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1. Abstract

Yeast SR-like proteins Gbp2 and Hrb1 shuttle between the nucleus and the cytoplasm,
and serve as quality control factors for pre-mRNA splicing. They are loaded onto the RNA
co-transcriptionally, and upon correct splicing, recruit mRNA export receptors to facilitate
transport through the nuclear pore complex. When errors in splicing occur, they recruit
instead the nuclear exosome cofactor TRAMP complex, thereby retaining the faulty
transcripts in the nucleus and supporting their degradation. In the cytoplasm, Gbp2 and
Hrb1 were found to co-purify with polysome fractions and therefore conceivably serve
cytoplasmic functions related to translation. Their exact role therein was however
unknown. Nonsense-mediated mRNA decay (NMD) is a cytoplasmic quality control
pathway primarily targeting transcripts that contain premature termination codons.
Considering the surveillance activity of Gbp2 and Hrb1 in splicing, and the fact that
splicing defects are a major source of substrates for NMD, it was investigated whether the
two proteins are involved in NMD. Despite a great number of studies, the complete list of
participating factors and the exact mechanisms of NMD have not been fully defined. The
intimate link between NMD and numerous human diseases calls for our greater
understanding of this conserved quality control pathway. The results of this work
demonstrate that Gbp2 and Hrb1 are part of the NMD mRNP, where they ensure the
efficient removal of the target transcript. They seem not to be essential for substrate
recognition and NMD activation, but actively participate in subsequent events. Presumably,
they mediate mRNP remodeling that may support a direct connection between Upfi, the
main factor of NMD, and the 5 end of the transcript, the site where downstream
processes majorly occur. They bind to the 5’-associating translation initiation factor elF4G
to repress translation of the target RNA. Further, they help to recruit decay machineries to
promote proper elimination of the defective transcript. Identification of these novel roles of
Gbp2 and Hrb1 in the cytoplasm demonstrates a molecular link between the nuclear and
cytoplasmic mRNA surveillance systems, which likely contributes to a collective
maintenance of transcriptome integrity. Importantly, the functions of Gbp2 and Hrb1
suggest conserved characteristics with the mammalian exon junction complex and its
associating SR proteins, presenting a framework for future exploration of so far
unregarded functions of human SR proteins in both cytoplasmic and nuclear mRNA
quality control. Continued research on yeast SR-like proteins will bring further insights and

provide exciting possibilities to unravel the more complex mechanisms in human cells.



2. Introduction

2.1. Quality control of messenger RNAs

Gene expression is a process carefully regulated to support proper development and
growth of organisms as well as their rapid response to diverse environmental challenges.
Regulation occurs at various levels, and among those the integrity of key genetic
molecules is monitored in the cell. As templates for protein synthesis, the major output of
gene expression, messenger RNAs (mMRNAs) are one of the main targets subject to such
quality control. Indeed, several mechanisms have been discovered that act at different
stages of the mRNA life cycle to ensure that only correct mRNAs continue down the
pathway and that aberrant ones are eliminated (van Hoof and Wagner, 2011). Many of the
mechanisms and responsible protein factors are conserved across eukaryotic species
(Fasken and Corbett, 2009; Kilchert and Vasiljeva, 2013; Simms et al., 2017), and similar
strategies have been found in prokaryotes (Buskirk and Green, 2017; Inada, 2020).
Moreover, defects in mRNA surveillance mechanisms manifest as diseases (Moraes,
2010; Wolin and Maquat, 2019), underscoring the importance of such quality control

pathways.

2.1.1. Nuclear mRNA quality control

In eukaryotic cells, quality control of mMRNA takes place both in the nucleus and cytoplasm,
and at the nuclear pore complex (NPC). During transcription, newly synthesized
transcripts undergo a series of modifications, which include 5’ capping, 3’ polyadenylation,
and the removal of intron sequences in a process termed splicing (Proudfoot et al., 2002;
Bentley, 2014). Quality control occurs in parallel to these events, targeting defective
transcripts that arise from errors during processing to rapid degradation by nuclear
exoribonucleases (Eberle and Visa, 2014; Bresson and Tollervey, 2018; Schmid and
Jensen, 2018) (Figure 1). Many proteins are involved, either associating for processing
per se, or have additional roles in regulating RNA stability, quality control, and/or
connecting upstream and downstream events. mMRNA biogenesis is thus accompanied by
elaborate remodeling of the messenger ribonucleoprotein (MRNP) structure (Singh et al.,
2015).

Pre-mRNA processing begins at the 5’ end, where a 7-methylguanosine (m’G) cap is

added to the first nucleotide and is subsequently bound by the cap-binding complex (CBC,



Cbc1-Cbc2 in yeast and CBP80-CBP20 in human), protecting the 5 end from
degradation. Incorrectly capped transcripts become substrates of the 5-3’ exonuclease
Rat1 (XRN2 in human), which degrades the transcript with the help of its cofactor, the
pyrophosphatase Rail (Jiao et al., 2010) (Figure 1b). A protein homologous to Raif,
Dxo1 (DXO in human), was also found to function in the quality control and degradation of

transcripts that are incorrectly capped (Chang et al., 2012; Jiao et al., 2013).

Splicing is carried out by a macromolecular machinery called spliceosome, comprised of
multiple small nuclear RNAs (snRNAs) and proteins that form highly dynamic interactions,
directing the excision of intron sequences and the ligation of flanking exons (Will and
Lahrmann, 2011). In higher eukaryotes, splicing is often marked by the binding of a large
multi-protein exon junction complex (EJC) at about 20—24 nucleotides (nt) upstream of the
exon—exon junction (Le Hir et al., 2000). The EJCs accompany the mRNA to the
cytoplasm and have roles in mRBNA export, translation, and cytoplasmic quality control
(Woodward et al., 2017; Schlautmann and Gehring, 2020) (see 2.3.3.1). Splicing is linked
to subsequent 3’ end formation, for which most transcripts are endonucleolytically cleaved
followed by the addition of a polyadenosine (poly(A)) tail by specialized enzymes and
factors (Proudfoot, 2011). The poly(A) tail is rapidly bound by poly(A)-binding proteins,
which provide control over the poly(A) tail length and protection against exonucleolytic
attack (Eckmann et al., 2011; Schmid et al., 2015). Failure in proper splicing or 3’ end
processing predominantly leads to degradation of the transcript by the exosome, the
major 3-5" exonucleolytic machinery in the cell (Figure 1c¢ and 1d), although the
mammalian XRN2 was also indicated to play a role (Davidson et al., 2012). Other errors in
transcription elongation, premature transcription termination, and aberrations in mRNP
packaging can also result in exosome-mediated degradation (Eberle and Visa, 2014;

Bresson and Tollervey, 2018) (Figure 1e).

The exosome is a multi-subunit complex that is composed of a nine-protein, barrel-shaped
catalytically inactive core and additional exonucleases that provide catalytic activities
(Kilchert et al., 2016; Schmid and Jensen, 2019). In both the nucleus and the cytoplasm,
the processive 3'-5’ exo- and endonuclease Dis3 (also known as Rrp44) situates at the
bottom of the exosome and degrades RNAs that have been threaded through the core.
On the other hand, the distributive 3'-5" exonuclease Rrp6 binds at the top of the
exosome exclusively in the nucleus. The activity of the exosome further relies heavily on
different cofactors, depending on the pathway in which it is engaged. The main cofactor of

the exosome in the nucleus is the Trf4/5—Air1/2—Mtr4 polyadenylation (TRAMP) complex.
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Figure 1. mRNA quality control in the nucleus

a. pre-mRBNAs undergo co-transcriptional processing, including 5’ capping, splicing, and 3’
polyadenylation. These processes are coupled with dynamic recruitment and dissociation of a
plethora of proteins that finally leads to the formation of a mature messenger ribonucleoprotein
(mRNP) structure. Correctly processed and packaged mRNPs can be exported through the nuclear
pore complex (NPC). b. Transcripts that are incorrectly capped are degraded by the 5-3’
exoribonuclease Rat1 with its cofactor Rai1. ¢. Defects in splicing lead to retention of the transcript
at the NPC and degradation by the 3'-5" decay machinery exosome or the endonuclease Swi1.
Degradation from the 5’ end may also be involved. d. Problematic 3’ end formation is targeted by
the nuclear exosome. e. Proper mRNP assembly is quality controlled at the NPC by Mip proteins.
Incorrect mRNP formation leads to degradation by the nuclear exosome or Swt1. Red circle and
half-circle: 5’ cap and cap-binding protein; light green circles: export factors; dark green circles:
spliceosome; purple circles: 3’ processing factors; light blue circles: poly(A)-binding proteins;
warning signs: defects in processing. (Adapted from Schmid and Jensen, 2010).



It associates on the top of the exosome and helps to deliver RNA substrates to the active
exonucleases. Trf4 (or its paralog Trf5) is thought to add a short oligo(A) tail to the RNA
substrate, which promotes threading of the RNA 3’ end into the exosome core by the RNA
helicase Mtr4. This helicase activity is key to proper function of the exosome. Air2 (or its
paralog Air1) is thought to stabilize the complex by binding to both Mtr4 and Trf4, but was
also shown to contribute to the direct binding of some RNA substrates. In yeast, another
cofactor of the nuclear exosome is the Nrd1-Nab3—-Sen1 (NNS) complex, which is closely
linked to RNA decay during alternative pathways of transcription termination (Rondén et
al., 2009; Ghazal et al., 2009; Schulz et al., 2013).

How the 5’ and 3’ exonucleases selectively target aberrant transcripts is not completely
understood. An emerging model suggests that decay is the default pathway, which is
kinetically competed against by proper processing, mMRNP assembly, and timely export of
the mRNA (Jensen et al., 2003; Saguez et al., 2005; Eberle and Visa, 2014; Bresson and
Tollervey, 2018). Recent research in the yeast Saccharomyces cerevisiae proposed novel
functions for a group of RNA-binding proteins that support this model (Zander and
Krebber, 2017). These shuttling proteins, including Nab2, NpI3, Gbp2, and Hrb1, are
recruited to the RNA co-transcriptionally and earlier identified as adaptors for the export
receptor heterodimer, Mex67-Mtr2, linking transcription to export (Stewart, 2010;
Soheilypour and Mofrad, 2018). It was then observed that deletion of these proteins
resulted in the leakage of potentially faulty transcripts into the cytoplasm, which are
usually retained and degraded in the nucleus in wild-type cells (Hackmann et al., 2014;
Zander et al., 2016). This suggests that the proteins may serve a quality control function
prior to supporting export. Although the exact mechanisms of each protein require further
investigation, there is accumulating evidence showing that they promote recruitment of
degradation machineries to their bound transcripts when processing is defective
(Hackmann et al, 2014; unpublished data, laboratory of Heike Krebber). When processing
is carried out properly, they would bind instead to export receptors to facilitate export.
Thus, the quality control function of these proteins may provide a molecular basis to the
competition between mRNA decay and continuation in downstream biogenesis events

(see also 2.2.1).

Before transport into the cytoplasm, the mRNP undergoes a final quality control step at
the NPC (Figure 1c and 1e). Several NPC-associated proteins were found to play a role,
and one of the best characterized factors among them is Mip1, a yeast protein localized at

the nuclear face of the NPC (Soheilypour and Mofrad, 2018). Mip1 was shown to retain



unspliced intron-containing transcripts in the nucleus through a mechanism that depends
on the 5’ splice site (Galy et al., 2004). The mammalian homolog, TPR, was also reported
to regulate export of unspliced transcripts (Coyle et al., 2011; Rajanala and Nandicoori,
2012). In addition, MIp1 physically interacts with the export receptor Mex67 and its
adaptor proteins, which is thought to monitor completion of mRNA maturation, retaining
those transcripts that are not properly packaged, hence likely not correctly processed
(Green, D.M. et al., 2003; Galy et al., 2004; Vinciguerra et al., 2005; Hackmann et al.,
2014). Binding of export receptors is necessary for export as they coat the highly-charged
mRNA and interact with the hydrophobic meshwork of phenylalanine—glycine (FG)
nucleoporins in the interior of the NPC, facilitating passage of the mRNP macromolecule
(Paci et al., 2021). Aberrant transcripts that are retained are degraded by the TRAMP—
exosome machinery. In yeast, an endonuclease, Swt1, associates with the NPC and likely
also plays a role in degrading defective transcripts (Skruzny et al., 2009; Fasken and
Corbett, 2009).

The mRNA biogenesis process in the nucleus fascinatingly shows how the many different
events, from transcription to export, are closely connected and that each step is coupled
with quality control. An upstream defect, which signals surveillance, often results in
downstream defects that activate additional levels of quality control. This intricate network
allows the process to be constantly monitored and prevents faulty transcripts from
entering the cytoplasm, sparing the translation machinery from wasted production of
potentially harmful proteins. Notably, mRNA-binding proteins that participate at multiple
steps throughout the pathway appear to have a central role in providing communication

between the events.

2.1.2. Cytoplasmic mRNA quality control

Despite nuclear quality control, mMRNAs may encounter damage in the cytoplasm or have
errors within their coding sequences. These defects can give rise to aberration during the
translation process, resulting in altered dynamics or even stalling and collision of the
decoding ribosome(s) (Powers et al.,, 2020; D’Orazio and Green, 2021). To cope with
these problematic situations, several cytoplasmic mRNA quality control mechanisms have

evolved.

On transcripts with strong secondary structures, a stretch of rare codons, or when the cell
is deficient in certain aminoacyl-tRNAs, the ribosome may stall in the open reading frame

(ORF) and has to be resolved by the no-go mRNA decay (NGD) pathway. This involves



endonucleolytic cleavage of the transcript, likely by a protein called Cue2 (Doma and
Parker, 2006; D’Orazio et al., 2019), and recruitment of the proteins Dom34—Hbs1
(PELOTA-HBS1L in human) to dissociate the ribosome (Shoemaker et al., 2010;
Pisareva et al.,, 2011) (Figure 2). Dom34—Hbs1 are structurally similar to canonical
termination factors eRF1—eRF3 (Graille et al., 2008; Kobayashi et al., 2010) and both act
together with Rli1 (ABCE1 in human) to separate ribosomal subunits (Pisarev et al., 2010;
Barthelme et al., 2011; Shoemaker and Green, 2011) (see also 2.3.1). The transcript is

thereafter degraded by 5’ and 3’ exonucleases.

Dcp1/2

Figure 2. No-go mRNA decay

Ribosomes that stall in the open reading frame (ORF) are rescued by the no-go mRNA decay
pathway. The transcript is endonucleolytically cleaved by Cue2 and subsequently degraded from
the 5’ and 3’ ends. Ribosome recycling requires Dom34 and Hbs1, factors that are structurally
similar to canonical translation termination factors eRF1 and eRF3. (Adapted from D’Orazio and
Green, 2021).

Alternatively, transcripts may lack an in-frame stop codon, which can arise from aberrant
polyadenylation or a mutation that disrupts the original stop codon. The ribosome
translates into the poly(A) tail and eventually stalls at the 3’ end of the mRNA. This
activates nonstop mRNA decay (NSD), which relies strongly on the cytoplasmic exosome
cofactor, the SKI complex, for ribosome rescue and subsequent RNA degradation by the
exosome (van Hoof et al., 2002; Zinoviev et al., 2020) (Figure 3). Dom34—Hbs1 and Rli1
may then be used to separate the ribosomal subunits. In both NGD and NSD, the nascent
polypeptide, which remains associated with the large ribosomal subunit after subunit
splitting, is targeted by the ribosome-associated quality control (RQC) system and

removed through the ubiquitylation—proteasome pathway (Joazeiro, 2019).
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Figure 3. Nonstop mRNA decay

Ribosomes that translate into the poly(A) tail due to lack of an in-frame stop codon are rescued by
the cytoplasmic exosome cofactor SKI complex in nonstop mRNA decay. The transcript is
degraded by the exosome and ribosome splitting likely depends on Dom34—Hbs1 (not depicted).
(Adapted from D’Orazio and Green, 2021).

Another type of error is a premature termination codon (PTC), which may arise from
nonsense mutations or defects in splicing that escaped nuclear quality control.
Translation of PTC-containing transcripts usually results in truncated polypeptides that are
potentially toxic to the cell. Termination at a PTC thus activates the nonsense-mediated
mRNA decay (NMD) pathway to repress further translation and eliminate the transcript
(Kurosaki et al., 2019) (see 2.3). Together, the cytoplasmic quality control pathways
delete error-prone transcripts and release stalled ribosomes so that they can re-engage in

translation of functional proteins.

2.2. The yeast shuttling proteins Gbp2 and Hrb1

As mentioned previously, Gbp2 and Hrb1 are two of the yeast RNA-binding proteins that
help to couple transcription to mRBRNA export. Gbp2 (G-strand binding protein) was first
identified, as its name suggests, as a telomeric G-strand binding protein and implicated in
telomere maintenance (Lin and Zakian, 1994; Konkel et al., 1995; Pang et al., 2003). Hrb1
(Hypothetical RNA-binding protein) is a paralog of Gbp2 (Byrne and Wolfe, 2005), and
both proteins consist of three RNA-recognition motifs (RRMs) as well as an SR/RGG
domain at the N-terminus, which is rich in serine—arginine or arginine—glycine—glycine
motifs (Windgassen and Krebber, 2003; Hacker and Krebber, 2004) (Figure 4). A third
yeast protein, Npl3, is also highly homologous and contains both RRM and SR domains
(Bossie et al.,, 1992; Hacker and Krebber, 2004). Interestingly, these domain features
resemble that of human SR proteins, a family of proteins typified by the presence of one
or two N-terminal RRM domains and a C-terminal SR/RS domain (Birney et al., 1993;

Wegener and Muller-McNicoll, 2019). Human SR proteins were initially discovered as key



factors for constitutive and alternative pre-mRNA splicing, but in following research found
to have more diverse roles in RNA metabolism. Gbp2, Hrb1, and NplI3, the three SR-like
proteins known in yeast, were thus investigated and found to also participate in several
RNA metabolic pathways (Lee et al., 1996; Windgassen et al., 2004; Bucheli and
Buratowski, 2005; Dermody et al., 2008; Kress et al., 2008; Estrella et al., 2009). In
general, SR proteins bind to RNA with their RRMs and can mediate protein—protein
interactions at the same time through their SR/RS domains. Further, the SR/RS motifs are
(putative) sites for post-translational modifications, providing a potential mechanism for
regulation (Wegener and Miuller-McNicoll, 2019). These characteristics make them ideal
factors to facilitate the complex and dynamic RNA—protein or protein—protein interactions

that occur in the cell, which has indeed been demonstrated in many reports.

Gbp2 & Hrb1 —{SR/RGG) RRM J( RRM J( RRM }-

Npi3 —(APQE J| RRM | RRM J(SR/RGG]-

sRproteins { RRM J RRM }  SRRS |-

Figure 4. Domain structures of yeast SR-like proteins and classical SR proteins
The yeast SR-like proteins Gbp2, Hrb1, and NplI3 have domain structures similar to classical SR
proteins in higher eukaryotes. They each consist of at least one RNA-recognition motif (RRM) and
an SR domain that is rich in serine—arginine repeats. The SR domains of the yeast SR-like proteins
also contain several arginine—glycine—glycine (RGG) motifs. Note that the domains are not
depicted in proportion to their actual sizes. (Adapted from Hacker and Krebber, 2004).

2.2.1. The nuclear phase of Gbp2 and Hrb1

Gbp2 and Hrb1 join the journey of mRNAs in the nucleus, where they are co-
transcriptionally recruited. This was discovered by the observation that Gbp2 and Hrb1
genetically and physically interact with the RNA polymerase |l C-terminal domain (CTD)-
kinase Ctk1 and specifically associate with components of the transcription/export (TREX)
complex (Hurt et al., 2004; Meinel et al., 2013; Xie et al., 2021b). Ctk1 phosphorylates
serine 2 of the CTD and is required for transcription elongation (Cho et al., 2001). The
TREX complex, comprising the THO complex (Tho2, Hpr1, Mft1, Thp2, Tex1), the DEAD-
box helicase Sub2, and export factor Yral, is recruited to phosphorylated CTD and
functions to connect transcription with mRNA export by recruiting appropriate factors for
the formation of an export competent mRNP (Meinel and StréaBer, 2015). Recently,

biochemical and structural studies on the THO/TREX complex confirmed previous



observations and revealed that the SR/RS as well as the RRM domains of Gbp2 are
required for its interaction with multiple domains of the THO complex (Martinez-Lumbreras
et al., 2016; Xie et al., 2021a).

The co-transcriptional recruitment of Gbp2 and Hrb1 is thought to contribute to
transcription-coupled export, supported by later findings that Gbp2 and Hrb1 bind to the
mRNA export receptor Mex67, require it for their export (Windgassen and Krebber, 2003;
Hacker and Krebber, 2004; Hackmann et al., 2014), and that other export receptor
adaptor proteins are also co-transcriptionally recruited, although through different
pathways. In particular, Npl3 is recruited earlier by RNA polymerase |l and associate both
with the 5’ and 3’ ends of the transcript, while Nab2 is recruited later and binds to the
poly(A) tail (Lei et al., 2001; Green et al., 2002; Wende et al., 2019).

Subsequent research indicated a role for Gbp2 and Hrb1 in quality control of splicing in
addition to supporting export. First, it was observed that the co-transcriptional recruitment
of Gbp2 and Hrb1 is also closely linked to splicing. Several reports have demonstrated
that recruitment and stable binding of the THO/TREX complex is connected to splicing,
both in yeast and in human (Abruzzi et al., 2004; Masuda et al., 2005; Lardelli et al., 2010;
Chanarat et al., 2011; Gromadzka et al., 2016). It was then shown that Gbp2 and Hrb1 co-
purify with the spliceosome, specifically with the late splicing factors Prp17 and Prp43,
and their binding to mRNAs depends on functional splicing (Warkocki et al., 2009;
Hackmann et al., 2014). This is further supported by transcriptome-wide analyses: the two
proteins, in particular Gbp2, associate preferentially with transcripts that derived from
intron-containing genes (Hackmann et al., 2014), and a transcriptome-wide binding profile
of Gbp2 showed that it binds mRNAs mostly at the 5’ proximal region (Tuck and Tollervey,
2013), which corresponds to the position of most yeast introns (Mourier and Jeffares,
2003; Neuvéglise et al., 2011). In another analysis using the PAR-CLIP method, Gbp2
showed distributed binding on mRNAs throughout the ORF, while Hrb1 showed a higher
tendency to bind toward the 5’ end (Baejen et al., 2014).

Functional splicing is further linked to export of Gbp2 and Hrb1 with the mRNA, as binding
of these proteins to Mex67 and their export to the cytoplasm were disrupted when splicing
factor genes were mutated (Hackmann et al., 2014). Interestingly, following research
revealed that Gbp2 and Hrb1 genetically and/or physically interact with several factors
involved in the nuclear quality control pathway: the helicase Mtr4 of the TRAMP complex,
the 3-5" exonuclease Rrp6 of the nuclear exosome, and Mip1 and Mip2, two quality

control factors at the NPC (Hackmann et al., 2014; Bretes et al., 2014). These findings led
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to the idea that Gbp2 and Hrb1 may function in nuclear quality control, preventing
transcripts that have not gone through proper splicing from being exported, and potentially
facilitating their degradation by the TRAMP—exosome machinery. This was tested by
monitoring export of aberrant transcripts through in situ hybridization experiments as well
as gPCR analyses following cell fractionation. The results showed that faulty, intron-
containing transcripts, which accumulated in the nucleus when MTR4 or RRP6 was
deleted, were increasingly transported into the cytoplasm when Gbp2 or Hrb1 was also
absent (Hackmann et al., 2014). Furthermore, Gbp2 and Hrb1 showed increased binding
to faulty transcripts when RRP6 is mutated or when MLP1 is deleted. These results
demonstrate that Gbp2 and Hrb1 retain improperly spliced transcripts in the nucleus for
surveillance. In line with this, deletion of GBP2 or HRB1 together with late splicing factor

genes is toxic, while a combination of three deletions is lethal to the cell.

A model was proposed for the nuclear quality control function of Gbp2 and Hrb1,
suggesting that these proteins direct RNAs either towards decay or export. The model
posits that Gbp2 and Hrb1 are recruited to the nascent RNA by the TREX complex and
they monitor pre-mRNA splicing. When splicing is somehow defective, Gbp2 and Hrb1
would interact with Mtr4, which leads to the degradation of the aberrant transcript by the
nuclear exosome. If splicing is carried out correctly, Gbp2 and Hrb1 would recruit instead
Mex67—-Mtr2 through interactions with Mex67, preventing degradation and promoting
export. This is supported by studies showing that the presence of Gbp2 and Hrb1 is
required for the association of Mir4, and prevent the association of Mex67, with unspliced
transcripts (Hackmann et al., 2014). Surveillance occurs prior to export, as interactions
between Gbp2, Hrb1 and Mex67 or Mip1 is impaired when MTR4 is mutated. Finally, the
binding of Mtr4 and Mex67 to Gbp2 and Hrb1 was found to be mutually exclusive,
supporting the “decay or export” notion. Therefore, Gbp2 and Hrb1 act as quality control
factors in the nucleus to help distinguish aberrant from correct splicing and direct
transcripts to the proper downstream pathway — either retention and degradation or further
processing and nuclear export. In this way, they link mRNA processing with surveillance
and export, thereby contributing to a regulated system for the delivery of proper transcripts

to the cytoplasm. Quality control of splicing by Gbp2 and Hrb1 is summarized in Figure 5.
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Figure 5. Nuclear quality control of splicing by Gbp2 and Hrb1

Gbp2 and Hrb1 are recruited to the mRNA during transcription and associate with the late
spliceosome. Upon proper completion of splicing, they recruit the mRNA export receptor
heterodimer Mex67—Mtr2 to support nuclear export. Mip1 and other proteins at the NPC check for
proper mRBNP packaging. Transcripts bound by several molecules of Mex67—-Mtr2 are efficiently
transported through the NPC (top). In the case of aberrant splicing, Gbp2 and Hrb1 recruit the
Trf4/5—-Air1/2-Mtr4 polyadenylation (TRAMP) complex by interacting with Mtr4, which facilitates
transcript degradation by the nuclear exosome (middle). When Gbp2 and Hrb1 are absent,
incorrect splicing is not properly detected and faulty transcripts may escape quality control at the
NPC and leak into the cytoplasm (bottom). (Adapted from Hackmann et al., 2014).

Notably, despite their involvement in quality control of splicing, the absence of Gbp2 and
Hrb1 does not lead to splicing defects and therefore they are not bona fide splicing factors
(Kress et al., 2008; Hackmann et al., 2014). In addition, deletion of these genes resulted
in no significant defects in bulk mRBNA localization, indicating that they are not essential
for mBRNA export (Hackmann et al., 2014). In fact, the overexpression of these proteins is
toxic to the cell, likely due to the retention of bulk poly(A)* RNAs in the nucleus
(Windgassen and Krebber, 2003; Héacker and Krebber, 2004; Zander et al., 2016;
unpublished data, laboratory of Heike Krebber). The fact that overexpression of Gbp2 and

Hrb1 leads to nuclear mRNA accumulation and that faulty intron-containing transcripts
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that cannot be degraded leak into the cytoplasm when Gbp2 and Hrb1 are absent rather

highlight the role of these proteins as nuclear mRNA quality control and retention factors.

It is perhaps also noteworthy to point out that under stress conditions, nuclear quality
control by Gbp2 and Hrb1 is neglected on stress-responsive transcripts to allow their rapid
export (Zander et al., 2016). In the case of heat stress, Gbp2, Hrb1, and other Mex67
adaptor proteins were shown to dissociate from bulk mRNAs, while Mex67 binds directly
to heat-shock mRNAs to facilitate their export, demonstrating how cells may adapt cellular

mechanisms to accommodate to change.

Similar functions in quality control have not yet been fully established for other proteins
that recruit Mex67—-Mtr2 in yeast. These proteins include Hpr1, Yral, two components of
the TREX complex, and Npl3, Nab2, all shown to directly bind Mex67-Mtr2 (Wende et al.,
2019). They are recruited to the nascent transcript during different stages of transcription
and associate primarily with different structures of the mRNA. NplI3, for example, is
recruited at an early stage and has been shown to associate with the 5’ cap (Shen et al.,
2000; Lei et al., 2001). It has been implicated in many processes, including transcription
elongation, splicing, 3’ end processing, mMRNA export, translation, and there are evidences
supporting its quality control role for 5’ capping (unpublished data, laboratory of Heike
Krebber). Nab2 is the nuclear poly(A)-binding protein and functions in poly(A) tail length
control in addition to mMRNA export (Hector et al., 2002; Soucek et al., 2012). Interestingly,
Nab2 associates with Rrp6 for 3’ end control (Roth et al., 2009; Schmid et al., 2012;
Soucek et al.,, 2016) and the exosome is involved in the autoregulation of the NAB2
mRNA level through Nab2 itself (Roth et al., 2005). Whether these Mex67-recruiting
proteins or other RNA-binding proteins that are part of the export mRNP have further
quality control functions remains to be determined. In human cells, a competition between
decay by the exosome and mRNA export was also indicated, and current knowledge
suggests likewise a mutual exclusive association of the mRNA with exosome cofactors
and export factors (Schmid and Jensen, 2019). The detail mechanisms and proteins that

mediate this are however unclear.

Proper completion of splicing together with other mRNA maturation steps leads to the
association of different export adaptor proteins and in turn the recruitment of several
molecules of Mex67—Mtr2 along the transcript, allowing efficient export. Some proteins are
released from the mRNP before or immediately after passage through the NPC, while
others accompany the transcript into the cytoplasm. The two proteins that are associated

with the TREX complex, Hpr1 and Yral, are released from the mRNP prior to export
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through mechanisms mediated by ubiquitylation (Gwizdek et al., 2006; Iglesias et al.,
2010; Tutucci and Stutz, 2011). On the cytoplasmic side, the DEAD-box helicase Dbp5,
tethered to the NPC through the nucleoporin Nup159 (Schmitt et al., 1999; Hodge et al.,
1999; Weirich et al., 2004), triggers remodeling of the export mRNP by dissociating
Mex67-Mtr2 and Nab2 (and potentially more proteins) from the mRNA (Lund and Guthrie,
2005; Tran et al., 2007; Xie and Ren, 2019). For this, energy from ATP hydrolysis is
required, and Dbp5 relies on the additional factors Gle1 and inositol hexakisphosphate
(IPs) to stimulate its ATPase activity (York et al., 1999; Weirich et al., 2006; Alcazar-
Roman et al., 2006). Removal of export receptors and adaptor proteins at the cytoplasmic
side of the NPC is thought to prevent the mRNP from diffusing back through the NPC,
thus providing directionality for mRNA export (Stewart, 2010; Tieg and Krebber, 2013).

2.2.2. The cytoplasmic phase of Gbp2 and Hrb1

In contrast, Gbp2 and Hrb1, as well as NplI3, enter the cytoplasm along with the mRNAs
and likely remain associated. They were found in polysome-containing fractions in
sucrose density gradient fractionation experiments (Windgassen et al., 2004), suggesting
that they are bound to the mRNA during translation. In comparison, Nab2 and Mex67,
which are displaced by Dbp5 following export, were mainly present in ribosome-free
fractions. While NpI3 has been found to be involved in translation (Windgassen et al.,
2004; Estrella et al., 2009; Rajyaguru et al., 2012; Baierlein et al., 2013), whether Gbp2
and Hrb1 have additional functions there or in the cytoplasm in general is not known.
Current understanding of their dissociation from the mRNA and subsequent nuclear
import is also limited. It was discovered that nuclear re-import of these proteins depends
on the import receptor Mtr10 and at least partially on their SR/RGG domains and the
yeast SR protein kinase Sky1, a homolog of the human serine/arginine-rich protein-
specific kinase SRPK1 (Siebel et al., 1999). Both Gbp2 and Hrb1 localize mainly to the
nucleus at steady state, and deletion or mutation of MTR710 or their SR/RGG domains
rendered the mislocalization of these proteins to the cytoplasm (Windgassen and Krebber,
2003; Hacker and Krebber, 2004; unpublished data, laboratory of Heike Krebber). This
phenotype could partially be rescued by overexpression of MTR10. Deletion of SKY1 also
caused Gbp2 to mislocalize to the cytoplasm, therefore it seems likely that
phosphorylation of the Gbp2 SR domain by Sky1 affects its import, either directly or
indirectly. Subsequent analyses on mRNA binding revealed that deletion or mutation of
MTR10 led to the increased binding of Gbp2 and Hrb1 to poly(A)* RNAs, whereas

deletion of SKY1 had a lesser effect, indicating that Mtr10 plays a more direct role in the
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release of these proteins from mRNAs. Further details regarding how these events are
regulated are however lacking. Interestingly, import of Npl3 involves a similar mechanism,
which depends on both Mtr10 and Sky1. It was suggested that phosphorylation of NpI3 by
Sky1 promotes its dissociation from mRNAs and subsequently its import (Yun and Fu,
2000; Gilbert et al., 2001), but some data indicate that, like for Gbp2 and Hrb1, Mtr10 is

important for its release from mRNA and Sky1 acts afterwards (Windgassen et al., 2004).

The shuttling activity of Gbp2, Hrb1, and Npl3 is conserved in higher eukaryotes. The
human SR protein family consists of 12 members (SRSF1-SRSF12), most of which were
shown to remain associated with the mRNA after splicing and may shuttle between the
nucleus and the cytoplasm (Singh et al., 2012; Muller-McNicoll et al., 2016; Wegener and
Muller-McNicoll, 2019). Their shuttling activities vary and the differences are closely
related to the phosphorylation state of their SR/RS domains (Céaceres et al., 1998; Cazalla
et al., 2002; Lin et al., 2005). Three of the proteins, SRSF1, SRSF3, and SRSF7, were
identified as prominent shuttling proteins and export adaptor proteins that directly bind to
the export receptor NXF1 (human homolog of Mex67) (Caceres et al., 1998; Huang et al.,
2003; Lai and Tarn, 2004; Muller-McNicoll et al., 2016). Their shuttling depends on both
their SR/RS and RRM domains. On the other hand, SRSF2 usually does not shuttle, but
was observed to exhibit enhanced shuttling activity in murine pluripotent cells as a result
of a lower phosphorylation level of the protein (Botti et al., 2017). Phosphorylation level of
SR proteins therefore appears to serve as a mechanism to mediate selective export of
transcripts (Huang and Steitz, 2005; Wegener and Miiller-McNicoll, 2019). Interestingly,
this was also implicated in the retention of improperly spliced transcripts in the nucleus by
SR proteins, which prevent recruitment of NXF1 in their hyperphosphorylated states
(Wegener and Miuller-McNicoll, 2018). In the cytoplasm, human SR proteins associate
with the translating ribosome and were suggested to play a role in translational regulation
(Sanford et al., 2004; Howard and Sanford, 2015; Wegener and Muller-McNicoll, 2019).
Finally, similar to the yeast SR-like proteins, SR proteins are phosphorylated by SRPK1/2
and re-imported into the nucleus by the transportin-SR (TRN-SR) proteins (Lai et al.,
2001), the mammalian homolog of Mtr10 (Kataoka et al., 1999), which was suggested to
occur after the SR proteins dissociate from the mRNA (Wegener and Miller-McNicoll,
2019).
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2.3. Nonsense-mediated mRNA decay

Nonsense-mediated decay (NMD) is a well-conserved cytoplasmic mRNA quality control
mechanism that has been found in species across the eukaryotic kingdom (Karousis and
Muhlemann, 2019; Kurosaki et al., 2019). It was originally identified to function in
detection and removal of RNAs that harbor premature termination codons (PTCs).
Therefore, it was long thought to be a specific quality control pathway that targets only
defective RNAs. However, later research revealed that NMD also targets a large portion of
RNAs that have normal, complete open reading frames from which functional proteins can
be made. Recently, studies both in yeast and human cells further demonstrated that the
examined non-coding RNA species are also regulated by NMD (Tani et al., 2013; Wery et
al., 2016; de Andres-Pablo et al., 2017). Thus, NMD has functions beyond quality control,
and is now generally considered as a mechanism for post-transcriptional gene regulation
(Nickless et al., 2017; Nasif et al., 2018).

The best-known NMD targets are transcripts that contain PTCs. This could arise from
mutations during transcription (nonsense mutations), errors during splicing, or, in higher
eukaryotes, regulated alternative splicing. Reports have shown that NMD is responsible
for removing transcripts that are suboptimally spliced both in yeast and higher eukaryotes
(Jaillon et al., 2008; Sayani et al., 2008). Further, alternative splicing was estimated to
commonly result in PTCs (Lewis et al., 2003; Green, R.E. et al., 2003), and its coupling to
NMD has been observed in several different species (Hansen et al., 2009; Barberan-Soler
et al., 2009; Mcllwain et al., 2010; Garcia-Moreno and Romao, 2020). The link between
alternative splicing and NMD is generally considered as a mechanism to regulate the
abundance of affected mRNAs in addition to surveillance, including many that encode
factors involved in the splicing process itself. Besides PTCs, a codon coding for
selenocysteine (UGA) might be interpreted as a stop codon when the cellular
concentration of selenocysteine is low, causing translation to terminate earlier and may
thus activate NMD (Moriarty et al., 1998; Karousis and Midhlemann, 2019; Kurosaki et al.,
2019). Transcripts that contain an upstream open reading frame (UORF) can also result in
translation termination that can be recognized as premature (Hurt et al., 2013). In addition,
it was found that NMD is preferentially initiated on transcripts with a long 3’ untranslated
region (UTR), which can occur naturally or through regulated selection of alternative
polyadenylation sites. A recent transcriptome-wide study revealed that human transcripts
with long 3’ UTRs resulting from alternative cleavage and polyadenylation are globally

targeted by NMD (Kishor et al., 2020). Apart from these, error-free transcripts without any

16



NMD-activating features and non-coding RNAs can also be NMD targets. Recently, a
study in yeast demonstrated that NMD targets lacking PTCs show a higher rate of out-of-
frame translation, which could result in PTCs and might explain why they are recognized
as targets (Celik et al., 2017a; Celik et al., 2017b). In short, NMD affects a broad range of

targets, demonstrating its widespread impact on the transcriptome.

The function of NMD in control of mRNA quality and gene expression becomes critical as
early as in cell development and differentiation, and is important for the immediate
response of cells to a variety of environmental stimuli and/or stress. Although NMD is not
essential for the yeast S. cerevisiae, non-functional NMD has been shown to result in
developmental abnormalities for all organisms examined and embryonic lethality for fruit
flies and mice (Hwang and Maquat, 2011; Kurosaki et al., 2019). In fact, NMD is linked to
many human diseases, including cancer, neurodegenerative, and inherited disorders.
Moreover, viral infection can be defended through NMD, while viruses have also
developed various strategies to evade this surveillance system (Pawlicka et al., 2020;
Leon and Ott, 2021; May and Simon, 2021). NMD has thus been the topic of much
research over the years. Nonetheless, the discovery of contradictory results and the
difficulty to study this pathway in a step-by-step manner have made our thorough

understanding of its detailed mechanism challenging.

2.3.1. Eukaryotic translation

NMD is a translation-dependent pathway, and is intimately linked to translation termination,
which in turn affects translation initiation. In this section, some general aspects of
eukaryotic translation are described, focusing on factors associated with initiation and
termination, especially those that may be involved in NMD and thus will be relevant to this

work.

The majority of eukaryotic translation initiation relies on a m’G cap-dependent mechanism
(Jackson et al., 2010; Hinnebusch and Lorsch, 2012; Merrick and Pavitt, 2018). As
mentioned previously, the 5’ end of mature mRNAs are protected by the m’G cap and
cap-binding proteins. In the cytoplasm, the cap is recognized and bound by the translation
initiation factor elF4E. elF4E is under regulation of elF4E-binding proteins (4E-BPs),
which prevents it from binding to elF4G. When 4E-BPs dissociate, elF4E can bind elF4G,
resulting in an increase in its affinity to the m’G cap. Exactly when and how the cap-
binding complex (CBC) recruited in the nucleus is replaced by elF4E is so far unclear.

elF4E, elF4G, and a third factor, elF4A, are components of the elF4F complex, which
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associates with the cap to facilitate translation initiation. elF4G is a large scaffold protein
that mediates interactions with elF4E, elF4A, the mRNA, and poly(A)-binding proteins,
forming a circularized structure of the mRNA that is thought to facilitate efficient translation
(see below). elF4A is an RNA helicase that removes secondary structures or binding
proteins near the 5’ end of the mRNA to prepare a stretch of single stranded mRNA that

can fit into the cleft of the small ribosomal subunit (40S).

Prior to binding mRNA, the 40S subunit is joined by the initiator methionyl-transfer RNA
(Met-tRNAI) in the P site. Several other initiation factors are also associated and together
they make up the 43S pre-initiation complex (PIC) (Figure 6). The 43S PIC binds to the
elF4F-bound mRNA at, or in the vicinity of, the m’G cap. Through mediation by different
factors and at the expense of energy from ATP hydrolysis, the 43S PIC subsequently
scans the mRNA in the 3’ direction until an AUG start codon is recognized and base-pairs
with the anticodon of Met-tRNAI. This triggers a reorganization of the initiation complex,
with the release and joining of different factors as well as recruitment of the large
ribosomal subunit (60S). The 80S ribosome is formed and ready for translation elongation,
which begins when a corresponding aminoacyl-tRNA binds in the ribosome A site, base-
pairing with the next codon (Jackson et al., 2010; Hinnebusch and Lorsch, 2012; Merrick
and Pavitt, 2018).

40S ribosome
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Figure 6. Eukaryotic cap-dependent translation initiation

The initiation factor elF2-GTP associates with the initiator methionyl-tRNA (Met-tRNAi) and
together they join the small ribosomal subunit (40S) with several additional initiation factors,
forming the 43S pre-initiation complex (PIC). The 43S PIC is recruited to the 5’ cap of the mRNA,
bound by the elF4F complex consisting of cap-binding protein elF4E, scaffold protein elF4G, and
RNA helicase elF4A. elF4G also interacts with the poly(A)-binding protein (PABP), circularizing the
mRNA to support efficient translation. With energy from ATP hydrolysis, the 43S PIC scans
downstream for the first AUG start codon. Upon recognition of the start codon, several initiation
factors dissociate and the large ribosomal subunit (60S) joins to form the complete, translating 80S
ribosome. (Adapted from Kim, 2019).

18



Translation termination is initiated when the codon that enters the A site is a termination
codon. This is recognized by the release factor eRF1, which is mainly facilitated by the
GTP-binding protein eRF3 (Alkalaeva et al., 2006; Hellen, 2018). It is generally thought
that eRF1 and eRF3 in its GTP-bound state interact to form an inactive ternary complex
already before contacting the ribosome (Figure 7a). They enter the ribosome, where
recognition of the stop codon by eRF1 as well as the proteins’ multiple interactions with
the ribosomal subunits stimulate GTP hydrolysis of eRF3. This in turn results in
conformational changes that allow eRF1 to catalyze peptidyl-tRNA hydrolysis, leading to
peptide release (Frolova et al., 1999; Song et al., 2000). eRF1 and eRF3 are thought to
promote each other’s activities. eRF1 promotes binding of GTP to eRF3 and later its
hydrolysis by eRF3 (Hauryliuk et al., 2006; Cheng et al., 2009; Wada and lto, 2014); eRF3
may support stop codon recognition and its GTP hydrolysis enhances the peptide-release
activity of eRF1 (Alkalaeva et al., 2006; Eyler et al., 2013).

UGA —_—
Binding of GTP hydrolysi

eRF1/eRF3GTP and by eRF3
pre-TC stop codon recognition

; ;: <_;
Binding ATP hydrolysis Dissociation 4OS

post-TC  of ABCE1 by ABCE1 of post-TCs

Figure 7. Eukaryotic translation termination

a. The inactive release factor eRF1—eRF3-GTP complex is recruited to the stop codon at the
ribosome A site. GTP hydrolysis by eRF3 is triggered, which leads to a conformational change in
eRF1 that promotes the hydrolysis of the peptidyl-tRNA bond. b. After peptide release, ABCE1
binds to eRF1. Energy from ATP hydrolysis by ABCE1 is used to split the ribosomal subunits. Pre-
TC: pre-termination complex; post-TC: post-termination complex. (Adapted from Hellen, 2018).
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A study performed in yeast S. cerevisiae suggested a different model regarding the
ribosome entry of these release factors (BeiBel et al., 2019). Their results indicated that
eRF3 is already in association with the ribosome when eRF1, accompanied by the ATP-
bound DEAD-box helicase Dbp5, joins (Figure 8). ATP hydrolysis and subsequent
dissociation of Dbp5-ADP would allow eRF1 to interact with eRF3, which then leads to
GTP hydrolysis of eRF3 and following peptide release. The involvement of Dbp5 was
proposed to provide control over the eRF1—-eRF3 interaction and prevent premature

binding before proper positioning of the proteins.

After the peptide is released, the ribosome needs to be disassembled before the subunits
can engage in a new round of translation. This requires the protein Rli1 (ABCE1 in
human), which interacts with eRF1 and binds in the inter-subunit space of the ribosome,
splitting the subunits through conformational changes that is driven by the energy of ATP
hydrolysis (Figure 7b and 8). Binding of RIi1/ABCE1 requires that eRF3 is previously
dissociated from the ribosome. The ribosomal subunits are separated and, after release of
the mBNA and tRNA from the 40S subunit, are ready for further rounds of translation.
RIi1/ABCET1 is also involved in ribosome splitting in cytoplasmic quality control pathways
NGD and NSD (see 2.1.2).
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End of elongation, Rli1 and the stop codon and is leads to eRF3-GTP hydrolysis
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Figure 8. Dbp5-mediated translation termination

Rli1 and GDP-bound eRF3 are associated with the terminating ribosome. ATP-bound Dbp5
subsequently delivers eRF1 to the stop codon. ATP hydrolysis and dissociation of Dbp5-ADP allow
proper interaction between eRF1 and eRF3. GTP is then recruited to eRF3 and its hydrolysis as
well as dissociation of eRF3-GDP promotes peptide release. Finally, ATP-associated Rli1 interacts
with eRF1 and separates ribosomal subunits to recycle the ribosome. (Adapted from BeiB3el et al.,
2019).
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Regulation of translation can occur through different mechanisms. The cytoplasmic
poly(A)-binding protein Pab1 (PABPC1 in human), for example, was shown to interact
with eRF3 and positively regulate termination (Uchida et al., 2002; Cosson et al., 2002;
Ivanov et al., 2008; Ivanov et al., 2016). In addition, contact between the 5’ and 3’ ends of
a transcript is thought to play a role in regulating translation (Jackson et al., 2010;
Hinnebusch and Lorsch, 2012; Merrick and Pavitt, 2018). Several reports have suggested
that the mRNA is circularized during translation, forming a so-called “closed-loop”
structure that may promote the recruitment of the 43S PIC. This was supported by
physical interactions demonstrated between the cap-binding elF4E, elF4G and PABPC1.
The closed-loop formation was also suggested to accelerate translation re-initiation by (1)
tethering elF4F to the 5’ end, thereby neglecting the need for it to re-associate for each
round of translation and (2) enhancing re-binding of freed ribosomal subunits to the 5’ end
after termination, due to the close proximity. The idea that transcript circularization is a
general mechanism in translation was however challenged by later findings. In recent
research it was observed that not all mMBRNAs are translated in a closed-loop form and this
structure was suggested to either be unstable or occurs according to transcript type

and/or cellular condition (Adivarahan et al., 2018; Khong and Parker, 2018).

It is generally believed that newly exported mRNAs undergo a pioneer round of translation
before they are engaged in the more efficient, steady-state translation described above
(Maquat et al., 2010b). The major difference between the two translation pathways lies in
the mRNP composition, as in the pioneer round the transcript is bound by the CBC and
other RNA-binding proteins, including EJCs, which is replaced by the elF4F complex and
are removed, respectively, before steady-state translation begins. Despite these
differences, the two pathways rely on mostly the same translation factors, including elF4G
and eRF1—eRF3. The main purpose of the less-efficient, pioneer round translation is
thought to be its coupling to quality control, supported by the findings that EJCs as well as
the CBC promote activation of NMD when the transcript harbors a PTC (see 2.3.3.1).

2.3.2. Core factors of NMD - the UPF proteins

The complete NMD pathway is carried out by multiple protein factors specific to NMD as
well as factors of the general degradation pathways. In particular, three proteins were
found to be conserved in all species tested for NMD (Gupta and Li, 2018; Kurosaki et al.,
2019). These are the Upf (Up-frameshift) proteins — Upf1, Upf2, and Upf3 — which form a

complex at the PTC-associated ribosome upon NMD target recognition. Among them,
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Upf1 is the main factor that, with the support of Upf2 and Upf3, modulates target
recognition and degradation. These proteins play specific and important roles in NMD and

are thus considered as the core factors of NMD.

Upf1 is an ATPase-dependent RNA helicase that belongs to the Superfamily (SF)-1
helicases (Fairman-Wiliams et al, 2010). It comprises an amino-terminal
cysteine/histidine (CH)-rich domain and a carboxy-terminal ATPase/RNA helicase domain.
Upflt was shown in human cells to bind to all transcripts promiscuously at random
positions, but dissociates with a higher probability from non-targets, depending on its
ATPase activity (Kurosaki et al., 2014; Lee et al., 2015). This correlates with observations
across species that Upf1l is significantly enriched on PTC-containing mRNAs in
comparison to PTC-less transcripts at steady state (Johns et al., 2007; Johansson et al.,
2007; Hwang et al., 2010). Upf1 was also shown to be actively removed from the
transcript by the translating ribosome, resulting in its relative enrichment in the 3’ UTR of
RNAs, which was suggested to have an impact on NMD activation (Hogg and Goff, 2010;
Hurt et al., 2013; Kurosaki and Maquat, 2013; Zind et al., 2013) (see 2.3.3.2). In NMD,
Upf1 is known to bind to the translation termination complex at the stop codon through
interactions with the release factors eRF1 and eRF3 (Czaplinski et al., 1998; Ilvanov et al.,
2008). The CH domain of yeast Upf1 was also found to interact with the small ribosomal
subunit protein Rps26, with implications in NMD initiation as well as ribosome release
(Ghosh et al., 2010; Min et al., 2013).

The association of Upf1 with the terminating ribosome is the first step and the prerequisite
for activation of NMD. Upon NMD activation, Upf1 uses energy from ATP hydrolysis to
drive its helicase activity and translocate in the 5’ to 3’ direction on the single-stranded
target RNA (Czaplinski et al., 1995; Weng et al., 1996a; Bhattacharya et al., 2000;
Shigeoka et al., 2012). This helicase activity is critical for proper completion of NMD and
has been implicated in multiple steps of the process. It was shown to be important for
NMD target discrimination (Kurosaki et al., 2014; Lee et al., 2015), to enhance translation
termination at a PTC (Weng et al., 1998; Serdar et al., 2016), and to unwind secondary
RNA structures and dissociate bound proteins, including the ribosome, to allow complete
degradation of the transcript (Franks et al., 2010; Fiorini et al., 2015; Serdar et al., 2016;
Serdar et al.,, 2020). Moreover, Upfi forms interactions with several other NMD and
degradation factors, serving as a platform for the recruitment of these proteins (Karousis
and Mudhlemann, 2019; Kurosaki et al., 2019). Notably, the cellular abundance of Upf1 is
several folds higher than that of Upf2 and Upf3. This on the one hand highlights it as the
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main factor of NMD, while on the other hand indicates that it may have functions
independent of the other two Upf proteins. Indeed, it has been observed in higher
eukaryotes that some NMD events are Upf2- or Upf3-independent, and Upf1 has been
discovered to participate in additional pathways that may not require the other Upf
proteins (Kim and Maquat, 2019; Lavysh and Neu-Yilik, 2020).

Upf2 acts as a bridge in the Upf1—-Upf2—-Upf3 complex by interacting with both Upf1 and
Upf3, and stimulates the enzyme activity of Upf1 (Chamieh et al., 2008; Gupta and Li,
2018). It interacts with the CH domain of Upf1, which, together with ATP binding, induces
a structural change of Upf1 from the tight RNA-clamping to the relatively open RNA-
unwinding conformation (Chakrabarti et al., 2011). In the latter conformation, the affinity of
Upf1 to RNA is reduced, while its helicase activity is enhanced, promoting the execution of
downstream events. Upf2 was also shown to interact with components of both ribosomal
subunits, eRF3, the EJC, and SMG1 (see 2.3.5), reflecting its support throughout the
NMD pathway (Wang et al., 2001; Lopez-Perrote et al., 2016).

Upf3 is the least conserved of all three Upf proteins (Karousis and Muhlemann, 2019). It is
also different from the other two proteins because it was suggested to shuttle between the
nucleus and the cytoplasm. Human UPF3 localizes to the nucleus at steady state, where it
joins the EJC (Lykke-Andersen et al., 2000; Serin et al., 2001; Kim et al., 2001). It remains
associated with the EJC in the cytoplasm until translation, where it can then be involved in
target recognition and activation of NMD (see 2.3.3.17). In yeast, although Upf3 is localized
primarily in the cytoplasm, it contains sequence elements that resemble nuclear
localization and nuclear export signals, therefore may also shuttle (Shirley et al., 1998;
Shirley et al., 2002). However, whether its presence in the nucleus could be linked to its
function in NMD requires further investigation. Vertebrates have two paralogs of UPF3:
UPF3 and UPF3X (or UPF3A and UPF3B), which is thought to provide an additional layer
of regulation to the NMD pathway. They function in NMD in a rather antagonistic way:
UPF3X is the stronger activator of NMD, while UPF3 poorly activates or even inhibits
NMD (Kunz et al., 2006; Shum et al., 2016). UPF3 might compete with UPF3X for binding

of UPF2 and in this way regulate NMD as the cell responds to different cellular conditions.

2.3.3. NMD activation
Considering the variety of substrates that are targeted to NMD and the fact that translation
termination in NMD shares the same termination factors (eRF1 and eRF3) as normal

termination, it is a long-standing question how a specific transcript is recognized as an
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NMD target. To date, research has pointed to different models for NMD activation, but
among supporting evidences were also studies showing disagreeing results to each
model. The fact that one model cannot explain all known NMD cases suggests that indeed
multiple pathways are used to activate NMD and/or a unified underlying mechanism still
needs to be identified. Since NMD covers diverse substrates, it is conceivable that
different mechanisms have developed, potentially for different subgroups of substrates,
which converge at the activation of Upf1 and later rely on the same set of degradation

machineries.

2.3.3.1. EJC-dependent NMD activation

The most prominent and efficient feature for NMD activation in higher eukaryotes is the
presence of an EJC in the 3’ UTR of a transcript, = 50-55 nt downstream of a stop codon
(Nagy and Maquat, 1998; Colombo et al., 2017). The EJC consists of core factors elF4AS3,
RBM8A, MAGOH, and is joined by UPF3X, as well as many other auxiliary factors
(Buchwald et al., 2010; Woodward et al., 2017; Schlautmann and Gehring, 2020). It
remains bound to the RNA throughout export and is normally dissociated by the
translocating ribosome during the pioneer round of translation (Lejeune et al., 2002; Sato
and Maquat, 2009) (Figure 9c). However, since the ribosome disassembles at the stop
codon and does not translate further into the 3’ UTR, any EJC that is in the 3 UTR would
generally not be removed and remain associated with the mRNA. Given that stop codons
are typically present in the last exon, the presence of an EJC downstream of the stop
codon implies that the stop codon is likely premature. In these cases, UPF2 is thought to
be recruited to the EJC-bound UPF3X and subsequently interacts with UPF1 that
associates with the terminating ribosome (Gehring et al., 2003; Chamieh et al., 2008;
Buchwald et al., 2010). The formation of such an UPF1-UPF2-UPF3 complex was shown
to stimulate the helicase activity of UPF1, thereby promoting downstream events of NMD

(Figure 9a).

It became apparent, however, that an EJC downstream of the stop codon is not the only
feature that can activate NMD because EJCs are not present in some lower eukaryotes,
like in yeast S. cerevisiae (Boisramé et al., 2019), where NMD still functions properly.
Besides, this model limits NMD targets to intron-containing transcripts, which has been
proven to be untrue. Furthermore, since EJCs are removed during translation, this model
implies that NMD is only activated in the pioneer round of translation. Indeed, studies

showed that NMD largely occurs immediately after mRNA export, during the first round of

24



a 3’ UTR EJC-dependent NMD b EJC-independent NMD c No NMD
’ 3 UTREJC Normal termination

' codon
| |PABPC1 Lor)
D )
| Coding | v | | ,:
m7G  sequence Exon-exon
Nucleus 3’UTR junction
Cytoplasm
Premature and inefficient Inefficient translation Ribosome removes the EJC
translation termination termination A and UPF1 from 5" UTR and CDS
Y g _
=X TR @ )
. L . )
Ribosome 250-55 nt 21,000 nt l
UPF1 joins the translation UPF1 joins the translation
termination complex with termination complex with Normal (efficient) translation
SMG1-SMG8-SMG9 SMG1-SMG8-SMG9 termination precludes UPF1 binding

, @
Last exon—exon . ’w
@AUG junction @7%}

UPF1-SMG1 joins to downstream EJC UPF1 phosphorylation
and promotes UPF1 phosphorylation independently of the EJC
) ~DECID
| complex ® ®

[ e R
\/ \

Translation repression and Translation repression and

recruitment of MRNA decay factors recruitment of mRNA decay factors

Exonucleolytic mRNA decay Endonucleolytic mRNA decay

G g

Figure 9. Nonsense-mediated mRNA decay in higher eukaryotes

a. Exon junction complexes (EJCs), containing elF4A3, RBM8A, MAGOH, and NMD factors, are
deposited onto the transcript upon splicing and later disassembled by the translating ribosome. In
the presence of a premature termination codon (PTC) more than 50-55 nt upstream of an EJC, the
ribosome stops at the PTC and does not remove the downstream EJC. The interaction between
poly(A)-binding protein PABPC1 and termination factor eRF3, which normally promotes termination,
is hindered and may cause inefficient termination. UPF1, in a complex with the serine/threonine
kinase and its regulators SMG1-8-9, is recruited to the terminating ribosome, forming the SMG1-
UPF1—eRFs (SURF) complex. UPF1 and SMG1 contacts UPF2 and UPF3 that are associated with
the downstream EJC, forming the decay-inducing (DECID) complex. This promotes
phosphorylation of UPF1 by SMG1, leading to translation repression and mRNA degradation.
Translation repression may be mediated through the interaction between phosphorylated UPF1
and translation initiation factor elF3. Phosphorylated UPF1 on the other hand recruits SMG6 for
endonucleolytic cleavage of the transcript and SMG5-SMG7, which promotes deadenylation and
decapping followed by exonucleolytic decay from both the 5’ and 3’ ends. b. On transcripts with a
long 3’ untranslated region (3° UTR), PABPC1 is too distant from the terminating ribosome and
cannot interact with eRF3, leading to less efficient translation termination. UPF1, which is enriched
in the 3° UTR, may bind to eRF1-eRF3 and become phosphorylated, activating NMD. Subsequent
translation repression and mRNA decay events occur as described in a. ¢. EJCs upstream of the
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stop codon as well as UPF1 molecules that bind promiscuously to the transcript are removed by
the ribosome during translation. The correct mRNP structure at a normal stop codon allows
efficient termination and counteracts NMD activation. (Adapted from Kurosaki et al., 2019).

translation while the 5’ cap is still associated with the CBC (Barberan-Soler et al., 2009;
Maquat et al., 2010a; Trcek et al., 2013; Heyer and Moore, 2016; Kim et al., 2017).
Reports in mammalian cells also demonstrated that CBP80, a component of the CBC,
associates with UPF1 and promotes NMD activation (Hosoda et al., 2005; Hwang et al.,
2010). Once the CBC is replaced by the elF4F complex, EJC-mediated NMD is largely
over and the mRBNA becomes relatively immune to NMD. Further supporting this is the
fact that steady-state translation favors translation re-initiation on the same RNA through
the closed-loop structure, and enhanced translation efficiency is thought to counteract
effective NMD activation (Zhang and Maquat, 1997; Neu-Yilik et al., 2011). In agreement
with that, several reports suggested that the interaction between PABPC1 and elF4G,
which mediates the close-loop formation, is responsible for stabilizing NMD reporter
transcripts (Peixeiro et al., 2012; Joncourt et al., 2014; Fatscher et al., 2014). Later
studies, however, showed that NMD is initiated also in subsequent rounds of translation
and that EJC-dependent NMD occurs also on elF4E-bound transcripts (Durand and
Lykke-Andersen, 2013; Rufener and Midhlemann, 2013). In yeast, it was likewise found
that NMD targets both Cbc1-Cbc2- and elF4E-bound transcripts (Maderazo et al., 20083;
Gao et al., 2005), although the fraction of NMD targets belonging to each group is
unknown and the possible differences in mechanisms are unclear. Given these findings, it
is generally thought that EJC-dependent activation is the basis of a large proportion, but

not all cases, of NMD.

Notably, although yeast lacks EJCs, early research had identified the RNA-binding protein
Hrp1 as a factor that promotes NMD in a fashion somehow analogous to the EJC
(Gonzélez et al., 2000). Hrp1 was shown to bind specifically to a sequence motif termed
downstream sequence element (DSE) originally identified in the PGK1 mRNA (Zhang et
al., 1995). Further results suggested that binding of Hrp1 to DSE within ~200 nt
downstream of a PTC promotes the activation of NMD by recruiting Upf1 to the vicinity of
the terminating ribosome (Ruiz-Echevarria et al., 1998; Gonzalez et al., 2000). However,
the sequence of a DSE is rather degenerate (Zhang et al., 1995) and in-depth research on
DSE- and Hrp1-dependent NMD is so far lacking. Confoundingly, Hrp1 was also indicated
to bind to the 5’ UTR of some transcripts and promote Upf1-dependent decay (Kebaara et

al., 2003; Miller et al., 2018). Further research might better characterize Hrp1-mediated
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NMD on a global scale and reveal whether the binding of Hrp1 to a DSE alone can induce

NMD or if it is only part of a more complex mechanism that signals NMD activation.

Interestingly, a recent study in yeast suggests that despite lacking EJCs, an intron in
proximity to a PTC enhances NMD (Wen et al., 2020 [preprint]), raising the possibility that
the connection between splicing and NMD might be conserved from simple eukaryotic
species. That said, only less than 5% of yeast transcripts contain introns, and
approximately 27% of the yeast transcriptome undergoes splicing (Spingola et al., 1999;
Lopez and Séraphin, 1999; Ares et al., 1999), but NMD substrates were estimated to
result from almost 50% of all expressed genes (Malabat et al., 2015). This indicates that
NMD must also be activated through alternative, splicing- and EJC-independent

mechanisms.

2.3.3.2. EJC-independent NMD activation — the long 3’ UTR model

The molecular mechanism of NMD activation by the EJC-dependent model is relatively
well-characterized, but it fails to account for NMD events where an EJC is apparently not
present. Besides in yeast, which seems to lack EJCs, NMD that is independent of EJC
was also observed in other species, including human (Buhler et al., 2006; Singh et al.,
2008; Wen and Brogna, 2010; Zahdeh and Carmel, 2016; Carvalho et al., 2017; Tian et
al., 2017).

Several reports indicate that the physical distance between the termination codon and the
poly(A) tail, namely the length of the 3’ UTR, might be the key factor that determines
whether or not NMD is activated on a specific transcript. This is known as the EJC-
independent or the long 3’ UTR model (Kurosaki et al., 2019). In early studies using the
PGKT1 reporter in yeast, it was shown that stop codons positioned within the first two-thirds
of the ORF strongly affected the half-life and steady-state level of the reporter transcript
through NMD (Peltz et al., 1993; Hagan et al., 1995). Several following reports both in
yeast and human corroborated the link between long 3 UTRs and NMD activation
(Muhlrad and Parker, 1999a; Singh et al., 2008; Kebaara and Atkin, 2009; Tani et al.,
2012; Wu et al., 2020).

The long 3’ UTR model posits that the canonical 3' UTR of a transcript provides the
correct mRNP formation for proper translation termination, thereby preventing NMD
activation (Amrani et al., 2004). In particular, the interaction between the poly(A)-binding
protein Pab1/PABPC1 and eRF3 was shown to promote termination (Uchida et al., 2002;
Cosson et al., 2002; Ilvanov et al., 2008; lvanov et al., 2016). Therefore, it is thought that
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when the physical distance between the poly(A) tail and the termination codon is too long,
Pab1—eRF3 interaction is hindered, while Upf1 is enriched in the 3° UTR and thus has a
higher chance to bind to the ribosome and activate NMD (Amrani et al., 2004) (Figure 9b).
It was further shown that human UPF1 competes with PABPC1 for the interaction with
eRF3 (Singh et al., 2008), supporting the idea that the availability of specific termination-
promoting factors, which depends largely on the 3’ UTR structure of the transcript, affects
the probability of NMD activation. In line with this, tethering Pab1/PABPC1 or eRF3
between the PTC and the poly(A) tail could suppress NMD (Amrani et al., 2004; lvanov et
al., 2008; Silva et al., 2008; Eberle et al., 2008; Singh et al., 2008; Fatscher et al., 2014).
Reciprocally, artificially extending the 3’ UTR of a non-target transcript could render it
subjective to the NMD pathway (Eberle et al., 2008; Singh et al., 2008).

Inconsistently, transcriptome-wide studies in mammalian cells showed that the 3’ UTR
length of an mMRNA does not correlate well with its susceptibility to NMD (Singh et al.,
2008; Tani et al., 2012; Hurt et al., 2013). This discrepancy could at least be patrtially
explained, however, by the discovery of additional cis-acting regulatory elements in the
3’ UTR of mammalian mRNAs that make NMD regulation more complicated. For example,
an AU-rich element within the first 200 nt downstream of the termination codon in a long
3’ UTR was shown to be sufficient to inhibit NMD (Toma et al., 2015). In addition, binding
of hnBRNP L or the polypyrimidine tract binding protein PTBP1 close to an NMD-inducing
stop codon could protect transcripts with long 3’ UTRs from NMD (Ge et al., 2016; Kishor
et al., 2019a; Fritz et al., 2020).

The importance of the Pab1—eRF3 interaction in NMD activation was also challenged, as
later reports in yeast revealed that this interaction had no effect on NMD (Kervestin et al.,
2012; Roque et al., 2015). Furthermore, the absence of the poly(A) tail or Pab1 does not
hinder NMD (Meaux et al., 2008), revealing the fact that competitive binding of Pab1 and
Upf1 to eRF3 is probably not as crucial as proposed. In line with that, it was discovered
that the carboxy-terminal domain of the human PABPC1, with which it binds to eRF3, is
dispensable for NMD suppression (Joncourt et al., 2014), and that NMD could be inhibited
by a tethered PABPC1 mutant that cannot interact with eRF3 (Fatscher et al., 2014).
These findings suggest that the poly(A)-binding proteins may contribute to NMD activation
through additional mechanisms or that other 3’ UTR-associated elements are also

involved.

Neither the EJC-dependent nor the long 3’ UTR model can perfectly explain the

mechanism of NMD activation, although they do indicate similar key features, such as
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aberrant termination and the increased presence or recruitment of critical NMD factors.
Studies are devoted to reveal further insights and to integrate the current knowledge for a

unifying mechanism.

2.3.4. The major mRNA degradation machineries in the cytoplasm

Degradation of NMD targets relies on the same machineries as canonical mRNA turnover,
with some differences in mechanism as well as involvement of additional specific factors
(see 2.3.5). Regular decay of mRNAs in the cytoplasm typically begins with deadenylation
and in turn the displacement of poly(A)-binding proteins (Figure 10). The two major
deadenylase complexes are the conserved Ccr4—Not and Pan2-Pan3 complexes,
whereby their main catalytic activities come from Ccr4 and Pan2, respectively (Labno et
al., 2016). It is thought that deadenylation generally occurs in a bi-phasic process, where
Pan2—Pan3 starts by trimming the poly(A) tail in a distributive manner, which is later taken
over by the processive Ccr4—Not complex. How the deadenylases are recruited to the
substrate is not well-understood, but likely involves interactions mediated by poly(A)-

binding proteins as well as additional factors.
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Figure 10. Canonical cytoplasmic mRNA decay

Normal mRNA turnover in the cytoplasm starts with shortening of the 3’ end poly(A) tail, carried out
by the Pan2—Pan3 and Ccr4—Not deadenylase complexes. Deadenylation promotes removal of the
5’ cap by Dcp2 and its cofactor Dcp1, and the decapped transcript is subsequently degraded by the
5'-3’ exoribonuclease Xrn1. The deadenylated 3’ end is targeted by the cytoplasmic exosome,
which requires the cofactor Ski complex (not depicted) and degrades the transcript in the 3'-5’
direction. (Adapted from Decker and Parker, 2002).
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Deadenylated transcripts are unprotected at the 3’ end and thus vulnerable to 3-5’
exonucleolytic attack, exerted by the cytoplasmic exosome. In yeast, the inactive
exosome core relies on Dis3(Rrp44) for exonuclease activity (Chlebowski et al., 2013),
whereas human has three proteins homologous to Dis3: DIS3L, DIS3L2 in the cytoplasm,
and DISS in the nucleus (Tomecki et al., 2010). The exosome is activated by its cofactor,
the Ski complex, consisting of Ski3, Ski8, and the DExD/H RNA helicase Ski2 (Halbach et
al., 2013). In yeast, an additional protein, Ski7, functions to connect the exosome with the

Ski complex and thereby promotes target recognition and degradation (Araki et al., 2001).

In addition to allowing the exosome to access the transcript from the 3’ end, deadenylation
also activates degradation from the 5’ end by promoting removal of the m’G cap (Labno et
al., 2016). The main decapping enzyme is Dcp2, which in yeast interacts with its cofactor
Dcp1 to form a holoenzyme that stimulates its catalytic activity. Further, decapping is
mediated by numerous enhancers of decapping (EDCs) both in yeast and higher
eukaryotes. Dcp2 interacts with the EDCs and they form a decapping mRNP structure,
which interacts with the major cytoplasmic 5-3’ exonuclease Xrn1. Dcp2 hydrolyzes the
cap structure, leaving a 5’-monophosphate that is favorable for Xrn1-mediated nucleolytic
attack. In yeast, decay from the 5 end by Xrn1 is the predominant pathway for
cytoplasmic mRNA turnover, while in other eukaryotes the exosome may contribute more

equally as Xrn1 to the overall mMRNA decay activity.

2.3.5. NMD-mediated transcript degradation

Upon recognition of an NMD target by the Upf proteins, RNA degradation is rapidly
initiated to remove the defective transcript. In yeast, it was found that NMD targets are
mostly degraded from the 5’ end by Xrn1 following decapping by Dcp1-Dcp2 and EDCs
(Muhlrad and Parker, 1994; Hagan et al., 1995; Cao and Parker, 2003; He et al., 2003;
Nissan et al., 2010). Different from canonical 5'-3’ decay, where decapping of the RNA is
often dependent on 3’ deadenylation (Tucker and Parker, 2000; Ghosh and Jacobson,
2010), it was shown that decapping in the NMD process occurs independently of
deadenylation (Muhlrad and Parker, 1994; He and Jacobson, 2015), likely for the purpose
of accelerating degradation during quality control. The molecular mechanism for such a
speedy response of the decapping enzymes is however unclear. Besides 5-3’
degradation, it was demonstrated that NMD targets could also be degraded in the 3’ to 5°
direction, albeit to a lesser extent, by the cytoplasmic exosome (Muhlrad and Parker, 1994;

Mitchell and Tollervey, 2003). This may be promoted by the physical interaction between
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Upf1 and Pab1, which was shown to stimulate accelerated deadenylation (Richardson et
al., 2012). Together, the 5’ and 3’ degradation machineries carry out rapid decay to
ensure the timely removal of NMD substrate RNAs. In a recent study that utilized affinity
purification coupled with mass spectrometry, Upf1 was found to be in a complex with
Dcp1 and Dcp2 along with additional factors that are involved in degradation (Dehecq et
al., 2018), compatible with earlier observations that Upf1 physically interacts with several
decapping factors (Tarassov et al., 2008; Swisher and Parker, 2011). This may be the
core of a decay complex that acts on NMD targets in yeast, which may be joined by other

factors that mediate the degradation process.

In higher eukaryotes, several additional factors that facilitate RNA degradation were
identified. Moreover, the phosphorylation and dephosphorylation cycle of UPF1 was found
to play an essential role in NMD-mediated degradation in metazoan (Karousis and
Muhlemann, 2019; Kurosaki et al., 2019). Coordination of UPF1 phosphorylation with
effective degradation is mediated by a group of SMG proteins. In human cells, UPF1 is
recruited to the terminating ribosome along with SMG1 (Figure 9a), which is a
serine/threonine kinase that phosphorylates UPF1 at multiple residues. The SMG1-
UPF1-eRF1-eRF3 complex formed at the terminating ribosome is known as the SURF
complex (Kashima et al., 2006). SMG1 is initially bound by SMG8 and SMG9, which
inhibit its kinase activity until the SURF complex comes into contact with the downstream
EJC, forming the decay-inducing (DECID) complex (Kashima et al., 2006; Yamashita et
al.,, 2009). Formation of the DECID complex promotes the phosphorylation of UPF1 by
SMG1, which represents the first and committing step of RNA degradation in human NMD.

Phosphorylated UPF1 directly recruits SMG6, an endonuclease that cleaves the RNA at a
site close to the termination codon (Gatfield and Izaurralde, 2004; Huntzinger et al., 2008;
Eberle et al., 2009) (Figure 9 bottom right). The resulting 5’ and 3’ fragment ends are
unprotected and subjected to degradation by the cytoplasmic exosome and XRN1,
respectively. The 3’ cleavage fragment likely contains UPF factors and EJC components,
which are removed by UPF1 through its helicase activity prior to 5’ to 3’ degradation by
XRN1 (Franks et al., 2010). Phosphorylated UPF1 also directly recruits the SMG5-SMG7
heterodimer (Ohnishi et al., 2003; Okada-Katsuhata et al., 2012) (Figure 9 bottom left),
which subsequently recruits the CCR4—-NOT complex for deadenylation (Loh et al., 2013).
Phosphorylated UPF1, SMG5, as well as the CCR4-NOT complex recruit also the
decapping complex composed of decapping enzyme DCP2 and its cofactor DCP1a. The

deadenylated and decapped transcript is then subjected to 5- and 3’-mediated RNA
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decay by XRN1 and the cytoplasmic exosome. After initiation of degradation, SMG5,
SMG6, and SMG7 recruit the protein phosphatase 2A (PP2A) holoenzyme to
dephosphorylate UPF1, allowing it to participate in a new round of NMD (Chiu et al., 20083;
Anders et al., 2003; Ohnishi et al., 2003; Kurosaki et al., 2014).

Although a similar Smg-mediated regulation of Upf1 has not been defined in yeast, two
additional factors that are involved in degradation of NMD substrates were identified.
Nmd4 and Ebs1 were shown to associate with Upf1 and, importantly, were co-purified
with Upf1 in samples that contained also decapping factors but not Upf2 and Upf3. They
were thus suggested to be part of the mRNP undergoing decay in yeast NMD (He and
Jacobson, 1995; Dehecq et al., 2018). Interestingly, these proteins share domain structure
similarities with the SMG5-7 proteins (Clissold and Ponting, 2000; Luke et al., 2017;
Dehecq et al., 2018). Moreover, Ebs1 was implicated in the degradation of an NMD
reporter and further analyses showed that EBS1 and NMD4 deletion hindered NMD-
mediated decay of both endogenous and reporter NMD substrates (Luke et al., 2007;
Dehecq et al., 2018). These proteins were therefore suggested to be potential homologs
of the human SMG5-7 proteins. In light of that, factors involved in NMD might be more
conserved among species than previously thought. It remains to be further investigated
how Ebs1 and Nmd4 facilitate NMD exactly, and whether more proteins that could be
homologs of higher eukaryote NMD factors exist. Also, yeast Upf1 was shown to undergo
phosphorylation that is likely functionally related to NMD (Wang et al., 2006; Lasalde et al.,
2014), but details of those modifications and how they mediate yeast NMD remains to be

clarified.

2.3.6. NMD-mediated translational repression

The activation of NMD leads not only to decay of the affected transcript, but also to a
decrease in the translational efficiency of the targeted mRNA. It was shown in yeast using
a reporter transcript that the Upfi-mediated identification of an mRNA as nonsense-
containing induces translational repression and subsequently decapping (Muhlrad and
Parker, 1999b). How the nonsense signal is transmitted to the 5’ end for translation
inhibition and decapping is however unknown. Similarly, UPF1 was shown to decrease
translation initiation of a reporter mRNA in human cells (Isken et al., 2008). There, the
authors observed that phosphorylated UPF1 interacts with elF3, a translation initiation
factor that promotes the formation of active 80S ribosomes, and presumably in this way

directly prevents further translation initiation (Figure 9 bottom). Since translation initiation
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usually depends on the 5’ cap, which is also the target of decapping factors, it is
conceivable that NMD substrates undergo repression of translation initiation prior to or
concurrent with decapping and decay. In fact, several studies have demonstrated that
translation repressors that target initiation often also promote decapping (Coller and
Parker, 2005; Roy and Rajyaguru, 2018). It remains to be further understood how these
events are coordinated in NMD and which factors are involved. Together, inhibition of
translation and RNA degradation both serve to achieve the goal of NMD: minimizing

aberrant gene products.
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2.4. Aim of the study

The yeast SR-like proteins Gbp2 and Hrb1 control the quality of mRNAs in the nucleus
and support the export of properly spliced transcripts (Hackmann et al., 2014). By doing
so, they contribute to the coupling of multiple processes during mRNA biogenesis.
Moreover, they could potentially couple nuclear processes with cytoplasmic mRNA
metabolism, as their association with mRNAs continue until translation (Windgassen et al.,
2004). However, their function in the cytoplasm is so far unknown. The third SR-like
protein, Npl3, similarly plays a role in co-transcriptional mMRNA processing and export, and
has been shown to regulate translation (Windgassen et al., 2004; Estrella et al., 2009;
Rajyaguru et al., 2012; Baierlein et al., 2013). Their human counterparts, the SR proteins,
are also known to accompany transcripts from the nucleus to the cytoplasm and have
roles in translational regulation (Wegener and Muller-McNicoll, 2019). We postulate that
Gbp2 and Hrb1 also function in the cytoplasm. Given that splicing defects often result in
PTCs, we investigated if the two proteins are also involved in the cytoplasmic quality
control pathway NMD. Although NMD is to date the best-studied mRNA surveillance
pathway, several parts of the process remain ambiguous. Interestingly, human SR
proteins have been implicated in NMD. Many of them are auxiliary factors of the exon
junction complex and can potentially promote NMD through EJC-dependent activation.
Furthermore, it was demonstrated that overexpression of SRSF1 and SRSF2 enhances
NMD, although this is not dependent on their shuttling activities (Zhang and Krainer, 2004).
Recently, it was shown that SRSF1 stimulates NMD by promoting Upf1 binding and that
SRSF2 affects the association of key NMD factors (Aznarez et al., 2018; Rahman et al.,
2020), demonstrating direct links between SR proteins and cytoplasmic surveillance.
Nevertheless, the exact role of human SR proteins in NMD is difficult to unravel, since
these factors affect the splicing process per se, which in turn influences EJC assembly
(Singh et al., 2012) and may result in secondary effects when studying NMD downstream
events. Moreover, the transcript level of several genes encoding splicing factors and SR
proteins are regulated by NMD, making it complicated to examine the pathway
independently (Ni et al., 2007; Lareau and Brenner, 2015). Gbp2 and Hrb1 are not
splicing factors (Kress et al., 2008; Hackmann et al., 2014), but otherwise show functional
similarities with SR proteins. Using the simple yeast system to characterize the possible
function of these proteins in NMD, we wish to obtain new insights for some of the
unsolved questions in this surveillance pathway. Supported by the recent finding that
Gbp2 is enriched in purified Upf1 samples (Dehecq et al., 2018), this study explores the

continued quality control function of Gbp2 and Hrb1 from the nucleus to the cytoplasm.
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3. Results

Partial results presented in this work have been published in Grosse et al., 2021 (see
Appendix).

3.1. Gbp2 and Hrb1 physically associate with core factors of NMD

3.1.1. Gbp2 and Hrb1 co-purify with the Upf proteins

To understand the possible role of Gbp2 and Hrb1 in NMD, it was first investigated
whether Gbp2 and Hrb1 physically interact with the core NMD factors. For this, co-
immunoprecipitation (co-IP) experiments using strains that genomically expressed Upf-
GFP fusion proteins were carried out. GFP tagging did not cause deleterious effects, as
growth of these strains were comparable to that of wild-type cells (Figure 11). Whole cell
lysates were prepared from these strains and the Upf proteins were immunoprecipitated.
The eluate samples were then analyzed on western blots with antibodies specific to Gbp2
and Hrb1. As shown in Figure 12, both Gbp2 and Hrb1 co-immunoprecipitated with all
three Upf proteins. However, the interactions were sensitive to RNase treatment. This
could mean that the proteins associate with the same set of RNAs but do not directly
interact. On the other hand, the interactions may be transient and RNA-binding may be
required for the proteins to be in certain conformations that enhance their binding affinities
to each other. Interestingly, our other data suggest that Gbp2 and Hrb1 may be involved
in NMD only on a subset of, and not all, NMD targets (see 4.1.2). This would also result in

the low abundance of possible interactions between these proteins and the Upf factors.

In an attempt to capture interactions that are short-lived or require RNA-binding, the co-IP
experiment was repeated with additional application of formaldehyde, a protein—protein
and protein—nucleic acids cross-linker (Ramanathan et al., 2019). Nevertheless, several
trials with adjustments in formaldehyde concentration and incubation time so far only
improved the pull-down signals and did not demonstrate co-precipitation between the

examined proteins (Figure 13).
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(see next page for figure legend)
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Figure 11. Fusion of the GFP tag to Upf proteins does not affect cell growth

Growth analysis of the GFP-tagged UPF strains was carried out. Ten-fold serial dilutions of the
wild-type, UPF1-, UPF2-, and UPF3-GFP strains, from 107 to 103 cells/ml, were spotted on full YPD
agar plates and grown at the indicated temperatures for 2 days.
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Figure 12. Gbp2 and Hrb1 associate with Upf proteins

Co-precipitation of Gbp2 and Hrb1 with Upf1-, Upf2-, or Upf3-GFP in the presence or absence of
RNase was analyzed on western blots. Hem15 served as a control for unspecific binding.
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Figure 13. Gbp2 and Hrb1 did not co-elute with Upf proteins after formaldehyde cross-link
Co-precipitation of Gbp2 and Hrb1 with Upf proteins after formaldehyde and RNase treatment was
analyzed on western blots. Formaldehyde was added to the cell cultures to a final concentration of
0.5% and incubated for 10 minutes before harvesting. Excess formaldehyde was trenched with
0.5 M glycine. Hem15 served as a control for unspecific binding.
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3.1.2. Gbp2 shows enriched co-purification with an ATP hydrolysis mutant of Upf1
To further investigate whether Gbp2 and Hrb1 associate with the Upf proteins in an NMD-
dependent manner, we made use of a mutant form of Upf1 that is unable to facilitate
completion of the NMD pathway. The ATPase-dependent helicase activity of Upf1l is
critical for functional NMD (see 2.3.2). In early studies, conserved amino acids in the
ATPase and helicase domain of Upf1 were mutated and the resulting mutant proteins
were characterized (Weng et al., 1996a; Weng et al., 1996b). Mutations that alter an
aspartate and a glutamate to two alanine residues (upf1-DE572AA) were found to abolish
the ATPase and helicase activities of Upf1. This mutant was however still able to bind
ATP, and its RNA-binding was also not affected (Weng et al., 1996a; Cheng et al., 2007).
Later reports revealed that in cells expressing this ATP hydrolysis mutant upf1, NMD is
still initiated, but degradation of the NMD substrate becomes defective (Franks et al., 2010;
Serdar et al.,, 2016). It was demonstrated that upf1-DE572AA fails to displace the
ribosome from the transcript after initiation of NMD. Xrn1 presumably begins to degrade
the mRNA from the 5’ end, but stalls at the persisting ribosome, resulting in incomplete
degradation and eventually the accumulation of 3’ decay fragments. Furthermore, several
NMD factors, including SMG5-7, UPF2, and UPF3, showed increased co-purification with
upf1-DE5S572AA in a complex with the 3’ fragments, suggesting that release of these
factors from the target RNA is dependent on the ATPase activity of UPF1 (Franks et al.,
2010).

To understand how Gbp2 and Hrb1 would associate with the ATP hydrolysis mutant upf1,
co-IP assays were carried out using the UPF1 deletion strain transformed with either an
UPF1-HA or an upf1-DE572AA-HA plasmid. Upf1 was immunoprecipitated and the co-
purification of Gbp2 and Hrb1 was analyzed on western blots. However, signals of co-
precipitated Gbp2 or Hrb1 could not be detected, even in the absence of RNase treatment
(Figure 14). Since we observed clear interactions between the proteins and wild-type
Upf1 in the previous experiment (Figure 12), we had reason to assume that the pull-down
efficiency of the HA tag might have been too low for the detection of these intrinsically

low-abundant interactions.
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Figure 14. Interaction of Gbp2 and Hrb1 with Upf1 is likely low-abundant
Co-precipitation of Gbp2 and Hrb1 with Upf1- or upf1-DE572AA-HA was analyzed on western blots.
Tdh1 served as a control for unspecific binding.

To rule out this possibility, the tagged UPF1 genes were subcloned to replace the HA tag
with GFP. The GFP-tagged proteins were first tested for their functionality via growth
analysis. In previous reports, it was shown that deletion of the UPF1 gene led to
hypersensitivity of the cell to translation inhibitors, likely reflecting the translation-
dependent nature of the NMD pathway (Leeds et al., 1992; Cui et al., 1995; Estrella et al.,
2009). Consistent with these reports, the upf1A strain showed decreased growth on plates
supplemented with cycloheximide, an antibiotic that inhibits translation elongation (Figure
15). Cells expressing the plasmid-encoded Upf1-GFP rescued the growth defect, whereas
the upf1-DE572AA-GFP protein did not (Figure 15), indicating that the GFP-tagged Upf1

is functional.
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Figure 15. The ATP hydrolysis mutant upf1-DE572AA is functionally defective

Growth tests were carried out to evaluate the functionality of the Upf1- and upf1-DE572AA-GFP
proteins. Ten-fold serial dilutions, from 107 to 103 cells/ml, of wild-type or upf1A cells transformed
with an empty vector (p) or one of the UPF1 plasmids were spotted on selective agar plates and
grown at the indicated temperatures for 3 days. The plates contained different concentrations of
cycloheximide as indicated.
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Interestingly, subsequent co-IP experiments with these proteins showed that co-
purification of Gbp2 with the mutant upf1 increased about 1.5-fold over wild-type Upf1
(Figure 16a and 16b). In contrast, Hrb1 showed no difference in its binding to wild-type
and mutant upfl, suggesting that Gbp2 enrichment was not an unspecific effect for
general RNA-binding proteins. This indicates that Gbp2 probably remains present on
NMD targets after initiation of degradation and may require proper function of Upf1 to be
dissociated from the mRNP. This is analogous to the aforementioned NMD factors that
are enriched in upf1-DE572AA mRNPs and supports the notion that Gbp2 has
cytoplasmic functions specific to NMD. Interestingly, the result also points out a possible
divergence in the functions of the two highly homologous proteins Gbp2 and Hrb1, which

requires to be further explored.
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Figure 16. Gbp2 associates to a greater extent with the ATP hydrolysis mutant of Upf1

a. Co-precipitation of Gbp2 and Hrb1 with wild-type Upf1 or upf1-DE572AA was analyzed on
western blots. Tdh1 served as a control for unspecific binding. b. Relative binding of Gbp2 and
Hrb1 to wild-type or mutant upf1 was quantified. The intensities of the Gbp2 and Hrb1 bands in a.
were measured and related to that of the corresponding Upf1 or upf1-DE572AA pull-down signals.
Results were obtained from 7 independent experiments and are shown as means with error bars
indicating the standard deviations.

3.1.3. Gbp2 is likely part of the Upf1 mRNP complex on targeted NMD substrates

Since previous co-IP experiments provided mostly indirect evidence for the physical
interactions between Gbp2, Hrb1, and the Upf proteins, we employed the bimolecular
fluorescence complementation (BiFC) system, which has the capacity to detect protein—
protein interactions that are weak or transient in living cells (Miller et al., 2015; Zhang et
al.,, 2016). The GFP sequence was split into an N-terminal and a C-terminal fragment
(Baierlein et al., 2013; Miller et al., 2015) and fused to the C-terminus of the UPF1 (UPF1-
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N-GFPsplity and GBP2 gene (GBP2-C-GFPsplit), respectively. Physical interaction
between the proteins of interest was studied in cells that express both split-GFP
constructs, while expression of individual constructs served as negative controls. If the
two proteins interact, the separated GFP fragments are brought into close proximity and
may reassemble into a functional GFP molecule that emits fluorescence. Therefore,
detection of GFP signals would indicate that these proteins closely, if not directly, interact
in the cell (Miller et al., 2015).

The gbp2A upfi1A strain was transformed with GBP2-C-GFPsplit, UPF1-N-GFPsplit, or
both constructs, and the cells were examined under a fluorescence microscope. However,
initially no evident GFP signal was detected in cells expressing both proteins as well as in
the controls (Figure 17a—c). The position at which the tag is fused to the proteins may
affect protein—protein interaction or the assembly of the chromophore. A plasmid encoding
UPF1 N-terminally tagged with N-GFPsplit was therefore constructed and used in the
experiment. Nevertheless, this construct also did not result in strong green fluorescence
when expressed together with the GBP2 split-GFP construct (Figure 17d-f). It is
conceivable that even in the presence of Upf1—Gbp2 interaction, the signal may be below

detection limit, given that the interaction is presumably rare under normal situations.
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+ pupf1-DE572AA-N-GFPsplit

Conditions in which NMD substrates were enriched in the cell were thus tested. The
experiment was first repeated in the xrn1A gbp2A upf1A strain to suppress degradation of
NMD targets, and slightly increased GFP fluorescence was observed when both split-GFP
constructs were expressed compared to the controls (Figure 18a—c). The cells were
further transformed with a reporter plasmid that overexpresses a PTC-containing mRNA
with a galactose-inducible promoter to increase NMD. The reporter construct
(PeaL1CBP80P™C) (Figure 19) was created by introducing a point mutation in the intron-
containing CBP80 gene, resulting in a PTC downstream of the intron. Previous
experiments had shown that the reporter is efficiently targeted to the NMD pathway in
wild-type cells (Grosse et al., 2021). Additionally, to take advantage of the ATP hydrolysis
mutant upf1-DE572AA, which showed an increased interaction with Gbp2 compared to
wild type (Figure 16), a mutant upf? split-GFP construct was also created (upfi-
DE572AA-N-GFPsplit). With these conditions, co-expressing split-GFP constructs of upf1-
DE572AA and GBP2 resulted in fluorescent signals that were significantly higher than in
the negative controls (Figure 18d). This indicates that Gbp2 indeed physically contacts
Upf1 in vivo. Since the interaction could be enriched by increasing the amount of NMD
targets in the cell, Gbp2 is presumably present in Upfi-containing mRNP complexes on
transcripts that undergo NMD, and is likely associated with the 3’ decay fragments that
accumulate with the mutant upf1. Despite this interaction being naturally rare, the difficulty
to detect it in wild-typical situations may also reflect the rapid degradation of NMD targets

after their recognition.
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Figure 18. Gbp2 and Upf1 physically interact in vivo
Physical interaction between Gbp2 and Upf1 or upf1-DE572AA in xrn1A gbp2A upfi1A cells was
studied using the split-GFP system as in Figure 17. GFP fluorescent signals of 100 cells per strain

==
|
XH¥

+ pGBP2-C-GFPsplit

+pP_. CBP80°™

GAL1

41

XXX



per experiment was quantified from 3 independent experiments and the results are summarized in
the box plot. a-b. Cells transformed with only one of the split-GFP constructs served as negative
controls. d. Expression of the CBP80P™C NMD reporter (Pgar1CBP80PTC) was induced with
galactose for 2 hours to increase NMD.

MYC

--— P... [l intron CBP80 -

PTC

Figure 19. The Pga:CBP80°T¢ NMD reporter contains a PTC downstream of its intron
Scheme of the NMD reporter construct (Grosse et al., 2021) used throughout this study.

The established split-GFP system was subsequently applied to investigate the physical
interaction between Upf1 and Hrb1. A similar set-up was used, except the GBP2 split-
GFP construct was replaced with the HRB1-C-GFPsplit plasmid. However, we did not
observe evident fluorescent signal when both UPF1 and HRB1 constructs were expressed
(Figure 20a—c). Using the mutant upfl and additionally overexpressing the CBP80°7C
reporter led to similar results (Figure 20d). As Hrb1 was not enriched in the precipitated
upf1-DE572AA samples (Figure 16), this finding was not too surprising. Association of
Upf1 and Hrb1 may be mediated through other proteins and thus is indirect, or it may
occur only early in the NMD pathway, prior to Xrn1-mediated degradation, and therefore
was not enriched by the deletion of XRN1. These possibilities require further investigation

for confirmation.
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Figure 20. Association of Hrb1 with Upf1 is likely transient or indirect

Physical interaction between Hrb1 and Upf1 or upf1-DE572AA was studied using the split-GFP
system. The xr1A hrb1A upf1A strain was transformed with the indicated plasmids and analyzed
with the fluorescent microscope.
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3.2. Gbp2 and Hrb1 appear to function in NMD after target recognition

3.2.1. Binding of Upf1 to the CBP80° NMD reporter mRNA is independent of Gbp2
and Hrb1

To gain insight into how Gbp2 and Hrb1 may function in NMD, we first asked if they are
involved in an early step during substrate recognition. In yeast, the long 3° UTR model and
the binding of Hrp1 downstream of a PTC have been proposed for NMD activation, but do
not account for all cases of NMD (see 2.3.3). The prominent EJC-dependent mechanism
discovered in higher eukaryotes was also not described in yeast. Additional factors that
may facilitate target recognition and activation of NMD are otherwise poorly defined.
Considering the similarities between Gbp2, Hrb1, and human shuttling SR proteins, which
are associated with the EJC, we wondered if Gbp2 and Hrb1 help recruit and stabilize

Upf1 on spliced NMD substrates, similar to an EJC downstream of a PTC.

To study this, RNA co-immunoprecipitation (RIP) experiments were carried out to examine
the association of Upf1 with the CBP80P™C reporter in the presence or absence of Gbp2
and Hrb1. Cells were transformed with a plasmid that encodes UPF1-GFP and the
reporter plasmid, which was highly expressed upon galactose induction. Following Upfi
immunoprecipitation (Figure 21a), co-precipitated RNA was purified, reverse transcribed,
and the level of CBP80°C reporter mRNA was detected via qPCR. Background signals
were deducted by relating to the no tag control and results were normalized to the levels
in whole cell lysates as well as an endogenous, non-target RNA to eliminate NMD
unrelated effects. It was previously shown that factors involved in NMD substrate
recognition, such as UPF2, promote the stable binding of UPF1 to reporter substrate
RNAs (Kurosaki et al., 2014). Therefore, the upf2A strain was used as a control for the
decreased association between Upfi and the reporter RNA. Indeed, gPCR results
showed that in cells depleted of Upf2, association of Upf1 with the reporter RNA
significantly decreased compared to wild type (Figure 21b). On the contrary,
simultaneous deletion of GBP2 and HRB1 did not show an effect on the association of
Upf1 with the NMD substrate. This indicates that stable binding of Upf1 to the reporter
RNA is most likely independent of Gbp2 and Hrb1 and argues that these two proteins are

not essential for target recognition in the NMD pathway.
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Figure 21. Stable binding of Upf1 to the CBP80°T¢ reporter does not require Gbp2 and Hrb1
RNA co-immunoprecipitation (RIP) experiments were carried out with the indicated strains to study
the association of Upf1 with the NMD reporter in the presence or absence of Gbp2 and Hrb1.
Expression of the CBP80PTC reporter was induced with galactose for 2 hours. a.
Immunoprecipitation of Upf1-GFP was visualized on a western blot. Hem15 served as a negative
control. b. The relative levels of co-precipitated CBP80PC mRNA in each strain were analyzed
through gPCR and normalized to endogenous RPS6A mRNA levels. Results are shown as means
with standard deviations. gbp2A hrb1An = 8; upf2An = 4.

3.2.2. Binding of Gbp2 and Hrb1 to NMD substrates is reduced in the absence of
Upfi

According to the previous result, possible functions of Gbp2 and Hrb1 in the NMD process
would rather occur downstream of target recognition by Upf1. It would thus be conceivable
that the cytoplasmic association of Gbp2 and Hrb1 with NMD substrates may be
influenced by Upf1. To test this, RIP experiments similar to the experiment described
above were carried out and the binding of the two proteins to the NMD reporter was
examined. The CBP80FTC reporter was overexpressed in cells that contain either genomic
GBP2-GFP or plasmid-encoded HRB1-GFP. Gbp2- or Hrb1-GFP was precipitated from
whole cell lysates of wild-type or upf1A cells (Figure 22a and 22b) and the co-purified
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RNA was analyzed via qPCR. A no tag control was used and the levels of the NMD
reporter were related to that of the 27S rRNA as an internal control. Interestingly, we
found that binding of both Gbp2 and Hrb1 to the CBP80”C reporter decreased on average
about 50% in cells lacking Upf1 relative to wild type (Figure 22c1). Since the loading of
both proteins onto mRNAs occurs co-transcriptionally in the nucleus (Hurt et al., 2004)
and is therefore independent of Upf1, these results more likely suggest an earlier
dissociation of the two proteins from the RNA in the cytoplasm when Upf1 is missing.
Presumably, because NMD could not be activated in the absence of Upfi1, the NMD
reporter was regarded as a normal mRNA and Gbp2 and Hrb1 were displaced earlier

during regular rounds of translation.
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Figure 22. Cytoplasmic association of Gbp2 and Hrb1 with mRNAs is influenced by NMD

RIP experiments were carried out to study the association of Gbp2 and Hrb1 with NMD substrates
in the presence and absence of Upfi. a-b. Immunoprecipitation of Gbp2-GFP (a) or Hrb1-GFP (b)
was visualized on western blots. Hem15 served as a negative control. ¢. The relative levels of co-
precipitated CBP80FTC or the indicated endogenous mRNAs were analyzed through gPCR and
normalized to 27S rRNA. Results are shown as means with standard deviations. CBP80FTC: Gbp2
n=7,Hrb1 n=6; GCR1:n=6; HNT1: Gbp2 n =7, Hrb1 n = 5.
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To check whether this effect can also be demonstrated on endogenous NMD substrates,
two intron-containing mRNAs, GCR1 and HNT1, which were identified as putative NMD
targets (Kawashima et al., 2014; Dehecq et al., 2018), were additionally analyzed.
Consistent with the CBP80F reporter, binding of Gbp2 and Hrb1 to GCR1 decreased on
average almost 50% in upf1A cells (Figure 22c¢2). The association of Hrb1 with the HNT1
mRNA likewise decreased nearly half in the absence of Upf1, while Gbp2 was found to
bind >20% less (Figure 22c¢3). These findings support the idea that Gbp2 and Hrb1 play
specific roles in the NMD pathway that could lead to their extended association with NMD
substrates. Considering that only Gbp2 was found to be enriched with the upf1-DE572AA
mutant, it could be speculated that its involvement in NMD continues longer than that of
Hrb1. In combination with previous results, we propose that Gbp2 and Hrb1 are involved
in NMD for a subset of transcripts (presumably those that are spliced). They are
dispensable for NMD target recognition, but likely act in downstream processes after initial

activation of the NMD pathway.

3.3. Gbp2 and Hrb1 promote Ski2 recruitment to the CBP80°7C reporter

transcript

The major activity following NMD substrate recognition is the degradation of the target
RNA. In yeast, this is mainly carried out by the exonuclease Xrn1 from the 5’ end and to a
lesser extent by the cytoplasmic exosome from the 3’ end (He and Jacobson, 2015) (see
2.3.5). For their role as mRNA quality control factors in the nucleus, Gbp2 and Hrb1
interact with Mtr4, a component of the TRAMP complex, the cofactor of the nuclear
exosome. Through recruitment of the TRAMP complex, they are thought to promote
binding of the exosome to an RNA that should be eliminated (Hackmann et al., 2014) (see
2.2.1 and Figure 5). We explored the idea that Gbp2 and Hrb1 also help to recruit the
cytoplasmic exosome to the NMD substrate through an analogous mechanism. To test
this, we chose to study Ski2, a member of the cytoplasmic exosome cofactor Ski complex,
as it is the cytosolic structural and functional homolog of Mtr4 (Johnson and Jackson,
2013). First, it was investigated whether Gbp2 and Hrb1 physically interact with Ski2. With
co-IP experiments, it was shown that Gbp2 and Hrb1 both co-purified with Ski2-GFP and

the interactions were resistant to RNase treatment (Grosse et al., 2021).

Following that, the physical interaction between Upf1 and Ski2 was studied. Genomic

Ski2-GFP was immunoprecipitated and the co-elution of Upf1-HA was analyzed via
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western blot. In agreement with previous findings that exosome-mediated degradation of
yeast NMD substrates is dependent on Ski complex components (Mitchell and Tollervey,
2003), Upf1 co-purified with Ski2 despite RNase treatment (Figure 23a bottom). This
suggests that the proteins physically interact, probably in a complex that signals 3’
degradation. To understand if Gbp2 and Hrb1 are relevant for the Upf1—Ski2 contact, the
interaction was examined in the gbp2A hrb1A strain, which showed that deletion of GBP2
and HRB1 led to a significantly decreased interaction between the proteins when
compared to wild type (Figure 23a and 23b). This indicates that association of Ski2 with
Upf1 depends, at least in part, on Gbp2 and Hrb1, supporting the hypothesis that these

two proteins help to recruit the Ski complex to the faulty RNA.
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Figure 23. The Upf1-Ski2 interaction is partially dependent on Gbp2 and Hrb1

a. Co-precipitation of Upf1-HA with Ski2-GFP in the presence or absence of Gbp2 and Hrb1 was
analyzed on western blots. All strains were deleted for UPF1 and transformed with the UPF1-HA
plasmid. Hem15 served as a control for unspecific binding. RNase was added during
immunoprecipitation for the bottom blot. b. Relative binding of Upf1 to Ski2 in the different strains
was quantified from the western blots shown in a. The intensities of the Upf1 bands were related to
that of the corresponding Ski2 pull-down signals. Results were obtained from 3 independent
experiments each and are shown as means with standard deviations.

To further verify this hypothesis, the association of Ski2 with the CBP80”C reporter RNA
was analyzed in RIP experiments using different mutant strains. Ski2-GFP was
immunoprecipitated (Figure 24a) and the associating CBP80FTC levels were determined
by gPCR. The levels were normalized to that of the endogenous CBP80 mRNA to
eliminate non-NMD effects. We saw that in cells lacking Upf1, where NMD is non-
functional, binding of Ski2 to the NMD reporter reduced approximately 35% compared to
wild type (Figure 24b). This is a relatively mild effect and probably reflects the fact that 3’-
mediated decay is the minor pathway used in yeast NMD. Interestingly, in cells lacking
Gbp2 and Hrb1, the binding of Ski2 to the CBP80”C reporter decreased on average more
than 20%, while the single deletion of GBP2 or HRB1 did not cause significant differences.
Notably, we observed in other experiments that the double deletion of GBP2 and HRB1
constantly led to approximately half of the effect of upf1A in the context of NMD (Grosse et
al.,, 2021). The Ski2 RIP result correlates with those findings and shows that Gbp2 and
Hrb1 together affect the association of Ski2 with the NMD substrate. This and previous
results are in support of a function of Gbp2 and Hrb1 in the recruitment of the Ski complex
and conceivably, as a consequence, the cytoplasmic exosome to an RNA undergoing
NMD. They may thereby promote efficient RNA decay, similar to their function in nuclear

mRNA quality control.

3.4. Gbp2 and Hrb1, like Nmd4 and Ebs1, are auxiliary factors of NMD

We have obtained evidence supporting a role of Gbp2 and Hrb1 in NMD-mediated
degradation. Recently, two other yeast proteins were shown to be involved in NMD and
specifically implicated in target degradation. Nmd4 and Ebs1, owing to similar domain
structures and related functions in NMD, were proposed to be yeast homologs of the
human SMG5-7 proteins (Luke et al., 2007; Dehecq et al., 2018) (see 2.3.5). As deletion
of GBP2 and HRB1, as well as deletion of NMD4 and EBS1, resulted only in partial
defects in the degradation of NMD substrates (Dehecq et al., 2018; Grosse et al., 2021),
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we wondered if their combined depletion would more severely disrupt the degradation of
NMD targets.
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Figure 24. Association of Ski2 with the CBP80°7C reporter is promoted by Gbp2 and Hrb1
RIP experiments were carried out with the indicated strains to study the association of Ski2 with the
NMD reporter and its dependence on Gbp2 and Hrb1. Except for the upf1A strain, all strains were
deleted for UPF1 and transformed with the UPF1-HA plasmid. CBP80PTC expression was induced
with galactose for 2 hours. a. Immunoprecipitation of Ski2-GFP was visualized on a western blot.
Tdh1 served as a negative control. b. The relative levels of co-precipitated CBP80P™C mRNA in
each strain were analyzed through gPCR and normalized to endogenous CBP80 mRNA levels.
Results are shown as means with standard deviations. Dashed lines indicate the results of the
wild-type (top line) and the upf1A (bottom line) strain. hrb1An = 6; gbp2A n = 8; gbp2A hrb1An =7;
upfiAn =6.

To investigate this, a CBP80”™© NMD reporter or its PTC-less counterpart CBP80 was
expressed in wild type, gbp2A hrb1A, the quadrupole knockout nmd4A ebs1A gbp2A
hrb1A, or upf1A cells. Different from the reporter (Figure 19) used in other experiments in
this work, both the PTC-less and PTC-containing CBP80 reporters used here were

expressed through the endogenous CBP80 promoter to better reflect the natural
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phenomena. RNA was purified from whole cell lysates and the relative abundance of the
NMD reporter in each strain was analyzed via gPCR. The levels of the CBP80FTC reporter
were related to that of the PTC-less CBP80 reporter to exclude non-NMD effects. We
observed, as expected, that the NMD reporter was significantly enriched in cells lacking
Upf1 (Figure 25). In cells lacking Gbp2 and Hrb1, the reporter level increased about 1.5-
fold compared to wild type. The additional deletion of NMD4 and EBS1, however, appear
not to cause further stabilization of the CBP80”C reporter in comparison to the double
knockout strain. This indicates that the four proteins are presumably involved in the same
process in NMD and may have redundant roles in facilitating target degradation. In
addition, it also suggests that the proteins serve as auxiliary factors in NMD and likely

work in concert with several, if not many, other factors to contribute to robust degradation

of NMD targets.
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Figure 25. Deletion of GBP2, HRB1, NMD4, and EBST causes partial defects in NMD

The CBP80PTC reporter was expressed from the endogenous CBP80 promoter in the indicated
strains and its relative levels were analyzed via whole cell RNA purification and subsequent gPCR.
The results were normalized to the PTC-less CBP80 reporter and the endogenous TDH7 mRNA to
eliminate non-NMD and internal effects. Results were obtained from 3 independent experiments
and shown as means with standard deviations.

3.5. Gbp2 and Hrb1 may play a role in translational repression on
target RNAs subjected to NMD

While an NMD substrate is rapidly subjected to degradation, translation initiation on the
RNA is concomitantly suppressed (Muhlrad and Parker, 1999b; Isken et al., 2008;

Kurosaki et al., 2019) (see 2.3.6). This prevents further production of aberrant proteins

and is also believed to promote decay. Earlier, we discovered that deletion of GBP2 and
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HRB1 led to increased translation of intron-containing NMD reporters in an Upfi-
dependent manner (Grosse et al., 2021), suggesting that in addition to facilitating
degradation, these proteins may directly or indirectly inhibit translation of NMD substrates.
Interestingly, a group of RGG domain-containing proteins are known to repress translation
by directly binding to the translation initiation factor elF4G through their RGG motifs
(Rajyaguru et al., 2012). Gbp2 and Hrb1 also contain RGG domains (Figure 4) and could
potentially regulate translation initiation in a similar fashion. It was also suggested that
such a repression activity could involve more than one RGG motif translation repressor
(Bhatter et al., 2019). Thus, Gbp2 and Hrb1 may act independently or together with known

RGG domain-containing translation repressors to inhibit translation of NMD substrates.

To test this hypothesis, co-IP assays were first carried out to study the physical
interactions between Gbp2, Hrb1, and two RGG domain-containing translation repressors,
Scd6 and Sbp1 (Rajyaguru et al., 2012). Yeast strains that express genomic Scd6-GFP
and Sbp1-GFP proteins were used, and growth test showed that the GFP tags did not
cause deleterious effects to the cells (Figure 26). Scd6- and Sbp1-GFP were
immunoprecipitated and co-elution of Gbp2 and Hrb1 was analyzed on western blots. As
shown in Figure 27, the proteins do not seem to associate with Scd6. On the other hand,
while they co-purified with Sbp1 in the presence of RNA, the interaction was largely lost
upon RNase treatment. Furthermore, it was later found that the absence of neither Scd6
nor Sbp1 had an effect on the translation of the CBP80PC reporter transcript (Grosse et
al., 2021). These results negate the idea that Gbp2 and Hrb1 regulate translation of NMD

substrates together with these two RGG domain-containing translation repressors.

Alternatively, they may require other unknown factors or are themselves specific
translation repressors of targeted NMD substrates. Like Scd6 and Sbp1, they may inhibit
translation directly by binding translation initiation factors. In fact, physical interactions
between Gbp2, Hrb1 and elF4G as well as elF4E was observed in subsequent
experiments. Cells expressing genomic elF4G- or elF4AE-GFP proteins, which showed
similar growth as wild-type cells (Figure 28), were used in co-IP experiments. Co-
precipitation of Gbp2 and Hrb1 with these initiation factors was examined via western blot
analysis. Both proteins appear to physically interact with elF4G and elF4E, as they were
co-precipitated both in the presence and absence of RNA (Figure 29). This provides a
first hint for the possible activity of Gbp2 and Hrb1 as direct translation repressors.
However, further studies are required to confirm this role and reveal whether this function

is specific for their targeted NMD substrates.
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Figure 26. Fusion of the GFP tag to Scd6 and Sbp1 does not lead to growth defects
Growth analysis of the SCD6- and SBP1-GFP strains was carried out. Ten-fold serial dilutions of
cell suspensions, from 107 to 103 cells/ml, were spotted on full YPD agar plates and grown at the

indicated temperatures for 2 days.
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Figure 27. Gbp2 and Hrb1 weakly associate with Scd6 and Sbp1, two RGG motif-containing

translation repressors
Co-precipitation of Gbp2 and Hrb1 with Scd6- or Sbp1-GFP in the presence and absence of

RNase was analyzed on western blots. Tdh1 served as a control for unspecific binding.
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Figure 28. The e/F4G- and e/F4E-GFP strains show similar growth as wild type
Growth analysis of the elF4G- and elF4E-GFP strains was carried out. Ten-fold serial dilutions of
the cells, from 107 to 108 cells/ml, were spotted on full YPD agar plates and grown at the indicated

temperatures for 2 days.
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Figure 29. Gbp2 and Hrb1 physically interact with the cap-binding translation initiation
factors elF4G and elF4E

Co-precipitation of Gbp2 and Hrb1 with elF4G- or elF4E-GFP in the presence and absence of
RNase was analyzed on western blots. Grx4 served as a control for unspecific binding. The
asterisks indicate Hrb1 and Gbp2 bands that were detected prior to detection of GFP signals.

3.6. Gbp2 and Hrb1 may facilitate NMD-induced mRNP structuring for
rapid RNA degradation

3.6.1. Gbp2 and Hrb1 help to mediate interactions between the PTC and the 5’ end
of the transcript

We discovered physical interactions between Gbp2, Hrb1 and diverse NMD-related
factors, including Upf proteins (Figure 12, 16, and 18), translation initiation factors (Figure
29), and decay factors (Grosse et al., 2021). The main functions of these proteins are
carried out at different sites of the target RNA and it is intriguing how their interactions with
Gbp2, Hrb1, and with each other could all take place in the course of NMD. It seems
plausible that the RNA folds into certain structures to allow these interactions to occur as
part of one bigger NMD-mRNP complex, where main and auxiliary factors of early and
late steps of NMD come into contact. Such a model would be favorable, as it also
provides a basis for understanding how recognition of a PTC in the middle of an RNA
could be communicated to the ends of the transcript for control of translation initiation and

activation of mRNA decay.

In metazoan, phosphorylated Upf1 at the PTC serves as a binding platform for SMG
proteins, which in turn recruit the decay factors (Kurosaki et al., 2019) (see 2.3.5).
Although endonucleolytic cleavage by SMG6 creates unprotected fragments that are

immediately accessible to degradation machineries, accelerated 5’ decapping and 3’
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deadenylation, which take place at the ends of a transcript, are also stimulated (Cao and
Parker, 2003). Curiously, the responsible factors, which appear to associate with UPF1
and SMG proteins at the PTC, are apparently able to reach at least the 5’ end of the
transcript and initiate degradation, while Upf1 is still bound close to the PTC (Serdar et al.,
2016). How this is mechanistically achieved is nonetheless unclear. In yeast,
endonucleolytic cleavage has not been discovered and degradation seems to occur
exclusively from the 5’ or 3’ end (He and Jacobson, 2015; Karousis and Mihlemann,
2019). Yeast Upf1 was found to be in a complex with Dcp1, Dcp2, and other decapping
factors (Dehecq et al., 2018). However, it is also unclear how this complex efficiently
contacts the 5’ end to mediate decapping and subsequent degradation. Considering the
physical interactions between Gbp2, Hrb1 and multiple factors along the NMD pathway, it
is tempting to speculate that the two proteins may help in mRNP rearrangements that
would connect the ends of the RNA to the PTC-associated Upf1. An example of mRNA
structuring mediated by dimerization of RNA-binding proteins has previously been
established (Aibara et al., 2017). Moreover, the ability of Gbp2 and Hrb1 to bind each
other and to another molecule of themselves was validated through co-IP assays (Grosse
et al., 2021). Presumably, multiple copies of Gbp2 and Hrb1 that are located at different
positions on the RNA could interact with each other or various other mRNA-binding
proteins, thereby promoting formation of secondary mRNP structures that bring distant

proteins into close proximity.

To test if Gbp2 and Hrb1 play a role in bridging the distance between Upf1 and the 5’ end
of the transcript, the physical interaction between Upf1 and the 5’ binding elF4G was
studied, and whether the interaction would be impaired in the absence of Gbp2 and Hrb1
was examined. Following precipitation of genomically expressed elF4G-GFP, co-elution of
Upf1-HA was visualized on western blots. We observed an RNase-resistant interaction
between Upf1 and elF4G, which appear to be unaffected by deletion of GBP2 and HRB1
(Figure 30). To increase NMD events in the cell, the CBP80PTC reporter was additionally
overexpressed. Interestingly, co-precipitation of Upf1 with elF4G was still similar between
wild type and gbp2A hrb1A in the presence of RNA, but was severely reduced upon
RNase treatment (Figure 31a and 31b). This implies that loading of elF4G and Upf1 onto
the same target RNA is independent of Gbp2 and Hrb1, whereas their direct association
seems to be promoted by the two proteins, supporting our hypothesis. In agreement,
preliminary result from an elF4E-Upf1 co-precipitation assay showed a decreased
interaction of the two proteins in the gbp2A hrb1A strain compared to wild type (Figure 32).
We therefore postulate that Gbp2 and Hrb1 contribute to mRNP remodeling upon
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activation of NMD. By promoting contact between the PTC and the 5’ end of the transcript,
they may help to convey the signal of nonsense recognition efficiently to the site of

downstream processes.
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Figure 30. Upf1 physically interacts with elF4G in an RNase-insensitive manner
Co-precipitation of Upf1-HA with elF4G-GFP in the presence or absence of Gbp2 and Hrb1 was
analyzed on western blots. All strains were transformed with a UPF1-HA plasmid. Hem15 served
as a control for unspecific binding.
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(see next page for figure legend)
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Figure 31. Gbp2 and Hrb1 may mediate the direct interaction between elF4G and Upf1 on
NMD targets

a. Co-precipitation of Upf1-HA with elF4G-GFP in the presence or absence of Gbp2 and Hrb1 was
analyzed on western blots. All strains were transformed with a UPF1-HA plasmid. The CBP80FTC
NMD reporter was expressed upon 2 hours of galactose induction. Hem15 served as a control for
unspecific binding. b. Relative binding of Upf1 to elF4G was quantified from a. The intensities of
the Upf1 bands were related to that of the corresponding elF4G pull-down signals. Upf1 signals in
the non-RNase treated samples were quantified using less-exposed figures. Results are shown as
means with standard deviations. No RNase n = 5; + RNase n = 3.
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Figure 32. Direct Upf1—elF4E interaction may depend partially on Gbp2 and Hrb1
Co-precipitation of Upf1-HA with elF4E-GFP in the presence or absence of Gbp2 and Hrb1 was
analyzed on western blots. All strains were transformed with a UPF71-HA plasmid. Nop1 served as
a control for unspecific binding. The experiment was only done once.

3.6.2. Communication of PTC recognition to 3’ degradation may involve a different
mechanism

It was further investigated if a similar mechanism is used for the communication with
degradation from the 3’ end. Degradation in the 3-5" direction by the cytoplasmic
exosome is preceded by deadenylation, which, in both general mMRNA degradation and
NMD, is primarily regulated by the poly(A)-binding protein Pab1 (Richardson et al., 2012;
Brambilla et al., 2019) (see 2.3.4 and 2.3.5). Physical interaction between Upf1 and Pab1
has been demonstrated through mass spectrometry and immunoprecipitation assays in
both human and yeast (Schell et al., 2003; Richardson et al., 2012). Further data indicated
that association of Upf1 with the RRM1 domain of Pab1 is critical for accelerated 3’
deadenylation in NMD (Richardson et al., 2012). This interaction may therefore also serve

to transfer the PTC signal to the 3’ end for the onset of 3’ degradation.

To study whether Gbp2 and Hrb1 are involved, it was first checked if there are physical

interactions between these proteins and Pab1. A plasmid encoding PAB1-GFP was used,
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RESULTS

and the functionality of the Pab1-GFP protein was confirmed in growth tests showing that
expression of the plasmid rescued the defective growth phenotype of pab1 temperature
sensitive strains (Figure 33). GFP-tagged Pab1 was expressed in wild-type cells and
immunoprecipitated, followed by the detection of Gbp2 and Hrb1 signals on western blots.
Gbp2 and Hrb1 both co-eluted with Pab1, although RNase treatment severely interfered
with the interactions (Figure 34). This contradicts previous mass spectrometry analyses
that showed association of Gbp2 with Pab1 independent of RNA (Collins et al., 2007;
Richardson et al., 2012). Possibly, RNA-binding of these proteins promote their direct
interaction that favors detection with the less sensitive chemiluminescence-based
detection method used here. On the other hand, evidence for a direct Hrb1-Pab1
interaction is lacking. Thus, it remains possible that Hrb1 and Pab1 simply locate on the

same mMRNA and do not specifically associate.

25°C 37°C
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pab1::HIS3 + ppab1-53 + p
pab1::HIS3 + ppab1-53 + pPAB1-GFP

Wild type + p

pab1::HIS3 + ppab1-101 + p
pab1::HIS3 + ppab1-101 + pPAB1-GFP
Wild type + p

pab1::HIS3 + ppab1-16 + p

pab1::HIS3 + ppab1-16 + pPAB1-GFP

Figure 33. GFP-tagged Pab1 protein is functional

Functionality of the plasmid-encoded Pab1-GFP protein was tested in growth analyses. Ten-fold
serial dilutions, from 107 to 108 cells/ml, of wild type or pab1 temperature-sensitive mutant strains
transformed with an empty vector (p) or the PAB1-GFP plasmid were spotted on selective agar
plates and grown at the indicated temperatures for 2 days.

57



Lysates Eluates

+ RNase
pPAB1-GFP -+ -+ -+
GFP — aw
Hrb1
Gbp2 e

Tdh1 e

Figure 34. Gbp2 and Hrb1 physically associate with Pab1 in the presence of RNAs
Co-precipitation of Gbp2 and Hrb1 with Pab1-GFP in the presence or absence of RNase was
analyzed on western blots. Tdh1 served as a control for unspecific binding.

To understand if the possible association between Gbp2, Hrb1, and Pab1 is relevant for
their function in NMD, the interaction between Upf1 and Pab1 was studied and whether it
would show a dependence on Gbp2 and Hrb1 was investigated. Upf1-HA and Pab1-GFP
were both expressed from plasmids in upfiA cells. Following Pab1 pull-down, co-
precipitation of Upf1 was examined. The two proteins physically interact both in the
presence and absence of RNA (Figure 35). Accordingly, an RNase-insensitive co-
purification of yeast Pab1 and Upf1 has been demonstrated (Richardson et al., 2012).
However, the Upf1—Pab1 interaction did not seem to be altered when the cells were
additionally deleted for GBP2 and HRB1 (Figure 35). The result was therefore not
sufficient to show an NMD-related interaction between Upfi and Pab1 that may be
mediated by Gbp2 and Hrb1. Nevertheless, since 3’ degradation is the minor pathway
used in yeast NMD and Upf1 may also interact with Pab1 on bulk, normal mRNAs, it

remains possible that the effect was too mild to be detected.
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Figure 35. Pab1 physically contacts Upf1 independently of Gbp2 and Hrb1

Co-precipitation of Upf1-HA with Pab1-GFP in the presence or absence of Gbp2 and Hrb1 was
analyzed on western blots. All strains were deleted for UPF1 and expressed UPF1-HA from a
plasmid. Hem15 served as a control for unspecific binding.

58



The upf1-DE572AA mutant was therefore used and the interaction between mutant upf1
and Pab1 was investigated. We reasoned that 3’ degradation, hence association of the
PTC with the 3’ end, might be enhanced when 5’ degradation cannot be completed. A
possible effect of Gbp2 and Hrb1 on the Upfi—Pab1 interaction might thus be more
evident using the mutant upf1. Co-IP experiments were carried out as above using cells
that expressed UPF1- or upf1-DE572AA-HA. In addition, the CBP80”’C reporter was
overexpressed to increase NMD. Nevertheless, co-purification of upf1-DE572AA with
Pab1 was likewise unaffected by deletion of GBP2 and HRB1 (Figure 36a and 36b). This
indicates either that the effects were still too transient for detection or that communication

between the core NMD factors and the 3’ end relies on a different mechanism.
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Figure 36. Gbp2 and Hrb1 appear dispensable for the Pab1-Upf1 interaction

a. Co-precipitation of Upf1- or upf1-DE572AA-HA with Pab1-GFP in the presence or absence of
Gbp2 and Hrb1 was analyzed on western blots. All strains were deleted for UPF1 and expressed
wild-type or mutant Upf1 from plasmids. The CBP80FTC reporter was expressed upon 2 hours of
galactose induction. Hem15 served as a control for unspecific binding. b. Relative binding of wild-
type or mutant Upf1 to Pab1 shown in a was quantified. The intensities of the Upf1 bands were
related to that of the corresponding Pab1 pull-down signals. Results were obtained from four
independent experiments and are shown as means with standard deviations.
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Taken together, the results shown in this study provide evidences for the involvement of
Gbp2 and Hrb1 in the cytoplasmic mRNA quality control pathway NMD and begin to
unravel mechanistic details regarding their possible functions therein. They appear to act
downstream of substrate recognition by Upf1 and are relevant for target degradation as
well as translational repression. Remarkably, they seem to continue their quality control
roles, initially identified in nuclear events, in the cytoplasm and may thus demonstrate a

conserved connection between cellular compartments in eukaryotic species.
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4. Discussion

4.1. Gbp2 and Hrb1 are involved in NMD

4.1.1. Cytoplasmic in addition to nuclear quality control

Over the past decades, identification and functional characterization of the yeast SR-like
proteins have demonstrated how these proteins, like human SR proteins, can play diverse
roles in mMRNA metabolism and therefore contribute to the maintenance of transcriptome
integrity. Nevertheless, our understanding of the functions of these shuttling proteins is as
yet incomplete, and especially little is known regarding the cytoplasmic function of Gbp2
and Hrb1. The results from this study, in combination with other findings, reveal the
involvement of these proteins in the cytoplasmic mRNA quality control pathway NMD.
Deletion of GBP2 and HRB1 led to accumulation of PTC-containing NMD reporters both on
the RNA and protein level in an Upf1-dependent manner (Grosse et al., 2021). This was
likely a result of less efficient degradation and reduced translation inhibition after NMD
activation, as the absence of Gbp2 and Hrb1 did not affect the stable binding of Upf1 to the
CBP80FTC reporter (Figure 21), but restricted its association with decapping factor Dcp1
(Grosse et al., 2021), Ski complex factor Ski2 (Figure 23), and the cap-binding translation
initiation factor elF4G (Figure 31), potentially hindering a speedy response to silence the

faulty transcript.

Since Gbp2 and Hrb1 were shown to be involved in the quality control of pre-mRNA splicing
and are adaptor proteins for the mRNA export receptor Mex67—-Mtr2 (Hackmann et al.,
2014), we needed to take into account that the nuclear functions of these proteins may
indirectly affect downstream events that occur in the cytoplasm. In regard to splicing,
microarray analyses had shown that deletion of GBP2, HRB1, or both genes did not
significantly alter the ratio of pre-/mature mRNA levels of intron-containing genes (Kress et
al., 2008), whereas the ratio evidently increased when a known bona fide splicing factor
was defective. In the same study, the other SR-like protein, NpI3, showed contrastingly an
impact on splicing of numerous genes. Unlike NpI3, which interacts with and presumably
promotes the recruitment of spliceosome assembly factors to support splicing (Kress et al.,
2008), Gbp2 and Hrb1 associate mainly with late splicing factors and probably have a more
specific role in detecting errors during the process rather than affecting the process itself
(Hackmann et al., 2014). These findings suggest that in cells deleted for GBP2 and HRB1,

splicing should be carried out efficiently, at least to a similar extent as in wild-type cells, and

61



therefore should not cause additional splicing defects that may potentially result in an
increase of natural NMD targets. In addition, although these proteins promote mRNA export
by recruiting Mex67—Mtr2 to the transcript, their absence did not result in general defects in
bulk mRNA export (Hackmann et al., 2014). Thus, in cells lacking Gbp2 and Hrb1,
processed mature mRNAs, including the reporter transcripts that were used in our

experiments, should be normally transported into the cytoplasm.

Gbp2 and Hrb1, however, are known to promote degradation of transcripts in case of
splicing defects. Since the CBP80”'C reporter contains an intron and therefore also
undergoes splicing, Gbp2 and Hrb1 may affect degradation of CBP80”'C in the nucleus.
Thus, to study decay of the reporter transcript through the NMD pathway, as in Figure 25,
we could not rely on mRNA half-life measurements, as we could not easily distinguish
nuclear and cytoplasmic effects. We analyzed instead the steady-state level of the transcript,
and to exclude nuclear effects, used a PTC-less but otherwise identical version of the
reporter as control. Effects related to the intron, splicing, and nuclear decay should be
eliminated by normalizing to the PTC-less reporter. Since a PTC is only read in the
cytoplasm during translation, any difference between the PTC-containing and PTC-less
reporters should reflect consequences from NMD in the cytoplasm. Yet, depletion of Gbp2
and Hrb1 was shown to cause leakage of incorrectly spliced transcripts into the cytoplasm
(Hackmann et al., 2014). This raises the possibility that some intrinsic splicing errors, which
could potentially lead to PTCs, may escape nuclear surveillance in gbp2A hrb1A cells and
increase the amount of endogenous NMD targets in the cytoplasm. These additional targets
may sequester NMD factors or decay factors, thereby leading to indirect effects when we
examine the association of these factors with the CPB80”C reporter (as in Figure 21 and

24). These results thus should be interpreted with care.

4.1.2. Gbp2 and Hrb1 affect a subset of NMD targets

Gbp2 and Hrb1 appear to play a role in NMD on a subgroup of targets and not all of them.
In the beginning of our study, the PGK1-based NMD reporter (PGK1F7€) was initially
analyzed, but its steady-state level showed no dependence on Gbp2 and Hrb1, leading us
to conclude that the proteins are not involved in the NMD of this reporter (Grosse et al.,
2021). Although it is a well-established reporter frequently used in yeast, the PGK1 gene
does not contain an intron. Considering the functional relationship between Gbp2, Hrb1 and
splicing, we tested two NMD reporters derived from the intron-containing DBP2 and CBP80

genes. Gbp2 and Hrb1 indeed contributed to the destabilization of these two reporters via
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the NMD pathway (Grosse et al., 2021). Similar results were discovered on the protein level,
showing that translation of the two intron-containing reporters were in part regulated by
Gbp2 and Hrb1 in an Upf1-dependent manner, while that of the PGK1F7C reporter was not
(Grosse et al., 2021). Based on these findings, it appears plausible that Gbp2 and Hrb1
have a role in NMD specifically on targets that are derived from intron-containing genes.
This would agree with previous findings that Gbp2 and Hrb1 are enriched on transcripts of
intron-containing genes compared with those derived from intron-less genes (Hackmann et
al., 2014). In comparison, Npl3 did not show preferential binding regarding the presence of
introns and seems to bind all mRNAs equally. This also correlates with the cellular
abundance of these SR-like proteins: there are approximately 4,000 molecules of Gbp2 or
Hrb1 in the cell, but more than 40,000 molecules of NpI3 (Ho et al., 2018), at least 10-fold
that of the two other proteins. These observations further support a specific link between
Gbp2, Hrb1, and intron-containing transcripts. As Gbp2 and Hrb1 participate in the quality
control of splicing, and splicing defects can often lead to PTCs, it is tempting to speculate
that Gbp2 and Hrb1 continue their quality control function on spliced mRNAs to ensure
removal of problematic transcripts that may escape or are not recognized by nuclear quality

control (see 4.8).

In yeast, a relatively low proportion of genes contain introns, and most of them have only
one intron (Spingola et al., 1999), while metazoan genes typically contain several introns
and therefore undergo more extensive and complex splicing events (Mourier and Jeffares,
2003; Kim et al., 2007; Park and Graveley, 2007). Together with the lack of major EJC
components and thus an independence from EJC-mediated NMD activation, a link between
splicing and NMD was thought to be rather unimportant in yeast (Boisramé et al., 2019;
Kurosaki et al., 2019). Nevertheless, an estimated 27% of the mRNAs produced by the
yeast cell are derived from intron-containing genes, indicating that spliced transcripts make
up a larger part of the yeast transcriptome than may be expected (Lopez and Séraphin,
1999; Ares et al., 1999). Also, several reports have demonstrated that incorrect splicing of
pre-mRNAs is a main source of PTC-containing transcripts that are targeted to NMD in
yeast (He et al., 1993; Sayani et al., 2008; Celik et al., 2017a). According to one study,
about 16% of intron-containing pre-mRNAs potentially become NMD substrates (Celik et
al., 2017a). These data suggest that transcripts derived from intron-containing genes are
an essential part of yeast NMD, and shed light on the potential importance of Gbp2 and

Hrb1 in this pathway.
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In light of these ideas, we conducted our study further using the intron-containing reporters.
In this work, we mainly focused on the CBP80FTC reporter, as its 5’ proximal intron position
is more representative of yeast intron-containing transcripts (Figure 19). Contrarily, the
intron in the DBP2 gene is situated in the second half of the ORF, relatively atypical for
yeast. That said, it remains possible that Gbp2 and Hrb1 take part in NMD on targets based
on different criteria. To assess the link between intron-containing substrates and the two
proteins, we could construct intron-less versions of the DBP2P™C and CBP80FTC reporters
and examine whether Gbp2 and Hrb1 would still affect the stability of these reporters
through NMD. Reciprocally, insertion of an intron into the PGK1P™C reporter may also

provide some insight.

The observed effects of Gbp2 and Hrb1 in NMD were not only found on the constructed
reporters, but also relevant for endogenous NMD targets. This was demonstrated in the
Gbp2 and Hrb1 RIP experiments, in which co-precipitation of two intron-containing, putative
endogenous target mRNAs with Gbp2 and Hrb1 decreased in the absence of Upf1 (Figure
22c¢2-3). The same results were found for the CBP80”C reporter, showing less binding of
Gbp2 and Hrb1 when Upf1 was depleted (Figure 22c1). These findings suggest an earlier
dissociation of the proteins from target RNAs when NMD was not activated, agreeing with
them having NMD-related functions on these RNAs. The milder effects for the endogenous
targets in comparison to the reporter transcript probably point out that these endogenous
mRNAs are not always PTC-containing and thus not always NMD targets. In support of this,
it was suggested that intron identity and splicing signals, which eventually influence splicing
efficiency, can affect NMD targeting of transcripts that contain introns (Sayani et al., 2008).
The selected endogenous targets may be spliced at different efficiencies and thus be
affected by NMD to different extents. To verify Gbp2 and Hrb1’s function in physiological
NMD, it may be helpful to analyze additional intron-containing as well as intron-less
endogenous targets and check if the effects correlate with splicing efficiencies. Detection of
the protein—NMD substrate interactions in upf2A or upf3A strains may also serve to

strengthen a connection between NMD and the altered RNA-binding of these proteins.

Apart from these, Gbp2 and Hrb1’s engagement in endogenous NMD was also
demonstrated through co-IP experiments. In the Gbp2—-Upf1 co-IP experiment (Figure 16),
an increased interaction between the proteins was detected when the ATPase of Upf1 was
defective. In another experiment, a decrease of the Ski2—Upf1 interaction in the absence of
Gbp2 and Hrb1 was observed (Figure 23). These experiments were done in cells that did

not express the NMD reporter, therefore the results should represent effects that originate
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from endogenous NMD events. The relatively mild effect observed in the former experiment
matches the idea that the proteins act on a subpopulation of endogenous targets. Together,
these data agree with a role of Gbp2 and Hrb1 in the NMD pathway on a subset of targets
under natural conditions. To gain further insight into how Gbp2 and Hrb1 participate in NMD,
we may benefit from transcriptome-wide or other high-throughput methods that would allow

us to globally identify the substrates that they affect and analyze the extent of their impact.

Previous research had also shown that several factors involved in NMD are not always
required for the pathway. For example, the EJC, known to be important for NMD activation,
is limited to transcripts that are spliced, which do not represent all NMD targets. The core
factors Upf2 and Upf3 appear to be important, or necessary, at least for the early stage of
NMD, but several reports in higher eukaryotes have demonstrated that they are dispensable
in some cases (Lavysh and Neu-Yilik, 2020). The SMG5-SMG7 and SMG6 proteins were
likewise suggested to have redundant roles in facilitating target decay (Colombo et al., 2017;
Boehm et al., 2021). These data exemplify how the NMD pathway may be supported by
different sets of proteins in addition to the core factors. Which proteins are involved

presumably depends on the substrate type and the cellular condition in each case.

4.2. Gbp2 and Hrb1 are part of the NMD mRNP

To find out if Gbp2 and Hrb1 directly participate in the NMD process, we investigated the
physical interactions between these proteins and the Upf factors. Co-IP of the two SR-like
proteins with Upf1, Upf2, and Upf3 suggested that these proteins can be found on a
common set of RNAs (Figure 12). Co-precipitation was however not detected when
samples were additionally treated with RNase, suggesting RNA-dependent or indirect
interactions. Similarly, it was shown that assembly of the yeast Upf1—Upf2—Upf3 complex
requires RNA (Dehecq et al., 2018), demonstrating that formation of direct protein—protein
contacts in the pathway may occur only in the presence of RNA. That Gbp2 and Hrb1 may
affect just a subset of NMD targets (see 4.1.2) is possibly also reflected in the difficulty to
detect strong physical interactions between these proteins and factors involved in NMD.
Taking into consideration the relatively low abundance of Upf proteins — about 7,000
molecules/cell of Upf1 and about 2,000 molecules/cell of Upf2 and Upf3 each (Ho et al.,
2018) —, detection of Upf2 and Upf3 in NMD complexes is especially challenging. This likely
also accounted for failures in previous attempts (Gavin et al., 2006; Krogan et al., 2006;
Collins et al., 2007).
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Gbp2, Hrb1, and the Upf proteins may also be part of the same mRNP complex and do not
necessarily interact directly. Split-GFP experiments demonstrated that at least Gbp2 closely
associates with Upf1 on NMD substrates in vivo. GFP fluorescence, which would indicate
the close proximity of Upf1 and Gbp2, increased as the amount of NMD substrates was
enriched in the cell (Figure 17 and 18). Besides overexpressing the CBP80”C reporter to
increase substrate levels, we also disrupted the NMD-triggered decay pathway by depletion
of the main 5-3’ exonuclease Xrn1, thereby accumulating substrates that could not be
efficiently degraded. Under wild-typical conditions, NMD substrates are presumably
degraded rapidly upon recognition, likely leading to the low-abundant and transient nature
of physical interactions that are formed during the process. Indeed, it had been shown in
yeast that many NMD-sensitive RNAs are eliminated within a few minutes (Guan et al.,
2006). As there is also an inherent delay in the appearance of split-fluorescence signals
due to the time required for complementation and maturation of the chromophore (Romei
and Boxer, 2019), too transient interactions may not allow the assembly of a functional
fluorescence protein in time. By preventing or slowing down degradation, we were likely
able to capture more of those short-lived interactions and visualize them through the

methods that were applied.

This was also demonstrated by using the ATP hydrolysis mutant upf1-DE572AA in both co-
IP and split-GFP analyses. The ATPase activity of Upf1 is required for removal of RNA
secondary structures as well as dissociation of the ribosome and other bound proteins for
full target degradation (Franks et al., 2010; Fiorini et al., 2015; Serdar et al., 2016). This
mutant upf1 therefore causes incomplete degradation and results in accumulation of 3’
decay intermediates on which the ribosome, the upf1-DE572AA protein, and several other
NMD factors appear to concomitantly remain (Franks et al., 2010; Serdar et al., 2016).
Further analysis of the resulting 3° RNA decay intermediates surprisingly revealed that the
5’ end of these fragments align to sequences several nucleotides downstream of the PTC
(Serdar et al., 2020). Based on additional supporting data, a model was proposed in which
the ATP hydrolysis mutant upf1 interferes with Rli1’s activity to separate ribosomal subunits.
The ribosome migrates into the 3° UTR of the NMD substrate, where it blocks 5-3’
degradation by Xrn1 (Serdar et al., 2020). The increased association of Gbp2 with upfi-
DE572AA shown in both co-IP (Figure 16) and split-GFP experiments (Figure 18) suggests
that Gbp2 is likely part of the Upf1-containing decay fragment mRNP and one of the factors
that dissociates from the target depending on proper function of Upf1. This supports NMD-

related association of Gbp2 with Upf1 and argues for NMD-specific functions of this protein.
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Consistent with these results and providing evidence for the physical involvement of Hrb1
in NMD, it was discovered that enrichment of NMD targets in Xrn1-depleted cells shifted the
localization of both Gbp2 and Hrb1 towards the cytoplasm in an Upf1- and PTC-dependent
manner (Grosse et al., 2021), whereas the two proteins normally localize to the nucleus at
steady-state (Windgassen and Krebber, 2003; Hacker and Krebber, 2004). This illustrates
a further link between the NMD pathway and the two proteins, in particular in how disruption
of the degradation process probably affects the association of the proteins with the target
mRNP. In line with this, Gbp2 and Hrb1 appear to dissociate later from putative NMD
substrates when NMD is activated (Figure 22c). Collectively, these findings support the
physical involvement of Gbp2 and Hrb1 in the NMD pathway on certain substrates, at least

during the degradation process.

Interestingly, in both experiments that showed an increased association of Gbp2 with the
mutant upf1, Hrb1 did not show the same phenotype (Figure 16 and 20). This indicates
that, unlike Gbp2, Hrb1 is probably a more peripheral component and no longer present in
the NMD mRNP retained by upf1-DE572AA. Since elevated substrates that could not be
degraded from the 5’ end delayed the re-import of Hrb1 (see previous paragraph), we
speculate that Hrb1 completes its function(s) early in the pathway and dissociates from the
substrate shortly prior to or upon degradation by Xrn1. Supporting this, we observed that
Hrb1, but not Gbp2, promotes the binding of the decapping factor Dcp1 to the CBP80"7C
reporter (Grosse et al., 2021; see 4.4), which acts before Xrn1. Therefore, Hrb1 seems to
participate until the early stage of target degradation, while Gbp2 remains bound for a longer
time. These data show first evidences of a functional divergence between the two highly
homologous proteins, at the same time revealing how they may contribute to a common

pathway through different means.

Potentially transient or RNA-dependent interactions such as those studied in this work call
for methods that can better capture biological complexes within short time frames and in
their real-time physiological conformation. One approach that could be implemented is
cross-linking. As an example, formaldehyde cross-linking locks interactions between
proteins and nucleic acids and has been used widely in molecular biological research
(Hoffman et al., 2015; Srinivasa et al., 2015; Ramanathan et al., 2019). By applying this in
a co-IP experiment, protein—protein interactions of interest may be preserved while the
RNA-binding proteins retain their RNA-bound state. RNase treatment would subsequently
remove protein-free segments of RNA and thereby prevent co-precipitation of non-

interacting proteins from the same transcript. Our attempt with this method in the Upf IP
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experiment did not show co-elution of Gbp2 and Hrb1 with the Upf proteins (Figure 13),
although formaldehyde cross-linking assisted the detection of RNase-insensitive
interactions between Dcp1 and Gbp2 as well as Hrb1 (Grosse et al., 2021). Either the SR-
like proteins weakly interact with the Upf proteins, or there are technical issues that need to
be solved in the experimental set-up requires further investigation. It should be noted that
formaldehyde-mediated reactions are strongly dependent on reaction time, formaldehyde
concentration, and several other variables (Hoffman et al., 2015), and therefore requires
optimization for each experiment. Besides formaldehyde cross-linking, UV irradiation is
regularly used to cross-link protein and RNA molecules (Ramanathan et al., 2019). Although
the cross-linking efficiency is lower, the resulting irreversible covalent bonds allow stringent
washing in co-precipitation assays, which would favor detection of genuine and direct
interactions. This approach also enabled us to analyze the binding of Ski2, Dcp1, and Xrn1
to the CBP80"C reporter transcript in different mutants (Figure 24; Grosse et al., 2021).
For future investigation, the more sensitive mass spectrometry analysis could be done for
Gbp2 and Hrb1 that are purified from xrn1A, dcp1A, or cells expressing the ATP hydrolysis
mutant upfi. Accumulation of NMD mRNPs in these cells would support the identification

and verification of protein interactions involved in those complexes.

Despite the challenge to identify physical interaction partners of Gbp2 and Hrb1 within the
NMD pathway, the accumulated results indicate that the proteins are physically associated
with NMD target mRNPs. These co-transcriptionally recruited proteins accompany mRNAs
into the cytoplasm and are presumably released upon normal translation or, in the case of

NMD activation, proper completion of target degradation.

4.3. NMD activation — new perspectives

Although the association of human SR proteins with EJCs and the indication that Gbp2 and
Hrb1 may promote NMD on transcripts that are derived from intron-containing genes made
it tempting to postulate that the two proteins also help anchor Upf proteins to NMD
substrates like the EJCs, our study suggested that this is probably not the case. In the
absence of both Gbp2 and Hrb1, Upf1 was able to associate with the CBP80P'C reporter
transcript as well as it did in wild-type cells (Figure 21). On the contrary, Upf1 failed to stably
associate with the reporter RNA in the absence of Upf2, consistent with previous findings
in human cells and the indication that UPF2 is important for NMD target recognition

(Kurosaki et al., 2014). This suggests that substrate recognition by Upf1 and consequent
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NMD activation on the CBP80”7¢ reporter RNA is largely independent of Gbp2 and Hrb1.
Additionally, we could analyze endogenous NMD substrates in the same experiment to find
out if similar effects could be observed. Further, it may be tested if the absence of Gbp2
and Hrb1 would alter the physical interactions between the three Upf proteins, i.e., the
formation of the Upf1-Upf2—Upf3 complex, one of the key steps to NMD activation.
Although the two SR-like proteins did not appear to affect Upf1’s binding to a substrate
transcript, it remains possible that they promote recruitment of Upf2 and/or Upf3 and thus
facilitate NMD activation. Nevertheless, as we were not able to show direct physical
interactions between these two proteins and Upf2 or Upf3 (Figure 12 and 13), a major role

of these proteins in the Upf1—-Upf2—-Upf3 complex formation seems relatively unlikely.

In yeast, the most prominent NMD activation mechanism is described by the long 3’ UTR
model (see 2.3.3.2). Considering that most yeast introns are situated close to the 5’ end of
the transcript, PTCs that arise from incorrect splicing would also be relatively 5’ proximal
and thus far away from the poly(A) tail. This naturally creates a PTC in along 3’ UTR context
that might sufficiently favor NMD activation and therefore neglects the need for facilitation
from additional cis-acting factors. On the other hand, it is so far not completely understood
how a long 3’ UTR actually leads to activation of NMD. The original hypothesis, which
emphasizes the pro-termination interaction between Pab1 and eRF3 as a key determinant,
has been challenged and has led to the quest for alternative or additional mechanisms.
Gbp2 and Hrb1, despite their apparent activities in supporting NMD, probably do not play

significant roles there.

Recently, a new explanation for NMD activation has emerged that aims to combine current
findings and provide a more general perspective on the subject matter. This model suggests
that NMD activation, like many other cellular events, is the outcome of competition between
different molecular signals, reminiscent to the model proposed for nuclear RNA surveillance
that was described in 2.1.1. According to these models, all transcripts, both in the nucleus
and the cytoplasm, are targeted to decay by default, but evade degradation if they could
engage timely in other functional processes (Bresson and Tollervey, 2018; Kishor et al.,
2019b). In the case of NMD, the competition between various pro-termination and pro-NMD
features would ultimately determine the fate of a transcript. An EJC downstream of the stop
codon would represent a strong NMD-inducing feature, while the loss of eRF3—Pab1
interaction and the presence of Hrp1 bound to DSE may represent milder, but effective

NMD-inducing features. Any other factor that could influence the molecular environment or
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the kinetics of translation termination and Upf1 activation may all contribute to a shift

towards or against commitment to the NMD pathway (Kishor et al., 2019b).

In light of this, NMD activation may be categorized into roughly two situations: for transcripts
with a strong NMD-activating feature, e.g. an EJC downstream of the stop codon,
termination is evidently aberrant and NMD likely occurs upon the first round of translation;
for transcripts with mild NMD-inducing features, as may be the case for many normal-
looking endogenous targets, translation terminates in a less optimal environment but may
still succeed, and NMD might be activated only after several rounds of translation (He and
Jacobson, 2015; Karousis and Mihlemann, 2019). This led to a new notion that NMD may
occur stochastically and may monitor every mRNA at each round of translation. Supporting
this is a recent study that examined individual NMD events in human cells using a single-
molecule imaging approach and estimated that each ribosome has a probability of 0.11 to
induce NMD (Hoek et al., 2019).

The new model provides a basis for understanding why almost all of the prominent NMD-
inducing features identified so far has been found to be dispensable in certain cases of
NMD. It would also explain why many endogenous NMD targets seem only moderately
affected by NMD (Colombo et al., 2017; Figure 22¢3). In a broader sense, Gbp2 and Hrb1
may also serve as weaker pro-NMD factors that work in concert with other signals to
eventually lead to degradation of the target. For instance, they may have an impact on the
mRNP structure and contribute to a termination environment that is in better favor of NMD.
Nevertheless, this would arguably not be their main function and not be significant for yeast
NMD activation. In addition, it was shown that dissociation of Gbp2 and Hrb1 from mRNAs
is dependent on the import receptor Mtr10, and presumably followed directly by nuclear
import of these proteins (Windgassen and Krebber, 2013; Hacker and Krebber, 2004).
Therefore, although it is possible that displacement of Gbp2 and Hrb1 from NMD target
transcripts uses a somehow different mechanism, we assume that Gbp2 and Hrb1-

mediated NMD occurs principally in the first round of translation.

4.4. Gbp2 and Hrb1 facilitate target RNA degradation

If Gbp2 and Hrb1 are not critical for the activation of NMD, their impact on reporter RNA
levels may reflect an involvement in transcript degradation. Several experiments have
implicated these proteins as part of the mRNP that is undergoing NMD-activated

degradation (see 4.2). Moreover, Gbp2 and Hrb1 physically interact with factors of the
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cytoplasmic RNA turnover machineries, including the decapping factor Dcp1, the
exonuclease Xrn1, and the exosome cofactor Ski2 (Grosse et al., 2021), supporting their
role in cytoplasmic transcript decay. Interaction of Gbp2 and Hrb1 with the helicase Ski2 of
the Ski complex is reminiscent of their binding to Mtr4, which is the helicase component of
the nuclear exosome cofactor TRAMP complex and in this sense a nuclear counterpart of
Ski2. Gbp2 and Hrb1 were suggested to help recruit the TRAMP complex through
interactions with Mtr4 and thereby guide the nuclear exosome to faulty transcripts during
quality control of splicing (Hackmann et al., 2014). Similarly, efficient recruitment of Ski2 to
the NMD substrate seems to depend on Gbp2 and Hrb1. Following detection of interactions
between Ski2 and the two proteins, we observed that Upf1 also co-purified with Ski2, and
this physical interaction significantly decreased upon depletion of Gbp2 and Hrb1, both in
the presence and absence of RNA (Figure 23). Assuming that this interaction essentially
occurs on transcripts that are targeted for NMD, the result implies that recruitment of the
Ski complex to NMD substrates is likely hindered in the absence of Gbp2 and Hrb1. Given
that Ski2 is required for the 3’ degradation of NMD substrates in yeast (Mitchell and
Tollervey, 2003), reduced Ski2 association implies less effective degradation by the
exosome. Examination of this phenomenon through protein—RNA interaction, in our case
the association of Ski2 with the CBP80”C reporter, revealed a reduced binding of the
protein to the substrate RNA in cells lacking Gbp2 and Hrb1 (Figure 24). This corresponds
to the decreased interaction between Ski2 and Upf1. However, as noted earlier, the result
of this experiment needs to be assessed carefully because we cannot exclude the possibility
that increased natural NMD substrates in the cytoplasm may sequester Ski2 molecules and
cause an indirect decrease in the binding of Ski2 to the CBP80”'¢ reporter. Nevertheless,
the previous co-IP experiments and the nuclear TRAMP complex-recruiting activities of
Gbp2 and Hrb1 support their involvement in the recruitment of Ski2 to the NMD substrate.

The RIP result may indeed reflect the same effect.

Single deletion of GBP2 or HRB1 did not affect the binding of Ski2 to CBP80°C (Figure 24),
inferring that both Gbp2 and Hrb1 facilitate recruitment of the Ski complex. To obtain
additional evidence, we could test the single knockout strains in the Ski2—Upf1 co-IP
experiment. Furthermore, to comprehensively analyze the impact of Gbp2 and Hrb1 on 3’
degradation, we could examine other factors of the Ski complex, the Ski7 protein, and
components of the exosome. As the cytoplasmic exosome requires the Ski complex and
Ski7 to be recruited to the target RNA (Araki et al., 2001; Halbach et al., 2013), it could be
expected that interactions between Upf1 and exosome factors, if there are any, likewise

depend partially on Gbp2 and Hrb1.
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The two proteins may also affect 3’ decay at an earlier stage, namely during deadenylation.
Although the major 5’ degradation of yeast NMD targets was shown to be independent of
deadenylation (Muhlrad and Parker, 1994), degradation from the 3’ end still requires that
the poly(A) tail is previously removed (Mitchell and Tollervey, 2003). This likely involves
deadenylase complexes common to canonical mMRNA turnover, and Pab1, a major regulator
of transcript 3’ end stability (see 2.3.4). In higher eukaryotes, the SMG5-SMG?7 proteins
also recruit deadenylases to support 3’ decay (Loh et al., 2013). Association of Gbp2 and
Hrb1 with components of the deadenylase complexes is not known. However, the proteins
were shown to interact with Pab1 (Collins et al., 2007; Richardson et al., 2012; Figure 34),
although the functional significance is so far unclear. Interestingly, both Gbp2 and Upf1
appear to bind to the RRM1 domain of Pab1 in vivo, and the Upf1—Pab1 interaction was
implicated in accelerated Pab1 removal, which promotes deadenylation and 3’ decay
(Richardson et al., 2012). Whether there is competitive or sequential binding of Gbp2 and
Upf1 with Pab1 and whether there are relevant roles of Gbp2 and Hrb1 in deadenylation of
NMD targets remain to be investigated. Methods that allow detection of the RNA 3’ end,
such as northern blot and gPCR analyses, could be carried out in 5’ decay-deficient cells to

directly examine 3’ NMD in the presence and absence of the SR-like proteins.

In addition to 3’ decay, Gbp2 and Hrb1 were also found to facilitate the 5’ degradation
pathway (Grosse et al., 2021). Both Gbp2 and Hrb1 promote proper targeting of the
CBP80PTC reporter to Xrn1. However, they likely do not directly support the exonuclease,
but act upstream of it: Hrb1 seems to help recruit the decapping machinery to the transcript
and thereby ensures target accessibility to Xrn1, while Gbp2 probably supports effective
decapping through its translation repression activity (see 4.5), which acts beforehand
(Grosse et al., 2021). Collectively, our data allowed us to conclude that Gbp2 and Hrb1
facilitate NMD substrate elimination through recruitment of the 5’ and 3’ decay machineries.
While both Gbp2 and Hrb1 may assist the Ski—-exosome complex, Dcp1 recruitment appear
to be specifically promoted by Hrb1. These activities parallel their nuclear function in
supporting exosome-mediated degradation of incorrectly spliced transcripts and also

suggest some functional similarity with the human SMG5-SMG7 proteins.

Two other yeast proteins, Nmd4 and Ebs1, were suggested to be functional homologs of
SMG6 and SMG5-SMG7, respectively (Luke et al., 2007; Dehecq et al., 2018). In addition
to their physical interactions with Upf1, with decapping factors, and their functional
implications in NMD target degradation (He and Jacobson, 1995; Luke et al., 2007; Dehecq

et al., 2018), these proteins contain 14-3-3 and PIN domains that resemble those of the
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SMG5-7 proteins (Luke et al., 2007; Dehecq et al., 2018). As none of Gbp2, Hrb1, Nmd4,
or Ebs1 alone was necessary or sufficient for fully active NMD, we tested if these proteins
may complement each other and altogether be required for substrate degradation.
Nonetheless, neither the double knockout of GBP2 and HRB1 nor the quadruple knockout
of all four proteins stabilized the CBP80”'C reporter to the extent of the UPF1 knockout
strain (Figure 25). This indicates that despite these proteins contribute to target decay, their
absence does not completely abolish the decay activities in the NMD pathway. The
degradation process likely relies on additional auxiliary factors, or Upf1 alone has the
capacity to eventually trigger decay. Further, it suggests different possibilities regarding how
the four examined proteins may participate in target degradation. As Nmd4 and Ebs1
appear to take part in NMD also for a subgroup of targets (Dehecq et al., 2018), they may
not be relevant for NMD of the CBP80"7C reporter. If, however, they are indeed involved in
NMD on this transcript, they may have overlapping functions with Gbp2 and Hrb1 in regard
to promoting degradation. Alternatively, Gbp2 and Hrb1 may act upstream of Nmd4 and
Ebs1, therefore deletion of NMD4 and EBS1 had no further effect in addition to gbp2A hrb1A.
The identification of other factors and the interplay between these auxiliary proteins would
be interesting subjects for future research. Also, studies that address the ability of Nmd4
and Ebs1 to recruit decay machineries would allow us to further compare their mechanisms
with the SMG5-SMG7 proteins.

Through a series of affinity purification-coupled mass spectrometry analyses, it was found
that yeast Upf1 appear to modulate NMD through two distinct and sequential complexes
(Dehecq et al., 2018). The first complex contains Upf1, Upf2, and Upf3 (named “Upf1-23”)
and is responsible for recognition of NMD targets. Subsequently, the second complex
(named “Upf1-decapping”), which includes Upf1, decapping factors, Nmd4, Ebs1, but not
Upf2 and Upf3, mediates decapping and decay. Gbp2 was identified in the Upfi1
purifications, but also co-purified with Dcp1, Nmd4, and Upf2 in their analyses (Dehecq et
al.,, 2018). It is thus ambiguous whether it is part of the Upf1-23 or the Upfi1-decapping
complex. Based on our findings, it is tempting to consider that Gbp2 is part of the latter
complex that carries out target degradation. Hrb1 also weakly co-purified with Upf1 (Dehecq
et al., 2018) and may be part of the Upf1-decapping complex, although conceivably as a
more peripheral component. Since the proteins are thought to be present on target
transcripts already before activation of NMD, it is also not unlikely that they are part of both
Upf1-23 and Upf1-decapping complexes. Together, the results provide interesting insights

into the cytoplasmic roles of Gbp2 and Hrb1. Their activities in promoting NMD target decay
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establish their overall quality control character and their recruitment of decay machineries,

reminiscent of SMG5-SMG7, suggests a further level of conservation in the NMD pathway.

4.5. Gbp2 and Hrb1 may also exhibit translation repression activities

Besides removal of error-prone transcripts, the important goal of mRNA quality control
mechanisms is to prevent the production of aberrant proteins. This is also reflected in the
NMD pathway, as deletion of UPF1 leads to the accumulation of protein products translated
from NMD target transcripts (Muhlrad and Parker, 1999b; Kim et al., 2017). Although
enrichment in protein levels can also result from RNA stabilization and reduced proteasomal
degradation of the translated polypeptides, which were both shown to be consequences of
inhibiting NMD, there is evidence that translation is directly affected (Kervestin and
Jacobson, 2012; see 2.3.6).

Deletion of GBP2 and HRB1 resulted in increased protein products of the intron-containing
NMD reporters, although to a lesser extent when compared with UPF1 deletion (Grosse et
al.,, 2021). The effects were Upf1- and PTC-dependent, therefore specific to the NMD
pathway. Protein level per reporter mRNA level was calculated to estimate translation rates,
which increased in gbp2A hrb1A cells, suggesting the possibility that Gbp2 and Hrb1
suppress translation of NMD substrates in addition to influencing substrate RNA
degradation. One efficient way to inhibit translation is to target translation initiation, as it is
the first step of the process. Further, most eukaryotic translation initiation depends on the
5’ cap and it’s binding proteins, leading to an intrinsic link between inhibition of translation
initiation and 5’ decapping and decay. In view of this and considering Hrb1’s role in
promoting recruitment of the decapping complex (see 4.4), it seems likely that Gbp2 and
Hrb1 together affect both translation initiation and subsequent 5’ degradation of NMD

substrates.

Several members of the group of RGG motif-containing proteins were found to exhibit
translation repression activities in yeast (Segal et al., 2006; Rajyaguru et al., 2012). These
proteins, which include Npl3, Scd6, and Sbp1, appear to interfere with translation initiation
through their direct binding to elF4G (Rajyaguru et al., 2012), a component of the cap-
binding elF4F complex. Moreover, both their binding to elF4G as well as their ability to
repress translation of reporter mRNAs were shown to be dependent on their RGG motifs
(Rajyaguru et al., 2012). The fact that Gbp2 and Hrb1 also contain RGG motifs and the
finding that they physically interact with elF4G and another factor of the elF4F complex,
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elF4E (Figure 29), allowed us to consider similar roles of these proteins in translation
repression during NMD. We also considered the possibility that these proteins do not
suppress translation directly, but facilitate the process by supporting one or more of the
identified RGG domain-containing translation repressors mentioned above. However, Gbp2
and Hrb1 did not co-immunoprecipitate with Scd6 and did not appear to directly interact with
Sbp1 (Figure 27), despite the implication of a Gbp2—Sbp1 interaction from a genome-wide
mass spectrometry analysis (Gavin et al., 2006). Gbp2 and Hrb1 have been found to
physically associate with Npl3, but this likely occurs already in the nucleus during their co-
transcriptional recruitment to the nascent mRNA (Inoue et al., 2000; Hurt et al., 2004; Tardiff
et al., 2007; Erce et al., 2013). Furthermore, deletion of neither NPL3, SCD6, nor SBP1
resulted in an increase of Cbp80FTC protein level as in gbp2A and upf1A cells (Grosse et al.,
2021). These findings suggest that Gbp2 and Hrb1 unlikely work together with the three
proteins for translational inhibition in NMD and may specifically and directly repress
translation of their targeted NMD substrates. That said, it remains possible that Gbp2 and
Hrb1 cooperate with other yet unknown factors to modulate translation in NMD or are
somehow engaged in the proteasomal degradation pathway. It also does not exclude the
probability that NpI3, Scd6, or Sbp1 may be involved in translation repression of other NMD

substrates.

Very recently, a study showed that Gbp2, similar to the three translation repressors
described above, can directly bind to elF4G via its RGG domain and represses the
translation of reporter mRNAs in an RGG motif-dependent manner (Poornima et al., 2021).
This corroborates our findings and supports the function of Gbp2 as a translation repressor.
Their study focused on general mMRNAs and the examined reporters do not contain introns
and are normally not NMD targets. Gbp2 affected translation of those reporters without
influencing mRNA levels (Poornima et al., 2021), different from what we observed for the
NMD reporters. Presumably, Gbp2 can act generally as a translation repressor in the
cytoplasm, but have additional functions on NMD substrates to facilitate transcript decay. It
remains to be demonstrated whether translation repression by Gbp2 on NMD-sensitive and
-insensitive transcripts operates through the same mechanism. Moreover, it would be
interesting to find out if Hrb1 also have similar activities. In any event, the current studies
have expanded the cellular functions of Gbp2 and further illustrates the versatility of the SR

protein family in regulating gene expression.
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4.6. Gbp2 and Hrb1 may contribute to mRNP architecture in NMD

Despite successful identification of most main NMD factors, it is still open to question how
premature termination, taking place in the middle of the transcript, is physically linked to
degradation, occurring from the two transcript ends in yeast. The core factor, Upf1, was
found to interact with numerous factors involved at either the target recognition or
degradation stage of NMD, but it seems to stay associated with the terminating ribosome
and close to the PTC throughout the pathway (Franks et al., 2010; Serdar et al., 2016). One
reasonable possibility that could explain this discrepancy is that RNA folding enables spatial
proximity between Upf1 and the ends of the transcript during NMD. Such a conformation
would favor a fluent transition from the initial PTC recognition phase into subsequent actions
carried out by different factors, while all still mediated by Upf1. Folding and compaction is
an inherent nature of RNA molecules, and the dynamic structural organization of RNPs is
known to serve functional purposes (Khong and Parker, 2020). Previous studies have
suggested contact between Upf1 and both ends of the transcript. It was shown in human
cells that CBP80 interacts with UPF1 and promotes the formation of the SURF and DECID
complexes to stimulate NMD (Hwang et al., 2010; Maquat et al., 2010a). In the yeast system,
Upf1 was found to interact with Pab1 and the interaction was shown to support 3’ decay
(Richardson et al., 2012).

We propose that Gbp2 and Hrb1 contribute to the proper formation of the NMD-mRNP
structure in light of several observations. First, the two proteins are likely part of the NMD-
mRNP from target recognition until degradation, as discussed previously. Second, these
proteins associate with the Upf proteins, as well as factors of the 5 and 3’ decay
machineries. Third, Gbp2 and Hrb1 were also found to physically interact with elF4G, elF4E
and Pab1, demonstrating contacts with the 5’ and 3’ ends of the transcript. Fourth, these
proteins can form hetero- or homomers with each other and themselves (Grosse et al.,
2021), while dimerization of another yeast RNA-binding protein, Nab2, was previously
demonstrated to contribute to transcript compaction and mRNA structure (Aibara et al.,
2017). NplI3 had also been shown to dimerize, which is required for ribosome subunit joining
to form monosomes for translation initiation (Baierlein et al., 2013). Fifth, depletion of Gbp2
and Hrb1 resulted in an evident reduction of the RNase-insensitive interaction between Upf1
and elF4G (Figure 31). This effect was more evidently observed after we overexpressed
the CBP80PTC reporter to increase NMD substrates in the cells (Figure 30 and 31),
suggesting that the effect is NMD-specific. Since elF4G binds most transcripts for

translation initiation and Upf1 also associates with transcripts regardless of NMD activation,
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it is not surprising that elF4G and Upf1 co-elute in the presence of RNAs. During NMD-
induced translation repression and degradation, however, they may come into direct or
close contact, which appeared to depend on Gbp2 and Hrb1. Together, these findings
support a possible role of Gbp2 and Hrb1 in the remodeling and organization of the NMD-
mRNP structure, which may contribute to an efficient coordination of upstream and
downstream events, also compatible with their subsequent activities in translation
repression and target degradation. Further, dimerization, or potentially oligomerization, of
RNA-binding proteins may underlie one of the molecular mechanisms for which RNA folding

and compaction is achieved during NMD, although this requires further confirmation.

The interaction between Upf1 and Pab1, on the contrary, did not appear to be affected by
depletion of Gbp2 and Hrb1 (Figure 35). Given that the 3’ decay pathway has a minor role,
we may only be able to detect an effect after enriching NMD, for example by overexpressing
the reporter construct. The mutant upf1-DE572AA that restricts 5° degradation also
associated similarly with Pab1 regardless of Gbp2 and Hrb1 (Figure 36). In this experiment,
however, the samples were not treated with RNase, and therefore may not reflect the direct
interactions that we would like to address. Alternatively, the mRNP structure of the 3’ UTR
might not necessarily be arranged through the same mechanism as the 5’ end. As Gbp2
and Hrb1 were found mostly 5’ proximal on the transcript (Tuck and Tollervey, 2013; Baejen
et al., 2014), the possibility to form dimers and support RNA folding in the 3’ UTR may be
limited. Upf1 may directly contact Pab1, independent of additional factors, or the 3’ pathway
involves other yet unknown factors. Further experiments are required to clearly define the
organization of the 3’ as well as the 5> mRNP conformation during NMD. To visualize mRNP
architecture in vivo, traditional electron microscopy (EM) or the more modern cryo-EM
analyses may be useful. Single-molecule fluorescence in situ hybridization (smFISH)
assays that use differently labeled probes for specific regions of the transcript might also
allow a more straightforward observation of the mRNP structure and its dynamics (Khong
and Parker, 2018).

4.7. Nuclear and cytoplasmic mRNA quality control by Gbp2 and Hrb1:

a model

Combining the presented data, a model for the function of Gbp2 and Hrb1 in NMD is
proposed and depicted together with their role in nuclear mRNA quality control in Figure
37.
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Figure 37. Model for the mRNA quality control functions of Gbp2 and Hrb1
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Gbp2 and Hrb1 take part in mRNA quality control both in the nucleus and the cytoplasm. For details
refer to the main text in section 4.7. RNA Pol Il: RNA polymerase Il; TREX: transcription/export
complex; NPC: nuclear pore complex; TC: termination codon; PTC: premature termination codon;
43S PIC: 43S pre-initiation complex.

In the nucleus, Gbp2 and Hrb1 are loaded onto the nascent transcript through the
THO/TREX complex and associate with late splicing factors of the spliceosome. They are
enriched on intron-containing mRNAs and are mostly found towards the 5’ end of the
transcript. In nuclear mRNA quality control, they recruit the TRAMP complex through
interactions with the helicase component Mtr4, which, upon errors in splicing, guides the
faulty transcript to the nuclear exosome for degradation (Figure 37a). In the event of correct
splicing, Gbp2 and Hrb1 recruit instead the export receptor heterodimer Mex67—Mtr2,
supporting proper packaging of the mature mRNP (Figure 37b), which is quality controlled
by Mip1 and other NPC-associated proteins before the mRNP is transported through the
NPC (Figure 37c). Gbp2 and Hrb1 enter the cytoplasm together with the transcript and

remain bound until translation, while Mex67—Mtr2 and Nab2 are removed by Dbp5.

In the cytoplasm, mRNAs undergo translation during which proteins that bind to the ORF,
including Upf1, Gbp2, and Hrb1, are displaced by the ribosome (Figure 37d). Correct ORFs
offer favorable environments at the stop codon that allow translation to terminate in an
efficient manner. Formation of a closed-loop structure mediated by the Pab1-elF4G
interaction protects the transcript ends from exonucleolytic attack and supports efficient

rounds of subsequent translation, which further counteracts decay (Figure 37e).

On PTC-containing transcripts, translation terminates less efficiently. A combination of
NMD-inducing features results in the stable association of Upf1 with the ribosome and the
formation of the Upf1-Upf2—Upf3 complex, marking the activation of the NMD pathway
(Figure 37f). Once the substrate is committed to the NMD pathway, downstream events
likely occur concurrently or at least very rapidly. Gbp2 and Hrb1, potentially by forming
dimers (or oligomers) with each other or with other RNA-binding proteins, facilitate mRNP
remodeling that brings the 5’ end of the transcript into proximity with Upf1, allowing direct
contact of Upf1 with elF4G (Figure 379g). Gbp2 and Hrb1 also binds to elF4G, and at least
Gbp2 represses translation initiation of the target transcript. Hrb1 promotes recruitment of
Dcp1 (decapping complex), while both proteins promote recruitment of Ski2 (Ski complex)
(Figure 37h). Nmd4 and Ebs1 may also be part of the mRNP and facilitate target
degradation (not depicted).
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Once the transcript is decapped, Xrn1, which is presumably already associated with Upf1,
degrades the RNA from the 5’ end (Figure 37i). Hrb1 dissociates from the mRNP prior to
or soon after the start of Xrn1-mediated degradation. The ATPase/helicase activity of Upf1
is required for ribosome disassembly and displacement of bound NMD factors, which allows
complete elimination of the transcript by Xrn1. Gbp2 is also removed from the mRNP at this
step. Deadenylation and exosome-mediated decay from the 3’ end can also occur, but is

the minor pathway in yeast NMD.

Dissociation of Gbp2 and Hrb1 from mRNAs and their re-import to the nucleus is dependent
on the import receptor Mtr10 and likely supported by Sky1-mediated phosphorylation of
their SR/RGG domains (not depicted). Further details of the mechanisms thereof await to
be defined.

4.8. Gbp2 and Hrb1 provide dual layers of quality control

In the nucleus, Gbp2 and Hrb1 help to couple co-transcriptional processing, quality control,
and nuclear export of mMRNA. Their cytoplasmic functions in NMD and translation repression
extends the connection of mRNA metabolic events beyond the nuclear envelope. Such
nucleus—cytoplasm connections had in fact been established earlier. For instance, nuclear
capping, polyadenylation, and the proteins that bind to the resulting 5’ cap and poly(A) tail
structures are required for nuclear export and later critical for translation. NplI3, the other
yeast SR-like protein, is known to be involved in both transcription and translation processes.
More analogous to Gbp2 and Hrb1, the metazoan EJC and the associated SR proteins link
pre-mRNA splicing to export and further to translation and cytoplasmic quality control.
Correlation of nuclear and cytoplasmic events appears to be a common theme in the mRNA
life cycle. It likely enables communication between different processes and, importantly,
provides the basis for various levels of regulation and surveillance. Gbp2 and Hrb1, like
Npl3 and their human relatives, appear to be part of this system, and the dynamic mRNP

composition that they take part in has a strong influence on the fate of the transcript.

The continued quality control function of Gbp2 and Hrb1 in the cytoplasm offers an extra
level of protection and could in fact play a crucial role as a fail-safe mechanism for the cell
(Sayani and Chanfreau, 2012). It was found that quite a surprising proportion of intron-
containing transcripts escape the nucleus and are targeted to NMD in the cytoplasm (Sayani
et al., 2008; Celik et al., 2017a). Nuclear quality control in higher eukaryotes was likewise

found to be leaky and insufficient for the elimination of all error-prone transcripts (Eberle
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and Visa, 2014). This rationalizes the need for multiple surveillance systems in both cellular
compartments, especially because cytoplasmic quality control detects errors in the open
reading frame, which can be neglected in the nucleus. Perhaps based on a similar rationale,
transcript decay involves functional redundancies by often triggering both the 5’ and 3’
exonucleolytic machineries, and in certain cases an addition of endonucleolytic activities,
to degrade a single target. In fact, earlier work that looked into the interacting network of
yeast and human degradation systems corroborated the joint action of multiple decay
machineries in cellular processes (Eberle and Visa, 2014). Either in canonical turnover or
quality control, the cell appears to apply mechanisms with certain overlapping activities to
ensure effective removal of cellular waste and strive for a careful maintenance of genome

integrity.

4.9. Gbp2 and Hrb1 as prototypes of human proteins

The accumulated effort in the functional characterization of Gbp2 and Hrb1 revealed
multiple similarities between these proteins and the human SR proteins. In the nucleus, they
are recruited to the transcript during transcription and are involved in splicing (Wegener and
Muller-McNicoll, 2019; see 2.2.1). Human SR proteins were found to regulate the splicing
process per se, while Gbp2 and Hrb1 were found to act as surveillance factors. Through
splicing, the proteins become preferentially associated with transcripts derived from intron-
containing genes (Hackmann et al., 2014). Further, some SR proteins, like Gbp2 and Hrb1,
act as adaptor proteins for the export receptors and facilitate mMRNA export (Miller-McNicoll
et al., 2016). In the cytoplasm, both Gbp2, Hrb1 and SR proteins participate in NMD and
are also implicated in regulating translation. Gbp2 can act as a translation repressor
(Poornima et al., 2021), while some SR proteins were shown to either suppress or enhance
translation of specific mMRNAs (Swartz et al.,, 2007; Kim et al., 2014). An additional
correlation is provided by the discovery of homologous proteins that phosphorylates these
proteins (the kinases Sky1 and SRPK1, respectively) (Siebel et al., 1999) and mediates
their import (the import receptors Mitr10 and TRN-SR, respectively) (Kataoka et al., 1999).
Despite these similarities, currently identified functions of these proteins in NMD are not
completely identical: SR proteins are mainly involved by generating substrates through
regulation of splicing and by promoting activation of the pathway through the EJC-
dependent mechanism (Wegener and Muller-McNicoll, 2019). Gbp2 and Hrb1, on the other

hand, contribute mostly in processes downstream.
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In view of their activities in promoting target degradation, Gbp2 and Hrb1 seem to resemble
the SMG5-SMG?7 proteins in human NMD. However, the identification of Nmd4 and Ebs1
as potential homologs of SMG5, SMG6, and SMG7 based on domain structural as well as
functional similarities (Dehecq et al., 2018) suggests that Gbp2 and Hrb1 are probably less
related to the SMG proteins. That said, the finding that these auxiliary proteins assist target
decay in NMD like SMG proteins in higher eukaryotes implies that the pathway may rely on

more conserved mechanisms between species than previously thought.

In light of these observations and the potential that human SR proteins still have so far
unidentified activities in NMD, it is perhaps reasonable to consider Gbp2 and Hrb1 as the
prototype of the EJC. Although present results do not support strict functional equivalences
between these factors, Gbp2 and Hrb1 appear to serve as molecular “marks” for nuclear
splicing and create a “memory” that can be linked to NMD in the cytoplasm, analogous to
EJCs. It is conceivable that a less distinguished form of the EJC suffices for the relatively
simple genome and modest intronome in yeast. As the complexity of gene expression
increased through evolution, the functions of Gbp2 and Hrb1, which appear to be more
general and primitive, may have elaborated into the larger family of SR proteins and their
more specialized and specific activities in splicing and in NMD, accommodating also more
possibilities for intricate regulation. In addition, the complex nature of alternative splicing
results in high rates of errors (Jaillon et al., 2008; Saudemont et al., 2017), which may have
prompted a stronger link between splicing and NMD to improve the stringency of
surveillance, implemented through EJC’s direct role in NMD activation. Future studies are
expected to reveal more similarities as well as differences between the yeast SR-like
proteins and their human counterparts, which will offer a more complete picture on how the
significance and versatility of these RNA-binding proteins have developed early but

continued to advance through evolution.

4.10. Concluding remarks and future aspects

Through this work, the cytoplasmic functions of yeast SR-like proteins Gbp2 and Hrb1 were
identified for the first time. These functions are related to translation, in agreement with their
association with polysomes (Windgassen et al., 2004). They are involved in NMD,
presumably for transcripts derived from intron-containing genes, indicating that they
safeguard transcripts beyond the nucleus in a more comprehensive manner. It also

demonstrates that the yeast NMD pathway requires the assistance of previously
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unidentified auxiliary factors and that the participation of these proteins may reflect an

underlying mechanism of this well-conserved quality control system.

Along with the new insights, several questions opened up and other unsolved topics also
remain. For example, the fact that Gbp2 and Hrb1, as well as Nmd4 and Ebs1, appear to
affect a subset of NMD targets suggests that there may be more accessory proteins
involved if not Upf1 alone is sufficient to eventually mediate completion of the pathway. The
full list of yeast NMD factors and their functions, the coordination of substrate type with
specific auxiliary factors, the interplay between Gbp2, Hrb1, and different factors, and finally
the incorporation of findings across species into a universal mechanism of NMD are
subjects that remain to be further investigated. Another interesting aspect of concern is the
possible relevance of post-translational modifications (PTMs) of Gbp2 and Hrb1 to their
functions in NMD and beyond. The activities of human SR proteins are known to be
substantially regulated by PTMs (Wegener and Muller-McNicoll, 2019). These include the
most common and significant phosphorylation of their SR/RS domains, but also methylation
of arginine residues and some cases of acetylation among other less frequent modifications.
Unsurprisingly, phosphorylation and methylation of NplI3 have been linked to its functions
both in the nucleus and cytoplasm and to its cellular localization (Yun and Fu, 2000; Gilbert
et al., 2001; Gilbert and Guthrie, 2004; Dermody et al., 2008; Yeh et al., 2021). Deletion of
SKY1, the gene that encodes the yeast SR protein kinase, and the SR/RGG domains of
Gbp2 and Hrb1 resulted in mislocalization of the proteins to the cytoplasm (Windgassen
and Krebber, 2003; Hacker and Krebber, 2004; unpublished data, laboratory of Heike
Krebber). Although it seems quite plausible that PTMs may play crucial roles in the nuclear
and cytoplasmic functions of Gbp2 and Hrb1, evidence for these mechanisms is currently
lacking. When and how PTMs are linked to the two proteins’ shuttling life cycles are so far

poorly explored areas of research.

In addition to mRNA quality control, Gbp2 and Hrb1 may potentially be involved in other
processes. Transcriptome-wide analysis of yeast RNPs strikingly revealed that Gbp2 is also
strongly associated with small nucleolar RNAs (snoRNAs) and long non-coding RNAs
(IncRNAs) (Tuck and Tollervey, 2003). Later, several reports demonstrated that IncRNAs
that engage in translation may be targeted to NMD, and this is functionally significant for
regulation of gene expression (Smith and Baker, 2015; Wery et al., 2016; Colombo et al.,
2017; Cai et al., 2020). These findings, in combination with our results, raise the idea that
Gbp2 might participate in the NMD-mediated control of IncRNA stability. Further, Gbp2 may

have a more general role in translational regulation. It was found that Gbp2 accumulates in
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stress granules or distinct cytoplasmic foci under different types of cellular stress (Buchan
et al., 2008; Poornima et al., 2021), which is a common feature for factors that are involved
in translation inhibition and RNA decay. Recent experimental data illustrated its activity as
a translation repressor (Poornima et al., 2021), supporting it likely having a more
widespread effect on cytoplasmic gene expression. The function of Gbp2 on non-coding
RNA species, the multiple tasks of Gbp2 as well as their associated cellular locations, and
the role of Hrb1 in these or other unique activities are some of the additional questions that

could be addressed next.

Our understanding of the transcriptome and its previously underestimated significance in
gene expression is currently expanding rapidly. The continued research on Gbp2, Hrb1, as
well as other yeast RNA-binding proteins will deepen our knowledge about this class of
proteins and the processes that they are involved in. Hopefully, this will provide valuable
insights into related systems in human cells and eventually culminate in the development

of improved therapies for disease curing or other aspects of medicine and biotechnology.
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5. Materials and Methods

5.1. Materials

5.1.1. Equipment and Software

Table 1. Equipment used in this study

Equipment Manufacturer/Source
Milli-Q® Water purification system Millipore

Improved Neubauer counting chamber Carl Roth
Biophotometer Eppendorf
Quatographic IntelliScan 1600 scanner Quato Technology
Heraeus™ Pico™ 21 Microcentrifuge 'Sl'zserrr:izcﬁsher
Heraeus™ Fresco™ 21 Microcentrifuge 'Sl'ggrr::itfaicﬁsher
Heraeus™ Multifuge™ X3R with TX-750 or F15-8x50cy rotor 'Sl'zserrr:i%CFisher
MIKRO 20 Centrifuge Hettich

Primo Star light microscope ZEISS

Eclipse E400 tetrad microscope Nikon

Fluorescence microscope DMIB000B with Leica DFC360 FX
camera

LABOPORT® N 86 KT.18 mini diaphragm vacuum pump
T100™ Thermal Cylcer

MyCycler™ Thermal Cycler

CFX Connect Real-Time PCR Detection System

NanoDrop™ Spectrophotometer

Thermomixer comfort

FastPrep-24™ Homogenizer

PerfectBlue™ Semi-Dry Electro Blotter, Sedec™ M
GEL iX20 Imager

Fusion SL 3500.WL

Bio-Link 254 UV-crosslinking chamber

Leica Microsystems

KNF Neuberger
Bio-Rad Laboratories
Bio-Rad Laboratories

Bio-Rad Laboratories
Thermo Fisher
Scientific

Eppendorf

MP Biomedicals
Peqglab

Intas Science Imaging
Peqglab

Vilber Lourmat

Glassware and pipette tips used were autoclaved at 121 °C for 20 minutes or sterilized at

180 °C for 5 hours.
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Table 2. Software used in this study

Software Source

Silver Fast Quato XFU Quato Technology
Leica AF 2.7.3.9723 Leica Microsystems
ImageJ NIH

Photoshop Adobe

lllustrator Adobe

SnapGene Viewer SnapGene

ApE

Intas-Capture-Software
NanoDrop2000 Operating Software
Fusion Software

Bio1D

CFX manager 3.1

Microsoft® Excel

Microsoft® Word

M. Wayne Davis

Intas Science Imaging
Thermo Fisher Scientific
Peqglab

Vilber Lourmat

Bio-Rad Laboratories
Microsoft Corporation
Microsoft Corporation

5.1.2. Chemicals and consumable materials

Table 3. Particular chemicals and materials used in this study

Chemicals/Materials

Manufacturer/Source

5-Fluoroorotic acid (FOA)

Filtropur BT25 Bottle top filter, 250 ml, PES, 0.2 um

Cycloheximide
Salmon Sperm DNA
Formaldehyde 37%

Diagnostic microscope slides, 12 well, 5.2 mm, PTFE-

coating

Poly-L-lysine hydrobromide
DAPI

dNTPs

Agarose NEEO Ultra-Quality
HDGreen™ Plus Safe DNA Dye

ROTI® Phenol/Chloroform/Isoamyl alcohol
cOmplete™, EDTA-free Protease Inhibitor Cocktail

Glass beads type S 0.4 — 0.6 mm
GFP-Trap®_A beads

GFP Selector beads

Apollo Scientific
Sarstedt

Carl Roth
Sigma-Aldrich
Carl Roth

Thermo Fisher Scientific

Sigma-Aldrich

Carl Roth

Thermo Fisher Scientific
Carl Roth

Intas Science Imaging
Carl Roth

Roche

Carl Roth

Chromotek

NanoTag
Biotechnologies
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Chemicals/Materials (continued)

Manufacturer/Source

MYC-Trap®_A beads

IgG Sepharose 6 FastFlow

Albumin Fraction V

ROTIPHORESE® Gel 30 (37.5:1) acrylamide
Ponceau S

Difco™ Skim Milk

Amersham™ Protran® 0.45 um NC Nitrocellulose Blotting
Membrane

Whatman® Blotting Paper

WesternBright™ Quantum™ Western Blotting HRP
Substrate

DEPC (diethyl pyrocarbonate)
RiboLock RNAse inhibitor

TRIzol™ Reagent

GlycoBlue™ Coprecipitant

2x gPCRBIO SyGreen Mix Lo-ROX
Oligo (dT)+s Primer

Random Hexamer Primer

Table 4. Size standards used in this study

Size Standards

Chromotek
GE Healthcare
Carl Roth

Carl Roth

Applichem

Becton, Dickinson and
Company

GE Healthcare
Hahnemuihle
Advansta

Carl Roth

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
PCR Biosystems
Sigma-Aldrich

Thermo Fisher Scientific

Manufacturer/Source

Lambda DNA/EcoRI plus Hindlll Marker
GeneRuler 50bp DNA Ladder
Cozy™ Prestained Protein Ladder highQu

PageRuler™ Prestained Protein Ladder

Table 5. Kits used in this study

Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

Kits

Manufacturer/Source

Nucleospin® Gel and PCR Clean-up
Nucleospin® Plasmid

NucleoBond® Xtra Midi/Maxi
Nucleospin® RNA

MACHEREY-NAGEL
MACHEREY-NAGEL
MACHEREY-NAGEL
MACHEREY-NAGEL

TURBO DNA-free ™ Kit
Maxima First Strand cDNA Synthesis Kit
FastGene® Scriptase || cDNA Synthesis Kit

Thermo Fisher Scientific
Thermo Fisher Scientific
NIPPON Genetics



5.1.3. Enzymes and antibodies

Table 6. Enzymes used in this study

Enzymes

Manufacturer/Source

Zymolyase 20T
DreamTaq DNA Polymerase

Q5@ High-Fidelity DNA polymerase

KAPAHiFi™ DNA Polymerase
FastAP™ Thermosensitive Alkaline Phosphatase

T4 DNA Ligase

T5 Exonuclease

Taq DNA Ligase

RNase A

RNase-free DNase |
Proteinase K, lyophilized

Restriction enzymes

Buffer for double digestion

Zymo Research
Thermo Fisher Scientific
New England BioLabs
Kapa Biosystems
Thermo Fisher Scientific
Thermo Fisher Scientific
New England BioLabs
New England BioLabs
Qiagen

Qiagen

Carl Roth

Manufacturer/Source

Pacl

CutSmart® Buffer

Ascl
BamHI

Buffer G

Xhol
Psil

Tango Buffer

Sacl
Pstl

Tango Buffer

Beul
Ajil

BamHI Buffer

Ehel

Table 7. Antibodies used in this study

New England BioLabs

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

. . . . Dilution
Primary antibodies Organism (western blot) Source
GFP antibody (FL) rabbit 1:1000 Santa Cruz

: . ] Laboratory of

GFP antibody (polyclonal) rabbit 1:2000 Heike Krebber
GFP antibody ] Thermo Fisher
(monoclonal, GF28R) mouse 1:5000 Scientific
GFP antibody : .
(polyclonal, PABGH) rabbit 1:4 000 Chromotek
HA antibody (mooclonal, F-7)  mouse (used in IP) Santa Cruz
HA antibody (Y-11) rabbit 1:200 Santa Cruz
HA antibody (12CA5) mouse 1:750 Santa Cruz
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Primary antibodies Ordanism Dilution Source
(continued) 9 (western blot)
: : ] Laboratory of
Gbp2 antibody rabbit 1:50 000 Heike Krebber
. : ] Laboratory of
Hrb1 antibody rabbit 1:20 000 Heike Krebber
. : ] Gift from
Hem15 antibody rabbit 1:10 000 Roland Lill
Tdh1 antibody ] Thermo Fisher
(monoclonal, GA1R) mouse 1:5000 Scientific
. : ] Gift from Ulrich
Grx4 antibody rabbit 1:1000 Miihlenhoff
. . Gift from Ulrich
Nop1 antibody mouse 1:4000 Miihlenhoff
Secondary antibodies Organism Dilution Source
(western blot)
Anti-Rabbit IgG (H+L) HRPO goat 1:25 000 Dianova
Anti-Mouse IgG (H+L) HRPO goat 1:25000 Dianova
5.1.4. Saccharomyces cerevisiae strains
Table 8. Yeast strains used in this study
Strain
number Genotype Full genotype Source
MATa ade2-1 his3-11 leu2-3,112 trp1-1 (Morrissey et al
HKY171  pab1-53 ura3-1 cani-100 pab1::HIS3 + ppabl-  Joce yetal,
53 CEN TRP1
MATa his3A1 leu2A0 lys2A0 ura3A0
HKY298 hrb1A hrb1--KanMX4 Euroscarf
HKY314 wild type MATa his3A1 leu2A0 met15A0 ura3A0 Euroscarf
MATa ade2-1 his3-11 leu2-3,112 trp1-1 Laboratory of
HKY449  pabl-101  ura3-1cani-100 pab1:HIS3+ ppabl- -.° Kre{)ber
7101 CEN TRP1
MATa ade2-1 his3-11 leu2-3,112 trp1-1 Laboratorv of
HKY450  pabi1-16 ura3-1 can1-100 pab1::HIS3 + ppabl- 0 Kre{)ber
16 CEN TRP1
MATa his3A1 leu2A0 lys2A0 ura3A0
HKY492 upfiA upf1::KanMX4 Euroscarf
MATa his3A1 leu2A0 lys2A0 ura3A0
HKY493 upf2A upf2::KanMX4 Euroscarf
HKY502 GBP2-GFP MATa his3A 1 leu2A0 met15A0 Invitrogen

ura3A0 GBP2-GFP:HIS3MX6
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Strain

number Genotype Full genotype Source
MATa his3A1 leu2A0 lys2A0 ura3A0
HKY706 g’r’ngA hrio1::KanMX4 gbp2::KanMX4 + gg’;‘i‘;mann etal,
pNPL3 CEN URA3
MATa his3A 1 leu2A0 met15A0 .
HKY1164 UPF1-GFP ura3n0 UPF1-GFP-HIS3MX6 Invitrogen
MATa his3A 1 leu2A0 met15A0 .
HKY1165 UPF2-GFP ura3h0 UPF2-GFP-HIS3MX6 Invitrogen
MATa his3A 1 leu2A0 met15A0 .
HKY1166 UPF3-GFP ura3h0 UPF3-GFP-HIS3MX6 Invitrogen
upf1A MATa his3A1 leu2A0 lys2A0 ura3A0 (Grosse et al
HKY1699 gbp2A upfi::KanMX4 gbp2::KanMX4 2021) v
hrb1A hrb1::KanMX4
HKY1734 upf1iA MATa his3A1 leu2A0 lys2A0 ura3A0 Laboratory of
gbp2A upfi::KanMX4 gbp2::KanMX4 Heike Krebber
HKY1735 upfiA MATa his3A1 leu2A0 lys2A0 ura3A0 (Grosse et al.,
hrb1A upfi1::KanMX4 hrb1::KanMX4 2021)
MATa his3A 1 leu2A0 met15A0 .
HKY1787 elF4G-GFP ura3no TIF46371-GFP-HIS3MX6 Invitrogen
HKY 1794 GBP2-GFP  MATa his3A1 leu2A0 lys2A0 ura3A0 (Grosse et al.,
upf1A GBP2-GFP:HIS3MX6 upfi::KanMX4  2021)
HKY183a4 XM 1A MATa his3A1 leu2A0 lys2A0 ura3A0 (Grosse et al.,
upf1A xrn1::KanMX4 upf1::KanMX4 2021)
MATa his3A 1 leu2A0 met15A0 .
HKY1881 SCD6-GFP ura3A0 SCD6-GFP-HIS3MX6 Invitrogen
MATa his3A 1 leu2A0 met15A0 .
HKY1886 SBP1-GFP ura3h0 SBP1-GFP:-HIS3MX6 Invitrogen
xrn1A MATa his3A1 leu2A0 lys2A0 ura3A0 (Grosse et al
HKY1887 gbp2A xrn1::KanMX4 gbp2::KanMX4 2021) v
upf1A upfi::KanMX4
MATa his3A 1 leu2A0 met15A0 .
HKY1957 elF4E-GFP ura3n0 CDC33-GFP-HIS3MX6 Invitrogen
HKY1980 SKI2-GFP ~ MATa his3A1 leu2A0 ura3A0 SKi2- (Grosse et al.,
upf1A GFP:HIS3MX6 upf1::KanMX4 2021)
ffilfA'GFP MATa his3A1 leu2A0 lys2A0 ura3A0 (Grosse et al
HKY1981 Z A SKI2-GFP:HIS3MX6 upf1::KanMX4 2021) v
%r[)’ ” gbp2::KanMX4 hrb1::KanMX4
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Strain

number Genotype Full genotype Source
elF4G-GFP MATa his3A1 leu2A0 ura3A0 TIF4631- (Grosse et al
HKY2046  gbp2A GFP:HIS3MX6 gbp2::KanMX4 2021) v
hrb1A hrb1::KanMX4
SKI2-GFP ~ MATa his3A1 leu2A0 lys2A0 ura3A0 (Grosse et al
HKY2071  upfliA SKI2-GFP:HIS3MX6 upf1::KanMX4 2021) v
gbp2A gbp2::KanMX4
SKI2-GFP ~ MATa his3A1 leu2A0 lys2A0 ura3A0 (Grosse et al
HKY2072  upfliA SKI2-GFP:HIS3MX6 upf1::KanMX4 2021) v
hrb1A hrb1::KanMX4
xrmiA MAT? his3A1 leu2A0 lys2A0 ura3A0
HKY2140 hrb1A xrni::KanMX4 hrb1::KanMX4 This study
upf1A upfi::KanMX4
nma4.A ,
obsTA MATa his3A1 leu2A0 lys2A0 ura3A0 Laboratorv of
HKY2147 nmd4::KanMX4 ebs1::KanMX4 . y
g’r’ngA gbp2::KanMX4 hrb1::KanMX4 Heike Krebber

5.1.5. Plasmids
Table 9. Plasmids used in this study

Elua"s‘r;ei? Features Source

pHK87 CEN LEU2 AMPR (Hslrtgsl:lgaigr;o)l
pHK88 CEN URA3 AMPF ﬁgz:sl?gasr;o)l
PHK235  PoaHRB1(A1-417)-GFP 21 URAS AMPR g%gesf)‘ etal.,
pHK367  GBP2-GFP CEN URA3 AMPF &’r\’;gggissggse;nd
pHK537  HRB1-GFP CEN URA3 AMPF E( I:SEEZ:,azr]go4)
pHK811  PAB1-GFP CEN URA3 AMPFR hztlféaé?% g; r
pHK1321  N-GFPsplit-NPL3 CEN URA3 AMP? (Z%?ig)”ei” etal,
pHK1322  C-GFPsplit-NPL3 CEN LEU2 AMPR ;%Tg)”em etal,
pHK1574  CBP8O-MYC CEN URA3 AMPF (2%?%‘;“ etal,
pHK1578  CBP80OPTC-MYC CEN URA3 AMPF (2%;‘313)39 etal,
pHK1592  UPF1-HA CEN LEU2 HIS3 AMPR (Serdar et al.,

2016)
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Plasmid

Features Source
number
pHK1593  upf1-DE572AA-HA CEN LEU2 HIS3 AMPR (Z%?rg)ar etal,
oHK1600  Paar,MYC-CBPBOP™® CEN URA3 AMP? (2((5)r2013)se L
pHK1625  UPF1-GFP CEN LEUZ2 HIS3 AMP? This study
pHK1626  upf1-DE572AA-GFP CEN LEUZ2 HIS3 AMPR This study
pHK1628  UPF1-N-GFPsplit CEN LEU2 HIS3 AMPA This study
pHK1629  GBP2-C-GFPsplit CEN URA3 AMPFR This study
pHK1630  HRB1-C-GFPsplit CEN URA3 AMPFR This study
pHK1633  upf1-DE572AA-N-GFPsplit CEN LEU2 HIS3 AMP? This study
. Laboratory of
- R
pHK1636  Pear1(His)s-NPL3 CEN LEU2 AMP Heike Krebber
pHK1642  Pgar:/MYC-CBP80°™¢ CEN HIS3 AMPR This study
pHK1644  Pga:N-GFPsplit-UPF1 CEN LEU2 AMPR This study
Laboratory of
= R
pHK1649  UPF1-HA CEN LEU2 AMP Heike Krebber
Laboratory of
- - R
pHK1650  upf1-DE572AA-HA CEN LEU2 AMP Heike Krebber
oHK1667  CDC33-GFP CEN URA3 AMP? AuEEy e
Heike Krebber
pHK1686  upf1-DE572AA-N-GFPsplit CEN LEU2 AMPR This study
5.1.6. Oligonucleotides
Table 10. Oligonucleotides used in this study for cloning
g:g‘%er Sequence Target Direction
HK95 5'- AGGCGTTTAGCGTAC -3' HRB1 reverse
HK164  5- ATCGAAGTAGATCGAGG -3' HRB1 forward
promoter
HK2828 5- TGGCCATGAAGTTCCAGGTG -3' XRN1 forward
HK2829  5- TAGGAGGTGGAGGTGGGAAG -3' XRN1 reverse
5'-
HK2935 AGCAATTTGGGAATACGGATCCCCGGGTTA GFP forward
ATTAAAGCTATGGCTAGCAAAGG -3'
5'-
HK2936  TAAGAAATTCGCTTATTTAGAAGTGGCGCGC GFP reverse
CCTTTGTTAGCAGCCGGATC -3'
5%-
HK2987  CGGGTTAATTAAQcctATGGTGAGCAAGGGC - N-GFPsplit  forward
3|
5’-
HK2988 AAGTGGCGCGCCTTAGCCTCCTGGGGCCAT N-GFPsplit reverse

G-8
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Oligo

number Sequence Target Direction
5'-
HK2989 CGCCCTCGAGGGCCTATGGACAAGCAGAAG C-GFPsplit  forward
_3’
HK2990 :53 GGTGGATCCTGGCTTGTACAGCTCGTC - CETE  [C
5'-
HK3193 CCAGTATTCTTAACCCAACTGCACAGAACAA HIS3 forward
AAACCTGCAGCCTCCTCTAGTACACTC -3
5'-
HK3194 TGAAAGTTCCATCTAGAGCGGCCGCCACCG HIS3 reverse
CGGTGGAGCTCGGGTGATGGTTCACGTAG -
3|
5'-
CCTCTATACTTTAACGTCAAGGAGAAAAAAC )
HK4427 T ATAT CTAGAAATGGTGAGCAAGGGCGAGG VGFPspiit  forward
_3'
5'-
HK4428 GAGAACCGGAACCGACCATAGGCCTACCCC N-GFPsplit  reverse
CGCCTCC -3'
5'-
HK4429 CCAGGAGGCGGGGGTAGGCCTATGGTCGG  UPF1 forward
TTCCGGTTCTC -3'
5'-
GAGGTCGACGGTATCGATAAGCTTGATATC
HK4430 G AATTCCTGCATTATATTCCCAAATTGCTGAA UPFT TONEIEE
G -3
Table 11. Oligonucleotides used in this study for gPCR
Oligo Sequence Target Direction
number
HK634 5'- CGAAAGCTGAATGAAGG -3' GCR1 forward
HK635 5'- CGATTCCTTTAAACTCTTCG -3' GCR1 reverse
HK843 5'-CGTCATCTTCCTTGGACAAACC -3' RPS6A reverse
HK877 5'- AAGGGTGAGCAAGAATTGGAAGG -3' RPS6A forward
HK1002 5-TGCTAAGGCTGTCGGTAAGG -3' TDH1 forward
HK1003 5'- TCAGAGGAGACAACGGCATC -3' TDH1 reverse
HK2696 5'- CGCTATTCCACACGAATCCA -3' CBP80 forward
HK2697 5'- ACTCTGGATGATCCGTTCAAGTC -3' MYC reverse
HK2782 5'- ACTTGAACGGATCATCCAGAGTCG -3' MYC-CBP80 forward
HK2783 5- AGGTGGGATTCTCTGTCATTTAGG -3' CBPS80°FC reverse
HK3089 5'- AGTTACGCTAGGGATAACAGGG -3' 21SrRNA forward
HK3090 5'- TGACGAACAGTCAAACCCTTC -3' 21S rRNA reverse
HK3152 5- AAGCTTCCTTTCGGGCTTTG -3' NUF2 terminator reverse
HK3153 5'- CGCTATTCCACACGAATCCAC -3 CBP80 forward
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Oligo

number Sequence Target Direction
HK3154  5'- GCGGAGTGATAACGAATGTAGTC -3' CBP803'UTR  reverse
HK4124  5- GTGGTTTGATTGTAGGGTGG -3' HNT1 forward
HK4125  5-TCGGAGCCTTCTAGTTTGG -3' HNT1 reverse

5.2. Cell cultivation

Cell culture media and double-distilled water (Milli-Q® Water purification system) were
autoclaved (121 °C, 20 min) before usage. Heat-sensitive components, such as antibiotics,
sucrose, and galactose, were sterile-filtrated (Filtropur BT25) and added to the respective

autoclaved media after they had cooled to at least approximately 60 °C.

5.2.1. Cultivation of Escherichia coli cells

E. coli cells were cultivated according to standard protocols (Green and Sambrook, 2012;
Elbing and Brent, 2019) using the LB medium. For selection of plasmids carrying a gene
resistant to the antibiotic ampicillin, the media was supplemented with ampicillin to a final

concentration of 100 ug/ml before usage.

LB medium (low salt) (pH 7.5)

Tryptone 1% (W/v)

Yeast extract 0.5 % (w/v)
NaCl 0.5% (W/v)
Agar-Agar (for plates only) 1.5% (W/v)

(Bertani, 1951; Lennox, 1955; Green and Sambrook, 2012)

For growth in solid media, bacterial cell suspension was spread on a LB agar plate and
incubated at 37 °C. For liquid cultures, liquid LB medium was inoculated with single

bacterial colonies from LB plates and incubated at 37 °C overnight with agitation.

5.2.2. Cultivation of Saccharomyces cerevisiae cells

Yeast cells were cultivated according to standard protocols (Sherman, 2002) in YPD
(yeast extract peptone dextrose) or selective media when not otherwise stated. Selective
media were chosen according to the selection marker gene(s) of the plasmid(s) that the

cells carried.
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YPD medium

Yeast extract 1% (W/v)
Peptone 2% (W/V)
Glucose 2% (W)
Agar-Agar (for plates only) 1.8% (W/v)

Selective medium

Nitrogen base 1.7 g/l
Ammonium sulphate 5.1 g/l
L-Alanine 80 mg/l
L-Arginine 80 mg/l
L-Asparagine 80 mg/l
L-Aspartic acid 80 mg/I
L-Cysteine 80 mg/l
L-Glutamine 80 mg/I
L-Glutamic acid 80 mg/l
L-Glycine 80 mg/l
Inositol 80 mg/l
L-Isoleucine 80 mg/l
L-Methionine 80 mg/l
Para-aminobenzoic acid 8 mgl/l
L-Phenylalanine 80 mg/l
L-Proline 80 mg/l
L-Serine 80 mg/l
L-Threonine 80 mg/l
L-Tyrosine 80 mg/l
L-Valine 80 mg/l
Glucose* 2% (W)
Agar-Agar* (for plates only) 1.8% (W/v)
optional components

L-Adenine 20 mg/l
L-Histidine 80 mg/l
L-Leucine 400 mgl/l
L-Lysine 80 mg/l
L-Tryptophan 80 mg/l
Uracil 80 mg/l

(Sherman, 2002)

*Components were autoclaved separately.



All yeast strains were suspended in 50% glycerol and kept at —80 °C for long-term storage.
The required strains were streaked onto agar plates from the storage stocks and

incubated at 25 °C for 2 — 3 days before they were used in experiments.

Yeast cells were generally grown at 25 °C unless otherwise indicated. For growth in solid
media, yeast cells were streaked on the appropriate agar plates and incubated at 25 °C
for 2 — 3 days before storage at 4 °C. Cells were re-streaked onto new agar plates
regularly. For liquid cultures, cell material was taken from agar plates and resuspended in

corresponding liquid media, followed by incubation at 25 °C with agitation.

For cells transformed (see 5.4) with a plasmid that encodes a gene under the control of
the GAL1 promoter, gene expression was induced with galactose. Small volumes of
glucose-containing media were inoculated with cells and these pre-cultures were
incubated overnight until cells reached the stationary phase. New cultures with sucrose-
containing media were inoculated with the pre-cultures to cell densities of ODgoo ~ 0.05
(see 5.2.3.2) and incubated overnight. When the cells achieved logarithmic phase (log
phase, 1 — 3 x 107 cells/ml or ODey 0.6 — 1.2), galactose was added to a final
concentration of 2% (w/v) and the cultures were incubated further at 25 °C for 2 hours

with agitation to induce gene expression.

FOA (5-Fluoroorotic acid) plates were used to select for the absence of the URA3 gene
(Boeke et al., 1987). The FOA plates were prepared as the selective plates (see above),
except containing only 50 mg uracil and in addition 1 g of FOA. All components except
agar was sterile filtrated and combined with the autoclaved agar solution after it has
cooled down to about 60 °C. In this work, the strain HKY706 was incubated on FOA
plates before usage in experiments to select for cells that did not contain the NPL3

plasmid.

5.2.3. Determination of cell density in liquid cultures
Cell densities were determined for control of cell growth phase, preparation for growth

analyses (see 5.3), or estimation of the resulting cell pellet size after centrifugation.

5.2.3.1. Cell counting

Cell suspensions were diluted in distilled water and 10 pl was pipetted into an improved
Neubauer counting chamber. Cells were directly counted under a light microscope and the
approximate cell densities were calculated according to the volume of the counting

chamber.
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5.2.3.2. Measurement of optical density

Cell suspensions were pipetted into plastic cuvettes and their optical densities at 600 nm
wavelength (ODsoo) were measured with a biophotometer. ODgoo values between 0.1 and
1.0 correlate linearly with cell densities. Cultures with higher ODsoo values were diluted in
respective media and re-measured. Pure media served as blanks and were used to

calibrate the ODsggo value to zero for each measurement.

5.3 Yeast cell growth analysis

Yeast cells were taken from agar plates and suspended in sterile distilled water. Cell
densities were determined by cell counting (see 5.2.3.1) and the cell suspensions were
serially diluted to densities of 107, 108, 105, 104, and 108 cells/ml. Subsequently, 10 pl cell
suspension of each density was pipetted onto the appropriate agar plates in linear order,
with suitable distances, and incubated at the indicated temperatures. Plates were
monitored and scanned on the following days with a Quatographic IntelliScan 1600

scanner and the Silver Fast Quato XFU software.

5.4. Yeast transformation

Transformation of yeast cells with plasmids was carried out according to a lithium acetate-
based protocol (Gietz et al., 1992). Yeast cells were grown to log phase and collected
from 5 ml cultures for each transformation via centrifugation at 2 000x g for 5 minutes. The
cell pellets were resuspended in 1 ml sterile distilled water, transferred to 1.5 ml tubes,
and collected via centrifugation at 12 000x g for 1 minute. The cell pellets were washed
(resuspension in buffer and centrifugation at 12 000x g for 1 minute) once in 1 ml sterile
TE/Lithium acetate (LIOAc) buffer and resuspended in 50 pul sterile TE/LIOAc. The cell
suspensions were each combined with 1 pg plasmid DNA, 50 g single-stranded salmon
sperm carrier DNA, which was heated at 95 °C for 5 minutes and cooled down on ice for 2
minutes before use, as well as 300 pl sterile PEG/TE/LiOAc. Two plasmids (1 pg
each) were added for transformation with two plasmids at once. The components were
mixed thoroughly and the samples were incubated with rotation at 25 °C for 30 minutes,
followed by incubation at 42 °C for 15 minutes. Cells were collected by centrifugation at

12 000x g for 1 minute, washed once with 1 ml sterile distilled water, and resuspended in
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100 pl sterile distilled water to be plated on the corresponding selective agar plates. The
cells were incubated at 25 °C for 2 — 3 days and single colonies were selected and

streaked onto new selective plates for further cultivation and later use.

TE/LiOAc (pH7.5)

Tris 10 mM
EDTA (Ethylenediaminetetraacetic acid) 1 mM
Lithium acetate 100 mM
PEG/TE/LiOAc (pH7.5)

PEG (Polyethylene glycol) 4 000 40% (v/v)
Tris 10 mM
EDTA 1 mM
Lithium acetate 100 mM

5.5. Generation of yeast strains

Yeast strains with desired genotypes from two different strains were generated by mating
of yeast (Sherman and Hicks, 1991; Sherman, 2002).

5.5.1. Mating and sporulation

Two haploid strains with opposite mating types were mixed on a YPD agar plate and
incubated at 25 °C for 2 days. If the two strains carried different selection marker genes,
the mixed cell material was re-streaked onto the corresponding selective plate and
incubated at 25 °C for 2 — 3 days to select for diploids. Some mixed cell material was
subsequently added to 2 ml of Super-SPO medium and incubated at 25 °C with agitation

for 3 — 7 days to induce sporulation.

Super-SPO medium

Solution 1
Yeast extract 0.5% (w/v)
Potassium acetate 306 mM

(continued on next page)

98



Super-SPO medium (continued)

Solution 2

Glucose 0.1% (w/v)
Arginine 20 mg/l
Histidine 20 mg/l
Leucine 20 mg/l
Lysine 20 mg/l
Methionine 20 mg/l
Tryptophan 20 mg/l
Adenine 40 mg/l
Tyrosine 40 mg/l
Uracil 40 mg/l
Phenylalanine 100 mg/l
Threonine 350 mg/l

(Rose et al., 1990)

Solution 1 was autoclaved, Solution 2 was sterile filtrated, and the two solutions were
mixed in a 1:1 ratio.

5.5.2. Tetrad dissection

Samples of the Super-SPO cultures were taken and observed under the light microscope
to check for the appearance of tetrads. When sufficient amounts of tetrads were seen,
cells were collected from 100 ul of the Super-SPO culture by centrifugation at 12 000x g
for 1 minute. Pelleted cells were washed (resuspension and centrifugation at 12 000x g for
1 minute) once in 100 pl sterile distilled water and resuspended in 50 ul P-solution. The
asci walls were digested by adding 50 pug of zymolyase to the cell suspension and
incubation at room temperature for 6 — 7 minutes. The cell suspension was centrifuged at
12 000x g for 1 minute and the supernatant was removed. The cell pellet, kept on ice, was
washed once with 100 ul P-solution and resuspended in 200 ul P-solution. From this,
2.5 ul was mixed with 100 pul sterile distilled water and altogether transferred onto a YPD
agar plate, evenly spread on one side of the plate over about one-third of the area, and let
dried. Using a tetrad microscope, tetrads were selected and the four spores were
separately placed on the remaining two-thirds of the YPD plate area. The spores were
incubated at 25 °C for 2 — 3 days and re-streaked onto a new YPD plate to increase cell
material. Cell material of each spore was transferred into 200 ul 50% glycerol in 96-well

plates and used for following tetrad analysis or stored for long-term at —80 °C.
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P-solution (pH 6.5)
Potassium phosphate buffer (pH6.5) 0.1 M
Sorbitol 1.2M

0.1 M Potassium phosphate buffer (pH 6.5)
KoHPO4 33.7 mM

5.5.3. Tetrad analysis

The tetrad spores were analyzed to identify the desired genotype. Cells were stamped
with a microplate replicator from the 96-well plate onto YPD plates and incubated at
different temperatures to identify temperature sensitive genotypes or onto different
selective plates to identify the selection marker gene(s) that they carried. For selection of
the KanMX4 cassette, cells were stamped onto YPD plates that were previously plated

with 100 pl of geneticin (80 pg/ul).

For determination of mating type, cells were stamped onto YPD plates that were covered
with MATa or MATa reference strains. The stamped reference plates were replica-plated
onto B plates on the following day and incubated at 25 °C for up to 3 days. Spores were
only able to mate with the reference strain that had an opposite mating type. Since the
reference strains carry different auxotrophic markers from the spores that were tested,

only diploid cells were able to grow on the selective B plates.

B plates

Nitrogen base 1.7 g/l
Ammonium sulphate 5.1 g/l
Agar-Agar* 3% (W/v)
Glucose* 2% (W/v)

*Components were autoclaved separately

To distinguish genotypes that used the same selection marker, for example multiple gene
deletions that used the KanMX4 marker, yeast colony PCR was carried out to directly
analyze the specific genes of interest. Cells from the spores were suspended in 50 pl
sterile PBS and the cell walls were digested by incubation with 200 pg zymolyase at 37 °C
for 1 hour then at 95 °C for 10 minutes. Cell debris was collected via centrifugation at
12 000x g for 1 minute and 2 ul of the supernatant was used as the DNA template in PCR

reactions carried out with the DreamTaqg DNA Polymerase (see 5.7.1).
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PBS (pH 7.4)

NaCl 137 mM
KCI 2.7 mM
KH2PO, 1.8 mM
NazHPO, 10 mM

5.5.4. Generation of strain HKY2140

For generation of strain HKY2140 (genotype xrn1A hrb1A upfi1A), a spore from the
mating of HKY492 and HKY706 that has the genotype MATa hrb1A upfiA was mated
with strain HKY1834 (genotype MATa xr1A upf1A). Deletion of XRN1 and HRB1 in the
obtained spores was verified through yeast colony PCR. For XRN1, the primers HK2828
and HK2829 (Table 10) were used at an annealing temperature of 55 °C, both of which
anneal to the coding sequence of XRN71 and did not result in a PCR fragment from the
xrn1::KanMX4 allele. For HRB1, the primers HK164 and HK95 (Table 10) were used at an
annealing temperature of 43 °C, both of which anneal to the coding sequence of HRB1
and did not result in a PCR fragment from the hrb1::KanMX4 allele.

5.6. Fluorescence microscopy

5.6.1. Split-GFP analysis

The eGFP sequence was divided into N-terminal (amino acids 1 — 155) and C-terminal
(amino acids 156 — 239) fractions (Baierlein et al., 2013) and fused to the UPF1 or upfi-
DE572AA and the GBP2 or HRB1 genes on yeast plasmids, respectively (see 5.7.11).
Yeast strains were transformed (see 5.4) with the split-GFP plasmid(s) and the CBP80F™
reporter (bHK1642) as indicated. Expression of CBP80”7¢ was induced with galactose for

2 hours as described in 5.2.2.

GFP fluorescence microscopy was done principally as previously described (Hackmann et
al., 2014) with minor modifications. For each sample, a 5 ml yeast culture was grown to
log phase and formaldehyde was added to a final concentration of 1.5% (v/v) for fixation.
Cells were immediately collected by centrifugation at 2 000x g for 5 minutes at 4 °C and
for following steps kept on ice. Pellets were resuspended in 1 ml 0.1 M potassium
phosphate buffer (see 5.5.2), transferred to 1.5 ml tubes, and collected again by

centrifugation at 12 000x g for 1 minute at 4 °C. This washing step was repeated once
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with P-solution (see 5.5.2). According to the size of the pellet, the cells were resuspended

in 100 pl — 1 ml P-solution and kept on ice.

Twelve-well diagnostic microscope slides were used. The wells were first coated with
polylysine — 20 ul of 0.3% poly-L-lysine solution was applied to each well and incubated at
room temperature for 5 minutes. Polylysine was rinsed off with distilled water and the slide
was let air-dried. For all following steps, 20 ul of the respective solution or cell suspension
was carefully pipetted onto each well, and after the indicated incubation time, removed
carefully with the vacuum pump without completely drying the wells. The cell suspensions
in P-solution were pipetted onto the wells and incubated for 15 minutes at room
temperature. To decrease bleaching of the fluorophores, the slide was covered to avoid
light when possible. Excess cells were removed carefully and remaining cells were
permeabilized with 20 pl fresh 0.5% Triton X-100 (in P-solution) for 30 — 60 seconds.
Excess solution was removed carefully. The cells were washed once with P-solution and
once with Aby wash 2, with 30 — 60 seconds incubation time for each. DAPI solution (4’,6-
diamidino-2-phenylindole; 1 pg/ml in Aby wash 2) was applied and incubated for 5
minutes at room temperature to stain DNA, followed by three times washing with Aby
wash 2, each time incubated for 5 minutes. Slides were air-dried, covered with the

mounting medium, and sealed with a cover slide using nail polish.

Aby wash 2
Tris (pH 9.5) 0.1 M
NaCl 0.1 M

Mounting medium

n-Propyl gallate 1% (W/v)
Glycerol 40% (v/v)
PBS (see 5.5.3) 20% (VIv)

The slide was examined with the Leica DMI6000B microscope with 63x magnification in
glycerol and 1.6x ocular magnification, using the L5 filter cube for GFP and the 405 filter
cube for DAPI. Images were taken using a Leica DFC360FX camera with the Leica AF

2.7.3.9723 software, and processed with Imaged and Adobe Photoshop.

5.6.2. Quantification of fluorescent signals
GFP signal intensities were quantified using Imaged. For each strain in each experiment,

100 cells were chosen randomly and the mean signal intensity of the whole area of each
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cell was measured by the software. An area of the background without any cells was
measured for each image and served as the blank value for cells quantified from that
image. Significant differences between strains were analyzed by comparing all 300 values

from the 3 biological repeats for each strain.

5.7. Recombinant DNA construction

Plasmids encoding specific genes with the desired tags and promoter sequences were
constructed with the following strategy that was based on standard methods (Green and
Sambrook, 2012). The required DNA insert fragments were amplified with polymerase
chain reaction (PCR) using high-fidelity proofreading DNA polymerases and joined to a
restriction enzyme-digested vector either through ligation or Gibson Assembly. After
transformation of E. coli cells with the recombinant DNA, the plasmids were isolated from
E. coli colonies and their sequences were verified via PCR, restriction digestion, and DNA
sequencing. The following sections describe each step in detail. A brief description of the
cloning strategy for each constructed plasmid is summarized in 5.7.11. The SnapGene

Viewer and the ApE plasmid editor were used for strategy design and construct analysis.

5.7.1. Polymerase chain reaction (PCR)

DNA fragments of the required gene sequences plus 5’ and 3’ overhangs were produced
by PCR with the Q5® High-Fidelity DNA Polymerase or the KAPAHiFi™ DNA Polymerase
following the manufacturers’ protocols (Table 12). For DNA fragments that were later
joined to a vector via ligation, the 5 and 3’ overhangs contained restriction enzyme
cleavage sites corresponding to the respective vectors (see 5.7.4 and 5.7.5); for DNA
fragments that were later joined to a vector by Gibson Assembly, the overhangs contain
sequences complementary to the respective vectors (see 5.7.6). Forward and reverse
primers (see Table 10) were designed manually or with the help of an online primer
design tool, such as Primer-BLAST (NCBI, NIH), and ordered from Sigma-Aldrich in dry
form in tubes. The oligonucleotides were dissolved in sterile, nuclease-free water to 100
MM and stored at —80 °C. From these stock solutions, the oligonucleotides were diluted

into 10 uM aliquots and stored at —20 °C for regular usage.

PCRs were carried out in T100™ or MyCycler™ Thermo Cyclers with thermocycling
parameters suggested by the manufacturers of the respective DNA polymerases (Table

13). Each primer pair was usually tested at three different annealing temperatures to find
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the ideal reaction condition. For PCRs used to verify genotypes (analytic PCRs), as in
yeast or E. coli colony PCRs (see 5.5.3 and 5.7.8, respectively), only the sequences
complimentary to the primers and the sizes of the PCR products were important. Since
complete error-free sequences of the DNA fragments were not required, the non-
proofreading DreamTaq DNA Polymerase was used, according to the manufacturer’s

suggestions (Table 12 and 13).

Table 12. Components of PCR samples

DNA Polymerase: Q5@ KAPAHiFi™ DreamTaq
Primers 0.5 uM each 0.3 uM each 0.2 uM each
dNTPs 200 pM each 300 uM each 200 pM each
Polymerase 0.02 U/ul 0.02 U/ul 0.04 U/ul
Template DNA <1000 ng 250 ng <1000 ng
Table 13. PCR parameters
Q5®

Temperature Time Repeat
Initial denaturation 98 °C 30 sec 1x
Denaturation 98 °C 10 sec
Annealing 50 - 60 °C 30 sec 35x
Extension 72 °C 30 sec/kb
Final Extension 72 °C 10 min 1x

KAPAHiFi™

Temperature Time Repeat
Initial denaturation 95 °C 5 min 1x
Denaturation 98 °C 20 sec
Annealing 50 - 60 °C 15 sec 35x
Extension 72 °C 30 sec/kb
Final Extension 72 °C 5 min 1x

DreamTaq

Temperature Time Repeat
Initial denaturation 95 °C 3 min 1x
Denaturation 95 °C 30 sec
Annealing 50 - 60 °C 30 sec 25x
Extension 72 °C 1 min/kb
Final Extension 72 °C 10 min 1x
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5.7.2. Agarose gel electrophoresis

For the separation and visualization of DNA, agarose gel electrophoreses were carried out.
Agarose gels were prepared by dissolving 1% (w/v) (or 2% for DNA fragments smaller
than 500 bp) agarose in TAE buffer through heating. For staining of the DNA,
33 ug/100 ml ethidium bromide or 5 pl/100 ml HDGreen™ Plus Safe DNA Dye was added
to the agarose solution after it has cooled down to approximately 60 °C. The agarose
solution was poured into self-made casting devices and combs were inserted to create
sample wells before gel polymerization. Agarose gels were stored at 4 °C or placed in

self-made electrophoresis chambers in TAE buffer for electrophoresis.

TAE buffer

Tris 40 mM
Acetic acid 0.114% (v/v)
EDTA 1 mM

DNA samples were mixed with 1/5x volume of 6x DNA sample buffer and loaded onto the
gels. The Lambda DNA/EcoRI plus Hindlll Marker was used as a size standard for 1%
gels and the GeneRuler 50 bp DNA Ladder was used for 2% gels. Electrophoresis was
carried out under constant voltage of 100 — 120 V for 60 minutes or until the samples
migrated to the desired distance. DNA was visualized and gel images were captured with
the GEL iX20 Imager system, which includes a UV transilluminator, an EXview HAD

CCD™ camera, and the Intas-Capture-Software, following the manufacturer’s instructions.

6x DNA sample buffer

Tris (pH 7.6) 10 mM
EDTA 60 mM
Glycerol 60% (V/V)
Bromophenol blue 0.03% (w/v)
Xylene cyanol blue 0.03% (w/v)

5.7.3. DNA purification and extraction from gel

For DNA fragments that were separated on an agarose gel and further required for
cloning, a piece of gel containing the DNA fragment was cut out carefully with a scalpel
and DNA was extracted and purified from the gel with the Nucleospin® Gel and PCR
Clean-up kit following the protocol provided by the manufacturer. DNA was finally eluted in
15 — 30 pl Buffer NE (5 mM Tris/HCI, pH 8.5) and later stored at —20 °C. DNA
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concentration was measured with a NanoDrop™ Spectrophotometer and purity of the
DNA was assessed by the A280/A260 value.

5.7.4. Restriction enzyme digestion and dephosphorylation of DNA ends

Plasmids and PCR products were cleaved using different restriction endonucleases to
linearize vectors, create complementary sequences for ligation (see 5.7.11), or analyze
constructed plasmids. Suitable restriction enzymes were chosen and corresponding
reaction buffers were used according to the manufacturers’ suggestions. For double
digestion, online tools provided by the manufacturers — DoubleDigest Calculator from
Thermo Fisher Scientific and NEBcloner from New England BioLabs — were used to check
the compatibility of two enzymes and to find the ideal reaction buffer (Table 6). In principle,
10 I reaction samples were prepared following the manufacturer’s protocols and
restriction digestion was performed at 37 °C overnight except when a restriction enzyme

known to have star activity was used. In those cases, digestion was done for 2 hours.

Dephosphorylation of DNA ends was performed to prevent re-annealing of the digested
vectors during ligation by directly adding 1U of FastAP™ Thermosensitive Alkaline
Phosphatase to the reaction after restriction digestion and incubating at 37 °C for 10
minutes. The restriction enzymes were then heat-inactivated when possible using the
temperature and time suggested by the manufacturers. Digested DNA was separated on
an agarose gel (see 5.7.2) and, when necessary, purified from the gel as described in
5.7.3.

5.7.5. DNA ligation

DNA insert fragments and linearized vectors that were processed by the same restriction
enzymes and therefore had compatible ends were ligated with the T4 DNA Ligase using
the provided buffer. For each sample, 100 ng vector was mixed with the insert fragment at
a molar ratio of 1:2 — 1:4 (vector to insert) in a total volume of 10 pl. Ligation was
performed at 16 °C overnight, followed by inactivation of the ligase by incubation at 65 °C
for 10 minutes. The samples were stored at —20 °C or directly used to transform E. coli

cells (see 5.7.7).

5.7.6. Gibson Assembly
Gibson Assembly was performed according to the published principles (Gibson et al.,

2009; Gibson, 2011). Primers were designed so that amplified insert fragments had at
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least 40 bp of overlapping sequences with the vector at both the 5’ and 3’ ends. For each
reaction, 100 ng of linearized vector was combined with insert fragments in 1:2 — 1:3
molar ratio, or 1:5 when the insert was smaller than 200 bp, in 10 pl of nuclease-free
water. This was then mixed with 10 ul self-made 2x Gibson Assembly Master Mix and
incubated at 50 °C for 1 hour. The samples were stored at —20 °C or directly used to

transform E. coli cells (see 5.7.7).

2x Gbison Assembly Master Mix

5x ISO buffer 100 pl
T5 Exonuclease (1 U/pul) 2 ul
Q5®DNA Polymerase ( 2 U/ul) 6.3 ul
Taq DNA Ligase (40 U/ul) 25 ul

add DEPC water to 375 ul

5x Isothermal (ISO) reaction buffer

Tris (pH 7.5) 500 mM
MgCl. 50 mM
DTT (dithiothreitol) 50 mM
NAD (Nicotinamide adenine dinucleotide) 5 mM
dNTPs 1 mM each
PEG 8 000 25% (VIV)

5.7.7. E. coli cell transformation

For transformation of E. coli cells with plasmid DNA, the DH5a Escherichia coli strain was
used. Chemically competent DH5a E. coli cells were prepared according to Inoue et al.
(1990) and stored at —80 °C. For each transformation, 100 pl of chemically competent
DH5a cells was thawed on ice and mixed with the complete ligation sample (see 5.7.5),
the complete Gibson Assembly sample (see 5.7.6), or 100 ng of plasmid DNA. The
mixture was incubated on ice for 30 minutes. Cells were then treated with heat shock at
42 °C for 2 minutes, immediately followed by addition of 1 ml LB medium (see 5.2.1) and
incubation at 37 °C for 45 — 90 minutes. Cells were collected by centrifugation at 600x g
for 5 minutes and most of the supernatant was removed. The pellet was resuspended in
the residual, approximately 100 pl, LB medium and plated on an LB agar plate that
contained the necessary antibiotic, in this study always ampicillin. The plates were kept

overnight at 37 °C and growth of transformed cells were checked on the next day.
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5.7.8. Colony PCR of E. coli

Cells of multiple E. coli colonies transformed with the cloning product were used directly in
PCRs to initially screen if the constructs were correct. Primers were chosen that would (or
would not) yield a PCR product only if the plasmids contained the correct recombinant
sequences. The non-proofreading DreamTaqg DNA Polymerase was used (see 5.7.1). Cell
material was picked from the LB agar plate with a sterile toothpick and smeared on the
inner wall of the PCR reaction tube. The toothpick with remaining cell material was placed
in a tube that contained 5 ml LB medium (with 100 pg/ml ampicillin; see 5.2.1) and
incubated at 37 °C with rotation overnight to further cultivate the E. coli cells for later use
(see 5.7.9.1). Components of the PCR sample, except for the template DNA, were added
to the reaction tube according to the manufacturer’s protocol (Table 12). For the
thermocycling program (Table 13), the denaturation time was increased to 15 minutes.

PCR products were analyzed via agarose gel electrophoresis (see 5.7.2).

5.7.9. Extraction and purification of plasmids from E. coli cells

5.7.9.1. Small-scale (mini) preparation

Small amounts of plasmids were purified from E. coli cultures with two different methods.

For organic extraction, cells were collected from 5 ml E. coli cultures by centrifugation at
2 000x g for 15 minutes and the supernatant was removed. Cells were resuspended in
100 pl Solution 1, mixed thoroughly with 200 ul Solution 2 by inverting the tube several
times, and incubated at room temperature for 5 minutes. Subsequently, 100 ul ice-cold
Solution 3 was added, mixed thoroughly by inverting the tube several times, and the
mixture was incubated on ice for 5 minutes. The mixture was centrifuged at 12 000x g for
5 minutes and the supernatant was transferred into a fresh tube. To this, 400 pl
Phenol/Chloroform/Isoamyl alcohol was added and the sample was mixed thoroughly
before centrifugation at 12 000x g for 5 minutes to separate the organic and aqueous
phases. The upper, aqueous phase was transferred into a new tube, mixed with 800 pl
100% ethanol, and incubated on ice for 10 minutes to precipitate DNA. The mixture was
centrifuged at 12 000x g for 5 minutes and the supernatant was removed. The DNA pellet
was washed once with 1 ml 70% ethanol and air-dried at room temperature. The pellet
was resuspended in nuclease-free water and 1 ul RNase A (10mg/ml) was added. DNA
concentration was measured with NanoDrop™ and the purified plasmid was used for PCR,

restriction enzyme digestion, and transformation of yeast cells, or stored at —20 °C.
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Solution 1

Tris (pH 8) 25 mM
EDTA 10 mM
Glucose 1% (W/v)
Solution 2

NaOH 0.2N

SDS (sodium dodecyl sulfate ) 1% (w/v)

Solution 3 (pH 5.2)
Potassium acetate 25M
Acetic acid 9.6% (v/v)

For higher DNA purity, small-scale purifications of plasmids were done with the
Nucleospin® Plasmid kit following the manufacturer’s protocol. DNA was finally eluted in
Buffer AE (5 mM Tris/HCI, pH 8.5) and DNA concentration was measured with
NanoDrop™. The purified plasmids were used for DNA sequencing (see 5.7.10) in
addition to PCR, restriction enzyme digestion, and transformation of yeast cells, or stored
at —20 °C.

5.7.9.2. Larger-scale (Midi) preparation

To obtain larger amounts of plasmids, the NucleoBond® Xtra Midi/Maxi kit was used
following the manufacturer’s instructions. DNA was finally eluted in sterile nuclease-free
water and DNA concentration was measured, adjusted to about 1 ug/ul, and stored at

—20 °C or used in further applications.

5.7.10. DNA sequencing

After analysis through colony PCR of E. coli (see 5.7.8) and restriction digestion (see
5.7.4), the constructed plasmids were finally verified through DNA sequencing. Samples
that contained 0.5 — 1 pg of a purified plasmid and 20 pmol of the selected sequencing
primer were provided to LGC Genomics for sequencing. After validation of the sequences,
the constructs were used in yeast transformation (see 5.4) for other experiments or used

further in cloning.
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5.7.11. Constructed plasmids

The cloning strategy of each constructed plasmid is shortly summarized. Detail features of
the used plasmids can be found in Table 9, and the full sequences of the used
oligonucleotides can be found in Table 10. A list of the used restriction enzymes and
restriction digestion buffers can be found in Table 6. PCR was described in 5.7.1,
restriction enzyme digestion was described in 5.7.4, ligation was described in 5.7.5, and

Gibson Assembly was described in 5.7.6.

pHK1625 UPF71-GFP was constructed with Gibson Assembly. The plasmid pHK1592 was
used as the vector and was digested with the restriction enzymes Pacl and Ascl to
remove the HA tag sequence. The insert fragment (-GFP-) was amplified with the Q5®

polymerase using pHK235 as template with the primers HK2935 and HK2936.

pHK1626 upf1-DE572AA-GFP was constructed with Gibson Assembly. The plasmid
pHK1593 was used as the vector and was digested with the restriction enzymes Pacl and
Ascl to remove the HA tag sequence. The insert fragment (—GFP-) was amplified with the
Q5® polymerase using pHK235 as template with the primers HK2935 and HK2936.

pHK1628 UPF1-N-GFPsplit was constructed by ligation of the vector and insert
fragments. The plasmid pHK1592 was used as the vector and the insert fragment (—N-
GFPsplit-) was amplified with the Q5® polymerase using pHK1321 as template with the
primers HK2987 and HK2988. The vector and the insert fragment were both digested with
the restriction enzymes Pacl and Ascl and ligated together, removing the HA tag

sequence.

pHK1629 GBP2-C-GFPsplit was constructed by ligation of the vector and insert
fragments. The plasmid pHK367 was used as the vector and the insert fragment (—C-
GFPsplit-) was amplified with the Q5® polymerase using pHK1322 as template with the
primers HK2989 and HK2990. The vector and the insert fragment were both digested with
the restriction enzymes BamHI and Xhol and ligated together, removing the GFP

sequence.

pHK1630 HRB1-C-GFPsplit was constructed by ligation of the vector and insert
fragments. The plasmid pHK537 was used as the vector and the insert fragment (—C-
GFPsplit-) was amplified with the Q5® polymerase using pHK1322 as template with the
primers HK2989 and HK2990. The vector and the insert fragment were both digested with
the restriction enzymes BamHI and Xhol and ligated together, removing the GFP

sequence.
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pPHK1633 upf1-DE572AA-N-GFPsplit (HIS) was constructed by ligation of the vector and
insert fragments. The plasmid pHK1593 was used as the vector and the insert fragment (—
N-GFPsplit-) was amplified with the Q5® polymerase using pHK1321 as template with the
primers HK2987 and HK2988. The vector and the insert fragment were both digested with
the restriction enzymes Pacl and Ascl and ligated together, removing the HA tag
sequence. The pHK1633 plasmid contains a HisMX4 cassette that was already present in

the pHK1593 vector backbone, and was later removed to create pHK1686 (see below).

PHK1642 Pga/MYC-CBP80°C (HIS) was constructed with Gibson Assembly. The
plasmid pHK1600 was used as the vector and was digested with the restriction enzymes
Pstl and Sacl to remove the URA3 sequence. The insert fragment (—HIS3-) was amplified
with the KAPAHiFi™ polymerase using pHK101 as template with the primers HK3193 and
HK3194.

PHK1644 Psar:N-GFPsplit-UPF1 was constructed by Gibson Assembly with two insert
fragments. The plasmid pHK1636 was used as the vector and was digested with the
restriction enzymes Pstl and Bcul to remove the NPL3 sequence. The first insert fragment
(—N-GFPsplit-) was amplified with the KAPAHiFi™ polymerase using pHK1321 as
template with the primers HK4427 and HK4428. The second insert fragment (—UPF1-)
was amplified with the KAPAHIFi™ polymerase using pHK1628 as template with the
primers HK4429 and HK4430.

pHK1686 upf1-DE572AA-N-GFPsplit was constructed by removal of the HisMX4
cassette of pHK1633. The plasmid pHK1633 was digested with the restriction enzymes
Ajil and Ehel to remove the HisMX4 sequence. The resulting blunt ends of the digested

plasmid were directly ligated together.
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5.8. Biochemical methods for protein analysis

5.8.1. Preparation of yeast whole cell lysates

In general, 400 ml, or larger volumes when required, yeast cultures were grown to log
phase and cells were collected by centrifugation at 2 000x g for 5 minutes at 4 °C. The
pellets were resuspended in distilled water and transferred into 2 ml screw cap tubes.
Cells were collected by centrifugation at 12 000x g for 1 minute, the supernatant was
removed, and the pellets were used directly or frozen in liquid nitrogen and stored at
—20 °C. In the case of formaldehyde cross-linking (Figure 13), prior to centrifugation to
collect cells, formaldehyde was added to the cultures to a final concentration of 0.5%,
mixed well, and incubated at room temperature with shaking for 10 minutes (based on
Klockenbusch and Kast, 2010; Nilsen, 2014, with modification). Glycine was immediately
added to a final concentration of 0.5 M and incubated at room temperature for 5 minutes
with shaking to quench excess formaldehyde. Cells were then collected as described

above.

For the following lysis procedure, cells and lysates were always kept on ice. Pellets were
resuspended in one pellet-volume of ice-cold PBSKMT buffer with 5 pl cOmplete™,
EDTA-free Protease Inhibitor Cocktail for every 100 ul pellet. One pellet-volume of glass
beads (0.4 — 0.6 mm) were added and cells were lysed with the FastPrep-24™
homogenizer at 5 m/s for 30 s, three times, with 5 minutes on ice in between. Cell debris
and glass beads were precipitated by centrifugation at 12 000x g for 5 minutes at 4 °C.
The cell lysates (supernatant) were transferred into new tubes and cleared by
centrifugation at 12 000x g for 10 minutes at 4 °C, repeatedly when required. For
formaldehyde cross-linked samples (Figure 13), the lysates were sonicated after
homogenization to release the proteins of interest from insoluble cellular material
(Spencer and Davie, 2002). For this, the tubes were placed in an ultrasonic bath and
sonicated for 1 minute, 3 times, with 1 minute on ice in between. Cell lysates were then
separated from cell debris and glass beads and cleared by several centrifugation steps as

described above.

Small samples of cleared lysates were taken for lysate controls used in SDS-PAGE and
western blot (see 5.8.3 and 5.8.4). The rest was used for protein immunoprecipitation (see
5.8.2).
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PBSKMT buffer
PBS (see 5.5.3)

KCI 3 mM
MgCl> 2.5 mM
0.5% (v/v)
Triton X-100* or 0.1% (v/v) for study of

cytoplasmic proteins
*Added freshly before use

5.8.2. Protein co-immunoprecipitation

For all following steps, beads and cell samples were kept on ice. To immunoprecipitate
GFP-tagged proteins, the GFP-Trap®_A or GFP Selector beads were used. For each IP
reaction, 10 ul slurry of beads were washed by adding 1 ml ice-cold PBSKMT to the
beads, mixing, and removing most of the buffer after centrifugation at 400x g for 2 minutes,
repeated 5 times. The beads were incubated with 1 ml 3% (w/v) bovine serum albumin
(BSA, Albumin Fraction V) in PBSKMT with rotation at 25 °C for 1 hour to block the beads
to reduce later unspecific binding. Beads were re-collected by centrifugation at 400x g for
2 minutes and washed 2 times with 1 ml PBSKMT to remove excess BSA. BSA-blocked
beads were combined with cleared cell lysates and incubated at 4 °C with rotation for 1.5
— 2 hours. When indicated, RNase A was added to a final concentration of 200 pug/ml for

the last 30 minutes of incubation.

For Figure 29, to reduce unspecific binding of Gbp2 and Hrb1 to the beads, the cleared
cell lysates were incubated with MYC-Trap® A beads prior to incubation with GFP
Selector beads. For this, 10 ul slurry of MYC-Trap®_A beads for each sample were
washed 5 times with PBSKMT as described above, combined with cleared lysates, and
incubated at 4 °C for 1 hour with rotation. MYC-Trap®_A beads were precipitated with
centrifugation at 400x g for 2 minutes and lysates were transferred to a new tube and
combined with previously washed and BSA-blocked GFP Selector beads.

Immunoprecipitation was carried out further as described above.

For Figure 14, immunoprecipitation was carried out with an anti-HA antibody and IgG-
Sepharose beads. The IgG-Sepharose beads were prepared as described for the GFP
beads, without blocking with BSA. For immunoprecipitation, the cleared lysates were
incubated with 1 ul of Anti-HA-Tag Antibody (F-7) with rotation at 4 °C for 1.5 hours.
Subsequently, 10 ul of previously washed IgG-Sepharose beads were added and the

samples were incubated with rotation at 4 °C for 4 hours.
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After the final incubation steps, beads were collected by centrifugation at 400x g for 2
minutes at 4 °C and washed 4 — 7 times with 1 ml PBSKMT. For this, 1 ml buffer was
added to the beads and the tubes were gently inverted 5 times. Beads were re-collected
by centrifugation at 400x g for 2 minutes at 4 °C and the supernatant was carefully
discarded. After the last wash, 20 ul of 2x SDS sample buffer was added to the beads and
the samples were used for SDS-PAGE analysis (see 5.8.3) or stored at —20 °C.

5.8.3. SDS-PAGE

Proteins were separated according to size on denaturing SDS polyacrylamide gels in
SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) as previously
described (Garfin, 2009). The polyacrylamide gels contained a 5% gel for protein stacking
on top of a 10% gel for protein resolving (Table 14), and were casted using self-made
casting devices. Self-made combs were inserted into the stacking gels before
polymerization to create sample wells. The gels were placed in self-made electrophoresis

chambers, and the chambers were filled with SDS electrophoresis buffer.

Table 14. Components of the SDS polyacrylamide gels
Stacking gel Resolving gel

ROTIPHORESE® Gel 30 acrylamide 5% (v/v) 10% (Vv/v)
Tris (pH 8.8) - 375 mM
Tris (pH 6.8) 125 mM -

SDS 0.1% (w/v) 0.1% (w/v)
APS (Ammonium persulfate) 0.1% (w/v) 0.1% (w/v)
TEMED 0.1% (v/v) 0.04% (v/v)

(Tetramethylethylenediamine)*
*Added last for polymerization

SDS electrophoresis buffer

Tris 25 mM
Glycine 192 mM
SDS 0.1% (W/v)

For SDS-PAGE samples, cleared whole cell lysates and immunoprecipitation eluates,
prepared as described in 5.8.1 and 5.8.2, were mixed with 2x SDS sample buffer and
heated at 95 °C for 5 minutes to denature the proteins. The formaldehyde cross-linked

samples were heated at 95 °C for 20 minutes at this step to reverse cross-linking. The
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samples were briefly mixed, centrifuged, and loaded into the wells of the polyacrylamide
gels. The complete eluate samples were loaded and 15 — 30 pl of the lysate controls were
loaded. Cozy™ Prestained Protein Ladder or PageRuler™ Prestained Protein Ladder was
used as size standards. Electrophoresis was performed under constant current of 6 —

35 mA until the proteins had migrated for the desired distance.

2x SDS sample buffer

Tris (pH 6.8) 125 mM
SDS 4% (w/v)
Glycerol 20% (V/v)
Bromophenol blue 0.02% (w/v)
2-Mercaptoethanol* 10% (v/v)

*Added freshly before use

5.8.4. Western blot

The proteins that were separated on the polyacrylamide gels were transferred onto
nitrocellulose membranes by electroblotting (Towbin et al., 1979; Burnette, 1981). One
piece of nitrocellulose membrane and two pieces of Whatman paper were prepared for
each polyacrylamide gel in corresponding sizes slightly bigger than the gel. In a semi-dry
electro blotter, blots were assembled as follows: anode — Whatman paper — nitrocellulose
membrane — polyacrylamide gel — Whatman paper — cathode. All materials were
completely soaked in blotting buffer prior to blot assembly and maintained wet. Air
bubbles were carefully removed and blotting was performed at a constant current of 1.5

mA/cm2 membrane area for 1.5 — 2 hours.

Blotting buffer

Tris 25 mM
Glycine 192 mM
Methanol* 20% (v/v)

(Towbin et al., 1979)
*Added freshly before use

After blotting, membranes were immersed in Ponceau S solution for approximately 5
minutes and de-stained with distilled water for visualization of protein bands and control of
transfer efficiency. If required, the membranes were cut and Ponceau staining was further
removed by washing with water or TBST buffer. Membranes were blocked with 5% (w/v)

non-fat milk powder in TBST at room temperature with gentle agitation for 1 hour.
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Subsequently, membranes were immersed in the respective primary antibodies (Table 7)
diluted in 2% (w/v) non-fat milk powder in TBST and incubated at 4 °C overnight with
gentle agitation. Primary antibody solutions were removed and membranes were washed
with TBST under gentle agitation for 10 minutes, 3 times, at room temperature.
Corresponding secondary antibodies (Table 7) were diluted in 2% (w/v) non-fat milk
powder in TBST and applied to the membranes for 2 hours of incubation at room
temperature with gentle agitation. Membranes were washed 3 times with TBST as
described above and finally washed once in TBS (TBST without Tween-20) or distilled
water to remove Tween-20. The WesternBright™ HRP substrate solution was applied to
the membranes and protein signals were detected through chemiluminescence using the

Fusion machine and its software.

Ponceau S solution

Ponceau S 0.2% (W/v)
Acetic acid 5% (v/iv)
TBST buffer (pH 7.4)

Tris 50 mM
NaCl 150 mM
Tween-20* 0.1% (v/v)

*Added freshly before use

5.8.5. Quantification of western blot signals

Western blot signals of the proteins of interest were quantified with the Bio1D software.
The optical densities of the protein bands were measured from selected western blot
images in which the signal intensities were not saturated. The rolling ball method was
used and the detection threshold was adjusted for subtraction of unspecific background

signals.
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5.9. Biochemical methods for RNA analysis

5.9.1. RNA co-immunoprecipitation

5.9.1.1. Preparation of whole cell lysates

Whole cell lysates for RNA co-immunoprecipitation (RIP) experiments were prepared as
described in 5.8.1. For UV cross-linking (Figure 24), cells were treated with UV radiation
before being collected (Sei and Conrad, 2014). Cells were pelleted by centrifugation at
2 000x g for 5 minutes at 4 °C. Pellets were resuspended in 50 ml of the respective media,
poured into 15 cm petri dishes, and exposed to 254 nm UV radiation for 3 minutes
30 seconds, twice, in a UV-crosslinking chamber while placed on ice-cold cooling blocks.
The petri dishes were shortly shaken to resuspend cells in between the two treatments.
Cell suspension was collected into falcon tubes and centrifuged at 2 000x g for 5 minutes
at 4 °C to pellet the cross-linked cells. Pellets were washed with distilled water and
collected in 2 mL screw cap tubes as described in 5.8.1. Pellets were directly used in

further experiments or rapidly frozen in liquid nitrogen and stored at —20 °C.

Cell lysis was done principally as described in 5.8.1. Instead of PBSKMT, pellets were
resuspended in RNA co-immunoprecipitation (RIP) buffer with 5 pl cOmplete™, EDTA-
free Protease Inhibitor Cocktail for every 100 pul pellet. In addition, 0.5 pl RNase inhibitor
RiboLock was added for every 400 pl of pellet. Cells were lysed with FastPrep-24™ as
described in 5.8.1. Small samples of cleared lysates were kept for lysate controls in SDS-
PAGE (see 5.8.3) and 50 ul of cleared lysates were transferred into new tubes for RNA

isolation (see below).

RNA co-immunoprecipitaiton (RIP) buffer

Tris (pH 7.5) 25 mM
NaCl 150 mM
MgCl2 2mM
PMSF (phenylmethylsulfonyl fluoride)* 0.2 mM
DTT* 0.5 mM
Triton X-100* 0.2% (v/v)

*Components were added freshly before use. 100mM stock PMSF solution in isopropanol
was prepared and heated at 65 °C for 5 minutes to dissolve PMSF before adding to the
RIP buffer to the final concentration.
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5.9.1.2. Protein immunoprecipitation

Immunoprecipitation was done in principle similarly to protein co-IP experiments (see
5.8.2). Cleared cell lysates were combined with GFP beads (previously washed 5 times
with RIP buffer) and incubated with rotation at 4 °C for 2 hours. The 50 pl lysate samples
prepared in the previous section (see 5.9.1.7) were combined with 5 ul of DNase | and
incubated together with the IP samples at 4 °C for 2 hours with rotation. Afterwards, RIP
buffer was used for washing of the beads, while the DNase-treated lysate samples were
kept on ice. During the last wash, the beads were split into two portions: after the beads
were resuspended in buffer by inverting the tubes, 200 — 300 ul of the suspension was
transferred with a cut tip into a new tube. All samples were centrifuged at 400x g at 4 °C
for 2 minutes to precipitate the beads and excess buffer was removed. The smaller
portions of the split beads were combined with 20 ul of 2x SDS sample buffer (see 5.8.3),
and together with the lysate controls (see 5.9.1.7), used for SDS-PAGE and western blot
analysis (see 5.8.3 and 5.8.4) to verify protein pull-down. The larger portions were
resuspended in 100 pl RIP buffer and 5 pl of DNase | was added. Both the eluate and the
lysate samples that contained DNase | were incubated at 25 °C for 30 minutes with
rotation for removal of DNA. Subsequently, 1 ml TRIzol™ was directly added to the

samples for RNA isolation (see 5.9.3.7).

For UV cross-linked samples, additional proteinase treatment was carried out to remove
proteins before RNA isolation. After immunoprecipitation and 4 times washing of the
beads with RIP buffer, the beads were further washed two times with 1 ml Proteinase K
buffer without SDS. In the second wash the beads were split into two portions as
described in the previous paragraph. The smaller portions were prepared as SDS-PAGE
samples. The bigger portions were resuspended in 100 pl Proteinase K buffer and
incubated with 40 ug Proteinase K at 50 °C with agitation for 1.5 hours. For the 50 ul
lysate samples, 5 mM EDTA and 0.5% SDS were added and the samples were incubated
with 80 pg Proteinase K as described above. Afterwards, 1 ml TRIzol™ was directly

added to the samples for RNA isolation (see 5.9.3.7).

Proteinase K buffer (always prepared freshly)

Tris (pH 7.5) 50 mM
EDTA 5 mM
NaCl 50 mM
DTT 0.5 mM
Triton X-100 0.2% (v/v)

SDS 0.5% (W/v)
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5.9.2. DEPC water

For all samples and experiments concerning purified RNA, RNase-free diethyl
pyrocarbonate-treated water (DEPC water) was used. For preparation of DEPC water,
0.1% (v/v) DEPC was added to double-distilled water and mixed thoroughly by rigorous
shaking and incubation with constant stirring at room temperature overnight. The water

was then autoclaved to inactivate residual DEPC.

5.9.3. RNA isolation

5.9.3.1. RNA purification from RIP lysate and eluate samples

RNA was isolated from cleared yeast whole cell lysates or RNA co-immunoprecipitation
eluates using the TRIzol™ Reagent (Chomczynski and Sacchi, 1987) according to the
manufacturer’s instructions. 1 ml TRIzol™ was added to the lysates or IP beads and the
samples were incubated with agitation at 65 °C for 10 minutes. Afterwards, 200 pl
chloroform was added, mixed thoroughly, and the samples were centrifuged at 12 000x g
for 15 minutes at room temperature. The aqueous (upper) phase was transferred into a
new tube to which an equal volume of 100% isopropanol was added. For the lysate and
eluate samples, respectively, 10 ug glycogen and 1 ul GlycoBlue™ Coprecipitant were
also added. The samples were mixed thoroughly and incubated at —20 °C overnight for
RNA precipitation, followed by centrifugation at 12 000x g for 30 minutes at 4 °C. The
supernatant was removed and the RNA pellets were washed carefully with 1 ml ice-cold
75% ethanol (in DEPC water) at least twice. After each wash the supernatant was
removed as completely as possible. The RNA pellets were dried at 65 °C and dissolved in
DEPC water, and RNA concentration was measured with the NanoDrop™
spectrophotometer. The RNA was used further (see 5.9.4 and 5.9.5) or stored at —20 °C

for short-term and at —80 °C for long-term.

5.9.3.2. Total RNA extraction from yeast cells

For isolation of total RNA from yeast cells (Figure 25), the Nucleospin® RNA kit was used
according to the manufacturer’s instructions except for the lysate preparation steps. For
this, 15 — 20 ml log phase yeast cultures were centrifuged at 2 000x g for 5 minutes at
4 °C. The cells were lysed in 350 ul Buffer RA1 (provided in the kit) with 3.5 ul 2-
mercaptoethanol and 200 pl glass beads (0.4 — 0.6 mm) using the FastPrep-24™

homogenizer at 5 m/s for 30 seconds, three times, with 5 minutes incubation on ice in
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between. The samples were centrifuged at 12 000x g at 4 °C for 1 minute and the lysates
(supernatant) were collected for RNA isolation with the kit. RNA was finally eluted in 60 pl
RNase-free water and the concentration was measured with NanoDrop™ before further

usage or storage at —20 or —-80 °C.

5.9.4. TURBO DNase treatment

In order to remove residual DNA in the purified RNA samples, DNase treatment was
performed using the TURBO DNA-free™ kit following the manufacturer’s guidelines.
Briefly, the RNA samples were diluted to 200 ng/ul or lower concentrations, mixed with
TURBO DNase buffer and TURBO DNase, and incubated at 37 °C for 30 minutes.
Samples were treated with DNase Inactivation Reagent, centrifuged, and purified RNA in

the supernatant was transferred into new tubes.

5.9.5. cDNA synthesis (reverse transcription)

Isolated RNA was reverse transcribed into cDNA with Maxima Reverse Transcriptase or
the FastGene® Scriptase Il cDNA synthesis kit following the manufacturers’ protocols.
Briefly, equal amounts of RNA from each sample were mixed with oligo (dT)1s primers or
random hexamer primers, dNTPs, reverse transcriptase buffer, DTT, RiboLock RNase
inhibitor, reverse transcriptase and sterile nuclease-free water. For reverse transcription
with Maxima Reverse Transcriptase, samples were incubated at 50 °C for 30 minutes
followed by reaction termination at 85 °C for 5 minutes. For FastGene® Scriptase I,
samples were incubated at 42 °C for 50 minutes for reverse transcription followed by

incubation at 70 °C for 15 minutes to deactivate the enzyme.

The cDNA samples were diluted appropriately with DEPC water for optimal Cr values in
gPCRs (see 5.9.6). For each cDNA sample, a corresponding NRT control sample was

prepared that contained identical components without the reverse transcriptase.

5.9.6. Quantitative polymerase chain reaction (QPCR) and data analysis

Real-Time PCRs were carried out with the cDNA samples to detect relative amounts of
certain RNA species using CFX Connect Real-Time PCR Detection Systems. qPCR
samples were prepared on ice with the 2x gPCRBIO SyGreen Mix Lo-ROX master mix
according to the manufacturer’s protocol with modifications: 10 pl instead of 20 pl

reactions were used and typically 80 nM of forward and reverse primers were added. For

120



template DNA, 2 ul of cDNA was used. PCR primers were designed according to standard

guidelines and listed in Table 11. The thermocycling program is shown in Table 15.

All cDNA samples were pipetted in triplicates and the mean Cr from three values was
used for data analysis. When one value was an extreme outlier, it was neglected. For
each cDNA sample, the NRT control was pipetted once and its Cr value was used to
control reverse transcription efficiency and identify DNA contamination. The melting
curves and amplification efficiencies were used to control the validity of the primer pairs.
When they were not optimal, the concentration of the primers and the temperature of the
annealing and extension step were adjusted. The obtained C: data were analyzed

according to the 2-22¢t method (Livak and Schmittgen, 2001).

Table 15. qPCR parameters

Temperature Time Repeat
Initial denaturation 95 °C 3 min 1x
Denaturation 95 °C 10 sec
Annealing and Extension 50 - 65 °C 20 sec 45x
SYBR Green measurement
Melting curve 65-95°C/0.5°C, 5sec 1x

5.10. Statistical analysis and figures

Bar graphs show mean values of the biological repeats and error bars represent standard
deviations from the mean. Unpaired, two-tailed Student’s t-tests were performed with
Microsoft® Excel for statistical analyses. The p-values were used to determine statistical
significance and indicated in the figures by asterisks. * = p<0.05, *™* = p<0.01, ™™ =p<
0.001. The asterisks in the bar graphs represent significant differences compared with the

respective wild type or wild-typical sample, whose value was set to 1 or 100%.

Figures shown in the Results and Discussion sections were made and arranged using

Microsoft® Excel and Adobe lllustrator.
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ABSTRACT

One important task of eukaryotic cells is to translate only mRNAs that were correctly processed to
prevent the production of truncated proteins, found in neurodegenerative diseases and cancer. Nuclear
quality control of splicing requires the SR-like proteins Gbp2 and Hrb1 in S. cerevisiae, where they
promote the degradation of faulty pre-mRNAs. Here we show that Gbp2 and Hrb1 also function in
nonsense mediated decay (NMD) of spliced premature termination codon (PTC)-containing mRNAs. Our
data support a model in which they are in a complex with the Upf-proteins and help to transmit the
Upf1-mediated PTC recognition to the transcripts ends. Most importantly they appear to promote
translation repression of spliced transcripts that contain a PTC and to finally facilitate degradation of
the RNA, presumably by supporting the recruitment of the degradation factors. Therefore, they seem to
control mRNA quality beyond the nuclear border and may thus be global surveillance factors.
Identification of SR-proteins as general cellular surveillance factors in yeast will help to understand
the complex human system in which many diseases with defects in SR-proteins or NMD are known, but
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the proteins were not yet recognized as general RNA surveillance factors.

Introduction

All cellular processes depend on the correct and effective
translation of mRNAs into proteins. Eukaryotic cells control
the correctness of the mRNAs both in the nucleus and in the
cytoplasm [1-5]. While the nuclear quality control recognizes
rather structural defects of the transcripts, the cytoplasmic
quality control detects incorrect open reading frames through
the decoding capability of the ribosome. Structural defects
include transcripts that have retained their introns or
mRNAs that are uncapped or non-polyadenylated [4,5].
Such defects can create problems in translation, as both tran-
script ends are usually connected in the cytoplasm to allow
a repeated cycling of the ribosomes on transcripts to increase
translation efficiency [6].

Several proteins contribute to generating correctly matured
mRNAs [4,7]. However, one group of proteins is particularly
important for the nuclear mRNA surveillance in yeast,
because their absence results in the leakage of faulty mRNAs
into the cytoplasm [8]. These guard proteins include Npl3,
Gbp2, Hrbl and Nab2, the first three of which are highly
homologous with human serine arginine (SR)-proteins [5].
Among them, Gbp2 and Hrbl preferentially bind to tran-
scripts that undergo splicing, as they interact with late splicing
factors [9]. In case splicing does not occur correctly, Gbp2
and Hrbl recruit the TRAMP-complex, which fetches the
nuclear exosome to degrade the faulty transcript. On correctly

spliced mRNAs Gbp2 and Hrbl interact with Mex67-Mtr2
(TAP-p15 in human) instead, promoting nuclear export [9].
Other guard proteins control different maturation steps, but
they operate similarly in principle. Proper packaging of the
RNA into a ribonucleoparticle (RNP) supports transit through
the nuclear pore complex (NPC) [4,5]. At the NPC, the
nuclear basket protein Mlpl controls proper Mex67-
coverage of the guard proteins on the mRNA [4,5]. Thus,
also in the absence of Mlp1, faulty transcripts are not retained
in the nucleus and leak into the cytoplasm [9,10].
Remarkably, while Mex67 is removed upon transport, the
guard proteins remain bound on the transcript until transla-
tion [11]. This suggests that they may have additional func-
tions in the cytoplasm and might continue their roles as
quality control factors. In particular, because after dissociation
of Mex67 they are free for new interactions. However, such
a cytoplasmic quality control function for the guard proteins
has not been explored to date. In contrast to the nuclear
quality control system, the cytoplasmic quality control checks
the encoded sequence. During translation, intact or faulty
open reading frames can be distinguished. In this way, broken
mRNAs that lack a stop codon or mRNAs with strong sec-
ondary structures that stall the ribosome are eliminated by the
no-stop- (NSD) or no-go-decay (NGD), respectively [7].
Another severe defect is premature termination, often result-
ing from improper splicing and transcripts that escaped
nuclear quality control [1,12]. PTC-containing transcripts
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are recognized and eliminated by the nonsense-mediated
decay (NMD). In its centre are the Upf-proteins. Upon inter-
acting with eRF1 and eRF3 at the terminating ribosome, they
signal the cell to inhibit translation and degrade affected
mRNAs [1,3,13]. Upfl is the central ATP-dependent RNA
helicase and required for the recognition of PTC-containing
mRNAs. Upf2 and Upf3 support NMD by formation of
a Upfl-Upf2-Upf3 complex signalling degradation [1,3,13].

How NMD is initiated is still debated. In metazoans, Upf2
and Upf3 bind to the exon-junction complex (EJC) downstream
of the PTC, and are thought to communicate somehow with the
ribosome to trigger RNA degradation [1,3,13]. Interestingly,
some human SR proteins, which are known to be important
mediators of splicing, are also associated with the EJC [14].
However, their function in NMD is rather nebulous, not the
least because of their upstream role in splicing, which is difficult
to study independently from their potential subsequent function
in NMD. Although EJCs are characteristic for multicellular
organisms and have not been discovered in S. cerevisiae,
a similar system was described in yeast, involving Hrpl. Hrpl
is a yeast RNA-binding protein that binds to a downstream
sequence element (DSE), originally identified in the PGKI
mRNA. Hrpl was shown to interact with the Upf-proteins
when the PGK1 contained a PTC [15]. Another proposed trigger
of NMD is a long 3'-untranslated region (UTR). A long distance
between the terminating ribosome and the poly(A) tail impedes
the interaction between the poly(A) binding protein Pabl (PABP
in human) and the terminating ribosome, which under regular
conditions promotes efficient termination. In this model, multi-
ple copies of Upfl are distributed on the RNA in a loosely bound
fashion and removed by the passing ribosome. However, when
termination occurs prematurely, Upfl-binding is stabilized. As
Pabl is far away, formation of a stable Upfl-2-3 complex is
promoted and NMD is elicited [1,16].

While the exact mechanism of NMD activation is relatively
vague, our understanding of the downstream events is even
less clear. It seems evident that PTC-containing mRNAs are
translationally repressed and mainly degraded from the 5’
ends in yeast [17]. Yet, how this is mediated is currently
unclear. It is known that the ATPase activity of Upfl is
required to disassemble the ribosome and allow complete
degradation of the transcript [18,19]. It is also known that
Upfl can be found in a complex with decay enzymes [20].
Dcpl and Dcp2 are required for decapping of NMD targets
and Xrnl for the subsequent 5 to 3’ exonucleolytic RNA
decay. However, how the degradation factors are recruited
from the PTC to the distant ends of the transcript is unclear.
Although the 5'-end mediated degradation pathway is mainly
used, decay can also occur from the 3'-end via the exosome
and its cytoplasmic co-factor complex, containing Ski2 [1,21].
In metazoans degradation of the recognized NMD targets is
supported by additional factors, such as SMG6, which cleaves
NMD-transcripts endonucleolytically, and SMG5-SMG7,
which bridge interactions between Upfl and degrading
enzymes at the PTC [1,22]. In yeast, similar auxiliary factors
are poorly understood, and likely more factors participate in
NMD than currently known.

Our study presented here suggests that the nuclear and the
cytoplasmic mRNA quality control systems may be coupled.

We found the nuclear guard proteins Gbp2 and Hrbl to be
players in NMD. They continue their guarding function,
originally discovered in the nucleus, further in the cytoplasm.
For a subset of targets, those that contained intron sequences,
these SR-like proteins appear to help repress translation upon
detection of a PTC and to recruit the cytoplasmic degradation
machineries to the faulty transcript. Importantly, by bridging
the Upfl-bound PTC to the 5’ end of the mRNA Gbp2 and
Hrbl may help to transmit the signal of the mRNA defect
directly to the starting point of translational repression and
degradation.

Materials and methods

Saccharomyces cerevisiae strains used in this study are listed in
Table S1, plasmids in Table S2 and oligonucleotides in Table
S3. Yeast strains and plasmids were generated by conventional
methods. Yeast strains were cultivated in standard media at
25°C and harvested in log phase at 1-3 x 107 cells/ml or
ODggo 0.5-1.3.

Method details

Induction of NMD reporters with galactose responsive
promoters

For induction of NMD reporters under the control of the
GALI promoter, yeast cells were grown in media containing
sucrose instead of glucose. The promoter was induced by
addition of 2% galactose for 2 hours before harvesting, with
the following exceptions: In Fig. 1E reporters with the endo-
genous CBP80 and DBP2 promoters were used. In Fig. 4G the
NMD reporter was induced for 20 min after which transcrip-
tion was stopped with 2% glucose. Cells were harvested after
another 30 min of growth. In Fig. A, C, G DBP2PTC was not
induced, cells were grown in sucrose to maintain a low tran-
scription rate. In Fig. 2B, E, G, I CBP80F™C was induced
for 4 h.

Co-Immunoprecipitation (IP)

GFP fusion proteins were purified using GFP-Trap_A beads
(Chromotek, gta-400) or GFP-selector beads (Nanotag
Biotechnologies, N0310), following the manufacturer’s
instructions. Cell pellets were lysed in 1x volume cold
PBSKMT buffer (137 mM NaCl, 5.7 mM KCI, 10 mM KH,
PO,, 2 mM Na,HPO, 2.5 mM MgCl,, 0.5% Triton X-100)
with protease inhibitor (5 pl per 100 pl cell pellet, Merck,
11,697,498,001). One pellet-volume of glass beads
(0.4-0.6 mm) was added and cells were lysed in a FastPrep-
24 (MP Biomedicals) at 4 m/s for 30 s twice. Glass beads and
cell debris were removed by centrifugation at 16000x g for
1 min at 4°C and the supernatant was further cleared by
centrifugation at 16000x g for 10 min at 4°C. Approx. 2% of
the cleared lysate was kept as lysate sample for western blot
analysis. The remaining lysate was incubated with equilibrated
GFP-Trap_A beads (Chromotek) (Figs. 3A, B and 4E) or
GFP-selector beads (Nanotag Biotechnologies) (Figs. 4A, B,
D, F, 5A, B, D and 6A-D) for 2 h at 4°C. Where indicated,



200 pg/ml RNase A was added. The conditions for RNA
removal were verified by qPCR. The beads were washed 4-8
times with PBSKMT and resuspended in SDS sample buffer
(125 mM Tris - pH 6.8, 4% (w/v) SDS, 20% (v/v) glycerol,
0.05% (w/v) Bromophenol blue and 5% (v/v) 2-mercaptoetha-
nol)). The complete eluate and the lysate samples were used
for SDS-PAGE and western blot analysis with the indicated
antibodies (GFP (GF28R, Thermo Fischer Scientific, MAS5-
15256) 1/50000, Zwfl (Merck, A9521) 1/50000, Tdhl
(GAIR, Thermo Fischer, MA5-15738) 1/50000, Hem15 (U.
Miihlenhoff) 1/5000, Gbp2 (self-made) 1/50000, Hrbl (self-
made) 1/20000, c-MYC (9E10, Santa Cruz, Sc-40) 1/750, HA
(F-7, Santa Cruz, sc-7392) 1/750, Grx4 (U. Miihlenhoff) 1/
1000.

For formaldehyde crosslinking (Fig. 4A), yeast cells were
treated with 1% formaldehyde for 10 min at 25°C prior to
harvesting. The formaldehyde was quenched by adding 0.5 M
glycine. Immunoprecipitation was performed as described
above with 20 min decrosslinking at 95°C in SDS sample
buffer before gel loading.

Yeast cell lysis for western blot analysis

For experiments shown in Fig. 2, log phase yeast cells were
lysed in SDS sample buffer (125 mM Tris - pH 6.8, 4% (w/v)
SDS, 20% (v/v) glycerol, 0.05% (w/v) Bromophenol blue and
5% (v/v) 2-mercaptoethanol) with one pellet volume (or
200 ul for smaller cell pellets) of glass beads (0.4-0.6 mm)
and heated at 95°C for 5 min. Glass beads and cell debris were
removed by centrifugation at 16000x g for 1 min. The super-
natant was used for western blot experiments. For experi-
ments shown in Fig. 2C-H, yeast cell cultures were split
before harvesting. One half was used for western blot analysis,
the other half for RNA isolation (see below).

Quantification of western blot signals

Western blot signals were quantified with the Bio-1D software
(Vilber Lourmat) by measuring the optical densities of wes-
tern blot bands. With the Bio-1D software, images were
selected in which the analysed signal intensities were not
saturated. Background subtraction was performed using the
rolling ball method and setting a detection threshold.

Fluorescence microscopy

Logarithmic yeast cells were fixated with 2.6% formaldehyde
and immediately harvested by centrifugation at 3500x g for
5 min at 4°C. The cells were washed once with 0.1 M potas-
sium phosphate buffer pH 6.5, once with P solution (0.1 M
potassium phosphate buffer pH 6.5, 1.2 M Sorbitol) and
resuspended in P solution. The cells were incubated 15 min
on polylysine coated microscope slides and excess cells were
removed. The cells were permeabilized with 0.5% Triton
X-100 in P-solution for approx. 1 min and washed once
with P solution and once with Aby wash 2 (0.1 M Tris - pH
9.5, 0.1 M NaCl). DNA was stained with DAPI (1 pg/ml in
Aby wash 2) for 5 min and washed three times for 5 min with
Aby wash 2. Microscope slides were dried and the cells
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mounted in 40% (v/v) glycerol, 20% (v/v) PBS (137 mM
NaCl, 2.7 mM KCl, 10 mM KH,PO,, 2 mM Na,HPO, and
1% (w/v) n-propyl gallate). Microscopy images were taken
with a Leica AF6000 microscope and a LEICA DFC360FX
camera with the LEICA AF 2.7.3.9 software. In Fig. 1A,
Z-stacks (10 images, 0.2 pum) were deconvoluted (blind, 3
iterations, with the LEICA AF 2.7.3.9 software).

Split GFP analysis

Proteins of interest were fused with either the N-terminal
(amino acids 1-155) or the C-terminal (amino acids
156-239) part of eGFP. Fluorescence microscopy experiments
were performed as described above, except cells were treated
with 1.5% formaldehyde for fixation. For quantification of the
fluorescence signal, 100 cells from each strain from each
experiment were randomly chosen and the mean signal inten-
sity of each cell was measured using Image J. Significant
differences between strains were calculated by comparing all
300 signal intensity values.

RNA co-immunoprecipitation (RIP)

Immunoprecipitation (IP) was performed essentially as
described above followed by RNA isolation. A no-tag control
was always used to verify RNA-binding to the precipitated
proteins. RIP experiments shown in Fig 1F, G. were per-
formed without UV crosslinking. In the other RIP experi-
ments (Figs. 4D, F and 5D) protein-RNA complexes were
crosslinked by UV irradiation. For this the cells were treated
two times for 3.5 min (0.6 J/cm in a 50 ml suspension in
a 15 cm petri dish) with 254 nM UV light on a cold metal
block, with light shaking in between. For RIP experiments the
cells were lysed in two pellet volumes RIP buffer (150 mM
NaCl, 2 mM MgCl,, 0.2 mM PMSF, 0.5 mM DTT, 0.2% (v/v)
Triton X-100, 25 mM Tris/HCl - pH 7.5) with protease
inhibitor (5 ul per 100 pl cell pellet, Merck, 11697498001)
and RNase inhibitor (0.12 pl/100 pl pellet-volume RiboLock,
Thermo Scientific, EO0381). Approx. 2% of the cleared lysate
was kept as lysate sample for western blot analysis and 5-10%
lysate was used as lysate sample for RNA isolation. DNasel
was added to the lysate sample (14 Kunitz units per 100 pl,
Qiagen, 79256) and to the remaining RIP sample (6.5 Kunitz
units per 100 pl). GFP tagged proteins were precipitated with
GFP-Trap_A beads (Chromotek) (Fig. 1F, 1G (Gbp2)) or
GFP-Selector beads (Nanotag Biotechnologies) (Fig. 1G
(Hrbl), 4D, 4F, 5D) and the beads were washed 5-7 times
with RIP buffer. Approx. 20% of the beads were resuspended
in SDS sample buffer and used for western blot analysis. The
remaining beads were used for RNA isolation with TRIzol
(Thermo Fisher Scientific, 15596018), following the manufac-
turer’s instructions. In UV-crosslinked RIP experiments, the
beads were washed two more times with proteinase K buffer
(50 mM NacCl, 0.5 mM DTT, 0.2% Triton X-100, 50 mM Tris/
HCI pH 7.5) and resuspended in 100 pl proteinase K buffer.
Afterwards, 0.5% SDS, 5 mM EDTA and 80 g (lysate sample)
or 40 g (eluate sample) Proteinase K was added and incu-
bated 90 min at 55°C with shaking prior to RNA isolation.
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DNA was further removed with the TURBO DNA-free DNase
kit (Thermo Fischer Scientific, AM1907).

Total RNA isolation

Total RNA was isolated from log phase yeast cultures using
the NucleoSpin® RNA isolation kit (Macherey-Nagel,
740,955). DNA was further removed with the TURBO DNA-
free DNase kit (Thermo Fischer Scientific, AM1907).

Reverse transcription and quantitative PCR

One microgram total RNA or 50-100 ng eluted RNA was
reverse transcribed with the Maxima First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific, EP0741) or the
FastGene Scriptase II kit (NIPPON Genetics, LS63). Reverse
transcription was performed with either Oligo (dT);s (Fig.
1D-G (Gbp2), Figs 2D, F, H, and 4G) or random primers
(Fig. 1G (Hrbl), 4D, 4F, 5D). qPCR was performed in tripli-
cates, using the qQPCRBIO SyGreen Mix Lo-ROX (NIPPON
Genetics, PB20.11-50) in a CFX Connect 96FX2 qPCR cycler
(BIO RAD).

Quantification and statistical analysis

All experiments were performed in independent biological
replicates as indicated in the figure legends. All bar graphs
show arithmetic mean values and error bars illustrate the
standard deviation of biological replicates. P-values were cal-
culated by unpaired, two tailed, homo- or heteroscedastic
Student’s t-test and are indicated by * (p < 0.05), **
(p < 0.01) and *** (p < 0.001). The number of biological
replicates is indicated as ‘n’ in the figure legends.

Results

The nuclear guard proteins Gbp2 and Hrb1 show features
of NMD factors

Gbp2 and Hrbl are established nuclear quality control pro-
teins that shuttle with the mRNA into the cytoplasm [9,23].
Thus, it seems conceivable that they might also participate in
the cytoplasmic mRNA quality control. It was shown earlier
that defects in the NMD, NGD and NSD pathways result in
increased protein aggregation due to progressive abnormal
association of misfolded proteins in insoluble protein struc-
tures, central to the pathology of neurodegenerative diseases
such as Alzheimer’s and Parkinson’s [24]. In their studies,
Jamar et al. analysed protein aggregation of RFP tagged
Hspl04 by visualizing and quantifying fluorescent Hsp104-
RFP foci, which increased when mRNA surveillance is defec-
tive, such as in upfIA cells. We used their established Hsp104-
RFP microscopy assay and compared foci formation in wild
type and upflA cells to the situation in the gbp2A hrblA
double knock out strain. While in wild type these protein
aggregates were only visible in ~5% of the cells, both upflA
and gbp2A hrblA strains showed dot-like protein aggregates
in more than 15% of the cells, comparable with the values
obtained in the original publication (Fig. 1A, B). This

accumulation didn’t significantly increase in the triple knock
out strain gbp2A hrblA upflA, suggesting that these proteins
might act in one pathway. As Gbp2 and Hrbl are involved in
the nuclear surveillance, we investigated whether defects in
nuclear quality control factors per se lead to increased protein
aggregation due to an increased leakage of defective mRNAs,
which might overwhelm the cytoplasmic surveillance systems.
For this we analysed cells that were deleted for the NPC
gatekeeper MLPI. As shown in Fig. 1A, B, mlplA showed
no increased protein aggregations of Hsp104, indicating that
the nuclear escape of faulty mRNAs is not sufficient to create
protein aggregates. This suggests that Gbp2 and Hrbl might
have a yet undiscovered function in the cytoplasmic quality
control.

Because Gbp2 and Hrbl are nuclear quality control factors
for splicing, a processing step that is a source for PTCs when
not carried out correctly, we investigated whether Gbp2 and
Hrbl might function in NMD. We used the well-established
reporter assay in which PTC-containing PGKI transcript is
highly expressed using a galactose-inducible promoter [25]
(Fig. 1C, S1A). However, while an ~8-fold increase of the
PGK1”"™® mRNA was detectable in upflA by qPCRs from
the isolated total RNA, no increased level was measured for
gbp2A or hrblA or the double mutant (Fig. 1D). This suggests
that Gbp2 and Hrbl are not involved in the NMD-induced
degradation of this intron-less reporter transcript. However,
these guard proteins are preferentially loaded onto spliced
pre-mRNAs and have roles in nuclear mRNA quality control
specific for these transcripts [9], which reminds of the EJC in
metazoans. Thus, a function of these proteins in cytoplasmic
quality control may also be specific to the subset of mRNAs
that are spliced. Therefore, we constructed two intron-
containing reporter mRNAs (Fig. 1C, S1A). We chose the
DBP2 gene, which possesses a long open reading frame before
the intron sequence and placed the PTC upstream of the
intron, which is rather atypical for yeast, but represents the
frequently found EJC-model in human cells. Additionally, we
selected the CBP80 gene in which the intron sequence is
located very close to the AUG start codon, which is common
in yeast, and placed the PTC shortly downstream of the
intron. We detected the steady-state RNA levels of these
intron-containing reporters, expressed upon galactose induc-
tion, and observed a ~ 3.6-fold (DBP2P"¢) and ~5.6-fold
(CBP80"™) increase in upfIA compared to wild type (Fig.
1D), showing that they are targeted for the Upfl-dependent
NMD pathway under wild-typical conditions.

We next asked if deletion of GBP2 and HRBI would have
an effect on the intron-containing DBP2"™® and CBP80"™
reporters. It should be noted that Gbp2 and Hrbl are nuclear
retention factors and are dispensable for mRNA export and
splicing [9]. Further, to exclude effects from their nuclear
quality control function, we used wild-typical reporters as
controls that are identical but lack the PTCs (Fig S1A). As
PTCs can only be recognized during translation, the differ-
ence between PTC-containing and PTC-less reporters have to
be a consequence of mRNA stability through the NMD path-
way. We expressed these reporters using the transcripts’ endo-
genous promoters in order to reflect natural conditions as
much as possible. Results of qPCR analyses show that the



NMD reporters are enriched ~2.8-fold (DBP2F TC) and
~2.3-fold (CBP80"™°) in upflA (Fig. 1E). Interestingly, with
a ~ 1.8-fold enrichment for both reporters, gbp2A hrbiA cells
showed approximately half of the upfIA effect. In the absence
of Upfl, the additional loss of Gbp2 and Hrbl had no further
effect on either reporter (Fig. 1E, S1B). Together, these obser-
vations suggest that Gbp2 and Hrbl may act in the Upfl-
mediated pathway on transcripts derived from intron-
containing genes.

Upfl is stabilized on NMD targets [26]. Studies on human
UPF1 showed that NMD factors that are relevant for the
initial detection of NMD targets, such as UPF2, are important
for the interaction of UPF1 with PTC-mRNAs [27]. To inves-
tigate whether Gbp2 and Hrbl might affect the initial detec-
tion of NMD or rather act after Upfl has triggered the
pathway, we carried out similar experiments and tested via
RNA-co-immunoprecipitation (RIP) whether the interaction
of Upfl with the CBP80""“ reporter is affected in the absence
of Gbp2 and Hrbl. As an internal control to rule out NMD
unrelated effects, we normalized reporter RNA levels to an
endogenous wild-typical mRNA. All precipitated RNA levels
were normalized to their relative levels from whole-cell
lysates. We found that, unlike upf2A, the double knock out
of GBP2 and HRBI did not affect the binding of Upfl to the
CBP80"™ NMD reporter (Fig. 1F, S1C). In contrast, about
50% less PTC-containing CBP80 was bound to either Gbp2 or
Hrbl when Upfl was missing (Fig. 1G, S1D). This suggests
that Gbp2 and Hrb1 are likely not involved in NMD substrate
recognition and Upfl recruitment, but might rather help in
downstream events of NMD. When Upfl is absent and PTCs
are not identified as false, Gbp2 and Hrbl may dissociate
earlier from the NMD reporter during normal rounds of
translation, resulting in the observed decreased association.

To analyse the relevance of Gbp2 and Hrbl to NMD in
physiological conditions, we studied the binding of these
proteins to natural NMD substrates. We chose the intron-
containing GCRI and HNT1 transcripts that were identified as
putative NMD targets in a genome wide analysis [20]. We
found that interactions of Gbp2 and Hrb1l with these natural
NMD substrates were reduced when UPFI was deleted, simi-
lar to the findings with the reporter construct (Fig. 1G).
Together, our first results uncover the involvement of Gbp2
and Hrbl in NMD and suggest that they likely act down-
stream of Upfl in the effective elimination of a subset of
NMD targets (presumably those that are spliced).

Gbp2 and Hrb1 repress translation of NMD reporter
transcripts

NMD prevents the expression of prematurely terminated and
thus potentially harmful proteins after PTC detection by two
distinct, yet intertwined, mechanisms: a) the degradation of
the transcripts, and b) the repression of further translation
initiation on such faulty mRNAs. For NMD it is known that
this repression requires Upfl, as NMD substrates show an
increased translation in upfIA cells [17]. To investigate
whether our intron-containing PTC-reporter constructs also
undergo translational repression, we analysed their expression
in wild type and upflA cells. For this purpose, we created
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variants of the reporter mRNAs that encode N-terminally
MYC-tagged proteins (Fig S1A), which allowed detection,
even if they were only translated up to the PTC. With western
blot analyses, we show that translation of the MYC-DBP2""¢
reporter was terminated at the PTC, resulting in a 45 kDa
truncated protein (Fig. 2A), which was substantially enriched
when Upfl was missing (Fig. 2C). Likewise, a Upfl-dependent
translational repression of MYC-CBP80"" was also observed
(Fig. 2E). Interestingly, the translated product of MYC-
CBP80""® was not terminated at the PTC, but rather at the
original stop codon, producing a full-length protein (Fig. 2B).
However, translation of CBP80""“ in wild type was 10-fold
lower than in upfIA (Fig. 2F), comparable to other described
NMD reporters [17,20,28], entailing that the PTC is indeed
recognized by the NMD machinery efficiently. Moreover, the
read-through product in upfIA is still several magnitudes
lower than the normal PTC-less CBP80 translation (Fig
S2A), suggesting that read through of the PTC is extremely
rare in wild type cells and presumably occurs only when
NMD fails and not vice versa. Consistently, PTCs are
described to be susceptible to readthrough, especially when
NMD is impaired [29]. In fact, the widely used PGK1*"®
reporter showed an identical behaviour when fused to an
N-terminal MYC-tag (Fig S2D) and although the PTC is
apparently read through in upfIA cells, the mRNA remains
susceptible to NMD [30]. In line with this, it was recently
demonstrated that each round of translation has an equal
probability to initiate NMD ([31]. Thus, read through of
a PTC by one ribosome does not render the mRNA immune
to NMD in subsequent rounds of translation.

To study whether the guard proteins Gbp2 and Hrbl also
function in translational repression of the NMD targets, we
analysed the expression of PTC-containing reporter con-
structs in the single and double knock out strains. To obtain
an estimate of the translation rate of the reporters, we mea-
sured the relative RNA level in each strain by qPCR (Fig S2B,
S2C) and related the protein signals to the respective RNA
levels. We found that in the case of the DBP2°™C reporter in
which the PTC is in the middle of the transcript, both Gbp2
and Hrbl were necessary for functional translational repres-
sion, as their absence increased translation more than two-
fold (Fig. 2C, D). Interestingly, in case of the rather yeast-
typical CBP80"" reporter in which the PTC is shortly after
the start codon, only Gbp2 seemed to be relevant with its
absence leading to a ~ 5.5-fold increase in protein level (Fig
S2C) and a ~ 3.5-fold increase of protein per mRNA (Fig. 2E,
F). The effects are PTC-dependent, as protein levels of PTC-
less reporters remain similar in all strains (Fig. 2C, E).
Consistently, such Gbp2- and/or Hrbl-mediated translational
repression was not observed with the PGK1”" reporter that
was derived from an unspliced gene (Fig S2D). To manifest
that this translational repression is Upfl-dependent, we com-
pared the NMD reporter translation obtained in the upfIA
strain with that detected in the gbp2A hrblA upflA triple
knock out strain. Similar to the effect on PTC-containing
mRNA degradation, the loss of Gbp2 and Hrbl had no
further effect if Upfl was absent (Fig. 2G, H). The measured
protein levels in our analyses may also be affected by
differences in protein stability, since Upfl also causes
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Figure 1. The nuclear guard proteins Gbp2 and Hrb1 show features of NMD factors. (A) Protein aggregation is increased in cells lacking GBP2 and HRB1. Localization
of RFP-tagged Hsp104 is shown in the indicated strains that were grown to the logarithmic growth phase at 25°C and shifted to 37°C for 1 h. (B) Cells that contain
Hsp104-RFP foci were counted and the percentage of cells with aggregates is shown. 300 cells were counted per experiment and error bars represent the standard
deviation between different experiments. n = 3 (wild type and upf1A n = 6). (C) Scheme of the used reporter constructs. See also Fig STA. (D) Gbp2 and Hrb1 do not
function in the Upf1-mediated decay of the intron-less PGK7 transcript. PTC-containing transcripts were expressed by 2 h galactose induction and monitored by
gPCR. Newly generated DBP2"™ and CBP80”™ reporters were expressed in wild type and upflA to compare them to the established PGK177 reporter. n = 3 (PGK17™),
n= 5 (DBP2"™, CBP80’™ ). (E) Gbp2 and Hrb1 are required for the effective degradation of the PTC-containing, spliced DBP2” and CBP80™™ transcripts. Transcripts
were expressed using their endogenous promoters. qPCRs from RNA of the indicated strains were carried out in the presence or the absence of the PTC and are
shown in relation. The average wild type level of PTC-containing NMD reporter per PTC-less reporter was set to 1 and other data are shown in relation. n = 4 and
n =4 (gbp2A hrb1A n = 7), respectively. See also Fig S1B. (F) The binding of Upf1 to the PTC-containing reporter RNA is independent of Gbp2 and Hrb1. RNA-co-
immunoprecipitation (RIP) experiments of Upf1-GFP were carried out in the indicated strains and the amount of bound PTC-reporter transcript was normalized to
RPS6A mRNA. n = 8 (gbp2A hrb1A), n = 4 (upf2h). See also Fig S1C. (G) The binding of Gbp2 and Hrb1 to CBP80”" and endogenous NMD substrates is reduced in the
absence of Upf1. RIP experiments with Gbp2 and Hrb1 were done in wild type and upf1A cells and qPCR results are shown. RNA levels were normalized to 215 rRNA.
CBP80”™: Gbp2 n = 7, Hrb1 n = 6; GCRI: n = 6; HNT1: Gbp2 n = 7, Hrb1 n = 5. See also Fig S1D.
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Figure 2. Gbp2 and Hrb1 are involved in translation repression of NMD targets. (A) Translation of the DBP2”’ reporter results in a truncated protein, shown on
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a western blot. Zwf1 served as a loading control. (B) Translation of the 5'-proximal PTC-containing CBP80”' reporter results in the expression of the full-length

protein, shown on a western blot. (C-F) Proper translational repression of the DBP2"™ requires both Gbp2 and Hrb1 and proper translational repression of the
CBP80”™® requires Gbp2. Expression of DBP2’7C (C) and CBP80”™ (E) in the indicated strains was monitored by western blot analysis. (D, F) Protein expression of
independent experiments shown in (C) and (E) were quantified. MYC-Dbp2”™® (D) and MYC-Cbp80°™ (F) signals were normalized to the loading control and the
relative reporter RNA level (Fig S2B, S2C). The standard deviation of upf1A cells is 4.1 and 6.5, respectively. n = 5. (G) The translational repression activity of Gbp2 and
Hrb1 requires Upf1. Expression of the PTC-containing reporter transcripts is shown in upf1A and upf14A gbp2A hrb1A cells. The asterisk indicates a band of Gbp2. (H)
Protein expression shown in (G) was quantified as in (D) and (F). n = 4. (I) Known RGG motif translational repressors do not suppress translation of PTC-containing
transcripts. Expression of the CBP80"™ was compared in the indicated strains on western blots. See also Fig S2E. (J) Protein level of three independent experiments,
one of which is shown in (I), was quantified. MYC-Cbp80°® signals were normalized to the loading control Zwf1. Results for gbp2A and upf1A are replotted from

previous experiments for comparison (Fig S2C).

destabilization of the nascent polypeptide [28,32].
Nevertheless, this is also a Upfl-mediated effect as part of
NMD, hence the observed effects of Gbp2 and Hrbl on
protein level per PTC-mRNA are most probably effects within
the NMD pathway. Further, the full-length MYC-Cbp80 pro-
tein appears to be a consequence of failed NMD at the PTC
followed by normal translation termination at the regular stop
codon. It seems unlikely that Upfl causes destabilization of
such normal translation products, indicating that the differ-
ence in MYC-Cbp80 levels resulted essentially from differ-
ences in translation. Therefore, while the effects of Gbp2 and
Hrb1 on DBP2°"® may partially be a consequence of protein
stability, we have to assume that Gbp2 is indeed involved in
the translation repression of the CBP80"" reporter.

Both guard proteins contain a serine/arginine (SR)-rich
domain, which is also comprised of several arginine/glycine/
glycine (RGG)-motifs. The RGG domain was described to be
important for a group of proteins, Scd6, Sbpl and Npl3,
involved in inhibition of translation initiation by directly
binding eIF4G via their RGG-motifs [33-35]. This makes
Gbp2 and Hrbl potential candidates for NMD-dependent
translation repressors. However, to investigate if the known
RGG-motif translation repressors can also inhibit the transla-
tion of NMD targets, we investigated the expression of our
reporters in the respective knock out strains. As shown in Fig.
2I and J, the absence of none of the three proteins increased
the translation of the NMD reporter, suggesting that transla-
tional repression of NMD substrates could be a specific func-
tion of Gbp2 and Hrbl. Interestingly, protein expression in
npl3A was completely abolished (undetectable even with long
exposure times) while the RNA level was ~10% of that in wild
type cells (Fig S2E), suggesting a more general function for
Npl3 in translation, which would fit to its proposed role in
ribosomal subunit joining [33]. The fact that RGG domain-
containing Gbp2 and Hrbl specifically affected translational
repression of DBP2°7¢ and CBP80”™ but not of the PGK17™®
reporter raises the possibility that these proteins may directly
repress translation on specific NMD substrates downstream of
Upfl.

Although in previous analyses we observed relatively mild
effects on the RNA levels of our intron-containing reporters
(Fig. 1D, E), more significant effects were seen on the protein
level. Functional Upfl reduced the amount of translated pro-
tein from the reporters on average ~19- and ~25-fold (Fig
S2B, S2C), comparable to other established NMD reporters
[17,20,28]. As a quality control pathway, one of the main

functions of NMD is the repression of aberrant protein pro-
duction and in this regard, NMD seems to function normally
on the CBP80”"“ and DBP2"™ reporters.

Gbp2 and Hrb1 presumably take part in NMD in the
cytoplasm

While we could see that Gbp2 and Hrbl are relevant for
NMD on our reporter constructs on both the RNA and
protein-level, it is unclear if the two proteins are physically
involved in NMD in the cytoplasm. To investigate whether
Gbp2 and Hrbl physically interact with the Upf-proteins, we
carried out co-immunoprecipitation (co-IP) analyses. GFP-
tagged Upfl, Upf2 and Upf3 were pulled down from yeast
cell lysates and the co-precipitation of Gbp2 and Hrbl was
investigated using specific antibodies (Fig S3A, S3B). Both
guard proteins co-purified with all three Upf-proteins (Fig.
3A), although the interactions were sensitive to RNase. This
could mean that the proteins are present on the same RNA
but not in the same complex, or that the interactions occur
only when Gbp2 and Hrbl are bound to RNA. To further
understand the interactions between these proteins, we per-
formed co-IP experiments with strains expressing the wild-
type or an ATP-hydrolysis defective mutant of Upfl, upfl-
DE572AA (Fig. 3B). In the upfl-DE572AA mutant, RNA-
binding of upfl is not affected [36], but the ribosome cannot
disassemble after NMD has been initiated and the Xrnl-
mediated 5" decay stops at the stalled ribosome, resulting in
accumulation of a 3° decay fragment [18,19]. Moreover, sev-
eral NMD factors showed increased co-purification with
mutant upfl on the decay fragments in human cells [18]. To
test the functionality of the UPFI- and upfI-DE572AA-GFP
plasmids, we transformed upfIA cells and analysed cell growth
on cycloheximide-containing plates (Fig S3C). UPFI deletion
was shown to result in increased sensitivity of the cell to the
translation inhibitor [37,38], an effect that was attributed to
the fact that NMD is translation-dependent. This growth
defect could be rescued by the wild-typical UPFI- but not
the upfl-DE572AA-GFP plasmid (Fig S3C). Subsequently, we
found that co-precipitation of Gbp2 with upfl-DE572AA
selectively increased more than 1.5-fold compared to wild-
type Upfl (Fig. 3B, C). Since Hrb1 did not show an increased
association, it cannot be an unspecific enrichment of general
RNA-binding proteins. This suggests that Gbp2 is likely still
bound to the RNA decay fragments, while Hrbl might dis-
sociate at an earlier point in time.
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cells in the presence or absence of the indicated PTC-reporter plasmids. Cell cultures were split in two and expression of the reporter constructs was induced for 2 h

in one sample. (F) Quantification of the experiments shown in (E). Error bars represent the standard deviation between independent experiments with 100-200
analysed cells per experiment. n = 3. See also Fig S3D.
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To gain further insight into the interaction between Upfl
and Gbp2, we used the split-GFP system, which allows detec-
tion of transient protein-protein interactions [39]. The pro-
teins of interest were expressed with N-terminal or C-terminal
parts of GFP. In case of close proximity, the GFP fragments
assemble and emit fluorescent light in living cells [39].
Although no significant amount of GFP-signal was detectable
under wild-typical conditions, clear GFP-signals were mea-
sured in the presence of elevated levels of NMD substrates
when the C-terminal GFP (C-GFPsplit) was tagged to Gbp2
and N-terminal GFP (N-GFPsplit) fused with the upfl-
DE572AA mutant (Fig. 3D). This shows that Gbp2 comes
into close proximity with Upfl in the cell, presumably in the
same complex at the site of the PTC, as the upfl-DE572AA
protein is stalled there. However, this analysis suggests also
that such complexes are low abundant and rather labile in
wild-typical situations, possibly due to the immediate degra-
dation of the PTC-containing mRNA and the simultaneous
disassembly of the associated protein complexes.

To get further evidence for a cytoplasmic involvement of
the guard proteins in NMD, we impaired NMD at an earlier
point in time, by deletion of XRNI, to prevent the initial 5'-
degradation and analysed, whether this delay would visibly
affect re-import of Gbp2 and Hrbl into the nucleus. Clearly,
in the presence of increased levels of NMD-substrates, we
detected both guard proteins in the cytoplasm of xrnIA (Fig.
3E, F). To ascertain that this is indeed caused by NMD we
additionally deleted UPF1I. In fact, the cytoplasmic localization
of both guard proteins disappeared in xrnlIA when Upfl was
absent (Fig. 3E, F), despite the reporter levels being even
higher in these cells (Fig S3D), suggesting an NMD-specific
effect. In agreement, overexpression of PTC-less reporters did
not result in the cytoplasmic localization of either Gbp2 or
Hrbl (Fig S3E). This shows that ongoing NMD delays the
nuclear reimport of Gbp2 and Hrbl, possibly because the
proteins remain associated with the RNAs that hold out for
NMD degradation. Together, these results imply that both
Gbp2 and Hrbl are present in NMD-complexes. The stronger
mislocalization of Gbp2 and its persistent binding to stalled
Upfl-complexes furthermore supports the idea that Hrbl
might leave the NMD-identified mRNA earlier than Gbp2.

Hrb1 promotes the recruitment of the 5'-degradation
machinery to NMD targets

A nuclear function of the guard proteins is to load the degra-
dation machinery to faulty transcripts and in this way initiate
their elimination [5,9]. It is conceivable that Gbp2 and Hrbl
might have a similar function in the cytoplasm. Degradation
of NMD-targets mainly depends on the Dcpl/Dcp2-mediated
de-capping and the subsequent Xrnl-mediated exonucleolytic
RNA decay [18,19,25,40]. Dcpl, as well as Dcp2, co-purified
with Upfl-bound complexes that also contain other decay
factors [20]. Therefore, we first investigated whether Gbp2
and Hrbl interact with Dcpl. Co-IPs with GFP-tagged Dcpl
showed an interaction of Dcpl with both Gbp2 and Hrbl
(Fig. 4A, S4A). While we initially observed that the co-
precipitation of Gbp2 with Dcpl was lost upon RNase treat-
ment (Fig S4B), this co-precipitation was visible under

crosslinking conditions with formaldehyde (Fig. 4A) in
which effective RNA removal was verified via qPCR
(Fig $4C).

To ensure that the interaction of the guard proteins with
Dcpl is relevant for NMD, we investigated whether the Dcpl-
Upfl interaction was affected by the absence of the two guard
proteins. Indeed, their interaction was reduced to ~67% in the
gbp2A hrblA strain (Fig. 4B, C). This could indicate that Dcpl
is not properly targeted to NMD-substrates when Gbp2 and
Hrbl are missing. While our studies on the CBP80"' and
DBP2"™ reporters suggest that the Upfl-mediated degrada-
tion is diminished approximately by half in gbp2A hrblA (Fig.
1E, S1B), we can only see an average reduction of one third in
the overall Upfl-Dcpl interaction. However, this analysis was
performed without expressing an NMD reporter and relies on
the interaction of Upfl with Dcpl on endogenous NMD
targets. As Gbp2 and Hrbl appear to be relevant for
a subset rather than all NMD targets, a milder effect would
be expected in this analysis. Consequently, we would expect
stronger effects by directly analysing the Dcpl binding to an
NMD target that is affected by Gbp2 and Hrb1. Indeed, RIP-
experiments revealed a significantly reduced binding of Dcpl
to CBP80""“ when the guard proteins were missing (Fig. 4D,
$4D). Loss of Gbp2 and Hrbl reduces Dcpl binding approxi-
mately half as much as Upfl, agreeing with our analysis
shown in Fig. 1E. Interestingly, while the single knock out
of HRBI showed the same decrease in Dcpl recruitment to
the NMD-target as the double knock out, we detected no
effect for gbp2A. This supports a model in which mostly
Hrbl is involved in proper Dcpl recruitment to a subset of
NMD targets.

RNAs with removed caps are substrates for Xrnl, which
also physically interacts with both Gbp2 and Hrbl (Fig. 4E,
S4A) and Upfl [20]. The interaction between Hrbl and Xrnl
remained intact upon addition of RNase A, while the interac-
tion of Gbp2 strongly decreased, suggesting that Gbp2 may
require RNA binding for interaction with the 5'-degradation
machinery. Nevertheless, the Hrbl-Xrnl interaction was
RNase insensitive, which indicates a physical complex of
Hrbl and the 5" degradation machinery. Interestingly, subse-
quent RIP-experiments of Xrnl to the NMD-targets revealed
that the interaction of Xrnl was unaffected in gbp2A hrbIA
(Fig. 4F, S4E), suggesting that Xrnl is not recruited by the
guard proteins, but might rather wait in the NMD-complexes
for uncapped substrates. As it cannot degrade capped RNAs,
there is no necessity for a regulated recruitment of Xrnl. To
further test if decapping, and thereby Xrnl degradation, is
defective without Gbp2 and Hrbl, we performed an in vitro
Xrnl digestion experiment. We observed that Xrnl readily
degrades CBP80""“ RNA purified from cells deleted for XRN1
(Fig. 4G), indicating that the purified reporter RNAs are
mostly decapped. The additional deletion of GBP2, HRBI or
UPF1 strongly impairs the in vitro degradation, suggesting
that decapping is defective in these strains. This effect is
PTC dependent, as wild-typical CBP80 showed no differences
between the mutants (Fig. 4G). The remaining fractions of the
CBP80""“ RNA vary strongly in the mutant strains in this
analysis. This doesn’t allow quantitative comparison between
the different mutants; however, all mutants do appear to have
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Figure 4. Hrb1 is involved in the recruitment of the 5'-end degradation machinery. (A) Gbp2 and Hrb1 co-precipitate with Dcp1. Western blots of co-IPs of Gbp2 and
Hrb1 with Dcp1-GFP are shown. The asterisks indicate bands of Hrb1 from previous detection with the Hrb1 antibody. Tdh1 served as a negative control. For the
RNase treated IP the cells were treated with 1% formaldehyde for 10 min at 25°C. After the precipitation, proteins were de-crosslinked for 20 min at 95°C. Dcp1-GFP
was not detectable in the lysates. See also Fig S4B and S4C. (B) The interaction of Upf1 and Dcp1 is promoted by Gbp2 and Hrb1. Co-IPs of Upf1-HA with GFP-tagged
Dcp1in GBP2 HRBT and gbp2A hrb1A cells are shown on western blots. All cells are deleted for UPF1, and express pUPF1-HA. The asterisk indicates an unspecific cross-
reaction with the GFP antibody. Dcp1-GFP was not detectable in the lysates. Tdh1 served as a negative control. (C) Quantification of seven independent co-IPs shown
in (B). Signal intensities of the Upf1-HA bands were related to the corresponding Dcp1-GFP pull-down signals. (D) The binding of Dcp1 to a PTC-containing transcript
is disturbed in the HRB1 knock out. Dcp1 RIP experiments and subsequent qPCRs were carried out in the indicated strains. All strains express genomic DCP1-GFP.
n =5 (hrb1A n = 6). Co-purified RNA levels were normalized to the endogenous wild-typical CBP80 mRNA and the total levels from whole-cell lysates. Dashed lines
indicate the level of wild type and average level of upf1A. See also Fig S4D. (E) Xrn1 interacts with Gbp2 and Hrb1. Gbp2 and Hrb1 co-IPs with Xrn1-GFP are shown on
western blots. Hem15 served as a negative control. (F) Xrn1 recruitment to PTC-containing substrates is Upf1- but not Gbp2- or Hrb1-dependent. Xrn1 RIP
experiments and subsequent qPCRs with the PTC-containing reporter are shown in the indicated strains. All strains express genomic XRNT-GFP. n = 3. See also Fig
S4E. (G) Decapping of CBP80”™ RNA is defective without Gbp2 or Hrb1. RNA was isolated in the indicated strains containing the CBP80”™ reporter. A sample of this
RNA was used for in vitro Xrn1 digestion, which can only degrade decapped RNAs. CBP80"7 and endogenous CBP80 were detected after X1 digestion via qPCR and
normalized to control samples without Xrn1 digestion. n = 6 (upf1A n = 4).

an obvious decapping defect compared to the xrnlA single Presumably, this is the consequence of Gbp2’s involvement
mutant in which the PTC-reporter RNA was consistently in translation inhibition (Fig. 2E, F), as active translation
removed almost completely throughout all repetitions. The initiation counteracts decapping [41].

in vitro Xrn1 digestion of CBP80""“ indicates that decapping Together, our findings suggest that Hrbl functions in the
of this reporter is also defective in gbp2A cells (Fig. 4G), NMD-induced 5' degradation of PTC-containing mRNAs by
although Dcpl recruitment was unaffected (Fig. 4D). promoting recruitment of Dcpl. Once de-capping is initiated,
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Hrbl probably leaves the PTC-containing transcript, while
Gbp2 is still part of the Upfl-complex.

Gbp2 and Hrb1 help to recruit the 3'-end degradation
machinery

In addition to the major 5’ degradation pathway, the Ski-
complex and the cytoplasmic exosome degrade NMD targets
from the 3’-end [21,25,40]. Co-IPs with Ski2-GFP revealed
physical interactions with both guard proteins, which per-
sisted when RNase A was added (Fig. 5A, S5A). However,
the interaction with Gbp2 was again decreased, suggesting
that RNA binding enables protein interaction (Fig. 5A, S5B).
That these interactions could be relevant for NMD is shown
in the co-IP experiment between Ski2 and Upfl, where
a ~ 70% decreased interaction between these proteins was
observed when Gbp2 and Hrbl were missing (Fig. 5B, C).
To analyse whether Ski2 recruitment is promoted by the two
guard proteins, we compared its binding to the CBP80"™®
transcript in RIP-experiments. The absence of Upfl resulted
only in a ~ 30% decrease in the interaction of Ski2 with the
NMD-target (Fig. 5D, S5C), which likely reflects the subordi-
nate role of the 3’-mediated degradation of NMD targets
[1,21]. Interestingly, in the absence of Gbp2 and Hrbl, the
interaction of Ski2 with the NMD-target was more than 20%
decreased, more than half of the effect in upfIA, suggesting
that the two guard proteins likely promote Ski complex
recruitment. As Gbp2 is in close contact with Upfl and
shows an increased binding in stalled Upf-complexes, it
might play a more important role in NMD-induced 3'-
mediated mRNA degradation.

Gbp2 and Hrb1 may help connect the 5'-end with the PTC

The discovered functions of Gbp2 and Hrbl in translational
repression and NMD-mediated degradation of the target
RNAs occur at the ends of the transcripts, while detection of
the PTC happens within the open reading frame. To commu-
nicate premature termination to the transcript ends, the path-
way must be able to bridge this distance. In human cells Upfl
was already suggested to contact the 5 end somehow [42].
However, so far it was not possible to get a clear picture. In
order to investigate whether Gbp2 and Hrb1 could contribute
to forming a higher ordered structure of the mRNA, we first
checked if the two proteins can interact with each other. By
using differently tagged guard proteins in co-IPs we were able
to show that Gbp2 interacts with Hrbl independently of RNA
and both proteins interact with themselves (Fig. 6A, B).
Secondly, we analysed their ability to contact the 5’ cap
through interaction with the cap-binding proteins eIF4E and
eIF4G. Co-IPs showed physical interactions of both cap-
binders with Gbp2 and Hrbl (Fig. 6C, S6A). As the guard
proteins associate with both Upfl and eIF4G, we tested if they
would promote an interaction between these two proteins.
With co-IP experiments, we could detect a physical interac-
tion between eIF4G and Upfl, but it seemed not to be affected
in the absence of Gbp2 and Hrbl (Fig. S6B). We then over-
expressed the CBP80°C reporter to enhance NMD in the
cells, and observed that the eIF4G-Upfl interaction was

evidently reduced in gbp2A hrblA when RNase was added
(Fig. 6D, E). This indicates that e[F4G and Upfl probably
bind to the same transcript independently of the two guard
proteins, as shown by the unchanged co-purification without
RNase treatment. However, their direct physical interaction is
likely promoted by Gbp2 and Hrbl, as in the absence of RNA
these proteins were less co-purified in gbp2A hrblA than in
wild type.

The signals with RNase treatment were close to the detec-
tion limit. Therefore, the actual reduction might be smaller
than suggested by the quantified values (Fig. 6E, rightmost
bar). Nonetheless, a significant decrease of the interaction was
evident, hinting at a possible role of Gbp2 and Hrbl in
transferring the information that a PTC was detected to the
ends of the mRNA. Through interactions with each other and
themselves, multiple copies of Gbp2 and Hrbl at different
positions on the RNA may promote formation of mRNP
structures that bring proteins along the mRNA into spatial
proximity.

Taken together, our findings indicate that Gbp2 and Hrbl
are involved in NMD. Similar to their guarding function in
the nucleus, where they recruit the export receptor Mex67
upon successful splicing or, instead, the degradation machin-
ery when splicing fails, they monitor gene expression also in
the cytoplasm: From correct mRNAs, they dissociate during
early translation [11], but in case of Upfl-mediated detection
of a PTC, the guard proteins remain mRNA bound, promote
repression of new rounds of translation and presumably the
recruitment of degradation machineries (Fig. 7). We propose
a model in which the guard proteins bridge the PTC-bound
Upf-complex to the 5-end of the transcript, thereby facilitat-
ing the information flow of the need for rapid translational
repression and exonucleolytic degradation to the place of
action. Thus, their guarding function continues in the cyto-
plasm after nuclear quality control.

Discussion

The splicing guard proteins are also cytoplasmic mRNA
surveillance factors

Gbp2 and Hrbl were identified as nuclear quality control
factors [9]. Both guard proteins accompany the mRNAs into
the cytoplasm and remain bound during translation
[11,23,43], which might be relevant for the cytoplasmic sur-
veillance system, similar to the EJC in humans, where the
nuclear information from splicing is preserved in the cyto-
plasm. Indeed, after constructing intron-containing reporter
genes, we could identify a role of Gbp2 and Hrbl as auxiliary
factors in NMD (Fig. 1E), which also appears to be relevant
for endogenous NMD targets under natural physiological
conditions (Figs. 1G, 3B, C, 4B, C and 5B, C). Since Gbp2
and Hrbl are involved in the regulation of nuclear mRNA
export, we could consider the possibility that the nuclear
export of reporter RNAs is impaired. However, it was shown
that Gbp2 and Hrbl can retain RNAs in the nucleus but are
no mRNA export factors, as their loss shows no mRNA export
defects [8,23,43]. Moreover, we can see increased protein
levels translated from the reporter constructs in gbp2A



hrblA cells (Fig. 2C-F), thus the reporters appear to be effi-
ciently exported from the nucleus. Because Gbp2 and Hrbl
also affect degradation of mRNAs in the nucleus [9], we
would not be able to identify cytoplasmic-specific effects
from RNA half-life measurements. Therefore, we had to rely
on steady-state RNA levels and relation to PTC-less control
reporters initially to demonstrate effects that are specific to
the cytoplasm and to NMD. Nevertheless, the in vitro Xrnl
digestion experiment showed clearly that indeed degradation
of the reporter construct is defective in cells depleted of GBP2
and HRBI (Fig. 4G).

The observation that Gbp2 and Hrbl only affected the
intron-containing reporters but not the (intron-less) PGKI
reporter might be explained by the fact that Gbp2 and Hrbl
only stably bind to spliced transcripts. In yeast only 5% of all
genes contain introns, but since many of them are highly
expressed, such as genes encoding ribosomal proteins, 25%
of all mRNAs are spliced [44]. Thus, intron-containing tran-
scripts could contribute to a considerable portion of NMD
targets. If Gbp2 and Hrbl are indeed involved in NMD,
specifically for spliced targets, this would also include cor-
rectly spliced transcripts when premature termination is
caused by other means. It would, however, also be a failsafe
mechanism to remove incorrectly spliced transcripts that
escaped nuclear quality control. Previously shown severe sick-
ness or lethality of gbp2A hrblA cells when splicing is affected
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[9] may be a consequence of the two proteins removing
aberrant transcripts in the nucleus and the cytoplasm. That
said, it is possible that Gbp2 and Hrbl affect a subset of
transcripts that is defined by other RNA features than spli-
cing. Similarly, it was shown that Ebsl and Nmd4, potential
yeast homologs of human SMGS5-7, have partial effects on
NMD compared to Upfl [20,45] and are presumably involved
on a subset of targets. Further, cases of NMD have been
reported that are independent of Upf2 and Upf3 [46,47],
supporting the idea that as auxiliary factors, Gbp2 and Hrbl
may affect only a subgroup of NMD substrates. This also
suggests that more players act in NMD and likely multiple
factors together contribute to efficient NMD.

Gbp2 and Hrb1 could be precursors of the EJC

We have shown earlier that the stable transcript association of
Gbp2 and Hrbl is a consequence of splicing [9]. Further, their
rather 5' proximal binding pattern of mRNAs correlates with
the typical intron position in yeast [48,49]. Thus, these SR-like
proteins might represent precursors of the human EJC. In
fact, several human shuttling SR-proteins were reported to
be part of the EJC [14]. Moreover, reports have demonstrated
effects of this group of proteins on NMD, but the mechanisms
are not understood. For example, overexpression of either
SRSF1 or SRSF2 induces NMD [50]. Furthermore, SRSF1
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Figure 5. Gbp2 and Hrb1 are involved in the recruitment of the 3'-end degradation machinery. (A) Ski2 co-precipitates Gbp2 and Hrb1. Western blot of Gbp2 and
Hrb1 co-IPs with Ski2-GFP is shown. Ski2-GFP was not detectable in the lysate. See also Fig S5B. (B) Proper interaction of Upf1 and Ski2 requires Gbp2 and Hrb1.
Upf1-HA co-IPs with Ski2-GFP are shown on a western blot in the indicated strains. All cells are deleted for UPF1, and express pUPF1-HA. (C) The Ski2 and Upf1
interaction shown in (B) was quantified. Signal intensities of Upf1-HA bands were related to the corresponding Ski2-GFP pull-down signals from three independent
co-IPs. (D) Gbp2 and Hrb1 promote the Ski2 interaction with the CBP80"™® transcript. Ski2 RIP experiments and subsequent qPCRs with the PTC-containing reporter
are shown in the indicated strains. All strains express genomic SKI2-GFP. n = 6 (gbp2A n = 8, gbp2A hrb1A n = 7). Dashed lines indicate the level of wild type and
average level of upfiA. See also Fig S5C.
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Figure 6. Gbp2 and Hrb1 might help to transmit the Upfl-mediated PTC alert to the 5'-end of the mRNA. (A) Gbp2 and (B) Hrb1 interact with each other and
themselves. Co-IPs of differently tagged and untagged Gbp2 and Hrb1 versions upon RNase treatment are shown. Hem15 served as a negative control. Gbp2-GFP
was not always detectable in the lysates. The asterisks indicate Gbp2 bands. (C) Gbp2 and Hrb1 interact with elF4E and elF4G. Co-IP of Gbp2 and Hrb1 with GFP
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significantly reduced in gbp2A hrb1A upon RNase treatment. Co-IP of Upf1 with elF4G is shown in the indicated strains. PPoar1:CBP80”TC was induced for 2 h. All cells
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was suggested to induce NMD indirectly by promoting trans-
lation [51,52], but also directly by contacting Upfl [53].
Together, these findings from metazoans suggest that SR-
proteins are involved in NMD, but their exact cytoplasmic
functions remain rather nebulous. Also, up to date only the
SR-proteins from yeast were described as nuclear guard pro-
teins that prevent the leakage of faulty transcripts into the
cytoplasm. But metazoan shuttling SR-proteins were also
noticed as nuclear export factors, because they promote spli-
cing and the subsequent recruitment of the Mex67 homolog
TAP for nuclear export, similar to Gbp2 and Hrbl [54,55].
Thus, yeast and human shuttling SR-proteins show many
similarities in their behaviour and future studies are required
to define roles of the human SR-proteins as potential nuclear
guard proteins and specify their role as cytosolic NMD-

factors, either as part of the EJC or as additional and inde-
pendent regulators of NMD.

NMD-target degradation

We discovered a function of the guard proteins in degradation
of NMD-targets, which is dependent on Upfl (Fig. 1). In fact,
both SR-proteins co-precipitated with all three Upf-proteins
(Fig. 3). Endogenous NMD events, which are normally rare,
measurably increased the association of Gbp2 with mutant
upfl (Fig. 3B, C), and this association could further be
enhanced by the overexpression of an NMD substrate (Fig.
3D). As the interaction of Gbp2, but not Hrb1 increases in the
presence of the stalled upfl-DE572AA complex and is detect-
able with the split GFP system, we suggest a direct physical
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Figure 7. Model for the functions of the guard proteins Gbp2 and Hrb1 in NMD. (A) Gbp2 and Hrb1 are bound to the translated mRNA with a preference towards the
5" UTR, where the introns are located in yeast. Upf1 binds to a PTC and is joined by Upf2 and Upf3 forming the Upfi1-2/3 complex. (B) Through interactions with
themselves and possibly additional factors, the guard proteins help to restructure the RNP and transmit the PTC recognition from Upf1 to the 5" end of the mRNA,
where they inhibit translation initiation. Hrb1 promotes Dcp1 recruitment to the Upfi-decapping complex. Decapping can occur after translation inhibition and
dissociation of translation initiation factors. Xrn1 binds to the Upf1-decapping complex independently of Gbp2 and Hrb1. (C) After decapping, Xrn1 can degrade the
mRNA. Hrb1 dissociates upon decapping or the onset of Xrn1-mediated degradation. Gbp2 dissociates when the helicase activity of Upf1 detaches the ribosome from
the PTC. (D) In the minor 3'-5' degradation pathway, Gbp2 recruits the Ski complex to Upf1. The Ski complex facilitates degradation by the exosome.

contact between Upfl and Gbp2 that is very transient under
normal conditions. In this late NMD-complex, Hrbl might
already have fulfilled its function at the 5’-end and left the
NMD-substrate. Similarly, some but not all human NMD
factors are enriched in the mutant upfl-complex [18].

Such Gbp2- and Hrbl-containing NMD complexes, whose
formation depends on Upfl, are further supported by the
cytoplasmic localization of the usually nuclear guard proteins
at steady state. In cells where NMD-substrates accumulate,
such as in xrnlA cells, both guard proteins were enriched in
the cytoplasm (Fig. 3E, F). Importantly, for this accumulation
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Upfl is required, which clearly indicates that cytoplasmic
function of these guard proteins is linked to NMD. Further,
we found physical interactions of these proteins with cyto-
plasmic degradation factors (Figs. 4A, E and 5A, S4B, S5B).
Notably, the interactions of Hrbl appear rather RNase resis-
tant, while Gbp2 shows reduced interactions upon RNase
treatment. This could suggest that Gbp2 can only fold prop-
erly to interact with the 5 degradation machinery when
bound to RNA. In line with that, a crosslinking reagent was
required for a visible interaction between Dcpl and Gbp2
with RNase treatment (Fig. 4A, S4B, S4C). Since co-
precipitation of Gbp2 and Hrbl was visible with the tested
degradation factors upon RNase treatment, this suggests that
Gbp2 and Hrbl associate with the degrading complexes and
are not simply present on the same RNA.

One reason why the NMD-targets are stabilized in the
absence of the two guard proteins might be that the proteins
help to recruit RNA degrading factors in the cytoplasm (Figs.
4 and 5), similar to their nuclear quality control function [9].
There, they recruit the nuclear Mtr4 protein, a part of the
TRAMP-complex, which is a co-factor for the nuclear exo-
some. In the cytoplasm, Gbp2 and Hrbl are required for the
effective recruitment of Ski2, which is the cytoplasmic coun-
terpart of Mtr4, a highly homologous RNA-helicase that is
necessary for the exosomal RNA degradation [56]. Given that
Gbp2 accumulated on PTC-containing transcripts on which 5’
degradation stalled due to the upfl-DE572AA mutant, Ski2
might only act after the ribosome is dissociated. Ribosome
dissociation upon utilizing the ATPase activity of Upfl might
lead to rearrangements of the NMD complex and allow Gbp2
to promote Ski2-mediated degradation. Hrb1 also seems to be
relevant, although it doesn’t seem to accumulate on the 3’
degradation fragments in upfl-DE572AA (Fig. 3B, C).

For the main degradation pathway from the 5'-end
[17,25,40], our results show that Hrbl is required for efficient
Dcpl recruitment (Fig. 4D). Nevertheless, the in vitro Xrnl
digestion of CBP80""“ indicates that decapping of this repor-
ter is also defective in ghp2A (Fig. 4G), although Dcpl recruit-
ment was unaffected (Fig. 4D). In addition to a potential,
combined action of Gbp2 and Hrbl in structuring the RNP,
Gbp2 appears to promote access of the decapping enzyme to
the cap concomitantly through its function in translation
initiation inhibition. Such roles have also been suggested for
the RGG proteins Sbpl and Scdé6 [35,57]. This is interesting,
because it shows for the first time that the highly homologous
guard proteins Gbp2 and Hrbl affect the same pathway but
do so via different mechanisms.

Translational repression of NMD-substrates

For NMD it is not only important to degrade a faulty tran-
script, but also to repress new rounds of translation in order
to prevent the expression of potentially toxic truncated pro-
teins. Upfl was shown to repress translation of NMD-targets
[20,25,32] and we found that the guard proteins are also
involved in the translational repression of NMD substrates
that are intron-containing (Fig. 2). The proteins had no influ-
ence on translation when Upfl was missing or no PTC was
present, suggesting that this effect is NMD-specific (Fig. 2C-

H). The fact that NMD seems to have a much greater effect on
the protein level than on the RNA level of the new NMD
reporters might reflect the fact that the main function of this
quality control pathway is to prevent the production of poten-
tially harmful polypeptides. This makes the removal of the
PTC-containing mRNA rather subordinate as long as the cell
effectively prevents the protein production. That said, NMD
was also described to function in regulation of RNA levels for
certain targets apart from quality control [1,3]. There, regula-
tion of the RNA stability per se is presumably the main
function.

Both guard proteins were previously detected to be asso-
ciated with polysomes [11]. Also, Gbp2 was found to accu-
mulate in P-bodies, in which RNAs accumulate and are
translationally repressed after starvation [58]. However, they
have not been analysed for their potential to repress transla-
tion. Interestingly, both Gbp2 and Hrbl contain arginine,
glycine, glycine (RGG)-repeat motifs that have the potential
to inhibit translation initiation. Other RGG-containing pro-
teins, Scd6, Sbpl and Npl3, were shown to interact with
eIF4G via the RGG-motif and inhibit translation in vivo and
in vitro [11,34,35]. Gbp2 and Hrbl also interact with the cap-
binder eIF4E and its interacting scaffolding protein eIF4G
(Fig. 6C), but in contrast to Npl3, Sbpl and Scd6, they appear
to specifically be involved in the translation of NMD-
substrates (Fig. 2C, E, 1, J), suggesting that Gbp2 and Hrbl
are potentially specific translational repressors of their bound
NMD-targets.

Gbp2 and Hrb1 transmit the PTC-recognition alert to the
transcript ends

How the Upf-proteins, bound to the PTC, communicate to
the ends of the transcripts that translation on this mRNA
should be suppressed and degradation initiated was unclear.
At least Gbp2 gets into close proximity with PTC-bound
Upfl (Fig. 3D) and both Gbp2 and Hrbl associate with the
5'- and 3'-degradation machineries (Figs. 4A, E and 5A) as
well as the cap-binding eIF4E and eIF4G (Fig. 6C).
Furthermore, the proteins interact with each other and
themselves (Fig. 6A, B). These characteristics make them
excellent candidates for establishing contact between the
PTC-bound Upf-proteins and the 5’ end of the transcript.
RNA commonly folds into variable secondary structures
and restructuring of mRNA promoted by protein-protein
interactions has also been demonstrated previously [59]. By
such RNP complex rearrangements the alert for PTC-
recognition could be transmitted to the 5'-end, where the
consequential repression of translation initiation and
mRNA degradation are executed. We found indeed
a significant reduction of the RNA-independent interaction
between Upfl and eIF4G in the absence of the guard
proteins, which supports our model that Gbp2 and Hrbl
mediate the connection of the PTC with the 5-end of the
transcript, thereby bringing the PTC-alert to the site where
further action is required (Fig. 6D, E).

Taken together, we have identified the nuclear splicing
guard proteins Gbp2 and Hrbl as auxiliary NMD-factors for
intron-containing transcripts. Upon detection of a PTC by



Upfl, they seem to be involved in directing this information
to the ends of the transcript, translational repression and
degradation of the faulty RNA (Fig. 7). Their splicing-
mediated binding to transcripts appears analogous to the
loading of EJCs in higher eukaryotes and it is tempting to
speculate that they might be the yeast counterpart or precur-
sor of the EJC. Most importantly, to date human SR-proteins
have not been in the focus of nuclear and cytoplasmic mRNA
quality control. However, due to the fact that these proteins
are mutated in many neurodegenerative diseases and cancer
(http://www.cbioportal.org/), further understanding of their
functions in human would provide valuable knowledge for
the future. In particular, human SR-proteins are bona fide
splicing factors, which can indirectly affect NMD, and the
expression of some SR-proteins is auto-regulated via the
NMD pathway [60-64], making it complicated to sort out
the function of these proteins in mRNA quality control. The
identification of the yeast SR-proteins Gbp2 and Hrbl not
only as nuclear but also cytoplasmic quality control factors,
required for the degradation and translational repression of
PTC-containing transcripts and connecting both surveillance
mechanisms in the cell, offers new perspectives for the under-
standing of human SR-proteins and related diseases.
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Abstract

Splicing expands, reshapes, and regulates the transcriptome of eukaryotic organisms.
Despite its importance, key questions remain unanswered, including the following: Can
splicing evolve when organisms adapt to new challenges? How does evolution optimize
inefficiency of introns’ splicing and of the splicing machinery? To explore these questions,
we evolved yeast cells that were engineered to contain an inefficiently spliced intron inside a
gene whose protein product was under selection for an increased expression level. We iden-
tified a combination of mutations in Cis (within the gene of interest) and in Trans (in mRNA-
maturation machinery). Surprisingly, the mutations in Cis resided outside of known intronic
functional sites and improved the intron’s splicing efficiency potentially by easing tight
mRNA structures. One of these mutations hampered a protein’s domain that was not under
selection, demonstrating the evolutionary flexibility of multi-domain proteins as one domain
functionality was improved at the expense of the other domain. The Trans adaptations
resided in two proteins, Npl3 and Gbp2, that bind pre-mRNAs and are central to their matu-
ration. Interestingly, these mutations either increased or decreased the affinity of these pro-
teins to MRNA, presumably allowing faster spliceosome recruitment or increased time
before degradation of the pre-mRNAs, respectively. Altogether, our work reveals various
mechanistic pathways toward optimizations of intron splicing to ultimately adapt gene
expression patterns to novel demands.

Introduction

Throughout evolution, cells acquired regulatory mechanisms to tune gene expression, which
have been the subject of intensive investigations—focusing mainly on transcription and trans-
lation. Among other known mechanisms, when cells are challenged to increase protein expres-
sion levels, the DNA sequence of genes can change so as to increase transcription [1,2],
support more efficient mRNA translation [3,4], or result in greater mRNA transcript stability
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[5,6]. Additionally, the transcription and translation machineries themselves have been shown
to adapt to environmental challenges by altering the cellular pools of transcription factors [7]
or tRNAs [8,9].

In evolving expression programs, adaptation often occurs either directly on the genes
under pressure (“evolution in Cis”) [10] or indirectly, e.g., on the expression machineries, typi-
cally transcription and translation (“evolution in Trans”)[11,12]. These two routes of evolution
are profoundly different [13], as the first (Cis) provides a localized solution that in principle
can affect only a certain gene, while the later (Trans) could be the method of choice if a coordi-
nated change in many genes is needed.

Surprisingly, although the process of splicing is central to the maturation and regulation of
mRNAs in eukaryotes [14-18], its role in adapting to novel demands on gene expression has
not been thoroughly investigated. During mRNA splicing, precursor mRNAs are processed to
remove introns while fusing exons together to create the mature transcript. This process can
provide evolutionary means to diversify the proteome towards phenotypic novelty, as the
choice of intron to be excluded, as well as the exons which are found in the mature transcript,
can both be regulated based on the cell’s needs [16,19,20]. An aspect of splicing evolution that
has been extensively studied is gain and loss of introns, for which several molecular models
have been proposed, mainly reverse transcription and recombination-mediated intron loss,
intron transposition, and also exonization and intronization via mutations [21-25].

While intron loss and gain have been demonstrated experimentally [26,27], other forms of
evolution through changes in splicing, such as alterations in splicing efficiency under changing
conditions, have not. Adaptation of splicing efficiency is presumably essential to cellular evolu-
tion given a recent finding that splicing efficiency increases with transcription rate [28], there-
fore making it likely that splicing efficiency of introns is under constant selection during
evolution. Yet, the mechanisms that allow this adaptation are unknown.

Here, we set to reveal whether introns or the splicing apparatus can evolve so as to alter the
expression levels of genes in an adaptive manner. To this end, we engineered yeast cells to
express a reporter gene, to which we inserted an inefficiently spliced intron that was fused to
an antibiotic resistance gene. We then carried out a lab-evolution experiment in which cells
were exposed to the drug and followed their adaptation.

Our results demonstrate that adaptations were related to splicing, and they appear to have
not addressed directly the transcription or translation of the gene under selection. Two alter-
native adaptive routes for evolution of splicing were observed. First, we found Cis-acting solu-
tions in the form of adaptive mutations that occurred in the intron itself but also, surprisingly,
in an upstream exon. These mutations resulted in increased splicing efficiency and higher
expression levels of the antibiotic resistance gene. We then show how one such Cis mutation
alters the predicted RNA structure of the intron to better support splicing.

Yet, in some other evolved cells there were no mutations in Cis, i.e., in the gene or in its sur-
rounding regions, but rather Trans-acting adaptations that have increased cellular availability
of the splicing machinery. Sequencing the genomes of Trans-evolved colonies revealed nonsy-
nonymous mutations in the RNA recognition motifs of two SR-like proteins that are known to
have a diverse set of cellular functions related to RNA splicing and maturation. In particular,
SR-like proteins were shown to support splicing by co-transcriptional recruitment of splicing
factors [29-32] and were also shown to be involved in quality control of nascent mRNAs by
selectively exporting from the nucleus spliced mRNAs upon completion of splicing [33,34].
Here, we show that adaptations in Trans that occurred through this experiment have modified
the affinity of these proteins to the transcript under selection in a way that could allow its more
efficient splicing.
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Results

Low splicing efficiency of a drug resistance gene leads to stressed cells in
presence of antibiotics

We hypothesized that splicing efficiency of genes could serve as a means to optimize their
expression levels. To test this hypothesis, we used the yeast Saccharomyces cerevisiae, in which
approximately 30% of the transcriptome is spliced to form mature mRNAs [35] at a range of
splicing efficiencies [18,36]. We built a construct that consists of two fused domains. The first
is a fluorescent reporter (YFP) that was engineered to include one of two alternative natural
introns—with either high or low splicing efficiency. The intron was localized near the YFP’s
fluorescence site [36]. Downstream to this protein was fused an antibiotics resistance gene
(kanamycin resistance gene [kan]). This general design consisted of three alternative strains:
(i) “Control” with a YFP-Kan construct without an intron; (ii) “SplicingHigh” with a YFP-Kan
gene that harbors the natural intron of OSH? that was previously reported to have high splic-
ing efficiency within this YFP context [36]; and (iii) “Splicing"®"” with a YFP-Kan gene that
harbors the natural intron of RPS26B, with a low splicing efficiency [36] (see Fig 1A and S1
Table for a list of strains used in this study).

We first hypothesized that cellular growth of each strain in the presence of the antibiotic
G418 will depend on YFP-Kan expression levels. We followed the growth of the three strains
in the presence of the antibiotics and found that Control cells had the highest fitness, Splicin-
gHish
two other strains (Fig 1B and 1C). We also measured fluorescence intensity of the YFP-Kan

reporter in the presence of the drug and observed that Control cells demonstrated the highest
High

grew slower, and Splicing"*" demonstrated a severe growth defect compared with the

fluorescence levels, followed by Splicing'¢", and with Splicing"*" cells showing the lowest
YFP-Kan levels (Fig 1D). These results demonstrate that the inefficiently spliced intron in Spli-
cing"" reduces cellular levels of YFP-Kan and hence, presumably, leads to a reduced fitness.
Because YFP-Kan expression levels in Splicing" " were significantly lower compared with
the other strains, we hypothesized that Splicing™" cells did not reach the needed concentra-
tion of the resistance protein to sufficiently neutralize the antibiotics, and hence resulted in
stressed cells. To test this hypothesis, we performed mRNA sequencing of exponentially grow-
ing Control and Splicing"®" cells in an antibiotics-containing medium and analyzed the tran-
scriptome profiles of these cells. Indeed, we observed that ribosomal genes were down-
regulated in Splicing"®" compared with Control cells—a clear signature of stressed cells [37]
(Fig 1E). Notably, we observed an averaged 8% reduction for mRNA levels of ribosomal pro-
teins between Control and Splicing™" cells and, correspondingly, an 18% reduction in growth
rate. Interestingly, this is consistent with the correlation observed in a recent study between
growth rate and ribosomal expression levels in yeast cells [38]. In parallel, stress-related genes
[39] were up-regulated in Splicing"*" cells compared with Control cells (Fig 1E). We thus con-

Low

cluded that the general stress response was activated in Splicing " cells.

Rapid evolutionary adaptation increases expression level of the resistance
gene

Our experimental system mimics an evolutionary scenario in which there is an immediate and
continuous selection pressure to up-regulate the expression level of a specific gene in a particu-
lar environment. How would the system evolve to better resist the antibiotics? Possible means
to adapt include mutations in the gene’s promoter to increase transcription, mutations that
increase translation initiation or efficiency, or mutations inside the gene itself that could
increase the specific activity of the protein (Fig 1A). Additionally, the splicing machinery may
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Fig 1. Inefficient intron splicing leads to lower gene expression levels and compromised antibiotics resistance. (A) We
introduced two alternative introns into a YFP domain that was fused to a kanamycin resistance domain, to generate three strains: (i)
Control without an intron; (ii) Splicing™*" with an efficiently spliced intron; and (iii) Splicing"*" with an inefficiently spliced intron.
Evolving cells at the presence of the antibiotics could adapt by mutating different parts of the YFP-Kan construct (evolution in Cis)
or other loci, evolution in Trans (red stars represent potential locations of such putative mutation sites). (B,C) Splicing"*" suffers
from a severe growth defect compared with Control or Splicing™ " cells when the antibiotic is supplemented to the medium. The
growth defect is manifested as both a longer lag phase and a lower maximal growth rate. (D) Florescence intensity of the YFP-Kan
reporter for all three strains shows that Splicing™" cells have lower expression levels of YFP-Kan. This observation links between
YFP-Kan expression levels and cellular fitness. (E) Transcriptome profiling shows that ribosomal genes were down-regulated (green
dots, p = 4.62 x 1072, paired ¢ test) and stress-response genes were up-regulated (red dots, p = 3.40 x 107, paired ¢ test) in
Splicing™™ compared with Control cells. This observation suggests that Splicing™®" cells experience stress because of compromised
resistance to the antibiotics and that the general stress response was activated in them. (Inset) Mean log, ratio of ribosomal and ESR
gene groups. See numerical data for this figure in S1 Data.

https://doi.org/10.1371/journal.pbio.3000423.g001

also take part in adaptation of gene expression levels. To find which evolutionary tracks are
used by cells as they adapt, we evolved the three strains by daily serial dilution on a medium
supplemented with G418 for approximately 560 generations, in four independent cultures for
each strain. Interestingly, only the cultures of Splicing™" cells demonstrated a significant
improvement in fitness when grown under the drug at the end of the experiment (Fig 2A and
2B). This observation suggests that only Splicing"*" experienced a sufficiently strong selective
pressure to adapt to the presence of the antibiotics in the medium, in contrast to the Control

High strains, which originally had much higher levels of the resistance proteins.

and Splicing
Consistent with the fitness measurements, YFP measurements of the evolved cultures
showed that expression levels of the YFP-Kan fusion gene increased in all four evolved cultures
of Splicing"™*" compared with the ancestral strain (Fig 2C). Conversely, the increase in YFP--
Kan expression levels in the evolved Control and Splicing™ 8" populations was significantly
smaller (Fig 2C). These results further indicate that Splicing"®" cells experienced the strongest
selective pressure to adapt rapidly to the presence of the antibiotics, and that they achieved this
goal by increasing the levels of the YFP-Kan reporter. We next moved to reveal the molecular

mechanisms underlying this evolutionary adaptation.

Adaptations in both Cis and Trans lead to increased splicing efficiency

We hypothesized that improving the low splicing efficiency of the intron in Splicing"*" could
be natural selection’s means to adapt towards increasing the resistance gene expression levels.
We therefore sequenced the YFP-Kan locus, covering the entire gene from promoter to termi-
nator, in 16 colonies from two evolved populations (termed here population A and population
B) of Splicing"°". Interestingly, we found that the colonies were split into two types—either
with or without a mutation in the YFP-Kan locus (Fig 3A). In population A, we found that the
same mutation occurred in four out of eight colonies, changing adenine to cytosine inside the
intron, 97 nucleotides upstream to its 3’ end (Fig 3B). In population B, we identified an exonic
nonsynonymous mutation that changed a thymine to cytosine 14 nucleotides upstream of the
intron (V61A change in the YFP protein) in three out of eight colonies. In five other colonies
from this population there were no mutations in the YFP-Kan locus.

Notably, none of the colonies demonstrated a mutation in the construct’s promoter, termi-
nator, or in the sequence of the Kan resistance gene itself. These results propose that different
mutations in the intron, or its vicinity, were adaptive and might affect splicing efficiency of the
intron. Surprisingly, the observed mutations did not occur in the 5" donor, 3’ acceptor, nor in
the intron branch point—suggesting that other positions of the intron can also be functional
by affecting splicing efficiency.

While the intron- and exon-mutated colonies represent an evolutionary adaptation in Cis,
the colonies that showed no mutation in the entire gene construct, that coexist with the Cis-
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Fig 2. Rapid adaptation to the presence of the antibiotics is observed only for Splicing™®" cells. (A,B) We evolved Control, Splicing™¢", and Splicing"* cells for
approximately 560 generations with the presence of the antibiotics in four independent cultures for each strain. Growth measurements of evolved populations
compared with the three ancestors shows that only evolved Splicing"*" cells demonstrate significant improvement in growth for all four independent evolution lines.
The number above each group of evolved populations represents the average improvement in growth rate compared with these populations’” ancestor strains. These
observations suggest that the inefficiently spliced intron led to a rapid adaptation of Splicing"*" cells. (C) Fluorescence intensities of the YFP-Kan reporter for all
evolved cultures show that expression levels were much increased in all four evolved cultures of Splicing™®" compared with the ancestral strain (effect sizes = 78.67,
79.54,75.17, 83.19). Conversely, the increase in expression levels in the evolved Control and SplicingHigh populations were smaller (Control effect sizes = 64.66,
68.44, 63.51, 67.74; Splicing™8" effect sizes = 54.33, 70.66, 52.43, and 58.27). The number above each group of evolved populations represents the average increase in
YFP-Kan levels compared with these populations’ ancestor strains. These observations suggest that adaptation of Splicing™*™ cells was based on their ability to
increase expression levels of the resistance proteins. See numerical data for this figure in S1 Data.
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evolved colonies in the same populations, potentially found adaptive solutions in Trans that
may have occurred elsewhere in the genome. We thus randomly chose six colonies: four colo-
nies with a Cis mutation and two colonies that showed no mutations in Cis, as we reasoned
that such colonies may have adapted in Trans. We termed these colonies according to the evo-
lution lines from which they were derived: A-cis1, A-cis2, B-cis1, B-cis2, A-trans, and B-trans.
We followed the growth of these evolved colonies in the presence of G418 and found, as
expected, that all grew faster than the Splicing™*" ancestor (Fig 3C).

We then performed mRNA sequencing and transcriptome analyses of all colonies and
found that they indeed demonstrate relaxation of the stress state that was featured in the ances-
tor. In particular, the general stress response genes were reduced relative to their high levels in
the Splicing"" ancestor, and ribosomal proteins were up-regulated relative to their low levels
in this ancestral strain (Fig 3D for colony A-cisl). These dynamics were shared by all the Cis-
evolved colonies (Fig 3E), demonstrating the robustness of this observation. Specifically, in all
four Cis-evolved colonies, the expression levels of most ribosomal genes were increased com-
pared with the Splicing"*" ancestor (percentage of up-regulated ribosomal genes in the four
colonies, 86%, 63%, 83%, and 84%) and levels of the ESR genes were mostly reduced compared
with the ancestor (percentage of down-regulated ESR genes in four colonies, 90%, 76%, 87%,
and 84%). These findings suggest that indeed these colonies adapted to the presence of the
antibiotics in the environment and that the stress experienced by them was partially alleviated.

We next hypothesized that cellular fitness might correlate with mRNA levels of the YFP-
Kan construct because increased transcript levels should result in higher concentrations of the
YFP-Kan protein. Indeed, maximal growth rates of the Control and Splicing"*" ancestors and
of the six evolved colonies correlate with mRNA levels of their YFP-Kan construct, as deduced
from the RNA-seq (Fig 3F).

Because the observed Cis mutations occurred at the vicinity of the intron, we hypothesized
that they increased splicing efficiency of the YFP-Kan transcript. To test this possibility, we

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000423  August 23, 2019 6/23


https://doi.org/10.1371/journal.pbio.3000423.g002
https://doi.org/10.1371/journal.pbio.3000423

o ®
@ : PLOS | BIOLOGY Optimizing gene expression by adaption of the splicing machinery

(A) (€) 15

Splicing'o" —Cor)t.rol ancestor
= Splicing**"ancestor
| —= A-cis1
Lab-evolution 1 A-cis2
by A B C D a = B-cis1
serial dilutions o .
| = B-cis2
8 8 random 0.5
YFP-Kan locus /\ A colonies
Sequencing

Randomly
chosen

4
cis evolved colonies
1 1 trans evolved colonies Control ancestor
= Splicing‘**ancestor
| =—A-trans

==B-trans

N e N

Ei 1.5'7

(B) Mutation A: 1
A-> C mutation 97bps upstream to
the 3'intron end

oD

E GTATGT % A AGJ O .5 L

(BP)

Mutation B:

T->C mutation 14bps upstream of the intron.
NS mutation Val->Ala.

0 5 10 15
Time (hours)
(D) 14 #° (E) —— Ribosomal genes in
* All genes P 14f  cis-evoled colonies
3 - * Ribosomal genes ,:" : — ESRgenes in cis-evolved
< * Stress-response genes f 10 colonies
= A
9 10 ¢ 8}
© o
3 s 5 9
< =3
£ ; ; 4t
_g : { < &&s 2t
A &
4 I N
0 L " L
4 6 8 10 12 14 -2 =15 -1 -05 0 0.5
loga RNA level Splicing'>* (A.U.) log, expression ration (evolved colony/splicing-)
F) © ()
— 0.6 @ Control R?=0.81 16 o138
3 ® Splicing'>” ’
£ ® A-cis1 s 15
3 A-cis2 « © g %
S ® A-trans =14 < 558 |
O0.55} ¢ B-cist % %’ :
o @ B-cis2 [ c >
% ® B-trans ® _g 18 < 0.2
s " " g 12 & o5
= 05 o
g 2 1 0.1
2 o
5 2 10 0.05
[}
g " g n L L L n L n
04585850 ~ 950 7050 1150 O e

N 2, 2N A DD N © ©
S oo TS S N
& Y SO FRTRTYT
KR o
Fig 3. Evolved colonies demonstrate increased splicing efficiency that results in higher transcript levels and relieved stress. (A) We
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that approximately half had mutations in the YFP-Kan construct (indication of evolution in Cis) and the other half did not (indication of
evolution in Trans). Of those colonies, we randomly chose two Cis-evolved and one Trans-evolved colonies from each evolved population
for further examination. (B) Sequencing of the YFP-Kan construct in the evolved colonies revealed two mutation types: (i) in the intron
itself and (ii) in the upstream exon. These mutations did not occur in the intron 5" donor, 3" acceptor, or the branching point—suggesting
that other positions of the intron and its vicinity are functional and may affect splicing. (C) All Cis-evolved colonies (upper graph) and
Trans-evolved colonies (lower graph) show increased fitness compared with the Splicing"*" ancestor, yet still lower than the Control
ancestor. (D) Transcriptome profiling reveals that ribosomal genes were up-regulated (green dots, p = 4.94 x 10™'%, paired t test) and
stress-related genes were down-regulated (red dots, p = 3.64 x 107", paired  test) in the evolved colony A-cisl compared with the
Splicing™" ancestor. (Inset) Mean log, ratio of ribosomal and ESR gene groups. (E) The four Cis-evolved colonies show similar trends,
i.e., increased expression levels of ribosomal genes and decreased expression levels of stress-response genes (p-values for all cases < 0.005,
paired ¢ test). These observations suggest that the stress experienced by the evolved colonies was alleviated during their adaptation to the
antibiotics in the medium. (F) mRNA levels of YFP-Kan transcripts correlate with growth rates (R* = 0.82, p = 0.0023), suggesting that
cellular fitness in our setup is indeed determined by the availability of kanamycin resistance proteins to overcome the antibiotics. (G) All
Cis- and Trans-evolved colonies demonstrate increased splicing efficiency of the YFP-Kan mRNA compared with the Splicing™"
ancestor (p < 0.05 for all colonies compared with Splicing"™" ancestor). This result suggests that all adaptation trajectories led to the
adaptation of the splicing process to better mature the un-spliced YFP-Kan transcript. (H) Fluorescence intensity of the YFP-Kan
reporter shows increased levels for the two Cis-evolved colonies with the mutation in the intron and for the two Trans-evolved colonies.
In contrast, the two Cis-evolved colonies with the nonsynonymous mutation in the exon demonstrate decreased YFP-Kan levels. This
observation suggests that the nonsynonymous mutation hampered the ability of the YFP domain to fluorescent and reduced the
fluorescence intensity per protein molecule (see text for full explanation). See numerical data for this figure in S1 Data.

https://doi.org/10.1371/journal.pbio.3000423.9003

assayed splicing efficiency for both Cis- and Trans-evolved colonies with qPCR, targeting the
un-spliced or spliced transcript versions. Interestingly, the ratio of spliced to un-spliced tran-
scripts, a measure of splicing efficiency, was higher in all evolved colonies compared with the
Splicing"*" ancestor, suggesting that at least some of the increase in mRNA level we observed
in the evolved colonies results from higher splicing efficiency (Fig 3G).

To prove that adaptation of the colonies actually led to higher protein levels of the fluores-
cence-resistance fused protein, we measured fluorescence intensity using flow cytometry. We
found that the two Cis-evolved colonies from population A (A-cisl and A-cis2) and the two
Trans-evolved colonies (A-trans and B-trans) showed higher YFP-Kan levels compared with
the ancestor. In contrast, the two Cis-evolved colonies from population B (B-cis1 and B-cis2)
demonstrated decreased fluorescence intensity values relative to the ancestor (Fig 3H). These
observations indicate that the nonsynonymous, exon mutation reduced the per-protein fluo-
rescence value of the YFP component of the YFP-Kan construct in these colonies. Indeed, this
exonic mutation occurred in a position that was recently reported to reduce fluorescence
when mutated in the highly similar GFP [40]. Because YFP’s functionality, i.e., fluorescence,
was not selected for or against in our setup, it appears to have been free to obtain mutations
that help achieve a higher expression level of the entire fusion construct. It thus seems that a
modular domain architecture of a protein may increase its evolvability under relevant condi-
tions, as it allows the trade-off and optimization of one domain at the expense of another.

We next wanted to confirm that the fitness gained in the Cis-evolved colonies was indeed
due to these mutations. It is still possible that additional beneficial mutations exist in the
genome of the Cis-evolved colonies, which account for at least part of the improved fitness we
observed in these colonies. We thus generated two rescue strains, termed cis-Rescue-A and cis-
Rescue-B, in which these Cis-acting mutations were introduced individually to the ancestral
Splicing"*" background. Notably, the two rescue strains grew better than Splicing"*" cells in
the presence of the antibiotics, although not as well as Control cells (Fig 4A). Additionally, the
stress experienced by Splicing™" cells, as observed by changes in expression levels of ribo-
somal and stress genes, was alleviated upon insertion of each individual Cis mutation (Fig 4B).
Then, we measured splicing efficiencies and fluorescence intensity levels for both rescue
strains and found that they resembled the levels shown in the evolved single colonies (Fig 4C
and 4D, in comparison with Fig 3G and 3H).
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Fig 4. Cis-acting mutations are sufficient to increase fitness by elevating splicing efficiency. (A) We created two Cis-rescue strains, each harboring one of the
mutations that appeared spontaneously in the evolved populations. Growth of the two Cis-rescue strains show that a single mutation in the YFP-Kan construct is
sufficient to increase fitness compared with Splicing"®". (B) The exonic mutation is also sufficient to alleviate stress, as ribosomal genes were up-regulated (green dots,
p=1.02x107"%, paired ¢ test) and stress-related genes were down-regulated (red dots, p = 9.02 x 107*?, paired ¢ test) in cis-Rescue-B compared with Splicing"*". The
same trend was also observed for the intronic mutation for cis-Rescue-A cells. (Inset) Mean log, ratio of ribosomal and ESR gene groups. (C) The two Cis-rescue strains
demonstrate higher splicing efficiency of the YFP-Kan mRNA compared with the Splicing™" ancestor (p < 0.05). This result suggests that a single mutation is sufficient
to improve splicing efficiency. (D) Fluorescence intensity of the YFP-Kan reporter for the cis-Rescue-A and cis-Rescue-B strains show similar trends as the colonies in
Fig 3D—supporting earlier conclusions. (E) The effects of Cis mutations on splicing tested with a mini-gene approach. We cloned the intron’s original sequence and its
two mutated versions together with 200 bps surrounding it into a high-copy number plasmid. RT-PCR assays for WT (BY4741) cells transformed with these plasmids
show that, even in this context, the Cis mutations are sufficient to increase splicing efficiency of the intron for both mutated intron versions compared with the original
sequence (p < 0.05, ¢ test). See numerical data for this figure in S1 Data. WT, wild-type.

https://doi.org/10.1371/journal.pbio.3000423.9004

Our data so far demonstrate that the Cis mutations we identified in our lab-evolution exper-
iment are beneficial because they improve splicing efficiency in the context of the entire YFP-
Kan transcript. To further demonstrate that indeed these mutations increase splicing efficiency
and to better exclude other mechanisms that might affect the YFP-Kan transcript, we used a
mini-gene approach, a widely used methodology in splicing studies [41]. In this approach, the
intron together with its adjacent exons are cloned to a new context, and splicing efficiency is
measured. To this end, we cloned the original sequence of the intron plus 200 bases up- and
downstream of it into a 2 plasmid to a locus driven by a strong promoter. We additionally
created two mutated versions of this construct, each with one of the two Cis mutations we dis-
covered. Because there are only two short exons surrounding the intron in this system, it is
ideal to explore the effects of the mutations on splicing. We thus harvested mRNA from expo-
nentially growing cells and measured the splicing efficiency of each variant using PCR, with
primers flanking the intron that simultaneously amplify both spliced and un-spliced versions
of the YFP-Kan transcripts. In agreement with the splicing assay done for the full gene (Fig
4C), in the mini-gene assay too, both variants with either mutation cis A or B showed increased
splicing efficiency compared with the ancestral versions (Fig 4E).
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Our results thus far provide direct evidence that intron splicing takes part in the adaptation
and optimization of gene expression patterns to environmental needs. Although intron
sequences are much less conserved, compared with exons, and are believed to be less func-
tional, we demonstrate that their sequence can be used by natural selection as a molecular
mechanism to regulate splicing efficiency and adjust gene expression patterns.

Cis mutation is adaptive through effects on mRNA structure that make 5’
donor and branching point sites more accessible to splicing

How can the mutations we identified in the intron facilitate splicing? One possibility is that
these changes favorably alter the RNA structure of the un-spliced YFP-Kan transcript by mak-
ing the splicing sites more accessible to the spliceosome. Indeed, RNA structures can inhibit or
facilitate binding of spliceosome components to the pre-mRNA and affect splicing efficiency
[42,43]. We thus computationally modeled the RNA structure of the intron and 50 bases on
both its sides using the ViennaRNA algorithm [44]. We performed this analysis for the original
and the two mutated sequences of the intron. Interestingly, mutation cis B, located near the 5’
donor site, leads to massive changes in the predicted RNA structure, notably causing the struc-
ture near the 5" donor and the branching point sites to loosen (Fig 5A). Specifically, the pairing
probability, a prediction for how likely it is for a position along the RNA molecule to associate
with other positions, is decreased at the 5’ donor and branching point positions between the
original and the mutated sequence (Fig 5B). How likely is a single point mutation to change so
drastically the predicted structure of an RNA? To ask that, we constructed a simple null model
in which we calculated the predicted pair-probability difference between the original sequence
and each of the other possible single nucleotide mutations in the intron. Notably, mutation cis
B falls among the 5.5% of all mutations with the highest predicted potential to affect the sec-
ondary structure; i.e., it is among the 5.5% of point mutations that loosen the RNA secondary
structure near the 5" donor and branching point the most (Fig 5C). These observations suggest
amodel in which mutation cis B may facilitate splicing due to increased accessibility of the
splicing machinery to the functional splicing sites. In contrast, mutation cis A did not show
similar patterns to mutation cis B (Fig 5A and 5B), raising the possibility that a different, still
obscure, mechanism is causing the beneficial effects of this mutation.

Evolution in Trans: Increasing cellular availability of the splicing
machinery can be adaptive

We next aimed to decipher the mechanism behind the increased YFP-Kan levels in the Trans-
evolved colonies that showed no mutations in Cis, i.e., within the reporter gene or in its vicin-
ity. We reasoned that elevating availability of the splicing machinery could be a means to
increase splicing efficiency of the YFP-Kan transcript and thus could be used as an adaptive
mechanism to the antibiotics challenge. As with other cellular machineries whose functioning
depends on supply-to-demand economy [4,8,45-47], increased splicing availability could be
achieved by either increasing the expression of the splicing machinery genes or decreasing
expression levels of other intron-containing genes, which collectively constitute the “demand”
for the splicing machinery.

To test if any of these evolutionary routes were indeed taken by the evolved cells, we calcu-
lated the expression level ratio of genes between the evolved colonies and their Splicing" "
ancestor. In colony A-trans, we observed increased expression ratio of splicing machinery
genes (the “supply”) and decreased expression ratio of non-ribosomal intron-containing genes
(the “demand,” Fig 6B, and S1 Fig for other colonies). In contrast, both supply and demand

genes show similar expression levels between Splicing"*" and Control ancestors, suggesting
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Fig 5. A secondary structure model of the effects of Cis mutation on splicing efficiency. (A) RNA secondary structure predictions using Vienna algorithm of the
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lowers the base pairing probability around the 5" donor and branching point sites. (B) Base pairing probability at all positions as calculated by the Vienna algorithm for
the original intron sequence and its two mutated versions. Position of 5" donor site is 0, position of branching point site is 328, position of 3’ acceptor site is 361,
position of mutation A is 265, position of mutation B is —14. (C) Probability distribution of the log, of change in base pairing probability along a 20-base window at the
5" donor and branching point sites for all possible single nucleotide variations on the intron’s sequence compared with the original sequence. Vertical line denotes the

value of the observed cis-mutation B, which is at the bottom 5.5 percentage of the histogramy; i.e., it is among mutations that mostly reduce the base pair probability at
these sites.

https://doi.org/10.1371/journal.pbio.3000423.9005

that a mere physiological adaptation did not confer upon the Splicing"*" ancestor the ability to
adjust supply and demand to the intron burden (Fig 6A and see Discussion).

We then computed changes in “supply-to-demand splicing availability” by summing up for
each strain the expression levels of the splicing machinery genes and intron-containing genes,
separately, then dividing these values and normalizing the ratio with that of the control strain.
Interestingly, the supply-to-demand difference has increased appreciably in the Trans-evolved
colonies compared with the Splicing"®" ancestor. The Cis-evolving colonies have also
improved their supply-to-demand relative to the ancestor, indicating that they too may have
evolved in Trans in addition to their Cis adaptations. Thus, we concluded that both Cis and
Trans adaptation routes can co-occur in the same genome towards optimization of its gene
expression patterns. Notably, the group of non-evolved strains (Splicing"®" and the two Cis-
rescue strains) showed lower supply-to-demand ratios compared with the group of evolved
strains (both Cis- and Trans-evolved colonies) (Fig 6C).
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Fig 6. Increasing cellular availability of the splicing machinery is an adaptive mechanism of splicing. (A) The groups of splicing genes (splicing supply) and
intron-containing genes (splicing demand) show similar levels between Splicing"*" and Control ancestors (p > 0.05, paired ¢ test for both gene groups). (B) The
groups of splicing genes and intron-containing genes were increased (p = 1.36 x 10>, paired ¢ test) and decreased (p = 1.67 x 1072, paired ¢ test), respectively, in
colony A-trans compared with the Splicing"®" ancestor. This observation suggests that the supply-to-demand ratio of the splicing machinery was increased in the
A-trans colony, which allowed its increased splicing efficiency of the YFP-Kan transcript. (C) Supply-to-demand ratios for the splicing machinery were calculated to
Control and Splicing"™ ancestors, to all evolved colonies, and to the Cis-rescue strains as the sum expression level of all splicing-related genes over the sum
expression level intron-containing genes. Values of all strains were then normalized to the value of the Control ancestor. Importantly, supply-to-demand ratios are
similar for all strains that did not evolve (Control and Splicing"*™ ancestors and the two rescue strains) and were increased for all evolved colonies (p = 0.005 for
difference in supply-to-demand ratios between evolved and non-evolved strains, t test). These results suggest that indeed the cellular availability of the splicing
machinery was elevated due to an evolutionary adaptation process and not because of other physiological mechanisms (see Discussion). See numerical data for this
figure in S1 Data.

https://doi.org/10.1371/journal.pbio.3000423.9006

Taken together, we argue that increased cellular availability of the splicing machinery is the
result of an evolutionarily adaptive process, which might have allowed for the improved splic-
ing efficiency of the YFP-Kan gene in the evolved colonies. While genomic sequencing
revealed interesting mutations in Trans (see below), we did not find mutations that can explain
these supply-to-demand changes in a straightforward way.

Adaptation in Trans is also based on mutations in SR-like proteins

We next aimed to reveal which genetic changes may have occurred in Trans to the fusion
gene. To that end, we fully sequenced the genomes of the two Trans-evolved colonies (A-trans
and B-trans) and identified, respectively, three and two mutations in each of their genomes
(see S2 Table for list of mutations). Interestingly, in both colonies we found a mutation in a
member of the SR-protein group in S. cerevisiae, which are splicing-related genes. Specifically,
in colony A-trans we found a nonsynonymous mutation in GBP2, changing histidine into
tyrosine, H160Y, and in colony B-trans we found a nonsynonymous mutation in NPL3, chang-
ing phenylalanine into valine, F160V (Fig 7A).

Npl3 was previously shown to be loaded onto pre-mRNAs during early stages of transcrip-
tion [48,49] and to support the recruitment of the spliceosome [29] after it has completed its
quality control function to monitor correct 5’ capping (Schneider and Krebber, in prepara-
tion). Unlike for Npl3, deletion of Gbp2 does not result in accumulation of pre-mRNAs [29].
In contrast, Gbp2 was shown to associate with the late-stage spliceosome and appears to func-
tion as a quality control factor that oversees successful splicing of pre-mRNAs, which facilitates
the recruitment of the nuclear exosome to incorrectly spliced pre-mRNAs in order to elimi-
nate these faulty transcripts [33].
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Fig 7. Trans adaptation is based on mutations in SR-like proteins that change their affinity to the YFP-Kan transcript. (A) Genome sequencing of the Trans-
evolved colonies revealed two mutations in the SR-like proteins GBP2 and NPL3. Both nonsynonymous mutations, H160Y in GBP2 and F160V in NPL3, occurred in an
RNA recognition motif. (B) We created two Trans-rescue strains, termed trans-Rescue-A and trans-Rescue-B, each harboring one of the two mutations as described in
A. Growth of these two Trans-rescue strains in the presence of the drug show that the Trans mutations are sufficient to increase fitness compared with Splicing™". (C)
Fluorescence intensities of the YFP-Kan reporter for trans-Rescue-A and trans-Rescue-B strains are higher compared with Splicing™™ cells. (D) Binding of mutant gbp2
and npl3 to the YFP-Kan mRNA was examined and compared with the respective WT proteins. RT-PCR results showed that mutant gbp2 has a reduced binding affinity
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to the reporter (p = 2.97 x 107%), whereas mutant npl3 binds with a slightly higher affinity (p = 9.54 x 107). These opposite effects on binding can be rationalized by the
different functions of GBP2 and NPL3. See text for full details. (E) Growth rates of all four rescue strains and the Splicing™®" ancestor under permissive conditions,
without the drug. Notably, Cis-rescue strains demonstrate higher growth rates compared with Splicing"*"—indicating that they alleviate the burden of the inefficiently
spliced intron that is independent of the drug. In contrast, both Trans-rescue strains show similar growth rates compared with Splicing™*"—indicating that mutations in
SR-like proteins are associated with additional costs to cells that cancel out the decreased burden of the inefficiently spliced intron. See numerical data for this figure in
S1 Data. WT, wild-type.

https://doi.org/10.1371/journal.pbio.3000423.9007

To examine whether these mutations in the two SR-like proteins are sufficient to increase
fitness and YFP fluorescence of cells that harbor the low-efficiency spliced intron as part of the
YFP-Kan construct, we used CRISPR technology (see Methods) to introduce these point muta-
tions, each individually, to the background of the Splicing"*" ancestor. We termed these engi-
neered strains trans-Rescue-A and trans-Rescue-B. Indeed, these two new rescue strains grew
faster on the G418 antibiotics compared with ancestor cells (Fig 7B), and they both showed
higher fluorescence intensity levels of YFP (Fig 7C). Hence, it appears that these Trans muta-
tions result in increased levels of the YFP-Kan proteins.

Notably, both mutations we identified in GBP2 and NPL3 occurred in one of the two RNA
recognition motifs of their encoded proteins (Fig 7A), suggesting that their affinity to the
YFP-Kan transcript may have changed. We therefore tested if the mutant proteins would show
modified YFP-Kan RNA-binding affinities compared with their wild counterparts. Mutant or
wild-type (WT) Gbp2 and Npl3 were each immunoprecipitated with specific antibodies and
the associated RNAs were purified (see Methods). Following reverse transcription, the levels of
YFP-Kan mRNA bound to the different proteins were analyzed with RT-PCR. Interestingly,
we obtained distinct results for Gbp2 and Npl3. While mutant gbp2 showed significantly
decreased binding to YFP-Kan compared with WT, mutant npl3 seemed to have a slightly
higher affinity to the reporter RNA (Fig 7D). These results are in agreement with our current
understanding of the functions of the two proteins. The increase in YFP-Kan binding of the
mutant npl3 might result in better assembly of the spliceosome and consequently increased
splicing efficiency. The decreased binding of the mutant gbp2 to the YFP-Kan transcript might
delay the assembly of the nuclear RNA degradation machinery and hence provide more time
and higher chances to the YFP-Kan transcript to be successfully spliced and exported to the
cytoplasm.

Cis and Trans mutations show distinct phenotypes under permissive
conditions

If the Trans mutations in the SR-like proteins are beneficial, why are they not the WT sequence?
We speculated that these mutations are beneficial only under the drug pressure, and that they
otherwise come with a cost when the antibiotic is absent. We thus measured the effects of these
mutations on fitness in a medium lacking the antibiotics (rich YPD medium). We found that

L .
W ancestor strain

cells with either of the Cis mutations grew modestly faster than the Splicing
(Fig 7E), indicating that they alleviate some drug-independent burden of the inefficiently
spliced intron in Splicing " cells. In contrast, cells with either of the Trans mutations grew sim-
ilarly to Splicing"" cells when the drug was not supplemented to the medium (Fig 7E). It seems
then that the Trans mutations do not alleviate cellular fitness in the absence of the drug, i.e.,

they do not reduce the drug-independent burden of the inefficiently spliced intron.

Low

Discussion

In this work, we study the role of the splicing machinery in optimization of gene expression
programs by placing selective pressure on cells to improve the splicing efficiency of a specific
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gene. Our results provide molecular evidence for the relevance of splicing as another instru-
ment in the cellular toolbox towards adjusting its gene expression patterns. To the best of our
knowledge, we demonstrate the first experimental evidence of splicing efficiency adaptation,
confirming that this adaptation can occur in Cis and Trans similarly to adaptations of other
stages of the gene expression regulation process. Adaptation of splicing efficiency might be
very common among species evolution, given the observed correlation between splicing effi-
ciency and transcription level of genes [28]. Hence, it is of interest that we elucidate more
molecular mechanism that allow optimization of intron splicing.

Two potential solutions to the burden that we imposed on our Splicing"*" ancestor lines
were surprisingly not realized during our lab-evolution. First, considering previous studies of
splicing evolution, one could have expected the intron to be lost by a genomic deletion or
through reverse transcription [50,51]. Such a solution could have been an ideal evolutionary
adaptation to alleviate the burden, as we show that the intron-less strain has the highest fitness.
The fact that we did not observe an intron-loss event suggests that this is a less accessible solu-
tion in this case, in agreement with previous evidence in yeast that nucleotide mutations are 33
times more frequent than deletion events [52]. It further seems that our evolving strains did
not evolve a transcription- or translation-based solution that in principle could have elevated
the expression of the YFP-Kan fusion gene. Instead, adaptation appears to have affected the
splicing of the gene. Given that some of the adaptations were found within the intron, another
surprise was that none of the mutations occurred within any of the intron’s three functional
sites: the 5" donor, 3" acceptor, or the branch point of splicing. Indeed, one mutation that was
verified here to affect splicing resides in a region of the intron not known to exert a major
effect on splicing, and another splicing-improving mutation happened in the upstream exon.
These observations indicate that various positions in the intron and its proximity may facilitate
the splicing rate and take part in the evolution of introns, a phenomenon that was previously
discussed only in regards to alternative splicing [53,54].

Interestingly, the Cis mutation that resides inside the intron results in considerable changes
in the predicted RNA secondary structure of the intron, presumably lowering the association
probability of the 5" donor and branching point sites. This finding goes in line with previous
observations that show how RNA structures can inhibit or facilitate binding of spliceosome
components to the pre-mRNA and affect splicing efficiency [42,43], specifically at the edges of
introns [36,42,43,55,56]. Thus, it is tempting to speculate that many more positions than previ-
ously recognized of introns’ sequences, rather than only its edges and the branching point, are
under selection and are biologically relevant to the intron function.

Notably, the fluorescence intensity per protein molecule of the YFP domain was decreased
due to the nonsynonymous mutation in the YFP first exon, suggesting that under certain evo-
lutionary constraints, selection may hamper superfluous functions of certain protein domains
so as to increase availability of the entire protein.

Adaptive changes also occurred in Trans to the YFP-Kan locus and increased availability of
the splicing machinery to this gene. An alternative explanation for evolutionarily adaptive
changes in splicing availability could be based on cellular physiological response. In such a
model, the introduction of an inefficiently spliced intron into a gene that is on high demand
may occupy a larger portion of splicing machinery, which in turn prevents splicing of other
intron-containing genes, which ultimately leads to degradation at the pre-mRNA level, e.g., by
the mRNA quality control machinery [33]. Although valid, this physiological adaptation
appears less likely to explain our results. First, the physiological model predicts that the expres-
sion level changes that we see following the evolutionary adaptations will also be seen when
comparing the expression of the splicing genes and intron-containing genes between Splicin-

Low

g °" and the Control strain (that harbors no intron in its YFP-Kan construct). However, we
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did not observe such a difference, suggesting that a physiological regulatory model is less likely
(Fig 6A). Second, the two Cis-rescue strains, which did not evolve and only harbor our artifi-
cially introduced Cis-acting mutation, did not demonstrate changes in splicing availability.
Generally, evolved strains showed higher supply-to-demand rations for splicing compared
with non-evolved strains in our study (Fig 6C). These observations more forcefully support an
evolutionarily adaptive process that relies on additional genetic or epigenetic changes that are
accumulated during the continuous growth of the evolved populations.

Recently, the competition of pre-mRNAs for the splicing machinery was shown to affect
cellular function, as splicing efficiency of multiple introns was influenced by changes in the
composition of the transcript pool [57]. While this mechanism was elegantly shown to take
part in physiological adaptation by maintaining the separation between meiotic and vegetative
gene-expression states, it is also possible that it can be used as an adaptive mechanism in evolu-
tion to optimize gene expression levels of cells.

Our findings demonstrate how availability of the splicing apparatus may have been adap-
tively increased both by elevating the expression level of the machinery’s genes and/or by
reducing expression of other intron-containing genes that probably compete with the antibi-
otic resistance un-spliced RNA for the spliceosome. Thus, increase in supply-to-demand ratio,
analogous to the case in translation systems [8,58], appears to have evolved in this case.

Additionally, we revealed a role for SR-like proteins, GBP2 and NPL3, when the splicing
machinery adapts to a new need of optimizing splicing of a specific intron. Notably, these pro-
teins have various functions, including early recruitment of the spliceosome, quality surveil-
lance of nascent mRNA quality, association with the nuclear RNA degradation machinery of
faulty transcripts, and finally, assistance with nuclear export for mature mRNAs.

Interestingly, the nonsynonymous mutations we found in these proteins occurred in one of
their RNA recognition motifs. Using an RNA immunoprecipitation assay, we showed that the
mutations in Gbp2 and Npl3 decrease and increase, respectively, the binding capacities of the
YFP-Kan construct. Yet, these surprising opposite effects can be explained by the different
roles of Gbp2 and Npl3—the former is a quality control factor of splicing that elicits degrada-
tion of un- or mis-spliced transcripts, and the latter is a spliceosome-recruitment agent. On
the one hand, the lower binding capacity of the mutated Gbp2 probably provides more time
for the spliceosome to complete the maturation of the YFP-Kan pre-mRNA before it is
degraded. The improved binding capacity of the mutated Npl3, on the other hand, facilitates
the recruitment of the spliceosome and hence might improve splicing efficiency of the tran-
script. The Trans-evolution mechanism we reveal here is intriguing because it shows that
under acute selection, a cellular machinery can evolve for the need of one gene only.

Ultimately, we revealed a fundamental difference for Cis and Trans evolution of the splicing
machinery when this cellular process faces a need to adapt. While Cis-based adaptations are
“local” and lowered the burdens of splicing for the intron under selection, Trans-based adapta-
tions showed wider cellular effects that may be costly to cells when the original evolutionary
challenge is lifted. Further investigations will reveal which of these solutions, Cis or Trans,
proves to be more evolutionarily stable—to fully reveal the dynamics of splicing adaptation
when cells optimize their gene expression.

Methods
Yeast strains and plasmids

AlLS. cerevisiae strains in this study have the following genetic background: his3A1::TEF2-m-
Cherry::URA3::RPS28Ap-YiFP-KAN:NAT; canAl:STE2pr-Sp_his5; lypA1:STE3pr-LEU2;
leu2A0; ura3A0.
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Strains of Y-intron-FP were taken from Yofe and colleagues [36] and were introduced with
a Kan resistance gene fused 3’ terminally to the YFP. To reconstitute the mutations discovered
after lab evolution (rescue strains), we amplified cassettes of Y-i,,-FP-KAN and transformed
these into the ancestor Control strain, selecting with KAN. Notably, all strains also carry an
mCherry-fluorescent protein driven by an independent TEF2 promoter that was used to nor-
malize cell-to-cell variability for the YFP-Kan expression levels.

Media

Cultures were grown at 30°C in rich medium (1% bacto-yeast extract, 2% bacto-peptone, and
2% dextrose [YPD]). Throughout all experiments, G418 was supplemented to the medium at a
concentration of 3 mg/mL, which is 10-fold higher than the standard.

Evolution experiments

Lab-evolution experiments were carried out by daily serial dilution for 80 days. Cells were
grown on 1.2 mL of YPD+G418 at 30°C until reaching stationary phase and then diluted by a
factor of 1:120 into fresh media (approximately 7 generations per dilution, a total of about 560
generations).

Liquid growth measurements

Cells were grown in YPD+G418 at 30°C overnight. The following day, they were diluted to an
OD =0.05 in YPD+G418, and optical density (600 nm) measurements were taken at 30-min-
ute intervals. Growth comparisons were performed using 96-well plates, and the growth curve
for each strain was obtained by averaging at least 15 wells.

Flow cytometry measurements of YFP-Kan levels

Cells were grown in YPD+G418 at 30°C overnight. The following day, they were diluted to an
OD = 0.05 in YPD+G418, placed at 30°C, and followed until they reached logarithmic growth
phase at an optical density of between 0.4 and 0.5. Then, YFP and mCherry levels were mea-
sured for between 20,000 and 50,000 cells for each culture with flow cytometry. Gating was
performed according to side and forward scatters, and YFP levels were normalized with the
mCherry signal for each cell individually.

Quantitative PCR measurements of splicing efficiency

Cultures were grown in YPD+G418 at 30°C until cells reached the logarithmic growth phase
at an optical density of approximately 0.4. Then, RNA was extracted using MasterPure kit
(Epicentre) and were reverse transcribed to cDNA using random primers. A total of 2 pL of
c¢DNA was added to each reaction as template for qPCR using light cycler 480 SYBR I master
kit and the LightCycler 480 system (Roche Applied Science), according to the manufacturer’s
instructions. For each strain, JPCRs were performed with two to three biological repetitions
and three technical repeats. A first QPCR was performed targeting the transcript-spliced ver-
sion, with a forward primer complementing the exon-exon junction and a downstream reverse
primer. A second PCR targeted the un-spliced version of the transcript, with a forward primer
complementing the intron and the same reverse primer of the first reaction: Feyon-exon = 5 -
CACTACTTTAGGTTATGGTTT-3'; Fingron = 5'-CTTCAATTTACTGAATTTGTATG-3';
Rpoth = 5'-GTCTTGTAGTTACCGTCA-3'.

Splicing efficiency is reported as the average Cp of the spliced transcript minus the average
Cp of the un-spliced version.
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mRNA deep sequencing

Cultures were grown in YPD+G418 at 30°C until cells reached the logarithmic growth phase
at an optical density of approximately 0.4. Cells were then harvested by centrifugation and
flash-frozen in liquid nitrogen. RNA was extracted using a modified protocol of nucleospin 96
RNA kit (Machery-Nagel). Specifically, cell lysis was done in a 96-deep-well plate by adding to
each well 450 pL of lysis buffer containing 1 M sorbitol, 100 mM EDTA, and 0.45 pL lyticase
(10 TU/pL). The plate was incubated at 30°C for 30 minutes to break cell walls and centrifuged
for 10 minutes at 3,000 rpm, followed by the removal of the supernatant. Then, extraction con-
tinued as in the protocol of nucleospin 96 RNA kit, only using B-mercaptoethanol instead of
DTT. Poly(A)-selected RNA extracts of approximate size of 200 bps were reverse transcribed
to cDNA using poly(T) primers that were bar coded with a unique molecular identifier (UMI).
cDNA was then amplified and sequenced with an Illumina HiSeq 2500.

Analysis of mRNA deep sequencing

Processing of RNA-seq data was performed as described in Voichek and colleagues [59].
Shortly, reads were aligned using Bowtie [60] (parameters:—best-a-m 2 —strata -5 10) to the
genome of S. Cerevisiae (R64 from SGD) with an additional chromosome containing the
sequence of the YFP-Kan construct. For each sequence, we normalized for PCR bias using
UMIs, as described in Kivioja and colleagues [61]. Next, reads for each gene end (400 bp
upstream to 200 bp downstream of the ORF’s 3’ end) were summed up to estimate the gene’s
expression level. Genes with coverage lower than 10 reads were excluded. To normalize for dif-
ferences in coverage among samples, we divided each gene expression by the total read count
of each sample and then multiplied by 10°. Then, the expression ratio was calculated between
an evolved/rescue colony to the ancestor, and a log, operation was performed on that ratio.
These values were used to compare expression levels of gene groups (ribosomal genes, general
stress response genes, splicing machinery genes, intron-containing genes) and of the YFP-Kan
mRNA levels as described in the manuscript. When calculating the expression levels of splicing
machinery and intron-containing gene groups, the ribosomal and general stress response
genes were excluded from the analysis in order to avoid bias from cellular regulation due to
changes in physiology and growth rate of the cells.

CRISPR genome engineering

CRISPR protocol for S. cerevisiae was performed as described previously [62]. Shortly,
gRNA sequences targeting a locus near (<50 bps) the position of the desired mutations
were cloned into the vector bRA89 that allows co-expression of Cas9 and gRNA. CRISPR
plasmid (1 pg) was co-transformed to yeast cells (20 uL) along with a repair dsDNA cassette
with the desired mutations (500 ng) using the standard yeast transformation protocol. Cells
were plated on selective plates (YPD+hygromycin, 50 mg/mL), colonies were screened with
PCR and Sanger sequencing for the desired mutations, positive colonies were grown on per-
missive media for 24 hours to ascertain loss of the CRISPR plasmid, and copies were stored
at -80°C.

The repair cassette holds 45-bp homology on each end, flanking the desired mutation.
Because the mutation did not modify the PAM sequence, additional synonymous mutations
were also introduced alongside the desired mutation to stop the cutting of the locus by the
Cas9+gRNA complex. These synonymous mutations were also introduced to the relevant
genetic background without the desired mutations and were confirmed to have no effect on
cellular growth or YFP expression levels.
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RNA co-immunoprecipitation

Yeast cells were grown in YPD at 25°C until logarithmic phase and collected via centrifugation.
Cells were resuspended in 1x pellet volume RNA-IP buffer (25 mM Tris-HCI [pH 7.5], 150 mM
NaCl, 2 mM MgCl,, 0.5% [v/v] Triton X-100, 0.2 mM PMSF in isopropanol, 0.5 mM DTT, 40
units of RiboLock RNase Inhibitor [Thermo Fisher Scientific], cOmplete EDTA-free Protease
Inhibitor Cocktail [Roche Diagnostics and Sigma-Aldrich]) and lysed with vigorous vortexing
three times, 20 s, 6 m/s with the FastPrep-24 Instrument (MP Biomedicals) in the presence of
1x pellet volume of glass beads. For immunoprecipitation, cleared lysates were incubated with
or without Gbp2 or Npl3 antibody (rabbit polyclonal, self-made) at 4°C for 1 hour followed by
the addition of 10 uL Protein G sepharose beads (Amersham Biosciences) and further incuba-
tion at 4°C for 2 hours. RNase-Free DNase I (QIAGEN) was also added to digest DNA during
incubation. A total of 100 pL of the lysate was treated with DNase I and incubated at 4°C in par-
allel. The beads were washed five times with RNA-IP buffer. RNA was isolated from both lysate
and eluate samples using the TRIzol Reagent (Thermo Fisher Scientific) and eluted in 20 uL
DEPC-treated ddH,O. Prior to reverse transcription, the RNA samples were treated with
TURBO DNA-free Kit (Thermo Fisher Scientific) to eliminate residual DNA.

Reverse transcription and qRT-PCR of precipitated RNA

The same concentration of RNA from all samples was reverse transcribed using the FastGene
Scriptase II cDNA Kit (NIPPON Genetics EUROPE) with Random Hexamer Primer (Thermo
Fisher Scientific). PCR samples were prepared with qPCRBIO Sygreen Mix Lo-ROX (PCR
Biosystems), and qRT-PCR was performed using the CFX Connect Real-Time PCR Detection
System (Bio-Rad Laboratories) for 45 cycles with an annealing temperature of 60°C. Forward
primer (5-TTATTCACTGGTGTTGTCCC-3') and reverse primer (5'-CATGGAACTGGC
AATTTACC-3’) that bind specifically to YFP-Kan were used. Each PCR reaction was per-
formed in triplicates, and the average Cq value was used in further analysis. From each eluate
Cq value, the corresponding lysate Cq value was substracted (ACq). The ACq of the no-anti-
body control sample was subtracted from the ACq of the pull-down sample (AACq). Binding
of the RNA was calculated by 27444,
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