JUSTUS-LIEBIG-
ﬁ UNIVERSITAT

GIESSEN

Structure of a specific nuclear mRNP and

the role of Hprl in mRNP assembly

Dissertation
zur Erlangung des Doktorgrades der Naturwissenschaften
(Dr. rer. nat.)
am Fachbereich 08 fur Biologie und Chemie

der Justus-Liebig-Universitat Giel3en

Vorgelegt von
Nataliia Stefanyshena

Giel3en, 2024



Die vorliegende Arbeit wurde am Institut flr Biochemie (Fachbereich 08) der Justus-

Liebig-Universitat Giel3en, unter Leitung von Prof. Dr. Katja Stral3er, erstellt.

Dissertation eingereicht am: 23.04.2024

Erstgutachter: Prof. Dr. Katja StraRer
Fachbereich 08: Biologie und Chemie
Institut fur Biochemie

Justus-Liebig-Universitat Giel3en

Zweitgutachter: Apl. Prof. Dr. Elena Evguenieva-Hackenberg
Fachbereich 08: Biologie und Chemie
Institut fur Mikrobiologie und Molekularbiologie

Justus-Liebig-Universitat Giel3en



List of contents

List of contents

1. ZUSAMMENTASSUNG coeiiiiiiiiiiiiiiii ittt ettt ettt et e e e e e e e e e e e e e e e e e e e e e e eeeeeees 1
YU 111 1 = 1 PRSP PPPPT 3
G T 1 1 o o LU o3 4 o Y o [P 5
T I o oI =t 0] (=515 [ S 5
3.2. MRNP DIOQENESIS.....ceieiiiiiiiie ettt e e e e e e e e e e e e e e e aaaanas 6
3.2.1. Transcription BY RNAPIL......coooiie e 6
3.2.2. MRNA PrOCESSING c.evvvuuiiieeeeeeeieetiie e e e e e e e e e e e e e e e e et e e e e e e e eeaeanaas 8
3.2.3. Nuclear mMRNP assembly and eXport .........ccccccvviiiiiiiiiiiiiiiieeeeeeeee 15
3.3. Purification of transcript-specific nuclear mMRNPS............cccoo, 24
3.3.1. Antisense oligonucleotides approach..........cccccccvvviiiiiiiiiiiiiiieee 24
3.3.2. Aptamer-based affinity Capture ..........cccccciiiii 27
3.4. AIM Of thiS STUAY .....coiiiiiii e e e 30
A, MALEIIAIS oo 32
4.1. Chemicals and coNSUMADIES...........ccoviiiiiiiiiiiiieeeee e 32
4.2. EQUIPMENE @Nd AEVICES ...t e e 35
4.3. Media, buffers and SOIULIONS........c.uiieiii e e e e 36
N @ 1 (o =T g1 K] 4 PP PPTPPPPPPP 42
4.5. OligONUCIEOTIAES .......coiiiiiiiiiiiiiieeeeee e 44
4.6. APLAMET SEUUENCES ....vvviiieeeeeeeeeeeieie e e e e e et e e e e e e e e e eee s e e e e e e e e eennnnaanes 48
o e - T 010 RSP 49
A.8. MATKEIS ....coeiiieieeee e 50
e T 0 74 Y/ 4 =S PPN 50
o O Y 01 1] 0 To Lo 1= PP 51
I S T 01 111V PR 52
o 1Y = W o o Yo P 53
5.1, ClONING e 53
5.1.1. Polymerase chain reaction (PCR) ... 53
5.1.2. GIDSON @SSEMDIY....ccoiiiiiiiiiii 54
5.1.3. E. coli transformation ............ooouuiuiiiiiie e 54
5.1.4. Colony PCR for E. coli and plasmid isolation ................cccccveeviiviiiiniceeennnn, 54
5.2. Transformation of SaccharomycCes CereVviSiae..........oooevvvvvveiiiiiinieeeeeeeeeiiiinn 55
5.3. YEast COIONY PCR ... e 56

5.4, DOU SPOT @SSAY ... iieuniitieeiiieeeeie ettt e et e et e et e et e e et e e e et e e e e neeaa e ean e eaaaaes 56



List of contents

5.5. Yeast whole cell extract preparation.............ccooooeeeieeeeeeeeeeeee e 56
5.6. Tandem Affinity Purification (TAP) ......oiii e 57
5.7. Purification of a specific nuclear mRNP ..., 58
5.7.1. Antisense oligonucleotides approach..........cccccccvviviiiiiiiiiiiiiieeeeee 58
5.7.2. Mango aptamer purifiCation...........cccooeeeiiiieeiiiiii e 59
5.7.3. MS2-MCP system for mRNP purification ..............ccccevviviiiiiiieeceeeeiiin, 60
5.8. SDS polyacrylamide gel electrophoresis ............ccceeviieeiiiiiieciii e, 60
5.9, WESLEIMN BIOT ... 61
5.10. RNA @XITACHION ...ccoeeeeeeeeeee e 61
5.11. REVErSe tranSCrPLION ....ccoeeeeeeeeeeee e 62
I 2o | = O = SO ESRTRPP 62
5.13. Negative staining transmission electron MICrOSCOPY .......ccevveeeeeeeeeeeeeeeeeeeeenn. 63
5.14. Chromatin Immunoprecipitation (ChIP) ..., 64
5.15. RNA Immunoprecipitation (RIP) ........cooiiiiiiiiiiiiiee e 65
5.16. Fluorescence In Situ Hybridization (FISH) .........ccoooiiiiiiiiiiii e, 66
5.17. Poly(A) tail 1Iength @SSay .........ccooviiiiiiiiii e 66
5.17.1. Bulk poly(A) tail 8SSAY .........cceuuuuriiiieeeeiieeiiiie e 66
5.17.2. Extension poly(A) teSt (EPAT) ..coouviiiiiiieeeeee 67
5.18. R-I00P @SSAY ... oieeeeee e 68
B. RESUITS ...t e e e e et aeaeenaeane 69
6.1. Structure of a transcript-specific nuclear MRNP .............ccccooiiiiiiiiiiiiiis 69
6.1.1. Purification of nuclear MRNPS ... 69
6.1.2. Purification of transcript-specific nuclear MRNPS.............ccoooeeeiiiiiiiinnnnnnn. 72
6.2. Role of THO/TREX component Hprl in mRNP assembly ...........ccccooeeeeiiennn, 88
6.2.1. Depletion of Hprl using the auxin-inducible degron system .................... 88
6.2.2. Growth defects in the absence of Hprl.......ccooooiiiiiiiee 89
6.2.3. MRNA export defect in the absence of Hprl.......cccooooiiiiiiiiiiiiiiiiiiiiinnnnn. 90
6.2.4. Nuclear mRNP composition is changed upon depletion/deletion of HPR191
6.2.5. RNA binding of Nab2, Yral and Mex67 is increased in Ahprl strain ....... 93
6.2.6. Occupancy of Nab2 and Yral at transcribed genes is increased in Ahprl
5] 1= o PO 94
6.2.7. Overexpression of Nab2 or Yral suppresses the nuclear mRNA export
defeCt Of ANPIL CElIS......ouun e 96
6.2.8. Overexpression of Nab2 or Yral suppresses growth defect of Ahprl strain
........................................................................................................................... 97

6.2.9. Overexpression of Nab2 or Yral leads to increase of Nab2 and decrease
of Mex67 in nuclear MRNPS ... e 98



List of contents

6.2.10. Yral overexpression in Ahprl cells leads to increased occupancy of Yral

and Nab2 at transcribed gENES ........oovviiiiiiiiiie e 100
6.2.11. Suppression of the mRNA export block or growth defect in Ahprl cells is

not associated with polyadenylation of RNA ..., 102
6.2.12. Overexpression of Nab2 or Yral in Ahprl cells is unrelated to R-loops or
tranSCription tEIMINATION .........uuiiiiiiiiiiiie e 104
6.2.13. Deletion of NUP60 leads to the similar changes of mMRNP composition as
deletion Of HPRL ... e e e e e e e eeaees 106

A 11 o3 U =31 [0 o ISR 109
7.1. Structure of a transcript-specific nuclear mMRNP .............ccccociiiiiiiiiiiiiins 109
7.1.1. ASO-based purification specifically enriches CCW12 mRNAs, but not
NALIVE MRINPS ... 109
7.1.2. Purification of CCW12 mRNPs via Mango or MS2 aptamer results in
detectable PartiCIES ........oooeiiiiii e 111
7.2. Role of THO/TREX component Hprl in mRNP assembly .................cceeeees 114
7.2.1. Absence of Hprl is associated with growth and mRNA export defects.. 115
7.2.2. mRNP assembly in the absence of HPrl ........ccccoovviiiiiiiiiiiiiiiiie e, 115
7.2.3. RNA binding of Nab2, Yral and Mex67 is increased in Ahprl cells....... 117
7.2.4. Occupancy of Nab2 and Yral at transcribed genes is increased in Ahprl

5] (7= o PR 117
7.2.5. Overexpression of Nab2 or Yral supress growth defect and mRNA export
defect in ANPrl Cells........oo 118
7.2.6. Overexpression of Nab2 or Yral in Ahprl cells leads to increase of Nab2
and decrease of Mex67 in nuclear MRNPS..........ooooiiiiiiiiiiiieeci e 118
7.2.7. Overexpression of Yral recruits/retains Nab2 at the transcribed genes in
ARNPIL CEIIS o 119
7.2.8. Role of Nab2 in mRNA export in Ahprl cells is not coupled to
polyadenylation, R-loop resolution or transcription termination........................ 120
7.2.9. Disruption of different parts of mMRNA export pathway results in similar
MRNP COMPOSItION CRANGES .......uniiiiiiiiieeeeee e 121
7.3. Conclusions and OULIOOK. ............iiiiiiiiiiiic e 124
8. REIEIBINCES ...ttt e e e e e eaaa s 126
0. LIST Of FIQUIES e e e e e e e 144
10. LISt OF tADIES ... 146
I3 N o o] €=V A= U o ] ¢ 147
12. ACKNOWIEAQEMENTS .cooiiiiiiiiiiiiiiiieeeeeee ettt 150
13. Eidesstattliche Erkl&rung...........oiiiii i 151

I N o 0 1= o 1 152



Zusammenfassung

1. Zusammenfassung

In Eukaryoten werden synthetisierte pra&-mRNAs von zahlreichen RNA-bindenden
Proteinen (RBPs) prozessiert und im Zellkern in Boten-Ribonukleoprotein-Partikel
(mMRNPs) verpackt. Reife mRNPs werden fir die Translation in Proteine in das
Zytoplasma exportiert. Der TREX-Komplex spielt eine wichtige Rolle bei der
Verknupfung von Transkription und mRNA-Export. In S. cerevisiae besteht er aus
dem pentameren THO-Komplex (Hprl, Tho2, Mftl, Thp2 und Texl), der Helikase
Sub2 und dem mRNA-Exportadaptor Yral sowie den SR-ahnlichen Proteinen Gbp2
und Hrbl. Die Deletion der THO-Komponente HPR1 hat weitreichende Folgen fir die
Zelle, darunter eine erhoéhte genomische Instabilitat, Hyperrekombination sowie die
Akkumulation von R-Loops und einen Defekt des mRNA-Exports. Der THO-Komplex
interagiert mit Sub2, welches Yral auf das mRNP |adt, um anschlieBend den mRNA-
Exportfaktor Mex67-Mtr2 zu rekrutieren. Mex67 kann durch verschiedene
Adaptorproteine - Yral, Nab2, Npl3 und Hprl — zu dem mRNP rekrutiert werden. Der
MRNA-Exportfaktor Mex67-Mtr2 vermittelt den Export des mRNP durch den Kern-
Poren-Komplex (NPC).

Das erste Ziel dieser Studie war die Untersuchung der Struktur von transkript-
spezifischen mRNPs im Zellkern. Die Isolierung eines spezifischen mRNP wurde
durch eine zweistufige Affinitatsreinigung erreicht. Im ersten Schritt wurde der
gesamte Pool der nuklearen mRNPs Uber Cbc2, eine Untereinheit des cap-binding
complex, angereichert. Im zweiten Schritt wurden RNA-basierte Verfahren
eingesetzt, um spezifisch die CCW12-mRNA mit den gebundenen Proteinen
aufzureinigen. Die Isolierung von CCW12-mRNA uber verschiedene Arten von
Antisense-Oligonukleotiden und RNA-Aptameren wurde getestet und optimiert, um
die technischen Herausforderungen der mRNP-Reinigung zu bewaltigen. Die
Aptamere MS2 und Mango ermdéglichten eine spezifische und effiziente Reinigung
des CCW12 mRNP. Isolierte Partikel, die Uber diesen Aptameren aufgereinigt
worden sind, wurden mit Hilfe der Elektronenmikroskopie visualisiert. Spezifische
MRNPs konnten in einer guten Ausbeute flr die weitere Strukturanalyse mit

fortgeschrittenen Elektronenmikroskopietechniken angereichert werden.

Ein weiteres Ziel dieser Doktorarbeit war die Untersuchung der Rolle von Hprl bei
der Bildung von mRNPs. Diese Arbeit zeigt, dass die Deletion von HPR1 zu einer
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erhohten Menge der RBPs Nab2, Yral und Mex67 in der mRNP-Komposition fuhrt.
Dies steht im Einklang damit, dass diese Proteine in einem Ahprl-Stamm mehr
MRNAs binden. Die Anwesenheit von Nab2 und Yral an den transkribierten Genen
ist in Ahprl-Zellen erhdht, aber nicht bei Mex67. Die Proteine Nab2, Yral und Npl3
wurden in  einem Ahprl-Stamm Uberexprimiert, da sie ebenfalls mMRNA-
Exportadaptoren sind. Defekt des nuklearen mRNA-Exports von Ahprl-Zellen wird
durch Uberexpression von Nab2 oder Yral supprimiert. Der wiederhergestellte
MRNA-Export ist in beiden Fallen mit &hnlichen Veranderungen der mRNP-
Komposition assoziiert: Einem weiteren Anstieg der Menge von Nab2 und einer
Verringerung der Mex67-Menge zum Wildtyp (WT)-Niveau. Im Falle einer
Uberexpression von Yra1 in Ahprl-Zellen behéalt oder rekrutiert Yral mehr Nab2 zu
den transkribierten Genen. Zusammengefasst konnte Yral in Abwesenheit eines
funktionsfahigen THO-Komplexes als Assistent fungieren, um das Beladen von Nab2
auf die mRNPs zu unterstiitzen; hohe Nab2-Menge konnen den mRNA-Export
stimulieren; die Menge von Mex67 kann die nukleare mRNA-Retention und den
Export regulieren. Die Deletion einer anderen wichtigen Komponente des mRNA-
Exportwegs, des Nukleoporins NUPG60, fuhrt zu einer Veranderung der mRNPs,
ahnlich wie bei einem Ahprl-Stamm: Erhéhte Menge von Nab2, Yral und Mex67.
Die Hypothese lautet daher, dass erhéhte Mengen dieser Proteine Kennzeichen der
MRNP-Retention sind, die durch die Unterbrechung des mRNA-Exportweges

verursacht wird.
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2. Summary

In eukaryotes, pre-mRNAs are processed and packaged by numerous RNA-binding
proteins (RBPs) into messenger ribonucleoprotein particles (mMRNPS) in the nucleus.
Mature mRNPs are exported to the cytoplasm for the translation into proteins. The
TREX complex plays an important role in coupling transcription and mRNA export. In
S. cerevisiae, it consists of the pentameric THO complex (Hprl, Tho2, Mftl, Thp2
and Texl), the helicase Sub2, the mRNA export adaptor Yral, and the SR-like
proteins Gbp2 and Hrbl. Deletion of THO component HPR1 results in vast
consequences for the «celll such as increased genomic instability,
hyperrecombination, accumulation of R-loops and an mRNA export defect. The THO
complex interacts with Sub2, which loads Yral onto the mRNP for further recruitment
of general mMRNA exporter Mex67-Mtr2. Mex67 can be recruited to the mRNP
through different adaptor proteins - Yral, Nab2, Npl3 and Hprl. The mRNA exporter
Mex67-Mtr2 mediates the export of the mRNP through the nuclear-pore complex
(NPC).

The first aim of this study was to determine the structure of nuclear transcript-specific
MRNPs. Isolation of a specific mMRNPs was accomplished by a two-step affinity
purification. In the first step, nuclear mMRNPs were enriched via Cbc2, a subunit of the
cap-binding complex. In the second step, RNA-based approaches using different
types of antisense oligonucleotides and RNA aptamers were implemented to
specifically purify CCW12 mRNA with its associated proteins. MS2 and Mango
aptamers provided specific purification of the CCW12 mRNP in sufficient yield.
Particles isolated via these aptamers were visualised by electron microscopy. This
study demonstrates that specific mMRNPs can be enriched in a good yield for further

structural analysis using advanced electron microscopic techniques.

Another aim of this study was to investigate the role of Hprl in mRNP assembly. It
shows that deletion of HPR1 leads to an increased level of Nab2, Yral and Mex67 in
nuclear mRNPs. It is consistent with these proteins binding more mRNAs in Ahprl
strain. The occupancy of Nab2 and Yral at the transcribed genes is increased in
Ahprl cells, but not for Mex67. To investigate mRNA export in the absence of Hprl,
other mRNA export adaptors, such as Nab2, Yral and Npl3, were overexpressed in
Ahprl cells. The mRNA export defect of Ahprl cells is suppressed by overexpression

3
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of Nab2 or Yral. In both cases, restored mMRNA export is associated with similar
changes in mMRNP composition: further increase of Nab2 and reduction of Mex67 to
the WT level. In case of Yral overexpression in Ahprl cells, Yral recruits or retains
more Nab2 at transcribed genes. Taken together, in cells lacking a functional THO
complex, Yral can act as assistant to facilitate the loading of Nab2 onto mRNPs;
high levels of Nab2 can promote mRNA export; increase of Mex67 amount is
associated with nuclear mRNA retention, while reduction of Mex67 to the WT level is
related to restored mMRNA export. Deletion of another important component of mRNA
export pathway, nucleoporin NUPG60, leads to changes in nuclear mRNPs similar to a
Ahprl strain: increased levels of Nab2, Yral and Mex67. Therefore, it is
hypothesized that increased levels of these proteins are hallmarks of mMRNP retention

caused by disruption of the mRNA export pathway.
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3. Introduction

3.1. Gene expression

Gene expression is a fundamental and an essential process in the life of the cell. It
consists of transcription, mMRNA processing, nuclear mRNA export, translation and
MRNA decay processes (Komili & Silver, 2008) (Fig. 1). In eukaryotic cells, the
genetic information encoded in DNA is located in the nucleus, where it is transcribed
into pre-mRNA by the RNA polymerase Il (RNAPII). Newly synthesized primary

transcripts undergo processing, such as 5 capping, splicing, 3’ cleavage and

polyadenylation.
Transcription
DNy RNAP ||
RNAA\M
bt 3' cleavage and
RNA kaai polyadenylation
5 Capping mRNA l m packaging 3' processing
—_— by RBPs 9achinery
apping
Nucleus enzyme/ /\ /\ RBP
\ 96 e RBP RBP RBP AAAAAAAAA
S n
Splicing
NS Spliceosome
Cytoplasm
Nuclear export
v O/_\/Xﬁ;‘:enylation
i AAAAAAAAA, g\/\/
Translation / Decapping ‘
0000,0009" Degradation
Ribo\some

Figure 1. Scheme of the gene expression process. In the nucleus RNA polymerase Il (RNAPII)
transcribes protein-coding genes synthesizing a nascent transcript. The pre-mRNA is processed: the
5" end is capped, introns are spliced out, and the 3’ end is cleaved and polyadenylated. The mRNA is
packaged by RNA-binding proteins (RBPs) into an mRNP. The mature mRNP is exported through the
nuclear-pore complex to the cytoplasm, where the mRNA is translated into the encoded protein.
Deadenylation/decapping of mRNA initiates its degradation by exosome or 5-3’ nucleases. Modified
with BioRender after (Meinel & StraRer, 2015; Passmore & Coller, 2022).
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Simultaneously, mRNA is bound by RNA-binding proteins (RBPs) to assemble an
MRNA ribonucleoprotein particle (mRNP). Correctly processed mRNAs within
MRNPs are exported to the cytoplasm for translation into functional proteins and

subsequent degradation (Passmore & Coller, 2022).

3.2. mRNP biogenesis
3.2.1. Transcription by RNAPII

Transcription is the first step of gene expression. In eukaryotic cells, transcription is
carried out in the nucleus, where DNA is transcribed into mMRNA by RNA polymerase
I (RNAPII). The RNAPII is a 12 subunit complex. The prominent feature of the
largest subunit of RNAPII, Rpbl, is an unstructured C-terminal domain (CTD). The
CTD consists of the repetitive heptapeptide sequence Tyrl-Ser2-Pro3-Thr4-Ser5-
Pro6-Ser7 — 26 repeats in yeast and 52 in human. Phosphorylation and
dephosphorylation of five out of the seven residues play regulatory roles during the
different transcription steps (Eick & Geyer, 2013; Singh et al., 2022).

Transcription consists of initiation, elongation and termination phases (Fig. 2B)
(Greber & Nogales, 2019; Lyons et al., 2020). Initiation starts when RNAPII and
general transcription factors (GTFs) TFIIA, TFIIB, TFIID, TFIE, TFIIF and TFIIH form
the pre-initiator complex (PIC) on the gene promoter. Cryo-EM, in combination with
cross-linking and mass spectrometry, revealed the architecture of the PIC. The DNA
promoter is directly bound by GTFs, whereas RNAPII is associated with GTFs but is
not in contact with the promoter (Murakami et al., 2015). For the PIC assembly,
TFIID, composed of TATA-box binding protein (TBP) and TBP associated factors,
binds to the core promoter and induce a bend in the DNA. RNAPII and other GTFs
localize to this bend. TFIIA and TFIIB flank and stabilize the bound TBP and DNA.
Subsequent recruitment of RNAPII with pre-bound TFIIF leads to the formation of a
“closed” complex, and addition of TFIIH and THIIE leads to an “open” PIC complex
(Hantsche & Cramer, 2017). To change from the “closed” to the “open” conformation,
TFIIH factor uses its helicase activity. The ATP-depended DNA helicase activity of
TFIIH unwinds the DNA to start the synthesis of a short primary transcript. Then the
Ser5 phosphorylation, mediated by the kinase activity of TFIIH, leads to promoter
escape and switching from initiation to transcription elongation. The CTD loses its
interaction with the GTFs, and RNAPII continues mRNA elongation (Sainsbury et al.,

6
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2015). Additionally, the assembly of the PIC is enhanced by mediator. The mediator
IS a multi-protein complex, that consists of 25 subunits in yeast, has an elongated
shape and is organized into head, middle, tail and Cdk8 kinase modules (Plaschka et
al., 2015). The head and middle part interact with RNAPII. The tail interacts with
specific transcription activator factors, which are bound to enhancer elements
upstream of the promoter (Ansari & Morse, 2012; Soutourina et al., 2011). The
mediator links enhancers and promoter and undergoes a conformational change with
disassociation of the kinase domain to be able to interact with RNAPII (Petrenko,

2021).

A

H. sapiens S. cerevisiae

—SerSP  — Ser2P | 1 —Ser5P  — Ser2P
Ser7P — Thr4P y i Ser7P — Thr4P i
—Tyr1P Y k —Tyr1P ]

=\ = /— T
[ PAS L. PAS

Divegent Sense Sense

TSS TSS

mRNA

AAA

Nascent RNA Cleavage and polyadenylation
factors, termination factors

B Mediator complex
— Elongation
factors

< Promoter
cD (€Y

Figure 2. Regulation of transcription by RNAPII CTD phosphorylation. (A) Pattern of
phosphorylation of the CTD of RNAPII during the transcription steps in human and yeast. The
phosphorylation profiles are similar, except of the level of TyrlP, which is in human higher in the
promoter region, and for yeast it is increasing during transcription elongation. TSS — transcription start
site, PAS — polyadenylation site. (B) Simplified overview of the stages of transcription. The RNAPII
with unphosphorylated CTD and bound mediator complex is recruited to the promoter of the gene
(step 1). Upon phosphorylation of Ser5, the affinity to the mediator complex is lost and RNAPII
escapes the promoter. In metazoan, RNAPII has a promoter-proximal pausing, which is absent in
yeast (step 2). In this step RNAPIl is bound by the proteins NELF and DSIF. Factor TEFb
phosphorylates them, as well as Ser2 of CTD. This leads to release of the factors and RNAPII is
entering the active elongation phase. Increased Ser2P level leads to a recruitment of elongation
factors during transcription elongation (step 3). High Ser2 and Thr4 phosphorylation are associated
with recruitment of cleavage and polyadenylation factors and transcription termination (step 4) (Harlen
& Churchman, 2017).
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Transcription initiation is associated with a high level of phosphorylation (P) of Ser5
and Ser7. Ser5P mediates the recruitment of capping enzymes (McCracken et al.,
1997; Schwer & Shuman, 2011). The CTD phosphorylation profiles of yeast and
metazoan are very similar, but in metazoan the level of TyrlP is high at the promoter
region, whereas in yeast it increases during the elongation (Fig. 2A). In metazoan,
TyrlP is associated with a promoter-proximal RNAPII pausing 30 - 50 base pairs (bp)
downstream of the transcription start site. Interestingly, budding yeast
Saccharomyces cerevisiae lacks this pausing under normal conditions, but could
gain two stall sites at the 5’ end of most genes under peroxide stress (Badjatia et al.,
2021). In yeast, transcription elongation is characterized by a decrease of Ser5P and
an increase of Ser2P and TyrlP, although level of TyrlP decreases before the
polyadenylation site (PAS) and level of Ser2P downstream of it (Harlen &
Churchman, 2017; Singh et al., 2022; Xie et al., 2021). Ser2P is associated with
recruitment of elongation and mRNA processing factors. Transcription termination is
characterized by a peak of Ser2P and Thr4P, which promote the recruitment of
termination, cleavage and polyadenylation factors (Mayer, Heidemann, et al., 2012).
Therefore, pre-mRNA becomes largely co-transcriptionally processed: the 5’ cap is

added, introns are spliced out and the 3’ end is cleaved and polyadenylated.

3.2.2. mRNA processing

3.2.2.1. 5’ capping

After the first 20 - 30 nucleotides of the new transcript are synthesized, a cap
structure is added to the 5 end of the pre-mRNA. The 5 cap provides the
stabilization and protection of the mRNA from degradation by 5’ - 3’ exonucleases.
The capping process consists of three steps. The first step is removal of the y-
phosphate from the triphosphate of the first nucleotide by RNA triphosphatase Cetl.
On the second step, guanylyltransferase Segl transfers a guanosine
monophosphate (GMP) from GTP to the 5’ end. The result of such a transfer is the
formation of an unusual linkage between 5’ phosphate of GMP and 5’ 3-phosphate of
the first nucleotide of the pre-mRNA. In yeast, triphosphatase and
guanylyltransferase activities are provided by two distinct proteins, while in
metazoan, one bifunctional protein Mcel has an N-terminal triphosphatase and a C-
terminal guanylyltransferase domain (Changela et al., 2001). The third step of

capping is the methylation of the attached GMP in its N7 position by the
8
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methyltransferase Abdl1 with formation of 7-methylguanosine (m7G) cap, or so called
the cap O structure. In addition, 2’-O position of ribose of the first transcribed
nucleotide is methylated by 2'-O-methyltransferase to form the cap 1 structure. Some
MRNA are additionally 2’-O-methylated on the second transcribed nucleotide (cap 2

structure) (Ramanathan et al., 2016).

Capping occurs in coordination with transcription. Phosphorylation of Ser5 within the
heptapeptides of CTD of RNAPII during transcription initiation leads to recruitment of
guanylyltransferase Segl and methyltransferase Abdl. Additionally, Segl has dual
specificity and also interacts with phosphorylated Ser7 of the CTD (Bharati et al.,
2016). Triphosphatase Cetl is not directly associated with RNAPII CTD, but bound to
Segl (Gu et al., 2010; Takase et al., 2000). The cryo-EM structure of RNAPII and
capping enzymes revealed that Segl-Cetl span the RNA exit tunnel of RNAPII in a
way that the emerging mRNA can be quickly and efficiently capped to ensure the
protection of the transcript (Martinez-Rucobo et al., 2015). Phosphorylation of Ser2
within the CTD leads to the dissociation of capping enzymes Cetl and Segl. The
methyltransferase Abd1l stays associated with RNAPII during transcription elongation
(Schroeder et al., 2000).

In yeast cells, the cap is recognized by the cap-binding complex (CBC), consisting of
the proteins Cbcl and Cbc2. CBC remains associated with the mRNA until the
MRNA is exported to the cytoplasm, where the complex is replaced by the translation
initiation factor elF4E (Jeong et al., 2019). Furthermore, CBC is involved in splicing of
the first intron, as well as in promoting 3’ end processing and nuclear mRNA export
(Flaherty et al., 1997; Gérnemann et al., 2005; Sen et al., 2019).

3.2.2.2. Splicing

Splicing is the removal of introns from the pre-mRNA. This process occurs as two
consequent transesterification reactions with changing one phosphodiester bond to
another (Kastner et al., 2019). Introns contain three conserved sequences — 5’ splice
site (SS), branch point (BP) and 3’ SS. In the first transesterification reaction — the
branching — the phosphate of the 5’ SS is attacked by the 2’-OH group of adenosine
(A) of the branch point (BP) (Fig. 3A). As a result the bond between the intron and

the exon 1 is lost and lariat intron-exon 2 structure is formed.
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Figure 3. Schematic representation of the splicing process. (A) Schematic representation of the
two transesterification reactions of splicing (ss — splicing site; BP — branchpoint). (B) Comparison of
the conserved sequences within human and yeast introns. (C) Scheme of the splicing cycle.
Recognition and assembly of spliceosome (blue part of the cycle) with stepwise recruitment of Ul
snRNP (E-complex), U2 snRNP (A-complex) and tri-shnRNP U4/U5-U6 (pre-B complex). The following
remodeling by Prp28 displaces Ul (B-complex). Recruitment of Brr2 disassociates U4 snRNA
together with U4/U6 and LSm proteins. The catalytical stage (red part) starts, when U6 snRNA folds
and associates with U2 snRNA to form an active site. The NTC/NTR is recruited to stabilize the active
site (B act complex). The remodeling by Prp2 leads to the release of proteins SF3a and b and
recruitment of branching factors Yju2 and Cwc25 (B* complex). The first reaction of branching occurs
(complex C). The helicase Prpl6 dissociates with branching factors, while Slu7 and Prpl8 proteins
are recruited to the second transesterification reaction (complex C*). After the catalytical stage, ligated
exons and the intron lariat are in the P-complex. Helicase activity of Prp22 leads to displacement of
Slu7 and Prp18 and release of spliced mRNA. Intron lariat remains associated with spliceosome (ILS,
intron lariat spliceosome) until Prp43 disassociate to be reused for another round of splicing (Plaschka

et al., 2019).
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During the second step, the OH group of the 3’ end of the first exon attacks
phosphodiester bond of the 3’ SS to break it. This leads to ligation of two exons (Fig.
3A).

Both splicing reactions are accomplished by the spliceosome. This large molecular
machinery is formed by 5 small nuclear RNAs (snRNAs) (U1, U2, U4, U5, U6) and
around 100 proteins in yeast or 300 in human (Chen & Moore, 2015). The snRNAs
and proteins form complexes, called small nuclear ribonucleoprotein particles
(snRNPs). Some proteins are not assembled into ShnRNPs, but nevertheless take part

in splicing, e.g. helicases or splicing factors.

Splicing is a complex process (reviewed in Plaschka et al., 2019; Wilkinson et al.,
2020; Yan et al, 2019). Extensive structural studies revealed details about
spliceosome remodeling during splicing (Fig. 3C). The 5’ SS of introns is recognized
and bound by U1 snRNP. In yeast, the BP interacts with branch point binding protein
(BBP) MsI5 in heterodimer form with Mud2 (metazoan U2AF65). In mammalian, the
BBP SF1 binds the BP, while U2AF35-U2AF65 interacts with the 3° SS (Berglund et
al., 1997; Wang et al., 2008). This early spliceosome is known as E complex or
commitment complex. Recruitment of DEAD-box helicases Prp5 and Sub2 leads to a
substitution of BBP and U2AF by U2 snRNP and formation of a pre-spliceosome,
also known as A complex (Plaschka et al., 2018; Wang et al., 2008). The pre-
spliceosome associates with the pre-assembled tri-snRNP U4/U5-U6 and forms the
pre-catalytic B complex. Despite the fact that the pre-B complex contains all needed
factors to perform branching, U4 functions as chaperon to keep U6 in its inactive
conformation and the 5 SS is covered by bound U1 (Charenton et al., 2019).
Recruitment of Prp28 displaces Ul and U5 binds the 5’ exon to tether it in place (B
complex) (Boesler et al., 2016). Brr2 displaces U4, which leads to remodeling, where
U6 and U2 form a catalytic site, but in a conformation, that inhibits the branching (B
act complex). In the B act complex, U6 binds the 5’ SS, and U2 interacts with the BP
sequence. The complex also interacts with Prpl9-associated and Prpl9-related
complexes (NTC and NTR, respectively), required for spliceosome stabilization
(Chan & Cheng, 2005). The next remodeling by DEAH-box ATPase Prp2 brings the
5’ SS and the BP together to the active site (B* complex) and it eventually results in
the branching reaction with formation of the complex C (Fabrizio et al., 2009; Wan et
al., 2019). In yeast, introns typically have a highly conserved YAG nucleotide

sequence in the end (AG in human) (Fig. 3B). The G pairs with the G of the 5 SS
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and A — with A in the BP by non-Watson-Crick base-pairing. The 5 SS and BP are
covalently bound with formation of a branching lariat structure (Galej et al., 2016).
The C-complex is remodeled by Prpl6 ATPase, that results in formation of the C*
complex. The 3’ SS is docked into the active site of the C* complex (Wilkinson et al.,
2017). The complex undergoes an exon ligation reaction by exon ligation factors
(Slu7, Prpl7, Prpl8). It leads to formation of a post-catalytic spliceosome, also called
P complex (Bai et al., 2017). Spliced mRNA is released upon the Prp22-remodeling
activity, the lariat structure remains associated with spliceosome (ILS, intron lariat
spliceosome) (Company et al.,, 1991; Wan et al., 2017). Helicase Prp43, upon
activation by splicing factor Ntrl, disassociates lariat and snRNAs (Tanaka et al.,
2007).

Contrary to the human genome with introns in 95% of the genes, only 5% of the
yeast protein-coding genes contain introns. Remarkably, due their high expression,
30% of total MRNAs contain introns in yeast (Ares et al., 1999). One-third of these
introns are not essential, 20% have minor impact on the growth phenotype and only
three are essential (Parenteau et al., 2008). Furthermore, human RNAs undergo
alternative splicing and produce different isoforms of the same gene. For yeast,
majority of the intron-containing RNAs are not alternatively spliced, with very few

exceptions (Grund et al., 2008; Juneau et al., 2009).

Another distinct trait of metazoan mRNAs is the exon junction complex (EJC), which
is bound 20 - 24 nucleotides upstream of each exon junction. The EJC is proposed to
be involved in mMRNA export by interaction with transcription-export complex TREX
via the protein ALYREF (Pacheco-Fiallos et al., 2023).

In yeast splicing is coupled to mRNA export. For instance, RBP protein Npl3, as well
as the ATP helicase Sub2 of the TREX complex are involved in both, splicing and
MRNA export (Kress et al., 2008; Libri et al., 2001).

3.2.2.3. 3’ end processing

3’ end processing of mMRNA consists of recognition of a polyadenylation signal (PAS),

cleavage and the addition of a poly(A) tail (Kumar et al., 2019; Rodriguez-Molina &

Turtola, 2023). In S. cerevisiae, these processes are performed by highly conserved

1 MDa cleavage and polyadenylation factor CPF and accessory cleavage factors

CFIA and CFIB. The proteins of the CPF complex are organized in three modules
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with different enzymatic activities — endonuclease, polymerase and phosphatase
(Casanal et al., 2017).

In S. cerevisiae, the PAS consists of multiple cis-elements: UA-rich efficiency
element, A-rich positioning element and U-rich elements up- and downstream the
cleavage site (Fig. 4). Proteins of CPF recognize the PAS, and the endonuclease
Yhs1 cleaves the pre-mRNA 10 - 30 nucleotides downstream of it (usually preceded
by the nucleotides CA) (Chan et al., 2011). The cleavage results in formation of 5’
and 3’ products. The 5’ product is polyadenylated by poly(A) polymerase Papl, while
the 3’ product is degraded by torpedo exonuclease Rat1 to trigger transcription
termination (Kim, et al., 2004). The phosphatase Glc7 dephosphorylates the CPF
complex to switch from cleavage to polyadenylation (He & Moore, 2005). Another
phosphatase of the CPF complex, Ssu72, is involved in transcription (by
dephosphorylation Ser5 of the CTD of RNAPIl) and in 3 end processing
(independently of its catalytic activity) (Krishnamurthy et al., 2004). Reconstitution of
the recombinant complex revealed that the protein Fipl is bridging the poly(A)
polymerase Papl to CPF via its interaction with the endonuclease Ythl (Kumar et al.,
2021). For the polyadenylation, the 3’ end of pre-mRNA is enclosed in cleft of U-
shaped Papl. The binding of Papl to RNA substrate and Mg-ATP leads to a closed
conformation of Papl to enable poly(A) synthesis (Balbo & Bohm, 2007). The stable
association of Papl with CPF via Fipl results in fast poly(A) synthesis.

5 o
Yeast [ UMUA-ich ]j Adich || Usrich | CA | Usich [

CFIB CPF CFIACFIB  Ysht CFIA
5' . 3
Human :[ U/UGUA-rich ]j(A(A/U)UAAA)]:[ U-rich }:[ CA =] U/GU-rich -
CFIm CPSF CPSF73 CStF CFlim

Figure 4. Cis-elements required for 3’ end processing of yeast and human pre-mRNA. Specific
cis-elements of pre-mRNA are organized in boxes. The protein complexes of the 3’ end processing
machinery are labeled below the cis-elements, which they recognize. The cleavage site is indicated

with an arrow. Created with BioRender based on (Boreikaité & Passmore, 2023; Chan et al., 2011).
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The average poly(A) tail length in yeast is around 60 nucleotides. According to in
vitro studies, yeast may have a three-layered regulation of poly(A) tail length (Turtola
et al., 2021). After the addition of 60 nucleotides, the poly(A)-binding protein Nab2
binds to the tail, inhibits the activity of Papl and terminates polyadenylation. In case
of Nab2 depletion, another poly(A)-binding protein, Pabl, terminates polyadenylation
and produce 90 nucleotide long tails. Notably, Pabl is mostly cytoplasmic, but can
shuttle to the nucleus and contribute to poly(A) tail length regulation via its interaction
with CFIA (Amrani et al., 1997; Dunn et al., 2005; Minvielle-Sebastia et al., 1997).
The third layer of poly(A) tail length regulation, when both Nab2 and Pabl are
absent, is CPF itself. The CPF complex can terminate polyadenylation after 100 -
200 adenosines. This intrinsic regulation depends on CFIA and CFIB (Turtola et al.,
2021).

Although the 3’ end processing machinery is conserved among eukaryotic species,
the polyadenylation mechanisms of yeast and mammals have distinctive features. In
mammals, canonical PAS consists of an (A(A/U)JUAAA) sequence 10 - 30
nucleotides upstream and U/GU-rich region 30 nucleotides downstream of the
cleavage site (Millevoi, 2010). The cleavage and polyadenylation specific factor
CPSF recognizes the PAS. Synthesis of the first 10 - 12 nucleotides is slow due to
weak association of CPSF with poly(A) polymerase PAP. However, binding of
poly(A)-binding protein PABPN1 stabilizes this interaction and leads to the rapid
synthesis of the poly(A) tail. PABPN1 covers the 250 nucleotide long poly(A) tail with
15 - 20 molecules of the protein. Due to steric reasons, more molecules of PABN1
cannot be associated with the poly(A) tail. This leads to the loss of interaction

between CPSF and PAP and termination of polyadenylation (Kihn et al., 2009).

Polyadenylation is tightly connected to transcription termination. For instance,
depletion of Pcfll or endonuclease Yshl leads to global transcription readthrough
(Baejen et al., 2017). However, transcription termination occurs 200 (for yeast) or up
to 1500 nucleotides (for human) downstream the PAS, where RNAPII disassociates
from the template (Mischo & Proudfoot, 2013). There are two main models of
transcription termination. According to the allosteric model, transcribing the PAS
leads to conformational changes of RNAPII, its slowing down and promoting the
termination. Based on another, so called torpedo model, 5-3’ exonuclease Rat1
degrades 3’ cleavage product until it reaches and displaces RNAPII (Rodriguez-

Molina et al., 2023).
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Noteworthy, pre-mRNA can have multiple non-canonical poly(A) sites. Depending on
the PAS recognition and cleavage, this can result in an alternative polyadenylation
and thus mRNA isoforms with different length of the 3° UTR. Interestingly, in yeast
alternative polyadenylation was observed as a response to environmental changes,

e.g. DNA damage (Graber et al., 2013) or nutrient deprivation (Geisberg et al., 2020).

The processing of mRNA is closely interconnected with its nuclear export. For
instance, multiple RBPs within mRNPs are reported to function in 3’ end processing

as well as in mMRNP export (described below in 3.2.3.2 and 3.2.3.3).

3.2.3. Nuclear mRNP assembly and export

3.2.3.1. Recruitment of RNA-binding proteins

Co-transcriptionally, pre-mRNA is bound by RNA-binding proteins (RBPs). RBPs can
be recruited in several ways: co-transcriptionally via CTD of RNAPII, via the C-
terminal region (CTR) of elongation factor Spt5 or by mRNA itself. Furthermore, it
has been proposed, that these three recruitment platforms are forming a so called a
“‘molecular mMRNP packaging station” to efficiently orchestrate the complex process of
MRNP assembly (Meinel & Stral3er, 2015). Such an orchestration is largely regulated
by distinct phosphorylation pattern of the CTD of RNAPII during the transcription
cycle, as mentioned above (3.2.1). In addition to the capping, splicing and 3’ end
processing factors, CTD of RNAPII also interacts with proteins that form the mRNP.
For instance, SR-like protein Npl3 binds to the phosphorylated Ser2 of the CTD of
RNAPII (Dermody et al., 2008). Furthermore, the THO subcomplex of TREX directly
interacts with CTD of RNAPII phosphorylated at serines S2 and S5 (Meinel et al.,
2013).

Another recruitment platform is provided by the elongation factor Spt5. Spt5 interacts
with the subunits Rpb4/7, Rpbl and Rpb2 of RNAPII (Li et al., 2014) and binds
ssRNA in a sequence-specific manner (Blythe et al., 2016). Spt5 has C-terminal
region (CTR), consisting of 15 hexapeptide repeats that are phosphorylated at its
residues. The CTR, phosphorylated by the kinase Burl, recruits the polymerase
associated factor 1 (PAF1) complex, which is involved in transcription elongation (Liu
et al., 2009; Squazzo et al., 2002; Wier et al., 2013). Furthermore, the CTR of Spt5

has been reported to be involved in the recruitment of the mRNA capping enzymes
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(Lidschreiber et al., 2013) and the 3’ end cleavage factor CFl (Mayer, Schreieck, et
al., 2012).

In addition, mRNA itself can serve as a recruitment platform for RBPs. RBPs have
different RNA recognition domains, such as an RNA-recognition motif (RRM), zinc
fingers (ZnF), K homology domain (KH) or others (Lunde et al., 2007). Interestingly,
some RBPs bind to specific RNA sequences, while other do not have sequence
specificity. For instance, Nab2 binds to a polyadenosine sequence via its seven
tandem ZnF domains (Kelly et al., 2007), but also has specificity to a 7 nucleotide
sequence stretch of A followed by G (Guisbert et al., 2005) or a GUAG motif (Baejen
et al., 2014). Another RBP, Npl3, has specific binding to G/U-rich RNAs by its RRM
domains, and non-sequence-specific binding outside its RRMs (Deka et al., 2008). In
addition to their direct binding to mMRNA, RBPs are recruited to mRNA via adaptor
proteins.

3.2.3.2. TREX/THO complex and its subunit Hprl

TREX is a highly conserved protein complex that plays a key role in coupling
transcription and mRNA export. In yeast, this 470 kDa complex consists of the
pentameric THO subcomplex (Hprl, Tho2, Mftl, Texl and Thp2), the SR-like
proteins Hrbl and Gbp2, the helicase Sub2 and the mMRNA export adaptor protein
Yral.

The TREX complex is involved in transcription (Rondén et al., 2003). It binds to
nascent RNA and travels along the transcribed gene with RNAPII (StraRer et al.,
2002). The THO subcomplex directly interacts with the CTD of RNAPII
phosphorylated at S2 and S5 (Meinel et al.,, 2013). The SR (serine-arginine)-like
proteins Hrb1l and Gbp2 interact with the Ctk1 kinase, which phosphorylates the CTD
of RNAPII during transcription elongation (Hurt et al., 2004). The TREX complex is
recruited to all protein-coding genes, but preferentially to long GC-rich genes or
genes with multiple internal tandem repeats (Chavez et al., 2001; Voynov et al.,
2006). The TREX does not distribute evenly along the genes, but with gradual
increase towards the 3’ end (GOmez-Gonzéalez et al.,, 2011; Meinel et al., 2013).
TREX dissociates downstream of the polyadenylation site (Kim et al., 2004).

Interestingly, while the recruitment of the yeast TREX complex is directly
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transcription-coupled, human TREX is recruited to mRNA during splicing (Masuda et
al., 2005).

TREX is also involved in mRNA export. THO directly interacts with Sub2 via its Tho2
protein (Xie, Clarke, et al., 2021). Sub2 loads Yral onto the mRNP, followed by
binding of the mMRNA exporter Mex67-Mtr2 to Yral (Stral3er & Hurt, 2001).

Recent cryo-electron microscopy studies revealed that the yeast THO complex forms
a dimeric assembly. Tho2 and Hprl create a dimeric platform in an antiparallel
fashion. Mft1 and Thp2 of each monomer form “arms” towards each other and
provide a vast homodimerization interface. Another smaller dimerization interface is
comprised by the N-terminal helices of two Tex1 proteins (Schuller et al., 2020; Xie,
Clarke, et al., 2021). In human, the seven subunits of one THO complex form a 28-
subunit tetramer. It was suggested that the tetramer may bind few mRNA regions or
associated proteins simultaneously (Puhringer et al., 2020). A recent study shows
that in human three TREX tetramers binds to the same mRNP via its UAP56 (Sub2)

subunits (Pacheco-Fiallos et al., 2023).

Hprl is a subunit of the THO/TREX complex, involved in various cellular processes.
Deletion of HPR1 leads to an increase of transcription-dependent recombination
(hyperrecombination) and genome instability (Chavez et al., 2000). It is associated
with defects in DNA replication and stalling of the replication fork (Wellinger et al.,
2006).

The absence of HPRL1 is associated with accumulation of harmful R-loops, composed
of DNA-RNA hybrids and displaced single stranded DNA (Luna et al., 2019; San
Martin-Alonso et al., 2021). These structures impair transcription elongation, which
leads to chromosomal instability in Ahprl cells (Huertas & Aguilera, 2003; Mishra et
al., 2021). In addition to R-loop-mediated transcription defects, mutations in HPR1
are also associated with R-loop independent transcription impairment (Gomez-
Gonzalez & Aguilera, 2009). Hprl interacts with RNAPII (Chang et al., 1999; Y. Li et
al., 2005). As mentioned above, Hprl within the TREX complex travels along the
genes with RNAPII, and loss of HPR1 results in decreased processivity and
occupancy of RNAPII at the genes (Mason & Struhl, 2005).

Moreover, Ahpr1 cells (as well as other THO null mutants) exhibit mMRNA export
defects with accumulation of poly(A)* RNA in the nucleus (Stral3er et al.,, 2002).
Deletion of HPR1 leads to decreased co-transcriptional recruitment of RBPs Sub2
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and Yral (Zenklusen et al., 2002). Additionally, Hprl may function as adaptor of
MRNA exporter Mex67. The C-terminal end of Hprl directly interacts with the
ubiquitin-associated (UBA)-domain of Mex67. Deletion of this UBA domain leads to a
decreased gene occupancy of both, Hprl and Mex67. Moreover, ubiquitination of

Hprl is required for the recruitment of Mex67 to the genes (Gwizdek et al., 2006).

Hpr1 is also involved in 3’ end processing of mRNA. For instance, Ahprl cells
exhibits 3’ end processing defect of the CYCL1 precursor RNA in vitro (Saguez et al.,
2008). Furthermore, the occupancy of processing factor Pcfll is increased for some
genes in Ahprl strain, however, in the “heavy” chromatin fraction. This fraction is
pelleted during standard chromatin preparation and might represent stalled

intermediates of MRNP biogenesis (Rougemaille et al., 2008).

3.2.3.3. mMRNP assembly by mRNA-binding proteins

Co-transcriptionally, mRNA is bound by numerous RBPs. Many of them are identified
and known (Klass et al., 2013; Mitchell et al., 2013). Some of the RBPs remain
associated with mRNA and package it into export-competent mMRNA
ribonucleoprotein particles (MRNPs). Proteins that are known to be part of nuclear
MRNPs in S. cerevisiae are described below.

In the nucleus, 5 end of mMRNA is bound by the cap binding complex (CBC),
consisting of proteins Cbcl and Cbc2. CBC promotes mRNA export by recruitment
of the RBPs Yral and Npl3 to chromatin in a THO- and Sub2-independent manner
(Sen et al., 2019). CBC is exported with mRNP to the cytoplasm, where it becomes

replaced by elF4E, a translation initiation factor (Fortes et al., 2000).

The SR-like proteins Hrb1l and Gbp2 are components of the TREX complex. They
are loaded onto the mRNP. These shuttling proteins play a role in quality control of
spliced mRNA in yeast. Deletion of HRB1 and GBP2 results in the leakage of
unspliced pre-mRNA to the cytoplasm (Hackmann et al., 2014; Lu & Krebber, 2021).

The ATP-depended DEAD-box RNA helicase Sub?2 is involved in splicing (Libri et al.,
2001; M. Zhang & Green, 2001). Additionally, as a part of the TREX complex, Sub2
plays a role in mMRNA export (Saguez et al., 2013; Stral3er et al., 2002). The mRNA
export adaptor Yral binds Sub2 and the mRNA exporter Mex67-Mtr2 via the same
N- and C-terminal domains (Stral3er & Hurt, 2001). It has been suggested that Sub2

recruits Yral to load it onto the mRNA, and then Sub2 gets replaced by Mex67-Mtr2
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before mRNA export. The THO complex and a C-terminal fragment of Yral stimulate
the ATPase activity of Sub2 (Ren et al., 2017). This might be a mechanism of mRNP
remodeling and loading of Yral onto the mRNP by Sub2.

Yral is an RBP with RNA annealing activity (Portman et al., 1997). It directly binds
RNA and acts as an export adaptor protein to recruit mRNA exporter Mex67 to the
MRNP (StraRer & Hurt, 2000; Zenklusen et al., 2001). Yral does not leave the
nucleus and disassociates from the mRNP before the mRNA gets exported (Lund &
Guthrie, 2005). This disassociation is mediated by ubiquitination of Yral by the E3
ligase Tom1 (Iglesias et al., 2010). Yra1 couples 3’ end processing and mRNA export
by direct binding to the Pcfl1 subunit of the yeast cleavage factor CFIA. Interaction
of Yral with Pcfll or Sub2 is mutually exclusive. Moreover, recruitment of Yral to
actively transcribed genes is independent of Sub2, but dependent on Pcfl1 (Johnson
et al., 2009). This suggests an model of mMRNP assembly, where Pcfll first binds
Yral and then Yral is transferred to Sub2.

Thol is an RBP, that binds to chromatin in a THO- and RNA-dependent manner
(Jimeno et al.,, 2006). Overexpression of Thol suppresses the growth and mRNA
export defect, as well as the hyperrecombination phenotype in Ahprl cells (Jimeno et
al., 2002). Thol exhibits a novel annealing activity enhanced by Sub2, and multicopy
THO1 reduces the level of R-loops in Ahprl strain (Miosga, 2022). According to a
recent crystal structure, a C-terminal domain of Thol interacts with two Sub2
molecules to form multimers on RNA. Moreover, Sub2 has overlapping binding
regions to interact either with the THO complex or Thol, which suggests that these

interactions are occurring at different time points (Xie et al., 2023).

Npl3 is a shuttling SR-like protein. It directly interacts with the CTD of RNAPII
(Dermody et al., 2008; Lei et al., 2001). NplI3 is involved in transcription elongation,
termination and 3’ end processing. Loss of Npl3 leads to transcriptome-wide
termination readthrough (Holmes et al., 2015). It has been suggested that Npl3 is
involved in 3’ end processing of pre-mRNA by competing with cleavage factor CFI for
binding to poly(A) signals (PAS). In such a way, Npl3 mask cryptic PAS to ensure the
recognition of proper PAS by cleavage factors (Bucheli et al., 2007). Furthermore,
NplI3 is involved in splicing by co-transcriptional recruitment of splicing factors (Kress
et al., 2008). Phosphorylated Npl3 activates the ATPase Prp28, needed for
spliceosome remodeling (Yeh et al., 2021). NplI3 is involved in mRNP assembly by
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co-transcriptional recruitment of some RBPs to the genes and by loading other RBPs
onto the mRNP (Keil et al., 2023). Moreover, Npl3 is involved in mRNA export and
functions as another adaptor of Mex67-Mtr2 exporter to the mRNA (Gilbert & Guthrie,
2004; Lee et al., 1996).

The nuclear polyadenylated RBP Nab2 is an essential shuttling RBP. Nab2 binds to
poly(A) tails and regulates their length. Depletion of Nab2 is associated with
hyperadenylation, as well as accumulation of poly(A)* RNA in the nucleus (Hector et
al., 2002). In addition to the crucial function of Nab2 in poly(A) tail length control, it is
not only recruited to the 3’ end, but bound along the genes, which are actively
transcribed by RNAPII and RNAPIII (Gonzélez-Aguilera et al., 2011; Reuter et al.,
2015). Furthermore, Nab2 is co-precipitated with mRNAs of different length and
associates with most of yeast transcripts (Batisse et al., 2009). The N-terminal PWI-
domain of Nab2 is important for nuclear export of RNA and Nab2, while its RGG
(Arg-Gly-Gly) domain is required for nuclear import of Nab2. Its seven CCCH Zinc
fingers (ZnF) are crucial for binding to the poly(A) tail (Kelly et al., 2007; Marfatia et
al., 2003). Binding of Nab2 to RNA induces dimerization of its ZnF 5 - 7 and leads to
compaction of the mRNA within the mRNP (Aibara et al., 2017). Nab2 functions in
MRNA export as an adaptor protein for Mex67. It directly interacts with Mex67, and
Yral enhances this interaction (Iglesias et al., 2010). The N-terminal domain of Nab2
binds to MIpl1 protein, which is associated with the nucleoplasmic side of the nuclear
pore complex (NPC) (Fasken et al., 2008). Likely, in this way Nab2 targets the mRNA
to the NPC. Notably, Nab2 is also involved in transcription termination. Loss of Nab2
leads to a defect in transcription termination with transcriptome-wide transcriptional
readthrough (Alpert et al., 2020).

Interestingly, the new yet uncharacterized protein Yhs7 was co-purified as a
component of nuclear mRNPs. In cross-linking mass spectrometry experiment it

showed to have multiple interaction sites with Yral (Bonneau et al., 2023).

The packaging of mRNA by mentioned RBPs is accompanied by recruitment of
Mex67-Mtr2. This mRNA exporter mediates the nuclear export of mature mRNPs

through the NPC to the cytoplasm.
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3.2.3.4. Nuclear export of mRNP

Transcription and translation are spatially separated in eukaryotic cells. The
connection between them is established through the NPC. Transport of proteins and
non-coding RNAs (e.g., tRNA, miRNA, snRNA, rRNA) via the NPC to the cytoplasm
is mediated by exportins, proteins of the karyopherin family. The direction of this
transport is mediated by the GTPase Ran. In the nucleus Ran is bound to GTP, and
in cytoplasm to GDP. The GTP-GDP gradient is regulated by RanGEF (GDF
exchange factor) in the nucleus and RanGAP (GTPase activating protein) in the
cytoplasm. Exportins bind a nuclear cargo together with RanGTP, then move through
the NPC and release the cargo in the cytoplasm upon RanGTP hydrolysis (Kdhler &
Hurt, 2007).

However, export of mMRNPs is not depended on exportins and GTP hydrolysis. On
the contrary, it requires the exporter Mex67-Mtr2 in yeast and NFX1-NXT1 (Tap—
pl5) in metazoans (Fig. 5A). Mex67 binds RNA without any sequence specificity for
certain RNA motifs (Baejen et al., 2014; Santos-Rosa et al., 1998). Mex67 has rather
low affinity to mMRNA and is recruited to mRNA via its adaptor proteins, such as Yral,
Npl3, Nab2 and Hprl (Gilbert & Guthrie, 2004; Gwizdek et al., 2006; Iglesias et al.,
2010; StraRer et al., 2000). Export-competent mRNP with bound Mex67-Mtr2 is
targeted to and transported through the NPC.

According to the “gene gating” model, actively transcribed genes are located in close
proximity to NPCs to ensure that assembled mRNP can be quickly exported to the
cytoplasm (Bensidoun et al.,, 2021; Blobel, 1985). Two conserved multiprotein
complexes — SAGA and TREX-2 — are involved in “gene gating”. SAGA (Spt-Ada-
Gcenb5 acetyltransferase) is a chromatin modifying complex, which binds to promoters
of the genes upon transcription activation. SAGA recruits the TREX-2 complex
composed of the proteins Susl, Thpl, Sac3, Seml and Cdc31. TREX-2 is bound to
the nuclear side of the NPC. It functions as a tether for transcribing genes and
promotes efficient mMRNP export (Garcia-Oliver et al., 2012). Associated with mRNP,
Mex67 interacts with TREX-2 through the N-terminal domain of Sac3, which contains
phenylalanine-glycine (FG) repeats (Dimitrova et al., 2015). Sac3 together with
Cdc31 and two Susl, in turn, interact with Nupl, a nucleoporin of the NPC (Jani et
al., 2014).
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Figure 5. Nuclear mRNA export. (A) The TREX complex couples transcription and mRNA export. It

binds to the nascent RNA and travels with RNAP Il along the gene. Co-transcriptionally, pre-mRNA is

packaged by RBPs into mMRNPs. TREX component Sub2 loads Yral onto the mRNP. Yral uses the

same domain for interaction with Sub2 and general exporter Mex67. Sub2 is displaced as a result of

binding of Yral to Mex67. In this way, Mex67 together with its cofactor Mtr2 is loaded onto the mRNP.

The mature mRNP is targeted for the export through the nuclear pore complex (NPC). Yral remains in
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the nucleus as a result of ubiquitination by ubiquitin-ligase Tom1. Mex67 interacts with the TREX-2
complex, tethered to the nuclear side of the NPC, via interactions with its nucleoporins. Mex67 binds
Phe-Gly FG-repeats of the nucleoporins of the central channel of the NPC to enable the translocation
of mMRNPs through the NPC to the cytoplasm. In the cytoplasm, the mRNP is remodeled by the RNA-
helicase Dbp5 with its co-factor Glel and the small molecule inositol hexakisphosphate (IP6) (brown
circle). The mRNA is entering the translation/degradation process, while shuttling proteins are
exported back to the nucleus for the next round of export. (B) The structure of nuclear pore complex
(NPC) in yeast and human with labeled nucleoporins (Nups). For nuclear mRNA export the most
important are the FG-Nups on the nuclear side of the NPC, as well as in central channel and
cytoplasmic filaments. ONM — outernuclear membrane, INM — inner nuclear membrane. Figure (A) is
created with BioRender; figure (B) is from (Strambio-De-Castillia et al., 2010).

NPCs are large macromolecular machineries perforating the nuclear envelope (Fig.
5B). They have a size of around 50 MDa in yeast and 120 MDa in metazoan. The
yeast NPC consists of about 30 different nucleoporins presented in multiple copies -
500 copies in total (Kim et al., 2014; Rajoo et al., 2018). The central channel of the
NPC is formed by FG-nucleoporins, which contain extensive FG-repeats (Terry &
Wente, 2009). Mex67-Mtr2 binds to FG-repeats via its UBA and NFT2-like domains
(Fribourg et al.,, 2001; Grant et al., 2002; Straler et al., 2000). The interaction
between Mex67-Mtr2 and the FG-repeats of the central channel has a weak nature to
ensure the translocation through the NPC (Xie & Ren, 2019).

On the cytoplasmic side of the NPC, FG-repeats of Nup159 and Nup42 bind Mex67-
Mtr2 to position mRNPs for remodeling by the DEAD-box ATPase Dbp5 and its
cofactor activator Glel with the small molecule inositol hexakisphosphate (IP6)
(Adams et al., 2014). Mex67-Mtr2 is displaced by Dbp5 to prevent the return of
exported mMRNP back to the nucleus (Lund & Guthrie, 2005). According to the current
MRNA export model, Mex67 and other shuttling RNA-binding proteins return to the
nucleus where they can be a part of the mRNA export pathway again. However,
another advanced fluorescence microscopy study suggests, that Mex67 may function
as “mobile nucleoporin” and interacts with the NPC independently of the mRNA and
ATPase activity of Dbp5. According to this model, export-competent mRNP is loaded
on Mex67 at the NPC, and Mex67 does not shuttle between nucleus and cytoplasm

to provide mRNA export (Derrer et al., 2019).
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3.3. Purification of transcript-specific nuclear mRNPs

Although the protein components of nuclear mRNPs have been identified, little is
known about their stoichiometry and structure of mMRNPs, how different mMRNPs may
vary dependent on mRNA length or different species. Lack of this knowledge caused
by the technical challenges of mMRNP purification. To date, it is considered that a
nuclear mRNP is composed of one transcript-specific mMRNA and a set of the RBPs.
Therefore, protein- or RNA-centric approaches are used to pull down the mRNPs
(McHugh et al., 2014). The protein approach is based on purification of a tagged
protein component of the mRNP. As different mMRNPs consist of the same RBPs, a
pool of all MRNPs is enriched with this method. Indeed, in S. cerevisiae, purification
of MRNPs via protein Nab2 enriches elongated particles various in size (15 - 35 nm
in length, 5 - 7 nm in width) (Batisse et al., 2009). In human, mRNPs form non-
uniform compact globules with an average size of around 45 nm, covered on their
surface with multiple TREX complexes (Pacheco-Fiallos et al., 2023). However, there
are only few studies about nuclear mRNP structure and, furthermore, no available
structure of a specific mMRNP. To purify transcript-specific mRNPs, RNA-centric
methods, based on antisense oligonucleotides or aptamers, can be implemented
(Gerber, 2021).

3.3.1. Antisense oligonucleotides approach

Antisense oligonucleotides (ASOs) are short single-stranded RNA or DNA
oligonucleotides designed to specifically hybridize to the RNA of interest. The ASOs
are chemically modified to prevent their degradation by nucleases. The chemistry of
the ASOs determines its operating principle: to decay the target, or to bind it without
causing degradation. Based on modification type, ASOs are divided into three

generation groups (Quemener et al., 2020).

ASOs of the first generation include modifications in the phosphate backbone at the
phosphodiester bond, where oxygen is substituted by a sulfur, amine or methyl group
(Fig. 6). Phosphorothioates (PS) ASOs with sulfur modification are the most
common. They have increased half-life and the ability to recruit the RNase H
enzyme, that degrades RNA within DNA-RNA hybrids (Zhang et al., 2021). Thereby,
binding of the PS ASO to the specific mMRNA target leads to its degradation by RNase

H and thus prevents protein synthesis. The PS ASOs have promising properties for

24



Introduction

scientific research and targeted medicine, but they also have been shown to bind
proteins non-specifically (Liang et al., 2014).

ASO generations
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Figure 6. Three generations of ASOs. Structures of the common ASO representatives. ASOs -
antisense oligonucleotides; PS — phosphorothioates; 2’-OMe - 2’-O-methyl; 2-MOE - 2’-O-
methoxyethyl; LNA - locked nucleic acids; PNA - peptide nucleic acid; PMO - phosphorodiamidate

morpholino oligomers. Figure is modified after (Quemener et al., 2020).

To increase ASOs specificity, the modifications 2’-O-methyl (2°-OMe) and 2’-O-
methoxyethyl (2’-MOE) were introduced at the 2’ position of ribose (Fig. 6). These
ASOs belong to the second generation. They show a higher stability against
nucleases and higher affinity to the target. Moreover, the second generation ASOs
are unable to recruit RNase H for RNA degradation (Juliano, 2016; Karaki et al.,
2019). It makes them a powerful tool in assays, where RNA has to be captured with
high affinity and specificity, but not degraded. To benefit from the higher affinity of 2’-
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OMe and 2'-MOE ASOs, but also to make them capable to recruit RNase H, chimeric
“‘gapmer” ASOs were designed. In the gapmer ASO, the central “gap” part is
composed of 8 - 10 unmodified DNA nucleotides, which are flanked by 2’ modified
RNA nucleotides on both sides of the “gap” (Maranon & Wilusz, 2020). Thus, the
central gap mediates RNase H recruitment, whereas the 2’ modified nucleotides
protect the ASO from nuclease degradation and provide high affinity and specificity
(Pollak et al., 2020).

The third generation ASOs include very diverse modifications to further improve the
affinity to the target RNAs. The most common representatives of the modifications
are locked nucleic acids (LNAs), peptide nucleic acid (PNAs) and
phosphorodiamidate morpholino oligomers (PMOSs) (Fig. 6). Binding of these ASOs
do not trigger RNase H activation, but they may potentially form very stable hybrids
with the target RNA and function as steric blockers to impair translation (Dhuri et al.,
2020; Tallet-Lopez et al., 2003).

ASOs have been used in different applications to purify specific RNA or RNA-protein
complexes. Among the advantages of ASOs are high affinity and direct interaction
with the target RNA. This method does not require the introduction of specific RNA
tags that may interfere with the RNA structure. For purifications, mainly 2’-OMe ASOs
or LNA ASOs are used, as their binding does not lead to RNase H-induced RNA
degradation. To enable the pulldown of an ASO and its bound target, ASOs are
biotinylated and captured with streptavidin-coupled beads (Smith et al., 2017).

ASOs were successfully used for the purification of viral RNA (Knoener et al., 2017;
Phillips et al., 2016; Upadhyay et al., 2013) and IncRNA Xist (Chu, Zhang, Teixeira
Da Rocha, et al., 2015; Mchugh et al., 2015) to identify their binding proteins by mass
spectrometry. There are also examples for the purification of mMRNA with interacting
proteins and miRNAs in human cell lines (Hassan et al., 2013) and C. elegans (Theil
et al., 2019). ASOs also have been used to capture mRNP complexes, for instance,
in the tandem RNA isolation procedure (TRIP). TRIP is a two-step purification of
endogenously formed cross-linked mMRNP complexes. In the first step, all poly(A)
RNAs are bound using oligo(dT) beads, and in the second step, specifically designed
and biotinylated 2’-OMe ASO binds to the target mRNA and to the streptavidin beads
(ladevaia et al., 2018; Matia-Gonzalez et al., 2017). Alternatively, LNA/DNA mixmers
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were implemented to capture specific RNPs in vitro in Drosophila embryo and human
HelLa cell extracts (Rogell et al., 2017).

Mentioned examples of RNA-protein purifications suggest new possibilities for an
investigation of specific mMRNPs. However, this method still has major limitations,
such as low yield of purified RNA or unspecific interactions. For instance, even partial
hybridization of the ASO with non-target RNA may lead to cross-hybridization and

enrichment of non-specific mMRNA (ladevaia et al., 2018).

3.3.2. Aptamer-based affinity capture

RNA aptamers are short and folded single-stranded RNA sequences that bind a
specific ligand — small molecule or protein — with high affinity and specificity.
Identification of potential aptamers and their substrates is achieved by systematic
evolution of ligands by exponential enrichment (SELEX) (Mallikaratchy, 2017). This
method provides a library of potential RNA aptamers and their ligands. After the
determination of their binding affinity, the best candidates are used to tag RNA of
interest. Introducing the aptamer may interfere with RNA structure and affect its
interactions with RBPs. To avoid this, aptamers are typically inserted in the 3’ or &’
UTR of RNA (Gemmill et al., 2019).

RNA aptamers are widely used to purify RNA-protein complexes. These aptamers
and their properties are listed in the Table 1. The most common of them are
described in more details below.

S1 streptavidin binding aptamer was cloned into RPR1 RNA subunit of RNase P to
isolate this RNP complex in S. cerevisiae (Srisawat, 2001). This is a one-step
purification, in which the S1 aptamer can directly bind to streptavidin-coupled beads
and be natively eluted with biotin. However, S1 aptamer provides low yield of target
RNP (Srisawat, 2002).

To improve its properties, the original S1 aptamer was modified (S1m) by extending
its stem part. Modified S1m exhibited higher affinity to streptavidin when used in four
repeats (4xS1m). The 4xS1m aptamer was applied for in vitro isolation of mMRNPs.
Despite of high efficiency of binding in vitro, the aptamer failed to capture

endogenous mMRNP complexes in vivo (Leppek, 2013).

27



Introduction

Table 1. List of RNA aptamers used to purify RNA-protein complexes. General properties, such
as size of the aptamers (nt, nucleotides), their ligands and binding affinity (Kd, dissociation constant;

n/d — non-determined) are specified.

Aptamer Size, nt Ligand Kd Ref.
gﬁ\%ﬁig‘ycm' 40 Tobramycin 9-12nM (Jiang & Patel, 1998)
Streptomycin- . (Wallace et al., 1998;
binding 46 Streptomycin 1 uM Windbichler et al., 2006)
PP7 25 P EET 1nM (Lim et al., 2001)
protein
D8 33 Dextran B512 n/d (Srisawat et al., 2001)
. (Srisawat & Engelke,
S1 44 Streptavidin 70 nM
= 2002)
47 (4 - (Leppek & Stoecklin,
4xS1m Streptavidin 29 nM
repeats) P 2014)
MS2 Lopim s W2 eaR 0.6-27nM  (Tutucci et al.,, 2018)
repeats) protein
Mango 23 core Thiazole 3.2nM (Dolgosheina et al., 2014)
9 orange (TO) ' 9 o
Csy4 20 Csy4 nuclease 50 pM (Lee et al., 2013)

MS2 — another commonly used aptamer — is derived from the MS2 bacteriophage.
Ligand of the MS2 loop is the bacteriophage MS2 coat protein (MCP). The MS2-MCP
system is among the most prevalent for RNA capture. This system went through
many modifications, such as different amount of MS2 repeats or nucleotide
substitution in the loop for higher affinity (Tutucci et al.,, 2018). The MS2 loop has
been used to purify spliceosome complexes via maltose binding protein (MBP) fused
to MCP (Deckert et al.,, 2006; Zhou et al., 2002). Moreover, spliced AdML and -
globin mRNAs were isolated via MS2 loop from HelLa nuclear extracts in vitro (Merz
et al., 2007). To enable affinity capture and visualization of mMRNA, the RNA binding
protein purification and identification (RaPID) method was developed. It is based on
the interaction of fluorescent reporter MS2-MCP-GFP and streptavidin-binding
protein tag (SBP). Using RaPID, specific mMRNAs ASH1, OXAl, or SRO7 were

these mMRNAs were co-precipitated with some other
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transcripts, which might suggest presence of few mMRNAs within one mRNP
(Slobodin, 2010). Yet another application of MS2 aptamer is MS2-tagged RNA
affinity purification (MS2-TRAP), for which MCP is fused to GST for affinity pull down
(Yoon, 2016). For example, mRNA fbl and its associated proteins were purified using
the MS2-TRAP approach from Drosophila (Huang et al., 2022).

Mango aptamer is a short RNA aptamer with a complex structure. It consists of a 23
nucleotides core, flanked by complementary “arms”, forming a double-stranded stem.
Mango binds its ligand — fluorophore thiazole orange (TO) derivates — with high
affinity (Dolgosheina et al., 2014). A crystal structure revealed that the aptamer core
binds to TO1 fluorophore molecule, but also to biotin and even a polyethylenglycol
linker between TO1 and biotin (Trachman Il et al., 2017). Fluorogenic properties of
Mango resulted in developing the brighter variants Mango I, Ill and IV. They were
used to visualize non-coding RNAs (5S rRNA, U6 snRNA and small Cajal body-
specific RNA scaRNA) and B-actin mRNA in mammalian cells (Autour et al., 2018;
Cawte et al.,, 2020). Coupling TO1 with biotin allows to implement the Mango
aptamer system for both, visualization and purification of specific RNP complexes.
For instance, the Mango aptamer was used to purify U1 snRNP from S. cerevisiae
and S6 RNP from E. coli via TO1-desthiobiotin immobilized on streptavidin beads

(Panchapakesan et al., 2017).

Another example for the purification of RNA-protein complexes is a Csy4-based
approach. CRISPR endoribonuclease Csy4 specifically binds 16 nt hairpin sequence,
which can be integrated into the RNA of interest (Haurwitz et al., 2010). Addition of
imidazole activates Csy4 to cleave the hairpin and release a native transcript with
associated proteins. Biotinylated Csy4 was used to purify hairpin tagged human pre-

mMiRNAs in vitro and identify its interacting proteins (Lee et al., 2013).

Along with ASOs, RNA aptamers are another powerful tool for mRNP purification.
However, their application is limited due to low yield and usage predominantly for in

vitro systems.
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3.4. Aim of this study

Assembly and export of nuclear mRNPs is an essential part of gene expression. In
Saccharomyces cerevisiae the RBPs composing nuclear mRNPs are known, as well
as the importance of the TREX complex in coupling transcription and mRNA export
(Klass et al., 2013; Mitchell et al., 2013; StralRer et al., 2002). What still remains
enigmatic, is the mRNP structure and stoichiometry. This lack of knowledge is
explained by technical challenges to purify the low-abundant, multi-component and
dynamic mRNPs. While the first steps in purification of all nuclear mRNPs have been
taken, the niche of purification of transcript-specific mMRNPs is still empty (Batisse et
al., 2009; Bonneau et al., 2023). Possibility to purify a specific mRNP could answer
the questions about its structure, as well as mMRNPs’ differences within one organism
or between the species. The first aim of this study is to develop an effective method

to purify specific nuclear mRNPs from Saccharomyces cerevisiae under native

conditions and determine its structure by electron microscopy. To accomplish this

goal, this study will establish a two-step affinity purification. For the first step, an
isolation of the cap-bound mRNPs will be optimized to obtain a high yield of total
nuclear mRNPs. For the second step, the RNA-centric approaches will be
implemented to isolate only transcript-specific mRNPs. For this, different ASOs that
specifically hybridize to the mRNA of interest, will be tested. As an alternative
method, the mRNA of interest will be tagged with various RNA aptamers. After the
selection of the most promising ASO/aptamer candidates, the purification conditions
will be modified and optimized to obtain high specificity and yield of the mRNP of
interest. The improved methods will be used to examine the structure of the natively

isolated endogenous particles with electron microscopy.

In addition to this structural project, the second aim of this study is to investigate the

role of Hprl, a subunit of the TREX/THO complex, in mRNP assembly. Hprl is

involved in transcription and mRNA export (Chavez et al., 2000; Huertas & Aguilera,
2003; StraRer et al.,, 2002). However, how Hprl affects mRNP assembly is not
known. Hprl is a component of the mRNP export pathway, in which mRNA export
adaptor Yral recruits general mMRNA exporter Mex67-Mtr2 to the mature mRNP for
its export (Stral3er & Hurt, 2001; Zenklusen et al., 2001). The possibility of alternative
MRNA export pathways is discussed since not only Yral, but Nab2, Npl3, and Hprl
itself were reported to be adaptors of Mex67 (Gilbert & Guthrie, 2004; Gwizdek et al.,

2006; Iglesias et al., 2010). Therefore, another goal is to investigate how mRNA
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export works in absence of Hprl and which potential alternative mechanisms of the
export can take place. To address these questions, changes in nuclear mRNP
composition will be assessed upon depletion or deletion of HPR1. RNA binding and
co-transcriptional recruitment of RBPs will be evaluated. Furthermore, the
possibilities and mechanisms of alternative mRNA export pathways will be explored
by elucidating the role of other mMRNA export adaptor proteins, such as Nab2, Yral or
NpI3 in Ahprl cells.

Taken together, this study will contribute to the complex and technical challenge of
purification of transcript-specific mMRNP and elucidating its structure. Furthermore, it
will bring new insights into the role of TREX component Hprl in the essential

processes of MRNP assembly and export.
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4. Materials

4.1. Chemicals and consumables

Table 2. Chemicals and consumables.

Name

2-mercaptoethanol

2-Propanol

3-Indolacetic acid (auxin)

Acetic acid

Acrylamide (29:1) 40%

Adenine hemisulfate salt

Agar Bacteriology grade
Agarose

Amylose magnetic beads
Ammonium persulfate (APS)
Ampicillin

ATP

Bacto™ Peptone

Bacto™ Yeast extract
Benzamidine HCI

Boric acid

Bovine serum albumin (BSA)
Bromophenol blue

Clarity™ Western ECL Substrate
Coomassie Brilliant Blue R-250
D-Glucose Monohydrate

Diethyl pyrocarbonate (DEPC)
DEPC-treated water

Dimethyl sulfoxide (DMSO)
Dipotassium phosphate (K2HPOA4)
Disodium phosphate (Na2HPO4)
Dithiothreitol (DTT)

dNTPs (dATP, dTTP, dCTP, dGTP)

Supplier

Merck

Carl Roth
Sigma-Aldrich
VWR Chemicals
AppliChem GmbH
Sigma-Aldrich
Applichem GmbH
Applichem GmbH
New England Biolab (NEB)
VWR Chemicals
Applichem GmbH
NEB

BD Biosciences
BD Biosciences
MP Biomedicals
Merck

Carl Roth
Applichem
Bio-Rad Laboratories
AppliChem
Sigma-Aldrich
Carl Roth

Carl Roth
Sigma-Aldrich
Grussing GmbH
Carl Roth
Sigma-Aldrich

Thermo Fisher Scientific
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D-Sorbitol

Dynabeads™ M-280 Tosylactivated
Dynabeads™ Protein G
Dynabeads™ M-280 Streptavidin
Ethanol
Ethylenediaminetetraacetic acid (EDTA)
Ficoll® 400

Formaldehyde

Gel loading dye, purple (6x)
Genetecin (G418)

Glycerol

Glycine

HDGreen™ DNA stain
HEPES

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

IgG Sepharose 6 Fast Flow
L-Arginine-HCI

L-Aspartic acid

Leupeptin (Hemisulfate)
L-Histidine

L-Isoleucine

Lithium chloride (LiCl)
L-Leucine

L-Lysine Monohydrochloride
L-Methionine
L-Phenylalanine
L-Threonine

L-Tryptophan

L-Tyrosine

L-Valine

Liquid nitrogen

Magnesium chloride (MgCI2)

Carl Roth
Invitrogen
Invitrogen
Invitrogen
Fisher Chemical
Sigma-Aldrich
Carl Roth

ORG Laborchemie
NEB
ThermoFisher (Gibco)
Carl Roth
Labochem international
Intas

Carl Roth
Invitrogen

Carl Roth
Sigma-Aldrich
GE Healthcare
Biomol GmbH
Sigma-Aldrich
Carl Roth
Sigma-Aldrich
Sigma-Aldrich
Merck
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Biomol GmbH
Linde

Merck
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Magnesium sulfate (MgSO4)

Methanol

Monopotassium phosphate (KH2PO4)
Monosodium phosphate (NaH2PO4)
Nicotinamide adenine dinucleotide (NAD)
Pepstatin A

Pierce™ High Capacity Streptavidin
Agarose

Polyethylene glycol (PEG) 3800/4000
Polylysine

Polysorbate 20 (Tween 20)
Polyvinylpyrrolidone (PVP)

Ponceau S

Potassium chloride (KCI)

Potassium hydroxide (KOH)
Powdered milk, fat free, blotting grade
Rothi®-Mount FluorCare DAPI
Roti®-Aqua-Phenol

Salmon sperm DNA (ssDNA)

Sodium acetate (NaOAc)

Sodium citrate

Sodium chloride (NaCl)

Sodium deoxycholate

Sodium dodecyl sulfate (SDS)
Sodium hydroxide (NaOH)

SuperSignal™ West Dura Extended
Duration Substrate

Tetramethylethylendiamin (TEMED)
TO1-3PEG-Desthiobiotin Fluorophore
Trichloroacetic acid (TCA)

TRIS

Triton X-100

TRIzol™ Reagent

tRNA from E. coli MRE600

Tryptone BioChemica

Merck
Merck-Millipore
Carl Roth

Merck
Sigma-Aldrich
AppliChem
Thermo Scientific

Carl Roth
Sigma-Aldrich
Merck
Sigma-Aldrich
Serva

ORG Laborchemie
Merck

Carl Roth
Carl Roth
Carl Roth
Applichem
Merck

Merck

Merck
Sigma-Aldrich
AppliChem
Merck

Thermo Scientific

Carl Roth

Applied Biological Materials (ABM)
Merck

Carl Roth

AppliChem

Invitrogen

Roche diagnostics

AppliChem

34



Materials

Uracil
Urea

Yeast nitrogen base, w/o amino acids

4.2. Equipment and devices

Table 3. Equipment and devices.

Name

70 Ti rotor

AM100, micro scale

Apollo®, liquid nitrogen container
Avanti JXN-26 Centrifuge

Bioruptor UCD-200, Sonication System
ChemoCam Imager ECL HR 16-3200

Duomax 1030, Platform shakers,
rocking

FastPrep-24TM 5G

Freezer/Mill® 6870D

Gel iX20, Transilluminator/gel docu
Hera safe, laminar flow cabinet
HeraFreeze HFU T Series

HT Multitron Pro shaking incubator

IKA® KS 4000 ic control, shaking
incubator

IKAMAG® RCT, magnetic stirrer
Incubator with HT Labotron, shaker
Incubators

Innova®44 shaking incubator
JLA-8.1, JA-10 rotors

Lab phenomenal pH 1000L, pH meter
LED blue light transilluminator
Megafuge 40R

Milli-Q® integral water purification
system

Mini-Protean® Tetra Electrophoresis
Cell

Sigma-Aldrich
AppliChem

Formedium

Supplier
Beckman Coulter
Mettler-Toledo
Cryotherm
Beckman Coulter
Diagenode

Intas

Heidolph Instruments

MP Biomedicals
Spex®SamplePrep
Intas

Thermo Fisher Scientific
Thermo Scientific

Infors

IKA Labortechnik

IKA Labortechnik

Aqua Lytic / Infors
Memmert

Eppendorf / New Brunswick
Beckman Coulter

VWR

Nippon genetics

Thermo Scientific, Heraeus
Merck

Bio-Rad Laboratories
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ND-1000, Spectrophotometer
Optima XPN-80 Ultracentrifuge
PegStar XS Thermocycler
PM2000, scale

RCT basic, magnetic stirrer

Research Pipettes 2, 10, 20, 100, 200,
1000, 5000 pl

Rotator

SBH130D, block heater

SW22, shaking waterbath

T3 Thermocycler

Tabletop Centrifuge 5424, 5424R
Tabletop Centrifuge 5430, 5430R
Thermomixer 5436

Trans-Blot® Turbo Transfer System
Typhoon FLA 9500

Vakulan CVC 3000

VF2, vortex mixer

VX-150, autoclave

NanoDrop
Beckman Coulter
Peglab
Mettler-Toledo
IKA Labortechnik
Gilson

neolLab

Stuart®

Julabo

Biometra
Eppendorf
Eppendorf
Eppendorf
Bio-Rad Laboratories
GE Healthcare
Vacuubrand

IKA Labortechnik
Systec

4.3. Media, buffers and solutions
4.3.1. Water

Water for buffers and solutions was purified with the Milli-Q-synthesis System
(Millipore) and autoclaved. Heat-sensitive solutions were sterile filtrated through 0.22
pum filter. Buffers for RNA-based methods were prepared with DEPC-treated (RNase-
free) water to reduce a risk of RNA degradation. For self-made DEPC-treated water
diethylpyrocarbonate (DEPC) was stirred in water (0.1% final concentration)

overnight. To remove DEPC, the water was autoclaved twice.

4.3.2. Media

Lysogeny broth (LB)

1 % peptone
0.5 % yeast extract
0.5 % NaCl

SOC media

2 % tryptone

0.5 % yeast extract
10 mM NacCl

36



Materials

pH 7.2
(15 g agar / 1 | for plates)

Synthetic dropout medium (SDC) for 1 |

0.5 mM KCI

10 mM MgCI2
10 mM MgSO4
pH 7.0

Yeast complete medium (YPD)

6.75 g yeast nitrogen base (w/o aa)

0.6 g complete synthetic amino acid mix
(SCM)

20 g glucose

10 mL of each 100x aa stock except one
for the selection

pH 5.5

4.3.3. Buffers and solutions
Cloning

Gibson assembly master mix

1 x Isothermal (ISO) reaction buffer
4 U/ul T5 exonuclease

4 U/ul Taq DNA ligase

25 U/ml Phusion DNA polymerase

50x TAE buffer
2 M TRIS

1 M NaOAc

50 mM EDTA
pH 8.0

1 % yeast extract

2 % peptone

2 % glucose

pH 5.5

(15 g agar/ 1 | for plates)

5x Isothermal (ISO) reaction buffer
500 mM TRIS-HCI pH 7.5

50 mM MgCI2

50 mM DTT

1 mM of each dNTPs

5 mM NAD

25 % PEG-8000

Transformation of Saccharomyces cerevisiae

Solution |
1x TE
100 mM LiOAc

Solution Il

1x TE

100 mM LiOAc

40 % PEG 3800 or 4000)
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10x TE
100 mM TRIS pH 7.5
10 mM EDTA

Yeast whole cell extract preparation

Pre-treatment solution
1.85 M NaOH
7.5 % 2-mercaptoethanol

Tandem Affinity Purification (TAP)

TAP lysis buffer

50 mM HEPES-KOH pH 7.5
100 mM KCI

1.5 mM MgCI2

0.15 % NP-40

1 mMDTT

1x protease inhibitor (PI)

100x protease inhibitor (PI)
6.85 mg pepstatin A

1.42 mg leupeptin hemisulfate
850 mg PMSF

1.65 g benzamide HCI

Up to 50 mL EtOH

Purification of specific nuclear mRNP

TAP wash buffer

50 mM HEPES-KOH pH 7.5
100 mM KCI

1.5 mM MgCI2

0.15 % NP-40

0.5mM DTT

TAP wash buffer

50 mM HEPES-KOH pH 7.5
200 mM KCI

1.5 mM MgCI2

0.15 % NP-40

0.5mM DTT

10x PBS

1.4 M NaCl

27 mM KCI

43 mM Na2HPO4
18 mM KH2PO4

ASO-wash buffer

10 mM HEPES-KOH pH 7.5
150 mM KCI

0.5 mM EDTA

0.05 % Tween 20
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ASO-elution buffer

50 mM HEPES-KOH pH 7.5
150 mM KCI

16 mM biotin

Mango-elution buffer

15 mM HEPES-KOH pH 7.5
100 mM KCI

0.05 % Tween 20

20 mM biotin

Mango-wash buffer

15 mM HEPES-KOH pH 7.5
150 mM KCI

0.05 % Tween 20

Maltose elution buffer

10 mM HEPES-KOH pH 7.5
100 mM NacCl

15 mM maltose

SDS polyacrylamide gel electrophoresis

4x Separating buffer
1.5M TRIS pH 8.8
8 mM EDTA

0.6 % SDS

4x Stacking buffer
0.5MTRIS pH 6.8
8 mM EDTA

0.6 % SDS

4x SDS loading dye
0.25 M TRIS-HCI
0.1MDTT

9 % SDS

0.2 % Bromophenol blue
40 % Glycerol

Separating gel (10 %)

3 mL acrylamide (40 %; 29:1)
3 mL 4x separating buffer

6 mL H20

100 uL 10 % APS

20 uL TEMED

Stacking gel (4 %)

400 pL acrylamid (40 %; 29:1)
1 mL 4x stacking buffer

2.6 mL H20

30 pL 10 % APS

10 yL TEMED

Coomassie staining solution
0.5 % Coomassie R250
25 % isopropanol

10 % acetic acid
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5x SDS Running buffer
125 mM TRIS

1 M Glycine

20 mM EDTA

0.5 % SDS

Western blot

10x TRIS buffered saline + Tween 20

Semi-dry Western blot buffer

(TBST)
500 MM TRIS pH 7.5

1.5 M NacCl
1 % Tween 20

Chromatin Immunoprecipitation (ChlP)

Low-salt buffer

50 mM HEPES (pH 7.5)
150 mM NacCl

1 mM EDTA

1 % Triton-X 100

0.1 % SDS

0.1 % sodium deoxycholate

TLEND

10 mM TRIS (pH 8.0)

0.25 M LiCl

1 mM EDTA

0.5 % NP-40

0.5 % sodium deoxycholate

Elution buffer

50 mM TRIS (pH 7.5)
10 mM EDTA

1 % SDS

25 mM TRIS
192 mM Glycin
20 % Methanol

High-salt buffer

50 mM HEPES (pH 7.5)
500 mM NacCl

1 mM EDTA

1 % Triton-X 100

0.1 % SDS

0.1 % sodium deoxycholate

10x TE
100 mM TRIS
10 mM EDTA
pH 7.5

10x PBS

1.4 M NaCl

27 mM KCI

43 mM Na2HPO4
14 mM KH2PO4
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RNA Immunoprecipitation (RIP)

RNA IP-buffer

25 mM TRIS (pH 7.5)
150 mM NacCl

2 mM MgCI2

0.2 % Triton X 100
0.5mM DTT

Fluorescence In Situ Hybridization (FISH)

Wash buffer
1.2 M sorbitol
100 mM KPO4 (pH 6.4)

Prehybridization buffer

50 % formamide

10 % dextran sulfate

125 pg/mL tRNA from E. coli MRE600
500 pug/mL herring sperm DNA

4 x SSC

1 x Denhardt’s solution

Poly(A) tail length assay

20% PAA — 8 M Urea PAGE
4.8 g Urea

1 ml 10x TBE

5 ml 40 % acrylamide (29:1)
100 pl 10 % APS

10 ul TEMED

(total volume 10 mL)

20 x SSC (pH 7.0)
3 M NacCl
300 mM sodium citrate

50x Denhardt’s solution

1 % polyvinylpyrrolidone (PVP)
1 % bovine serum albumin (BSA)
1 % Ficoll® 400

10x TBE

1 M boric acid
1M Tris

25 mM EDTA
pH 8.3

41



Materials

4.4. Organisms

4.4.1. E. coli strains

Table 4. E. coli strains.

Strain Genotype Reference
DH5a F-endAl ginv44 thi-1 recAl relAl gyrA96 deoR nupG  (Taylor et al.,
purB20 ¢80dlacZAM15 A(lacZYA-argF)U169, 1993)

hsdR17(rK—mK+), A—

4.4.2. Yeast strains

Table 5. S. cerevisiae strains.

Strain Genotype Reference
RS453 MATa, ade2-1, his3-11,15, ura3-52, leu2-3,112, (Straller &

trpl-1, can1-100, GAL+ Hurt, 2000)
Accwl12 MATa; ade2-1, his3-11,15, ura3-52, leu2-3,112, This study

trpl-1, canl1-100, GAL+; YLR110c::kanMX4

Accwl2 CBC2-TAP MATa, ade2-1, his3-11,15, ura3-52, leu2-3,112, This study
trpl-1, can1-100, GAL+; YLR110c::kanMX4;
CBC2-CBP-TEV-protA::TRP1

CBC2-TAP MATa; ade2-1; his3-11,15; ura3-52; leu2- B. Keil
3,112;trp1-1 canl1-100; GAL+; CBC2-CBP-TEV-
protA::TRP1

Accwl2 MBP-MCP MATa; ade2-1; his3-11,15; ura3-52; leu2- J. Seidler

3,112;trp1-1 can1-100; GAL+; Accw12::kanMX;
MBP-MCP::Leu

W303 MATa, ura3-1, trpl-1, his3-11,15, leu2-3,112, (Thomas
ade2-1, can1-100, GAL+ &Rothstein,
1989)
Ahprl Mata; ura3-1; ade2-1; his3-11,5; trp1-1; leu2- R.
3,112; canl1-100; hprl::HIS3 Rothstein
CBC2-TAP CBP20-CBP-TEV-protA::-TRP1; Mata; ura3-1,; This study
trpl-1; his3-11,15; leu2-3,112; ade2-1; canl-
100; GAL+

Ahprl CBC2-TAP MATa; ura3-1; trpl-1; his3-11,15; leu2-3,112; This study
ade2-1; canl1-100; GAL+; CBC2-CBP-TEV-
protA::TRP1; hprl::HIS3

CBC2-TAP MEX67- MATa; ura3-1; trp1-1; his3-11,15; leu2-3,112; This study
6XHA ade2-1; canl1l-100; GAL+; CBC2-CBP-TEV-
protA::.TRP1; MEX67-HA::kanMX

Ahprl CBC2-TAP MATa; ura3-1; trpl-1; his3-11,15; leu2-3,112; This study
ade2-1; canl1-100; GAL+; hprl::HIS3; CBC2-
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MEXG67-6xHA
osTIR

HPR1-AID-6xHA

HPR1-AID CBC2-
TAP

HPR1-AID CBC2-
TAP MEX67-6xHA

NAB2-TAP

Ahprl NAB2-TAP

HPR1-AID NAB2-
TAP

MEX67-TAP

Ahprl MEX67-TAP

YRA1-TAP

Ahprl YRA1-TAP

THO2-9myc TEX1-
6HA MFT1-3myc
HPR1-6HA

THO2-9myc TEX1-
6HA MFT1-3myc
HPR1-6HA THP2-
TAP

Ahprl THO2-9myc
TEX1-6HA MFT1-
3myc HPR1-6HA
THP2-TAP

CBP-TEV-protA::-TRP1; MEX67-HA::kanMX

MATa; ura3-1; trpl-1; his3-11,15; leu2-3,112;
ade2-1; canl1-100; GAL+; URA3:::0sTIR

MATa; ura3-1; trpl-1; his3-11,15; leu2-3,112;
ade2-1; can1-100; GAL+; URAS3:::0sTIR Hprl-
AID-6HA::Hyg

MATa; ura3-1; trpl-1; his3-11,15; leu2-3,112;
ade2-1; canl1-100; GAL+; URA3:::0sTIR Hprl-
AID-6HA::Hyg; CBC2-CBP-TEV-protA::TRP1

MATa; ura3-1; trpl-1; his3-11,15; leu2-3,112;

ade2-1; canl1-100; GAL+; URAS3:::0sTIR Hprl-
AID-6HA::Hyg; CBC2-CBP-TEV-protA::TRP1,;
Mex67-6HA::KanMX4

MATa; ura3-1; trpl-1; his3-11,15; leu2-3,112;
ade2-1; canl1-100; GAL+; Nab2-CBP-TEV-
protA:: TRP1

MATa; ura3-1; trpl-1; his3-11,15; leu2-3,112;
ade2-1; can1-100; GAL+; Nab2-CBP-TEV-
protA::TRP1; hprl::HIS3

URAS:::0sTIR Hprl-AID-6HA (plasmid
2352)::Hyg; Nab2-CBP-TEV-protA:: TRP1

MATa; ura3-1; trpl-1; his3-11,15; leu2-3,112;
ade2-1; can1-100; GAL+; Mex67-CBP-TEV-
protA::TRP

MATa; ura3-1; trpl-1; his3-11,15; leu2-3,112;
ade2-1; canl1-100; GAL+; Tho2-9myc::KanMX4;
hprl::HIS3; Mex67-CBP-TEV-protA: TRP

MATa; ura3-1; trpl-1; his3-11,15; leu2-3,112;
ade2-1; canl1-100; GAL+; Yral-CBP-TEV-
protA::TRP

MATa; ura3-1; trpl-1; his3-11,15; leu2-3,112;
ade2-1; canl1-100; GAL+; Tho2-9myc::KanMX4;
hprl::HIS3; Yral-CBP-TEV-protA::TRP

MATa; ura3-1; trpl-1; his3-11,15; leu2-3,112;
ade2-1; canl1-100; GAL+; Tho2-9myc::KanMX4;
Tex1-6HA::Leu; Mftl-3myc:: Trp; Hprl-6HA::His

MATa; ura3-1; trpl-1; his3-11,15; leu2-3,112;
ade2-1; canl1-100; GAL+; Tho2-9myc::KanMX4;

Tex1-6HA::Leu; Mft1l-3myc::Trp; Hprl-6HA::His;

Thp2-TAP::Ura

MATa; ura3-1; trpl-1; his3-11,15; leu2-3,112;
ade2-1; canl1-100; GAL+; Tho2-9myc::KanMX4;
hprl::HIS3; Tex1-6HA::Leu; Mftl-3myc::Trp;
Thp2-TAP::Ura

K. Huhn

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
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HPR1-AID THO2-
9myc TEX1-6HA
MFT1-9myc THP2-

URAZ3:::0sTIR Hprl-AID-6HA::Hyg; Tho2-
9myc::KanMX4; Tex1-6HA::Leu; Mft1-9myc::His
Thp2-Trp

This study

TAP

4.5. Oligonucleotides

Table 6. Oligonucleotides used for cloning.

Name

CCW12-Mango |
vector fwr

CCW12-Mango I, II,
I, IV vector rev

CCW12-Mango I, II,
I, IV fragment fwr

CCW12-Mango |
fragment rev

CCW12-Mango I
vector fwr

CCW12-Mango Il
fragment rev

CCW12-Mango llI
vector fwr

CCW12-Mango llI
fragment rev

CCW12-Mango IV
vector fwr

CCW12-Mango IV
fragment rev

OE Nab2 vector fwr
OE Nab2 vector rev

OE Nab2 fragment
fwr

OE Nab2 fragment
rev

OE Yral vector fwr

OE Yral vector rev

OE Yral fragment

Sequence (5'—3’)

GAAGGGACGGTGCGGAGAGGAGAGAATGTATAAATTTT
TTATAAACTTTTTTGGCATTTAACAAATATATAACA

GAAGCCATACCAAACGACGAGCGT

ACGCTCGTCGTTTGGTATGGCTTC

TACATTCTCTCCTCTCCGCACCGTCCCTTCGAATGTATA
AATAATAATAAACTAAG

GAAGGAGAGGAGAGGAAGAGGAGAGAATGTATAAATTT
TTTATAAACTTTTTTGGCATTTAACAAATATA

TACATTCTCTCCTCTTCCTCTCCTCTCCTTCGAATGTATA
AATAATAATAAACT

GGAAGGAGGAGGGAAGAATGTATAAATTTTTTATAAACT
TTTTGGCATTTAACA

TACATTCTTCCCTCCTCCTTCCGAATGTATAAATAATAAT
AAAC

CGAGGGAGGGGAGGAGAGGCGAGAATGTATAAATTTTT
TATAAACTTTTTTGGCATTTAACAAATATAT

TACATTCTCGCCTCTCCTCCCCTCCCTCGGAATGTATAA
ATAATAATAAAC

AAAATTATTTAATGGTTGATGAATTCCTGCAGCCCGG

TGTAATGAACCACACGATCGGATATCAAGCTTATCGATA
CCGTCG

GTATCGATAAGCTTGATATCCGATCGTGTGGTTCATTAC
A

CCCCCGGGCTGCAGGAATTCATCAACCATTAAATAATTT
TGTACACTTATAATAACAC

TCATAATAGTTTTTTGAATTCCTGCAGCCCGGG

CGGGGAAATCCAATTGATATCAAGCTTATCGATACCGTC
GAC

GATAAGCTTGATATCAATTGGATTTCCCCGAACAGC
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fwr

OE Yral fragment
rev

OE Mex67 vector
fwr

OE Mex67 vector
rev

OE Mex67 fragment
fwr

OE Mex67 fragment
rev

Mex67-HA vector
fwr

Mex67-HA vector
rev

Mex67-HA fragment
fwr

Mex67- HA
fragment rev

GGGCTGCAGGAATTCAAAAAACTATTATGATAACCTTGC
TCAAGTCAAAC

CTTGGACCGTAAAACTGCCTGCAGCCCGGGGGATCCA
CT

AAAATTTGGAGGACGAATTCGATATCAAGCTTATCGATA
CCGT

GCTTGATATCGAATTCGTCCTCCAAATTTTGCACCTC

GATCCCCCGGGCTGCAGGCAGTTTTACGGTCCAAGCG
G

CTCGAATTCATCGATTAATGATATTGTTCCCTGTTTCAG
CCG

GACCTGCAGCGTACGGAACTGCACAAATGCTTCTCTAG
G

TAAACTGTATATTTTTTGTGATACTGTGCGGCTGAAACA
GGGAACAATATCATTAATCGATGAATTCGAGCTCG

AAAGGGTTTTCAGAGTAGCATGAATGGCATCCCTAGAG
AAGCATTTGTGCAGTTCCGTACGCTGCAGGTCGAC

Table 7. Oligonucleotides used for genome tagging.

Name

CBC2-TAP fw

CBC2-TAP rev
HPR1-HA frw

HPR1-HA rev

MEX67-HA fwr

MEX67-HA rev

MEX67-TAP fwd

MEXG67-TAP rev

HPR1-AID fwr

Sequence (5°—3’)

AGACCAGGTTTCGATGAAGAAAGAGAAGATGATAACTA
CGTACCTCAGTCCATGGAAAAGAGAAG

TATATATATCTGTGTGTAGAATCTTTCTCAGATATAAATT
GATTGATTCTATACGACTCACTATAGGG

GCTACTTCGAACATTTCTAATGGTTCATCTACCCAAGAT
ATGAAACGTACGCTGCAGGTCGAC

ATGAATTTCTTATCAGTTTAAAATTTCTATTAAGAGGATA
ATTTAATCGATGAATTCGAGCTCG

AAAGGGTTTTCAGAGTAGCATGAATGGCATCCCTAGAG
AAGCATTTGTGCAGTTCCGTACGCTGCAGGTCGAC

TAAACTGTATATTTTTTGTGATACTGTGCGGCTGAAACA
GGGAACAATATCATTA ATCGATGAATTCGAGCTCG

CAGAGTAGCATGAATGGCATCCCTAGAGAAGCATTTGT
GCAGTTCTCCATGGAAAAGAGAAG

TATATTTTTTGTGATACTGTGCGGCTGAAACAGGGAACA
ATATCATCATACGACTCACTATAGGG

GCAGCTACTTCGAACATTTCTAATGGTTCATCTACCCAA
GATATGAAACCTAAAGATCCAGCCAAAC
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HPR1-AID rev

NAB2-TAP fwr

NAB2-TAP rev

YRAL-TAP fwr

YRA1-TAP rev

THO2-myc fwr

THOZ2-myc rev

TEX1-HA fwr

TEX1-HA rev

MFT1-myc fwr

MFT1-myc rev

THP2-TAP fwr

THP2-TAP rev

TGCATGAATTTCTTATCAGTTTAAAATTTCTATTAAGAGG
ATAATTTACTGATATCATCGATGAATTC

CCGCAAACCAGTTTTACGCACCAAGAACAAGATACGGA
AATGAAC TCCATGGAAAAGAGAAG

AAGGGTCACAGGAACATGAATTTCGTTCCGTGATTTTAA
TAGTAATCATACGACTCACTATAGGG

CTTGAAGATCTGGACAAGGAAATGGCGGACTATTTCGA
AAAGAAA TCCATGGAAAAGAGAAG

AATTTAATAAAACCAAATTAAATCAAACAAAAAATTGACA
ATTAATTATACGACTCACTATAGGG

TCAGGCGCTTCCGCAAGGTCCCAAGGGTGGGAATTAC
GTCAGTAGGTACCAGAGGCGTACGCTGCAGGTCGAC

AACTATCAAAGTACACGTTAAAATTCAGCTCGGGTATGT
TAAGTACTAGTAATTA ATCGATGAATTCGAGCTCG

TAAGAATACTGATAGGATTGGCAAGGATAGGCCGAGTA
GATTCAACTCAAAAAAACGTACGCTGCAGGTCGAC

AATGAAAGAAAAAGAATGTGCATTTTCTACCGCATTCCT
TCCATCAGGTAACTTA ATCGATGAATTCGAGCTCG

ACTTGGAGGCACTACAAGCGATTTTAGTGCGTCTTCCT
CTGTTGAAGAAGTAAAACGTACGCTGCAGGTCGAC

CTATGTGTCTATATGCCTTTTCTATTTAGTAAGAGCTATG
CATTATACGTGGTCA ATCGATGAATTCGAGCTCG

TCGGAAAGCTATCCTGTAGATAAAGAAGGTGACATAGTT
TTAGAATCCATGGAAAAGAGAAG

GTATAACTCTATCTAACTTGTGCAGGCTGGTTAAATAAA
ATGTGCTTATACGACTCACTATAGGG

Table 8. Antisense oligonucleotides (ASOs) used for specific binding to CCW12 mRNA.

Name
ASO1
ASO2
ASO3
ASO4
ASO5
ASO6
ASO7
ASO8
LNA1

Sequence (5’—3’)
GTGTTTAAGCGAATGACAGA
TAGCAGTGGTAACGTTAGCA
AAAGCTGGGGAGACAGTTTC
TTGGGGCTTCAGTGGTCAAT
GACAGAGTGAGTTGGAGCAG
TACAACAACAAAGCAGCGGC
TAAAAAATTTAGAATGTATAAATAATAATAAAC
GTTAAATGCCAAAAAAGTTTATAAAAAATT
+GTG+TTT+A+AG+CGAATGACAGA
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LNA2
LNA3
LNA4

GTG+TTTA+AGCGA+ATGACAGA
GTG+TTT+A+AGCGAAT
GTG+TTT+A+AGCGAATGA

“+” in front of nucleotide marks modification with locked nucleic acid (LNA)

Table 9. Oligonucleotides used for gPCR.

Name

CCw12 5’ fwd
CCW12 5’ rev
PGK1 5’ fwd

PGKL1 5’ rev

NTR fwd (Mayer et al., 2010)
NTR rev (Mayer et al., 2010)
PMAL1 3’ fwd
PMAL 3’ rev
CCW12 3’ fwd
CCW12 3’ rev
YEF3 3’ fwd

YEF3 3’ rev

ILV5 3 fwd

ILV5 3’ rev

RPL9B 3’ fwd
RPL9B 3’ rev
DBP2 3’ fwd
DBP2 3’ rev
ACT1 3’ fwd
ACT1 3’ rev
RPS14B 3’ fwd
RPS14B 3’ rev
PRL28 3’ fwd
PRL28 3’ rev
RNAseH ASO1 fwr
RNAseH ASO1 rev
RNAseH ASO2 fwr
RNAseH ASO2 rev

Sequence (5’—3’)
ACTGTCGCTTCTATCGCCGC
TTGGCTGACAGTAGCAGTGG
TTGCCAACCATCAAGTACGTTT
CCCAAGTGAGAAGCCAAGACA
TGCGTACAAAAAGTGTCAAGAGATT
ATGCGCAAGAAGGTGCCTAT
CAGAGCTGCTGGTCCATTCTG
GAAGACGGCACCAGCCAAT
TGAAGCTCCAAAGAACACCACC
AGCAGCAGCACCAGTGTAAG
TCTGGTCACAACTGGGTTAGTG
GCAATCTTGTTACCCATAGCATCGA
TGGTACCCAATCTTCAAGAATGC
ACCGTTCTTGGTAGATTCGTACA
AGGACGAAATCGTCTTATCTGGT
CAGATTTGTTGCAAGTCAGCGG
CTTCACCGAACAAAACAAAGGTT
TCGGGAGGAATATTTTGATTAGCT
ATCATGAAGTGTGATGTCGATGTC
ATGGTGGTACCACCGGACATAA
AAGACCCCAGGACCAGGTG
GATACGGCCAATCCTCAAACCAG
TGGAAGCCAGTCTTGAACTTGG
TTGGTCTCTCTTGTCTTCTGGGA
CTTCTGTCATTCGCTTAAAC
AGAAGCGACAGTAGAAAATT
TACTGTCGCTTCTATCGCCGCT
CGTGGTCTTCACAAGAAGTGATGG
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RNAseH ASQO3 fwr TGTCGCCGCTGTCGCTTCTG
RNAseH ASO3 rev TCGACGGTGACGGTAGCGG
RNAseH ASO4 fwr CCGTCACCGTCGATGACGTTATC
RNAseH ASO4 rev ACTGGAGCAGCAGTAGAAGTACCG
RNAseH ASOS5 fwr GCTCCAAAGAACACCACCTC
RNAseH ASOS rev CAGCAGCACCAGTGTAAGAG
RNAseH ASO6 ASO7 fwr TGTCACCTCTTACACTGGT
RNAseH ASO6 ASO7 rev GAATTTCTACTAAATCCCAATTGT
RNAseH ASOS8 fwr GCTGCTTTGTTGTTGTAAACT
RNAseH ASOS rev AAAAACATTATATGCGTTTCGAAC

Table 10. Oligonucleotides used for extension poly(A) test (ePAT).

Name Sequence (5°—3’)

Anchor primer GCGAGCTCCGCGGCCGCGTTTTTTTTTTTT
(Janicke et al., 2012a)

TVN primer GCGAGCTCCGCGGCCGCGTTTTTTTTTTTTGC
PGK1 fwr GAATTGAATTGAAATCGATAGATC

SED1 fwr GATGTTTCTTACGCGTTGCGTG

PMAL fwr GAGCACAATTCACAACACGCAC

YEF3 fwr GGGTGATGCTTACGTTTCTTCTG

4.6. Aptamer sequences

Mango aptamer sequences consist of core sequence (in bold), left arm, right arm as
a reverse complement of the left arm. Left and right arms form an RNA stem. Core

sequence can be inserted in pre-existing or an arbitrary RNA stem.

Table 11. Aptamer sequences.

Aptamer  Sequence Reference
Mango|! TACATTCGAAGGGACGGUGCGGAGAGGAGAGAA (Autour et al.,
TGTA 2018;
Mango I TACATTCGAAGGAGAGGAGAGGAAGAGGAGAGA anchapakes
ATGTA an et al.,
2017)
Mango Il TACATTCGGAAGGAUUUGGUAUGUGGUAUAGAA
TGTA

Mango IV TACATTCCGAGGGAGUGGUGAGGAUGAGGCGAG
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AATGTA
12x MS2  On plasmid pET251-pUC 12xMS2V6 Loxp KANr Loxp (Tutucci et al.,
(addgene) 2018)
4.7. Plasmids
Table 12. Plasmids.
Name Description Reference
pRS314 pBlueScript based yeast centromere vector (Sikorski &
with TRP marker Hieter, 1989)
pRS315 pBlueScript based yeast centromere vector (Sikorski &
with LEU2 marker Hieter, 1989)
pRS316 pBlueScript based yeast centromere vector (Sikorski &
with URA marker Hieter, 1989)
pRS314- ORF + 500 bp of 5 and 500 bp of 3 UTR of  This study
CCw12 CCW12 was cloned into pRS315
pRS316- ORF + 500 bp of 5 and 300 bp of 3 UTR of  This study
CCw12 CCW12 was cloned into pRS316
pRS314- Mango | aptamer sequence integrated in 3' This study
CCW12-Mango UTR of CCW12 cloned into pRS314
I
pRS315- Mango | aptamer sequence integrated in 3' This study
CCW12-Mango UTR of CCW12 cloned into pRS315
I
pRS314- Mango Il aptamer sequence integrated in 3' This study
CCW12-Mango UTR of CCW12 cloned into pRS314
Il
pRS314- Mango lll aptamer sequence integrated in 3'  This study
CCW12-Mango UTR of CCW12 cloned into pRS314
1]
pRS314- Mango IV aptamer sequence integrated in 3'  This study

CCW12-Mango
\Y,

pRS316-
CCW12-
12xMS2V6

pBS1479

pBS1539

pRS424

UTR of CCW12 cloned into pRS314

MS2 aptamer sequence integrated in 3' UTR
of CCW12 cloned into pRS316

For genomic C-terminal TAP-tagging (CBP-
TEV-2x protein A), TRP1-KL

For genomic C-terminal TAP-tagging, URA3
marker

High copy plasmid for overexpression, Trp

Johanna Seidler

(Puig et al.,
2001)

(Puig et al.,
2001)

(Sikorski &
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marker Hieter, 1989)

pRS425 High copy plasmid for overexpression, Leu (Sikorski &
marker Hieter, 1989)

pRS424-YRA1  ORF + 500 bp of 5" and 500 bp of 3' UTR of This study
YRAL was cloned into pRS424

pRS425-YRA1  ORF + 500 bp of 5" and 500 bp of 3 UTR of  This study
YRAL was cloned into pRS425

pRS425-MEX67 ORF + 500 bp of 5" and 500 bp of 3' UTR of This study
MEX67 was cloned into pRS425

pRS425- ORF of MEX67 was C-terminal tagged with This study

MEX67-6HA 6HA; + 500 bp of 5’ and 500 bp of 3’ UTR

pRS424-NAB2  ORF + 500 bp of 5 and 500 bp of 3 UTR of  This study
NAB2 was cloned into pRS424

pRS425-NAB2  ORF + 500 bp of 5’ and 500 bp of 3 UTR of  This study
NAB2 was cloned into pRS425

pRS425-NPL3 ORF + 500 bp of 5" and 500 bp of 3° UTR of Philipp Keil
NPL3 was cloned into pRS425

4.8. Markers

Table 13. Markers.

Name Supplier

1 kb DNA Ladder NEB

1 kb Plus DNA Ladder NEB

100 bp DNA Ladder NEB

Color Prestained Protein Standard, Broad Range NEB

Low Range ssRNA Ladder NEB

RiboReady™ Color Micro RNA Ladder VWR

4.9. Enzymes

Table 14. Enzymes.

Name Supplier

DNase | Thermo Fisher Scientific
Dpn | NEB

Klenow Fragment, exo- NEB

M-MuLV Reverse Transcriptase NEB

Phusion® High-Fidelity DNA Polymerase NEB
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Proteinase K

Restriction Enzymes

RNase A

RNase H

RNase T1

SuperScript™ |l Reverse Transcriptase
SuperScript™ Ill Reverse Transcriptase
T4 DNA Ligase

T4 RNA Ligase

T5 Exconuclease

Taq DNA Ligase

Tag DNA Polymerase

Tobacco Etch Virus (TEV) protease
Zymolyase 20T

Zymolyase 100T

4.10. Antibodies

Sigma-Aldrich

NEB

Thermo Fisher Scientific
NEB

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Table 15. Antibodies.

Name Source
anti-Cbcl rabbit
anti-HA tag rabbit
anti-Mex67 rabbit
anti-Myc tag rabbit
anti-Nab2 mouse
anti-Npl3 rabbit
anti-Pgkl mouse,
monoclonal
anti-RNA Pol I mouse
(8BWG16)
anti-Sub2 rabbit
anti-Thol rabbit
anti-Tubulin rat, monoclonal
anti-Yral rabbit
ChromPure rabbit  rabbit

IgG (for ChIP, RIP)

NEB

NEB

NEB

NEB

Self-made

Self-made

Carl Roth

Carl Roth
Dilution Supplier
1:20000 Gorlich lab
1:1000 Sigma-Aldrich
1:5000 (StréaRRer et al., 2000)
1:500 Merck Millipore
1:5000 Swanson lab
1:5000 Guthrie lab
1:10000 Abcam
1:250 Covance
1:10000 (StraRer et al., 2002)
1:5000 Pineda lab
1:1000 Abcam
1:2000 (StraRer & Hurt, 2000)

Jackson IR Laboratories
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Peroxidase anti-
Peroxidase (PAP)

anti-rabbit-HRP
anti-mouse-HRP
anti-rat-HRP

4.11. Software

Table 16. Software.

Name
ImageJd, FlJI
ImageQuantTL

Microsoft Excel

RNATfold web server

rabbit, monoclonal

goat, monoclonal
goat, monoclonal

goat, monoclonal

(ViennaRNA Package 2.0)

SnapGene

QuantStudio™ Design & Analysis

Software

1:5000 Sigma-Aldrich
1:3000 Bio-Rad Laboratories
1:3000 Bio-Rad Laboratories
1:5000 Sigma

Application

Quantitative analysis (Western blot), FISH
Gel analysis

Quantitative analysis (e.g., ChIP, RIP)
RNA secondary structure prediction

Cloning, primer design
gPCR analysis
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5. Methods

5.1. Cloning

5.1.1. Polymerase chain reaction (PCR)

For the applications such as plasmid cloning and yeast genome integrations, High-
Fidelity DNA Polymerase was used to amplify DNA of interest from template (plasmid
or genomic DNA) using specific primers. The components of PCR reaction and
thermal conditions are listed in Table 17. Annealing temperature was calculated
based on primer properties using NEB Tm calculator web-tool. Extension time was
determined according to the length of expected PCR product. The length of PCR
products were checked on 1% agarose-TAE gel with addition of Intas HDGreen™ to

visualize products with UV light.

Table 17. Standard PCR reaction: components and thermal conditions.

Component 1 reaction (50 pL) Final concentration
Nuclease-free water To 50 pL

5x Phusion HF Buffer 10 L 1x

2.5 mM dNTPs 4 uL 200 uM

10 uM primer forward 2.5 uL 0.5 uM

10 uM primer reverse 2.5 uL 0.5 uM

Template DNA variable 10 ng of plasmid DNA or

100 ng gDNA/reaction

Phusion DNA Polymerase 0.5 yL 1.0 U/reaction

Step Temperature Time
Denaturation 98°C 30 sec
Amplification 98°C 10 sec
(35 cycles) 45 - 72°C 30 sec

72°C 30 sec/kb
Final extension 72°C 10 min
Hold 4°C
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5.1.2. Gibson assembly

Gibson assembly for a plasmid cloning was modified after the original protocol
(Gibson et al., 2009). Primers for a cloning were designed with SnapGene software
as two pairs: to amplify vector or fragment in PCRs. Primers were designed to have
an overlap of 30 - 40 nt. Obtained PCR products for vector and fragment DNA were
cleaned up using NucleoSpin® Gel and PCR Clean-up-kit (Macherey-Nagel). PCR
products were treated with Dpnl enzyme to digest traces of plasmid template for 30
min at 37°C with next enzyme inactivation step for 20 min at 80°C. Concentration of
vector and fragment were measured with NanoDrop and converted in pmol amounts
using the formula: pmol = (concentration in ng) x 1000 / (length in base pairs x 650
daltons). For Gibson assembly 1:3 vector to fragment pmol ratio was used (50 - 100
ng of vector in pmol, and respectively calculated amount of fragment). Vector and
fragment were added to 15 pL of Gibson Master Mix in 20 pL of total reaction volume
and incubated at 50°C for 1 hour. 2 pL of Gibson assembly product was used to

transform E. coli competent cells.

5.1.3. E. coli transformation

To transform E. coli, competent cells were prepared according to manufacturer’s
manual (Mix & Go E. coli Transformation Kit, Zymo Research) and stored at -80°C
until needed. 50 pL cell aliquot was thawed on ice, then 2 pL of Gibson assembly
product or 1 pL of plasmid (25 - 100 ng) was added and incubated on ice for 30 min.
The mixture was placed at 42°C for 1 min for the heat shock, then directly transferred
for 1 min on ice. Then 450 pyL of SOC media were added to the cells and incubated
for 1 h at 37°C and 180 rpm for recovery. 150 pL of cell suspension was spread on

LB-agar selective plates with ampicillin and incubated at 37°C overnight.

5.1.4. Colony PCR for E. coli and plasmid isolation

To test if formed after the transformation colonies are positive for the plasmid of
interest, colony PCR was performed. Small amount of the cells was scraped into
PCR reaction volume. The components and thermal conditions of the colony PCR
are listed in Table 18. Products of the PCR were separated on 1% agarose-TAE gel
with addition of Intas HDGreen™ for visualization with UV light. Colonies, positive for
expected PCR product, were used for plasmid isolation with NucleoSpin® Plasmid
(NoLid)-kit (Macherey-Nagel) according to manufacturer’s manual. Isolated plasmids

were confirmed by sequencing (Microsynth).
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Table 18. E. coli colony PCR: components and thermal conditions.

Components 1 reaction (10 pL) Final concentration

Water To 10 pL

10x Taq buffer 1uL 1x

2.5 mM dNTPs 0.8 L 200 pyM

10 uM primer forward 0.2 uL 0.2 yM

10 uM primer reverse 0.2 uL 0.2 uM

Template (cells)

Tag DNA polymerase 0.5 uL

Step Temperature Time

Initial denaturation 96°C 7 min

Amplification 96°C 30 sec

(30 cycles) 45-68°C 45 sec
68°C 1 min/kb

Final extension 68°C 5 min

Hold 4°C

5.2. Transformation of Saccharomyces cerevisiae

To transform yeast cells with plasmid of interest, overnight preculture was diluted in
50 mL of medium to OD¢oo 0.2. Yeast cell culture was grown at 30°C 180 rpm until
mid-log phase ODg( 0.6 - 0.8, then spun down (3 min 3600 rpm), washed once with
10 mL H20 and once with 500 uL solution I. Cell pellet was resuspended in 250 pL
solution | and used for transformation. For each transformation reaction 50 uL cells
were mixed with 5 pL carrier single-stranded DNA (2 mg/mL), 100 ng plasmid DNA
and 300 pL solution Il. Then cells were incubated for 30 min on the turning wheel at
RT, placed for 10 min at 42 °C and then for 3 min on ice. Cells were washed once
with 1 mL of water, resuspended in 100 pyL of water and plated on selective agar

plates.

For genomic integration, 150 pL of PCR product (ca. 5 ug DNA) was precipitated with
0.1 volume of 3 M sodium acetate pH 5.2 and 2.5 - 3 volumes of ice cold 100%
ethanol overnight. DNA was spun down for 20 min 13000 rpm at 4°C, washed with
80% ethanol, dried and resuspended in 15 yL of 1x TE buffer. This DNA was used
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for transformation reaction instead of plasmid DNA as described above, but with an
extra recovery step in 1 mL of YPD for 2 - 6 hours at 30°C and 180 rpm. After the
recovery time, cells were spun down and spread on selective media agar. Cells were
incubated for 2 - 4 days at 30°C until colonies were formed. Strains were verified with

yeast colony PCR or Western blot.

5.3. Yeast colony PCR

Small amount of yeast cells was resuspended in 15 L solution of Zymolase T20 (2.5
mg/ml Zymolaze in sodium phosphate buffer pH 7.5) and incubated for 20 min at RT,
5 min at 37°C and 5 min at 95°C. Then 60 uL of water was added and 5 yL of this
suspension was used as a template for PCR reaction with Taqg DNA polymerase

(components and conditions are listed in the Table 18).

5.4. Dot spot assay

To estimate the growth of yeast cells, a spotting assay was performed. Freshly
streaked yeast cells were resuspended in 2 mL water. The suspensions for each
tested strain were diluted to the same ODgg 0.09 (first spot). Then 10-fold serial
dilution was made for three more spots (1:10, 1:100, 1:1000). 5 yL of each dilution
were spotted on selective media agar plates, air-dried and placed at 25, 30 and 37°C

for 2 days and at 16°C for up to 6 days.

5.5. Yeast whole cell extract preparation

To evaluate a total level of the protein in cells, whole cell extracts were prepared as
described in (Knop et al., 1996). Briefly, 10 mL of the yeast culture were harvested at
ODgo of 0.6, resuspended in 500 uL water and 150 pL of pre-treatment solution and
incubated on ice for 20 min. Then 82.5 uL of 100% TCA was added and incubated
for 20 min on ice, vortex every 5 min. Samples were spun for 20 min 13000 rpm 4°C
and supernatant was discarded completely. Each pellet was resuspended in 85 pL of
1x SDS loading dye and 15 uL of TRIS-base to neutralize the acid. Sample were
boiled for 5 min 95°C, spun 3 min 13000 rpm and loaded on SDS-PAGE for the
following Western blot with antibodies against of proteins of interest. Protein levels

were quantified using Image J.
56



Methods

To verify genomic tagging of proteins, fast preparation of the cell extract was
performed. For this, small amount of the cells was scraped in 85 pyL of 1x SDS
loading dye and small amount of the glass beads was added. The cells were lysed
with FastPrep-24 5G device (45 sec 6 m/s setting) twice, boiled for 5 min 95°C, spun
3 min 13000 rpm and loaded on SDS-PAGE for further Western blot.

5.6. Tandem Affinity Purification (TAP)

To purify the protein of interest together with its interacting partners, Tandem Affinity
Purification (TAP) was used according to (Puig et al.,, 2001). For the purification,
protein of interest was tagged at the C-terminal end with TAP tag. TAP tag consists
of few modules: protein A for binding to IgG-coupled beads, TEV protease cleavage
site to elute purified proteins from IgG beads and calmodulin binding peptide CBP for
the second purification step to improve the purity of the sample. To purify nuclear
MRNPs, first purification step was used with next TEV cleavage to elute purified
complexes. To prepare cell extracts, 2 L of yeast culture were grown in appropriate
medium at 30°C 110 rpm till ODggo 3.5. The cells were harvested 5 min 5000 rpm,
resuspended in 2 mL of 1x PBS and flash-frozen by pipetting cell suspension into the
liquid nitrogen. To prevent a degradation of protein-RNA complexes, cells were lysed
by cryomilling in liquid nitrogen and stored at -80°C until use. For purification, cell
grindates were thawed in 10 mL of TAP lysis buffer supplemented with 1 mM DTT
and 1x protease inhibitor. Samples were pre-cleared by spinning down the cell debris
at 4000 rpm for 12 min at 4°C. Supernatants were spun in an ultracentrifuge at 40000
rpm for 1 hour 4°C. Separated fatty phase was removed using vacuum pump, and
supernatant was transferred to the new tube, avoiding transferring parts of the pellet.
Then 500 uL of pre-washed IgG Sepharose beads was added to the cleared lysate
and incubated for 1.5 h at 4°C on a turning wheel. After the binding step, beads with
bound proteins were spun down at 1800 rpm 3 min 4°C. Supernatant was removed,
10 mL of the TAP wash buffer was added to the beads, spun again and discarded.
The beads were transferred to Mobicol and washed with 15 mL of the TAP wash
buffer at 4 °C. After the washing step, beads were resuspended in 145 uL of the TAP
wash buffer and 5 pL TEV protease (4.2 mg/ml) and incubated for 1 h at 16 °C on the
turning wheel. After the TEV cleavage, eluates were collected by spinning Mobicol for

3 min 2000 rpm at 4°C. For the protein analysis of purified target protein and its
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interacting partners, TEV eluate was mixed with 4x SDS loading dye, boiled for 7 min
95 °C, spun down 13 000 rpm 3 min and loaded on SDS-PAGE for further Western

blot analysis.

5.7. Purification of a specific nuclear mRNP

Purification of a specific nuclear mRNP was performed in two affinity steps. In the
first step, TAP purification was done to purify all nuclear mRNP pool. It was
performed via TAP-tagged Cbc2 protein as described in 5.6 with few modifications:
ultracentrifugation at 40000 x g for 16 min at 4°C; IgG beads binding step for 1 h at
4°C; and TAP wash buffer had 100 mM KCI instead of 150 mM KCI. The second step
was done to purify only transcript-specific mMRNPs from whole pool of nuclear
MRNPs. This second step is based on the affinity of the specific ligand to the target
MRNA. In this work, two different RNA-based approaches were used: antisense
oligonucleotides (ASOs), designed to hybridize to the target mRNA, and RNA
aptamer-based approach with integrating RNA aptamer sequence into the 3' UTR of
target MRNA and using ligand that specifically binds the aptamer.

5.7.1. Antisense oligonucleotides approach
ASO design and RNAse H assay

Antisense oligonucleotides (ASOs) for CCW12 target mRNA were designed by
(Wierschem, 2020) according to the published recommendations (ladevaia et al.,
2018). Designed ASOs were tested for their RNA-binding affinity using RNAse H
assay. This assay is based on the capability of RNAse H to recognize and digest
RNA in the DNA-RNA hybrids (Zhang et al., 2021). For the RNAse H cleavage assay
TEV eluate (200 pL) after purification from the 2 L culture was adjusted to a volume
of 1 mL with 1x RNAse H buffer and 60 mM NaCl. 500 yL of the sample was taken
for a negative control (no ASO) and 500 pL for test ASO (add 100 pmol DNA ASO).
Samples were incubated for 2 h at 4°C on the turning wheel for ASO binding, then
treated with 2.5 yL of RNase H (5 U/uL) for 20 min at 37°C. RNA extraction, DNAse |
digest and gPCR were performed to check level of the target mMRNA CCW12 for
tested ASOs. As RNase H digests RNA in RNA-DNA hybrids, tested DNA ASOs with
good hybridization to CCW12 have no detectable CCW12 after RNase H treatment in
comparison to the untreated sample. If tested ASO does not bind to the target mMRNA

and does not form the DNA-RNA hybrid, the mRNA is not recognized and not
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digested by RNAse H. It leads to the same CCW12 level for treated and untreated
with RNAse H samples.

Antisense oligonucleotides (ASO) purification

The first step of purification was performed as described in 5.7 to enrich nuclear
MRNPs. ASO-based purification was optimized after (Wierschem, 2020). Obtained
TEV eluates were incubated with 100 pmol of respective ASO (2’-OMe RNA or LNA),
which was labeled at the 3’ end with biotin or desthiobiotin. The ASO binding was
done for 15 min at RT on the turning wheel. Then 100 pL of pre-washed M-280
Streptavidin magnetic beads were added and incubated for 30 min at 25°C 950 rpm.
Beads were washed 5 times with 750 yL ASO-wash buffer for 2 min on the turning
wheel at RT and collected with magnetic-particle collector. For experiments with
native elution, desthiobiotin-labeled ASOs were used. They were displaced by
incubation of the beads with 100 yL ASO-elution buffer (16 mM biotin) for 30 min at
RT on the turning wheel. 20 uL of the eluate was taken for RNA analysis with RT-
gPCR, and 80 uL for protein analysis with Western blot. For denatured elution,
directly after washing the beads were resuspended in 100 yL wash buffer and
divided for 20 yL and 80 pL for RNA and protein analysis, respectively. For negative

staining and electron microscopy imaging, native eluates were used.

5.7.2. Mango aptamer purification

To purify nuclear transcript-specific mRNP, Mango aptamer-based approach was
optimized after (Panchapakesan et al., 2017). The principle of the method is based
on specific binding of RNA Mango aptamer with its ligand — thiazole orange
desthiobiotin (TO1-Dtb). As the ligand is coupled with desthiobiotin, it can be pulled
down wusing streptavidin-coupled beads and eluted with biotin under native
conditions. For this purification plasmid was cloned, bearing the DNA sequence of
the target mMRNA CCW12 with Mango aptamer sequence integrated into the 3° UTR
region of CCW12. As a negative control was used a plasmid encoding CCW12
without Mango aptamer insertion. The plasmids were transformed into Accw12 Cbc2-
TAP strain. The first TAP step, described above, enriched the pool of nuclear mRNPs
in the TEV eluate. All next steps were performed in the dark as TO1-Dtb is light-
sensitive fluorophore. For the second, TEV eluate was incubated with 1 uL TO1-Dtb
(0.5 mg/mL) for 1 hour at 4°C. Then 100 uL of pre-washed High Capacity
Streptavidin agarose beads were added and incubated for 15 min on the turning
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wheel at RT. Beads were washed with 1 mL Mango-wash buffer 5 times for 2 min on
the turning wheel at RT and centrifuged at 20 x g for 1 min. For native elution beads
were incubated with 100 uL Mango-elution buffer (20 mM biotin) for 30 min at RT on
the turning wheel. For RNA analysis 20 yL of eluate were used for TRIzol RNA
extraction followed by RT-qPCR. For protein analysis, 80 yL were used for Western
blot. For denatured elution beads were resuspended in 100 uL BB buffer directly after
washing and divided on 20 uL for RNA and 80 uL for protein analysis. Native eluates

were used for negative staining and electron microscopy of samples.

5.7.3. MS2-MCP system for mRNP purification

An alternative aptamer-based approach to purify specific mMRNP via MS2 aptamer
and its ligand MS2 coat protein (MCP) was implemented (Zhou et al., 2002). Plasmid,
encoding CCW12 with 12xMS2 aptamer integrated into its 3’ UTR, was used for the
purification. Plasmid encoding CCW12 without aptamer was used as negative
control. The plasmids were transformed into Accw12 strain with Cbc2-TAP (for the
first step of purification) and MCP-MBP protein (for the second step). The target
MRNA with integrated MS2 aptamer binds MCP-MBP protein, which can be pulled
down via binding of MBP to amylose beads. For this approach, TEV eluate was
incubated with 25 pL of pre-washed magnetic amylose beads for 1 hour at 4°C on
the turning wheel. Beads were washed 5 times with 1 mL TAP wash buffer for 2 min
each on the turning wheel at 4°C. After the last wash, beads were incubated with 100
uL elution buffer (15 mM maltose) for 30 min on the turning wheel at 4°C. 20 uL of
native eluate was taken for RNA and 80 pL for protein analysis. Native eluates were

used for negative staining transmission electron microscopy of purified mRNPs.

5.8. SDS polyacrylamide gel electrophoresis
To separate protein according to their size, sodium dodecylsulfate polyacrylamide gel
electrophoresis (SDS-PAGE) was used (Laemmli, 1970). Protein samples were
mixed with SDS loading dye, boiled for 7 min at 95°C, spun for 3 min 13000 rpm. The
samples were loaded on 10% or 12% SDS-PAGE. The gel run at 200 V until front
dye run out of the gel. The gel with separated proteins was used for transferring onto
membrane for subsequent Western blot or stained according to modified Coomassie
staining technique (Wong et al., 2000). For the staining, gel was covered with
Coomassie staining solution, heated up in microwave and incubated on the rocket
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shaker for 15 min or longer. To remove excessive stain, gel was heated up with 10%
acetic acid and incubated for 15 min on the shaker. This step was repeated until

background was cleared.

5.9. Western blot

After the protein separation on SDS-PAGE, proteins were transferred onto
nitrocellulose membrane according to semi-dry Western blot approach (Towbin et al.,
1979). The membrane was blocked for 1 h in 5% milk-TBST at RT on rocket shaker.
Then membrane was incubated with primary antibody against the protein of interest
overnight at 4°C on the rocket shaker. Next day membrane was washed 3 times with
1x TBST for 10 min, incubated with horse radish peroxidase (HRP)-coupled
secondary antibody for 1 h at RT on the rocket shaker. Then the membrane was
washed again 3 times with 1x TBST for 10 min. Protein signal was detected with
chemiluminescence reagents CheLuminate-HPR ECL solution (Applichem), imaged

with ChemoCam Imager (Intas) and quantified with Image J.

5.10. RNA extraction

Total RNA was extracted with TRIzol reagent according to manufacturer's manual.
Briefly, 1 mL of TRIzol was added to the sample, incubated for 5 min at RT to
dissociate nucleoproteins complexes. For samples with low RNA content, hot TRIzol
was used: instead of 5 min at RT, samples were placed for 7 min at 60°C and 750
rom. Then 200 uL of chloroform was added, vortexed, incubated for 3 min at RT and
spun down for 15 min 12000 x g at 4°C. Upper phase was transferred to a new tube,
equal volume of ice-cold isopropanol was added, shortly vortexed and incubated for
10 min. Samples were spun down at 12000 x g for 10 min at 4°C. RNA formed white
pellets. Supernatant was discarded and 1 mL of 75% ethanol (in DEPC-treated
water) was added, spun down for 5 min at 7500 x g 4°C. Supernatant was discarded
completely and RNA was air-dried for 10 min to remove residual ethanol. RNA was
resuspended in 50 pL of DEPC-treated water. If DNase digest was not implemented
in the upstream protocol, samples were treated with 7 Units of DNase | for 30 min at
37°C and the digest was stopped by addition of 5 mM EDTA and incubation for 10
min at 65°C. Concentration of RNA was determined using NanoDrop and RNA was

used for downstream applications. For large sample volume (e.g., 500 yL in RNAse
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H assay), RNA was mixed with equal volume of PCI mix (Phenol:Chloroform:lsoamyl
Alcohol), vortex, spun for 10 min 14000 rpm at RT. Upper phase was transferred to a
fresh tube, mixed with 500 uL of chloroform, vortex, spun again. The upper phase
was transferred into a new tube and precipitated with 0.1 volume of 3 M sodium
acetate pH 5.2 and 3 volumes of 100% ethanol overnight at -20°C. On the next day
samples were spun down for 20 min 13000 rpm at 4°C. Precipitated RNA pellets
were washed with 80% ethanol, air-dried and resuspended in 50 yL of DEPC-treated

water for subsequent applications.

5.11. Reverse transcription

Reverse transcription was performed to synthesize cDNA from RNA templates. M-
MuLV or SuperScript reverse transcriptase enzymes were used according to
manufacturer’'s recommendations. For each reaction 100 ng of RNA template were
used and reverse transcription was performed for 1 h at 42°C. Synthesized cDNA
was precipitated with 1/10 of its volume of 3 M NaOAc pH 5.2 and 3 volumes of
100% ethanol at -20°C overnight. Then samples were spun for 20 min 15000 rpm at
4°C, washed with 80% ethanol and spun 15 min 15000 rpm at 4°C. Supernatant was
discarded completely, cDNA was dried in the vacuum evaporator and dissolved in

water to perform qPCR.

5.12. qPCR

To assess level of RNA after mRNP purification and RNA immunoprecipitation (RIP),
or level of DNA after chromatin immunoprecipitation (ChIP), respective cDNA or
purified DNA were used in quantitative real-time PCR. The components and thermal
conditions of gPCR are listed in Table 19. Standard curves were used to determine
efficiency of the qPCR primers. Melting curve analysis was perform to check
specificity of primers. Samples were diluted in water before pipetting gPCR reactions
(1:10 dilutions for samples for mRNP purification; 1:20 for ChIP experiment; 1:5 for
RIP). To run gPCR reactions QuantStudio 3 cycler (Applied biosystem) was used.
Cycle threshold (Ct) values of the samples were determined by QuantStudio™

Design & Analysis Software.
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Table 19. gPCR: components and thermal conditions.

Components 1 reaction (10 pL) Final concentration
Water 2.3 uL 100 pmol/uL

100 uM primer forward 0.1 uL 0.2 yM

100 uM primer reverse 0.1 L 0.2 uM

2x PowerUp™ SYBR 5 uL 1x

Green® Mastermix
Template (DNA or cDNA 2.5 uL

sample)

Temperature Time
95°C 10 min
95°C 15 sec
60°C 60 sec
68°C 1 min/kb
Melting curve

95°C 15 sec
60°C 60 sec
95°C 15 sec

5.13. Negative staining transmission electron microscopy

To visualize purified specific nuclear mRNPs by electron microscopy, negative
staining was used (Lusetti et al., 2003; Scarff et al., 2018). The staining procedure
included conditioning of a grid surface, absorption of particles on the grid, washing
and staining. For conditioning of the grid surface, to make it hydrophilic and “sticky”
for the particles, 30 yL of 1% alcian blue was placed on the grid for 1 min and
washed with 7 droplets of water using “Grid-On-Drop” method by putting grid on
droplet. The absorption step was done by putting the grid on 10 pL of sample droplet
to absorb purified mRNP particles for 10 min. Then the grid was washed on 3
droplets of water by a brief contact of the grid with droplet. After the last wash the
excess of water was removed with filter paper. Grid was stained on the 30 pL droplet
of 1% uranyl acetate by a brief contact with the droplet. The grid with stained sample

was used for electron microscopy (Zeiss EM900).
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5.14. Chromatin Immunoprecipitation (ChIP)
To investigate protein-DNA interactions, antibody-based Chromatin
Immunoprecipitation (ChlP) was performed according to (Fan et al., 2008; Mayer et
al., 2010). Strains with TAP tagged proteins of interest were used. 100 mL of cell
culture were grown in YPD to ODgyo 0.8 and cross-linked with 1% formaldehyde for
20 min at RT with gentle shaking. Cross-linking was quenched with 12.5 mL of 3 M
Glycin for 10 min. Spun cells (3600 rpm 3 min 4°C) were washed twice with 25 mL of
ice-cold 1x PBS, resuspended in 1 mL of ice-cold low-salt buffer, centrifuged.
Obtained pellets were frozen in liquid nitrogen and stored in -80°C until needed. For
procedure, cells were thawed on ice, resuspended in 800 uL low-salt buffer,
supplemented with 1x protease inhibitor Pl, and transferred to 300 uL glass beads.
Cell lysis was carried with FastPrep-24 5G device (45 sec 6 m/s setting) twice with 2
min break on ice in between. Lysed cells were released in TPX-tubes with 512 uL
low-salt buffer by centrifugation at 500 rpm 2 min 4°C. For chromatin fragmentation,
lysates were sonicated with Bioruptor UCD-200 (Diagenode) three times for 15 min
(30s ON/30 s OFF; “HIGH” mode) with 5 min breaks in between for cooling the
device with ice. Fragmented chromatin was spun first for 5 min 14000 rpm 4°C and
then for 10 min 14000 rpm 4°C. Concentration of DNA in supernatants was
measured by NanoDrop and all samples were adjusted to the same amount of DNA.
10 pL of adjusted samples were taken as input samples. For TAP-ChIP 15 uL of pre-
washed IgG-Dynabeads were added to the sample and incubated 2.5 h on turning
wheel at RT. For RNAPII ChIP adjusted samples were first incubated with 4 uL a-
RPB1 antibody (1 mg/mL) for 1.5 hour and then with 15 uL Protein G beads for 1
hour. After immunoprecipitation, magnetic beads were collected with magnetic-
particle collector and washed with 800 yL of buffer (2x low-salt buffer, 3x high-salt
buffer, 3x TLEND and 2x with 1x TE pH 8.0) — each time for 2 min at RT on the
turning wheel. Washed beads were resuspended in 130 pL elution buffer and
incubated in for 25 min at 65°C 1000 rpm. Eluates were collected and mixed with 80
ML 1x TE and 10 yL Proteinase K. Input samples from before were mixed with 80 uL
1x TE, 80 pL elution buffer and 10 pyL Proteinase K. Samples were incubated in
thermo-cycler for 2 min at 37°C for Proteinase K treatment and 14 hours at 65°C for
reversal cross-linking. DNA cleanup of samples was made with PCR NucleoSpin®
Gel and PCR Clean-up-kit (Macherey-Nagel) according to manufacturer's manual
and the DNA was eluted with 140 pyL 1x TE. The eluates were diluted in water (1:20)
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and used for gPCR. To determine the efficiency (E) of gPCR primers, standard
curves were used. As a negative control, non-transcribed region (NTR) on
chromosome V (174131-174200) was used. The occupancy of the target protein was
calculated as its enrichment for particular gene relative to NTR, using 2*(-AACt)
method (Livak & Schmittgen, 2001). Formula used for the quantification: (E*(Ct IP —
Ct Input)NTR)/(EN(Ct IP — Ct Input)Gene).

5.15. RNA Immunoprecipitation (RIP)

To investigate protein-RNA interactions, RNA immunoprecipitation method was
applied according to (Selth et al., 2009). Strains with TAP-tagged proteins of interest
were used. 400 mL yeast cell culture were grown in YPD at 30°C until ODgqo of 0.8.
Cells were centrifuged at 6000 rpm 3 min 4°C, washed once with cold 1x PBS, spun
again, and cell pellets were frozen in liquid nitrogen and stored at -80°C for further
use. For the experiment, cells were resuspended in 1 mL RNA IP-buffer with 20 uL
protease inhibitor. Cell suspension was divided on two equal parts: each of the parts
was lysed with 500 pL glass beads with FastPrep machine 3 times 20 sec (6m/s
setting) with 1 min break on ice in between. Lysates were released into 15 mL tube
by punching the hole in the bottom and in the top of lyse tube and spinning for 1 min
500 rpm. Lysates were centrifuged 5 min 13000 rpm at 4°C. Supernatant was
transferred to a new tube and spun for 10 min 13000 rpm at 4 °C. 900 uL of
supernatant was treated with DNAse | (660 units) for 30 min on ice. After the digest,
10 uL of samples were taken for RNA extraction (input). After this, 35 yL of pre-
washed IgG beads were added to 900 pL of lysate and incubated for 3 hours on the
turning wheel at 4°C. After the binding, beads were washed at 4°C for 8 times with 1
mL RNA-IA buffer, each wash step for 2 min on the turning wheel. After the last
wash, buffer was discarded and 1 mL of TRIzol was added directly to the beads.
Then RNA was isolated and reverse transcribed into cDNA for the next analysis by
gPCR. As negative control (nc), RIP was also performed with non-tagged protein
strain. To determine the efficiency (E) of PCRs, standard curves were used. Obtained
Ct values were used to calculate enrichment over non-tagged negative control
sample according to the formula: (E*(Ct IP — Ct Input)nc)/(E~(Ct IP- Ct Input)).
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5.16. Fluorescence In Situ Hybridization (FISH)

To determine localization of mMRNA in yeast cells, oligo(dT)50-Cy3 fluorescent probes
against poly(A)+ RNA were used. In situ hybridization was done according to
(Amberg et al., 1992). Briefly, cells were grown to ODg, 0Of 0.8 at 30°C. 8.75 mL of
cell culture was removed and fixed with 1.25 mL of 37% formaldehyde for 90 min at
RT on the turning wheel. The rest of the cell culture was shifted to 37°C on water
bath for 1 hour. 8.75 mL aliquot of these cells were fixed with 1.25 mL of 37%
formaldehyde 15 min at 37°C in the water bath and then for 75 min at RT on the
turning wheel. Cross-linked cells were spun for 5 min 3000 rpm and washed once
with 5 mL 0.1 M KPO4 pH 6.4. Then cells were resuspended in 1 mL wash buffer
(0.1 M KPO4 pH 6.4, 1.2 M Sorbitol), pelleted for 3 min 3600 rpm, treated with 100
Mg 100T zymolase in 200 pL wash buffer for 30 min at 30°C. Obtained spheroplasts
were centrifuged for 4 min 2000 rpm, washed once with 1 mL washing buffer and
gently resuspended in 800 uL of the wash buffer. 100 uL of suspension were pipetted
on poly-lysine covered coverslip. After 5 min, non-adherent cells were removed by
aspiration. Coverslips with adherent cells were air-dried for 8 min, incubated for 10
min in 200 yL 2x SSC buffer. After aspirating 2x SSC buffer from the cells, 12 pL of
prehybridization buffer was added to the cells and coverslips were incubated for 1 h
at 37°C in humid chamber. After this incubation, 0.75 pyL of 1 pmol/uL oligo(dT)50-
Cy3 probe was added and coverslips were placed at 37°C overnight in the humid
chamber. This and the following steps were performed in the dark to protect
fluorescent probe from light. After hybridization cells were washed with 3 mL 0.5x
SSC for 30 min at RT on rocket shaker. Coverslips with cells were air-dried for 5
hours. For DNA detection, 6 yL of ROTI®Mount FluorCare DAPI mounting media
was pipetted on microscope slide and dried coverslip with cells were flipped on the
slide. Coverslips were fixed to the microscope slide with nail polish. Cells were

imaged with microscope connected to CCD camera.

5.17. Poly(A) tail length assay

5.17.1. Bulk poly(A) tail assay

To assess the length of poly(A) tails, radioactive 3’ end labeling with [32P]-pCp was
performed as described in (Minvielle-Sebastia et al., 1991). Cells were grown till
ODg¢go 0of 0.8 at 30°C or shifted for 1 h to 37°C. Total RNA was extracted using TRIzol
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reagent according to manufacturer’'s manual. To label the 3’ end of RNA, 1 ug of
extracted RNA, 1 mM ATP, 10% DMSO, 0.25 uM [32P]-pCp and 10 U T4 RNA ligase
were incubated in 30 uL reaction volume overnight at 4°C. After the labelling,
everything but poly(A) tails were digested for 2 h at 37°C in 80 pL reaction volume by
using 80U RNAse T1, 4 ug RNAse A, 10 mM Tris-HCI pH 7.5, 300 mM NaCl. Then
RNA was again extracted with TRIzol, resuspended in 10 uL of DEPC-treated water,
mixed with RNA loading dye, boiled for 5 min at 95°C and placed on ice. 20% PAA —
8M Urea PAGE was pre-run for 30 min at 180 V. Samples were loaded on the gel
and run till front dye reached the lower part of the gel. Gel was wrapped in the plastic
film and phosphoscreen was placed onto the gel overnight. Signal was measured by

using phosphor imaging (Typhoon FLA 9500).

5.17.2. Extension poly(A) test (ePAT)

To assess poly(A) tail length of individual transcripts, extension Poly(A) Test (ePAT)
was implemented according to (Janicke et al.,, 2012). For the test, 25 mL of
respective yeast strains were harvested at OD¢(, 0f 0.8 and total RNA was extracted
using TRIzol as described before. The 1 ug of total RNA was mixed with 1 pL of PAT
anchor primer in 11 yL reaction volume and incubated for 5 min at 80°C. Then
reaction was cooled down to 37°C and 8 uL of master mix with Klenow polymerase
was added (4 pL 5x SSlII buffer, 1 yL 0.1 mM DTT, 1 yL 10mM dNTPs, 1 pL
Ribolock, 1 uL Klenow exo-). This step was followed by 30 min incubation at 37°C for
polymerase activity and 10 min at 80°C for its deactivation. The reaction was cooled
down to 55°C and 1 pL of reverse transcriptase SSIIl was added directly to the
reaction on the thermoblock to prevent internal priming of PAT anchor primer
associated with temperature drop. Reverse transcription was performed for 30 min at
55°C with 10 min enzyme deactivation at 80°C. Obtained cDNA was diluted in water
(1:6) and 10 pL of it was used as a template for PCR with Phusion polymerase.
Additionally, reverse transcription for size control was done using TVN primer. TVN
(also known as T12VN) is similar to anchor primers, but has two additional bases at
the 3’ end (V — A, G or C; N — any base). These bases lock primer to the 3’ poly(A)
junction and first 12 adenosines of poly(A) tail (Beilharz & Preiss, 2009). For T12VN
sample, mixture of extracted RNA from different samples in total amount of 1 ug was
mixed with TVN primer, and transcribed into cDNA by reverse transcriptase SSIll. No
extension by Klenow polymerase was implemented. Obtained cDNA was diluted in

water (1:11) and 10 uL was used for PCR. For the PCR, universal PAT anchor primer
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was used as reverse primer, and forward primer was designed in the 3’ UTR of the
transcript of interest. The 10 uL of the PCR product was mixed with DNA loading dye
and separated on 2.5% agarose-TAE gel containing Intas HDGreen™ for detection
with UV light. Alternatively, PCR products were also checked on non-denaturing
native 8% PAGE-TBE gel.

5.18. R-loop assay

To assess the level of R-loops, an assay with using S9.6 antibody against DNA-RNA
hybrid was performed. The 10 mL of yeast cell cultures was grown to ODgqo Of 0.5,
spun down for 3 min 3600 rpm, washed once with 10 mL of water, spun again. To
extract gDNA, cell pellets were resuspended in 500 yL H20, 200 yL TSNTE, 200 uL
glass beads and 300 pL PCI mixture (Phenol:Chloroform:lsoamyl alcohol), vortexed
for 5 min and spun down for 10 min 14000 rpm. Transferred upper phase was
extracted with equal volume of chloroform, spun again. After that, next upper phase
was taken and precipitated with 1.2 ml of 100% ethanol overnight at -20°C. Samples
were spun for 30 min 13000 rpm 4 °C and washed once with 80% ethanol.
Precipitated DNA was dried in vacuum evaporator for 10 min at 42 °C and
resuspended in 100 yL H20. 10 uyg of gDNA was mixed with RNase 3 (5 U) and
RNase T1 (500 U) in total reaction volume of 100 pyL. The 100 pL were divided on 2
samples per 50 yL, one of them was treated with RNase H (10 U). Both samples
were incubated at 37 °C for 2 hours. Then 2x serial dilution in SSC buffer was made
(1 ug DNA in first dot). 40 uL of each dilution was applied onto positively charged
nylon membrane in Dot Blot apparatus. After filtration in Dot Blot apparatus,
membrane was UV-crosslinked, blocked for 1 h in 5% milk-PBST and incubated with
primary antibody against DNA-RNA hybrid or dsDNA (loading control) overnight at 4
°C. Next day membrane was washed 3 times per 10 min with PBST and incubated
with secondary antibody for 1 h at RT. Then membrane was washed 3 times per 10

min with PBST and signal was detected with chemiluminescent reagents.
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6. Results

This study diverges in two directions - structural and functional. The first chapter is
dedicated to the purification of a specific nuclear mRNP and elucidating its structure
by electron microscopy. In the second chapter, the role of the protein Hprl, a

component of the TREX complex, in mMRNP assembly is investigated.

6.1. Structure of a transcript-specific nuclear mRNP

Tremendous scientific progress led to identification of numerous RNA-binding
proteins (RBPS) in S. cerevisiae and human cells (Castello et al., 2012; Mitchell et al.,

2013). However, the structure of nuclear mRNPs is still largely enigmatic.

To determine the first known structure of a nuclear mRNP, this study aimed to enrich
nuclear transcript-specific mMRNPs in a two-step affinity purification under native
conditions from S. cerevisiae. Since yield is a critical point of mMRNP isolation, highly
transcribed CCW12 mRNA was chosen as a target for the purification. In the first
step, all nuclear mRNPs were purified, in the second step only mRNPs containing the
CCW12 mRNA were specifically enriched. Morphology of the population of purified
CCW12 mRNPs was visualized by negative stain and electron microscopy.

6.1.1. Purification of nuclear mRNPs

The first step of purification was aiming to enrich the whole pool of nuclear mRNPs.
For this purpose, TAP-tagged component of cap-binding complex (CBC) Chc2-TAP
was used to pull down nuclear mRNPs with IgG-coupled beads followed by its elution
by TEV protease cleavage.

To preserve the native structure of mMRNPs, the goal was to minimize the time of the
purification, in particular because this first step has to be followed by an extra round
of RNA-specific pull down. For this purpose, TAP purification protocol was adapted
after (Wierschem, 2021). Usual TAP-binding step using IgG Sepharose beads for 2 h
was compared with 1 h binding. It has been suggested before, that magnetic non-
porous beads might have better binding properties in shorter time, than large porous

IgG Sepharose (Bonneau et al.,, 2023; Oeffinger et al., 2007). Therefore, an
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additional sample was included, where IgG-coupled M280-magnetic beads were
incubated for 30 min with the lysate. Obtained TEV eluates of nuclear mRNPs were
tested for protein and RNA level. On the Coomassie stained SDS-PAGE (Fig. 7A,
top), protein levels for 2 h and 1 h binding with IgG Sepharose look similar (line 6 and
7). On the respective Western blot (Fig. 7A, bottom), the detected proteins (MRNP
components) show similar protein levels for 2 h and 1 h binding with IgG Sepharose.
Not detected cytoplasmic protein Pgkl proves the purity of isolated nuclear mRNPs.
Incubation for 30 min with magnetic beads is not sufficient to provide a yield as good
as with Sepharose beads (Fig. 7A, line 8 cf. line 6 and 7). Remarkably, decreasing
the binding time from 2 h to 1 hour for Sepharose beads results in reduced protein
background of represented RBPs in the non-tagged WT control (Fig. 7A, bottom, line
3 cf. line 2). In accordance with the protein level, target CCW12 mRNA shows no
enrichment for the sample with magnetic beads (Fig. 7B). In case of Sepharose, the
CCW12 mRNA has higher enrichment during 1 h incubation in comparison with 2 h
binding time. Such a shortening of TAP binding step does not only minimize
purification time, but also results in higher protein and RNA yield as well as lower
background.

Another approach to minimize the purification time and increase its yield was an
adjustment of the centrifugation of lysates. In contrast to previously used
centrifugation at 27900 rpm for 1 hour (Wierschem, 2022), 15 min at 20000 rpm was
applied. The shorter centrifugation on lower speed leads to more starting material to
purify from, as there is more protein in the lysate after the centrifugation (Fig. 7C, line
3 cf. 1, line 7 cf. 5). This also results in more protein in the TEV eluate (Fig. 7C, line 8
cf. 6). Importantly, such a reduction of centrifugation speed and time does not
compromise the purity of the purification — protein background in non-tagged WT
sample remains similar (Fig. 7C, line 2 and 4). In addition, it does not lead to
contamination of the purified nuclear mRNPs by cytoplasmic protein Pgkl, which was
used as a control (Fig. 7C, bottom). In accordance to the protein level, target CCW12
MRNA also shows an increased level in TEV eluate for samples with a centrifugation
for 15 min at 20000 rpm (Fig. 7D).

Mentioned optimizations result in a higher yield of nuclear mRNPs as well as in

shorter procedure time, important for mRNP stability and integrity.
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Figure 7. Optimization of nuclear mRNP purification. Purification of nuclear mRNPs via Cbc2-TAP.
WT cells (RS453) with non-tagged Cbc2 were used as a negative control. (A, B) Optimizing the
binding time and beads type: (A) Coomassie stained SDS-PAGE of lysates and purified TEV eluates
(top) (“m” — protein marker with noted sizes, kDa). Western blotting (bottom) with antibodies against
RNA-binding proteins, components of mMRNPs. Cytosolic protein Pgkl was used to assess the purity of
the sample. (B) The level of CCW12 mRNA in TEV eluate determined by RT-gPCR. Fold enrichment
of CCW12 is calculated over its level in lysate and set to 1 for one of compared conditions (Cbc2-TAP,
Sepharose beads 2 h) (bars represent mean + SD; Student’s t-test, * p<0.05). (C, D) Optimization of
centrifugation step: (C) Coomassie stained SDS-PAGE of lysates and purified TEV eluates (top).
Western blotting (bottom) with antibodies against represented proteins. (D) The level of CCW12
MRNA in TEV eluates determined by RT-gPCR. Fold enrichment of CCW12 in Cbc2-TAP TEV eluate

is calculated over non-tagged WT control (bars represent mean = SD; Student’s t-test, * p<0.05).
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Additional attempts to minimize the purification time led to decreased purification
yield. For instance, binding time reduction from 1 h to 40 or 20 min caused reduced

level of protein and RNA in TEV eluate (Appendix Fig. 1).

After optimization of the first purification step, obtained TEV eluates enriched in
nuclear mMRNPs were used for the subsequent isolation of transcript-specific mMRNPs.

6.1.2. Purification of transcript-specific nuclear mRNPs

To purify a transcript-specific mMRNP of interest, RNA-centric methods based on
antisense oligonucleotides (ASOs) or RNA aptamers (Mango and MS2 aptamer)
were implemented. These approaches were optimized to isolate the transcript-
specific mMRNP CCW12 in high amount and purity. Morphology of the purified

transcript-specific mMRNP was visualized with electron microscopy.

6.1.2.1. Antisense oligonucleotide-based mRNP purification
ASO hybridization to the target mRNA

Antisense oligonucleotides (ASOs) are short DNA or RNA oligonucleotides that are
complementary to the target mMRNA. The ASOs for CCW12 mRNA were designed
previously by Wierschem, 2021. Since mRNA is packaged with RBPs, it means that
some of the predicted binding sites might not be accessible for ASO hybridization. To
assess this, an RNase H assay was performed. TEV eluates, obtained after Chc2-
TAP purification, were incubated with DNA-ASOs against target mMRNA CCW12 (Fig.
8A). After the binding of the DNA-ASOs to CCW12 mRNA, samples were treated with
RNase H. RNase H recognizes DNA-RNA hybrids and degrades the RNA strand.
Following RT-gPCR with primers flanking the predicted hybridization site was
performed. In case of the well accessible site on mMRNA, DNA-ASO hybridizes to it,
RNase H recognizes the hybrid and degrades the mRNA. Therefore, mRNA level
would be lower than in the control samples without ASO. On the contrary, if the
binding site is not accessible, DNA-ASO cannot hybridize, RNase H cannot digest

MRNA and mRNA levels remains the same as in the control sample (Fig. 8B).

Decreased amounts of CCW12 in comparison to “no ASO” control indicates that all
tested DNA-ASOs bind to the target mRNA (Fig. 8C). However, for ASO2 and ASO5
CCW12 levels are higher, hence, they have the lowest binding among the
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represented ASOs. Likely, their binding sites on CCW12 are not well accessible and
covered by mRNP components. The lowest amount, which represents the highest
hybridization efficiency, is observed for ASO1 and ASOS. Interestingly, their binding
sites are in the 5 UTR and 3’ UTR, respectively. This fits into the concept of mMRNA
being tightly covered by RBPs and more compact in its coding region, while 5’ and 3’

UTR being more “open” and accessible.
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Figure 8. Hybridization of ASOs to CCW12 mRNA. (A) Schematic representation of ASO binding
sites on CCW12 mRNA. (B) Scheme of the RNase H assay. DNA-ASO binds to target mRNA. RNase
H recognizes DNA-RNA hybrid and degrades mRNA. If the binding site is occupied by an RNA-binding
protein (RBP), mMRNA remains intact. Changes in mRNA level is assessed by RT-gPCR. Scheme is
created with BioRender. (C) Relative amount of CCW12 mRNA over control (no ASO) after RNase H
digest. Lower amount displays higher hybridization level (bars represent mean + SD; Student’s t-test,
** p<0.01).

Selection of ASO candidates to purify CCW12-containing mRNPs

The designed ASOs indeed bind target CCW12 mRNA, however differently. To select
the best candidate for purification of CCW12 mRNP, all 8 ASOs were tested in
comparison. This pre-selection revealed that ASOs 1 - 4 provide higher enrichment of
purified CCW12 mRNA (Appendix Fig. 2). Therefore, the ASOs 1 - 4 were tested
again, but with a Accw12 strain as negative control. The 2’-OMe modified RNA ASOs
with biotin label at their 3’ end were used. ASO-bound complexes were pull down
with streptavidin-coupled beads and analyzed for their RNA and protein content (Fig.
9A). All of these four ASOs shows specific enrichment of CCW12 mRNA over the
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control (unrelated mMRNA PGK1), but ASO1 provides the highest enrichment of
CCW12 (Fig. 9B). However, protein level does not coincide with RNA amounts. If
there is more RNA enriched with ASO1, more of co-purified proteins would be
expected. But the highest protein level is obtained with ASO3 (Fig. 9C). Such a
disparity can be explained by non-specific binding of ASOs. Presence of proteins in

Accwl12 control confirms the non-specific binding of ASOs to RBPs (Fig. 9C).
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Figure 9. Purification of CCW12 mRNP using ASO 1 - 4. (A) Scheme of ASO-based purification.
TEV eluate, enriched in nuclear mRNPs, is incubated with 2-OMe ASO, labelled with
biotin/desthiobiotin on its 3’ end. Via this tag, ASO binds to streptavidin magnetic beads. Purified
target mMRNA and its associated proteins can be eluted by denatured elution or by native elution with
free biotin. Created with BioRender. (B) Fold enrichment of purified CCW12 mRNA over unrelated
PGK1 was determined by RT-gPCR (bars represent mean + SD; Student’s t-test, ** p<0,01). (C) Co-
purified RBPs, detected with respective antibodies by Western blot. The Accw1?2 is used as negative

control.

While the mRNA level purified via ASOs is specific, the protein level is not. This rise
the question if ASOs bind both, target mMRNP and single RBPs. If so, it does not
interfere with electron microscopy and the mRNPs can be distinguished from single-
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protein background. To increase purity and yield of the purification, ASO1 and ASO3

were chosen for further experiments.

Optimization of ASO-based purification of mRNP

For electron microscopy of transcript-specific mRNPs, yield and purity are critical
parameters. To improve it, series of experiments were performed. The most crucial of

them are described below, others are summarized in Appendix table 1.

Different amounts of 2’-OMe-RNA ASO were tested for CCW12 purification. The
titration shows that the amount of ASO is critical for enrichment of CCW12 mRNA.
The highest yield of CCW12 is observed when 100 pmol ASO are used for
purification. Lower ASO amount (50 pmol) is not enough for effective hybridization to
the target mRNA and leads to lower CCW12 enrichment. Higher ASO quantities
(200, 300, 600, 1200 pmol) results in gradual decrease of enrichment of purified
MRNA (Fig. 10A). Proteins, co-purified with CCW12, shows a non-specific signal, as

there is no difference to Accwl12 control (Fig. 10B).
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Figure 10. Amount of ASO is critical for mRNA purification yield. (A) Titration of 2-OMe-ASO3
amount (0 - 1200 pmol) for mRNP purification. Enrichment of CCW12 over unrelated PGK1 was
determined by RT-qPCR. Graph represents mean + SD. (B) Co-purified RBPs determined by Western

blot for represented titration amounts of ASO. The Accw12 strain was used as negative control.
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For some proteins, higher ASO quantity corresponds to more protein in both CCW12
sample and Accwl12 control. This is contradicting to the impact of the amount of ASO
on mMRNA vyield, where increase of ASO over 100 pmol leads to lower CCW12
enrichment. Thus, more ASO binds more of RBPs instead of binding the target
CCW12 mRNA.

To estimate if other ASO types can overcome non-specific protein binding or
increase purification yield, 2’-OMe-RNA ASO was compared with locked nucleic acid
(LNA) modified RNA ASOs and with DNA ASO (Fig. 11A). The 2’-OMe-ASO1 and
respective  LNA ASO with locked nucleic modifications in several different
nucleobases (LNA1 - 4) were used for purification. The 2’-OMe-ASO1 provides the
highest enrichment of CCW12 mRNA (Fig. 11B). On protein level, 2’-OMe-ASO1 and
LNA4 have the highest signal (Fig. 11C). However, 2’-OMe-ASO1, as well as all
tested LNAs demonstrates non-specific protein binding in Accwl12 strain (Fig. 11D).
Introduction of LNA modifications increases melting temperature of ASOs. In contrast
to 2’-OMe-ASOs, LNA ASOs require higher temperature for hybridization to the
target. Likely, binding of LNA ASOs to CCW12 is not efficient enough under native
conditions and, therefore, leads to decreased amount of purified CCW12. In turn,
DNA-ASO was not able to specifically purify CCW12 mRNA (Fig. 11E). Presumably,
detected proteins in this case represents proteins non-specifically bound to the beads
or DNA-ASO (Fig. 11F).

Since non-specific protein binding is an acute problem of ASO-based purification,
competitive binding was implemented to reduce protein background. To decrease
non-specific protein binding to the beads, they were incubated with BSA prior to ASO
binding. Such a treatment does not influence the level of purified CCW12 mRNA
(Appendix Fig. 3A). On protein level, it leads to non-specific changes of copurified
proteins. While protein background in Accw12 strain and “no ASO” sample is reduced
after pre-incubation of the beads with 5% or 10% BSA, the same decrease is

observed for proteins co-purified with CCW12 (Appendix Fig. 3B).

To decrease non-specific binding of ASOs to RBPs, tRNA was added as a competitor
during ASO binding. The addition of tRNA does not affect enrichment of CCW12
(Appendix Fig. 3C), as well as it does not result in specific decrease of protein

background (Appendix Fig. 3D).
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Figure 11. ASO type affects yield of purified CCW12. (A) Structure of 2-OMe ASO and locked
nucleic acid ASO (LNA) (Quemener et al., 2020). (B) Purification of CCW12 mRNA via 2-OMe ASO1
or respective LNA ASOs with LNA modifications in different nucleobases (LNA 1 - 4). The CCW12
RNA level was determined by RT-qPCR and calculated as fold enrichment over unrelated PGK1. Bars
represent mean + SD. (C) RBPs, co-purified via 2'-OMe ASO or LNA ASOs. Protein level was
determined by Western blot against represented RBPs. (D) Non-specific binding of RBPs by LNA
ASOs in control Accwl1?2 strain visualized by Western blot. (E) Comparative purification of CCW12 via
2'-OMe RNA ASO3 or respective DNA ASO3. mRNA level was determined by RT-gPCR and
calculated as fold enrichment over PGK1. Bars represents mean + SD; Student’s t-test, * p<0.05, n.s.
— not significant. (F) RBPs, co-purified via RNA ASO3 (2’-OMe) or DNA ASO3 and determined by

Western blot.
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As shown above, CCW12 mRNA is specifically enriched via ASO, while proteins are
not. Possibly, the amount of co-purified proteins is very low and, therefore, the
difference between CCW12 and Accwl2 protein samples is not detectable by
Western blot. To increase the yield of ASO-based purification, mixture of two or six
ASOs were compared to the purification via a single ASO1. While the amount of
CCW12 was slightly increased, the background level of PGK1 mRNA had risen
considerably, especially when a mix of six ASOs was used (Appendix Fig. 4B).
Therefore, using the mix of two or six ASOs results in decreased enrichment of
CCW12 mRNA over unrelated PGK1 mRNA (Appendix Fig. 4A). On protein level,
using the mixtures of ASOs leads to increased non-specific protein binding (Appendix
Fig. 4C).

Microscopy of CCW12 purified via ASO does not detect mRNP particles

To further increase the yield of CCW12, ASO-based purification was upscaled from 2
L of culture (1x) to 24 L (12x). Amounts of ASOs or beads and washing step were
tested and adapted for 24 L culture samples. However, larger amount of culture does
not result in higher enrichment of CCW12 over unrelated PGK1 (Fig. 12A).

For some of the RBPs (Cbcl and Yral), 12x upscale leads to more protein, for
another (Nab2 and Npl3) the protein level is even lower than in the 1x sample.
Moreover, there are no specific changes for all tested proteins: Accw12 control looks
similar to CCW12 sample for both, 1x sample and upscaled 12x sample (Fig. 12B).

Electron microscopy of the native biotin eluates failed to detect mRNP patrticles (Fig.
12C). Instead of expected compact particles, there are some elongated structures
which are either debris or parts of disrupted particles. Specific enrichment of CCW12
MRNA suggests that ASOs are the good tool to purify an RNA of interest alone, but
not the native mRNPs. One of the possible explanation is that ASOs interfere with

MRNP structure and disrupt it.
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Figure 12. Microscopy of CCW12 purified via ASO does not visualize mRNP particles. (A) Fold
enrichment of CCW12 mRNA over unrelated PGK1 for 2 L (1x) or 24 L (12x) of the yeast culture (bars
represent mean = SD; Student’s t-test, * p<0.05, n.s. — non-significant). (B) Co-purified RBPs detected
by Western blot. (C) Negative staining of native eluates visualized by electron microscopy. Arrows
indicate debris or disrupted particles. No compact mRNPs were detected (magnification 140000x,
scale bars 50 nm). Negative staining and electron microscopy were done by Dr. Ulrich Gartner

(Institute for Anatomy and Cell Biology, JLU Giessen) and Johanna Seidler.

6.1.2.2. Purification of specific mRNP via Mango aptamer
Tagging CCW12 with Mango aptamer

As an alternative to ASO, aptamer-based approach was implemented. The target
CCW12 mRNA was fused to a Mango | aptamer sequence. To exclude potential
interference of the aptamer with mRNA structure, sequence was cloned into 3' UTR
of CCW12. Three different insertion positions (P1, P2 and P3) within the 3’ UTR were
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chosen to select the best candidate for further purification (Fig. 13A). Plasmids
encoding CCW12-Mango | or CCW12 without aptamer were obtained and
transformed into a Accwl12 strain. To investigate, if Mango | integration has a
destabilization effect on CCW12, mRNA levels were assessed by RT-gPCR. In
comparison to the WT CCW12 level, integration of Mango | aptamer in all three
positions does not destabilize CCW12. It shows a tendency to a slight increase of
MRNA level, but this change is not statistically significant (Fig. 13B). It also does not
impair growth of the cells at 30°C and does not display heat-sensitive phenotype at
37°C (Fig. 13C). At 16°C and 25°C Accwl2 strain has slower growth and
complementing this strain with CCW12-Mango | restored the cell growth for all three
constructs (P1, P2 and P3). It is worth to mention, that the background strain, used
for these experiments (WT RS453), was observed to have a cold-sensitive
phenotype. Remarkably, at 16°C cells with Mango | aptamer grow even better than
the WT. Taken together, it shows that integration of Mango | aptamer at three
different positions does not have negative impact on mRNA level or cell growth.
However, the accessibility of the Mango aptamer for the ligand might be dependent
on its position within the mRNA.

The aim was to determine which one of the three insertion position provides the
highest efficiency for the mRNP purification. Mango aptamer integrated into CCW12
binds its ligand thiasole orange coupled to desthiobiotin (TO1-Dtb). Subsequently,
TO1-Dtb binds to streptavidin beads and can be denatured or natively eluted with
free biotin (Fig. 13D). CCW12 with Mango | aptamer in first position (P1) showed the
highest mRNA yield among the three tested constructs, and it was significantly
different from RS453 control (Fig. 13E, left). On protein level, position P1 also
showed higher amount of co-purified proteins (Fig. 13E, right). Therefore, CCW12-
Mango | construct with aptamer insertion in the first position (P1) was selected for
further optimizations and tests. As part of the selection process, different types of
Mango aptamers were tested. Except of the mentioned above Mango |, there are
also Mango I, lll and IV with a modified sequence of the aptamer core (Appendix Fig.
5). Therefore, all four aptamer types, integrated in position P1, were tested for
purification of CCW12 mRNP. Mango | aptamer provides the best RNA and protein
yield in mRNP purification (Appendix fig. 5B). For the simplicity, from now on
CCW12-Mango | with insertion in position 1 (P1) will be named CCW12-Mango.
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Figure 13. Integration of Mango aptamer does not have destabilization effect on CCW12 mRNA
level or cell growth and can be used for mRNP purification. (A) 3 UTR of CCW12 and three

positions (P1, P2, P3) of Mango aptamer insertion. Secondary structure prediction of 3 UTR of
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CCW12 was done with RNAfold web server. (B) Integration of Mango aptamer does not destabilize
CCW12 mRNA level. The mRNA level in strains with CCW12-Mango constructs with different
positions of aptamer integration (P1, P2, P3) was assessed by RT-gPCR and quantified as CCW12
fold change over WT. Values for WT cells were set to 1. (C) Integration of Mango aptamer does not
have negative effect on cell growth. Cell growth was assessed by Dot spot assay of strains with
Mango aptamer in three different positions of CCW12 3' UTR. Cells were spotted in 10-fold serial
dilutions on the plates and grown for 2 days at 25, 30 and 37°C or 6 days at 16°C. (D) Scheme of
Mango-based purification of mMRNPs. Mango-tagged RNA binds its ligand thiazole orange (TO1)
coupled with desthiobiotin (Dtb). Desthiobiotin then binds to streptavidin beads and pulled complexes
can be natively eluted with free biotin or denatured. Created with BioRender. (E) Nuclear mRNP
purification via different CCW12-Mango constructs. Left: mRNA level in final eluate. RNA was
extracted and analyzed by RT-gPCR. Fold enrichment of CCW12 was calculated over unrelated PGK1
mRNA. Bars represent mean + SD, * p<0.05. Right: protein level detected by western blot with

antibodies against RNA-binding proteins of mMRNPs.

Notably, the ligand of Mango aptamers is the fluorophore thiasole orange (TO1). Its
fluorescence properties can be used to check functionality of Mango aptamer by
detection of TO1 fluorescence upon aptamer binding. Indeed, in accordance with
published data (Dolgosheina et al., 2014), fluorescence of TO1-Dtb can be detected
upon its binding to RNA oligonucleotide with the Mango aptamer sequence in vitro
(Appendix Fig. 6A). Moreover, it was possible to detect fluorescence of TO1-Dtb
bound to CCW12-Mango mRNA in vivo in S. cerevisiae cells (Appendix Fig. 6B).

Optimization of the Mango aptamer-based purification of CCW12 mRNP

After the selection of Mango aptamer type and its insertion position in the 3° UTR of
CCW12 mRNA, purification conditions were tested and optimized. Despite the fact
that non-porous magnetic beads are recommended for mRNP purification (Oeffinger
et al., 2007), for Mango-based purification high-capacity streptavidin agarose beads
were a better choice. While magnetic beads failed to enrich target CCW12 and had
non-specific protein binding in the control RS453 strain, the agarose beads showed
specific purification of CCW12 and no protein background in the RS453 control (Fig.
14 A and B).
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Figure 14. Type of beads and amount of TO1-Dtb ligand are important for mRNP purification via

Mango aptamer. (A - B) Streptavidin-coupled agarose beads provide better purification of CCW12-
Mango mRNPs than magnetic beads. The mRNA yield (A) and co-purified RBPs (B). Bars represent

mean + SD, * p<0.05, n.s. non-significant.

(C) Non-specific binding of TO1-Dtb to RBPs is illustrated

by presence of RBPs in CCW12 control. (D) Non-specific protein binding is due to the binding to the
TO1-Dtb (“+ TO1-Dtb”), but not to the beads (“- TO1-Dtb”). Protein levels were determined by Western
blot against the represented proteins. (E - F) Titration of ligand TO1-Dtb. Enriched mRNA level was
calculated over unrelated PGK1 (E). Co-purified proteins are detected by Western blot (F).
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As mentioned before, the purification has two steps: Cbc2-TAP to enrich all nuclear
MRNPs, and a transcript-specific step that targets the mRNA of interest. The RS453
control, used on the first steps of optimization process, does not have Cbc2-TAP, and
represents the absence of non-specific binding to the beads. Using as a control the
Cbc2-TAP strain with non-tagged CCW12 detected RNA-binding proteins (Fig. 14C).
This indicates non-specific protein binding to the TO1-Dtb ligand, but not to the
beads (Fig. 14D). In contrast to the ASO-based purification, for Mango aptamer the
protein level in CCW12 control was lower than in CCW12-Mango sample. Therefore,
further optimizations were performed to further decrease the protein background in

the control strain.

Thus, it was decided to determine what amount of TO1-Dtb ligand is sufficient to
effectively bind the CCW12-Mango RNA. Decrease of TO1-Dtb concentration by 6
times (to 1 nmol) leads to the highest enrichment of CCW12-Mango mRNA (Fig.
14E). However, going even lower to 0.5 nmol results in a significant reduction of
CCW12-Mango enrichment. On protein level, for 1 nmol TO1-Dtb there are still some
non-specific protein binding in the CCW12 control (Fig. 14F). Remarkably, for 1 nmol
TO1-Dtb sample, protein level is much lower than for 6 nmol. This supports the idea,
that the unbound TO1-Dtb binds to the single RBPs. That would explain the
disproportion for 6 nmol samples, where the strongest protein signal did not match

with lower RNA levels.

Further tests were carried out to improve the yield and purity of the Mango-based
purification. The optimization conditions and their conclusions are summarized in the

Appendix table 2.

Morphology of CCW12-Mango mRNP

Despite of all optimization and improvements of CCW12-Mango purification, yield
continued to be a critical point for visualization of the particles by electron
microscopy. To increase the number of purified particles, purification from usual 2 L
yeast culture sample (1x) was upscaled and optimized for 24 L culture (12x). Indeed,
this upscaling significantly increased the mRNA vyield of target CCW12-Mango
without compromising the purity of mRNA (Fig. 15A). On protein level, upscaling
resulted in more Cbcl, Nab2 and Yral, and difference between control CCW12 and

target CCW12-Mango was clear. But Npl3 protein showed high non-specific binding
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in the control sample (Fig. 15B). Upscaling of the sample resulted in sufficient
number of particles for visualization with electron microscopy (Fig. 15C). Since
MRNA level is very specific and protein level is enriched in comparison to the control,
the observed patrticles are likely CCW12-Mango. However, observed particles do not
look uniform and have different shapes. Perhaps, mRNPs lose their integrity during
sample preparation procedure and need to be stabilized with mild crosslinking before

visualization with negative staining.
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Figure 15. Microscopy of CCW12-Mango mRNP visualizes particles. (A) Fold enrichment of
CCW12 over PGK1 for 1x (2 L) and 12x (24 L) purification, determined by RT-gPCR. Bars represent
mean = SD, * p<0.05, ** p<0.01. (B) Co-purified proteins detected with respective antibodies by
Western blot. (C) Negative staining of obtained particles (indicated with arrows) in a native eluate,
detected by electron microscopy (magnification 140000x, scale bar 50 nm). Negative staining and
electron microscopy was done by Dr. Ulrich Gartner (Institute for Anatomy and Cell Biology, JLU

Giessen) and Johanna Seidler.
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6.1.2.3. MS2-MCP system to purify specific mRNP
Another alternative approach to purify specific CCW12 mRNP is via MS2 aptamer
and its ligand MS2-coat protein (MCP). Purification protocol of CCW12-MS2 from 2 L

of yeast culture was established and optimized by Johanna Seidler (unpublished).

For this study, the protocol for 2 L culture purification (1x) was adapted for a 24 L
upscaled purification (12x) to increase the yield of mRNP particles for visualization
by electron microscopy. For the purification, the strain Accwl12 Cbhc2-TAP, expressing
the MS2-coat protein (MCP) tagged with maltose-binding protein (MBP) was
transformed with plasmid encoding CCW12-MS2 or CCW12 as a control. In the cells
MCP-MBP binds the MS2 loop of target mMRNA, and via MBP it can be bound to

amylose beads with subsequent native elution with maltose (Fig. 16A).

The 12x upscaling results in specifically increased enrichment of CCW12-MS2
MRNA (Fig. 16B). Remarkably, amount of proteins, co-purified with CCW12-MS2, is
greatly increased in 12x sample in comparison to 1x sample. Furthermore, there is a
clear difference in protein level between control CCW12 and CCW12-MS2 for
upscaled samples (Fig. 16C). In the electron microscopy it was possible to detect
particles. Similar to the observed CCW12-Mango patrticles, the CCW12-MS2 patrticles
have different shapes (Fig. 16E). In comparison, in the TEV eluate enriched with all
nuclear mRNPs, the particles are very compact (Fig. 16D). Extending the purification
with MS2 isolation step of specific mMRNP seems to lead to the loss of this compact
structure. Perhaps, alike for Mango-based purification, to stabilize the particles,
CCW12-MS2 might need cross-linking in native eluate before imaging, or even in the

TEV eluate where particles are still compact.

Overall, the described purifications of transcript-specific nuclear mMRNP CCW12 via
Mango or MS2 aptamer results in detectable particles of a size of around 28 nm.
Further improvement are required to obtain more stable uniform particles which can
be used for further studying of mRNP structure and stoichiometry, for instance by
cryo-electron microscopy and cross-linking mass spectrometry. Certainly, these
aptamer-based methods can be adapted to enrich different transcript-specific mMRNPs

within different species to compare their structure and composition.
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Figure 16. Upscaling the CCW12-MS2 purification results in detectable particles. (A) Scheme of
MRNP purification via MS2-MCP system. MS2-tagged mRNA binds its MCP ligand, tagged with MBP
tag. The MBP binds to amylose beads. Particles are released by native elution with maltose. (B) The
MRNA level of CCW12 purified from 1x (2 L) or 12x (24 L) culture, calculated as fold enrichment over
unrelated PGK1. Bars represent mean = SD, * p<0.05, ** p<0.01. (C) Co-purified proteins detected by
Western blot with respective antibodies. (D) Negative staining of nuclear mRNPs in TEV eluate (1%
step of purification) (magnification 50000x, scale bar 200 nm). (E) Negative staining of the native
eluate enriched with CCW12-MS2 mRNPs (indicated with arrows) (2" step of purification)
(magnification 30000x, scale bar 200 nm). Negative staining and electron microscopy of 12x upscaled
eluates were done by Janett Piesker (Max Plank Institute for Heart and Lung Research) and Johanna
Seidler.
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6.2. Role of THO/TREX component Hprl in mRNP assembly

Hprl is a protein of the pentameric subcomplex THO, which is part of the TREX
complex. Hprl is involved in transcription and mRNA export. In addition, its deletion
is associated with increased genomic instability and hyperrecombination (Chavez et
al., 2001; Strafer et al., 2002; Wellinger et al., 2006). The aim of this study was to
elucidate the role of Hprl in mRNP assembly and export for better understanding of

the molecular mechanisms of mMRNA export in Saccharomyces cerevisiae.

6.2.1. Depletion of Hprl with the auxin-inducible degron system

Hprl is a non-essential protein, therefore deletion of HPR1 is not lethal for the cells.
However, gene deletion causes long-term changes in phenotype, which may be
associated with the accumulation of secondary effects. In order to estimate the first
changes in the cell in the absence of Hprl, auxin-inducible degron (AID) system was
implemented to deplete Hprl. The AID system provides rapid depletion of the protein
of interest upon addition of the plant hormone auxin to the growth media. Natural
(indole-3-acetic acid, 1AA) or synthetic (1-naphtaleneacetic acid, NAA) auxin triggers
a pathway of proteasome degradation of AID-tagged protein (Fig. 17A).
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Figure 17. Rapid depletion of Hprl upon addition of auxin. (A) Scheme of AID system modified
after (Nishimura et al., 2009). Addition of auxin promotes the interaction of OsTIR1 and AlD-tag of the
target protein. It leads to the recruitment of E2 ligase, that ubiquitinates AID and targets the protein for
degradation by the proteasome. (B) Protein level of Hprl at different time points of incubation with
1mM auxin (IAA). Western blot of the whole cell extracts with respective antibodies. Pgkl was used as
a loading control. Hprl level was quantified with ImageJ and normalized to Pgkl. Data represents

mean * standard deviation (SD).
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For depletion, HPR1 was tagged at the C-terminal end with AID tag. Addition of 1 mM
IAA resulted in rapid depletion of Hprl (Fig. 17B). Already after 20 min of auxin
treatment the level of Hprl in the cells was drastically decreased. The lowest Hprl
level was observed after 1 hour of incubation with auxin. Longer time points did not
bring further changes in the protein level. Therefore, for the next depletion

experiments 1 h of auxin treatment was applied.

6.2.2. Growth defects in the absence of Hprl

To assess how the depletion of Hprl affects cell growth, dot spot assay was
performed. Without auxin treatment (- IAA), HPR1-AID strain grows like wild-type at
tested temperatures. However, presence of auxin (+ IAA) causes the depletion of
Hprl and leads to growth defects of HPR1-AID in comparison to WT (W303),
especially at 16, 25 and 37°C. At 30°C, the temperature optimal for yeast, the growth
is slightly impaired (Fig. 18A). In comparison, growth of Ahprl cells slows down more
than for the depletion. The Ahprl cell growth is notably impaired already at 25 and
30°C. In accordance to the published data (Betz et al., 2002), Ahprl strain shows
major cold- and heat-sensitive phenotypes at 16 and 37°C (Fig. 18B). Such growth

defects can be associated with various altered processes in the cell, one of them is

MRNA export.
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Figure 18. Depletion of Hprl and deletion of HPR1 leads to temperature sensitive growth
phenotypes. (A) Dot spot growth assay of WT and HPR1-AID cells. Serial dilutions of cells were
spotted onto control plates without auxin (- IAA; YPD) or auxin-containing plates (+ IAA; YPD) for Hprl
depletion. (B) Dot spot growth assay of WT and Ahpr1 strains on YPD plates. Cells were grown for 2

days at 25°C, 30°C and 37°C or for 6 days at 16°C.
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6.2.3. MRNA export defect in the absence of Hprl

Hprl, as a part of TREX complex, is involved in mRNA export. It was observed
before that Ahprl cells accumulate poly(A)+ RNA in the nucleus at 30°C and after 2 h
shift to 37°C (Stralker et al.,, 2002). Indeed, at the optimal 30°C some cells of the
Ahprl strain display mild mRNA export defect, which is enhanced by an 1 h shift of
the cells to 37°C (Fig. 19).

mRNA DNA mRNA DNA

o . .
o . .
- . .
HPR1-AID

- 1AA

HPR1-AID

+[AA

30°C 37°C

Figure 19. Nuclear mRNA export is impaired in the absence of Hprl. mRNA export was analyzed
by fluorescence in situ hybridization (FISH) at 30 and 37°C. mex67-5 strain, known for strong export
defect at 37°C, was used as a positive control. WT W303 and HPR1-AID (-IAA) were compared with
deletion of HPR1 (Ahprl) or depletion of Hprl (HPR1-AID + IAA). Poly(A)* RNA was visualized with

oligo(dT)50-Cy3, DNA was stained with DAPI.
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Furthermore, rapid depletion of HPR1-AID upon auxin addition (+ IAA) also resulted
in accumulation of MRNA in the nucleus. Interestingly, in case of Hprl depletion
more cells accumulate mMRNA at 30°C than at 37°C. As a positive control strain
mex67-5 was used. It has a very strong mRNA export block when shifted to 37°C.
Noticeably, mRNA export defect in the absence of HPR1 was not as strong, as for
mex67-5. Since HPR1 is not essential, cells are either trying to compensate its
absence by some alternative mechanisms of mMRNA export, or only export of certain

RNAs is affected upon deletion/depletion of HPR1.

6.2.4. Nuclear mRNP composition is changed upon
depletion/deletion of HPR1

To assess the role of Hprl in mRNP assembly, nuclear mRNP purification was
performed in a WT strain and strains with deleted/depleted HPR1. Nuclear mRNPs
were enriched via Chc2, a component of CBC, tagged at the C-terminus with a TAP-
tag. Co-purified proteins in obtained TEV eluates were analyzed by Western blot for
RBPs known to be a part of mRNPs.

Remarkably, short Hprl depletion for 20 min does not affect mRNP composition
(Appendix fig. 7). Depletion of Hprl upon 1 h incubation with auxin leads to slight
increase of poly(A)-binding protein Nab2 in lysates, as well as exhibits the first
changes in the mRNP composition (Fig. 20A-B, Lysate). The first reaction on the
absence of the Hprl is over 2-fold increase of Nab2 in nuclear mRNPs, while the rest

of represented proteins remains unchanged (Fig. 20A-B, TEV eluate).

Deletion of HPR1 leads to increased levels of Nab2 and Yral in lysates (Fig. 20C-D,
Lysate). The Ahprl strain that displays long-term changes shows even higher
increase of Nab2 level in nuclear mRNPs. Additionally, levels of mRNA export
adaptor Yral and mRNA exporter Mex67 are increased in nuclear mRNPs (Fig. 20C-
D, TEV eluate). Therefore, as a response to the absence of Hprl, first Nab2 level

increases, with a following increase of Mex67 and Yral in mMRNP composition.
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Figure 20. Nuclear mRNP composition specifically changes in the absence of Hprl. (A) Cbhc2-

TAP purification of nuclear mRNPs from strain with WT Hprl (- IAA) or strain after 1 h Hprl depletion

(+ 1AA). (B) Quantification of the protein levels in lysates (upper panel) and TEV eluates (lower panel)
for WT (-IAA) and Hprl depletion (+lAA). (C) Cbc2-TAP purification from WT and Ahprl cells. (D)

Quantification of the protein levels in lysates (upper panel) and TEV eluates (lower panel) for WT and

Ahprl cells. Proteins were detected by Western blot with antibodies against the indicated RBPs.

Protein levels were quantified with ImageJ and normalized to the signal of Pgk1 for lysates and to the

CBC subunit Cbcl for TEV eluates. Protein levels for WT cells were set to 1 (bars represent mean +
SD; Student’s t-test, **p<0.01; ***p<0.001).
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It is worth noting that longer Hprl depletion for 6 h was characterized by changes in
MRNP composition, similar to ones observed in Ahprl strain (Appendix fig. 7).
Interestingly, depletion of Hprl for 3 h affected mRNP composition differently: in
addition to increased level of Nab2, reduced level of other RBPs — Sub2 and Tho1 —
was observed (Appendix fig. 7). This suggests the presence of intermediate states of
MRNP composition between the first reaction upon Hprl depletion and long-term

changes in Ahprl cells.

6.2.5. RNA binding of Nab2, Yral and Mex67 is increased in Ahprl

strain

As depletion of Hprl leads to increase of Nab2 level and deletion of HPR1 — to
increased levels of Nab2, Mex67 and Yral, the aim was to check RNA-binding
properties of mentioned proteins by RNA immunoprecipitation. For this, proteins of
interest were pulled down via TAP-tag and IgG antibodies and co-
immunoprecipitated RNAs were analyzed by RT-qPCR. Highly transcribed intronless
(PMA1, CCW12, YEF3, ILV5, RPL9B) and intron-containing (DBP2, ACT1, RPS14B,

RPL28) transcripts were chosen for analysis.

Despite the fact that Hprl depletion led to increased Nab2 level in nuclear mRNPs
(Fig. 20A-B), the RNA immunoprecipitation experiment showed no difference in RNA
binding of Nab2 upon Hprl depletion (Fig. 21A). This might be an indicator, that
observed 2-fold increase in the amount of Nab2 in nuclear mRNPs represents more
molecules of Nab2 on the same mRNP, rather than recruitment of Nab2 to more
transcripts.

In contrast to Hprl depletion, Ahprl cells showed increased RNA binding of Nab2
(Fig. 21B). Likely, in Ahprl cells there are more molecules of Nab2 on the same
MRNP as well as increased recruitment of Nab2 to more transcripts. Proteins Yral
and Mex67 also showed increased binding to all analyzed transcripts in Ahprl cells
(Fig. 21B-D). Therefore, the general tendency shows that Nab2, Mex67 and Yral
have increased RNA-binding properties and are recruited to more transcripts in Ahprl

strain.
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Figure 21. RNA binding of Nab2, Yral and Mex67 increases in Ahprl cells. (A) Binding of Nab2 to
RNA upon depletion of Hprl (+ 1AA). (B, C, D) Respectively, RNA binding of Nab2, Mex67 and Yral is
increased in Ahprl cells. The level of MRNA was determined as enrichment over the level of a non-
tagged control by RT-qPCR (bars represent mean = SD; Student’s t-test; *p<0.05; **p<0.01).

6.2.6. Occupancy of Nab2 and Yral at transcribed genes is

increased in Ahprl strain

To determine whether more Nab2, Mex67 and Yral is already recruited co-
transcriptionally, chromatin immunoprecipitation (ChlP) was performed. The protein
of interest with TAP-tag was pulled down via IgG beads and analyzed for co-
precipitated DNA by gPCR. As for RNA immunoprecipitation, highly transcribed

intronless and intron-containing genes were analyzed. It was shown before that the
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occupancy of RNAPII is decreased in Ahprl strain (Huertas et al., 2006; Mason &
Struhl, 2005). Indeed, for tested highly transcribed genes around two-fold decrease
of RNAPII occupancy was observed for Ahprl cells (Fig. 22A). Recruitment of RBPs
is dependent on transcription level. To take into account changes in transcription in
Ahprl cells, occupancies of proteins of interest were normalized to RNAPII

occupancy.
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Figure 22. The occupancy at transcribed genes in Ahprl cells is increased for Nab2 and Yral,
but not changed for Mex67. (A) The occupancy of RNAPII is decreased in Ahprl strain. (B, C) The
occupancies of Nab2 and Yral are increased in the absence of HPR1. (D) Mex67 occupancy for the
most of the tested genes remains unchanged. The protein occupancy was assessed by chromatin
immunoprecipitation (ChlIP). Obtained enrichments were calculated over non-transcribed region (NTR,
174131-174200 on chr. V), normalized to RNAPII occupancy level and set to 1 for WT strain (bars
represent mean + SD; Student’s t-test; *p<0.05; **p<0.01; *** p<0.001). Experiment was performed by
Salome Barbakadze.
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Occupancy of Nab2 was increased for all tested genes in a Ahprl strain (Fig. 22B). In
a similar way, occupancy of Yral was increased for almost all tested genes (Fig.
22C). On the contrary, occupancy of Mex67 remained unchanged for nearly all tested
genes (Fig. 22D).

Collectively, deletion of HPR1 leads to increased co-transcriptional recruitment or
retention of Nab2 and Yral to chromatin, perhaps for their further loading onto
MRNP. Observed increase of Mex67 in nuclear mRNPs in Ahprl cells does not
happen already co-transcriptionally, but it seems to be loaded onto mRNPs later in a

post-transcriptional manner.

6.2.7. Overexpression of Nab2 or Yral suppresses the nuclear

MRNA export defect of Ahprl cells

Mex67-Mtr2 is a general mMRNA exporter. Mex67 binds to RNA with low affinity and
requires adaptor proteins to be recruited to the mRNA to mediate the export. In a
current model of mMRNA export, Yral is an adaptor of Mex67. However, also other
nuclear mRNP components such as Nab2 and Npl3, as well as Hprl itself, are
suggested to be export adaptors of Mex67 (Gilbert & Guthrie, 2004; Iglesias et al.,
2010). Interestingly, Mex67, Nab2 and Yral are increased in nuclear mRNPs in
Ahprl strain, but NplI3 levels remain unchanged (Fig. 20C-D). Since nuclear mRNA
export is impaired in Ahprl cells, potentially, cells are trying to bypass nuclear mRNA
retention by increasing the level of Nab2, Yral and Mex67. To check this, Nab2, Yral
and Mex67 were overexpressed in Ahprl cells using high-copy plasmids encoding
the respective protein. Additionally, overexpression of Npl3, which did not show any
changes in mMRNP composition, but known to be another export adaptor of Mex67,
was included. WT (W303) and Ahprl strains were transformed with an empty vector
for comparison. Strikingly, overexpression of Nab2 or Yral suppresses nuclear
MRNA export block of Ahprl cells for both, 30 and 37°C, and nuclear mRNA export

becomes restored and comparable to the WT (Fig. 23).

Despite the fact that Mex67 is also increased in mRNPs in Ahprl cells,
overexpression of this protein does not suppress mRNA export defect. The same is
observed in case of Npl3 overexpression (Fig. 23). No changes for Npl3

overexpression can indicate that Npl3, as an export adaptor, is not involved in mRNA
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export in Ahprl strain. On the contrary, mRNA export adaptors Nab2 and Yral can

promote mMRNA export in Ahprl cells.

Ahpr1
WT Ahpr1 Nab2 OE Yra1 OE Mex67 OE NpI3 OE

o . . .
30°C

- . . .

o . . .
37°C

N . . .

Figure 23. Nuclear mRNA export defect in Ahpr1 cells is suppressed by overexpression (OE) of
Nab2 or Yral, but not Mex67 or Npl3. mRNA export is visualized via fluorescence in situ
hybridization (FISH) at 30 and 37°C. mRNA was detected by oligo(dT)50 coupled to a Cy3-fluorecent
dye. DNA was stained with DAPI.

6.2.8. Overexpression of Nab2 or Yral suppresses growth defect of
Ahprl strain

Since overexpression of Nab2 or Yral suppress mRNA export defect in Ahprl strain,
dot spot assay was performed to check if it also restores impaired growth. In
accordance with mRNA export results, overexpression of Nab2 and Yral were able
to suppress the heat-sensitive phenotype of Ahprl cells at 37°C, as well as its growth
defect at 30°C (Fig. 24). Despite the fact that overexpression of Mex67 and Npl3 in
Ahprl cells does not have an impact on mRNA export, these cells grow slightly better
at 37°C than Ahprl cells without overexpression. Perhaps, this effect is not
associated with mRNA export, but some other process in the cell. Interestingly, at

16°C overexpression of Yral suppresses cold-sensitive phenotype of Ahprl, while
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overexpression of Nab2 has very subtle effect on growth. A similar effect is also
observed for 25°C, where Ahprl cells overexpressing Yral grow faster than cells
overexpressing Nab2. It can suggests different mechanism of suppression by Yral
and Nab2 at 16°C and 25°C, or stronger influence of Yral overexpression on the cell
growth.

16°C 25°C 30°C 37°C
WT pRS425 oo - oD i | oo + . |l@O®G"°
pRS425 ® ® & . e © -
pRS425-NAB2 | @ ® = - ® o o -
Ahpr1 | pRS425-YRAT | @ & - 03+ - |[|l@gow .|| ®@
pRS425-MEX67| ® & . @ # - ® » - ® =
pRS425-NPL3 | ® ® ® % ®

E— F— =
Yeast cell density

Figure 24. Growth defect of Ahprl cells is suppressed by overexpression of Nab2 or Yral. Dot
spot growth assay of WT, Ahprl cells and Ahprl cells overexpressing Nab2, Yral, Mex67 and Npl3.
Serial dilutions of cells were spotted onto SDS (-Leu) plates. Cells were grown for 2 days at 25°C,
30°C and 37°C or for 6 days at 16°C.

6.2.9. Overexpression of Nab2 or Yral leads to increase of Nab2

and decrease of Mex67 in nuclear mRNPs

To understand how overexpression of Nab2 and Yral suppresses the mRNA export
defect of Ahprl cells, mMRNP composition in these cells was assessed. Since Mex67
and Npl3 overexpression did not improve mRNA export defect in Ahprl strain, it was
also important to investigate if they affect mRNP composition at all. As described
before, nuclear mRNPs were enriched via Cbc2-TAP and levels of co-purified
proteins were determined by Western blot (Fig. 25A). Interestingly, changes in
protein level can be already observed in lysates (Fig. 25B, upper panel). In
comparison to the WT, deletion of HPR1 leads to increase of Nab2 and Yral in
lysate. Overexpression of Nab2 in Ahprl cells leads to a further increase in the
amount of Nab2 and Yral in the lysate. And vice versa, Yral overexpression in
Ahprl cells results not only in increase of Yral levels, but also of Nab2 levels. These
changes suggest a close interrelation between Nab2 and Yral, particularly in the
cells lacking HPR1.
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Figure 25. Overexpression of Nab2 or Yral in Ahpr1 cells leads to increased amount of Nab2
and decreased amount of Mex67 in nuclear mRNPs. (A) Protein levels determined by Western blot
with antibodies against respective protein in lysate (left) and TEV eluates (right). (B) Quantification of
the protein levels in lysates (upper panel) and TEV eluates (lower panel). Protein levels were
guantified with ImageJ and normalized to the signal of Pgkl for lysates and to the CBC subunit Cbcl

for TEV eluates. Protein levels for WT cells were set to 1 (bars represent mean + SD; Student’s t-test,

p<0.001; ** p<0.01; * p<0.05; asterisks with brackets represent comparison between WT and Ahpr1

cells, asterisks without brackets represent comparison to Ahpr1 cells).
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In comparison to the Ahprl strain itself, overexpression of Mex67 in Ahprl cells does
not influence the amount of other tested RBPs in the lysate. Interestingly,
overexpression of NplI3 in Ahprl cells also causes a slight increase of Yral in

comparison to the lysate of Ahprl cells.

Analysis of TEV eluates, i.e. enriched nucear mRNPs, demonstrates specific
changes in composition of nuclear mRNPs (Fig. 25B, lower panel). It was shown
above that deletion of HPR1 results in increased level of Nab2, Yral and Mex67, but
not NplI3 in nuclear mRNPs (Fig. 20C-D). In case of overexpression of Nab2 in Ahprl
cells, even more of Nab2 is incorporated into mRNPs, while Mex67 levels decrease
(Fig. 25B, lower panel). Surprisingly, overexpression of Yral does not lead to
incorporation of more Yral into mRNPs, but to increased amount of Nab2 and
decreased level of Mex67. This is fascinating, because overexpression of Nab2 or
Yral restores the nuclear mRNA export in Ahprl cells and causes similar changes in
nuclear mRNPs. Moreover, the observed increase of Nab2 amount in nuclear
MRNPs upon Yral overexpression might indicate that Yral recruits more Nab2 to the
MRNPs. This Nab2 increase seems to be specific and, likely, it is not an artifact of
the increase observed in lysate, since higher level of Yral in the lysate does not

result in an increased abundance of Yral in nuclear mRNPs.

Mex67 overexpression in Ahprl cells does not change mRNP composition: even
though there is more of Mex67 in the lysate, in TEV eluates levels of all tested RBPs
remains the same as in Ahprl cells without overexpression (Fig. 25B). This could
explain the absence of an effect of Mex67 overexpression on the impaired mRNA
export in Ahprl cells (Fig. 23). This also illustrates, how exquisitely mRNA export is
regulated — more of the mRNA exporter Mex67 does not mean improved mRNA
export. On the contrary, Mex67 level is decreased to the WT level within mRNP upon
Nab2 or Yral overexpression in Ahprl cells. It suggests that excess of Mex67 either

leads to impaired mRNA export or it is a response on nuclear mRNA retention.

6.2.10. Yral overexpression in Ahprl cells leads to increased

occupancy of Yral and Nab?2 at transcribed genes

Since overexpression of Yral in Ahprl results in increased level of Nab2 composing

the mRNP, it suggests that Yral recruits more of Nab2 to the mRNP. To check if this
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recruitment takes place already co-transcriptionally, chromatin immunoprecipitation

experiments were performed.

Upon Nab2 overexpression in Ahprl cells, its occupancy was not changed for almost
all tested transcripts, and for two of them it even showed a decreased level (Fig.
26A). This suggests that the observed increase of Nab2 in nuclear mRNPs occurs

post-transcriptionally with loading more of Nab2 onto the mRNP.
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Figure 26. Overexpression of Yral in Ahprl cells results in increased occupancy of Yral and
Nab2 at the genes. (A) Occupancy of Nab2 in Ahprl cells does not change upon Nab2
overexpression. (B) The occupancy of Yral in Ahprl cells increases upon Yral overexpression. (C)
The occupancy of Yral in Ahprl cells remains unchanged upon Nab2 overexpression. (D) The
occupancy of Nab2 in Ahprl cells increases upon Yral overexpression. The protein occupancy was
assessed by ChIP. Obtained enrichments were calculated over non-transcribed region (NTR) and
normalized to RNAPII occupancy level of the respective strains. Level of RNAPII was unchanged for
compared samples (data not shown) (bars represent mean = SD; Student’s t-test; *p<0.05; **p<0.01;
*** n<0.001). Experiments (A) - (C) were performed by Salome Barbakadze.
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In case of Nab2 overexpression, Yral occupancy at represented genes also
remained unchanged (Fig. 26C). Yral overexpression in Ahprl cells leads to
increased occupancy of Yral at the genes (Fig. 26B). Interestingly, Nab2 occupancy
is also increased by Yral overexpression in Ahprl cells (Fig. 26D). Perhaps, upon
overexpression Yral recruits more Nab2 to the genes co-transcriptionally for its
further loading onto nuclear mRNPs. Likely, in case of sufficient amount of Nab2
upon its overexpression, assistance of Yral for loading Nab2 onto mRNP is not

needed.

6.2.11. Suppression of the mRNA export block or growth defect in

Ahprl cells is not associated with polyadenylation of RNA

Based on the data above, impaired mMRNA export and growth of Ahprl cells are
restored, when more of Nab2 is incorporated into mRNPs. To find the mechanism in
which excess of Nab2 can suppress the nuclear mRNA export defect, a number of
potential hypotheses were tested. Nab2 is a protein especially important for
regulation of poly(A) tail length (Hector et al., 2002). To check, if overexpression of
Nab2 overcomes nuclear mRNA retention by regulating RNA polyadenylation,
poly(A) tail lengths for bulk mMRNA were assessed. The 3’ ends of total RNAs,
extracted from respective yeast strains, were radioactively labeled. Non-poly(A)
RNAs were digested, and undigested poly(A) tails were separated by Urea PAGE
(Fig. 27A). As a positive control, thermosensitive mex67-5 cells were used, which
display elongated poly(A) tails after shift to 37°C (Estruch et al., 2012). Indeed, for
mex67-5 control strain, poly(A) tails are noticeably longer after cells were shifted from
30°C to 37°C for 1 hour (Fig. 27B, lane 7 cf. 14). However, for the Ahprl strain and
Ahprl with Nab2,Yral, Mex67 or Npl3 overexpression there is no such prominent
difference in the length of poly(A) tails as in mex67-5 cells (Fig. 27B, lanes 1 - 6 for
cells grown at 30°C, lanes 8 - 13 for 37°C). Potentially, there could be changes in
poly(A) tail length, which were not visualized because of the limitation of the method.
Furthermore, only some transcripts might have a different poly(A) tail length, but not
bulk mMRNA. To determine this, extension poly(A) test (ePAT) assay was applied
(Janicke et al., 2012). Here, the length of the poly(A) tails of individual transcripts is
determined by using anchor primer for reverse transcription, followed by subsequent
gene-specific PCR (Fig. 27C).
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Figure 27. Length of poly(A) tails does not change in Ahpr1 cells and in Ahpr1 cells with
overexpression of Nab2, Yral, Mex67 or Npl3. (A) Scheme of poly(A) tail assay for bulk mRNA.
Total RNA was extracted and labelled at the 3’ end with [32P]pCp. The RNA was treated with an
RNase mix to digest all RNA except of poly(A) tails. The poly(A) tails were separated by Urea PAGE
and visualized by phosphor imaging. Scheme is modified after (Nousch et al., 2013). (B) Bulk poly(A)
tail length of Ahprl cells without and with overexpression (OE) of Nab2, Yral, Mex67 or Npl3. Poly(A)
tails from the respective strains grown at 30°C (black) or shifted for 1 h to 37°C (red), radioactively
labeled and separated on 20% PAA Urea PAGE. RNA size is specified on the left side of the gel (20-
100 nt). (C) Scheme of ePAT assay for individual transcript modified after (Janicke et al., 2012). (D)
Poly(A) tail length for individual transcripts. Total RNA was extracted, annealed with an anchor primer
and extended with Klenow polymerase. RNA was reverse transcribed at 55°C to avoid internal
priming. Obtained cDNA was amplified with transcript-specific primer. For T12VN size control, no
extension by Klenow polymerase was done, but reverse transcription with T12VN primer, that was
anchored to the poly(A) site. This results in a product with a 12-adenosine tail. Obtained PCR products
were separated on 2.5% agarose-TBE gel. DNA ladder sizes (100-300 nt) are indicated on the left
side of the gel.
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As transcripts of interest, two highly transcribed transcripts, PMA1l and YEF3, that
have increased RNA-binding activity of Nab2 in RNA immunoprecipitation
experiments in Ahprl cells (Fig. 21B) were chosen. Additionally, two other mRNAS,
SED1 and PGK1, that were reported to be hyperadenylated in the absence of Nab2
(Hector et al., 2002) were tested. The T12VN primer was used as a size control for
the product with 12 adenosines tail. The 2 variable nucleotides VN (V is A, G, or C,
and N is any base) tether this primer to the polyadenylation site (Beilharz & Preiss,
2009). Obtained PCR products were examined for the shift for longer or shorter
poly(A) tail. However, a clear shift is not observed for Ahprl strain in comparison to
the WT for all tested transcripts (Fig. 27D). Overexpression of Nab2 or Yral also
does not affect poly(A) tail length of these four representative transcripts. Likely,
overexpression of Nab2 or Yral suppresses the nuclear mRNA export defect in
Ahprl strain using a mechanism that does not dependent on the poly(A) tail length of
MRNAS.

6.2.12. Overexpression of Nab2 or Yral in Ahprl cells is unrelated

to R-loops or transcription termination

Deletion of HPR1 is associated with increased genomic instability and formation of
harmful R-loops. R-loops are three-stranded structures that consist of a DNA-RNA
hybrid and a displaced single-stranded DNA. They contribute to genetic instability by
impairing transcription elongation (Huertas & Aguilera, 2003). Some RBPs resolve R-
loops, for instance overexpression of Thol in Ahprl strain leads to decreased level of
R-loops (Miosga, 2022). To test the hypothesis that effect of Nab2 or Yral on mRNA
export in Ahpr1 strain could be explained by R-loop resolution, an R-loop assay was
performed with respective strains (Fig. 28). For Nab2, Yral and Mex67
overexpression in Ahpr1 strain, no significant difference in comparison to Ahpr1 cells
was observed. Remarkably, overexpression of Npl3 was able to slightly decrease R-
loop levels in Ahpr1 strain (Fig. 28B). Interestingly, Anpl3 cells were reported to have
R-loop mediated transcription-dependent instability (Santos-Pereira et al., 2013). This
suggests that NplI3 is another RBP potentially involved in R-loop prevention. Overall,
these results propose that mechanism of restored mRNA export by Nab2 or Yral

overexpression in Ahprl cells is independent of R-loop resolution.
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Figure 28. R-loop level in Ahpr1 strain is not affected by overexpression of Nab2, Yral or
Mex67, but Npl3. (A) Serial dilutions of genomic DNA from respective strains were spotted and UV-
cross-linked to a positively charged membrane, followed by incubation either with an antibody S9.6
against DNA-RNA hybrid for R-loop visualization, or an antibody against dsDNA as a loading control.
Specificity of the S9.6 antibody was confirmed by treatment of the samples with RNase H. (B) Level of
R-loops was quantified with ImageJ and normalized to dsDNA. The R-loop level for Ahprl cells was
set to 1 (bars represent mean + SD; Student’s t-test, ** p<0.01; * p<0.05).

To check another potential mechanism of mMRNA export block suppression, it was
important to investigate transcription termination. Hprl, as a part of the THO/TREX
complex, is important for transcription elongation but also termination. Interestingly, it
has been reported that Nab2 depletion leads to a genome-wide transcriptional
readthrough (Alpert et al., 2020). To assess if deletion of HPR1 causes
transcriptional readthrough and if Nab2 overexpression can suppresses it, RT-qPCR
was performed. The transcriptional readthroughs were determined using primers
downstream the 3' UTR and normalized to the expression level of representative
transcripts (Fig. 29A). Choice of target transcripts UBC9, DTD1 and RPL2A was
made based on transcripts with transcriptional readthrough caused by Nab2
depletion (Alpert et al., 2020). Transcript VHR2 was included, since it exhibits
transcription readthrough in Anpl3 cells (Holmes et al., 2015). Quantification of
readthrough and its normalization to the gene body level revealed that RPL2A and
VHR2 have longer transcripts in Ahprl cells, but this defect is not suppressed by

overexpression of Nab2, Yral, Mex67 or NplI3 (Fig. 29B).
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Indeed, for some individual transcripts deletion of HPR1 can lead to transcriptional
readthrough and results in longer transcripts. However, this transcription termination

defect is not a mechanism to suppress mRNA export defect in Ahpr1 strain.
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Figure 29. Transcriptional readthrough is observed for some transcripts in Ahpr1 cells, but it is
not suppressed by overexpression of Nab2, Yral, Mex67 or Npl3. (A) Scheme of primer positions
to detect readthrough and normalize it to the number of transcripts (primers in gene body). (B) Amount
of longer transcripts with transcriptional readthrough was determined by RT-gPCR and normalized to

the gene body level. WT level was set to 1 (bars represent mean + SD).

6.2.13. Deletion of NUP60 leads to the similar changes of mRNP

composition as deletion of HPR1

As shown above, nuclear mRNPs have higher level of Mex67 in Ahprl cells with
defective mRNA export, while decrease of Mex67 to the WT level upon Nab2 or Yral
overexpression suppresses the mRNA export defect in Ahprl cells (Fig. 25B).
Perhaps, the observed increase of Mex67 in Ahprl cells (Fig. 20C-D) is not a
mechanism to compensate defective mRNA export, but a cause or consequence of

MRNA retention in the nucleus.

To check if high levels of Mex67 can promote the mRNA export block, WT cells were
transformed with plasmids overexpressing Mex67 and its cofactor Mtr2. However,
overexpression of Mex67-Mtr2 does not lead to higher Mex67 levels in nuclear

MRNP, and therefore it does not affect mRNA export (Appendix Fig. 8).
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Since it was not possible to “force” Mex67-Mtr2 into mMRNPs by overexpression, it
was decided to check mMRNP composition in other strains with defective mRNA
export. If increased levels of Mex67 observed in Ahprl cells is a cause of the nuclear
MRNA retention, then it might also be detected for other strains that show an mRNA
export defect. To assess it, Cbc2-TAP purification of nuclear mRNPs in cells with
deleted NUP60 or NUP1 was performed. Nup60 and Nupl are FG-nucleoporins
located on the nucleoplasmic side of the NPC. Deletion of NUP60 or NUP1 leads to
accumulation of poly(A)+ RNA in the nucleus (Fischer et al., 2002). Deletion of NUP1
has no effect on mRNP composition (Fig. 30). Therefore, it is important to verify if

Anupl strain indeed has mRNA export defect as it was reported before.

Interestingly, deletion of NUP60 leads to increased levels of Nab2, Yral and Mex67
in nuclear MRNPs (Fig. 30B, right panel). This is similar to the changes observed in
Ahprl cells (Fig. 20C-D). Moreover, identically to the Ahprl cell lysate, Nab2 and

Yral were also increased in Anup60 cell lysate (Fig. 30B, left panel).

Overall, increased levels of Mex67, Nab2 and Yral might be a specific response to
deletion of one of the components of the mRNA export pathway associated with
nuclear mRNA retention. This would explain why deletion of HPR1 (involved in early
steps of mMRNA export) results in similar mRNP composition as deletion of NUP60

(later steps of MRNA export).
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Figure 30. Deletion of NUP60 leads to the similar mRNP composition changes as deletion of
HPR1. (A) Representative RBPs in lysates and TEV eluates in WT, Anupl and Anup60 strains.
Proteins enriched in Cbc2-TAP purification were detected by Western blotting with antibodies against
the indicated RBPs. (B) Protein levels in lysates (left panel) and TEV eluates (right panel) were
guantified with ImageJ, normalized to the signal of Pgkl (for lysates) or to the signal of the CBC
subunit Cbcl (for eluates) and set to 1 for WT cells (bars represent mean + SD; Student’s t-test,
*p<0.05; **p<0.01; ***p<0.001).
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7. Discussion

7.1. Structure of a transcript-specific nuclear mRNP

The first aim of this study was to purify a specific nuclear mRNP from
Saccharomyces cerevisiae under native conditions and determine its structure by
electron microscopy. Up to date, mRNP architecture is poorly investigated. Only few
studies purified and visualized a pool of nuclear mRNPs (Batisse et al., 2009;
Bonneau et al., 2023; Pacheco-Fiallos et al., 2023). Moreover, there are no reported
structural studies of native transcript-specific mRNPs, which would be crucial for
understanding the structure and stoichiometry of different mMRNPs.

This study provides a comparison of RNA-centric approaches to isolate highly-
transcribed nuclear mRNP of CCW12 in two-step affinity purification. In the first step
all nuclear mRNPs were enriched via Cbc2-TAP. Optimization of the first step of
purification reduced the isolation time by 2 hours as well as increased yield of
CCW12 mRNPs. After Cbhc2-TAP purification step, TEV eluates enriched with all
nuclear mRNPs, were used for the second step of CCW12 isolation via RNA-centric
approaches. Purification protocols were established and optimized to improve
purification yield and specificity as well as to preserve the structure of target mMRNPs.
Obtained results demonstrates that aptamer-based approaches using the MS2 or
Mango system can be used to purify specific nuclear CCW12 mRNPs in sufficient

amount to visualize the particles by electron microscopy.

7.1.1. ASO-based purification specifically enriches CCW12 RNA, but
not native mRNPs

The ASO-based methods were used before to analyze the protein interactome of
specific RNAs by mass spectroscopy or to isolate cross-linked protein-RNA
complexes (Chu, Zhang, Da Rocha, et al., 2015; West et al., 2014; Yoon & Gorospe,
2016). This study aimed to purify endogenous mRNPs with ASOs under native

conditions for detection by electron microscopy.

Important criterion for ASO-based purification was the type of ASO. First generation
DNA ASOs have been reported for purification of c-Myc mRNA and its interacting

proteins in a K562 human cell line (Spiniello et al., 2019). However, in our study,
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DNA ASOs does not enrich the target CCW12 (Fig. 11E). Either DNA ASO cannot
affectively anneal to CCW12 or its annealing leads to CCW12 degradation by cellular
RNase H.

The second generation 2’-OMe-RNA ASO provides specific purification of CCW12
MRNA in higher yield than the third generation LNA ASOs (Fig. 11B). However,
Accwl12 negative control revealed non-specific protein binding of ASOs (Fig. 9C).
Non-specific protein binding was reported before for the first generation
phosphorothiolates ASO (Hyjek-Sktadanowska et al., 2023). However, second and
third generations — 2’-OMe and LNA ASOs — also show non-specific protein binding
in our study. This non-specific protein binding can be explained by electrostatic
interaction between negatively charged ASOs and positively charged residues of
proteins. Furthermore, RBPs might have predisposition to bind these RNA ASOs
independently of sequence specificity. Applying competitor binders (BSA or tRNA)
does not reduce the non-specific protein binding (Appendix fig. 3B, D). Moreover,
using random RNA ASO as competitor also fails to decrease the non-specific protein

binding (Johanna Seidler, unpublished).

A critical point for ASO-based purification was the amount of the oligonucleotides.
The optimal 100 pmol ASO amount provides the highest mRNA vyield. Increasing the
amount to 200, 300, 600 and 1200 pmol leads to a gradual decrease of CCW12
yield, but increase of protein signal for the most of represented RBPs (Fig. 10).
Perhaps, unbound fraction of the ASO binds single RBPs.

Despite the optimization of ASO purification, non-specific protein binding remained to
be its major pitfall. If ASOs would bind both, mMRNP and single RBPs, it would not
interfere with electron microscopy. In this case mRNPs can be distinguished from the
single-protein background. It might be, that the protein enrichment is so low, that
differences for Accwl2 control and CCW12 are not detectable by Western blot.
However, for upscaled purification (from 2 L yeast culture to 24 L) protein signals
remained unspecific (Fig. 12A, B). Examination of the native eluates with electron
microscopy showed no detectable compact particles. Some elongated structures
were observed (Fig. 12C). It could be either disassembled particles or some debris.
Perhaps, ASO binding can lead to disruption of mMRNPs. This coincide with the
observation, that ASOs bind RNAs with high specificity, but fail to specifically co-
enrich RBPs. It is also possible that ASOs do not disassemble the mRNPs, but the
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sample preparation for electron microscopy affects the particle structure. According
to (Bonneau et al., 2023), isolated nuclear mMRNPs were not detected by cryo-EM.
Instead, only the long fibers were visible, which could represent single RNAs. Only
switching the visualization method to cryo-electron tomography (cryo-ET) resulted in
detectable compact particles (Bonneau et al., 2023). While compacted yeast mRNP
particles expected to be around 30 nm, the 1000 nt long linear RNA has a size of
around 340 nm (Batisse et al., 2009). The mRNA of interest CCW12 consists of 507
nucleotides. Therefore, structures about 120 nm in size, observed in the native
eluates, are either unfolded RNAs disrupted by ASOs or some unrelated debris.

Taken together, it was demonstrated that ASOs can be used to specifically isolate
RNA of interest, but is not suitable for purification of native mRNPs. However, its high

hybridization potential can be used for isolation of mMRNPs stabilized by crosslinking.

7.1.2. Purification of CCW12 mRNP via Mango or MS2 aptamer

results in detectable particles

As an alternative approach, aptamer-based purifications were used to isolate CCW12
MRNP. First attempts of the purifications were done with streptavidin-binding 4xS1m
aptamer integrated in the 3’ UTR of CCW12. This aptamer showed promising results
for in vitro purifications of RNA-protein complexes (Leppek & Stoecklin, 2014).
However, in our purification of endogenous mRNPs, the yield of CCW12-4xS1m
purification was very low (data not shown). Since the amount of particles is essential
to obtain the mRNP structure, more efficient aptamer systems were required. Mango
aptamer was originally developed to label and visualize RNA upon its binding with
fluorophore ligand thiazole-orange (TO1) (Dolgosheina et al., 2014). Coupling TO1
with desthiobiotin (Dtb) enables the usage of this ligand for isolation of RNAs. While
the ASO method does not require any manipulation of the mRNA, position of aptamer
insertion can interfere with RNA structure and affect the purification. Insertion of
Mango aptamer in 3’ UTR of CCW12 mRNA did not have any destabilization effect
on CCW12 mRNA level or cell growth (Fig. 13, B, C). It seems that in these cases the
aptamer integration does not interfere with CCW12 functions in the cells.

Purification via Mango aptamer provided specific enrichment of CCW12 mRNA (Fig.
13E). Notably, some non-specific protein binding of TO1-Dtb was observed in a non-

tagged CCW12 control (Fig. 14D). On the contrary to the ASO-based method, a clear
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difference in protein signal between CCW12 control and CCW12-Mango was
observed. Upscaling CCW12-Mango purification from 2 L to 24 L of yeast culture
resulted in a 5-fold increase in enrichment of CCW12-Mango mRNA (Fig. 15A), as

well as an increase in protein level for most of the represented proteins (Fig. 15B).

Using another aptamer MS2 and its ligand MS2-coat protein (MCP) was also
successful for isolation of CCW12-MS2 mRNPs. In this case, upscaling to 24 L led to
an over 3 times increase in enrichment of CCW12 mRNA (Fig. 16B). Furthermore,
co-enriched protein level was specific and the best among the all implemented
methods (Fig. 16C).

Purification yield is crucial for low abundant transcript-specific mMRNP. The upscaling
of CCW12-MS2 and CCW12-Mango resulted in a significant 3 - 5 times increase of
the particle count in the native eluates. For electron microscopy a certain amount of
particles is required. The absolute values of CCW12 were calculated using a defined
amount of linearized CCW12-bearing plasmid for gPCR (Johanna Seidler,
unpublished data). The quantification suggests, that the lysate from 2 L culture
contained 2.44 pmol of CCW12 (1471 x 10° copies), while the respective TEV eluate,
enriched with nuclear mRNPs, had 0.28 pmol (170 x 10° copies). Hence, in the TEV
eluate there are around 10% of lysate CCW12. Likely, most of CCW12 in the lysate
are cytoplasmic. The final native eluate enriched in transcript-specific mMRNP from 2 L
cultures had around 0.0002 pmol of CCW12. Upscaling of Mango or MS2-based
purification to 24 L cultures increased it up to 0.001 pmol (0.57 x 10° copies) of
specific mMRNP in 100 uL of eluate. The amount of particles seems to be sufficient for
detection. For instance, suggested limitation for electron microscopy of a 65 nm virus
is 107 particles/mL (Blancett et al., 2017). Therefore, the 12x upscaling of the
purifications is supposed to provide enough particles for the detection by electron

microscopy.

Indeed, negative staining of native eluates resulted in detectable particles for both,
CCW12-Mango (Fig. 15C) and CCW12-MS2 (Fig. 16E) purifications. For comparison,
the TEV eluate with the whole pool of nuclear mMRNPs was visualized with electron
microscopy. In the TEV eluate particles were compact and had around 28 nm in size
(Fig. 16D). This coincides with the expected size of yeast mMRNPs purified before via
Nab2-TAP using GraFix method (Batisse et al., 2009). GraFix includes sucrose

gradient centrifugation with glutaraldehyde cross-linking. Particles, obtained by
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GraFix, had a size range of 15 - 35 nm and elongating shape. For our study, some of
nuclear mRNPs in the TEV eluate were looking more globular, others were slightly
elongated. Since it is a mix of different nuclear mRNPs, they can have more

elongated shape in case of longer mRNA within a particle.

Since purified CCW12 mRNA and its associated proteins were specifically enriched
via Mango or MS2 aptamers, observed particles are expected to be CCW12-
containing mRNPs. However, examination of the native eluates revealed that
obtained particles does not look uniform (Fig. 15C, 16E). Differences in shape might
indicate that RBPs dissociate and need to be stabilized with mild crosslinking before
negative staining and microscopy. If it does not result in the expected uniformity, the
particles need to be stabilized during the purification. For instance, they could be
crosslinked in the TEV eluate, where particles were still very compact and uniform.
To avoid a decrease of purification yield, only mild cross-linking has to be applied.
The particle amount is a critical criterion for this study. This is the reason why the
described GraFix method (Batisse et al., 2009) is not favorable for this research.
Gradient centrifugation leads to a loss of material and cross-linking is associated with
a decrease of purification yield.

To prove that purified particles are indeed the CCW12 mRNPs, immunogold labeling
can be used. For instance, immunogold-labeled antibody against MS2-coat protein
(MCP) (ligand of MS2 aptamer) can be applied. Moreover, this labeling can visualize
CCW12-MS2 already in TEV eluates, where particles are desirably compact.
However, the TEV eluate is a mixture of different nuclear mRNPs. To increase a
chance to detect transcript-specific CCW12, it has to be overexpressed.
Unfortunately, immunogold labeling cannot be exclusively used for CCW12-Mango,
as its ligand is not a protein, but the small molecule TO1-Dtb. Therefore, only RBPs

could be labeled, but they are considered to be the same for all mMRNPs.

Our study focused on the isolation of transcript-specific mMRNPs in S. cerevisiae.
Another recent study reports the structure of human TREX complex together with
compact globular mRNPs (Pacheco-Fiallos et al., 2023). These human mRNPs were
larger (around 45 nm), had a globular uniform core and were covered on their surface
with three TREX complexes. However, isolated yeast nuclear mRNPs did not have
TREX complex on their surface (Bonneau et al., 2023). Observed differences

between human and yeast mMRNPs can be either species-determined or caused by

113



Discussion

different sample preparations. For human TREX-mRNP isolation, cross-linking and
treatment with nuclease was used to obtain separated particles on the grid (Pacheco-
Fiallos et al., 2023). However, such manipulations could interfere with  mRNP
structure. Additionally, observed difference could reflect different biogenesis stages
of MRNPs. Purification via THO/TREX components would represent earlier stages of
MRNP formation, whereas TREX is thought to disassociate from mRNPs before they

are directed to the export.

Taken together, this study shows that Mango and MS2 aptamer provides efficient
purification of transcript-specific CCW12 mRNP in sufficient amount for detection by
electron microscopy. Visualized particles have an expected size of around 28 nm.
Furthermore, observed particles will be stabilized by cross-linking and examined via
cryo-EM or cryo-ET and cross-linking mass spectrometry. Advanced mRNP structure
and stoichiometry still needs to be discovered, but the possibility to isolate transcript-
specific mMRNPs is a big step in this complex process. It can help to understand the
differences between different transcript-specific mRNPs within one or different

organisms at different stages of their biogenesis.

7.2. Role of THO/TREX component Hprl in mRNP assembly

The second aim of this study was to investigate the role of the protein Hprl in mRNP
assembly. Hprl is a part of the TREX complex, important for coupling transcription
and mRNA export (StraRer et al., 2002). However, it remains unknown how Hprl
affects the mRNP assembly. This study shows that deletion of HPR1 leads to
increase of MRNA export adaptor proteins Nab2 and Yral and mRNA exporter
Mex67 in nuclear mRNPs. It reveals that overexpression of Nab2 or Yral bypasses
MRNA export defect of Ahprl cells. This restored mMRNA export associated with
increase of Nab2 and decrease of Mex67 to the WT level in nuclear mRNPs.
Moreover, deletion of nucleoporin NUP60 results in similar changes in nuclear
MRNPs as deletion of HPR1: increase of Nab2, Yral and Mex67.
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7.2.1. Absence of Hprl is associated with growth and mRNA export

defects

Deletion of HPR1 is known to impair cell growth (Betz et al., 2002). Indeed, growth of
Ahprl strain is drastically impaired at 37°C and 16°C, and slower than the WT at
25°C and 30°C (Fig. 18B). Hprl depletion also lead to impaired cell growth. However,
the cells are more tolerant to the cold or heat at 16°C or 37°C than Ahprl strain (Fig.

18A). Defective growth reflects defective cellular processes.

Hprl is involved in mRNA export. It becomes essential when general mMRNA exporter
Mex67 is defective (Jimeno et al., 2002). In accordance to the published data, Ahprl
strain has an mMRNA export defect at 30°C, which is enhanced at 37°C (Fig. 19). The
depletion of Hprl upon 1 h auxin addition also results in mMRNA export defect (Fig.
19). Hence, it illustrates that the first response on the absence of Hprl affects the
MRNA export.

It was shown that not only Ahprl strain, but others deletion mutants of THO proteins
have a similar effect on mRNA export (Strafer et al., 2002). Potentially, this mRNA
export defect can be associated with the absence of a functional THO complex.
Thp2-TAP co-precipitation showed, that upon HPR1 deletion the THO complex is no
longer formed (Appendix fig. 9A). Protein Thp2 remains associated with Mftl
(Appendix fig. 9A). This fits to the predicted structure of the yeast THO complex,
where Thp2 and Mftl form an interaction platform (Schuller et al., 2020). However,
the interactions of Thp2 with Tho2 and Texl1l in Ahprl strain are lost. It remains
unknown if Tho2 stays to be bound to Tex1l. Co-precipitation of the largest Tho2
protein in Ahprl strain can answer this question. Overall, observed defects in Ahprl

cells are consequences of non-functional THO complex.

7.2.2. mRNP assembly in the absence of Hprl

Depletion of Hprl-AID is associated with very first changes of mMRNP composition,
while Ahprl strain represents long-term changes. After 20 min of auxin treatment,
when 75% of Hprl is depleted (Fig. 17B), no differences in mRNP composition was
observed (Appendix fig. 7). Likely, the response on the shorter depletion time is not
yet formed. Depletion of Hprl for 1 h, when the whole cell Hprl level drops to around
5% (Fig.17B), leads to a 2-fold increase of Nab2 in nuclear mRNPs (Fig. 20A-B).

Remarkably, longer Hprl depletion for 3 h results in even higher level of Nab2, but
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decrease of RBPs Sub2 and Thol. This intermediate state is very distinct from other
depletion points or deletion of HPR1. It speaks for dynamic changes of mRNPs
during Hprl depletion. Depletion of Hprl for 6 h leads to further increase of Nab2 and

Yral increase. This is similar to nuclear mRNPs in Ahprl cells.

In Ahprl cells, there is 5-fold increase of Nab2 level, as well as 2-fold increase of
Yral and Mex67 in nuclear mRNPs (Fig.20C-D). Potentially, the increase of Nab2,
Yral and Mex67 might be an attempt to bypass defective mRNA export in Ahprl
cells. Interestingly, level of another Mex67 adaptor, the protein Npl3 remains
unchanged upon HPRL1 deletion (Fig. 20C-D). It suggests the existence of different
MRNA export pathways involving Yral, Nab2 or Npl3 as adaptors of Mex67.
Interestingly, reported RNA immunoprecipitation experiments suggests that Nab2
and Npl3 can be preferentially associated with different subset of RNAs. For
instance, Npl3 was largely associated with transcripts of ribosomal proteins, while
Nab2 was enriched for transcripts of proteins required for transcription (Guisbert et
al., 2005). Another study showed that Nab2 preferentially associates with short and
Yral with long transcripts (Baejen et al., 2014). However, yet another study reported
that Nab2 is associated with large amount of mRNAs of different lengths without
preferences for specific group of transcripts (Batisse et al., 2009). According to our
study, adaptor proteins Nab2 and Yral, but not Npl3, can modulate nuclear mRNA
export in Ahprl cells. This supports the concept of Nab2-Yral or Npl3 being involved
in different MRNA export pathways or having different unrelated roles in mRNA

export.

Another difference between Nab2 and Npl3 is associated with ubiquitination,
particularly, by ubiquitin ligase Toml1. tom1l mutants accumulate Nab2 and mRNA in
the nucleus near the NPCs, but do not affect NplI3 localization (Duncan et al., 2000).
Interestingly, Tom1 also promotes disassociation of Yral from mRNPs before mRNP
export (Iglesias et al., 2010). The RBPs Mex67 and Hprl are also ubiquitinated. UBA
domain of Mex67 directly binds both, ubiquitin and Hprl (Gwizdek et al., 2006). It
was proposed that Hprl binding leads to conformational changes and increased
ubiquitination of UBA domain of Mex67 (Hobeika et al., 2007). Therefore, lack of
Hprl-Mex67 interaction and also impaired ubiquitination of Mex67 in Ahprl cells
might affect mMRNP assembly.
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7.2.3. RNA binding of Nab2, Yral and Mex67 is increased in Ahprl

cells

Despite the 2-fold increase of Nab2 in nuclear mRNPs upon Hprl depletion (Fig.
20A), RNA-binding properties of Nab2 remained unchanged (Fig. 21A). Perhaps,
observed increase indicates that there are doubling of Nab2 on the same RNA,
therefore the same amount of RNA is co-precipitated with Nab2. It has been shown
that Nab2 can form dimers upon RNA binding (Aibara et al., 2017). In this way Nab2
might compact RNA within the mRNP. Potentially, removal of Hprl and the large
THO complex could expose mRNA parts that become compacted by Nab2 dimers. In
contrast to Hprl depletion, in Ahprl cells RNA binding of Nab2 was increased. While
Nab2 had 5-fold increase in mRNP composition in Ahprl cells (Fig. 20B), its RNA
binding shows 2-fold increase (Fig. 21B). Perhaps, Nab2 binds to more transcripts,

as well as the amount of the Nab2 molecules on the same RNA can be increased.

In accordance with the observed increase in nuclear mRNP composition, Yral and
Mex67 show 2-fold increase in RNA-binding ability in Ahprl cells (Fig. 21C, D). It
suggests that Nab2, Yral and Mex67 binds to more transcripts in Ahprl strain than in
the WT.

7.2.4. Occupancy of Nab2 and Yral at transcribed genes is

increased in Ahprl strain

While RNA-binding properties of Nab2, Yral and Mex67 were increased in Ahprl
strain, their co-transcriptional recruitment was different. Nab2 or Yral occupancies at
tested highly-transcribed genes were increased (Fig. 22B, C). It suggests, that in
Ahprl strain more Nab2 and Yral are co-transcriptionally recruited to the genes for
subsequent loading onto the mRNP. In case of Mex67, its occupancy on chromatin
remained unchanged (Fig. 22D). It suggests that increased amount of Mex67 in
nuclear mRNPs in Ahprl cells is not recruited to the transcribed genes co-
transcriptionally, but loaded onto mRNP later. It is worth to note, that there were no
differences in protein occupancies between tested intronless or intron-containing
transcripts. Hence, at least on the co-transcriptional recruitment level, these proteins

seem to be not involved in splicing.
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7.2.5. Overexpression of Nab2 or Yral supress growth defect and

MRNA export defect in Ahprl cells

Increase of Nab2, Yral and Mex67 in nuclear mRNPs in Ahprl strain could be an
attempt to bypass defective mRNA export. Remarkably, overexpression of Nab2 or
Yral in Ahprl cells was able to restore mRNA export and suppress growth defect of
Ahprl cells (Fig. 23-24). It suggests that Nab2 and Yral work together or have
overlapping functions. This idea is supported by many cross-links found between
Nab2 and Yral within mRNPs (Bonneau et al., 2023). Additionally, Nab2
overexpression was shown to supress some defects of yral mutant (Vinciguerra et
al., 2005). Interestingly, overexpression of Yral in WT cells has negative effect on
genomic stability and replication (Gavalda et al., 2016). However, in Ahprl strain with
known genomic instability and impaired replication, it was able to restore cell growth
and mRNA export (Fig. 23-24). It illustrates the importance of regulation of Yral level
in the cells.

Interestingly, overexpression of general mMRNA exporter Mex67 can circumvent lethal
phenotype of Ayral cells (Iglesias et al., 2010), but have no effect on mRNA export
defect in Ahprl strain (Fig. 23). Additionally, overexpression of another Mex67
adaptor, Npl3, fails to suppress mRNA export defect in Ahprl cells (Fig. 23). This
indicates, that Nab2 and Npl3 as adaptors of Mex67 can be involved in distinct

MRNA export pathways.

7.2.6. Overexpression of Nab2 or Yral in Ahprl cells leads to

increase of Nab2 and decrease of Mex67 in nuclear mRNPs

In comparison to Ahprl strain, overexpression of Nab2 in Ahprl cells leads to a
further increase of Nab2 in nuclear mRNPs, while Mex67 decreases to the WT level
(Fig. 25B, Eluate). Remarkably, overexpression of Yral in Ahprl cells results in
similar changes of mMRNP composition: an increase of Nab2 and a decrease of
Mex67 (Fig. 25B, Eluate). Hence, both of these cases of restored mMRNA export are
associated with similar mMRNP composition. It again demonstrates the interconnection
between Nab2 and Yral and their functions. Interestingly, the level of Yral itself
remains unchanged in mRNPs (Fig.25B, Eluate). It means that Yral can recruit Nab2

to the mRNP. Remarkably, in the lysates, overexpression of Yral leads to an
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increase of Nab2, while overexpression of Nab2 results in Yral increase (Fig. 25B,
Lysate). Deletion of HPRL1 itself also shows increased levels of Yral and Nab2 in the
lysate. Perhaps, levels of Yral and Nab2 can be co-regulated to provide either

MRNA export or retention.

Importantly, Yral might be auxiliary, dispensable adaptor protein. Yral is associated
with only 20% of transcripts and, furthermore, is dispensable for mRNA export in
Drosophila melanogaster or Caenorhabditis elegans (Gatfield & lzaurralde, 2002;
Hieronymus & Silver, 2003; Longman et al., 2003). Furthermore, in S. cerevisiae
lethal phenotype of Ayral cells can be bypassed by overexpression of Nab2 or
Mex67 (lglesias, 2010).

Similar changes in mMRNP composition upon Nab2 or Yral overexpression (Fig. 25B,
Eluate) shows, that for efficient mMRNA export in Ahprl cells more of Nab2, but less of
Mex67 is needed. Since Nab2 is known to be involved in mRNA export as an adaptor
of Mex67, its increase in nuclear mRNPs might facilitate mRNA export. However, the
decrease of the mRNA exporter Mex67 to WT level is an unexpected change. It
suggests that high Mex67 levels in mMRNPs in Ahprl cells (Fig. 20C-D) might be not
an attempt to compensate defective mRNA export, but a marker for nuclear mRNA
retention. Mex67 is a general mRNA export factor, however nothing is known about
its function for nuclear mRNA retention. The overexpression of Mex67 does not lead
to any changes in mRNP composition (Fig. 25B, Eluate). It suggests that the amount
of this protein within the mRNP is highly regulated. Therefore, for mMRNA export
Mex67 has to be on a specific WT-like level. Potentially, as a result of Nab2
overexpression, excessive Nab2 could compete with Mex67 for binding to mRNA.
Since the affinity of Mex67 to RNA is rather low, excessive Nab2 could displace it.
However, it seems unlikely, since both, Mex67 and its adaptor proteins are needed
for mRNA export. The observed specific changes, likely, require more sophisticated

regulation.

7.2.7. Overexpression of Yral results in increased occupancy of

Yral and Nab2 at the transcribed genes in Ahprl cells

Yral overexpression in Ahprl cells results in more of Nab2 in nuclear mRNPs

(Fig.25B, Eluate). It suggests that Yral either recruits Nab2 to the genes already co-
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transcriptionally or facilitates its loading onto the mRNP later. Overexpression of
Nab2 in Ahprl strain does not change Nab2 occupancy (Fig. 26A). In this case, Nab2
is loaded onto the mRNP later. On the contrary, overexpression of Yral in Ahprl
strain leads to increased occupancy of both, Yral and Nab2 (Fig. 26B, D). Therefore,
Yral either retains or recruits Nab2 to the gene for its subsequent loading onto the
MRNP. This finding confirms that Yral facilitates Nab2 loading onto the mRNP. It
was suggested before that Yral promotes and stabilizes the interaction between
Nab2 and Mex67 in vitro (Iglesias et al., 2010). Perhaps, Yral might also stabilize the
Nab2-Mex67 interaction within the mRNP.

7.2.8. Role of Nab2 in mRNA export in Ahprl cells is not coupled to

polyadenylation, R-loop resolution or transcription termination

As shown before, the increase of Nab2 in nuclear mRNPs in Ahprl strain is able to
suppress the growth defect and mRNA export defect. Nab2 is a poly(A) binding
protein that regulates the length of poly(A) tails. The mRNA export block is often
associated with hyperadenylation. Therefore, the theory that mMRNAs in Ahprl strain
have elongated poly(A)-tails, and an increased Nab2 level trimming it to the normal
length could explain the restored mRNA export in Ahprl strain. However, the poly(A)
tail length of bulk RNAs or individual transcripts showed no difference for Ahprl strain
or Ahprl bearing respective multicopy plasmids for protein overexpression (Fig. 27).
This indicates, that the function of Nab2 in mRNA export can be independent from its
role in polyadenylation. While the occupancy of Nab2 is the highest on the 3’ end of
RNA, it is not restricted to it and distributed along the genes and transcripts (Baejen
et al., 2014; Gonzalez-Aguilera et al., 2011). Therefore, Nab2 functions in poly(A) tail
length control and mMRNA export can be overlapping, but also can be uncoupled.
Despite the unchanged polyadenylation level, the mechanism of restored mRNA
export can be also connected to the 3’ end processing of mMRNA. For instance, in
vitro 3’ end processing assays showed impaired cleavage of pre-mRNA in Ahprl

extracts (Saguez et al., 2008). Therefore, this possibility also can be explored.

The Ahprl cells have increased genomic instability and R-loop formation (Luna et al.,
2019). While overexpression of another RBP, Thol, was reported to resolve harmful
R-loops (Miosga, 2022), it is not the case for Nab2. Therefore, overexpression of

Nab2 does not restore mRNA export by reducing the level of R-loops in Ahprl cells
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(Fig. 28). Interestingly, overexpression of another export adaptor, Npl3, in Ahprl
strain leads to the decrease of R-loop levels (Fig. 28B). This ability of Npl3 could be
another interesting point to investigate. Indirect hint for the role of NpI3 in R-loop
regulation is that Anpl3 cells have R-loop dependent hyperrecombination (Santos-
Pereira et al., 2013).

Hprl is also involved in transcription. Its deletion leads to decreased occupancy and
processivity of RNAPII (Mason & Struhl, 2005). Overexpression of Nab2 or Yral in
Ahprl strain did not affect RNAPII occupancy at the 3’ end of transcribed genes
(Salome Barbakadze, Master thesis). Therefore, there were no hints for potentially
improved RNAPII processivity upon Nab2/Yral overexpression. The HPR1 deletion
could be also associated with transcription termination defects. Interestingly, Nab2
depletion was shown to result in global transcriptional readthrough (Alpert et al.,
2020). While Ahprl cells indeed showed transcriptional readthrough for some of the
tested transcripts, overexpression of Nab2 was not able to suppress this defect (Fig.
29).

Likely, in Ahprl cells the role of Nab2 in mRNA export is not related to improved
transcription, decreased R-loop level or normalized polyadenylation. Potentially,
restoration of mMRNA export upon Nab2 overexpression exclusively reflects its
function in mMRNA export.

7.2.9. Disruption of different parts of mMRNA export pathway results

in similar mMRNP composition changes

In Ahprl strain nuclear mRNA retention is associated with an increased level of
Mex67 in mMRNP composition (Fig. 19, Fig. 20B). Upon Nab2 or Yral overexpression
in Ahprl cells mRNA export is restored (Fig.23). In these cases, Mex67 in mRNP
composition reduces to the WT level (Fig. 25). Surprisingly, higher amounts of
general mMRNA exporter Mex67 does not improve mRNA export, but associates with
MRNA retention in Ahprl cells. Perhaps, Mex67 level has to be precisely regulated to
perform the mRNA export. Overexpression of Mex67 does not lead to its increase in
MRNPs, and therefore it is not possible to see if its increase can cause mRNA export

defect in WT cells (Appendix fig. 8). However, if increase of Mex67 is associated with

121



Discussion

MRNA retention in the nucleus, it is supposed to be observed also for other mutants

with defective mRNA export.

Nup60 is a nucleoporin located on the nucleoplasmic side of NPCs. Its deletion
results in defective mRNA export (Fischer et al., 2002). Strikingly, our study showed
that deletion of NUPG60 leads to similar changes as the deletion of HPR1 — increased
Nab2, Yral and Mex67 in nuclear mRNPs (Fig. 30). It suggests, that disruption of
different parts of the mRNA export pathway, either Hprl closer to transcription site, or
Nup60 at the NPC, results in the same mRNP composition. In this case, more of
Nab2, Yral and Mex67 in mRNPs could be either a cause or a consequence of
nuclear mRNA retention. If these mMRNPs are aberrant, e.g. have inefficient mRNA
processing or improperly packaged by RBPs, they need to be kept in the nucleus for
degradation. If these mRNPs are export-competent, they need to bypass the
disrupted mRNA export pathway, likely by adjusting the amount of mMRNA export

factors.

It has to be taken into account, that Nup60 interacts with the structural proteins Mip1l
and Mlp2 and anchors them together with the nucleoporin Nup2 to the NPC. Deletion
of NUP60 causes delocalization of Mlpl and Nup2 from the nuclear rim. In Anup60
cells MiIp1 is mislocalized in foci in the nucleus, while Nup2 is distributed all over the
nucleus (Cibulka et al., 2022). Importantly, MIp1 is involved in mRNA export via direct
interaction with Nab2 (Fasken et al., 2008). Therefore, observed change in nuclear
MRNP composition in Anup60 strain (Fig. 30) could be a secondary effect caused by
loss of interaction with Mlpl. To check this, mRNA export and nuclear mRNP
composition in Amlpl cells should be investigated. It is also important to see if Nab2
or Yral overexpression can suppress mRNA export defect in Anup60 cells similarly

to Ahprl strain.

If increased Nab2, Yral and Mex67 are the hallmarks of the aberrant mRNPs in
Ahprl and Anup60 cells, it is important to find an interconnection between Hprl and
Nup60. Deletion of MLP1 or NUP60 have been reported to cause leakage of un-
spliced pre-mRNAs to the cytoplasm (Galy et al., 2004). Therefore, it is important to
find out if Ahprl strain also has such a leakage of un-spliced pre-mRNAs. If yes, then
both, Hprl and Nup60, might be involved in surveillance and quality control of pre-
MRNAs. Hprl might be responsible for a check-up at the transcription site, while
Nup60 is active at the NPC. In case of Hprl, the nuclear exosome could be
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associated with this quality control to degrade defective mRNPs. Therefore, absence
of the nuclear exosome protein Rrp6 in Ahprl strain would lead to a release of
defective mRNAs from the transcription site and their mRNA export to the cytoplasm.
Further investigation should be done to assess the role of Nab2 as potential
surveillance factor. Nab2 was shown to directly interact with Rrp6, and Rrp6, in turn,
was able to displace Nab2 from nuclear poly(A) tails (Schmid et al., 2012). In our
study, overexpression of Nab2 in Ahprl cells leads to its increase in nuclear mRNPs
and restored mRNA export (Fig. 23, Fig. 25B). Therefore, role of Nab2 in the
recruitment of the nuclear exosome for degradation of potentially aberrant mRNPs in

Ahprl cells is another interesting point to investigate.

If Nup60 functions as a checkpoint for quality control, its interaction with the protein
Swtl should be examined. Swtl is an RNA endonuclease that can be associated
with the NPC and plays a role in mRNA quality control (Skruzny et al., 2009).
Moreover, Swtl was shown to have genetic interaction with some proteins, among
them Hprl, Nup60 and MIpl (Roéther et al., 2006; Skruzny et al., 2009). This is an
additional hint to explore link between Hprl and Nup60 and their role in mRNA
guality control. On the contrary to Nup60, Swtl did not show genetic interaction with
Nupl, another nucleoporin located on the nucleoplasmic side of the NPC.
Interestingly, in our study the Anupl strain also did not show changes in nuclear
MRNPs (Fig. 30). It suggests that Nupl may have a distinct role in mRNA export.
Nupl was shown to anchor TREX-2 complex to the NPC (Jani et al., 2014).
Remarkably, the protein Sac3 of the TREX-2 complex was not co-enriched in Nab2-
TAP purification, while Mlpl was (Batisse et al., 2009). Likely, Nup60, Mlp1 and Nab2
functionally work together to perform mRNA export, while Nupl might represent
structural support by tethering TREX-2 to the NPC. Possibly, Nup60 might even
compensate the absence of Nupl, because acetylation of Nup60 is also reported to
recruit TREX-2 via Sac3 (Gomar-Alba et al., 2022). However, this requires additional

studies.
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7.3. Conclusions and outlook

Studying the structure of transcript-specific mMRNPs requires an efficient and specific
method of their isolation. In this study, RNA-centric approaches were established and
optimized to purify the transcript-specific CCW12 mRNP. The ASO-based method
represents a good tool to purify RNAs of interest solely, but not within the
endogenous mMRNP complex. The ASOs have strong non-specific binding to RBPs
and, likely, disrupt the mRNP structure. The aptamer-based approach via Mango or
MS2 aptamers ensures the purification of CCW12 mRNPs in good amount and
purity. Detection of CCW12 mRNPs by electron microscopy revealed particles of 28
nm in size. For further investigation, it will be important to verify the particles by
immunogold labeling. To preserve the integrity of the mRNPs, cross-linking before
electron microscopy or during the isolation will be applied. Moreover, advanced
visualization techniques, such as cryo-EM and cryo-ET, will be implemented to obtain
a detailed structure of transcript-specific mRNPs.

As the second part of this study, role of the protein Hprl in mRNP assembly was
investigated. Deletion of HPR1 leads to increased levels of mRNA exporter Mex67
and its adaptor proteins Nab2 and Yral in nuclear mRNPs. Overexpression of Nab2
or Yral suppresses mRNA export defect in Ahprl cells. These cases of restored
MRNA export are associated with similar changes in mRNPs: further increase of
Nab2 and reduction of Mex67 to the WT level. Overexpression of Yral in Ahprl cells
leads to higher occupancy of Yral and also Nab2 at transcribing genes. This
suggests that Yral could assists loading of Nab2 onto mRNP. Restored mRNA
export is independent from poly(A) tail length control, R-loop resolution or
transcription termination. Disrupting the mRNA export pathway either at transcription
site by deletion of HPR1 or at the nuclear pore complex by deletion of NUP60 results
in similar MRNP composition changes: an increase of Nab2, Yral and Mex67.
Remarkably, higher levels of mMRNA export factor Mex67 are associated with mRNA
retention. Further investigations are needed to assess if increased amounts of Nab2,
Yral and Mex67 represent the hallmarks of aberrant RNPs or a disrupted mRNA
export pathway. For this purpose, leakage of unspliced pre-mRNAs in Ahprl strain,
as well as role of NPC proteins Mlpl and MIp2 will be assessed. Taken together,
Nab2, Yral and Mex67 are proposed to be involved in regulation of mMRNA export

and retention (Fig. 31).
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Figure 31. Levels of Nab2, Yral and Mex67 in nuclear mRNPs are proposed to regulate mRNA
export and retention. In a WT strain, Nab2 and Yral act as adaptors for Mex67-Mtr2 to mediate
MRNA export to the cytoplasm. Deletion of HPR1, a component of the THO complex, causes nuclear
MRNA retention and increased amounts of Nab2, Yral and Mex67 in nuclear mRNPs. Downstream
disruption of mMRNA export at the nuclear pore by deletion of NUP60 results in similar changes in
MRNP composition. Increased levels of Nab2, Yral and Mex67 within the mRNPs in Ahprl or Anup60
cells could be a hallmarks of nuclear mRNA retention. Overexpression of Nab2 or Yral in Ahprl strain
changes mRNP composition. These changes are associated with restored mRNA export. In this case,
further increase of Nab2 and decrease of Mex67 to the WT level are observed in nuclear mRNPs.
Overexpression of Yral can assist the Nab2 loading onto the mRNP, and increased Nab2 promotes

the mRNA export. Level of Mex67 can work as a switch between retention and export of mMRNA.
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11. Abbreviations

Abbreviation Description

°C degree Celsius

ML microlitre

nm nanometer

2’-MOE 2’-O-methoxyethyl

2’-OMe 2’-O-methyl

mG 7-methyl-guanosine

A adenine

AID Auxin-inducible degron
ASO Antisence oligonucleotide
bp basepaires

BP branch point

BBP branch point binding protein
C cytosine

CBC cap-binding complex

CF cleavage factor

ChiP Chromatin immunoprecipitation
Cryo-EM Cryo-electron microscopy
Cryo-ET Cryo-electron tomography
CPF cleavage and polyadenylation factor
CTD C-terminal domain

CTR C-terminal region

DEPC Diethyl pyrocarbonate

DNA desoxyribonucleic acid

Dtb desthiobiotin

E. coli Escherichia coli

EJC exon junction complex
ePAT Extension poly(A) test
EtOH ethanol

FG phenylalanine glycine

FISH Fluorescence in situ hybridization
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Abbreviations

G

GAP
GDP
GEF
GMP
GraFIX
GTF
GTP
IAA
ILS

KH
LNA
IncRNA

MBP
MCP

MDa
MRNA
MRNP
MS2-TRAP
NAA

NPC

nt

Nup

OD600
OE

P
PAGE
PAS
PIC
PMO
PNA
Poly(A)
PS
PCR

guanine

GTPase activating protein
guanosindiphosphat

GDF exchange factor
guanosinmonophosphat
gradient centrifuation with cross-linking
general transcription factor
guanosintriphosphat
indole-3-acetic acid

intron lariat spliceosome

K homology domain
locked nucleic acids

Long non-coding RNA

Maltose binding protein
MS2-coat protein

Megadalton

messenger ribonucleic acid

messenger ribonucleoprotein particle
MS2-tagged RNA affinity purification

1-naphtaleneacetic acid
Nuclear pore complex
nucleotide

nucleoporin

optical density at 600 nanometres
overexpression

phosphorylation
polyacrylamide gel electrophoresis
polyadenylation signal
pre-initiator complex
phosphorodiamidate morpholino oligomers
peptide nucleic acid
polyadenosine
Phosphorothioate
Polymerase chain reaction
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RaPID
RBP
RIP
RNA
RNAPII
RRM
RT

RT-qPCR

S. cerevisiae
SBP

SELEX
SD
SNRNA
SnRNP
SR
SS
SSRNA

TAF
TAP
TBP
TO
TO1-Dtb
TREX
TRIP
U
UTR
gPCR
Ub
UBA
WT
YPD
ZnF

RNA binding protein purification and identification
RNA-binding protein

RNA-immunoprecipitation

ribonucleic acid

RNA polymerase I

RNA-recognition motif

Room temperature

Reverse transcription - quantitative polymerase chain
reaction

Saccharomyces cerevisiae

streptavidin-binding protein

systematic evolution of ligands by exponential enrichment
standard deviation

small nuclear RNAs

small nuclear ribonucleoprotein particles
serine-arginine

splicing site

Single stranded RNA

thymine

TBP associated factors

Tandem affinity purification

TATA-box binding protein

thiazole orange

thiazole orange 1 desthiobiotin
transport export complex

tandem RNA isolation procedure
Uracil

Untranslated region

guantitative polymerase chain reaction
ubiquitin

ubiquitin associated domain

Wild type

Yeast extract, peptone, dextrose
zinc finger domain
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TEV eluate determined by RT-gPCR. Fold enrichment of CCW12 was calculated over CCW12 level in
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Appendix figure 2. Pre-selection of ASOs for CCW12 purification. (A) The RNA level of CCW12

mRNA in final eluate was calculated as fold enrichment over unrelated PGK1 mRNA. (B) Western blot

against co-purified proteins. Protein Pgkl was used as a control of cytoplasmic contamination.

152



Appendix

Appendix table 1. Optimization of the ASO-based purification of CCW12 mRNA. Summary of

main tested conditions, their explanation and conclusions.

Test

ASO amount

ASO type

Competitive

binding

Combining of
ASOs

ASO binding
time

Glycerol in buffer

Tween-20 in
buffer

Mild cross-
linking of TEV

eluate

Aim

Titration of ASO amount for optimal
purification of CCW12

Compare 2°-OMe RNA, LNA RNA,
or DNA ASOs for purification

To reduce non-specific protein
binding to ASOs or beads

To increase a chance to purify target
CCW12 using few ASO-,anchores”

for pull down

To find out which ASO binding time
provides the highest yield of CCW12
(5, 10, 15 and 30 min)

To check if glycerol in buffer (5, 10,
20, 30, 40%) provides better
conditions for mRNP stability and

purification

To test if detergent affect the yield
and purity

Cross-linking with glutaraldehyde
(0.01%, 0.1%, 0.25%, 0.5%) to
stabilize particles and prevent their

potential disruption by ASO binding

Conclusion

ASO amount is critical for CCW12
purification. 100 pmol ASO provides
the highest RNA yield

2-OMe ASO is the most optimal for
CCW12 purification

No specific effect of BSA or tRNA on

protein background is observed

Leads to more unspecific purification
and more of unrelated PGK1 mRNA

in eluate

The highest CCW12 level is observed
after 30 min of binding

Glycerol in buffer leads to increased
background level of both, protein and
target RNA

0.05% Tween-20 improves
purification yield and purity, but
seems to interfere with electron

microscopy imaging

Cross-linking largely decreases
purification yield of CCW12 (approx. 8
times less CCW12). Non-specific
protein binding remains observed in

Accw12 control
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Appendix figure 3. Non-specific protein level is not reduced by competitive binding with BSA
or tRNA. (A) Fold enrichment of purified CCW12 mRNA over unrelated PGK1. M280 streptavidin
beads incubated for 1 h with 0, 5 or 10% BSA before the binding. (B) Detected by Western blot RBPs
co-purified with CCW12. (C) Using tRNA (0, 0.3, 1 and 2 mg) as a competitor during the ASO binding.
Fold enrichment of purified CCW12 mRNA over unrelated PGK1. (D) Western blot of co-purified

RBPs.
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Appendix figure 4. Combining ASOs for CCW12 purification. (A) CCW12 mRNA purified via 100
pmol ASO1, or 100 pmol of ASO mix 2 or ASO mix 6. ASO mix 2 consists of ASO1 and ASO8, and
ASO mix 6 consist of ASO 1, 3, 4, 6, 7, 8. Choice of ASOs for mix was based on results of RNase H
assay. Fold enrichment of CCW12 calculated over unrelated PGK1. Bars represent mean + SD;
Student’s t-test, * p<0.05. (B) The same purification via ASO mix 2 and ASO mix 6, but represented as
amount of target CCW12 and unrelated PGK1 control. This visualizes unspecific enrichment of PGK1,
that leads to decreased fold enrichment observed in A. Levels of CCW12 and PGK1 mRNA in final
eluate were calculated over TEV eluate. Bars represent mean + SD. (C) Proteins co-purified via ASO1

or ASO mix 2 or mix 6 were detected by Western blot.
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A
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I  GGCACGUAC --GG-UGC-GG:

11 GGCACGUAC-GAA-GG-AGA--GG-AGA-GG-A

---GUACGUGC
---GUACGUGC

A
I1I GGCACGUACGAA—-GG-AA---GG-AUU-GG-UAUGU-GG-UAUA-UUCGUACGUGCC
U-GG-UG GA.

GGCACGUAC-C

G-stack: 1 2 3 4

Fold enrichment oc CCW12over PGK1

o

————— GUACGUGC

\
N

c,O"\M2

0 n

W N
N\a\"gol Maf‘g \ ,L’Maf‘go

72 . 2
GC'WJ\ oG‘N« ool GO\N"

Che1
Nab2
NpI3
Mex67
Yral

Pgk1

Appendix figure 5. Mango aptamer type for CCW12-Mango purification. (A) Aligned core

sequences of Mango aptamer types (I, 11, lll and V) and schematic representation of tertiary structure

of Mango | aptamer. Color shading represents folding pattern of the aptamer. Ligand TO1-Dtb is

depicted in the aptamer structure in light green (Autour, 2018). (B) mRNA (left) and protein (right)

levels of CCW12 mRNP purified via different Mango aptamer types.
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Appendix figure 6. Mango aptamer fluorescence upon binding its ligand TO1-Desthiobiotin. (A)

In vitro fluorescence of TO1-Dtb bound to Mango RNA oligo. (B) In vivo fluorescence of TO1-Dtb

bound to CCW12-Mango in yeast cells. The cells were incubated with TO1-Dtb for 15 min, mounted

with DAPI and visualized with fluorescence microscopy.
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Appendix table 2. Optimization of the Mango aptamer-based purification of CCW12 mRNA.

Summary of main tested conditions and their conclusions.

Condition

Insertion position of

the Mango aptamer

Type of Mango

aptamer

Beads type

Beads amount

Ligand amount

TO1-Dtb alone or
pre-coupled to the

beads

Binding order

Purification from the
strains with nuclear

mMRNA retention

Salt concentration in

the wash buffer

Upscaling

purification

Test

How integration of Mango | in 3
different position (P1, P2, P3) in 3
UTR of CCW12 affects purification

To compare Mango |, I, Il and 1V for
CCW12 purification

To compare agarose or magnetic

streptavidin beads

To determine optimal beads amount

To titrate TO1-Dtb amount (6, 2, 1,
0.5 nmol)

To use pre-coupled TO1-Dtb beads,
or first TO1-Dtb and then beads

Cbc2-TAP with following Mango-

binding or vice versa

To check if Asac3 and Anup133
strains with more of nuclear mMRNAs
provide higher yield of CCW12

To test 100, 150 and 200 mM KCI

To check

culture from 2 L to 24 L increase the

if increase amount of

purification yield

Conclusion

Position 1 (P1) provides the best

purification result

Mango | provides the highest

enrichment of mMRNA and proteins

High-capacity streptavidin agarose
can be used for purification. No

enrichment with magnetic beads

The 25, 50 and 100 ul beads does
not affect purification, but 12.5 ul

decreases enrichment of CCW12

The 1 nmol TO1-Dtb provides the
highest mRNA yield

Step-wise usage — first incubation
with TO1-Dtb and then with beads

— results in higher purification yield

First Cbc2-TAP, then Mango step.
Opposite order fails to efficiently
enrich CCW12

Does not lead to higher yield of

purification

The 150 mM KCI for 2 L culture
sample and 200 mM for 24 L

sample improve the sample purity

12x upscale (24 L culture) leads to
increased enrichment of CCW12
without
PGK1

increase of background
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Appendix figure 7. Changes in mRNP composition after 20 min, 1 h, 3 h and 6 h of Hprl
depletion. Nuclear mRNPs purified via Cbc2-TAP from WT and Hprl-depleted cells after 20 min, 1 h,
3 h or 6 h of treatment with auxin (IAA). (A) Western blot of lysate and TEV eluate with antibodies
against the indicated RBPs. (B) Protein levels in TEV eluates, quantified with ImageJ, normalized to
the signal of the CBC subunit Cbcl and set to 1 for WT cells (n=6; bars represent mean + SD;
Student’s t-test, ***p<0.001, ** p<0.01, * p<0.05).
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Appendix figure 8. Overexpression of Mex67-Mtr2 in WT does not lead to more Mex67 in

MRNPs or mRNA export defect. (A) mRNA export is visualized with fluorescence in situ
hybridization (FISH) at 30 and 37°C. mRNA was detected by oligo(dT)50 coupled to a Cy3-fluorecent
dye. DNA was stained with DAPI. (B) Nuclear mRNPs purified via Cbc2-TAP from WT strain and cells

overexpressing Mex67 and Mtr2. Visualized by Western blot of lysate and TEV eluate with antibodies

against the indicated RBPs.
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Appendix figure 9. THO complex is no longer formed upon deletion of HPR1. (A) Pull down of
THO complex via Thp2-TAP in WT and Ahprl cells. Western blot of lysate and TEV eluate with

antibodies against the components of THO complex. (B) Published (Schuller, 2020) cryo-EM

reconstruction of THO-Sub2 complex (upper panel) and its scheme (lower).
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