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Abstract

Cells employ a variety of strategies to maintain proteome homeostasis. Beginning during protein 

biogenesis, the translation machinery and a number of molecular chaperones promote correct de 

novo folding of nascent proteins even before synthesis is complete. Another set of molecular 

chaperones helps to maintain proteins in their functional, native state. Polypeptides that are no 

longer needed or pose a threat to the cell, such as misfolded proteins and aggregates, are removed 

in an efficient and timely fashion by ATP-dependent proteases. In this review, we describe how 

applications of single-molecule manipulation methods, in particular optical tweezers, are shedding 

new light on the molecular mechanisms of quality control during the life cycles of proteins.
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INTRODUCTION

Cells employ a diverse set of strategies to maintain proteome homeostasis, or proteostasis: 

The cellular machinery for protein synthesis, including aminoacyl tRNA synthetases, 

translation factors, and the ribosome, cooperates to faithfully translate the genetic 
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information into functional polypeptides and tunes synthesis to meet demands and 

challenges. As soon as a nascent protein emerges from the ribosome, it begins to interact 

with molecular chaperones (37) and a variety of other factors (54) that contribute to proper 

folding, processing, and targeting. A subset of molecular chaperones protects the cell against 

the deleterious consequences of the unfolding and misfolding of proteins during their 

functional life. Once a protein is terminally inactivated, or no longer needed, specialized 

degradation machineries clear the cell of potentially toxic or undesired species (80). All 

these processes must be tuned and regulated to ensure cellular survival and fitness. 

Therefore, a mechanistic understanding of cellular proteostasis and its underlying dynamics 

is needed to understand how these processes are synchronized inside the cell.

Classical biochemical assays, or ensemble studies, have been conducted to study each of 

these processes. However, these methods often mask the heterogeneity inherent to 

populations of macromolecules, which are subject to random fluctuations when interacting 

with the thermal bath. Single-molecule (in singulo) studies (14) are a powerful approach to 

investigate the dynamic behavior and functional mechanisms of biological macromolecules. 

The information derived from single-molecule experiments provides direct insight into 

biological phenomena that cannot be obtained from ensemble measurements. Thus, single-

molecule approaches have become invaluable tools complementary to more traditional 

approaches to study biological mechanisms.

Monitoring the behavior of individual molecules over time makes it possible to obtain not 

only the average behavior of the population but also to resolve rare events and detect the 

presence of short-lived states that are all but averaged out in ensemble measurements. The 

most widely employed single-molecule approaches are single-molecule fluorescence (56, 

89) and single-molecule force spectroscopy (69). Through the latter it is possible to 

mechanically manipulate molecules in a highly specific manner. Single-molecule force 

spectroscopy studies using optical tweezers and their application to biological processes 

related to proteostasis are the focus of this review.

Atomic force microscopy (AFM), magnetic tweezers, and optical tweezers allow the direct 

application of mechanical forces on biological macromolecules. They also make it possible 

to measure these forces as well as those developed in the course of biological activity (for 

complete reviews about individual molecule manipulation techniques, see References 17 and 

25). Together, these tools represent the most widely utilized techniques in single-molecule 

force spectroscopy. Other techniques, such as microneedle manipulation, biomembrane 

force probe, and flow-induced stretching, also allow measurement of forces at the single-

molecule level, although their uses and versatility are significantly more restricted.

AFM has been widely used for studying protein folding at the single-molecule level (13, 

31). Force is applied to a single molecule tethered between a surface and the tip of a 

cantilever by moving the surface using a piezoelectric stage. The deflection of a cantilever 

of a known spring constant serves as a readout of the force acting on the molecule. The 

advantages of AFM include a broad range of forces [10–10,000 piconewtons (pN)] and high 

spatial resolution (0.5–1 nm). In addition to its application for mechanical manipulations, 

AFM is also used to visualize biological molecules deposited on a surface. Impressively, 
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these two modi operandi can be combined in a single experiment (71). Recent advances in 

the time resolution that can be achieved in imaging mode have opened new avenues for 

applying AFM to study the dynamics of biological processes (52).

Magnetic tweezers are based on the interaction of a ferromagnetic object, typically a 

magnetic bead, with a magnetic field. The molecule of interest is immobilized between the 

magnetic bead and a surface. The force on the bead can be adjusted by varying the magnetic 

field, and the position of the bead is tracked by video microscopy. Of the three techniques 

mentioned above, magnetic tweezers have the lowest spatial resolution (5–10 nm); however, 

they allow access to the lowest force regime attainable with these methods (down to ~0.01 

pN). Additionally, radiative heating of the sample and photodamage, which can present a 

concern in optical tweezers measurements, are absent in magnetic trapping. Because the 

ferrite cores in superparamagnetic beads often have irregular, nonspherical shapes, they 

often possess a small permanent dipole moment that can be used to apply torque through an 

external rotating magnetic field. Moreover, magnetic tweezers have the advantage of 

generating very stable force fields that can be applied simultaneously to many individual 

molecules in a single experiment.

Optical trapping allows one to apply force and manipulate individual molecules, as well as 

to measure the forces exerted during various biological processes. At Bell Laboratories, 

Arthur Ashkin discovered that microscopic particles can be stably trapped in a potential well 

formed by a focused laser beam (5, 6). By focusing such a laser beam through a microscope 

objective, a particle of high refractive index, such as glass or plastic, can be stably trapped 

by a light beam. The trapping mechanism results from the balance of two types of optical 

forces: scattering forces, which push the object in the direction of propagation of the light 

beam, and gradient forces, which attract the particle to the focal point in all three 

dimensions. When the gradient forces exceed the scattering forces, the particle is stably 

trapped. Generally, near-infrared lasers with wavelengths that are minimally absorbed by 

biological samples are used.

To create an optical trap, the laser beam is tightly focused by a high-numerical-aperture 

microscope objective lens. Such focusing creates the large spatial gradient in light intensity 

necessary to form a stable trap. To a first approximation, the trap behaves as a Hookean 

spring; a force acts on an object when it is displaced from the center of the trap, and this 

force can be calculated as the product of the spring constant of the trap, k, and the object 

displacement, Δx. This method has been replaced in some instruments by direct 

measurement of light momentum (85).

Mechanical forces are generated by a number of cellular processes, including DNA 

replication, transcription, translation, chromosomal segregation, protein folding and 

unfolding, translocation of proteins across membranes, cell locomotion, and protein 

degradation. Motor enzymes use the energy of ATP, GTP, or TTP binding or hydrolysis, or 

product release to generate mechanical work (2, 21). These motor enzymes, thus, couple a 

mechanical task—force or torque generation—to a thermodynamically favorable chemical 

reaction. The ability to apply external forces in a precisely defined manner provides a useful 

tool to study the mechanochemical transformations that accompany cellular processes and 
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obtain mechanistic insights about their operation. By monitoring the response of a molecule 

undergoing one of these processes to an applied force, it is possible to determine the 

thermodynamic and kinetic parameters of the reaction. In particular, by systematically 

varying the force, the ATP concentration, or its hydrolysis products (ADP and phosphate), it 

is possible to determine the location of the force-generating step in the reaction pathway 

(15) and ultimately formulate a comprehensive understanding of the mechanisms of their 

mechanochemical operations.

Any process that comprises a change in molecular extension can in principle be monitored 

and altered with optical tweezers. For example, the end-to-end length of a compactly folded 

biopolymer is much shorter than that of the unfolded polymer under tension. This enables 

direct observation of transitions between conformational states of proteins and ribonucleic 

acids(RNAs). Moreover, because the application of force tilts the potential energy surface 

associated with the folded and unfolded states (15), its effect is to perturb the equilibrium 

between those states and drive transitions between them. The folding and unfoldingof small 

globular proteins is an example of a two-state process because proteins typically fold and 

unfold cooperatively. The equilibrium constant, Keq, governing the distribution of the folded 

and unfolded states depends exponentially on the force applied to the ends of the 

polypeptide according to

1

where ΔG0 represents the standard free energy of folding, Δx is the change in molecular 

extension in the unfolding process, kg is the Boltzmann constant, and T represents the 

temperature. The application of force not only affects the heights and positions of the folded 

and unfolded states along the reaction coordinate but also the relative height of the barrier 

separating them [see the sidebar titled Dependence of the Rate Constant on Force (Bell 

Equation)]. Thus, a continuously increasing force acting on a folded protein eventually leads 

to the unfolding of the molecule-and a corresponding increase in the extension of the 

molecule-when the system crosses the energy barrier (see Figure 1a).

The most likely unfolding force, , is dictated by the structure of the protein and the axis 

along which force is applied. In this nonequilibrium experiment,  also depends on the 

loading rater (with r ≡ dF/dt), i.e., the rate at which the force is applied:

2

DEPENDENCE OF THE RATE CONSTANT ON FORCE (BELL EQUATION)

Bell (3) was the first to phenomenologically describe the dependence of reaction kinetics 

on force. For the analysis of kinetic data, Bell's model (3) predicts an experimental 

dependence of the rate constant on the external force:
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where km represents the contribution of experimental parameters, such as the bead size, 

trap stiffness, and handle length, to the observed rate; ko is the intrinsic rate constant of 

the molecule in the absence of force; F is the force; Δx‡ is the distance to the transition 

state; K is the effective spring constant of the system; kB is the Boltzmann constant; and 

T is the absolute temperature. In this notation, the applied force and effective spring 

constant of the system are positive, and the distance to the transition state is positive from 

the folded state to the unfolded state but negative from the unfolded state to the folded 

state. Bell’s model emphasizes that the parameters k0, km and K determine the absolute 

rate constants but are not easily deconvoluted, making any interpretation of the absolute 

rate constants difficult (Figure 2) (30).

where Δx‡ is the distance to the transition state for the unfolding reaction, and k0 is the 

unfolding rate at zero force. High loading rates drive the system further from equilibrium 

than low loading rates, resulting in higher unfolding forces. Thus, many features of the 

energy landscape that describe the folding of a protein can be directly determined from force 

spectroscopy measurements.

FORCE DEPENDENCE OF FOLDING AND UNFOLDING RATES

Based on Kramers's theory (55), a method has been derived to extract force-dependent 

lifetimes from unfolding force distributions (27):

In this expression, F is force, x‡ is the distance to the transition state, τ0 is the lifetime, 

and ΔG‡ is the apparent free energy of activation in the absence of an external force. The 

scaling factor v specifies the nature of the underlying free-energy profile: v = 1/2 

corresponds to a harmonic well with a cusp-like barrier, or equivalently a harmonic 

barrier with a cusp-like well; v = 2/3 corresponds to a potential that contains linear and 

cubic terms; and for v = 1, Bell’s formula [see the sidebar titled Dependence of the Rate 

Constant on Force (Bell Equation)] is recovered. Using this theory, one can extract the 

height of the free-energy barrier, the distance to the transition state, and the rate constant 

at zero force. These kinetic parameters have proven useful in describing the intrinsic 

properties of a number of proteins (47, 96).

Recent advances in theoretical biophysics have introduced powerful tools for the 

interpretation of data from single-molecule force spectroscopy experiments. This is 

illustrated by the development of an approach to analyze force-induced macromolecular 
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unfolding experiments (27) on the basis of Kramers’s theory of diffusion over a barrier (see 

the sidebar titled Force Dependence of Folding and Unfolding Rates) (55). Using this 

theory, it is possible to extract the height of the free-energy barrier for folding and unfolding 

transitions, the distance to the transition state, and the unfolding rate constant at zero force. 

These kinetic parameters have proven useful in describing the folding/unfolding transitions 

of a number of proteins (47, 96). The expanding arsenal of analytical tools now also includes 

methodologies for extracting equilibrium thermodynamic parameters from nonequilibrium 

measurements (24, 44) and a comprehensive framework for extracting information about 

folding energy landscapes from pulling experiments (38). The concomitant development of 

experimental and analytical tools has provided an added impulse to the single-molecule 

field.

PROTEIN SYNTHESIS

The ribosome is a highly complex molecular machine that synthesizes proteins following the 

information contained in messenger RNA (mRNA) templates. It liaises with a number of 

other components to faithfully translate the genetic code into polypeptides and to safeguard 

accurate protein synthesis, folding, and maturation (72, 79, 97). The process of translation 

can be broadly divided into the three stages of initiation, elongation, and termination. Each 

of these stages comprises a number of distinct steps (or a series of repetitive steps in the case 

of elongation). Individual elongation steps involve a number of events, such as 

conformational transitions or binding and unbinding of elongation factors that are governed 

by specific rate constants. Therefore, even if two or more ribosomes are synchronized at the 

beginning of protein synthesis, they will rapidly lose synchrony as they proceed along the 

reaction path of translation. The power of single-molecule approaches lies in overcoming the 

ensemble averaging that necessarily results when observing nonsynchronized molecular 

populations. Hence, mechanistic aspects of ribosome function have been the subject of many 

informative single-molecule studies.

Optical tweezers have been utilized to follow the movement of single ribosomes along 

mRNA templates (93). This approach revealed how the ribosome employs two different 

mechanisms to interact with mRNA secondary structures (76), which often function as 

regulatory elements that modulate protein translation. Although the number of optical 

tweezers studies of translation remains limited to date, other single-molecule techniques 

have also yielded valuable insights about the mechanisms underlying translation elongation. 

In particular, fluorescence-based single-molecule approaches (in conjunction with the 

groundbreaking progress in high-resolution structural elucidations) have greatly contributed 

to a mechanistic understanding of the dynamics during translation. A number of excellent 

review articles summarize the striking progress in this field and illuminate it from different 

angles (4, 12, 32, 75, 89).

DE NOVO PROTEIN FOLDING

Single-molecule experiments offer a number of advantages that make them ideally suited to 

complement ensemble measurements for studying protein folding and unfolding. By 

applying force along a well-defined axis, folding and unfolding transitions in a single 
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protein molecule can be studied in a time-resolved manner, yielding kinetic information. In 

addition, it is possible to obtain equilibrium information from single-molecule experiments 

performed under nonequilibrium conditions using recently derived fluctuation theorems (24, 

44). These theoretical advances have been applied to the analysis of single-molecule 

experiments involving the unfolding of protein and RNA molecules (Figure 1) (22, 57, 83).

The direct observation of structural transitions associated with protein folding also makes it 

possible to unambiguously distinguish on-pathway from off-pathway intermediates (19, 86). 

Folding intermediates are identified and distinguished not only by their molecular extension 

but also by their kinetic properties. The latter property has become increasingly useful with 

the recent development of analytical tools based on hidden Markov model analysis (30, 47, 

86). Because force acts locally as a denaturant, it can be applied to a specific region of a 

protein or macromolecular complex while not affecting the global stability of the complex 

(47, 83). Furthermore, the reaction coordinate for unfolding can be altered by changing the 

pulling axis. In a recent example, this locality and directional flexibility have been exploited 

to probe the energetic coupling between subdomains in the T4 lysozyme (Figure 1) (83). 

Optical tweezers have also been used to probe the mechanical properties of amyloid fibrils, 

yielding insights into the molecular interactions underlying disease states (26). Optical 

tweezers provide a powerful tool to study protein folding, particularly in combination with 

recently developed analytical tools.

Despite great progress toward a better understanding of protein folding, relatively little is 

known about how proteins fold in the context of their synthesis by the ribosome. The 

vectorial nature of protein synthesis and the environment of the ribosome likely influence 

this process of de novo folding. Mechanistic studies of de novo folding have been mainly 

limited to theoretical approaches and computational methods owing to the technical 

challenges of such experiments both in bulk and at the single-molecule level. Statistical 

mechanics considerations have predicted that conformational confinement both stabilizes the 

native state and accelerates folding rates (99). By contrast, molecular dynamics simulations 

have shown that confinement in the context of the ribosome does not lead to increased 

folding rates (28). In fact, computational work suggests that close proximity to the ribosome 

may increase the free-energy barrier of folding in some proteins, effectively resulting in 

decreased folding rates (70).

A number of experimental studies have investigated the stability and the dynamics of 

nascent polypeptides. Some limited folding can begin even before the nascent protein 

emerges from the tunnel exit: Mass-tagging studies utilizing a transmembrane segment of a 

human voltage-gated potassium channel, Kv1.3, revealed that distinct regions within the 

ribosomal exit tunnel promote a compaction of the nascent chain (58) and can permit limited 

tertiary structure formation (53). Even though it is not clear to what degree these structures 

generally persist outside the specific environment of the ribosome exit tunnel, they highlight 

the importance of interactions between accessible ribosomal surfaces and nascent 

polypeptide residues. Elegant fluorescence resonance energy transfer (FRET) studies have 

revealed that the nascent polypeptide can acquire structure deep inside the exit tunnel, which 

results in regulation of translational elongation (95). Recent cryoelectron microscopy studies 
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(9–11) are beginning to shed light onto the molecular interactions that mediate cross talk 

between the ribosome and the translation product.

Upon leaving the narrow ribosome exit tunnel, the nascent protein becomes structurally 

more dynamic (29) and can undergo tertiary structure formation. Once a foldable unit has 

emerged, it can acquire its native structure before the nascent polypeptide is released from 

the ribosome. This process has been demonstrated most impressively by an approach using 

nuclear magnetic resonance spectroscopy to probe the structure of isotopically labeled 

nascent polypeptides (42, 43). These experiments also suggested that the ribosomal 

environment affects the stability of the folded protein. In addition to effects that are directly 

related to the ribosomal environment, interactions of the nascent chain with other cellular 

macromolecules (72) and ligands (50) determine how the proteins proceed toward their 

native state in the cell.

Elongation rates along the mRNA vary but do not exceed 20 amino acids per second (aa/s) 

(73). The synthesis of even small proteins or individual protein domains requires several 

seconds. Small proteins typically fold within milliseconds to seconds in vitro. Thus, folding 

begins cotranslationally, but the nascent polypeptide cannot acquire its stable native 

structure because not all of the sequence is available for folding yet. How do nascent 

proteins then avoid becoming trapped in nonnative structures when they can begin to fold 

before the information specifying the stable native structure is available? There is ample 

evidence that cotranslational structure formation occurs in nascent polypeptides and that the 

particular environment of the ribosome–both inside (94) and outside (98) the exit tunnel—

affects the stability of folded structures. It is less clear, however, how these changes affect 

the actual folding transitions. It has not been possible to apply the suite of biophysical 

techniques utilized in protein folding studies to ribosome-bound nascent chains. For 

instance, spectroscopic techniques such as tryptophan fluorescence, circular dichroism, or 

hydrogen exchange spectroscopy cannot resolve the signal of the nascent polypeptide 

against the large background contributed by the ribosome, which itself comprises more than 

50 proteins. Similarly, denaturing conditions typically used to perturb the stability of the 

native state for in vitro refolding studies, including elevated temperatures and high 

concentrations of chaotropes, cannot be selectively applied to avoid disrupting the integrity 

of the ribosome. Thus, novel experimental approaches are required to resolve the folding 

dynamics of nascent polypeptides in the native environment of the ribosome.

Mechanical force acts as a local denaturant and when applied across specific residues within 

a protein sequence permits the unfolding of defined regions within a folded structure (83). 

Therefore, single-molecule force spectroscopy offers a unique approach to study nascent 

chain folding by allowing selective denaturation of the nascent protein while keeping the 

ribosome intact. The suitability of this approach was demonstrated in a recent study using 

optical tweezers (47). To implement the experimental setup, stalled ribosome–nascent chain 

complexes were immobilized between polystyrene beads (Figure 3), and tension was 

applied to individual T4 lysozyme nascent chains. When the entire sequence of the T4 

lysozyme is present outside the ribosomal exit tunnel, the protein is capable of adopting its 

native structure. Interestingly, the ribosome does not appear to alter the unfolding pathway 

induced by the application of an external force; a recently developed approach to analyze 
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force spectroscopy data based on Kramers’s theory (see the sidebar titled Force Dependence 

of Folding and Unfolding Rates) (27) revealed that the mechanical unfolding energy 

landscapes for the ribosome-bound and the free protein are very similar. Thus, the ribosome 

does not affect the rate of native state unfolding in these experiments.

In contrast, the ribosome has a pronounced effect on nascent chain folding. In close 

proximity to the ribosomal surface, T4 lysozyme folding is decelerated by more than two 

orders of magnitude relative to the free protein. The folding rates increase with increasing 

separation between the nascent protein and the ribosome, suggesting that this modulation of 

folding by the ribosome is restricted to newly synthesized proteins in the proximity of the 

ribosome surface. Increasing the ionic strength of the buffer solution accelerated folding 

rates of the ribosome-bound protein but did not affect those of the free protein. This result 

indicates the importance of electrostatic interactions between the negatively charged surface 

of the ribosome and charged residues in the nascent polypeptide. Because virtually all 

proteins contain charged residues, these electrostatic interactions provide a general 

mechanism for modulating folding by biasing the conformational ensemble of the nascent 

polypeptide (92).

Although the ribosome modulates the folding kinetics of the T4 lysozyme, it does not 

change its folding pathway; the protein folds through an on-pathway intermediate both on 

and off the ribosome. In combination with a Bayesian hidden Markov model approach for 

data analysis, the single-molecule experiments revealed that the ribosome selectively 

decelerates a specific step during folding, namely the final transition from the intermediate 

to the native state. What advantage for de novo protein folding is conferred by a deceleration 

of folding rates? T4 lysozyme fragments were created that mimicked transiently occurring 

species before synthesis was completed. These fragments aggregate in vitro and were 

observed to misfold in single-molecule experiments. Strikingly, this is not observed in 

ribosome-bound nascent polypeptides. Thus, the ribosome prevents the formation of 

misfolded states in incompletely synthesized polypeptides, presumably through the kinetic 

mechanism discussed above. It is interesting to speculate that this process may provide 

sufficient time for the synthesis of a complete domain (or foldable unit) so that folding is 

attempted only once all the necessary information is available.

MOLECULAR CHAPERONES

In the cell, molecular chaperones work in concert with the ribosome to guide newly 

synthesized proteins to their native states (37). In fact, the ribosome appears to orchestrate 

how an ensemble of folding and targeting factors interacts with the nascent translation 

product in a productive fashion (72). Structural and biochemical studies have elucidated 

many critical aspects of chaperone function and regulation. Many chaperones, such as 

Hsp90 and the cylindrical chaperonins, are structurally and conformationally complex, 

making mechanistic studies challenging. Electrokinetic trapping (45) and single-molecule 

fluorescence approaches (67, 77, 78) have proven particularly useful in understanding the 

rich dynamic behavior of some molecular chaperones.
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Single-molecule experiments using both fluorescence (20, 39, 51, 88) and force 

spectroscopy approaches (8, 64) are beginning to provide a mechanistic understanding of 

how client protein folding is modulated by chaperones. A number of chaperones act 

cotranslationally. The uniquely bacterial protein Trigger factor is activated by binding to the 

ribosome and is the first chaperone to contact the nascent polypeptide during translation. 

Trigger factor engages with nascent proteins preferentially through hydrophobic motifs (46). 

The methodological advances described above now enable experiments that probe the 

changes in the folding energy landscape of nascent proteins by Trigger factor (64). It will be 

exciting to see how chaperone activity for nascent polypeptides is organized and regulated 

by the ribosome. Recent advances in instrumentation have achieved the combination of 

ultrahigh-resolution optical trapping with single fluorophore detection capabilities (23), 

which will make understanding the complex interplay among the ribosome, the molecular 

chaperones, and the elongating nascent protein possible.

PROTEIN QUALITY CONTROL BY ATP-DEPENDENT PROTEASES

The process of controlled protein degradation is critical for the maintenance of cellular 

homeostasis in all organisms. Nonfunctional and potentially cytotoxic protein fragments are 

generated when ribosomes stall during translation before reaching a stop codon on the 

mRNA. If synthesis and folding are completed successfully, proteins need to be removed 

when they either misfold and aggregate (40) or when they are no longer needed, as in the 

case of regulatory proteins involved in cell division, chromosome replication, and 

transcription (1, 18, 35, 84). The protein degradation task is strictly regulated and mainly 

performed by ATP-dependent proteases. These ubiquitous, energy-dependent enzymes 

recognize protein substrates and degrade them in a timely and efficient fashion.

All ATP-dependent proteases share a common structural design (80) made up of two major 

components: a barrel-shaped peptidase with active sites sequestered deep inside its cavity 

(87) and a hexameric, ring-shaped ATPase of the AAA+ superfamily that uses the energy of 

ATP binding and hydrolysis to recognize and deliver the protein substrate into the associated 

peptidase (Figure 4a) (33). The ATP-dependent protease ClpXP from Escherichia coli has 

served as a model system and has yielded many important operating principles of this family 

of proteins (60–63). Short peptide sequences, such as the ssrA tag, mediate the initial 

binding of protein substrates to loops within the axial pore of the ClpX ring (36, 61–63, 82). 

The ssrA tag is encoded by a special type of RNA named small stable RNA A, which 

rescues the ribosome during translation by adding an 11-codon degradation tag followed by 

a stop codon (91). After recognizing its protein substrate, ClpX translocates the protein 

through its central processing pore into ClpP. Because the diameter of the ClpX pore is very 

narrow (~10–15 Å), it was proposed that ClpX uses the energy of ATP to mechanically 

unfold the protein substrate before translocating it into ClpP. In fact, for mechanically stable 

substrates, ClpXP consumes hundreds of ATP molecules before successfully unfolding, 

translocating, and degrading the protein substrate (48). ClpXP is able to temporarily 

disengage and reengage hard-to-unfold protein substrates, which manifest as the enzyme 

temporarily slipping on the polypeptide track (48, 49). The ability to slip is a critical 

property of this group of enzymes because it allows them to reengage mechanically stable 

substrates multiple times until an unfolding attempt is successful (49, 65).
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The direct observation of mechanical force generation by an ATP-dependent protease during 

substrate unfolding and translocation has been only recently achieved. By using a dual-trap 

optical tweezers instrument (68), two groups independently developed single-molecule 

assays to monitor—in real time—the unfolding and translocation of polypeptide substrates 

by individual ClpXP molecules (7, 59). In this experimental geometry, protein unfolding and 

translocation by ClpXP proceeded in the C- to N-terminal direction. Aubin-Tam et al. (7) 

used filamin A domains 1–8, whereas Maillard et al. (59) used substrates based on fusions of 

green fluorescent protein (GFP) and permanently unfolded I27 titin domains (Figure 4b).

After successful substrate engagement, the molecular trajectories of ClpXP activity 

displayed sudden extension gains, or rips, followed by slower decreases in extension. Rips 

correspond either to the cooperative unfolding of an individual protein substrate or to the 

temporal disengagement of the substrate (i.e., a motor slip on a partially translocated 

polypeptide). The decrease in extension reflects the translocation of the unfolded protein 

substrate through the narrow processing pore of ClpXP. Figure 4c shows molecular 

trajectories wherein ClpXP unfolded and translocated a substrate consisting of two tandem 

GFP molecules separated by two permanently unfolded I27 titin domains (59).

ATP-dependent proteases must cope with a diverse set of protein substrates with variable 

mechanical stabilities and topologies (81). For instance, ClpXP unfolded in a single rip a 

small protein substrate consisting of a single domain (filamin A), which occasionally 

displayed a short-lived intermediate with a lifetime of less than 5 ms (Figure 5a) (7). The 

force-induced mechanical unfolding by ClpXP of GFP, a protein with a complex topology, 

reproducibly displayed a well-defined intermediate state (59) with a lifetime of ~180 ms 

(Figure 5b). Using the worm-like chain expression for the extension of a polymer molecule 

subjected to an externally applied force (see the sidebar titled Worm-Like Chain Behavior of 

a Protein) (16), it was possible to estimate the number of amino acids involved in the first 

unfolding event. These amino acids were mapped onto the structure of GFP to determine 

that β-strands 11 → 7 were extracted from GFP under the action of ClpXP. The remaining, 

short-lived intermediate most likely unfolds spontaneously because it is located far from 

ClpXP (Figure 5c). However, it was observed that ClpXP is able to translocate before the 

unfolding intermediate is fully unraveled (Figure 5b), indicating that the mechanical pulling 

generated by ClpXP as it translocates the unfolded chain may contribute to the further 

destabilization of the GFP intermediate.

WORM-LIKE CHAIN BEHAVIOR OF A PROTEIN

The worm-like chain equation describes the dependence of force on the molecular 

extension of a flexible polymer in a thermal bath. A long polymer tends to contract to 

maximize conformational entropy. The resulting force is given by (16)
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where p is the persistence length of the chain (p = 0.65 nm is used for proteins) (19), x is 

the end-to-end extension, and LC is the contour length [calculated by multiplying the 

number of amino acids (aa) by 0.36 nm/aa]. Incalculating changes in contour length 

during folding or unfolding reactions, the end-to-end length between the attachment 

points in the folded protein (obtained from a high-re90lution structure) must be 

subtracted from the unfolded contour length.

Additional insight into the mechanism of protein unfolding by ClpXP was obtained by 

analyzing the unfolding rate of the substrate. Aubin-Tam et al. (7)observed that the 

distribution of unfolding times differs significantly between filamin A domains, even though 

they are structurally very similar. The unfolding times of natively folded GFP by ClpXP 

varied from 1 s to 60 s, following a single exponential distribution with a time constant of 

~9 s (Figure 5c) (59). The unfolding rate of protein substrates likely depends on several 

factors, including the mechanical stability of the substrate’s local structures encountered by 

ClpXP (48, 65) and the type of polypeptide sequence preceding the folded protein. It is 

possible that a particular amino acid type favors a stronger interaction with ClpXP and 

therefore allows a better grip on the polypeptide chain during the substrate unfolding process 

(41, 90).

After unfolding its protein substrate, ClpXP translocates the polypeptide through its central 

processing pore into ClpP. In single-molecule trajectories, the decrease in extension over 

time (slope) represents the velocity of an individual ClpXP molecule over the unfolded 

polypeptide (Figure 4c). In most trajectories, continuous translocation is observed, 

suggesting a motor of high processivity. However, in some trajectories, the translocation of 

the motor over the polypeptide was seen to halt temporarily. These regions of the trajectory 

of near-zero velocity were identified as “pauses” (Figure 4c). Aubin-Tam et al. (7) and 

Maillard et al. (59) obtained a pause-free translocation velocity of ClpXP by removing the 

pauses during data analysis. By subjecting the motor to different degrees of opposing load, it 

is possible to probe the response of the motor’s pause-free velocity to force. ClpXP 

translocates polypeptides at a nearly constant pause-free velocity of 6 nm/s up to forces near 

13 pN (Figure 6a). Above 13 pN, the pause-free translocation velocity begins to decrease, 

enabling the estimation of a stall force of ~20 pN for ClpXP (7, 59). The 20-pN stall force 

probably represents a lower bound of the maximum amount of mechanical force that ClpXP 

can generate to unfold its protein substrates.

One unique aspect of ATP-dependent proteases is that, unlike polymerases and cytoskeletal 

motors, they move along a highly flexible and extensible track. For instance, a track made of 

unfolded polypeptide doubles its end-to-end length (extension) when stretched from ~4 pN 

to ~12 pN. Thus, ClpXP maintains a constant pause-free translocation velocity of 6 nm/s 

throughout the force range of 4 to 12 pN, whereas its velocity in amino acids per second 

decreases monotonically from ~60 aa/s at 4 pN to 30 aa/s or less at forces above 12 pN 

(Figure 6b). This notion is consistent with a model in which ClpXP maintains a fixed 

translocation step that translates into a smaller number of amino acids per step as the 

opposing force increases. In fact, ClpXP has been observed to take steps of 1 nm, although 2 

and 3 nm are the most frequently detected (59). This constant stepping in nanometers is 
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probably determined by the geometry of the motor and may reflect the amplitude of the 

power stroke of a single subunit (1-nm step) or multiple subunits (2- and 3-nm steps) during 

polypeptide translocation (Figure 6c). The observation of 2- and 3-nm steps suggests a 

coordinated, near-simultaneous stepping of two or three motor subunits (59), whereas the 1-

nm step may correspond to the fundamental step size of a single ClpX subunit (7, 59).

Previous reports have shown that ClpXP and other ATP-dependent proteases process a large 

number of client proteins (81), indicating that these degradation machines must cope with 

structurally and functionally diverse protein substrates that are not only in a soluble 

conformation but also in hyperstable states as in the case of protein aggregates. Is the stall 

force of ~20 pN, determined for ClpXP, large enough for the enzyme to unfold all its 

substrates? This question can be answered by analyzing the loading rate at which the force is 

applied by the motor (Equation 2 in the Introduction). The most likely force at which a 

protein unfolds scales as the log of the loading rate (15). In the case of ClpXP, the loading 

rate was estimated to be ~0.15 pN/s, which is five orders of magnitude smaller than the 

loading rate used in AFM unfolding experiments (66, 74). This large difference in loading 

rates implies that proteins that display high mechanical stability in AFM pulling experiments 

(such as GFP) will unfold at forces at least five times smaller under the action of ClpXP (see 

Equation 2). Future experiments of the type described here should establish if the close 

proximity of ClpXP with its target also contributes to destabilizing the protein substrate for 

efficient unfolding.

Most biophysical and biochemical studies on ATP-dependent proteases have been done with 

the AAA+ ATPase in complex with the peptidase chamber (for a review see 80). This is the 

case for ClpXP, even though it is well established that, inside the cell, ClpX also functions 

alone as an unfoldase. For example, ClpX drives protein-remodeling reactions that allow the 

dissociation and release of the MuA transposase from the DNA after recombination (1). It 

was also possible to characterize the motor properties of ClpX in the absence of ClpP by 

single-molecule methods (59). The pause-free translocation velocity curve for ClpX 

displayed the same force dependence observed for ClpXP, with a similar stall force of ~20 

pN. However, the mean translocation velocity for ClpX was ~25% higher than that of 

ClpXP (Figure 6a). This increase in velocity probably reflects the ~30% higher ATPase rate 

observed for ClpX when the motor is not bound to the peptidase ClpP (60).

Maillard et al. (59) found a nonlinear relationship between the ATPase rate and the mean 

GFP unfolding time when the investigators compared single-molecule data from ClpX and 

ClpXP. Although ClpX had about a 30% increase of ATPase rate relative to ClpXP, the 

motor alone unfolded GFP five times faster than when it was bound to the peptidase ClpP, 

with an unfolding time constant of 1.7 s (59). Previous bulk biochemical studies proposed 

that degradation of GFP by ClpXP requires four or more consecutive ATP-binding and 

hydrolysis events. This requirement of multiple ATP-binding and hydrolysis events results 

in the nonlinear relationship between the ATPase rate and GFP unfolding and degradation 

(63). In optical tweezers translocation experiments, the ATPase rate of the motor can be 

related to its pause-free translocation velocity “v” using the following equation: v = d · kcat · 
ε, where d is the motor step size, kcat is the motor turnover rate, and ε is the coupling 

coefficient, i.e., the probability that the motor steps in a given hydrolysis cycle (21). Thus, 
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the consecutive ATP-binding and hydrolysis events required to successfully unfold and 

degrade GFP can be interpreted as the coordinated stepping of multiple motor subunits in 

rapid succession, resulting in a “translocation burst.” Therefore, the nonlinear relationship 

between the pause-free translocation velocity and the mean GFP unfolding time may 

originate in the change in the probability of the motor making coordinated translocation 

steps with ATP concentration. Future experiments using optical tweezers with subnanometer 

resolution will make it possible to study the stepping behavior of the motor and may reveal a 

significant increase in the probability of coordinated steps among multiple motor subunits 

for ClpX relative to ClpXP as a function of nucleotide concentration.

Interestingly, the GFP unfolding intermediate observed in ClpX and in ClpXP single-

molecule trajectories is essentially the same (59). This observation suggests that the 

unfolding pathway of GFP observed by the activity of ClpX or ClpXP is largely a reflection 

of the topology and energy landscape of the protein substrate. Although ClpX and ClpXP 

unfolded GFP via the same intermediate, their efficiency in unfolding the protein substrate 

was quite different. The unfolding efficiency of the enzyme is calculated from the ratio of 

rips corresponding to successful GFP unfolding events to the total number of rips (i.e., the 

summation of successful unfolding events and motor slips). We found that ClpXP was more 

efficient than ClpX at unfolding a protein substrate composed of two tandem GFP molecules 

(0.5 versus 0.2 efficiency, respectively) (59). In fact, ClpX displayed a much higher 

frequency of motor slips, wherein the motor apparently failed to unfold GFP, disengaged 

temporarily from the substrate, and moved backward along the polypeptide track (59). 

Several mechanisms can lead to better unfoldase activity of ClpX when it is bound to the 

peptidase ClpP. For instance, ClpP may stabilize the ClpX ring conformation (34), allowing 

a more stable grip on the protein substrate. Alternatively, the extended processing pore 

formed by the ClpXP complex can have additional interaction contacts with the unfolded 

protein substrate that may help prevent substrate release after an unsuccessful unfolding 

attempt.

EPILOGUE

To maintain a functional and efficient proteome, the cell must strike a balance ensuring the 

correct folding of polypeptides needed at any given state of its cycle and the timely removal 

of the protein complement it no longer needs in that state. This balance is attained by the 

coordinated activity of a large number of molecular machines. Starting at the time of birth of 

a polypeptide, this cellular machinery provides the binding interactions and energy 

expenditure necessary to guarantee its correct native folding, to avoid its trapping in 

nonfunctional and possibly cytotoxic aggregates, and to eliminate it when it is no longer 

functional or needed. Methods of single-molecule detection and manipulation are now 

systematically being used, as described in this review, to investigate the detailed operations 

of the individual components of this machinery. Future studies will likely involve the 

simultaneous characterization of several of these molecular machines to unravel their 

coordinated activities and the physical principles that underlie that coordination. The ability 

to combine single-molecule fluorescence detection and manipulation in the same experiment 

(23) will also enable researchers to monitor the displacement, force, and/or torque 
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generation of these machines, while simultaneously recording the dynamics of their internal 

degrees of freedom.
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Figure 1. 
Energetic coupling of subdomain folding in T4 lysozyme revealed by nonequilibrium single-

molecule force spectroscopy. (a) Experimental setup. A T4 lysozyme protein is attached to 

polystyrene beads by means of DNA handles. The protein contains cysteines that permit 

covalent attachment to two 500–base pair double-stranded DNA molecular handles through 

disulfide linkages in only one domain of the protein. These DNA handles are derivatized on 

their 5′ ends with digoxigenin and biotin to bind the respective beads (antidigoxigenin-

coated beads and streptavidin-coated beads, respectively). The streptavidin bead is attached 

to a micropipette by suction and has a diameter of 2.1 μm. This system is inside a laminar 

flow camera. Modified with permission from Reference 47. (b) Force-extension curves 

obtained by stretching (red ) and relaxing (blue) a single domain of the T4 lysozyme; DNA 

handles were attached in the N domain of the protein. The data shown were collected at a 

50-Hz sampling rate and a pulling speed of 60 nm/s. Reprinted with permission from 

Reference 83. (c) The normalized probability curves of unfolding and refolding work for 

16,61 WT*T4L. The normalized probability curves of the work required for the unfolding 

(red ) and refolding (blue) were obtained from the unfolding events in panel b. The Crooks 

fluctuation theorem (CFT) was used to calculate the free energy from the single-molecule 

experiments. The calculated free energy for 16,61 WT*T4L, obtained by the crossing point 

between the refolding and unfolding work (ΔG, CFT = 12.3 ± 0.6 kcal/mol), agrees well 

with the free energy measured in bulk solution unfolding experiments (ΔG, bulk = 14.1 ± 

0.6 kcal/mol). Reprinted with permission from Reference 83. Abbreviations: pN, 

piconewton; T4L, T4 lysozyme; WT, wild type.
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Figure 2. 
Real-time observation of folding transitions in apomyoglobin. (a) Constant trap position 

experiments performed across the N and C termini of apomyoglobin H36Q. One-second 

trace of a constant trap position experiment at 1,000 Hz sampling frequency (blue) for the 

N- to C-terminal attachment points. The inferred trajectory of the molecule at 500 Hz is 

shown (red ). The plot shows the lifetimes in each state at a particular force, and the protein 

“hops” between each state. (b) Linear fits of the natural logarithm (ln) of the rate constants 

as a function of force are shown for apomyoglobin. The distance to the transition state is 

determined from the slope of the lines using Bell’s model [see the equation in the sidebar, 

Dependence of the Rate Constant on Force (Bell Equation)]. The Δx‡
unf = 3.4 ± 1.2 nm, the 

Δx‡
fold = 7.6 ± 3.3 nm, the Δxtotal (sum of Δx‡) = 11.0 ± 3.5 nm, and the Δxtotal (measured in 

the optical tweezers instrument) = 12 ± 1 nm. Adapted with permission from Reference 30. 

Abbreviation: pN, piconewton.
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Figure 3. 
Folding of ribosome-bound nascent polypeptides. (a) Experimental setup for optical 

tweezers measurements of ribosome-bound nascent proteins. A ribosome–nascent chain 

complex is tethered between two polystyrene microspheres via DNA handles. Attachment 

points are located on the large subunit of the ribosome and the N terminus of the nascent 

protein. The force applied to the assembly can be varied by moving the optical trap. (b) 

Representative force-clamp trace for the folding of a single ribosome-bound T4 lysozyme 

molecule. At the beginning, the force is lowered to 3.6 pN, and the extension is monitored 

over time. In this example, the protein folds after 25 s. Equilibrium “hopping” between the 

unfolded state and an intermediate state is also observed. (c) Apparent refolding rates for 

three constructs studied in the optical tweezers, which are referred to as +41, +60, and free, 

for the ribosome-bound T4 lysozyme with a 41–amino acid C-terminal linker, the ribosome-

bound T4 lysozyme with a 60–amino acid C-terminal linker, and the T4 lysozyme in the 

absence of the ribosome, respectively. (d ) Schematic energy landscape based on single-

molecule experiments, illustrating how the ribosome affects folding. The height of the 

barrier between the intermediate and native state is affected by the ribosome. Figure adapted 

with permission from Reference 47. Abbreviation: pN, piconewton.
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Figure 4. 
Unfolding and translocation of protein substrates by ATP-dependent proteases monitored at 

the single-molecule level. (a) ClpXP binds, unfolds, and translocates ssrA-tagged protein 

substrates in an ATP-dependent manner. (b) Dual-trap optical tweezers assay to study 

protein unfolding and polypeptide translocation by individual ClpXP molecules. In this 

assay, ClpX is immobilized on the surface of a streptavidin (SA)-coated bead via a biotin-

SA interaction. ClpP binds ClpX in trans. The DNA-tethered protein substrate has a 

digoxigenin (dig) molecule in one 5′ end of the DNA that binds to antidig (AD)-coated 

beads. The ssrA-tagged substrate consists of two green fluorescent protein (GFP) molecules 

separated by two permanently unfolded I27 titin domains (59). (c) Examples of molecular 

trajectories averaged down to 50 Hz showing protein unfolding and polypeptide 

translocation by ClpXP. Sudden gains in extension correspond to GFP unfolding events (red 

arrowheads). After unfolding, the gradual decrease in extension reflects the translocation of 

the unfolded polypeptide through the ClpX pore into ClpP. Occasionally, polypeptide 

translocation is interrupted by regions of near-zero velocity that were identified as pauses 

(blue trajectory). (d ) Cartoon illustrating the sequence of events occurring in the molecular 

trajectories shown in panel c. Except for the green trajectory, ClpXP successfully unfolded 

both GFP molecules (59). Abbreviations: ATP, adenosine triphosphate; ssrA, small stable 

RNA A.
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Figure 5. 
Unfolding trajectories of protein substrates by ClpXP. (a) Rips corresponding to the 

cooperative unfolding of filamin A domains. The black arrow indicates the presence of a 

transient unfolding intermediate (7). (b) Green fluorescent protein (GFP) unfolding events 

were observed as a rip-transition-rip sequence, indicating the presence of an unfolding 

intermediate (black arrow). Numbers correspond to the sequence of events during GFP 

unfolding illustrated in panel c. (c) Model of GFP unfolding by ClpXP. ❶ After several 

unfolding attempts, ClpXP successfully extracts β-strands 11 through 7, generating an 

unfolding GFP intermediate. ❷ The remaining metastable intermediate unfolds 

spontaneously after ~180 ms. During the lifetime of the GFP intermediate, it is possible to 

monitor polypeptide translocation by ClpXP. ❸ After the complete unfolding of GFP, 

ClpXP continues translocating the unraveled polypeptide (59). Abbreviation: pN, 

piconewton; τ, lifetime.
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Figure 6. 
Translocation velocity and stepping behavior of ClpXP. (a) Pause-free translocation velocity 

in nanometers per second as a function of force. Red and blue squares correspond to 

velocities for ClpX and ClpXP, respectively, here and in panel b. (b) Pause-free 

translocation velocity in amino acids (aa) per second as a function of force. (c,d ) High-

resolution data clearly displayed 2-nm or 3-nm steps during polypeptide translocation by 

ClpXP (c and d, respectively). Raw data ( gray) were obtained at 2 kHz. The raw data were 

filtered down to 50 Hz (blue) and were fitted using a t-test step-detection algorithm (solid 

black lines). Figure adapted with permission from Reference 59.
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