phosphodiester bond and excision of the intron-lariat
(Ruskin et al., 1984; Padgett et al., 1984).

Excision of spliceosomal introns from pre-mRNA does not occur on its own, but

requires the activity of a macromolecular machinery, the spliceosome.

G
A— OH
5'ss BP  3'ss Cp <

B |P——A—PE — A___ﬁgt:gg:j — f_ET_IEr'!!'T

Step 1 Step 2

Figure 1.1: Schematic representation of the two transesterification reactions required for pre-
mRNA splicing. Exons and introns are represented by boxes and lines respectively. The
branchpoint (BP) adenosine is indicated by a capital A, along with the phosphates (P) at
the conserved 5’ and 3’ splice sites (5’ss/3’ss). Figure adapted from Will and Lithrmann
(2011).

1.3 The spliceosome

Recognition of the splice sites of pre-mRNA and catalysis of the two transesteri-
fication reactions is performed by the spliceosome.

The spliceosome consists of up to 5 uridine-rich small nuclear RNAs (U snRNAs)
and numerous associated proteins. The whole complex is assembled stepwise di-
rectly on the preemRNA with tremendous changes in its composition for every
step. After reaching a state of catalytical activity, the spliceosome catalyzes the
two splicing reactions and is subsequently disassembled. Since the spliceosome is
a single-turnover machinery, the processes of assembly and disassembly have to
occur for every spliced intron. (Figure 1.2

To date, two different types of spliceosomes are known up to now, the major (or
U2 dependent) and the minor (or Ul2 dependent) spliceosome.

The major spliceosome catalyzes splicing of most pre-mRNA introns and is formed
by the U1, U2, U4/U5 and U6 small nuclear ribonucleoprotein particles (snRNPs)
(Will and Lithrmann, 2001) as well as several associated non-splicosomal proteins
(Wahl et al., 2009). Each snRNP is composed of an uridine-rich RNA with a
length between 100 and 200 bases and the seven Sm-proteins B/B’, D1, D2, D3,
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E, F and G which form a heptameric ring (Kambach et al., 1999; Weber et al.,
2010). Additionally, each snRNP is associated with a set of several specific pro-
teins (Wahl et al., 2009).

The minor spliceosome, which in metazoan and plants excise a rare class of in-
trons, is composed of the Ull, Ul2, Udatac/U6atac and U5 snRNP (Tarn and
Steitz, 1996; Russell et al., 2006).

5'SS BP  3'SS
[ GU — A—AC [ Pre-mRNA Q Intron [ mRNA
U2
U

Prp43 - ATP
Brr2 - ATP
u1 Snu114-GTP
U1 /7
O ——m 5 U6 U2/
ComplexE n U5  prp22-ATP

u2
% Prps - ATP /7
Sub2/UAP56 - ATP Us U2/

U1 uUs
= v — o
Pre-spliceosome Post-spliceosome

(complex A) U6 U4 complex
U5
Prp28 - ATP Prp22 - ATP
P U4/U6.U5 Prp16-ATP / 20 Step
tri-snRNP
U1 /7
U6 U4 U6 U2
us U < us
Pre-catalytic spliceosome |, Catalytic step 1 splicecosome
(complex B) (complex C)
U4
1%t Step
Brr2 - ATP U6 U2 U6 U2
Snu114 - GTP EE-us '\ ——> E-us il
Prp2 - ATP
Bact B*
(activated) (catalytically activated)

Figure 1.2: Schematic representation of assembly and disassembly steps of the U2 dependent
spliceosome. The different complexes are named according to the metazoan nomenclature.
The snRNPs are shown as circles, the conserved DExD/H-box proteins which facilitate
conformational changes are indicated next to the arrows. Figure adapted from Will and
Lithrmann (2011).
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1.4 The splicing cycle

1.4 The splicing cycle

The different steps of the splicing cycle can be grouped into three major parts,
namely the assembly of the spliceosome, catalysis of the two transesterification

reactions and disassembly of the intron-lariat spliceosome.

1.4.1 Assembly of the spliceosome

The assembly process of the spliceosome differs significantly depending on the
length of the intron to be excised. If the intron does not exceed 200-250 nts the
spliceosome assembles across the intron, starting with formation of complex E. In
this complex, the Ul snRNP is recruited to the 5’ss and additional sequence mo-
tifs are recognized by non-snRNP factors: SF1/mBBP interacts with the branch
site whereas the U2 auxiliary factor (U2AF) binds to the polypyrimidine tract
(PPT) downstream of the bs (Berglund et al., 1997; Fox-Walsh et al., 2005).

In contrast, if an intron exceeds 200-250 nts, there are alternative ways of spliceo-
somal assembly including the formation of splicing complexes across an exon in a
process called exon-definintion (Fox-Walsh et al., 2005). This process is predom-
inantly found in mammals whose pre-mRNAs contain multiple introns with sizes
between several hundred and several thousand nucleotides (Deutsch and Long,
1999; Xiao et al., 2007). Initiation of exon definition is characterized by binding
of the Ul snRNP to the 5’ss downstream of an exon followed by the association
of U2AF to the PPT. These events lead to the recruitment of the U2 snRNP to
the branch site. The exon defined complex is then stabilized by proteins of the
SR protein family, which are recruited by ESEs (Hoffman and Grabowski, 1992;
Reed, 2000; Das et al., 2000).

For the chemical splicing steps, the exon-defined complex has to be switched to
an intron-defined splicing complex. Interaction of the U2 and Ul snRNPs bound
to the 5’ss lead to formation of the cross-intron A complex (Smith and Valcarcel,
2000). The whole process is poorly understood so far and there are indications
that an exon-defined complex might also be directly converted into a cross-intron
B complex giving rise to the assumption that multiple pathways exist (Schneider
et al., 2010).

Formation of complex E is followed by binding of the U2 snRNP proteins SF3a/SF3b
next to the branch site (Gozani et al., 1996) and by U2AF65 which directly in-
teracts with the bs (Valcarcel et al., 1996). Formation of complex A is completed

11



1 Introduction

by the ATP dependent activity of two DEAD-box proteins, Prp5 and Sub2. Prp5
acts on the U2 snRNP itself modulating intron selectivity (Xu and Query, 2007),
whereas Sub2 promotes the removal of U2AF65 thus allowing stable interaction
of the U2 snRNP with the pre-mRNA (Kistler and Guthrie, 2001).

In a subsequent step, the pre-assembled tri-snRNP consisting of the U4/U6 and
U5 snRNPs is recruited to the spliceosome, leading to formation of the catalyti-
cally inactive B complex. In the following ATP-dependent steps, major rearrange-
ments of RNA-RNA and RNA-protein interactions occur and give rise to the ac-
tivated B*' complex which nevertheless is catalytically inactive. The DEAD-box
helicase Prp28 catalyzes the release of the Ul snRNP (Staley and Guthrie, 1999)
while the Ski2-like ATPase Brr2 disrupts the U4/U6 RNA base-pairing (Raghu-
nathan and Guthrie, 1998), leading to U4 snRNP release. The 5’ end of the U6
snRNA can now base-pair with the 5’ss and thus replaces Ul and U4 (Konforti
et al., 1993) while the U6 snRNP also interacts with the U2 snRNP, positioning
the 5’ss near the branch site as a prerequisite for the first step of splicing (Mad-
hani and Guthrie, 1992; Sun and Manley, 1995).

1.4.2 Catalysis of the splicing reaction

The transition into the catalytically active B” complex is promoted by the DEAH-
box helicase Prp2 along with its cofactor Spp2 (Silverman et al., 2004). It has been
shown, that ATP-hydrolysis by Prp2 leads to a remodeling of the spliceosome,
along with the destabilization of the U2 snRNP proteins SF3a and SF3b which
bind near the branch site. As a consequence, the branch site adenosine becomes
available for the subsequent nucleophile attack (Warkocki et al., 2009). Moreover
it was demonstrated, that the U2 proteins stay associated with the spliceosome
at physiologic salt concentrations and that remodeling of the spliceosome by Prp2
creates a high affinity binding site for Cwe25 (Ohrt et al., 2012). The activated
spliceosome subsequently catalyzes the first reaction step, generating the C com-
plex.

Prior to the second catalytic step, the DEAH-box ATPase Prpl6 induces the
release of the two components Yju2 and Cwe25 (Tseng et al., 2011) by its interac-
tion with an intron sequence on the pre-mRNA near the 3’ss (Umen and Guthrie,
1995). The splicing factors Slu7, Prpl8 and Prp22 then identify the 3’ss prior to
the second reaction step (Horowitz and Abelson, 1993; McPheeters et al., 2000),

12



1.5 Components of the spliceosome

while the 3’ss seems to be dispensable for the first reaction step (Rymond and
Rosbash, 1985). Alignment of the 3’- and 5’-exon for ligation is mainly medi-
ated by the U5 snRNP whose associated protein Prp8 is suggested to stabilize
the alignment by extensive interactions with the pre-mRNA (Teigelkamp et al.,
1995).

1.4.3 Disassembly of the spliceosome

The release of the mature mRNA from the spliceosome is induced by the DEAH-
box helicase Prp22 which binds to the 3’ss of the pre-mRNA during the second
transesterification reaction (McPheeters et al., 2000). After ligation of the ex-
ons, it translocates in 3’-5’ direction on the mRNA and thereby it is thought to
disrupt the Ub-exon base pairing (Schwer, 2008). In contrast to the action of
Prp22 during the second reaction step, Prp22 activity during the disassembly is
ATP dependent (Wagner et al., 1998). In a subsequent ATP dependent step,
the intron-lariat spliceosome is disassembled by the DEAH-box ATPase Prp43,
which does not only include release of the intron-lariat but also separation of the
U2, U5 and U6 snRNPs (Arenas and Abelson, 1997; Martin et al., 2002). Prp43
acts in the so called NTC-related (NTR) complex, which also contains the two
Prp43 interacting proteins Ntrl and Ntr2 (Tsai et al., 2005; Boon et al., 2006).
Moreover, it was shown, that the GTPase Snul44 as well as the Ski2-like helicase
Brr2 are required for the disassembly process (Small et al., 2006).

1.5 Components of the spliceosome

1.56.1 Biogenesis and assembly of UsnRNPs

All UsnRNAs with the exception of U6 snRNA are transcribed by RNA poly-
merase II as precursor snRNA in the nucleus. After co-transcription of an m’G
cap, they are exported to the cytoplasm by the export receptor CRM1, RanGTP,
CBP20, CBP80 and the adaptor protein PHAX (Ohno et al., 2000; Cougot et al.,
2004), where seven Sm proteins (B/B’, D3, D2, D1, E, F and G) assemble as sub-
complexes mediated by the SMN complex on a highly conserved so called Sm-site
of the UsnRNA to a ring-like structure (Raker et al., 1996). Upon Sm-core assem-
bly, the m’G cap of the snRNA is hypermethylated by the dimethyltransferase

13



1 Introduction

Tgsl to an m3G-cap (Mouaikel et al., 2002). The m3G cap together with the Sm-
core domain form a nuclear localization signal (NLS), which leads to re-import
of the snRNP-core complex into the nucleus where binding of snRNP-specific
proteins like 70k, A & C for the Ul snRNP occurs (see figure 1.3) (Will and
Lithrmann, 2001). Moreover, several modifications are introduced into the UsnR-
NAs, including 2’-O-methylation and pseudouridylation (Jady and Kiss, 2001).
In contrast, biogenesis of the U6 snRNP differs from the other UsnRNPs in sev-
eral steps. The U6 snRNA is transcribed by RNA polymerase III (Paule and
White, 2000) and does not acquire an m’G cap but contains a unique gamma-
monomethyl cap (Singh and Reddy, 1989). Moreover, the U6 snRNA lacks a
canonical Sm-site, and therefore, assembly of the Sm-like proteins occurs at the
3’-end of the U6 snRNA (Achsel et al., 1999).

12S 17S 13S 20S 25S
U6 U4
U1 U2 U6 U4 us
Us

U6 snRNA veé
U1 snRNA L/_ U5 snRNA L/_
io s
U2 snRNA U4 snRNA
U4

El BN BEE $EJN 2 BE)

S70K A hPrp3 hPrp8 hPrp8
A B" hPrp31 hBrr2 hBrr2
¢ SF3a120 hPrp4 Snul14 Snu114

SF3a66 CypH hPrp6 hPrp6
SF3a60 15.5K hPrp28 hPrp28

SF3b155 52K 40K
SF3b145 40K hDib1
SF3b130 hDib1 hPrp3
SF3b49 hPrp31
SF3b14a/p14 hPrp4

SF3b14b CypH
SF3b10 15.5K
hSnu66

hSad1

27K

Figure 1.3: snRNA secondary structure and protein composition of the human snRNPs. The
seven Sm or LSm proteins are indicated in grey at the top of the boxes listing the proteins
which are associated with the individual snRNPs. The size of each snRNP is given in
Svedberg units. (Figure adapted from Will and Lithrmann (2011))
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1.5 Components of the spliceosome

1.5.2 Additional protein factors of the spliceosome

In addition to the integrative U snRNP proteins, between 90 and 170 proteins
associate with the spliceosome during the distinct stages (Fabrizio et al., 2009).
The number significantly differs between metazoans with 170 to 190 proteins and
yeast, where only about 90 different proteins could be identified. For more than
85% of these, homologues could be identified in the human spliceosome, showing
the conservation of the spliceosomal core design (Bessonov et al., 2008; Fabrizio
et al., 2009). Moreover, protein factors which have been shown to be absent in
yeast include SR and hnRNP proteins that are involved in regulation of alterna-
tive splicing, a process which is not observed in yeast (Fabrizio et al., 2009).
The dynamics of the spliceosome protein composition has been studied on n vitro
assembled B, B** and C complexes, and the associated proteins were identified
by mass spectrometry. These studies revealed, that during transition from the
B to the B** complex, along with the two U snRNPs Ul and U4 about 35 pro-
teins are released from the spliceosome while 12 are recruited. Smaller changes
were observed during transition from the B*' to the C complex, where only two
proteins dissociated from the spliceosome whereas nine were recruited (Fabrizio
et al., 2009).

Several mechanisms have been described to regulate the dynamics of the splicing
machinery. Spliceosome associated proteins are post-translationally modified by
phosphorylation, methylation, hydroxylation ubiquitination and acetylation (Will
and Lithrmann, 2011; Korneta and Bujnicki, 2012). Remodeling of RNA/RNA,
RNA /protein or protein/protein interactions is driven in an ATP dependent man-
ner by eight helicases of the DExH/D-box family which are conserved throughout

yeast and human.

1.5.3 The catalytic center

Since the splicing reaction consists of two subsequent transesterification reactions,
it was originally proposed that the spliceosome has two active sites (Moore and
Sharp, 1993). However, more recent studies are pointing towards a single catalytic
center which changes its conformation for both reactions with the equilibrium of
both states modulated by the protein factors Prpl6, Isyl and Prp8 as well as
by the U6 snRNA (Konarska and Query, 2005). This hypothesis is supported by
the finding, that transition between the two phases occurs in several steps and

that the two splicing reactions are reversible (Liu et al., 2007; Smith et al., 2008;

15



1 Introduction

Tseng and Cheng, 2008). Although the spliceosome contains a large number of
different proteins, the splicing reaction itself is most likely catalyzed solely by
the U2 and U6 snRNA, while the protein factors might act as a scaffold for the
active site RNAs (Valadkhan, 2005; Wachtel and Manley, 2009; Fica et al., 2013).
The intramolecular stem-loop of the U6 snRNA seems to play an important role
for both splicing reactions, by positioning two metal ions which are important
for branching as well as for exon ligation (Yean et al., 2000; Fica et al., 2013).
Participation in in the splicing reaction was proposed for the protein Prp8 based
on crystal structures and mutation studies (Pena et al., 2008; Yang et al., 2008;
Abelson, 2008). However, recent results suggest that Prp8 may promote formation
of the catalytic core rather than being involved in the reaction itself (Fica et al.,
2013).

1.6 RNA helicases

RNA helicases have been found in all prokaryotic and eukaryotic organisms as well
as in viruses. They are involved in various cellular processes such as translation
initiation, ribosome biogenesis as well as RNA transport and splicing (Cordin
et al., 2006; Bleichert and Baserga, 2007). While the term RNA helicase was
initially used for enzymes that couple the hydrolysis of NTPs with the unwinding
of double-stranded RNA, it became clear nowadays, that they can also displace
protein from RNA without RNA strand separation, anneal RNA strands or act
as RNA clamps to stabilize folding intermediates (Bleichert and Baserga, 2007)

1.6.1 Helicase classification

Based on structural and mechanistic features as well as conserved sequence mo-
tifs, RNA and DNA helicases are divided into six superfamilies (SF) (Fairman-
Williams et al., 2010). Within these families, SF3 to SF6 comprise the hexameric
or toroidal ring-forming helicases, while helicases belonging to SF1 and SF2 do
not form rings (Jankowsky and Fairman, 2007). Sequence alignments of all SF1
and SF2 proteins from H. sapiens, S. cerevisiae and E. coli as well as several viral
helicases revealed, that the SF'1 proteins can be grouped into three families, each
consisting of three or more proteins from each organism. For the SF2 proteins,
nine families were identified as well as one group containing less than three pro-

teins from one organism (for an overview see figure 1.4). Within SF1 and SF2, the
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helicases share a common core which is formed by two domains, each resembling
the fold of the bacterial recombinase A (RecA) and thus they have been named
RecA-like domains (Subramanya et al., 1996). The interface of these two domains
harbors several conserved motifs and is responsible for binding of nucleotides and
RNA or DNA (Bork and Koonin, 1993; Rocak and Linder, 2004). Within the
SF2 helicases, the family of DEAD-box proteins contains solely RNA-helicases,
whereas the other families contain both, DNA and RNA helicases. For several
viral helicases the ability to unwind both, DNA as well as RNA substrates has

been shown (Fairman-Williams et al., 2010).

RecG-like
RecQ-like Figure 1.4: Classification of of
the Superfamily 1 and 2 he-
Rad3/XPD licases. The cladogram shows
Skio-like the three identified families of
UvrD/Rep the SF1 helicases on the left
T1R side and the nine families of
B -like belonging to SF2 on the right
Swi/Snf side. Fa@ilies were identi-
Upfi-like fied by alignment of all hu-
RIG-I-like man SF1 and SF2 helicases.
Uncertain branches are indi-
DEAD-box cated by dotted lines, branch
length are not to scale. Fig-
DEAH/RHA ure adapted from (Fairman-
Williams et al., 2010)
NS3/NPH-II

1.6.2 DEAH-box, DEAD-box and Ski2-like helicases

The spliceosomal helicases all belong to the family of either DEAH-box, DEAD-
box or Ski2-like helicases, which share up to nine conserved motifs in their re-
spective helicase core (for overview see figure 1.5). Motif I, II, V and VI, which
show the highest degree of sequence conservation, are involved in binding and
hydrolysis of nucleotides, whereas RNA binding is facilitated by motifs Ta, Ib and
IV. Motif IT also contains the name giving DExH /D sequence motif. Motif 11T is
suggested to play a role NTP binding as well as RNA unwinding (Walker et al.,
1982; Pause and Sonenberg, 1992; Cordin et al., 2006). In DEAD-box as well as
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Ski2-like helicases, an additional motif with a conserved glutamine residue has
been identified N-terminally of motif I, the Q-motif. The conserved glutamine
and aromatic residues of the Q-motif interact with the adenine and thereby, in
contrast to members of the DEAH-box family, facilitate specificity for ATP (Tan-
ner et al., 2003).

DEAD-, DEAH-box and Ski2-like helicases show remarkable differences regarding
their mechanistic mode of unwinding RNA or DNA. For DNA helicases, proces-
sivity of unwinding has been predicted, since this would be a prerequisite for
processes like DNA replication (Singleton et al., 2007). In contrast there is ev-
idence, that the unwinding mediated by DEAD-box helicases takes place in a
non-processive manner (Hilbert et al., 2009), and that some DEAH-box helicases
show only a moderate processivity (Pyle, 2008). The following section will focus

on specific features of the three spliceosomal helicase families, which may lead to

these differences.
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Figure 1.5: Conserved motifs of the DEAH-, DEAD-box and Ski2-like helicases. The conserved
motifs located in the RecA-like domains are colored according to their interaction with ATP
(yellow), RNA (red) or both (yellow/red). For the DEAD-box helicases, the location of the
conserved « helix 8 is indicated by «8, R and F indicate the position of conserved arginine
and phenylalanine residues of DEAH-box helicases while the position of the 5’ hairpin is
indicated by 5’HP. Figure adapted from Cordin et al. (2012)
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1.6.2.1 DEAD-box helicases

As DEAD-box proteins show no processive behavior, it has been suggested that
they mainly unwind short RNA duplexes or act as ATP regulated conformational
switches (Pyle, 2008). It is thought, that during the cycle of ATP-binding and hy-
drolysis, DEAD-box proteins adopt conformations which destabilize duplex RNA
and consequently lead to local strand separation (Yang et al., 2007). There are
different 3D crystal structures of DEAD-box proteins available, which provide an
insight into the function of these proteins. In absence of ATP and RNA, the two
RecA-like domains which are connected by a flexible linker adopt the so called
“open conformation”, which is characterized by a high variability in positioning of
the RecA-domains relative to each other (Story et al., 2001; Cheng et al., 2005;
Schiitz et al., 2010). In presence of RNA and ATP, the RecA-like domains bind
tightly to each other and thus adopt the so called “closed conformation” which has
not only been shown by crystal structures (Sengoku et al., 2006; Andersen et al.,
2006), but was also confirmed by single-molecule FRET experiments (Theissen
et al., 2008). For the DEAD-box helicase eIF4AIll, crystal structures for both
states are available. In comparison, these structures show the tremendous changes
in positioning of the RecA-like domains. Upon binding pf ATP and RNA, both
RecA-like domains tightly bind to each other, adopting the closed conformation.
This conformation is stabilized by the interaction of the conserved motifs of the
binding cleft with the nucleotide and the nucleic acid (Andersen et al., 2006).
To date it is not clear, whether binding of ATP and RNA are two separate events
or if there is a cooperative effect. Negative as well as positive cooperativity could
be demonstrated for some helicases like elF4A-III, whereas it was not observed
for the DEAD-box protein DbpA (Henn et al., 2008; Hilbert et al., 2009). Based
on the finding that in all available crystal structures helix 8 of the N-terminal
RecA-like domain makes contacts to the RNA and induces a kink in the nucleic
acid strand, a general mechanism for RNA unwinding by DEAD-box proteins has
been proposed (Sengoku et al., 2006; Hilbert et al., 2009). In this mechanistic
model, the unwinding cycle starts with binding of ATP and RNA, inducing the
closed conformation of the helicase, and interaction of helix «8 with one RNA
strand leads to local strand separation. Subsequent hydrolysis of ATP lowers the
affinity to RNA and thus triggers the release of the RNA (Nielsen et al., 2009).
According to this model, ATP hydrolysis is not required for strand separation,
but for release of the substrate RNA.
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1.6.2.2 DExH-box helicases

The term DExH-box helicases is traditionally used for the three SF2 helicase fam-
ilies of DEAH-box, Ski2-like and NS3/NPHII helicases. Although their helicase
core consists of two RecA-like domains, there are major differences with respect
to the unwinding mechanism compared to the DEAD-box helicases. A number of
studies addressing the mechanism of unwinding has been performed on members
of the DExH-box helicases which resulted in two principle models describing the
unwinding mechanism: the Brownian motor model and the backbone stepping

motor model. Both will be described in the following.

The Brownian motor model

The Brownian motor model has been described for the DExH-box protein NS3.
It is exclusively based on the thermodynamic properties of the protein while it
does not take flexibility or rigidity into account. It is based on the assumption
that during the cycle of ATP binding, hydrolysis and ADP release, the affinity for
the nucleic acid substrate changes, leading to a switch between strong and weak
binding of RNA. This allows for a movement of the protein on the RNA double
strand which will induce duplex unwinding (Pyle, 2008). For the helicase NS3 of
the hepatitis C virus (HCV) it has been shown, that RNA affinity is low in the
ATP bound state and increases in the ADP bound state or when no nucleotide
is bound (Levin et al., 2003). A comparable behavior has been shown for the
spliceosomal DEAH-box helicases Prp22 and Prp43, although in these cases RNA
affinity is low in presence of ADP and higher when ATP is bound (Tanaka and
Schwer, 2005; He et al., 2010).

The backbone stepping motor model

In contrast to the Brownian motor model, the backbone stepping motor model is
based on high resolution structural data of SF2 helicases in different nucleotide
binding states as well as on single molecule FRET experiments on the NS3 helicase
(Myong et al., 2007; Hopfner and Michaelis, 2007; Biittner et al., 2007; Appleby
et al., 2011). It proposes, that the helicase moves along the backbone of one RNA
strand with a distinct step size, driven by the hydrolysis of ATP. Movement along
the backbone is caused by the two RecA-like domains, which are in close contact
in the ATP-bound state and increase their distance when ADP is bound. Thus,
change of the affinity for RNA by the different nucleotide states of the helicase
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will not result in release of the RNA substrate as in the Brownian motor model,
but instead increases the flexibility of the helicase (Pyle, 2008). Crystal structures
of the HCV NS3 helicase revealed, that a tryptophan residue located in the C-
terminal domain of the helicase might disperse the two strands of the dsRNA and
might therefore act as a physical separation device, disrupting the RNA duplex
while the RecA-like domains move along the phosphate backbone (Myong et al.,
2007). Furthermore, single-molecule FRET experiments showed that unwinding
occurs in steps of three nucleotides, and, that every unwinding step requires three
translocation steps of the helicase along the RNA (Dumont et al., 2006; Myong
et al., 2007). These steps are likely to be guided by a conserved threonine residue
on each RecA-like domain, which are in a distance of three nucleotides from
each other in the ATP-free state and of two nucleotides in the ATP-bound state
and make contacts to the phosphate backbone of the substrate RNA (Appleby
et al., 2011). Therefore, each translocation event of the helicase would require the
hydrolysis of one molecule ATP, also resulting in consumption of one molecule
ATP per unwound base pair (Pyle, 2008; Gu and Rice, 2010; Appleby et al., 2011).
In the crystal structures of the Ski2-like proteins Hel308 and Ski2 (Biittner et al.,
2007; Halbach et al., 2012) as well as of the DEAH-box helicase Prp43 (Walbott
et al., 2010), a P-hairpin was identified, which protrudes out of the C-terminal
RecA-like domain (Figure 1.6).

It has been proposed, that this B-hairpin acts as a separation device for dou-
ble stranded nucleic acids comparable to the conserved tryptophan of the NS3
helicase. This structural feature gives rise to the assumption, that the unwinding

mechanism of Ski2-like and DEAH-box helicases is similar to the one proposed
for NS3.
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Figure 1.6: Crystal structure of the DEAH-box helicase Prp43 from S. cerevisiae (PDB:2XAU).
The 5’B-hairpin shown in orange is protruding out of the C-terminal RecA-like domain

1.7 Spliceosomal DExH/D-box helicases

Rearrangements in the spliceosome are driven by eight conserved DExD/H-box
helicases, which act as the molecular motors of the spliceosome by remodelling
RNA-RNA as well as RNA-Protein interactions (Staley and Guthrie, 1998; Schwer,
2001; Wahl et al., 2009). However, there is not much information about their tar-
get RNA sequence available, although some of them show RNA unwinding activity

m wvitro.

An overview of the spliceosomal helicases along with their function is shown in
1.1. Assembly of the spliceosome is dependent on the three DEAD-box helicases
Sub2, Prp5 and Prp28, while catalysis and product release is promoted by the
four DEAH-box helicases Prp2, Prp16, Prp22 and Prp43 (Cordin ef al., 2012).
The Ski2-like helicase Brr2 has been shown to play a role in assembly as well as
during disassembly. For most of the spliceosomal helicases, different mechanisms
of regulation have been shown in biochemical studies, which might assure their
specificity in the spliceosome. The ATPase activity of the DEAD-box protein
Prp5 is specifically enhanced by interaction with the U2 snRNA in vitro (O’Day
et al., 1996), and it was demonstrated that phosphorylation of human Prp28 is
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Table 1.1: Overview of the helicases involved in spliceosome assembly, activation and disas-
sembly. Along with the protein name, the helicase family and the function of the protein in
the spliceosome is given.

Protein Family Function in the spliceosome
Assembly

Subb DEAD-box Recruitment of the U2 snRNP
Prpb DEAD-box Remodeling of the U2 snRNP
Prp28 DEAD-box Release of the Ul snRNP

Brr2 Ski2-like Release of the U4 snRNP
Catalysis

Prp2 DEAH-box Release of SF3a and SF3b, generation of Cwc25 binding site
Prpl6 DEAH-box Release of Yju2 and Cwc25
Prp22 DEAH-box Identification of the 3’ss
Disassembly

Prp22 DEAH-box Release of mature mRNA

Prp43 DEAH-box Disassembly of intron-lariat spliceosome

required for B complex formation (Mathew et al., 2008). The Ski2-like helicase
Brr2 consists of two helicase cassettes, each of it followed by a Sec63 homology
domain. Remarkably it was shown, that only the N-terminal helicase cassette is
required for activity in vivo (Kim and Rossi, 1999). However functional and crys-
tallographic studies on human Brr2 revealed a stimulating effect of the C-terminal
cassette on the helicase activity of the N-terminal cassette (Santos et al., 2012).
Furthermore, the RNase H-like domain of Prp8 interrupts binding of Brr2 to the
U4 snRNA and in consequence inhibits the helicase activity of Brr2 (Mozaffari-
Jovin et al., 2012). Two of the four DEAH-box proteins in the spliceosome are
dependent on GG-patch containing interaction partners in order to fulfill their func-
tion in the splicing cycle. Prp43 is recruited to the spliceosome by its interaction
partner Nrtl, which also stimulates its helicase activity (Tsai et al., 2005; Tanaka
et al., 2007). Moreover, transformation of the spliceosome into the B state is
facilitated by Prp2 only in presence of its interaction partner Spp2 (Roy et al.,
1995). In contrast to that, no regulatory interaction partners have been reported
for the DEAH-box proteins Prpl6 and Prp22.

1.8 The DEAH-box protein Prp2

The transition into the catalytically active B* complex is promoted by the DEAH-
box helicase Prp2 along with its co-factor Spp2 (Edwalds-Gilbert et al., 2004;
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Ohrt et al., 2012). Like all spliceosomal DExH/D-box proteins, Prp2 shows an
RNA dependent ATPase activity (Kim et al., 1992). However, no helicase ac-
tivity could be demonstrated in witro, although Prp2 seems to interact directly
with pre-mRNA in the assembled spliceosome as revealed by UV-crosslink studies
(Teigelkamp et al., 1994). ATP-hydrolysis by Prp2 leads to a remodeling of the
spliceosome, along with the destabilization of the U2 snRNP proteins SF3a and
SE3b which bind near the branch site. In consequence, the branch site adenosine
becomes available for the subsequent nucleophile attack (Warkocki et al., 2009).
Moreover, it was demonstrated that remodeling of the spliceosome by Prp2 creates
a high affinity binding site for Cwc25 (Ohrt et al., 2012), which seems to be im-
portant for stabilizing the pre-mRNA in a distinct conformation, suitable for the
first transersterification reaction (Krishnan et al., 2013). Recent data furthermore
demonstrate that Prp2 might be directly or indirectly involved in destabilizing
the U2/U6 helix Ia (Wlodaver and Staley, 2014). While the C-terminal region
the spliceosomal DEAH-box proteins Prp2, Prpl6, Prp22 and Prp43 shows a high
degree of conservation and is therefore thought to be the primary interaction plat-
form for other components of the spliceosome, the region N-terminal of RecAl
lacks significant conservation. In fact, deletion of large portions of the Prp2 N-
terminus does not lead to apparent effects in vivo (Edwalds-Gilbert et al., 2004).
The function of Prp2 in the splicing process is strongly dependent on its co-factor,
the G-patch protein Spp2 (supressor protein of prp2), which was originally iden-
tified as a genetic suppressor of a prp2 mutant and is thought to recruit Prp2 to
the spliceosome (Last et al., 1987; Roy et al., 1995). Binding and mutagenesis
studies on Prp2 indicate, that Spp2 is able to interact with the C-terminal part
of Prp2 (Silverman et al., 2004).

1.9 Spp2 and the G-patch motif

Spp2 is a G-patch containing protein and was the first protein for which a direct
interaction with a spliceosomal DExD/H box helicase was shown (Roy et al.,
1995).The name-giving G-patch motif consists of six conserved glycines and has
first been identified in RNA-associated proteins using a bioinformatics approach
(Aravind and Koonin, 1999). G-patch proteins are absent in archaea and bacteria
but present in some retroviral polyproteins and widespread among eukaryotes,
where the G-patch motif can be found in mRNA methyltransferases, proteins

that might be involved in DNA-damage repair and DNA-binding proteins (Pang
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et al., 1993; Stein et al., 2003). For the spliceosomal DEAH-box helicase Prp43,
interaction with three different G-patch proteins has been shown. Furthermore,
its helicase activity is strongly activated by the G-patch protein Ntrl (Tanaka
et al., 2007), while for Prp2 and Spp2, this effect could not be observed and the

function of Spp2 remains elusive.

105 115 125 135 145 155
S.c. Spp2 EE-GDALLRG E SDSEQDSK-GDKTQSRNKDVS-NVSQIHPDGLGIGAKLNKA---

C.t. Spp2 DD-GENLLRS D-GKMRG=======——= KVKEVK-RYANLA--GLGARNVKEAED--
H.s. Spp2 EAVGLAVLRG KPGEGIG-==————- RTFNQVVKPRVNSLRPKGLGLGAN-LT----
S.c. Ntrl TYG!IGAKLLSS VAGKGLGKDGSGITTPIETQS---RPMHNA--GLGMFSN-TNSS--
H.s. Cmtrl NSVSQK!VAK REGEGLGKYSQGRKD I ---—-- VEASSQKGRRGLGLTLRGFDQELN

Figure 1.7: Alignment of the G-patch motif from the G-patch containing proteins Spp2, Ntrl
and Cmtrl of S. cerevisiae, H. sapiens and C. thermophilum. Conserved glycines and hy-
drophobic residues are colored in green and orange respectively. Numbers refer to the residues
of Spp2 from S. cerevisiae.

The G-patch itself consists of a pattern of up to six conserved glycines along
with several conserved aromatic and/or hydrophobic residues (for an overview
see figure 1.7). So far, the function of the conserved glycine residues remained
unclear, while the importance of the conserved leucine 109 for interaction with

Prp2 has been demonstrated in mutagenesis studies (Silverman et al., 2004).

1.10 Scope of the thesis

At the beginning of this work, little was known about the molecular function of
the spliceosomal DEAH-box helicase Prp2. Moreover, no structural information
on G-patch proteins in general and on Spp2 in particular was available and the
interplay of Prp2 with Spp2 was poorly understood at a structural level. The
aim of this thesis was the investigation of the Prp2-Spp2 interaction, especially
regarding the influence of Spp2 on structural and functional properties of Prp2.

To achieve these goals, the structure of Prp2 should be solved by means of X-ray
crystallography in complex with different nucleotides, RNA and its interaction
partner Spp2. Therefore, the purification of the single components as full length
proteins as well as in truncated variants had to be established, followed by the
reconstitution of a functional complex. In addition, the characterization of the
G-patch protein Spp2 by biophysical methods such as NMR-spectroscopy and CD-

spectroscopy was a major goal, as crystallization of such small uncharacterized
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proteins is usually quite challenging and due to its small size, Spp2 was a good
target for NMR experiments. To characterize the Prp2-Spp2 interaction on a
functional level, it was planned to perform biochemical studies on the ATPase

and helicase activity as well as RNA affinity of Prp2 in absence and presence of

Spp2.
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2.1 Material

2.1.1 Fine chemicals

All fine chemicals were and organic components were purchased from the compa-
nies AppliChem, Bio-Rad, Deutero, EURISO-Top, Fluka, Merk, MWG Biotech,
Roth or Sigma-Aldrich in the purity grade pro analysis. Generally, the supplier

with the lowest price was chosen.

2.1.2 Devices

Adjustable pipets

Agarose gel electrophoresis chamber
Binoculars

Centrifuge Allegra 21R

Centrifuge Avanti J-20 XPI
Centrifuge Avanti J-30 1

Centrifuge Avanti JA-20

Fine balance

Fluorescence spectrophotometer Fluoromax III
Microfluidizer 110 S

PCR-Whatman Biometra T personal
pH-Meter

Real-Time PCR Detection System CFX96
Rotor JA-20

Rotor JA-30.50 Ti

Rotor JLA 8.1000

SDS-PAGE chamber Hoefer miniVE
Table Top centrifuge 5417 R
Thermomixer comfort

Unitron shaking incubator

UV/Vis photometer

Eppendorf
Bio-Rad

Carl Zeiss
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Sartorius

Horiba Jobin Yvon
Microfluidics
Biometra
Beckman Coulter
Bio-Rad
Beckman Coulter
Beckman Coulter
Beckman Coulter
GE Healthcare
Eppendorf
Eppendorf

Infors

GE Healthcare
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2.1.3 Supplemental material

24 well crystallisation plates Hampton Research
96 well crystallisation plates Hampton Research
Crystal Clear Tape Henkel

Nylon loops for crystals Molecular Dimensions
Sterile filter Millipore

Reaction tubes (0.5 ml, 1.5 ml, 2.0 ml) Eppendorf

Ultra centrifugal filter units Millipore

2.1.4 Cell media

In this work, 2Y'T, TB and M9 minimal media was used for recombinant protein
expression.

For 2YT and TB, the components of the media were dissolved in desalted H,O
and autoclaved at 121°C for 20 min prior to usage. Antibiotics were added as
required to a final concentration of 100 pg/ml for ampicillin and 30 pg/ml for
chloramphenicol and kanamycin. The two components of TB (TB, and TBg)
were autoclaved seperately and mixed in a 1 to 10 ratio prior to usage. To
produce agar plates, 2YT media was supplemented with 1.5% (w/v) Agar prior

to autoclaving. Recipies for the media are shown in the following tables.

2Y'T media TBa TBp

1% (w/v) Trypton 1.2% (w/v) Trypton 169 mM KH3POy4
1% (w/v) Yeast Extract 2.4% (w/v) Yeast Extract | 720 mM KoHPO,
1% (w/v) NaCl 0.4% (w/v) Glycerol

For M9 minimal media, every stock solution was prepared an sterile filtered
separately and diluted to the final working concentration with desalted and au-

toclaved H5O prior to usage.

100x Trace element solution

10x M9 salts 13.4 mM EDTA

33.7mM  Na,HPO, 3.1mM  FeCl; - 6H,0

22.0 mM KH,PO, 36621&11\/[ énCCIIQ-ZHO
8.55 mM NaCl B Whlp " 21y

42pM  CoCl, - 2H,0
9.35 mM NH,CI 162 M H,BO,
81pM  MnCl, - 4H,0
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M9 minimal media

20% (w/v) Glucose

1.0 mM MgSO,

0.3 mM CaCl,,

5 mg/ml Thiamine/HCI

1x 100x Trace element solution
1x 10x M9 salts solution

2.1.5 Chromatography systems, columns and media

All chromatographic methods were performed on Akta Prime, Akta Purifier and
Akta Explorer systems (all GE Healthcare). To load samples onto columns, Su-
perloops with a volume of 150 ml and 50 ml as well as loops with a volume of

5 ml and 2 ml were used. Utilized columns are depicted in the list below.

GSTrap 5 ml GE Healthcare
GSH Sepharose GE Healthcare
HiPrep Desalting 26/10 GE Healthcare
HiPrep Desalting 5 ml GE Healthcare
HisTrap 5 ml Ni-NTA Sepharose GE Healthcare
Source 30Q GE Healthcare
StrepTrap 5 ml GE Healthcare
Superdex 75 26/60 GE Healthcare
Superdex 200 26/60 GE Healthcare
Superdex 200 10/300 GE Healthcare
Superose 12 10/300 GL GE Healthcare

2.1.6 Genomic DNA

The used genomic DNA libraries of the organisms Saccharomyces cerevisiae S288c
and Chaetomium thermophilum DSM 1495 were part of the collection of the De-
partment for Molecular Structural Biology, Georg-August-Universitit Gottingen.

2.1.7 Organisms

The used E. coli strains Rosetta II (DE3) and XL1-Blue were part of the collection
of the Department for Molecular Structural Biology, Georg-August-Universitét
Gottingen. E. coli cells of the strain TOP10 were purchased from IBA-lifesciences.

2.1.8 Plasmids

29



2 Material and methods

Table 2.1: IBA Stargate donor vectors which have been designed and used for IBA StarGate
cloning (see 2.2.6.2). In the table, the coded proteins along with the involved residues are
named. The sequences of the oligonucleotides can be found in the supplemental table A.1

Plasmid oligonucleotide
pENTRY51-ctPrp2 (1-921) S1,53
pENTRY51-ctPrp2A25 (270-921) 52,53
pENTRY51-ctSpp2 (1-313) S4,55
pENTRY51-ctSpp2_ 2 (172-254) 56,58
pENTRY51-ctSpp2 3 (211-254) S7,58
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2.1.9 Size standards

Size standards that were used during agarose-gelelectrophoresis and SDS-PAGE

are listed below

GeneRuler 1kb DNA ladder Fermentas
Protein Molekular Weight Marker Fermentas
PageRuler™ Unstained Protein Ladder ~ Fermentas
PageRuler™ Prestained Protein Ladder Fermentas

2.1.10 RNA oligonucleotides

Table 2.3: RNA oligonucleotides used in the ATPase activity assay (2.3.1), for crystalliza-
tion (2.4.1), as substrate for RNA unwinding measurements (2.3.3) and for RNA affinity
measurements (2.3.4)

Name Sequence (5-37)
PolyA gy AAAAAAAAAAAAAAAAAAAA
PolyUy UUUUUUUUUU

(20)
(10)

PolyUs  UUUUUUUUUUUUUUU
(20)

PolyU,, UUUUUUUUUUUUUUUUUUUU

uw GCGCCUACGGAGCUGGUGGCGUAGGCGCAAAAAAAAAAAAAAAAAAAA
uw-1 (Cy5)-GCGCCUACGCCACCAGCUCCGUAGGCGC-(BBQ)

PolyUgiza  (6-FAM)-UUUUUUUUUUUU

PolyUgjgs  (6-FAM)-UUUUUUUUUUUUUUUU

PolyU(12  (6-FAM)-UUUUUUUUUUUUUUUUUUUU

actin (Cy5)-UACUAACAUCGAUUGCUUCAUUCUUUUUGUUGCUAUAUUA

2.1.11 Screens for Thermal shift assay
The following screens were used thermal shift assays.
Emerald Bio Crystallography - pH Buffer screen Jena Bioscience

Silver Bullets Bio Hampton Research
Additive Screen Hampton Research

2.1.12 Crystallization screens

The following screens were used during initial screening for crystallization condi-

tions.
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Ammonium sulfate suite
JBScreen Classic (1, 2, 4, 5)
JBScreen Classic (6-8, 10)
JBScreen Nuc-Pro HTS

JCSG+ Suite

Morpheus
Natrix HT
PGA
ProPlex

2.2 Molecular biological methods

Qiagen

Jena BioScience

Jena BioScience

Jena BioScience
Newman et al. (2005)
Molecular Dimensions
Hampton Research
Molecular Dimensions
Radaev et al. (2006)

2.1.13 Computer programs and databases

APBS
BLAST
CCP4 suite
Clustal W
Coot
GENtle
ESPript
pdb2pqr
Pfam
Phenix
PSIPRED
ProtParam
Pymol
Sigmaplot
SMART
XDS

Baker et al. (2001)
Altschul et al. (1990)
Winn et al. (2011)
Larkin et al. (2007)
Emsley et al. (2010)

Manske, Magnus

Gouet et al. (1999)
Dolinsky et al. (2007)
Finn et al. (2010)
Adams et al. (2002)
Buchan et al. (2010)
Wilkins ef al. (1999)
Schrodinger LLC

Systat Software

Letunic et al. (2012)

Kabsch (2010)

2.2 Molecular biological methods

2.2.1 Polymerase chain reaction

The Polymerase chain reaction (PCR) allows the selective amplification of a spe-

cific DNA sequence. A general PCR mixture using Phusion polymerase (Thermo-
Scientific) contains 200-400 ng of DNA template, 10 pmol of the forward- as well
as the reverse oligonucleotide, 1 pl of Phusion polymerase, 5 nl supplied HF-buffer
and 1 pl ANTP mixture (10 mM each), added with ddH,O to a total volume of
50 pl. A typical PCR program is shown below.
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cycles temperature step time
1x 98 °C Initial denaturation 30 s
25 % 98 °C Denaturation 10s
52 - 60 °C Annealing of the oligonucleotides 20 s
72 °C Elongation 15 s/1kb
1x 72 °C Final Elongation 10 min

The PCR product was purified using the peqGOLD MicroSpin Cycle-Pure Kit
(PEQLAB) and analyzed by agarose gel electrophoresis 2.2.2

2.2.2 Agarose gel electrophoresis

Agarose gel electrophoresis is a method to seperate DNA or RNA oligonucleotides
by their molecular mass. In this work it was used to separate DNA fragments
resulting from PCR (2.2.1) and enzymatic restriction digest (2.2.5). TAE buffer
was supplied with agarose to a final concentration of 1% and boiled in a microwave
oven until the agarose was completely dissolved. GelRed staining solution was
added in a 1:10000 ratio according to the manufacturer. The solution was then
poured into a gel mold with a comb and cooled down to room temperature. Once
it was completely solid, it was transferred into an agarose gel electrophoresis
chamber and covered with TAE buffer. The samples were mixed with DNA
loading dye (10x) and loaded onto separate lanes. The gel was run with a voltage

of 12 V/cm until a suitable separation was reached.
Recipes for 10x DNA loading dye and TAE buffer are shown below.

10x DNA loading dye TAE buffer

0.25% (v/v) Bromphenolblue 40 mM  Tris
0.25% (v/v) Xylene Cyanol 20 mM acetic acid
30% (v/v) Glycerol I1mM EDTA

2.2.3 DNA sequencing

Sequencing of DNA was performed in the Department of Developmental Biology
(Prof. Pieler), Georg-August-Universitdt Gottingen. The sequences of oligonu-

cleotides used for sequencing PCR can be found in supplement table A.3.
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2.2.4 Determination of DNA concentration

The concentration of DNA in solution was determined by absorption measure-
ments at 260 nm (Aggy) using a photometer. For doublestranded DNA, 1 ab-
sorption unit at 260 nm corresponds to 50 pg/ml. The purity of the DNA was
determined by the ratio of Asgy to Asgg, which is between 1.8 and 2.0 for pure

DNA. Lower values indicate contamination with proteins.

2.2.5 Enzymatic DNA digest

In order to digest a DNA fragment obtained by PCR (2.2.1) or vector DNA
(2.2.8), the DNA was incubated with the suitable DNA restriction enzyme in the
appropriate buffer (according to manufacturers protocol) at 37 °C for 1 hour.
For complete digest, 1 unit of restriction enzyme per 1 pg of DNA was used. The
restriction enzymes were afterwards inactivated by incubation at 80 °C for 10
minutes.

A general reaction mixture for test digests contained 1 npg DNA in a total reaction
volume of 20 pl while for restriction site cloning (see 2.2.6.1) 2.5 pg DNA in a

total volume of 50 nl were used.

2.2.6 Molecular cloning
2.2.6.1 Restriction site cloning

The gene of interest was amplified by PCR (2.2.1), using forward and reverse
oligonucleotides featuring suitable restriction sites. The purified PCR product as
well as the desired vector were digested with the appropriate restriction enzymes
according to the manufacturers protocol. The digested vector was dephospho-
rylated by incubation with Shrimp alkaline phosphatase (SAP) (0.01 unit per
pmol DNA) for 30 min at 37 °C. The SAP was afterwards inactivated at 65°C
for 15 min. Ligation of vector and insert was performed over night at 16 °C by
mixing 200 ng of digested and dephosphorylated vector with 5x molar excess of
digested insert, 1 pl of T4 ligase (Fermentas), 1 ul of supplemented 10x reaction
buffer and 1 pul of 10 mM ATP, added to 10 pl with ddH,0O. The entire reaction
mixture was transformed into F.coli XL1-blue cells (see 2.2.7) and plated on agar

plates containing the appropriate antibiotics (see 2.1.4).
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2.2.6.2 IBA StarGate cloning

The IBA StarGate cloning system (IBA GmbH) is based on recombinatorial
cloning, were in a first step a donor vector is created which is used in a sec-
ond step to transfer the gene of interest into an expression vector.

The gene of interest was amplified by PCR. (see 2.2.1), using forward and reverse
oligonucleotides featuring upstream and downstream combinatorial sites. The
purified PCR product was added to an reaction tube containing the pENTRY
vector and mixed with specific components according to the manufacturers pro-
tocol. The reaction mixture was incubated for 1 h at 30°C, transformed into
E.coli TOP10 cells and plated on kanamycin containing agar plates (see 2.1.4).
Plasmids from several colonies were purified using a peqGOLD Plasmid Mini Kit
and subsequently sequenced to verify correct cloning.

To transfer the gene of interest into the chosen expression (acceptor) vector, the
donor vector was added to a tube containing the acceptor vector and supplemented
with provided specific components as described in the manual. The reaction mix-
ture was then incubated for 30 min at 30 °C, transformed into E.coli TOP10 cells

(see 2.2.7) and plated on ampicillin containing agar plates (see 2.1.4).

2.2.7 Transformation of chemical competent E.coli cells

To transform plasmid DNA into F.coli cells, 100-200 ng of plasmid DNA were
mixed with 50 pl of competent cells, incubated on ice for 30 min followed by a
heatshock of 42°C for 1 min. The reaction vessel was placed back on ice for
5 min, then 800 pl of 2Y'T were added and the cells were incubated for 45 min
at 37°C. Finally, the cells were centrifuged at 3000x g for 1 min, the cell pellet
was resuspended in 200 pl media and the cell suspension was plated on agarplates

containing the appropriate antibiotic.

2.2.8 Preparation of plasmid DNA

To amplify plasmid DNA for further cloning steps or recombinant protein expres-
sion, the plasmid of interest was transformed (see 2.2.7) into E. coli XL1 blue cells
(2.1.7). 5 ml of 2YT media (2.1.4) were inoculated with a single E. coli colony
and incubated overnight at 37 °C.

Preparation of the plasmid DNA was performed using the peqGOLD Plasmid
Mini Kit (PEQLAB) based on alkaline cell lysis and binding of the DNA to a
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silica matrix. After washing, DNA was eluted with 10 mM Tris/HCI pH 8.5. The
DNA was stored at -20 °C until further usage.

2.2.9 Recombinant protein expression

To recombinantly express proteins in F.coli, the gene of interest was cloned into
a suitable vector (see 2.2.6) in a way, that the coding gene is under the control of
an inducable promotor. In this work, two different promotor systems were used:
the lac-promotor, which was induced by addition of 0.5-1 mM IPTG to the cell
culture and the tet-promotor, where Anhydrotetracycline in a final concentration
of 200 pg/1 was used as inducer.

For expression, a 50 ml of media containing the suitable antibiotics were inocu-
lated with several F.coli colonies from an agar plate and incubated at 37°C and
220 rpm overnight. The expression cultures were inoculated in a 1:100 ratio with
the preculture and the cells were grown at 37°C and 220 rpm until an ODggg of
0.8-1.0 was reached. The appropriate inducer was hen added to the cells, and the

temperature was lowered to 16 °C. Expression was generally performed for 20 h.

2.2.10 Cell harvest and lysis

In order to isolate the recombinantly expressed protein, the cells had to be har-
vested and lysed. Cell harvest was performed by centrifugation of the cell cultures
at 4800x g and 4 °C for 15 min. The cell pellet was resuspended in cold lysis buffer
and either directly lysed or centrifuged again at 4800x g and 4 °C for 15 min and
stored at -20°C.

Lysis of the cells was performed pushing the cell suspension five times through
a Microfluidizer 110S (Microfluidics), in which the cells pass a chamber at high
pressure (0.55 MPa). The cell lysate was clarified by centrifugation at 30000x g
and 4°C for 30 min and the resulting supernatant was subsequently applied to

chromatography.

2.2.11 Chromatographic methods

To separate the protein of interest from cellular E.coli proteins and purify it
to homogeneity , several different chromatographic steps were performed which
are described below. All columns were stored in 20% (v/v)ethanol, washed with

1 column volume (CV) ddH,O and equilibrated in the appropriate buffer prior to
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usage. After usage, columns were regenerated if necessary, washed with 1 CV of
ddH,0 and 1 CV 20% (v/v) ethanol.

2.2.11.1 GST affinity chromatography

Purification of N-terminal GST fusion proteins was performed using glutathion
immobilized on a sepharose matrix (Glutathion Spharose 4B) which is specifically
bound by the fusion protein whereas other proteins can be washed off the column.
Elution of the fusion protein was performed using a buffer supplemented with
30 mM reduced glutathion.

2.2.11.2 Histidin affinity chromatography

For purification of 6x His-tagged proteins, immobilized metal chelating affinity
chromatography (IMAC) using Ni-NTA Sepharose was performed. 30 mM imi-
dazole were added to the lysis- and loadingbuffer to reduce unspecific binding of
proteins to the column. The elution of the tagged protein was performed with

buffer supplemented with 500 mM imidazole.

2.2.11.3 Strep affinity chromatography

Affinity purification of Strep-tagged proteins is based on the tight and highly
specific binding of an 8 amino acid long tag (WSHPQFEK) to Strep-Tactin, an
engineered streptavidin. For optimal binding of the affinity tag to Strep-Tactin,
a pH of 7.5 or above was used. Unbound protein was washed off and the pure

protein of interest was eluted with buffer containing 3 mM Desthiobiotin.

2.2.11.4 Size exclusion chromatography

Size exclusion chromatography is a method to separate molecules based on their
size using a porous material. Small molecules can enter the pores and are therefore
migrating slower than large molecules. Preparative 26/60 columns were run at
a flow rate of 1 ml/min whereas for analytical 10/300 columns a flow rate of

0.3 ml/min was applied.

2.2.11.5 Determination of the nucleotide loading state of proteins

For determination of the nucleotide loading state of a protein, the protein was in-
cubated in a suitable buffer containing 10 mM EDTA to chelate all Mg? " ions and
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thereby strip bound nucleotides from the protein. The Protein was then desalted
in an EDTA-free buffer containing 2 mM MgCl, and subsequently incubated with
the nucleotide of choice. Unbound nucleotides were removed by desalting, and the
protein was precipitated by incubation at 95 °C. The solution was centrifuged at
16100x g and the supernatant was loaded onto a Nucleosil 4000-7 HPLC anion
exchange column (Macherey-Nagel) which had been equilibrated with buffer con-
taining 10 mM Tris pH 8.0. The nucleotides were eluted by a gradient to a buffer
containing 10 mM Tris pH 8.0 and 2 M NaCl. Identification of the nucleotides
was performed by comparison to column calibration runs which were performed
by injection and elution of 5 nmol ADP, ATP, AMPPNP and AMPPCP.

2.2.12 Concentrating of protein solutions

Protein solutions were concentrated by transferring them into the upper chamber
of a Vivaspin concentrator (Vivascience) with a vertical membrane featuring pores
of a specific size range. By centrifugation at 4000 x g proteins of a size dependent
on the membrane were retained in the upper chamber while smaller molecules like
water and ions could pass the membrane. The process was continued until the

desired protein concentration was reached.

2.2.13 Determination of protein concentrations

Two different methods for determining the protein concentration were used in this
work, the Bradford protein assay and UV-absorption measurements.

The Bradford assay is based on staining amino acid sidechains with the dye
Coomassie Blue G-250, which binds to arginin- and aromatic sidechains and
thereby undergoes a shift in its absorption maximum from 470 nm to 595 nm.
Therefore, the absorption at 595 nm is directly proportional to the protein concen-
tration were a ODsg5 equals a protein concentration of 0.1 mg/ml. UV absorption
measurements were carried out in photometer at at wavelengths of 280 and 260
nm, the concentration of the protein solution was determined by Lambert-Beers
law using the calculated extinction coefficient of the protein (calculated with Prot-
Param (see 2.1.13)). The purity of the Protein was determined by the ratio of
Aggo to Aggg, which is between 0.5 and 0.8 for pure protein. Higher values indicate

contamination with nucleic acids.
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2.2.14 SDS-polyacrylamide gel electrophoresis

SDS-PAGE was used to analyze the composition of protein samples by separating
the single proteins according to their mass in a process known as molecular siev-
ing (Laemmli, 1970). Dependent on the size of the protein, separating gels with
a concentration of 7.5%, 12.5%, 15% or 17.5% were chosen. The recipes of the
used solutions are shown below. The gels were prepared by filling the assembled
pouring chamber to about 80% with separating gel which was covered with 100%
isopropanol. After complete polymerization of the gel, the isopropanol was re-
moved and the chamber was filled with stacking gel solution to the top, followed
by insertion of the combs. After polymerization of the stacking gel, the gels were

stored at 4 °C until usage.

SDS-PAGE separating gel

7.5/12.5/15/17.5 % (w/v)  Acrylamide
0.2/0.33/0.4/0.46 % (w/v) Bisacrylamide

0.375 M Tris/HCI pH 8.8
0.1 % (w/v) SDS

0.1 % (v/v) TEMED

0.05 % (w/v) (NH4)2S20s

SDS-PAGE stacking gel

5% (w/v) Acrylamide

0.13 % (w/v) Bisacrylamide
0.125 M Tris/HCI pH 6.8
0.1 % (w/v) SDS

0.1% (v/v) TEMED

0.05 % (w/v) (NH4)2S20s

Prior to gel electrophoresis, the samples were mixed with Laemmli buffer,
heated to 95 °C for 5 min and loaded onto the gel. Electrophoresis was run
for 80-90 minutes at 400 V and 30 mA. For detection of the protein bands, the

gel was boiled in staining solution in a microwave oven.

SDS-PAGE running buffer 2x Laemmli sample buffer
25 mM Tris 62.5 mM Tris/HCI pH 6.8
192 mM Glycine 70 mM SDS
0.1 % (w/v) SDS 55% (v/v)  Glycerol
0.1% (w/v) Bromphenol blue
5% 2-Mercaptoethanol
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Staining solution

10% Ethanol

5% Acetic acid

0.005% (w/v) Coomassie brillant blue G-250
0.005% (w/v) Coomassie brillant blue R-250

2.3 Biophysical Methods

2.3.1 Determination of ATPase activity

The ATPase assays were performed using the EnzCheck® Phosphate Assay Kit
(Invitrogen, USA). The reaction mixtures with a total volume of 100 nl contained
10 mM HEPES/NaOH pH 7.5, 150 mM KCI, 10 mM MgCl, and 1 pM of the
helicase as well as 1 pul purine nucleoside phosphorylase and 20 pl 2-amino-6-
mercapto-7-methylpurine riboside. For the reactions in the presence of RNA,
up to 10 ul poly-A 20 RNA (IBA GmbH) were added. Reaction mixtures were
incubated at 25 °C for 10 min.

The reactions were started by addition of ATP in concentrations between 1 to

CHy
CHg
[

S s ?
( A\ + P rN 0o O\P\ .
N N i \ e
HO, o) _ e N\ + ©
v=( PNP = Ho OH
OH NH, NH, HO
HO
@ (b) ©
Absmax:330 nm Absmaxz360 nm

Figure 2.1: Reaction mechanism of the used EnzCheck® Phosphate assay Kit. 2-amino-6-
mercapto-7-methylpurine riboside (a) is enzymatically converted to 2-amino-6-mercapto-7-
methylpurine (b) and ribose 1-phosphate (¢) by purine nucleoside phosphorylase (PNP).
The release of orthophosphate from the ATPase reaction is thereby coupled to a shift of the
absorption maximum from 330 nm to 360 nm, thus allowing for quantitation of hydrolysed
ATP.

500 pM, and the absorption was measured at a wavelength of 360 nm using a
Ultrospec 2100pro photometer (GE Healthcare). The starting velocity vy was
determined as the initial slope of the change in absorption (AA/min) three times
independently for each ATP concentration. The amount of released phosphate
was determined by interpolation of the measured values to a standard phosphate

curve. Kinetic parameters were calculated by nonlinear regression to a hyperbola
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using SigmaPlot. Since the hyperbola was expressed in a form identical to the

Michaelis-Menten equation, the parameters K, and v,,x were directly obtained.

2.3.2 Circular dichroism spectroscopy

Circular dichroism spectroscopy (CD) is a method to determine the content of «
helices and [ sheets of a protein based on their difference in absorption of left
and right circular polarized light in the far-UV range (Kelly et al., 2005).

For the measurements the protein sample was desalted in a buffer containing
50 mM Sodium phosphate at pH 7.5 and diluted to 0.1 mg/ml. 300 pl of the
solution were pipetted into a cuvet with a path lenght of 1 mm and placed into a
Chirascan CD spectrometer (Applied Photophysics). CD spectra were recorded
from 185 to 260 nm at 20 °C. Every sample was measured five times to obtain
mean values and in the end a blank curve containing the CD spectra of the buffer

was subtracted from the protein spectra.

2.3.3 Determination of helicase activity

The helicase activity of proteins was determined based on a method published
by Belon and Frick (2008). As substrate RNA, to RNA strands were annealed
of which one was labeled with the fluorophore Cyanine 5 (Cyb) at the 5-end
and with the quenching molecule BlackBerry Quencher 650 (BBQ) at the 3’-end.
Cyb was exited at a wavelength of 643 nm and emission was detected at 667 nm.
Upon RNA double strand separation by the helicase, the labeled RNA strand
forms a hairpin structure bringing Cy5 in close proximity to BBQ which leads to
the quenching of Cy5 fluorescence. Therefore, a decrease in the Cy5 fluorescence
signal is directly proportional to the rate of RNA strand separation.
Preparation of the double stranded substrate RNA was performed by mixing
4.5 pl of both RNA strands at a concentration of 100 pM each with 1 pl of
100 mM Tris pH 8.5. The reaction mixture was incubated in a thermocycler at
95 °C for 2 minutes. The temperature was then decreased from 80 °C to 20 °C
at a rate of 1 °C per 20 seconds, followed by incubation of the RNA on ice. The
annealed RNA was diluted to a working concentration of 1 uM.
The reaction mixtures for the helicase activity assay contained 20 nM of protein,
50 nM of annealed RNA substrate, 10 mM HEPES pH 7.5, 150 mM NaCl, and
2 mM MgCl,. Prior to measurement, the samples were incubated for 15 minutes

at 20 °C in the fluorescence spectrometer. The reaction was started by addition of
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W7,

['Cy57]- GCGCCUACGCCACCAGCUCCGUAGGCGC-; BBQ |

3'-AAAAAAAAAAAAAAAAAAAACGCGGAUGCGGUGGUCGAGGCAUCCGCG-5'

+ helicase
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Figure 2.2: Principle of fluorescence based helicase assay. Upon addition of an active helicase
and ATP to the RNA substrate the double strand is unwound, leading to hairpin formation
of the labeled strand. BBQ can now quench the fluorescence of Cy5, leading to a decrease
of emission at 667 nm

ATP at a final concentration of 1 mM. The samples were excited at a wavelength
of 643 nm while the change in emission was monitored at 667 nm every 2 seconds
for 10 minutes.

The initial slope AF'/min representing vy was measured three times independently
in order to determine the maximum reaction velocity (vmax). The amount of
unwound dsRNA was calculated with respect to the signal at 667 nm for the

annealed and completely unwound dsRNA, respectively.

2.3.4 Determination of binding constants for RNA

Binding constants for protein-RNA interactions were determined by MicroScale
Thermophoresis, were fluorescence of molecules is used to monitor the motion of
molecules along a temperature gradient. For the measurements a singlestranded
RNA oligonucleotide with the sequence (5-3’): UACUAACAUCGAUUGCUU-
CAUUCUUUUUGUUGCUAUAUUA was used which was labeled with Cy5 at
the 5’ end to allow for fluorescence detection. For the measurements, RNA was
used in a concentration of 100 nM in order to obtain a good SNR for the fluo-
rescence signal. Each sample contained 100 nM RNA, Prp2 in a concentration
between 150 and 9.1 pM supplied with a 10x molar excess of ADP or AMPPNP
in buffer containing 10 mM HEPES/NaOH pH 7.5, 200 mM NaCl, 5 mM MgCl,
and 0.05% Tween 20. Measurements were performed in a NanoTemper Monolith
NT.115 with 20% LED power and 20% MST power. Each sample was measured
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3x independently. The obtained values for thermophoresis were plotted against
the protein concentration, K4 values were calculated by nonlinear regression to a

sigmoidal equation using SigmaPlot.

2.4 Crystallographic methods

2.4.1 High throughput screening

Initial screening for crystallization conditions was performed on a Phenix IRE
pipetting robot (Rigaku) using MRC 96-3 well plates with a protein concentra-
tion between 3 and 10 mg/ml. In a general setup, two drops were pipetted for
each condition in ratios of 1:1 (0.25 pl protein and 0.25 pl reservoir) and 1:2
(0.125 nl protein and 0.25 pl reservoir). As negative control for each condition,
an additional drop contained only the sample buffer mixed with reservoir in a 1:1
ratio. The volume of the reservoir was 35 jul. All screens were either prepared by
an Alchemist pipetting robot (Rigaku) or purchased (see 2.1.12).

After pipetting, the crystallization plates were sealed and stored in a Minstrel
System (Rigaku) at 4°C or 20°C. Each drop was photographed automatically
according to a specific schedule and photos were checked by eye using the Crys-
talTrak software (Rigaku).

2.4.2 Optimization of crystals

Upon identification of initial conditions which lead to crystals or promising pre-
cipitate, the concentrations of the single components in the initial condition as
well as the protein concentration was varied in a finescreening process in order to
obtain good diffracting single crystals of a suitable size. Finescreening was per-
formed in 24-well sitting-drop as well as in 15-well hanging drop vapor diffusion
plates with a reservoir volume of 500 pl and a drop volume between 2 and 5 nl
and varying protein:reservoir ratios. The plates were sealed, stored at 4°C or

20°C and regularly checked for crystal growth using a binocular microscope.

2.4.3 Crystal harvest and cryoprotection

For cryocrystallization experiments, a single crystal was transferred with a nylon

loop into cryo buffer containing the crystallization buffer and varying amounts
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of a cryoprotectant reagents (e.g. glycerol). Immediately afterwards, the crystal

was flash cooled and stored in liquid nitrogen.

2.4.4 X-ray diffraction experiments

Nylon loops with crystals were mounted on a goniometer head, cooled with a
nitrogen gas stream at a temperature of 100 K and exposed to X-rays. Testing of
crystals was performed on a MicroMax 007 rotating anode (Rigaku), while data
collection of the ctPrp2A25 crystals was carried out at Beamline 14.1 BESSY,

Berlin.
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3 Results

3.1 Purification of Prp2 and Spp2 from

Saccharomyces cerevisiae

One goal of this work was to establish the purification of a complex comprising the
helicase Prp2 and its coactivator Spp2 from Saccharomyces cerevisiae (referred
to as yPrp2 and ySpp2 in the following).

An overview of the purified constructs is shown in the table below.

Table 3.1: Proteins and protein fragments used for yeast Prp2-Spp2 complex formation. For
truncated proteins, the boundaries are indicated in parenthesis behind the name. Mass and
length of the proteins are given in kDa and number of amino acids, respectively. Type and
position (C or N terminal) of affinity tags are indicated.

Name Length (aa) mol. Mass (kDa) Affinity tag
Prp2 876 99.8 6x His (C)
Prp2 581 AN (581-876) 296 33.86 6x His (C)
Prp2 597AN (597-876) 280 32.09 6x His (C)
Spp2_2 (10-185) 176 19.32 GST (N)

Spp2_2 pET (10-185) 176 19.32 6x His (C)

3.1.1 Purification of full length yPrp2

The DNA fragment coding for yPrp2 was amplified by PCR from a S. cerevisiae
cDNA library and cloned into the expression vector pET21a. The protein was
overexpressed in E. coli Rosetta 2(DE3) cells and isolated from the cell lysate by
Ni?* affinity chromatography. The eluted fractions were concentrated and applied
on a Superdex S200 gel filtration column in a buffer containing 10 mM HEPES
pH 7.5, 300 mM NaCl, 2 mM MgCl,, 5% glycerol and 1 mM DTT (chromatogram
shown in figure 3.1). Selected fractions were subsequently analyzed by SDS-
PAGE.
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Figure 3.1: Chromatogram of the size exclusion chromatography of yPrp2. The blue line

represents the UV absorption at 280 nm plotted against the elution volume.

Collected

fractions with a volume of 5 ml each are depicted in gray on the x-axis. The local maximum

at 167 ml (1) corresponds to the elution of yPrp2.
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Figure 3.2: Coomassie-stained 12.5%
SDS-PAGE containing selected frac-
tions of size exclusion chromatography
of yPrp2 (fig. 3.1). Bands corre-
sponding to yPrp2 are marked by an
arrow.
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The recombinantly expressed Prp2 eluted from the S200 size exclusion chro-

matography column at a volume of 167 ml, corresponding to the molecular mass

of the monomeric protein (99.8 kDa). The total yield was 9.6 mg yPrp2 per liter

expression culture.

3.1.2 Purification of ySpp2 (10-185)

Since expression of full length ySpp2 was unsuccessful, N-terminal truncated

ySpp2 containing residues 10-185 was used in this work.

The DNA fragment coding for ySpp2 (10-185) was amplified by PCR from a
S. cerevisiae cDNA library and cloned into the expression vector pGEX-6-P1.

The protein was overexpressed in E. coli Rosetta 2 (DE3) cells and purified from
the cell lysate by GSH-affinity chromatography. The GST-tag was cleaved off

48



3.1 Purification of Prp2 and Spp2 from Saccharomyces cerevisiae

by incubation with PreScission protease over night. Reduced glutathion was re-
moved using a desalting column and cleaved GST was separated from ySpp2 by a
second GSH-sepharose chromatography. ySpp2 containing fractions were concen-
trated and passed over a Superdex S75 gel filtration column in a buffer containing
10 mM HEPES pH 7.5, 150 mM NaCl and 1 mM DTT (chromatogram shown in
figure 3.3). Selected fractions were subsequently analyzed by SDS-PAGE.

60

40 +

AQSU (mAu)

20 +

100 1i0 12‘0 11;0 14‘10 1.‘_")0 1é0 1‘70 1é0 150 260 210 220
Elution volume (ml)
Figure 3.3: Chromatogram of the size exclusion chromatography of ySpp2 (10-185). The blue
line represents the UV absorption at 280 nm plotted against the elution volume. Collected

fractions with a volume of 4 ml each are depicted in gray on the x-axis. The local maximum
at 174 ml (1) corresponds to the elution of ySpp2 2.

ySpp2 eluted from the size exclusion chromatography column in a single peak.
However, the elution volume of 174 ml corresponds to a molecular mass of about
70 kDa as determined by by gel filtration calibration standard, whereas ySpp2
(10-185) has a mass of 19.32 kDa. It was at this point not clear whether this
behavior of Spp2 was caused by oligomerization or if the hydrodynamic radius
of the monomeric protein did not correspond to that of a globular protein of
the same mass, which might be an indication for the protein to be intrinsically
disordered.

The total yield was 18 mg ySpp2 per liter expression culture.

3.1.3 Purification of 1°N ySpp2 pET (10-185)

In order to characterize free ySpp2 structurally, NMR experiments were con-
ducted. For that purpose '°N labeled ySpp2 was expressed & purified. In order

to make efficient use of the nitrogen source, a construct with a C-terminal hexahis-
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. . 35 -

size exclusion chromatography of ySpp2
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tidin tag was used. The DNA fragment coding for ySpp2 (10-185) was amplified
by PCR from the ySpp2 2 (10-185) expression vector and cloned into the expres-
sion vector pET21a. The protein was overexpressed in E. coli Rosetta 2 (DE3)
cells using M9 minimal media supplemented with N NH,Cl as nitrogen source
and purified from the cell lysate by Ni?" affinity chromatography. The eluted frac-
tions were concentrated and applied onto a Superdex S200 in a buffer containing
50 mM N27L2HPO47NaLH2PO4 pH 6.8, 200 mM NaCl, 1 mM DTT.
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Figure 3.5: Chromatogram of the size exclusion chromatography of histidine-tagged *N la-
beled ySpp2 (10-185). The blue line represents the UV absorption at 280 nm plotted against

the elution volume. Collected fractions with a volume of 5 ml each are depicted in gray on
the x-axis. The peak at 198 ml (1) corresponds to the elution of ySpp2 (10-185).

ySpp2 pET eluted from the size exclusion chromatography column in a single
peak at 198 ml, an elution volume which would correspond to a molecular mass
of around 70 kDa. The same observation was already made during purification

of ySpp2 (10-185) which was expressed as GST-fusion protein (compare 3.1.2.
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3.2 Preparation of the yPrp2-ySpp2 complex
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ySpp2 containing fractions 19-23 were pooled and concentrated to 500 nM for

use in NMR experiments.

3.2 Preparation of the yPrp2-ySpp2 complex

One major goal of this work was the preparation of a functional Prp2-Spp2 com-
plex in order to investigate the effect of Spp2 on the N'TPase and helicase activity
of Prp2 as well as for crystallization trials. To see, if both proteins form a sta-
ble complex in vitro and to prepare a complex suitable for crystallization and
biochemical studies, yPrp2 was mixed with a 2-fold molar excess of Spp2 to en-
sure, that Prp2 was completely saturated. The protein sample was incubated
for 30 minutes on ice and afterwards applied to Superdex S200 size exclusion
chromatography column in a buffer containing 10 mM HEPES pH 7.5, 200 mM
NaCl, 5% glycerol and 1 mM DTT (fig. 3.7). Collected fractions were analyzed
by SDS-PAGE.

SDS-PAGE analysis of the peak fractions from size exclusion chromatography
showed, that both proteins eluted at the same volume in a single peak, indicating
formation of a stable and homogenous complex at the given conditions. Moreover,
remaining unbound Spp2 indicates that saturation of Prp2 was achieved.

The purified complex was concentrated to 4 mg/ml and used for crystallization

trials.
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Figure 3.7: Chromatogram of the size exclusion chromatography of the yPrp2-ySpp2 complex
preparation. The blue line represents the UV absorption at 280 nm plotted against the
elution volume. Collected fractions with a volume of 3 ml each are depicted in gray on the
x-axis. The local maximum at 161 ml (1) corresponds to the elution of the complex, the
peak at 194 ml (2) contains Spp2 which was added in excess.

Figure 3.8: Coomassie-stained 12.5% SDS-
PAGE containing selected fractions of
size exclusion chromatography of yPrp2-
ySpp2 complex formation (fig. 3.7). The
upper arrow indicates yPrp2 whereas the
lower arrow points at ySpp2. Despite
their different molecular mass, both pro-
teins are present in the same fractions
indicating the formation of a stable com-
plex.
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3.3 Characterization of Spp2

3.3 Characterization of Spp2

Since very little was known about the biochemical properties of Spp2 and the role
and function of G-patch protein in general, beside crystallization trials, additional

methods were used for structural characterization of Spp2.

3.3.1 CD spectroscopy

To get information about the secondary structure composition of ySpp2, circu-
lar dichroism spectroscopy measurements (see 2.3.2) were performed. Since CI”
ions show high absorption in the far UV-range and therefore interfere with CD
measurements, the protein solution was dialysed against a buffer containing only
100 mM Na,HPO, /NaH,PO, at pH 7.5. Measurements were performed at 20 °C
at wavelengths between 190 and 260 nm.

30
20 4

. Figure 3.9: Circular dichroism spectra of
Spp2 full length and an Spp2 trunca-
e tion containing only the G-patch. Both

2 spectra show no significant presence of
-10 1
Y — Spp2 full length secondary structure elements.
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Comparison of the recorded spectra for ySpp2 as well as for the G-patch with
reference spectra for helix, sheet and turn elements of secondary structure (see
A.4) led to the conclusion, that Spp2 might not contain any secondary structure

elements.

3.3.2 NMR spectroscopy

Since CD spectroscopy of Spp2 suggested that the protein does not contain sec-
ondary structure elements, further investigation on the folding state of Spp2 was
carried out using NMR spectroscopy. Therefore, >N labeled ySpp2 (see 3.1.3)
was concentrated to a concentration of 500 pM and an HSQC spectrum of the
sample was measured. This work was performed by Shenqi Xiang from the de-

partment of NMR-based Structural Biology, Max-Plank-Institute for Biophysical
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Chemistry, Gottingen. The HSQC-spectrum of 1°N labeled ySpp2 showed a poor
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Figure 3.10: HSQC-spectrum of ySpp2.
The spectra shows a very narrow chem-
ical shift dispersion along with broad
peaks, especially for the amide protons.
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chemical shift dispersion and clustering of broad peaks around 8.3 ppm of the 'H
frequency which is typical for the spectra of unfolded proteins. Since there was no

precipitation during sample preparation, ySpp2 was considered to be intrinsically
unfolded.

3.4 Purification of Prp2 & Spp2 from

Chaetomium thermophilum

Since crystallization of yeast Prp2 and Spp2 was not successful neither alone nor in
a complex comprising both proteins, further crystallization trials were performed
with orthologs of both proteins from the thermophilic fungus Chaetomium ther-
mophilum.

The genome of this soil inhabiting fungus was published in 2011 (Amlacher et al.,
2011) and since proteins from thermophilic organisms are thought to me more
rigid and therefore promising targets for crystallization trials, efforts were made

to identify orthologs of Prp2 and Spp2 in this organism.

3.4.1 Identification of Prp2 & Spp2 orthologs

In order to identify the Prp2 ortholog in C. thermophilum, a protein-protein
BLAST search (Altschul et al., 1990) was performed, aligning Prp2 against all
known proteins of C. termophilum DSM 1495. In this alignment, the highest
score was obtained for a protein with the GenBank accession 1D EGS18341.1,

annotated as “putative mRNA splicing factor”. The sequence identity between
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3.4 Purification of Prp2 & Spp2 from Chaetomium thermophilum

the two proteins is 50% and the the similarity 64%, thus the protein was consid-
ered to be the ortholog of yPrp2 in C. thermophilum. The sequence alignment of
yPrp2 and ctPrp2 shows a high degree of sequence similarity, especially within
the RecA-like domains but also within the HA-domain and the OB-fold, whereas
the N-terminal part shows a higher degree of variability as well as a 53 aa long
insertion for ctPrp2 (for alignment see A.1). The most remarkable feature is a
502 aa long extension of ctPrp2 at the C-terminus, which also contains a G-patch
motif and is separated from the helicase domain by in total 4 introns on the ge-
nomic DNA. However, amplification of the coding sequence from genomic DNA
was only possible for a fragment lacking the C-terminal extension, or for the C-
terminal extension alone. Therefore one has to consider, that the annotation of
the genomic DNA in the database might be wrong in that point.

For Spp2, a first protein-protein BLAST search with the yeast Spp2 sequence
resulted in no significant hits. Therefore, in an second trial, only amino acids 180
- 210 (resembling the last two thirds of the G-patch) of the human Spp2 ortholog
GPKOW (UniProt ID Q92917) were used as search query against the group of
fungi. The result with the highest score was found in Neurospora crassa and an-
notated as “hypothetical protein NCU07862” (Accession No. XP_963123). This
result was used as query in a second BLAST run against all C. thermophilum se-
quences, were a protein annotated as “putative pre-mRNA splicing protein” could
be identified (Accession No. EGS17798.1). In this case, the sequence identity
between the two full length proteins was 41% and the the similarity 53%, the
identified protein was therefore a good candidate for a C. thermophilum Spp2
ortholog.

Table 3.2: Proteins and truncations used for ctPrp2-ctSpp2 complex formation, for truncated
proteins the boundaries are indicated in parenthesis behind the name. Mass and length of
the proteins are given in kDa and number of amino acids, respectively. Type and position
(C or N terminal) of affinity tags are indicated in the last column.

Name Length (aa) Mass (kDa) Affinity tag

ctPrp2 (1-921) 921 104.6 GST (N)

ctPrp2 (270-921) 652 72.5 GST (N)

ctSpp2 313 36.22 GST (N) & Strep (C)
ctSpp2 (211-254) 44 4.94 GST (N)
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3 Results

3.4.2 Purification of ctPrp2 (1-921)

For expression, the DNA fragment coding for ctPrp2 (1-921) was amplified by
PCR from C. thermophilum genomic DNA and cloned into the expression vector
PASG-IBA25 (see 2.2.6.2). Overexpression was performed in E. coli Rosetta 2
(DE3) cells and the expressed GST-fusion protein was subsequently purified from
the cell lysate by GSH affinity chromatography. The protein which was eluted
from the column was concentrated and applied onto a Superdex S200 gel filtra-
tion column in a buffer containing 10 mM HEPES pH 7.5, 200 mM NaCl, 2 mM
MgCl,, 5% glycerol and 1 mM DTT. Selected fractions were subsequently an-
alyzed by SDS-PAGE. The overexpressed protein eluted from the gel filtration
column in the void volume, indicating aggregation of the protein. The Agg/Asso
ratio was 1.8 (2.2.13), indicating that nucleic acids bound to the protein caused
the aggregation. Several steps were performed to remove the nucleic acids from
the protein, including washing of the GSH-sepharose immobilized GST-ctPrp2
fusion protein with 2 M LiCl during affinity chromatography as well as incuba-
tion of the purified protein with RNAse A and/or Benzonase. However, none of
these steps led to protein free of bound nucleic acids, instead the protein still

aggregated during gel filtration chromatography.

3.4.3 Purification of ctPrp2 (270-921)

Since it was not possible to purify full length ctPrp2 to homogeneity, a truncated
construct of ctPrp2 lacking the first 269 amino acids was designed. The truncated
residues are not part of the helicase core and have been shown to be dispens-
able for the function of yPrp2 in vivo (Edwalds-Gilbert et al., 2004). The DNA
fragment coding for truncated ctPrp2 (270-921) was amplified by PCR from C.
thermophilum genomic DNA and cloned into the expression vector pASG-IBA25
(see 2.2.6.2). ctPrp2 (270-921) was overexpressed as GST-fusionprotein in E. coli
Rosetta 2 (DE3) cells and was subsequently isolated from the cell lysate by GST
affinity chromatography. After elution, the fusion-protein containing fractions
were concentrated and the GST-tag was cleaved off by treatment with PreScis-
sion protease. The protein solution was then applied onto a Superdex S200 gel
filtration column in a buffer containing 10 mM HEPES pH 7.5, 200 mM Na(Cl,
2 mM MgCl,, 5% (v/v) glycerol and 1 mM DTT (chromatogram shown in figure
3.11). Selected fractions were subsequently analyzed by SDS-PAGE.

ctPrp2 (270-921) eluted from the gel filtration column at a volume of 188 ml

26



3.4 Purification of Prp2 & Spp2 from Chaetomium thermophilum

80 +
60 +

40 |

Aggy (mAu)

20 +

-
N
00

9 (1011|1213 |14|15|16|17[18[19[20|21|22|23 (24|25

100 150 140 léO 180 200 220 240
Elution volume (ml)
Figure 3.11: Chromatogram of the size exclusion chromatography of ctPrp2 (270-921). The
blue line represents the UV absorption at 280 nm plotted against the elution volume. Col-
lected fractions with a volume of 5 ml each are depicted in gray on the x-axis. Elution of

ctPrp2 can be observed at 188 ml (1) corresponding to a a molecular mass of about 70 kDa,
whereas the cleaved GST dimer elutes at 200 ml (2).

which agrees well with its monomeric size of 72 kDa according to the size standard
calibration of the column. A second GSH affinity chromatography was performed
to remove cleaved GST. The protein could be purified to homogeneity with a total

yield of 25 mg per liter expression culture.

3.4.4 Purification of ctSpp2

For expression of ctSpp2, the coding DNA fragment was amplified by PCR from C.
thermophilum genomic DNA and cloned into the expression vector pASG-IBA25.

Overexpression of the GST-fusion protein was performed in FE. coli Rosetta 2
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3 Results

(DE3) cells. The protein of interest was purified from the cell lysate by GST affin-
ity chromatography, followed by treatment with PreScission protease to cleave off
the GST-tag. Further purification of the protein was achieved by a Superdex S75
gel filtration column in a buffer containing 10 mM HEPES pH 7.5, 150 mM NaCl
and 1 mM DTT (chromatogram shown in figure 3.13). Peak fractions of the size
exclusion chromatography were subsequently analyzed by SDS-PAGE. A second
GSH affinity chromatography was performed to remove cleaved GST. The protein
could be purified with a total yield of 16 mg per liter expression culture.

During size exclusion chromatography, ctSpp2 showed a similar behavior as ob-
served during the purification of ySpp2, namely that the elution volume does not
correspond to the molecular mass of a monomeric protein. Since it was already
shown that ySpp2 is intrinsically disordered in solution (see 3.3.2), one could

suggest the same properties for ctSpp2.
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Figure 3.13: Chromatogram of the S75 size exclusion chromatography of ctSpp2. The blue
line represents the UV absorption at 280 nm plotted against the elution volume. Collected

fractions with a volume of 5 ml each are depicted in gray on the x-axis. Elution of ctSpp2
can be observed at 186 ml (1), whereas the cleaved GST dimer elutes at 210 ml (2).

A second GSH affinity chromatography was performed to remove cleaved GST.
The protein could be purified to homogeneity with a total yield of 16 mg per liter

expression culture.

3.4.5 ctPrp2-ctSpp2 complex formation

In order to test whether purified ctPrp2 (270-921) binds to purified c¢tSpp2, a
pulldown assay with GST-tagged ctSpp2 as bait and ctPrp2 (270-921) acting
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In the pulldown assay (fig.3.15), an interaction between ctPrp2 and ctSpp2 is
clearly visible. This also strongly indicates, that the identified and purified Spp2-
candidate is in fact the Spp2 ortholog.

For following crystallization trials, the complex was prepared using a co-purification
strategy which would ensure that only a completely saturated complex will be
present in the sample for crystallization. In order to achieve this, the two pro-
teins were expressed separately as GST- and Strep tagged fusion proteins, re-
spectively. Both cell pellets were mixed prior to cell lysis and the complex was

purified from the supernatant by GST affinity chromatography. The GST-tag
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3 Results

was cleaved using PreScission protease and the sample was further purified by
Streptactin affinity chromatography. Finally, the complex was applied onto an
S200 gel filtration column in a buffer containing 10 mM HEPES pH 7.5, 200 mM
NaCl, 2 mM MgCl,, 5% (v/v) glycerol and 1 mM DTT (fig 3.16). Fractions from
SEC were subsequently analyzed by SDS-PAGE (fig 3.17).
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Figure 3.16: Chromatogram of the final 16/60 Superdex 75 size exclusion chromatography of
the ctPrp2-ctSpp2 co-purification. The blue line represents the UV absorption at 280 nm
plotted against the elution volume. Collected fractions with a volume of 5 ml each are
depicted in gray on the x-axis. The local maximum at 65 ml (1) corresponds to the elution
of the complex with a molecular mass of about 104 kDa.
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Figure 3.17: SDS-PAGE of the final size exclusion chro-
matography step of ctPrp2-ctSpp2 co-purification. The
upper band corresponds to ctPrp2 whereas the lower band 40

represents ctSpp2.
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Using this approach, the complex could be purified to homogeneity with a yield

of 5 mg/liter expression culture and was used for crystallization trials.
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3.4.6 Purification of ctSpp2 (211-254)

Computational analysis of the ctSpp2 amino acid sequence revealed a high de-
gree of disorder (see figure 3.18), a fact which has also been observed for ySpp2
(see section 3.3.1). Since disordered proteins might not be promising targets for
crystallization, a shorter truncation was designed based on the ctSpp2 disorder

prediction containing only the G-patch motif.

Protein disorder plot

— MetaDisorderMD2
— MetaDisorderMD
0.75 Disorder MetaDisorder3d

— MetaDisorder

Disorder tendency

0.25 Ordered regions

Residues 211 254

Figure 3.18: Disorder prediction of ctSpp2, calculated by GeneSilico Meta server (Kozlowski
and Bujnicki, 2012). Except for a small part of the protein containing the G-patch motif,
ctSpp2 is predicted to be completely disordered, the prediction is consistent throughout all
used algorithms. The borders of the designed ctSpp2 truncation is indicated in the plot by
dotted lines along with the number of the N- and C-terminal amino acid.

For expression of ctSpp2 (211-254), the coding DNA fragment was amplified by
PCR from the full length ctSpp2 expression plasmid and cloned into the expression
vector pASG-IBA25. The proteins was overexpressed in E. coli Rosetta 2 (DE3)
cells and isolated from the cell lysate by GST affinity chromatography. The eluted
fractions were concentrated, GST was cleaved using PreScission protease and the
protein was further purified by a Superdex S75 gel filtration column in a buffer
containing 10 mM HEPES pH 7.5, 150 mM NaCl and 1 mM DTT (chromatogram
shown in figure 3.19). Selected fractions were subsequently analyzed by SDS-
PAGE.

ctSpp2 eluted at a volume of 242 ml, corresponding to a molecular mass of
about 10 kDa, while its calculated molecular mass is only 4.94 kDa. This effect
has also been observed for full length ctSpp2 as well as of ySpp2 (compare 3.4.4
and 3.1.2). The similar behavior of the proteins show that the intrinsic disorder is

not only a property of the full length protein but also of the G-patch motif itself.

61



3 Results

150 1

100 1+

50 1

Azgo (mAu)

280

Elution volume (ml)

Figure 3.19: Chromatogram of the size exclusion chromatography of ctSpp2 (211-254). The
blue line represents the UV absorption at 280 nm plotted against the elution volume. Col-
lected fractions with a volume of 5 ml each are depicted in gray on the x-axis. The local
maxima at 190 ml (1) and 240 ml (2) correspond to the elution of GST and ctSpp2 (211-254)
respectively.

ctSpp2 (211-254) could be purified to homogeneity with a yield of 0.5 mg per liter

expression culture.

3.4.7 ctPrp2-ctSpp2 (211-254) complex preparation

For preparation of the ctPrp2-ctSpp2 (211-254) complex, ctSpp2 (211-254) was
added to ctPrp2 in a 2 fold molar excess, and the mixture was incubated on ice
for 30 minutes. The complex was then purified by size exclusion chromatography
using a Superdex S75 26,/60 column in a buffer containing 10 mM HEPES pH 7.5,
200 mM NaCl and 1 mM DTT (fig. 3.21).

A stable complex consisting of ctPrp2 (270-921) and the G-patch motif of ct-
Spp2 (211-254) was formed and could by purified by the size exclusion chromato-
graphic step. This is in contrast to the yeast proteins, were the isolated G-patch
was not sufficient to form a stable complex with yPrp2 after the final gel filtration

step. The complex was of high purity and suitable for crystallization trials.
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Figure 3.21: Chromatogram of the size exclusion chromatography of the ctPrp2-ctSpp2 (211-
254) complex. The blue line represents the UV absorption at 280 nm plotted against the
elution volume. Collected fractions with a volume of 5 ml each are depicted in gray on the
x-axis. The local maximum at 178 ml (1) and 238 ml (2) correspond to the elution of the
ctPrp2-ctSpp2 (211-254) complex and ctSpp2 (211-254) respectively.
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Figure 3.22: Coomassie-stained 15%

64

SDS-PAGE of selected fractions from
ctPrp2-ctSpp2 (211-254) size exclusion
chromatography. The upper arrow
indicates ctPrp2 whereas the lower
arrow marks ctSpp2 (211-254). The
complex elutes in fractions 17-20,
excess of ctSpp2 (211-254) is present in
fractions 30 and 31.
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3.5 Crystallization

3.5 Crystallization

3.5.1 Crystallization of ctPrp2 (270-921)
3.5.1.1 ADP bound state

Initial crystallization screening was performed with a protein concentration of
5 mg/ml and a 5x molar excess of ADP. A set of nine screens (2.1.12) was
tested at 20°C and 4°C. First crystals could be observed after 48 hours at 20°C
in various conditions containing different PEGs, salts at concentrations between
100 and 200 mM and pH values between 6 and 7.5. The initial conditions were
optimized to a final condition containing 0.1 M Tris pH 7.5, 200 mM NaCl and
15% PEG 8000 (see figure 3.23).

Figure 3.23: Protein crystals of
ctPrp2 (270-921) in the pres-
ence of ADP. The crystals
were grown in a condition
containing 0.1 M Tris pH
7.5, 200 mM NaCl and 15%
PEG 8000. The reference bar
corresponds to a length of 200
pm.

The crystals were cryoprotected in reservoir solution supplied with 15% glycerol
and 5% PEG 400 and flash cooled in liquid nitrogen. ctPrp2 (270-921) crystallized
in the orthorombic spacegroup P2,2,2; and diffracted to a resolution of 2.1 A A
complete dataset was measured at beamline 14.1 of BESSY, Berlin. The statistics
of data collection and structure refinement are shown in table 3.3. Since soaking
of the crystals in KBr and AuCly for phasing resulted in no significant anomalous
signal, the crystallographic phase problem was solved by molecular replacement
using PHASER (McCoy et al., 2007) and the structure of yeast Prp43 (PDB ID:
2XAU) as search model.

The structure was refined by iterative cycles of CNS (Briinger et al., 1998) and
manual model building in Coot. The final round of refinement was performed with
PHENIX (Adams et al., 2002) to overall Ry /Riree values of 18.74 and 22.84 %
respectively (complete data statistics for refinement are shown in table 3.3). The

final model of ctPrp2 (270-921) contains one molecule in the asymmetric unit and
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encompasses residues 283-921. Additional density was observed in the nucleotide

binding cleft were an ADP molecule as well as a magnesium ion is present.

Table 3.3: Data collection and refinement statistics of ADP bound ctPrp2 (270 - 921). Values
in parentheses refer to the highest resolution shell, Ramachandran statistics were calculated
with Molprobity.

Data collection Refinement
Spacegroup P21212; Resolution range (A) 46.01 - 2.10 (2.15 - 2.10)
Cell dimensions a,b,c (A)  50.26, 114.21, 117.84 No. of Reflections 39995
Wavelength (A) 0.920 Ruyork (%) 18.78 (24.67)
X-ray source BL 14.1 BESSY (Berlin) Reree (%) 22.57 (31.34)
Resolution range (&) 50.0 - 2.10 (2.20 - 2.10) Total number of atoms 5431
No. of reflections 150725 Protein atoms 4990
Completeness (%) 99.7 (99.0) Water molecules 404
Rmerge (%) 7.6 (51.1) av. B-factors
Average I /o 15.89 (3.04) overall (A2) 32.37
Wilson B-factor (A?) 31.48 Protein (A?) 31.84
Redundancy 3.7 (3.7) solvent (A2) 37.75
RMSD
bond lengths (A) 0.003
bond angles (°) 0.735
Ramachandran plot
favored (%) 97.31
allowed (%) 2.53
outliers (%) 0.16

3.5.1.2 Co-crystallization with ATP analoga

For co-crystallization of ctPrp2 (270-921) with different nucleotides (e.g. AMPPNP,
AMPPCP), co-purified ADP had to be removed from the protein. This was
achieved by addition of 10 mM EDTA to the protein followed by gel filtration
chromatography in a buffer containing 10 mM HEPES pH 7.5, 200 mM NaCl,
2 mM, 5% (v/v) glycerol and 1 mM DTT supplemented with 10 mM EDTA. In a
final step, the EDTA was removed by a desalting column. To check whether the
ADP was removed quantitatively, the nucleotide binding state was determined
using a Nucleosil column (see 2.2.11.5).

By comparison with the elution profile of ADP, the chromatogram of the Nu-
cleosil column shows that after treatment with EDTA, ctPrp2 (270-921) is in a
nucleotide-free state ( see fig. 3.24).

After a nucleotide free ctPrp2 had been purified, crystallization trials were per-
formed with a protein concentration of 4 mg/ml in presence of 5x molar excess
of the non-hydrolyzable ATP analogues AMPPNP and AMPPCP respectively.
Crystals could be obtained in a condition containing 0.1 M Tris pH 7.5, 200 mM
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Figure 3.24: Nucleotide loading state of ctPrp2 after treatment with EDTA. In the chro-
matogramm, absorption at 254 nm is plotted against the concentration of the eluent. As
standard, an ADP sample was loaded (gray dashed line), which shows a small peak for AMP
at 9.8 ml and a major peak corresponding to ADP at 13.5 ml. For the ctPrp2 sample (red
line) only a very small peak can be observed at 10.3 ml.

Li,SO, and 15% PEG 8000 . The crystals were cryoprotected in reservoir solution
supplied with 15% glycerol and 5% PEG 400 and flash cooled in liquid nitrogen.
Several datasets were measured at beamline 14.1 of BESSY, Berlin. After re-
finement against the already obtained structure of ctPrp2 bound to ADP it was
revealed, that the protein which was crystallized in presence of AMPPNP con-
tained an ADP molecule in the nucleotide binding cleft. Further analysis of the
nucleotide loading state of ctPrp2 incubated with AMPPNP using a Nucleosil
column showed that ADP was bound to the protein, although ADP was nei-
ther present in the protein sample before incubation with AMPPNP nor in the
AMPPNP solution (see Fig 3.25). It is therefore likely, that ctPrp2 (270-921) is
in fact able to hydrolyze AMPPNP.

3.5.1.3 Apo state

In the refined structure obtained from datasets of ctPrp2 (270-921) crystallized in
the presence of AMPPCP, no nucleotide was bound in the nucleotide binding cleft.
Instead, a sulfate ion was present at a position, which harbors the 5 phosphate
in the ADP bound state.

The apo structure of ctPrp2 (270-921) was refined to overall Ryork/Riree values
of 21.95 and 27.29 % (complete data statistics for refinement are shown in table

3.4). In the electron density map, the residues 283 - 921 could be traced, while
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Figure 3.25: Nucleotide loading state of ctPrp2 before (red line) and after (green line) incu-

bation with AMPPNP. In the chromatogram, absorption at 254 nm is plotted against the
concentration of the eluent. As standard, an ADP (gray dashed line) as well as an AMPPNP
(blue dashed line) sample was loaded. AMPPNP elutes at 15.2 ml, the peak corresponding
to ADP is observed at 13.5 ml. After incubation of ctPrp2 with AMPPNP, a peak elutes at

a volume corresponding to ADP (1, in green), indicating that AMPPNP was hydrolyzed to
ADP by ctPrp2.

residues 601 - 603 located in a flexible loop region are not defined. The overall

shape of the protein closely resembles that of ctPrp2 (270-921) in the ADP bound
state.
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3.6 Structural analysis of ctPrp2

Table 3.4: Data collection and refinement statistics of apo ctPrp2 (270-921). Values in paren-
theses refer to the highest resolution shell, Ramachandran statistics were calculated with
Molprobity.

Data collection Refinement
Spacegroup P212:2; Resolution range (A) 41.46 - 2.7 (2.847 - 2.7)
Cell dimensions a,b,c (A)  50.61, 114.13, 120.69 No. of Reflections 19767
Wavelength (A) 0.920 Ryork (%) 21.95 (30.38)
X-ray source BL 14.1 BESSY (Berlin)  Rfree (%) 27.29 (33.22)
Resolution range (A) 50.0 - 2.7 (2.7 - 2.8) Total number of atoms 5016
No. of reflections 95840 Protein atoms 4972
Completeness (%) 99.8 (99.9) Water molecules 44
Rmerge (%) 7.1 (64.2) av. B-factors
Average I/o 22.66 (3.34) overall (A?) 68.04
Wilson B-factor (A2) 56.85 Protein (A2) 68.21
Redundancy 4.8 (4.93) solvent (A2) 42.40
RMSD
bond lengths (A) 0.003
bond angles (°) 0.749
Ramachandran plot
favored (%) 94.3
allowed (%) 5.06
outliers (%) 0.63

3.6 Structural analysis of ctPrp2

Analysis of the crystal structures of ctPrp2 (270-921) in the ADP-bound as well
as in the apo state reveals that ctPrp2 adopts a conformation typical for DEAH-
box helicases. The full length protein can be divided into six domains, five of
which are present in the structure while the N-terminal domain is not part of the
truncated protein used for crystallization. The structure starts at the N-terminus
with the two RecA like domains (referred to as RecAl and RecA2, blue and red
in figure 3.26) which are ubiquitously found in helicase structures and are named
after the E. colt DNA recombination protein RecA.

The RecA-like fold consists of a central five-stranded S-sheet which is flanked by
a-helices. RecAl features the so called Walker motif A or P-loop between residues
320 and 327, a conserved motif which is found in many nucleotide binding pro-
teins. Its conserved lysine makes hydrogen bonds to the $- and ~-phosphates of
nucleotides an is therefore crucial for nucleotide binding. Moreover, Walker B mo-
tif is located in the #3-strand of RecAl. RecA2 harbors an antiparallel S-hairpin,
protruding out of the RecA2 domain. This structural feature is only found in
DExH-box helicases and is missing in the family of DEAD-box helicases. The
two RecA like domains are connected by a linker and form a cleft between each
other in which the nucleotide is bound. Contacts to the nucleotide are maintained
by residues within the P-loop, R362 located in RecAl as well as T580, D582 and
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Figure 3.26: (A)Overall structure of ctPrp2 (270-921) in cartoon representation. The protein
consists of two RecA-like domains (blue and red), a Winged Helix domain (orange) followed
by the so called Ratchet domain (wheat) and an OB-fold domain (green) at the C-terminal
end. Between the two RecA-like domains, an ADP molecule is bound. (B) Crystal structure
of ctPrp2 (270-921) in apo-state. In the nucleotide binding cleft, a sulfate ion is bound at a
position which is occupied by the -phosphate in presence of ADP.

R628 from the RecA2 domain. The magnesium ion is coordinated by four wa-
ter molecules, a (-phosphate oxygen and by Threonin 327. In the structure of
apo-state ctPrp2 (270-921) additional electron density in the nucleotide binding
cleft was interpreted as sulfate ion, which is located at a position that is occu-
pied by the S-phosphate in presence of ADP. Adjacent to RecA2, a winged-helix
(WH) and a so called Ratchet domain are located (orange and wheat in figure
3.26), both are homologous to the corresponding domains in the Ski2-like helicase
Hel308 (Richards et al., 2008). The Ratchet domain is a seven helix bundle and is
named according to its proposed function of acting as a ratchet for DNA or RNA.
The C-terminal domain (in green) includes a five stranded  barrel, arranged in
a oligonucleotide binding fold (OB-fold) (Murzin, 1993).

Superposition of c¢tPrp2 with the structure of the Hel308/dsDNA complex
(PDB ID: 2P6R) reveals a possible RNA binding pocket in Prp2, formed by
the two RecA-like domains, the WH- and the Ratchet domain. In this model,
one strand of the dsDNA binds to RecA1 as well as to a long helix in the Ratchet
domain, while the other makes contacts to the RecA2- and the OB-fold domain
(fig. 3.27). The superposition of the ctPrp2 apo structure with ctPrp2 in the
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RecA-2

Figure 3.27: Model of a ctPrp2 (270-921)/dsDNA complex. The dsDNA was modeled into
the structure by superposition with a Hel308/dsDNA complex (PDB ID: 2P6R). Coloring
of the ctPrp2 domains is according to fig 3.26

ADP-bound state using LSQ-Superpose resulted in an r.m.s.d of 0.357 A for 638
common Ca atoms indicating that no tremendous structural rearrangements of

the overall shape are taking place upon binding of ADP.

3.7 Prp2-Spp2 interaction studies

In order to unravel which regions mediate the interaction between Prp2 and Spp2,
crosslink interaction studies were performed were both interaction partners were
crosslinked with three different chemical crosslinkers in order to probe for different
distances between both proteins. While BS3 and BS2G form crosslinks between
primary amines of lysines with a spacer length of 11.4 A and 7.7 A respectively,
EDC is a zero length crosslinker that functions by converting carboxyl groups into
amine-reactive isourea intermediates that bind primary amines. Therefore in pro-
teins, EDC crosslinks glutamate and aspartate residues to lysin. The crosslinked
protein complexes were separated by SDS-PAGE and subsequently analyzed by
MS/MS. This work was performed by Romina Hofele from the group for Bio-
analytical Mass Spectrometry, Max-Plank-Institute for Biophysical Chemistry,
Gottingen.

3.7.1 S. cerevisiae Prp2-Spp2 crosslinks

In the yPrp2-ySpp2 complex, residues located in RecAl, RecA2 and the Ratchet-
domain of Prp2 could be crosslinked to regions N- and C-terminal of the G-patch
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Figure 3.28: Schematic representation of yPrp2 and ySpp2. Intermolecular crosslinks are
indicated by dashed lines, intramolacular crosslinks of ySpp2 are indicated by dotted lines.
The G-patch motif of Spp2 is highlighted in dark purple. Most of the crosslinked residues
of yPrp2 are located in RecAl, RecA2 and in the Ratchet-domain. These residues make
crosslinks mostly to residues about 20 amino acids N-terminal of the G-patch motif as well
as to three residues C-terminal of the G-patch.

motif. Remarkably, no crosslinks were identified between Prp2 and the G-patch,
although amino acids able to form crosslinks are present in this region. Moreover,
internal crosslinks in Spp2 are only formed between directly neighboring amino
acids and not across the protein. This raises the question whether Spp2 adopts a
folded state upon binding to Prp2, or if it is wrapped around Prp2 as an elongated

chain.

To visualize and analyze the distribution of the crosslinks on the protein surface
of Prp2, the corresponding residues were mapped on the structure model of ctPrp2
based on protein-protein alignment.

In the front view of fig 3.29 crosslinks can be seen in RecA1 and RecA2. In the
case of RecA2, the crosslink is in close proximity to the entrance site of the RNA
and to the superposed dsDNA. In the back view, crosslinks are mainly visible at
positions surrounding the area were the single RNA strand (and in the figure the

superposed DNA) leaves the protein core.

3.7.2 C. thermophilum Prp2-Spp2 crosslinks

Crosslinks between ctPrp2 and ctSpp2 could be identified within RecA2 and the
C-terminal domains of Prp2. In contrast to ySpp2 were no crosslinks were formed
with the G-patch, two lysine residues within the G-patch of ctSpp2, namely K236
and K250 were crosslinked to E646 and D648 located in the RecA domains of
Prp2 and to K751 which is part of the WH-domain, respectively.

In context of the ctPrp2 crystal structure (3.31), a possible trace of Spp2 along the
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Figure 3.29: Crosslink results of the S. cerevisiae
Prp2-Spp2 complex.  Crosslinked residues of
yPrp2 are mapped onto the structure of ctPrp2
and colored in red. dsDNA was superimposed
from Hel308 (PDB:2P6R), orientation of front-
view as in figure 3.26.

back

surface connecting helices from RecA1l, RecA2 and proceeding to an helicase of
the ratchet domain, were the superposed DNA enters the helicase can be deduced
from the crosslink data. Interestingly, ctPrp2 is lacking the pronounced presence

of crosslinks in the C-terminal region which was seen in the case of yPrp2.
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ctPrp2 N-Terminal

Figure 3.30: Schematic representation of identified crosslinks between ctPrp2 and ctSpp2 as
well as intramolecular crosslinks of ctSpp2. Inter- and intramolecular crosslinks are indicated
by dashed and dotted lines, respectively. The G-patch motif of Spp2 is highlighted in purple.
Crosslinked residues of ctPrp2 are located within RecA2 and the Ratchet domain and form
crosslinks to the N- and C-terminal region of ctSpp2 as well as to lysine residues located
within the G-patch of Spp2.

Figure 3.31: Crosslink results of the C. ther-
mophilum Prp2-Spp2 complex. Crosslinked
residues of ctPrp2 are colored in red. dsDNA was
superimposed from Hel308 (PDB:2P6R). A pos-
sible trace of Spp2 along the surface is indicated
by a dashed line.
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3.8 Structural studies on the Prp2-Spp2 complex

3.8.1 Crystallization of the ctPrp2-ctSpp2 (211-254)

complex

Initial screening for crystallization conditions of the purified ctPrp2-ctSpp2 (211-
254) complex (3.4.7) was performed with a protein concentration of 5 mg/ml and
a 5x molar excess of ADP. All available screens (2.1.12) were set up at 20°C
and 4°C, however no crystals could be obtained. The screening was therefore
repeated, this time including the addition of microseeds obtained from ctPrp2
(270-921) crystals with a protein:reservoir:seed ratio of 1:1:1. Using this approach,
small crystals could be obtained in a condition containing 0.1 M Tris/HCI pH 8.0,
8% (w/v) PEG 6000, 0.15 M NaCl. Crystal growth was optimized by varying the
seed dilution from 1:1 to 1:100,000. Diffraction experiments showed, that the
obtained crystals belonged to the same spacegroup with nearly identical cell con-
stants compared to the ctPrp2 (270-921) crystals. After subsequent refinement
of the collected data against the solved ctPrp2 structure, no additional electron
density for ctSpp2 was visible in the electron density map. This indicates, that
the ctPrp2-ctSpp2 complex dissociated during crystallization and as a result the
crystals contained only ctPrp2.

In an alternative approach, purified ctPrp2 (270-921) was mixed with a 3-fold
molar excess of ctSpp2 (211-254) and a 5x molar excess of ADP in order to pre-
vent complex dissociation. The mixture was directly used for crystallization with
a protein concentration of 4 mg/ml. Crystals were obtained in condition F10 of
the Morpheus screen containing 0.1 M bicine/Trizma base pH 8.5, 10% (w/v)
PEG 8000, 20% (v/v) ethylene glycol and 0.02 M of a monosaccharide mixture
(for details see Gorrec (2009)). Hexagonal crystals with dimensions of 100 x
100 x 5 pm (see figure 3.32) grew within 7 days. The crystals were flash cooled
in liquid nitrogen since the crystallization condition already had cryoprotecting
properties.

The ctPrp2-ctSpp2 (211-254) complex crystallized in the orthorombic space-
group P2,2,2, and the crystals diffracted to a resolution of 2.75 A A complete
dataset was measured at beamline P13 at PETRA TII, Hamburg. The statistics
of the data collection are shown in table 3.5. The crystallographic phase problem
was solved by molecular replacement using PHASER (McCoy et al., 2007) with
the already solved structure of ctPrp2 (270-921) as search model.

)



3 Results

Figure 3.32: Protein crystals
obtained for the ctPrp2-
ctSpp2 (211-254) complex in
a condition containing 0.1 M
bicine/Trizma base pH 8.5,
10% (w/v) PEG 8000, 20%
(v/v) ethylene glycol and
0.02 M of a monosaccharide
mixture. The black bar
corresponds to a length of 100
pm.

- _4

Building of the model was conducted in Coot, the coordinates were refined at
a resolution of 2.75 A using PHENIX (Adams et al., 2002) and CNS (Briinger
et al., 1998). Alternating steps of building and refinement were performed until R-
factors converged. The structure of the complex was refined to overall Ryork /Riree
values of 21.55 and 25.07 % (complete data statistics for refinement are shown
in table 3.5). In the asymmetric unit, there are two complexes, each consisting
of one molecule ctPrp2 (270-921) and one molecule ctSpp2 (211-254). With ex-
ception of residues 270-273 of one ctPrp2 molecule, all residues could be traced
in the electron density. In the nucleotide binding cleft of both ctPrp2 molecules,
additional density was observed which was interpreted as an ADP molecule and

a magnesium ion.

Table 3.5: Data collection and refinement statistics of ADP bound ctPrp2 (270 - 921) in
complex with ctSpp2 (211-254). Values in parentheses refer to the highest resolution shell,
Ramachandran statistics were calculated with Molprobity.

Data collection Refinement
Spacegroup P21212; Resolution range (A) 48.89 - 2.75 (2.81 - 2.75)
Cell dimensions a,b,c (A)  74.73, 113.69, 191.74 No. of Reflections 43324
Wavelength (A) 0.824 Ryork (%) 22.03 (30.60)
X-ray source P13 DESY (Hamburg) Riree (%) 25.68 (34.21)
Resolution range (A) 48.89 - 2.75 Total number of atoms 10828
No. of reflections 218294 Protein atoms 10791
Completeness (%) 99.52 (99.50) Water molecules 37
Rumerge (%) 6.1 (60.1) av. B-factors
Average I/o 20.16 (2.84) overall (A2) 79.43
Wilson B-factor (A?) 63.79 Chain A/B (A2?) 79.25
Redundancy 5.04 (4.97) Chain C/D (A2) 89.50
solvent (A2) 38.47
RMSD
bond lengths (A) 0.007
bond angles (°) 1.102
Ramachandran plot
favored (%) 97.21
allowed (%) 2.72
outliers (%) 0.07
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3.8.2 Structural analysis of the ctPrp2-ctSpp2 complex
3.8.2.1 Structure and interaction interface of the G-patch motif

The 3D crystal structure of the ctPrp2-ctSpp2 complex reveals, that the N-
terminus of c¢tSpp2 (211-254) binds to the winged-helix (WH) domain of ctPrp2.
In the further course, ctSpp2 bridges the cleft between the WH and the OB-fold
domain, thereby arresting the beta-hairpin of RecA2 in its position inside the
cleft. The C-terminal end of ctSpp2 (211-254) is making contacts to the OB-fold
as well as to the RecA2 domain. Furthermore the complex structure shows that
the bound G-patch motif contains three a-helical regions, connected by flexible
loops (fig. 3.33A). The N-terminal amphipathic helix includes residues 212-222,
while the other two short helices are defined by residues 234-238 and 249-252
respectively. The G-patch motif is bound to ctPrp2 in a rather elongated shape,
with all residues mediating the interaction with ctPrp2 located within the three
secondary structure elements.

Stable binding of ctSpp2 to ctPrp2 is maintained by several interactions which
could be identified in the crystal structure: at the N-terminus of ctSpp2, aromatic
m-stacking between ctSpp2 F214 and ctPrp2 Y697 occurs along with hydrophobic
interactions between 1.219 and W224 of ¢tSpp2 and 1.689/1690/V693 of ctPrp2.
The central part of ctSpp2 which spans the cleft between the WH-domain and
the OB-fold is held in position by a salt bridge formed between K236 of ctSpp2
and D648 of ctPrp2 while the C-terminus of ctSpp2 is attached to ctPrp2 mainly
by a saltbridge formed between K250 of c¢tSpp2 and E518 of ctPrp2 (fig. 3.33B).

3.8.2.2 Comparison of ctPrp2 and the ctPrp2-ctSpp2 complex

Superposition of both structures reveals, that the overall fold and arrangement of
the single helicase domains does not change significantly upon binding of ctSpp2
(211 - 254). However, a remarkable conformational change can be observed for
the B-hairpin of the RecA2 domain. In the absence of ctSpp2, the 3-hairpin pos-
sesses a high degree of flexibility and is bent slightly outward of the protein. Once
ctSpp2 is bound, the tip of the PB-hairpin moves by about 13 A and the whole
-hairpin is pushed deeper and arrested into a newly formed cleft between the
WH- and the OB-fold domain (fig. 3.34(B)). Thus, ctSpp2 acts like a seatbelt
fixing the B-hairpin and reducing its flexibility.

Moreover, comparison of the two structures shows a significant difference in the
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Figure 3.33: (A) Crystal structure of the ctPrp2-ctSpp2(211-254) complex with ctPrp2 shown
in surface representation and the bound G-patch of ctSpp2 as ribbon (in purple). The G-
patch binds to the WH-, the RecA2- and the OB-fold domain. (B) Interacting residues of
Prp2 (gray) and Spp2 (purple). Conserved glycine residues of Spp2 are represented as green
spheres, hydrophobic residues at the N-terminal helix of Spp2 are shown as spheres colored
in pale orange.

conformation of the bound ADP molecule in the active site. In the absence of
ctSpp2 the purine base moiety is mainly coordinated by an H-bond between the
carboxyl group of D582 and the NH, group of the Adenine, while R362 is involved
in hydrogen-bonding to the 3’-hydroxyl group of the ADP ribose. However, the
situation changes upon binding of ctSpp2. In the ctPrp2-ctSpp2 complex, the
purine base moiety of the ADP is sandwiched between R362 of RecAl and F558
belonging to RecA2, both of which are involved in a cation m-stacking contact
between the guanidinium group of R362 and the aromatic ring of F558. Addi-
tionally, an H-bond is formed between the 2’-hydroxyl group of the ribose and the
carboxyl group of D582. The change of the ADP conformation goes along with
some rearrangements in the RecA2 domain of Prp2: a loop defined by residues 625
to 632 moves further into the cleft between RecAl and RecA2, thereby allowing
the formation of a saltbridge between R625 and E321, which probably stabilizes
the relative orientation of the two RecA-like domains (fig. 3.34B).
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ctPrp2-ctSpp2
"

CtPrp2
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Figure 3.34: (A) Conformational change of the B-hairpin of ctPrp2 in absence (gray) and
presence (green) of ctSpp2. The moving distance of the tip is given in A. (B) Superposition
of the nucleotide binding site of ctPrp2 (gray) and the ctPrp2-ctSpp2 complex (green). The
binding mode of the Adenosin moiety changes significantly and a salt bridge between R625
and E321 is introduced upon binding of Spp2 to Prp2.

3.9 Biochemical studies on Prp2 and the
Prp2-Spp2 complex

In order to investigate the role of Spp2 and its influence on the biochemical
properties of Prp2, the ATPase as well as the helicase activity of yPrp2 in the
presence and absence of ySpp2 were determined using real-time and fluorescence
based assays. Furthermore, dissociation constants for RNA were determined by

microscale thermophoresis.

3.9.1 ATPase activity

For determination of the ATPase activity of yPrp2, a commercially available
photometric assay was used which measures the release of orthophosphate in real
time (see 2.3.1). The assay allowed determination of the Miachaelis constant K.,
as well as the turnover number k...

Results of the ATPase activity measurements are shown in table (3.6)

The intrinsic ATPase activity of Prp2 alone was very low with a turnover num-
ber of 4.3440.30 min—!. However, it could be significantly stimulated by RNA
leading to an 10-fold increase of k., in the case of 15 pM RNA. At the same time

K ., increased about 5 fold, which does not necessarily indicate a lower affinity
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3 Results

Figure 3.35: Results of the ATPase activity assay for yPrp2 in absence and presence of RNA
and Spp2. The initial reaction velocity in pM * min' is plotted against ATP concentration.
Poly(A)29 RNA was used in concentrations of 5 and 15 pM.

for ATP in presence of RNA but instead might be a consequence of the increased
ATP hydrolysis rate.

Interestingly, the presence of Spp2 does not stimulate the ATPase activity of
Prp2, but instead led to a slight decrease of ke to 7.8240.31 min~! compared to
the sample in the absence of Spp2.

3.9.2 Helicase activity

For measurements of helicase activity a fluorescence based assay was used, were
decrease of measured fluorescence intensity is proportional to the amount of un-
wound doublestranded RNA substrate (see 2.3.3). As a positive control for the
assay the spliceosomal helicase yPrp43 was used. For Prp43 it is known to posses
a strong RNA helicase activity. Experiments with this protein showed a signifi-
cant decrease in the fluorescence signal over time in presence of dsRNA substrate
and ATP indicating, that the assay was working as expected (Christian et al.,
2013).

However, no helicase activity could me measured for yPrp2, neither in absence

nor in presence of ySpp2 or with high ATP concentrations (2 mM), although it
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3.9 Biochemical studies on Prp2 and the Prp2-Spp2 complex

Table 3.6: Kinetic parameters describing the ATPase activity of yPrp2 alone as well as in
complex with ySpp2 (10-185), in absence and in presence of poly(A)qg-RNA. For each sample,
the Michaelis constant K, and the turnover number k., is provided.

Protein Ko (M) keag (min™?)
In absence of RNA

yPrp2 10.67+£3.05 4.344+0.30

In presence of RNA

yPrp2 + 5 uyM RNA 23.8143.21  10.64+0.42
yPrp2 + 15 ptM RNA 52.03£3.77  41.2941.02

yPrp2-ySpp2(10-185) + 5 pM RNA  20.89+2.91  7.82+0.31

was shown that yPrp2 binds RNA in presence of ATP (see 3.36).

3.9.3 RNA affinity

Binding constants for yPrp2 to RNA in the presence of ADP or AMPPNP as well
as Spp2 and AMPPNP were determined by microscale thermophoresis (see 2.3.4).
In this method, directed movements of particles along a microscopic temperature
gradient are monitored by fluorescence detection. Any change of the hydration
shell of bio molecules due to changes in their structure or conformation results in
a relative change of movement along the temperature gradient and is used to de-
termine binding affinities. The obtained data (shown in figure 3.36) demonstrate,
that Prp2 is only able to bind RNA in the presence of the non-hydrolyzable ATP
analogue AMPPNP (K4 10.13+£1.07 uM). The RNA affinity of the Prp2-Spp2
complex does not differ significantly from the value determined for Prp2 alone
(K4 9.36+£1.31 pM), indicating that the presence of Spp2 does not influence RNA
binding. In contrast, Prp2 seems not to bind RNA in the presence of ADP.
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Figure 3.36: Results of the RNA affinity measurements for Prp2 in presence of ADP (white
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circle), AMPPNP (gray square) as well as Spp2 and AMPPNP (black triangle). Ther-
mophoresis units are plotted against the concentration of Prp2, K4 values for the Prp2-RNA
interaction were calculated by curve fitting. In the presence of AMPPNP, Prp2 binds RNA
with a K4 of 10.134+1.07 pM. The affinity is not significantly changed by Spp2, while in
presence of ADP no RNA binding could be measured.



4 Discussion

The molecular function of the G-patch protein Spp2 with regard to the activity
of Prp2 and thus to the activation of the spliceosome has so far remained an open
question. Moreover, no structural data for the G-patch motif was available up
to now, neither bound to an interaction partner nor alone. The aim of this work
was therefore to obtain structural and biochemical information on the Prp2-Spp2

complex in order to investigate the effect of Spp2 on Prp2.

4.1 Structural and biochemical features of Prp2

As crystallization trials with full length Prp2 as well as with different truncated
Prp2 and Spp2 constructs from S. cerevisiae were not successful, orthologues
of these proteins were identified in the thermophilic fungusChaetomium ther-
mophilum. Proteins from thermophilic organisms have been demonstrated to
posses a higher rigidity compared to their mesophilic counterparts, which might
make them more suitable for successful crystallization experiments (Amlacher
et al., 2011). Due to aggregation of the protein probably caused by binding to
RNA during the purification, the preparation of full length ctPrp2 was not pos-
sible. However, since the N-terminus of yPrp2 was shown to be dispensable for
its activity in vivo (Edwalds-Gilbert et al., 2004), an analogues N-terminal trun-
cated ctPrp2 was used for crystallization experiments and the following structure
determination. The structure of ctPrp2 (270-921) could be determined in its
ADP bound state, showing a high similarity to the structure of the DEAH-box
helicase Prp43 (Walbott et al., 2010). This similarity can be explained with the
high degree of sequence conservation throughout the family of DEAH-box heli-
cases, especially within the helicase core and the C-terminal domains. However,
such similarity is nevertheless surprising, since the biochemical features of both
proteins differ in many ways. The biochemical properties of Prp43 have been
assessed in several studies. Throughout these it was demonstrated, that Prp43

which plays a role in splicing and in the biogenesis of ribosomes, possesses AT-
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Pase as well as helicase activity n vitro. Furthermore it was shown, that these
activities are stimulated by the G-patch protein Ntrl in the spliceosomal context
or by Pfal during ribosome biogenesis (Tanaka et al., 2007; Lebaron et al., 2009;
Christian et al., 2013). Another extensively studied spliceosomal DEAH-box he-
licase is Prp22 which is required during disassembly of the spliceosome. This
helicase shows high ATP hydrolysis and RNA unwinding rates. For example,
the ATP turnover rate equals 56 min™! in the absence of RNA without requiring
an activating interaction partner (Tanaka and Schwer, 2005). In contrast, the
ATP hydrolysis rate of Prp2 is significantly lower, with the k., value averaging
4.3440.30 min! in the absence of RNA and 41.2941.02 min™! in presence of a 15x
molar excess of Poly(A)q-RNA. While for Prp43 a three to five fold stimulation
of its ATPase activity by Ntrl was shown (Christian et al., 2013), Spp2 doesn’t
seem to have such stimulating effects on the ATP hydrolysis rate of Prp2 under
the assayed conditions (see table 3.6 for details). Moreover, the results of the
helicase assay indicate, that Prp2 doesn’t seem to unwind dsRNA (see 3.9.2 for
details), whereas Ntrl dependent RNA unwinding activity could be demonstrated
in vitro for Prp43 (Christian et al., 2013). Nevertheless, the RecA2 domain of
Prp2 contains a 5’3-hairpin, a structure which is also found in Prp43 as well as as
in the viral NS3 helicase and is thought to act as a separation device for dsSRNA
(Walbott et al., 2010). Since dsRNA unwinding activity was not observed for
Prp2, the question arises, whether the 3-hairpin might fulfill a different function
in Prp2.

4.1.1 Non-canonical binding of ADP in absence of Spp2

The helicase core of all SF2 helicases is formed by two RecA-like domains which
contain several conserved motifs that are involved in Nucleotide and/or RNA
binding. The Nucleotide is bound in a cleft between both domains and coordi-
nated by residues belonging to the conserved motifs I, I, V and VI. In the available
crystal structures of Prp43 from S. cerevisiae and C. thermophilum the adenine
moiety of the ADP is found sandwiched between a phenylalanine of RecA2 and
an arginine of RecAl (Walbott et al., 2010; He et al., 2010). This binding mode
is referred to as “canonical binding mode” in the following. In the ctPrp2-ctSpp2
complex structure, the ADP molecule adopts a conformation corresponding to the
canonical binding mode, with the adenine base stacked between F558 and R362
while D582 forms an H-bond to the 2°OH of the ribose. However, in the absence
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4.1 Structural and biochemical features of Prp2

of ctSpp2, the conformation of the ADP molecule differs significantly from the
one observed in the canonical binding mode and so do the coordinating residues
of the RecA-like domains. While the phosphate moieties are bound in the same
position by the P-loop, the adenine base is no longer stacked between F558 and
R362 but instead bound by D582 while R362 forms an H-bond to the ribose. This
leads to a rotation of about 110 ° around the ADP « angle (O2a-Po-O5’-C5’) and
is accompanied by a conformational change of the ADP from the anti- into the
syn-conformation. Moreover, changes in a loop region defined by residues 626 -
632 can be observed, which lead to the disruption of a salt bridge between 321
and R625 (fig. 3.34). Since this salt bridge is build between RecAl and RecA2,
it might help to stabilize the helicase core in a defined state once Spp2 is bound,
although no direct influence on the ATP hydrolysis rate was observed in the ac-
tivity assays.

The non-canonical ADP conformation has never been observed in other DEAH-
box helicases and also differs from the conformation observed in DEAD-box he-
licases (fig. 4.1), where the adenine moiety is bound by the Q-motif located in
the RecAl domain (Sengoku et al., 2006; Oyama et al., 2009). The comparison
with the ctPrp2 structure in the nucleotide-free state reveals, that the positions of
the residues involved in nucleotide binding as well as of the loop region 626 - 632
are similar to the positions seen in the ADP bound state. This finding indicates,
that the nucleotide binding site of ctPrp2 can accommodate ADP exclusively in
the non-canonical mode as long as ctSpp2 is absent and that the switch to the
canonical binding mode is induced by the interaction with the G-patch motif of
ctSpp2. It should, however, be noted that the interactions of the nucleotides with
the protein residues of the different motifs are likely to be influenced by binding
of the protein to nucleic acids, which has been observed for different structures of
NS3 (Luo et al., 2008). Therefore, the observed interaction might change again
upon binding of RNA.
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ctPrp2+ctSpp2

Figure 4.1: (A)Superposition of different ADP conformations in the structures of ctPrp2
(gray), the ctPrp2-ctSpp2 complex (green) and the DEAD-box helicase UAP56 (purple),
the corresponding ADP molecules are shown as sticks. The ADP conformation observed in
ctPrp2 differs significantly from the canonical conformation observed in the ctPrp2-ctSpp2
complex as well as from the conformation observed in crystal structures of other DEAD-box
helicases. (B) Simulated annealing mFo-DFc omit map contoured at 2.0 o (blue mesh) for
the ADP molecule in the ctPrp2 (270-921) structure. The ADP molecule is shown in stick
representation, the protein is shown as ribbon.

4.2 Intrinsically disordered proteins

Intrinsically disordered proteins (IDPs) are widespread throughout all spliceosome
associated proteins, in fact it has been predicted that about 45% of the human
spliceosomal proteins are disordered and about 80% contain disordered regions
with a length of at least 30 residues (Korneta and Bujnicki, 2012). Disorder of
proteins goes along with some functional advantages like the adaptability to dif-
ferent binding partners and the ability to bind with high specificity but at the
same time relatively low affinity, which enables the IDPs to associate and disso-
ciate fast in dynamic complexes (Dyson and Wright, 2005; Hegyi et al., 2007). In
the context of the highly dynamic environment of the spliceosome which contains
a huge number of proteins, these properties would enable IDPs to specifically rec-
ognize their interaction partners in order to recruit them to the spliceosomal core.
Moreover, disordered parts of the protein might play a role in a mechanism known
as moonlighting. Moonlighting proteins are able to fulfill more than one function
in unrelated processes. Examples for moonlighting yeast spliceosomal proteins
are Clflp, which has been shown to additionally play a role in DNA replication,
as well as Ub-52K, which besides its function in the spliceosome is a binding pro-

tein for the CD2 receptor in the immune response (Jeffery, 2009). The switch
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4.3 Interaction of Prp2 with Spp2

in function is originally explained by change in expression, cellular localization
or variations in oligomerization (Jeffery, 2003a,b). However, structural flexibility
induced by disordered elements might also increase the structural adaptability to

different binding partners (Tompa et al., 2005).

4.2.1 The IDP Spp2

It has been demonstrated that the presence of Prp2 and ATP is not sufficient for
spliceosome activation, but that this step is also dependent on the presence of an
additional factor, the G-patch protein Spp2 that binds to Prp2 (Last et al., 1987;
Roy et al., 1995). A similar mechanism has been described for the helicase Prp43,
which fulfills its function in spliceosome disassembly after it has been activated
by its interaction partner Ntrl, which possesses a G-patch motif as well (Tanaka
et al., 2007). While a significant stimulating effect on the ATPase as well as on the
helicase activity of Prp43 by Ntrl has been shown (Tanaka et al., 2007; Christian
et al., 2013), Spp2 does not seem to enhance the ATPase activity of Prp2 nor
does it stimulate its helicase activity (see 3.9.1 & 3.9.2). Thus, Prp2 might either
require an additional factor for activation or the function of Spp2 might not be
the activation but the recruitment of Prp2.

The CD-spectroscopy results for ySpp2 (10-185) as well as for the truncated ySpp2
(100-150) containing only the G-patch motif clearly indicate the absence of any
secondary structure elements (for details see section 3.3.1). These results were
confirmed by the HSQC NMR spectrum of N labeled ySpp2 (10-185) demon-
strating that Spp2 is indeed disordered in its free form (see section 3.3.2). In
contrast, the ctPrp2-ctSpp2 crystal structure reveals that upon binding to Prp2
the G-patch of Spp2 adopts a distinct fold, comprising three o-helices connected
by flexible linker loops (see section 3.8.2.1. This suggests that Spp2 has the ability
to fold upon binding to Prp2.

4.3 Interaction of Prp2 with Spp2

In the ctPrp2-ctSpp2 crystal structure presented in this work, the G-patch motif
of ctSpp2 adopts an elongated shape that is held in position by hydrophobic inter-
actions between its amphipathic N-terminal helix and the WH-domain of c¢tPrp2.
Additionally, two salt bridges are formed between the ctSpp2/ctPrp2 residues
K236,/D648 and K250/E518. While the residues involved in inter-protein con-
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tacts are located in «-helical regions, the parts of the protein connecting this
anchoring points contain no secondary structure elements. A sequence alignment
of Prp2 orthologues from different organisms (fig. A.5) revealed patches of con-
served residues located on the surface of ctPrp2 (fig. 4.2). Interestingly, two of
these patches coincide with the contact areas of the N- and C-terminal helices
of Spp2, thus suggesting a similar mode of Prp2/Spp2 interaction in different

organisms.

'Ivariable

average

. conserved

Figure 4.2: Surface representation of ctPrp2 with ctSpp2 (211-254) shown as ribbon (orange).
The surface of ctPrp2 in colored according to the degree of sequence conservation (blue:
variable, gray: average, purple: conserved). The N- and C-terminal helices of ctSpp2 are
found to make contacts to conserved regions of ctPrp2.

Upon binding of the G-patch motif, the position of the 3-hairpin undergoes a
remarkable change of about 13 A while it is pushed into a cleft between the WH
and the OB-fold domain (fig. 3.34). The (-hairpin is thought to act like a wedge
on RNA double strand substrates, which are then separated by the translocation
of the helicase onto the RNA (Walbott et al., 2010). Comparison of several crystal
structures of the DEAD-box helicases e[F4A-I11, Vasa, and Prp28 bound to differ-
ent nucleotides as well as in the apo state revealed major conformational changes
that occur during the cycle of ATP binding, hydrolysis and release of ADP (An-
dersen et al., 2006; Bono et al., 2006; Schiitz et al., 2010). Based on these findings
and on superpositions with the crystal structure of eIF4A-IIT bound to AMPPNP,
the B-hairpin of Prp43 was predicted to perform a movement outward of its bind-

ing cleft upon binding of ATP, which would support the separation of dsRNA
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4.3 Interaction of Prp2 with Spp2

(He et al., 2010). However, the ctPrp2-ctSpp2 complex structure shows, that the
-hairpin can not perform this movement once Spp2 is bound, because the G-
patch motif acts like a seatbelt and seems to arrest the (3-hairpin in its position.
Additionally, in the ctPrp2-ctSpp2 complex structure, the two C-terminal helices
of the G-patch motif are located in a small cleft formed between RecA2 and the
OB-fold on the surface of ctPrp2. Based on a superposition with the structure
of the Hel308/DNA complex (PDB 2P6R) (Biittner et al., 2007), this region was
supposed to interact with the 5’-end of the modeled ssDNA after separation of
the double strand by the B-hairpin (Walbott et al., 2010). This is in conflict with
the structural data presented in this work (fig. 4.3).

Figure 4.3: Superposition of the ctPrp2-ctSpp2 crystal structure with dsDNA from the struc-
ture of Hel308 (PDB:2P6R). Coloring of the protein is according to fig. 3.33(A), the back-
bone carbons of the DNA molecule are shown as gray spheres, ctPrp2 and ctSpp2 are shown
in surface and ribbon representation, respectively. The C-terminus of ctSpp2 (211-254)
clashes with the 5’-end of one strand the modeled DNA.

In contrast, binding of the second strand which is thought to pass through a
cavity between the two RecA-like domains and the C-terminal domains where it
contacts the long ratchet helix and thereby might allow the helicase to translocate
along the RNA (Biittner et al., 2007), seems not to be opposed as the entrance

as well as the cavity itself are not blocked by the truncated ctSpp2 molecule in
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the crystal structure. It is not clear whether ctSpp2 would prevent unwinding of
double stranded RNA due to steric clashes with the RNA strand, since no dsRNA
unwinding activity could be observed for Prp2 in wvitro, neither in absence nor in
presence of Spp2 (section 3.9.2; Reinhard Lithrmann, personal communication).

In the asymmetric unit of the crystal, the two ctPrp2-ctSpp2 complex molecules
are oriented in a way with the two ctSpp2 molecules facing each other. Therefore,
the observed conformation and binding position of ctSpp2 might likely be influ-
enced by the crystallization conditions and not represent the situation in solution.
To assess this problem, in solution crosslink studies were performed with ctPrp2
(270-921) and full length ctSpp2. In these experiments, ten crosslinks between
ctPrp2 and ctSpp2 could be identified. Of these, two were located within the crys-
tallized portion of ctSpp2, namely the lysine residues K236 and K250 which were
found to form crosslinks to the ctPrp2 residues E646, D648 and K761 respectively.
These crosslinks are perfectly fitting the crosslinker distances in the crystal struc-
ture and could thereby confirm that the position of the G-patch as observed in the
crystal structure is in good agreement with the situation in solution. Moreover,
crosslink studies on the interaction of Prp43 with the G-patch protein Ntrl have
recently been published (Christian et al., 2013). The binding site of Ntrl proposed
in this study is very similar to the one observed for ctSpp2 in the crystal structure.
In fact, by superposition based modeling of the ctSpp2 G-patch onto the Prp43
crystal structure, several of the identified crosslinks could be confirmed to be in
good agreement with respect to the observed distances in the model (fig. 4.4). In
detail, K67 which is located N-terminal of the G-patch crosslinks to the residues
K733, K737 and K746 that are located at the C-terminal helix of Prp43. In the
model, the measured C-C distances for these residues are 14.7, 15.4. and 26.6
A respectively. Thus the distances are in a good range to fit the crosslinking dis-
tance of the used reagent BS3 and BS2G if flexibility of the proteins C-terminus is
taken into account. The same applies for a crosslink between Ntrl K78 and Prp43
K4 with a measured distance of 23.1 A in the model. These findings further sup-
port the hypothesis, that the observed interaction in the crystal structure is not
unique to the ctPrp2-ctSpp2 complex but my also be present in other helicase/G-
patch protein complexes and might therefore be considered as a molecular basis

to explain the mechanistic function of the G-patch/helicase interaction in general.

The question remains, whether folding of Spp2 is induced after the binding

event or if folding into a defined shape is a prerequisite for association and thus
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Figure 4.4: Model of the Prp43/G-patch interaction. For the model, the structure of
yPrp43 (PDB: 2XAU) was superimposed onto the ctPrp2-ctSpp2 complex structure and
the crosslinked residues of yNtrl were mapped on the ctSpp2 molecule based on protein
sequence alignment. Prp43 is shown in gray, Spp2 is colored in purple. Crosslinked residues
of yPrp43 and yNtrl are highlighted in red and yellow respectively, crosslinks are indicated
by dashed lines and the Cx-Co crosslink distances are given in A.

has to happen first. However, since the interaction between the G-patch of Spp2
and Prp2 is mainly facilitated by anchoring points located in the three o-helical
parts of the G-patch which are connected by long and more flexible linkers, one
could speculate that these parts are able to initially bind and fold independent of
each other. The N-terminus for example might initially be positioned close to its
binding site by single interactions to a hydrophobic patch on the surface of Prp2.
Subsequently, formation of the amphipathic «-helix might be induced by the
hydrophobic environment, leading to an increase in the number of hydrophobic

interactions which in the end results in a more stable binding of Spp2 to Prp2.
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4.3.1 Structural properties of the bound G-patch motif

While it was previously suggested, that the G-patch has a specific function in
RNA processing (Aravind and Koonin, 1999), there are no studies on the function
of the conserved residues of the G-patch available. Since structural information
about the G-patch in a bound state was lacking, the functional relevance of the
characteristic six conserved glycine residues as well as of the conserved aromatic
and hydrophobic residues remained unknown so far. With the results obtained
during this work, it was possible for the first time to elucidate the necessity of
glycine residues at certain positions on a structural basis. The structure shows,
that for the conserved residues 223, 226 and 230 of Spp2, the observed combi-
nation of ¢ and P torsion angles are only possible for glycine residues at these
positions according to the Ramachandran plot (Ramachandran and Sasisekharan,
1968). Additionally, the residue at position 226 has to be small because the side
chain of the conserved W224 blocks the space needed for a larger side chain. The
structure strongly emphasizes that beside the glycines, the conserved hydropho-
bic residues [.218 and L219 are important for the function of Spp2 since they
are part of an amphipathic helix and involved in hydrophobic interactions to the
interaction partner Prp2. This suggestion is supported by mutational studies on
Spp2 from S. cerevisiae showing that a mutation of 1109 (which corresponds to
L218 in C. thermophilum) to arginine or glutamate eliminated the interaction
with Prp2. Interestingly an L109V mutant showed even higher binding affinity
compared to the wild type which strongly supports the idea, that L109 is involved
in hydrophobic contacts with Prp2.

Sequence alignments of Spp2 orthologues from Homo sapiens, Saccharomyces
cerevisiae and Chaetomium thermophilum show a variable length of the linker
region between third conserved glycine of the G-patch and the second «-helix
(see A.3). This region is not involved in protein-protein interactions and the
difference in length might therefore originate from evolutionary adaptation to
different binding targets. However, more structural data on different G-patch

protein complexes are required to confirm this hypothesis.
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4.4 A model for the molecular function of Prp2
& Spp2

Although Spp2 has been demonstrated to be essential for the activation of the
spliceosome (Silverman et al., 2004), its working mechanism remained elusive so
far. Tt was demonstrated for several SF'1 and SF2 helicases, that their ATPase and
helicase activities are stimulated to a certain extend by activator proteins which
bind to the helicases. For example, the two RecA-like domains of eIF'4A come
closer together upon binding of its activator eIF4G, leading to an increase of ATP
and RNA affinity (Oberer et al., 2005; Schiitz et al., 2008). The SF1 helicase Upf1l
is stimulated by the intrinsically unstructured protein Upf2, which decreases the
RNA affinity of Upfl and thus increases RNA unwinding activity (Clerici et al.,
2009; Chakrabarti et al., 2011). Recent data for the DEAH-box helicase Prp43
show an activation of ATPase and RNA unwinding activity by the intrinsically dis-
ordered G-patch protein Ntrl (Tanaka et al., 2007; Christian et al., 2013). Despite
the fact, that the high sequence conservation and structural similarity of Prp2 and
Prp43 suggests a similar functional mechanism for both proteins, there seem to be
major differences regarding their mechanistic function in the spliceosome, and the
role of their interaction partners Spp2 and Ntrl. Additionally, several results of
this work are not consistent with the current assumption, that Prp2 is a classical
RNA unwinding helicase. First, dsSRNA unwinding activity could not be shown
for Prp2, neither in this work (3.9.2) nor by other groups (Reinhard Lithrmann,
personal communication), although recent data suggest the possibility of at least
an indirect destabilization of snRNA by Prp2 (Wlodaver and Staley, 2014). Sec-
ond, the structural data of the ctPrp2-ctSpp2 complex combined with a model
for dsRNA binding by DEAH-box helicases implicate steric clashes between ct-
Spp2 and the ssRNA after strand separation. Together, these findings support
the theory that Prp2 does not unwind dsRNA in vivo. Nevertheless, the structure
of Prp2 shows the typical feature of DEAH-box helicases - the 5-f3-hairpin which
is thought to act as dsRNA separation device and thus to be a key element for
RNA unwinding. This secondary structure element is supposed to move outward
of its binding cleft upon binding and hydrolysis of ATP and possibly participates
in RNA strand separation (Biittner et al., 2007; He et al., 2010). However, in the
crystal structure of the ctPrp2-ctSpp2 complex, the 5’-HP seems to be arrested
in its position by the G-patch of Spp2 making its function in RNA separation

93



4 Discussion

questionable. Instead, it might act as cantilever pushing against Spp2 upon ATP
binding or hydrolysis, with Spp2 serving as adapter molecule, which transfers
mechanical energy to other components of the spliceosome. Since no structural
information about the Prp2-Spp2 complex in its ATP-bound state is available,
this hypothesis is however speculative and more structural and functional data on
the interaction of Spp2 with the 5’-HP are required to investigate the physiological

relevance of this model.
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Table A.4: Abbreviations used in this work

APS
ATP
BP

CD

ct

CTD
(A

Da
DNA
dsDNA
dsRNA
5'HP
IPTG
kb

K. at
Kq

kDa
K
mRNA
OB-fold
OD
PDB-ID
Poly(A)
Poly(U)
RNA
RMSD
RNP
SDS-PAGE
SF
ssDNA
ssRNA
3’/5’ss
tRNA
UsnRNA
UTP

Umazx

WH
y

Angstrom (1 A = 1071° m)
ammoniumpersulfate

adenosine triphosphate

branch point

circular dichroism

Chaetomium thermophilum
C-terminal domain

column volume

Dalton

deoxyribonucleic acid
double-stranded DNA
double-stranded RNA

5’-hairpin
isopropyl-3-D-thiogalactopyranoside
kilobases

Turnover number

dissociation constant

kilodalton

Michaelis constant

messenger RNA
oligonucleotide/oligosaccharide binding-fold
optical density

identifier within the protein data bank
poly-adenine

poly-uridine

ribonucleic acid

root mean square deviation
ribonucleic protein

SDS polyacrylamide gel electrophoresis
superfamily

single-stranded DNA
single-stranded RNA

3’/5’ splice site

transfer RNA

Uridine rich small nuclear RNA
uridine triphosphate

maximal reaction velocity

winged helix

Saccharomyces cerevisiae (yeast)
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Figure A.1: Alignment of the aminoacid sequence of yPrp2 and ctPrp2. The alignment was
generated using ClustalW
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ySpp2 1 FSTKME. EKTLKK KTK. . KKNSL QKANMFE TASL SHKPQSK
ctSpp2 1 MSDHDTKSEERI NI MEKESRSSL RSRPVYGKQYRAHAMHEE SESDDGDF EQEYGRA

ySpp2 51 | KNGEI [ ILD Ty S| SKL | KL SENADTK
ctSpp2 61 E Y[8! [Y[BTKSDGGDRRRARDRSSSSDRDRSRTRNGDT ADRRDKARRDDEDRSRS

ySpp2 85 D NAY T E K S PR
ctSpp2 121 SNGVEDNE] NPl KYGLTI KTKSREDI GERTSRDSRSQSEDFGKEGKGSKTLEEEALEA

YSPP2 96 i N PEF% LR SDSEQDSIGDAT QSR
CtSpp2 181 LMGSGVPKRKQPVFDEPDREP QL EDMKAMBYDCIRE ENMMAS FEND GKMRGK VIREVIRRY AN

TGTK 5D S
LEDKY GRS YRERE

X

ySpp2 132 NKSN Ol HPDGNETG. . . . . . AKLNKATINVEBASFMPVVI
CtSpp2 241 LAGLGARNVKEAEDMEAWDPKAGKSSSSRPVRLDDYRREEE

ySppP2
ctSpp2 301 RERERERERGSDR

Figure A.2: Alignment of the aminoacid sequence of ySpp2 and ctSpp2. The alignment was
generated using ClustalW
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105 115 125 135 145 155
S.c. Spp2 EE-GDAL L RGVGIE SDSEQDSK-GDKTQSRNKDVS-NVSQIHPDGLG IGAKLNKA---
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H.s. Cmtrl NSVSQK! VAKNGHREGEGLGKYSQGRKD I -—=——-- VEASSQKGRRGLGLTLRGFDQELN

Figure A.3: Alignment of the aminoacid sequence of G-patch motifs from different proteins.
The alignment was generated using ClustalW
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Figure A.4: Characteristic circular dichroism spectra for the helix, sheet and turn ele-
ments of secondary structure (from: hitp://besley.chem.nottingham.ac.uk/research/research-
prospec.html)
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Figure A.5: Alignment of the aminoacid sequence of Prp2 orthologues from different organisms.

The alignment was generated using ClustalW
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