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Abstract
Legend: BiP/GRP78 recognises proteins derived from
Translational stalling of ribosome bound to endo-
plasmic reticulum (ER) membrane requires an
accurate clearance of the associated polypeptides,
which is not completely understood in mammals. We
characterized in mammalian cells the model of
ribosomal stalling at the STOP-codon based on
proteins tagged at the C-terminus with the picorna-
virus 2A peptide followed by a termination codon
instead of the Proline (2A*). We exploited the 2A*
stalling model to characterize the pathway of
degradation of ER-targeted polypeptides. We report
that the ER chaperone BiP/GRP78 is a new main
factor involved. Moreover, degradation of the
ER-stalled polypeptides required the activities of
the AAA-ATPase VCP/p97, its associated deubiqui-
tinylase YOD1, the ribosome-associated ubiquitin
ligase Listerin and the proteasome. In human
proteome, we found two human C-terminal amino
acid sequences that cause similar stalling at the
STOP-codon. Our data suggest that translational
stalling at the ER membrane activates protein
degradation at the interface of ribosomal- and ER-
associated quality control systems.

© 2018 Elsevier Ltd. All rights reserved.
ribosomes stalled at the STOP-codon (in red, the stalling
peptide), causing their degradation through the ERAD
pathway.
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Introduction

Proteome homeostasis is crucial for cell survival
and involves several levels of quality control mecha-
nisms to avoid production of aberrant protein products
[1]. The first checkpoint during biogenesis of polypep-
tides is co-translational and mediated by ribosomes,
which are considered a dynamic center for quality
control of bothmRNAandnascent proteins.Damaged
mRNAs or nascent peptides forming stable interac-
tions with the ribosomal exit tunnel (RET) and the
peptidyl-transferase center can cause translational
stalling of the ribosomes [2,3]. Ribosomal stalling is
potentially dangerous for the cell survival, therefore
different mechanisms have evolved to resolve such
events. Translation of erroneous mRNAs owing to a
premature termination codon, the lack of termination
codon or a broad range of potential stalling sequences
often cause degradation of such mRNAs by
nonsense-mediated decay (NMD), nonstop decay
(NSD) and no-go decay (NGD) pathways, respective-
ly [4–6]. These pathways trigger either ribosomes
dissociation and recycling or their degradation togeth-
er with associated tRNAs and nascent polypeptides
[7]. Impairments of these protein quality control
pathways are involved in several pathological condi-
tions, such as the Huntington disease [8] and other
neurodegenerative diseases [9,10].
Nascent polypeptides derived from stalled ribo-

somes are extracted from the RET and targeted to
degradation through the proteasome pathway, which
involves the E3 ubiquitin ligase Ltn1/Listerin [11,12]
and the AAA ATPase Cdc48/p97 [13–15], identified in
yeast and mammalian cells. Other players described
as part of the ribosome-associated quality control
pathway are the integral ribosomal protein Rack1 [16],
the surveillance complex formed by Pelota–HBS1–
ABCE1 [4,17] and the ribosomequality control proteins
1 and 2/NEMF [13,18,19]. Beyond the poly-Lys
sequence translated from poly(A) tails, diverse peptide
sequences have been described to cause ribosomal
stalling [2,20]. Some of them cause stalling at the
STOP-codon and have been described in proteins of
mammalian viruses, bacteria, fungi and plants [21–24].
In eukaryotic cells, the release from the ribosome of

the terminated polypeptide occurs through recognition
of the STOP-codon by the eukaryotic release factor
(eRF) 1 and is mediated by eRF3 with recycling of the
ribosomal subunits [25]. Some strains of mammalian
picornaviruses, however, encode for a peptide called
2A, which can trigger the release of the newly
synthesized protein independently on the presence
of a STOP-codon [26]. This “non-conventional” trans-
lation termination is the consequence of the 2A activity
that mediates processing at its C-terminus altering
ribosome activity to promote hydrolysis of the ester
bond between the nascent peptide and the tRNA,
rather than the formation of the peptide linkagewith the
aminoacyl-tRNA located on the downstream codon.
The result is a premature release of the upstream
protein without ribosome dissociation.
2A is a peptide 18 amino acids (aa) long that strictly

requires for its activity the Asn-Pro-Gly sequence at
its C-terminus and aPro immediately downstream (Fig.
1a). As 2A allows co-translation of separate proteins
encoded in a single open reading frame (ORF), it has
been largely used for several biotechnological applica-
tions [27–30]. Mutation of the last Pro into a STOP-
codon was reported to cause stalling of translation in in
vitro systems (wheat germ and rabbit reticulocyte
lysates) [31,32], making it an interesting model to
study ribosome stalling in living human cells.
Here we characterized how imposing conventional

termination immediately after peptide 2A heavily
impairs expression of the upstream protein in mam-
malian cells as a consequence of ribosome stalling
at the Gly-STOP-codon boundary, and we report
that two different human C-terminal peptides ending
in Asn-Pro-Gly-STOP also induce stalling at the
STOP-codon, resulting in proteasomal degradation
of the terminated polypeptides. We found that the
main endoplasmic reticulum (ER) chaperone binding
immunoglobulin protein/glucose-regulated protein
78 kDa (BiP/GRP78) have an uncharacterized pivotal
involvement in binding ribosome stalled secretory
proteins and targeting them to the ER-associated
degradation (ERAD) pathway.
Results

C-terminal 2A compromises the expression
of upstream protein in human cells

We designed a reporter secretory protein formed
by an SV5-tagged single-chain variable fragment
(scFv, pr1) fused to the foot and mouth disease
virus (FMDV) peptide 2A at the C-terminus, followed
by the UAG STOP-codon (*) (Fig. 1b, left panel,
construct 2A*). The FMDV-derived 23-aa-long pep-
tide contains the 5 C-terminal residues of VP1
followed by the 18 aa of 2A, as it was shown to
be more efficient in driving the independent expres-
sion of the upstream and downstream proteins
[33]. A second construct with a P-codon positioned
between the 2A terminal G-codon and the STOP-
codon was also obtained (Fig. 1b, left panel,
construct 2A-P*). When transfected in HEK293T
cells, high expression levels were obtained from
construct 2A-P*, while extremely low levels were
obtained from construct 2A* (Fig. 1b, right panel).
The product from construct 2A* was produced
around 20 times less intracellularly, with this dif-
ference increasing to 100 times in the secreted
material (Fig. 1c).
As expected, we detected by mass spectrometry

analysis the pr1 produced from construct 2A-P*



Fig. 1. C-terminal 2A* compromises the expression of ER targeted proteins. (a) Schematic representation of the non-
conventional translation termination caused by FMDV peptide 2A, resulting in the release of the upstream protein
terminating in Gly (G) and the translation of the downstream protein initiating with Pro (P). (b) Left panel: SV5-tagged
secretory reporter constructs (pr1) fused to the C-terminal peptide 2A followed by a STOP-codon (2A*) or including a
P-codon before the STOP-codon (2A-P*). Right panel: Western blot of cell culture supernatants and extracts of HEK293T
cells transfected with the plasmid constructs shown. (c) Quantification of the data shown in panel b. Data presented as
mean ± S.E.M. of n = 3 independent experiments. (d) Western blot of extracts from cells transfected with constructs
encoding as a reporter the SV5-tagged membrane protein MHC-Iα fused to each of the two C-terminal 2A* or 2A-P*
sequences. Data are representative of n = 3 independent experiments.
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terminated in NPG (approximately 50%) due to the
non-conventional termination as well as in NPGP
(Supplementary Table 1). The translation termina-
tion of construct 2A* was instead only conventional,
STOP-codon mediated, as it did not encode the
terminal P-codon.
The inhibitory effect of 2A* was also observed

with an engineered version of the type I membrane
glycoprotein reporter MHC-Iα (Fig. 1d), indicating
that expression impairment was not dependent on
the reporter protein used.
Since these two initial reporters were translated

from membrane-bound ribosomes, we then tested
whether 2A* had the same effect also on cytosolic
proteins translated by free ribosomes. Two cytosolic
reporters were used, the same scFv lacking the



Fig. 2. 2A* causes ribosomal stalling at the STOP-codon. (a) Schematic representation of constructs containing the 11-aa-
long roTag (left panel) and the correspondingWestern blots (right panel, representative of three independent experiments) of
supernatants and extracts of transfected cells. Black and red arrowheads indicate conventional and non-conventional
translation termination products, respectively. (b) Scheme of constructs (left panel) and the corresponding Western blots
(right panel, representative of three independent experiments) of extracts of transfected cells. Red arrowheads indicate non-
conventional termination of pr1 in constructs A and B. (c) Autoradiography of anti-SV5 immunoprecipitates obtained from total
extracts of cells transfected with the indicated constructs and labeled with [35S]-methionine for 15 min. Quantification is
indicated at the bottom of each lane. Representative of n = 2 independent experiments.
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ER-targeting leader peptide and EGFP. Expression
of both proteins from 2A* constructs (EGFP-2A* and
cyt-scFv-2A*) was highly compromised as com-
pared to the corresponding controls (EGFP-2A-P*
and cyt-scFv-2A-P*; Supplementary Fig. 1a). Fur-
thermore, mRNA quantification by qPCR did not
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show a significant reduction in the transcript levels
for the 2A* construct compared to 2A-P* one
(Supplementary Fig. 1b), indicating that the ob-
served effect was not the consequence of reduced
mRNAs levels. Moreover, in vitro translation from
T7 polymerase-driven transcripts of construct cyt-
scFv-2A* confirmed a reduction of almost 3.5-fold in
protein expression with respect to the control, indicat-
ing a defect at the translational level (Supplementary
Fig. 1c).
Taken together, these results confirm that impos-

ing conventional termination after 2A strongly
impairs translation in mammalian cells, regardless
of the reporter protein used or the cellular localiza-
tion, a context consistent with stalling of ribosomes
at the STOP-codon.

Ribosomes stalling at the termination codon of
2A in human cells

We then decided to investigate the role of the
STOP-codon at the 2A C-terminus. When the 11-
Fig. 3. Stalling is independent of mRNA codon usage. (a–
indicated, derived from cells transfected with the control constru
codons (a) and G-codons (b) and with degenerated codons for
(d) Western blots of extracts and supernatants of cells transfec
sequence. (e) Schematic representation of the two new cons
Western blots (right panel) of supernatants of transfected cells
all panels are representative of at least n = 3 independent exp
amino-acid-long peptide roTag was added immedi-
ately after the C-terminal Gly (scheme in Fig. 2a, left
panel), the expression of the fusion pr1-2A-roTag
was totally rescued. Instead, when Pro was included
after 2A (2A-P-roTag*) pr1-2A was produced, as
expected, while the fusion product was absent
(Fig. 2a, right panel). We can conclude that the
expression impairment depends on the presence of
a STOP-codon after the 2A-terminal Gly, consistent
with a translational defect due to the presence of
the STOP-codon in the 2A* construct [32].
It has been described that during translation of a

bicistronic mRNA, 2A causes a quick and transient
stalling of the ribosome, necessary to allow release
of the upstream protein and to resume translation
from the downstream P-codon [26]. The presence of
the STOP-codon would result in an excessively
prolonged stalling of ribosomes at the 2A/STOP-
codon boundary. To confirm this point, we obtained
two bicistronic constructs (schematically shown in
Fig. 2b, left panel) in which the upstream protein
(pr1) was produced following 2A non-conventional
c) Western blots of cell extracts and/or supernatants, as
ct 2A-P* or variants of constructs 2A*, with different STOP-
all amino acids of 2A sequence, shown also for 2A-P* (c).
ted with constructs containing the Teschovirus-derived 2A
tructs (*2A-P* and *2A*, left panel) and the corresponding
. Black arrowheads indicate translation termination. Data in
eriments.
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termination (i.e., 2A followed by Pro), while the
downstream protein (pr2, same as pr1 with an extra
polypeptide tag) terminated in either 2A* (pr2-2A*,
construct B) or, as a control, in 2A-P* (pr2-2A-P*,
construct A). We reasoned that, if ribosomes stall
at the STOP-codon downstream of pr2-2A in
construct B, expression of the upstream pr1 would
also be affected, whereas in the absence of
ribosome stalling, pr1 would be equally expressed
from constructs A and B. The results clearly show
that expression of pr1 (as well as pr2) was highly
compromised from construct B, but not from the
control construct A, which expressed pr1 at even
higher levels than pr2 (Fig. 2b, right panel). Thus,
compromised expression of pr1 on construct B was
consistent with ribosome stalling at the 2A-STOP-
codon downstream of pr2.
This was further confirmed in living cells by deter-

mining the rate of translation by [35S]-methionine
(15 min) labeling experiments, followed by anti-SV5
Fig. 4. Mapping the minimal 2A amino acid sequence cau
variants. (b–e) Western blots of supernatants of cells transfec
(left panel) and Western blot (right panel) of extracts of cel
arrowheads indicate conventional and non-conventional termin
at least n = 2 independent experiments.
immunoprecipitation. As shown in Fig. 2c, the protein
expressed from construct 2A* was synthesized at a
lower rate (around 15-fold lower) than the one from
construct 2A-P*, a result consistent with ribosomal
stalling.

Ribosome stalling of 2A* peptide is independent
of mRNA codon usage but dependent of 2A
amino acidic sequence

The translation impairment was not due to the
nucleotide sequence of the STOP-codon used, as
the same result was obtained when the UAG codon
was changed to UAA or UGA (Fig. 3a). Similar
result was obtained with all four different G-codons
(Fig. 3b). The independence from the nucleotide
sequence was further confirmed by mutating all the
codons of the 2A peptide (M), which showed im-
paired expression comparable to the wild type and
rescued expression upon inclusion of the P-codon
sing ribosomal stalling. (a) Scheme of constructs with 2A
ted with the indicated constructs. (f) Scheme of constructs
ls transfected with the indicated variants. Black and red
ation, respectively. Data in all panels are representative of
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(Fig. 3c). Similar results were obtained with the
Teschovirus-derived peptide 2A (three residues
different from FMDV; Fig. 3d). Furthermore, the
addition of a STOP-codon just upstream of the 2A
sequences (constructs *2A*, *2A-P*) completely
rescued pr1 expression (Fig. 3e), strongly support-
ing the hypothesis that the lack of pr1-2A* produc-
tion was dependent on the translation of the 2A
peptide and independent of the nucleotide
sequence.
We then investigated which was the minimal 2A

length required for the expression inhibitory
activity by producing several deletion mutants
(Fig. 4a). Deletion of 3 to 5 N-terminal amino
acids (constructs ΔN3, ΔN4 and ΔN5) retained
strong inhibitory activity, while deletion mutants
lacking 6 to 15 aa from the 2A N-terminus (constructs
ΔN6, ΔN7 and ΔN15) completely abolished the effect
(Fig. 4b). Thus, theminimal length that caused stalling
of translation was mapped to the last 13 residues,
represented by the sequence LLKLAGDVESNPG*
(construct ΔN5). Interestingly, the minimal length
required for 2A peptide non-conventional termination
in a bicistronic mRNA was mapped to a very similar
length (12 residues) [32].
Wenextmapped 2AC-terminal residues. In contrast

to the inhibitory effect observed with full-length 2A
(ending in NPG*), C-terminal deletion mutants lacking
the last 1 or 2 aa (ΔG and ΔPG, respectively) strongly
rescued pr1-2A expression (Fig. 4c). In addition,
deletion of only NP or P while maintaining the terminal
G (ΔNP and ΔP) also restored expression, although
only partially for ΔP (Fig. 4d). Thus, the C-terminal
Pro and Gly residues are essential determinants
of the 2A translation inhibition. Indeed, 2A peptides
ending with amino acids different fromG (A, E, R orW)
were efficiently expressed (Fig. 4e). Interestingly, the
C-terminalGly is also essential for 2Anon-conventional
termination activity [31,32,34]. Deletion of 2A C-
terminal Gly in construct 2A(ΔG)-P-roTag* produced
only pr1-2A-roTag fusion, completely abrogating non-
conventional termination represented by product pr1-
2A (Fig. 4f).
These data collectively indicated that the 2A last

12 aa and in particular the C-terminal Gly residue
are absolutely required not only for the 2A non-
conventional termination, but also for the transla-
tional stalling at the STOP-codon.

Proteasome degradation of products of
stalled ribosomes

In addition to ribosome stalling, which directly
affects translation, other mechanisms can concom-
itantly operate in vivo to further reduce the level of
protein expression.
Kinetic studies performed in cells treated with

cycloheximide revealed that the secretory reporter
protein produced from construct 2A* was fast degrad-
ed and hence not secreted, whereas the product from
2A-P* was actively secreted (Fig. 5a). To investigate
the degradation pathway of these secretory proteins,
cells were treated with the proteasome inhibitor
MG132 or with the autophagy inhibitor chloroquine
(CQ). Significant accumulation of material was ob-
served after MG132, but not after CQ treatment
(Fig. 5b), indicating that polypeptides released from
the ER-bound stalled ribosomes were degraded by
the proteasome. Cells transfected with HA-tagged
ubiquitin and treated with the MG132 also showed
significantly higher accumulation of poly-ubiquitinated
pr1 expressed from 2A* compared to 2A-P* (Fig. 5c).
Furthermore, co-expression with the viral cytosolic
deubiquitinylase-like protein OTU (derived from the
Congo hemorrhagic fever virus) also caused strong
pr1 accumulation from 2A* (Fig. 5d). OTU removes
ubiquitin from cytosolic poly-ubiquitinylated proteins
targeted to degradation, impairing their engagement
by the proteasome and therefore causing accumula-
tion [35,36]. Similarly, co-expression with the domi-
nant negative mammalian deubiquitinylase YOD1
(YOD1-C160S) [37] or the dominant negative mutant
of the AAA p97 ATPase, which lacks ATPase activity
(p97QQ,E305andE578mutated intoQ) [38], blocked
degradation of pr1 from construct 2A*, which accu-
mulated intracellularly further confirming degradation
through the ubiquitin–proteasome pathway (Fig. 5e).
Interestingly, YOD1 deubiquitinylase was previously
associated with ERAD and proteasomal degradation
of proteins, but not of disposal of ribosome stalled
polypeptides. Blocking the ubiquitin–proteasome
system with MG132 treatment or co-expression of
OTU also showed partial rescue of the MHC-Iα trans-
membrane 2A* ribosome stalled protein reporter
(Fig. 5f).
Finally, we explored the involvement of the E3

ubiquitin ligases Listerin (Ltn), found to be associat-
ed with stalled ribosomes [11]. Silencing of Ltn
partially rescued expression from 2A* constructs
(Fig. 5g).
Activation of the ubiquitin–proteasome pathway

was also observed when translational stalling oc-
curred on free ribosomes: the cytosolic leader-less
scFv protein from construct 2A* accumulated upon
MG132 treatment, following co-expression with OTU
or p97QQ and upon Ltn silencing (Supplementary
Fig. 2).
In conclusion, the reduced protein levels pro-

duced from constructs 2A* were the consequence
of two concomitant effects: (i) ribosome stalling,
which strongly impairs the rate of synthesis, and
(ii) engagement of the terminated protein into the
proteasomal degradation pathway. These results
indicate that molecules translated from membrane-
bound ribosomes stalled at the STOP-codon are
targeted to the proteasome requiring components
of both the ribosomal quality control system and the
ERAD pathway.



Fig. 5. ER-targeted products of stalled ribosomes are degraded by the proteasome. (a) Western blots of extracts and
supernatants of transfected cells treated with cycloheximide (CHX) for the indicated time periods. Representative of n = 2
independent experiments. (b) Western blots of extracts of cells treated with CQ or MG132 (MG) for 4 h. Representative of
n = 3 independent experiments. (c) Anti-HA Western blot of anti-SV5 immunoprecipitates of cells co-transfected with the
indicated constructs and a HA-tagged ubiquitin encoding plasmid. When indicated, (+) cells were treated with MG132 for
4 h. Representative of n = 2 independent experiments. (d–e) Western blots of extracts of cells co-transfected where
indicated (+) with OTU, p97QQ or YOD1-C160S (C160S) encoding plasmids. Representative of n = 3 independent
experiments. (f) Western blot of cells transfected with plasmid encoding the 2A-P* or 2A* MHC-Iα membrane protein and
treated with MG132 for 4 h or co-transfected with OTU, as indicated. Representative of n = 3 independent experiments.
(g) Upper panels: Western blot of extracts of cells transfected with siRNA for Listerin (Ltn) or an irrelevant siRNA (irr) and
48 h later co-transfected with the indicated constructs and EGFP as control. Lower panel: ethidium bromide stained
agarose gel showing RT-PCR amplification of a 290-bp fragment of Ltn mRNA from cells transfected with the irrelevant or
the Listerin-specific siRNA. Representative of n = 2 independent experiments.
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Stalling of membrane-bound ribosomes
triggers ERAD

We further investigated involvement of the ERAD
pathway by looking at retro-translocation of poly-
peptides from the ER lumen to the cytosol using
our previously described in vivo retro-translocation
assay [39] based on the specific in vivo biotinylation
of molecules localized on the cytosolic side. Detec-
tion and quantification of the biotinylated (retro-



Fig. 6. Stalling of membrane-bound ribosomes triggers ERAD. (a) Western blot-retardation assay (WB-ra) of extracts of
cells co-transfected with BAP-tagged constructs terminating in 2A-P* or 2A* and a cytosolic biotin ligase BirA encoding
plasmid. Migration of in vivo biotinylated proteins is retarded in the presence (+) of StrAv. (b) WB-ra as in panel a, in
extracts of cells treated with MG132 or co-transfected with OTU or p97QQ, as indicated. (c) WB-ra of extracts of cells co-
transfected, where indicated, with the BiP/GRP78 mutant T37G (BiP T37G) encoding plasmid. (d, Scheme of constructs
with the N-glycosylation tag (N-2A-P* and N-2A*, left panel) and Western blot upon co-transfection with the BiP T37G
encoding plasmid. Arrowheads indicate the glycosylated and de-glycosylated products. All panels are representative of at
least three independent experiments.
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translocated) fraction was carried out in a Western
blot-retardation assay in which denatured samples,
incubated with streptavidin (StrAv) before electro-
phoresis, produce retardation of the biotinylated
proteins. As shown in Fig. 6a, most of the intracel-
lular secretory reporter produced from 2A* was
biotinylated. As expected, the material accumulated
from construct 2A* upon proteasome inhibition with



Fig. 7. ERAD targeting is restricted to products of stalled ribosomes. (a) Scheme of constructs (right panel) andWestern
blots of extracts of cells co-transfected with the indicated plasmids. (b) Western blots of extracts of cells co-transfected with
the pr2 constructs shown in panel a and the same scFv lacking 2A sequence and tagged with roTag. Both panels are
representative of n = 2 independent experiments.
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MG132, or co-expression with p97QQ or OTU, was
mostly biotinylated (Fig. 6b), consistent with active
retro-translocation from the ER lumen. Upon co-
expression with the dominant negative chaperone
BiP/GRP78 (T37G), which binds to newly synthe-
sized protein substrates but is unable to undergo
the conformational change upon ATP binding re-
quired for protein release, a large accumulation of
pr1-2A* was observed, similarly to other ERAD
targeted BiP substrates [35,40]. This material was
most likely trapped inside the ER, due to its strong
interaction with the BiP mutant, as it was not bio-
tinylated by the cytosolic biotin ligase (Fig. 6c, lanes
3 and 4).
Consistently, polypeptides with an N-glycosylation

tag added to construct 2A* (N-2A*) were found
mostly de-glycosylated as a consequence of the
cytosolic N-glycanase activity [41], but fully glyco-
sylated when co-expressed with the BiP mutant
(Fig. 6d). In contrast, the product of reference con-
struct N-2A-P* was fully glycosylated also in the
absence of the mutated chaperone (Fig. 6d).

ERAD targeting of peptides from stalled
ribosome is specific

We then assessed that targeting to ERAD was
restricted to the product of the stalled ribosome.
We used a 2A* construct (pr2-2A*) that was co-
expressed with a 2A-P* construct (pr1-2A-P*)
encoding the same scFv reporter with a shorter tag
(Fig. 7a, left panel). As shown in Fig. 7a (right panel),
only expression of pr2 from 2A* was affected, while
pr1 from 2A-P* was not. A similar result was obtained
with an irrelevant control secretory protein (scFv-ctrl;
roTag-tagged), which was also not affected when
co-expressed with construct pr2-2A* (Fig. 7b).
Thus, proteins translated from membrane-bound
stalled ribosomes are exclusively targeted to ERAD,
without affecting those same polypeptides originat-
ing from non-stalled ribosomes.

The product of membrane-bound stalled
ribosomes binds to BiP/GRP78

We then investigated the interactome of polypep-
tides produced from stalled ribosomes using the
BioID2 technique, based on the expression of the
Aquifex aeolicus bacterial biotin-ligase with the
R40G mutation [42]. This enzyme lacks substrate
specificity and is therefore able to biotinylate in vivo
the interacting proteins. Constructs with 2A* or 2A-
P* at the C-terminus of BioID2 (Fig. 8a) were then
independently expressed and the biotinylated pro-
teins were analyzed by Western blot. As shown in
Fig. 8a and b, the BioID2 activity was detected by its
self-biotinylation. One band of around 78 kDa was
found strongly biotinylated in cells expressing
BioID2-2A* but not BioID2-2A-P* (Fig. 8a). We
suspected that it represented BiP/GRP78, which
was confirmed by pull-down with StrAv followed by
detection with anti-BiP as well as by BiP immuno-
precipitation followed by detection with StrAv-HRP
from cells expressing BioID2-2A* (Fig. 8c). Mass
spectrometry analysis was then performed on
pulled-down biotinylated proteins, confirming detec-
tion of BiP only in extracts of cells expressing
BioID2-2A*, but not BioID2-2A-P*. Mass spectrom-
etry of BioID2-2A* biotinylated proteins also detect-
ed the 23-kDa nascent polypeptide-associated
complex α-subunit (NACA) and the 71-kDa
cytosolic chaperone HSPA8. A complete list of
polypeptides found with both proteins is shown in
Supplementary Table 2.



Fig. 8. The products of membrane-bound stalled ribosomes are bound by BiP/GRP78. (a) Scheme of the secretory
version of BioID2 constructs (left panel) and StrAv Western blot of extracts of cells transfected with the indicated plasmids
and labeled with biotin for 24 h. The rightmost panel shows a zoom of the 75-kDa region with lower exposure. Black
arrow indicates the self-biotinylation of the BioID2 protein, while red arrows indicate bands that appear only in extracts of
cells transfected with BioID2-2A*. Representative of n = 3 experiments. (b) Western blots with anti-roTag antibody and
StrAv-HRP of extracts shown in panel a. (c) Western blots of extracts of cells mock-transfected or transfected with the
indicated BioID2 constructs: upper panel, anti-BiP immunoblotting of proteins pulled-down with StrAv beads; middle and
lower panels, StrAv-HRP or anti-BiP blots of proteins immunoprecipited (IP) with anti-BiP. Data are representative of n = 2
independent experiments.
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Stalling by non-viral peptides encoded in the
human genome

Identification of other sequences capable of induc-
ing stalling of the ribosome at the STOP-codon is
challenging. As 2A-like peptides are highly conserved
at the last three C-terminal amino acids (NPG), we
then searched for human proteins that terminate with
the same NPG* sequence in the ENSEMBL data
bank. Only five proteins were found [CD99 molecule-
like protein 2 (CD99L2), prostate ovary testis-
expressed protein family members I and E (POTEI
and POTEE), TBCA and SPIRE2, where POTEE and
POTEI share the same C-terminal amino acidic
sequence]. In most cases, they represent alternative
spliced transcripts. We tested the effect exerted on
expression of the cytosolic reporter (cyt-scFv) by the
four different C-terminal sequences in constructs with
and without the addition of the P-codon before the
STOP-codon (Fig. 9a).While theC-termini fromTBCA
and SPIRE2 did not display any effect on the reporter
translation, those from CD99L2 and POTE caused a
strong expression decrease compared to the reporter
without the terminal sequences (Fig. 9b). Of note,
expression of proteins terminating with these two
sequenceswas partially rescued by the addition of the
C-terminal Pro, similar to what observed with peptide
2A. However, and despite of this, non-conventional
translation termination was not observed as shown
with a construct elongated with the 11-aa roTag
downstream of Pro (shown for POTE, Fig. 9c, left
panel).
Recently, a short sequence capable of inducing

ribosome stalling was described in an ORF located
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at the 3′UTR of adenosylmethionine decarboxylase
1 (AMD1) mRNA [43]. This sequence does not
terminate in NPG (Fig. 9a), but its 22-aa-long C
terminus (C-TAIL) strongly affected expression of
Fig. 9 (legend on
the reporter protein to a level comparable to that
of 2A (Fig. 9b, right panel). In this case, however,
addition of the terminal Pro just upstream of the
STOP-codon did not rescue expression and did not
next page)
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promote non-conventional termination in a similar
elongated construct, indicating a different stalling
mechanism to the one operating with 2A* (Fig. 9b
and c, right panels).
We then observed that, as 2A*, also the CD99L2

and POTE sequences caused the same transla-
tional effect when tested on the secretory reporter
(Fig. 9d).
Interestingly, the secretory reporters produced with

CD99L2 or POTE C-termini were also degraded
through the same pathway as with 2A*. Both products
accumulated upon treatment with MG132 as well as
upon co-expression with OTU and p97QQ (Fig. 9e).
Collectively, these data suggest that ribosome stalling
at the STOP-codon, produced by viral and non-viral
C-terminal sequences, represents a way to control
gene expression at the translational level.
Discussion

Here we describe the occurrence of ribosome
stalling at the STOP-codon in human cells caused
by the picornavirus peptide 2A when the P-codon
immediately downstream from the C-terminal Gly,
required for its non-conventional termination activity,
is replaced by a STOP-codon. This 2A-STOP-
mediated impairment of translation represents a
strong model of ribosome stalling at the STOP-
codon, caused by the 2A last 13 aa and, in particular,
by the C-terminal NPG sequence. This indicates that
stalling is the consequence of the peptide confor-
mation inside the RET. 2A has been described to
form an amphipathic α-helix over most of its length,
with a reverse turn at its C-terminus [44,45]. In its
normal viral context, this structure has been suggested
to cause a transient stalling that favors the non-
conventional translation termination of the upstream-
encoded protein, determined by the position of the
2A terminal G-codon in the ribosome P site and the
P-codon in the ribosome A site [32,33]. Transient
ribosome stalling is thought to occur because of re-
orientation of the peptidyl-tRNAGly within the RET that
disfavors peptide bond formation with the prolyl-
tRNAPro and promotes instead hydrolysis and release
of the nascent chain [44,45].
Instead, when a STOP-codon is found in the A site

in place of an aminoacyl-tRNA, stalling becomes
Fig. 9. Ribosomal stalling by non-viral sequences. (a) Sche
four different C-terminal sequences of CD99L2, POTEI/POTEE
(C-TAIL) used in place of 2A. The NPG terminal amino aci
(b) Western blots of extracts form cells transfected with the in
proline. (c) Western blots of proline including constructs with PO
of a C-terminal roTag as indicated. (d) Western blot of extra
CD99L2 and POTE scFv constructs. Lane 1 shows the same r
blots of extracts of cells transfected with the secretory reporte
indicated (+), with MG132 for 4 h or co-transfected, where indic
of at least n = 3 independent experiments.
more relevant with a profound effect on the ex-
pression of the upstream protein, likely because the
2A structure within RET impaired the polypeptide
release or the recruitment of release factors.
Previous report showed that an in vitro translated

polypeptide from a construct terminating in 2A*
can be associated with the tRNA (peptidyl-tRNAGly)
[32]. However, in living yeast cells, the majority of
ubiquitinated products from stalled ribosomes, rec-
ognized by the co-translational quality control
pathway, was found already hydrolyzed from the
tRNA, owing to the involvement of the yeast release
factors Sup45–Sup35 (mammalian eRF1–3 homo-
logues) [46]. In line with this observation, we also
detected the residual amount of non-degraded
stalled protein as a fully terminated polypeptide
mostly hydrolyzed from the tRNA.
As a result of the stalling at the STOP-codon, the

ubiquitin–proteasome degradation pathway be-
comes activated to discard the newly synthesized
products. We found that the total levels of the mRNA
encoding peptide that cause stalling (constructs 2A*)
were not remarkably different from those mRNAs that
do not, thus indicating no activation of the RNA decay
pathways and suggesting thatmechanisms alternative
to NGD or NMD are operating in this case. We also
found that the reduction in the rate of synthesis of the
secretory reporter was about 15-fold, while the total
amount of the secreted protein was 100-fold less.
Similarly, the cytosolic reporter was expressed 33-fold
less. Degradation of polypeptides originated from
stalled ribosomes was the main component of the
overall reduced expression. A strong, but not com-
plete, rescue of protein expression was obtained upon
proteasome inhibition or deubiquitinylation (Fig. 5b–f),
consistently with a concomitant decrease of protein
synthesis rate and extensive proteasomal degrada-
tion of the products.
Although stalling of free ribosomes has been inves-

tigated, much less is known on the mechanisms
operating on membrane-bound ribosomes. Terminat-
ed secretory and membrane polypeptides translo-
cated to the ER lumen are targeted to degradation
through the ERAD pathway if recognized as unfolded.
ERAD-targeted polypeptides are first retro-translocated
to the cytosol and then degraded by the proteasome.
We showed that the luminal proteins derived from

stalled ribosome were also targeted to the ERAD
me of the cytosolic scFv reporter constructs showing the
, TBCA and SPIRE2 and the one from the 3′UTR of AMD1
ds are shown in red, as well as the entire 18 aa of 2A.
dicated cytosolic constructs including or not a C-terminal
TE C-terminus or C-TAIL sequence including the addition

cts of cells transfected with the secretory versions of the
eporter without any addition after the SV5 tag. (e) Western
rs with CD99L2 or POTE sequences and treated, where
ated (+), with OTU or p97QQ. All panels are representative
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pathway and actively retro-translocated to the
cytosol, as demonstrated by cytosolic BirA biotinyl-
ation, and then polyubiquitinated before proteasomal
degradation.
Indeed, experiments with the proteasome inhibitor

MG132 indicated stabilization of the proteins resulting
from stalled ribosomes. The same conclusions were
obtained using the deubiquitinylase-like protein
OTU or the YOD1-C160S, a dominant negative
mutant of the ERAD-associated deubiquitinylase
YOD1 [35,37,47] and the dominant negative mutant
of the p97 ATPase (p97QQ). We also showed that
cytosolic proteins produced from 2A* stalled free
ribosomes were degraded by the proteasome. In
yeast, the p97 homologous Cdc48 is also part of the
ribosome-associated quality control, which recog-
nizes stalled ribosomes in NSD and NGD [13–15].
The dominant negative mutant of chaperone BiP/
GRP78 was able to retain the protein within the ER
lumen. This was the first indication that BiP/GRP78
was involved in targeting to degradation polypeptides
produced by stalled ER-bound ribosomes. Indeed, we
identified BiP/GRP78 as one of the main proteins
interacting with the product of the stalled BioID-2A*.
Considering that this chaperone is involved in
signaling to convey luminal substrates to ERAD [48],
it makes it a strong candidate to initiate and re-direct
the polypeptide from the stalled ribosome to degra-
dation. It is possible that stalled polypeptides may not
be capable to complete folding in the ER lumen or
remain too long within the translocon, thus recruiting
BiP/GRP78 to initiate engagement into the ERAD
pathway. Previous works have found that stalled
peptides can obstruct the yeast translocon [49] and
translocon components were found in association
with components of the ribosome-associated quality
control in purified pancreatic rough ER microsomes
[12]. 2A-tagged stalled proteins may not activate
ERAD targeting because of canonical misfolding, as
they are identical to the proteins produced by non-
conventional termination. This hypothesis can be
suggested by BioID2 activity in the ER lumen when
bearing the C-terminal 2A, indicating that ERAD could
be activated as a direct consequence of translational
stalling rather than protein misfolding per se. How-
ever, it is also possible that the domain of the stalled
protein close to the translocon exit tunnel is not
completely folded and could be the portion of the
polypeptide efficiently recognized by BiP. Detection
of BioID2 activity during ERAD is consistent with
previous works demonstrating that some ERAD
substrates can be at least partially folded during
retro-translocation to the cytosol before degradation
[50–52].
Of note, the mass spectrometry data of inter-

actors labeled by BioID2-stalled protein also re-
vealed the presence of the α subunit of nascent
polypeptide-associated complex (NACA), which is
part of the co-translational quality control machinery
associated with ribosomes, suggesting that this
complex may be also involved in interactions with
the polypeptide during or after retro-translocation.
Interestingly, we found the requirement also of the

E3 ubiquitin-ligase Listerin, involved in the degrada-
tion of polypeptides from ribosomes stalled at the
STOP-codon. Consistently, Listerin has been previ-
ously described to specifically ubiquitinylate polypep-
tides originating from both free and membrane-bound
stalled ribosomes [11–13,53,54]. However, so far,
Listerin has not been associated with canonical
ERAD, which instead involves other ubiquitin ligases
such as Hrd1 and gp78 [55–57]. Despite this, we
do not exclude involvement of other E3 ligases, as
several ubiquitin ligases were found to participate in
ERAD in mammalian cells, often with interconnected
or overlapping functions [58].
It is important to note that degradation was

restricted to products of stalled ribosomes. When
co-expressed in the same cells, we observed that
only those polypeptides originating from stalled
ribosomes were specifically targeted to degradation,
without any effect on the same polypeptide produced
from non-stalled ribosomes. This is an indication
that either the stalled ribosome signals the ER lumen
to re-direct the polypeptide to ERAD or, alternatively,
that the extended permanence of the terminated
polypeptide in the translocon is a signal for degra-
dation, in both cases mediated by BiP/GRP78. The
involvement in 2A* degradation of proteins, such
BiP/GRP78 and YOD1, of the ER-associated quality
control pathway and enzymes, such as Listerin,
belonging to the ribosomal quality control system,
indicates that translational stalling at the ER mem-
brane activates a poorly described cellular mecha-
nism at the interface of diverse protein quality control
surveillance systems.
The general idea that ribosome stalling may

represent a mechanism to control protein expression
is being increasingly appreciated. There are exam-
ples of small coding sequences, some of them
having a STOP-codon, like the so-called upstream
ORFs (uORF), that can regulate translation initiation
of a downstream ORF [2,20,59]. In contrast, in our
case, the stalling strongly affects expression of the
upstream encoded protein. Recently, an independent
ORF was found immediately downstream (in the
3′UTR) of the ORF for protein AMD1 and shown to
regulate translation of the upstream ORF by causing
ribosomal stalling [43]. We found that this sequence,
however, produces stalling independently of the
STOP-codon.
C-terminal sequences may represent efficient

translational regulatory motifs with strong effects on
the level of expression of the upstream protein
by enacting stalling at the STOP-codon. Our first
attempt to find sequences only partially related to
the viral 2A (terminating in NPG*) allowed us to
identify two of them derived from human proteins
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that showed stalling activity only at the STOP-codon
and that were partially rescued when the P-codon
substituted the STOP-codon. Also, more importantly,
both proteins induced degradation of the reporter in a
manner similar to the 2A sequence, thus confirming
that stalling of ribosomes at the STOP-codon acti-
vates degradation of their newly made products
through the ERAD pathway. In conclusion, we report
here the involvement of BiP/GRP78 and the ERAD
pathway in the degradation of polypeptides targeted
to the ER originating from ribosomes stalled at the
STOP-codon, and we speculate that 2A*-like stalling
events could regulate protein expression in mamma-
lian cells.
Materials and Methods

Constructs

All new plasmids used are cloned into pcDNA3
vector (Life Technologies). The 2A-P*, 2A*, 2A(M)
with mutated codons, T2A, CD99L2, POTE, TBCA,
SPIRE2 and C-TAIL coding sequences were inserted
by digestion with enzymes KpnI and EcoRI (NEB)
in frame at the C-terminus of previously described
scFv anti-coronavirus 6A.C3 mAb [60], using oli-
goes described in Supplementary Table 3. When
indicated, SV5-tag (GKPIPNPLLGLD), roTag
(SISSSIFKNEG) [61], HA-tag (YPYDVPDYA) and
N-glycosylation site (NGT) were engineered at the
indicated positions by site-directed mutagenesis
(QuikChange Site Directed Mutagenesis Kit;
Stratagene). Plasmids encoding secretory proteins
bear an immunoglobulin secretion leader peptide
[62] at the N-terminus as previously described [61].
MHC-Iα having C-terminal 2A* and 2A-P* sequence
was derived from a previously described MHC-Iα
plasmid [39]. The coding sequence of BioID2 was
previously described [42]. Plasmids expressing cyt-
BirA and BiP mutant T37G were previously described
[35]. CCHFV-L OTU plasmid was kindly provided by
Adolfo García-Sastre, the N-terminal FLAG-tagged
human YOD1-C160S plasmid by Christian Schlieker,
and the His6-tagged rat p97QQ plasmids by Linda
Hendershot.

In vitro protein expression

Protein expression in vitro was performed using
the TnT kit (TNT® Quick Coupled Transcription/
Translation System) following the manufacture's
instruction.

Cell culture and transfection

HEK293T cells were cultured in Dulbecco's modi-
fiedEagle'smedium (Life Technologies), supplement-
ed with 10% fetal calf serum (Life Technologies).
Transfection of 293T was performed in 6-well or
12-well plates (about 5 × 105 or 2.5 × 105 cells) with
the calcium phosphate technique. Eighteen hours
after transfection, medium was changed, and cells
were further incubated for at least 7–8 h, before
medium and cell harvesting. Where indicated, the
proteasome inhibitor MG132 (Sigma) or CQ (Sigma)
was added at a concentration of 20 and 50 μM,
respectively, for 4 h. The translation inhibitor cyclo-
heximide (Sigma) was used for the indicated time
at the concentration of 100 μg/ml. For biotinylation
analysis, 0.15 mM of biotin (Sigma) was added to the
media for at least 4 h.
For silencing experiments, HEK293T cells were

grown in 12-well plates. Irrelevant (UCGUCUU-
CUACAACGUCAA) and Ltn-specific (GCAGUG-
GUGUGAAGAAUUA) siRNA (Sigma) were
transfected with Lipofectamine RNAiMAX reagent
(Life Technologies) according to the manufacturer's
instruction. Forty-eight hours after siRNA transfection,
medium was discarded, and cells were transfected
with DNA plasmids by the standard calcium phos-
phate procedure and lysed 24 h post-transfection.

Cell extract preparation, gel retardation assay
and Western blotting

Transfected HEK293T cells were washed with
phosphate-buffered saline and lysed with SDS-lysis
buffer [100 mM Tris–HCl (pH 6.8), 6% SDS, 30 mM
NEM (Fluka), 1% protease inhibitors cocktail (Sigma)]
and sonicated. For SDS-PAGE, samples were
boiled 10 min in SDS-gel loading buffer [25 mM
Tris–HCl (pH 6.8), 1% SDS, 10% glycerol, 175 mM
β-mercaptoethanol] before gel loading. For Western
blot-retardation assays, samples were incubated after
boiling without or with 1 μg StrAv (Sigma) for 20 min
at room temperature before loading as previously
described [39].
Gels were blotted onto PVDF membranes (Milli-

pore), reacted with mouse anti-SV5 (Life Technol-
ogies) or mouse anti-roTag mAbs [61] followed by
incubation with a HRP-labeled anti-mouse whole
IgG antibody (KPL) and developed by ECL
reaction. Where indicated, blots were developed
using mAb anti-BiP (BD Bioscience), rabbit anti-
EGFP serum, StrAv-HRP (Sigma) and anti-HA-
HRP (Sigma) and when required by the appropriate
HRP-conjugated anti-mouse or anti-rabbit second-
ary antibody (Jackson). Where indicated, blots were
developed with mouse anti-β-tubulin (Calbiochem)
or HRP-labeled anti-actin (clone AC-15; Sigma-
Aldrich) antibodies, which were used as loading
control.
Quantification of bands was performed with the

image processing software ImageJ v1.43 (National
Institutes of Health) or using UVItec Alliance detection
system.
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Mass spectrometry analysis

HEK293T cells were transfected with scFv-2A-P*
encoding plasmid and lysed 24 h post-transfection
in TNN buffer [Tris–HCl 100 mM (pH 8), NaCl
250 mM, NP-40 0.5%], and scFv reporter was
immunoprecipitated using mAb anti-SV5. For BioID
encoding plasmids, transfection was performed in
the presence of biotin and lysed 24 h post-transfection
in TNN buffer. Pull-down of biotinylated proteins
was performed using StrAv Mag Sepharose™ (GE
Healthcare). For mass spectrometry analysis, sam-
ples were digested with 200 ng trypsin diluted in
20 mM triethyl ammonium bicarbonate (pH 8.5) for
12 h at room temperature. The supernatants were
harvested, and the beads were washed once with
digestion buffer. The washes and the supernatants
were pooled and purified using STAGE tips. The
purified digested samples were subjected to LC–MS/
MS analysis using a picofrit nano-bore columns. The
sample was loaded in 0.1% formic acid, and the
column was developed with a discontinuous gradient
and sprayed directly into an Amazon ETD ion trap
(Bruker Daltonics). A cycle of one MS scan followed
by five MS/MS scans was performed throughout
the run. Data were extracted from the runs using
Data Analysis (Bruker Daltonics) and analyzed using
the X!tandem search engine.

[35S]-Methionine labeling

HEK293T cells were starved for 30 min in
methionine/cysteine-free medium supplemented with
10% dialyzed fetal calf serum and then labeled for
15 min with 200 μCi/ml of [35S]-methionine/cysteine
(PerkinElmer). Cells were lysed in 100 μl of SDS-lysis
buffer, diluted with 400 μl of TNN and digested with
DNaseI (Promega) for 1 h at 37 °C. SV5-tagged
proteins were immunoprecipitated with anti-SV5 mAb
and Protein A agarose (Repligen) and eluted by
boiling in SDS-lysis buffer, and samples were
resolved on a reducing SDS-PAGE. Gels were fixed
in 10% acetic acid and 10% methanol, incubated
for 20 min in Amplify fluorographic enhancer (GE
Healthcare), dried and exposed for autoradiography
on Kodak BioMax XAR films.

RNA isolation, RT-PCR and qRT-PCR

Total RNA from HEK293T cells was isolated with
RNeasymini Kit (Qiagen) following themanufacturer's
instructions. DNA was removed by treatment with
RNAse-free DNAse I (Fermentas Inc., Waltham,
MA, USA). Total RNA was then retro-transcribed to
cDNA by Moloney murine leukaemia RT (M-MLV-RT,
Invitrogen) in the presence of random hexamers
(IDT). qRT-PCR was based on SYBR Green Master
Mix technology (Applied Biosystems), and the levels
of target gene expression were normalized to those
of GAPDH and α-globin. A list of primers used for
qRT-PCR and RT-PCR are given in Supplementary
Table 3.
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