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Introduction

DNA replication and transcription

Genetically encoded information is maintained and converted into final gene products by
three processes: replication, transcription, and translation. Replication is the process by which
cells duplicate their genomes during cell division. This process requires a high degree of
accuracy to prevent mutations that potentially lead to non-functional gene products impairing
cell fitness. During maturation of an oocyte to the final adult organism, the genetic material is
replicated as many as 4x10*3 times (Fragkos et al., 2015). An increased accumulation of DNA
replication errors is observed in stem cells of aged organisms (Flach et al., 2014). In
eukaryotes, DNA replication takes place at DNA replication forks that begin unwinding the
DNA at specific locations called origins of replication. The DNA is then replicated by a DNA
polymerase holoenzyme, consistent of two subunits (DNA Pole and Pol6) each replicating one
single stranded DNA template (Garcia-Muse and Aguilera, 2016). In contrast, the RNA
polymerase holoenzyme consists of one subunit that engages the double stranded DNA,
unwinding it to enable transcription in a so-called ‘transcription bubble’ (Figure 1). The RNA is
then synthesized in the active pocket of the RNA polymerase by forming RNA-DNA hybrids of
9-11 nucleotides in length and is aided by transcription factors (Garcia-Muse and Aguilera,
2016). The RNA is co-transcriptionally processed, e.g. by exon splicing or 5’ capping, maturing

it into messenger RNA (mRNA) (Merkhofer et al., 2014).
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Figure 1: Schematic representation of DNA transcription to produce mRNA molecules. The
double-stranded DNA is partially unwound by the RNA polymerase to allow local transcription
in the so-called transcription bubble. This unwinding results in a positive (upstream of the
polymerase) and negative (downstream of the polymerase) supercoiling, which is resolved by

topoisomerases. For the transcription to proceed, the RNA polymerase requires transcription



elongation factors, and downstream RNA processing of the nascent strand is carried out co-

transcriptionally. Adapted from Garcia-Muse and Aguilera, 2016.

Translation

Proteins are synthesized by macromolecular machines, called ribosomes, that translate
encoded information of mRNAs into polypeptide sequences. The ribosome translates one
codon at a time, each consisting of 3 nucleotides. Individual codons are recognized by tRNAs
charged with specific amino acids, forming codon:anticodon pairs and amino acids are joined
by peptide bond formation. The ribosome then continues to elongate the nascent polypeptide
with the corresponding amino acid (Schuller and Green, 2018). The process of translation can
be divided into 5 phases, consisting of scanning, initiation, elongation, termination and

recycling, whose general principles are conserved across all domains of life (Figure 2).

SUTR cDs 3UTR
80S ribosome tRNA

\ 3 / -

m7Gopp ! D WY &
Start T P AR Stop
Phase Scanning Initiation Elongation Termination Recycling
Factors 43S preinitiation elFs eEFs eRFs ABCE1
complexes Met-tRNAMet aa-tRNAs

Figure 2: The 43S preinitiation complex scans the mRNA for the AUG start codon and represents
the first step of translation. Once the start codon is recognized by the methionyl-tRNA, 60S
subunit and 48S initiation complex are joined to form 80S ribosomes to initiate translation.
This process is aided by eukaryotic translation initiation factors (elFs). The polypeptide is then
further elongated by the ribosome via an interplay of aminoacylated tRNAs and eukaryotic
elongation factors (eEFs). Finally, termination occurs either by encountering a stop codon
(UAA, UAG, UGA) or when there are translational errors. In the last step the ribosomal subunits
are recycled by ABCE1 to enter a subsequent round of translation. Adapted from Schuller and

Green, 2018.
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Figure 3: elF2 complex and 40S ribosome form 43S preinitiation complex. The elFAF complex

activates mRNA and allows engagement of 43S preinitiation complex to form the 48S initiation
complex. The 60S ribosomal subunit and elF5B displace the bound elFs to form the 80S

ribosomal subunit and translation commences. Adapted from Jackson et al., 2010.



Translation initiation starts with the formation of the 43S complex, consisting of the 40S
ribosomal subunit, elF1, elF1A, elF2 and initiator methionyl-tRNA. The 43S complex binds to
capped mRNAs at the 5’ proximal region (Figure 3). This is followed by mRNA activation by
elF4A, elF4B and elF4F which function to unwind the 5 terminal secondary structure and
allowing the engagement by the 43S pre-initiation complex (Jackson et al., 2010). While in the
initial model AUG start codon scanning by the 43S pre-initiation complex was thought to be
unidirectional (5’ to 3’ direction), recent observations suggest a bidirectional scanning
mechanism (Gu et al., 2021). Once the AUG codon is recognized, the 48S initiation complex is
formed. Next, elF5 and elF5B promote the hydrolyses of GTP bound to elF2 and subsequently

the displacement of elFs, allowing the 40S and 60S subunits to join (Jackson et al., 2010).

E

P
’ eEF1A-GDP
d\,\;} peptide bond
formation
amino acid
80S > eEF1A-tRNA-GTP =
AN .\.\
& O

eEF2-GDP

A

aéel@\em %
‘. -

E/P P/A state
Figure 4: Schematic overview of the translation elongation cycle. Adapted from Ranjan et al.,
2021 and Lareau et al., 2014. At the beginning, an eEF1A-tRNA-GTP ternary complex binds to
the A-site of ribosomes, with the anticodon-loop of the tRNA contacting the mRNA. This is
followed by the hydrolysis of GTP and the release of eEF1A-GDP, which accommodates the
aminoacylated tRNA at the A-site. During the formation of the peptide bond, the P- and A-site

bound tRNAs change in their positioning to form a hybrid state, occupying E/P- and P/A-sites,



respectively. In the next step, eEF2-GTP is recruited to the A-site, aiding in the translocation of
the tRNAs into the E- and P-site. After the release of the tRNA situated at the E-site of the

ribosomes, the next elongation cycle is initiated.

During translation elongation, the nascent peptide is synthesized at a rate of ~ 6 amino acids
per second (Bukau et al., 2000; Ingolia et al., 2011). The ribosome undergoes substantial
structural rearrangements during each cycle due to orchestrated rotations of the two
ribosomal subunits (Zhang et al., 2009) (Figure 4). Each cycle starts with the delivery of
aminoacylated tRNAs in a preformed complex with eEF1A to the empty A-site of the 80S
ribosome. Once the corresponding tRNA establishes a stable interaction with the A-site codon,
a peptide bond is formed between the amino acid and the nascent polypeptide. During the
process of elongation, the tRNA passes vectorially through the three sites (A-, P- and E-site) at

the ribosome and is released after reaching the E-site, which concludes each cycle (Lareau et

al., 2014).
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Figure 5: Schematic overview of translation termination. Adapted from Preis et al., 2014.
Translation termination is initiated by the recognition of a stop codon at the A-site of
translating ribosomes by the eRF1-eRF3-GTP ternary complex. Upon the hydrolysis of GTP,
eRF3 dissociates from the complex and is released from the ribosome. Hereon, there are two
possible scenarios: 1) The active conformation of eRF1 is stabilized by the binding of ABCE1,
stimulating nascent peptide release, or 2) eRF1 alone enables chain release. In the last step,

ABCE1 and eRF1 function to dissociate small and large ribosomal subunits.

Translation termination concludes the elongation of nascent polypeptides as ribosomes reach

stop codons in the A-site. In eukaryotes, all three stop codons (UAA, UAG and UGA) are



recognized by eRF1, which is delivered to the vacant A-site (Figure 5). eRF1 is structurally
similar to tRNAs, thus enabling it to bind to the ribosomal A-site (Schuller and Green, 2018).
Two distinct structural motifs play important roles in stop codon recognition and nascent
chain release: The NIKS motif consisting of Asn—lle—Lys—Ser facilitates the recognition of stop
codons, whereas the GGQ motif (Gly—Gly—GIn) aids in the nascent chain release (Brown et al.,
2015; Frolova et al., 1994; Frolova et al., 1999; Matheisl et al., 2015; Song et al., 2000). Like
tRNAs, eRF1 requires a GTPase, eRF3, to carry out its function. Together with ABCE1, eRF1
facilitates the release of the nascent chain and subsequent subunit dissociation (Preis et al.,
2014).

Function of 3’"UTRs

The sequence space of 3’"UTRs in higher eukaryotes has largely expanded and correlates with
increasing complexity which is defined by the number of different cell types observed (Chen
et al., 2012; Derti et al., 2012; Jan et al., 2011; Mayr, 2017). While the median 3’UTR length in
nematodes is ~140 nt, it is up to ~1200 nt in humans. Although 3’UTRs are less conserved than
coding regions, they still show a high degree of conservation, particularly for known binding
sites of miRNAs and RNA binding proteins (RBPs) (Friedman et al., 2009; Xie et al., 2005).

The best-known functions of 3’UTRs are in regulating mRNA stability, translation rates
and mRNA localization, which are partly mediated by RBPs, which in turn may recruit
deadenylases (Zaessinger et al., 2006) or decapping enzymes (Chen et al., 2014). AU-rich
elements within 3’UTRs are associated with rapid mRNA decay and are found in genes that
require tight regulation, such as cytokines (Barreau et al., 2005; Chen and Shyu, 1995).
Likewise, 3’'UTRs can act as binding sites for miRNAs that modulate mRNA turnover, as
exemplified by proto-oncogenes (Chen and Shyu, 1995).

Beyond their modulating role in translation and decay, 3’UTRs mediate protein-protein
interactions that ultimately define the fate of the nascent chain. For example, CD47 (or MERG6),
a known plasma receptor, is found in two different mRNA isoforms with varying 3’"UTR lengths,
but identical coding sequences. Only the long 3’UTR isoform promotes the localization to
plasma membranes of CD47, whereas the short form is expressed in the cytosol. This
localization to the plasma membrane depends on the ability of the long 3’"UTR of CD47 to
interact with ELAVL1 and SET (Berkovits and Mayr, 2015). Another example for 3’UTR-
mediated protein-protein interactions is the recruitment of the signal recognition particle
(SRP) to translating ribosomes before the signal peptide has emerged from the ribosomal exit
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tunnel, challenging the original model that SRP is directly recruited to the signal sequence of
secretory proteins (Chartron et al., 2016). Moreover, the cotranslational assembly of
peripherin, which forms filamentous structures in neurons, was described to be dependent
on its 3’UTR (Chang et al., 2006). RBPs mediating the clustering of peripherin mRNAs is one
possible mechanism on how cotranslational assembly might be mediated by 3’UTRs.
Intriguingly, cotranslational assembly has also been described for other filamentous
structures, such as myosin (Isaacs and Fulton, 1987) and vimentin (Isaacs et al., 1989), raising
the possibility that such a 3’UTR-mediated cotranslational assembly is more widespread for

cytoskeleton structures in cells.

Protein folding and aggregation prevention

Since the first observations that small proteins can fold spontaneously without the aid of
additional factors, subsequent studies provided deep mechanistic insights (Anfinsen, 1973;
Balchin et al., 2020). Despite major recent advances in predicting protein structures, the
protein-folding problem remains unsolved, and a unifying folding mechanism is yet to be
determined (Dill and MacCallum, 2012; Moore et al., 2022). In the cell, chaperones assist
nascent proteins to traverse through a rugged energy landscape, guiding them to their native

confirmations (Figure 6).

11



Energy

intermediate

intermediate

native

m promoted by ATP-dependent chaperones
m inhibited by chaperones

Figure 6: The energy landscape of protein folding is shaped by molecular chaperones. Nascent

aggregates

proteins pass through different intermediate conformational states to arrive at their final
native conformation, which is usually the energetically most stable. En route proteins can be
trapped in kinetically stable, yet non-native states, which are prone to form aggregated
species. Molecular chaperones guide chaperones to their native conformations by preventing
aggregation and promoting the interconversion of folding intermediates. Adapted from

Balchin et al., 2020.

Proteins that meander off-path are at risk of forming kinetically trapped intermediates (Dinner
et al.,, 2000). By exposing hydrophobic regions, these intermediates are at further risk to
aggregate. This is particularly problematic under the conditions of macromolecular crowding
in cells (~200 to 300 g protein/l), where aggregation is strongly enhanced (Ellis and Minton,
2006). Chaperones have evolved to counteract this problem: They engage nascent chains co-
translationally, thereby minimizing the chance of aberrant protein interactions (Liutkute et al.,
2020). Reversible binding to hydrophobic, aggregation-prone sequences is a common feature
of chaperones, allowing them to shape the folding path of nascent polypeptides (Balchin et

al., 2020).
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Members of the HSP70 chaperone class are among the most studied molecular chaperones.
They are involved in a broad spectrum of cellular processes, including protein folding,
translocation, trafficking, disaggregation, and degradation. The binding motif of HSP70 is
defined by 5-7 amino acids which are enriched in hydrophobic residues, often flanked by
positively charged amino acids (Rudiger et al., 1997). HSP70-mediated folding of proteins is
assisted by HSP40s, which coordinate the ATP-hydrolysis driven conformational cycle of
HSP70 (Szabo et al., 1994).

Several chaperones bind directly to the ribosome to receive the nascent chain as it
emerges. A prominent example is Ssb in S. cerevisae, a member of the HSP70 family. Ssb
interacts with the ribosome via the ribosome-associated complex (RAC), consisting of the
HSP70 Ssz and the J-domain protein Zuol (Gautschi et al., 2002; Kramer et al., 2019;
Pechmann et al., 2013; Preissler and Deuerling, 2012; Zhang et al., 2017). Ssb has a central
role in co-translational folding and its deletion leads to widespread protein misfolding and
aggregation of newly synthesized polypeptides, including ribosomal subunits (Albanese et al.,
2010; Doring et al., 2017; Koplin et al., 2010; Willmund et al., 2013). Another major ribosome-
binding chaperone is the nascent-polypeptide-associated complex (NAC), which forms a
heterodimer via its NAC-domains. The aNAC subunit contains a ubiquitin-associated (UBA)
domain at its C-terminus, whereas the BNAC subunit contains a positively charged sequence
close to the N-terminus which anchors NAC to ribosomes (Jomaa et al.,, 2022). NAC is
expressed at equimolar concentrations relative to ribosomes. Further, the complex has a low
nanomolar affinity for ribosomes (Jomaa et al., 2022). Its positioning close to the exit tunnel
of ribosomes and abundance would indicate a central role in de novo protein biogenesis. This
is underlined by its essentiality across different species, including wormes, flies, and mice (Bloss
et al., 2003; Deng and Behringer, 1995; Markesich et al., 2000). NAC binds directly to nascent
chains as they emerge and deletion of NAC leads to an increased ubiquitylation of nascent
proteins (Duttler et al., 2013; Wang et al., 2013; Wiedmann et al., 1994). This data would
indicate a protective role of NAC in preventing the premature degradation of nascent
polypeptides. Accordingly, NAC is required during conditions of increased misfolding, which
supports a model in which NAC acts as a molecular chaperone (Duttler et al., 2013). A similar
role has been established for the chaperone trigger factor (TF) in prokaryotes, which binds to
ribosomes and is involved in the co-translational folding of newly synthesized polypeptides

(Deuerling et al., 1999; Teter et al., 1999). Like NAC, TF binds near the ribosomal exit tunnel,
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exposing its hydrophobic surface towards the emerging nascent polypeptide (Ferbitz et al.,
2004). The presence of TF prevents incorrect folding of nascent proteins, by stabilizing
partially folded intermediates (Agashe et al., 2004; Kaiser et al., 2006; Singhal et al., 2015;
Wruck et al., 2018). However, it remains unclear whether NAC operates similar to TF in the

context of co-translational folding.

Chaperonins

Chaperonins are composed of two stacked rings with 7-9 subunits per ring (Kim et al., 2013).
Unlike other chaperones, they encapsulate their substrates within their central cavity to allow
folding in the absence of aggregation (Bukau and Horwich, 1998; Hartl, 1996; Hartl et al.,
2011). Within the protein family of chaperonins there are two major classes: Group |
(GroEL/HSP60) and group |l (archaeal thermosome and eukaryotic TRiC/CCT) which have
distinct structural features.

The group | chaperonins are found in bacterial cells (GroEL), plant chloroplasts (Cpn60)
and mitochondria (Hsp60). Each ring within the chaperonin is made up of 7 identical subunits
to form a homo-oligomer. They are further characterized by their lid-shaped co-chaperone
(GroES/Hsp10/Cpn10&Cpn20), which acts in closing the folding chamber to isolate the
substrate from the crowded surrounding. The ATPase domain of each GroEL subunit is located
equatorially, whereas the apical domains shape the gateway to the folding cavity (Horwich et
al., 2007; Mayer, 2010). Further, they contain hydrophobic residues which are exposed,
mediating substrate capture and typically involving multiple apical domains (Horwich et al.,
2007). The GroEL cavity provides space for proteins up to ~60 kDa, which remain encapsulated
in the cage for up to 10s at a time, regulated by the time needed for hydrolysis of 7 ATP in the
GroEL ring (Tang et al., 2008). After dissociation of GroES, induced by ATP binding to the
opposite ring, folded protein is released from the GroEL cavity. However, the exact
coordination of the folding cycle remains under debate. Encapsulating the protein within the
central cavity provides a favorable folding environment by constraining substrates sterically
and therefore smoothing the folding energy landscape (Baumketner et al., 2003; Hayer-Hartl
and Minton, 2006; Sirur and Best, 2013).

While the overall cylindrical structures of group | and group Il chaperonins are similar,
there are substantial differences. In contrast to group | chaperonins, where a separate protein

complex (GroES) forms a lid, class Il chaperonins use helical extensions from the apical
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domains to close and open the cavity. Also, the arrangement of the subunits differs between
group | and group Il chaperonins: while in group Il chaperonins the subunits are stacked
directly between rings, in group | chaperonins the rings are slightly rotated relative to each
other so that each subunit of one ring is located between two subunits of the opposite ring
(Horwich et al., 2007). Another difference is that the rings of group Il chaperonins typically
contain 8 (and sometimes 9) subunits. In case of TRIC/CCT the rings are composed of eight
different, paralogous subunits. Like GroEL/ES, group Il chaperonins cycle between open
(substrate-binding/release) and closed states (folding) and substrate encapsulation is required
for efficient folding. The transition from the open to the closed state is characterized by the
pairwise association of helical extensions mediated by ATP hydrolysis, closing the cavity and
releasing the substrate into the central chamber (Cong et al., 2012). The folding cycle of TRiC
is believed to be substantially slower than that of GroEL, leaving the substrate encapsulated
for a significantly longer time (Reissmann et al., 2007). Additionally, the iris-like closing
mechanism allows the encapsulation of subdomains of proteins which otherwise would be

too large to be encapsulated in their entirety (Russmann et al., 2012).
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Figure 7: ~70% of newly synthesized proteins are estimated to interact with the ribosome-
binding chaperones trigger factor (TF; bacteria) or nascent chain-associated complex (NAC;
eukaryota). Downstream, several chaperone members facilitate the folding of nascent
polypeptides, with the HSP70/HSP40 system at the center, facilitating ~20% of folding
reactions. The remaining 10% of the proteome are thought to be passed on to chaperonins
for folding. This step is aided in eukaryotes by prefoldin (PFDN). Adapted from Balchin et al.,
2016.

Small heat shock proteins (sHSPs)

If protein folding fails, the cells have developed different systems to either shield and rescue
misfolded proteins or clear aberrant species. Small heat shock proteins (sHSPs) are an ancient
class of ATP-independent molecular chaperones, which bind to misfolded proteins and

prevent them from forming irreversible protein aggregates (Horwitz and Ricanati, 1992; Jakob
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et al., 1993; McHaourab et al., 2002). Since they lack the ability of utilizing ATP, they usually
exhibit no refolding properties themselves, but stabilize kinetically trapped aggregation-prone
folding intermediates and thereby prevent aggregation (Haslbeck et al., 1999; Ungelenk et al.,
2016). These partially unfolded protein species either arise from failed de novo folding
reactions, or during several proteotoxic stresses, such as heat shock. Due to their function in
aggregation prevention, yet lacking the ability to refold proteins themselves, they are often
referred to as ‘holdases’. While the majority of sHSPs are almost exclusively expressed during
acute stress conditions, some SHSPs are present at physiological growth conditions. The ratio
of substrate to sHSPs, as well as temperature, shapes the conformation and size of
substrate/sHSPs complexes. When sHSPs are present in excess over substrate, they adopt a
polydisperse, yet soluble conformation. However, when substrate is in excess, sHSPs are
incorporated into large dynamic and seemingly amorphous aggregates (Basha et al., 2004;
Friedrich et al., 2004; Haslbeck et al., 1999; Lee et al., 1997). This type of behavior is seen in
vivo in a multitude of stresses, such as protein overexpression, heat stress, or ageing (Allen et
al., 1992; Arrigo et al., 1988; Haslbeck et al., 2019; Kampinga et al., 1994; Stege et al., 1994;
Walther et al., 2015). As sHSPs are not able to refold protein themselves, inclusion reversal is
often performed by the ATP-driven HSP70/HSP40 system. The sequestration of aggregation-
prone, misfolded proteins in vivo is linked to enhancing cellular fitness and increased cell

survival during stress (Escusa-Toret et al., 2013; Specht et al., 2011; Ungelenk et al., 2016).
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Figure 8: Schematic overview for molecular function of sHSPs. At basal conditions, sHSPs are
in an inactive state. As substrate concentration increases, e.g. during proteotoxic stress, the
oligomeric state of sHSPs change, leading to their activated state. The active confirmation of

SHSPs engages substrate, shields it from forming aggregates and aids in the refolding, which
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is facilitated by HSP70/HSP40 in orchestration with a nucleotide exchange factor (NEF) and
hydrolyzing ATP. Adapted from Haslbeck et al., 2019.

Clearance of misfolded proteins

Misfolded proteins that fail to be refolded are prone to aggregation. In some cases, toxicity
arises from the protein not being able to fulfill its function, as in the case of CFTR misfolding
and loss of function in cystic fibrosis. However, in most scenarios, the toxicity of aggregates
can be attributed to interference with crucial cellular processes in a gain of function manner
(Chiti and Dobson, 2017; Valastyan and Lindquist, 2014). Several neurodegenerative diseases
are associated with toxic protein aggregation, with ageing being a key risk factor for the
development of aggregates and disease progression. Parkinson’s disease and Alzheimer’s
disease are among the best-known examples, with the formation of protein plaques in the
brain as a major hallmark (Sweeney et al., 2017). Cells have developed defense strategies, to
mitigate the toxicity of protein aggregates and ensure protein homeostasis (Hipp et al., 2019;
Sontag et al., 2017). Stresses that increase the load of misfolded proteins induce the
production of protein quality control components (PQC), while shutting down general
translation to reduce pressure on the proteostasis network (Costa-Mattioli and Walter, 2020).
At the same time, protein clearance is initiated, and misfolded proteins are either degraded

by the ubiquitin proteasome system or through autophagy.
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Figure 9: Overview of protein clearance systems that prevent the formation of toxic aggregate
species, such as amyloids. Spatial sequestration facilitated by factors, such as chaperones, aid
in keeping the proteins in a soluble state. This makes proteins accessible for proteasomal
degradation. Locally concentrating proteins that are to be cleared allows the formation of
autophagosomes, which engulf the protein cargo and ultimately degrades it by fusing to the

lysosome. This in turn prevents the formation of toxic (amyloid) aggregate species.

Chaperones form the first line of defense against proteotoxic stress, recognizing misfolded
proteins based on the exposure of hydrophobic amino acid residues (Johnston and Samant,
2021). By binding to the misfolded proteins, these hydrophobic regions are shielded and are

no longer available to form aberrant interactions with other proteins.
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Figure 10: Schematic overview of the ubiquitin proteasome system (UPS), involving an E1
ubiquitin activating enzyme, that transfers the ubiquitin molecule to E2 ubiquitin-conjugating
enzymes. Next, the ubiquitin molecule is attached to the substrate mediated by an E3 ubiquitin
ligase. K48 polyubiquitinated substrates are then recognized and degraded by the 26S

proteasome.

If refolding fails, typically E3 ubiquitin ligases are recruited (Quintana-Gallardo et al., 2019) to
attach ubiquitin molecules to either lysine residues or the N-terminal methionine of misfolded
proteins (Figure 10). The attached ubiquitin itself can be modified with additional ubiquitin
molecules, forming long poly-ubiquitin chains, typically by either K48 or K11 linkages (Figure
9) (Amm et al., 2014). Poly-ubiquitinated proteins are transported to the proteasome, which
consists of 20S core and 19S regulatory particles, facilitating their degradation. The 19S
particle recognizes ubiquitin, allowing the docking of substrates. Once the substrate is bound,
it is threaded through the catalytic core of the proteosome by a set of choreographed
structural rearrangements (Bard et al., 2018; Dong et al., 2019). The catalytic core cleaves the
substrate into small peptides, which are further digested by non-proteasomal
endopeptidases, releasing individual amino acids that can be repurposed for synthesizing new

proteins (Saric et al., 2004).
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Figure 11: Exposed ubiquitin chains of large inclusions formed by misfolded proteins are
recognized by autophagic receptors, delivering them to growing phagophores. The substrate
is engulfed and matures into an autophagosome, which fuses with the lysosome and degrades

its cargo.

Autophagy represents the second main branch by which cells clear misfolded protein species.
While initially both UPS and autophagy were seen as bulk recycling machineries, in recent
years it became clear that they act with a high degree of specificity and selectivity (Pohl and
Dikic, 2019). The choice of which pathway is being utilized is mainly made based on the size
of the substrate. While single misfolded proteins or smaller oligomeric assemblies are cleared
by the UPS, larger inclusions are preferably targeted by autophagy (Dikic, 2017). Autophagy
relies on members of the ATG8 protein family, which are conjugated to
phosphatidylethanolamine or phosphatidylserine and thereby anchoring them to membranes
and forming the phagophore (Pohl and Dikic, 2019). Substrates are selectively delivered to the
growing phagophores by autophagic receptors, such as p62. Those receptors are often
equipped with ubiquitin binding domains (UBDs) that link ubiquitinated proteins marked for

degradation to phagophores, mediating their engulfment and ultimately their degradation
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(Rogov et al., 2014). Current estimates assume that more than half of substrates for selective

autophagy rely on ubiquitin as a degradation signal (Khaminets et al., 2016).

Translational kinetics and protein folding

Besides chaperones, the elongation rate of translation modulates folding efficiency. The speed
of translation is influenced by factors including tRNA availability, wobble-base interactions,
MRNA secondary structures and protein sequences (Chaney and Clark, 2015; Choi et al., 2018;
Rodnina, 2016). The nascent polypeptide can likewise negatively influence translational
speed, e.g. decoding prolines is a challenging task and results in ribosome slowdown, as this
amino acid creates an unfavorable positioning for the peptidyl transferase reaction (Choi et
al., 2018; Wohlgemuth et al., 2008). Generally, slowdown of translation elongation is thought
to provide nascent polypeptides more time to reach their native confirmation, but it also bears
the risk of frameshifting and amino acid misincorporations, which can result in misfolding

(Pechmann and Frydman, 2013; Rodnina, 2016; Wolf and Grayhack, 2015).
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Figure 12: Translational speed influences co-translational protein folding. Stretches of non-
optimal codons following structural elements increase time for folding, while optimal codons
within structural elements increase translational fidelity. Adapted from Hanson and Coller,

2018.
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The idea that translational slowdown is crucial for protein folding is a long-standing concept
in the field (Purvis et al., 1987) (Figure 12). Subsequent studies showed that the codon context
around structural elements is important to reach the correct fold (Thanaraj and Argos, 1996).
Additionally, it was discovered that increased codon optimality in E. coli results in higher
protein yields, however, the alterations can also lead to misfolding and non-functional protein
species (Komar et al., 1999; Zhang et al., 2009). Altering tRNA abundances and thereby
increase their availability led to misfolding, elucidating how tRNA levels influence translational
speed, which in turn affects protein folding (Zhang et al., 2009). Similar results have been
obtained in a cell-free translation system using luciferase as a model substrate. While
changing non-optimal codons to optimal codons led to higher protein yields, the overall level

of functional protein was reduced (Yu et al., 2015).

Transmembrane protein biogenesis and quality control

Roughly one-third of all newly synthesized proteins are delivered to the endoplasmic
reticulum (ER) in eukaryotic cells (Hsieh and Shan, 2021). This class of proteins is particularly
prone to misfolding in the cytosol as their transmembrane domains (TMD) form large
hydrophobic surfaces increasing the risk of undesirable interactions. Mislocalized membrane
proteins are thus rapidly degraded (Hegde and Keenan, 2022). While there are also -barrel
structures inserted into membranes (Seshadri et al.,, 1998), most transmembrane domain
segments consist of an a-helix, shielding the hydrophilic amide backbone from the
surrounding lipids (White and von Heijne, 2005). The topologies of transmembrane domains
are quite variable and therefore necessitate multiple routes of membrane insertion. Currently,
there are three established routes of insertion, which are chosen dependent on
hydrophobicity and position of targeting sequences and/or the signal sequence.

To prevent promiscuous interactions from forming and ensure correct protein
targeting, a cotranslational targeting system has evolved, mediated by the signal recognition
particle (SRP) - the main mechanism of ER-targeting (Shao and Hegde, 2011). During the
targeting process, the hydrophobic signal sequence, typically 7-9 amino acids in length and
located towards the N-terminus of TMD proteins, is recognized by SRP and delivered to the
SRP receptor anchored to the ER membrane (Hegde and Keenan, 2022). The nascent chain
emerging from the ribosomal exit tunnel is initially shielded by the nascent polypeptide-

associated complex (NAC), which under normal conditions prevents SRP from binding to the
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ribosome, acting as a gatekeeper to prevent potential mistargeting of non-ER proteins (Figure
13). As the hydrophobic signal sequence emerges, NAC is displaced from the exit tunnel and
enables SRP to engage the ribosome. The UBA domain of NAC tethers SRP to the ribosome
and by a complex rearrangement of NAC. This allows SRP to directly engage the signal
sequence. Throughout the process of SRP-mediated targeting, NAC stays always bound to the

ribosome (Jomaa et al., 2022).
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Figure 13: NAC-mediated handover of ER signal-peptide to SRP to facilitate cotranslational
insertion of proteins into the ER. Adapted from Jomaa et al., 2022. The N-terminal hydrophobic
signal peptide pushes the NAC complex to the side as it emerges from the exit tunnel. At the
same time, SRP is tethered to the ribosome by the NAC complex, forming an SRP-NAC ternary
complex. Lastly, SRP binds to the SRP receptor, anchoring ribosomes to ER membranes,

initiating the insertion of nascent chains into the translocon.
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Certain TMD containing proteins are targeted by a mechanism independent of SRP, with tail-
anchored proteins (TA) being such a class, carrying a single transmembrane domain close to
their carboxyl end. SRPs tight association with the ribosome ensures its priority over the GET
pathway for TMD substrates. However, in the scenario for TA proteins, as their TMD remains
buried in the exit tunnel till translation is concluded, SRP is unable to bind to the hydrophobic
transmembrane segment (Schuldiner et al., 2008; Yamamoto and Sakisaka, 2012). As for SRP,
the process of TA targeting, at least in part, occurs cotranslationally. The chaperones BAG6
and SGTA bind ribosomes close to the exit tunnel with the latter capturing the TMD as it
emerges from the exit tunnel after translation is concluded (Mariappan et al., 2010; Zhang et
al.,, 2021). The SGTA-bound TA is then handed over to ASNA1 while bound to the BAG6
complex, which facilitates the insertion of TA proteins into the membrane via GET1/WRB and

GET2/CAML acting as a receptor (Schuldiner et al., 2008; Yamamoto and Sakisaka, 2012).
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Figure 14: Tail-anchored protein biogenesis and quality control. SGTA captures the TMD
segment of the TA-protein co- or posttranslationally and recruits it to BAG6, where it either is
handed over to ASNA1 for membrane insertion via CAML/WRB, or ubiquitinated by RNF126
and degraded by the proteasome. Mistargeted TA-proteins at the ER are retrotranslocated by
ATP13A1 to be captured by the BAG6 complex, which either leads to another attempt at

insertion or their degradation.
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Failure of TA protein targeting poses the risk of orphaned TMD proteins in the cytosol. In that
case, SGTA binds to mislocalized TA and delivers the bound substrate to BAG6. The N-terminus
of BAG6 in turn is recruiting the E3 ubiquitin ligase RNF126, and ubiquitinates the bound
substrate. Ubiquitylation of orphaned TA proteins prevents the rebinding of SGTA and targets
them to the proteasome for degradation (Hessa et al., 2011; Rodrigo-Brenni et al., 2014).
Likewise, transmembrane proteins can end up being inserted into the wrong cellular
compartment. Cells have developed defense strategies to clear such incorrectly inserted
membrane proteins and retro-translocate them to the cytosol. In ER membranes, the P5A-
ATPase ATP13A1 has been identified to recognize mistargeted membrane proteins and ATAD1

as the mitochondrial counterpart (McKenna et al., 2020; Wohlever et al., 2017).

Translation and ageing
Ageing is characterized by a progressive decline in proteostasis capacity resulting in an
increasing susceptibility to develop proteome imbalance (Walther et al., 2015). It is the main
risk factor for a multitude of neurodegenerative diseases, such as Alzheimer’s disease and
Parkinson’s disease (Chiti and Dobson, 2017). Proteins need to be folded into their correct
structures to be functional. In E. coli, it is estimated that roughly one-third of the proteome is
folded cotranslationally (Ciryam et al., 2013). Cotranslational protein folding depends on
optimal translation rates and translational fidelity. However, as the organism ages,
translational fidelity is increasingly impaired. As a result, proteins accumulate in non-
functional aggregates in the cytosol, posing the risk of sequestering other factors by
promiscuous interactions, thereby driving the proteostatic collapse (Chiti and Dobson, 2017).
Translation elongation rates and translation initiation generally decline with age,
reducing overall protein production (Gerashchenko et al., 2021). Many lifespan extending
pathways have been linked to altered translation rates, such as the insulin-like growth factor
(IGF-1) pathway, target of rapamycin (TOR) pathway, p38 mitogen-activated protein kinase
(MAPK) pathway or integrated stress response (ISR) (Gonskikh and Polacek, 2017).
Experimental evidence suggests that down-regulation of translation has a beneficial
effect on lifespan in a large variety of organisms. Therefore, the question arises whether the
observed reduced protein biosynthesis in aged organisms causes ageing or is a response to
physiological changes during ageing. In yeast, gene deletion of several ribosomal proteins,
which in turn reduce protein biosynthesis, were found to have lifespan-extending effects
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(Chiocchetti et al., 2007; Kaeberlein et al., 2005). Likewise, siRNA-mediated depletion of
several ribosomal subunits reduced translation which led to an extended lifespanin C. elegans
(Hansen et al.,, 2007). In contrast, reducing translation fidelity of ribosomes leads to
accelerated ageing phenotypes and reduced lifespan (Shcherbakov et al., 2022). In line with
the idea that reduced translation is beneficial for ageing, down-regulation of translation

initiation factors was shown to increase lifespan significantly (Curran and Ruvkun, 2007).

4 N

Viral Heme Aminoacid ER

infection deprivation deprivation stress

ribosomal collisions
¥ $ ¥ $
EaEa N

- J

NS

elF2a elF2a-P

P

activated durin ageing

Cap-dependent translation

@

7 DS

VA v
L Gene expression
Figure 15: Schematic overview of integrated stress response signaling. There are four known
phosphokinases that phosphorylate elF2a, which are activated by different stresses, such as
viral infection (PKR), heme deprivation (HRI), ER stress (PERK) and amino acid depletion and/or
ribosomal collision (GCN2). Moreover, GCN2 and PERK are activated during ageing leading to

increased phosphorylation of elF2a. which leads to the activation of increased transcription of

stress-related genes via ATF4 and inhibits cap-dependent translation.

The ISR acts as a translation control pathway by modulating translation initiation. Stress
signaling is mediated by several kinases, which phosphorylate elF2a.. That in turn stabilizes

the interaction of elF2o. with its GTP exchange factor elF2B, thereby reducing global
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translation rates. So far there are four kinases known to initiate the ISR, with each kinase
responding to a distinct form of stress. Two kinases, eukaryotic translation initiation factor 2-
alpha kinase (EIF2AK4), also known as GCN2, and PKR-like endoplasmic reticulum kinase
(PERK), which are both activated by amino-acid starvation or ER-stress, respectively, have also
previously been described to be activated during ageing. Besides acting as a global repressor
of mRNA translation, ISR activates the translation of specific genes involved in the response
to stress. Activating transcription factor 4 (ATF4) is a well-studied target that is regulated via
an upstream open reading frame (UORF), and under normal conditions repressed. However,
upon phosphorylation of elF2a, ribosomes translate past the uORF, driving the expression of
ATF4 coding sequence (CDS). ATF4 acts as a transcription factor, inducing the expression of
the C/EBP homologous protein (CHOP), which in turn increases apoptotic signaling.

The unfolded protein response activates the ISR via PERK in a situation of accumulating
misfolded protein in the ER (Chadwick and Lajoie, 2019). Several chaperones are required to
maintain the folding capacity within the ER lumen and ensure proper formation and secretion
of newly synthesized proteins (Woodward and Shirokikh, 2021). If the folding capacity is
impaired, the UPR is activated, which in turn triggers the ISR via PERK, shutting down global
protein biosynthesis (Estebanez et al., 2018). In aged organisms, the abundance of ER
chaperones is decreased, which results in an imbalance in protein folding capacity and
therefore in the accumulation of misfolded proteins, activating PERK (Chadwick et al., 2020).
GCN2 is the second known kinase that can trigger the ISR and is activated as the organism
ages. In yeast, lowering elF2a-P reduced lifespan, while its induction had a positive influence
on autophagy, resulting in a prolonged lifespan (Hu et al.,, 2018). However, there are
conflicting reports in C. elegans. While one study demonstrated that loss of elF2a
phosphorylation had a positive effect on lifespan (Derisbourg et al., 2021), another report
showed that in the long-lived daf-2 mutant animals, elF2a phosphorylation contributes to the
lifespan extension (Li et al., 2021). This would indicate that based on the situation, the ISR is

operating in an optimal activation window (Costa-Mattioli and Walter, 2020).

The ISR has been implicated in several neurological processes. A low-level activation
of the ISR is beneficial for memory formation (Bellato and Hajj, 2016; Delaidelli et al., 2019),
while a prolonged hyperactivated ISR in the brain is implicated in several neurodegenerative

diseases including Alzheimer’s disease, and Parkinson’s disease. Inhibition of the ISR by an ISR
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inhibitor (ISRIB) was shown to improve the disease phenotype and prevent memory deficits

in aged mice (Jan et al., 2018; Krukowski et al., 2020; Longo et al., 2021).

While ISR activation seems to be overall protective in aged single cell organisms, hyperactive
ISR can have the opposite effect in multicellular animals (Moon et al., 2018). The extent to
which ISR is beneficial for different cell types in higher eukaryotes remains unclear, and further
research is required.

There are several reasons that could explain the underlying mechanism for prolonged
lifespan caused by reduced translation rates. Translation is energetically a very expensive
process. By reducing the translation rates, energy can be redistributed to other processes,
such as DNA quality control (Gonskikh and Polacek, 2017). High translation rates also result in
the accumulation of faulty protein products, caused by either inefficient co-translational
folding or translational errors (Anisimova et al., 2020). This either leads to the loss of function
of proteins or gain of toxicity by forming potentially toxic aggregates cells. Reducing overall
protein synthesis rates might aid in reducing the burden on the proteostasis network by

allowing efficient detection and refolding of faulty products, or their degradation.

Sensing, clearing, and preventing ribosomal collisions

The decline in translational fidelity with increasing age of the organism has been observed
across different species including yeast, mice, and humans (Gerashchenko et al., 2021; Hu et
al.,, 2018; van Heesch et al.,, 2019). The loss of fidelity and slowdown of translation is
accompanied by increased ribosomal stalling at certain motifs, including polybasic stretches
(Stein et al., 2022). Ribosomal stalling eventually can lead to ribosome collisions if the trailing
ribosome catches up to the stalled lead ribosome. Ribosomal stalling may result in production
of incomplete proteins, which are unable to fold and may cause toxic effects. To deal with
such aberrant and incomplete polypeptides, cells have evolved a ribosome associated quality
control (RQC) pathway (Sitron and Brandman, 2020).

Ribosomal collisions, the main triggers for RQC, are sensed by the E3 ubiquitin RING ligase
ZNF598 (Hel2 in yeast) (Juszkiewicz et al., 2018), which facilitates the clearance of the nascent
polypeptide. ZNF598 binds to the 40S-40S interface of the two collided ribosomes and
ubiquitinates proteins of the small ribosomal subunit, such as RPS3, RPS10 and RPS20. The

flagged ribosomes are subsequently recognized by the RQC trigger (RQT) complex, which
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facilitates ribosomal splitting. The nascent chain that stays attached to the 60S subunit of the
ribosome is engaged by NEMF (RQC2). NEMF non-canonically elongates the nascent chain
with alanine and threonine residues (commonly referred to as CAT tails) (Shen et al., 2015),
which have been shown to act as a potent degron (Sitron and Brandman, 2019; Udagawa et
al., 2021). Additionally, the E3 ubiquitin ligase listerin 1 (LTN1) is recruited by NEMF to the 60S
ribosome, ubiquitinating the nascent chain (Choe et al., 2016). The subsequent nascent chain
release is orchestrated by ANKZF1, a peptidyl tRNA hydrolase, and VCP, extracting the
polypeptide from the 60S ribosomal exit tunnel (Sitron and Brandman, 2020). The
ubiquitinated nascent chain is then degraded by the proteasome. The process of protein
clearance is tightly coupled to degradation of such potentially aberrant mRNAs, which is
facilitated by the exosome with SKIV2L acting as an adapter protein or by XRN1 (Park et al.,
2021).

Recently a second line of defense against ribosomal collisions has been identified.
Several stresses, such as ribotoxins or UV radiation led to a global increase of ribosomal
collisions. Ribosome-associated factors initiate cellular stress responses such as the ISR or
ribotoxic stress response (RSR), attenuating general translation and dependent on the extent
and duration of collision persistence, decide the cellular fate of either stress resolution or
activation of cell death (Wu et al., 2020). Ribosome collisions lead to the phosphorylation of
elF2o via GCN2, activating the ISR. GCN2 was originally shown to play a central role in sensing
amino acid deprivation. It exhibits sequence similarities to the histidyl-tRNA synthase, likely
allowing the interaction with uncharged tRNAs and thereby surveilling cellular tRNA charging
status (Dong et al., 2000). Further, GCN2 binds directly to ribosomes via the P-stalk, mediating
the GCN2-dependent activation of ISR (Harding et al., 2019; Inglis et al., 2019). Treatment of
cells with intermediate doses of the translation inhibitor anisomycin induces the ISR in a
GCN2-dependent manner mediated by ZAKo (a MAPKKK kinase) and GCN1 (a GCN2 cofactor).
In contrast, a saturating dose of anisomycin is unable to induce the ISR, indicative of ribosomal
collisions as a pre-requisite for induction (Wu et al., 2020). In an acute situation of ribosomal
collisions, activation of ISR is believed to increase cellular survival by reducing the translational
load (Wu et al., 2020). ZAKa is known to associate with the ribosome itself, signaling the RSR
when ribosomes frequently collide, and collisions persist. ZAKa is autophosphorylated upon

prolonged collisions and activates the RSR via the MAPK cascade, with downstream
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phosphorylation of p38 and JNK, implicated in apoptosis and inflammation responses

(Canovas and Nebreda, 2021; Coffey, 2014; Wu et al., 2020).
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Figure 16: Mechanisms of sensing and rescuing stalled ribosomes. Ribosomes that reach the
end of a cleaved transcript fail to terminate translation and are trapped on the mRNA. In such
a situation, ribosomal splitting and recycling is aided by HBS1L and Pelota together with
ABCE1. The nascent chain is then removed by the RQC machinery. Ribosomes can also be
stalled and eventually collide for extended periods when translating either poly-basic
stretches, sequences rich in nonoptimal codons or polyproline regions. Such collided ribosomes
are identified by EDF1 orchestrating downstream responses, such as translational repression
via GIGYF2. If collisions remain unresolved, induction of the ribotoxic stress response occurs via
ZAK, or the integrated stress response involving GCN1 and GCN2. This lowers the general

translational output of cells to prevent further ribosomal collisions.

Onthe other hand, EDF1 is believed to be the first protein to engage collided ribosomes before
invoking the RQC (Juszkiewicz et al., 2020; Sinha et al., 2020). Only if collisions persist, are the
stalling sensor ZNF598 and GIGYF2-4EHP recruited. The latter acts as a translation repressor
and trigger for mRNA decay, whereas ZNF598 ubiquitinates RPS subunits initiating the RQC
cascade (Hickey et al., 2020; Juszkiewicz et al., 2020; Weber et al., 2020). Interestingly, EDF1

has been found to be associated with GCN1 during the process of sensing collided ribosomes.
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Here, the role of EDF1 is likely to suppress frameshifting, that may arise as a consequence of

ribosomal collisions (Pochopien et al., 2021; Simms et al., 2019).

While the three known ribosome-associated surveillance pathways have their unique
initiation sensors, like ZNF598 for the RQC pathway, GCN1/2 for ISR, and ZAKa. for RSR, they
share collided ribosomes as their trigger. This invites the question why three pathways have
evolved independently to deal with the same problem. Most likely, there is crosstalk between
the three described pathways, potentially acting as failsafe options for one another. This idea
is supported by the fact that although RQC activation is not dependent on RSR (Vind et al.,
2020), the RSR is aggravated in the absence of ZNF598 (Wu et al., 2020).

Disome-profiling experiments have revealed that ribosomal collisions are frequent
events on endogenous mRNAs at basal conditions (up to ~10% of total ribosomes) (Arpat et
al., 2020; Han et al., 2020; Meydan and Guydosh, 2020; Zhao et al., 2021). As discussed before,
ribosomal collisions can be induced by several factors such as unfavorable codon-pairs,
proline/lysine/arginine stretches and during translation termination. However, not all
ribosome collisions will elicit protective responses. Some stalling and collision events are
essential for co-translational regulation, e.g. targeting of proteins to certain organelles (e.g.
XBP1) or efficient folding of certain domains (Zhao et al., 2021). Thus, a question arises — How
do cells differentiate between productive stalling/collision events and collisions that results
from erroneous processes? While the exact mechanisms remain unclear, it is currently
believed that when pathological collisions occur only on a few selected mRNAs, RQC is the
prioritized response. However, if collisions happen at a global scale, and eventually
overwhelm the RQC machinery, the fail-safe mechanisms such as ISR and RSR are activated.
This model is challenged, however, by the recent finding that GCN1 is found to be bound to
~50% of collided ribosomes at basal conditions (Fedry et al., 2023). Nevertheless, the GCN1/2-
dependent activation of ISR would reduce global translation, thereby reducing the chances for
further ribosomal clashes and promoting the expression of stress-related genes via ATF4. If
that does not lead to a mitigation of collisions, RSR is activated via ZAKa, ultimately signaling
for apoptosis of the affected cell, while ensuring the overall survival of a multicellular

organism.
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Translation readthrough mitigation

A potentially significant source of aberrant translation products is the failure of translation
termination at the stop codon, resulting in read-through of ribosomes into the 3’ untranslated
region, thereby generating C-terminally extended polypeptides (CTE). Translation through the
3’UTR into the polyA tail generates ribosome-stalled nascent chains that trigger the activation
of the ribosome quality control (RQC) pathway (Sitron and Brandman, 2020). However, the
3’UTR sequences preceding the polyA sequence can be rather long, in some cases exceed a
few kilobases, and for most transcripts an additional termination codon occurs before the
ribosome reaches the polyA tail. The resulting nascent polypeptides are therefore not
substrates of the RQC pathway. Depending on the mRNA, readthrough can add up to
hundreds of amino acids to the nascent chain. Several pathologies are caused by late
frameshifts or stop codon mutations resulting in proteins with 3'UTR-encoded CTEs with some
of them resulting in a loss of function and some leading to the production of aberrant proteins
that may form gain of function toxic aggregates. Moreover, ageing has been associated with
increased stop codon readthrough in Drosophila, with neurons being particularly susceptible
to translation termination errors (Chen et al., 2020). Although the fidelity of protein
translation termination is crucial, readthrough is much more pervasive than initially thought,
with readthrough efficiencies estimated to vary from <1% to 10% or more (Dunn et al., 2013),

posing a sizable problem.

Nematodes limit the toxic effects of readthrough proteins by efficiently clearing them,

especially when their 3’'UTRs encode for amino acid sequences hydrophobic in nature (Arribere

et al., 2016). There are different proposed models as to how that mitigation is facilitated. While

ubiquitin-dependent proteasomal degradation has been implicated in this process of

readthrough mitigation (Dhamija et al., 2020; Shibata et al., 2015), other studies suggested

ribosome queuing and translation inhibition as a means of limiting CTE protein production

(Hashimoto et al., 2019; Yordanova et al., 2018). More recently, elimination of readthrough

proteins was reported to occur via lysosomal degradation independent of the ubiquitin

proteasome system (Kramarski and Arbely, 2020). Thus the underlying clearance mechanism and

the machineries involved in translation readthrough mitigation remain to be characterized.

33



Summary

Cells invest tremendously to maintain the fidelity for transcription and translation to ensure
accurate transmission of the genetic code into proteins. Yet, errors may occur at each stage.
During transcription, errors arise at a rate of ~10°-10 per base, whereas the error rate during
translation is around a magnitude higher with ~10#-10-3amino acid misincorporations per codon.
Such errors become increasingly frequent with ageing, posing a sizable risk for the organism. In
some instances, this leads to missing or misread stop codons, allowing translation to continue
into the 3’UTRs of transcripts. Such C-terminal extensions may interfere with the folding of
proteins, or worse, promote promiscuous interactions with other proteins, which in turn may
disturb cellular processes and reduce overall fitness. Translation into the polyA-tail of transcripts
leads to the activation of the ribosome quality control (RQC) complex, which clears both aberrant
protein and mRNA.

However, in most cases, translation would be terminated at stop codons within the 3’UTR
before the ribosome reaches the polyA-tail. Such readthrough events would therefore not be
recognized by the RQC. While previous studies suggested that such readthrough products are
recognized and efficiently cleared by cells, the underlying mechanism remained unclear. Given
the decline in translational fidelity during ageing, this clearance pathway is expected to become
increasingly important to release the burden on the proteostasis network. Using the nematode
C. elegans as a model for ageing, we aimed to identify the quality control mechanisms mitigating
translational readthrough and investigated the consequences of their failure during ageing.

Using this approach, we identified in C. elegans and human cells that readthrough
proteins are cleared through a coupled, two-level quality control pathway involving the BAG6
chaperone complex and the ribosome collision-sensing protein GCN1. Readthrough proteins with
hydrophobic C-terminal extensions are recognized by SGTA-BAG6 and ubiquitylated by RNF126
for proteasomal degradation. Additionally, cotranslational mRNA decay mediated by GCN1 and
CCR4/NOT limits the accumulation of readthrough proteins. Selective ribosome profiling
uncovered a general role of GCN1 in regulating translation dynamics when ribosomes encounter
non-optimal codons, a feature of 3'UTR sequences. Dysfunction of GCN1 results in mRNA and
proteome imbalance, increasingly affecting transmembrane proteins and collagens during
ageing. These results define GCN1 as a key factor acting during translation in maintaining protein

homeostasis.
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Materials and methods

Reagent or Resource Source Identifier
Antibodies

M2 Flag antibody Sigma F1804
GFP antibody Roche 11814460001
o-tubulin Merck 76199
Phospho-elF2a Abcam ab32157
Phospho-p38 MAPK Cell Signaling 9211S
eRF3 Abcam ab126090
eRF1 Santa Cruz sc-365686
Recombinant DNA

unc-54p::YFP-STOP This study pPK86
unc-54p::YFP-UTR This study pPK89
unc-54p::mScarlet-T2A-YFP(Notl)myo- | This study pMM23
3p::CFP

unc-54p::mScarlet-T2A-YFP-slc- This study pMM?24
17.5(3UTR) myo-3p::CFP

unc-54p::mScarlet-T2A-YFP- This study pMM?25
F40D4.17(3UTR) myo-3p::CFP

unc-54p::mScarlet-T2A-YFP- This study pMM?26
R160.3(3UTR) myo-3p::CFP

unc-54p::mScarlet-T2A-YFP- This study pMM?27
T21C12.3(3UTR) myo-3p::CFP

unc-54p::mScarlet-T2A-YFP-sec-61.b This study pMM?28
myo-3p::CFP

unc-54p::mScarlet-T2A-YFP-sec- This study pMM?29
61.b(TA) myo-3p::CFP

unc-54p::mScarlet-T2A-YFP-STOP-slc- | This study pMM30

17.5(3UTR) myo-3p::CFP

35




unc-54p::mScarlet-T2A-YFP-STOP- This study pMM31
FA0D4.17(3UTR) myo-3p::CFP

unc-54p::mScarlet-T2A-YFP-STOP- This study pMM32
R160.3(3UTR) myo-3p::CFP

unc-54p::mScarlet-T2A-YFP-STOP- This study pMM33
T21C12.3(3UTR) myo-3p::CFP

unc-54p::mScarlet-T2A-YFP-STOP-sec- | This study pMM34
61.b myo-3p::CFP

unc-54p::mScarlet-T2A-YFP- STOP-sec- | This study pMM35
61.b(TA) myo-3p::CFP

unc-54p::mScarlet-T2A-T2A-YFP This study pMM36
unc-54p::mScarlet-T2A- This study pMM37
FA0D4.17(3UTR)-T2A-YFP

unc-54p::mScarlet-T2A- This study pMM38
FA0D4.17(3UTR)-T2A-YFP codon

optimized 1

unc-54p::mScarlet-T2A- This study pMM39
FA0D4.17(3UTR)-T2A-YFP codon

optimized 2

unc-54p::mScarlet-T2A-SLC- This study pMMA40
17.5(3UTR)-T2A-YFP

unc-54p::mScarlet-T2A-SLC- This study pMM41
17.5(3UTR)-T2A-YFP codon optimized

1

unc-54p::mScarlet-T2A-SLC- This study pMM42
17.5(3UTR)-T2A-YFP codon optimized

2

unc-54p::mScarlet-T2A-K;0(AAA)T2A- This study pMM43
YFP

pCMV-mScarlet-P2A-P2A-EYFP(Xbal) This study pMM44
pCMV-mTurqg2

pCMV-mScarlet-P2A-P2A-EYFP- This study pMM45

TCEAL1(3UTR) pCMV-mTurg2
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pCMV-mScarlet-P2A-P2A-EYFP-(3UTR) | This study pMM46
pCMV-mTurqg2

pCMV-mScarlet-P2A-P2A-EYFP- This study pMM47
CNIH3(3UTR) pCMV-mTurqg2

pCMV-mScarlet-P2A-P2A-EYFP- This study pMMA48
OR8D4(3UTR) pCMV-mTurg2

pCMV-mScarlet-P2A-P2A-EYFP- This study pMMA49
CCK(3UTR) pCMV-mTurq2

pCMV-mScarlet-P2A-P2A-EYFP-SEC- This study pMM50
61.B pCMV-mTurq2

pCMV-mScarlet-P2A-P2A-EYFP-SEC- This study pMM51
61.B(TA) pCMV-mTurqg2

pCMV-EYFP This study pMM52
pCMV-EYFP-TCEAL(3UTR) This study pMM53
pCMV-EYFP pCMV-mTurquoise2 This study pMM54
pCMV-mScarlet pCMV-mTurquoise2 This study pMM55
Oligonucleotides

gPCR tba-1 fw: This study N/A
ACCAACAAGCCGATGGAGAA

gPCR tba-1 rev: This study N/A
ACCACGAGCGTAGTTGTTGG

gPCR pmp-3 fw: This study N/A
CACTTTCACCGCCCAATGAC

gPCR pmp-3 rev: This study N/A
TCGACGCCAATGACAATCCA

gPCR EYFP fw: This study N/A
TGAACTTCAAGATCCGCCACA

gPCR EYFP rev: This study N/A
TTCTCGTTGGGGTCTTTGCT

gPCR hsp-16.1 fw: This study N/A
AGATATGGCTCAGATGGAACGTC

gPCR hsp-16.1 rev: This study N/A

GCTTGAACTGCGAGACATTGAG
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gPCR hsp-16.2 fw: This study N/A
TCCATCTGAGTCTTCTGAGATTGTT

gPCR hsp-16.2 rev: This study N/A
TGATAGCGTACGACCATCCAAA

gPCR hsp-16.48 fw: This study N/A
GCTCATGCTCCGTTCTCCAT

gPCR hsp-16.48 rev: This study N/A
TGAGAAACATCGAGTTGAACAGAGA

gPCR hsp-70 fw: This study N/A
CCGGTTGAAAAGGCACTTCG

gPCR hsp-70 rev: This study N/A
GAGCAGTTGAGGTCCTTCCC

YFP Probe #1 This study N/A
TGAACTTGTGGCCGTTTACG

YFP Probe #2 This study N/A
TGGTGCAGATGAACTTCAGG

YFP Probe #3 This study N/A
TAGCCGAAGGTGGTCACGAG

YFP Probe #4 This study N/A
AAGAAGTCGTGCTGCTTCAT

YFP Probe #5 This study N/A
CTTGAAGAAGATGGTGCGCT

YFP Probe #6 This study N/A
TTGAAGTCGATGCCCTTCAG

YFP Probe #7 This study N/A
TAGACGTTGTGGCTGTTGTA

YFP Probe #8 This study N/A
CTTGAAGTTCACCTTGATGC

YFP Probe #9 This study N/A
TAGCTCAGGTAGTGGTTGTC

YFP Probe #10 This study N/A

TCGTCCATGCCGAGAGTGAT
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C.elegans strains

unc-54p::YFP-STOP This study FUH277
unc-54p::YFP-UTR This study FUH279
unc-54p::YFP-UTR; rpn-10 (0k1865) This study FUH492
unc-54p::YFP-UTR; hsp-16s (mar01) This study FUH370
unc-54p::YFP-STOP; hsp-16s (mar01) This study FUH369
unc-54p::YFP-UTR; rnf-126 (gk504603) | This study FUH432
unc-54p::YFP-UTR; gcn-1 (nc40) This study FUH491
unc-54p::YFP-UTR; skih-2 (cc2854) This study FUH483
3xFLAG-gcn-1({mar02) This study FUH503
skih-2(cc2854) 2x BC Andrew Fire lab PD2860
gcn-1(nc40) CGC ST60
rnf-126(gk504603) 6x BC CGC FUH431
Cell lines
HEK293T ATCC -
Enzymes and Chemicals
Cycloheximide Sigma Aldrich 01810
riboPOOL Ribo-Seq 12 reaction Kit Biozym 27DP-K012-
000067
SUPERaseeIn RNase Inhibitor Thermo AM2694
5' DNA Adenylation kit NEB E2610L
cOmplete EDTA-free Protease Inhibitor | Roche 11873580001
Cocktail
microRNA marker NEB N2102S
Direct-zol RNA Miniprep Zymo R2050
Novex TBE-Urea Gels Thermo EC68852BOX
Ultra-Low Range DNA Ladder Thermo 10597012
T4 Polynucleotide Kinase NEB M0201S
T4 RNA Ligase 2, truncated K227Q NEB MO0351S
Deadenylase NEB MO0331S
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ProtoScript® Il Reverse Transcriptase NEB MO0368L
Quantit Ribogreen RNA reagent Invitrogen R11490
RNAsel 10u/ul Biozym 173010
Circ ligase | Biozym 131401
Novex TBE Gels 8% 15-well Thermo EC62155BOX
Lipofectamine 3000 Thermo L3000008
TRIzol Reagent Thermo 15596026
QuantiTect Rev. Transcription Kit Qiagen 205311
NEBuilder HiFi DNA Assembly Master | NEB E2621L
Mix
GFP-Trap Magnetic Agarose Chromotek gtma
Anti-FLAG® M2 Magnetic Beads Sigma Aldrich M8823
iST Kit 96x preomics P.0.00027
Phusion NEB MO0530L
CC-885 MedChemExpress HY-101488
Geneticin Selective Antibiotic (G418 Thermo 10131027
Sulfate)
Software and Algorithms
DESeq2 https://github.com/mikelove/DESeq2 N/A
STAR https://github.com/alexdobin/STAR N/A
Bowtie2 https://github.com/BenLangmead/bowtie2 | N/A
umi_tools https://github.com/CGATOxford/UMI-tools | N/A
RiboWaltz https://github.com/LabTranslationalArchit | N/A
ectomics/riboWaltz
RiboMiner https://github.com/xryanglab/RiboMiner N/A
codonDT https://github.com/cgob/codonDT_snake N/A
make
Fiji N/A
Graphpad Prism N/A
biopython https://github.com/biopython/biopython N/A
kplogo http://kplogo.wi.mit.edu/ N/A
GeneOntology http://geneontology.org/ N/A
Perseus N/A
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MaxQuant

N/A
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C. elegans strains and maintenance

The Bristol strain N2 was used as wild-type. Strains used in this study are listed in the Key
Resource Table. Worms were grown on nematode growth medium (NGM) seeded with OP50
bacteria and maintained at 20°C unless otherwise indicated. For liquid culture, worm eggs were
collected by bleaching and synchronized populations of L1 larvae were obtained by overnight

growth in M9 medium. The L1 larvae were grown in S Basal in presence of OP50 bacteria.

Cas9 expression and purification

Cas9 purification was adapted from Paix et al. (2015). BL21 (DE3) E. coli were transformed with
pHO4d-Cas9 (Addgene #67881) (Paix et al., 2015). The main culture was induced at a density of
ODeoo = 0.8 with a final concentration of 0.2 mM IPTG at 18°C overnight. Cells were collected by
centrifugation and 6 ml Buffer A (20 mM Tris pH 8.0, 250 mM KCI, 20 mM Imidazole, 10% glycerol,
1 mM TCEP, 1x EDTA-free protease inhibitor) was added per gram of wet culture. Lysozyme was
added to a final concentration of 1 mg/ml (Sigma L6876). The suspension was lysed by sonication
on ice (10% amplitude, 1.5 s pulse, 5 s pause) for a total time of 45 min. The lysate was clarified
by centrifugation at 16,000 x g and the supernatant transferred to a fresh tube. Clarified lysate
was passed over a 5 ml HisTrap Hp column (GE Healthcare) at a flowrate of 0.5 ml/min and
washed with 100 ml of buffer B (20 mM Tris pH 8.0, 800 mM KCI, 20 mM imidazole, 10% glycerol,
1mM TCEP). The bound protein was eluted with 20 column volumes of a gradient from 0-100%
buffer C (20 mM Hepes pH 8.0, 500 mM KCl, 250 mM imidazole, 10% glycerol). Eluent was passed
over a MonoQ column to remove Cas9-bound DNA and the flowthrough was collected. To
remove any aggregated Cas9 protein, the flowthrough was separated on a 26/60 Sephacryl S-200
column (GE Healthcare #1721195201) with Buffer D (20mM Hepes pH 7.5, 500 mM KCl, 20%
glycerol). Fractions containing monomeric Cas9 were pooled and concentrated to 10 mg/ml by

centrifugation through a 100K filter (Milipore, UFC910024).

CRISPR/Cas9-mediated homologous recombination

Generation of transgenic animals was performed as previously described with adaptations (Paix
et al., 2015). An aliquot of 5 pl purified Cas9 was thawed on ice and incubated with a 100mer
sgRNA (Synthego) targeting the gene of interest and dpy-10 as an injection control for 10 min at
room temperature (RT). For deletions/knockouts ssODNs (synthetic single-stranded

oligodeoxynucleotide donors) were ordered from Integrated DNA Technologies (IDT) as a repair
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template and reconstituted to a concentration of 1 mg/ml for the gene of interest and 0.5 mg/ml
for dpy-10. After incubation, 2.2 ul of ssODN for the gene of interest and 0.55 pl of ssODN against
dpy-10 was added to the injection mix. To keep Cas9 soluble, 0.5 pl of 1 M KCL and 0.75 ul of 200
mM Hepes pH 7.4 was added. The injection mix was topped up to 20 pl with water and
centrifuged at 20,000 x g for 2 min before injecting it into the gonads of the nematodes. The
injection mix or ribonucleoprotein complexes (protein Cas9, tracrRNA, crRNA) and ssODN were
microinjected into the gonad of young adults using standard methods. Single injected worms
were placed at 20°C. Integrated lines were identified by screening for rollers and singled out on

individual plates.

Immunoblotting

Synchronized D1 adult worms were lysed using a Biorupter (Diagenode) (7 cycles of 30s on
with 30s pause) at 4°C. Lysate was clarified by centrifugation at 400 x g for 10 min at 4°C.
Proteins were transferred from polyacrylamide gels to nitrocellulose membranes (GE
Healthcare) at a constant voltage of 75V, limiting the current to 200 mA for 2 h. Membranes
were washed in TBS-T buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05% Tween-20) and
blocked with 5% skim milk for 1h at RT. Membranes were incubated with primary antibody in
TBS-T with 5% skim milk overnight at 4°C. The blot was then washed 4 times with TBS-T for 10
min each time at RT and incubated with secondary antibody for 1h at RT. After 4 washes the
blot was developed either on an ImageQuant LAS 4000 or ImageQuant 800 system. Images

were analyzed in FlJI.

LC-MS/MS analysis

For mass spectrometry analysis, tryptic peptides were loaded on a reverse phase column with
an inner diameter of 75 um packed with 1.9 um C18 beads using the autosampler of the
Thermo Easy LC system (Thermo Scientific). Temperature of the column was kept at a constant
50°C in a column oven (Sonation). Peptides were loaded in buffer A (0.1% formic acid),
separated with a 130 min gradient of 5%—30% buffer B (80% ACN and 0.1% formic acid) at a
flowrate of 300 (or 250) nl/min and directly applied onto a benchtop Orbitrap Q Exactive HF
mass spectrometer (Thermo Scientific) via electrospray. The Q-Exactive HF was operated in
data-dependent mode with survey scans at mass range of 300 to 1650 m/z. Up to the 10 or

15 most abundant precursor patterns from the survey scan were selected and fragmented by
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higher energy collisional dissociation. MS/MS spectra were acquired with a resolution of

15,000 (FWHM), at a maximum injection time of 50 ms, and a target value of 1e5 charges.

MS data analysis

Raw data was processed using MaxQuant version 1.5.0.25 with a false discovery rate (FDR) of
0.01 for peptides and proteins. MS/MS peaks were searched against the Uniprot reference
proteome list of either Caenorhabditis elegans or Homo sapiens. Cysteine
carbamidomethylation was set as a constant modification, whereas methionine oxidation and
N-terminal acetylation were selected as variable modifications. Depending on the experiment,
the match-between-run option was enabled, and proteins were quantified using the label-
free quantification (LFQ) algorithm. LFQ values were further processed using the Perseus

software.

MRNA pulldown

3'-Biotin-TEG 20 nt antisense oligonucleotides targeting the coding region of YFP were designed
as previously described (Chu et al., 2012). Probes were adjusted to a final concentration of 100
UM (10 uM each). Immunoprecipitation was performed as previously described with adaptations
(Theil et al., 2019). Standard nematode growth medium (NGM) plates were seeded with 300 pl
of an overnight OP50 bacteria culture. The bacterial lawn was grown for 4-6 days before 20 L4
hermaphrodites were transferred. Worms were cultured at 20°C and monitored till the bacterial
lawn was fully consumed (6-7 days). The plates were washed with M9 buffer and synchronized
worms were transferred to 500 mL S-Basal. The culture was grown for 3 days with shaking at 120
rom at 20°C. Worms were pooled in 50 mL Falcon tubes and washed several times with M9
buffer. The worm suspension was then transferred to unseeded 15 cm plates and exposed to 254
nm UV light (1J/cm?) using a Stratalinker 1800 to crosslink interactions of RNA with proteins. The
worm pellet was washed with lysis buffer (25 mM Hepes-KOH pH 7.4, 100 mM KoAC, 10 mM
MglCl,, 0.5 mM DTT, 2 tablets EDTA free protease inhibitor, 0.1 U/uL SUPERase*In) and frozen
by dripping small droplets into liquid nitrogen.

Frozen worms were lysed using a Retsch Cryomill MM400 at 30 Hz (3 times 90 s with cooling
between cycles). Lysate was thawed on ice and clarified at 2000 x g for 10 min at 4°C. Samples
were adjusted to a concentration of 10 mg/ml protein and 250 pmol of probe (see Key Resource

Table) was added per 100 mg protein. Formamide was added to a final concentration of 7.5%
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and samples were incubated at 20°C by vertical rotation for 2 h. 200 pL of Dynabeads MyOne
Streptavidin C1 (Thermo Fisher Scientific) were added to the lysate and incubated for 1 h at 20°C.
The beads were washed 5 times and mRNA-bound proteins were digested on-bead using trypsin

using the iST 8x kit (PreOmics), followed by analysis by mass spectrometry.

Human cell culture and transfection

HEK293T cells were cultured in DMEM (Thermo Scientific, 11995073) supplemented with 10%
FBS (Gibco, 10270106) at 5% CO, and 37°C. Cells were transfected using lipofectamine 3000
(Thermo Fisher Scientific) following the manufacturer’s instructions. Cells were analyzed 48 h

after transfection by flow cytometry.

CRISPR knockout cell lines

HEK293T cells were seeded at a density of 250,000 cells in a 12-well plate. After 24 h the cells
were transfected with px459 v2 plasmids encoding gene specific sgRNAs (Ran et al., 2013). At
48 h post transfection, DMEM containing 2 pg/ml puromycin was added to cells. 4-5 days after
selection, surviving cells were passaged and tested for knockouts by immunoblotting. For
generating GCN1 knockout monoclones, single cells were sorted into 96 well plates and

individual colonies were screened by immunoblotting.

SiRNA treatment

HEK293T cells were split at a density of 750,000 cells in a 6-well plate. After 24 h the cells were
transfected with 100 pmol of ON-TARGETplus Human CNOT1 siRNA (Dharmacon) using
Lipofectamine 3000 following the manufacturer’s instructions. After 48 h post transfection,
the cells were split into a 12-well plate (250,000 cells/well). 24 h later (72 h after siRNA
transfection), the cells were transfected with the reporter plasmids using Lipofectamine 3000.
The effects of siRNA-mediated knockdown on the reporters was assessed 24 h later (96 h after

siRNA transfection), using flow cytometry (see below).

Flow cytometry
HEK293T cells were transfected with various reporter plasmids 48h prior to measurement

using Lipofectamine 3000 following the manufacturer’s instructions. 100,000 single cells per
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replicate were measured on a Thermo Scientific Attune NxT analyser, using lasers at 405 nm
(mTurquoise2), 488 nm (EYFP), 561 nm (mScarlet). Representative histograms were generated
using FlowJo (v.10), ratiometric analysis was done using custom scripts written in Matlab
(2019b), as previously described (Sitron and Brandman, 2019). Signal bleedthrough from the
red and blue channels (mScarlet and mTurquoise2, respectively) into the green channel (EYFP)
was calculated using an ‘RedBlue’ control expressing a mScarlet and mTurquoise2 dual-CMV
plasmid. Likewise, signal spillover from green and red channels (EYFP and mTurquoise2,
respectively) was accounted for by expressing a ‘GreenBlue’ control (YFP and mTurquoise2
dual-CMV plasmid). The signal bleeding effects were subtracted before additional

calculations.

Aggregate fractionation

HEK293T cells were washed with PBS and transferred to 1.5 ml tubes. The cells were counted,
and 10° cells pelleted by centrifugation at 400 x g for 3 min at 4°C. The cell-pellet was
resuspended in 200 pl RIPA (Thermo) buffer and incubated for 20 min on ice, followed by
sonication using a Biorupter (Diagenode) (7 cycles of 30 s with 30 s pause between cycles) at 4°C.
The same number of cells was analyzed as input control. The cell lysate was then transferred to
0.5 ml open-top thickwall polycarbonate tubes (Beckman, #343776) and centrifuged at 100.000
x g for 1h at 4°C in a TLA-120.1 rotor (Beckman, #362224). The supernatant was transferred to a
1.5 ml tube and the pellet was resuspended in 250 pl 1x HU buffer (8 M urea, 5% SDS, 200 mM
Tris-HCL pH 6.8, 1 mM EDTA, 0.01% bromphenol blue, 2% B-mercaptoethanol). The supernatant
and input were TCA-precipitated and resuspended in 250 pl 1x HU buffer for subsequent

immunoblot analysis.

Protein pulldown

Worms were prepared as described for the mRNA pulldown and lysed in lysis buffer (25 mM
Hepes-KOH pH 7.4, 100 mM KoAC, 10 mM MglCl,, 0.5 mM DTT, 2 tablets EDTA free protease
inhibitor) using a Biorupter (Diagenode). The lysate was clarified by centrifugation at 2000 x g for
10 min at 4°C. For each sample, 50 ul of GFP-Trap Magnetic Agarose beads (Chromotek) were
prepared by washing the beads twice in 1 ml lysis buffer. Worm lysate (50 mg protein total) was
adjusted to 10 mg/ml and added to the equilibrated beads. The suspension was then incubated

for 2 h at 4°C with vertical rotation. The beads were washed once with 2 ml of lysis buffer and
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twice with 1 ml lysis buffer containing 0.1% NP-40. After transferring the beads to a fresh 1.5 ml
tube, the beads were washed 3 times with lysis buffer without detergent. The bound protein was

digested on beads using the iST 8x Kit (PreOmics) following manufacturer’s instructions.

Preparation of total protein extracts for immunoblot analysis

Synchronized D1 adult worms were collected in M9 and OP50 bacteria were washed off with
water until the supernatant was clear. Excessive water was aspirated without disrupting the
worm pellet and an equal amount of lysis buffer was added (25 mM Hepes-KOH pH 7.4, 100 mM
KoAC, 10 mM MglICl,, 0.5 mM DTT, 2x EDTA free protease inhibitor). Nematodes were lysed by
sonication in a Biorupter (Diagenode) as above. The lysate was clarified by centrifugation at 2,000
x g and the supernatant transferred to a fresh tube. Protein concentration was estimated by
Bradford assay and adjusted to 1 mg/ml. 100 pl lysate was transferred to a fresh tube and 4 ul of
0.5% Na-deoxycholate was added. After 15 min incubation on ice, 10 ul of 100% TCA was added,
followed by incubation for another hour on ice. The sample was centrifuged at 18,000 x g at 4°C
for 30 min and the supernatant was discarded. The pellet was washed with 700 pl of ice-cold
acetone and centrifuged for another 10 min at 18,000 x g at 4°C. The pellet was air dried and
resuspended in 100 ul of 1x HU buffer (8 M urea, 5% SDS, 200 mM Tris-HCL pH 6.8, 1 mM EDTA,

0.01% bromphenol blue, 2% B-mercaptoethanol).

Total RNA isolation

Worms were synchronized by bleaching and grown up to D1 adult stage. The nematodes were
then washed off the plate with M9 buffer and transferred to a 1.5 ml tube. Following 3 washes
with M9 and 1 wash with water, 5 pellet volumes of TRIzol reagent (Invitrogen) was added. The
worms were lysed by 3 cycles of freezing in liquid nitrogen (30 s) and thawing at 37°C. The
suspension was then vortexed and left at RT for 5 min. Afterwards, 1 pellet volume of chloroform
was added and the reaction shaken vigorously. After centrifugation at 12.000 x g for 15 min at
4°C the supernatant was transferred to a fresh tube and the RNA was precipitated using 2.5
volumes isopropanol. The pellet was washed in 70 % ethanol and air dried. Finally, the pellet was

resuspended in RNAse-free water.
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Quantitative real-time PCR

A quantity of 500 ng RNA was used for reverse transcription using random primers according to
the manufacturer’s protocol (Qiagen Quantitect Reverse Transcription Kit). qPCR reactions on
cDNA contained Power SYBR green master mix (Applied Biosystems). Relative mRNA levels were
determined using the AACT method, normalizing to pmp-3 and tba-1 (Livak and Schmittgen,
2001). For YFP quantification, results were normalized to the copy number using gDNA for each

gPCR against YFP, normalizing to tba-1.

MRNA sequencing

mMRNA sequencing libraries were prepared with 200 ng or 1 mg of total RNA of each sample using
the NEBNext Ultra™ Il Directional RNA Library Prep Kit for [llumina® (E7765, NEB) with NEBNext®
PolyA mRNA Magnetic Isolation Module (E7490, NEB), according to standard manufacturer’s
protocol. Quality control of total RNA input and final libraries were performed using the Qubit™
Flex Fluorometer (Q33327, Invitrogen) and 4200 TapeStation System (G2991BA, Agilent). Paired-
end sequencing was performed on an lllumina NextSeq 500. The samples were multiplexed and
sequenced on one High Output Kit v2.5 to reduce a batch effect. BCL raw data were converted

to FASTQ data and demultiplexed by bcl2fastq Conversion Software (lllumina).

Preparation of total ribosome fraction for Ribo-seq

C. elegans

Synchronized nematodes were transferred to 1 | S-Basal and grown in liquid culture until D1 of
adulthood or until D6, when indicated. FUdR (200 uM) was added when the culture had reached
the L4/young adult stage. After thorough washing in M9, the nematodes were frozen in lysis
buffer (25 mM Hepes-KOH pH 7.4, 100 mM KoAC, 10 mM MglIClI2, 0.5 mM DTT, 2x EDTA free
protease inhibitor, 0.1 U/uL SUPERase*In, 100 pug/mL cycloheximide) by dropwise transfer into
liquid nitrogen. The nematodes were lysed with a Retsch Cryomill MM400 at 30 Hz for 3 times
90 s with cooling between cycles. The lysate was cleared for 10 min at 20,000 x g and 4°C.
Ribosome protected fragments (RPFs) were recovered, and libraries were prepared as previously
described (McGlincy and Ingolia, 2017).

HEK293T cells
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HEK293T cells were seeded into 15 cm plates 24 h prior to treatment. The cells were treated with
10 nM CC-885 and 20 pg/ml G418 for 4 h. Ribosome protected fragments (RPFs) were recovered,

and libraries were prepared as previously described (McGlincy and Ingolia, 2017).

Preparation of ribosome fractions for GCN-1-IPed Ribo-seq

C. elegans

The procedure for immunoprecipitation (IP) of GCN-1 bound ribosomes was adapted from
(Matsuo and Inada, 2021). Nematodes were synchronized by bleaching. L1 larvae were
transferred to 1 L S-Basal. The animals were harvested at D1 of adulthood. Bacteria were
removed by repeated washes in M9. In the last washing step, M9 was replaced by lysis buffer (25
mM Hepes-KOH pH 7.4, 100 mM KoAC, 10 mM MgICl;, 0.5 mM DTT, 2x EDTA free protease
inhibitor, 0.1 U/uL SUPERase*In, 100 pug/mL cycloheximide). After a quick spin, the worms were
flash frozen in liquid nitrogen. The frozen worms were lysed with a Retsch cryomill MM400 at 30
Hz as above. The lysate was thawed on ice and clarified by centrifugation at 4,000 x g for 10 min
at 4°C. Protein concentration was determined by Bradford assay. The supernatant fraction (80
mg of total protein) was partially digested with 3 units per 1 mg RNA RNase | (Epicenter) at 4°C
for 1 h. Ribosomes were pelleted through a sucrose cushion (1 M, 20 U/mL SUPERase*In
(Invitrogen)) at 55.000 rpm in a SW 55 Ti rotor (Beckman Coulter) for 2 h at 4°C and resuspended
in lysis buffer supplemented with 10% glycerol. The IP was performed at 4°C for 1 h using M2
anti-FLAG magnetic agarose beads (Invitrogen). The beads were washed 10 times with lysis buffer
and bound material was digested with 12.5 units of RNase | (Epicenter) at 23°C for 45 min (strong
RNase | treatment). Ribosome protected mRNA fragments were eluted by adding TRIzol reagent
(Invitrogen). For disome analysis the sizes between 54 to 68 nt were excised from the gel, using
oligo markers previously described (Meydan and Guydosh, 2020). Monosome and disome
libraries were prepared (McGlincy and Ingolia, 2017) and sequenced on an lllumina NextSeq 500
or NovaSeq 6000 system.

HEK293T cells

Cells (treated with CC-885 or untreated) were harvested, washed with PBS, and lysed by
trituration through a 26 G needle for 10 times in lysis buffer (20 mM Tris, pH 7.4, 150 mM Na(l,
5 mM MgCl,, 1 mM DTT, 100 pg/ml cycloheximide, 1 % Triton-X 100). The lysate was cleared at
4,000 x g for 10 min and an equivalent of 5 mg RNA input was digested with 15 units of RNAse I.

The digested lysate was then layered over a sucrose cushion (1 M, 20 U/mL SUPERase*In

49



(Invitrogen)) and centrifuged at 55.000 rpm in a SW 55 Ti rotor (Beckman Coulter) for 2 h at 4°C.
The pelleted ribosomes were resuspended in lysis buffer supplemented with 10 % glycerol and
incubated with GCN1 antibody (A301-843A, Thermo Fisher) coupled to protein G Dynabeads
(20003D, Invitrogen) (5 ug antibody per 50 pl of protein G beads) for 2 h at 4°C. The beads were
washed 10 times and digested with 4 units RNAse | for 45 min at 23°C. RPFs were isolated by

TRIzol, and libraries were prepared as previously described (McGlincy and Ingolia, 2017).

SLAM-seq

MRNA libraries for SLAM-seq analysis were prepared using the SLAM-seq Kinetics Kit
(Lexogen), following the manufacturer’s instructions. Briefly, to label the pre-existing mRNA,
HEK293T cells were incubated with 100 uM 4sU for 24 h, changing the media every 3 h,
keeping the cells in the dark. At the onset of the chase, the 4sU-containing media was removed
and changed to media supplemented with 10 mM UTP (100x excess over 4sU). The cells were
collected at timepoints 0, 2, 4, and 8 h after the onset of the chase. The library preps were
performed using the QuantSeq 3’'mRNA-seq kit (Lexogen). All subsequent steps during library
preparation were performed under red light to avoid crosslinking. Libraries were sequenced
on a NovaSeq 6000 system, and the data processed using the SLAM-dunk pipeline (Neumann
et al., 2019).

Polysome gradient analysis

Sucrose density gradients (10% - 50%) were prepared in SW41 ultracentrifuge tubes (Steton)
using a BioComp Gradient Master (BioComp Instruments) according to manfucaturer’s
instructions. The individual 10% and 50% sucrose solutions were prepared in polysome buffer
(20 mM Tris, pH 7.4, 150 mM NacCl, 5 mM MgCl,, 1 mM DTT, 100 pg/ml, 20 U/ml SUPERase*In).
The lysate concentration was assessed by Bradford assay and a total protein amount of 5 mg was
loaded onto the gradients. The gradients were centrifuged for 2 h at 40,000 rpm at 4°C. The
gradients were fractionated using a piston gradient fractionator coupled to an A254 nm
spectrophotometer (Biocomp). Polysome fractions were pooled and precipitated using 10% TCA.
The protein pellets were processed for mass spectrometry using the iST 8x kit (PreOmics)

following the manufacturer’s protocol.
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SDS-PAGE

Proteins were separated on NUPAGE 4%—12% Bis-Tris SDS gels (Invitrogen) using NUPAGE MOPS
SDS running buffer (Invitrogen) or NUPAGE MES SDS running buffer (Invitrogen) at 120 V for 1.5
h.

Microscopy

Worms were picked from plates, placed on 4% agarose pads, and immobilized using polystyrene
beads and a coverslip. Images for 3 color analysis were obtained using a Zeiss Axio Zoom.V16
microscope equipped with filtersets 46 (YFP), 47 (CFP) and 63 (RFP) and a Hamamatsu Orca Flash
4.0 camera. Confocal fluorescence images were obtained with an Olympus (Tokyo, Japan) FV1000
confocal microscope setup equipped with an Olympus PLAPON 60x/NA1.42 oil immersion
objective or on a Leica SP8 FALCON confocal laser scanning microscope equipped with a LEICA
HC PLAPO 63x/NA 1.4 oil immersion objective. YFP was excited at 488 nm and emission detected
at 505-540 nm. For red fluorophores, an excitation wavelength of 559 nm was used, and

emission detected at 575—675 nm. Images were visualized using Fiji.

Image analysis

Expression of 3-color reporter constructs for hydrophilic or hydrophobic 3'UTR fusion proteins
was assessed in young (DO) nematodes. Fluorescence microscopy images of either YFP:mScarlet
(protein) or mScarlet:CFP (mRNA/translation) were analyzed using a custom Fiji script. Briefly,
the mScarlet channel was used to outline the muscle cells of the worm. Next, the channel
intensities (pixel-wise) within the selected region were extracted. Pixels below an intensity
threshold of 200 were excluded from downstream analysis. Linear regression analysis was
applied to values of each pixel (for the corresponding channel). The resulting slope was used to
express the ratios (normalized to respective STOP controls) depicted in the final data

representation.

Analysis of Ribo-seq and mRNA-seq data

Sequencing reads were demultiplexed and trimmed using a custom awk script. The UMI were
extracted using UMI-tools using the option ‘--extract-method=regex --bc-
pattern="A(?P<umi_1>.{2}).+(?P<umi_2>.{6})S", which serves to remove duplicated reads
arising from library amplification. The clipped reads were then mapped against ncRNA/rRNA
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indices using Bowtie2 (v2.4.2) with the parameters N 1 -L 15’. Unaligned reads were mapped
against the genome using STAR (v2.7.10a) with parameters ‘--outFilterMismatchNmax 2 --
quantMode  TranscriptomeSAM  GeneCounts  --outSAMattributes MD NH  --
outFilterMultimapNmax 1’. The P-site offset and metagene plots were computed using the R
package “riboWaltz” (Lauria et al., 2018). Transcript enrichment was calculated with the R
package “DESeq2” (Love et al., 2014) or “DEBrowser” (Kucukural et al., 2019). Enrichment
plots around the first TMD, pause scores, tAl scores, and A-site occupancy (using offsets
calculated with riboWaltz) were computed using “RiboMiner” (Li et al., 2020). For disomes the
A-site offset was assigned to the leading ribosome using the stop codon peak for the offset
calculation. Pause scores are defined as the sum of normalized ribosome densities (AU) on
each tripeptide motif. Motifs with a pausing score of < 5 (low confidence) in aged wild-type
animals were excluded from downstream analysis. Read count matrices of reads mapping into
the 3'UTRs of transcripts were generated using featureCounts (v2.0.1) (Liao et al., 2014).
Metagene plots around polyproline stretches were analyzed as previously described (Stein et
al., 2022). Reads were aligned at the A-site around the onset of the polyproline stretch. The
polyproline stretch was defined as a 12 amino acid window with at least 8 of the 12 residues
being proline. Next, the mean was calculated and the 95% confidence intervals at each
position. Transcripts with average reads per codon within the analyzed window of less than
0.5 were discarded. mRNA half-lives were calculated as described (Herzog et al., 2017). Briefly,
T>C conversions were normalized to the chase-onset. Curve fitting (non-linear regression) was
performed in R using the minpack.Im package. Only RNAs that met an R2> 0.6 (goodness of
fit) cutoff were used for downstream analysis. Codon stability coefficients (CSC) were
calculated as the Pearson’s correlation coefficient between codon content and mRNA half-
lives. Similarly, codon recruitment coefficients (CRC) were calculated as the Pearson’s

correlation coefficient between codon occurrence and GCN-1 recruitment.

Statistics

Preparation of graphs and statistical analyses were performed using GraphPad Prism 8 or R
(v4.1.0). The statistical tests applied are indicated in the corresponding figure legends. For
multiple comparisons, one- and two-way ANOVA were used with the following corrections:

Dunnett and Holm-Sidak. When two groups were compared, statistical significance was

52



computed using Student’s t-tests and Mann-Whitney tests. P-Values < 0.05 were considered

significant.
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Results

The BAG6 complex degrades hydrophobic readthrough products

Translation through stop codons into polyA-tails of mRNAs leads to the clearance of both
protein and mRNA via the RQC machinery (Sitron and Brandman, 2020). However, in
metazoans most 3’UTRs have additional stop codons in-frame prior to the polyA-site and
therefore ribosomes would terminate translation before reaching polyA-tails of mRNAs.
While previous studies identified a general clearance mechanism of aberrant protein species
resulting from stop codon readthrough in C. elegans and human cells (Arribere et al., 2016),
it remained unclear which cellular pathways are involved.

To study the mechanism underlying the clearance of readthrough translation products, we
used the nematode C. elegans. We generated strains expressing YFP constructs with and
without stop codon (YFP-STOP and YFP-UTR, respectively) in muscle cells. In YFP-UTR strains

115 residues of the unc-54 3'UTR are translated up to a stop codon before the polyA-site

(Figure 17).
STOP

STOP

Figure 17: Translational readthrough and control constructs for muscular YFP expression.

In accordance with previous studies, we observed that YFP-UTR expression is strongly reduced
compared to YFP-STOP. Interestingly, we found that the residual YFP-UTR formed inclusions,
consistent with aggregate formation, which were absent in YFP-STOP expressing animals

(Figure 18).
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Figure 18: Representative fluorescence microscopy images of animals expressing YFP-STOP or
YFP-UTR proteins (exposure 4 ms). While a clear fluorescent signal is observed in animals
expressing YFP-STOP (top panel), the fluorescence in YFP-UTR expressing animals is barely
visible (bottom row; left panel). Only upon increasing the contrast, the YFP signal becomes

visible (bottom row; right panel).

Immunoblot analysis of YFP-UTR expressing animals confirmed the reduction in protein levels
(Figure 19A). We observed an increased expression of YFP-UTR in proteasome impaired ARPN-
10 animals, suggesting that readthrough proteins are being cleared via the ubiquitin-
proteasome pathway (Figure 19B), as previously suggested for similar constructs (Dhamija et

al., 2020; Hashimoto et al., 2019; Shibata et al., 2015).
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Figure 19: Readthrough into the (unc-54) 3’UTR region has a destabilizing effect on the
protein. (A) Immunoblot analysis of YFP-Stop and YFP-UTR (B) microscopy images of worms

expressing YFP-UTR in wild-type or RPN-10 mutant background.
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To uncover possible factors that facilitate the degradation of readthrough products, we
investigated the interactome of YFP-UTR by YFP pulldown and label-free mass spectrometry,
using YFP-STOP as a control. We found the BAG6 chaperone complex, known for its function
in quality control of tail-anchored (TA) membrane proteins (Guna and Hegde, 2018; Hessa et
al., 2011), to be strongly interacting with YFP-UTR (Figure 20), including BAG-6, the chaperone
SGT-1 (SGTA in mammals), the E3 ubiquitin ligase RNF-126, as well as UBQL-1, ASNA-1 (GET3
in mammals), and CEE-1 (GET4 in mammals). Additionally, we identified subunits of the 20S
and 19S proteasome and molecular chaperones, including small HSP (HSP-16) family
members, the Hsp70 protein HSP-1 and the chaperonin TRiC/CCT. Ribosomal subunits were
borderline enriched, suggesting that both ribosome-associated and completely synthesized

YFP-UTR were analyzed.
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Figure 20: Volcano plot representation of label-free proteome analysis of YFP pulldown
fractions from worm lysates. Components of the BAG6 quality control complex, proteasomes,
TRIC/CCT chaperonin and molecular chaperones such as sHSPs and HSP-1 are significantly

enriched on YFP-UTR. Selected proteins are annotated.

We confirmed the interaction of YFP-UTR with sHSPs by microscopy using an HSP-16.1-RFP

expressing reporter strain (Figure 21).
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YFP-UTR HSP-16.1-RFP Merge

Figure 21: HSP-16.1 colocalizes with YFP-UTR. Expression of YFP-UTR in the muscles results in
puncta formation (left panel) and induces the expression of HSP-16.1 (middle panel). Merging

the two channels reveals a strong colocalization of YFP-UTR with HSP-16.1 (right panel).

sHSPs are an ancient class of ATP-independent molecular chaperones that bind to misfolded
proteins and prevent them from forming irreversible protein aggregates (Horwitz, 1992; Jakob
et al.,, 1993; McHaourab et al., 2002). sHSPs have been described to actively sequester
proteins, thereby preventing the formation aberrant interactions. We therefore hypothesized
that the sequestration of YFP-UTR into inclusions may be an active process mediated by the
sHSPs. To test this idea, we deleted all 6 copies of the hsp-16 family (Figure 22A). Interestingly,
we observed that the large inclusions were no longer visible in the deletion strain and the
protein appeared dispersed instead (Figure 22B), which agrees with the function of sHSPs in
actively sequestering aberrant proteins. The smaller inclusions of YFP-UTR that remained after
deleting sHSPs associated with the dense bodies inside the muscle cells. Dense bodies are
structural elements inside muscle cells, serving as an anchor of actin filaments to the
extracellular matrix (ECM). In addition to its structural role, dense bodies fulfill important

stress signaling functions (Lecroisey et al., 2007).
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Figure 22: The hsp-16 family is actively sequestering YFP-UTR in larger inclusions. (A) schematic
overview of CRISPR/Cas mediated knockout. (B) microscopy images of YFP-UTR expressing

worms either in the wild-type or sHSPs mutant background.

HSP-16s are known to be highly upregulated under stress conditions (compared to unstressed
animals) and during aging (compared to young animals) (Hsu et al., 2003; Morley and
Morimoto, 2004; Walker and Lithgow, 2003; Walther et al., 2015). We speculated that
translational readthrough, like heat stress, is sensed by the organism and is met by increased
sHSPs expression. Indeed, a proteome analysis of YFP-UTR expressing worms compared to

YFP-STOP showed a ~30-100-fold increase in the expression of hsp-16 family members (Figure

23).
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Figure 23: Total proteome analysis by mass spectrometry of worms expressing YFP-UTR
compared to animals expressing YFP-STOP reveals a robust heat shock induction. Small heat

shock proteins (sHSPs) are highlighted in red.

During heat stress, the induction of sHSPs is transcriptionally driven by heat shock factor 1
(HSF1). To investigate whether the same mode of induction occurs in the case of translational
readthrough, we performed qPCR on YFP-STOP and YFP-UTR worms and compared the extent
of induction to acute heat stress. We found that translational readthrough can induce the
expression of sHSPs, however, the extent of induction is considerably lower than observed

upon heat stress (Figure 24).
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Figure 24: qPCR analysis of genes induced by heat shock either after heat shock or expressing
YFP-STOP/YFP-UTR relative to unstressed wild-type animals. Black bars indicate expression of
indicated genes at basal conditions (wild-type), gray bars represent heat-shocked animals
(wild-type + heat shock), red for YFP-STOP expressing worms and green bars were chosen for

YFP-UTR expressing animals.

As sHSPs have been attributed a role in keeping proteins in a more soluble, folding competent
state, we hypothesized that they may also aid in the clearance of readthrough products. We
therefore analyzed the protein levels of YFP-UTR in wild-type and sHSPs deficient worms.
However, we did not observe any changes in the efficiency of protein degradation in the

absence of sHSPs (Figures 25A and 25B).
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Figure 25: Deletion of small heat shock proteins (sHSPs) does not affect protein clearance of

readthrough products. (A) Immunoblot analysis of YFP-UTR in wild-type or sHSPs (AHSP)

deficient animals (B) quantification by densiometry of western blot analysis in A).

Next, we investigated whether overall aggregation dynamics could be affected by the

presence of sHSPs. To investigate this possibility, we performed a filter trap assay, whereby

large inclusions are being retained on a filter paper, whereas smaller oligomeric species are

allowed to pass through. Surprisingly, we did not observe any changes in the amount of YFP-

UTR captured on the filter in the absence of SDS, whether sHSPs are present or not. Unlike

amyloidogenic species or the aggregates of CAT-tailed proteins, known to be SDS-resistant,

the inclusions formed by YFP-UTR were sensitive to mild detergent treatment with 0.1 % SDS

(Figure 26).
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Figure 26: Formation of YFP-UTR oligomers are not dependent on sHSPs and sensitive to SDS.

Immunoblot analysis of filter-retained material from lysates prepared of wild-type, YFP-STOP
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and YFP-UTR expressing animals in either sHSPs deletion strains or wild-type backgrounds
washed with buffer lacking SDS (top blot) or containing SDS (bottom blot). In the lower panel
the loading for each lane of the filter trap is analyzed by SDS-PAGE followed by an
immunoblot analysis, probed against YFP and tubulin. YFP-UTR without adjusted contrast is

not visible in the input, as it is rapidly degraded (see Figure 19A).

YFP-UTR copurified with the BAG6 complex, a chaperone complex that triages mislocalized TA
proteins in the cytosol for degradation. The identification of the BAG-6 complex as a direct
interactor of YFP-UTR suggested that this mechanism has been coopted to clear readthrough
proteins. We therefore investigated whether YFP-UTR shows similarities to TA-proteins.
Indeed, the unc-54 3’UTR, when translated, has a strong bias towards hydrophobic amino

acids (Figure 27).
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Figure 27: Kyte Doolittle score as a measurement for hydrophobicity across the YFP-UTR

construct reveals a strong bias towards hydrophobic amino acids in the 3’UTR region.

Interestingly, we found that such a bias applies to most 3’UTRs in C. elegans (Figure 28).
Average hydrophobicity of these sequences is significantly higher than that of coding (CDS)
regions and similar in hydrophobicity to bona fide TA proteins, and transmembrane domains

(TMDs) of TMD-containing transcripts.
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Figure 28: 3'UTRs show a bias towards hydrophobic amino acids. The Kyte Dolittle Score, a
measure for hydrophobicity, is increased in 3’UTRs if translated into the corresponding amino

acids.

While global hydrophobicity appears to be weaker in human 3’UTRs compared to C. elegans,
human 3’UTRs encode similar hydrophobic stretches (~21 aa in length, corresponding to an
average TA transmembrane span) (Figure 29A). To understand sequence features that may
contribute to these patterns, we analyzed the nucleotide content of 3’UTRs in C. elegans. The
hydrophobicity observed in C. elegans 3'UTRs arises from their relatively high U-content in
comparison to the CDS regions of transcripts (Figures 29B and 29C). Interestingly, a higher U-
content is associated with a lower tRNA adaptation index, a proxy for codon optimality (as
measured by the tRNA adaptation index (tAl)), a feature that suggests that translation into the

3’UTRs may alter ribosome kinetics (Figure 29D).
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Figure 29: Feature analysis of 3'UTRs. (A) Kyte Dolittle Score of C. elegans and H. sapiens 3’'UTR-

derived peptides of at least 21 AA length in reading frame 0 compared to the CDS regions. (B)

Pearson’s correlation coefficients of nucleotide content and KDS, reveals a positive correlation

between U-content and increased hydrophobicity of 3’UTR-derived peptides. (C) 3’°UTRs have

a general increased frequency of U, whereas G is reduced compared to the CDS and TMD

containing transcripts. (D) Higher U content in the CDS is associated with a lower tAl score.

The identification of the BAG6 complex as an interactor of YFP-UTR (Figure 20), suggested that

readthrough products are cleared by the same machinery as orphaned TA proteins. In that

mechanism, mislocalized TA proteins are captured by SGT-1 (SGTA in mammals) and handed

over to BAG6, where they are triaged for either membrane insertion or if recognized as faulty,
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ubiquitylated by RNF126 for degradation (Hegde and Keenan, 2022). Indeed, we observed
that the E3 ligase RNF-126 is involved in the clearance of the YFP-UTR reporter to a similar

extent as the proteasome (Figures 30A and 30B).
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Figure 30: RNF-126 is involved in the clearance of readthrough products. (A) Western blot
analysis reveals a stabilization of YFP-UTR in the absence of RNF-126, comparable to the
stabilization observed in proteasome impaired worms. (B) Similar observations can be made

by microscopy.

We also observed that the vast majority of the 3’UTRs contain an in-frame stop codon before
the polyA sequence, irrespective of the reading frame (Figure 31). This implies that most of
the readthrough events would not be subject to the classical RQC mediated clearance of non-

stop mRNA.
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Figure 31: Most 3'UTRs code for a stop codon before reaching the polyA signal sequence,

irrespective of the reading frame. (A) Frequency of 3’UTRs with stop codon in frame versus

transcripts allowing translation into the polyA-tail. (B) Theoretical length distribution of 3’UTR-

derived peptides.

To investigate whether the BAG6 pathway preferentially degrades hydrophobic readthrough

sequences, we generated a tricolor expression construct encoding CFP and mScarlet-T2A-YFP

expressed from individual promoters. Since a T2A site is present, the resulting reporter

expresses mScarlet and either YFP-STOP or YFP-3'UTR as individual proteins derived from the

same mRNA, therefore allowing the assessment of protein stability by YFP:mScarlet ratios. On

the other hand, CFP is expressed from a separate mRNA, thereby serving as a copy number

control (Figures 32).
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Figure 32: (A) Overlay of YFP/mScarlet-I or mScarlet-1/CFP for hydrophobic and hydrophilic

3'UTRs reveal a colour shift reflective of protein and mRNA destabilization. (B) Examples for
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the computational assessment of the ratio change. The value for each pixel was plotted for
their value in the corresponding channel. The resulting points were fitted by a linear regression

and the slope reflecting the ratio between the 2 channels.

Using ratiometric microscopy imaging (Figures 32A and 32B), we compared the effects on
protein stability upon translation of two length-matched hydrophobic (SLC-17.5 and R160.3)
or hydrophilic (FA0D4.17 and T21C12.3) 3'UTR sequences (Figure 33).
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Figure 33: Schematic overview of 3 color constructs of two length matched hydrophobic (SLC-
17.5 and R160.3) and hydrophilic (F40D4.17 and T21C12.3) 3’UTRs, as well as the tail-anchor
region of a bona fide TA protein (SEC-61.b (TA)).

By comparing the length matched hydrophobic and hydrophilic candidates, we observed that
readthrough resulted in protein destabilization only in the case of hydrophobic 3'UTRs (Figure
34A). Interestingly, the bona fide TA protein SEC-61.b, although containing a hydrophobic TA
sequence, was not destabilized, suggesting that proper and timely targeting does not invoke
this quality control pathway. Importantly, destabilization of the readthrough protein was
partially rescued in RNF-126 mutant worms, suggesting that the BAG6-RNF-126 complex
coevolved to detect hydrophobic readthrough products and mediate their degradation (Figure

34B).
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Figure 34: RNF-126 is involved in the clearance of hydrophobic readthrough products. (A)
Hydrophobic 3'UTR extension destabilize the protein upon translation. (B) The destabiliyation
can be rescued in a RNF-126 deficient nematode. Significance was assessed by one-way

ANOVA with dunnett’s correction.

Stop codon readthrough leads to mRNA decay via GCN-1-CCR4/NOT complex

recruitment

It remained unclear whether mRNA degradation contributes to mitigating stop codon
readthrough. mRNA sequencing revealed a ~70% reduction in mRNA abundance of YFP-UTR
relative to YFP-STOP. These results were confirmed by gPCR analysis of mRNA levels,
corrected for copy numbers of the transgene. Importantly, this reduction in mRNA level did
not rely on SKIH-2 (RNA helicase component), pointing towards an RQC-independent

mechanism (Figures 35A-C).
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Figure 35: Translational readthrough into hydrophobic 3'UTRs is destabilizing the mRNA in a
mechanism independent of RQC. (A) Relative copy number of plasmid integrated into the
genome. (B) Copy-number corrected qPCR experiment. (C) mRNAseq results of YFP-STOP and

YFP-UTR expressing animals. Significance was assessed by Student’s t-test or one-way ANOVA.

Using Ribo-seq, we observed a ~25% decrease in translational efficiency of YFP-UTR,
suggesting that additional to mRNA decay, translational repression may also contribute to the

total reduction in protein levels (Figure 36).
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Figure 36: Translational efficiency is reduced in YFP-UTR compared to YFP-STOP. P-values

were obtained by Student’s t-test analysis.

To identify factors mediating this mRNA decay, we performed a crosslinking-RNA-
immunoprecipitation-mass-spectrometry (CLIP-MS, see Methods) experiment against the
MRNA of YFP-STOP and YFP-UTR. Interestingly, we found components of the BAG6 complex
and sHSPs to be associated with YFP-UTR, indicating a cotranslational recruitment of these
protein quality control factors. Additionally, we identified GCN-1, a ~2600 amino acid protein

rich in HEAT domains that was recently found to bind to collided and stalled ribosomes
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(Meydan and Guydosh, 2020; Pochopien et al., 2021; Wu et al., 2020; Yan and Zaher, 2021).
Several components of the CCR4/NOT complex, involved in mRNA surveillance and
homeostasis, were likewise enriched, including the catalytically active exonuclease
component CCF-1 and CCR-4 (Figure 37A). While the role of CCR4/NOT in mRNA degradation
is well established (Buschauer et al., 2020; Webster et al., 2018), GCN-1 has no known function
in mRNA turnover. To explore a possible function of GCN-1 in mRNA decay upon translational
readthrough, we utilized nematodes carrying a hypomorphic gcn-1(nc40) mutant allele,
lacking 244 amino acids near the N-terminus of GCN-1. We noted that YFP-UTR mRNA was

partially restored in the gcn-1(nc40) mutant (Figure 37B).
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Figure 37: GCN-1 and the CCR4/NOT complex are strong interactors of YFP-UTR mRNAs. (A)
Upper panel: Schematic representation of mRNA pulldown of YFP-UTR and YFP-STOP
constructs. Lower panel: Interactome analysis of YFP-UTR mRNA (vs. YFP-STOP). Volcano plot
representation of label-free proteome analysis of pulldown fractions showing enrichment of
GCN-1, BAG6 complex, CCR4/NOT and sHSPs on YFP-UTR. (B) gPCR analysis of YFP-STOP and
YFP-UTR mRNA levels in wild-type C. elegans and in gcn-1(nc40) mutant animals (n = 3). Data
was analyzed using the 2(-AACt) formula and p-values were calculated using Fisher’s LSD test

(see STAR Methods). Error bars represent mean + SEM.
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Additionally, the increased mRNA levels of YFP-UTR observed in the gcni(nc40) worms
resulted in higher protein levels (Figure 38).
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Figure 38: Immunoblot analysis of wild-type and GCN-1(nc40) mutant worms expressing YFP-

UTR reveal increased YFP-UTR levels in the mutant nematodes.

To further elucidate the effects of GCN-1 dysfunction upon translation of proteins with
hydrophobic or hydrophilic C-terminal extensions (CTEs), we next utilized the tricolor
expression constructs introduced above (Figure 33). Based on mScarlet:CFP ratios, wild-type
animals exhibit reduced mRNA levels upon translation of hydrophobic CTEs, while the mRNAs
for proteins with hydrophilic CTEs either were unchanged or even stabilized further (Figure
39A). Interestingly, we observed a destabilization for the mRNA of the SEC-61.b TA-protein
(see Figure 33), suggesting that without the full-length mRNA and protein context, the TA-
region triggers mRNA degradation as for readthrough proteins. In the gcn-1(nc-40) animals,
the mRNA levels of hydrophobic readthrough proteins were increased 3-5-fold (Figure 39B),
while the mRNAs of hydrophilic readthrough proteins were unaffected or even reduced (as in
the case of T21C12.3). Together, these results indicate that GCN-1 facilitates mRNA decay of

readthrough reporters when they encode for hydrophobic CTEs.
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Figure 39: Translation of hydrophobic 3’UTRs initiates GCN-1-mediated mRNA decay. (A)
Ratiometric analysis of relative mRNA levels (mScarlet:CFP ratios) of the indicated hydrophilic
and hydrophobic readthrough constructs (Figure 56) from fluorescence microscopy images of
worms. Experiments were performed in triplicates with at least 5 images per replicate. *, p <
0.05; ** p<0.01; *** p<0.001; **** p <0.0001 by Dunnett’s test. Error bars represent mean
+ SEM. Dotted line indicates STOP controls. (B) Selective stabilization of mRNA levels of
hydrophobic readthrough constructs in gcn-1(nc40) mutant animals. Experiments were
performed in triplicates with at least 5 images per replicate. *, p < 0.05; **, p < 0.01; *** p <

0.001; **** p < 0.0001 by Dunnett’s test. Error bars represent mean + SEM.

As GCN-1 has arole in sensing collided ribosomes, we speculated that hydrophobic amino acid
stretches could induce ribosomal collisions. Although previous reports suggested that
hydrophobic sequences lead to ribosomal stalling (Hashimoto et al., 2019), utilizing Ribo-seq
we failed to identify a defined translational pause site in the CTE of YFP-UTR (Figure 40A).
Similarly, using a stalling reporter did not suggest a persistent translational arrest (Figure 40B),
whereas an established stalling sequence (K(AAA)o) was reliably detected with our reporter
(Figure 40C). These results suggest, that in the context of translational readthrough, GCN-1

may sense transient translational slowdown, rather than persistent disome formation.
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Figure 40. Hydrophobic stretches do not induce stable disome formation. (A) Ribo-seq
analysis of C. elegans YFP-UTR reporter strain. Dotted lines indicate start and annotated stop
codon (present in YFP-STOP) of YFP-UTR. Y-axis indicates reads per million (RPM) along the
YFP-UTR transcript. (B) Ratiometric analysis of fluorescence microscopy images of nematodes
expressing the indicated translational stalling reporters. The construct shown schematically
on top carries either no sequence between mScarlet and YFP or the 3’UTR of the indicated
transcripts. Stalling in the 3’°UTR would result in low YFP:mScarlet ratios. Error bars represent
mean * SEM (n = 3) p-Values by Dunnett’s test. (C) Ratiometric analysis of fluorescence
microscopy images of nematodes expressing the K(AAA),o reporter constructs shown
schematically on top (as in (B)). Error bars represent mean + SEM (n = 3). p-Values by

Student’s t-test.

As GCN-1 has no reported mRNA degradation activity, it is unlikely that it directly acts on
MRNAs but rather functions as a recruitment platform for other quality control factors (Oltion,
2022). To identify possible protein-protein interactions and ribosome recruitment modes, we
performed an IP on 3xFLAG-tagged GCN-1 followed by mass spectrometry. Besides factors
that have been previously described as direct interactors of GCN-1, such as ABCF-3 (ABCF3),
GIR-2 (RWDD1), RBG-2 (DRG2) and MBF1 (EDF1) (Pochopien et al., 2021), we found multiple
components of the CCR4/NOT complex (CCR-4, CCF-1, NTL-1) as well as the BAG-6 complex
(SGT-1, UBQL-1, CEE-1, ASNA-1) to be enriched in the GCN-1 interactome (Figure 41).
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Figure 41: GCN-1 IP reveals a direct interaction of GCN-1 with the CCR4/NOT complex.
Immunoprecipitation coupled to mass spectrometry from lysate of nematodes 3x FLAG-tagged
GCN-1 from its endogenous locus compared to untagged animals. Previously GCN-1 associated
proteins are highlighted in pink, BAG-6 components in yellow and proteins of the CCR4/NOT

complex in blue. MBF-1, homolog of the mammalian EDF1, is highlighted in green.

As the previous result would suggest that GCN-1 initiates mRNA decay via the recruitment of
CCR4/NOT, we hypothesized that in GCN-1 mutant animals CCR4/NOT recruitment to
translating ribosomes would be reduced. To test this idea, we performed mass spectrometry
on fractionated polysomes by sucrose gradient fractionation of young (day 0) wild-type and
gcn-1(nc40) mutant nematodes. As expected, GCN-1 recruitment to translating ribosomes
was reduced in the mutant worms. Similarly, we observed a decreased recruitment of

CCR4/NOT complex in gcn-1(nc40) nematodes (Figure 42).
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Figure 42: Polysome fractionation coupled to mass spectrometry reveals the role of GCN-1 in
recruiting the CCR4/NOT complex to translating ribosomes. Polysome fractions were isolated
by sucrose cushion fractionation from either wild-type animals or gcn-1(nc40) mutant
nematodes and analyzed by mass spectrometry. GCN-1 associated genes are highlighted in

pink, CCR4/NOT components in blue and CCR4/NOT associated proteins in yellow.

Mechanism of readthrough mitigation is evolutionarily conserved

Is the pathway of s translational readthrough mitigation evolutionary conserved? To answer
this question, we chose the 32 residue, hydrophobic 3'UTR of TCEAL1 and expressed it as a
YFP fusion protein in human HEK293T cells, using YFP-STOP as a control. Next, we perform ed
an interactome analysis by mass spectrometry, which identified components of the BAG6 and

CCR4/NOT complexes as interactors of YFP-TCEAL (Figure 43), mirroring the results obtained

in C. elegans.
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Figure 43: Volcano plot representation of label-free interactome analysis of YFP-TCEAL from

HEK293T cells expressing YFP-TCEAL readthrough construct and YFP-STOP as control.



Components of the BAG6 and CCR4/NOT complexes are identified as interactors of YFP-TCEAL.

Selected proteins are highlighted.

Further, we confirmed the direct and specific interaction of the readthrough product by

immunoprecipitation followed by immunoblot analysis (Figure 44).
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Figure 44: Immunoprecipitation of YFP-STOP and YFP-TCEAL followed by immunoblot analysis

confirms the specific interaction of hydrophobic readthrough products with BAG6.

To assess the stability of translational readthrough protein products and corresponding
MRNA, we expressed two length-matched readthrough proteins with either hydrophobic
(TCEAL1 and OR8D4) or hydrophilic CTEs (CNIH3 and CCK), employing ratiometric reporter
constructs (Figure 45). Two individual CMV promoters induce the expression of mScarlet-
2xT2A-YFP fused to the 3'UTR of interest and mTurquoise2 serving as copy number control,
enabling the concurrent measurement of protein stability (YFP:mScarlet ratios) and relative

MRNA levels (mScarlet:mTurquoise2 ratios) by flow cytometry.
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Figure 45: Constructs for ratiometric analysis by flow cytometry of the effect of readthrough
into 3’'UTRs encoding hydrophobic (Transcription elongation factor A protein-like 1, TCEAL, KDS
= 2.07, 32 residues; Olfactory receptor 8D4, OR8D4, KDS = 1.96, 28 residues) or hydrophilic
(Protein cornichon homolog 3, CNIH3, KDS = -2.21, 34 residues; Cholecystokinin, CCK, KDS = -
1.89, 26 residues) CTE sequences in HEK293T cells. The TA-sequence of SEC61.b was also

analyzed.

As in C. elegans, the presence of hydrophobic CTEs destabilized the readthrough model
protein in human cells and resulted in reduced mRNA levels (Figures 46A-D). The TA sequence

of SEC61.b had also a negative effect on both protein and mRNA stability.
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Figure 46: Protein and mRNA destabilization upon translation of hydrophobic UTRs is
conserved in mammals. (A) and (B) Representative histograms of flow cytometry analysis
indicating YFP:mScarlet and mScarlet:mTurquoise2 ratios of cells transiently transfected with
the indicated reporter plasmids. (C) and (D) Ratiometric analysis in HEK293T cells of protein
levels (YFP:mScarlet ratio) A) and of mRNA levels (mScarlet:mTurquoise2 ratio) B) of constructs
in Figure 45. Data from flow cytometry. *, p < 0.05; ** p < 0.01; *** p < 0.001; **** p <
0.0001 by Dunnett’s test. Error bars represent mean + SEM (n = 3). Dotted line indicates Empty

control ratios.

77



We speculated that the degradation of readthrough proteins with hydrophobic CTEs was
dependent on the UPS, as observed in C. elegans. To formally test this idea, we treated cells
with MLN-7243, an inhibitor of the E1 ubiquitin activating enzyme. Indeed, we found that
inhibiting ubiquitylation selectively stabilized hydrophobic CTEs (Figure 47; left panel). In
contrast, treating the cells with Bafilomycin Al only resulted in a minor or no stabilization of
the hydrophobic readthrough products, suggesting that the ubiquitin-proteasome system is

the major degradation axis (Figure 47; right panel).

MLN-7243 Bafilomycin A1
2.0 xxxx 2.0
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Figure 47: E1 enzyme inhibition leads to stabilization of hydrophobic readthrough products.
Ratiometric flow cytometry analysis of cells expressing the indicated reporter plasmids in the
presence of the E1 ubiquitin-activating enzyme inhibitor MLN-7243 or the lysosomal inhibitor
Bafilomycin A1 (compared to untreated cells) (n = 3). p-Values by Dunnett’s test. *, p < 0.05;

** p<0.01; *** p < 0.001; **** p < 0.0001.
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We noted that the stabilization of the reporter protein with hydrophobic CTE (TCEAL) led to
the widespread formation of aggregate inclusions in HEK293 cells, as assessed by microscopy
(Figure 48). In contrast, the hydrophilic CTE of CNIH3 remained soluble and diffusely

distributed.

CNIH3

Adjusted
contrast

TCEAL

Figure 48: Representative fluorescence microscopy images of hydrophobic (YFP-TCEAL) or
hydrophilic (YFP-CNIH3) readthrough reporter proteins with (right panels) or without (left
panels) E1 inhibition by MLN-7243. Insert in the lower left image shows cells after contrast

adjustment for the low expression level of the YFP-TCEAL readthrough reporter.
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This observation was further confirmed by the increased sedimentation of TCEAL in the
insoluble fraction upon E1 inhibition (Figure 49). In contrast, proteins with hydrophilic CTEs
and the bona fide TA-protein SEC61B remained largely soluble.
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Figure 49: Representative immunoblot analysis of total (T), soluble (S) and pellet (P) fractions

from cells expressing the indicated reporter constructs. YFP-TCEAL is most enriched in the pellet

fraction upon E1 inhibition.

To assess if protein clearance was mediated via the BAG6/RNF126 complex, we generated

knockouts of factors of this machinery (Figure 50).
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Figure 50: Representative immunoblot analysis of HEK293T depletion cell lines for

components of the BAG6 complex.

Indeed, hydrophobic readthrough products were stabilized in BAG6 knockout cells (Figure 51).
Human cells contain two highly similar E3 ligases found to be associated with the BAG6
complex, namely RNF126 and RNF115. While it was shown that RNF126 plays the dominant
role in degrading mistargeted TA proteins in human cells (Rodrigo-Brenni et al., 2014), we

found that a double knockout of RNF126 and RNF115 has a higher degree of protein

80



stabilization, suggesting an additive and compensatory role of the two E3 ligases (Figure 51).
This effect was more pronounced with the 3'UTR of TCEAL1 than with the similarly
hydrophobic 3'UTR of OR8D4, suggesting that additional chaperone machineries may operate
redundantly to the BAG6 complex for proteasomal degradation of certain readthrough

proteins.
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Figure 51: The BAG6 complex is involved in the degradation of hydrophobic readthrough
products in mammals. Significance was determined by one-way ANOVA with Dunnett’s

correction n=3.

We confirmed the stabilizing effect on hydrophobic CTEs upon deletion of BAG6-associated
E3 ligases by immunoblot analysis (Figure 52), showing a similar degree of stabilization as

assessed by flow cytometry.
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Figure 52: Immunoblot analysis confirms RNF115/126 involvement in the degradation of

hydrophobic readthrough products.

We next investigated the role of the CCR4/NOT complex in readthrough mRNA decay. Since
CCR4/NOT complex members are largely essential, we used siRNA mediated depletion of

CNOT1, a core scaffolding subunit, resulting in a ~75% protein reduction (Figure 53).
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Figure 53: Representative immunoblot analysis of downregulation efficiency using siRNA
against CNOT1 compared to control siRNA and corresponding quantification by densitometry.

Error bars represent mean + SEM (n = 3). p-Value by Student’s t-test.

We found a modest, but reproducible increase in the mRNA levels for the hydrophobic 3'UTR
constructs (Figure 54). We therefore conclude from these results that the two-tiered quality

control pathway of readthrough events is conserved in human cells.
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Figure 54: Effect of downregulation of CNOT1 on mRNA level of 3°'UTR reporter constructs.
Ratiometric analysis by flow cytometry of cells treated with siRNA against CNOT1 or control

SiRNA. Error bars represent mean + SEM (n = 5). p-Value by Dunnett’s test. ***, p < 0.001.

GCN-1 is a general cotranslational surveillance factor for translational readthrough
and transmembrane proteins

To characterize endogenous substrates of GCN-1-mediated quality control, we performed
selective ribosome profiling (Ribo-seq) of GCN-1 (Becker et al., 2013; Matsuo and Inada, 2021;
McGlincy and Ingolia, 2017) using nematodes expressing 3x-FLAG tagged GCN-1. Given the
role of GCN-1 as a collision sensor, we performed selective Ribo-seq on GCN-1 bound
monosomes and disomes. As an input control we profiled total ribosome (monosomes and
disomes) from the same lysate. While GCN-1-bound footprints mainly mapped to protein
coding regions (CDS), we observed a substantial (~4-fold) enrichment of footprints mapping
to the 3’UTR regions compared to the total input control (Figure 55). Metagene analysis
indicates that although stop codon readthrough frequency is low, GCN-1 efficiently binds to
ribosomes translating into the 3’UTR. Importantly, we confirmed previous reports that
ribosome collisions occur in 3'UTRs (Han et al., 2020) and established that GCN-1 can sense
and bind them. Therefore, GCN-1 may actively surveil aberrant stop codon readthrough

ensuring translational fidelity.
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Figure 55: GCN-1-IPed ribosomes predominantly map into the coding region of transcripts,
however, have an enriched density in the 3'UTR region when compared to total input. A)
metagene plots represented as fraction of reads. B) Fraction of reads mapping to 5°UTR, CDS
or 3’UTR for either input or GCN-1-IPed ribosomes. Significance was assessed by one-way

ANOVA and corrected using Siddk method.

We noted an increased binding of GCN-1 within ~10-20 codons after the canonical stop codon
(Figure 55A; right panel). The resulting protein sequences were enriched in codons for
hydrophobic amino acids (phenylalanine, proline, isoleucine), while codons of polar and
charged residues (arginine, threonine, glutamine) were less frequently targeted by GCN-1
(Figure 56A), supporting the previous finding that GCN-1 preferentially acts on readthrough
events of hydrophobic CTEs. Further, we identified an increased occurrence of nonoptimal
codons in 3'UTRs (low tRNA adaptation (tAl) scores) (Figure 56B), which suggests that GCN-1

may sense collisions induced by inefficient translation.
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Figure 56: Logo plots of amino acid enrichment using kplogo analysis (Wu and Bartel, 2017).
Sequences (20 aa downstream of annotated stop codon) chosen for analysis were derived from
3’UTRs bound by GCN-1 (monosomes and disomes; in frame 1). Numbers indicate the position
after the stop codon. The y-axis indicates the sum of log p-values for each amino acid at a
given position. Significantly enriched positions are marked in red. (B) 3’'UTRs are enriched in
nonoptimal codons. tRNA adaptation (tAl) index was analyzed for coding sequences (CDS) and
3’UTRs in C. elegans. The horizontal line in the boxplots indicates the median; boxes indicate
upper and lower quartile and whisker caps 10:-90:h percentile, respectively. p-Value by
unpaired t-test.

Next, we investigated transcripts with increased GCN-1 recruitment upon translational
readthrough. In this analysis we only considered reads that mapped to the 3’UTRs of
transcripts either from GCN-1 selective Ribo-seq or input control. Gene ontology (GO) term
analysis revealed transcripts involved in key functions of translation, protein, and RNA quality
control, as well as biocondensate formation to be most enriched among the readthrough

MRNAs targeted by GCN-1 (Figure 57).
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Figure 57: GO term of transcripts with enriched GCN-1-bound ribosomes in the 3'UTRs

compared to total input.

We next analyzed characteristics of GCN-1-associated RPFs in coding sequences (CDSs). We
observed that GCN-1 is mainly recruited to ribosomes that are engaged on mRNAs encoding
for integral membrane proteins (TMD) and collagens both in GCN-1 bound mono- and disomes
(Figures 58A and 58B). Interestingly, both these substrate classes have an overall higher

disome occurrence compared to all detected transcripts (Figure 58C). This trend was

particularly evident for collagens (Figure 58C).
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Figure 58: GO term analysis of transcripts enriched for GCN-1 reveals bias towards TMD

containing transcripts.
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Recently, HEL2 (homolog to human ZNF598) was shown to target TMD containing transcripts
in yeast (Matsuo and Inada, 2021), making GCN-1 and HEL2 seemingly competing factors. To
identify possible differences in binding preferences for TMD transcripts, we performed a
polarity analysis of both GCN-1-IPed ribosomes, as well as HEL2-IPed ribosomes, based on the
published yeast data for HEL2 (Matsuo and Inada, 2021). A polarity analysis reveals read
distribution biases across transcripts. A skew towards the negative site of the x-axis denotes
a binding preference towards the 5’end of transcripts, whereas a positive shift would indicate
a higher affinity towards the 3’end. We noted that GCN-1 generally has a bias towards the 3’
end of TMD transcripts, when compared to the total input (Figure 59A). This contrasts with
the binding behavior of HEL2, which exhibits a binding-preference for the 5’end of TMD
transcripts (Matsuo and Inada, 2021) (Figure 59B). We next asked, whether a similar bias can
be observed for NOT4, a critical component of the CCR4/NOT complex which monitors and
binds ribosomes on nonoptimal codons. We performed this analysis using previously
published data from yeast (Buschauer et al., 2020). However, NOT4 showed no clear 3’ or 5’
polarity of mRNA binding bias (Figure 59C). Together these results suggest that the contrasting
preferences for binding regions along the transcripts targeted by GCN-1 and HEL2 would allow

them to target the same substrate classes without competing for the same ribosomes.
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Figure 59: Comparison of (A) HEL2, (B) GCN-1 and (C) NOT4 for their binding bias across TMD

transcripts using polarity plots.

To further investigate the possible role of GCN-1 in TMD biogenesis, we analyzed its binding
preference around the emergence of a TMD segment. Interestingly, GCN-1 engaged the
ribosome-nascent chain complexes (RNCs) of membrane proteins preferentially after
emergence of a TMD from the ribosome (Figure 60), which is contrasting what has been
previously reported for HEL2 (Figure 59B) (Matsuo and Inada, 2021). Importantly, profiling of

total ribosomes (monosomes) from gcn-1(nc40) mutant animals showed a decrease in density
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after TMD emergence compared to wild-type (Figure 60). Since ribosome occupancy is a proxy
for elongation kinetics, reduced density would mean that in the absence of GCN-1, ribosomes
traverse along these stretches faster. This would suggest that GCN-1 functions as a sensor of
translational problems (disomes), and more importantly enhances the translational pause of
ribosomes engaged in the TMD biogenesis particularly after the TMD segment has emerged

from the exit tunnel, providing sufficient time for proper membrane insertion.
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Figure 60: GCN-1 is recruited to ribosomes translating TMD containing transcripts after the
TMD has emerged. The mean scaled ribosome density (normalization window of 300 codons
upstream and downstream from the start of the first TMD segment) is shown with a moving
average of 11 codons for GCN-IPed ribosomes (compared to input; monosomes — dark blue;
disomes — light blue) and gcn-1(nc40) mutant (compared to wild-type; gray). The start of the
TMD is indicated by a green and the emergence of the TMD from the ribosomal exit tunnel by

a red vertical line.

Although mRNAs coding for TMD proteins were only mildly stabilized in young (DO) gcn-
1(nc40) mutant animals, TMD proteins with multiple transmembrane segments, whose
biogenesis is challenging, were particularly susceptible to GCN-1-mediated mRNA decay
(Figure 61A). TMD transcripts have a general tendency towards containing nonoptimal
codons, which is particularly evident in TMD transcripts that were susceptible to GCN-1

mediated mRNA decay. This trend is most pronounced in D6 animals (Figure 61B). GCN-1 thus
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regulates the translation dynamics of TMD proteins and adjusts the levels of TMD-encoding
MRNAs in an age-dependent manner. Given the concomitant change in translation dynamics
and mRNA levels of GCN-1 target mRNAs observed after GCN-1 perturbation, we hypothesized
that TMD proteins may misfold and aggregate in the absence of functional GCN-1. To test this
hypothesis, we analyzed the detergent insoluble fraction of gcn-1(nc40) mutant and wild-type
animals using mass spectrometry. Consistent with the age-dependence of GCN-1 effects
observed above, young gcn-1(nc40) animals (D0O) showed only a slight increase in TMD protein
insolubility. However, in aged animals (D6), GCN-1 dysfunction significantly increased the
sedimentation of TMD proteins in the detergent insoluble fraction (Figure 61C), suggesting
that GCN-1 surveillance becomes critical as translational homeostasis undergoes age-

dependent decline (Stein et al., 2022; Walther et al., 2017).
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Figure 61: GCN-1 targets TMD containing transcripts with multiple TMD segments and low
codon optimality. (A) GCN-1 is preferentially recruited to TMD containing transcripts with 4 or
more TMD segments in aged animals. (B) TMD transcripts with a low tAl score are preferred
targets of GCN-1 mediated mRNA decay. (C) Loss of functional GCN-1 leads to an increased

accumulation of TMD proteins in the insoluble fraction as the worm age.

Collagens are endogenous substrates of GCN-1
Besides transcripts coding for secreted and TMD containing proteins, our analysis identified
collagens as endogenous targets of GCN-1 mediated quality control (Figure 62). Collagens are

the main structural component of the extracellular matrix making up to 25% of the whole-
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body protein content of mammals (Malhotra and Erlmann, 2015). Moreover, collagen

homeostasis is critical for longevity in C. elegans (Ewald et al., 2015; Ferraz et al., 2016).
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Figure 62: Collagens are an endogenous substrate of GCN-1 mediated mRNA decay. (A) Scatter

plot of fold change in mRNA level (gcn-1(nc40) compared to wild-type [y-axis]) and GCN-1

recruitment (GCN-1-IP compared to Total[x-axis]). (B) GO term enrichment analysis of genes

that are both upregulated in mRNA level and GCN-1 recruitment.

While GCN-1 is equally recruited to ribosomes translating collagens or TMD-containing

proteins, the effect on mRNA decay was more pronounced for collagens (Figure 63).
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Figure 63: The bias towards GCN-1-mediated mRNA decay differs for different substrates.

While transcripts of integral to membrane proteins (triangle; teal) and collagens (circle;

salmon) have an equal recruitment of GCN-1, the effect of mRNA stabilization in the GCN-

1(nc40) mutant differs. mRNAs of other classes, such as transcripts of cytosolic (hexagon;
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yellow), mitochondria (inverted triangle; green), nucleus (cross; purple) and endoplasmic

reticulum proteins are not generally affected by the loss of functional GCN-1.

The observed higher mRNA levels of collagens also result in higher protein levels in young
(day 0) gcn1-1(nc40) mutants (Figure 64A). This increase in protein abundance is likely driven
by the higher mRNA levels and not by increased translation of collagen mRNAs, as RPFs and

mRNA fold changes are correlating (Figure 64B; n = 117).
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Figure 64: GCN-1 modulates collagen levels by regulating collagen mRNA. (A) Total proteome
analysis of gcn-1(nc40) reveals elevated collagen levels when compared to wild-type animals.
(B) The higher abundance of collagens is driven by higher mRNA levels and not by increased
translation, as both mRNA levels (x-axis) and translation (ribosome protected fragments (RPF);

y-axis) follow the same trend.

Collagens are characterized by numerous structurally critical X-Pro-Pro (XPP) motifs (Krane,
2008), which tend to induce ribosomal stalling during translation (Manjunath et al., 2019; Peil
et al., 2013; Schuller et al., 2017). We therefore investigated the effect of GCN-1 on ribosome
pausing at various tri-peptide motifs by computing a pause score based on ribosome
occupancy ((Li et al., 2020) and Methods). Notably, pausing at XPP motifs was enhanced in
wild-type animals compared to the gcn-1(nc40) mutant, an effect that was magnified during

aging (Figure 65).
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Figure 65: GCN-1 prolongs ribosomal pausing at stalling motifs. Loss of functional GCN-1
leads to a reduced translational pausing at motifs rich in proline, arginine, and lysine, known

to induce translational slowdown.

Accordingly, we observed a lower ribosome density at polyproline stretches in young (D0O) gcn-
1(nc40) mutant nematodes, which was exacerbated in aged (D6) animals (Figure 66). Besides
the lower pausing around polyproline, we observed that the ribosome densities trailing the
polyproline stretch appear to be higher in the aged gcn-1(nc40) mutants. This would suggest
that translation more readily commences after the polyproline in the mutant animals

compared to wild-type (Figure 66; right panel).
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Figure 66: Ribosome dwell times at polyproline motifs are reduced in gcn-1(nc40) mutant
animals compared to wild-type. The difference in ribosome occupancies in young animals

between gcn-1(nc40) mutants and wild-type animals at polyproline motifs is small (left panel)

92



but increases as the organism ages (right panel). Mean-scaled ribosome occupancies are
shown in gray (wild-type) and blue (gcn-1(nc40)). The shaded area indicates the bootstrapped

95% confidence interval.

Thus GCN-1 recruitment increases the residence time of ribosomes at proline-rich motifs.
Importantly, this behavior applied generally to nonoptimal codons, as GCN-1 binding
correlated with a low tAl score (Figure 67; left panel). Accordingly, aged wild-type animals
displayed a higher ribosome A-site occupancy with nonoptimal codons than age-matched gcn-
1(nc40) mutant nematodes (Figure 68; right panel). The preferential association of GCN-1 with
ribosomes engaged at nonoptimal codons supports a model in which GCN-1 acts to further

reduce elongation speed, presumably to ensure cotranslational folding.
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Figure 67: GCN-1 recruitment is influenced by codon optimality. Codon recruitment coefficients
(CRC) were defined as the Pearson’s correlation between codon frequency of transcripts and
their (position independent) relative enrichment for GCN-1 binding (compared with wild-type)
in both mono- and disome fractions (left panel). The CRCs correlate with codon optimality, with
low codon optimality promoting GCN-1 recruitment. Ribosomes with non-optimal codons at
the decoding center of ribosomes (A-site) are more likely to be engaged by GCN-1 compared
to the input control (right panel). Ribosomes in wild-type animals are more likely to be engaged

with non-optimal codons at the A-site compared to gcn-1(nc40) mutants (right panel).

To explore the consequences of reduced translational pausing caused by impairment of GCN-

1 function during aging, we investigated the fate of collagen mRNA and proteins in young (DO)
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and aged (D6) animals. We observed a substantial further stabilization of collagen mRNAs in
aged gcn-1(nc40) mutant worms (Figure 69). This mRNA stabilization resulted in a strong
increase in translation of collagen proteins, as demonstrated by mass spectrometry of
polysome fractions (Figure 68). However, total collagen levels did not increase and rather
declined (Figure 68). This mismatch between changes in protein and translation levels
suggests that cells recognize excess collagen translation products as aberrant and degrade
them.

Collagens

Log, fold change (gcn-1(nc40) vs. WT)

Figure 68: Efficient collagen biogenesis is dependent on functional GCN-1. Loss of functional
GCN-1 in gcn-1(nc40) mutants leads to a strong stabilization of collagen mRNAs, especially in
aged (D6) animals compared to wild-type nematodes (transcriptome). Translation of these
transcripts is likewise strongly increased (translatome) but does not lead to a higher

abundance in the total proteome or in the aggregate fraction (insoluble proteome).

Previous studies have implicated translational slowdown on nonoptimal codons in facilitating
the cotranslational recruitment of protein folding chaperones, such as Hsp70 and the
TRIiC/CCT chaperonin (Stein et al., 2019). It seemed plausible that GCN-1 may modulate the
recruitment of these factors. Indeed, mass spectrometric analysis of polysomes revealed
reduced levels of the Hsp70 homolog HSP-1 and of TRiC/CCT on translating ribosomes in aged
gcn-1(nc40) mutant animals (Figure 69). In addition to CCR4/NOT, the translation release

factor ERFA-1 (eRF1 in mammals) was also reduced in mutant polysomes (Figure 69), which
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would be consistent with a possible role of GCN-1 in recruiting ERFA-1 for premature

translation termination on nonoptimal codons (Yang et al., 2019).
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Figure 69: Loss of functional GCN-1 leads to a reduced recruitment of molecular chaperones to

translating ribosomes. Polysome fractionation coupled to mass spectrometry of gcn-1(nc40)

mutants compared to wild-type animals. GCN-1 associated proteins are highlighted in pink,

translation termination factors in teal, CCR4/NOT associated proteins in blue, chaperones

involved in cotranslational folding in red and integral to membrane proteins in dark gray.

Together these findings suggest that GCN-1 functions broadly in translational regulation. By
prolonging ribosome pausing at nonoptimal codons (enriched in 3'UTRs, TMD proteins and
collagens), GCN-1 facilitates the recruitment of quality control machinery to ensure efficient

protein biogenesis and/or mediate mRNA decay. This function is increasingly important during

aging.

GCN-1 senses slow translating ribosomes

Codon optimality alone appears not to be the sole determining factor for GCN-1 recruitment
to translating ribosomes. Pioneering work on GCN-1 identified it as a sensor for uncharged
tRNAs and invoking the starvation response (Sattlegger and Hinnebusch, 2000). Later studies

then elucidated additional roles, identifying the ability of GCN-1 to recognize collided
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ribosomes. A prerequisite for ribosomal collisions is a prior slowdown of translation by the
leading ribosome, allowing the trailing ribosome to catch up. The reasons for such a
translational slowdown can be manifold, including reduced codon optimality. We therefore
speculated that translational slowdown, not codon optimality per se, is the main driver for
GCN-1 recruitment. The probability to find a ribosome at a given position is a function of the
gene-specific flux (net translational rate of proteins) and position-specific dwelltime (DT)
(Gobet et al., 2020). We reasoned that translational slowdown is more accurately portrayed
computationally by flux calculations. While we observed a moderate positive correlation
between ribosomal flux and codon optimality in C. elegans (Figure 70A), we found GCN-1
recruitment correlated negatively with ribosomal flux and codon optimality (Figures 70B and
70C). Interestingly, the negative correlation was stronger with ribosomal flux (-0.4493, Figure

70C) rather with codon optimality (-0.3843; Figure 70B).
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Figure 70: Recruitment of GCN-1 to translating ribosomes depends on low translational flux.
(A) Translational flux positively correlates with codon optimality. (B) GCN-1 is recruited to
transcripts with a low codon optimality. (C) A low translational flux of transcripts leads to

increased GCN-1 recruitment.

Interestingly, a similar negative correlation can be observed for NOT4 and HEL2 recruitment

in yeast when compared to ribosomal flux (Figures 71A and 71B).
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Figure 71: Low flux recruits quality control factors like NOT4 and HEL2 in yeast. (A) NOT4 and

(B) HEL2 recruitment to transcripts is influenced by low flux

Importantly, a reduced flux appears to be the main driver of a functional GCN-1 recruitment
resulting in mRNA decay of TMD containing transcripts. We noted that TMD transcripts which

are upregulated in gcn-1(nc40) mutant worms have a significantly reduced flux (Figure 72).
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Figure 72: GCN-1 mediated mRNA decay of TMD containing transcripts depends on low

ribosomal flux.

Taken together, these observations indicate that GCN-1 is recruited to ribosomes with a

prolonged dwelltime on certain transcripts, initiating mRNA decay via CCR4/NOT.
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The function of GCN-1 is conserved in mammalian cells and is required for stress

signaling

To analyze the function of GCN1 in translational surveillance in mammalian cells, we performed
selective Ribo-seq in HEK293T cells. We induced stop codon readthrough with a low dose of the
aminoglycoside antibiotic G418 in combination with CC-885, a small molecule that destabilizes
the release factor eRF3 (Figure 73), thereby limiting translation termination capacity (Baradaran-
Heravi et al., 2021; Matyskiela et al., 2016).
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Figure 73: Immunoblot analysis of untreated and CC-885 + G418 treated cells confirms the
high degradation efficiency of eRF3 mediated by CC-885.

Binding of GCN1 to ribosomes translating into 3’'UTRs was modest in control cells but increased
markedly upon treatment with G418 and CC-885 (Figure 74A). The protein classes targeted by
GCN1 within coding sequences in untreated cells were essentially identical to those in C. elegans,

with collagen transcripts again showing the highest enrichment of GCN1 binding (Figure 74B).
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Figure 74: GCN1 recognizes ribosomes that translate into 3’"UTRs of transcripts and is recruited

to the same substrate classes as in C. elegans. A) Metagene profile of ribosome protected
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fragments of input untreated (light gray), GCN1-IPed ribosomes untreated (dark gray), input
of cells with increased readthrough treated with CC-885 + G418 (light purple) and GCN1-IPed
ribosomes of cells with increased readthrough treated with CC-885 + G418 (dark purple)
around the stop codon. B) Differential gene analysis (DEseq2) of GCN1-IPed ribosomes
(compared to input) across different cellular components reveal preferential GCN1 recruitment

to ribosomes translating transcripts of integral membrane proteins and collagens.

While in untreated cells around 1.2 % of all reads mapped in the 3’"UTR regions of genes this value
increased to 4.5 % in the treated samples treated to induce readthrough. Similar to the results
obtained in C. elegans, we observed that GCN1 was efficiently recruited to ribosomes translating
into 3’"UTRs, reflected by 4.1 % of reads mapping in the 3’UTR regions of GCN1 bound ribosomes
in untreated conditions and 10.5 % in the treated HEK293 cells (Figures 75A and 75B). Moreover,
we observed that the ribosomes that fail to terminate at the canonical stop codon of transcripts,
exhibit a +1-frameshift compared to ribosomes in the CDS region. In contrast, in treated cells,
where translation termination cannot be efficiently executed, the reading frame 0 of the CDS was

preserved in 3’"UTRs (Figure 75C).
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Figure 75: GCN1 is recruited to ribosomes translating into 3’UTR regions of transcripts. Read
distribution across 5’UTR, CDS and 3’UTR regions of ribosomes across transcripts: A) of input
untreated HEK293 (light gray) and GCN1-IPed ribosomes (dark gray), B) upon
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pharmacologically induced stop codon readthrough treatment via CC-885 + G418 of input
ribosomes (light purple) and GCN1-IPed ribosomes (dark purple). C) Frame distribution of
ribosomes translating into the 3’UTR regions of transcripts in untreated conditions (light gray
— input; dark gray — GCN1-IPed ribosomes) and pharmacologically induced readthrough (light
purple — input; dark purple — GCN1-IPed ribosomes).

Mass spectrometry of polysome fractions in conditions of enhanced readthrough revealed
recruitment of RQC-related factors, such as DRG1, promoting translation through stalling motifs
(Zeng et al., 2021), the translational repressor GIGYF2 and SKI-exosome component SKIV2L. The
recruitment of these factors is likely due to readthrough into polyA-tails occurring in a subset of
mRNAs. However, we did not obverse an enrichment for other RQC-related factors, including the
collision sensor, ZNF598, and EIF4E2. Besides RQC-related factors, we confirmed the enrichment
of GCN1 and the BAG6 machinery, as well as the depletion of eRF3 induced by CC-885. EDF1 and
ZAKa. (MAP3K), which cooperate with GCN1 in ribosome collision sensing (Juszkiewicz et al.,
2020; Pochopien et al., 2021; Sinha et al., 2020; Wu et al., 2020), were also significantly enriched
(Figure 76). ZAKa signals the ribotoxic stress response (RSR) upon ribosome stalling (Vind et al.,

2020; Wu et al., 2020).
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Figure 76: Increased stop codon readthrough leads to the recruitment of BAG6-components
and GCN1 associated proteins to translating ribosomes. Volcano plot representation of
sucrose-gradient isolated ribosomes of cells with induced stop codon readthrough (CC-885 +
G418) and untreated HEK293T cells. RQC-related proteins are highlighted in yellow, GCN1

associated proteins in pink and BAG6-related proteins in blue.
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Interestingly, increased stop codon readthrough induced by G418 was shown to activate the ISR
to globally reduce translation (Wangen and Green, 2020). We therefore tested whether sensing
of readthrough by GCN1 might be critical for this signaling effect, by mutating GCN1 using
CRISPR/Cas9. Next, we sorted the cells by FACS to create a monoclonal cell line. Note that

HEK293T cells remain viable after the deletion of GCN1 (Figure 77).
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Figure 77: Immunoblot analysis of monoclonal CRISPR-Cas9-generated GCN1 knockout cell

lines. The highlighted cell line (lane 8) was used for subsequent experiments.

Upon treatment with G418 and CC-885, wild-type cells showed a pronounced time-dependent
accumulation of phosphorylated elF2a and p38 (Figures 78), indicative of ISR and RSR activation
(Wu et al.,, 2020). Strikingly, GCN1 deletion completely suppressed the accumulation of

phosphorylated elF2a, while phosphorylation of p38 was markedly reduced (Figures 78).
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Figure 78: Integrated stress response activation upon induced readthrough. Wild-type and

GCN1 deleted HEK293T cells were treated with CC-885/G418.

GCN1 is a global modulator of mRNA stability

While we established in C. elegans that GCN1 is involved in the mRNA decay of collagens and
certain TMD containing transcripts, how the turnover rates of specific mMRNAs are affected in
HEK293T cells remained unclear. Similar to our results in C. elegans, we observed that

cotranslational recruitment of quality control factors is impaired in GCN1 deficient HEK293T
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cells, including the molecular chaperone HSPAS8, the TRiC chaperonin (subunit CCT4), the
translation termination factor eRF1 and the CNOT3 subunit of the CCR4/NOT complex (Figure

79).
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Figure 79: Loss of GCN1 leads to the impaired recruitment of cotranslational quality control

Relative recruitment

factors. Immunoblot analysis of sucrose-cushion purified ribosomes of wild-type and GCN1
KO HEK293T cells (left panel) and quantification by densitometry (right panel). p-Values were
assessed by two-way ANOVA (n = 3).

We predicted that this reduced recruitment of quality control factors has widespread effects
on cotranslational folding and quality control, as well as global mRNA decay. To address effects
on mRNA turnover in more detail, we performed RNA stability (SLAM-seq) measurements
based on metabolic labelling of mMRNA by using 4-thiourudine (4sU). This allowed us to label
all preexisting mRNAs which can be distinguished from newly synthesized mRNAs by
alkylation, leading to a T>C conversion at each position where 4sU was incorporated (Herzog
et al., 2017). To gain insights on global mRNA turnover dynamics, we labelled all preexisting
MRNA in wild-type and GCN1 KO cells for 24 hours. The media was exchanged with 100x

Uridine, and the turnover dynamics were chased over the course of 8 hours (Figure 80).
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Figure 80: Schematic overview of the SLAM-seq approach to assess general mRNA turnover
dynamics. HEK293T cells are cultured in 4sU containing media for 24 h, renewing the media
every 3 h. After the pre-labeling, the chase is started by switching the media to 100x excess
uridine (10 mM) containing media. At timepoints 0, 2, 4, and 8 h after the onset of the chase,
the cells were collected, and mRNA was isolated. Over time, the labelled mRNA is lost due to
mRNA decay. Based on T>C conversions by alkylating the incorporated 4sU, mRNA decay

profiles can be analyzed, thus allowing a global view mRNA turnover dynamic.

We measured decay rates for ~5,500 transcripts (4 time points) that were detected with a high
confidence (R?>0.6) for wild-type and GCN1 deleted cells. The mRNA half-lives measured in wild-
type agree with previously published data, despite using a different method and cell line (Figure

81).

103



. 0 =0,5698
S p<le-16
[
©
< 47
(7]
(O]
=
uL
S 2-
N
(@)]
(@)
|
0 T T |
0 2 4 6

Log, half-lives (WT)

Figure 81: Comparison of mRNA half-lives determined by SLAM-seq (x-axis) in HEK293T and

previously reported half-lives (y-axis) (n = 7151) (Arango et al., 2018).

GCN1 deletion had a severe impact on mRNA turnover, increasing the mean mRNA half-life
from 5.1 h (wild-type) to 7.6 h upon GCN1 knockout (Figure 82). In line with the binding
preference of GCN1 determined by ribosome profiling, TMD encoding transcripts showed a
significant increase in mRNA stability, with a change in mean half-life from 5.4 h to 8.2 h for
all mRNAs encoding TMD proteins analyzed (n = 698) and from 5.6 h to 8.6 h for proteins with
multiple TMDs (n = 168) (Figure 82). Thus, the effect on TMD transcripts contributes

significantly to the overall increase in mRNA half-lives in this data set.

104



0 0021

<OOOO1
15— <0.0001
=
I
2 10+
< _
z
(h'd
E Wild-type
GCN1 KO
0 | | | | | |
) O &
RN /\*‘O L /\@
I S S e S
¥ & 47 S 4
AR N8
Yo Yo
N P

Figure 82: mRNA half-life analysis using SLAM-seq in wild-type and GCN1 deleted cells (n =
5455), all TMD encoding transcripts (n = 698) and TMD encoding transcripts with >3. TMD
segments (n =168). The horizontal line in the boxplots indicates the median; (+) the mean;
boxes indicate upper and lower quartile and whisker caps 10th-90th percentile, respectively.

p-Values were calculated by Holm-Sidak test.

Next, we wanted to investigate if short-lived mRNAs are the primary targets of GCN1. We
therefore binned the mRNAs according to their half-life and inspected their tendency of GCN1
recruitment based on the selective Ribo-seq experiment. Interestingly, we observed that
mMRNAs with a half-life of less than 3 hours show the strongest GCN1 recruitment, whereas
long-lived mRNAs with a half-life of greater than 8 hours are less likely targeted by GCN1
(Figure 83).
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Figure 83: GCN1 is recruited to mRNAs with a shorter half-life. Box plot analysis shows the
GCN1 recruitment to mRNAs with a half-life with less than 3 h (blue box) and greater than 8

h (gray box). The boxes indicate 25"-75" percentile, whiskers 10"-90%" percentile and the line

representing the median.

We then explored factors that define mRNA stability in mammalian cells. While codon
optimality is a good predictor for mRNA stability in yeast, in higher eukaryotes the predictive
power decreases. In HEK293T cells, we did not observe a significant correlation between the

tAl score and mRNA half-lives (Figure 84).
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Figure 84: Scatter plot of mean codon-optimality (tAl scores, y-axis) and measured mRNA

half-lives in wild-type HEK293T cells (x-axis) shows no correlation.
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A negative correlation between transcript length and mRNA stability in yeast has been

observed before (Santiago et al., 1986). While this trend can also be observed for HEK293T
cells, the correlation is rather weak (Figure 85).
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Figure 85: Scatter plot of mRNA length (x-axis) and measure mRNA half-lives in wild-type

cells (y-axis). With progressing length, the mRNA half-live decreases.

In more recent years there have been efforts to establish better metrics describing
regulatory effects of codons on mRNA stability, resulting in the introduction of the codon
stability coefficient (CSC), which depends on tRNA availability and aminoacylation status.
This coefficient is calculated as the Pearson’s correlation coefficient between mRNA stability
(half-life) and codon occurrence (frequency) (Forrest et al., 2020; Presnyak et al., 2015; Wu
et al., 2019). While certain codons, such as CAT, have a destabilizing effect on mRNAs (Figure

86A), higher frequency of others act stabilizing, including CTG (Figure 86B).
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Figure 86: Correlation between codon frequency (bins are indicated at the x-axis) and mRNA
half-lives, reveals (A) a negative correlation of CAT codons (coding for histidine) and (B) a

positive correlation for GTG codons (coding for valine) in wild-type cells.

Based on our data, we calculated CSC scores for all 61 codons (excluding stop codons). Our
determined values align almost perfectly with previously established scores for HEK293T cells
(Wu et al., 2019) (Figure 87A). Next, we analyzed how the CSC scores change in the GCN1 KO
cells. While overall the scores calculated in wild-type cells correlate well with the scores
obtained from the knockout cells, we observed that codon effects are overall blunted in the

mutant cells (Figure 87B).
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Figure 87: Codon-influence on mRNA-stability is partially decoupled in GCN1 KO cells compared
to wild-type. (A) Codon stability coefficients (CSC), calculated as the Pearson’s correlation
coefficient between codon frequency and mRNA stability (half-life) for all 61 codons (excluding
stop codons). The CSC scores obtained from our data agree very well with previously reported
values (Wu et al.). (B) Scatter plot analysis of CSC scores calculated with half-lives from GCN1
KO cells compared to wild-type. While the CSC scores correlate well for GCN1 KO cells and wild-
type HEK293T cells (Pearson’s correlation coefficient of 0.694), the slope deviates significantly
from 1, which would be expected if codon-influence would be preserved as indicated by the

dotted line. The shaded area indicates the 95% confidence interval of the linear fit.

Calculating a global CSC score for each transcript served only as a poor proxy for mRNA
stability (Figure 88A). When collapsing the scores for each codon (CSC) to amino acid level

(AASC), the prediction accuracy improved slightly (Figure 88B).
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Figure 88: Codon stabilization coefficients (CSC) have only a weak predictive power on mRNA

stability, whereas the amino acid stability coefficients (AASC) are better at predicting mRNA
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stability. (A) Scatter plot of mMRNA half-lives of wild-type cells (x-axis) compared to global CSC

scores of given transcripts. (B) As in (A) but plotted against AASC scores instead of CSC scores.

Next, we wanted to explore the underlying cause as to why certain codons are destabilizing.
It is a commonly accepted that slow translation leads to reduced mRNA stability. Overall tRNA
abundance and aminoacylation levels are two major determinants of translation speed. We
therefore hypothesized that tRNA levels and their aminoacylation status influence the CSC
scores. Indeed, utilizing previously published data that determined tRNA abundance and
charging status (Evans et al., 2017), we observed that both tRNA availability (Figure 89A) and
aminoacylation status (Figure 89B) positively correlate with CSC scores. Combining the two

factors improved the prediction of CSC scores. (Figures 89C).
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Figure 89: CSC scores are influenced by tRNA availability and charging status (aminoacylation).
Scatter plots for CSC scores (x-axis) and (A) tRNA availability (tRNA abundance) (B) charging
levels of tRNAs (aminoacylation) and (C) a combined score of tRNA availability and charging

status. Significance was assessed by Spearman’s correlation.

This suggests that GCN1 is recruited codons for destabilizing amino acids and modulates
MRNA stability based on tRNA availability and charging status. Overall, our data suggests that
GCN1 has a general in translational surveillance by acting as a recruitment platform for quality
control factors. This function contributes to readthrough mitigation and more generally aids
in the biogenesis of TMD proteins and collagens by slowing down translation at non-optimal
codons. GCN1 dysfunction leads to a substantial increase in overall mRNA stability, partially

decoupling mRNA turnover from codon-specific effects.
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Discussion

Translational readthrough of stop codons into 3’UTRs leads to the production of aberrant C-
terminally extended proteins with potentially detrimental functional consequences. Previous
studies discovered the existence of translational readthrough mitigation in metazoans. A key
feature of readthrough mitigation was protein destabilization in a manner dependent on
hydrophobicity of the 3’UTR regions (Arribere et al., 2016). However, the exact pathway and
underlying mechanisms of how these aberrant readthrough protein products are detected
and degraded remained unclear. Here, we provided evidence that hydrophobic readthrough
products are recognized and efficiently cleared by the BAG6-RNF126 pathway. We also found
indications that mRNA decay of the readthrough mRNA occurs via the CCR4/NOT complex and
is orchestrated by GCN1 during readthrough mitigation. Further, we determined GCN1 targets
at transcriptome scale to identify TMD encoding transcripts and collagens as key targets, with
GCN1 preferentially recognizing ribosome slowdown and collisions resulting from nonoptimal
codons enriched in these classes. We found that GCN1 balances translational kinetics on
transcripts containing nonoptimal codon stretches and sequences encoding hydrophobic
amino acids. This function of GCN1 is critical to maintain translational homeostasis and loss of

GCN-1 aggravates the translational collapse associated with ageing.

Interplay of BAG6/RNF-126 and sHSPs in quality control of readthrough proteins

Using mass spectrometry and fluorescence based ratiometric analysis, we discovered that
readthrough protein mitigation in both nematodes and mammalian cells utilizes the BAG6
complex involved in quality control of TA-proteins (Farkas and Bohnsack, 2021), including
SGTA, BAG6, ASNA1 (GET3), GET4, UBL4A and the E3 ligase RNF126 (Farkas and Bohnsack,
2021) (Figures 20, 30, 43 and 51). BAG6 acts downstream of the cytosolic chaperone SGTA as
part of the TA pretargeting module. The pretargeting complex is recruited to ribosomes,
poised to capture a hydrophobic TA sequence as soon as it has emerged from the ribosome
exit tunnel (Leznicki and High, 2012, 2020; Mariappan et al., 2010). BAG6 is positioned to
perform a critical triage decision: it either transfers the TA client to factors for membrane
insertion (via GET3 and GET4) or, if unsuccessful, recruits RNF126 for ubiquitylation and

subsequent degradation of TA-protein (Rodrigo-Brenni et al., 2014; Shao et al., 2017).
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Figure 90. General model of translation readthrough mitigation. Proteins resulting from
translational readthrough with hydrophobic CTEs resemble TA-proteins and are captured by
SGTA, which may be recruited to ribosomes even before the hydrophobic CTE emerges. While
bona fide TA-proteins are transferred to the membrane targeting unit consisting of GET4 and
ASNA1 (GET3), aberrant CTE proteins resulting from translational readthrough are retained at
the BAG6 complex for RNF126-mediated ubiquitylation and subsequent proteasomal
degradation. CTE proteins that evade BAG6-mediated degradation are sequestered by sHSPs
into foci, as observed in the nematode model. Ribosomes that translate into hydrophobic
3’UTRs are slowed down at nonoptimal codons, resulting in collided ribosomes that are

recognized by GCN1, which in turn recruits CCR4/NOT to initiate mRNA decay.

We found that depletion of BAG6 or RNF126 stabilizes readthrough proteins with hydrophobic
CTEs, suggesting that such sequences, similar to failed TA sequences, are captured by SGTA,
followed by transfer to BAG6 and RNF126-dependent clearance (Figures 20 and 34). Indeed,
bioinformatic analysis showed that the CTE sequences of readthrough proteins frequently
contain regions similar in length and hydrophobicity to TA membrane spans (Figure 28),
suggesting the possibility of mislocalization to membranes.

What are the consequences of CTEs inserted into membranes? Cells allocate tremendous
resources for quality control pathways to ensure organelle function. For example, TA proteins
that are missorted into the ER or mitochondrial membrane are recognized and shuttled back
to the cytosol by retrotranslocases (McKenna et al., 2020; Wohlever et al., 2017). Having an
additional source of mislocalized proteins arising from CTE translation may overwhelm this

clearance mechanism and potentially alter protein composition at the ER and mitochondrial
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membranes resulting in organelle dysfunction (Costa et al., 2018; Gamerdinger et al., 2015).
Thus, clearance of CTEs by the BAG6 complex is crucial to relieve the burden on such
retrotranslocases and ensure proteins are not improperly inserted into membranes.
Hydrophobic sequences further pose a risk to form aggregates that may interfere with myriad
cellular pathways. Consistently, hydrophobic readthrough proteins formed aggregate
inclusions upon impairing ubiquitylation or proteasome inhibition. Readthrough proteins
escaping degradation strongly associated with members of the sHSP class of chaperones,
which were dramatically upregulated upon overexpression of readthrough constructs (Figures
23 and 24). sHSPs, in addition to preventing protein aggregation, have been shown to function
in spatial protein quality control by sequestering potentially harmful proteins into aggregates
(Haslbeck et al., 2019; Mogk and Bukau, 2017). Their upregulation during aging (Walker and
Lithgow, 2003; Walther et al., 2015) is associated with longevity in C. elegans. We suggest that
sHSPs function in parallel to the BAG6 pathway in preventing readthrough proteins from
engaging in aberrant protein-protein interactions. Indeed, we identified that spatial
sequestration of readthrough proteins was dependent on sHSPs (Figure 22).

If degradation and spatial sequestration of readthrough proteins fail, backup mechanism may
take over to prevent proteostatic collapse. Such a backup mechanism has been described for
the ribosome associated quality control complex (RQC) (Sitron and Brandman, 2019). During
this pathway, Rqc2 (NEMF in mammals) elongates nascent polypeptides with alanine and
threonine chains (CAT-tails), which act as destabilizing sequences if stalled nascent chains
escape ubiquitylation at the ribosome (Sitron and Brandman, 2019). Such degrons are small
protein elements that facilitate the interaction with degradation machineries to promote their
degradation. In recent years, different C-terminal degrons have been identified that shape
general plasticity of the proteome (Koren et al., 2018; Sitron and Brandman, 2019). Given the
potential unstructured nature of CTEs, a feature that is typical for degrons (Varshavsky, 2019),
we suggest that hydrophobic CTEs can act as C-terminal degrons to facilitate their degradation
if the BAG6 complex fails to detect them.

In conclusion, cells employ multiple pathways act in parallel at the protein level to ensure that
aberrant protein species do not escape degradation or form promiscuous protein-protein

interactions.
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GCN-1 mediated mRNA decay

RQC is equipped with an additional layer of quality control to reduce the burden on protein
degradation pathways by reducing the mRNA level of faulty transcripts (Inada, 2020). Analyzing
the readthrough mitigation mechanism revealed an additional level of quality control wherein
translation into a 3'UTR coding for a hydrophobic CTE, and thus enriched in nonoptimal codons
(Figures 29 and 56) results in mRNA destabilization (Figure 90). Using UV-induced mRNA
crosslinking followed by mass spectrometry, we identified the ribosome collision sensor protein
GCN1 and the CCR4/NOT deadenylase complex as critical factors in the readthrough mitigation
pathway (Figure 37). While CCR4/NOT has a well-established role in mRNA decay (Buschauer et
al., 2020; Webster et al., 2018), GCN1 is a cofactor of the ISR kinase GCN2 (Sattlegger and
Hinnebusch, 2000, 2005; Wu et al., 2020; Yan and Zaher, 2021) with no known mRNA quality
control function. GCN1 disruption stabilized mRNAs encoding hydrophobic readthrough
proteins (Figure 39B). We found that GCN1 interacts with CCR4/NOT, mediating the
cotranslational recruitment of the CCR4/NOT complex for mRNA degradation (Figure 42). This
function synergizes with proteasomal degradation via the BAG6 pathway, strongly reduces the
burden posed by potentially harmful readthrough proteins.

Considering that stop codon readthrough frequencies are as high as 15% (depending on stop
codon sequence context) (Loughran et al., 2014) and most CTEs encoded by 3'UTRs are
hydrophobic, the production of readthrough proteins may saturate the normal quality control
capacity of the BAG6 complex within the biogenesis pathway of bona fide TA-proteins,
potentially disturbing general proteostasis. A recent study reported that the BAG6 complex has
a general role in clearing hydrophobic translation products originating from various sources of
noncoding RNAs other than stop codon readthrough (Kesner, 2022). This would further
increase the burden of aberrant translation products on the BAG6 complex, raising the question
of how a single quality control module might deal with such a massive overload. While several
protein quality control pathways may operate in parallel, our findings suggest that the
mechanism of cotranslational mMRNA decay by GCN1 and CCR4/NOT will likely be critical in
mitigating noncoding RNA translation in addition to its role on readthrough mRNAs. By reducing
the production of aberrant hydrophobic proteins at the level of translation, the GCN1-

CCR4/NOT axis may relieve some of the burden on the BAG6 complex.
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GCN1 surveils translation

Our GCN1-selective Ribo-seq analysis in C. elegans and HEK293T cells uncovered a pervasive
role of GCN1 in modulating translation dynamics and proteome balance by regulating mRNA
turnover. In addition to 3'UTRs, we identified numerous coding sequences as GCN-1 targets,
with a significant enrichment of TMD protein and collagen transcripts (Figures 58 and 74).
GCN1 interacts preferentially with ribosomes engaged at nonoptimal codons, which are
particularly frequent in these mRNAs. Nonoptimal codons result in slow decoding and have
been proposed to induce transient ribosome collisions (Hanson and Coller, 2018). Slow-
decoding ribosomes are targeted by the CCR4/NOT deadenylase (Buschauer et al., 2020),
explaining the codon dependence of mRNA turnover, but whether codon-mediated mRNA
decay depends on ribosome collisions has been questioned (Mishima et al., 2022). Our results
indicate that disomes indeed form on nonoptimal codon stretches and are bound by GCN1.
This function of GCN1 is consistent with recent evidence that disome formation is widespread
across eukaryotic lineages (Han et al., 2020; Zhao et al., 2021) and may serve to recruit
molecular chaperones to address folding problems of specific proteins (Zhao et al., 2021). Our
analysis suggests that recognition by GCN1 stabilizes such disomes, slowing elongation further
to facilitate chaperone recruitment to translating ribosomes. A similar mechanism was
proposed for microRNAs that bind CDS regions of transcripts slowing translation to prevent
misfolding of nascent polypeptides (Sako et al., 2023). Such a translational slowdown would
likely cause ribosomal collisions that could in turn recruit GCN1. Therefore, GCN1 may play a
role in the microRNA-mediated cotranslational folding by recruiting molecular chaperones.
mRNA decay initiated by CCR4/NOT may be the consequence of folding problems that cannot
be resolved. In such situations, translation might be terminated by recruitment of eRF1, as
observed by polysome fractionation experiments (Figures 69 and 79), which can execute
premature termination on rare codon stretches (Yang et al., 2019). In the context of
translational readthrough, we identified the BAG6 complex to mediate the efficient clearance
of CTEs. However, the fate of prematurely terminated proteins remains unclear. The AAA-
ATPase valosin-containing protein (VCP) mediates the extraction of misfolded membrane
proteins which are then degraded by BAG6-RNF126 (Hu et al., 2020). Translational problems
arising during the biogenesis of TMD proteins would lead to the premature termination

mediated by GCN1. Such faulty intermediate products, if inserted into the membrane, are
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likely to be extracted by VCP, and subsequently captured by BAG6 to mediate their

degradation.
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Figure 91: Model of translational surveillance mediated by GCN1. Translation of nonoptimal
codons (enriched in TMD containing transcripts and collagens) causes ribosome slowdown and
(transient) collisions. GCN1 engages these ribosomes to stabilize disomes, thereby prolonging
the time available for membrane protein assembly and/or association of chaperones for
cotranslational folding. Extended ribosome (disome) dwelltimes, due to problems during
biogenesis that cannot be resolved, result in CCR4/NOT recruitment to initiate mRNA
degradation, which thereby limits aberrant protein accumulation. Recruitment of release

factor eRF1 to stalled ribosomes may induce premature chain termination.

In the case of TMD proteins, translational slowdown is thought to facilitate cotranslational
targeting and membrane insertion of TMD proteins (Pechmann et al., 2014; Rodnina and
Wintermeyer, 2016). We found that GCN1 is preferentially recruited to TMD proteins with
multiple membrane spans. Assembly of such proteins is a complex and often inefficient
process utilizing various membrane insertases, such as the Sec61 translocon and the EMC and
PAT complexes (Miller-Vedam et al., 2020; O'Donnell et al., 2020; Phillips and Miller, 2020;
Smalinskaite et al., 2022; Sundaram et al., 2022; Tector and Hartl, 1999; Trentini et al., 2020).
Ribo-seq revealed that GCN1 tends to engage TMD proteins soon after a transmembrane
sequence has emerged from the ribosome, possibly extending the time window available for
successful insertion and assembly in the membrane. Interestingly, this binding preference is
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opposite for what has been proposed for an RQC-associated ribosome collision sensor, HEL2
(ZNF598), which is preferentially recruited prior to translation of TMD segments (Matsuo and
Inada, 2021). It remains unclear why two seemingly similar quality pathways act on the same
MRNAs and what determines their binding preference. Structural differences observed for
GCN1-bound disomes, and collided ribosomes engaged by RQC-related factors might
contribute to this selectivity (Pochopien et al.,, 2021). However, how such structural
differences would arise remains unknown and further research is required to understand the
underlying mechanism mediating these binding preferences.

Slowing translation at nonoptimal codons by GCN1 aids in the folding of nascent chains and
balancing mRNA levels via CCR4/NOT would limit the risk of overloading chaperone and
assembly machinery. Slow decoding also underlies the preferential targeting of collagen
transcripts by GCN1. Collagens, the most abundant proteins in mammals, are rich in XPP
motifs, with prolines having a critical structural role in forming the characteristically tightly-
wound collagen helix (Onursal et al., 2021; Shoulders and Raines, 2009). Prolines perform
poorly in peptide bond formation and slow translation substantially by adopting an
unfavorable topology for the peptidyl transferase reaction (Gutierrez et al., 2013; Pavlov et

al., 2009; Peil et al., 2013; Schuller et al., 2017).

The role of GCN1 in mRNA decay extends beyond collagens and TMD proteins, affecting mRNA
stability globally in a codon-dependent manner. Based on published mass spectrometry data
(Kulak et al., 2014), we identified a ~17-fold higher abundance of GCN1 compared to
CCR4/NOT. Therefore, it seems plausible that GCN1 acts upstream of CCR4/NOT. Recent
findings that GCN1 engages E3 ligases for the ubiquitylation of stalled translation factors (Oltion
et al., 2023) support the view that it functions in translational regulation as a more general
recruitment platform. Yet, it remains unclear how GCN1 mediates the recruitment of
CCR4/NOT on a molecular basis. The CCR4/NOT complex was shown to recognize empty
ribosomal E-sites during translation via CNOT3 (Buschauer et al., 2020). However, structural
evidence suggests that the E-site of the leading GCN1-bound collided ribosome is occupied by
EIFSA, whereas the trailing ribosome is bound to tRNAs in the E/P and P/A confirmation
(Pochopien et al., 2021). This would make both E-sites seemingly inaccessible for CNOT3
binding. However, CNOT3 is not always required for CCR4/NOT recruitment to ribosomes. In

the translational surveillance pathway during tubulin autoregulation (Lin et al., 2020), S-phase
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cyclin A associated protein residing in the ER (SCAPER) recruits CCR4/NOT to the ribosomes
independently of CNOT3 (Hopfler et al., 2023). While this mode of CCR4/NOT tethering was
described in the specific context of tubulin, it is possible that similar to SCAPER, GCN1 directly

tethers CCR4/NOT to disomes and initiates mRNA decay.

Implications of GCN-1 function in ageing

GCN1 is a positive regulator of the integrated stress response (ISR) induced by amino acid
starvation (Sattlegger and Hinnebusch, 2000, 2005). In this signaling pathway, GCN1 activates
the GCN2 kinase, which in turn phosphorylates elF2a to downregulate global translation.
Activation of the ISR also occurs upon increased production of readthrough proteins (Wangen
and Green, 2020). Interestingly, we found this response to be fully dependent on GCN1
function, ruling out secondary effects on elF2a phosphorylation, such as ER stress (Figure 78).
GCN1-mediated EIF2a-phosphorylation blocks translation to reduce global translation and
prevent further collision. When collisions persist, ZAKa-dependent apoptosis is triggered by
p38-phosphorylation (Wu et al., 2020). Thus, GCN1 acts as a molecular gauge to determine

the cell fate upon increased ribosome collisions during translational readthrough (Figure 92).
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Figure 92. Model for cellular response to increased translational readthrough orchestrated by

GCN1. Increased global readthrough into 3°UTRs of transcripts leads to elevated levels of
ribosome collisions that are sensed by GCN1 to phosphorylate EIF2a. This in turn reduces
translation initiation rates to prevent further ribosome collisions. If collisions exceed a

threshold, apoptosis is initiated by ZAKa phosphorylating p38.

As translational errors have been associated with aging (Azpurua et al., 2013; Chen et al.,
2020; Moore et al., 2021; Shcherbakov et al., 2022; Stein et al., 2022), it seemed likely that
the wide-ranging role of GCN1 in translational surveillance described here is increasingly
relevant during the aging process. Direct evidence for the importance of GCN1 in maintaining
RNA and protein balance in aged nematodes was provided by our finding that GCN1
dysfunction resulted in the age-dependent accumulation of insoluble TMD proteins (Figure
61). Furthermore, gcn-1(nc40) mutant animals at day 6 of adulthood accumulated on average
3- to 4-fold higher mRNA levels for multiple collagens compared to young (DO) controls,
resulting in higher levels of collagen translation. However, this increase in collagen translation
was not reflected in total collagen abundance, but rather coincided with a decrease in collagen
level (Figure 68). Surplus collagen molecules may be recognized as structurally aberrant,
possibly resulting in a high burden on clearance pathways (Ito and Nagata, 2021). Indeed,

declining collagen integrity is an important factor in aging, accompanied by a decrease in total
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collagen mass and the accumulation of structurally damaged collagens (Shoulders and Raines,
2009). The profound impact of GCN-1 on collagen biogenesis in C. elegans illustrates the

significance of GCN1-mediated translational surveillance in maintaining proteome balance.

Our study suggests that GCN-1 acts as master coordinator of the response to problematic
translation aiding in the biogenesis of challenging proteins and possibly limiting their
expression by mRNA decay (Figure 91). This process becomes increasingly important as
organisms age and translational fidelity decreases. Reducing translation initiation by elF2a
phosphorylation reduces the burden on the proteostasis system and ensures that protein
quality control mechanisms are not overwhelmed. Addressing the question of the underlying
reason why translational fidelity decreases, and problems arise as our cells age, remains a

central task for future studies.
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