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Abstract

During protein synthesis, the growing nascent peptide chain
moves inside the polypeptide exit tunnel of the ribosome from
the peptidyl transferase center towards the exit port where it
emerges into the cytoplasm. The ribosome defines the unique
energy landscape of the pioneering round of protein folding.
The spatial confinement and the interactions of the nascent
peptide with the tunnel walls facilitate formation of secondary
structures, such as a-helices. The vectorial nature of protein
folding inside the tunnel favors local intra- and inter-molecular
interactions, thereby inducing cotranslational folding in-
termediates that do not form upon protein refolding in solution.
Tertiary structures start to fold in the lower part of the tunnel,
where interactions with the ribosome destabilize native protein
folds. The present review summarizes the recent progress in
understanding the driving forces of nascent protein folding
inside the tunnel and at the surface of the ribosome.
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Introduction
The central dogma of protein science is that the amino
acid sequence of the protein defines its unique three-

dimensional structure. Indeed, many proteins can attain
their native structures spontaneously. 7z vitro unfolding/
refolding experiments revealed fundamental principles of
protein folding in solution. However, many proteins, once
unfolded, fail to refold easily, tend to misfold and aggre-
gate, and require the help of chaperones to attain their
correct structure [1,2]. Those proteins may depend on
the pioneering round of folding that occurs as the ribo-
some synthesizes the nascent chain. This raises the
question as to why and how do nascent proteins begin to
fold, what is the role of the ribosome, and what are the
differences in co- vs. post-translational folding.

Proteins begin to form secondary structures inside the
peptide exit tunnel of the ribosome. The tunnel is about
~100 A long and 10—30 A wide (Figure 1a). It provides a
narrow passage for the protein making its way from the
peptidyl transferase center of the ribosome to the exit
port opened to the cytosol. The tunnel not only provides
a confined folding space, but also defines the physico-
chemical environment for protein compaction. Another
characteristic feature of cotranslational folding is its
vectorial nature. Due to the directionality of protein
synthesis from the N- to C-terminus, folding can start as
soon as the N-terminal part of the growing nascent chain
becomes available, while the C-terminus of the peptide
is attached to the tRNA. In contrast, post-translational
refolding (with or without chaperones) involves full-
length proteins that possess all amino acid residues
required to form their native structures. The vectorial
nature of folding, together with the non-uniform rate of
translation, shape the unique cotranslational folding
pathway that can be different from the folding landscape
in solution and involves unique intermediates [3,4]. In
addition, the ribosome destabilizes the emerging struc-
tures, which may help N-terminal protein domains to
circumvent Kinetic traps of misfolding [4—9].

Segments of the nascent chain that emerge at the
tunnel exit port engage in interactions with the ribo-
some surface, molecular chaperones, folding catalysts,
ribosome-associated protein biogenesis factors, mem-
branes, etc. At this point in translation, nascent chains
can fold into their native structures, but the proximity of
the charged ribosome surface modulates the dynamics of
the nascent domains. With the increasing distance from
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Figure 1
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Polypeptide exit tunnel of the ribosome. a. The folding zones: the upper chamber separated from the middle and lower parts by the L4-L22 constriction
(arrows). b. Positive charges in the tunnel loops of ribosomal proteins. The figure was prepared using PDF 70T5 [29].

the ribosome, ribosome-bound polypeptides start to
behave more like isolated proteins in solution with their
characteristic refolding profiles [10—12]. In this review,
we will summarize what we know about cotranslational
folding events and driving forces of the pioneering round
of protein folding on the ribosome, with the emphasis on
what happens inside the exit tunnel. While local trans-
lation speed is of key importance for understanding
folding, the full coverage of this topic would be beyond
the focus of this article. Likewise, the action of
cotranslational chaperones, ribosome biogenesis factors,
protein-targeting machineries, and the cotranslational
protein assembly can be found in dedicated reviews.

Forces driving peptide compaction inside
the tunnel

The tunnel is lined with rRNA and ribosomal proteins
and has alternating wider or narrower segments with a
tendency to expand towards the exit port [13]. In bac-
teria, extended loops of ribosomal proteins ul.4 and
ulLl22 form a constriction that separates an upper
chamber of the tunnel proximal to the peptidyl trans-
ferase center from the middle part of the tunnel and the
broader lower vestibule (Figure 1). In ecukaryotes, the
second constriction site separates the middle part from
the vestibule. ul.23, ul.24 and ul.29 shape the geometry
of the lower tunnel region. The spatial dimensions of
the tunnel provide a key determinant of nascent chain

compaction inside the ribosome. Computer simulations
of polypeptide folding in nanotubes suggested that
confinement in the roughly cylindrical tunnel can
induce folding by entropic destabilization of the coiled
state, thereby favoring formation of a-helices [14—16].
The narrow tunnel favors short-range (local) contacts,
which are established significantly faster than the long-
range contacts upon protein refolding from the dena-
tured state, explaining why cotranslational folding is a
more efficient process than refolding of a polypeptide
from a completely unfolded state [17]. On the other
hand, spatial confinement inside the tunnel hinders
formation of bulky tertiary structures and destabilizes
native protein structures at the ribosome surface near
the exit port [8,10,18—20]. Thus, the length of the exit
tunnel may have evolved to facilitate both efficient
compaction of nascent protein inside the tunnel and its
rearrangements upon appearance at the exit port where
it is likely to encounter macromolecular crowders and
interaction partners.

Another important feature is the anisotropic electrostatic
environment inside the tunnel with a higher propensity
of positive charges at the [.4-1.22 constriction and
negative charges at the exit port [13,21] (Figure 1).
Electrostatics of the tunnel and charges in the nascent
chain contribute to both protein folding inside the
tunnel and the local translation speed [22,23]. One
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interesting possibility is that the incorporation of posi-
tively charged amino acids at the N-terminus of the
nascent polypeptide may facilitate its progression to-
wards the more negatively charged part of the exit tunnel
[24]. The presence of several negatively charged amino
acids at the N-terminus of the nascent polypeptide can
cause ribosome stalling, premature termination and
ribosome destabilization [25,26]. In addition to
providing a directional ‘push forward’ to the growing
peptide, eclectrostatic interactions with the ribosome
may delay tertiary folding in the lower part of the tunnel
[8,18]. Folding of tertiary structures and interactions
with the tunnel walls generate force [27], which can
modulate folding of the downstream portions of the
nascent peptide. Thus, electrostatic effects, interactions
with the ribosome, and the dimensions of the tunnel
have a stimulatory effect on early compaction of sec-
ondary structures, but destabilize native structures as
the protein leaves the tunnel.

Protein dynamics in the upper section of the
tunnel

A nascent peptide entering the exit tunnel interacts with
the rRNA and ribosomal proteins lining the tunnel walls.
The C-terminal residues of the nascent chain are stabi-
lized by the interactions with the universally conserved
nucleotides G2061, A2062, and U2506 of the 23S rRNA
[28], whereas the N-terminus becomes free to compact.
Biophysical experiments of nascent chain dynamics show
that compaction can start as early as at 13 amino acid
nascent peptide length [29]. Some proteins have a high
propensity to form helices before the constriction site
[30,31]. Structural studies show that VemP stalling
peptide [32] and the topoisomerase subunit of the T4
bacteriophage DNA polymerase [33] form a-helices both
before and after the ul.4-ul.l22 constriction site
(Figure 2). Notably, VemP and the N-terminal helix of
the methyl transferase HemK have low propensity to
form structures in solution, but are folded on the ribo-
some [3,32]. This is consistent with the computational
work suggesting that the tunnel environment can induce
secondary structure formation in nascent peptides
[14—16]. The importance of a-helices at early stages of
cotranslational folding is underscored by the finding that
cold-shock protein A (CspA), which is [-stranded
structure in its native conformation, forms a o-helix
inside the tunnel [29] (Figure 2).

At the LL4-1.22 constriction site, conserved positively
charged residues form an interaction network with arrest
peptides such as MifM [34], SecM [35], VemP [32] and
TnaC [36] or in eukaryotic XBP1u [37]. Interactions of
nascent peptide with Arg67 and Arg61 in ulL4 and Arg95
in ulL22 play a role in stabilizing a catalytically inactive
conformation of the peptidyl transferase center during a
recoding event upon translation of gene 60 mRNA of the
T4 phage in bacteria. They also induce the rolled
conformation of the ribosome, demonstrating how
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Figure 2
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Structures of different nascent chains inside the ribosome. CspA (PDB
70T5) forms a-helices inside the upper chamber and in the middle section
of the tunnel and rearranges to a B-structure upon emerging from the
tunnel [29]. VemP (PDB 5NWY) begins to fold in the upper chamber and
forms a characteristic -hairpin at the L4-L22 constriction site [32]. The
small Zn?*-binding domain of ADR1 forms inside the tunnel [27]; the
model was constructed using PDB 5a7u for the ADR1a domain and PDB
70T5 for the 50S subunit model.

interactions of the nascent chain with the tunnel are
communicated to the functional centers of the ribosome
[33]. The same Arg residues in ul.4 and ul.22 respond
to changes in the conformation of nascent CspA, thereby
modulating the dynamics of the rRNA residues at the
peptidyl transferase center [29]. Notably, the N-termi-
nus of CspA becomes less dynamic when the peptide
grows from 14 to 19 amino acids, suggesting that the
constriction not only resolves the secondary structure
[31], but may also stabilize the nascent chain in a less
dynamic state [29]. Together, these data suggest the
role of the constriction site as a sensor to regulate the
activity of the peptidyl transferase center through the
networks of interactions inside the tunnel.

Folding in the middle and lower parts of the
tunnel

After the constriction, the tunnel gradually opens up,
reaching >20 A at its widest part at the so-called ves-
tibule (Figure 1). Here, nascent chains can compact into
tertiary  structures and even small domains
[3,27,38—40]. In the lower part of the tunnel, extended
conserved loops of ulL.23 and ulL24 protrude towards the
nascent peptide [41,42]. In contrast to ul.4 and ul.22,
which affect the peptidyl transferase activity, but not
protein folding [18], tunnel loops of ul.23 and ul.24
alter nascent chain compaction [18,43], multidomain
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Figure 3
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Schematic of vectorial cotranslational folding. a. Secondary structure elements, in particular a-helices, can form in the upper and middle parts of the exit
tunnel, but remain dynamic and fluctuate between alternative structures. Ribosome induces local interactions in the nascent chain. The two orientations of
a nascent chain (purple and blue) represent its dynamics in the tunnel. Ribosomal proteins uL4 and uL22 interact with the nascent chains and modulate
the activity of the peptidyl transferase center depending on the nascent chain conformation. b. Sequential docking of secondary structures into a dynamic
tertiary fold in the lower part of the tunnel. These structures can be native-like, non-native or resemble a molten globule. Interactions with uL23, uL24 and
ul29 modulate the native structure formation. ¢. Upon emerging from the ribosome, nascent chains adopt near-native structures that remain unstable due
to interactions with the ribosome surface. d. The nascent protein domain (purple) adopts its native fold upon moving away from the ribosome surface.
However, domain stability and folding can be affected by the folding of the neighboring domain (magenta) or by interactions of its binding partners (not

shown). The protein adopts its stable native structure after the release from the ribosome.

protein folding [19], and interactions with ribosome-
associated protein biogenesis factors [44,45]. When
ulL23 and ul.24 loops were truncated, the dynamics of
unfolded nascent chains and their propensity to fold
increased due to reduced binding to the ribosome sur-
face and increased space volume permitting an earlier
folding onset for the nascent FLLN5 peptide [18,43].

As the polypeptide grows, it continues to fold by forming
tertiary structure elements between adjacent secondary
structures [20,29,30,46] (Figure 3). Similarly to the
secondary structure elements, tertiary structure in-
termediates may favor the local intra- and inter-chain
interactions rather than the native contacts prevalent
in solution. For example, folding of a small a-helical
HemK N'TD occurs in a stepwise manner, as indicated
by time-resolved FRET, PET, and FPA measurement
[3,20,46]. Helices appear to form inside the tunnel;
however, the hydrophobic core of the protein forms only
after the extrusion from the tunnel. The peptide
attached to the ribosome remains dynamic, with ele-
ments of secondary structure fluctuating in the ps time
range, and attains its native stable fold only after the
release from the ribosome [20]. Similarly, CspA remains
in highly dynamic state as long as it is attached to the
ribosome, but rearranges into its native, stable state
upon release into solution [29].

The Zn-finger domain of alcohol dehydrogenase regu-
lator (ADR1) provides another well-studied example of
domain folding inside the tunnel. Cryo-EM visualized
the domain inside the middle part of the tunnel [27]
(Figure 2). Optical tweezers combined with single-
molecule FRET measurements and molecular dy-
namics simulations suggest that interactions with the

tunnel accelerate folding and stabilize the folded state
by decreasing the chain entropy due to electrostatic
interactions between nascent peptide and ribosomal
tunnel walls, akin to the proposed function of chaper-
onin during protein folding [47].

Protein folding at the ribosome surface

The next level of compaction entails vectorial folding of
domains. For example, folding of NBD1 of CFTR
(nucleotide-binding domain 1 of human cystic fibrosis
transmembrane conductance regulator) occurs vecto-
rially starting with compaction of the ~112-aa N-ter-
minal @/P-subdomain that forms a functional ATP
binding site [48]. Also folding of the N-terminal do-
mains of HemK, yB-crystallin, or EF-G fold into their
native-like structures upon emerging from the ribosome
before synthesis of the C-terminal domains of these
proteins is completed [3,46,49—51]. Numerous reports
indicate that the ribosome alters the dynamics of
nascent polypeptides emerging from the exit tunnel.
FLNS5, RNase H and DHFR domain folding is desta-
bilized at the ribosome surface, but become stable with
the increasing linker length [10,52]. Destabilization is
due to electrostatic interactions of nascent peptides
with the ribosome surface, which competes with protein
domain folding and delays it [19]. Similarly, folding ex-
periments with ribosome-bound DHFR that used
methionine oxidation as a readout for correct folding
suggest that the protein attains its native fold only at a
linker length of 70 aa and that the electrostatic in-
teractions with the ribosome inhibit folding [53].

Interactions between emerging nascent polypeptide
chains and the ribosome can also modulate cotransla-
tional protein assembly. Two intrinsically disordered
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proteins of opposite charge, ACTR and NCBD, form a
high-affinity complex in a coupled folding-and-binding
reaction and their interaction is modulated by the
ribosome [54]. The negatively charged ribosomal sur-
face binds the positively charged nascent chain of
NCBD, thereby preventing ACTR binding. In contrast,
the negatively charged nascent ACTR is repelled by the
ribosomal surface and thus remains available for pro-
ductively binding its partner [54].

In addition to the ribosome itself, also interactions be-
tween protein domains on the ribosome modulate
folding (Figure 3). If the C-terminal portion of nascent
peptide starts to fold inside the tunnel, it can delay
folding of the N-terminal domain, because it ‘pulls’ the
domain back into the narrow vestibule. Optical tweezers
experiments on folding of the N-terminal GTP-binding
domain of EF-G showed that the G-domain is able to
fold off and on the ribosome, but ribosome destabilizes
its folded structure and reduces the folding rates [55].
Neighboring domains can cause unfolding; in this case,
chaperon TF can prevent misfolding of the destabilized
domain by protecting it until the C-terminal part of the
polypeptide chain is long enough to form a compact
structure [5]. Finally, cotranslational interaction be-
tween nascent proteins emerging from nearby ribosomes
can modulate cotranslational assembly of protein com-
plexes and such interactions include both homo- and
hetero-oligomers (for review see Ref. [56]).

By destabilizing incompletely synthesized proteins, the
ribosome may prevent premature folding into stable non-
native structures and formation of detrimental folding
intermediates until the entirety of a folding domain has
emerged from the ribosomal exit tunnel. While the
ribosome and the chaperones can help the protein to find
its native fold, not every misfolding event can be reversed
by keeping the nascent chain dynamic or by spontaneous
global unfolding and refolding of the protein after its
release from the ribosome. This notion is particularly
important given that appearance of such non-native
misfolded proteins can lead to disease. For example,
two point mutations in the NBDI1 transiently alter
cotranslational folding pathway of this domain by delay-
ing the formation and reducing the stability of interme-
diate structures at a particular polypeptide length, which,
in turn, causes misfolding and dysfunction of the full-
length CFTR protein [57]. Similarly, a point mutation
E342K in human alpha-1-antitrypsin (AAT), which stalls
full-length nascent chains on the ribosome, induces for-
mation of a distinct cotranslational folding intermediate
that contributes to extensive aggregation of the protein
after its release from the ribosome. This leads to the loss
of the protein from the bloodstream, and causes the
severe form of alpha-l-antitrypsin deficiency [58].
Notably, cotranslationally formed misfolded structures
can be extremely stable, for example, the non-native
conformation adopted by partially synthesized tailspike
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nascent chains persists after nascent chain release from
the ribosome [59]. This stable misfolded intermediate is
uniquely cotranslational, because it does not form once
those released chains were chemically denatured and
refolded by dilution from denaturant. We note that such
persistent misfolding occurs not only upon ribosome
stalling, but also during on-going translation due to al-
terations of local translation rates, which are non-uniform
along the mRNA. While the natural rate of translation has
evolved to ensure correct folding, altered lifetimes of
metastable cotranslational folding intermediates may
result in partitioning to an alternative folding pathway
leading to formation of misfolded or locally entangled
states, which will affect protein structure, stability and
activity of the protein after its release from the ribosome.
These data demonstrate that the unique pathway of
cotranslational folding can determine the fate of the
protein and emphasize the importance of cotranslational
folding for understanding the cellular proteostasis.

Conclusions and perspectives

The recent work on cotranslational folding suggests a
dual role of the ribosome. The narrow exit tunnel en-
hances secondary structure formation, but destabilizes
the native fold as the protein emerges at the vestibule.
The physical properties of the tunnel (its dimensions,
charge, water distribution) and the vectorial nature of
cotranslational folding define the unique pioneering
folding landscape. By restricting the interchain in-
teractions to local contacts, the tunnel may prevent
misfolding of incompletely synthesized proteins into
misfolded states that do not refold easily in solution.
Nascent chain interactions with L4 and .22 modulate
the activity of the peptidyl transferase center, whereas
interactions inside the tunnel with L23 and 124
attenuate folding. Still, many questions remain open.
For example, it remains unclear how ‘conventional’ (i.e.,
non-stalling) peptides interacting with L4 and L.22 can
regulate the synthetic activity of the ribosome. Docking
of the secondary structure elements into a tertiary fold
may proceed through unique intermediates that are not
populated during refolding in solution. Identification of
such intermediates is a challenging task, but would be
important to understand the role of potential non-native
intermediates, misfolded and entangled states and the
overall cotranslational folding landscape. Finally, under-
standing the interplay between cotranslational protein
folding and the auxiliary factors that receive the nascent
peptide upon extrusion from the vestibule (SRP, TE
PDE MAP, DnaK) and their regulatory effect on the
rates of translation and the nascent protein fold is
important for understanding the link between trans-
lation, quality control and protein homeostasis in
the cell.

Declaration of competing interest
None.

www.sciencedirect.com

Current Opinion in Structural Biology 2024, 84:102740


www.sciencedirect.com/science/journal/0959440X

6 Folding and binding (2024)

Data availability
No data was used for the research described in
the article.

Acknowledgments

We thank Dr. Niels Fischer (MPI-NAT) for providing the figures for this
article. The work was funded by the European Research Council (ERC)
Advanced Investigator Grant RIBOFOLD (proposal number 787926) to
M.VR., the DFG Leibniz Prize, and the Max Planck Society. AAK is
supported by the National Institutes of Health (NIH) grants HLL151392
and GM128981.

References
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. To P, Xia 'Y, Lee SO, Devlin T, Fleming KG, Fried SD:

ee A proteome-wide map of chaperone-assisted protein refold-
ing in a cytosol-like milieu. Proc Natl Acad Sci USA 2022, 119,
€2210536119.

The study presents a proteomics approach to study refoldability of

proteins in the cel and identifies a cohort of proteins that are intransi-

gent to refolding with or without the chaperones. These proteins may

fold most efficiently cotranslationally, and then remain kinetically trap-

ped in their native conformations.

2. To P, Whitehead B, Tarbox HE, Fried SD: Nonrefoldability is
pervasive across the E. coli proteome. J Am Chem Soc 2021,
143:11435-11448.

3. Holtkamp W, Kokic G, Jager M, Mittelstaet J, Komar AA,
Rodnina MV: Cotranslational protein folding on the ribosome
monitored in real time. Science 2015, 350:1104—1107.

4. Chan SHS, Wilodarski T, Streit JO, Cassaignau AME,
Woodburn LF, Ahn M, Freiherr von Sass GJ, Waudby CA,
Budisa N, Cabrita LD, et al.: The ribosome stabilizes partially
folded intermediates of a nascent multi-domain protein. Nat
Chem 2022, 14:1165—-1173.

5. Liu KX, Maciuba K, Kaiser CM: The ribosome cooperates with a
chaperone to guide multi-domain protein folding. Mol Cell
2019, 74:310-319.

6. Vu QV, Nissley DA, Jiang Y, O’Brien EP, Li MS: Is post-
translational folding more efficient than refolding from a de-
natured state: a computational study. J Phys Chem B 2023,
127:4761-4774.

7. Bitran A, Jacobs WM, Zhai XD, Shakhnovich E: Cotranslational
o folding allows misfolding-prone proteins to circumvent deep

kinetic traps. Proc Natl Acad Sci USA 2020, 117:1485—-1495.
These computer simulations provide an explanation for how cotrans-
lational folding helps nascent proteins to avoid kinetic traps.

8. Jiang Y, Neti SS, Sitarik |, Pradhan P, To P, Xia Y, Fried SD,

e  Booker SJ, O'Brien EP: How synonymous mutations alter
enzyme structure and function over long timescales. Nat
Chem 20283, 15:308—-318.

Computer modeling study shows that changes in local translation rates

cause shifts in co-translational and post-translational folding pathways

that partition molecules into subpopulations that very slowly intercon-
vert to the native state, thereby reducing the functional activity of the
protein ensemble.

9. Schulte L, Mao JF, Reitz J, Sreeramulu S, Kudlinzki D,
Hodirnau VV, Meier-Credo J, Saxena K, Buhr F, Langer JD, et al.:
Cysteine oxidation and disulfide formation in the ribosomal
exit tunnel. Nat Commun 2020, 11:5569.

10. Cabrita LD, Cassaignau AME, Launay HMM, Waudby CA,
Wilodarski T, Camilloni C, Karyadi ME, Robertson AL, Wang XL,
Wentink AS, et al.: A structural ensemble of a ribosome-
nascent chain complex during cotranslational protein
folding. Nat Struct Mol Biol 2016, 23:278—285.

11. Guinn EJ, Tian PF, Shin M, Best RB, Marqusee S: A small
single-domain protein folds through the same pathway on

and off the ribosome. Proc Natl/ Acad Sci USA 2018, 115:
12206—12211.

12. Jensen MK, Samelson AJ, Steward A, Clarke J, Marqusee S: The
folding and unfolding behavior of ribonuclease H on the
ribosome. J Biol Chem 2020, 295:11410-11417.

13. Duc KD, Batra SS, Bhattacharya N, Cate JHD, Song YS: Dif-
ferences in the path to exit the ribosome across the three
domains of life. Nucleic Acids Res 2019, 47:4198—-4210.

14. Ziv G, Haran G, Thirumalai D: Ribosome exit tunnel can
entropically stabilize alpha-helices. Proc Natl Acad Sci USA
2005, 102:18956—18961.

15. O’Brien EP, Stan G, Thirumalai D, Brooks: BR: factors govern-
ing helix formation in peptides confined to carbon nano-
tubes. Nano Lett 2008, 8:3702—3708.

16. Mittal J, Best RB: Thermodynamics and kinetics of protein
folding under confinement. Proc Natl Acad Sci USA 2008, 105:
20233-20238.

17. Morrissey MP, Ahmed Z, Shakhnovich El: The role of cotrans-
lation in protein folding: a lattice model study. Polymer 2004,
45:557-571.

18. Ahn M, Wilodarski T, Mitropoulou A, Chan SHS, Sidhu H,

ee Plessa E, Becker TA, Budisa N, Waudby CA, Beckmann R, et al.:
Modulating co-translational protein folding by rational design
and ribosome engineering. Nat Commun 2022, 13:1-13.

Using a combination of NMR and ribosome mutations, the authors

show the role of tunnel loops in ribosomal proteins for cotranslational

protein folding

19. Cassaignau AME, Wlodarski T, Chan SHS, Woodburn LF,
Bukvin 1V, Streit JO, Cabrita LD, Waudby CA, Christodoulou J: In-
teractions between nascent proteins and the ribosome surface
inhibit co-translational folding. Nat Chem 2021, 13:1214—-1220.

20. Liutkute M, Maiti M, Samatova E, Enderlein J, Rodnina MV:

e  Gradual compaction of the nascent peptide during cotrans-
lational folding on the ribosome. Elife 2020, 9, e60895.

The study describes how a-helices fold sequentially into a compact

protein domain inside the ribosome and shows that these domains are

highly dynamic as long as the protein remains attached to the

ribosome.

21. Lu JL, Kobertz WR, Deutsch C: Mapping the electrostatic po-
tential within the ribosomal exit tunnel. J Mol Biol 2007, 371:
1378—-1391.

22. Leininger SE, Rodriguez J, Vu QV, Jiang Y, Li MS, Deutsch C,
O’Brien EP: Ribosome elongation kinetics of consecutively
charged residues are coupled to electrostatic force.
Biochemistry 2021, 60:3223—-3235.

23. Lu JL, Deutsch C: Electrostatics in the ribosomal tunnel
modulate chain elongation rates. J Mol Biol 2008, 384:73—-86.

24. Duc KD, Song YS: The impact of ribosomal interference,
codon usage, and exit tunnel interactions on translation
elongation rate variation. PLoS Genet 2018, 14, e1007166.

25. Chadani Y, Niwa T, Izumi T, Sugata N, Nagao A, Suzuki T,
Chiba S, Ito K, Taguchi H: Intrinsic ribosome destabilization
underlies translation and provides an organism with a strat-
egy of environmental sensing. Mo/ Cell 2017, 68:528—539.

26. Chadani Y, Sugata N, Niwa T, lto Y, Iwasaki S, Taguchi H:
Nascent polypeptide within the exit tunnel stabilizes the
ribosome to counteract risky translation. EMBO J 2021, 40,
€108299.

27. Nilsson OB, Hedman R, Marino J, Wickles S, Bischoff L,
Johansson M, Muller-Lucks A, Trovato F, Puglisi JD, O’Brien EP,
et al.: Cotranslational protein folding inside the ribosome exit
tunnel. Cell Rep 2015, 12:1533—-1540.

28. Syroegin EA, Aleksandrova EV, Polikanov YS: Insights into the
ribosome function from the structures of non-arrested ribo-
some-nascent chain complexes. Nat Chem 2023, 15:143—153.

29. Agirrezabala X, Samatova E, Macher M, Liutkute M, Maiti M, Gil-

ee Carton D, Novacek J, Valle M, Rodnina MV: A switch from
alpha-helical to beta-strand conformation during co-trans-
lational protein folding. EMBO J 2022, 41, e109175.

Current Opinion in Structural Biology 2024, 84:102740

www.sciencedirect.com


http://refhub.elsevier.com/S0959-440X(23)00214-2/sref1
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref1
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref1
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref1
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref2
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref2
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref2
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref3
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref3
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref3
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref4
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref4
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref4
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref4
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref4
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref5
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref5
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref5
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref6
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref6
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref6
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref6
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref7
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref7
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref7
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref8
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref8
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref8
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref8
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref9
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref9
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref9
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref9
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref10
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref10
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref10
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref10
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref10
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref11
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref11
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref11
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref11
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref12
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref12
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref12
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref13
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref13
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref13
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref14
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref14
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref14
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref15
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref15
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref15
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref16
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref16
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref16
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref17
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref17
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref17
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref18
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref18
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref18
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref18
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref19
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref19
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref19
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref19
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref20
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref20
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref20
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref21
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref21
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref21
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref22
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref22
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref22
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref22
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref23
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref23
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref24
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref24
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref24
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref25
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref25
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref25
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref25
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref26
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref26
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref26
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref26
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref27
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref27
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref27
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref27
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref28
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref28
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref28
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref29
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref29
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref29
http://refhub.elsevier.com/S0959-440X(23)00214-2/sref29
www.sciencedirect.com/science/journal/0959440X

The study visualizes the structural switch from the a-helical confor-
mation inside the tunnel to the native B-stranded conformation upon
extrusion of the protein out of the ribosome and identifies nascent
protein conformation-dependent interactions with L4 and L22 that
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