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Abstract

Folding of polypeptides begins during their synthesis on ribosomes. This
process has evolved as a means for the cell to maintain proteostasis, by mit-
igating the risk of protein misfolding and aggregation. The capacity to now
depict this cellular feat at increasingly higher resolution is providing insight
into the mechanistic determinants that promote successful folding. Emerg-
ing from these studies is the intimate interplay between protein transla-
tion and folding, and within this the ribosome particle is the key player.
Its unique structural properties provide a specialized scaffold against which
nascent polypeptides can begin to form structure in a highly coordinated,
co-translational manner. Here, we examine how, as a macromolecular ma-
chine, the ribosome modulates the intrinsic dynamic properties of emerging
nascent polypeptide chains and guides them toward their biologically active
structures.
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1. THE RIBOSOME COORDINATES A MYRIAD
OF CO-TRANSLATIONAL EVENTS

A central process within the cell is the folding and assembly of proteins into their biologically
active structures. The cell continuously balances the concentration of ~20,000 structurally and
functionally diverse proteins, which collectively underpin nearly every cellular process. Within
this, the cell’s macromolecular machine, the ribosome, is solely dedicated to successfully producing
polypeptide chains and facilitating their folding—this is key to all biological activity within the cell.

As established from a range of seminal biochemical studies (reviewed in 1), the relatively fast
timescales of protein-folding events (us—s timescale) and comparatively slower translation rates
(4-20 amino acids/s in bacteria) allow both of these processes to occur concurrently for many
nascent polypeptides. In silico predictions estimate that approximately one-third of cytosolic
Escherichiavcolivproteinsrfoldico=translationallyn(2). Within eukaryotic systems, co-translational
folding is an even more important feature, asitranslation'ratesiassociated with'eukaryotesare com=
paratively slower (1 amino acid/s), and the eukaryotic proteome is generally composed of larger
proteinsi(averagesize ~500/aminoiacids) with complex topologies. It is likely that co-translational
folding has facilitated the evolution of multidomain proteins (70% of the proteome) (3), enabling
each domain to fold sequentially as it emerges from the ribosomal exit tunnel.

At a molecular level, protein folding involves the collapse of solvent-exposed hydrophobic
residues to form structure, and as such, co-translational folding is one cellular mechanism by
which aberrant interactions between amino acids can be minimized at the earliest stages of nascent
chain biosynthesis. This is ultimately a strategy to maintain proteostasis and mitigate the risks of
human misfolding diseases (4). The cell has evolved a myriad of complementary processes de-
signed to optimize the temporal and spatial regulation of protein biosynthesis. Not least of these
is the pseudohelical arrangement of ribosomes in polyribosome complexes on a single mRNA,
which minimizes internascent chain contacts that may lead to unfavorable interactions (5). The
cell’s extensive chaperone networks [reviewed elsewhere (6, 7)] are also tightly coupled to protein
biosynthesis, as a means of assisting substrates during co- and posttranslational stages of folding,

390  Cassaignau o Cabrita o Christodoulou


John Christodoulou

John Christodoulou


( Intra-nascent chain
interactions and
nascent chain-ribosome
interactions

wWoq )

Nascent chain

Annu. Rev. Biochem. 2020.89:389-415. Downloaded from www.annualreviews.org
Access provided by University College London on 11/09/21. For personal use only.

Misfolding

( o stalling
\ — N Targeting Ribosome- J
( ) by SRP associated \

factor binding

-

A . | | O
( 7 ‘( \\ Molecular chaperones ( )
A *
Co-translational (e.g. T, NACY,
folding TF é Ssb/Ssz/Zu0%) Ubiquitination®
P '
1 Processing f:
. g factors
' . it g;:;igls;atlonal (e.g., MAP, PDF, OST*) )
- . (
Translocation ~0sT C\_\é ‘5 Degradation
Aonly in prokaryotes
*only in eukaryotes
Figure 1

The co-translational processes associated with nascent chains during protein biosynthesis on the ribosome: (#) folding and complex
assembly, (b) translocation, chaperoning, and processing, and (c) stalling, misfolding, and degradation. The ribosome is the platform for
choreographing the interplay with ribosome-associated proteins that assist in these concurrent and competing processes. Abbreviations:
MAP, methionine aminopeptidase; NAC, nascent polypeptide-associated complex; OST, oligosaccharyl-transferase; PDE, peptidyl
deformylase; SRP, signal recognition protein; TE, trigger factor.

in an apparently seamless process. Collectively, these processes are advantageous for the cell, as
shown in yeast where the failure at the initial stages of folding results in ~1-6% of all nascent
chains (8) [and in 12-15% of nascent proteins in humans (9)] being co-translationally ubiquiti-
natedion'therribosomenitself andisubsequently'degraded. Therefore, the absolute necessity for the
cell to meet the continuous demand to regulate protein biosynthesis, and make a return for the
highly costly process of translation (10) [~75% of the total cellular energy budget (11)], rests on
a crucial relationship among the ribosome particle, the process of polypeptide synthesis, and the
efficiency in forming a biologically active structure.

The formation of structure co-translationally occurs within a crowded cellular environment,
against a backdrop of a range of other co-translational processes occurring on the ribosome
(Figure 1), each of which competes for the attention of the nascent chain to achieve obligatory
processing (e.g., methionine removal) and modifications (e.g., N-terminal acetylation, glycosyla-
tion) and to direct its intracellular localization (e.g., to membranes) or extracellular export. The
timing of these processes is a key strategy of the cell to optimize the efficient regulation of pro-
tein production. In E. co/i, the interactions of the emerging nascent chain with the early engaging
ribosome-associated auxiliary proteins (nascent chain lengths <40 residues), peptidyl deformy-
lase (PDF), methionine aminopeptidase (MAP), and signal recognition protein (SRP), are chore-
ographed around those with the later-engaging molecular chaperone trigger factor (TF) (nascent
chain lengths >50 residues) to facilitate folding. Such a carefully orchestrated series of sequential
events is dictated by the extent of nascent chain emergence at any given time and the concomi-
tant increase in relative affinities that these auxiliary proteins have for the ribosome (12, 13). A
similar cohort of auxiliary proteins and processes exist in eukaryotes: MAP and SRP act along-  TF: trigger factor
side N-terminal acetylases (NATs) and oligosaccharyl-transferases (within the rough endoplasmic
reticulum), and the mechanisms for these are beginning to emerge (6). Remarkably, these
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Figure 2

The emergence of a nascent chain from the ribosome tunnel. (#) A structural ensemble of a disordered FLNS5-variant nascent chain on
the Escherichia coli ribosome. The MD trajectory was kindly provided by T. Wlodarski (unpublished data). (6) This enhanced region,
selected in panel 4, shows how a nascent chain traverses the tunnel from the PT'C, through the constriction site formed by the loops of
ulL4 and ulL22 (circled) and past the loops of ul.23 and ul.24 within the vestibule. The nascent chain mobility increases sharply on
reaching the exit vestibule. (c) View from the top of the ribosome with the exit tunnel circled. The r-proteins in the proximity of the
nascent chain are shown. Abbreviations: MD, molecular dynamics; PTC, peptidyltransferase center; r-proteins, ribosomal proteins.

ribosome-associated partners transiently interact with the ribosome at all times and seamlessly
engage at a handful of key ribosomal proteins (r-proteins) (e.g., ul.23, uL.29) that crown the
ribosome’s exit port when they encounter a region of interest within a substrate nascent chain
(Figure 2).

Within these processes, the nascent chain is not a passive entity. Its emerging sequence and en-
ergetic desire to fold result in a continuous flux that governs the types of contacts it can make with
ribosome-associated factors. Exposed hydrophobic and aromatic nascent chain residues (which
typically become buried upon nascent chain folding) (14) as well as positively charged residues
cause recruitment of the bacterial chaperone, TF (15). Through its holdase action, TF shields the
nascent chain from forming unproductive interactions. Other chaperones such as Hsp70 (DnaK in
prokaryotes) and the eukaryotic chaperonin TriC are similarly invoked in a responsive manner to
target the folding status of the nascent polypeptide, which elicits a hierarchical approach for their
recruitment (16). Similarly, SRP predominantly recognizes exposed hydrophobic a-helical trans-
membrane domains (17), although intriguingly its engagement may be solicited by nascent chains
as short as 20 amino acids, still confined within the tunnel (18). Moreover, the folding status of the
nascent chain itself appears to be recognized by co-translational quality control mechanisms [as
opposed to ribosome-associated quality control mechanisms that sense the state of the ribosome
(19)]; these specifically ubiquitinate aberrantly folded nascent chains, resulting in their degrada-
tion by the proteasome (8, 20, 21).

The incipient structure of the nascent chain as well as the nature of its exposed sequence (espe-
cially in the case of unstructured nascent chain segments) are the determinants for the successful
navigation of the array of downstream events ranging from co-translational complex assembly
(22-24) to interactions with molecular chaperones and processing factors (6). Immediately upon
its emergence from the ribosome, the nascent chain is able to sample conformational space not
only to fold but also to interact and bind with potential partners. The ribosome is thus the critical
molecular machine that exists at the interface between an organism’s genotype and its phenotype,
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with a fundamental role in setting up each protein toward its biologically active state according to
the cell’s needs, by promoting efficient processing and folding of the nascent chain.

In recent years, significant progress has been made toward providing a detailed molecular un- RNC:

) ) o ribosome-bound
of study, deemed intractable just over a decade ago [see Stu Borman’s commentary (25)], is instead i
Y, )} g ry ’ nascent chain

derstanding of the processes by which nascent polypeptides can fold co-translationally. This field

now offering a detailed structural, dynamic, and mechanistic understanding of this fundamental PTC:
process. These studies provide a much-needed missing piece in understanding the protein fold- peptidylransferase
ing problem as highlighted by Linus Pauling and colleagues (26) and in which the mechanistic = center
details of the folding of isolated proteins have been teased out of experimental and computational

studies carried out over the last 50 years. Capturing the multiple states that a nascent chain sam-

ples during its translation, however, presents challenges—the nascent polypeptide accounts for

<0.1% of the mass of a ribosome-bound nascent chain (RNC) complex, the result of which typi-

cally limits experimental sensitivity and impedes the design of experiments that exclusively observe

the nascent chain. Homogenous preparations of uniformly, translationally arrested nascent chains

on ribosomes (27) using naturally occurring stalling sequences (28) or nonstop mRNA-mediated

stalling (29, 30) now permit long-lived biosynthetic snapshots to be produced for such investi-

gations. Coinciding with the very significant leaps in structural biology, including the resolution
improvements in cryo—electron microscopy (cryo-EM) (31), the boosts in the sensitivity of NMR
spectroscopy (32), as well as the expansion in computational power and methods, our capacity

to describe RNCs has undergone substantial strides. These combined strategies have shifted the

once phenomenological descriptions of co-translational folding of nascent chains toward increas-

ingly structure-led molecular models of this process at high resolution (33-35). Crucially, these
observations are also complemented by exquisite quantitative biochemical and biophysical mea-
surements (36-39), which offer unique mechanistic details, and some are able to report events on

a biological timescale (40).

2. WHEN DOES FOLDING BEGIN?

2.1. Structure Formation on the Ribosome Is Strongly Modulated
by Ribosome Sterics

A contemporary question that continues to challenge the field is: When and where does protein
folding begin on the ribosome? The vectorially emerging nascent polypeptide chain on its parent
ribosome particle faces unique physical constraints on how and when it folds. These constraints
are imposed by the features of the ribosome itself.

2.1.1. The geometry of the ribosome tunnel and its effect on the nascent chain. During
biosynthesis, amino acids sequentially combine at the peptidyltransferase center (PTC), and the
nascent chain emerges vectorially from the 80-100-A ribosomal exit tunnel (Figure 2), which
occludes between ~25 amino acids for a fully extended polypeptide, and up to ~40 amino acids
for strongly compacted conformations. The width of the tunnel is ~15 A in bacteria, with a nar-
row constriction site (<10-A width) formed by the protruding loops from r-proteins ul4 and
ul.22 (41) (Figure 2b). The dynamics of the nascent polypeptide chain thus change dramatically
as it transitions from the confines of the prohibitively narrow ribosome tunnel, via a more ac-
commodating wider vestibule region (~20-A width), and ultimately toward the cytosol. Upon
exposure to the cytosol, the emerged N-terminal segments of the nascent chain become highly
dynamic and can begin to sample conformational space more freely while still tethered to the
ribosome (Figure 24,b). By contrast, in the case of membrane-associated polypeptides, nascent
chains are comparatively limited in their conformational freedom upon exit from the ribosome,
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High-resolution structures of co-translationally folding NCs using cryo-EM, MD, and NMR spectroscopy. (#) The ribosomal exit
tunnel is shown, delineated into upper (PTC to uL4-uL22 constriction site), middle (uL4-uL.22 constriction site to uL.23 loop), and
lower (uL.23 loop to ul.24 loop) regions. The locations of experimentally determined NC structures, as further described in subpanels
i—iv, are shown. (i) The VemP stalling motif forms a compact, helical structure above the uLL4-uL.22 constriction site as shown by

cryo-EM (local map resolution <3 A). Panel 4, subpanel i adapted with permission from Reference 34. (i7) The ADR1a zinc finger NC

forms native tertiary structure within the vestibule (local cryo-EM map resolution <5 A). Panel 4, subpanel ii adapted with permission
from Reference 35. (i7i) The native structure formed by the titin 127 NC beyond the ribosomal exit (local cryo-EM map resolution

<8 A). Panel 4, subpanel /i adapted with permission from Reference 66. (;v) NMR spectroscopy of immunoglobulin-like FLNS RNCs:
'H,”N correlation NMR spectrum of a uniformly *N-labeled disordered FLN5+-31 RNC (green). 'H,"*C correlation spectrum of
natively folded FLNS within an FLN5+110 RNC, with the Ile, Leu, and Val methyl groups of the NC selectively '* CH;z-labeled
against a perdeuterated background (red) (A.M.E. Cassaignau, unpublished data). (/) NMR-restrained structural ensemble of a pair of
Ig-like domains, FLN5-6 from the gelation factor filamin during biosynthesis, showing natively folded FLN5 (pink) and the compact
ensemble of disordered FLNG6 (cyan). Panel b adapted with permission from Reference 33. Abbreviations: cryo-EM, cryo—electron
microscopy; MD, molecular dynamics; NC, nascent chain; PTC, peptidyltransferase center; RNC, ribosome-bound nascent chain;
VemP, Vibrio export monitoring polypeptide.
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as they rapidly engage with the translocation machinery (e.g., SRP/SecA/translocon) and are then
immediately integrated into a membrane. The variation in physical environments experienced by
emerging nascent chains, therefore, places limits on any single technique’s ability to describe the
complete structure of the RNC with sufficient resolution (see Section 2.2). This is most appar-
ent within cryo-EM analyses, in which the nascent chain residues in the wider vestibule region
give rise to weaker electron density compared with residues closer to the PTC area (Figure 34),
because the chain is able to gain more motional freedom (Figure 25). Integrating experimental
and computational approaches (see Section 2.2) is now viewed as providing an essential basis for
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molecular descriptions of nascent chain structure and folding mechanisms from the PTC to the
cytosol.

2.1.2. Structure formation inside the ribosomal exit tunnel. The narrow geometry of the
ribosome exit tunnel (Figure 2b) severely restricts extensive intranascent chain contacts from
being formed (42). However, compaction of the nascent chain and persistent structure formation
have been described: Helix formation, predicted to be stabilized entropically by the ribosome (43),
has been shown experimentally in defined zones of the tunnel using cysteine-mapping PEGylation
studies (44), fluorescence resonance energy transfer (FRET) observations of integral membrane
proteins (45), and more recently, cryo-EM reconstructions of RNCs (46). In particular, the ability
to form persistent helices may be specific to SRP-associated ribosomes translating transmembrane
helices, which can form rather early during their biosynthesis 20-30 A from the PTC; these may
also be further stabilized by nonpolar interactions with elements of the ribosomal tunnel and, later,
the membrane (47). This ability to form rudimentary structures inside the tunnel may in select
cases offer a functional advantage—for example, SRP recognition is facilitated by the presence
of a transmembrane helix (47). Conversely, hydrophilic, soluble helices of cytosolic proteins are
more likely formed beyond the tunnel (47).

The formation of tertiary structure within the tunnel is limited but appears to be supported
closer to the wide vestibule region, located ~80 A from the PTC at the end of the tunnel (see
Section 2.1.3). Initially predicted computationally for a number of small proteins (48), this has
since been shown experimentally in the formation of a B-hairpin motif via PEGylation (49) and
for a 3-kDa zinc finger of 29 residues that was observed by cryo-EM to be in a folded conformation
(35) (Figure 3a).

2.1.3. The onset of co-translational folding. For the vast majority of proteins, persistent ter-
tiary structure forms only once a sufficient number of amino acids has emerged beyond the exit
vestibule, after which the space available to the polypeptide abruptly expands. Seminal early bio-
chemical (3, 37) and biophysical (36) studies of multidomain proteins showed that the folding of
nascent chains can occur domain-by-domain; these findings also provided compelling evidence
for the ribosome directly influencing nascent chain folding, which begins at a variable minimum
linker length (typically 30—40 residues) tethering each nascent chain domain to the ribosome.

Experimentally, the readout of the force generated by a polypeptide as a function of nascent
chain length has been recently exploited as an effective means of measuring the onset of folding.
Optical tweezer studies of the 90-residue protein Top7 showed that the folding of this small do-
main generates an ~12-pN pulling force that appears sufficient to cause release of translationally
arrested nascent chains (50). The tether (~38 residues) at which significant force starts being gen-
erated closely correlates with the length at which the 128-residue ileal binding protein (ILBP)
nascent chain becomes resistant to limited proteolysis (51). Similarly, the folding onset of the
105-residue FLNS5 nascent chain when linked by 42 residues to the PTC, as directly observed
by NMR spectroscopy (33), is consistent with that measured using force assays (35-47 residues)
(52). Broadly, the extent of emergence required for nascent chain structure to form is found to
be correlated with protein size; the larger the protein, the greater the required extrusion before
native structure can form, with small proteins (~75 residues in length) folding close to the exit
vestibule (51).

2.1.4. Emerging co-translational folding mechanisms. The increasing body of experimental
data is allowing an examination of the nature of folding mechanisms on the ribosome. The force

assays described above appear to be able to monitor complex folding phenomena, well exemplified
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in the study of the 217-residue pentarepeat p-helix protein PENT for which a multipeak force
profile was attributed to the detection of putative folding intermediates (53). These force assays
are also highly sensitive to additional processes—partial structure formation (53a), membrane in-
sertion (54, 55), the binding of interaction partners (24), as well as interactions within the tunnel
and the external ribosome surface. Such a sensitivity to the environment may constitute a chal-
lenge for these rich assays to draw generalized mechanistic interpretations, but when combined
with orthogonal data [as described in Section 2.1.3], the continued evolution of this strategy shows
great promise, including to further deconvolute complex nascent chain behavior and understand
length-dependent structure formation. In the case of P22 tailspike nascent chains, conformational
antibodies (56) were used to show the sampling of significant extents of native-like structure at
early stages of emergence from the ribosome. A series of collapsed, intermediate states were iden-
tified by both FRET and photoinduced electron transfer (40) in a study of an all-a-helical HemK
nascent chain, findings that were further supported by a multipeak force profile (52). Other exam-
ples feature proteins that only sample detectable structure once well emerged from the ribosome,
such as T4 lysozyme (58). Similarly, the all-a-helical EF-hand protein calerythrin (59) and the p-
sandwich immunoglobulin domain FLNS5 (33) both show a delay between the point at which they
emerge and the point at which they begin to sample native structure (see Section 2.2.2). The effect
of the ribosome in shaping these conformational preferences appears in many cases to be critical
to the success of protein folding (30, 58). To help delineate these mechanisms, the emerging body
of structural data (see Section 2.2) is shaping our understanding of the free-energy landscape of
nascent chains, which is in continuous flux during their elongation on the ribosome. By building
on the established kinetic and thermodynamic principles of protein folding and tailoring these
to the study of the nascent polypeptide bound to its parent ribosome (discussed in Section 3.1),
the progression from a view of protein folding based on isolated polypeptides to that of a more
complex co-translational folding landscape is on the horizon.

2.2. Toward High-Resolution Structural Ensembles of Nascent Chains to
Describe the Influence of the Ribosome: Integrating Structural Methods

The X-ray crystallographic (60, 61) and cryo-EM (62) structures of the ribosome particle have pro-
vided a comprehensive backdrop to current efforts to describe the coupled processes of nascent
chain emergence, ribosome interactions, folding, and interactions with cellular factors. As the
nascent polypeptide emerges from the exit tunnel, NMR spectroscopy is able to uniquely probe
incipient nascent chain structure and dynamics. As observed for residues of intrinsically disordered
a-synuclein, the first hint of sufficiently increased local mobility [typically a local rotational cor-
relation time of <50 ns is required for solution-state NMR observability (63)] coincides with the
first residue of the nascent chain (Asp135, 28 residues from the peptidyl transferase center) that is
sufficiently flexible to be visible by NMR (64). The emerging application of solid-state NMR to
nascent chains will allow less-mobile nascent chain regions to be probed, in particular using dy-
namic nuclear polarization (DNP) magic-angle spinning (MAS) NMR, as has been demonstrated
for a rigid nascent signal peptide within the exit tunnel (65).

2.2.1. Cryo-electron microscopy in co-translational folding. In recent years, significant at-
tention has been invested into the use of cryo-EM (62) to study the ribosome during translation,
including nascent chain folding (35, 57, 66), chaperone binding (67, 68), and nascent chain translo-
cation (69-73). These high-resolution snapshots of the nascent chain during biosynthesis capture
its earliest co-translational conformations as they form on the ribosome.
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Structural investigations of RNCs have been enabled through the use of stalling sequences
(28), which form interactions within the tunnel that lead to translational arrest. Frequently uti-
lized stalling sequences are those from TnaC (74) and SecM (75) in bacteria, and Xbp1 (76) and
hCMV (77) from eukaryotes. A cryo-EM map of SecM-stalled RNC shows the continuous back-
bone density arising from the 22-residue arrest sequence from the PTC to the vestibule, beyond
the protruding loop of uL.23 (75), and identifies arrest as a relay of core contacts made with the
ribosome. These interactions ultimately lead to a shift of the C-terminal glycine residue’s es-
ter linkage to the P-site transfer RINA (tRINA), a key determinant to the halting of translation,
demonstrating that the nascent chain can constrain the geometry of the PTC site in the ribo-
some. Further displays of the interplay between the ribosome and the nascent chain are evident in
the RNC of the secretory protein VemP (Vibrio export monitoring polypeptide). VemP adopts a
highly compact structure within the tunnel that folds back onto itself within the zone just above the
constriction site (34) (Figure 2b). Here, it is the a-helical conformation of the nascent polypep-
tide chain formed in the upper region in the tunnel close to the PTC (see Figure 34) that both
stabilizes the nascent chain and prevents accommodation of the incoming tRINA, and as a result
halts translation. These and other structures (74, 76, 77) showing translation arrest are extreme
examples of the nascent chain modulating translation in a two-way communication between the
nascent peptide and the ribosome tunnel with potentially critical downstream consequences for
nascent chain folding, targeting, and interactions.

Toward the exit vestibule, a lower local resolution is typically observed in cryo-EM maps for
the nascent chain (Figure 34) as a result of a less constrained and more dynamic nascent chain
segment capable of sampling a range of trajectories within the exit tunnel (78). Despite these
factors, however, the formation of both secondary structure (described in Section 2.1.2) and ter-
tiary structure, such as the aforementioned 29-residue ARD1a zinc finger domain, has been ob-
served in the exit vestibule (35). Beyond the vestibule, whose boundary can be defined by the
position of the protruding loop of uL.24, where the nascent chain becomes even more dynamic,
the likely positions of the globular domains of an 89-residue nascent immunoglobulin-like titin
domain (66) and of a 109-residue a-spectrin protein (57) can be mapped into electron densities to
~8 A-resolution. These latter observations correlate reasonably well with the corresponding
force-based folding profiles of these nascent chains that reveal the point at which structure is
said to form.

2.2.2. NMR spectroscopy in co-translational folding. The dynamic, flexible segments of the
emerging polypeptide outside the ribosome (i.e., beyond the uL.24 loop) have remained elusive to
electron density techniques but have been amenable to NMR spectroscopic investigations (32),
despite the 2.4-MDa molecular weight of the ribosome. NMR investigation of uniformly *N-
labeled unprogrammed ribosomes revealed well-resolved resonances attributable to its most dy-
namic structural elements that originate predominantly from the flexible parts of the bL12 stalk
and disordered regions of the bS1 protein (79-81). These observations help to explain the capac-
ity to observe the similarly dynamic nascent chains when selectively isotopically labeled against
a backdrop of NMR-silent ribosomes (27, 32). This strategy has produced fingerprint spectra of
high quality, rich in residue-specific structural and dynamic information, for nascent chains of a
multidomain immunoglobulin-like protein (33) (Figure 34), SH3 (82), barnase (83), as well as the
intrinsically disordered a-synuclein (64).

As the majority of protein domains undergo a significant collapse only after emerging from the
exit tunnel, these NMR observations provide a powerful means to provide high-resolution descrip-
tions of the process of co-translational folding. Using a series of RNC biosynthetic snapshots as a
function of nascent chain length of the immunoglobulin domain FLNY attached to the ribosome
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via its disordered subsequent domain, FLNG6, a detailed description of the progressive folding was
delineated (33). During the emergence of the FLNS5 nascent chain, its disordered state was probed
via uniform " N-labeling selectively of the nascent chain, the 'H-""N spectra providing close to
100 residue-specific probes of the nascent polypeptide, informing quantitatively on its structure
and dynamics (Figure 34). Such probing of structural dynamics and interactions across different
timescales of nascent chains by NMR are providing an illuminating portrait of co-translational
folding processes. Site-specific resonance broadenings in 'H-*N RNC fingerprint spectra have
been exploited to provide an understanding of the local interactions with the slowly tumbling ri-
bosome particle (as further described in this section). As it compacts and folds toward its native
structure, the nascent chain is best probed via 'H-*C NMR spectra of RNCs selectively labeled
at the methyl group side chains, such as those of Ile, Leu, and Val residues, against a perdeuterated
background (Figure 34). Using 'H-"C and 'H-*N NMR, the observation of a natively folded
FLNS5 domain appears to be delayed relative to the nascent chain length at which the entire do-
main becomes solvent accessible (33). These observations provide an indicator that the ribosome
particle itself is able to influence structure formation in a dramatic manner.

With improvements in both RNC sample preparations (27) and tailored NMR capabilities (32,
84), quantitative NMR dynamics measurements are on the horizon. Moreover, for advanced 3D
molecular models of dynamic RNCs, which are beyond the limits of detection by cryo-EM, the
application of paramagnetic relaxation enhancement (PRE)-NMR and residual dipolar coupling
(RDC)-NMR to probe the dynamic nascent chain is offering promise for increasingly accurate
structure determination of the nascent chain. The weak anisotropic alignment of 70S ribosomes
in filamentous bacteriophage has enabled RDC-NMR measurements for the bL.12 stalk protein
attached to the ribosome (81) and is likely to be applicable to RNCs (see Section 2.2.3).

2.2.3. Restraining ribosome-bound nascent chain simulations with experimental data.
Molecular dynamics (MD) simulations and modeling, in particular those that incorporate experi-
mental structural data, have an essential role in providing atomistic descriptions of co-translational
folding (Figure 35). The RNC system, however, presents significant challenges to MD modeling
through both the sheer size of the ribosome (~3 x 10¢ atoms) and the timescales on which folding
events occur (typically ps—ms). Inevitably here, a trade-off exists between the size of the system
that is tractable for simulation and the timescale that can be achieved. Advances continue to be
made in describing the ribosome and RNCs using MD via various strategies, ranging from all-
atom systems to simulations of a subset of the atoms, or via variations of the use of coarse-graining
methods (86). The latter have permitted an analysis of the geometry of the ribosomal exit tun-
nel and its imposed effects on the nascent chain during folding, revealing that significant tertiary
structure can form in the close vicinity of the vestibule (48) and in a manner that is strongly mod-
ulated by translation rates, as also supported by theoretical and computational investigations (87,
88). In a major effort undertaken toward simulating the entire ribosome, an all-atom simulation
of the 70S particle in complex with SecYES permitted the detailed dissection of their dynamic
interactions (89).

MD simulations also enhance the capacity to describe the conformational preferences of
nascent chains by integrating experimental data, in particular those obtained from cryo-EM
and NMR studies. This combination currently allows the most advanced descriptions of less-
well-structured nascent chain regions that are typically of a highly dynamic nature and sample
a large distribution of conformations at the exit vestibule and beyond. Particularly useful are
experimentally derived restraints of nascent chains on the ribosome used in MD simulations,
which include NMR parameters, such as chemical shift-based restraints (33, 90, 91), residual
dipolar couplings (81), and PRE-derived distance restraints (92), as well as cryo-EM maps. This
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powerful combination will serve as an important basis for detailed structure determinations that
are capable of bridging the rigid segments of the nascent chain buried within the ribosome tunnel,
with the dynamic ensembles describing the conformations and motions of the emerged parts of
the nascent chain. Presently, of the available experimental parameters, the NMR chemical shift
is the simplest NMR parameter to obtain and is itself a direct probe of structure (90, 91, 93).
Chemical shift-restrained, all-atom simulations of RNCs have been insightful (33) in explorations
of the ribosomal surface that an emerging polypeptide is likely to contact upon exit from the
particle (Figure 2b,c). However, simulating the entire multimillion atom ribosome system is com-
putationally currently expensive (94) and simplification of the simulations of the large ribosomal
complex through coarse-graining provides a powerful and expedient strategy (95). Coarse-
grained Go-model simulations have recapitulated the onset of folding of immunoglobulin-like
127 nascent chains (from the muscle protein titin) as measured by force-based folding assays
strikingly well, when limiting interactions between protein and ribosome to entirely repulsive
ones, hinting at a predominantly steric influence of the ribosome in this particular case (66).
Moreover, a coarse-grained model of the intrinsically disordered a-synuclein RNC was also used
as a basis to study its interactions with the ribosome and also with the molecular chaperone, TF,
during biosynthesis (64). A good agreement is seen with NMR measurements that described
a weak bimolecular association and defined a minimum nascent chain length of ~50 residues
from the PTC for it to reach the substrate-binding cradle at the center of the TF chaperone.
Understanding and predicting even transient contacts within disordered nascent chains has
important ramifications for defining the initial steps of co-translational folding processes. The
continued development of algorithm design and hardware is likely to further unlock the pre-
dictive capacity of MD to be applied to increasingly longer timescales including the use of deep
learning methods (95a), provided sufficient training sets are available, and an integrative struc-
tural biology approach combining cryo-EM, NMR, and MD. These strategies will certainly be
yielding in terms of defining the entire molecular mechanism of protein folding on the ribosome
(Figure 3b).

3. THE STRUCTURE OF THE RIBOSOME MODULATES NASCENT
CHAIN FOLDING

An emerging body of data is providing insight into the manner in which the ribosome uniquely
remodels the energy landscape of the nascent chain as compared with that of the corresponding
isolated polypeptide.

3.1. Native Structure Is Destabilized on the Ribosome

Determining the thermodynamic stability of RNCs to describe the folding potential of the nascent
chain has been studied via a range of approaches including NMR spectroscopy, pulse proteolysis,
and optical tweezers. NMR spectroscopy has been insightful (33) through its capacity to reveal
residue-specific details: Using NMR fingerprint spectra of a pair of FLN5-FLN6 immunoglobu-
lin domain RNCs, the folding transition of the FLNS5 domain was described using the observation
of discrete resonances corresponding to the disordered domain that diminished as the population
of this state decreased during the folding transition. The folding equilibrium of these FLNS5
nascent chains was shown to be strongly influenced by the ribosome in a length-dependent manner
(Figure 44): The disordered state of short nascent chains (<43-residue linker) showed site-specific
interactions with the ribosome particle, whereas the folded state is destabilized by the ribosome,
as the latter sterically restricts the conformational freedom of the polypeptide. With greater
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The energetics of native structure formation differ o versus off the ribosome. () The energy landscape of RNCs of an Ig-like FLNS5
domain changes in a length-dependent manner. Panel # adapted with permission from Reference 33. (b) Pulse proteolysis experiments
describe the stability of an RNase H nascent chain with increasing distance from the ribosome (35,45, and 55 amino-acid linker
lengths). Panel 4 adapted with permission from Reference 38. Abbreviations: GS, Gly-Ser linker; RNC, ribosome-bound nascent
chain.

emergence of the polypeptide chain, these effects subside, at which point NMR spectra reveal fin-
gerprints consistent with the nascent chain sampling native-like structure (see also Section 2.2.2).

This destabilizing impact of the ribosome has also been observed quantitatively in several other
systems by measuring the differences in thermodynamic stability of RNCs relative to isolated pro-
teins, using an elegant pulse proteolysis approach. By taking RNCs of different lengths incubated
in urea and subjecting them to protease for a short time, AG values of folding were obtained (38)
(Figure 4b). For destabilized variants of dihydrofolate reductase (DHFR), RNase H, and barnase,
which were selected as they unfold at urea concentrations at which the ribosome remains in-
tact, these studies revealed a perturbation of native structure during biosynthesis on the ribosome
with AAG values up to >2 kcal/mol. The extent of this effect diminishes with increasing nascent
chain linker length, as the chain increasingly behaves more like an isolated protein. Insightful
kinetics-based experiments using optical tweezers ascribe the destabilizing effect to the ribo-
some both decelerating the nascent chain’s folding rate and accelerating its unfolding rate (58, 59,
96).

3.2. The Stabilization of Disordered Nascent Chains via Interactions
with the Ribosome Surface

Among the factors that perturb the energy landscape of nascent polypeptide chains on the ri-
bosome are interactions formed between disordered nascent chains and the ribosome surface (33,
58), the impact of which can modulate the onset of folding. Although it is important to understand
the behavior of incomplete sequences on the ribosome during translation, such studies present
challenges, as current descriptions of disordered polypeptides even in isolation are complicated
by the ability to define meaningful parameters that accurately describe the distributions of un-
structured, dynamically interconverting states (97). Experimentally, high-resolution NMR data
are the most potent for describing the topological preferences within disordered ensembles and
are typically used to restrain structure determination methods. The averaging within the NMR
parameters does, however, complicate their definitive use and render such processes reliant on
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the quality of the force field used (98, 99). Intrinsically disordered proteins (IDPs) and trunca-
tions of proteins (100-102) provide useful disordered models without requiring denaturants. On
the ribosome, nascent chains maintain nonglobular conformations through the occlusion of their
C-terminal portion by the ribosome tunnel (Figure 2). The N-terminal emerged, solvent-
accessible sequence can in principle be mimicked off the ribosome by truncation of the C ter-
minus to generate isolated N-terminal fragments (100), but these are unable to capture the effects
of tethering to the ribosome. Comparative studies of disordered proteins on and off the ribosome
thus have the potential to yield valuable insight into the early stages of co-translational folding but
may also be limited, particularly as the disordered states of isolated proteins likely do not model the
dynamic characteristics of the nascent chain within the confines and vicinity of the exit vestibule.
Additional important features unique to RNCs include the mechanical tension exerted on the
nascent chain through its tethering to the ribosome via the P-site tRINA, which may contribute
to its unfolded nature (50). Such effects will require elucidation to understand their impact on
folding.

3.2.1. Nascent chain interactions in the tunnel (upper and middle regions). The steric
confinement and nascent chain interactions with the ribosome within the exit tunnel contribute
to maintaining the majority of nascent polypeptides in a disordered state. The interactions me-
diated by naturally occurring stalling sequences permit the dissection of the relevance of nascent
chain-ribosome contacts (28). Although the molecular details differ between nascent chains, some
binding sites within the tunnel appear common to some substrates. In the upper region of the
tunnel (Figure 34), adjacent to the PTC, the 23S ribosomal RNA (rRNA) nucleotides A2062 and
U2585 (E. coli numbering) make contact with the bacterial stalling systems (see Section 2.2.1) of
ErmC and TnaC (103, 104). Both A2062 and U2585 are required for facilitating rapid polypep-
tide release during termination (105). In cryo-EM structures of human ribosomes, the equivalent
nucleotides (Homo sapiens A3879 and U4493) are seen to make extensive contacts with the hCMV
stalling motif (77). At the narrow constriction site where the middle region of the tunnel begins,
strong contacts are consistently seen between the nascent chain and the protruding loops of uL4
and ulL22, as well as the 23S rRINA nucleotide A751 (E. coli numbering), which also contributes
to the tunnel narrowing (46, 74,75, 77).

3.2.2. Nascent chain interactions in the lower tunnel and outside. Upon emergence
from the tunnel, the nascent chain still experiences the ribosomal surface at very high local
concentrations—the effective concentration of the ribosome surface approaches 20 mM for a
residue located 10 residues from the protruding ul.24 loop, beyond the exit tunnel, owing to its
covalent linkage to the ribosome (33). Even a weak affinity between the nascent chain sequence
and the ribosome surface, as observed within the immunoglobulin domain FLNS5, can therefore
result in extensive nascent chain—ribosome interactions through the additional effect of tether-
ing (33). Recent studies have also begun to elucidate some of the molecular details of nascent
chain interactions made with the outer ribosomal surface. RNCs of IDP systems provide the ideal
scaffold in delineating such interactions, as these are devoid of competing folding processes. For
RNC:s of the intrinsically disordered PIR protein, fluorescence depolarization anisotropy mea-
surements of an N-terminal fluorophore demonstrated interactions between positively charged
regions of the nascent chain and the negatively charged ribosome surface (106) (Figure 5). Such
interactions can have important effects: Two oppositely charged IDPs (ACTR and NCBD) have
been observed to assemble co-translationally, where the negatively charged ACTR nascent chains
interact with the isolated, positively charged NCBD. The assembly between isolated ACTR and
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Acidic side chains in the PIR nascent chain (NC) mediate interactions with the negatively charged ribosome surface and result in
significant populations of spatially biased conformations. Figure adapted with permission from Reference 106; copyright 2013
American Chemical Society.

ribosome-bound NCBD, however, is not observed, because during its translation, NCBD under-
goes interactions with the ribosome surface that are thought to out-compete co-translational as-
sembly (24). NMR spectroscopy is also able to describe dynamic chemical exchange processes and
has been used to dissect residue-specific-level information on RNCs. A study on the intrinsically
disordered a-synuclein RNC revealed a propensity for sequence segments rich in basic residues
to form electrostatics-based interactions with the ribosome surface (64). The quantitation of such
contacts using NMR is an ongoing area of activity, with likely relevance to the folding onset and
contributing to the delay in folding observed as shown in the case of the FLNS5 domain (Section
2.2.2). NMR studies show that most of these ribosome-nascent chain interactions are highly tran-
sient in nature (33, 64). Ribosome-nascent chain interactions are also observed in optical tweezer
measurements of a T4 lysozyme RNC, where an ~450-fold attenuation in folding rate, relative
to the isolated protein, can be partially mitigated by weakening these interactions using high-salt
conditions (58).

In accord with these observations, the likely ribosomal feature mediating interactions with
nascent chains is its high net-negative charge conferred largely by the sugar—phosphate RNA
backbone [~5,000 phosphate charges (107)]. R-proteins also contribute to this negative surface
charge via their solvent-exposed globular domains, whereas their basic extensions—resulting in
near-to-neutral overall charge of these proteins (108)—presumably allow their insertion into the
particle and thereby facilitate ribosome assembly. The resulting globally negatively charged ribo-
some surface attracts positively charged counterions, mainly Mg?* but also K*, both of which have
significant importance not only for the ribosome structure and function (109) but also for cellu-
lar function, to the extent that the ribosome has been described as an important reservoir of these
cations and contributes to regulating their concentrations within the cell (110). Mg?* homeostasis
has been directly linked to co-translational events in E. coli: A recently described process termed
intrinsic ribosome destabilization (IRD) allows, under low Mg?* conditions, the synthesis of a reg-
ulatory MgtL nascent chain to cause ribosome dissociation, thereby aborting its translation (111).
Such sensing would appear to be part of a feedback mechanism in which downregulation of MgtLL
translation causes upregulation of the expression of the Mg?* transporter, MgtA. A molecular un-
derstanding of the role of Mg®* ions in regulating this intimate two-way communication between
the nascent chain and the ribosome will begin to shed light on the modes by which electrostatic
interactions can be modulated by metals on the ribosome.

It is likely that Mg?* and K* cations also contribute to forming the counterion shell surround-
ing the ribosome, together with polyanions such as putrescine and spermidine (112). How this
shell influences nascent chain folding and specific interactions between the nascent chain and the
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ribosome surface remains close to entirely unexplored. The high negative charge of the ribosome
surface may also have a significant role in supporting quinary interactions with cellular compo-
nents, in particular those that are highly basic (113). Ribosomes have been shown to bind a range
of substrates: in some cases, including for DHFR and adenylate kinase, micromolar affinity in-
teractions are suggested to reduce enzymatic activity in the cell, whereas thymidylate synthase
activity is activated through ribosome binding (114).

These features of the ribosome surface suggest that interaction sites for the nascent chain
likely also exist at the vestibule and on the outer ribosomal surface. It is less clearly understood
whether nascent chain segments preferentially interact with specific sites or whether the sterically
accessible space imposed by the ribosome on the nascent chain is the overarching determinant of
such interactions. Several possible r-protein interaction sites have been identified via cross-linking
(115). The protruding B-hairpin loop of ul.23 and, at approximately the same cross-section of the
tunnel, nucleotide A1321 of helix 50 are seen to form contacts with the N-terminal segments of
the SecM nascent chain. Helix 50 of the 28S rRINA is also an area contacted by eukaryotic, helical
nascent sequences (46).

At the vestibule, the B-hairpin loop of ul.24 protrudes into the space delimiting the end of
the tunnel. Recent force-based folding assays have identified a ul.23 loop deletion to allow the
ADRIa zinc finger to sample structure at a slightly earlier point in its translation than in wild-
type ribosomes (116), in which a cryo-EM map shows the folded structure in the vestibule close
to the ul.23 loop (35) (Figure 34). Titin 127, which according to force-based assays folds when
it is at a greater distance from the PTC relative to the ADR1a zinc finger (66), is able to fold at
marginally shorter distances when the protruding loop of ul.24 is removed (116). These assays
suggest an important steric role for the tunnel-exposed loops of ul.23 and ul.24 in modulating
the onset of folding of nascent polypeptides.

In bacteria, the ul.24 loop is extended relative to that in eukaryotes, potentially partitioning the
exit vestibule into distinct, possible paths for the nascent chain (T. Wlodarski, personal communi-
cation). Cryo-EM maps of titin 127 (66) and an a-spectrin domain (57) suggest in both cases that
the emerging structured domain is nudged by the ul.24 loop toward helix H59 of the 23S rRNA
and ul.23; therefore, it is possible that ul.24 dictates a specific path for the emergent polypeptide.
MD simulations show the immunoglobulin domain FLNS nascent chain frequently contacting
ul.24 and, to a lesser extent, ul.23,ul.29, and ul.22 on the outer ribosome surface (33).

Further understanding of the incipient structure on the ribosome will likely require a detailed
molecular description of the nascent chain at the exit vestibule, where the cumulative effects of
ion concentrations and steric confinement combined with the tethering of the nascent chain are
likely to remodel the conformational preferences of the dynamic nascent polypeptide in unique
ways.

3.3. The Ribosome Attenuates Misfolding by Acting as a Solubility Tag

Although the folding of small proteins (<100 residues) is frequently driven by thermodynamics
alone, and in many cases occurs posttranslationally, larger proteins with more complex topologies,
such as multidomain proteins (70% of the eukaryotic proteome), largely initiate their folding
during their synthesis on the ribosome. In many cases, their free energy landscapes are likely to
harbor partially folded intermediate conformations, including kinetically trapped states that arise
through the interplay between the rate of synthesis and that of folding (117) (see Section 4). This
becomes more likely when the sequence similarity between neighboring domains is significant,
as occurs in tandem repeat domains (118), where interactions between adjacent domains during
folding (119) can result in misfolding (100, 117, 120). Misfolding of multidomain proteins on
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the ribosome has been observed in the two-domain, four-EF-hand protein calerythrin (59) via
optical tweezer experiments. The mispairing of the first two EF hands comprising the emerged
N-terminal domain was suggested to be the basis of the misfolding, which then resolved into the
native state through a domain rearrangement after the very C-terminal EF hand had emerged
from the ribosomal exit tunnel (Figure 64).

Another optical tweezer study showing the ribosome modulating multidomain protein fold-
ing is a description of the apparent refolding rates of elongation factor G nascent chains (121)
(Figure 6b). At short nascent chain lengths, prior to an optimal length at which the folding rate
is maximal, the disordered nascent polypeptide undergoes interactions with the ribosome that ef-
fectively slow its folding rate. At lengths beyond this optimal length, additional emerged portions
of the neighboring II-domain become available to interact with the G-domain, which also disfa-
vors folding. These intra-chain interactions at long lengths are also shown to lead to misfolded
conformations, although the rate of their formation is decreased by the ribosome. The net result
of this ribosome-mediated destabilization is thus to favor productive folding and destabilize mis-
folding pathways. Among proteins observed to misfold, T4 lysozyme (58), apoMb (122), tailspike
protein P22 (56), and HaloTag (39) have been studied co-translationally and, on the ribosome,
all appear to be relatively protected from such effects. A possible rationale for these observations
may relate to the described general tendency of nascent proteins to interact with the ribosome
surface, which may destabilize some elements of intramolecular structure formation to mitigate
misfolding events.

The amino acid groups on the nascent chain that are seen to support interactions with the
ribosome particle [i.e., basic and aromatic residues (64, 106)] are also those typically known to
mediate interactions with well-described chaperones such as TF (14) and DnaK (123), both of
which sequester polypeptides to assist nascent chains in their pathway to folding. Analogously, the
ribosome may be regarded as the first chaperone the nascent chain encounters before handover
to downstream chaperones, which act in #7ans if the substrate requires further assistance to fold
correctly. This holdase effect is likely to contribute to a solubilizing capability of the ribosome and
to occur via relatively weak and frequently nonspecific interactions with its disordered substrates
(albeit with a preference for positively charged and aromatic amino acid types) to enable efficient
folding and release of the nascent chain, such as is seen for parts of a-synuclein (64), disordered
FLNS5 (33), and PIR (106) nascent chains.

Is the ribosome an efficient chaperone? Some useful insights into this question may be ob-
tained by considering aspects of the heterologous soluble expression of proteins. The extent of
aggregation of the protein bovine enterokinase was reported to be correlated with the acidity of
the solubilizing partner to which it was fused (124) and, indeed, some of the most commonly em-
ployed solubility tags are themselves highly negatively charged—for example, NusA, which has a
net charge of —40. The high net negative charge of the ribosome [possibly in the negative thou-
sands (107)] may therefore make it a fusion partner that protects against insoluble expression.
The simple effect of steric restriction imposed by the large ribosome particle is also likely to play
arole, such as through preventing undesired inter- and intramolecular association of an emerging
polypeptide chain. These effects that describe the ribosome as a giant solubility tag may also in part
explain observations that some proteins such as eukaryotic receptors that have not been purified
successfully from E. coli are successfully co-translationally folded and protected from aggregation
processes as long as they remain bound to the bacterial ribosome during ribosome display exper-
iments (125). This apparent resilience of the ribosome to maintain diverse polypeptide chains in
a largely aggregation-free state would also appear to be beneficial in mitigating the potentially
detrimental effects of nonproductive mutations during gene evolution (126).
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Figure 6

Observations of misfolded nascent chains on the ribosome. (#) Refolding force—extension curves using
optical tweezers at varying lengths of calerythrin RNCs. At polypeptide chain lengths of 135, 146, and 157,
the nascent chain does not fold despite an entire pair of EF hands (EF1 and EF2) having emerged from the
exit tunnel. At chain lengths of 167 and 177, a misfolded state is sampled. Upon further translation of an
additional 45-residue linker, the native state is sampled via a C-terminal intermediate. Panel # adapted with
permission from Reference 59. (b)) Apparent folding rates of the G-domain within RNCs of varying lengths
(brown) versus the isolated Gylone and G-II polypeptides (grzy) measured using repeated force-ramp cycles via
optical tweezers, showing the length at which the RNC folding rate is maximal. Panel # adapted with
permission from Reference 121. Abbreviation: RNC, ribosome-bound nascent chain.
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The ribosome particle’s protein/RNA composition further influences how efficiently certain
substrates are translated and/or folded (127). Although the structural core and catalytic sites are
highly conserved in the ribosome particle, organisms and even organelle-specific ribosomes are
characterized by distinct compositions and overall architecture (128). A particularly striking ex-
ample is that of the ribosomal exit tunnel, which is among the most conserved regions of the
ribosome—except in mitochondrial ribosomes (mitoribosomes), where it has undergone a re-
markable evolution. In fungal mitoribosomes, an evolutionary loss of a single RNA helical stretch
(eight nucleotides of mitochondrial rRNA helix H24) has led to the creation of an alternative
exit tunnel that is wider than that of the bacterial ribosome and is suggested to have conferred
a functional advantage in enabling mitochondrial proteins to fold early within this tunnel (129).
Both the tunnel’s size and the proteins that line it are thought to have evolved to ideally accom-
modate the mitochondrion’s proteome, which is particularly enriched in membrane proteins with
high helical content. An understanding of how such organelle-specific ribosomes cope with dis-
tinct proteomes will be an exciting area of future study, as will be the study of the impact on
productive folding of evolved orthogonal ribosomes (130) such as those that exploit quadruplet
codons for the translation of non-natural amino acids (131).

4. THE INFLUENCE OF PROTEIN TRANSLATION KINETICS

The rate at which the ribosome translates proteins has the potential to profoundly affect folding
outcomes. Within the stochastic search of a protein for its native fold, the rate of translation
governs the pathways visited by a nascent protein across its energy landscape (117). An identical
amino acid sequence produced by synonymous codons for which the decoding rate differs can, in
principle, lead to distinct folding outcomes. This was exemplified in a synthetic system, in which
two N- and C-terminal fluorescent proteins (FPs) half-domains kinetically compete for a central
half-domain to complete their fluorophore fold (132). The substitution of synonymous codons
within the central half-domain resulted in modulation of the decoding rate and altered the relative
yields of the possible N- and C-terminal products YFP (yellow) and BFP (blue).

Infrequently used codons are also often linked to rare tRINA isoacceptors, which statistically
take more time to diffuse toward the ribosome and therefore slow translation (133). Superficially,
using codons with high-abundance tRNA isoacceptors might seem a useful strategy to maximize
protein production; indeed, rapidly growing bacteria (e.g., in rich media) have been suggested
to do this for a large proportion of their genes coding for highly expressed proteins to maxi-
mize growth rates (134). For a number of proteins studied [Sufl (135), EgFABP1 (136), NBD1
from CFTR (30), chloramphenicol acetyltransferase (CAT) (137), the clock protein FRQ (138),
y-B crystallin (139)], substitution of stretches of rare codons leads to adverse outcomes ranging
from aberrant folding to alternative conformations. Synonymous versions of y-B crystallin lead
to different structures as described using NMR spectroscopy (139). The CAT nascent chain re-
quires specific stretches of rare codons to promote co-translational folding, and the failure to do
so results in posttranslational degradation, as demonstrated through antibiotic resistance exper-
iments (137). Aberrant folding due to non-optimal codon usage is also a feature of the NBDI
domain (from CFTR) nascent chains, in which FRET studies demonstrated that the kinetics of
translation of the a-subdomain are critical to allowing for successful p-sheet core folding. In-
deed, the NBD1 example presents a case for how subdomain folding may be kinetically coupled:
NBD1 avoids misfolding through optimized codons that ensure a slow translation rate window
to enable the a-subdomain to form (30). Indeed, rare codon stretches are typically identified at
precisely defined positions, strategically clustering ~30-40 amino acids downstream from the
C terminus of independently folding entities (or foldons) (135); this length corresponds to the
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approximate sequence length needed to span the ribosomal exit tunnel. The use of rare codons,
particularly within large or multidomain proteins, is therefore suggested to allow each foldon to
acquire structure before the emergence of additional sequence.

Collectively, these studies demonstrate a link between protein stability and codon choice;
hence, the degeneracy of the genetic code appears to have been exploited by cells to impart an ad-
ditional level of temporal control by fine-tuning between rapid synthesis and high-fidelity folding
under conditions of cellular stress. This level of control has likely been achieved via evolutionary
pressures through the optimization of the timing of biosynthesis and concurrent co-translational
folding (140, 141).

Overall, how important are these effects? Given that synonymous codon changes do not alter
the energy landscape of the nascent chain but only affect the choice of folding pathway down the
same energy funnel—or in other words, bias the accessible part of the energy landscape—in most
cases, the nascent chain is still able to fold into its native state. In E. co/i, it takes ~50-250 ms to
translate a single codon (142), and ribosome profiling data suggest that the decoding rate maxi-
mally varies only approximately two-fold in yeast (143) [although estimates vary between studies
(144)]. In the large majority of cases, a single codon substitution would therefore not cause a sig-
nificant effect on the structure of the protein product. Indeed, in the majority of the experiments
described above, in which codon substitutions caused aberrant protein folding or alternative con-
formations, stretches of tens of residues or more have been substituted (30, 137-139). A theoretical
prediction of a possible switch from folding posttranslationally to folding co-translationally was
made on the basis of changing every single codon to its slowest translating counterpart (144).
Generally, therefore, folding is likely to be somewhat resilient to a certain amount of variation
in translation rates. In some select cases, however, even the substitution of single codons can
perturb folding outcomes dramatically. The protein Sufl, whose N-terminal domain can fold
co-translationally, becomes progressively more labile to proteolysis with 1-2 codon substitutions
within a slow-translating cluster (135). Another notable exception is the single nucleotide poly-
morphism (SNP) in the MDRI gene, which alters the conformation of its encoded P-glycoprotein,
leading to a different substrate specificity and an altered sensitivity to inhibitor compounds (145).
This striking effect from a single codon substitution may be rationalized by the fact that MDR
proteins are able to readily alter substrate specificity through small changes in the conformation of
the drug-binding pocket (146) to confer promiscuous resistance, implying a shallow energy land-
scape for MDR allowing different conformations to be accessed even with very subtle changes in
translation kinetics.

5.OUTLOOK

The dynamic nature of the nascent chain, the large size of the ribosome, the complex interplay of
the various integrated systems of processing and quality control, and the kinetic aspect of biosyn-
thesis all contribute to the challenge of creating a high-resolution, mechanistic understanding of
co-translational folding. Considerable strides have been made, underpinned by comprehensive
studies of the refolding of isolated proteins in vitro. Nevertheless, the field of protein folding on
the ribosome is still in its infancy relative to the plethora of descriptions of protein translation, in
which ribosome motion has been extensively probed by a range of studies examining translation
initiation through to termination. An understanding, therefore, of how proteins begin their jour-
ney toward forming the functional structures that underpin every biological process in the cell is
clearly of importance and likely to revolutionize our present understanding of proteostasis and its
close ties to the onset of human disease.
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One of the frontiers in understanding co-translational folding is advancement of our high-
resolution structural description of nascent chains. We expect that quasi-atomic-resolution
structural ensembles of stalled nascent chains will be increasingly provided by combining cryo-
EM maps with NMR experimental data (e.g., chemical shift, RDC, or PRE measurements; see
Section 2.2) as restraints for MD simulations. A faithful representation of the large-scale motions
sampled by dynamic nascent chains will likely only be captured using structural ensembles, espe-
cially in the case of the disordered nascent polypeptides that are the mainstay during synthesis on
the ribosome. Understanding their subtle conformational preferences will likely be key, as these
may constitute transient contacts that initiate structure formation in a fledgling nascent chain and
ultimately guide downstream folding. The challenges in such MD simulations are manifold (as de-
scribed in Section 2.2.3) and include the convergence of simulations being complicated by the very
long timescale (ms—s) of translation itself. Moreover, an accurate representation of electrostatics,
experimentally shown to be important in regulating co-translational events, presents significant
modelling challenges, especially for very highly charged systems such as the ribosome (147).

Another frontier in understanding folding on the ribosome is to describe co-translational
events directly and in a time-resolved manner as they occur during polypeptide elongation. Al-
though high-resolution structural studies are only realistically accessible on nascent chains cap-
tured at thermodynamic equilibrium, a holistic view of co-translational folding must consider
how the kinetics of translation, relative to the kinetics of folding, modulate the structures actually
sampled during biosynthesis (59). A study of the fast-folding protein HaloTag is an example that
bridges kinetically resolved and equilibrium observations: The folding of HaloTag was measured
via the binding of a ligand with a very rapid on-rate (39) to determine its rate of co-translational
folding during synthesis and the extent of folding at discrete nascent chain lengths as measured at
equilibrium.

With bulk biophysical studies typically unable to resolve heterogeneous nascent chain behav-
ior within a single sample, another particularly exciting prospect is that of dissecting events at
the single-molecule level. Fluorescence-based strategies can track translation with single-codon
resolution in real time (148, 149) and will increasingly be combined with descriptions of nascent
chain motions during elongation (35, 150). Watching rounds of translation and folding occur on
single molecules will allow the dissection of the distribution of populations sampling different
conformations that define distinct co-translational folding pathways.

In vivo data of co-translational protein folding are sparse and exceedingly challenging to collect
but ultimately will be needed to understand the influence of the cellular environment. Indeed,
seminal studies using in vivo pulse-chase assays first demonstrated the existence of co-translational
folding via the autocatalytic cleavage of the cytosolic Semliki Forest virus protein (SFVP) in both
prokaryotic E. coli and in eukaryotic Chinese hamster ovary (CHO) cells (151). The more recent
biochemical approaches using force-based measurements of folding have emerged as a tractable
method to compare in vitro versus in vivo folding (50). Moreover, the continuous development of
high-sensitivity NMR (32) and in-cell NMR (152) offers the promise of observing RNCs folding
within live cells.

It is likely that by integrating a range of experimental and computational approaches, which
permit measurements of thermodynamics and kinetics to be merged with molecular-level struc-
tural models, a detailed mechanistic description of fundamental co-translational protein folding
processes, both in vitro and in vivo, will emerge over the next decade. Such knowledge of the
process underpinning activity of all living systems will undoubtedly reveal novel and remark-
able precedents in cellular biology, and importantly, will serve as a means for uncovering the
crucial links that exist between protein synthesis and folding on the ribosome and many human
diseases.
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