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Abstract

The coupling of protein synthesis and folding is a crucial yet poorly understood aspect of cellular
protein folding. Over the past few years, it has become possible to experimentally follow and
define protein folding on the ribosome, revealing principles that shape co-translational folding and
distinguish it from refolding in solution. Here, we highlight some of these recent findings from
biochemical and biophysical studies and their potential significance for cellular protein biogenesis.
In particular, we focus on nascent chain interactions with the ribosome, interactions within the
nascent protein, modulation of translation elongation rates, and the role of mechanical force that
accompanies nascent protein folding. The ability to obtain mechanistic insight in molecular detail
has set the stage for exploring the intricate process of nascent protein folding. We believe that the
aspects discussed here will be generally important for understanding how protein synthesis and
folding are coupled and regulated.
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Many proteins begin to fold during translation. This sequential co-translational folding is
important to avoid protein aggregation and misfolding. Generation of mechanical force by nascent
chain folding and denaturation of co-translationally formed structures are among aspects of co-
translational folding that have recently come to light.
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INTRODUCTION

How cellular proteins swiftly and robustly fold into their functional native structures remains
an outstanding problem in biology. Classic experiments pioneered by Anfinsen have shown
that the information contained in the primary sequence is sufficient for proteins to fold into
their native structures.l] The Anfinsen principle posits that folding is driven by
minimization of free energy and therefore occurs spontaneously. Given its broad importance
for biological function, protein folding has been the subject of intense study for decades,
resulting in several breakthroughs that shed light on the mechanisms of protein folding.[2-5]
The realization that failure to fold can result in misfolding and aggregation, which have been
implicated in many pathologies, 88! has further increased interest in understanding the
mechanistic underpinnings of protein folding.
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As has been pointed out previously,[®] most studies of folding have been carried out with
isolated, often relatively small proteins that fold quickly, robustly, and reversibly. Working
with a selected subset of proteins that exhibit these properties has greatly facilitated
experimental progress. However, this set of folding models is not representative of the
majority of proteins found in cellular proteomes.[®] Consequently, the folding of—
presumably—most natural proteins remains comparatively poorly understood. These
proteins, especially those that are larger and/or possess complex topologies, likely fold along
intricate pathways that not only contain important intermediate structures, but are also beset
with branch points toward non-native species that compete with productive folding.
Additionally, it became clear that, while Anfinsen’s principle holds in general, many cellular
proteins require the assistance of molecular chaperones to navigate their complex folding
energy landscapes and fold efficiently on biological time scales.[10]

An aspect of protein folding that has received increasing attention over the past decade is its
coupling to protein synthesis. Ribosomes synthesize polypeptides by adding one amino acid
at a time to the growing nascent chain. The nascent protein emerges vectorially from the
ribosome, N-terminus first. Because elongation rates are relatively low (approximately 20
amino acids per second in £, co/f1] and much slower in eukaryotic cells[22.13]) the
synthesis of even small proteins requires several seconds. The nascent protein remains firmly
anchored in the peptidyl transferase center while it is being extruded through the polypeptide
exit tunnel that spans the large subunit of the ribosome. The tunnel is approximately 100 A
long and relatively narrow, restricting the conformations that the C-terminal 30 to 40 amino
acids of the nascent chain can adopt. This universally conserved mode of protein synthesis
provides ample time for interactions—with in the nascent protein and with surrounding
macromolecules—that profoundly affect folding. While still within the polypeptide exit
tunnel, the nascent polypeptide can form interactions with protein and RNA residues lining
the tunnel walls. Already extruded segments begin to acquire more extensive tertiary
structure near the ribosome, just outside the tunnel exit, before the following segments are
synthesized. This early, cotranslational folding is thus modulated by interactions with the
ribosome itself, as well as with cellular factors recruited to the nascent chain, often through
specific binding sites near the tunnel exit.[14]

In this perspective we discuss paradigms of co-translational folding, most of which have
resulted from recent experimental work and are still emerging. As such, some of the
conclusions are speculative and will need to be scrutinized by experiment and theory.
Excellent reviews on the topic have been published recently (see, for instance, these
references:[15-20]), Rather than trying to provide a comprehensive review, our aim here is to
shine a spotlight on a few aspects that we believe will merit further investigation, with a
particular focus on co-translational folding of multi-domain proteins. We apologize in
advance for not being able to include all of the seminal work that contributed to firmly
establishing nascent protein folding as a key aspect for understanding cellular protein
biogenesis.
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Temporal sequestration reduces inter-domain misfolding

More than half a century ago, Peter Dunnill conjectured that, in searching for its native
structure, a “polypeptide chain undergoing synthesis could [...] have one very great
advantage in being extruded sequentially just as it is synthesized”.[2] Dunnill proposed that
smaller segments of a nascent protein fold into native-like structures as they emerge from the
ribosome, simplifying the conformational search process. It was indeed shown, decades
later, that proteins can form native, functional structures before their synthesis is complete,
[22] and that co-translational folding of structural units, or domains, provides a mechanism
for rapid and efficient folding of large proteins.[23] These seminal studies relied mainly on
measuring enzymatic activities and protease protection of nascent proteins still bound to the
ribosome as proxies for successful folding.

Biophysically defining co-translational folding pathways has been experimentally
challenging for several reasons. Chemical denaturation methods, typically used to study
folding in solution, can denature the ribosome, although they have successfully been used
within a limited concentration range.[241 Measuring folding of the nascent polypeptide is
difficult in the context of the ribosome, a macromolecular machine that is orders of
magnitude larger than most proteins. For a number of techniques that have traditionally been
used to follow folding (see[2%] and references therein), such as tryptophan fluorescence or
circular dichroism spectroscopies, the background signal from the ribosome precludes the
measurement of nascent polypeptide folding. Moreover, many proteins, including
structurally intricate multi-domain proteins, populate transient and potentially heterogeneous
on- and off-pathway folding intermediates. Resolving this complexity necessitated the
application of novel experimental approaches to characterize their folding. Single-molecule
methods in particular have proven useful in dissecting this complexity. Single-molecule
force spectroscopy, which permits not only observation of folding, but also manipulation of
individual protein molecules to drive conformational transitions,[26] revealed misfolded
states in a tandem repeat protein.[27] Single-molecule fluorescence measurements further
indicated this misfolding to be sequence-specific, caused by the formation of domain-
swapped structures between neighboring domains with high sequence similarity.[28]
Subsequently, single-molecule force spectroscopy experiments demonstrated that inter-
domain misfolding is prevalent even among dissimilar domains in globular multi-domain
proteins.[29-35]

These and other studies strongly suggest that inter-domain misfolding is a general
phenomenon that complicates the folding of large multi-domain proteins. The high local
concentrations resulting from arranging several domains in one polypeptide likely
contributes to the prevalence of forming misfolded states.[3¢] Clearly, the vectorial mode of
cellular protein synthesis enables temporal sequestration of domain folding, so that one
domain has the opportunity to fold before the following domain is fully synthesized. This
conceptually straightforward mechanism increases the robustness of folding and has been
proposed to have enabled the evolution of multi-domain proteins.[38] As will be discussed in
the following sections, we are just beginning to understand the complex interplay of
numerous effects that potentially modulate nascent protein folding, in addition to the
temporal sequestration that is a direct consequence of the mode of cellular protein synthesis.
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Interactions with the ribosome surface modulate nascent chain folding

During synthesis, proteins are enzymatically processed, engaged by molecular chaperones,
recognized by targeting machinery that guides them to their proper intracellular destination,
and monitored by quality control machinery to remove stalled or incomplete products.[19:37]
Likewise, assembly of functional oligomers can commence co-translationally.[38] All of
these biologically important interactions also have the potential to affect the folding of a
newly synthesized protein. Groups of proteins likely interact with these factors in ways that
are determined by their sequence properties. For instance, proteins destined for co-
translational export from the cytosol contain hydrophaobic signal sequences that bind
specifically to the signal recognition particle. A more general interaction partner for all
cytosolic nascent chains is the ribosome itself. Because the nascent protein remains tethered
to the ribosome throughout synthesis, the effective ribosome concentration—from the
viewpoint of an amino acid residue in the nascent chain—is in the millimolar range.[3°]
Even weak interactions may therefore be effective in tuning nascent chain folding.

Steric interactions with the ribosome limit the conformations that a nascent protein can
adopt inside or just outside the exit tunnel,[4%] which can result in thermodynamic
destabilization of folded structurest3%411 (Figure 1). The magnitude of the destabilization
has been determined experimentally using pulse proteolysisi24l and NMR spectroscopy!4]
(Figure 1). In addition to being sterically destabilized, unfolded nascent chains enter into
electrostatic interaction with the surface of the ribosome,[4243] which carries a high density
of negative charges owing to the phosphates in the backbone of ribosomal RNA, the primary
constituent of the ribosome. Electrostatic interactions have been found to slow down specific
steps along a folding pathway.[42] Attraction of basic nascent chain residues toward the
ribosome (and, perhaps, repulsion of acidic ones) can conceivably change the folding energy
landscape in various ways that remain to be explored. For instance, simultaneous
electrostatic attraction and repulsion of amino acid residues within a nascent polypeptide
could energetically favor particular structural states and disfavor others, introducing a
conformational bias.

Even though interactions with the ribosome do not necessarily alter the folding pathway of a
given domain,[4443] they often affect the rates of individual transitions or the stability of
folded structures.[3142:45.46] |ntriguingly, the folding of a de novo-designed protein that
lacks an evolutionary history appeared completely unaffected by interactions with the
ribosome,[47] raising the possibility that rate and stability modulation observed with natural
proteins are the result of evolutionary selection. Reduction of folding rates and
destabilization of structures formed near the ribosome[24:31:39.41.42.48] might help to delay
folding until a complete foldable unit is synthesized, avoiding the formation of stably
misfolded states that are difficult to dissolve.

Which part of the emerging nascent multi-domain protein interacts with the ribosome
changes as elongation proceeds (Figure 2). Consequently, the effects on folding of a given
domain also change during synthesis. When the first domain of a larger protein (Figure 2,
red domain) has just emerged, it interacts with the ribosome, reducing its folding rate. As
elongation proceeds and the length of the nascent protein increases, the first domain
gradually escapes the influence of the ribosome. The following second domain (Figure 2,
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yellow domain) emerges and begins to interact with the ribosome. This interaction has been
found to reduce misfolding between the two domains.[3%] Thus, the region of a nascent
polypeptide that interacts with the ribosome most strongly shifts in the N- to C-terminal
direction during synthesis, and the folding rate of a given domain peaks after it has reached a
sufficient distance from the ribosome during elongation (Figure 2).

It seems likely that the ribosome generally interacts with the proximal segment of a nascent
protein, that is, the part that is closest to the ribosomal surface. Sequestering part of a
domain slows down its folding. The same domain folds swiftly after elongation has
progressed, because the downstream segment of the emerging next domain is sequestered
through interactions with the ribosome, which reduces inter-domain misfolding. This
scenario provides a relatively simple example of the layering of several effects (temporal
sequestration and ribosome interactions) that act simultaneously to change how a nascent
protein folds. In addition, how nascent chain binding chaperones engage with their
substrates also changes during elongation.[49] Other contributions, discussed in the following
sections, may further modulate folding in combination with the effects described in Sections
“Temporal sequestration reduces inter-domain misfolding” and “Interactions with the
ribosome surface modulate nascent chain folding”.

Nascent chain folding generates mechanical force

Recent studies have found that the folding4”] (and even the presencel®%) of a nascent
protein outside the ribosome can result in generation of mechanical forces. We are focusing
our discussion here on force associated with nascent chain folding. When a domain of
sufficient size folds upon emerging from the ribosome, it becomes sterically excluded from
the exit tunnel. At the same time, it is held in immediate proximity to the ribosome because
the unfolded C-terminus of the nascent protein within the exit tunnel is anchored in the
peptidyl transferase center. This arrangement results in mechanical force on the nascent
chain such that the segment within the exit tunnel is under mechanical tension (Figure 3).[47]
In the context of continuous nascent chain elongation, forces have been predicted by coarse-
grained simulations to be particularly high for fast-folding domains that adopt their
structures quickly upon emerging from the ribosome exit tunnel.[®] Steric exclusion is a
straightforward mechanism underlying force generation, perhaps similar in concept to the
volume exclusion effect that give rise to an entropic force in tethered particle experiments.
[52] However, other interactions may be important, and the origin of the “co-translational
folding force” is not precisely understood at present.

An implication of such a “co-translational folding force” is that it is a universal consequence
when the nascent chain forms a stable globular structure close to the ribosome. Indeed, this
effect has successfully been exploited to follow nascent chain folding with force-sensing
elongation arrest peptides in vivol47:53.541 and in vitrol44:48.55.56] (Figure 3). These and other
examples demonstrate the power of the approach in detecting co-translational folding events,
even though the precise mechanisms of overcoming arrest peptide-mediated stalling of
elongation remain to be determined.

The “co-translational folding force” results in tension on the region of the nascent
polypeptide inside the exit tunnel (Figure 3). It is obvious from Newton’s third law that the
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folded domain as well as the C-terminal attachment point experience equal and opposite
forces. At the folded domain, the force likely contributes to the observed folded state
destabilization (see previous section). The effects of force at the C-terminus are less clear.
Depending on the sequence, length, and structure of the nascent chain within the exit tunnel,
the C-terminal attachment point experiencing force can be formed by interactions of the
nascent protein with protein or RNA residues lining the exit tunnel, as is observed in a
number of well-characterized arrest peptides.[>”] Absent such contacts, the force should be
transduced to the 3'-end of the tRNA that anchors the nascent protein in either the A- or the
P-site of the peptidyl transferase center. In both cases, it is conceivable that force acting on
the nascent polypeptide affects the catalytic activity of the ribosome: either by directly
exerting force that distorts the geometry of the peptidyl transferase center, or indirectly by
breaking nascent chain-tunnel interactions which modulate ribosome activity.

Regardless of the molecular underpinning, a “co-translational folding force” could provide
the basis for a feedback mechanism that adjusts chain elongation rates in response to nascent
chain folding events. Such a mechanism of regulating ribosome activity through nascent
chain folding is currently not supported by experimental data, except in the case of artificial
reporter constructs containing force-sensing arrest peptides (described above). However, for
biological processes other than co-translational folding of soluble protein domains, control
of translation elongation through the sensing of forces on the nascent chain is a well-
established regulatory function of specific arrest peptides.[8] A similar mechanism that
regulates elongation in response to folding (and, perhaps, interactions with nascent chain-
binding factors) remains speculative to date, but appears physically plausible.

The mechanical tension that some domains can fold against and sustain is considerable.[>]
The magnitude of the actual “co-translational folding force” has been estimated
experimentally[47] and through modeling.[50.601 However, a quantitative understanding of the
effect of force on a folded domain in a nascent protein requires further experimental work.
While the mechanical stabilities of a number of proteins have been determined in single-
molecule force spectroscopy experiments,[28] the pulling geometry in these experiments
differs from the scenario of a nascent protein abutting the surface of the ribosome. Given
that unfolding force strongly depend on the direction of the applied force (see, for example,
references!8] and[62]) these studies can only provide estimates. Direct measurements are
needed to define the magnitude of the “co-translational force” reliably. An interesting
conjecture resulting from general force generation by nascent chain folding is that the
unfolded polypeptide inside the exit tunnelmay act as a spring that limits the force at the
peptidy! transferase center, protecting the active site of the ribosome against mechanical
damage. A requirement for such protection could be one reason for the presence of a long
and narrow exit tunnel in all extant ribosomes, in addition to its well-established regulatory
functions.[8]

Kinetic coupling of nascent chain folding and elongation results in non-equilibrium effects

As described in the previous section, arrest peptides slow down translation elongation
through interactions with the ribosome. Even in the absence of these specialized sequences,
translation elongation by the ribosome does not occur at a uniform speed across the coding
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sequence. Instead, it is modulated by several factors, including differential codon usage and
mRNA secondary structures.[63,64] Varying local elongation rates in a directed manner can
impact nascent chain folding. For instance, clusters of slowly translating codons can further
enhance temporal sequestration (see Section "Temporal sequestration reduces inter-domain
misfolding") and improve the overall folding efficiency.[65]
Indeed,genomicanalysesrevealedthatslowlytranslated clusters of codons are conserved both
between and within domains, pointing to important roles for protein biogenesis.[66]

Fast-folding segments of a nascent protein can be expected to conformationally equilibrate
during chain elongation and should therefore be insensitive to variations in synthesis rates.
However, many folding transitions are known to occur on the timescale of seconds. In this
case, an extruded segment of nascent chain may not reach conformational equilibrium
before additional segments emerge from the ribosome. It has been shown that the resulting
non-equilibrium effects can delay the formation of misfolded speciesl®7! (Figure 4) or result
in kinetically stable structures.[58] Strikingly, local changes in elongation rate, elicited by
directed synonymous mutations, have been shown to affect the function, stability, and, by
inference, the structure of the translation product.[69-71]

Synonymous codon changes have been implicated in a number of diseases,[2] highlighting
their biological importance. Recent experiments have revealed persistent structural changes
in the protein product, breaking new ground for studying how changes in codon usage can
result in kinetically stable alternative structures’1.73] (Figure 4). Synonymous codon
changes can affect not only folding, but also elicit other effects,[18] such as changes in
mRNA stability and control protein homeostasis at multiple levels.[”4] Dissecting the
consequences resulting from kinetic coupling of folding and elongation therefore requires
direct measurements of both processes. Measuring local elongation speeds along an open
reading frame at biologically relevant rates remains experimentally difficult, with ribosome
profiling experiments yielding the most comprehensive, though indirect, view of elongation
rates at codon resolution.[7>76] Real-time detection of nascent chain folding in the context of
nascent chain elongation is also extremely challenging, but some important progress has
been madel87:77] (Figure 4) and may help to develop new strategies for dissecting non-
equilibrium effects in co-translational folding.

Directionality determines when nascent chain folding occurs

Implicit in the concept that elongation rates affect the structure of the translation product is
the assumption that alternate folding pathways are favored depending on how quickly
segments of the nascent chain are extruded from the ribosome. For instance, the N-terminal
part of a nascent domain may form local structure to which C-terminal are added once they
are extruded during elongation. When the full-length protein is refolded, distal interactions
between N- and C-terminal regions may favor a different intermediate that sets up the
beginning of an alternative pathway that potentially result in a different final structure.
Which pathway the folding protein advances along would then depend on how quickly the
C-terminal parts become available during synthesis, relative to the rate at which the N-
terminal intermediate forms.
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Since most domains longer than about 100 amino acids are thought to populate
intermediates,[78] stepwise co-translational folding into successively larger intermediates
might be a common phenomenon among proteins above this threshold. However, the
directionality of folding is crucial for these considerations to apply. Recent experiments
suggested that the G-domain of elongation factor G (EF-G), composed of nearly 300 amino
acids, folds through a strictly directional pathway that begins with an obligatory
intermediate formed by the extreme C-terminus of the domain.[33] These findings suggest
that folding pathways of at least some domains follow a prescribed order, consistent with a
“foldon” model.L[7%] In the case of the G-domain, the pathway starts at the extreme C-
terminus of the domain, a restriction that is presumably imposed by the final structure of the
domain. Because the C-terminus is synthesized last, the domain does not appear to form
stably structured intermediates until it is completely extruded from the ribosome. Similarly,
circular permutation experiments with the all-beta MATH domain indicate that co-
translational folding is delayed until complete extrusion from the ribosome.[8% In these
cases, rate variations during synthesis of the domain would not be expected to alter folding.
Thus, directionality is an important aspect of how and when a nascent protein folds during
synthesis.

Experiments with the G-domain[>3] and several other small proteins or domains[4>48] did
not indicate any change in the actual pathway of folding when comparing the ribosome-
bound nascent chain to the isolated polypeptide. However, it is worthwhile to keep in mind
that absence of proof does not equal proof of absence. Indeed, arrest peptide-experiments
indicate that a small domain folds through several early intermediates co-translationally,[6]
whereas it exhibits two-state behavior in isolation.

Energetic dependencies among domains determine co-translational folding order

Folded domains in globular proteins are usually arranged in a specific configuration through
interactions at the interfaces. These interfaces between domains can significantly contribute
to domain stability. For instance, the first two domains in the five-domain protein EF-G
share a large interface. The second domain has been suggested to require these interactions
for adopting a stable structure, while the first domain appears to be unaffected by the
absence of its neighbor.[3%] This asymmetric dependency imposes a sequential folding order
which, in this case, matches the order of synthesis.

The three C-terminal domains of EF-G serve as an example that such dependencies can also
be incompatible with co-translational folding. EF-G adopts an elongated structure in
solution,[81] with domain 111, the central of the five EF-G domains, forming extensive
interfaces with both its C- and N-terminal neighbors. However, while interactions with the
N-terminal domains do not contribute to the thermodynamic stability of domain 111, those
with the C-terminal neighbors are essential for stability.[34] In the absence of the two C-
terminal domains, domain I11 remains essentially unstructured. As a consequence, the
domain cannot fold co-translationally, and the C-terminal half of EF-G has to complete
folding post-translationally. This particular energetic coupling may enable functionally
important flexibility of EF-G, but comes at the expense of efficient autonomous folding and
results in the accumulation of unfolded domains during translation. This example of two
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biological ends, folding and function, coming into conflict during protein biogenesis[34]
illustrates that the energetic dependencies among domains have to be taken into account
when reconstructing co-translational folding pathways of multi-domain proteins.

Denaturation by unfolded polypeptide is an unexpected challenge during co-translational

folding

When domains are autonomously stable, they are expected to fold upon emergence from the
ribosome, avoiding extensive accumulation of unfolded polypeptide during synthesis (as
discussed in Section "Temporal sequestration reduces inter-domain misfolding™). To reap
this benefit of domain-wise co-translational folding, already folded structures must be stable
enough to remain folded while the following segments of the protein are synthesized.
Modest thermodynamic stability and high cooperativity ensure relatively slow unfolding
rates for many domains. However, recent single-molecule experiments revealed that,
surprisingly, a folded domain can be destabilized by emerging unfolded polypeptide,
effectively undoing co-translationally achieved folding progress(3°] (Figure 5). The precise
mechanism of this denaturing effect remains to be determined, but might be similar to the
well-known destabilization of some proteins by signal sequences[82] or fusion of affinity
tags.[83]

Regardless of mechanism, denaturation of a folded domain by adjacent unstructured regions
may pose a general challenge for both de novo folding during synthesis and for
conformational maintenance of native multi-domain proteins. During synthesis, unfolded
polypeptide is inevitably present, and the denaturation effect was observed before the
complete, folding-competent domain had been extruded[3%] (Figure 5). The bacterial
chaperone trigger factor, which is thought to interact with most nascent chains[1% was found
to protect against denaturation.[3%] The ubiquity of specialized nascent-chain binding
chaperones may result from a need to shield emerging polypeptide from wreaking havoc on
folded domains during the relatively long time it takes to synthesize a complete, foldable
unit. Once a multi-domain protein has successfully reached its fully folded structure, local
unfolding within one domain might spread to neighboring ones and cause large-scale
misfolding. While the destabilizing effect of an unfolded domain on its structured neighbor
during synthesis has so far been described for the one example discussed here, it adds one
more potentially crucial aspect of co-translational folding that merits future investigation.

CONCLUSION

Over the past decade, the importance as well as the complexity of co-translational folding
has become abundantly clear. The recent work discussed here has provided examples of co-
translational folding features that are likely of general significance for the process. However,
numerous questions remain to be addressed. For instance, how might structures stabilized in
the exit tunnel affect overall folding to the native state? Can nascent chain folding provide a
signal for regulating ribosome activity? Which parts of any given protein actually fold co-
translationally under physiological conditions in the cell? And, in a cellular context, how do
molecular chaperones act, individually or in concert, to help efficient folding?
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One challenge along the way to a more complete understanding of co-translational folding,
and hence of cellular protein folding more generally, will be to integrate the various aspects
that affect protein folding and evaluate their significance. Defining a set of proteins that are
good representatives of proteome diversity and studying them with several orthogonal
approaches might help to better define individual aspects of co-translational folding and
evaluate their general importance. Steps in this direction have been taken by, for example,
combining fluorescence spectroscopy and biochemistry techniques with NMR spectroscopy,
[73] or combining arrest peptide assays with fluorescence, 6] pulse proteolysis,[48] or single-
molecule force spectroscopy.[®3]

Experimental investigation of co-translational folding is still a nascent field. Much of the
experimental toolkit for investigating the process has become available only recently. While
many of these tools have yielded spectacular insights, they collectively still resemble the
proverbial blind men appraising the elephant of co-translational folding. Fluorescence
spectroscopy, single-molecule manipulation, cryogenic electron microscopy, and nuclear
magnetic resonance spectroscopy, among a host of other biochemical and biophysical
approaches, are all poised to yield more quantitative insights into nascent chain structure and
folding. Combining them with /n vivo approaches, such as the arrest peptide assay described
above (“Nascent chain folding generates mechanical force™), will further help to pinpoint
important steps of co-translational folding pathways in the natural environment of the
cytosol, which greatly impacts folding energy landscapes.[84] Understanding folding in the
context of synthesis could be particularly important in light of the suggestion that at least
some proteins have evolved to be kinetically stable8®] and might, on average, not unfold
during their biological lifetime. Proper initial folding during or immediately after synthesis
would be a straightforward safeguard against the detrimental effects of misfolded protein
accumulation on cellular fitness and viability.
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FIGURE 1.
Destabilization of folded domains on the ribosome. (A) Illustration of destabilization by the

ribosome. A domain (yellow) is stably folded in isolation (AG < 0). In the ribosome-nascent
chain complexes shown here, the same domain is fully extruded from the ribosome and
connected to the peptidyl transferase center by the subsequent domain (blue) that serves as
linker. For relatively short linkers that span just the length of the ribosome exit tunnel (“short
linker”, approximately 40 amino acids or less), interactions with the ribosome are
destabilizing (AG = 0). When translation elongates the linker (“longer linker), the effect of
the ribosome decays and stability is restored (AG < 0). (B) Experimental determination of
nascent chain stability at various chain lengths. Thermodynamic stabilities of the FLN5
domain were determined in isolation (blue) and in ribosome-nascent chain complexes
(green). Truncations of the free protein mimic sequestration of the C-terminus in the exit
tunnel. The stability of the full domain is approximately —7 kcal/mol. On the ribosome, the
domain could, in principle, fold at a linker length of 36 residues from the peptidy!l
transferase center. However, a further addition of 6-8 amino acids is required for the
formation of stable structure. Destabilization by the ribosome effectively delays stable
folding until nascent chain elongation provides separation between the domain and the
ribosome. Modified from ref.[41]
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FIGURE 2.
Ribosome-nascent chain interactions modulate folding rates. (A) Conceptualization

illustrating the changing interactions of a nascent multi-domain protein with the ribosome as
elongation proceeds. At short nascent chain lengths, strong interactions of the ribosome with
the N-terminal domain (red) compete with folding (scenario 1), reducing the folding rate
(dashed black line). As elongation proceeds, interactions with the ribosome sequester
unfolded segments of the following domain (yellow) that would otherwise form misfolded
species with the first domain. Ribosome-nascent chain interactions thus compete with inter-
domain misfolding (scenario 2), and the folding rate of the red domain approaches its
intrinsic value (dotted red line marked by an asterisk). Further elongation shifts the strong
interactions with the ribosome to more C-terminal parts of the yellow domain, reducing its
ability to thwart misfolding. Interactions between the unfolded domains promote misfolding
and reduce effective folding rate (dotted pink line and scenario 3). (B) Experimental
characterization of rate modulation by the ribosome. The folding rate of the G-domain from
elongation factor G was determined in single-molecule experiments for various chain
lengths. The G-domain folds at a maximal rate when it is separated from the peptidyl
transferase center by 93 amino acids of domain Il (386gnc). The rate is comparable to that
of the G-domain in isolation (G4jone). At shorter lengths, the G-domain can fold, but
interactions with the ribosome reduce the folding rate (328grnc, 358rNc)- Inter-domain
misfolding reduced the productive folding rate in longer nascent chains (415gnc, 452RNC)-
From ref.[3%] with permission
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FIGURE 3.
Nascent chain folding generates mechanical force. (A) Folding of a nascent chain in close

proximity to the ribosome sterically excludes it from the exit tunnel. When folding occurs
close to the surface of the ribosome, it generates a mechanical force on the unfolded segment
of the nascent chain within the tunnel. The force is experienced by and destabilizes the
folded domain. It also acts on the C-terminal attachment point. Without stable nascent chain-
tunnel interaction, the force propagates to the peptidyl transferase center, where the nascent
chain is anchored by a tRNA, potentially affecting ribosome activity. (B) Steric force
resulting from nascent protein folding is sufficient to release arrest peptide (AP)-mediated
stalling of elongation. Coupling of arrest release to the synthesis of a reporter (NanoLuc
luciferase) allows detection of nascent chain folding waypoints in live bacteria. This assay
reveals that the main folding event during synthesis of the G-domain of EF-G occurs only
after the complete domain (293 amino acids) has been fully extruded from the ribosome,
around L = 332 amino acids. Stable intermediates are not detected in shorter chains. RLU:
relative light units. From ref.[331(C) The arrest peptide assay also reports on nascent chain
folding in vitro, shown here for the R15 domain of spectrin. The signal obtained for the R15
domain without neighboring domains (R15nL) is affected weakly if the upstream R14
domain is present (R14R15nL). However, presence of part of the downstream R16 domain
(R15R16nT) shifts the onset and/or magnitude of the signal, indicating that the onset of R15
folding is sensitive to the presence of the N-terminus of R16. fg : fraction full-length. Note
that the length L is defined differently in panels B and C. From ref.[60] with permission
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FIGURE 4.
Coupling of nascent chain elongation and folding gives rise to non-equilibrium effects. (A)

Single-molecule experiments with optical tweezers allow direct observation of non-
equilibrium effects on nascent protein folding. Partially synthesized calerythrin nascent
chains populate a misfolded state (M, zoom inset). Formation of the misfolded state is
significantly delayed (z) even after the amino acids constituting the misfolded state have
been synthesized, owing to non-equilibrium effects of translation and folding. From ref.[67]
(B) Characterization of nascent chain dynamics by photon-induced electron transfer (PET)
during active elongation shows that the nascent chain interconverts between different
compact and elongated structures. As the nascent chain traverses through the exit tunnel, it
adopts different conformations as reported by PET efficiencies. When 70 aa of the protein
HemK are synthesized (70 aa construct), it adopts a compact structure before rearranging to
final native state upon further elongation (112 aa construct). Disrupting the hydrophobic
core of the domain (4xA mutants) does not interfere with compaction, but prevents the final
rearrangement. From ref.l77], with permission. (C) Variations in the rate of translation
elongation alters the final structure of gamma-B crystallin. The protein was heterologously
expressed in £. coli, using either “unharmonized” (U) or “harmonized” (H) coding
sequences. Even though both coding sequences are synonymous, NMR measurements reveal
the presence of two sub-populations of the protein with distinct structures and patterns of
disulfide bridges. From ref.[73]
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FIGURE 5.
Emerging unfolded polypeptide can denature co-translationally folded domains. (A)

Unfolded domain Il of EF-G denatures the co-translationally folded G-domain on the
presence of the ribosome (brown lines) and in the isolated polypeptide (magenta line). The
ribosome-binding chaperone trigger factor protects against the denaturation of folded
domain (green line). From ref.[3%], with permission. (B) As domain Il is partially synthesized
and extruded from the ribosome, it interacts with the folded N-terminal G-domain and
denatures it (386gNc). Because the domain is incomplete, productive folding to the native
state is not possible at this chain length. When the complete domain is synthesized and
extruded from the ribosome (452rNc), denaturation competes with productive folding.
Trigger factor shifts the balance toward the folded state by blocking denaturation. From ref.
[35] with permission
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