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Abstract

Gene expression in eukaryotes involves mRNA synthesis, processing, and export
from the nucleus to the cytoplasm. The highly conserved TREX (transcription/export)
complex plays a crucial role in coupling these processes, ensuring the efficient
transition of MRNA from transcription to translation (Straf3er et al. 2002). Since only
limited research was available on the structural organization of the TREX complex,
the first objective was to investigate the endogenous TREX complex structure from
Saccharomyces cerevisiae. The second objective was to analyze the structure of the
Sub2-Yral-Thol subcomplex from Chaetomium thermophilum. Thol has been
suggested to function in transcription, splicing, export, and/or translation (Aravind &
Koonin 2000; Hashii et al. 2004; Leaw et al. 2004). In addition to the structural
objectives, this study also aimed to gain information of Thol's functions in
C. thermophilum.

This research showed the predominantly dimeric arrangement of the complete
endogenous S. cerevisiae TREX complex, determined using XL-MS and EM. While
the flexible C-terminus of yeast Tho2 is not essential for the formation of TREX, it is
critical for cellular functions, particularly under stress conditions. Co-expressing the
C. thermophilum proteins ctSub2, ctThol, and ctYral in Escherichia coli enabled the
purification of a stable ctSub2-ctThol-ctYral (S-Y-T) complex. Despite nuclease
treatment during the purification, this complex retained its association with nucleic
acids. Cryo-EM images of the nuclease-treated S-Y-T complex revealed larger
complexes, approximately 20 nm in size, tightly bound to RNA. Especially the
interaction between ctSub2 and ctThol was highly stable, which allowed the
successful in vitro reconstitution of this protein-protein complex. Further in vitro
reconstitution experiments with various ctThol deletion mutants revealed that the C-
terminal domain (CTD) of ctThol, which includes two DIM maotifs, is crucial for
interacting with ctSub2. Although the C-terminal end (CTE) of ctThol, which contains
an additional DIM motif, is not essential, it enhances the ctSub2 interaction. Moreover,
the flexible CTE carries out important functions of ctThol, such as binding and
annealing different RNA and DNA oligos.

In conclusion, this study shows the predominantly dimeric organization of the
endogenous yeast TREX complex and highlights the importance of structurally
unresolved, flexible protein regions — such as the yeast Tho2 C-terminus or the

ctThol CTE - in maintaining cellular functionality. Given that ctThol has three DIM
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motifs, the S-Y-T complex in C.thermophilum likely contains multiple ctSub2
molecules. By interacting with the alpha-helical N- and C-box regions of ctYral, the
ctSub2 proteins are possibly compacted by several ctYral proteins, resulting in a

multiprotein S-Y-T complex.

Abstract (German version)

Die Genexpression in Eukaryonten umfasst die Synthese, die Prozessierung und den
Export von mRNA aus dem Zellkern in das Zytoplasma. Der hochkonservierte TREX-
Komplex (Transkription/Export) spielt eine entscheidende Rolle bei der Kopplung
dieser Prozesse und gewahrleistet den effizienten Ubergang der mRNA von der
Transkription zur Translation (StréRer et al. 2002). Da die strukturelle Organisation
des TREX-Komplexes nicht vollstandig erforscht ist, bestand das erste Ziel darin, die
Struktur des endogenen TREX-Komplexes aus Saccharomyces cerevisiae zu
untersuchen. Das zweite Ziel war die Analyse der Struktur des Sub2-Yral-Thol
Subkomplexes aus Chaetomium thermophilum. Es wird angenommen, dass Thol
bei der Transkription, dem Spleil3en, dem Export und/oder der Translation eine Rolle
spielt (Aravind & Koonin 2000; Hashii et al. 2004; Leaw et al. 2004). Zusatzlich zu
den strukturellen Zielen sollten auch Informationen Gber die Funktionen von Thol in
C. thermophilum gewonnen werden.

Es konnte die Uberwiegend dimere Anordnung des vollstdndigen endogenen TREX-
Komplexes von S. cerevisiae, die mit XL-MS und EM bestimmt wurde, konnte gezeigt
werden. Wahrend der flexible C-Terminus von S. cerevisiae Tho2 fir die Bildung von
TREX nicht wesentlich ist, ist er fur zellulare Funktionen, insbesondere unter
Stressbedingungen, entscheidend. Die Koexpression der C. thermophilum Proteine
ctSub2, ctThol und ctYral in Escherichia coli ermdglichte die Aufreinigung eines
stabilen ctSub2-ctThol-ctYral (S-Y-T) Komplexes. Trotz Nuklease-Behandlung
wahrend der Reinigung behielt dieser Komplex seine Assoziation mit Nukleinsduren
bei. Kryo-EM-Bilder des Nuklease-behandelten S-Y-T-Komplexes zeigten grof3ere
Komplexe von etwa 20 nm, die eng an RNA gebunden sind. Insbesondere die
Interaktion zwischen ctSub2 und ctThol war sehr stabil, was die erfolgreiche In-vitro-
Rekonstitution dieses Protein-Protein-Komplexes ermdglichte. Weitere In-vitro-
Rekonstitutionsexperimente mit verschiedenen ctThol-Deletionsmutanten zeigten,

dass die C-terminale Doméane (CTD) von ctThol, die zwei DIM-Motive enthalt, fur die
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Wechselwirkung mit ctSub2 entscheidend ist. Obwohl das C-terminale Ende (CTE)
von ctThol, das ein zusatzliches DIM-Motiv enthélt, nicht entscheidend ist, verstarkt
es die Wechselwirkung mit ctSub2. Dariiber hinaus erfullt das flexible CTE wichtige
Funktionen von ctThol, wie die Bindung und das Annealen verschiedener RNA- und
DNA-OIigos.

Zusammenfassend zeigt diese Studie die Uberwiegend dimere Organisation des
endogenen S. cerevisiae TREX-Komplexes und unterstreicht die Bedeutung
strukturell ungeloster, flexibler Proteinregionen — wie dem C-Terminus von
S. cerevisiae Tho2 oder dem CTE von ctThol — fir die Aufrechterhaltung der
zellularen Funktionalitdt. Da ctThol drei DIM-Motive besitzt, enthalt der S-Y-T-
Komplex in C. thermophilum wahrscheinlich mehrere ctSub2-Molekile. Durch die
Interaktion mit den alpha-helicalen N- und C-Box-Regionen von ctYral werden die
ctSub2-Proteine moglicherweise durch mehrere ctYral-Proteine zusammengepackt,

was zu einem Multiprotein-S-Y-T-Komplex fuhrt.
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1. Introduction

1.1. Gene expression

Essentially, the central dogma of molecular biology describes the process of gene
expression (Crick 1970; Fig. 1). This highly regulated, multi-step process begins
with the replication of DNA in the nucleus, where the genetic material is duplicated
to ensure the accurate transmission of genetic information during cell division
(O'Donnell et al. 2013). Following DNA replication, specific genes are transcribed
into precursor messenger RNAs (pre-mRNAs) by RNA polymerase 1l (RNAPII).
Transcription is the first step in converting genetic information into functional
molecules, such as proteins (Clancy & Brown 2008). Pre-mRNA is processed co-
transcriptionally and by interacting with several nuclear RNA binding proteins (RBPSs)
a mature messenger ribonucleoprotein particle (MRNP) is assembled which is then
exported to the cytoplasm for translation (Meinel & Strasser 2015; Singh et al. 2015;
Wegener & Muller-McNicoll 2019; Wende et al. 2019; Khong & Parker 2020). During
translation, the mMRNA sequence is read by ribosomes, and the corresponding
amino acids are assembled into proteins with various cellular functions, ranging from

structural roles to enzymatic activities (Clancy & Brown 2008).
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Figure 1: Schematic representation of gene expression based on the central dogma of
molecular biology. The process begins with DNA replication in the nucleus, where the genetic
material is duplicated. RNA polymerase Il (RNAPII) then transcribes specific genes from DNA into
mRNA. The mRNA is exported from the nucleus to the cytoplasm. In the cytoplasm, the ribosome
translates the mRNA into a functional protein.

1.2. Biogenesis of mMRNA
The biogenesis of MRNA is a fundamental process in gene expression. In eukaryotic
cells it begins in the nucleus with the synthesis of pre-mRNA by RNAPII. Pre-mRNA

processing takes place co-transcriptionally and includes capping, splicing, and the



formation of the 3' end. Simultaneously, the mRNA interacts with several nuclear
RBPs resulting in the assembly of an mRNP (Meinel & Strasser 2015; Singh et al.
2015; Wegener & Muller-McNicoll 2019; Wende et al. 2019; Khong & Parker 2020).
Finally, the mature mRNP is exported to the cytoplasm (Fig. 2).

RNA Polymerase Il

.
-

.
.......

Nucleus

RS

Cytoplasm

. /

Figure 2: After transcription, processing, and assembly with RNPs, the mRNP is exported to
the cytoplasm. RNA polymerase Il is responsible for the transcription of protein-coding genes and
the synthesis of mMRNA. Subsequently, the mRNA undergoes a series of modifications: (1) a cap is
added to its 5' end for binding the cap-binding complex (CBC), (2) the spliceosome removes introns,
and (3) at the 3' end, the mRNA is cleaved, and a poly(A) tail is attached by poly(A) polymerase
(PAP). Simultaneously, nuclear mRNA binding proteins bind to the mRNA, forming an mRNP
complex, which is finally exported from the nucleus to the cytoplasm. Figure by Zarnack et al. 2020,
licensed under the Creative Commons Attribution (CC BY) license.

Throughout the biogenesis of mMRNA, multiple quality control mechanisms ensure
that only correctly processed and functional mMRNA molecules are translated. For
instance, the nuclear exosome can degrade aberrant pre-mRNAs with incomplete
splicing. These and other quality control processes maintain the integrity of gene

expression and prevent the synthesis of faulty or harmful proteins (Hilleren & Parker,
2003; Mitchell & Parker 2014).

1.2.1. The synthesis of mMRNA
The expression of protein-coding genes begins when genetic information encoded
in DNA is transcribed into mRNA by RNAPII. Transcription is a highly regulated

process that involves distinct stages — initiation, elongation, and termination. Each



of these stages is regulated by a complex network of transcription factors and
regulatory elements (Casamassimi & Ciccodicola 2019).

For transcription initiation, the preinitiation complex (PIC) is assembled at the core
promoter region of a gene. The PIC consists of RNAPII, along with the general
transcription factors (GTFs) TBP, TFIIB, TFIIE, TFIIF, and TFIIH (Hampsey 1998).
Transcription starts in a specific region at the 5 end of a gene, called the
transcription start site (TSS). The TSS is situated within the core promoter region, a
brief sequence spanning approximately 50 base pairs upstream and 50 base pairs
downstream of the TSS (Haberle & Stark 2018). This region typically contains key
sequence elements, which serve as binding sites for GTFs and RNAPII, and
regulatory elements, which can either enhance or inhibit transcription in a gene-
specific fashion. Eukaryotic core promoters comprise various DNA sequence
elements, such as the TATA box, initiator (Inr) elements, and the downstream core
promoter element (DPE). However, these elements are not universally present
across all promoters. For instance, while many promoters contain a TATA box, a
significant number are TATA-less (Hampsey 1998; Chen & Xu 2022).

The C-terminal domain (CTD) of Rpb1, the largest subunit of RNAPII, plays a crucial
role in the transcription cycle and co-transcriptional mRNA processing. The CTD
consists of multiple repeats of a heptapeptide sequence (Tyrl-Ser2-Pro3-Thr4-
Ser5-Pro6-Ser7) and acts as a platform for the coordinated recruitment of the
transcriptional machinery and mRNA processing factors. Prior to transcription
initiation, the CTD is largely hypo-phosphorylated, allowing for the stable association
of RNAPII with the promoter. After PIC assembly, the DNA is unwound around the
TSS. Initial transcription then results in the abortive synthesis of a short 2-3
nucleotide RNA. Promoter escape occurs soon after transcription initiation and is
marked by the release of most GTFs and TFIIH-mediated phosphorylation of
Serine 5 (Ss) and Serine 7 (S7) inthe CTD of Rpb1 (Wade & Struhl 2008; Rodriguez-
Molina et al. 2023; Fig. 3).

In some eukaryotes, RNAPII is paused after synthesizing 20-50 nucleotides of RNA
(Strobl & Eick 1992; Kwak & Lis 2013; Gajos et al. 2021). Promoter-proximal
pausing of RNAPII is a common regulatory mechanism that, for instance, helps
facilitate efficient capping of nascent transcripts. The pause occurs after RNAPII
clears the promoter and recruits negative elongation factors (Whelan & Pelchat
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Figure 3: Phosphorylation of the CTD plays a crucial role in aiding the transcription cycle of
RNAPII. Transcription progresses through three distinct stages: initiation, elongation, and
termination. The C-terminal domain (CTD) of the largest RNAPII subunit, Rpbl, undergoes varying
phosphorylation states during the transcription cycle to enable the recruitment and replacement of
stage-specific factors. The patterns of phosphorylation are represented by colored bars. Figure
adapted from Rodriguez-Molina et al. 2023, licensed under the Creative Commons CC BY license.

2022). The DRB Sensitivity-Inducing Factor (DSIF), composed of the subunits Spt4
and Spt5, functions as a positive transcription elongation factor and interacts with
the Negative Elongation Factor (NELF) (Yamaguchi et al. 2002). The RNAPII
processivity is slowed through the interaction with DSIF, while full pausing occurs
when NELF (consisting of NELF-A, -B, -C/D, and -E) binds to both RNAPII and the
nascent transcript (Whelan & Pelchat 2022; Fig. 4). The positive transcription
elongation factor b (P-TEFb), initially held in an inactive state within the 7SK snRNP
complex, becomes activated through its interaction with either BRD4 or SEC. Once

activated, P-TEFb is recruited to the paused RNAPII, where its kinase subunit CDK9

7SK snRNA
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Figure 4: Mechanism of RNAPII pausing and transition to productive elongation. After
transcription initiation, RNAPII pauses as DSIF and NELF bind. P-TEFb activation via BRD4 or SEC
releases it from the 7SK snRNP complex. The active P-TEFb complex targets RNAPII, where CDK9
phosphorylates Spt5, NELF-E, and S2 of RNAPII CTD. This phosphorylation dissociates NELF,
converts DSIF into a positive elongation factor, and enables productive elongation. Figure taken from
Whelan & Pelchat 2022, licensed under the Creative Commons Attribution (CC BY) license.



phosphorylates Spt5, NELF-E, and the RNAPII CTD at Serine 2 (S2). This triggers
the release of NELF, converts DSIF into a positive elongation factor, and allows
transcription to resume (Fujinaga et al. 2023; Whelan & Pelchat 2022; Fig. 4).

At the transition from RNAPII pausing to productive elongation, Ss of the RNAPII
CTD is dephosphorylated by the Ssu72 phosphatase (Rodriguez-Molina et al. 2023;
Fig. 3). As transcription elongation progresses, the phosphorylated S: facilitates the
recruitment of splicing factors and several elongation factors like Pafl, Spt4, and
Dstl (Harlen et al. 2016; Couvillion et al. 2022). When RNAPII approaches the 3'
end of the gene, phosphorylated S2 recruits termination factors and the machinery
needed for 3' end processing (Rodriguez-Molina et al. 2023). As RNAPII transcribes
the Polyadenylation Signal (PAS) in yeast, Y1 is dephosphorylated by Glc7
phosphatase and its regulatory subunit Ref2. This allows phosphorylated S: to
facilitate the recruitment of processing and termination factors (Rodriguez-Molina et
al. 2023).

Initially, two main models were proposed to explain transcription termination and
RNAPII release. The allosteric model (Logan et al. 1987) proposes that transcription
of cleavage and termination signals leads to structural changes in RNAPII, which
cause its detachment from the DNA. This process is likely supported by termination
factors that weaken the interaction between RNAPII and the DNA. In contrast, the
torpedo model (Connelly & Manley 1988) proposes that the cleavage of the nascent
transcript generates a 5’ end that is then degraded by a 5’-3’ exoribonuclease. When
the exoribonuclease encounters RNAPII, it induces the release of RNAPII from the
DNA. A more recent model merges the allosteric and torpedo models, emphasizing
the combined roles of termination factors, specific DNA sequences in the 3’ end
regions, and RNAPII modifications in promoting the release of RNAPII from DNA
(Luo et al. 2006; Eaton et al. 2020; Lopez Martinez & Svejstrup 2024).

In conclusion, mMRNA synthesis is a coordinated process that includes initiation,
elongation, and termination, governed by various protein complexes and
transcription factors. The interactions between RNAPII, its CTD, and regulatory
elements throughout these stages ensure accurate mRNA processing and the

production of mature transcripts.



1.2.2. Processing of transcribed mRNA

Pre-mRNAs undergo three processing events that occur either simultaneously with
or after transcription. These processes include capping, splicing, and polyadeny-
lation and are essential for converting pre-mRNA into mature mRNA, which can then
be translated into protein. Each of these steps are important in ensuring the stability
and functionality of the final mMRNA product (Carmody & Wente 2009).

The first processing step occurs when the pre-mRNA is just 20-30 nucleotides long.
During this phase, a 7-methylguanosine (m7G) cap structure is attached to the
5'end (Shatkin & Manley 2000; Decroly et al. 2011; Fig. 5), which protects the
MRNA against 5-3’ degradation (Bousquet-Antonelli et al. 2000). The capping

process begins with RNA triphosphatase (RTPase) removing the y-phosphate from

A PP, Gppp
D
RTPasé 20MTase
pppNp-RNA ppNp-RNA LZ» GpppNp-RNA 7Gpppr RNA m’GpppNmp-RNA
i ‘ ; (cap-0) ; ; (cap-1)
P AdoMet  AdoHcy AdoMet  AdoHcy
B o Triphosphate RNA 5' end
CHs ! P
N+ : i 4
HN
N\
HN )Q)ij[,\k |C|) 9 ;Cju) Base 1
OH OH 0 O—CH3  Base 2
O=P—-0
I
o W/O\l
7-methylguanosine 1
O O-CHg
0=P-0
L ~™RNA
(0)

Figure 5: The m7G cap structure at the 5° end of RNA is generated in several enzymatic
reactions. (A) RNA triphosphatase (RTPase) initiates the removal of the y-phosphate from the 5’
triphosphate, leading to the formation of a diphosphate 5’ end and the release of inorganic phosphate.
By using a GTP (Gppp) molecule, the guanylyltransferase (GTase) creates a covalent enzyme—
guanylate intermediate (Gp—GTase). The GTase transfers a 5’-phosphoguanosine (GMP) to the 5’
diphosphate of the RNA. Then, (guanine-N7)-methyltransferase (N7MTase) transfers the methyl
group from S-adenosyl-L-methionine (AdoMet) to the cap guanine, resulting in the cap-0 structure,
7-methyl-GpppNp (m7GpppNp), and releasing S-adenosyl-L-homocysteine (AdoHcy) as a by-
product. The capping process concludes with the methylation of the ribose-2’-O position of the initial
nucleotide by the AdoMet-dependent (nucleoside-2’-O)-methyltransferase (2’OMTase), resulting in
the formation of the cap-1 structure (m7GpppNm2’-Op). (B) The mRNA cap comprises a 7-
methylguanosine connected to the 5’ nucleoside of the mRNA chain via a 55’ triphosphate bridge.
The red shading indicates the methyl group at the N7 position of guanosine, while the orange shading
represents the 2’-O-methyl groups of the first and second nucleotide residues, forming the cap-1 and
cap-2 structures, respectively. Adapted from Decroly et al. 2011, reproduced with permission from
Springer Nature (license number: 5963580244100).



the 5’ triphosphate, resulting in a diphosphate 5’ end. Guanylyltransferase (GTase)
then utilizes a GTP molecule to add a guanylate cap to the RNA, forming a covalent
enzyme—guanylate intermediate. Finally, methylation occurs in two steps: first by
(guanine-N7)-methyltransferase (N7MTase) to create the cap-0 structure, followed
by (nucleoside-2’-O)-methyltransferase (2’OMTase) methylating the ribose-2’-O
position of the initial nucleotide to produce the cap-1 structure (Decroly et al. 2011,
Fig. 5). Once the m7G cap has been synthesized, it is bound by the nuclear cap-
binding complex (CBC). The complex is conserved from yeast to humans,
comprising Cbp20 and Cbp80 in Saccharomyces cerevisiae, and NCBP1 and
NCBP2 in humans (Zarnack et al. 2020).

Following 5' capping, the transcript undergoes splicing, where non-coding introns
are removed, and protein-coding exons are joined together. Splicing involves a two-
step transesterification process, catalyzed by the spliceosome (Fig. 6). This dynamic
ribonucleoprotein (RNP) complex consists of five snRNAs (U1, U2, U4, U5, and U6),
along with numerous associated proteins (Will & Lihrmann 2011; Herzel et al. 2017).
The assembly of the spliceosome begins with U1 binding to the 5' splice site, along
with the MsI5-Mud2 (or SF1-U2AF in humans) heterodimer binding to the branch
point. This process leads to the formation of the commitment complex (or early/E
complex in mammalians) (Colot et al. 1996). The interaction between MsI5 and the
branch point is subsequently substituted with U2, resulting in the formation of the
prespliceosome (A-complex). Then, the tri-snRNP containing U4, U5, and U6, joins
and the precatalytic B complex is formed. Following multiple structural changes,
protein exchanges, and the elimination of the Ul and U4 snRNPs, the active
spliceosome (B* complex) becomes capable of initiating the first transesterification
splicing reaction (Wahl et al. 2009). In this initial step of the splicing process, the
2'-OH group of the branch adenosine residue initiates a nucleophilic attack on the
phosphodiester bond at the 5' splice site. This reaction releases the 5' exon and
results in the creation of a lariat structure consisting of the intron and exon 2,
connected through a 2'-5'-phosphodiester linkage (Ruskin et al. 1984). This reaction
leads to the formation of the C complex, which then facilitates the second
transesterification splicing reaction, resulting in the removal of the lariat intron
structure and the joining of the exons through ligation (Konarska et al. 1985; Tseng
& Cheng 2013; Fig. 6).
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Figure 6: The spliceosome catalyzes the excision of introns and the ligation of exons in atwo-
step transesterification process. The A complex is established when U1 binds to the 5' splice site,
and U2 attaches to the branch point. The A complex combines with U4, U5, and U6 to create the B
complex. Eliminating U1 and U4 triggers the activation of the spliceosome (B* complex). Upon
concluding the initial splicing step, the C complex takes forms. Following the second splicing step,
the fully spliced mRNA product is liberated from the post-splicing (P) complex. Figure adapted from
Gehring & Roignant 2021, licensed under the Creative Commons CC-BY-NC-ND license.

Once accurate splicing has been accomplished, the final stage of processing for the
nascent mMRNA involves the 3' end processing (Hocine et al. 2010; Fig. 7). Pre-
MRNA 3' end processing requires only cleavage and polyadenylation as enzymatic
activities. In the case of the mammalian 3' end processing machinery, over 14
proteins have been recognized, while the yeast 3' end processing machinery is
associated with more than 20 proteins (Mandel et al. 2008). This machinery
comprises the highly conserved cleavage and polyadenylation factor, referred to as
CPF in yeast and CPSF in metazoans. CPSF/CPF interacts with RNAPII during
transcription and consists of distinct subunits, including the endonuclease
Ysh1l/CPSF73, which is responsible for pre-mRNA cleavage, and the Papl/PAP
polymerase that adds the poly(A) tail. The poly(A) tail plays crucial roles in nuclear
export, mMRNA stability, and translation regulation. Additionally, CPSF/CPF contains
two protein phosphatases, Ssu72/SSU72 and Glc7/PP1, that regulate transcription
and 3' end processing (Casanal et al. 2017; Fig. 7). The 3' end cleavage and
polyadenylation process are guided by specific sequence elements located within
the 3’ untranslated region (3’ UTR) of the pre-mRNA. These cis elements are found
in almost all eukaryotic pre-mRNAs that undergo polyadenylation. However, histone
pre-mRNAs, although they undergo cleavage, lack the sequence elements required
for polyadenylation (Mandel et al. 2008). The polyadenylation signal (PAS)
sequence marks the sites for 3’ end processing and is located 10-30 nucleotides

upstream of the cleavage site, often accompanied by auxiliary RNA motifs that



recruit cleavage factors. The PAS is bound directly by CPSF/CPF, with the
consensus sequence AAUAAA showing the highest affinity for the processing
complex in most eukaryotes (Kumar et al. 2019; Fig. 7). However, in humans, only
around 50% of PAS sites have this canonical AAUAAA sequence. Noncanonical
PAS sequences are bound less efficiently by CPSF/CPF, which likely influences the

regulation of 3’ end processing (Boreikaité & Passmore 2023).
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Figure 7: CPSF/CPF binds in the 3’ UTR of pre-mRNAs and facilitates 3’ end processing.
CPSF/CPF contains the endonuclease Ysh1l/CPSF73 for (A) pre-mRNA cleavage and Papl/PAP
polymerase for (B) adding the poly(A) tail, as well as two protein phosphatases, Ssu72/SSU72 and
Glc7/PP1, that regulate transcription and 3' end processing. (C) The 3' end cleavage and
polyadenylation are guided by specific sequence elements in the 3’ untranslated region (3’ UTR) of
pre-mRNA. The polyadenylation signal (PAS) is located 10-30 nucleotides upstream of the cleavage
site and indicates the sites for 3' end processing. CPSF/CPF directly binds the PAS, with the
AAUAAA consensus sequence having the highest affinity for the processing complex in most
eukaryotes. The protein factors that interact with each element in yeast (top) and humans (bottom)
are shown. Figure taken from Boreikaité & Passmore 2023, licensed under a Creative Commons
Attribution 4.0 International License.

In summary, the processing of transcribed mRNA involves capping, splicing, and
polyadenylation, which together transform pre-mRNA into a mature and functional
MRNA. Processing not only enhances mRNA stability and translation efficiency but

also is tightly regulated by specific protein complexes that ensure the accuracy and

timing of each processing step.

1.2.3. Assembly of mMRNPs
Already during synthesis and processing, mMRNA is bound by various RBPs,
resulting in the assembly of mMRNPs. The assembly of an mRNP is a critical stage

in the gene expression process as it stabilizes the mRNA and facilitates its export



from the nucleus to the cytoplasm. Moreover, the composition of mMRNPs can
influence subsequent stages of the mMRNA life cycle, including mRNA localization,
translation, and degradation within the cytoplasm (Miller-McNicoll & Neugebauer
2013; Gehring et al. 2017; Wende et al. 2019).

The initial binding of proteins to mMRNAs begins as soon as the pre-mRNA is long
enough to emerge from RNAPII (Gehring et al. 2017). The CBC is the first stable
protein complex to associate with nascent mRNA once the m7G cap is added to its
5" end (see chapter 1.1.2.; Zarnack et al. 2020; Mars et al. 2021). The small CBC
subunit Cbp20/NCBP1 directly associates with the cap structure and then proceeds
to recruit the large subunit Cbp80/NCBP2 (Mduller-McNicoll & Neugebauer 2014;
Rambout & Maquat 2020). Together, they create the CBC heterodimer that
functions as a central hub for various factors regulating nearly all aspects of gene
expression. The CBC protects the mRNA from degradation and facilitates
transcription elongation, splicing, 3’ end formation, and nuclear export (Izaurralde et
al. 1994, Flaherty et al. 1997; Hosoda et al. 2005; Cheng et al. 2006; Zarnack et al.
2020).

During splicing, additional proteins bind stably to the mRNA in a splicing-dependent
manner. For instance, the exon junction complex (EJC) assembles on the mRNA
approximately 20—24 nucleotides upstream of the spliced exon-exon junction. The
DEAD-box RNA helicase elF4A3 (DDX48) as well as the proteins MAGOH, RBM8A
(Y14), and BTZ (also referred to as MLN51 or CASC3) are the core components of
the EJC. This central core serves as a platform for binding additional factors
associated with splicing, mRNA transport, translation, and the process of nonsense-
mediated decay (NMD) (Sauliére et al. 2012; Singh et al. 2012; Le Hir et al. 2016;
Schlautmann & Gehring 2020; Zarnack et al. 2020).

In metazoans, the TREX complex is also likely recruited during splicing (Masuda et
al. 2005). Originally, TREX was first identified in S. cerevisiae, where it couples
transcription to mRNA export (see chapter 1.2.; StraRRer et al. 2002). The conserved
TREX complex is recruited to the mRNP through various protein-protein and mRNA
interactions and is essential in nuclear mRNP assembly and other stages of gene
expression (Zarnack et al. 2020).

After 3’ end processing with mMRNA cleavage and polyadenylation (see chapter
1.1.2.), the poly(A) tail is bound by PABPN in mammals and Pabl in yeast. These
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proteins protect the poly(A) tail, control its length, and influence various downstream
processes. Since Pabl is primarily localized in the cytoplasm, Nab2 serves as the
main nuclear poly(A)-binding protein in S. cerevisiae (Brambilla et al. 2019; Soucek
et al. 2012; Zarnack et al. 2020).

Other proteins that contribute to mMRNP assembly include Thol and its mammalian
homolog SARNP. For the recruitment of these proteins, interaction with the TREX
complex, as well as splicing and capping are needed (see chapters 1.2. and 1.3.;
Jimeno et al. 2006; Dufu et al. 2010). Moreover, mMRNPs can also include several
SR proteins. For instance, NplI3 is an SR-like protein in yeast that binds to mRNA
co-transcriptionally and plays a role in transcription elongation, splicing, 3' end
formation, and nuclear mRNA export (Lee et al. 1996; Bucheli & Buratowski 2005;
Dermody et al. 2008; Kress et al. 2008; Meinel et al. 2013; Zarnack et al. 2020).
Another SR-like protein is the nuclear poly(A)-binding protein Nab2. Besides
functions in 3’ end processing and mRNP assembly, Nab2 is involved in mRNA
export (Batisse et al. 2009; Zarnack et al. 2020).

Accurate mRNA processing and mRNP assembly are required for mRNA export to
the cytoplasm (see chapter 1.1.4.). Several nuclear mMRNP components serve as
export adaptors, recruiting the mRNA exporters Mex67-Mtr2 in S. cerevisiae and
NXF1-NXT1 (Tap-pl5) in mammals. In yeast, export adaptors include the TREX
complex components Hprl, Yral, Gbp2, and Hrbl (see chapter 1.2.), as well as
NplI3 and Nab2 (Gilbert & Guthrie 2004; Gwizdek et al. 2006; Iglesias et al. 2010;
Luo et al. 2001; Hackmann et al. 2014; Zarnack et al. 2020).

Quality control systems monitor the maturation of mMRNAs and lead to the
degradation of mMRNAs that have undergone incorrect processing or assembly.
Defective mRNAs can be eliminated via two pathways: either by the nuclear
exosome or through a process referred to as nonsense-mediated mMRNA decay
(NMD) in the cytoplasm (Kervestin & Jacobson 2012; Schoenberg & Maquat 2012;
Shoemaker & Green 2012; Lykke-Andersen & Bennett 2014; Singh et al. 2018).

In summary, the assembly of MRNPs includes various RBPs and protein complexes
that are essential for mMRNA maturation and export. Key mRNP components like the
CBC, EJC, and TREX play crucial roles in mRNA processing, transcription
elongation, and the recruitment of export adaptors. Accurate mRNA processing and
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the assembly of a mature mRNP are required for the successful transport of mMRNA

to the cytoplasm for translation.

1.2.4. Export of mRNA into the cytoplasm

Because eukaryotic transcription and translation are compartmentalized by the
nuclear envelope, the processed mRNAs need to be transported from the nucleus
into the cytoplasm. This transport is a critical step in gene expression, ensuring that
MRNAS reach the ribosomes in the cytoplasm for translation. The translocation of
MRNA across the nuclear envelope is tightly regulated and involves interactions of
transport proteins with nuclear pore complexes (NPCs) (Katahira 2012; Stewart
2019).

To enable the export of mRNA, it must travel through the nuclear interior until it
reaches an NPC (Fig. 8). The NPC is a complex with a molecular weight of about
110 kDa comprising around 30 distinct nucleoporins (also referred to as Nups).
While the precise number and arrangement of nucleoporins may differ among
species, the fundamental structural framework of the NPC is consistent across all
eukaryotic organisms (Fabre & Hurt 1997; Rout et al. 2000). Typically, NPCs feature
the nuclear basket on the nucleoplasmic side and the cytoplasmic ring with
associated filaments on the cytoplasmic side. The central channel, the inner ring,

the outer ring, and the transmembrane ring link these two components (Fig. 8).
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Figure 8: The nuclear pore complex (NPC) facilitates the mRNA export from the nucleus to
the cytoplasm. The NPC comprises several primary subcomplexes, including the cytoplasmic ring
and filaments, the outer ring, the inner ring, the transmembrane ring, the central channel, and the
nuclear basket. Each of these subcomplexes is composed of numerous nucleoporins (Nups).
Adapted from Coyne & Rothstein 2022, reproduced with permission from Springer Nature (license
number: 5963590266191).
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Around one-third of nucleoporins are inherently disordered proteins referred to as
FG-nucleoporins (FG-Nups). FG-Nups, characterized by abundant phenylalanine-
glycine repetitions, form a discerning permeability barrier responsible for controlling
the transport of large molecules (Peyro et al. 2021; Coyne & Rothstein 2022; Yu et
al. 2023).

In general, the transport through NPCs requires so called karyopherins or importin-
B family members. These nuclear transport receptors detect nuclear localization
signals (NLS) or nuclear export signals (NES), short peptide sequences that
determine whether a cargo protein is imported or exported. Additionally,
karyopherins detect nucleotide motifs in RNA cargoes, enabling the export of RNAs.
In terms of their functions, there are three types of karyopherins: importins that
mediate import, exportins that handle export, and carriers that can both import
certain cargoes and export others. Their activity is regulated by the small GTPase
Ran, which exists in its GTP-bound state in the nucleus and GDP-bound state in the
cytoplasm. This RanGTP gradient, maintained by RanGEF (guanine nucleotide
exchange factor) in the nucleus and RanGAP (GTPase-activating protein) in the
cytoplasm, drives directional transport. Importins bind cargo in the cytoplasm and
release it in the nucleus upon RanGTP binding, while exportins bind cargo in the
nucleus with RanGTP and release it in the cytoplasm after RanGTP hydrolysis. This
mechanism governs the export of various RNAs, including tRNA, miRNA, snRNA,
and rRNA, but general mRNA export follows a different pathway, using unrelated
transport receptors and not directly depending on the Ran gradient (Cole & Hammell
1998; Macara 2001; Koéhler & Hurt 2007; Carmody & Wente 2009; Giittler & Gorlich
2011; Jovanovic-Talisman & Zilman 2017).

The nascent mMRNA transcript is already prepared for its export during transcription
and processing. The THO complex is the core component of the TREX complex
(see chapter 1.2.). Shortly after RNAPII initiates transcription, the THO complex
binds to the newly synthesized transcript and its component Hprl is thought to
recruit the DEAD-box RNA helicase Sub2 (UAP56/DDX39 in humans; Fig. 9),
another component of the TREX complex (see chapter 1.2.1.; Jimeno et al. 2002;
StralRer et al. 2002; Zenklusen et al. 2002; Hurt et al. 2004). DEAD-box RNA
helicases contain two RecA-like domains that cooperatively bind ATP and RNA in a

sequence-independent way. While their ATP-dependent helicase activity is weakly

13



processive, these enzymes mainly facilitate local RNA:RNA rearrangements,
modulate RNA:DNA and DNA:DNA interactions, and remodel RNP complexes
(Taschuk & Cherry 2020).
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Figure 9: Recruitment of mMRNA export factors and passage through the NPC in yeast. (1) Soon
after RNAPII starts transcription, the newly synthesized transcript is bound by the THO complex,
which recruits the TREX component Sub2. (2) Sub2 recruits another TREX component, Yral. (3)
After Sub2 is displaced by Yral, Yral facilitates the recruitment of the export factor Mex67-Mtr2. (4)
When the mRNA is released from the DNA, Yral dissociates and Mex67-Mtr2 brings the mRNA to
the NPC, (5) by interacting with the FG-Nups. (6) Dbp5 is activated as a result of its interaction with
Glel, which, in turn, associates with inositol hexakisphosphate (IPs). Dbp5 initiates the release of
Mex67-Mtr2 and various other factors. Adapted from Carmody & Wente 2009, reproduced with
permission from Journal of cell science (license number: 1575708-1).

Following the recruitment of Sub2 to the transcript, Sub2 is believed to subsequently
recruit the next TREX component, Yral (ALYREF in human; see chapter 1.2.1.; Luo
et al. 2001; StralRer & Hurt 2001). It was proposed that Sub2 is then likely replaced
by the export factor Mex67-Mtr2 (NXF1-NXT1 in humans; StraRer & Hurt 2001;
Fig. 9). When the mRNA is released from the DNA, Mex67-Mtr2 brings the mRNP
to the NPC by interacting with the FG-Nups (Segref et al. 1997; Stral3er et al. 2000;
Magistris 2001; Fig. 9). As the mRNP traverses the NPC, it eventually reaches the
cytoplasmic filaments. In this location, the yeast Nup159, or in humans Nup214,
interacts with the DEAD-box protein Dbp5 (DDX19 in humans) (Schmitt et al. 1999;
Napetschnig et al. 2007; Moeller et al. 2009). Additionally, the neighboring yeast
Nup42, or in humans hCG1, binds to Glel (Strahm et al. 1999; Kendirgi et al. 2005;
Fig. 9). Dbp5 is activated as a result of its interaction with Glel, which, in turn,
associates with inositol hexaphosphate (IPs) to enable the activation of the ATPase
activity of Dbp5 (Alcazar-Roman et al. 2006). Dbp5 initiates the release of Mex67-
Mtr2 and various other factors, including the poly(A)-binding protein Nab2 (Lund &
Guthrie 2005; Tran et al. 2007; Adams & Wente 2020; Fig. 9). This remodeling of
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the mRNP at the NPC exit contributes to determining the direction of mMRNA
transport (Carmody & Wente 2009). Within the cytoplasm, mRNA undergoes
translation to synthesize proteins. Glel is involved in translation initiation (Rayala et
al. 2004), and, additionally, both Glel and Dbp5 have functions in translation
termination (Gross et al. 2007; Bolger et al. 2008).

In summary, the export of processed mRNAs from the nucleus to the cytoplasm is
crucial for gene expression, allowing for translation at the ribosomes. This transport
through the NPC involves a series of coordinated interactions, particularly between

components of the TREX complex and the export factor Mex67-Mtr2.

1.3. The TREX complex

TREX (transcription/export) is a multi-functional complex that couples transcription
of protein-coding genes (see chapter 1.1.1.) to mRNA export into the cytoplasm (see
chapter 1.1.4.). Having crucial roles in mRNA biogenesis, the TREX complex is
found in diverse organisms, ranging from S. cerevisiae to more advanced
eukaryotes like humans (Jimeno et al. 2002; Straf3er et al. 2002; Zenklusen et al.
2002). In S. cerevisiae, the TREX complex consists of the pentameric THO complex,
comprising Tho2, Hprl, Mftl, Thp2, and Texl, along with the ATP-dependent
DEAD-box RNA helicase Sub2, the nuclear mRNA export adapter Yral, and the
SR-like proteins Gpb2 and Hrbl (Strasser et al. 2002; Hurt et al. 2004).

1.3.1. TREX homologs across selected species

Since TREX is a highly conserved complex, it has been studied and characterized
in a range of different species. Besides the model organism S. cerevisiae, TREX
has also been studied in the human system (Katahira 2012). As can be seen in
table 1, humans contain several homologs of the yeast TREX complex proteins. For
instance, the yeast THO components Hprl, Tho2, Texl and Mftl are homologous
to THOC1, THOC2, THOC3 and THOCY7 in humans, respectively (Heath et al. 2016).
The THO component Thp2 is specific to S. cerevisiae and cannot be found in
humans. However, higher eukaryotes contain THOCS5, which is structurally
homologous to Thp2 (Puhringer et al. 2020). The human TREX component THOC6
does not have homologs in S. cerevisiae (Katahira 2012). The yeast DEAD-box
RNA helicase Sub2 is homologous to human UAP56/DDX39 and yeast Yral to
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ALYREF/THOC4 in humans (Jimeno et al. 2002; Stral3er et al. 2002; Masuda et al.
2005). The yeast SR-like proteins Gbp2 and Hrb1 are not identified as components.
Additionally, the human TREX complex encompasses various interacting partners
such as SARNP (equivalent to Thol in yeast), ZC3H11A, IUF, LUZP4, POLDIP3,
and CHTOP (Dufu et al. 2010; Heath et al. 2016). Proteins derived from thermophilic
organisms exhibit higher stability in comparison to proteins originating from
mesophilic organisms (Jaenicke 1991; Jaenicke & Bohm 1998). Due to this
characteristic, thermophiles are frequently employed to acquire three-dimensional
structures of individual proteins or protein complexes (Bock et al. 2014). In an effort
to examine the entire structure of the TREX complex, the thermophilic fungus
Chaetomium thermophilum could serve as a promising source of stable proteins.
Based on the genome published by Amlacher et al. (2011), Dr. Wolfgang Wende
(Institute for Biochemistry, JLU GielRen) identified components of ctTREX (table 1).
Homologs of yeast proteins Hprl, Tho2, Mftl, Tex1, Sub2, and Yral are present in
C. thermophilum. Unlike in yeast where the SR-like proteins Gbp2 and Hrbl are
encoded by separate genes, there is a single gene coding for ctGbp2/Hrbl in
C. thermophilum. The THO component Thp2 is absent in C. thermophilum; however,
the ctTREX complex includes the homolog of the human THOC5 (Amlacher et al.
2011; Bock et al. 2014; table 1).

Table 1: Components of the S. cerevisiae TREX complex and their homologs in H. sapiens and
C. thermophilum (adapted from Katahira 2012).

S. cerevisiae Homo sapiens C. thermophilum
THO components Hprl THOC1 ctHprl
Tho2 THOC2 ctTho2
Thp2
Mft1 THOC7? ctMftl
THOCS5 ctThocb
THOC6
Texl THOC3 ctTexl
DEAD-box type helicase Sub2 UAP56/DDX39 ctSub2
Adaptor mRNA binding protein  Yral ALYREF/THOC4  ctYral
SR-like proteins Hrbl
ctHrb1/Gbp2
Gbp2
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In summary, the TREX complex has a high degree of conservation across species.
While several homologs of yeast TREX components are present in humans, distinct
differences, such as the absence of Thp2 in humans and or the absence of THOC6
in yeast, are evident. Homology with thermophilic organisms like C. thermophilum
can allow deeper insights into the TREX structure, as their more stable proteins are

better suited for structural analysis.

1.3.2. Functional relevance of the TREX components

Observing the effects on an organism when a gene is absent is one of the most
direct approaches to understanding its function. Therefore, the use of mutations and
deletions of genes, due to their potential to disrupt cellular processes, frequently
serve as valuable tools in unraveling gene functions (Alberts et al. 2002). The
strategy of testing and analyzing various mutants has also been employed to
elucidate the functional significance of individual THO/TREX components.

In general, null mutations in Tho2, Hprl, Mftl, and Thp2 exhibit very similar effects,
including deficiencies in transcription and RNA export, along with hyper-
recombination phenotypes. For instance, it was shown that yeast Ahpr1 mutants
experience significant constraints in transcriptional elongation (Chavez & Aguilera
1997). Moreover, Ahpr1 mutants generate DNA:RNA hybrids between the DNA
template and the RNA transcript. This structure, comprising the DNA:RNA hybrid
and the non-template single-stranded DNA, is referred to as an R-loop (Aguilera &
Garcia-Muse 2012). The notable increase in R-loops observed in Ahpr1 mutants,
which substantially hinders transcription, suggests the crucial role of Hprl in
promoting efficient transcription elongation (Huertas & Aguilera 2003). Tho2
constitutes the largest subunit of the pentameric THO complex. Investigations of
Atho2 mutants indicate that Tho2 shares a comparable significance with Hprl in
transcription elongation. Additionally, the overexpression of Tho2 is able to partially
suppress the transcriptional defects observed in Ahpr1 mutants (Piruat & Aguilera
1998). Studies on Amft1 and Athp2 mutants reveal that the absence of either Mftl
or Thp2 leads to comparable transcription and recombination phenotypes as
observed in Ahpr1 and Atho2 mutants (Chavez et al. 2000; Jimeno et al. 2002).
Apart from mutants affecting the four canonical THO components, the Atex1

mutation has virtually no discernible phenotypic effects in yeast (Pefa et al. 2012).
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In summary, these studies suggest that the THO complex plays crucial roles in
transcription elongation (Rondén et al. 2003). Consistent with this role, genome-
wide studies have shown that THO is present on virtually all actively transcribed
genes. However, it is noteworthy that THO is not uniformly distributed across the
entire length of an actively transcribed gene like RNAPII. Instead, THO exhibits a
5’-3’ gradient, increasing in distribution along the gene, and is notably absent from
promoter regions (Gémez-Gonzalez et al. 2011; Meinel et al. 2013).

As the THO complex travels with the transcription machinery, its subunits interact
with various factors. For instance, the THO complex component Hprl was shown to
directly interact with Sub2 (Zenklusen et al. 2002). Therefore, it is believed that THO
recruits Sub2 to the mRNA during transcription (Stral3er et al. 2002; Zenklusen et
al. 2002; Hurt et al. 2004). The yeast Sub2 protein is a member of the DEAD-box
RNA helicase superfamily (La Cruz et al. 1999). Various studies in S. cerevisiae
have implicated Sub2 in pre-mRNA splicing (Kistler & Guthrie 2001; Libri et al. 2001,
Zhang & Green 2001). Additionally, it was observed that thermosensitive Asub2
mutants exhibit a strong mMRNA export defect (StraRer & Hurt 2001). This finding
indicates that Sub2 plays a critical role in mMRNA export, which is further supported
by its direct interaction with the mRNA export adapter Yral (Luo et al. 2001), which
directly binds the export factor Mex67-Mtr2 (StraRer & Hurt 2000).

Yral is a member of the REF (RNA and export factor binding proteins) family of
hnRNP-like proteins. The REF proteins have a nonspecific affinity for RNA and
share an RNP-motif RNA binding domain (RBD) as a common structural feature
(Portman et al. 1997). Additionally, REF proteins contain two highly conserved N-
and C-terminal boxes (N-Box and C-Box), which are interspersed by two more
variable domains (Stutz et al. 2000). Depletion of Yral as well as studies on
thermosensitive YRA1 mutants revealed the nuclear accumulation of poly(A)* RNA
in the absence of Yral (StralBer & Hurt 2000). In S. cerevisiae, Yra2 is a
nonessential homolog of Yral. While Ayra2 mutants do not display a growth
phenotype, the overexpression of Yra2 can rescue the otherwise lethal Ayraf
mutants. This implies that Yra2 has functions that are overlapping with those of Yral
(Zenklusen et al. 2001).

In yeast, the serine-arginine-rich (SR)-like proteins Gbp2 and Hrb1 are identified as

components of the TREX complex. These two proteins are recruited to the nascent
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RNA transcript during transcription and stably bind to TREX (Hurt et al. 2004). Gbp2
and Hrbl each possess three RNA recognition motifs: RRM1, RRM2, and RRM3.
While RRM1 and RRM2 are essential for binding to RNA and DNA, the RRM3 of
Gbp2 is specifically necessary for interaction with THO (Martinez-Lumbreras et al.
2016). Mutants lacking Gbp2 (Agbp2) and Hrb1 (Ahrb1) are viable and do not exhibit
any defects in mRNA export, unlike other mutants lacking components of the
THO/TREX complex (Hurt et al. 2004; Stral3er et al. 2002).

In summary, gene mutations and deletions were crucial in understanding the
functions of the different TREX complex components. Null mutations in key
components such as Tho2, Hprl, Mftl, and Thp2 particularly lead to significant
transcription and mRNA export deficiencies. Studies on Sub2 and Yral highlighted
their roles as essential mMRNA export factors. Collectively, these findings

demonstrate how the TREX complex effectively links transcription to mMRNA export.

1.3.3. Recruitment of the TREX complex to active genes

In S. cerevisiae, the TREX complex is recruited to active genes already during
transcription elongation (Straf3er et al. 2002; Zenklusen et al. 2002; Reed & Cheng
2005). It was observed that TREX can directly associate with RNAPII. Specifically,
this interaction is facilitated by the phosphorylation of the RNAPII CTD at positions
S2 and Ss (Meinel et al. 2013; Fig. 10). The significance of the Sz phosphorylation
aligns with the fact that Ctk1, the kinase responsible for the phosphorylation at this
position, interacts with TREX (Hurt et al. 2004). In addition to the Sz and Ss phos-
phorylation, the recruitment of TREX also necessitates the presence of RNA (Meinel
et al. 2013; Fig. 10). Notably, the C-terminus of Tho2 interacts with nucleic acids
and is essential for the presence of THO at transcribed genes (Pefia et al. 2012).
The Prpl9 complex (Prp19C) is another crucial factor for the effective recruitment
of TREX to the actively transcribed mRNA. Prp19C comprises eight core proteins
and up to 19 associated proteins in S. cerevisiae (Chanarat & StraRer 2013).
Prpl19C functions in many different cellular processes, including splicing (Chan &
Cheng 2005; Hogg et al. 2010; Chanarat & Straf3er 2013), genome maintenance
(Henrigues et al. 1989; Mahajan & Mitchell 2003; Chanarat & Straf3er 2013), and
protein degradation by the proteasome (LO6scher et al. 2005; Sihn et al. 2007,
Chanarat & StrafRer 2013). In addition to these functions, it was demonstrated that
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the Prp19C component Syfl is required for TREX occupancy at transcribed genes
(Fig. 10). Specifically, when the C-terminal domain of Syfl, which contains tetratrico-
peptide repeat (TPR) motifs, is mutated, Prp19C cannot efficiently bind to RNAPII
anymore. Additionally, in these Asyfl mutants it was observed that the binding of
TREX to active genes is reduced. Hence, it is suggested that Prp19C plays a crucial
role in transcription elongation and contributes to a more stable recruitment of TREX
to genes being transcribed by RNAPII (Chanarat et al. 2011). An important factor
for recruiting Prp19C and subsequently TREX to the transcribed gene is the Mud2
protein (Minocha et al. 2018). The sequence of Mud2 is similar to the metazoan
splicing factor U2AF65. Mud2 patrticipates in early pre-mRNA splicing and is known
to interact with the MsI5p/BBP splicing factor and Sub2 (Abovich et al. 1994; Kistler
& Guthrie 2001). While Prp19C interacts with RNAPII through the C-terminus of Syfl
(Chanarat et al. 2011), Mud?2 directly interacts with the phosphorylated Sz of the
CTD. After binding to the CTD, Mud2 facilitates the recruitment of Prp19C and TREX

to intron-containing and intronless genes (Minocha et al. 2018; Fig. 10).

RNAPII
";\; Syf1

Q“J
PRP19c

Figure 10: The recruitment of TREX to the active gene. The TREX complex is recruited directly
by interacting with the phosphorylated Sz and Ss of the CTD of RNAPII. Interaction with RNA is also
required for TREX recruitment. The Sz phosphorylation recruits Mud2, which, in turn, is involved in
the recruitment of Prp19C. Additionally to Mud2, Prp19C can directly interact with RNAPII with the
C-terminal end of its subunit Syf1. Mud2 and Prp19C contribute to a more stable recruitment of TREX.
With transcription elongation, it is possible that additional TREX complexes may be required to
maintain the nascent mRNA in proximity to the CTD. Adapted from Meinel et al. 2013, licensed under
the Creative Commons Attribution License, and Minocha et al. 2018.

Unlike in yeast, the metazoan TREX complex is recruited in a splicing-dependent
manner, with ALYREF likely facilitating this process through its interaction with the
EJC component elF4A3 (Masuda et al. 2005; Gromadzka et al. 2016). Additionally,
the metazoan TREX is recruited to the 5' end of mMRNA via ALYREF's interaction
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with the CBC, and to the 3' end through its interaction with PABPN1 (Cheng et al.
2006; Shi et al. 2017; Zarnack et al. 2020). The recruitment of ALYREF to the 3' end
is consistent with the interaction between the yeast ALYREF homolog Yral and
Pcfll. In yeast, Pcfll, along with Clpl, plays a role in pre-mRNA cleavage at the
3" end. After Pcf11 is recruited to RNAPII via the CTD, it can then recruit Yral to the
3' end (Johnson et al. 2009). Finally, the displacement of Yral with Clpl is achieved
by regulating the accessibility of Clp1 to Pcfll (Johnson et al. 2011).

In conclusion, the recruitment of the TREX complex to actively transcribed genes in
S. cerevisiae depends on crucial interactions with the phosphorylated CTD of
RNAPII, along with key factors such as Mud2 and Prp19C. In metazoans, however,
TREX is recruited in a splicing-dependent manner. Regardless of the organism,
TREX recruitment is a key early step in ensuring accurate mRNA biogenesis and

efficient gene expression.

1.3.4. Functions of TREX in mRNA export via Mex67-Mtr2

The TREX complex is crucial for the export of mMRNAS via the export factor Mex67-
Mtr2 (NXF1-NXT1 in humans). By interaction of the heterodimer Mex67-Mtr2 with
the FG-Nups of the NPC (see chapter 1.1.4.), the complex is able to export mMRNA
into the cytoplasm (Segref et al. 1997; Santos-Rosa et al. 1998; Straler et al. 2000;
Terry & Wente 2007). Moreover, Mex67-Mtr2 interacts with various protein factors
to facilitate the export of MRNAs (Chanarat et al. 2012; Fig. 11).

It has been shown that two components of the TREX complex interact with the
export factor Mex67-Mtr2. Firstly, there is a direct interaction between Hprl and the
ubiquitin-associated (UBA) domain of Mex67 (Gwizdek et al. 2006). Secondly, as
previously mentioned, Yral has the capability to recruit Mex67-Mtr2 to the transcript
(StraRer & Hurt 2000). Moreover, it was shown that Yral can associate with the
poly(A)-binding protein Nab2 (Kashyap et al. 2005; Batisse et al. 2009). Conversely,
Nab2 is known to directly interact not only with Yral but also with Mex67.
Overexpressing either Nab2 or Mex67 was observed to suppress mRNA export
defects in Ayra?l mutants. Additionally, Yral has the capability to enhance the
interaction between Nab2 and Mex67 (Iglesias et al. 2010). Similar to Yral, Hprl,
and Nab2, Npl3 has the ability to interact with Mex67-Mtr2, and thereby contributing

to efficient mRNA export (Kohler & Hurt 2007). However, affinity purifications using
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TAP-tagged Npl3 revealed that Npl3 does not have a direct association with TREX.
Therefore, Npl3 is not recruited to the nascent transcript by THO/TREX but rather
by other structures, such as the CBC (Hurt et al. 2004).

Thp1( Sac3

TREX-2 Sus1( Cdc31

Figure 11: TREX facilitates mRNA export by interacting with Mex67-Mtr2. The TREX
components Yral and Hprl directly interact with Mex67-Mtr2. Other factors that associate with
Mex67-Mtr2 are Nab2 and Npl3. The TREX-2 complex is bound to the NPC by its subunit Cdc31.
The TREX-2 component Sac3 is essential for mRNA export by interacting with Mex67-Mtr2. The
TREX-2 component Susl is also part of the SAGA complex. TREX-2 functionally links SAGA-
dependent gene expression to mMRNA export. Adapted from Kdhler & Hurt 2007, reproduced with
permission from Springer Nature (license number: 5963591402041), and Chanarat et al. 2012, with
permission by Taylor & Francis.

Sac3, another crucial mMRNA export adaptor in yeast, has been demonstrated to
interact with Yral and facilitate the recruitment of the Mex67-Mtr2 export receptor.
Together with Thpl, Susl, and Cdc31, Sac3 constitutes the TREX-2 complex. This
complex is bound to the NPC by Cdc31 interacting with the nuclear basket proteins
Nupl and Nup60 (Fischer et al. 2002; Kohler & Hurt 2007; Rondén et al. 2010). The
TREX-2 component Susl is also part of the SAGA complex that is involved in
transcription initiation, facilitating histone acetylation and deubiquitylation
(Rodriguez-Navarro et al. 2004; Kohler et al. 2006). Therefore, TREX-2 may link
SAGA-dependent gene expression to mRNA export (Kohler & Hurt 2007).

In conclusion, the TREX complex is essential for mRNA export though its interaction
with the Mex67-Mtr2 export factor, facilitating mRNA transport across the NPC. Key
TREX components, such as Yral and Hprl, interact directly with Mex67-Mtr2, while
additional factors like Nab2 and Npl3 further support this process. The TREX-2
complex connects mMRNA export to transcription through the SAGA complex. These
interactions ensure efficient gene expression by tightly coordinating mRNA export

and transcription.
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1.3.5. Structural characteristics of the TREX complex

During this study, structures of human and yeast THO-Sub2/UAP56 complexes,
which were expressed recombinantly, were published (Puhringer et al. 2020;
Schuller et al. 2020; Chen et al. 2021; Xie et al. 2021). The structure of the
endogenous human TREX complex was recently published (Pacheco-Fiallos et al.
2023), and it is generally in line with the structure of the recombinant complex
(Puhringer et al. 2020). Overall, the monomeric arrangement of the THO
components and Sub2 is conserved between the yeast and human TREX
complexes (Fig. 12). In general, Tho2 together with Hprl forms a platform to which
the other complex components attach. For instance, Mftl and Thp2 create an

elongated coiled-coil structure that stretches diagonally from the one end of the

A

monomer 1

Saccharomyces cerevisiae
PDB: 7AQO

monomer 1

Homo sapiens
PDB: 7APK

Figure 12: High-resolution structures of the yeast and human THO-Sub2/UAP56 complex. (A)
In S. cerevisiae the recombinant THO-Sub2 complex (PDB: 7AQO, Schuller et al. 2020) mainly
assembles into a dimer (shown in surface representation). The single complex components are
indicated for one monomer shown in cartoon representation. (B) In H. sapiens the recombinant THO-
UAP56 complex (PDB: 7APK, Pihringer et al. 2020) mainly assembles into a tetramer (shown in
surface representation). The single complex components are indicated for one monomer shown in
cartoon representation.
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platform, whereas Sub2 binds to the opposite end of the platform. Tex1, which
mainly consists of 3-sheets is associated to the middle of the Hpr1-Thol platform
(Fig. 12). Although the overall arrangement is similar between yeast and human, the
preferred oligomeric states seem to differ. While the S. cerevisiae complex seems
to preferentially assemble into a dimer, the H. sapiens mainly assembles into a
tetramer (Fig. 12). Nevertheless, other oligomeric states, ranging from dimeric to
octameric were observed for the recombinant yeast and human THO-Sub2/UAP56
complexes (Puhringer et al. 2020; Schuller et al. 2020; Chen et al. 2021; Xie et al.
2021).

1.4. The TREX interacting factor Thol

The TREX complex recruits various protein factors to the transcript. One of these
factors in S. cerevisiae is Thol, which is recruited in a THO and RNA-dependent
manner (Jimeno et al. 2006). Initially, Thol was identified as a suppressor of the
transcriptional defect of Hprl by overexpression (Piruat & Aguilera 1998). Later it
was reported, that the overexpression of Thol not only suppresses the mRNA
export defect and hyperrecombination phenotypes seen in Ahpr1 but in all null
mutants of the THO complex (specifically Ahpr1, Atho2, Amft1, Athp2). However,
the overexpression of Thol cannot suppress the observed phenotypes in Asub2 or
Athp1 (Jimeno et al. 2006). Notably, the Atho7 mutant itself does not have a known
phenotype (Piruat & Aguilera 1998).

Based on sequence alignment, the human SARNP protein was identified as a
homolog of the yeast Thol (Jimeno et al. 2006). SARNP, also known as CIP29, has
been implicated in various cancers, suggesting its functional significance in humans
(Fukuda et al. 2002; Hashii et al. 2004). Both the yeast Thol and the human SARNP
have an SAP domain in common, which contains a potential DNA-binding motif
(Aravind & Koonin 2000). Thol/SARNP has been suggested to play a role in
transcription, splicing, export, and/or translation (Aravind & Koonin 2000; Hashii et
al. 2004; Leaw et al. 2004). The human SARNP was identified as a primary
interacting partner of UAP56/DDX39 (Sub2 in yeast). Furthermore, it was
demonstrated that SARNP has the capability to bind RNA and enhance the RNA
unwinding activity of DDX39 (Sugiura et al. 2007). The interaction between SARNP

and DDX39 appears to be conserved, as the yeast proteins Thol and Sub2 have
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also been reported to interact (Jimeno et al. 2006). This implies the importance of
the interaction between the two proteins. Nevertheless, the full physiological
relevance of this interaction remains not entirely understood (Jimeno et al. 2006;
Sugiura et al. 2007). Notably, it was reported that DDX39, ALYREF (Yral in yeast),
and SARNP form a trimeric complex. This complex formation was described as
ATP-dependent. While DDX39 directly interacts with SARNP and ALYREF, there is
no direct interaction between SARNP and ALYREF. There is speculation that the
trimeric complex might act as a helicase, unwinding RNA secondary structures at
the 5" end of mMRNA. It is plausible that the unwinding at the 5’ end creates a platform,
potentially facilitating processes such as the recruitment of the THO complex or the
export through the NPC (Dufu et al. 2010).

1.5. Aims and objectives

The TREX complex plays a vital role in mMRNA biogenesis by linking transcription to
MRNA export (StralRer et al. 2002). Gaining insights into the structure of the TREX
complex is essential for clarifying its diverse functions, which are crucial for efficient
gene expression and cellular processes. A comprehensive understanding of the
structure of the native TREX complex will improve the knowledge of its regulatory
mechanisms across different organisms, ranging from S. cerevisiae to humans.
Therefore, the primary aim of the first part of this study is to elucidate the structural
organization of the complete TREX complex by purifying it from its native
environment in S. cerevisiae, followed by analysis using cross-linking mass
spectrometry (XL-MS) and negative-stain electron microscopy (EM). This will
provide a more accurate representation of its physiological state, allowing for a
better understanding of the multiple complex conformations during its various
functions in mMRNA processing and export. Furthermore, this study will specifically
focus on the TREX component Tho2 from S. cerevisiae, particularly on its flexible
C-terminal region. By analyzing a C-terminally truncated Tho2 mutant, this study
aims to gain insights into its functional significance for the cell and into its
contribution to the formation of the TREX complex. Additionally, overexpressing
Tho2 in S. cerevisiae will be used to evaluate its impact on mRNA stability.

The second part of this study investigates the structural and functional interactions

within the dimeric Sub2-Thol complex and the trimeric Sub2-Thol-Yral complex.
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The conserved interactions, particularly between Thol and Sub2, suggest the
importance of this complex, though its full physiological role remains unclear
(Jimeno et al. 2006). Using recombinantly expressed proteins from C. thermophilum,
the aim is to resolve the structural organization of these complexes, as
understanding their structure and how they interact with DNA and RNA is crucial for
revealing their roles in mMRNA biogenesis and gene expression regulation. In
addition to crystallization and cryo-EM, various biochemical assays will provide
further insights into these complexes. Furthermore, this study particularly focuses
on ctThol. By testing various deletion mutants of ctThol in different functional
assays, the aim is to identify regions of ctThol required for its interaction with ctSub2,
as well as with nucleic acids.

In summary, this study aims to enhance the understanding of mMRNA biogenesis,
particularly regarding the TREX complex. Several TREX components, including
Tho2, Sub2, and Yral, along with the TREX interacting partner Thol, are analyzed
in more detail. By employing XL-MS and EM, and through various biochemical
approaches, the aim is to provide insights into the structural organization and

functions of these complexes and their components.
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2. Material

2.1. Instruments

The instruments that were used during this study are listed in table 2.

Table 2: Used instruments and the respective manufacturer.

Name

Manufacturer

6870D Freezer/Mill

AKTA™ start System

AKTA™ purifier System

Bio Dancer

BioDoc Analyze GelDoc

Centrifuge 5424 R

Centrifuge 5430

Centrifuge 5430 R

Centrifuge Avanti JXN-26

Centrifuge Heraeus Megafuge 40R
Centrifuge Heraeus Pico 17
ChemoCam Imager

Duetta Spectrometer

Electrophoresis Power Supply — EPS 301
Epson Perfection 3200 Photo

Gel iX Imager

GSTrap HP 1-ml affinity column

HiTrap Q HP 1 ml anion exchange column
HiTrap SP 1 ml cation exchange column
HiTrap TALON Crude 1 mL column
Incubator BM 400

Incubator IKA KS 4000 ic control
Incubator Incucell 55

Incubator Innova 40

Incubator Innova 4000

Incubator Multitron Pro

J-710 Circular Dichroism Spectrophotometer

SPEX SamplePrep, Stanmore, United Kingdom
GE Healthcare, Chicago, USA

GE Healthcare, Chicago, USA

New Brunswick Scientific, Edison, USA
Biometra, Gottingen, Germany

Eppendorf, Hamburg, Germany

Eppendorf, Hamburg, Germany

Eppendorf, Hamburg, Germany

Beckman Coulter, Krefeld, Germany

Thermo Fisher Scientific, Dreieich, Germany

Thermo Fisher Scientific, Dreieich, Germany

Intas Science Imaging Instruments, Goéttingen,
Germany

Horiba Scientific, Oberursel, Germany
GE Healthcare, Chicago, USA

Seiko Epson Corporation, Suwa, Japan

Intas Science Imaging Instruments, Gottingen,
Germany

Cytiva, Marlborough, USA
Cytiva, Marlborough, USA
Cytiva, Marlborough, USA
Cytiva, Marlborough, USA
Memmert, Schwabach, Germany

IKA-Werke, Staufen, Germany

MMM Medcenter Einrichtungen, Grafelfing,
Germany

New Brunswick Scientific, Edison, USA
New Brunswick Scientific, Edison, USA
Infors, Einsbach, Germany

Jasco, Easton, USA
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Mini-PROTEAN® Tetra Vertical
Electrophoresis Cell

Mobicol "classic" column

neolLab Rotator

Owl EasyCast B1A electrophoresis system

pH meter pH 1000L

Quant Studio 3, Real Time PCR System

Rotational Vacuum Concentrator System

Sonifier 250

Strep-Tactin XT 4Flow high capacity 1 mL

column
Superdex 75 Increase 10/300 GL

Superdex 200 Increase 10/300 GL
Superose 6 Increase 10/300 GL
Techne Dri-Block Heater DB-3
Thermocycler peqSTAR XS
Thermocycler TPersonal 48
Thermomixer 5436

Trans-Blot Turbo Transfer System
Typhoon FLA 9500
Ultracentrifuge Optima XN-80
WPA CO8000 Cell Density Meter

Bio-Rad Laboratories, Vienna, Austria

MoBiTec, Gottingen, Germany
neolLab Migge, Heidelberg, Germany
Thermo Fisher Scientific, Dreieich, Germany

VWR International, Darmstadt, Germany
Thermo Fisher Scientific, Dreieich, Germany

Scientific

Christ, Osterode, Germany

Branson Ultrasonics Corporation, Danbury, USA
IBA Lifesciences, Géttingen, Germany

Cytiva, Marlborough, USA

Cytiva, Marlborough, USA

Cytiva, Marlborough, USA

Bibby Scientific, Staffordshire, United Kingdom
VWR International, Darmstadt, Germany
Biometra, Jena, Germany

Eppendorf, Hamburg, Germany

Bio-Rad Laboratories, Vienna, Austria

GE Healthcare, Chicago, USA

Beckman Coulter, Krefeld, Germany

Biochrom, Cambridge, United Kingdom

2.2. Chemicals

All chemicals that were used during this study are listed in table 3.

Table 3: Chemicals and their respective supplier.

Name

Supplier

4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium (DMTMM) chloride

Acrylamide — Solution (40 %) —Mix 29 : 1

Adenine hemisulfate salt
Adipic dihydrazide (ADH-do/ds)

Agarose Basic

Ammonium bicarbonate (NH4HCOs3)

Ammonium persulfate (APS)

Sigma-Aldrich Chemie, Taufkirchen, Germany
AppliChem, Darmstadt, Germany
Sigma-Aldrich Chemie, Taufkirchen, Germany
Sigma-Aldrich Chemie, Taufkirchen, Germany
AppliChem, Darmstadt, Germany
Sigma-Aldrich Chemie, Taufkirchen, Germany

Sigma-Aldrich Chemie, Taufkirchen, Germany
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Ammonium sulfate

Ampicillin

ANTI-FLAG M2 Affinity Gel

Bacto Peptone

Bacto Yeast Extract

Benzamidine HCI
bis(sulfosuccinimidyl)suberate (BS3-do/d12)
B-cyclodextrin

B-Mercaptoethanol

B-Nicotinamide adenine dinucleotide (NAD*)
Boric acid

Bromophenol blue

Coomassie Brilliant Blue G-250
CheLuminate-HRP ECL solution
Chloroform

D-(+)-Biotin

D-(+)-Glucose monohydrate
D-(+)-Sucrose

Deoxyadenosine triphosphate (dATP)
Deoxycytidine triphosphate (dCTP)
Deoxyguanosine triphosphate (dGTP)
Deoxythymidine triphosphate (dTTP)
Dextrin from potato starch

Diethyl pyrocarbonate (DEPC)
Dimethyl sulfoxide (DMSQO)

di-Potassium hydrogen phosphate (K2HPOs)

di-Sodium hydrogen phosphate heptahydrate
(NazHPO4 * 7 H20)

DTT BioChemica
Dynabeads M-280 Streptavidin
Ethanol 299,5 %

Ethidium bromide solution (1%)

Ethylenediaminetetraacetic acid disodium
salt dehydrate (EDTA)

Merck, Darmstadt, Germany
AppliChem, Darmstadt, Germany

Sigma-Aldrich Chemie, Taufkirchen, Germany

Becton, Dickinson and Company (BD),
Erembodegem, Belgium
Becton, Dickinson and Company (BD),
Erembodegem, Belgium

MP Biomedicals, Irvine, USA

Creative Molecules, San Francisco, USA
Tokyo Chemical Industry, Tokyo, Japan
Merck, Darmstadt, Germany

Fluka Chemie, Buchs, Switzerland
Merck, Darmstadt, Germany
AppliChem, Darmstadt, Germany

AppliChem, Darmstadt, Germany

Intas Science Imaging Instruments, Goéttingen,
Germany

Merck, Darmstadt, Germany

Alfa Aesar, Thermo Fisher Scientific, Waltham,
USA

Sigma-Aldrich Chemie, Taufkirchen, Germany
AppliChem, Darmstadt, Germany

Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Sigma-Aldrich Chemie, Taufkirchen, Germany
Carl Roth, Karlsruhe, Germany

Grussing, Filsum, Germany

Merck, Darmstadt, Germany

Carl Roth, Karlsruhe, Germany

AppliChem, Darmstadt, Germany

Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA

Carl Roth, Karlsruhe, Germany

Sigma-Aldrich Chemie, Taufkirchen, Germany



FLAG Peptide

Genetecin (G418)
Glutathione (reduced; GSH)
Glutathione Sepharose 4B
Glycerin ROTIPURAN® 299,5 %, p.a.
HDGreen™ Plus DNA stain
HEPES

Hydrochloric acid (HCI)
Herring Sperm DNA
IGEPAL CA-630

IgG Sepharose 6 Fast Flow
Imidazole

Isopropanol (2-Propanol)

Isopropyl B-D-1-thiogalactopyranoside
(IPTG)

Kanamycin

Leupeptin

L-Histidine

Lithium chloride (LiCl)
L-Leucine

L-Tryptophan

Magnesium chloride hexahydrate
(MgClz * 6 H20)

MES

Methanol

Oligo(dt) primer

Pepstatin A

Phenylmethylsulfonyl fluoride (PMSF)
Polythylene glycol 4000 (PEG-4000)
Potassium chloride (KCI)

Potassium dihydrogen phosphate (KH2PO4)
Potassium hydroxide (KOH)

Powdered milk, fat free, blotting grade

Protino Ni-NTA Agarose

Carl Roth, Karlsruhe, Germany

Thermo Fisher Scientific, Waltham, USA
Merck, Darmstadt, Germany

GE Healthcare, Chicago, USA

Carl Roth, Karlsruhe, Germany

Intas Science Imaging Instruments, Goéttingen,
Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Thermo Fisher Scientific, Waltham, USA
Sigma-Aldrich Chemie, Taufkirchen, Germany
Cytiva, Marlborough, USA

Merck, Darmstadt, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

AppliChem, Darmstadt, Germany

Merck, Darmstadt, Germany

Sigma-Aldrich Chemie, Taufkirchen, Germany
Merck, Darmstadt, Germany

Sigma-Aldrich Chemie, Taufkirchen, Germany
Sigma-Aldrich Chemie, Taufkirchen, Germany

Merck, Darmstadt, Germany

Carl Roth, Karlsruhe, Germany
Merck, Darmstadt, Germany
NEB, Frankfurt/Main, Germany
Merck, Darmstadt, Germany
AppliChem, Darmstadt, Germany
Fluka Chemie, Buchs, Switzerland
ORG Laborchemie, Bunde, Germany
Merck, Darmstadt, Germany
Merck, Darmstadt, Germany

Carl Roth, Karlsruhe, Germany

Macherey-Nagel, Diren, Germany
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SDS ultrapure
Sodium acetate (NaOAc)

Sodium chloride (NaCl)

Sodium dihydrogen phosphate monohydrate
(NaH2PO4 * H20)

Sodium hydroxide (NaOH)
Strep-Tactin XT 4Flow resin

PowerUp SYBR Green Master Mix
Random Hexamers
Tetramethylethylenediamine (TEMED)
Thiolutin

Trichloroacetic acid 299 %, p.a. (TCA)
Tris(2-carboxyethyl)phosphin (TCEP)
Tris ultrapure

Triton X-100

TRIzol reagent

Tryptone BioChemica

Tween 20

Uracil

AppliChem, Darmstadt, Germany

Merck, Darmstadt, Germany

Merck, Darmstadt, Germany

Carl Roth, Karlsruhe, Germany

Merck, Darmstadt, Germany

IBA Lifesciences, Géttingen, Germany
Applied Biosystems, Waltham, USA

Jena Bioscience, Jena, Germany

Carl Roth, Karlsruhe, Germany

Biomol, Hamburg, Germany

Carl Roth, Karlsruhe, Germany

Sigma-Aldrich Chemie, Taufkirchen, Germany
AppliChem, Darmstadt, Germany

AppliChem, Darmstadt, Germany

Thermo Fisher Scientific, Waltham, USA
AppliChem, Darmstadt, Germany
Sigma-Aldrich Chemie, Taufkirchen, Germany

Sigma-Aldrich Chemie, Taufkirchen, Germany

2.3. Buffers and solutions

Table 4 provides a listing of the compositions of all used buffers and solutions.

Typically, self-prepared buffers and solutions were prepared with MilliQ water

(Merck, Darmstadt, Germany). Stock solutions, in general, underwent autoclaving

at 120°C for 20 minutes. For solutions and buffers sensitive to heat, sterile filtration

through a 0.22 um filter was employed.

Table 4: Used buffers and solutions sorted by their purpose. For self-made buffers the composition
is specified. For purchased buffers the supplier is listed.

Purpose Name

Composition/Supplier

Binding/wash buffer

Affinity purification of
GST-tagged proteins

Elution buffer

50 mM Tris-HCI (pH 7.5), 250 mM NacCl,
1.5 mM MgClz, 1 mM DTT

50 mM Tris-HCI (pH 7.5), 100 mM NacCl,
1.5 mM MgClz, 1 mM DTT, 10 mM
reduced glutathione
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Affinity purification of
His-tagged proteins

Binding/wash buffer

Elution buffer

50 mM sodium phosphate (pH 7.4),
100 mM NacCl

50 mM sodium phosphate (pH 7.4),
100 mM NacCl, 250 mM imidazole

Affinity purification of
Strep-tagged proteins

Binding/wash buffer

Elution buffer

100 mM Tris-HCI (pH 7.5), 150 mM
NaCl, 2 mM MgClz, 0.1 % (v/v)
Tween 20

100 mM Tris-HCI (pH 7.5), 150 mM
NaCl, 2 mM MgClz, 0.1 % (v/v)
Tween 20, 50 mM biotin

Agarose gel
electrophoresis

6x Gel Loading Dye, Purple

50x Tris-acetate-EDTA
buffer (TAE)

NEB, Frankfurt/Main, Germany

2 M Tris (pH 8.0), 1 M Na-OAc, 50 mM
EDTA

Alkaline lysis

Pre-treatment solution

7.5% B-mercaptoethanol, 1.85 M NaOH

CD spectroscopy

CD buffer

10 mM Na-Phosphate (pH 7.5)

DNase | Treatment

10x reaction buffer for
DNase | + MgCl2

50 mM EDTA

Thermo Fisher Scientific, Waltham, USA

Thermo Fisher Scientific, Waltham, USA

E. coli harvest

1x Sodium Chloride-Tris-
EDTA buffer (STE)

10 mM Tris-HCI (pH 8.0), 100 mM NacCl,
0.1 mM EDTA

EMSA

2x EMSA buffer

20 mM MES (pH 6.5), 5% glycerol,
2 mM TCEP

FRET annealing assay

Annealing buffer

20 mM MES (pH 7.0)

Gibson Assembly

5x Isothermal reaction
buffer (ISO)

500 mM Tris-HCI (pH 7.5), 50 mM
MgCl>-7H20, 1 mM dATP, 1 mM dTTP,
1 mM dCTP, 1 mM dGTP, 50 mM DTT,
25% (w/v) PEG-8000, 5 mM NAD*

In vitro reconstitution

Reconstitution/wash buffer

Elution buffer

50 mM Tris-HCI (pH 7.5), 100 mM NacCl,
0.5mM DTT

50 mM Tris-HCI (pH 7.5), 100 mM NacCl,
0.5 mM DTT, 10 mM reduced
glutathione or 50 mM biotin or 250 mM
imidazole

lon (anion) exchange
chromatography

Binding buffer

Elution buffer

20 mM Tris-HCI (pH 8.0)
20 mM Tris-HCI (pH 8.0), 1 M NacCl

lon (cation) exchange
chromatography

Binding buffer

Elution buffer

50 mM MES (pH 6.0)
50 mM MES (pH 6.0), 1 M NaCl
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Native PAGE

10x TBE buffer

1 M Tris-HCI (pH 8.3), 1 M boric acid,
25 mM EDTA

Reverse Transcription

M-MuLV Reverse
Transcriptase Reaction
Buffer

NEB, Frankfurt/Main, Germany

PCR

5x Q5® Reaction Buffer

10x Taq buffer

NEB, Frankfurt/Main, Germany

100 mM Tris-HCI (pH 9.0), 0.5 M KClI,
1% (w/v) Triton X-100, 15 mM MgCl:

Protease Inhibitor

100x Protease Inhibitor

8 ng/ml Leupeptin, 137 ng/ml Pepstatin
A, 17 ng/ml PMSF, 0.33 mg/ml
Benzamidine, solved in 100% EtOH

Equilibration buffer for
beads

RNA capture buffer

20 mM Tris-HCI (pH 7.5)

20 mM Tris-HCI (pH 7.5), 1 M NacCl,
1 mM EDTA

20 mM Tris-HCI (pH 7.5), 50 mM NacCl,

RNA pull-down Protein-RNA-Binding buffer 5"/ MoGl2, 0,19 Twaen 20
wnae  ETNIETEEUS e
Elution buffer gomTAMMTgr(i:SI;HCI (pH 7.5), 50 mM NacCl,
4x Stacking gel buffer 8202? (-I\;J/'s);'%ls(p"' 6.8), 8 mM EDTA,
4x Separating gel buffer éiozl (R;\S/)Z%IS(pH 8.8), 8 mM EDTA,

SDS-PAGE iy o SRS é%OSr,néll\g‘;ri(S\/_/U)célgxigrgi%.523;/2 gm

5x SDS-PAGE running
buffer

Coomassie G-250 staining
solution

bromphenol blue, 100 mM DTT

125 mM Tris-HCI, 0.95 M glycine,

0.5% (w/v) SDS

15% (v/v) EtOH, 85% (v/v) Milli-Q water,
4% (w/v) ammonium sulfate, 1.5% (w/v)
B-cyclodextrin, 0.015% (w/v) Coomassie
G-250

Size exclusion

50 mM Tris-HCI (pH 7.5), 100 mM NacCl,

chromatography SEC buffer 0.5 mMDTT
50 mM HEPES (pH 7.5), 200 mM KClI,
TAP buffer
Tandem affinity 1.5 mM MgClz, 0.15% IGEPAL
purification (TAP) Buffer A 20 mM HEPES (pH 8.4), 150 mM KClI
Buffer B 20 mM HEPES (pH 7.0), 150 mM KCI
. 10 mM Tris-HCI (pH 7.5), 1 mM EDTA,
i Solution | ;
Transformation of S. 100 mM LiOAc
cerevisiae Solution I 10 mM Tris-HCI (pH 7.5), 1 mM EDTA,
100 mM LiOAc, 40% PEG 4000
1x TBS-T 50 mM Tris-HCI (pH 7.5), 150 mM NacCl,

Western blot

Semi-dry blotting buffer

0.1 % (v/v) Tween 20

25 mM Tris, 192 mM glycine, 20% (v/v)
methanol
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2.4. DNA and protein standards

The 1 kb Plus DNA Ladder from NEB served as the DNA standard for agarose gel
electrophoresis. For SDS-PAGE protein standards, either the Unstained Protein
Standard, Broad Range (10-200 kDa), or the Color Prestained Protein Standard,
Broad Range (11-245 kDa), both from NEB, were utilized.

2.5. Oligonucleotides

All oligonucleotides shown in tables 5 to 7 were synthesized by and purchased from
Biolegio B.V. (Nijmegen, Netherlands). The oligonucleotides employed in EMSAs,
FRET annealing assays, and RNA pull-down experiments are listed in table 8 and

were synthesized and acquired from Eurogentec (Seraing, Belgium).

Table 5: Oligonucleotides used for colony PCR and/or sequencing.

Name Sequence (5’-3’)

036 CCCGCGAAATTAATACGACTC

037 TAGAGGCCCCAAGGGGTTAT

232 AATTAACCCTCACTAAAGGG

562 GTCAGGGGGGCGGAGCCTATGGAAAAAC

867 AGGCTATCGAGAAGCGGTTCG

868 CCTGTCAAGAAGACCCTTGAAG

883 CTCCGACGGATGTTCGAAAC

1020 CTTCTTAACCTGACCGACAGACTGCTGAAAGTACTC
1407 GGGAGGAAGGTTCTGTGTGAAGGAC

PK218 GATAATATGGTTGGGGTTCAGG
PK300 GTCCCAAAACCTTCTCAAGC
PK301 GAGCAGCTTAGAGGATATCC
PK302 AGAAGTAGGGCACTTAGACC

PK303 ACTTTCTCCCTGTTGCAGAG

Table 6: Oligonucleotides used for cloning.

Name Sequence (5°-3’)

1013 AATTCGAGCTCCGTCGACAAGCTTGCGGCCG
1023 GCTAGCGCCCTGAAAATACAGGTTITICG
1039 AATTAATAGACTGGATGGAGGCGG
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1042
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1084
1091
1187
1223
1252
1257
1297
1301
1302
1304
1378
1379
1380
1384
1386
1387
1388
1389
1406
1407
1408
1409

CCGCCTCCATCCAGTCTATTAATT
CGGACACTTAAGCGACGCATAATTTTGTTTAACTTTAAGAAGGA
GCGTCGCTTAAGTGTCCGGTCGACGGAGCTCGAATTC
AGCGACGGCGCGCCAGACATAATTTTGTTTAACTTTAAGAAGGA
GTCTGGCGCGCCGTCGCTGTCGACGGAGCTCGAATTC
GACCGACCTGCAGGACGAATAATTTTGTTTAACTTTAAGAAGGA
TCGTCCTGCAGGTCGGTCGTCGACGGAGCTCGAATTC
ACGGCACGCCGGCGACGAATAATTTTGTTTAACTTTAAGAAGGA
TCGTCGCCGGCGTGCCGTGTCGACGGAGCTCGAATTC
CGCGACGTTAATTAAGCGACTGAGATCCGGCTGCTAACAAAGC
GTCGCTTAATTAACGTCGCGGTCGACGGAGCTCGAATTC
CTAATACCTGGAATGCTGTTTTCCCGGGGATCGCAGTG
CACTGCGATCCCCGGGAAAACAGCATTCCAGGTATTAG
GCGCCCTGAAAATACAGGTTTTCTCCGGACTTGTACAGCTCGTCCATGC
GAATTAATTGAAGGTGCAGAGTTTAGC
AGAGCCGTGATGGTGGTGATGGTGATGAGAGCCTAGTTCACCTTGAAAATATAAATTTTC
CTCATCACCATCACCACCATCACGGCTCTGCAGAACAGACGCTACTTTCC
GCTAAACTCTGCACCTTCAATTAATTC
GAAAACCTGTATTTTCAGGGCGCTAGCCACCACCACCACCACCACTGAAATTCGAGCTCCGTCGAC
GAAAACCTGTATTTTCAGGGCGCTAGCTGGAGCCACCCGCAGTTCG
CCCTGAAAATACAGGTTTTCGGTCAAGACATCCTCCTCCATCGGGGC
CTTGTCGACGGAGCTCGAATTCAACTAGTCAGAGCACTGTCGAGAGCGGC
GAAAACCTGTATTTTCAGGGCGCTAGCACCGACGCGAAGACGGAAGC
GACGGAGCTCGAATTCAACTAGTGGAGTCGGCCTGCGGCTCCGCATTTTTG
GCTTGTCGACGGAGCTCGAATTCAACTAGTAAGGTTCTGTGTGAAGGACG
GCCCATGGTATATCTCCTTCTTAAAGTTAAACAAAATTATTTC
GAAGGAGATATACCATGGGCGATAAGAAGGGCTCCTATGTCGGC
CGAAAACCTGTATTTTCAGGGCGCTAGCCCCGAGCGTGTTCCTCGTAAAC
CGAAAACCTGTATTTTCAGGGCGCTAGCAAGAAGCCTGCTCCTGCTGAG
GTCCTTCACACAGAACCTTCCTCCCCAGGAGGCAGTGGCCGCTCTCGAC
GGGAGGAAGGTTCTGTGTGAAGGAC

GGTTTGGATGTCCAGTCGGAAG

CTTCCGACTGGACATCCAAACCTTCGGCTTCCGTCTTCGCGTCG
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1410

CTTGTCGACGGAGCTCGAATTCAACTAGTAGAAGAAGCCGGATCATCCGCGATTTTC

1416 CCTGTATTTTCAGGGCGCTAGCGGTCGCAGCAACCGCCCTGTC
1517 CTAAATTAATAGGATCCATGCTACCAAAAAAAAAAAGAAAAGTTACCGG
1518 ACCTCCGCTTACATCAACAC
1519 GCTACCAAAAAAAAAAAGAAAAGTTACCGGTATGTCTCAAGAACAGTACACAG
1520 CCTCTAGGATCAGCGGGTTTAAACGTTCATTTCCGTATCTTGTTC
1521 CTGTGTACTGTTCTTGAGACATACCGGTAACTTTTCTTTTTTTTTTTGGTAGC
1522 CTGTGTACTGTTCTTGAGACATACCGGTAACTTTTCTTTTTTTTTTTGGTAGC
1532 ACCGGTTGCATAATCCGGAACATCATACGGATAGCTAGCGCCCTGAAAATACAGGTTTTC
1533 CTATCCGTATGATGTTCCGGATTATGCAACCGGTTCGGCCGAAGAGGATCTGATCGAC
1534 CTATCCGTATGATGTTCCGGATTATGCAACCGGTTCCGGCAAGCTCGACCAGACTCTTG
1535 CTATCCGTATGATGTTCCGGATTATGCAACCGGTGTCGACTACAGCTCTATGAAAGTTC
BK169 GTGTTGATGTAAGCGGAGGT
PK291 CCCAAAAAAAAAAAGAAAAGTTACCGGTATGTCTGAAGCTCAAGAAAC
PK292 CCCTCTAGGATCAGCGGGTTTAAACTTACCTGGTTGGTGATCTTTCACG
PK293 CCCAAARARARARAGAAAAGTTACCGGTATGGCAGAACAGACGCTACTTTCC
PK294 CCCTCTAGGATCAGCGGGTTTAAACTTACCTCTGGTACCTACTGACG
PK295 GCCGTTAAAATGGCTTCTAACTTTACTCAGTTCGTTCTCGTCGAC
PK296 TAGCATGGATCCTATTAATTTAGTGTGTGTATTTGTGTTTGCGTG
PK297 ACACTAAATTAATAGGATCCATGCTAATGTCTCAAGAACAGTACACAG
PK298 GTAAAGTTAGAAGCCATTTTAACGGCGTTCATTTCCGTATCTTGTTC
Table 7: Oligonucleotides used for gPCR.
Name Sequence (5’-3’)
RPL4A gPCR fw TTGCAATTGGCTCCAGGTGCTC
RPL4A qPCR rev TGGGATGGCAARAGTGTAGCCGAC
RPS1A gPCR fw TCGCCTTCACCAGAAAGCAAGC
RPS1A gPCR rev GGCCAAGGTAGATCCTTGAACTTCC

Table 8: Oligonucleotides used for EMSA, FRET annealing assay and RNA pull-down.

Name Sequence (5°-3’)
DNA_Ma-16-Cy3 AGCACCGTAAAGACGC-Cy3
DNA_Ma-16-21-Cy5 Cy5-GCGTCTTTACGGTGCTTAAAACAAAACAAAACAAAAC

DNA_Ma-Long-top-Cy3  GTTTTGTTTTGTTTTGTTTTAAGCACCGTAAAGACGC-Cy3

RNA_Ma-16-Cy3 AGCACCGUAAAGACGC-Cy3
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RNA_Ma-16-21-Cy5
Biotin_Ma-16-21-Cy5

Cy5-GCGUCUUUACGGUGCUUAAAACAAAACAAAACAAAAC

Biotin-TEG-GCGUCUUUACGGUGCUUAAAACAAAACAAAACAAAAC

2.6. Kits

Table 9 provides a list of the kits employed for the preparation of Z-competent DH5a

and Rosetta 2 (DE3) cells, as well as for PCR clean-up and plasmid preparation.

Table 9: Used kits and their suppliers.

Kit

Supplier

Mix & Go E. coli Transformation Kit & Buffer Set
NucleoSpin Plasmid (NoLid)
NucleoSpin Gel and PCR Clean-up kit

Zymo Reasearch Corp., Irvine, USA
Macherey-Nagel, Duren, Germany

Macherey-Nagel, Duren, Germany

2.7. Enzymes

All enzymes used in this study are listed in table 10.

Table 10: All enzymes and the purpose they were used for.

Enzyme

Supplier

DNase |

Dpnl (recognition site: GmM6A~TC)
M-MuLV Reverse Transcriptase
Phusion High Fidelity DNA polymerase
Q5 High-Fidelity DNA polymerase

RNase inhibitor RiboLock
RNase |

RNase I

RNase A

RNase H

RNase T1

T5 exonuclease

Taq DNA polymerase
Taq DNA ligase

TEV protease

Trypsin, Proteomics Grade

Thermo Fisher Scientific, Waltham, USA
NEB, Frankfurt/Main, Germany

NEB, Frankfurt/Main, Germany

NEB, Frankfurt/Main, Germany

NEB, Frankfurt/Main, Germany

Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
NEB, Frankfurt/Main, Germany

Thermo Fisher Scientific, Waltham, USA
NEB, Frankfurt/Main, Germany
Self-made

NEB, Frankfurt/Main, Germany
Self-made

Sigma-Aldrich, Taufkirchen, Germany
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Zymolyase 100T Carl Roth, Karlsruhe, Germany
Zymolyase 20T Carl Roth, Karlsruhe, Germany

2.8. Antibodies

Table 11 to 12 list the primary and secondary antibodies utilized for immunoblotting.

Table 11: Primary antibodies used for Western blot.

Name Source Dilution  Supplier

anti-HA rabbit, monoclonal 1:1000 R&D Systems, Minneapolis, USA
anti-MCP rabbit 1:5000 Merck, Darmstadt, Germany
anti-Nab2 mouse 1:5000 Swanson lab (3F2)

anti-Npl3 rabbit, polyclonal 1:5000 Guthrie lab, San Francisco, USA
anti-Pgkl mouse, monoclonal 1:5000 Invitrogen, Waltham, USA

Peroxidase-anti-

peroxidase (PAP) rabbit, polyclonal 1:5000 Sigma-Aldrich, Taufkirchen, Germany

Table 12: Secondary antibodies used for Western blot.

Name Source Dilution  Supplier

anti-rabbit-HRPO goat, monoclonal 1:3000 Bio-Rad, Hercules, USA

anti-mouse-HRPO  goat, monoclonal 1:3000 Bio-Rad, Hercules, USA
2.9. Plasmids

The plasmids created for the recombinant expression of individual genes such as
ctSub2 (table 13), ctThol (table 14), and ctYral (table 15), as well as for the co-
expression of various complexes (table 16), are derived from the pET24d vector
(Novagen). This vector features an f1 bacteriophage origin of replication (f1 ori) and
a high-copy-number ColE1/pMB1/pBR322/pUC origin of replication (ori).
Additionally, it includes a T7 promoter and terminator essential for the expression of
recombinant proteins. Given the presence of a lacl gene in the vector, recombinant
protein expression is triggered only upon induction with IPTG. Kanamycin serves as
the selectable marker in the vector. Polycistronic plasmids carried a maximum of

four genes, each preceded by a ribosome binding site. The T7 promoter was located

38



upstream of the initial gene, while the T7 terminator was positioned downstream of

the last gene.

Table 13: Plasmids employed for expressing ctSub2 recombinantly in E. coli. The inserted gene is
implicated in the name of the plasmid. Abbreviations: GST = glutathione S-transferase, His7 = 7x
histidine-tag, TEV = tobacco etch virus protease recognition and cleavage site.

Plasmid

Source

PET24d-GST-TEV-ctSub2
PET24d-His7-TEV-ctSub2
pET24d-His7-TEV-HA-ctSub2
pET24d-His7-TEV-ctSub2-AN

W. Wende
W. Wende
this study

this study

Table 14: Plasmids employed for expressing ctThol recombinantly in E. coli. The inserted gene is
implicated in the name of the plasmid. Abbreviations: His7 = 7x histidine-tag, TEV = tobacco etch
virus protease recognition and cleavage site.

Plasmid

Source

pET24d-His7-TEV-ctThol
pPET24d-His7-TEV-HA-ctThol
pET24d-Strep-TEV-ctThol
pET24d-Strep-TEV-ACTE
pET24d-Strep-TEV-ASAP-ALinker
pET24d-Strep-TEV-ACTD-ACTE
pET24d-Strep-TEV-CTD
pET24d-Strep-TEV-SAP
pET24d-Strep-TEV-CTE
pET24d-Strep-TEV-Linker
pET24d-Strep-TEV-ASAP-ACTE
pET24d-Strep-TEV-ACTD
pET24d-Strep-TEV-AdcTe
pET24d-Strep-TEV-Adi-ctp
pPET24d-Strep-TEV-AaCTD-AdcTe

W. Wende
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study

this study

Table 15: Plasmids employed for expressing ctYral recombinantly in E. coli. The inserted gene is
implicated in the name of the plasmid. Abbreviations: His7 = 7x histidine-tag, TEV = tobacco etch
virus protease recognition and cleavage site.

Plasmid

Source

pET24d-ctYral-TEV-Hisz

this study

39



pET24d-ctYral-TEV-Strep this study

pET24d-His7-mCherry-TEV-C-Box this study
pPET24d-His7-TEV-ctYral this study
pET24d-His7-TEV-HA-ctYral this study
pPET24d-N-Box-TEV-mCherry-His7 this study

Table 16: Plasmids employed for co-expressing different complexes recombinantly in E. coli. The
inserted gene is implicated in the name of the plasmid. Abbreviations: GST = glutathione S-
transferase, His7 = 7x histidine-tag, TEV = tobacco etch virus protease recognition and cleavage site.

Plasmid Source
pPET24d-(His7-TEV-ctSub?2)-(His7-TEV-ctYral)-(Strep-TEV-ctThol) this study
PET24d-(His7-TEV-ctSub?2)-(His7-TEV-ctYral)-(Strep-TEV-ACTE) this study
pPET24d-(His7-TEV-ctSub2)-(His7-TEV-ctYral)-(Strep-TEV-ASAP-ALinker) this study
pET24d-(His7-TEV-ctSub2)-(Strep-TEV-ctYral)-( His7-TEV-ctThol) this study
PET24d-(His7-TEV-ctTex1)-(His7-TEV-ctThoc5)-(GST-TEV-ctMft1)-( His7-TEV- .

this study
ctHprl)
pPET24d-His7-TEV-ctTho2-AC(1566) W. Wende

PET24d-(Strep-TEV-HA-ctThol)-(His7-TEV-HA-ctThol)-( His7-TEV-HA-ctSub2) this study
pPET24d-(ctSub2)-(His7-TEV-ctThol)-(ctYral) this study
pPET24d-(ctSub2)-(Strep-TEV-ctThol)-(ctYral) this study

The plasmids designed for the expression in S. cerevisiae are constructed using the
PET296-YcpLaclll (Addgene #53249) or the pRS315 (Sikorski & Hieter 1989)
vector as a foundation. To replicate the plasmid in E. coli, both vectors are equipped
with a bacterial origin of replication (ori) and utilize ampicillin as the selectable
marker. To facilitate the correct transmission and replication of the plasmid in yeast,
the vectors incorporate the yeast CEN centromeric sequence and the yeast ARS
origin of replication region. To facilitate selection in yeast, both vectors carry the
gene for 3-isopropylmalate dehydrogenase, essential for leucine biosynthesis
(LEU2 marker). The plasmid pET264-pUC 24xMS2V6 Loxp KANr Loxp (Addgene
#104393) was employed for the genomic insertion of 24xMS2V6 into the 3’UTR of
RPS1A. The plasmid pSH47 was utilized for expressing the Cre recombinase and
excising the KANr marker following the insertion of the 24xMS2V6 loops. Table 17
lists all yeast plasmids utilized in this study.
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Table 17: Plasmids employed for expressing or cloning different genes in S. cerevisiae. The inserted
gene is implicated in the name of the plasmid. Abbreviations: MCP = MS2-coat protein.

Plasmid Source
pPET264-pUC-24xMS2V6 Addgene #104393
pPET296-YcpLaclll (empty vector) Addgene #53249
pET296-YcpLaclll-MCP-GFP Addgene #104394
pET296-YcpLaclll-MCP P. Keil
pPET296-YcpLacl11-MCP-Npl3 this study
pPET296-YcpLacll1l-MCP-Tho2 this study
pPET296-YcpLaclll-Nab2 this study
pET296-YcpLaclll-Nab2-MCP this study
PET296-YcpLaclll-Npl3 this study
pET296-YcpLacl11l-Tho2 this study

pRS315 Sikorski & Hieter 1989
pRS315-PTH-Tho2 this study
pRS315-PTH-Tho2-AC this study
pSH47 Euroscarf

2.10. Strains

The DH5a E. coli strain was utilized for routine cloning, while the Rosetta 2 (DE3)
E. coli strain was employed for the expression of recombinant proteins (table 18).

The S. cerevisiae strains used in this study are listed in table 19.

Table 18: Escherichia coli strains used for general cloning and recombinant protein expression.

Strain

Genotype

DH5a

Rosetta 2 (DE3)

F- endAl gInV44 thi-1 recAl relAl gyrA96 deoR nupG purB20
®80dlacZAM15 A(lacZYA-argF) U169, hsdR17(r« mk*), A—

F- ompT hsdSB(rB- mB-) gal dcm (DE3) pRARE2 (CamR)

Table 19: Saccharomyces cerevisiae strains used in this study.

Strain Genotype Reference
BY4743 MAT a; his3AO; leu2A0; LYS2AO0; ura3A0 Euroscarf
MAT a; his3A0; leu2A0; LYS2A0; ura3A0; .
RPS1A-MS2 (BY4743) RPS1A-MS?2 this study
Atho2 Hprl-FTpA (W303) MAT a; YNL139C::kanMX Hpr1-FTpA::HIS B. Keil
MAT a; ura3-1; trp1-1; his3-11,15; leu2-3,112; Thomas &

W303

ade2-1; can1-100; GAL+

Rothstein 1989
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2.11. Media

E. coli cells (DH5a, Rosetta 2) were grown in LB medium. Z-competent cells were

cultivated in SOB medium. SOC medium was used for the recovery of transformed

E. coli competent cells. S. cerevisiae cells were grown in YPD or SDC medium. All

used media and their composition are listed in table 20. The media were prepared

with MilliQ water (Merck, Darmstadt, Germany) and autoclaved (120°C, 20 min)

before use.

Table 20: Used media and their composition.

Name Composition Reference

LB 1% (w/v) peptone, 0.5% (w/v) yeast extract, 85.6 mM NaCl, Bertani 1951
pH 7.2
0.67% (w/v) yeast nitrogen base; 0.06% (w/v) complete, :

SDC synthetic mix of aa; drop out as required; 2% (w/v) glucose; Werner-Washburne

et al. 1996

(2% (w/v) agar for plates)
2% (wl/v) tryptone, 0.5% (w/v) yeast extract, 10 mM NacCl,

SOB 5 5mM KCl, 10 mM MgClz, 10 mM MgSOa, pH 6-7 Hanahan 1983
2% (wl/v) tryptone, 0.5% (w/v) yeast extract, 10 mM NacCl,

SOC 2.5 mM KCI, 10 mM MgClz, 10 mM MgSOQOs, 20 mM glucose, Hanahan 1983
pH 6-7

0 + 20, - 10 .
YPD 2% (w/v) peptone; 2% (w/v) glucose; 1% (w/v) yeast extract; Sherman 1991

(2% (w/v) agar for plates)
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3. Methods

Most of the following methods are derived from or based on the collected edition

Current Protocols in Molecular Biology from Ausubel et al. (1994).

3.1. Microbiological techniques used for E. coli

If not stated otherwise, E. coli cells were grown in LB medium or on LB-agar plates.
Depending on which resistance gene the plasmid carried, the corresponding

antibiotic was added to the media with a final concentration of 25 pg/ml for selection.

3.1.1. Preparation of Z-competent E. coli cells
For the preparation of Z-competent DH5a and Rosetta 2 (DE3) cells, the Mix & Go
E. coli Transformation Kit & Buffer Set (Zymo Reasearch) was used according to

manufacturer’s instructions.

3.1.2. Transformation of E. coli cells

For each transformation reaction, a 50 pl aliquot of Z-competent cells was thawed
on ice. Then, 100 ng of plasmid DNA was added and gently mixed. The cells were
incubated for 20 min on ice, before 400 ul of SOC medium was added to each
transformation. The cells were incubated for at least 1 h at 37°C and 200 rpm, so
that positive clones can begin expressing antibiotic resistance genes that are
present on the transformed plasmids. After incubation, the cells were concentrated
by centrifugation at 710xg for 1 min. Most of the supernatant was decanted and the
pellet was gently resuspended in the remaining medium (~100 pl). Finally, the cells
were plated onto pre-warmed agar plates and grown over night at 37°C.

3.1.3. Preparation of plasmid DNA

Clones that were tested positive by colony PCR (chapter 3.3.2.) were used to
inoculate a 3 ml culture. The cultures were grown over night at 37°C and 200 rpm.
For extraction of plasmid DNA, the kit NucleoSpin Plasmid (NoLid) (Macherey-Nagel)
was used according to manufacturer’s instructions. The concentration of extracted
plasmid DNA was measured with a NanoDrop 1000 Spectrophotometer (Thermo

Scientific).
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3.1.4. Protein expression in E. coli

For protein expression, Rosetta 2 (DE3) cells were transformed (chapter 3.1.2.).
The transformed cells were then used for inoculation of a starter culture, which was
grown over night at 37°C and 200 rpm. The next day a main culture was inoculated
with 1:100 of starter culture. The culture was grown in a baffled flask at 37°C and
~160 rpm for 2-3 h until an optical density of ODsoonm = 0.6 was reached. For protein
expression, cells were induced with 1 mM IPTG. Cells were grown overnight at 20°C
and 130 rpm. The culture was harvested by centrifugation at 5,000xg for 5 min. The
pellet was resuspended in 1x STE buffer and centrifuged again at 3,000xg and 4°C
for 10 min. The supernatant was decanted and the pellet either stored at -20°C until

further use or processed immediately.

3.2. Microbiological techniques used for S. cerevisiae

If not stated otherwise, S. cerevisiae cells were grown in YPD or the appropriate
SDC medium.

3.2.1. Preparation of competent S. cerevisiae cells

For five to six transformations of S. cerevisiae, an overnight pre-culture was used to
start a 50 mL main culture at an ODesoonm = 0.2. After incubation at 30°C and 170
rpm, the cells were harvested at 2,800xg for 5 min when they reached mid-log phase
at an ODeoonm = 0.6 t0 0.8. Then, the cell pellet was washed once with 10 mL water
and centrifuged again at 2,800xg for 5 min. Afterwards, the cell pellet was washed
with 500 pl of solution | and transferred to a 2 mL tube. After centrifugation at

2,800xg for 3 min, the cells were finally resuspended in 250 pl of solution I.

3.2.2. Transformation of S. cerevisiae cells

For each transformation, 50 ul of competent S. cerevisiae cells were used. The cells
were mixed with 5 pl single-stranded carrier DNA (2 mg/mL) and 300 pL solution 1.
Then, either 500 ng of plasmid DNA was added or linearized DNA from a 300 pl
PCR reaction, that was precipitated with ethanol (chapter 3.4.6.), was added for the
integration into the yeast genome. As a negative control a transformation without
DNA was performed. After the cell mixture incubated for 30 min on a turning wheel

at room temperature, the cells were heat shocked for 10 min at 42°C and
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immediately afterwards incubated on ice for 3 min. Prior to centrifugation of the cell
suspension at 1,200xg for 3 min, 1 ml of water was added to dilute solution II. For
more difficult transformations, like the integration of linearized DNA into the genome,
the cells were incubated in 1 ml YPD medium for 2 hours at 30°C and 170 rpm. After
recovery, the cells were centrifuged at 1,200xg for 3 min. The cell pellet was
resuspended in 100 pl water and plated out on selective SDC plates. When plasmid
DNA was used for transformation, cells were directly plated out without recovery.
The cells were incubated for two to four days at 30°C. Finally, single colonies were
picked, re-streaked on a fresh SDC plate and incubated over night at 30°C.

3.2.3. Treatment of S. cerevisiae cells with thiolutin

An over-night pre-culture was used to start a 150 ml main culture at an ODesoonm Of
0.2. The culture incubated at 30°C and 170 rpm. When the culture reached an
ODeoonm Of 0.5, 8 ml of the culture were harvested by centrifuging at 1,200xg and
4°C for 3 min. The pellet was washed once with H20 and centrifuged again at
1,200xg and 4°C for 3 min. After discarding the supernatant, the pellet was flash
frozen in liquid nitrogen and stored at -80°C. To stop the transcription, the remaining
culture was treated with 15 pg/ml thiolutin. The culture was then continued to be
incubated at 30°C and 170 rpm. After 10, 30 and 40 min additional 8 ml of culture

were harvested as described above.

3.2.4. Dot spot assay

Single colonies of yeast cells, that were freshly transformed (chapter 3.2.2.), were
collected using a small loop and suspended in 1 ml of water. To standardize the cell
count for all spotted strains, the ODesoonm Was measured and diluted to 0.2. Three
consecutive 10-fold serial dilutions were prepared for each strain. Subsequently, 7.5
ul of each strain and its dilutions were spotted onto the respective media plates, air-
dried, and then incubated at 16°C, 25°C, 30°C, and 37°C for a maximum of 7 days.

The assay was repeated with three biological replicates of each strain.
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3.3. Basic molecular biology techniques

3.3.1. Polymerase chain reaction (PCR)

PCR was performed in a peqSTAR XS (VWR) or a TPersonal 48 (Biometra)
thermocycler. The annealing temperature was set according to melting temperature
of the used primers minus 5°C and the selected time for elongation was dependent
on the length of the expected PCR product. In general, Q5 High-Fidelity DNA
polymerase (NEB) was used for PCR. The protocol PCR Using Q5 High-Fidelity
DNA Polymerase (M0491) (NEB 2023) was used for setting up the PCR reaction
and defining the thermocycling conditions. The PCR products were analyzed by

agarose gel electrophoresis (chapter 3.3.4.).

3.3.2. Screening of E. coli clones

To screen for recombinant clones after transformation, a colony PCR using Taq
DNA polymerase was performed. For this purpose, up to 10 colonies from each
transformation plate were picked with a sterile toothpick, transferred to 20 pl H20
and subsequently streaked on a new agar plate. The colonies were then screened
by PCR using vector-specific forward and reverse primers that amplified over the
inserted gene. Occasionally, insert-specific primers were additionally used for
screening. The protocol PCR Protocol for Tag DNA Polymerase with Standard Taq
Buffer (M0273) (NEB 2023) was used for setting up the PCR reaction and defining

the thermocycling conditions.

3.3.3. Screening of S. cerevisiae clones

After transformation of a PCR product and re-streaking single colonies on a fresh
plate, the S. cerevisiae clones were screened for correct genomic integration of the
linearized DNA. Before the colony PCR was performed, the yeast cells were lysed
using zymolase. For lysis, a small amount of yeast colony was scraped from the
plate und resuspended in 15 pl of 2.5 mg/ml zymolase solution. After incubation for
20 min at room temperature, the cells were put into a thermocycler and incubated
for 5 min at 37°C followed by incubation for 5 min at 95°C. Finally, 60 ul of H20 were
added to the cell suspension and 5 ul were used as template in each PCR reaction.
The colonies were screened by using forward and reverse primers that amplified

over the inserted DNA sequence. The protocol PCR Protocol for Taqg DNA
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Polymerase with Standard Taq Buffer (M0273) (NEB 2023) was used for setting up

the PCR reaction and defining the thermocycling conditions.

3.3.4. Nucleic acid electrophoresis

In general, agarose gel electrophoresis was used for analysis of PCR products. For
preparation of an agarose gel, 1% (w/v) agarose was dissolved in 1x TAE buffer
and subsequently heated in a microwave. Before the lukewarm gel was poured into
a geltray, Intas HDGreen™ Plus DNA stain was added. After the gel had completely
solidified, it was covered with 1x TAE buffer. Prior to loading, DNA samples were
mixed with 6x Purple Gel Loading Dye (NEB). As a molecular weight marker the 1
kb Plus DNA Ladder from NEB was used. After loading the gel, a voltage between
80 and 120 V was applied to separate the DNA fragments according to their size.
The DNA bands were finally visualized in an Intas Gel iX Imager by UV light.

To analyze the nucleic acid content in a protein purification, native acrylamide gel
electrophoresis was performed. For running a native 6% TBE gel, a Mini-PROTEAN
Tetra Vertical Electrophoresis Cell (Bio-Rad) filled with 1x TBE buffer was used.
Prior to loading, the samples were mixed with 6x Purple Gel Loading Dye (NEB).
The gels were run for 80 min at a voltage of 100 V and an electric current of 100
mA. As a molecular weight marker the 1 kb Plus DNA Ladder from NEB was used.
For staining, the gel was incubated for 10 min in ethidium bromide solution. The gel
was then destained with tab water for 10 min and finally analyzed with the gel

documentation system BioDocAnalyze (Biometra).

3.3.5. Plasmid cloning

Gibson Assembly was employed to clone plasmids harboring a single gene, as well
as to perform cloning of polycistronic plasmids. In the case of polycistronic plasmids,
a ribosome binding site was inserted downstream of each individual gene. The insert
and backbone fragments were amplified using Q5-PCR (chapter 3.3.1) and then
subjected to Dpnl digestion at 37°C for one hour. The purification of PCR products
was carried out using the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel),
following the instructions provided by the manufacturer. Gibson Assembly was
performed according to Gibson Assembly Protocol (E5510) (NEB 2023). The
recombinant plasmids were finally transformed into DH5a cells (chapter 3.1.2.).

47


https://bit.ly/2KTE8Hc

3.3.6. Sequencing of plasmid DNA

After colony PCR, plasmid DNA was further analyzed by sequencing. Therefore,
DNA template solution containing 40-100 ng/ul plasmid were mixed with 3 pl 20 uM
sequencing primer solution in a total volume of 15 ul. For sequencing either a vector-
specific (forward or reverse primer from colony PCR) or an insert-specific primer
was used. Sequencing was done by the sequencing service Microsynth Seglab

(Gottingen, Germany).

3.4. Basic biochemical techniques

3.4.1. SDS-PAGE and Coomassie G-250 staining

For SDS-PAGE a Mini-PROTEAN Tetra Vertical Electrophoresis Cell (Bio-Rad)
filled with 1x SDS-PAGE running buffer was used. Prior to loading, the samples
were mixed with Laemmli SDS sample buffer, incubated for 5-10 min at 95°C and
centrifuged at max. speed for 1 min. The gels were run at maximum voltage of 300 V
and an electric current of 50 mA per gel until the dye front reached the bottom of the
gel. As a marker either the Unstained Protein Standard, Broad Range (10-200 kDa)
or the Color Prestained Protein Standard, Broad Range (10-250 kDa) from NEB was
used. For staining of the proteins, the gel was incubated for at least 5 min in

Coomassie G-250 solution. The gel was then destained with tab water.

3.4.2. Western blot

Proteins were separated using SDS-PAGE, as outlined in the preceding chapter.
Subsequently, the proteins were transferred from the SDS-PAGE gel to a
nitrocellulose membrane (Porablot NCL, Macherey-Nagel) using the semi-dry
blotting device Trans-Blot Turbo Transfer System (Biorad). Blotting of the proteins
was performed at 25 V for 45 min. After blocking the membrane with 5% milk powder
dissolved in TBST buffer, the membrane was incubated over night with the specific
primary antibody at 4°C. On the following day, the membrane underwent three 10-
minute washes with TBST buffer. Subsequently, the membrane was incubated with
the appropriate secondary antibody for 1 hour at room temperature. Following a
series of three 10-minute washes with TBST buffer, the western blot was detected
using CheLuminate-HRP ECL solution (Applichem). The ChemoCam Imager (Intas)

was used to image the chemiluminescence signals.
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3.4.3. Protein identification by mass spectrometry

For the identification of proteins, the samples were first analyzed by SDS-PAGE and
Coomassie G-250 staining (chapter 3.4.1.). Subsequently, individual protein bands
were excised from the gel. The analysis by mass spectrometry was done by Protein
Analytics (Prof Dr. G. Lochnit, GieRen, Germany).

3.4.4. Alkaline lysis of yeast cells

To analyze protein amounts in yeast cells, 10 ml of yeast culture were harvested
when the culture reached an ODesoonm Of 0.6. The cell pellet was then resuspended
in 500 pl cold ddH20 and subsequently mixed with 150 pl of pre-treatment solution
which contained 7.5% [-mercaptoethanol and 1.85 M NaOH. After incubation on ice

for 20 min, proteins were precipitated (chapter 3.4.5.).

3.4.5. Precipitation of proteins

To precipitate one volume of protein solution, 1/10 volume of 100% trichloroacetic
acid (TCA) was added. The mixture was thoroughly vortexed, before incubation for
at least 20 min on ice. To pelletize the proteins, the solution was centrifuged at
10,000xg for 20 min at 4°C. The supernatant was removed and the pellet
resuspended in Laemmli SDS sample buffer. The pH was adapted with 2 M Tris.
The sample was incubated at 95°C for 2-5 min and centrifuged at maximum speed
for 1 min, before it was analyzed by SDS-PAGE (chapter 3.4.1.) or by western blot
(chapter 3.4.2.).

3.4.6. Precipitation of DNA

To precipitate one volume of DNA, three volumes of 100% ethanol and 1/10 volume
of 3 M NaOAc (pH 5.2) were added to the sample. After incubation for at least 20 min
at -20°C, the solution was centrifuged at maximum speed and 4°C for 15 min. After
washing the pellet once with 70% ethanol and centrifuging again at maximum speed

and 4°C for 10 min, the pellet was air dried and dissolved in 20 ul H20.

3.4.7. Isolation of RNA

To isolate total RNA from S. cerevisiae, an over-night pre-culture was used to start
a main culture at an ODsoonm = 0.2. When the cells reached an ODsoonm 0f 0.5, 10 ml
of culture were harvested. Then, 1 ml of TRIzol reagent was added to one cell pellet.

After vortexing and incubation for 5 min on ice, 200 ul chloroform were added. The
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sample was vortexed again and incubated for 2-3 min at room temperature. For
separation of proteins and nucleic acids, the sample was centrifuged at 12,000xg
and 4°C for 15 min. The upper aqueous phase, which contains the RNA, was
transferred to a new tube. To precipitate the RNA, 500 pl of ice cold isopropanol
were added. After vortexing, the sample was incubated for 10 min at room
temperature. To obtain a RNA pellet, the sample was centrifuged at 12,000xg and
4°C for 10 min. The pellet was washed once with 1 ml of ice cold 75% ethanol,
followed by centrifugation at 7,500xg and 4°C for 5 min. The supernatant was
discarded and the remaining RNA pellet was air dried. The RNA was dissolved in
the appropriate volume of DEPC-treated RNase-free water or buffer. Contaminating
DNA was removed by digestion with DNase | at 37°C for 30 min. The digestion was
stopped by adding 2.5 mM EDTA and incubation for 10 min at 65°C. The
concentration of extracted total RNA was measured with a NanoDrop 1000

Spectrophotometer (Thermo Scientific).

3.4.8. Quantitative reverse transcription PCR (RT-gPCR)

For quantification of RNA in a sample, the RNA template had to be converted into
cDNA first. Therefore, 100-200 ng of RNA were mixed with random hexamer as well
as oligo(dt) primers and dNTPs. After annealing the sample for 5 min at 65°C, M-
MuLV Reverse Transcriptase (NEB) was added. The mixture was incubated for
5 min at room temperature, followed by an incubation for 1 h at 42°C. The M-MuLV
enzyme was inactivated by incubating the sample for 10 min at 65°C. The generated
cDNA was then precipitated by adding 100% ethanol. After centrifuging for 20 min
at maximum speed and 4°C, the cDNA pellet was washed once with 80% ethanol.
The sample was centrifuged again at maximum speed and 4°C for 15 min. Then,
the pellet was dried in a CHRIST evaporation machine at 42°C and 1750 rpm for
10 min. The cDNA was dissolved in 50 pl H20 and a 10x dilution was used for gPCR.
For one gPCR reaction, 2.5 pl of sample were mixed with 5 pul PowerUp SYBR
Green Mastermix (ThermoFisher Scientific), 2.3 pl H20, 1 pM forward primer and
1 uM reverse primer. The QuantStudio 3 cycler (Applied Biosystems) was used to
perform the qPCR. Every sample was measured as a technical triplicate. For

verification of primer specificity, the primer melting curve was analyzed. Calculation
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of Ct values was done by using the QuantStudio Design and Analysis Software v1.4

(Applied Biosystems).

3.5. Protein purification techniques

3.5.1. Affinity purification of recombinant proteins

In general, recombinant proteins were purified with the AKTA start system (GE
Healthcare). Depending on the specific affinity tag of the protein, the system was
equipped with either a GSTrap HP 1-mL affinity column (Cytiva), a Strep-Tactin XT
4Flow high capacity 1 mL column (iba) or a HiTrap TALON Crude 1 mL column
(Cytiva). The pellet that was harvested after protein expression (chapter 3.1.4.) was
resuspended in the lysis buffer suitable for the specific column and supplemented
with protease inhibitor. Then, the cells were lysed with a Branson Sonifier 250
ultrasound disruptor. Afterwards, the lysate was pre-cleared by centrifugation at
7,000%g for 10 min at 4°C and finally cleared by ultra-centrifugation at 36,700xg for
20 min at 4°C. Before starting the purification, the run parameters were set with the
AKTA start software UNICORN start (GE Healthcare). First, the column was
equilibrated with the appropriate binding buffer. Then the sample was applied using
the pump at a flow rate of 1 ml/min. The column was washed with 8 to 10 CVs of
binding buffer, before an isocratic elution with 10 to 20 CVs was performed. GST-
tagged proteins were eluted with buffer containing 10 mM reduced glutathione,
Strep-tagged proteins with buffer containing 50 mM biotin and His-tagged proteins
with buffer containing 250 mM imidazole. Elution fractions of 1 ml were automatically
collected with the fraction collector Frac30. At last, the column was equilibrated with
3 CV of binding buffer at a flow rate of 1 ml/min. The purified proteins were analyzed
by SDS-PAGE (chapter 3.4.1.).

3.5.2. lon exchange chromatography of recombinant proteins

Depending on the purity of the protein, the affinity purification was followed up by a
second step of purification using an ion exchange column with the AKTA start
system (GE Healthcare). Based on the charge of the particular protein, either a
HiTrap SP 1 ml cation exchange column (Cytiva) or a HiTrap Q HP 1 ml anion
exchange column (Cytiva) was employed. Because ion exchange chromatography
relies on the interactions between charged protein molecules and oppositely
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charged stationary phase materials, the distinct isoelectric points (pl) of each protein
were taken into account (table 21). The pH of the buffer solution was then adjusted

accordingly.

Table 21: The isoelectric points of all purified recombinant proteins. The isoelectric point was
calculated with SnapGene.

Protein Isoelc_actric Protein Isoelgctric

point point
GST-ctSub?2 5.83 Strep-ctThol-Linker 4.15
His-ctSub?2 6.12 Strep-ctTho1(ASAP-ACTE) 4.45
His-ctSub2(AN) 6.75 Strep-ctTho1(ACTD) 9.62
His-ctThol 9.67 Strep-ctThol(Adcre) 9.46
Strep-ctThol 9.84 Strep-ctThol(Adaicre) 9.44
Strep-ctTho1(ACTE) 4.58 Strep-ctTho1(ACTD-Adcte) 8.38
Strep-ctTho1(ASAP-ALinker) 11.30 ctYral-His 10.40
Strep-ctTho1(ACTD-ACTE) 4.35 ctYral-Strep 10.37
Strep-ctThol-CTD 7.16 N-Box-mCherry-His 6.44
Strep-ctThol-SAP 5.83 His-mCherry-C-Box 5.62
Strep-ctThol-CTE 11.70

Prior to applying the sample to an ion exchange column, the sample was desalted.
After equilibrating the appropriate ion exchange column with buffer containing no
salt, the sample was applied using the pump at a flow rate of 1 ml/min. The column
was washed with 5 CV of buffer, before a salt gradient elution was performed. The
gradient was generated by using the AKTA start mixer, which forms the gradient by
mixing a no salt buffer with a buffer containing 1 M NaCl. Elution fractions of 1 ml
were automatically collected with the fraction collector Frac30. At last, the column
was equilibrated with 3 CV of no salt buffer at a flow rate of 1 ml/min. The purified
elution fractions were analyzed by SDS-PAGE (chapter 3.4.1.).

3.5.3. Size exclusion chromatography of recombinant proteins

Following affinity purification and potentially ion exchange chromatography, size
exclusion chromatography (SEC) was utilized as the concluding purification step.
The AKTA purifier system (GE Healthcare) was used to perform SEC. Depending
on the molecular weight of the applied sample, either a Superdex 75 Increase
10/300 GL (Cytiva), a Superdex 200 Increase 10/300 GL (Cytiva), or a Superose 6

Increase 10/300 GL (Cytiva) size exclusion column was selected. After the column
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was equilibrated with the appropriate SEC buffer, the sample was applied using the
sample loop. The SEC run was performed for 1.5 column volumes at a flow rate of
0.5 ml/min. Elution fractions of 1 ml were automatically collected with the fraction
collector Frac-950. The elution was tracked by measuring the UV absorption at
280 nm in a chromatogram. The fractions corresponding to a peak at 280 nm and
those adjacent to the peak were subjected to analysis using SDS-PAGE (chapter
3.4.1).

3.5.4. Purification of co-expressed S-Y-T complex

After the co-expression of the trimeric S-Y-T complex containing His-ctSub2, His-
ctYral, and Strep-ctThol (chapter 3.1.4.), the harvested pellet was resuspended in
lysis buffer supplemented with protease inhibitor, lysed and subsequently cleared
by ultracentrifugation (chapter 3.5.1.). When the objective was to eliminate nucleic
acids from the lysate, the supernatant underwent treatment with a mixture of
RNases (RNase A, RNase T1, RNase lll, RNase H, RNase I) and DNase | for 30 min
at 4°C on a turning wheel. Subsequently, the lysate was incubated with equilibrated
Strep-TactinXT 4Flow resin (iba) for 1 hour at 4°C on a rotating wheel. After
incubation, the resin was pooled by centrifugation at 500xg and 4°C for 5 min. The
supernatant (flow-through) was removed, and the resin was transferred to a Mobicol
"classic” column (MoBiTec). The resin was subjected to three 10-minute washes
with lysis buffer at 4°C on a rotating wheel. Following each washing step, the wash
was collected by centrifugation at 500xg and 4°C for 1 min. The proteins were
ultimately eluted by incubating with lysis buffer containing 50 mM biotin for 30 min
at 4°C on a rotating wheel. After collecting the initial elution through centrifugation
at 500xg and 4°C for 1 min, a second elution step was conducted. SDS-PAGE and
Coomassie G-250 staining were employed for the analysis of lysate, flow-through,
wash steps, and eluates (chapter 3.4.1.). Following affinity purification, the complex
was subsequently subjected SEC using the Superdex 200 Increase 10/300 GL
(Cytiva) column for further purification (chapter 3.5.3.).

3.5.5. Purification of in vitro reconstituted protein complexes
In vitro reconstitution studies were carried out using two to three distinct
recombinant proteins. Each of the individual proteins employed in the in vitro

reconstitution was purified separately through affinity purification (chapter 3.5.1) and
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ion exchange chromatography (chapter 3.5.2.). The proteins intended for
assessment of their ability to form a complex in vitro were mixed with buffer in
equimolar quantities or in two to threefold excess over stoichiometric amounts. After
incubation in a Mobicol "classic” column (MoBiTec) for 1 h at 4°C on a rotating wheel,
the appropriate resin was added to pull-down the reconstituted complex. The resin
underwent three 10-minute washes with reconstitution buffer at 4°C on a rotating
wheel. After each washing step, the wash was collected by centrifugation at 500xg
and 4°C for 1 minute. In a GST pull-down, elution was carried out using
reconstitution buffer containing 10 mM reduced glutathione, for Strep pull-down,
elution was conducted with reconstitution buffer containing 50 mM biotin, and for
His pull-down, elution was achieved using reconstitution buffer containing 250 mM
imidazole. The proteins were incubated in elution buffer for 30 minutes at 4°C on a
rotating wheel. Following the initial elution, which was collected by centrifugation at
500xg and 4°C for 1 minute, a second elution step was performed. Input, flow
through, washing steps and eluates were finally analyzed by SDS-PAGE and
Coomassie G-250 staining (chapter 3.4.1.).

3.5.6. RNA pull-down

The RNA pull-down is based on the instructions for the Pierce Magnetic RNA-
Protein Pull-Down Kit (Thermo Fisher Scientific). A 37-nucleotide long RNA, labeled
with biotin at the 5' end, was employed for the pull-down. First, 200 pmol of RNA
was immobilized onto 50 pl of equilibrated Streptavidin Dynabeads (Thermo Fisher
Scientific) in RNA capture buffer. Following a 20-minute incubation at room
temperature on a rotating wheel, the supernatant was removed. Subsequently,
100 pl of Protein-RNA-Binding buffer containing RNase inhibitor was used for
equilibration of the beads. A master mix was prepared, consisting of 10 ul of 10x
Protein-RNA-Binding buffer, 30 ul of 50% glycerol, 15 to 20 pl of protein, and 30 to
45 ul of DEPC water. The Protein-RNA-Binding buffer was then removed from the
beads, and 100 pl of the master mix was added to the beads. Following a 1-hour
incubation at 4°C on a rotating wheel, the supernatant was removed. The beads
underwent three washes with 100 ul of wash buffer. In the end, the complex was

eluted using 50 ul of a buffer containing RNases. The elution was performed for
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30 min at 4°C on a rotating wheel. Input, flow through, washing steps and eluate

were finally analyzed by Western blot (chapter 3.4.2.).

3.5.7. Tandem Affinity Purification (TAP) of yeast TREX complex

A sequence coding for a FLAG-TEV-2xProtein-A (FTpA) tandem affinity tag was
inserted C-terminally into the endogenous HPR1 locus into the S. cerevisiae strain
RS453 (MATa) using standard yeast genetic techniques (chapter 3.2.2.). Yeast
were grown in YPD to an ODsoonm Of 3.5, harvested by centrifugation and frozen in
liquid nitrogen. Frozen yeast pellets were lysed with a cryo-mill (SPEX) and stored
at -80°C. The grindate was resuspended in TAP buffer containing additional
protease inhibitor mix. The lysate was pre-cleared at 4,200xg for 10 min at 4°C,
followed by ultracentrifugation of the supernatant at 132,600xg for 1 h at 4°C. The
clear supernatant was transferred to a 50 ml conical centrifuge tube, which was
subsequently rotated with 600 ul IgG beads (Cytiva) for 1 h or for 16-18 h at 4°C.
Beads were separated from the lysate by centrifugation at 700xg for 3 min at 4°C
and washed twice with TAP buffer containing additional 1 mM DTT. For elution,
beads were rotated with TEV protease in TAP buffer for 1 h at 16°C. Following
centrifugation, the resulting supernatant (TEV eluate) was rotated with 450 ul FLAG
beads (Sigma-Aldrich) in buffer A or buffer B (20 mM HEPES, pH 7.0; 150 mM KCI)
for 1 h at 4°C. Beads were washed once with buffer A or B containing additional
0.15% IGEPAL. For elution, the sample was rotated with 100 pg/ml FLAG peptide

(Sigma-Aldrich) for 15 min at room temperature.

3.5.8. Crosslinking of purified yeast TREX complex

The purified S.c. TREX complex was concentrated and subsequently cross-linked
with either bis(sulfosuccinimidyl)suberate (BS3-do/d12, Creative Molecules) in buffer
A or with adipic dihydrazide (ADH-do/ds, Sigma-Aldrich) and 4-(4,6-dimethoxy-1,3,5-
triazin-2-yl)-4-methylmorpholinium (DMTMM) chloride (Sigma-Aldrich) in buffer B
for 1 h at 37°C and 500 rpm using a ThermoMixer (Eppendorf). The BS? cross-
linking reaction was stopped by incubation with 50 mM ammonium bicarbonate
(NH4HCO3) for 20 min at 37°C at 500 rpm in a ThermoMixer. The ADH/DMTMM
cross-link reaction was stopped by desalting with a Zeba Spin Desalting Column
(ThermoFisher Scientific). The cross-linked samples were flash frozen in liquid

nitrogen and stored at -80°C until further processing.

55



3.6. Structural studies of purified proteins and complexes

3.6.1. Circular Dichroism Spectroscopy

Circular Dichroism (CD) spectroscopy was utilized to assess the secondary
structure content of the purified recombinant proteins. Each protein was measured
in 10 mM Na-Phosphate solution at pH 7.5 using a cuvette with a 0.5 mm pathlength.
Ultimately, the far-UV CD spectra were monitored using a J-710 Circular Dichroism
Spectrophotometer (Jasco). The machine units represented in millidegrees of
ellipticity were transformed into mean residue molar ellipticity using the following
equation (where n is the number of peptide bonds and Ellipticity is the raw data
from the instrument):

Ellipticity(mdeg) - 10°

1, 2, -1 =
Oldeg” - cm” - dmol™) = & hlength(mm) - [Protein] (uM) -

3.6.2. Limited proteolysis with trypsin

The co-expressed S-Y-T complex was analyzed after purification (chapter 3.5.4.) by
limited proteolysis. Approximately 10 pg of complex were either treated with 1 pg or
with 5 pg of trypsin at room temperature. The trypsin digestion was stopped after 1,
2, 5, 10, 30, 60, 90, and 120 minutes by adding protease inhibitor. The samples
from each time point were analyzed by SDS-PAGE and Coomassie G-250 staining
(chapter 3.4.1.). The sample after 120 minutes of incubation with 5 pg trypsin was
analyzed by Liquid chromatography coupled with mass spectrometry (LC-MS) for

intact protein quantification (Prof. Dr. Robert Tampé, Goethe University Frankfurt).

3.6.3. Crystallization of recombinant proteins

Following affinity purification (chapter 3.5.1), ion exchange chromatography
(chapter 3.5.2), and size exclusion chromatography (chapter 3.5.3), the individual
recombinant His-ctSub2 and His-ctThol were subjected to crystallization testing.
Furthermore, the in vitro reconstituted His-ctSub2/Strep-ctThol and
His-ctSub2(AN)/Strep-ctThol(ACTE) complexes were also assessed for
crystallization. Therefore, an automated robotic system was used to screen various
crystallization conditions (Michaela Stumpf & Karin Fritz-Wolf, Justus-Liebig

University Giel3en).
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3.6.4. Cross-linking mass spectrometry (XL-MS) of yeast TREX complex

For the cross-linking mass spectrometry (XL-MS) analyses, 40 ug of purified yeast
TREX complex each were cross-linked in three independent experiments with (1)
0.5 mM BS3, (2) 1 mM ADH and 1 mM DMTMM or (3) 2.5 mM ADH and 2.5 mM
DMTMM (chapter 3.5.7. and 3.5.8.). The BS® and ADH-DMTMM cross-linked
endogenous TREX complex was processed for cross-linking mass spectrometry
(XL-MS) essentially as described in Kern et al. (2023). The sample processing,
liquid chromatography-tandem mass spectrometry, and the identification of cross-
linked peptides were performed by Dr. Alexander Leitner (ETH Zurich).

3.6.5. Structure determination by negative stain EM

For negative stain EM, 20 pg of uncross-linked, endogenous yeast TREX complex
was used (chapter 3.5.7.). Additionally, 20 pg of BS?® cross-linked and 20 pg of ADH-
DMTMM cross-linked TREX complex (chapter 3.5.7. and 3.5.8.) were analyzed by
negative stain EM. The processing of the samples and data analysis is essentially
described in Kern et al. (2023) and was performed by Dr. Christin Radon (University
of Potsdam).

3.7. Functional studies on purified proteins and complexes

3.7.1. Electrophoretic Mobility Shift Assay (EMSA)

The Electrophoretic Mobility Shift Assay (EMSA) was used to detect the interaction
between a protein and nucleic acids. The nucleic acids were labeled with either a
Cy3 fluorescent dye at the 3’ end or a Cy5 fluorescent dye at the 5’ end. In general,
5 UM of protein was incubated with 50 nM nucleic acid in buffer containing 10 mM
MES pH 6.5, 5% glycerol and 2 mM TCEP. After incubating at room temperature for
20 min, 10 pl of the sample was loaded onto a pre-cooled native 10% TBE gel. The
gel was run in 1x TBE buffer at an electric current of 100 mA and at voltage of 100 V
for 80 min in the cold room (chapter 3.3.4.). After washing the gel briefly with water,
the fluorescent signals were imaged with the laser scanner Typhoon FLA 9500 (GE

Healthcare).
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3.7.2. Fluorescence Resonance Energy Transfer (FRET) assay

To observe the DNA/DNA-, DNA/RNA- and RNA/RNA-annealing activity of different
ctThol mutants, a fluorescence resonance energy transfer (FRET) assay was
performed. For this assay, two complementary nucleic acids were used. One nucleic
acid was labeled with a Cy3 fluorescent dye at the 3’ end, while the other one was
labeled with a Cy5 fluorescent dye at the 5’ end. The Tho1-promoted annealing of
the two CyDye-labeled nucleic acids leads to a FRET signal. When the Cy3 donor
and Cy5 acceptor are close enough for FRET to occur, it leads to an emission peak
of Cy5 at around 680 nm. The more duplexes form, the higher is the increase in Cy5
emission. For this assay, an excitation wavelength of 515 nm was used. The
emission spectrum ranging from 530 to 750 nm was recorded with the
spectrofluorometer Duetta (Horiba Scientific). One reaction contained 10 nM of Cy3
labeled RNA or DNA, 10 nM of Cy5 labeled RNA or DNA and 250 nM of protein in
20 mM MES pH 7 buffer. The sample was measured without adding protein and

directly after protein was added.
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4. Results

This study is divided into two parts. The first focuses on the structural analysis of
the TREX complex from S. cerevisiae, with some results published by Kern et al.
(2023). The second part investigates the ctSub2-ctYral-ctThol complex from
C. thermophilum, with particular focus on the role of ctThol.

4.1. The TREX complex in S. cerevisiae

By coupling transcription to mRNA export, TREX is essential for accurate and
efficient gene expression and overall cellular function (StraR3er et al. 2002). Gaining
structural insights into TREX is essential for understanding its diverse functions. To
achieve this, the complex was purified from S. cerevisiae and then analyzed using
a combination of cross-linking mass spectrometry (XL-MS) and negative-stain

electron microscopy (EM).

4.1.1. Preparation and cross-linking of the TREX complex

For purification, the TREX subunit Hprl was tagged with a C-terminal FLAG-TEV-
Protein A tag, and the native complex was isolated from S. cerevisiae using tandem
affinity purification (TAP). As shown in Figure 13A, the THO subunits (Tho2, Mft1,
Thp2, Tex1) co-purified with Hprl, along with Sub2, Yral, Gbp2, and Hrbl, with
Yral being notably more abundant. Mass spectrometry confirmed the identity of all
components. Figure 13B shows the domain structure of the nine TREX components,
highlighting the unstructured C-terminal regions in Tho2 and Mft1, as well as in Hpr1,
Tex1, and Thp2 to a lesser extent.

After purifying the complex, it was cross-linked either with bissulfosuccinimidyl
suberate (BS®) or with a combination of adipic dihydrazide (ADH-do/ds) and
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium (DMTMM) chloride. BS®
covalently links primary amino-groups (e.g. lysines) with a distance of 11.4 A (Fig.
13C). By using ADH-DMTMM, cross-linking with DMTMM results in zero-length
cross-links (ZLXL; Fig. 13D) and cross-linking with ADH-DMTMM leads to
carboxyl-carboxyl cross-linking reactions with a distance of 11.1 A (Fig. 13E; Leitner
et al. 2014).
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Figure 13: Preparation of the endogenous TREX complex from S. cerevisiae. (A)
Representative purification of the native TREX complex by tandem affinity purification. The TREX
subunit Hprl was endogenously tagged with a C-terminal FLAG-TEV-Protein A tag. The FLAG eluate
was analyzed on a 10% SDS-PAGE gel stained with Coomassie Brilliant Blue. Subunits
corresponding to Tho2, Hprl-FLAG, Hrbl, Sub2, Mftl, Gbp2, Tex1, Thp2 and Yral were identified
by mass spectrometry and are indicated accordingly. The asterisks indicate degradation bands.
Molecular weight marker bands are indicated in kDa. (B) Scheme of the domain structures of all nine
TREX subunits. Flexible domains that are not resolved in published TREX structures are depicted in
a lighter color. (C-E) Used cross-linking reagents and their reaction mechanisms. (C) Cross-linking
with BS23 covalently links primary amino-groups (e.g. lysines) with a distance of 11.4 A. (D) Cross-
linking with DMTMM, a carboxyl-amine reactive cross-linker, leads to zero-length cross-links (ZLXL).
(E) Cross-linking with ADH combined with DMTMM results in carboxyl-carboxyl cross-linking
reactions with a distance of 11.1 A. (C-E) Schema was modified after Leitner et al. (2014).

4.1.2. Cross-linking mass spectrometry of the yeast TREX complex

The structural architecture of the endogenous TREX complex was analyzed by
cross-linking mass spectrometry (XL-MS), which was performed by Dr. Alexander
Leitner at ETH Zurich. The TREX preparation, where the complex was cross-linked
with BS® (performed by Manuel Koschitza), yielded many cross-links in the flexible
regions of TREX components (Fig. 14A). In an attempt to obtain more cross-links in
other regions of the TREX components, ADH-DMTMM was used as a second cross-

linking chemistry (Fig. 14B).
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Cross-links with BS®

B

Figure 14: BS® and ADH-DMTMM cross-links of the TREX complex were mainly observed
between the THO components. Cross-links observed between components of the (A) BS® and (B)
ADH-DMTMM cross-linked TREX complex. Intra-molecular cross-links are shown in light grey lines
outside of the circle, while inter-molecular cross-links are shown in dark grey lines inside the circle.
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By employing both cross-linking chemistries, over 550 cross-linked peptide pairs
were identified. Out of these, more than 445 were non-redundant site pairs involving
interactions between THO components and Sub2 (Fig. 15). Most cross-links were
contributed by BS® and DMTMM, while only few ADH-DMTMM cross-links were
detected. Although Gbp2 and Yral were present in the BS? cross-linked sample, no
intra- or inter-molecular cross-links were detected for these proteins (Fig. 14A). In
the ADH-DMTMM cross-linked TREX sample, inter-molecular cross-links were
found among all components except Hrbl, Yral, and Sub2. Intra-molecular
cross-links were present in all components except Gbp2 (Fig. 14B).

Overall, the BS® and ADH-DMTMM cross-links show a heterogeneous distribution
across the individual TREX subunits, with most located in the C-terminal regions of
Tho2 and Hprl, as well as in the first 250 residues of Mftl and Thp2. Cross-links
between residues within the same protein can either occur within a single copy of
the protein or between two separate copies of the same protein. Most cross-links
connecting different subunits were found between Tho2 and Hprl, as well as
between Mftl and Thp2 (Fig. 14).

4.1.2.1. Compatibility of cross-links with recombinant yeast TREX structures
To assess the alignment between the endogenous and the recombinant TREX
complex, the BS® and ADH-DMTMM cross-links in Figure 14 were mapped onto the
3.4 A cryo-EM structure by Schuller et al. (2020; PDB ID: 7APX).

Less than 40% of the cross-links (171 out of 445; Fig. 15) had both residues present
in the structure. For the remaining cross-links, one or both residues were missing in
the structure. This was especially apparent in the C-terminal region of Tho2, which
was missing over 350 residues, and in Hprl, where about 150 C-terminal residues
were absent (Fig. 14). The extensive cross-linking in the flexible regions made it
difficult to model the full-length proteins, as these regions have few connections to
more structured regions or other subunits.

Of the mapped cross-links, 78% (133 out of 171) fitted the monomeric unit, while
only three aligned with dimer contacts. The 35 remaining site pairs did neither fit the
monomer nor dimer structure, mainly involving intra-molecular cross-links in Thp2

and Mftl or inter-molecular connections between them.
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Figure 15: Overview of all observed BS® and ADH-DMTMM cross-links of endogenous yeast
TREX complex. Among 550 cross-links occurring within and between molecules, 445 correspond to
unique site-pairs without redundancy. A total of 171 of these site-pairs were matched to the structure
of the recombinant yeast THO-Sub2 complex (Schuller et al. 2020). Altogether, 87 distinct non-
redundant inter-protein site pairs were detected among the five THO components.

4.1.2.2. XL-MS data comparison of endogenous and recombinant THO/TREX
The BS3/ADH-DMTMM cross-linking dataset was compared to the DSS/EDC results
from Xie et al. (2021), who used XL-MS to analyze interactions in a reconstituted
yeast THO-Sub2-Gbp2 complex. Xie et al. (2021) used disuccinimidyl suberate
(DSS), a non-sulfonated variant of BS3, along with the zero-length coupling reagent
N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide (EDC). Figure 16 compares the
inter-protein cross-links identified in both studies, showing a high degree of similarity
in frequently observed subunit contacts.

A total of 87 inter-protein site pairs were identified in the BS3/ADH-DMTMM
cross-linked endogenous THO complex (Fig. 15), compared to 113 pairs in the
DSS/EDC cross-linked recombinant complex. In the BS/ADH-DMTMM dataset,
most cross-links were between Thp2 and Mftl (40 out of 87) and Tho2 and Mftl (10
out of 87). Xie et al. (2021) found the most frequent DSS/EDC cross-links between
Tho2 and Hprl (34 out of 113), Tho2 and Mftl (28 out of 113), and Thp2 and Mftl
(17 out of 113; Fig. 16). Approximately 40% (49 out of 87) of the BS3/ADH-DMTMM
cross-links mapped to the recombinant TREX complex structure (Schuller et al.
2020). Among the remaining cross-links, five exceeded the 35 A distance limit, and
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33 could not be assigned to the structure (Figs. 15 and 16). In contrast, only about
20% (21 out of 113) of the DSS/EDC cross-links were mapped successfully. Unlike
the natively purified complex, all amino acid contacts from Xie et al. were compatible
with the 35 A threshold (Fig. 16).

6/0/0 20/5/0 10/1/0 34/3/0

Hpr1 Hpr1

4/1/0 1/0/0 4/1/0

Thp2—M8M8M8M8M8 Thp2
40/33/5 17/10/0
(total site pairs / mapped / >35 A)

this study Xie et al.

Figure 16: Comparison of inter-subunit cross-links. (A) BS3/ADH-DMTMM cross-links, excluding
contacts with Sub2, and (B) DSS/EDC cross-links observed in the recombinant complex by Xie et al.
(2021). Displayed are the counts of unique cross-linking site pairs observed for each subunit pair,
along with the count of contacts that could be correlated with PDB ID: 7APX, thus linking structured
regions as determined by cryo-EM. Additionally, those that surpass a distance of 35 A are highlighted
in red. Figure taken from Kern et al. 2023, licensed under a Creative Commons License (Attribution-
NonCommercial 4.0 International).

4.1.3. Electron microscopy of the yeast TREX complex

Over 60% (274 of 445) of the non-redundant cross-links identified in the XL-MS
analysis fell within unresolved regions in the recent THO-Sub2 structures (e.g.
Schuller et al. 2020). To assess whether the assembly of the endogenous TREX
complex differed from the recombinant THO-Sub2 complex, freshly prepared BS?®
cross-linked, ADH-DMTMM cross-linked, and uncross-linked complexes were
analyzed by negative-stain electron microscopy (UANS EM) with single-particle
analysis (performed by Dr. Christin Radon, University of Potsdam) (Supplementary
Fig. S1).

4.1.3.1. Structure determination of BS® cross-linked TREX complex
On the negative-stain grid, the freshly purified and BS® cross-linked TREX complex
exhibited a varied and heterogeneous formation (Fig. 17A). Nevertheless, specific

dimeric particles that resembled previously published 2D classes could be observed
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Figure 17: Negative-stain EM structure of the BS® cross-linked endogenous TREX complex.
(A) A representative negative-stain micrograph of the BS3 cross-linked S. cerevisiae TREX complex.
Scale bar represents 500 A. (B) Representative reference-free 2D class averages of the TREX
complex. Scale bar represents 100 A. (C) Plot showin

g cross-correlation coefficient of 100 2D class
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averages from 42,784 particles obtained by projection matching. (D) Fourier shell correlation (FSC)
plot for the negative-stain reconstruction of the TREX complex. The resolution at FSC = 0.143
(dashed line) and FSC = 0.5 (dotted line) are indicated. (E) Three-dimensional reconstruction of the
TREX complex resolved to 26 A. (F) Representative views of the Tho—Sub2 dimer structure (PDB
ID: 7AQO) in surface representation lowpass-filtered to 25 A. (G) Color-coded THO-Sub2 dimer PDB
model depicted in the same views as in (F). The single-particle analysis was performed by Dr.
Christin Radon (University of Potsdam). Figure adapted from Kern et al. 2023, licensed under a
Creative Commons License (Attribution-NonCommercial 4.0 International).

(Fig. 17B; Pena et al. 2012; Schuller et al. 2020; Xie et al. 2021). To determine the
fraction of particles resembling dimers within the UANS dataset, the reference-free
2D class averages were compared with the dimeric map previously published for
the yeast THO-Sub2 complex by Schuller et al. employing image cross-correlation
techniques. When selecting a cross-correlation coefficient threshold that
incorporates distinct dimeric views into the dataset, the fraction of particles that
correlate with dimers within the UANS dataset was 50%, while an additional 27%
fell within the coefficient range of 0.897 to 0.85 (Fig. 17C). Therefore, most of the
particles within the dataset exhibited a dimeric resemblance. Following this, the
dimeric fraction was used to generate a 3D reconstruction without applying any
symmetry, resulting in an overall resolution of 26 A (Fig. 17D and E).

The 3D reconstruction and reference-free class averages align closely with the
published THO-Sub2 dimer (Schuller et al., 2020), and the yeast TREX sample
resembles the in vitro structure in shape and organization, with minor domain

orientation differences (Fig. 17E-G).

4.1.3.2. EM of ADH-DMTMM cross-linked TREX complex

The UANS EM analysis of the ADH-DMTMM cross-linked TREX complex captured
531 micrographs with a focus range of -3 to -1 um. The sample showed some
aggregation and heterogeneous particles of various sizes (Fig. 18A). A total of 1,091
particles were manually selected and boxed at 248 pixels with a 500 A mask.
Autopicking was performed on a set of 60,586 particles and three 2D class averages
were used as templates. The particles were grouped into three 2D classes based
on size (Fig. 18B-D). The first class contained 5,016 particles (320-350 A; Fig. 18B),
the second included 29,660 particles (250-300 A; Fig. 18C), and the third had
14,444 particles (170-230 A; Fig. 18D). Due to the dataset's diversity, matching 2D

images across classes was challenging.
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Figure 18: Negative-stain EM of the ADH-DMTMM cross-linked endogenous TREX complex.
(A) Two representative negative-stain micrographs of the ADH-DMTMM cross-linked S. cerevisiae
TREX complex. Scale bar represents 200 nm. (B-C) Three representative reference-free 2D class
averages of the TREX complex. The black circle indicates 500 A, the box size is 630 A. 2D class
averages of (B) 5,016 particles with a size between 320 and 350 A, of (C) 29,660 particles with a
size between 250 and 300 A, and of (D) 14,444 particles with a size between 170 and 230 A. The
single-particle analysis was performed by Dr. Christin Radon (University of Potsdam).

4.1.3.3. EM of uncross-linked TREX complex

In addition to the cross-linked TREX complexes, a freshly purified uncross-linked
complex was analyzed by UANS EM (Fig. 19). In total, 142 micrographs were
recorded with a focus range of -3 to -1.5 um. The sample showed some aggregation
and particle heterogeneity similar to ADH-DMTMM cross-linked particles (Fig. 19A).
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A total of 1,220 particles were manually boxed (248 pixels, 500 A mask), and
autopicking was applied to 22,806 particles using three 2D class averages as
templates. After 2D classification, the best averages included 18,158 particles sized
170-350 A (Fig. 19B).

A

Figure 19: Negative-stain EM of the uncross-linked endogenous TREX complex. (A) Two
representative negative-stain micrographs of the uncross-linked S. cerevisiae TREX complex. Scale
bar represents 200 nm. (B) A representative reference-free 2D class average of the TREX complex.
The black circle indicates 500 A, the box size is 630 A. The single-particle analysis was performed
by Dr. Christin Radon (University of Potsdam).

4.1.4. The TREX subunit Tho2

The Tho2 protein was initially identified as a suppressor of the Transcriptional defect
of Hprl by Overexpression (Piruat & Aguilera 1998). Tho2 represents the largest
subunit within the TREX complex, forming the foundational platform of the entire
complex in collaboration with Hprl (Schuller et al. 2020).
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4.1.4.1. The unstructured C-terminal domain of Tho2

XL-MS analysis of the endogenous yeast TREX complex showed that most cross-
links were located in flexible regions. In particular, the C-terminal end of Tho2 had
numerous intra- and intermolecular cross-links, raising the question of whether
deleting this flexible domain affects TREX assembly or cell growth.

To analyze TREX complex formation, the Hprl subunit was endogenously tagged
with a C-terminal FLAG-TEV-Protein A tag, and the C-terminus of Tho2 was
endogenously deleted (Fig. 20B). The TREX complex with either full-length Tho2 or
C-terminally truncated Tho2 (tho2-AC) was then isolated by tandem affinity
purification of tagged Hprl. Both TEV eluates showed that THO subunits (Tho2,
Mftl, Thp2, Tex1) and TREX components (Sub2, Yral, Gbp2, Hrb1) co-purified with
Hprl (Fig. 20A).
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Figure 20: The unstructured C-terminal domain of Tho2 is not necessary for TREX complex
formation but for growth at low and high temperatures. (A) SDS-PAGE of the purified
endogenous S. cerevisiae TREX complex containing full-length Tho2 (lane 1) or C-terminally
truncated Tho2, referred to as tho2-AC (lane 2). Molecular weight marker bands are indicated in kDa.
(B) Schematic representation of full-length Tho2 and tho2-AC. (C) Protein levels of HTpA-Tho2 and
HTpA-tho2-AC in whole cell extracts were determined by Western blot for three biological replicates.
Pgk1l served as a loading control. (D) Dot spots of wild-type and the indicated THO2 mutant (W303
background). Shown are 10-fold serial dilutions that were incubated for two days at 25°C, 30°C and
37°C or six days at 16°C. Figure taken from Kern et al. 2023, licensed under a Creative Commons
License (Attribution-NonCommercial 4.0 International).

To confirm that removing the C-terminal region does not affect tho2-AC expression

compared to Tho2, Western blot analysis was conducted on whole-cell extracts
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across three separate biological replicates, revealing similar protein levels for both
(Fig. 20C). A dot spot assay showed that deleting the C-terminus of Tho2 caused
severe growth defects at both low (16°C) and high (37°C) temperatures, comparable
to those seen in Atho2 (Fig. 20D).

4.1.4.2. Role of Tho2 in mRNA stability

To investigate the effect of Tho2 overexpression on transcript stability, the
MCP-MS2 system was used. Tho2 was fused to MCP and expressed via a plasmid,
while RPS1A RNA was genomically labeled with 24x MS2v6 repeats in its 3' UTR.
As a control, unlabeled RPL4A RNA was used (Fig. 21). Since MCP-Tho2 was

introduced via a plasmid, cells also produced untagged wild-type Tho2, essentially
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Figure 21: Overexpression of Tho2 leads to an increased half-life of transcripts. Relative
transcript level of RSP1A, which is genomically labeled with 24x MS2v6 repeats in its 3° UTR, in (A)
cells containing an empty vector, (B) cells containing a plasmid expressing MCP, and (C) cells
containing a plasmid expressing MCP-Tho2. Relative transcript level of unlabeled RPL4A in (D) cells
containing an empty vector, (E) cells containing a plasmid expressing MCP, and (F) cells containing
a plasmid expressing MCP-Tho2. The calculated medium half-lives of three biological replicates are
indicated in each graph. (G) Comparison of the medium half-lives of RPS1A-MS2, and RPL4A. The
half-life of both transcripts is significantly increased in cells expressing MCP-Tho2 when compared
to the empty vector (p < 0.05) and to the MCP-only control (p < 0.01).
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resulting in Tho2 overexpression, which was confirmed by Western blot analysis
(Supplementary Fig. S2). Yeast cells were treated with thiolutin to inhibit
transcription, and RNA was extracted at various time points for gPCR analysis. This
experiment was also performed with MCP-NpI3 and MCP-Nab2 (Supplementary
Fig. S2 and S3).

The half-life of RPS1A-MS2 in cells with MCP-Tho2 was 18.1 + 2.3 min, which was
significantly longer than the empty vector control (13.1 £ 1.5 min, p < 0.05) and the
MCP-only control (10.8 £ 0.2 min, p < 0.01) (Fig. 21A-C, G). A similar effect was
observed for RPL4A, with its half-life significantly increasing from 17.6 = 1.9 min in
the empty vector control (p <0.05) and 13.6 £ 1.0 min in the MCP-only control
(p £0.01) to 26.7 = 4.7 min in cells expressing MCP-Tho2 (Fig. 21D-F, G).

4.2. The Sub2-Yral-Thol complex from C. thermophilum

Building on the analysis of the complete TREX complex from yeast, the Sub2-Yral-
Thol subcomplex from C.thermophilum was studied to better understand the
interaction between TREX and Thol. C. thermophilum was selected as a model
organism because its thermophilic nature improves protein stability, making it

especially suitable for structural analyses.

4.2.1. The TREX subunit Sub2 in C. thermophilum (ctSub?2)

The ATP-binding DEAD-box RNA helicase Sub2 is a key component of the TREX
complex involved in transcription elongation, mMRNA export, pre-mRNA splicing, and
spliceosome assembly (Jensen et al., 2001; Libri et al., 2001; StraRer & Hurt, 2001;
Zhang & Green, 2001; StralRer et al., 2002; West & Milgrom, 2002). To highlight the
similarity of Sub2 among humans, S. cerevisiae, and C. thermophilum, homolog
sequences were compared using Clustal Omega (McWilliam et al., 2013) and
Jalview (Waterhouse et al., 2009). The alignment shows high similarity, particularly
in the Q-motif and the two RecA-like domains, while the more variable N-terminal
region exhibits lower similarity (Fig. 22). These conserved regions underline Sub2's
critical functions, although differences in regulatory mechanisms or domain

organization may exist among organisms.
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> Q motif
Homo sapiens 1 MAENDVDNELLDYEDDEVETA - - - - - - - - oo AGGDGAEAPAKKDVKGSYVSIHSISGFRDFLLKPELL 57
S. cerevisiae 1 -MSHEGEEDLLEYSDNEQE IQIDASKAAEAGETGAATSATEGDNNNNTAAGDKKGSYVGIHSTGFKDFLLKPELS 74
C. thermophilum 1 MSAEEDL IDYSDDELNNES TGPSANGKKADAAASTQNVDKKGSYVGIHSTGFRDFLLKPELL 62
<
Homo sapiens 58 RAIVDCGFEHPSEVQHECIPQAILGMDVLCQAKSGMGKTAVFVLATLQQLEPVTGQVSVLVMCHTRELAFQISKE 132
S. cerevisiae 75 RAIIDCGFEHPSEVQQHTIPQS IHGTDVLCQAKSGLGKTAVFVLSTLQQLDPVPGEVAVVVICNARELAYQIRNE 149
C. thermophil 63 RAIADCGFEHPSEVQQTCIPQAMLGGDI ICQAKSGLGKTAVFVLTTLQQVEPVPGECSVLVMCHTRELAFQIRNE 137
DECD-box
Homo sapiens 133 YERFSKYMPNVKVAVFFGGLSIKKDEEVLKK - -NCPHIVVGTPGRILALARNKSLNLKHIKHJFIL KMLEQL 205
S. cerevisiae 150 YLRESKYMPDVKTAVFYGGTPISKDAELLKNKDTAPHIVVATPGRLKALVREKY IDLSHVKNFV I KVLEEL 224
C. thermophilum 138 Y NRFESKYMPE IKTGVFEYGGTPIQKDAE ILKNKDTHPHI IVGTPGRLNALVREKYLRLGSVRMEVL KMLDQ I 212
==~
Homo sapiens 206 DMRRDVQE I FRMTPHE KQVMMFSATLSKEIRPVCRKFMQDPME IFVDDETKLTLHGLQQYYVKLKDNEKNRKLFD 280
S. cerevisiae 225 DMRRDVQE IFRATPRDKQVMMFSATLSQEIRPICRRFLQNPLEIFVDDEAKLTLHGLQQYY IKLEEREKNRKLAQ 299
C. thermophilum 213 DMRRDVQE IFRATPQQKQVMMFSATLSDEIKPICRKFMQNPTEHYVDEDTKLTLHGLQQYY IALEEREKNRKLNE 287

Homo sapiens 281 LLDVLEFNQVVIFVKSVQRCIALAQLLVEQNFPAITAIHRGMPQEERLSRYQQFKDFQRRILVATNLFGRGMDIER 355

S. cerevisiae 300 LLDDLEFNQVIIFVKSTTRANELTKLLNASNFPAITVHGHMKQEERIARYKAFKDFEKRICVSTDVFGRGIDIER 374

C. thermophil 288 LLDELQFNQVITFVKSTLRATELDKLLRECNFPSIAVHSGISQEERIRRYKEFKEFNKRICVATDVFGRGIDIER 362
RecA-like domain 2 -«

Homo sapiens 356 VNIAFNYDMPEDSDTYLHRVARAGRFGTKGLAITFVSDENDAKILNDVQDRFEVNISELPDE -IDISSYIEQTR 428

S. cerevisiae 375 INLAINYDLTNEADQYLHRVGRAGRFGTKGLAISFVSSKEDEEVLAKIQERFDVKIAEFPEEGIDPSTYLNN- - 446

C. thermophilum 363 INLAINYDMPADADSYLHRVGRAGRFGTKGLAISFVSSDQDREVLKAIEKRFEVALPEFPKEGVDASTYMAS - - 434

Figure 22: Sequence alignment of H. sapiens UAP56/DDX39B, S. cerevisiae Sub2 and C.
thermophilum Sub2. The indicated Q-motif, DECD-box as well as the two RecA-like domains are
highly conserved between the three species, whereas the first N-terminal amino acids are less
conserved. The sequence alignment was done using Clustal Omega (McWilliam et al. 2013) and
Jalview (Waterhouse et al. 2009). The PROSITE database (Sigrist et al. 2013) was used for
assignment of domains and motifs.

4.2.1.1. Purification of ctSub2

For high-resolution structural determination, ctSub2 was expressed with an
N-terminal His-tag in Rosetta DE3 E. coli cells and purified using affinity purification
on a HiTrap TALON column, followed by anion exchange chromatography on a
HiTrap Q column (Fig. 23A). Size exclusion chromatography on a Superdex 75
column yielded a single peak at the expected elution volume (~13 ml), and SDS-
PAGE confirmed the protein's high purity and integrity, with no visible degradation
bands (Fig. 23A, B).
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Figure 23: The purification of ctSub?2 yielded high amounts of pure protein. (A) The His-tagged
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