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Editorial

Regulation of gene expression occurs at 
multiple stages and ultimately determines 
the protein levels in cells. The last decade 
has witnessed impressive progress in the 
development of approaches to measuring 
changes in cellular transcription and pro-
tein complement. However, techniques 
monitoring protein synthesis have lagged 
far behind. Current proteomic studies 
gauge the steady state levels of intra cellular 
protein and rely on mass spectro metry, 
which has a low dynamic range and rarely 
samples more than 10% of the proteome 
[1]. RNA-seq is a sensitive approach for 
assessing transcriptional changes but 
the transcriptome correlates poorly with 
changes in protein levels [2,3]. Recent data 
suggest that the regulation of gene expres-
sion within cells occurs predominantly at 
the level of translation and that protein 
abundance correlates closely with transla-
tion rates [3]. Therefore, monitoring pro-
tein synthesis is crucial to understanding 
cellular homeostasis. Additionally, regu-
lation of protein synthesis at the level of 
translation permits the cell to respond 
swiftly to adverse conditions [4]. Therefore, 
translational control is an  integral  part of 
cellular stress response.

An intricate process associated with 
protein synthesis is folding. Proteins 
must achieve proper tertiary structure to 
acquire their designated properties and 
functions. Our current understanding of 
protein folding is predominantly based 
on in vitro refolding of denatured full-
length proteins [5]. However, under native 

intracellular conditions, protein folding 
could occur concurrently with the synthe-
sis of primary polypeptide chains on the 
ribosomes [6,7]. Cotranslational folding of 
partially synthesized nascent chains differs 
from refolding of full length polypeptides 
owing to the vectorial nature and the rela-
tively slow elongation speed of the trans-
lation process. However, it is challenging 
to capture cotranslational folding events 
of nascent chains attached to the trans-
lating ribosome. Several approaches have 
been developed to dissect this process but 
most of them rely on in vitro systems with 
limited resolution [7,8]. There is thus an 
urgent need to establish new approaches to 
monitor cotranslational folding processes 
in vivo with high resolution. One solution 
is to look at the folding status of nascent 
polypeptide chains from the perspective of 
translating ribosomes.

Ribosome: the birth place of 
nascent polypeptide chains
Ribosomes are conserved macromolecular 
enzyme complexes composed of two subu-
nits. The small ribosome subunit decodes 
mRNA and the large subunit catalyzes 
polypeptide formation. In eukaryotes, the 
small (40S) and large (60S) subunits asso-
ciate to form the 80S ribosome complex 
upon the initiation of translation [9]. The 
nascent polypeptide chain begins its jour-
ney at the peptidyltransferase center, trav-
els through the peptide tunnel, emerges 
from the ribosome exit site, finds appro-
priate binding partners and releases into a 
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“By harnessing the power of ribosome profiling technique, this 
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a unique view of the folding competency of the nascent chain 
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new environment. Cotranslational folding may start within the 
ribosome tunnel because a diameter of 10–20 Å is wide enough to 
accommodate a secondary structure such as an α helix. The length 
of tunnel (100 Å) is expected to bury at least 30 amino acids when 
the elongating polypeptide is in a fully extended conformation 
[10]. Owing to the constraints imposed by the ribosome tunnel, 
the cotranslational formation of tertiary structures only occurs 
outside of the ribosome.

Upon extrusion out of the ribosome tunnel, nascent poly peptide 
chains face a formidable task in the crowded environment of the 
cell. Most newly synthesized polypeptides undergo substantial 
interaction with other proteins such as chaperones [11]. Not only 
do molecular chaperones prevent nascent chains from aggregation, 
they also assist cotranslational folding of poly peptides attached to 
the ribosome. The role of chaperones in cotranslational folding 
is best characterized in Escherichia coli. For instance, the trig-
ger factor appears to be the first player in the folding of nascent 
chains [12]. In eukaryotes, much remains to be learned regarding 
ribosome-associated chaperones and their substrate specificity dur-
ing cotranslational folding. In particular, it is unclear whether 
the chaperone assistance is continuously needed alongside the 
translation process.

In addition to ribosome-associated chaperones, elongation speed 
also influences the cotranslational folding process [13]. Translation 
elongation is not in a uniform rate but punctuated with frequent 
ribosome pausing. There is substantial correlation between the 
kinetics of ribosome translation and the location of rare codon 
clusters along the mRNA [7]. It has been suggested that the local 
discontinuous translation temporally separates the synthesis of 
polypeptide segments and co-ordinates their cotranslational fold-
ing [14]. However, this view has been challenged recently [15]. 
Nevertheless, it remains possible that fine-tuning the translation 
speed might facilitate the folding process of newly synthesized 
polypeptides. A recent study reported that slowing the translation 
speed of E. coli ribosomes enhances the GFP folding efficiency [16]. 
Considering the fact that the folding speed (on the microsecond 
scale) is much faster than the elongation (~5 amino acids per 
second in mammalian cells), many details of the cotranslational 
folding pathway remains to be defined.

Viewing the behavior of nascent chains by ribosome 
profiling
Several key issues need to be addressed in understanding cotrans-
lational folding. First, how early in translation are any tertiary 
structures formed? Second, does the folding process follow a 
sequential order? Third, is the folded conformation stable dur-
ing elongation? A major hurdle to the capture of cotranslational 
folding events is the heterogeneous nature of newly synthesized 

polypeptides. One way to overcome this obstacle is to isolate 
ribosomes bearing recognizable structures and determine the 
ribosome positions on mRNAs. Because the length of newly 
synthesized polypeptides can be inferred precisely from the ribo-
some positions on mRNAs, it is possible to link cotranslational 
folding to stages of ribosome elongation. Taking into account 
the approximately 30 amino acid occlusion within the ribosome 
tunnel, the minimal length of nascent chains capable of folding 
can be estimated accordingly.

Ribosome profiling, based on deep sequencing of ribosome 
protected mRNA fragments, provides a wealth of information 
about ribosome positions and densities across the entire tran-
scriptome [17]. After RNase I digestion of nonprotected mRNAs, 
ribosomes bearing specific nascent polypeptides can be enriched 
from the ribosome pool. Indeed, using an NH

2
-terminal tag 

antibody, ribosomes translating an engineered multidomain 
fusion protein were captured successfully [18]. Importantly, the 
ribosome density pattern before and after pull-down was nearly 
identical except the first 50 codon region that has no ribosome 
density after affinity purification. This corresponds well with the 
length of growing polypeptide chain buried within the  ribosome 
tunnel.

By capitalizing specific folding sensitive affinity reagents, one 
can acquire deep insight into cotranslational folding by captur-
ing the folding status of ribosome-attached nascent chains. As 
a proof-of-principle, the folding status of FKBP12-rapamycin 
binding domain (FRB) was probed by its binding partner FKBP 
in the presence of rapamycin. The results revealed an efficient 
cotranslational folding immediately after the emergence of the 
full domain sequence of FRB [18]. By harnessing the power of 
ribosome profiling technique, this so-called folding-associated 
cotranslational sequencing (FactSeq) provides a unique view 
of the folding competency of the nascent chain attached to the 
ribosome.

With the increasing number of available conformation-specific 
antibodies, FactSeq is readily applicable to cellular proteins 
including viral proteins. Viruses use the host cell translation 
machinery for their synthesis and the epitopes can be formed 
cotranslationally. Influenza represents an important target not 
only because of its public health relevance, but also owing to the 
fact that lots of neutralizing antibodies recognize conformational 
determinants of influenza proteins [19]. Using monoclonal anti-
bodies against distinct epitopes of the receptor binding domain 
of hemagglutinin, FactSeq revealed several unexpected features 
of cotranslational folding [18]. First, different epitopes within 
the same domain are formed in a domain-wise manner rather 
than in a sequential order. Second, both epitopes show discon-
tinuous antibody accessibility. Third, a mutation in one epitope 

“With the increasing number of available 
conformation-specific antibodies, folding-

associated cotranslational sequencing is readily 
applicable to cellular proteins including viral 

proteins.”

“In addition to cotranslational folding, folding-
associated cotranslational sequencing can be used to 
monitor other fates of nascent polypeptide chains, 
such as cotranslational degradation and chaperone 

interaction.”
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modulates the folding process of the other, further supporting 
the  domain-wise global folding pathway during  translation 
elongation.

Conclusion
A growing body of evidence suggests that cotranslational folding 
occurs from E. coli to mammalian cells, in particular for multid-
omain proteins [7]. Nevertheless, the nascent chain attached to the 
ribosome may adopt folding pathway dissimilar to the same chain 
refolded in solution due to the constraint imposed by ribosomes. 
FactSeq has the potential to fill in gaps in our understanding of 
cotranslational folding. Besides the tremendous sensitivity and 
resolution, FactSeq takes snapshots of nascent chains with vari-
ous lengths at one time during the elongation, allowing direct 
comparison of their folding status quantitatively. As a sensitive 
tool, FactSeq can be applied to investigate cellular factors control-
ling cotranslational folding and to measure the folding efficiency 
under pathological conditions. In addition to cotranslational fold-
ing, FactSeq can be used to monitor other fates of nascent poly-
peptide chains, such as cotranslational degradation and chaperone 
interaction [20].

Current and emerging sequencing technology provides an 
unprecedented platform for life sciences. Unlike traditional 
methods directly detecting polypeptides, FactSeq monitors 
nascent polypeptide chains from ribosomes. It allows exten-
sive investigation of individual polypeptides with high coverage 
but relatively low cost. Like many other novel approaches, the 
prototype of FactSeq still has limitations. One potential chal-
lenge is to monitor cotranslational folding inside cells rather 
than in cell lysates. Additionally, new approaches are required 
to illuminate real-time folding kinetics of nascent chains. A 
deeper understanding of cotranslational events will shed light 
on protein homeostasis that is essential to cellular functions and 
organismal growth.
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