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ABSTRACT

In recent years translation elongation has emerged
as an important contributor to the regulation of gene
expression. There are multiple quality control check-
points along the way of producing mature proteins
and targeting them to the right cellular compartment,
or associating them correctly with their partners. Ri-
bosomes pause to allow co-translational protein fold-
ing, protein targeting or protein interactions, and the
pausing is dictated by a combination of the mRNA
sequence and structure, the tRNA availability and
the nascent peptide. However, ribosome pausing can
also lead to ribosome collisions and co-translational
degradation of both mRNA and nascent chain. Un-
derstanding how the translating ribosome tunes the
different maturation steps that nascent proteins must
undergo, what the timing of these maturation events
is, and how degradation can be avoided when paus-
ing is needed, is now possible by the emergence of
methods to follow ribosome dynamics in vivo. This
review summarizes some of the recent studies that
have advanced our knowledge about co-translational
events using the power of ribosome profiling, and
some of the questions that have emerged from these
studies.

INTRODUCTION

Precise control of gene expression is essential for the healthy
growth and development of all organisms. At the cellular
level, gene expression is the production of the right amount
of well-folded protein at the right time, effectively interact-
ing with its cellular partners and targeted to the correct cel-

lular compartment. It entails controlled production of func-
tional proteins, as well as clearance of faulty proteins. Re-
search over the last 20 years has revealed an astonishing
level of integration between the different steps of the gene
expression pathway. Overall rates of mRNA synthesis and
degradation are buffered with reciprocal adjustments (for
recent review see (1)). In addition degradation of mRNAs
is intimately connected to the process of translation, while
clearance of faulty mRNAs and dead-end protein products
are coordinated. The ribosome has emerged as an amazing
hub at the core of this integrated regulation.

In eukaryotes the steady state pool of mRNAs available
for protein synthesis in the cytoplasm is defined by the rates
of mRNA synthesis and decay. Cytoplasmic mRNAs can
also be partitioned into a variety of different granules (for
review, see (2,3)), whose exact roles in defining the pool of
mRNAs available for active translation still needs to be clar-
ified. Regulation of gene expression has traditionally been
attributed to changes in transcription and translation ini-
tiation targeted by signaling pathways, and mRNA degra-
dation has been considered to occur post-translationally
because ribosomes protect mRNAs from degradation (dis-
cussed in (4)). We now know that mRNA degradation oc-
curs co-translationally, and that translation elongation is
not uniform, undergoing multiple quality control check-
points. Its pattern depends upon the mRNA sequence and
structure, the availability of charged tRNAs and translation
factors, the nascent chain, as well as upon a myriad of fac-
tors interacting with mRNA, ribosome or nascent chains
(for review, see (5)). Hence, translation elongation is also
an important regulated step that contributes to gene regu-
lation. This review will summarize several recent studies ad-
dressing this role of the translating ribosome. In particular,
it will focus on those that have benefitted from the develop-
ment of technologies that allows following the translation
elongation process at single codon resolution. Finally open
questions will be discussed.
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CO-TRANSLATIONAL mRNA DEGRADATION

The processivity of translation elongation defines overall
translation efficiency. Decoding is the first step and is a com-
petition between all charged-tRNA complexes until the cor-
rect codon–anticodon pairing occurs. The rate will depend
upon the relative availability of the right charged tRNA
compared to the entire pool of available tRNAs. The ribo-
some stabilizes the cognate codon–anticodon pair and ac-
celerates the activation of the EF-Tu GTPase and the ac-
commodation of the correct amino-acyl tRNA in the A-site.
This process is known as the kinetic discrimination mecha-
nism and is used by the ribosome to maintain a high speed
and fidelity during elongation (6,7). Modifications of some
tRNAs also impacts the rate of chain elongation. In each
kingdom of life some codons are used more and some are
used less. In general the amount of tRNA that recognizes
rare codons is lower and the elongation rate correlates well
with the total tRNA pool, suggesting that the charging of
tRNAs is not rate limiting (reviewed in (8)).

In 2015, the Coller laboratory published a study indicat-
ing that the overall codon composition of mRNAs, namely
the relative percentage of codons above a certain threshold
of optimality to the percentage of those below this thresh-
old, correlates with mRNA half-life genome-wide (9). Op-
timality was defined according to the tRNA adaptive in-
dex, itself reflecting the efficiency of tRNA usage, and the
recognition of the codon by the translation apparatus. They
found that the changes in mRNA stability according to
codon optimality were mediated by mRNA deadenylation
and decapping, followed by 5′ to 3′ exonucleolytic degrada-
tion. Their findings place the ribosome at the core of a reg-
ulatory system linking decoding and translation elongation
to mRNA degradation.

Co-translational mRNA decay was known to occur in
the cases of faulty mRNAs, even though generally mRNA
degradation was believed to occur after ribosome removal
(10). For instance mRNAs with premature termination
codons are turned over by a mechanism called non-sense
mediated mRNA decay (NMD) for which the Upf1 pro-
tein acts as a hub (Figure 1A) (for review, see (11)). Intrigu-
ingly 3–10% of all mRNAs are upregulated in the absence of
Upf1, even mRNAs without evident premature termination
codons (12,13). This questions whether NMD might not
only target faulty mRNAs. Another case of mRNA degra-
dation driven by the ribosome occurs when ribosomes reach
the end of an mRNA or a poly(A) tail without encountering
a stop codon (NSD or non stop decay), or if the ribosome
stalls, either because of stretches of rare codons, higher or-
der mRNA structures, amino acid starvation, tRNA de-
ficiencies or oxidative stress (NGD or no go decay) (Fig-
ure 1A) (for review, see (14)). Originally a distinction was
made between NSD and NGD. However, it could be that
the mechanisms leading to mRNA decay are mostly similar,
though additional components may be needed to resolve ri-
bosomes stalling on poly(A) sequences at the mRNA 3′ end.
NGD has been extensively studied using reporters with a
poly lysine motif or stretches of rare CGA arginine codons
inserted between two reporter proteins (for reviews see (14–

16)). An endonucleolytic event is triggered by ribosome col-
lision, and factors homologous to the eRF1 and eRF3 ter-
mination factors are recruited to split ribosomes with the
Rli1 ATPase. This allows recycling of the ribosomes and ac-
cess of the mRNA to exonucleases (Figure 1A).

As mentioned above co-translational mRNA decay was
first connected to faulty mRNAs. However the importance
of overall codon composition for mRNA stability indicates
that mRNA degradation is generally intimately connected
to translation. Two recent studies have confirmed this. In
the first study (17), mRNA degradation was profiled in bud-
ding yeast by isolating and sequencing 5′ monophosphate
mRNAs. 12–14% of the poly(A) mRNA pool was estimated
to be in the form of such 5′ decay intermediates, a percent-
age that could be increased by treatment of cells with cy-
cloheximide (CHX) that increases elongation-paused ribo-
somes. These mRNA degradation intermediates were de-
tected with size differences showing a 3-nucleotide peri-
odicity and dependent upon the Xrn1 5′ to 3′ exonucle-
ase. This suggested that Xrn1, and hence decay intermedi-
ates, measures ribosome dynamics and that Xrn1 follows
the last translating ribosome (Figure 1B). Consistent with
this model, a structure of Xrn1 associated with ribosomes
from yeast shows Xrn1 located at the mRNA exit site, where
mRNA can be exposed to the active center of the nuclease
(18). In the second study (19), a technique called Akron Seq
that captures native 3′ ends of capped mRNAs and 5′ ends
of poly(A) mRNAs was developed. Applied to Hela cells it
showed that mRNAs undergo co-translational, ribosome-
phased, endonucleolytic cuts at the exit site of the mRNA ri-
bosome channel, a mechanism named ribothrypsis (Figure
1C). 63% of capped mRNAs were found to have ends within
coding regions, and the mRNA ends showed 3-nucleotide
periodicity. Xrn1 was not involved in this profile of cleav-
ages. A similar percentage of polyadenylated RNAs had
5′ ends within coding sequences and also showed the 3-
nucleotide periodicity. Final ribothrypsis products from re-
iterated cleavage events are 16-nucleotide long (Figure 1C)
and such fragments have been detected in RNA deep se-
quencing data from strains where exosome function has
been compromised (20). Such 16 nt long products also
accumulate in yeast cells lacking Dom34, an ortholog of
mammalian eRF1, responsible for ribosome splitting dur-
ing NGD, and they are presumed to be NGD mRNA trun-
cation products (21).

The mRNA decay patterns or intermediates detected
overall in human and yeast are surprisingly reminiscent
of those produced upon co-translational mRNA degrada-
tion occurring in response to ribosome stalling in yeast.
This suggests that co-translational mRNA decay might oc-
cur with a certain frequency during translation of normal
mRNAs, in the various situations where the ribosomes are
made to pause. However, as will be described below, paus-
ing is beneficial and needed for nascent chain folding and
protein interactions. Thus cells must have evolved a mecha-
nism that prevents catastrophic collision of ribosomes every
time ribosomes pause. Evidence for the existence of such a
protective mechanism has been uncovered in a recent study
of co-translational association of proteins (see further).
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Figure 1. (A) mRNA surveillance induced mRNA decay. NMD occurs when mRNAs have a premature stop codon. In mammalian cells NMD works
with Upf1, through the recruitment of the Smg5–7 proteins. Smg5 and Smg6 have a PIN domain associated with endonucleolytic activity and Smg6
has single stranded nuclease activity. Smg7 can recruit the Ccr4-Not deadenylase complex. Recognition of NMD substrates has to do with the distance
from the real termination site where termination factors and the poly(A) binding protein are located and/or the presence of a downstream exon-junction
complex (EJC). Substrates for NSD and NGD are either mRNAs on which the ribosomes will reach the end of the mRNA with an empty A site or where
ribosomes stall. This will trigger ribosome collision that induces ribosomal subunit ubiquitination, endonucleolytic cleavage and exonucleolytic decay of
the 5′ and 3′ mRNA fragments generated. The endonuclease has not been identified. The Dom34 and Hbs1 factors in yeast (called Pelota and Hbs1L
and Gtpbp2 in mammals) recruited to empty A sites split ribosomes with the help of the Rli1 ATPase (called ABCE1 in human). Then the 5′ mRNA can
be degraded by the exosome whereas the 3′ mRNA can be degraded by the Xrn1 5′ to 3′ exonuclease. In yeast an RQT complex contributes to ribosome
splitting. (B) mRNA decay intermediates in yeast measure ribosome dynamics. Decapping produces 5′P mRNA ends that are substrates for the Xrn1 5′
to 3′ exonuclease. mRNA decay fragments of different lengths have 5′ ends showing 3-nucleotide periodicity. (C) mRNA decay intermediates in Hela cells.
Purification of capped mRNAs and sequencing of their 3′ ends, or purification of poly(A) mRNAs and sequencing of their 5′ ends has revealed 3′ and 5′
ends respectively, within ORFs. The model is that ribosomes pause during translation elongation and this can create a ribosome collision, and then a chain
of events similar to NGD called Ribothrypsis. The final product is a 16-nucleotide fragment resulting from the reiterated cleavage events.
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STALLED RIBOSOMES COORDINATE DEGRADA-
TION OF NASCENT CHAINS WITH mRNA DECAY

Synthesis of proteins starts at the ribosome peptidyl transfer
center (PTC) and the nascent peptide travels through the ri-
bosome tunnel to the cytosol. It undergoes constraints and
multiple interactions already in the tunnel, and as soon as
it emerges out of the tunnel it undergoes multiple modifica-
tions and folding interactions. Cells have evolved a sophisti-
cated machinery to ensure that the proteins undergo the dif-
ferent maturation steps in the right order. Ribosome stalling
interrupts this process and produces aberrant nascent pro-
tein products that can be toxic. A mechanism called Ribo-
some Quality Control (RQC) coordinates the degradation
of these aberrant products with mRNA decay and ribosome
recycling (for reviews see (14,16)) (Figure 2A). NGD in the
context of RQC (NGDRQC+) and RQC start after ribosome
stalling, when the following ribosome bumps into the stalled
ribosome and collision occurs.

RQC happens on the collided ribosomes and requires
ubiquitination of a 40S ribosomal protein (us10 in yeast,
eS10 in mammalian cells) by an E3 ligase. The latter (Hel2 in
yeast and ZNF598 in mammalian cells) recognizes a broad
interface of the 40S disome unit of the collided ribosomes
(22,23). This recognition occurs with the contribution of
Asc1 (RACK1 in mammals), a ribosome-associated pro-
tein located on the 40S head. Initiation of the RQC path-
way also requires the RQC-trigger complex (RQT), which
is composed of the RNA helicase Slh1/Rqt2, the ubiquitin-
binding protein Cue3/Rqt3 and yKR023W/Rqt4 (24). En-
donucleolytic cleavages within the disome unit happen after
ubiquitination of the 40S ribosomal protein and the ATPase
activity of Shl1/Rqt2 is essential for the process. Ribosome
splitting finally occurs (23) and the mRNA is degraded by
exonucleases. The nascent chain is still associated with the
60S subunit in the form of peptidyl-tRNA. A protein com-
plex called RQC will dock and ensure degradation of this
stalled nascent chain. The RQC complex includes an E3 lig-
ase (Ltn1 in yeast and Listerin in human) that ubiquitinates
the nascent chain as well as Rqc2, a subunit that recognizes
the 60S with its peptidyl-tRNA (NEMF in human) and
Cdc48 (p97 in human) that with its cofactors will extract
the ubiquitinated nascent peptide for proteasomal degra-
dation. This requires an additional factor, Vms1 (ANKZF1
in human), a Cdc48-interacting protein (and either a tRNA
hydrolase (25) or tRNA nuclease (26)). Rqc2 additionally
stimulates elongation of stalled nascent peptides by multi-
ple alanyl and threonyl residues (CAT-tailing), producing
CAT-tailed peptides to safely degrade aberrant peptides. In-
deed the addition of residues allows lysines buried in the ri-
bosome tunnel to be pushed out and made accessible for
ubiquitination by Ltn1 (27). CAT-tails have been shown to
increase protein aggregation in RQC defective strains result-
ing in proteotoxic stress (28).

An alternative mechanism (NGDRQC−) can occur in
yeast when the ribosomal protein us10 cannot be ubiqui-
tinated, for instance due to the absence of Hel2, the absence
of Slh1/Rqt2 or because of a point mutation in us10 (23). It
is presumed to be as effective as NGDRQC+. NGDRQC− hap-
pens on ribosomes upstream of the collided disome unit. It
involves mono-ubiquitination of es7 by the Not4 E3 ligase

A
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Figure 2. (A) The ribosome tunes nascent chain degradation to mRNA de-
cay. When ribosome collision occurs upon ribosome pausing, RQC is ini-
tiated together with NGD by ubiquitination of a ribosomal protein, us10
in yeast, by the Hel2 E3 ligase. This leads to endonucleolytic cleavage and
ribosome subunit dissociation involving Dom34, Hbs1, Rli1 and the RQT
complex. The released 60S subunit with its peptidyl-tRNA produces a sur-
face recognized by the RQC complex, in particular by its Rqc2 subunit.
The Ltn1 E3 ligase ubiquitinates the nascent peptide, which is extracted
by Cdc48 and Vms1, and the chain is then targeted to the proteasome.
CAT-tails are added to the nascent chain. (B) An alternative pathway oc-
curs when RQC is not functional. The Hel2 E3 ligase poly-ubiquitinates
es7 that is first mono-ubiquitinated by the Not4 E3 ligase. This ubiquiti-
nation event also leads to endonucleolytic cleavages occuring upstream of
the collided ribosome.
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(29) followed by K63-linked polyubiquitination by Hel2. It
leads to mRNA cleavage by mechanisms that remain to be
clarified (Figure 2B).

Since degradation of nascent chains occurs in parallel to
co-translational mRNA degradation, it seems all the more
likely that cells must control ribosome collision in response
to ribosome pausing. If not, cells spend futile energy syn-
thesizing peptides that will be degraded before they are even
useful. Moreover there are many situations where ribosome
pausing is important for production of proteins as will be
discussed in the following sections.

CO-TRANSLATIONAL CHAPERONE-ASSISTED PRO-
TEIN FOLDING

Proteins are produced from their N-terminus to their C-
terminus and emerge vectorially in the cytoplasm. Transla-
tion is slow in comparison to folding that can already start
within the space constraints of the ribosome tunnel. Then
emerging nascent chains can interact with the surface of the
ribosome where other factors will contribute to their co-
translational folding (for review see (30)). The velocity of
elongating ribosomes can define the folding of the nascent
peptide. For instance it is presumed that rare codons, over-
represented in the first 90–100 nucleotides of open reading
frames (ORFs) of all kingdoms of life and often found at
boundaries of protein domains, slow translation elongation
to help vectorial folding of proteins. This has been corrobo-
rated through direct measurements in vitro and in vivo where
synonymous codon changes can change solubility, sensitiv-
ity to protease and conformation (reviewed in (8)). Conse-
quently, ribosome pausing can be required for appropriate
protein folding.

In 2009, a tool to follow translation elongation at single
codon resolution in vivo was developed (31). This technique
involves the preparation of monosomes from cell extracts
digested with RNAse and purifying the ribosome protected
mRNA fragments followed by deep sequencing. Then the
identified ribosome-protected fragments are aligned with
reference sequences. With the size of the protected footprint
and the position of the P site within the ribosome-protected
fragment, one can get a snap shot of the density of ribo-
some P sites occupying each codon of the genome (Figure
3A). If translation elongation occurs at a constant rate, ri-
bosome footprints will be evenly distributed throughout an
ORF, whereas if ribosomes are slower to translate through
specific codons, there will be relatively more ribosome foot-
prints aligning to those particular codons.

Ribosome profiling has confirmed the expectation that
ribosome density is not uniform across ORFs. There are
ribosome pile-ups at certain codons consistent with paus-
ing. So far simple rules to explain the distribution of ribo-
some reads have not been established (for review, see (32)).
In vitro proline acts poorly as a peptidyl donor and acceptor
(33). Consistently, ribosome footprints accumulate at pro-
line codons, particularly at stretches of proline codons in
vivo (34). Rare codons were originally not found to be an im-
portant source of ribosome footprint accumulation (35–38),
but several recent studies have instead confirmed that when
profiling is performed without pretreatment of cells with
the translation elongation inhibitor cycloheximide there is

a strong positive correlation (39,40). An important point
to underline is that a major difficulty in establishing rules
from the translation elongation process that govern ribo-
some footprint profiles is that the production of the cDNA
library from the footprints produces biases. Elements such
as sequences at the end of footprints or substrate specificity
of the enzymes used during cDNA library preparation and
sequencing, bring in variations (41).

The power of ribosome profiling has been used to mon-
itor in vivo the co-translational folding of nascent peptides
(42). For instance, in one study a cell line expressing a fu-
sion of the Flag epitope to FRB (FKBP-Rapamycin Bind-
ing domain of mTOR) and GFP (Green Fluorescent Pro-
tein) with optimal codons placed in the linker region be-
tween FRB and GFP was used to isolate nascent chains
and monitor when during synthesis the FRB domain ac-
tually folded (Figure 3B). The Flag epitope could immuno-
precipitate ribosome-nascent chain complexes (RNCs) af-
ter 50 codons were translated, so as soon as it was exposed
outside of the ribosome tunnel (35–40 amino acids occupy
the ribosome tunnel (43) and 10 amino acids correspond
to the epitope itself) (Figure 3B, upper panel). Antibod-
ies to FKBP12 that interacts with folded FRB in the pres-
ence of a Rapalog could immunoprecipitate RNCs after 150
codons, so as soon as the 100 amino acids of the FRB do-
main emerged from the ribosome tunnel (Figure 3B, lower
panel). This indicated that FRB was folded as soon as it
emerged from the ribosome.

Chaperones contribute to effective folding of proteins,
and the first chaperones to encounter the nascent chains
are the ribosome-associated chaperones. In yeast, the
ribosome-associated chaperones are the nascent polypep-
tide associated complex NAC (44,45) and the Hsp70
Ssb with its RAC (ribosome-associated-complex) co-
chaperone, composed of the J-domain protein Zuo1 and the
non-canonical Hsp70 Ssz1 (46). These chaperones are not
the only ribosome-associated proteins that participate in
early interactions with nascent chains. Other players include
modifying enzymes such as the N-terminal aminopepti-
dases (47) and N-acetlytransferases (48), as well as the ER
targeting factor SRP (49). All of these factors have overlap-
ping binding sites at the exit of the ribosomal tunnel ((50)
and for reviews see (30,51)). This of course raises the ques-
tion of the timing and specificity of the association of the
different factors with the nascent chain in vivo (30). In par-
ticular, if protein domains fold as soon as they are exposed
from the ribosome tunnel, are the chaperones the first to
associate with the nascent chains?

Ssb associates with the 60S ribosomal subunit, and
like other Hsp70s it binds linear stretches of hydrophobic
residues expected to occur in all unfolded protein sequences
(46). Two studies have investigated in budding yeast which
nascent chains are actually engaged by Ssb in vivo, and
at what time during translation. The Frydman laboratory
compared the mRNAs enriched in the Immunoprecipitate
(IP) of Ssb relative to the translatome defined by the IP of
two different ribosomal proteins (52). They found that Ssb
associated with only approximately 65% of the translatome,
preferentially with nascent cytosolic and nuclear proteins,
and RAC enhances overall Ssb binding and contributes to
define its specificity. Bioinformatic analyses indicate that the
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Figure 3. Ribosome profiling associated with selective purification steps determines timing of co-translational folding, chaperone binding and targeting.
(A) Ribosome profiling. This is a technique in which total polysomes prepared from a given sample are treated with RNAse to generate monosomes
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specificity of Ssb binding correlates with the severity of the
challenges facing co-translational folding of nascent chains
and with mRNAs displaying a moderate or slow transla-
tion rate. In 2017, the Bukau laboratory used the power
of ribosome profiling to further characterize the pattern of
nascent chain binding pattern by Ssb (53) (Figure 3C). They
determined that on average Ssb engaged nascent chains af-
ter 50 codons, as soon as 15–20 residues of the nascent
chain were exposed out of the ribosome tunnel. The pat-
terns of Ssb engagement to its clients depended upon the
destination of the proteins. Ssb-engaged RNCs of cytoso-
lic and nuclear proteins displayed footprints throughout the
ORF with patterns suggestive of cycles of binding through-
out the synthesis of the protein. Ssb also engaged organel-
lar proteins, notably more than 80% of mitochondrial pro-
teins, where Ssb engaged nascent chains often after ∼100
amino acids. Ssb also engaged ∼40% of ER-targeted pro-
teins showing more complex patterns of binding. Interest-
ingly Ssb-engaged RNCs showed more footprint reads near
the translation initiation site in the absence of RAC, sug-
gesting that initiated ribosomes progressed more slowly to
the elongation phase without Ssb-RAC.

These experiments have shown that although Ssb can
bind the ribosome in vitro, in vivo it is recruited with speci-
ficity to ribosome-nascent chain complexes, both in its
choice of targets and timing of binding. Moreover Ssb-RAC
appears to be important for translation elongation after
initiation. A consequence of this observation is that Ssb-
RAC not only impacts folding of proteins, but it might also
contribute to modulate ribosome collisions at downstream
pause sites, and thereby have an impact on productive trans-
lation and mRNA turnover rates.

CO-TRANSLATIONAL ORGANELLAR TARGETING

Cytoplasmic ribosomes translate proteins that must be tar-
geted to different compartments. One third of the cell’s mR-
NAs synthesize proteins that will transit or be directed to
the ER. The co-translational targeting of nascent chains to
the ER has been intensely studied in vitro and the succes-

sive steps are well established (for review see (54)). SRP first
recognizes the linear hydrophobic signal sequences or the
transmembrane domains, then docks onto its receptor on
the ER membrane and finally starts transferring the nascent
chain-ribosome complex to the translocon channel. How-
ever, as mentioned above, in vivo SRP might be in compe-
tition with other factors to associate with nascent chains.
Several studies have investigated the selectivity and timing
of SRP association with ribosomes in vivo. Surprisingly the
in vivo targets of SRP in budding yeast are not only mR-
NAs bearing a targeting sequence, but also some nuclear
and mitochondrial mRNAs (55). Moreover ribosome foot-
prints of membrane-associated RNCs isolated by fractiona-
tion methods are distributed throughout ORFs (56) (Figure
3D). This indicates that RNCs are close to the ER before
synthesis of any signal sequence, and that de novo initiation
must occur on mRNAs at the membrane, possibly after a
first round of translation targets them there. SRP-associated
RNCs are both membrane-bound and cytosolic, though the
majority is membrane-bound, and all have ribosome foot-
prints throughout the ORFs. This argues against the canon-
ical model proposing that SRP recognizes the nascent chain
only after the targeting signal is exposed. Nevertheless the
cytosolic pool of SRP-associated RNCs show a gradual loss
of ribosome footprints at a point corresponding to the expo-
sure of the signal sequence from the ribosome tunnel. This
indicates that when the signal sequence is exposed there is
a competition between continued elongation in the cytosol
and SRP-dependent targeting to the membrane. If in vivo
SRP can engage nascent chains without a signal sequence,
but yet shows very few off-targets, this is because specificity
is defined by combined contributions of non-coding mRNA
sequences, ongoing translation and the nascent chain (see
model on Figure 3E).

In 2014, the Weissman group (57) established a proto-
col to analyze global translation in defined cellular loca-
tions that avoids cell fractionation. This method involves
expressing a spatially restricted biotin ligase (BirA) to mark
ribosomes containing a biotin acceptor peptide (Avi-Tag),

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
from which the ribosome-protected fragments called footprints are purified and used to make a library that is sequenced. Each fragment is defined by the
position of the ribosome P site and the total amount of footprints aligning to each codon normalized to the total complexity of the library (RPKM, y
axis) are aligned to reference sequences (x axis). The hypothetical footprints on one ORF are depicted. (B) Ribosome profiling to evaluate co-translational
protein folding from cells expressing Flag-FRB-GFP. Upper panel: Ribosome footprints recovered in a Flag immunoprecipitate map to the ORF starting
at a position corresponding to ribosomes that had just synthesized enough of the nascent chain to expose the Flag epitope outside of the ribosome
tunnel. Lower panel: Ribosome footprints recovered in a FKBP12 immunoprecipitate in presence of a Rapalog map to the ORF starting at a position
corresponding to ribosomes that had just synthesized enough of the nascent chain to expose FRB outside of the ribosome tunnel. (C) Ribosome profiling
to evaluate co-translational chaperone recruitment. Ssb was immunoprecipitated and the ribosome footprints recovered in the immunoprecipitate were
mapped. A large majority, but not all, mRNAs were recovered and the patterns of the ribosome footprints depended upon the category of the proteins
encoded by these mRNAs. (D) Ribosome profiling to evaluate Srb targeting to the ER. Upper panel: Cytosol or membranes were fractionated from total
extracts and the ribosome footprints recovered in the 2 fractions were mapped. Footprints tended to be distributed throughout the ORFs. Then Srb was
immunoprecipitated and the ribosome footprints recovered in the immunoprecipitate were mapped. Lower panel: The Srb-engaged ribosomes from the
cytosolic pool showed a gradual depletion of footprints at a position corresponding to exposure of the signal sequence outside of the ribosome tunnel.
The Srb-engaged ribosomes from the membrane pool showed mostly distribution throughout the ORF. (E) Proximity labeling at the ER. The Sec61 or
Ssh1 transolocon subunits or the C-terminal tail-anchor of Ubc6 were fused to BirA in cells where a ribosomal subunit of either the 40S or of the 60S
subunit was fused to an Avi-tag. Ribosomes in proximity to the BirA tagged proteins get biotinylated and can be purified to then map ribosome footprints.
(F) Updated model of protein targeting to the ER. The mRNAs encoding proteins with or without a signal sequence recruit SRP before any signal sequence
is exposed out of the ribosome tunnel, and 3′UTR sequences can contribute to SRP recruitment as well targeting to the ER (82). SRP is then poised to
associate with the signal sequence and dock the RNCs to its receptor and transfer them to the translocon. mRNAs targeted to the ER stay for new rounds
of translation. (G) Proximity labeling to investigate targeting of ribosomes to the mitochondrion. BirA was fused to Om45. Om45 interacts with Om14
that acts as a receptor for ribosomes translating mitochondrial proteins via the NAC chaperone, leading to nascent chain transfer to the TOM complex.
Targeting to the mitochondria has been attributed on one hand to the nascent chain MTS (mitochondrial targeting sequence) and on the other to the
mRNA via RNA binding proteins such as Puf3 in yeast or CLUH in mammalian cells (83–87)).
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and purification of biotinylated ribosomes followed by ri-
bosome profiling with the purified RNCs. It was applied
to the ER (Figure 3F) (57). In both yeast and human,
ER-enriched gene sets were exclusively from the secretome
and defined most of the secretome, indicating that most se-
cretory proteins are co-translationally translocated in vivo,
even proteins that can be inserted post-translationally into
microsomes in vitro and proteins that are independent of
SRP (58). Moreover this work showed that transfer of
RNCs to the different translocons show different ribosome
footprint patterns and hence timing of targeting (Figure
3F).

In vitro proteins can be imported post-translationally into
mitochondria and most of our knowledge about mitochon-
drial import stems from in vitro studies (for reviews see
(59,60)) but several reports indicate that nuclear-encoded
mitochondrial mRNAs are targeted to the mitochondrial
surface (for review see (61)). Consistently, mitochondrial
RNCs could be strongly enriched using a fusion of BirA
to the mitochondrial outer membrane protein Om45 (62)
(Figure 3G). Enrichment of the annotated mitochondrial
proteome (mitoP2) was only 27% but it could be increased
to 68% with the translation elongation inhibitor cyclohex-
imide, suggesting that there is a competition between trans-
lation elongation in the cytosol and targeting to the mito-
chondrion.

The comparison of ER and mitochondrial proximity la-
beling experiments revealed few proteins with dual ER and
mitochondrial localization. However a recent study in yeast
suggests that during their production mitochondrial pro-
teins can transit by the ER where an ER- localized J protein
called Djp1 safeguards their import to the right compart-
ment via a retrieval pathway (63). We do not know whether
in these situations RNCs may have first been targeted to the
ER, but one consideration to keep in mind with the prox-
imity labeling approach is the possibility that not all teth-
ered translating ribosomes are accessible to the BirA pro-
teins used.

CO-TRANSLATIONAL COMPLEX ASSEMBLY

Proteins often do not work alone, but assemble into homo-
or hetero-oligomeric complexes to form ‘cellular machines’.
The assembly process contributes in an important way to
shape the cellular proteome. Some proteins can assemble
post-translationally. For this, they must be available in ap-
propriate quantities at the same time and adopt assembly-
competent forms with half-lives sufficient to provide them
time to meet by diffusion (Figure 4A). Alternatively, pro-
teins can associate co-translationally, if one fully synthe-
sized subunit is recruited to the nascent chain of its partner
subunit as it is still being synthesized by the ribosome, and
as soon as the domain of interaction folds (Figure 4B, upper
panel). This mechanism can concern not only subunits of
protein complexes but also dedicated chaperones recruited
to their clients (Figure 4B, lower panel). Finally two nascent
chains still being synthesized can interact if their mRNAs
are translated in close proximity (Figure 4C). This can occur
between nascent chains of partner subunits (upper panel),
but also between nascent chains of the same protein and in
this case maybe also between nascent chains being synthe-

sized by two ribosomes on the same mRNA molecule (lower
panel) (for reviews, see (64,65)).

In prokaryotes, transcription and translation occur in
the same cellular compartment and genes encoding pro-
teins that participate in the same cellular function or as-
semble into protein complexes, are often organized and co-
expressed in operons. This results in high local concentra-
tions of nascent proteins that need to associate. In contrast,
in eukaryotic cells mRNAs are produced in the nucleus and
exported to the cytoplasm where they will be translated.
Thus, the entire process of complex assembly needs specific
mechanisms in the cytoplasm to be made efficient. There is
evidence that genes encoding subunits of protein complexes
are co-expressed ((66) and references therein). There are
also specific examples of co-localized mRNAs (67–70). In
some cases, the co-localization of the mRNAs does not de-
pend upon the nascent chain, indicating that it is an RNA-
mediated process. This is for instance the case of the co-
localization of proteasome mRNAs driven together to dis-
tinct granules by CNOT1 (70), the scaffold of the Ccr4-Not
complex (71) (see further).

In 2013, Duncan and Mata took a genomic approach
to address how frequent co-translational assembly might
occur in fission yeast (72). They immunoprecipitated 31
proteins (not RNA binding proteins) and identified mR-
NAs in the IP by sequencing. In 38% of the cases, pro-
teins could immunoprecipitate the mRNA encoding a part-
ner protein. This was dependent upon expression of the
partner and polysome integrity, indicating that the inter-
action occurred during translation. The interactions were
usually asymmetric, namely one protein was recruited to
the nascent chain of its partner, but not the other way
around. The Bukau laboratory tackled this question more
recently in budding yeast, using the power of ribosome pro-
filing (73). C-terminally tagged proteins from 12 established
different hetero-oligomeric complexes were immunoprecip-
tated and the RNCs in the IP were characterized. A ma-
jority of the protein pairs showed co-translational assembly
that was often asymmetric. The co-translational assembly
nature of the interactions was fully supported by the sharp
onset of the ribosome footprints in the RNCs that were im-
munoprecipitated and that corresponded to exposure of the
interaction domain of the nascent chain outside of the ri-
bosome tunnel (Figure 4D). Interestingly, Ssb engages the
same RNCs before the co-translational interaction of the
partner subunits, during the synthesis of the interaction do-
mains, most likely thereby ensuring their folding in good
coordination with the co-translational process.

The approaches described so far evaluated the timing
of co-translation events by relying on the accessibility of
a nascent chain to antibodies or to partner proteins, and
defining where associated RNCs start displaying ribosome
footprints on the mRNAs. A different approach consists of
analyzing ribosome footprinting data to determine where
ribosome footprints might accumulate because of ribosome
pausing (70). This approach was used to investigate the as-
sembly of the proteasome. Important peaks of ribosome
footprints indicative of ribosome pausing were detected on
two of the mRNAs encoding partner subunits of the pro-
teasome base, Rpt1 and Rpt2, at a position correspond-
ing to a DP codon pair, through which translation elonga-
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Figure 4. (A) Post-translational protein association. Proteins A and B are synthesized separately and kept soluble and assembly competent with dedicated
chaperones that are released upon association of A and B. (B) Asymetric co-translational protein interaction. Upper panel: Protein B is produced, folded,
released and recruited to the site of protein A translation. It associates with its domain of interaction in the nascent chain of protein A as soon as this
domain folds. Lower panel: A chaperone is recruited to the site of translation of its client protein. (C) Co-translational assembly promoted by mRNA co-
localization. Upper panel: The mRNAs encoding proteins A and B are tethered during translation so that the nascent chains of A can B can associate as
soon as the interaction domains have folded and are exposed out of the tunnel. Lower panel: In the case of homo-oligomers, interaction of the nascent chains
can occur from neighboring ribosomes on the same mRNA. (D) Asymetric co-translational protein interaction detected by ribosome profiling. Protein
pairs known to interact are C-terminally tagged and immunoprecipitated. The ribosome footprints in the immunoprecipitate are recovered and aligned
to the genome. They are detected with a sharp onset on the ORF of the mRNA encoding the partner subunit. This is asymmetric. (E) Co-translational
association revealed by ribosome profiling. Ribosome pauses are detected by ribosome footprint accumulation on the RPT1 and RPT2 mRNAs that
expose nascent chain-interacting domains outside of the ribosome tunnel. (F) Model for co-translational interaction of Rpt1 and Rpt2. mRNAs are first
co-localized with the Not1 protein and dependent upon Not1. Then nascent chains emerging from the ribosome tunnel contribute to the formation of
higher order granules in which paused ribosomes will be stable and assembly of nascent chain interacting domains can occur. After interaction, translation
elongation resumes in the heavy particles.
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tion is particularly dependent upon the translation factor
eIF5A (74,75). Ribosomes paused at these positions expose
a nascent chain out of the ribosome tunnel that includes
the interaction domains for both subunits. This led to the
model that ribosomes were pausing during translation to
enable the interaction of the nascent chains to engage each
other before translation was completed (Figure 4E) (70).

RNA GRANULES TO PROTECT REGULATORY RIBO-
SOME PAUSING FROM NGD AND RQC

As mentioned above, ribosome pausing is expected to pro-
voke ribosome collision and induce NGD and RQC. Thus,
it was surprising to detect important peaks of ribosome
footprints on the proteasome mRNAs, unless a mechanism
to prevent ribosome collision and NGD was occurring. In-
deed, the proteasome RNCs were shown to form heavy par-
ticles in which the RNCs were very stable, in which there was
no evidence for the presence of multiple ribosomes trans-
lating the mRNA with a stalled ribosome (hence no risk
for collision) compatible with a repression of new transla-
tion initiation events. The formation of these particles was
dependent upon the nascent chains, in particular upon the
disordered most N-terminal regions of the nascent chains,
since when they were deleted, RNCs no longer assembled
into soluble heavy particles enabling the co-translational
process.

The formation of these heavy particles was a two-step
procedure, since it was preceded by the co-localization
of the two mRNAs, dependent upon the Not1 protein
but not upon translation elongation (Figure 4F). These
heavy particles or granules were named ‘Not1-Containing
Assemblysomes’ since they stabilize RNCs to enable co-
translational association of nascent chains. They were ef-
fectively enabling rapid degradation of subunits that had
been fully translated without associating co-translationally
and would be dead-end protein products likely to aggregate.
Interestingly after interaction of the nascent chains, trans-
lational pause was relieved and translation elongation con-
tinued in the heavy particles, suggesting that further steps of
assembly might continue in the same localized manner (70).
According to these findings, Not1 plays a key role for the
protection of the proteome. It promotes the formation of
granules that enable assembly of the proteasome, and pro-
tects the cytoplasm from the accumulation of unassembled
proteins that would aggregate.

The mechanism by which these granules stabilize RNCs
still remains to be clarified. As mentioned above, there was
no evidence for nascent peptides of different lengths in the
granules with paused ribosomes, suggesting that there were
no collided ribosomes, hence no substrates for NGD. Thus
RNCs might be protected from NGD because new trans-
lation initiation events are inhibited on the mRNAs with
paused ribosomes. Alternatively, or in addition, compo-
nents of NGD/RQC may have limited access to paused ri-
bosomes. Further work will be needed to determine this.
In this context it is interesting to note that in cells lacking
Dom34 necessary for recycling of ribosomes during NGD,
there was no major change in ribosome footprints on open
reading frames (ORFs) genome-wide (21). The exception
was a 30-fold increase of a footprint on the HAC1 mRNA

that encodes the transcription factor for the unfolded pro-
tein response and whose translation is regulated by splic-
ing in the cytoplasm. An interaction between the 5′ un-
translated region and the intron stalls translation of the un-
spliced mRNA associated with polyribosomes (76). Hence,
substrates of this mRNA with paused ribosomes are specif-
ically not protected from NGD. Translation of XBP1, the
human ortholog of HAC1 mRNA, also occurs with ribo-
some pausing. As soon as a domain of the nascent protein
from the unspliced mRNA is exposed at the ribosome sur-
face, ribosome pausing due to a conserved motif sequence
found in the C-terminal region of the protein occurs, and the
paused mRNA-RNC complex is recruited to the ER mem-
brane. This pausing is essential for efficient recruitment of
the complex to the ER membrane and mRNA cytoplasmic
splicing upon ER stress (77).

There are other cases of translation attenuation that rely
upon ribosome pausing, such as that of the arg-2 mRNA
when arginine is supplied and ribosomes stall at the ter-
mination codon of an upstream ORF, preventing scanning
of ribosomes to reach the initiation codon (78). Repression
of the human antizyme inhibitor 1 (AZIN1) mRNA under
high polyamines also involves ribosome stalling on an up-
stream ORF and ribosome queuing, ultimately preventing
scanning to the start of the AZIN1 ORF (79). There is also
a mechanism in vertebrates to limit translation from a sin-
gle adenosylmethionine decarboxylase I (AMD1) mRNA.
It involves stalling of ribosomes that read through the stop
codon at the next in frame stop codon, provoking ribosome
queuing that halts translation of the main ORF (80). One
can question whether these different translational controls
based upon ribosome pausing and queuing rely on specific
granules to avoid co-translational quality control mecha-
nisms.

In summary, assemblysomes are granules that serve the
purpose of tethering mRNAs, limiting ribosome collision
events when ribosomes pause for co-translational processes
or translation regulation, and/or protecting the mRNAs
from NGD in cases of ribosome collision. They may or may
not be similar to the recently described translation factor
mRNA granules (81). Indeed, we still have to understand
how diverse such types of granules are, how frequently gran-
ules are relevant during translation, and finally whether they
are or not phase-separation granules similar to stress gran-
ules that are translationally silent.

CONCLUSION

In conclusion, in this review we have described how cells
cope with aberrant ribosome stalling but also needs ribo-
some pausing for co-translational processes. We have sum-
marized several examples of studies that have used new
methods to follow the translation elongation process at sin-
gle codon resolution to understand how nascent chains are
folded, matured and targeted, and how factors are recruited
to meet nascent peptides during their production in vivo, sit-
uations likely to need ribosome pausing. We described the
identification of granules, Not1-containing assemblysomes,
that protect paused ribosomes from co-translational quality
control mechanisms. Finally we have underlined that while
we now have tools to follow global ribosome dynamics in
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cells we still have to learn how to read and interpret the in-
formation that is available. Indeed, the profiles of ribosome
footprints reflect the net result of at least ribosome velocity,
the mRNA code, co-translational mRNA decay, the influ-
ence of the nascent chains themselves and the availability
of interacting co-translational partners. Importantly they
also result from biases in the generation of the data that we
should be able to account for better as the amount of data
generated expands.
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