Folding up and Moving
on—Nascent Protein Folding
on the Ribosome

Plasticity of
Multiprotein
Complexes

Christian M. Kaiser *? and Kaixian Liu''3

1 - Department of Biology, Johns Hopkins University, 3400 N Charles St., Baltimore, MD 21218, USA
2 - Department of Biophysics, Johns Hopkins University, 3400 N Charles St., Baltimore, MD 21218, USA
3 - CMDB Graduate Program, Johns Hopkins University, 3400 N Charles St., Baltimore, MD 21218, USA

Correspondence to Christian M. Kaiser: Department of Biology, 3400 N Charles St., 205 Mudd Hall, Baltimore, MD
21218, USA. kaiser@jhu.edu

https://doi.org/10.1016/j.jmb.2018.06.050

Edited by Karl Duderstadt

Abstract

All cellular proteins are synthesized by the ribosome, an intricate molecular machine that translates the
information of protein coding genes into the amino acid alphabet. The linear polypeptides synthesized by the
ribosome must generally fold into specific three-dimensional structures to become biologically active. Folding
has long been recognized to begin before synthesis is complete. Recently, biochemical and biophysical
studies have shed light onto how the ribosome shapes the folding pathways of nascent proteins. Here, we
discuss recent progress that is beginning to define the role of the ribosome in the folding of newly synthesized

polypeptides.

© 2018 Elsevier Ltd. All rights reserved.

Introduction

Proteins are linear polymers synthesized by the
ribosome that generally have to fold into specific three-
dimensional structures to become biologically active.
Pioneering experiments by Anfinsen [1] showed that
proteins fold spontaneously in vitro, demonstrating that
the sequence of the polypeptide contains all the
information necessary to specify the final structure,
and that no additional components are required to
guide the conformational search to the biologically
active state. While Anfinsen's principle generally holds
true for many small proteins, the folding of larger
proteins is complicated by the population of off-pathway
(or misfolded) species that compete with productive
folding and often result in irreversible aggregation [2].
These competing reactions are particularly pronounced
in the crowded cellular environment [3]. To promote
productive folding, all cells contain an arsenal of
molecular chaperones that guide initial folding, help to
maintain proteins in their functional states, and are
involved in protein quality control [4]. Specialized
chaperones are targeted to proteins even before the
ribosome has completed their synthesis [5, 6]. Recent-
ly, it has been realized that the ribosome itself
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modulates early folding events [7], helping to set the
nascent polypeptide on the correct path for successful
folding.

The ribosome is the central player in cellular protein
synthesis, polymerizing amino acids in the order
dictated by the genetic information in the messenger
RNA (mRNA). For every codon in the mRNA, the
ribosome helps to select the appropriate amino-
acylated transfer RNAs (tRNAs) and subsequently
catalyzes the addition of the selected amino acid to the
nascent protein. By translating the information in the
mRNA one codon at a time, the ribosome synthesizes
polypeptides in a directed manner, adding amino acids
to the carboxyl-terminus (C-terminus) of the nascent
polypeptide. As a consequence, proteins emerge in a
vectorial fashion, starting at the amino-terminus (N-
terminus), as the ribosome moves along the mRNA
(Fig. 1).

Protein synthesis by the ribosome is highly proces-
sive. Full-length translation products are released only
when a stop codon in the mRNA is reached. While
stalling of ribosomes during elongation can lead to
ribosome rescue [14] or dissociation of the incomplete
peptide [15], the growing nascent polypeptide remains
stably anchored to either the A-site or the P-site tRNA
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Fig. 1. Modulation of folding by the ribosome. The cartoon depicts ways in which the ribosome and the process of
translation can affect the folding of nascent polypeptides. (1) Interactions with the ribosome surface reduce folding rates and
stabilize the unfolded state [8—-10]. (2) Presumably similar interactions might help to reduce misfolding among emerging
domains in multi-domain proteins [11]. (3) Sequential domain-wise folding reduces the complexity of the conformational search
problem [11]. (4) Local variations in elongation rate tune synthesis to folding, promoting the formation of native structures [12].
(5) Structures that are unstable by themselves can be stabilized in specific regions of the ribosome exit tunnel that spans the

large subunit [13].

during normal elongation. At the same time, polypep-
tide elongation is relatively slow, proceeding at a rate of
up to 20 amino acids per second in bacteria [16].
Elongation in eukaryotes is even slower, with a rate of
~6 amino acids per second as estimated from pulse
chase [17] and ribosome-profiling [18, 19] experiments.
Synthesis of even a small domain of 100 amino acids
thus requires several seconds. Folding, on the other
hand, can be much faster. While large proteins may
take several minutes to complete folding, the formation
of intermediates or the folding of domains is generally
much faster, with time constants often in the millisecond
range. Therefore, folding can in principle begin before
synthesis is complete, as has been noted more than
half a century ago [20]. Co-translational folding of
ribosome-bound nascent proteins could indeed be
observed experimentally by assaying the catalytic
activity [21], the acquisition of protease-resistant
structures [22], or the binding of conformation-specific
antibodies [23]. These experiments also suggested
that the particular environment near the ribosome and/
or the vectorial process of polypeptide synthesis
affect what structures the nascent polypeptide popu-

lates [22, 23]. Moreover, due to a variety of factors, the
elongation rates along a given mRNA are not uniform
[24]: some codons are translated faster than others,
resulting local minima and maxima at specific positions
during polypeptide synthesis. The modulation of
elongation rates has been shown to affect the biological
function [25, 26] or biochemical properties [27, 28] of
the translation product. More recently, it has become
possible to directly relate changes in elongation rate to
the folding and structure of the newly synthesized
polypeptide [12, 29] (discussed below).

Before being exposed to the cellular environment,
nascent polypeptides pass through a long, narrow
tunnel that spans the large subunit of the ribosome
and can accommodate between 30 and 40 amino
acids of a polypeptide in a largely unstructured
conformation. While limited folding can occur within
the interior of the ribosome, [30—-32], the narrow exit
tunnel does not allow extensive tertiary structure
formation. Regulatory nascent peptides can adopt
specific conformations within the exit tunnel and,
through interactions with rRNA or protein compo-
nents of the tunnel, regulate ribosome function
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[33—-37]. Recent advances in cryo-electron micros-
copy have yielded structural details of such nascent
chain—-ribosome interactions at very high resolution
[38]. The ribosome—nascent chain interactions are
required to stabilize these conformations [39], which
are hence not stable outside the tunnel. Once the
nascent polypeptide emerges from the tunnel,
folding is less restricted, although close proximity
of the ribosome limits the space available to the
polypeptide and thus, in principle, the accessible
conformations [40].

Experimentally measuring ribosome—nascent
chain interactions and their effects on folding is
challenging. Mechanistic studies of protein folding
traditionally utilize thermal or chemical denaturation
of the protein of interest and simultaneously moni-
toring folding and unfolding using optical spectros-
copy. The biochemical complexity of the ribosome,
which in bacteria is composed of three ribosomal
RNA (rRNA) molecules and more than 50 proteins,
precludes the utilization of intrinsic spectroscopic
probes that are commonly employed to follow folding
and unfolding (e.g., tryptophan fluorescence). More-
over, the traditional approach of adding and remov-
ing denaturants to study folding cannot be used,
because globally acting denaturants destabilize not
only nascent polypeptide structure, but also the
ribosome itself. Over the last years, novel ap-
proaches have been developed to overcome these
limitations. In the following sections, we will discuss
key experiments that have begun to shed light on
nascent chain folding in the unique environment of
the ribosome. Figure 1 gives an overview of how
interactions with the ribosome and the process of
nascent chain elongation affect folding, based on
these measurements. Most experiments to date
have utilized ribosome—nascent chain complexes
(RNCs) in which translation is stopped at precisely
defined nascent chain lengths, either through the
use of a genetically engineered arrest peptide from
the SecM protein [41] or by using stop codon-less
(nonstop) mMRNA templates. Recently, a carefully
designed in vitro translation system [42] has opened
exciting avenues for simultaneously measuring of
polypeptide elongation and folding.

This short review aims to highlight recent progress in
understanding how ribosome—nascent chain interac-
tions modulate protein folding. How local changes in
protein elongation rates affect folding has recently been
reviewed elsewhere [24, 43—45]. Similarly, we are not
covering recent advances in computational modeling of
co-translational folding [46]. New experimental ap-
proaches have recently enabled studies of nascent
protein folding and chaperone interactions in live cells
[47-49]. Here, we are focusing mainly on biochemical
and biophysical experiments that have contributed
mechanistic insights into nascent protein folding
that can presently not be obtained from in vivo
experiments.

Biochemical approaches

Several biochemical approaches have been used to
map the onset of folding as a function of nascent chain
length and the effect of the ribosome on folding and
stability (Fig. 1). Hoffmann et al. [50] employed an
experimental strategy relying on structure-dependent
disulfide bond formation between strategically placed
cysteine residues. These experiments revealed
distance-dependent destabilization of nascent chain
structure by the ribosome that was similar for a set of
model proteins (including the Src homology 3 domain
of a-spectrin, barnase, and B-lactamase). Interesting-
ly, the effect is amplified by the ribosome-binding
chaperone trigger factor [50], suggesting one mech-
anism by which the chaperone may cooperate with the
ribosome to modulate nascent protein folding.

To obtain quantitative information on the destabili-
zation caused by the ribosome, Samelson et al. [8]
employed “pulse proteolysis” [51], a refined version of
the limited proteolysis approach that had been
exploited in early experiments studying the folding of
nascent firefly luciferase [22]. Instead of incubating
RNCs with low concentrations of protease, samples
are “pulsed” with a high protease concentration for a
brief period of time. The pulse duration is short relative
to the mean lifetime of the folded state of the protein of
interest. Consequently, only the fraction that populates
the unfolded state during the pulse is digested,
whereas the folded state population is protected. The
equilibrium fraction of folded protein determined in this
way directly yields its global stability. For the three
globular proteins analyzed in this study (versions of
dihydrofolate reductase, ribonuclease H and barnase),
the ribosome caused a significant destabilization when
the folded units were in close proximity to the
ribosome. Lengthening the C-terminal extension from
35 to 55 amino acids restored stability, confirming
earlier observations that the effect of the ribosome is
restricted to its immediate vicinity [9, 10, 13, 32] (see
below). Destabilization of folded structures in the
immediate vicinity of the ribosome, presumably by
interactions stabilizing the unfolded state, therefore
emerges as a general phenomenon.

The SecM arrest peptide is frequently used as a tool
to prepare stably stalled RNCs in vitro [52] or in vivo
[53]. The mechanism underlying SecM-mediated
arrest has also made this sequence a useful tool for
studies of nascent chain folding dynamics. Biochem-
ical and genetic studies have suggested that mechan-
ical force, generated by the Sec translocon [41, 54] or
insertion of transmembrane helices into lipid bilayers
[55], accelerates release of SecM-induced elongation
arrest. Single-molecule force spectroscopy experi-
ments established that force is indeed sufficient to
release arrest [48]. Folding of the nascent chain into a
stable structure near the ribosome is thought to
generate a pulling force that accelerates arrest release
[48, 56]. When arrest release is coupled to an
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experimental readout, this phenomenon can be
exploited to define the nascent chains lengths at
which folding occurs (Fig. 2). Systematically varying
the distance between a folding domain and the
ribosome confirmed that folding into stable structures
occurs at a distance of approximately 30 to 40 amino
acids from the peptidyl transferase center. Folding-
mediated release of SecM arrest has been demon-
strated in live Escherichia coli cells [48] (Fig. 2). It
should be noted that the exact mechanism of force
generation by nascent chain folding is not completely
understood, and that arrest release is slow relative to
normal elongation rates. SecM arrest release exper-
iments are therefore difficult to interpret with certainty in
terms of folding kinetics, but it seems clear that this
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experimental approach robustly detects the co-
translational formation of stable structures in the
nascent polypeptide.

Several studies have employed folding-mediated
release of SecM arrest to detect folding of nascent
membrane [55, 58] and soluble proteins [32, 48, 56,
59-61]. Nilsson et al. [61] utilized the approach, in
combination with cryo-electron microscopy, to map the
onset of co-translational folding. Different versions of
the three-helix bundle spectrin domain begin to fold
right around the position where they fully emerge from
the ribosome exit tunnel. Analyzing several spectrin
variants revealed that, surprisingly, the onset of
nascent chain folding does not correlate with the
intrinsic stabilities, folding rates or folding pathways of
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Fig. 2. The SecM arrest peptide as a tool to detect nascent chain folding. (a) Bar diagram of the construct used to
assess nascent chain folding. The SecM arrest peptide (red) is fused to an independently folding domain (Top7 [57],
orange) by linkers of variable length (yellow). The downstream green fluorescent protein (GFP, green) is translated only
after SecM arrest has been released. Varying the linker length from 4 aa to 28 aa creates a linker “library.” (b) Schematic
illustrating the expected translation outcome of very short linkers (<<15 aa, top), intermediate length linkers (~15 aa,
middle) and long linkers (>>15 aa, bottom). Force is generated by nascent chain folding at intermediate linker lengths,
resulting in elongation restart. (c) Agar plate with colonies transformed with the linker library under UV illumination. A
fraction of the colonies exhibits green fluorescence, the remaining colonies exhibit weak blue autofluorescence. (d)
Distribution of linker lengths obtained by sequencing plasmid DNA from fluorescent colonies (green bars). The recovered
length range represents a well-defined subset of all linker lengths present in the library (gray shaded area). The cartoon on
the right illustrates that the lengths supporting elongation restart (31-38 aa, combining SecM and the flexible linker) are
within the range expected based on the tunnel length. (modified from Goldman et al. [48]).
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the isolated polypeptides. Instead, the results suggest
that interactions with the ribosome can alter the folding
pathway of a nascent chain compared to the same
polypeptide in isolation. As a consequence, the folding
pathways determined with isolated proteins may not
always reflect the sequence of events during co-
translational folding, and interactions with the ribosome
can change the folding properties in ways that are at
present not predictable. While the arrest peptide
assays cannot resolve folding intermediates at the
resolution provided by biophysical measurements,
they nevertheless represent a very useful approach
for defining “waypoints” for the co-translational folding
of nascent proteins in vitro and in living cells.

Fluorescence spectroscopy

Incorporation of exogenous fluorophores into na-
scent polypeptides [62] has proven to be a useful tool
for direct observations of nascent chain dynamics and
folding through a variety of approaches. Measurements
of the time-resolved anisotropy decay of a bodipy
fluorophore at the N-terminus of ribosome-tethered
apo-myoglobin showed reduced conformational flexi-
bility, as compared to the free polypeptide after release
from the ribosome [63, 64]. Experiments with a
disordered protein further suggested that electrostatic
interactions with the ribosome surface increase na-
scent chain dynamics [65], which may explain the
destabilization of folded structures in ribosome-bound
nascent chains that has been observed with other
approaches [8—10].

By introducing two fluorophores into the nascent
polypeptide, folding can be observed through fluores-
cence resonance energy transfer (FRET). Khushoo et
al. [66] combined a genetically engineered N-terminal
cyan fluorescent protein (CFP), serving as the FRET
donor, with a small organic fluorophore incorporated
at various positions in the nascent chain, serving as
the FRET acceptor, to map the folding of the first
nucleotide binding domain (NBD1) in nascent cystic
fibrosis transmembrane conductance regulator
(CFTR). FRET measurements indicated that NBD1
folded into a native-like structure even before the
entire domain had emerged, suggesting the popula-
tion of a folding intermediate comprising the N-
terminal subdomain. Notably, binding of ATP stabi-
lizes the intermediate, facilitating subsequent folding
as more of the polypeptide becomes available during
synthesis. Ligand binding therefore promotes the
formation of a co-translational folding intermediate,
driving vectorial folding during synthesis.

Since many proteins have binding sites for small
molecules, co-translational stabilization of partially
folded structures by ligand binding may be a general
mechanism for facilitating co-translational folding. For a
system with suitable properties, specific ligand binding
itself can report on nascent chain folding and its
modulation by the ribosome. Experiments exploiting

the quenching of flavin mononucleotide upon binding to
flavodoxin have recapitulated the previously observed
destabilization of folded structures and indicated that
stabilizing interactions due to ligand binding can shift
the conformational equilibrium [67]. Specific binding
interactions that drive nascent protein folding are not
limited to small molecule ligands. Hetero-oligomeric
complex formation can similarly begin while one
subunit is still being synthesized, resulting in complex
assembly with increased efficiency in vitro [68] and
in vivo [69].

The careful design of an in vitro translation system
that combined robust elongation rates with efficient
incorporation of exogenous spectroscopic probes
has recently enabled real-time measurements of co-
translational folding [13]. FRET measurement, using
donor and acceptor dyes incorporated into the nascent
polypeptide (Fig. 3), indicated the formation of a
compact intermediate early during translation that is
not significantly populated in the isolated polypeptide.
Based on nascent chain length, the intermediate forms
within the distal part of the ribosome exit tunnel. Limited
proteolysis and photo-induced electron transfer mea-
surements confirmed the co-translational population of
the intermediate that converts into the native structure
upon chain elongation or release from the ribosome.
More recent work [70] employing FRET and photo-
induced electron transfer techniques shows that the N-
terminal a-helical domain of nascent HemK, a univer-
sally conserved N°-glutamine methyltransferase,
forms at least four intermediates by a “helix docking”
mechanism, which is rate-limited only by translation.
These elegant experiments demonstrate that the
ribosomal environment has a profound effect on
nascent chain structure and pave the way to investi-
gating the effects of elongation rate modulation on co-
translational folding pathways in mechanistic detail.

NMR spectroscopy

FRET measurements provide a sensitive readout of
distance changes with good time resolution, but yield
only one-dimensional information about the structure
formed by the nascent polypeptide. NMR spectroscopy
not only provides a sensitive measurement of protein
structure, but also has the potential to resolve
heterogeneous ensembles of states that are likely
populated during folding. While not probing co-
translationally formed structures directly, NMR exper-
iments with human gamma-B crystallin showed that
synonymous changes in the coding sequence result in
the formation of distinct structures of polypeptides with
identical sequences, demonstrating the importance of
local translation rates for correct folding [12].

Selective isotope labeling of newly translated poly-
peptides [53, 71] and a recently developed methyl
transverse relaxation optimized spectroscopy-based
pulse sequence [72] have enabled high-resolution
measurements of nascent chain structure in the context
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Fig. 3. Co-translational folding monitored in real-time. (a) Left: Crystal structure of the HemK N-terminal domain (residues
1-73 of the full-length protein). Green and red stars indicate the positions (amino acids 1 and 34) of the donor (BOF-Met) and
acceptor (BOP-Lys) dyes incorporated into the polypeptide. Right: Changes in BOF-Met (green) and BOP-Lys (red)
fluorescence during HemK synthesis. The drop in donor and simultaneous increase in acceptor fluorescence at 10 s indicate
energy transfer due to folding of the nascent polypeptide. (b) Time course of acceptor fluorescence and translation product
accumulation. For translation templates of varying length, the acceptor fluorescence rapidly increases after 10 s. For a
construct containing the N-terminal 70 aa of HemK (HemK70), fluorescence increase and product accumulation occur
simultaneously. When the entire N-terminal domain emerges from the ribosome (HemK112), the fluorescence increase
precedes the completion of synthesis, demonstrating co-translational folding. The fluorescence signal in HemK70 is higher
than that of shorter or longer nascent chains, suggesting that the ribosome stabilizes a compact structure at this nascent chain
length. (c) Cartoon of co-translational HemK folding. The peptidyl-tRNA is shown in magenta. A compact structure is stabilized
in the distal portion of the ribosome exit tunnel (yellow) that spans the large ribosomal subunit (dark gray) (step 1). After further
elongation, the nascent polypeptide rearranges into a native-like structure (from Holtkamp et al. [13]).

of the ribosome [10]. Combining constraints from these  residues of the following domain (FLN6) have been
measurements with molecular dynamics simulations  translated, well after it has emerged from the exit tunnel.
yielded structural ensembles of the filamin domain 5 In the absence of the ribosome, isolated FLN5 folds
(FLN5) of the Dictyostelium discoideum gelation factor ~ even when lacking four C-terminal residues. Ribo-
[10]. Characterizing the structure of nascent chains some—nascent chain interactions therefore destabilize
arrested at several defined positions revealed that  the native FLN5 structure, effectively inhibiting its
FLN5 attains its native structure only after at least 47  folding until a substantial fraction of the following
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FLN6 domain has been extruded. When ribosomes are
added in trans to unfolded FLN5A 12 and FLN5Y719E,
signal reduction similar to that in corresponding RNCs
is observed. Full-length, folding competent FLN5 was
not affected under these conditions, supporting the
conclusion that the ribosome selectively interacts with
non-native nascent chains, which is consistent with
results from complementary experiments [9, 65]. The
NMR experiments also revealed contacts between the
partially synthesized, disordered FLN6 domain and
ribosomal RNA and proteins, in particular L23 and L24.
These measurements are thus beginning to reveal, in
molecular detail, the co-translational interactions that
modulate the folding landscape of nascent proteins.
NMR spectroscopy of ribosome-bound nascent
chains is technically very demanding, and the approach
is still being developed to its full potential. It promises to
be extremely powerful because it has the capability to
resolve the (equilibrium) structures populated during
early co-translational folding at atomic resolution [10],
which is not currently possible with other approaches.
Simultaneously, such measurements yield information
on their thermodynamic stability. Due to the long
acquisition times, actively elongating RNCs cannot be
analyzed, limiting the approach to equilibrium mea-
surements with stalled nascent chains. Complement-
ing high-resolution structural information from NMR
experiments with the temporal resolution attainable by
fluorescence measurements or force spectroscopy
(see below) has the potential to yield transformative
insights into the dynamics of nascent protein folding.

Force spectroscopy

Co-translational folding is intrinsically a non-
equilibrium process. Defining its kinetics is therefore
crucial. Single-molecule approaches are very power-
ful tools for dissecting protein folding landscapes,
yielding not only information about the structures that
are populated along folding pathways, but also about
kinetic rates [73, 74]. They resolve the inherent
stochasticity of folding and the transient, potentially
heterogeneous states populated en route to the native
state. Single-molecule force spectroscopy with optical
tweezers has unique capabilities for characterizing
co-translationally formed states both kinetically and
thermodynamically [75]. Mechanical force acts as a
denaturant, “tilting” the free energy landscape of a
protein and favoring states that are more extended
and less structured than the native state [76]. In
contrast to chemical denaturants that globally act on
all molecules in solution, force is applied locally and
can therefore be used to selective perturb the stability
of nascent proteins while leaving the ribosome intact.
Manipulation of single molecules also circumvents the
problem of inter-molecular aggregation, which com-
plicates experiments with unfolded or partially struc-
tured states that are inevitably populated during
polypeptide elongation.

Optical tweezers have been utilized to study how
the ribosome modulates the folding of T4 lysozyme [9]
(Fig. 4), a small protein whose folding in isolation has
been extensively studied [77]. When the T4 lysozyme
polypeptide is kept in close proximity to the ribosome by
means of a 41-amino-acid-long C-terminal linker,
folding is slowed down more than 100-fold compared
to the protein in the absence of the ribosome [9].
Extending the linker to 60 amino acids partially restored
folding rates, suggesting that interactions with the
ribosome modulate folding. The formation of an
obligatory folding intermediate, most likely correspond-
ing to the C-terminal subdomain of the protein, is not
affected, suggesting that the ribosome can modulate
specific steps along the folding pathway, rather than
globally destabilizing any folded structure. Whereas C-
terminally truncated T4 lysozyme adopts bona fide
misfolded states and aggregates in isolation, both
misfolding and aggregation are suppressed in
ribosome-bound polypeptides [9]. A potential function
of the ribosome may thus be to prevent premature
folding of an emerging domain until sufficient polypep-
tide has been synthesized to allow productive folding.

Tuning stabilities and folding rates of nascent
polypeptides may be particularly important for larger,
multi-domain proteins. Technical challenges have
largely precluded a mechanistic understanding of
how these complex proteins navigate their intricate
folding landscapes. The formation of misfolded, off-
pathway species that has been directly observed in
single-molecule experiments [11, 78] complicates
folding to the native structure. Domain-wise folding
during synthesis is a straightforward mechanism of
reducing the complexity of the conformational search
problem for multi-domain proteins. Co-translational
folding is therefore likely to be a key aspect in their
biogenesis. Liu et al. [11] have recently reported a first
step toward dissecting the co-translational folding
pathway of the five-domain protein elongation factor
G (EF-G). The N-terminal G-domain of EF-G folds into
a stable structure both in isolation and on the ribosome.
As was observed with T4 lysozyme [9], G-domain
folding proceeds more slowly on the ribosome [11]. The
kinetic modulation of nascent chain folding by the
ribosome, presumably by sequestering part of the
polypeptide into interactions with the ribosome surface,
might thus be a general aspect of co-translational
folding. In the context of a multi-domain protein, such
interactions could also serve to limit the entanglement
of several unfolded domains, which would otherwise
make them prone to inter-domain misfolding.

Summary and outlook

In recent years, biochemical and biophysical exper-
iments have begun to unravel how protein folding is
coupled to synthesis. One common thread that
emerges from these studies is that folded structures
in the nascent polypeptide are destabilized [8, 10, 50]
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Fig. 4. Folding of T4 lysozyme on the ribosome. (a) Schematic of the molecular assembly for optical tweezers experiments.
An RNC is tethered between two polystyrene beads by means of DNA handles attached to the large ribosomal subunit and the
N-terminus of the nascent polypeptide. Force is applied to the tethered complex by moving the optical trap relative to the
pipette. The T4 lysozyme polypeptide (orange cartoon) is linked to the ribosome by means of a C-terminal Ser/Gly linker
(gray). (b) In close proximity to the ribosome (41-aa C-terminal linker, “+41”), the apparent rate of T4 lysozyme folding is
reduced more than 100-fold compared to the isolated protein in the absence of the ribosome (“free”). Extending the linker to 60
aa (“+60”) partially restores the folding rate, indicating that the effect of the ribosome on nascent chain folding rates strongly
depends on distance. (c) Schematic of the folding energy landscape obtained from optical tweezers experiments for free
(black) and ribosome-bound (red) T4 lysozyme. The ribosome stabilizes both the unfolded and an intermediate state. The
equilibrium between these two states is not affected by the ribosome, but the barrier for the final transition to the native state is
increased, explaining the observed deceleration of folding. The ribosome therefore modulates a specific step in the folding

pathway (from Kaiser et al. [9]).

and that folding rates are reduced [9, 11] on the
ribosome. Sequestering nascent chain residues into
interactions with the ribosome that would otherwise
participate in (mis-)folding can explain these observa-
tions. For small proteins, such a mechanism would
ensure that structure acquisition of the nascent
polypeptide is delayed until sufficient sequence has
been synthesized to enter into productive folding.
Because protein is highly cooperative, truncated
proteins or incomplete domains are unable to attain
their native structures [79]. As a consequence, they
expose hydrophobic residues that are buried in the
folded structure, resulting in a high propensity to
aggregate [9]. Nascent chain-binding molecular chap-
erones are known to prevent misfolding and aggrega-
tion by shielding hydrophobic segments that are buried
in the folded structure but exposed in unfolded
polypeptides [4]. The ribosome itself may bolster this
activity through complementary interactions with na-

scent polypeptides, helping to stabilize them in a
folding-competent conformation. This first line of
defense could serve to prevent the formation of stable
misfolded states that might be difficult to resolve [9].
Most mechanistic folding studies to date have
investigated small, single-domain proteins [80]. It is
likely that ribosomal interactions are particularly impor-
tant for the folding of more complex, multi-domain
proteins, which have been shown to be prone to inter-
domain misfolding [11, 78]. Continuous elongation
increases the separation of a given domain in the
nascent chain from the ribosome surface, and the effect
of the ribosome on its folding decays [8—10]. At this
point, interactions with the following domain are
established, which might then prevent it from interfering
with the folding of the preceding domain. The ribosome
may thus help to reduce inter-domain misfolding,
effectively increasing the rate of productive folding.
Presumably similar interactions of the ribosome with
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the nascent chain at different stages of elongation
would therefore result in distinct outcomes, either
slowing down folding (in proximal, partially synthesized
domains) or speeding it up (in more distal, complete
domains). Such a mechanism would help to ensure
timely domain-wise folding and avoid the extensive
accumulation of unfolded polypeptide during translation
of multi-domain proteins.

The particular structure of the ribosome exit tunnel is
also likely to affect early folding events. “Folding
zones” [30] inside the tunnel may either promote or
prevent structure formation at specific locations. The
stabilization of structures near the distal end of the
tunnel [13] suggests that the formation of specific
folding intermediates is promoted by the ribosome.
Furthermore, a growing number of nascent polypep-
tide sequences have been demonstrated to regulate
translation elongation by adopting structures that
enable specific contacts with both ribosomal RNA
and proteins. Several well-characterized sequences
result in robust and regulated elongation arrest [33]. It
is tempting to speculate that more a subtle regulation
of ribosome activity through similar interactions may
play a role in tuning the rate during protein synthesis
more generally. Such regulation could even provide a
mechanistic underpinning for feedback regulation of
elongation by folding [48].

The modulation of polypeptide elongation rates has
been firmly established as an important aspect that
determined folding efficiencies and outcomes for
natural proteins [12, 13, 25-27, 29, 81] and engineered
model systems [28]. A key challenge for mechanisti-
cally understanding co-translational folding will be to
integrate the effects of elongation rate changes with the
modulation of folding by ribosome—nascent chain
interactions. Given the thermodynamic and kinetic
effects of the ribosome on folding, when exactly during
translation does folding begin, and how are folding and
elongation tuned to each other? A full description of the
molecular processes during co-translational folding will
help to interpret bioinformatic analyses [45, 82—-84] and
may facilitate the rational design of coding sequences
for efficient recombinant production [85, 86].

Given that both elongation and folding are inherently
stochastic [87], an aspect that needs to be addressed
is how robust coupling of the two processes is
achieved. Single-molecule experiments are particular-
ly well suited to dissect the mechanisms of this kinetic
coupling. With the recent development of an efficient
system for real-time measurements of co-translational
folding [13], such experiments now appear feasible.
We anticipate that single-molecule force and fluores-
cence spectroscopy will both contribute invaluable
insights into co-translational folding in the near future,
either separately or, as has recently become possible
[88], in combination.

Much progress has been made in the burgeoning
field of protein folding on the ribosome, in large part due
to the development of methods that now allow direct

measurements at high resolution. A quantitative
understanding of the states populated during co-
translational folding and how they are kinetically
connected, that is, a description of the folding energy
landscapes and how they evolve during synthesis, will
be needed to mechanistically understand de novo
protein folding. The great diversity of protein sequence
properties necessitates further studies to flesh out
common themes and principles. Biophysical tech-
niques, in particular single-molecule approaches, are
poised to disentangle the complex ways in which
nascent chain folding is guided by cellular machinery,
and promise to elucidate functions of the ribosome in
protein biogenesis beyond synthesis.
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