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Abstract: The ribosome-associated guality control (RQC) pathway resolves stalled ribosomes.
As part of RQC, stalled nascent polypeptide chains (NCs) are appended with CArboxy-Terminal
amino acids (CAT tails) in an mRNA-free, non-canonical elongation process. CAT tail
composition includes Ala, Thr, and potentially other residues. The relationship between CAT tail
composition and function has remained unknown. Using biochemical approaches in yeast, we
discovered that mechanochemical forces on the NC regulate CAT tailing. We propose CAT
tailing initially operates in an "extrusion mode" that increases NC lysine accessibility for
on-ribosome ubiquitination. Thr in CAT tails enhances NC extrusion by preventing formation of
polyalanine, which can form a-helices that lower extrusion efficiency and disrupt termination of
CAT tailing. After NC ubiquitylation, pulling forces on the NC switch CAT tailing to an Ala-only
"release mode" which facilitates nascent chain release from large ribosomal subunits and NC
degradation. Failure to switch from extrusion to release mode leads to accumulation of NCs on
large ribosomal subunits and proteotoxic aggregation of Thr-rich CAT tails.

One sentence summary: Mechanochemical forces regulate the composition of CAT tails to
extrude or release stalled nascent chains and recycle ribosomes.

Keywords: CAT tails, protein quality control, ribosome, translation, ribosome stalling,
mechanochemistry, ribosome-associated quality control (RQC), protein folding.
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INTRODUCTION

Ribosomes can stall and collide during translation due to inefficient decoding of codons,
structural impediments in mRNA, insufficient translation factors, or translation of poly(A)
sequences past the stop codon. Stalled ribosomes block translation and produce incompletely
synthesized nascent polypeptide chains (NCs) that can be nonfunctional or toxic to cells. The
Ribosome-associated Quality Control (RQC) pathway dissociates and recycles stalled
ribosomes and degrades stalled NCs (reviewed in references’*). RQC first splits stalled
ribosomes to form 60S-NC-tRNA ribonucleoprotein particles (RNPs) that are absent of 40S
ribosomal subunits and mRNAs®*® (Figure 1A). NCs then undergo two covalent modifications
prior to release from the 60S ribosomal subunit: ubiquitylation by the E3 ligase
Ltn1(yeast)/Listerin(human)'®'" and the addition of C-terminal amino acids in a conserved
process called CArboxyl-Terminal tailing, or “CAT tailing” initiated by the protein
Rqc2(yeast)/NEMF(human)'?-'®, Rqc2p recognizes 60S-NC-tRNA RNPs and recruits specific
charged tRNAs to the 60S A-site. Rqc2p then drives elongation of the NC with amino acids
through non-canonical elongation independent of mRNA, the 40S ribosomal subunit, or energy
input'>'-2'_ These C-terminal extensions are called “CAT tails”.

CAT tails are composed of alanine (Ala) in bacteria®®, Ala and threonine (Thr) in yeast'*%, and
Ala and other amino acids in Drosophila and humans''52%, In eukaryotes, CAT tails facilitate
degradation of the NC by two parallel mechanisms. On the ribosome, CAT tails extrude the NC
from the exit tunnel. This enhances the efficiency of Ltn1p in ubiquitylating NC by exposing any
exit tunnel buried lysines? and by increasing the accessibility of surface exposed lysines on
structured NCs??. The NC must then be released from the 60S ribosomal subunit prior to
degradation, as the topological restraint of the P-site tRNA and extra-ribosomal NC domain can
anchor the NC to the ribosome?®. The nuclease Vms1/ANKZF1 and peptidyl-tRNA hydrolases
have been proposed to cleave the P-site tRNA and facilitate NC release®®%°. Once off the
ribosome, CAT tails act as C-terminal degrons that mark stalled NCs for proteasomal
degradation, serving as a backup pathway in case Ltn1p does not successfully target the
NC?230-32 (Figure 1A). In bacteria, CAT tails function as degrons'® and have been proposed to
enhance NC release from the large ribosomal subunit 2. In contrast to these beneficial cellular
functions, CAT tailed proteins can also form cytotoxic protein aggregates that activate stress
pathways and compromise cellular and organismal health®-%". Misregulation of CAT tailing has
been proposed to explain neurodegeneration caused by mutations in NEMF in humans®® and
phenotypes of Alzheimer's and Parkinson's disease models in flies'#233%40_Yet the relationship
between CAT tail composition and function has remained unknown.

Here we discovered and studied diverse CAT tails on model substrates in yeast. Our findings
suggest that cells regulate CAT tail composition to achieve two different functions. First, CAT
tails comprising both Ala and Thr function in an “extrusion mode” to displace the NC out of the
exit tunnel and increase accessibility of NC lysine residues for ubiquitination. Thr incorporation
into CAT tails increases their efficiency of NC extrusion by preventing the formation of a-helices.
Second, Ala-only CAT tails act in a “release mode” to facilitate release of the nascent chain from
the 60S subunit and degradation by the proteasome. Switching from extrusion to release mode
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is driven by mechanochemical pulling forces on the NC which regulate CAT tail composition.
These forces most prominently result from Cdc48p pulling on the ubiquitinated NC, but also
folding of the NC outside of the exit tunnel, NC translocon-interactions, and electrostatic
interactions between the NC and the exit tunnel interior. Threonine added during the extrusion
mode of CAT tailing promotes efficient switching to the release mode when pulling force is
applied to the NC. Failure to efficiently switch from extrusion to release mode leads to
accumulation of NCs on ribosomes and proteotoxic aggregation of Thr-rich CAT tails.

RESULTS
CAT tails have diverse lengths, compositions, and aggregation propensities

In working with model substrates that constitutively induce ribosome stalling, we unexpectedly
observed that different substrates had qualitatively different CAT tails (Figure 1B). CAT tails
were visualized by comparing SDS-PAGE mobility in an /tn1A strain (to increase stalled NC
detectability) to an ltn1A rqc2A strain (which cannot make CAT tails). A model substrate
consisting of GFP followed by 20-amino acid linker and a stall-inducing polyarginine tract,
GFP-20, was upshifted up to ~3.5 kDa, corresponding to a CAT tail up to ~35 amino acids in
length (Figure 1B). By contrast, CAT tails on a similar substrate yet with a longer, 40 amino acid
linker, GFP-40, were dramatically smaller (Figure 1B, 1C). To observe CAT tails in GFP-40 with
more precision, we ran samples on a higher percentage acrylamide gel (Figure S1A). GFP-40
was uniformly upshifted by ~0.5 kDa, even when Rqc2 was overexpressed, suggesting a CAT
tail length of ~4-5 amino acids that is unaffected by Rqc2p levels (Figure S1B). Similar
observations were made in a WT (rather than /tn1A) background using model substrates that
cannot be efficiently targeted by Ltn1p due to a lack of surface-exposed lysines (1K-sGFP-20
and 1K-sGFP-40)*" (Figure S1C-1D).

To determine the amino acid composition of CAT tails from GFP-20 and GFP-40, we
immunopurified these proteins and performed total amino acid analysis. Consistent with our
previous work'?, CAT tails from GFP-20 contained roughly equal amounts of Ala and Thr (Figure
1D). In contrast, CAT tails from GFP-40 were composed of Ala while Thr enrichment was not
observed. Analysis of the molar percentage of each amino acid suggested that CAT tails in
GFP-40 were made up of ~4-5 Ala. We conclude that GFP-20/1K-sGFP-20 and
GFP-40/1K-sGFP-40 are CAT tailed in qualitatively distinct manners, with “long” Ala/Thr tails
and “short” Ala CAT tails, respectively.

CAT tails have been found to aggregate and drive proteotoxic stress'#**-%. To evaluate the
solubility of CAT tails produced in our model substrates, we compared levels of SDS-insoluble
CAT tail protein aggregates (Figure 1B-1C) and localization by microscopy (Figure 1E). CAT
tailed GFP-20/1K-sGFP-20 (Figure S1C) was less soluble and formed more cellular inclusions
than GFP-40/1K-sGFP-40 (Figure S1D) in all backgrounds. Our results demonstrate that CAT
tails on different stalled model substrates show a diversity of length, composition, and
aggregation propensity, with GFP-40 appended with short, soluble CAT tails composed of Ala
while GFP-20 received longer, Ala/Thr CAT tails that were aggregation prone.
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CAT tail composition determines degradation and aggregation

CAT tails function as “degrons” that, in parallel to ubiquitin added by Ltn1p, mark stalled NCs as
substrates for degradation by the proteasome?3°3'_ |In an earlier study we showed that
aggregation of CAT tails was anticorrelated with their ability to function as degrons® and we
here observed that levels of GFP-40 appeared lower than GFP-20 in an /tn1A background
(Figure 1B). We therefore hypothesized that soluble short CAT tails would be more potent
degrons than aggregation-prone long CAT tails. To quantitatively assess this, we generated
internally controlled, ratiometric versions of our model substrates using RFP as an internal
expression control followed by a tandem T2A peptide bond-skipping sequences and measured
fluorescence by flow cytometry at steady state and after blocking synthesis with the translation
inhibitor cycloheximide (CHX)? (Figure 2A). Consistent with our hypothesis, the short CAT tailed
substrate, GFP-40, accumulated in /tn1A cells at approximately half the level of the the long
CAT tailed GFP-20 and was degraded at a rate 1.5-times faster than GFP-20 (Figure 2B).

To test the effects of reduced CAT tailing on GFP-20 and GFP-40 phenotypes without
completely blocking CAT tailing, we leveraged an Rqc2 mutant, rqc2-D9A, that exhibits a partial
loss of function phenotype in CAT tail synthesis??. Consistent with this, we observed a reduction
in CAT tail length and complete loss of aggregation in the rqc2-D9A background (Figure S2A,
2B). No CAT tailing or aggregation was observed in the Rqc2-null strain, as previously
observed'???, or in the catalytically dead rqc2-D98A mutant. Analysis of ratiometric reporters in
rqc2-D9A revealed a modest increase in steady state levels (significant for GFP-40, not
significant for GFP-20) (Figure S2C) and decrease in degradation rate via CHX chase assay
(Figure S2D) for both GFP-40 and GFP-20 reporters, suggesting that degron function was
moderately attenuated in rqc2-D9A. Thus, partial impairment of CAT tailing by rqc2-D9A leads
to decreased CAT tail length, decreased degron function, and abolished aggregation.

In mammalian cells, C-terminal Ala tails function better as degrons than Ala/Thr tails®'*2. We
also found this to be the case in yeast, with six C-terminal Ala being optimal among the
sequences we tested for targeting substrates to the proteasome via the ubiquitin ligase Hul5p
(previously shown to target CAT tails off the ribosome??). Inclusion of Thr lowered degron
efficiency (Figure 2C-D). To investigate if CAT tail sequence explains the difference in
aggregation propensity we observed in GFP-20 and GFP-40, we fused GFP with 32-amino acid
“hard coded” CAT tails containing only Ala, only Thr, or randomly mixed Ala and Thr. Hard
coded CAT tails that contained only Thr exhibited partial aggregation, whereas no aggregation
was observed for Ala-only or mix of Ala/Thr extensions at this length. (Figure 2E). We then
fused GFP with longer 50-amino acid hard coded CAT tails containing differing proportions of
Ala and Thr and found aggregation increased with Thr content. This is consistent with studies
where inclusion of Thr in prion and a-synuclein proteins increased aggregation propensity**=°.
Raising Thr content to 50% or more resulted in nearly complete protein aggregation (Figure 2F).
Together, these results suggest that both length and Thr content of CAT tail sequences explain
the differences in degradation and aggregation properties in GFP-20 and GFP-40, with short Ala
tails functioning as effective, soluble degrons and longer Thr containing CAT tails acting as poor
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degrons with increased aggregation propensity.
Mechanical forces regulate CAT tail composition

We next investigated the mechanism explaining differences in CAT tailing we observed between
substrates. Vms1p is a protein that has been shown to antagonize CAT tailing by competing
with Rgc2p binding?”#%4” and cleaving the P-site tRNA to release ubiquitylated NC?“8, Deletion
of the VMS1 gene had no effect on CAT tail lengths of our substrates in wild type and /tn14
backgrounds, although aggregation propensity was reduced for some substrates (Figure S3A).
We therefore considered what intrinsic features of our model substrates may contribute to
different CAT tail phenotypes. One basic feature of the stalled NC that is predicted to be
different between GFP-20 and GFP-40 is the folding state. In GFP-40, the GFP sequence fully
emerges from the ~40 amino acid long ribosomal exit tunnel and can fold into its native state*.
By contrast, the GFP-20 substrate has 20 amino acids sequestered within the exit tunnel, which
would be predicted to prevent its folding. NC folding has been demonstrated to generate a
pulling force that extends all the way to the P-site tRNA®*-** and regulates canonical
translation®'>**", We hypothesized that pulling force on the NC regulates CAT tail composition
and termination.

To explore this hypothesis, we designed RQC substrates with different linker lengths. Our
prediction was that CAT tailing would terminate when the full length GFP sequence emerged
outside the ribosome and could thus fold and create a pulling force. That is, the length of CAT
tail and the linker length were predicted to be inversely related. Consistent with this hypothesis,
maximum CAT tail length plus the linker was estimated to be between 50-60 amino acids for all
constructs, lengths at which the full GFP sequence would emerge from the ribosome and fold
(Figure 3A-B). Aggregation generally correlated with CAT tailing (Figure 3C). Yet when linker
length was increased to 50 amino acids, a length at which pulling is predicted to be reduced
because the folded NC no longer abuts the ribosome®'?8, aggregation of CAT tailed protein
resumed (Figure 3A-C). A similar pattern of CAT tailing and aggregation was observed in
analogous experiments where GFP was replaced by maltose binding protein (MBP)*°,
suggesting the effects observed were related to any NC folding rather than specific to GFP. Like
GFP-50, MBP-50 showed increased aggregation over the 40-amino acid linker counterparts.
MBP-70 had longer CAT tails and more aggregation than MBP-40 and MBP-50 (Figure S3B-D).

We next tested the pulling-force model for CAT tail regulation with four additional, orthogonal
approaches. First, we sought to chemically modulate cotranslational protein folding by growing
cells in media supplemented with unnatural amino acid analogs that disrupt protein structure.
Consistent with this hypothesis, GFP-40 showed increased CAT tail lengths, up to 20-25 amino
acids, in the presence of L-Azetidine-2-carboxylate (AZC), a proline analog, or canavanine, an
arginine analog (Figure 3D). Corresponding experiments performed with the 1K-sGFP-40
reporter in LTN7-intact cells yielded similar results whereas no increase in CAT tail lengths were
seen for the GFP-20/1K-sGFP-20 reporters (Figure S3E).
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In a second approach to modulate NC protein folding we used spectrin R16, a protein for which
cotranslational folding has been characterized®®', and introduced independent point mutations
that produce defects in its cotranslational folding. All constructs featured an identical 40-amino
acid linker to comparably ensure they cleared the ribosome before stalling. As predicted, wild
type, folding-competent spectrin R16 formed short, 0.5 kDa (~5 amino acid) CAT tails in [fn1A
whereas both non-folding mutant versions produced smears indicative of longer CAT tails of up
to 6.5kDa (~65-70 amino acids) (Figure 3E).

We next tested if the effect of forces generated during cotranslational insertion of the NC into
the endoplasmic reticulum (ER) lumen®2-%® caused early termination of CAT tailing (Figure 4A).
We appended a carboxypeptidase Y-derived ER signal peptide to the N termini of GFP-20 and
GFP-40 to generate spGFP-20 and spGFP-40. As predicted, spGFP-20 had ~2.5 times greater
population of short CAT tails than GFP-20 in the /tn1A background (Figure 4B-C) whereas
spGFP-40 remained unaffected (Figure S4A). These phenotypes remained qualitatively the
same after deletion of VMS1 (Figure S4B), suggesting that CAT tail termination was not driven
by Vms1p at the ER.

Previous work identified the Cdc48 ATPase complex as an RQC factor and proposed that it
physically extracts ubiquitylated stalled NCs®”%®. In a final approach to alter forces pulling on the
NC, we compared CAT tailing in strains with reduced Cdc48p activity, predicting longer CAT tails
when pulling by Cdc48 was reduced. We first measured CAT tails of the GFP-20 and GFP-40
substrates in W303 cells with wild type CDC48 and a temperature sensitive mutant, cdc48-3,
with constitutive RQC defects at the semi-permissive temperature of 30°C® (Figure S4C-D).
This experiment was performed in the W303 strain background (to access the cdc48-3 mutant)
unlike other experiments in the study, which were performed in the BY4741 strain background.
Cells were treated with bortezomib to block degradation of ubiquitylated CAT tailed proteins and
enhance their detection. As predicted, a banding pattern for cdc48-3 that was consistent with
longer average CAT tails was observed for GFP-20 but not GFP-40, which folds and therefore
can generate a NC pulling force without Cdc48p. Moreover, deleting LTN1 in cdc48-3 cells
resulted in more aggregates but only a minor change in banding pattern for GFP-20, suggesting
that the effect of LTN1 deletion on CAT tails occurred through loss of Cdc48p function. However,
the putative CAT tail band in GFP-20 that increased in relative intensity in cdc48-3 migrated at
or near the same size as the readthrough product observed in the rqc2A background,
complicating interpretation of the results. We then took an orthogonal approach to block Cdc48p
activity by comparing CAT tails in a WT strain to those without LTN 1, which is required for NC
ubiquitylation and thus recruitment of Cdc48p®’. To increase observability of the model
substrates when LTN1 was intact, we crippled the proteasome by deleting the proteasome
maturation factor Ump1p®’(Figure 4D). Consistent with our model, CAT tails of GFP-20 (Figure
4E) but not GFP-40 (Figure S4E) were dramatically shorter in ump1A (Cdc48p recruited to the
NC) compared to /tn1A (Cdc48p not recruited to the NC). Amino acid analysis of GFP-20
revealed that the CAT tails in ump 1A were composed only of Ala (Figure 4F), while the CAT tails
observed in the /tn1A background were composed of both Ala and Thr (Figure 1D, right panel).
GFP-20 in ump1A had the same CAT tail composition found on GFP-40 in an /tn1A background
(Figure 1D, left panel), which folds and therefore, like GFP-20 in ump 1A, experiences NC
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pulling forces. Together, our results support a model where tension generated by pulling forces
on stalled NCs (via Cdc48p, NC folding, or membrane translocation) modulates CAT tail
composition and length. When no pulling is present, both Ala and Thr CAT tails are added.
Pulling drives addition of Ala-only CAT tails and termination of CAT tailing.

NC-60S ribosome interactions regulate CAT tail composition

While our data is consistent with a hypothesis that pulling force on the NC regulates CAT tailing,
it is also consistent with a model where the extra-ribosomal NC folding state is sensed (perhaps
by a chaperone) and regulates CAT tailing. To distinguish between these models, we sought to
create a NC pulling force within the exit tunnel that does not affect the extra-ribosomal NC.
Mechanochemical forces on the NC occur if the NC has electrostatic interactions with the
negatively charged ribosomal exit tunnel®®"°. In our experiments so far we used linkers
composed of a mix of neutral and charged amino acids. To test how NC/exit tunnel interactions
affect CAT tailing, we introduced charged tracts in GFP ~15 amino acids away from the PTC in
a “constriction site” where electrostatic interactions within the ribosome exit tunnel are most
pronounced’®"? (Figure 5A). Strikingly, encoding positive charges via five consecutive lysines
sharply reduced CAT tailing and abolished aggregation in GFP-0. When a negatively charged
aspartate tract was introduced to GFP-0, CAT tailing and aggregation remained (Figure 5B). In a
symmetric experiment, an aspartate tract caused a sharp increase in Rqc2-dependent
aggregation of GFP-40 (Figure 5C). We then supplanted seven amino acids near the
constriction site of a previously characterized linker that is stretched end to end in the ribosome
when stalled® 3. Substituting with negatively charged residues led to dramatic increases in CAT
tail length and aggregation (Figure 5D). Taken together, our data suggest that mechanochemical
forces on the NC regulate CAT tailing. NC pulling from outside the ribosome match the effect of
NC-exit tunnel attraction and produce short Ala CAT tails, while no NC pulling matches the
effect of NC-exit tunnel repulsion and increases the length, aggregation, and Thr content of CAT
tails.

Thr increases the efficiency of NC extrusion by CAT tails

A proposed function of CAT tails is to enhance Ltn1p’s ability to ubiquitylate lysines on NCs by
extruding the NC from the exit tunnel and thus increasing the accessibility of exit
tunnel-occluded lysines® and lysines on structured regions of NCs?. Since our amino-acid
analysis data suggested that Thr is only present in CAT tails prior to NC ubiquitylation and
pulling by Cdc48p, we hypothesized that Thr plays a functional role in extrusion. Among all
amino acid homopolymers, polyalanine exhibits the highest propensity for forming a-helices
within the ribosome exit tunnel™"¢, which compacts the NC by up to ~2x"®. We hypothesized
that a-helix formation would compact CAT tails, rendering Ala-rich CAT tails poorly suited to
extrude the NC from the exit tunnel and that Thr incorporation disrupts these a-helices. Thr
disruption of polyalanine a-helices was supported by theoretical predictions of protein secondary
structure (Figure 6A). To experimentally test this, we encoded hard coded Ala linkers of lengths
6, 13, 20, and 32 amino acids in a GFP-based stalling reporter that were predicted to form
a-helices. Since the exit tunnel is ~40 amino acids long, these RQC substrates are unfolded
when they stall and should be CAT tailed until the GFP is fully extruded and folds, generating
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pulling forces that terminate CAT tailing. Remarkably, despite the progressive increase in the
number of linker residues, the CAT tails on all Ala-linker substrates were up to 5 kDa (~50
amino acids)(Figure 6B-C), which is approximately the same maximum length we observed on
GFP-0. By contrast, both Thr32 and (AlaThr)16 linkers resulted in CAT tails with maximum
length 2 kDa (~20 amino acids) (Figure 6C), consistent with a total CAT plus linker length of
~40-50 amino acids as observed for GFP-based substrates without helix-forming linkers (Figure
3A and S3B). The increase in CAT tail length when a polyalanine linker was used was beyond
what is explained by a 2x compaction of polyalanine due to its a-helical structure. The presence
of long polyalanine tracts in the ribosome exit tunnel may thus cause a failure to terminate CAT
tailing upon folding of the extruded GFP. To test if long polyalanine tracts also cause failure to
terminate CAT tailing under the pulling force of Cdc48, we expressed our reporters in cells in
which Cdc48 pulling was intact but proteasome activity was reduced (via deletion of UMP1) in
order to allow the observation of CAT tails (Figure 6D). While 13 or 20-Ala linkers gave the
expected short CAT tail lengths that should result from NC pulling by Cdc48 (Figure 6D), a 32
Ala linker yielded a long CAT tail, an effect that was abolished when the linker included Thr
(Figure 6E). These results suggest that extensive polyalanine in the ribosome exit tunnel
prevents the termination of CAT tailing upon nascent chain ubiquitylation and pulling by Cdc48.
Taken together, these observations are consistent with Thr in CAT tails increasing the efficiency
of extrusion and allowing CAT tail termination when pulling forces are applied to the NC, an
effect that likely happens because Thr disrupts the formation of polyalanine a-helices. We term
this form of CAT tailing “extrusion mode”.

CAT tailing regulates NC retention and release from ribosomes

Our data suggested that Ala-only CAT tails are added when the NC is pulled. This represents
the final stages of RQC, after the NC has been ubiquitylated and should now be released and
degraded. Ala CAT tails have been proposed to aid NC release from ribosomes in bacteria®.
We hypothesized that the short, Ala CAT tails observed on GFP-40 facilitate NC release in
yeast.

To test our hypothesis, we quantified NC retention on different ribosomal subunits though
fluorescent polysome profiling which can detect both RNA and fluorescent GFP levels, allowing
normalized levels (by virtue of rRNA detection) of ribosome-bound fluorescent model substrate
NCs to be quantified’’. The polysomes were run in low salt conditions under which free 40S and
60S ribosomes associate into 80S ribosomes in vitro unless association-blocking factors like
Ltn1, Rqc2, and elF6 are present'’8, This allowed us to assess if NC were free from RQC
factors (in the reassociated 80S fraction) or likely bound by RQC factors (in the 60S fraction).
We predicted that release of GFP-40 from ribosomes would be aided by CAT tails. Consistent
with this, we observed ~3.5 fold increase of 60S- and 80S-associated GFP-40 fluorescence
when CAT tailing was impaired (Figure 7A-B). No 60S or 80S fluorescence peaks were
observed in a non-fluorescent background or strains expressing GFP-stop, demonstrating that
stalling was required to accumulate NCs on ribosomes (Figure S7A). Performing the polysome
gradient in high salt conditions that do not allow 40S/60S reassociation moved the GFP-40 peak
almost entirely to the 60S fraction, showing that the 80S peak of GFP-40 in low salt was the
result of in vitro recombination of 60S-GFP-40 complexes that do not include RQC factors that


https://paperpile.com/c/MZsCPi/PWOZ
https://paperpile.com/c/MZsCPi/Ibag
https://paperpile.com/c/MZsCPi/Q3d1+zO4J
https://doi.org/10.1101/2024.08.02.606406
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.02.606406; this version posted October 14, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

9

block reassociation (Figure S7B). Next, we tested if Thr-rich, aggregation prone CAT tails have
a release function. We utilized the GFP-S4(D) substrate, which has a 40 amino acid
aspartate-rich linker that yields long CAT tails that promote aggregation (Figure 5D). This
substrate was not quantifiable on 60S ribosomes due to a large adjacent peak, likely originating
from high molecular weight aggregates, however the 80S peak, which is a product of in vitro
recombined 60S-NC complexes, could be quantified. GFP-S4(D) was at least ~3 fold enriched
on 80S in the WT background compared to GFP-40 and GFP-S4(K) (both of which garner short
CAT tails) (Figure 7C). Blocking CAT tail synthesis had no effect on association of GFP-S4(D)
with ribosomes. These data suggest that Thr-rich CAT tails do not promote NC release from 60S
ribosomal subunit. We conclude that Ala but not Thr CAT tails promote release of the NC from
the 60S-NC complex.

The CAT tail deficient strain (rgc2-D98A) has a growth defect under CHX-induced stalling stress
when LTN1 is deleted®. To assess whether defects in NC release may contribute to this growth
phenotype, we assessed growth and ribosome state in these conditions using spot assays and
polysome profiling, respectively. In the presence of CHX, slow growth and abnormal polysome
traces were observed when CAT tailing was disabled in rqc2-D98A (Figure 7E, 7H). The ratio of
60S/80S increased and polysomes/80S decreased (Figure 7F-G). This is consistent with
increased 60-NC and 80S-NC (recombined in vitro) complexes that cannot be used for
translation. The rqc2-D9A strain had no defect in polysomes or growth (Figure 7E, 7G),
suggesting that short CAT tails may be sufficient for release. An intermediate level of release
was measured for our model substrates in Rqc2-D9A (Figure 7C). Together, our data argue that
pulling force on the NC induces short Ala CAT tailing that promotes nascent chain release from
60S ribosomal subunits and appends a degron to the NC. We term this form of CAT tailing
‘release mode”
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DISCUSSION
Mechanochemical forces on the NC dictate CAT Tail composition and function

Our findings support a model in which mechanochemical forces dictate the composition of CAT
tails and this determines their function and dysfunction (Figure 7H). Before the NC is
ubiquitylated, CAT tailing operates in an “extrusion mode” that incorporates both Ala and Thr
into the stalled NC and retains the NC on the 60S ribosomal subunit. These Ala/Thr CAT tails
function to extrude the NC from the 60S and increase accessibility of lysines on the NC for
Ltn1p to ubiquitylate. The presence of Thr in CAT tails restricts the formation of polyalanine
a-helices and this increases the efficiency of NC extrusion (Figure 6). After NC ubiquitylation,
the AAA+ ATPase Cdc48 generates a pulling force that switches CAT tailing to “release mode”.
In release mode, short Ala CAT tails are added to the NC that promote release of NC from the
60S ribosomal subunit. This terminates CAT tailing, recycles the 60S ribosomal unit, and leaves
the NC with a C-terminal CAT tail degron that functions in parallel to ubiquitin to target the NC
for destruction. In the absence of mechanochemical forces that transition CAT tailing from
extrusion mode to release mode, a buildup of “clogged” 60S-NC ribosome subunits occurs that
can impair translation (Figure 7). The presence of Thr in CAT tails increases the efficiency of
pulling forces in switching CAT tail to extrusion to release mode, likely through restricting the
formation of polyalanine a-helices. Off the ribosome, Thr-rich CAT tails aggregate and induce
proteotoxic stress. Mechanochemical forces can originate from multiple sources, most
prominently pulling by Cdc48p (Figure 4), but also extra-ribosomal NC folding (Figure 3), NC
interactions with a membrane translocon (Figure 4), electrostatic interactions between the NC
and ribosomal exit tunnel (Figure 5), and potentially, NC interactions with chaperones’®.

CAT Tail composition selectivity

We propose two non-mutually exclusive mechanistic models to explain how pulling forces lead
to distinct CAT tail compositions (Figure S7E). In the ‘energy barrier model’, mechanochemical
forces on the NC constrict the position and entropy of the P-site tRNA, which in turn differentially
affect the incorporation of Thr or Ala into the CAT tail. This is plausible because mechanical
forces on the NC have been demonstrated to be potent regulators of P-site tRNA position®®#, in
this way acting as regulators of canonical translation®-®3. Yet unlike canonical translation, where
tRNA selection is primarily driven by codon-anticodon interactions, we propose that the state of
the P-site tRNA may influence the incorporation of specific amino acids during CAT tailing.
Comparison of peptide bond formation energetics suggests that the electron-withdrawing nature
of the Thr side chain hydroxyl can reduce the nucleophilicity of the a-amino group, thereby
elevating the activation energy required for peptide bond formation®*. In the absence of
mechanochemical pulling forces, the higher entropy and degrees of freedom of the P-site tRNA
may help overcome such an energetic barrier, facilitating the incorporation of both Thr and Ala
in CAT tails. Conversely, when pulling forces limit P-site tRNA mobility, Ala incorporation is
favored due to a lower energy threshold for peptide bond formation. The 'tRNA recruitment
model' proposes that mechanochemical forces on the P-site tRNA allosterically modulate the
recruitment of charged tRNAs at the A-site via Rqc2p interactions. Structural analysis of the
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NC-60S-Rqc2p complex reveals that the P-site tRNA is coordinated by both NFACT-R/C and
NFACT-N domains of Rqc2p, while the A-site tRNA primarily contacts the NFACT-N domain.
These domains are linked by a coiled-coiled middle (CC-M) domain. This model suggests that
pulling forces, which reduce P-site tRNA mobility, alter the NFACT-N domain's affinity for
Thr-tRNA, thereby favoring Ala-tRNA recruitment and incorporation during CAT tailing.
Structural studies may reveal if Rqc2p makes additional contacts in the release mode that would
favor recruitment of Ala tRNAs. Future biochemical, structural, and in silico studies can
distinguish the contributions of these non-mutually exclusive models.

NC release from the 60S ribosomal subunit

We here propose that Ala CAT tailing leads to efficient NC release from 60S ribosomal subunits.
Studies in bacteria and humans have proposed that non-ubiquitinated NCs have their NC-tRNA
ester bond cleaved by dedicated peptidyl-tRNA hydrolases, such as Pth (bacteria)?® and Ptrh1
(human)?. Our findings that Ala CAT tails favor NC release are consistent with a recent study in
bacteria that proposed that Ala-tails are preferred substrates for the Pth enzyme that cleaves
the NC-tRNA bond®. This work argues that Ala tailing may serve to counteract NC-generated
pulling force on the P-site tRNA and enhance NC-tRNA ester bond access for Pth. We
speculate this may relate to the formation of a-helices by Ala CAT tails. Another mechanism to
explain the amino acid dependance of NC release may be that the NC-tRNA bond undergoes
spontaneous hydrolysis with the timing dependent on the identity of the C-terminal amino acid.
This is consistent with observations that alanyl-tRNA has a shorter half-life in water than
threonyl-tRNA (6 min vs 38 min)"8. In this model, incorporation of Thr into a CAT tail better
allows additional residues to be added before spontaneous hydrolysis occurs and thus favors
longer CAT tails. By contrast, incorporation of Ala provides limited opportunities for further Ala
CAT tailing due to the relatively short half life of alanyl-tRNA and thus leads to shorter CAT tails.
Water may also be specifically positioned to rapidly drive tRNA hydrolysis and NC release of Ala
CAT tails. NCs are also proposed to undergo tRNA cleavage mediated by Vms1 (yeast)?*?” and
ANKZF1 (human)®#® when the NC is ubiquitylated. However, deletion of VMS7 had no effect on
the CAT tail length phenotypes in both wild-type and /tn1A backgrounds. Therefore, either
Vms1p is not involved in CAT tailing and release of our substrates or it acts post-CAT tailing. We
also note that our data suggests that NC pulling may reduce the affinity of Rqc2p for the
60S-NC (allowing reassociation with 40S in vitro) and that this may also affect NC release.
Further work will help to distinguish between models of CAT tail termination and NC release.

Our results indicate that the maximum length of CAT tails observed for our substrates was
approximately 70 amino acids, suggesting that this may be an upper size limit to CAT tailing. We
speculate that this limit could be imposed by the interaction of chaperones with the CAT-tailed
NC or, alternatively, by the formation of globular structures within the CAT tail itself. Both of
these could generate mechanical pulling forces on the NC that terminate CAT tailing. This size
limitation could be beneficial in preventing excessively long CAT tails and ensuring that every
CAT tailing event ends in release mode, allowing the nascent chain to be released from the
ribosome even in the absence of ubiquitination and protein folding.
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Evolutionary implications of CAT tailing in eukaryotes

We propose that the evolution of CAT tailing from prokaryotes to eukaryotes included the
addition of Thr residues to disrupt polyalanine a-helices and thereby efficiently extend the NC on
the 60S ribosomal subunit to increase accessibility of the NC to Ltn1p, which is not present in
bacteria. Our data also argues that force transfer to the PTC via nascent chain pulling by
Cdc48p is inefficient if polyalanine a-helices are present, and that Thr in CAT tails thus facilitates
force transfer along that nascent chain which is critical for switching CAT tailing from extrusion
to release mode. Recent studies in human neurons suggest that human CAT tails may be up to
20 amino acids in length and include amino acids such as glycine (Gly), lysine (Lys), and
aspartate (Asp), in addition to Ala and Thr'®. Mass spectrometry analysis of CAT tailed C-130
protein from flies suggests that serine (Ser) and cysteine (Cys) may also be part of CAT tails™.
These amino acids may impart as-yet-unknown functions to CAT tails, but also likely function
like Thr in preventing the formation of a-helices within the ribosome exit tunnel as would occur
with polyalanine. This allows pulling force on the NC to efficiently switch CAT tailing from
‘extrusion mode’ to ‘release mode’. However, unlike Ala tails, Ala/Thr tails do not promote the
efficient release of ubiquitylated NCs from the 60S subunit and are prone to aggregation. Thus,
the evolution of Thr in CAT tails represents a trade-off between promoting Ltn1p-mediated
ubiquitination on the ribosome and the potential for inefficient NC release from ribosomes and
CAT aggregation. How the consequences of these trade-offs may contribute to
neurodegenerative disease is an attractive area for future study.

The mechanistic principles underlying CAT tailing may provide a window into the primordial
origins of protein synthesis. The RNA world hypothesis proposes that early protein synthesis
evolved from simple RNA-based systems. Notably, peptide bond formation in both CAT tailing
and canonical translation can be explained by reaction energetics, P-site tRNA distortion, and
tRNA translocation thermodynamics, without requiring GTP hydrolysis®*®-8, Our results show
that NC/exit tunnel and NC/extra-ribosomal factor interactions are sufficient to specify the
sequence of CAT tails. This suggests that in the primordial world, physical interactions between
nascent primitive peptides and their environment could have allowed for the production of a
diverse and stereotyped peptidome. Such peptides may have significantly expanded the
structural and functional repertoire of early biomolecules, potentially playing a crucial role in the
transition from an RNA world to the protein-rich life we observe today

Natural RQC substrates and disease

Our results provide a framework for understanding the behavior of natural RQC substrates. Due
to readthrough into the poly(A) tail, NCs from non-stop mRNAs often contain poly-Lys tracts
positioned within the ribosomal exit tunnel. Based on our findings, we speculate that the positive
charges of the poly-Lys tract may generate pulling forces that favor the formation of short,
Ala-rich CAT tails, promoting efficient release and off-ribosome degradation of these aberrant
NCs but limited extrusion of the NC. Another category of RQC substrates are mRNAs translated
at ER® or mitochondrial membranes'#’. These proteins are predicted to receive short Ala tails
due to mechanochemical forces that occur during cotranslational insertion at the ER and
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mitochondria. Indeed, short CAT tails were observed on ER-RQC substrates in human cells®.
However, defects in cotranslational insertion may decrease these forces, increasing the
frequency of Thr CAT tailing®®. Moreover, in such cases proteins are likely to be misfolded due to
improper retention in the cytosol, which reduces intrinsic pulling forces and further favors the
addition of Thr in CAT tails. Consistent with this, CAT tailing of membrane proteins with
defective cotranslational insertion into mitochondria' and ER* has been proposed to drive
cytotoxic aggregation and disease phenotypes. The etiological role of dysfunctional CAT tailing
in the context of human disease as well as potential therapeutic implications of modulating this
pathway are promising areas of investigation.

Limitations of the study

Our study does not precisely determine the primary sequence and length of CAT-tailed proteins
formed under different pulling forces due to technical challenges associated with sequencing a
heterogeneous ensemble of proteins. Instead, we perform bulk analysis of differing substrates,
including amino acid analysis and western blots. Our study does not definitively explain how
pulling forces bias the incorporation of Ala or Thr but instead offers orthogonal experiments
supporting this phenomenon and suggests potential mechanisms in the discussion section. For
the polysome profiling experiments in low salt, we interpret the population of 60S which does
not associate with 40S into 80S as having steric obstruction at the 40S/60S interface. We
hypothesize that the non-associating 60S-RQC substrate population we observe is bound to
RQC factors (e.g. Rqc2p or Ltn1p), however other factors may influence this as well, including
the amount of 40S that are capable of associating with 60S. These caveats should be
considered when interpreting our results.

MATERIALS AND METHODS

Yeast strains and growth conditions. All plasmids (including DNA and encoded amino acid
sequences) and yeast strains used in this study are listed in Supplementary Table S1. All yeast
cultures were grown at 30°C in synthetic complete (SC) media supplemented with appropriate
nutrient dropouts. Deletion strains were generated primarily in the BY4741 background through
transformation with PCR products containing antibiotic selection cassettes generated with
Phusion polymerase (New England Biolabs). All selection markers were integrated using
homologous integration. Experiments involving cdc48-3 mutants and LTN1/RQCZ2 deletion were
performed in the W303 background. Successful transformants were confirmed by PCR using
SapphireAmp Fast PCR Master Mix.

Plasmid construction. All plasmids were derived from the pRS316 vector and constructed
using the Gibson assembly (New England Biolabs HiFi DNA Assembly Master Mix). The
assembled plasmids were then transformed into competent E. coli DH5a cells using the heat
shock method. Transformed cells were plated on Luria-Bertani (LB) agar plates containing 100
Mg/ml carbenicillin and incubated overnight at 37°C. Single colonies of E. coli transformants
were picked and grown overnight in 5 ml LB medium supplemented with 100 pg/ml carbenicillin
at 37°C. Plasmids were extracted from these overnight cultures using the homemade miniprep
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kit and subsequently validated by Sanger sequencing (McLab) or NGS sequencing
(Plasmidsaurus).

Immunoblots. For whole-cell immunoblot analysis, log-phase yeast cultures derived from a
single colony were harvested at an OD600 of 0.8 by centrifugation. In experiments involving
AZC, canavanine and bortezomib treatments, yeast cultures at OD600 of 0.5 were exposed to
the relevant drugs for a duration of 3 hours. The volume of culture collected was adjusted to
yield a cell density equivalent to 0.25 OD600 units per milliliter. The cell pellets were then
resuspended in 30 pl of 4x NuPage LDS Sample Buffer containing 5% B-mercaptoethanol. To
facilitate cell lysis and protein denaturation, the resuspended pellets were boiled at 95°C for 5
minutes. SDS-PAGE was performed using Novex NUPAGE 4-12% Bis-Tris gels (Thermo Fisher
Scientific) in all cases except where otherwise stated. The separated proteins were then
transferred onto 0.45-um nitrocellulose membranes (Bio-Rad) using a Transblot Turbo system
(Bio-Rad). To prevent non-specific antibody binding, the membranes were incubated in a
blocking solution, 5% fat-free milk in Tris-buffered saline with Tween 20 (TBST), for 15 minutes
at room temperature. Primary antibody incubations were carried out either overnight at 4°C or
for 4 hours at room temperature. The following primary antibodies used: mouse anti-GFP
(MA5-15256; Thermo Fisher Scientific), rabbit anti-Hexokinase (H2035-01; US Biological),
mouse anti-MBP (E8032S; NEB) and Pierce mouse anti-HA (26183; Invitrogen). After primary
antibody incubation, the blots were washed 3 times in TBST before being probed with
appropriate secondary antibodies: IRDye 800CW donkey anti-mouse, IRDye 680RD goat
anti-rabbit, or IRDye 680RD goat anti-mouse (LiCor Biosciences). All antibodies were used at a
1:5000 dilution. The immunoblots were visualized and digitally captured using a LiCor Odyssey
imaging system. All original uncropped blots for immunoblots are included in Supplemental
Document S1.

CAT tail length and aggregation analyses. Densitometric analyses of western blots were
performed with raw images using Image Studio Lite software. A box of fixed dimensions was
drawn around the well region to quantify aggregated proteins and expressed as a percentage of
reporter with maximum aggregation (See Supplemental Document S2 for details). To calculate
CAT tail lengths, a semi-log plot of molecular weights of ladder was generated and from the
resulting best fit plot, the maximum molecular weight shift between CAT tailed (/tn1A RQC2) and
non-CAT tailed (ltn1A rqc2A) species was calculated. Assuming the average amino acid mass
as 110 Da, CAT tail length was estimated (See Supplemental Document S2 for details).

Immunoprecipitation and amino acid analysis. Yeast transformants were grown to around
0OD600=0.6 and harvested by vacuum filtration, flash-frozen in liquid nitrogen and stored at
-80°C until use. Cells were lysed by cryo-grinding in a Spex 6750 Freezer Mill in two 10 Hz runs
of 2 mins, each followed by a gap of 1 min. Pulverized cells were solubilized in the
immmunoprecipitation (IP) buffer consisting of 50 mM HEPES pH 7.4, 100 mM NaCl and Roche
cOmplete Protease inhibitors. The resulting lysate was clarified by centrifugation at 5,000g for 5
min followed by two rounds of centrifugation at 22,000g for 15 min. GFP was isolated from the
clarified lysate using magnetic agarose GFP-Trap (Chromotek) resin as bait. After six washes
with the IP buffer, the bound GFP was eluted with a buffer consisting of 50 mM HEPES pH
2.5,100 mM NaCl. Amino acid analysis was performed with eluted proteins at the UC Davis
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Genome Center.

Flow Cytometry. Flow cytometry was performed on log-phase yeast cultured in synthetic
defined media using a BD Accuri C6 flow cytometer (BD Biosciences). For each condition, at
least three biological replicates, derived from independent cultures of separate colonies, were
analyzed. A minimum of 10,000 events were collected for each sample. The acquired data were
processed using MATLAB as previously described??. Briefly, to isolate the population of yeast
expressing the plasmid of interest, gating was performed based on the red fluorescent protein
(RFP) fluorescence signal in plasmids harboring tandem T2A sequences separating RFP and
GFP. MATLAB 23.2.0 (Mathworks) was used to calculate RFP-normalized GFP levels and log2
of mean scores calculated. Mean values based on linear scale were plotted using Prism 10.2.2
(Graphpad). Error bars represent standard deviations between biological replicates.

Yeast Spot Assay. Log-phase yeast cultures were diluted to OD600 of 0.6 and spotted in
10-fold dilution series onto YPD plates supplemented with vehicle control DMSO or indicated
concentrations of cycloheximide. Plates were incubated for 72 h for at the indicated
temperatures before imaging.

Fluorescent Polysome Profiling. Yeast transformants harboring reporter plasmids were
cultured to an OD600 of 0.6. These cells were then harvested by vacuum filtration and
immediately flash-frozen in liquid nitrogen. For polysome profiling experiments under
cycloheximide stress, yeast strains were first grown to an OD600 of 0.4 and then 125 ug/mL
cycloheximide was added to the culture. The cells were then allowed to grow for an additional 8
hours before being harvested. For fluorescent polysome profiling under ‘low salt’ experiments
the lysis buffer was prepared with 20 mM Tris-HCI (pH 7.5), 140 mM KCI, 15 mM MgClI2, 100
pg/mL cycloheximide, 1% Triton X-100, 1 mM DTT, cOmplete protease inhibitor cocktail tablets
(EDTA-free), and RNasin inhibitor (Promega). For experiments done under ‘high salt’ conditions,
the KCI concentration in the lysis buffer was increased to 500 mM. In all cases pellets of lysis
buffer were prepared in liquid nitrogen and cryo-ground with the frozen cells using a Spex 6750
Freezer Mill, once at 10 Hz for 1 minute. The lysate was then centrifuged at 1,500g for 2
minutes and the supernatant collected for immediate use in polysome profiling. A 10 - 50%
sucrose gradient was prepared in Seaton Open Top Polyclear centrifuge tubes using the lysis
buffer but without Triton X-100. Gradient was generated using the Gradient Master (BioComp
Instruments) using manufacturer’s instructions. Equivalent amounts of cell lysates prepared as
described above were loaded onto the sucrose gradients and spun at 35,000 g for 3 hours at
4°C in a SW41 rotor (Beckman Coulter). After centrifugation the polysomes were fractionated
and absorbance was monitored at 254 nm for RNA and 680 nm for GFP using the TriaxTM
Flowcell (BioComp Instruments). Areas under the curves outlined by 60S, 80S and polysome
peaks were calculated by integrating the area between the curve and a line connecting the
troughs on either side of each peak. This method was applied for quantifying areas under
curves in the polysome profiles.

Imaging. Yeast cells expressing RQC substrates were cultured in SD media supplemented with
the necessary auxotrophic nutrients and harvested by centrifugation and resuspended in a
smaller volume of SD media to increase cell density. Glass slides were coated with
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concanavalin A to facilitate cell immobilization. A small volume of the concentrated cell
suspension was then applied to the treated slides and images were taken.

Material availability. All DNA reporters and yeast strains used in this study are available upon
request to the corresponding authors and where applicable, upon signing Material Transfer
Agreements with Stanford University.
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Supplemental information
Document S1: Original uncropped blots for Western Blot images.

Document S2: Densitometry analysis of aggregation, CAT tail length estimation and ratio of
long to short CAT tails

Table S1. List of plasmids and yeast strains used in the study, and full amino acid and DNA
sequences of RQC reporters
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Figure Legends

Figure 1 CAT tails have diverse composition, degradation, and aggregation propensities.
(A) Schematic representation of the RQC pathway in yeast. Translational stalls cause
ribosomes to collide and form disomes. Stalled disomes are recognized and the leading
ribosome is split to generate a NC-tRNA-60S complex. Rgc2p recruits charged tRNA to the 60S
as part of mRNA-free elongation of the NC with CAT tails. Ltn1p ubiquitylates the NC and
Cdc48p extracts the ubiquitylated NC from the 60S ribosomal subunit. Both CAT tailing and
ubiquitylation facilitate degradation of NC by the proteasome. Ub, ubiquitin. (B) Cartoon
depicting two model RQC substrates, each fused to GFP via linkers (in orange) of lengths 20
and 40 amino acids followed by polyarginine stall sequence and stop codon (in navy blue).
Whole cell immunoblots (IBs) of lysates containing model substrates expressed in different

strains. SDS-insoluble aggregates near the well of the gel are indicated by asterisk (*). Filled (s)

and empty (o) dots represent different contrast levels for the same image throughout the figures.
Red vertical bars on the right side of bands indicate CAT tails. (C) Maximum CAT tail lengths
were quantified by calculating the upshift in molecular mass between ltn1A and ltn1Arqc2A
strains and dividing that by the average amino acid mass, 110 Da. Protein aggregation was
quantified by densitometric analysis of the areas surrounding the wells in the SDS-PAGE gel for
each reporter in the /tn1A background, with the results normalized relative to the aggregation
observed in the ltn1Argc2A strain. (D) Total amino acid analysis of substrates GFP-40 (/eft) and
GFP-20 (right) from strains that are CAT tailing competent (/tn14) and CAT tailing incompetent
(tn1A rqc24). Error bars indicate s.e.m. from n=3 independent experiments. (E) Fluorescence
microscopy of cells expressing model RQC substrates. Exposure durations for /[tn1A rqc2A cells
were longer than for /[fn1A cells. Percentages of cells with visible GFP inclusions were
calculated from n=3 independent experiments with ~350 cells counted per experiment.

Figure S1 CAT tails have diverse composition, degradation, and aggregation
propensities. (A-D) Whole cell IBs of lysates containing model RQC substrates expressed in
different strains and gel densities. Cartoon of model RQC substrates with single lysine
superfolder GFP (1K-sGFP) indicated where applicable. CAT tails are marked by a red line.
Arrowhead (>) indicates readthrough product formed after bypassing the polyarginine arrest
sequence.

Figure 2 CAT tail sequence determines degradation and aggregation. (A) Schematic of
expression controlled mRNA constructs and expected protein products used in assays for
steady state measurement of stability and cycloheximide chases. (B) Left, stability
measurements for GFP-20 and GFP-40 substrates in cells with intact RQC2 (/tn1A) and lacking
RQC2 (Itn1A rqc24); data are reported as mean values. Right, normalized stability
measurements for GFP-20 and GFP-40 in the /tn1A and ltn1A rqc2A backgrounds, over a 3
hour chase following a 200 pg/mL cycloheximide pulse. ****P < 0.0001, P values are derived
from a two-tailed t-test. (C) Schematic of expression controlled mRNA constructs and expected
protein products with hard coded CAT tails used in assays measuring stability in WT and
HUL5-deficient (hul5A) cells. (D) Stability measurements of hard coded CAT tail constructs with
the indicated C-terminal sequences in WT and hul5A cells. Data are presented as mean values,
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normalized to the construct containing only the RRR sequence in WT cells. Error bars indicate
s.e.m. from at least three independent experiments (n = 3). Stability levels between pairs of
similar sized hard coded CAT tails in WT cells were compared via Student’s t test. **P < 0.01; *P
< 0.05. R, arginine; A, alanine; T, threonine. (E-F) Cartoon depicting substrates with two distinct
linker lengths, 32 and 50, each containing varying percentages of threonine residues (indicated
as a proportion of total amino acids in the linker). Whole cell IBs of lysates prepared from
non-CAT tailing /tn1A rqc2A cells expressing the indicated substrates. Inverted red triangles (V)
indicate the expected position for protein bands in SDS-PAGE/IBs.

Figure S2 CAT tail sequence determines degradation and aggregation. (A-B) Whole cell
immunoblots of GFP-20 and GFP-40 expressed in /tn1A cells with varying CAT tailing
capabilities: normal CAT tailing (WT, lane 1), no CAT tailing (rqc24, lane 2; rqc2-D98A, lane 3),
and impaired CAT tailing (rqc2-D9A, lane 4). (C) Mean stability measurements for GFP-20 and
GFP-40 substrates in cells with normal, impaired and no CAT tailing. ****P < 0.0001; ***P
<0.001; ns, not significant. (D) Normalized stability measurements for GFP-20 and GFP-40
reporters expressed in ltn1A cells with variants of RQC2 chased over 3 hours after introduction
of 200 pug/mL cycloheximide.

Figure 3 Folding-induced mechanical forces on the NC determine CAT tail composition.
(A) Cartoon of RQC substrates with linkers of varying lengths (0, 20, 30, 40 and 50 amino acids)
between GFP and a stalling sequence. The diagrams above IBs illustrate the predicted
RNP-Rqc2p complex folding state for each RQC substrate in the stalled, pre-CAT tailing state.
Arrowheads (> ) indicate readthrough products formed by bypassing the polyarginine arrest
sequence. (B) Stacked bar graph showing the sum of linker and estimated maximum CAT tail
length for each substrate in the /tn1A background. (C) Plot depicting the relative aggregation
and maximum CAT tail length for each RQC substrate, normalized to the GFP-0 substrate, in
the /tn1A background. Error bars indicate s.e.m from three biologically independent
experiments. (D) Top, cartoons depicting the folded states of stalled NCs as part of the
RNP-Rqc2p complex. Cells expressing GFP-40 were grown in media supplemented with DMSO
(control), translation inhibitors, 1 mM AZC, or 200 uM canavanine for 3 hours to induce
misfolding. Bottom, IBs showing changes in CAT tail lengths. (E) IBs of cells expressing RQC
substrates containing WT and mutant versions of spectrin R16 protein. Top, structure of E. coli
protein spectrin R16 showing the location of non-folding mutations (PDB: 5M6S). Middle,
cartoon depicting RNP-Rqc2p complex with WT and misfolded spectrin R16 in the stalled,
pre-CAT tailing state. Bottom, IBs showing CAT tails observed for WT, F11D and L55D variants
of spectrin R16 with a 40-amino acid linker and R12 stalling sequence.

Figure S3 Folding-induced mechanical forces on the NC regulate CAT tail composition.
(A) IBs with model RQC substrates expressed in different genetic backgrounds, including
deletion in VMS1. The numbers 1 and 2 above vms1A denote two independent clones that were
used in the experiments. (B) Cartoon of maltose binding protein (MBP) based RQC substrates
with linker of varying lengths (0, 20, 40, 50 and 70 amino acids) between MBP and stalling
sequence, analyzed by immunoblotting. (C) Stacked bar graph showing the sum of linker and
estimated maximum CAT tail length for each RQC substrate in the /tn1A background. (D)
Relative aggregation and maximum CAT tail length for each RQC substrate, normalized to the
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MBP-6 substrate, in the /tn1A background. (E) Cells expressing GFP-20, 1K-sGFP-40 and
1K-sGFP-20 were grown in media supplemented with DMSO or 1 mM AZC for 3 hours and
analyzed by immunoblotting.

Figure 4 Extrinsic mechanical forces on the NC determine CAT tail sequence (A)
Schematic showing the organization of a NC-tRNA-60S-Rqc2p at the Sec61 translocon complex
at ER (fop) and in the cytoplasm (boffom). Dotted arrow indicates the direction of the pulling
force. (B) Cartoons of ER-directed RQC substrate spGFP-20 with an N terminal signal peptide
derived from carboxypeptidase Y, alongside cytosolic RQC substrates (no signal peptide). Cells
expressing these RQC substrates were analyzed by immunoblot. Hash (#) and asterisk (k)
signs next to CAT tails denote long and short CAT tails respectively. Arrowhead (> ) indicates
readthrough product formed after bypassing the polyarginine arrest sequence. (C)
Densitometric analysis was used to quantify long and short CAT tailed species and are
represented as a ratio (i.e. # to ) (See Supplementary File S2). Error bars indicate s.e.m. from
n=3 independent experiments.***P <0.001; Student’s t-test. (D) Schematics showing the RQC
role of CDC48 in different strain backgrounds. Top, in WT cells Cdc48p binds and extracts the
ubiquitylated NC from the 60S for proteasomal degradation. Bottom, cells without the UMP1
gene exhibit impaired proteasome assembly and this stabilizes NCs that have been
ubiquitylated by Ltn1p and pulled by Cdc48p. (E) GFP-20 reporter expressed in ump1A cells
alongside WT, non-ubiquitylated (/fn1A) and non-CAT tailed (/tn1A rqc2A) controls. (F) Total
amino acid analysis of immunoprecipitated GFP from ump1A cells and ltn14A rqc2A cells
expressing GFP-20. Error bars indicate s.e.m. from n=3 independent experiments.

Figure S4 Extrinsic mechanical forces on the NC determine CAT tail sequence

(A) Cartoon of ER-directed RQC substrate spGFP-40 alongside the cytosolic variant, with the
IBs. (B) IBs with model cytosolic and ER directed RQC substrates expressed in ltn1A vms1A
background with WT and mutant RQC2. (C) Schematics showing the RQC role of CDC48 in
different backgrounds. Top, in WT cells Cdc48p binds and extracts the ubiquitylated NC from
the 60S for proteasomal degradation. Bottom, the Cdc48p activity is reduced in the cdc48-3
background thereby decreasing the pulling force exerted on the NC. (D) GFP-20 and GFP-40
reporters expressed in cells with WT and mutant CDC48, analyzed by immunoblotting along
with the no-CAT tailing (rgc24) and no ubiquitylation (cdc48-3 ltn1A) controls. Long and short
CAT tails are marked by hash (#) and asterisk (k) respectively. Arrowhead (> ) indicates
readthrough product formed after bypassing the polyarginine arrest sequence. (E) GFP-40
reporter expressed in ump1A cells, compared with WT, non-ubiquitylated (/tn14), and
non-CAT-tailed (rqc2A) controls

Figure 5 NC-60S exit tunnel interactions regulate CAT tail sequence (A) Schematic of the
60S ribosome exit tunnel showing NC residues chosen for mutagenesis (in black) and the
constriction site; outline of exit tunnel based on PDB: 5GAK®. (B) Residue 224 of GFP-0
reporter, situated 15 amino acids upstream of stalling sequence, to residue 228 were mutated to
five consecutive Lys or Asp and analyzed by immunoblots. (C) Residue 263 to 268 of GFP-40
reporter were mutated to Lys or Asp as indicated and analyzed by immunoblots. (D)
Immunoblots of RQC reporter consisting of GFP and the polyarginine stalling sequence linked
by a 40 amino acid sequence (S4) derived from the N terminus of the fourth transmembrane
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segment of a bacterial voltage-gated potassium channel. This peptide sequence is reported to
be fully extended inside the ribosome exit tunnel 54°*73, Residue 263 was situated 15 amino
acids upstream of the stalling sequence and residues indicated by X were mutated to GIn, Arg,
Lys, Glu or Asp, as indicated.

Figure 6 Thr in CAT tails increases the efficiency of NC extrusion and termination of CAT
tailing upon NC pulling (A) Left, schematic representation of the 60S ribosomal subunit
showing the ribosome occluded portion of the NC in extended and a-helix forms. In the
extended form, the NC is stretched end-to-end. Formation of an a-helix compacts the NC inside
the ribosomal exit tunnel, retracting the extra-ribosomal portion of the NC into the ribosome.
Center, sequences of the constructs used in experiments below depicting forty C terminal amino
acids of RQC reporters before CAT tailing. Right, the helix forming propensity of the forty C
terminal amino acids are depicted, as calculated from AGADIR algorithm®' using these
parameters: temperature, 298K; ionic strength, 0.2M; and pH 7.0. (B-C) Reporters expressed in
Itn1A and ltn1Arqc2A cells and analyzed by immunoblots, with schematics above each reporter
showing the predicted structure of hard coded linkers (extended or a-helix) prior to CAT tailing
(D-E) Reporters expressed in an ump 1A background in addition to /tn1A and ltn1A rqc2A,
analyzed by immunoblot as above.

Figure 7 CAT tails regulate NC retention and release (A) Sucrose gradients of the GFP-40
reporter expressed in ltn1A cells with WT RQC2 and rqc2-D98A were analyzed by fluorescent
polysome profiling. A background fluorescence peak at the 40S position is marked with a star
(%) where visible (See Supplementary Figure S7A). (B) From the GFP fluorescence and RNA
absorbance plot for each reporter/strain pair in (A), the areas covered by 60S and 80S local
peaks were calculated (See methods). Error bars in computed values indicate s.e.m. from four
independent experiments. **P < 0.01, Student’s t test. (C) Similar quantification was performed
for GFP-S4(K) and GFP-S4(D) reporters expressed in /ltn1A cells with WT RQC2, rqc2-D9A and
rqc2-D98A. (See Supplementary Figures S7C-D for corresponding fluorescent polysome
profiles) **P < 0.01; *P < 0.05; ns, not significant, Student’s ¢ test. (D) Polysome profiles of
lysates were prepared from /tn1A cells with WT RQC2, rqc2-D9A and rqc2-D98A after 8 hours
of cycloheximide treatment. (E-F) Areas under the 60S, 80S and polysome peaks (up to
tetrasomes) from the sucrose gradient profiles were quantified for each strain across three
independent experiments. The ratio of areas covered by 60S and 80S peaks was plotted in (E);
ratio of polysomes to 80S was plotted in (F). **P < 0.01; *P < 0.05; Student’s ¢ test. (G)
Equivalent number of yeast cells were spotted in 10-fold serial dilutions on YPD plates, with or
without cycloheximide, and grown for 60 hrs before imaging. (H) Model for modes of CAT tailing
and dysfunction. Left, in ‘extrusion mode’, lack of pulling force facilitates P-site tRNA (in pink)
mobility and allows for incorporation of both Ala and Thr into CAT tails to extrude stalled NCs
from the 60S exit tunnel into the extra-ribosomal space. Thr disfavors the formation of
polyalanine a-helices that interfere with extrusion. NC extrusion increases the accessibility of
NC lysines to Ltn1p and thus promotes ubiquitylation. Top right, after NC ubiquitylation, pulling
by Cdc48p transmits a force along the NC that limits P-site tRNA mobility and switches CAT
tailing to ‘release mode’. This leads to the addition of Ala-only CAT tails that aid in the release of
the NC. Ala CAT tails act as degrons off the ribosome. Bottom right, the absence of pulling force
leads to accumulation of RNP complexes and NCs with long, Thr-rich tails. These tails are
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inefficiently released, prone to aggregation, and function poorly as degrons. Ala-tRNA is shown
in teal, Thr-tRNA in gold.

Figure S7 CAT tails regulate NC retention and release (A) Left, Fluorescent polysome
profiling of WT cells after 8 hours of cycloheximide treatment, harboring no plasmid, showed a
background fluorescence peak at 40S position; Fluorescent polysome profiling of /ltn1A (center)
and ltn1A rqc2-D98A (right) cells expressing GFP-40-RRR-stop plasmid as a control. (B)
Fluorescent polysome profiling of GFP-40/ltn1A (left) and GFP-40/ltn1Arqc2-D98A (right) in a
‘high salt’ buffer containing 500 mM KCI. Dotted lines in the traces indicate that profiles were
collected under high salt conditions. (C) GFP-S4(K) and (D) GFP-S4(D) reporters expressed in
Itn1A cells with WT RQC2, rqc2-D9A and rqc2-D98A, were analyzed by fluorescent polysome
profiling. (E) Schematic representation of models for amino acid specificity in CAT tailing. Top,
‘Energy Barrier’ model. In the absence of a pulling force on the NC, the P-site tRNA has higher
degrees of freedom, allowing it to incorporate both Ala and Thr into the CAT tail. This increased
entropy of the P-site tRNA helps overcome the higher activation energy barrier for Thr
incorporation. When a pulling force is applied to the NC, it restricts the P-site tRNA's mobility
and lowers its entropy. Under these conditions, Ala is selectively incorporated due to its lower
activation energy barrier for peptide bond formation, allowing it to more easily accommodate the
restricted state of the peptidyl transferase center. Bottom, ‘tRNA recruitment model’. Pulling
forces regulate the recruitment of charged tRNAs at the A-site via allosteric interactions with
Rqc2p. The NFACT-N/R and NFACT-C domains stabilize the anticodon arm of P-site tRNA,
whereas the NFACT-C domain and 60S facing side of CCM loop stabilize the anticodon arm of
A-site tRNAs. The NFACT-N domain specifically recruits Ala-tRNAA®C and Thr-tRNA*®T and
delivers them to the 60S A-site. In the absence of a pulling force, recruitment of both Ala- and
Thr-tRNA is favored. The presence of pulling force reduces the affinity of NFACT-N domain for
Thr-tRNA, thereby favoring the recruitment of Ala-tRNA.
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Fig. 1: CAT tails have diverse composition, degradation, and aggregation

propensities
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Fig. S1: CAT tails have diverse composition, degradation, and aggregation
propensities
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Fig. 2: CAT tail sequence determines degradation and aggregation
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Fig. S2: CAT tail sequence determines degradation and aggregation

S2A S2B S2C
GFP-20 GFP-40 [T]itn1ARrQc2
tn1A  Itn1A  ltn1A Itn1A  Itn1A  Itn1A g
tn1A rqc24 rqc2-DIBA rgc2-DIA Ith1A_rqc2A rgc2-DIBA rqc2-DIA [l 14 rac2-DoA
Well - Wel | []tn14 rgc2-DosA
Kkkk *kkkk
. 40-
40- . 761 |1 -
Hanantss | | =
35+ - o |_| sk
. IB: aGFP
40- @ 4] eropts |_|
’ >
35— —— 50— : %
1B aGFP 1B: abK Tol
n
G — . P—— O w
50+
IB: aHK
" GFP-20  GFP-40
2D GFP-20 GFP-40
120 iARQC? 1207 — in1ARQC2
Itn1A rqc2-D9A Itn1A rqc2-DOA
Itn1A rqc2-D98A . Itn1A rqc2-D98A
=100 5100
R o
o AN ©
(0] \\\ o]
2804 = 80+
£ §. £
g g
O 60 e A 60+
[h'd \"‘-. v
o o
o o
40 , , . 40 ' . :
0 1 2 3 0 3

1 2
Time (hr) after adding Chx Time (hr) after adding Chx


https://doi.org/10.1101/2024.08.02.606406
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.02.606406; this version posted October 14, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Fig. 3: Folding-induced mechanical forces on the NC determine CAT tail
composition
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Fig. S3: Folding-induced mechanical forces on the NC determine CAT tail

composition
S3A GFP-20 GFP-40 1K-sGFP-20 1K-sGFP-40
Itn1A Itn1A Itn1A Itn1A Itn1A 1 2 Itn1A 1 2

tn1A vms1Arqgc2A tn1A vms1A rqc2A wt  Jtn1A rqc2Avms1Avms1A wt It.n 1A rqc2Avms 1A.vms 1A

. . 5 e C—
well|f - T
35 35
35- R ] ' 35
— - . ’ N
30- 30 - 30, ‘H- 3()| e— D QD ¢ S—
IB: aGFP IB: aGFP IB: aGFP IB: aGFP
oo - | [~ = = | [
IB: aHK IB: aHK IB: aHK IB: aHK
S3B S3C

MBP-6
MBP-20
MBP-40
MBP-50

MBP-70 s 105, L 1t
MBP-6 _MBP-20 _MBP-40 _MBP-50 _ MBP-70 [l AT, Max
Itn1A Itn1A Itn1A Itn1A Itn1A 51004
Itn1A rqc2A ltn1A rqc2A ltn1A rqc2A Itn1A rqgc2A Itn1A  rgc2A E
' ' ; } £ 75
Well §
65- ' . £ 50
o* | &J
50- - e el i [ S o5
65- o 0 : : :
© Q Q
A e
v 2% 2

Q S O
50- : ® &
_ — = Y@ E PN
P p— —_—
IB: aMBP.
50-~.——a_om’—"-‘------ T e -e o~ -
IB: aHK
S3D S3E
GFP-20
120- % of MBP-6 DHSL AZ
A i Itn1A Itn1A
—*— Aggregaton Itn1Arqc2A Itn1A rqc2A
100 —*— CATM
- " -
50 30 "‘4_“—
IB: aGFP.
601 5O e b |
IB: aHK
404 1K-sGFP-40
20. DMSO AZC
35 WT [tn1A rqc2A  WT ltn1A rqc2A
ol . . : : I8 S
D ® S O ———E—gme——
2 §§2 §2§2 @23 &Q IB: «GFP
1K-sGFP-20
DMSO AZC

WT /tn1A rqc2A WT Itn1A rqc2A

IB: aGFP


https://doi.org/10.1101/2024.08.02.606406
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.02.606406; this version posted October 14, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Fig. 4: Extrinsic mechanical forces on the NC determine CAT tail sequence

4A 4B 4C
With signal peptide GFP-20
spGFP-20 SUIEEIDEO
P 00 IJitn1ARQC2
GFP-20 spGFP-20 ) *dok
ER Itn1A Itn1A 2 |
Cytosol Itn1A rqc2A Itn1A rqc2A £ 1.5
Well 1T b
Pulling force * e _§
o n 1.0
35 " o
5 — (o))
30 d_ 4 5
. . . S 5 0.5-
Without signal peptide o
354 T
04
0.0-
30 D) 2
R £
IB: aGFP CARIS
0l P—
IB: aHK
4E 4F
GFP-20
Itn1A 15- GFP-20
WT umpiA ltn1A rqc2A <
* = o
Well ] g 12
< £ e
- S ® @
30 o 6] Ala  ®Thr
S, .
30- 31, . . . ,
3 6 9 12 15
IB: aGFP Itn1A rqc2A
50-| Gum— ¢ . | [amino acids] [molar %]

IB: aHK



https://doi.org/10.1101/2024.08.02.606406
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.02.606406; this version posted October 14, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Fig. S4: Extrinsic mechanical forces on the NC determine CAT tail sequence
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Fig. 5: NC-60S exit tunnel interactions regulate CAT tail composition
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Fig. 6: Thr in CAT tails increases the efficiency of NC extrusion
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Fig. 7: CAT tails regulate NC retention and release
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Fig. 7: CAT tails regulate NC retention and release
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Fig. S7: CAT tails regulate NC retention and release
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