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Abstract

Manipulation of individual molecules with optical tweezers provides a powerful means of 

interrogating the structure and folding of proteins. Mechanical force is not only a relevant quantity 

in cellular protein folding and function, but also a convenient parameter for biophysical folding 

studies. Optical tweezers offer precise control in the force range relevant for protein folding and 

unfolding, from which single-molecule kinetic and thermodynamic information about these 

processes can be extracted. In this review, we describe both physical principles and practical 

aspects of optical tweezers measurements and discuss recent advances in the use of this technique 

for the study of protein folding. In particular, we describe the characterization of folding energy 

landscapes at high resolution, studies of structurally complex multidomain proteins, folding in the 

presence of chaperones, and the ability to investigate real-time cotranslational folding of a 

polypeptide.
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1. INTRODUCTION

It has been slightly more than two decades since the feasibility of using mechanical force as 

an agent of protein denaturation was first demonstrated (1–3). It is not a coincidence that all 

three of these publications, which appeared simultaneously, utilized the giant muscle protein 
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titin. This protein’s nearly 250 immunoglobulin-like and fibronectin domains arranged in a 

linear fashion, for a total molecular weight of almost 3 MDa, greatly facilitated its grabbing 

and tethering between the surface of two beads in an optical tweezers instrument, or between 

the tip of an atomic force microscope cantilever and a surface, making it possible for the first 

time to investigate the response of a protein to mechanical denaturation.

The use of force as denaturant was met originally with skepticism. Critics argued that force 

is not physiological and therefore not a valid agent for unfolding proteins. This criticism 

seemed to imply that the means traditionally used by scientists to investigate the folding and 

unfolding transitions of proteins (temperature and chemical denaturants, such as urea or 

guanidinium chloride) were instead more natural or biologically relevant. In the intervening 

years, the systematic study of molecular machines by single-molecule approaches and, in 

particular, the discovery of unfoldases—specialized molecular machines that employ the 

energy derived from the hydrolysis of adenosine triphosphate (ATP) to generate mechanical 

force to denature proteins in the cell—have elicited a renewed interest in understanding the 

mechanical response of proteins beyond those that are already known to be involved in 

mechanical tasks (e.g., titin, myosin, actin, fibronectin).

There are numerous advantages to studying protein folding by using force, one molecule at a 

time. First, the direction along which the force is applied in a mechanical unfolding 

experiment establishes a well-defined reaction coordinate. Along this privileged spatial 

direction, parameters of the reaction such as the distance to the transition state, the height of 

the energy barrier, and the energy difference between the initial (folded) and the final 

(unfolded) states can be determined. Second, unlike its bulk counterparts (urea, 

temperature), force is a selective denaturant capable of acting on one part of the molecule 

without directly affecting another. This locality has made it possible to investigate, for 

example, the energetic coupling during the folding or unfolding of different regions of a 

protein (4). Third, the use of force as a denaturant, which typically requires studying the 

folding process at the single-molecule level, makes it possible to avoid complications such 

as aggregation that often plague folding studies in bulk.

To date, two different methods are mainly used to investigate the mechanical response of 

proteins to force: optical tweezers and atomic force microscopy. There are advantages 

peculiar to each of these techniques. Optical tweezers are the more versatile of the two, in 

terms of both the range of forces that can be exerted on the proteins and the ability to control 

those forces. Another approach, termed magnetic tweezers, provides access to a similar 

force range but has been less frequently used for protein folding studies due to its limited 

temporal and spatial resolution. Recent studies, however, have showcased its potential (5, 6). 

This review describes only recent advances in protein folding using optical tweezers.

2. INSTRUMENTATION AND THEORY

2.1. Optical Tweezers Overview

Optical tweezers exploit the property of electromagnetic radiation to exert force on matter. 

The physical description of this phenomenon falls into different regimes depending on the 

size of the object compared with the wavelength of light. For a Gaussian beam propagating 
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near an object much smaller than the wavelength of light, the object can be treated as a 

Raleigh scatterer: The electric field of the incident radiation induces an electric dipole 

moment on the object, which is then attracted toward the higher intensities of the field—that 

is, to the center of a Gaussian beam. The force acting on the object is proportional to its 

polarizability and to the intensity gradient of the beam (7).

In most biological optical tweezers applications, macromolecules are tethered to 

functionalized beads (made of silica or polystyrene) with diameters on the order of the 

wavelength of light and with an index of refraction larger than that of the surrounding 

medium. In this case, the force acting on the beads can be explained by using ray or 

geometric optics. Consider a bead centered on the axis of a Gaussian beam focused through 

a high-numerical-aperture lens (Figure 1a). Photons carry momentum. As they impinge on 

the surface of the bead, they are refracted symmetrically, and the transmitted beam is not 

deflected (Figure 1a, left). However, if the bead is displaced from the center of the beam, the 

refraction is asymmetric and the beam of photons is now deflected, experiencing a rate of 

change of momentum, or force (Figure 1a, right). Conservation of linear momentum 

requires, then, that the bead experience an equal but opposite force that tends to restore the 

bead position to the center of the beam (Figure 1a).

Similarly, conservation of momentum results in trapping along the beam axis. Some of the 

photons hitting the bead are reflected from the bead surface, resulting in a force pushing the 

bead along the direction of light propagation. This force is, however, eventually balanced by 

that arising from the forward scattering of the beam by the bead. As a result, the bead attains 

an equilibrium trapped position on the beam axis located slightly beyond the focal point 

along the direction of propagation of the light. This is the principle of the optical tweezers, 

first demonstrated and implemented by Ashkin and coworkers (8).

The potential energy associated with a nearly Gaussian beam is locally harmonic, and the 

trap can be modeled as a Hookean spring. The restoring force to the bead is F = −κx, where 

x is the displacement of the bead from the beam center and κ is the trap stiffness. In general, 

the trap stiffness depends on laser power and on bead radius and is a crucial parameter 

required to measure the forces applied to the trapped object. Although there are multiple 

methods to calibrate the trap stiffness, the most common method is to record the Brownian 

fluctuations of a trapped untethered bead. In the limit in which friction forces dominate over 

inertial forces (the overdamped limit), the power spectrum of fluctuations (i.e., the mean 

quadratic displacement of the bead in the trap per unit hertz), σ, is described by the 

fluctuation-dissipation theorem according to

σ2 = kT
π2(γ) f0

2 + f2 . 1.

Here, γ is the drag coefficient of the bead, given by Stokes’s law (6πηr, where r is the bead 

radius and η is the dynamic viscosity of the medium), and f is the frequency. The value f0 is 

called the corner frequency of the bead/trap system, and it is the inverse of the relaxation 

time of the bead in the trapping potential. The corner frequency is the ratio of the stiffness of 
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the trap, κ, and the drag coefficient of the bead, γ. Fitting of the experimentally recorded 

bead fluctuations to this Lorentzian function allows for the determination of the trap 

stiffness. An example power spectrum is shown in Figure 2. Data collection faster than the 

corner frequency will give correlated measurements of bead position, rather than reporting 

on properties of the biological system under study. Generally, data are collected at 

frequencies lower than the corner frequency, although exceptions do exist (9). It follows that 

the time resolution of a particular experiment is determined by the trap stiffness and the drag 

coefficient of the trapped object. However, for a Brownian-limited instrument (10), the 

spatial resolution of the experiment is independent of the trap stiffness and depends instead 

on the details of the biological system, such as its mechanical compliance. This point is 

discussed in Section 2.3.

2.2. The Effect of Force on Energy Landscapes

In optical tweezers experiments, the tunable parameter is the force applied to the molecule 

of interest, and the readout is a change in molecular length. Therefore, the free energy 

surface characterized in these experiments is one dimensional, with the molecular extension 

as the reaction coordinate. For a simple one-barrier system, we can characterize this free 

energy landscape with four parameters: (a) Δx, the difference in molecular lengths x1 and x2 

of two different states, 1 and 2, of the system along the reaction coordinate; (b) the 

difference in free energy between states 1 and 2; (c) the location of the barrier, 

corresponding to the distance to transition states Δx1
‡ or Δx2

‡; and (d) the height of the 

energy barrier, ΔG‡ (Figure 3). The free energy difference between the states determines the 

equilibrium populations, while the height of the barrier dictates the rate at which 

spontaneous transitions between the states occur.

The application of force changes the potential energy surface, corresponding, to a first 

approximation, to a linear correction of the energy by a term −Fx along the reaction 

coordinate. The effect of this correction is to tilt the energy landscape around the origin of 

the reaction coordinate. As the applied force increases, the equilibrium shifts to favor the 

longer (unfolded) state of the protein (Figure 3a). Because folded proteins do not deform 

much under force, the end-to-end distance of state 1 can be treated as a constant. In contrast, 

unfolded polypeptides are compliant, extending in response to an applied mechanical load 

(see Section 2.3, below, for how the response to force can be described). This stretching 

introduces an additional energy term. At equilibrium (ΔG = 0), the effect of force on the 

populations of states 1 and 2 and the effect of the force F on the equilibrium can be 

described by (11)

ΔG(F) = − kBT ln Keq(F) = ΔG0 − FΔx + ΔGstretch, 2.

where kB is the Boltzmann constant, T is the temperature, Keq(F) is the force-dependent 

equilibrium constant, ΔG0 is the standard free energy, Δx is the difference in extension 

between states 1 and 2 at F = 0, and ΔGstretch is the free energy required to stretch the 

unfolded polypeptide to the extension it assumes at the force F (Figure 3b). Thus, the 

population of the unfolded state increases exponentially with the applied force (see 11 for a 

more detailed description).
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The effect of force on the unfolding rate results from its effect on the energy landscape and 

can be approximated by Bell’s model (12), which introduces a −Fx factor in the Arrhenius 

equation:

k(F) = Ak0eβFΔx‡ = Ae−β ΔG‡ − FΔx‡ , 3.

where k(F) is the unfolding rate at a given force, A is the attempt frequency of the transition, 

k0 is the unfolding rate at zero force, and β = 1/kBT, where kB is the Boltzmann constant and 

T the absolute temperature. At room temperature, we obtain kBT = 4.1 pN nm. Often, data 

are fit to the linearized model of the natural logarithm of the rate (or inverse lifetime) versus 

the force. In practice, there is also a contribution to the rate due to the specifics of the 

experimental design (trap power, bead size, etc.). This is usually accounted for with an 

unknown prefactor, km (13):

k(F) = Akme−β ΔG‡ − FΔx‡ . 4.

Due to this prefactor, equivalent measurements of a protein-folding assay may not give the 

same zero-force rate k0. It can also be the case that the extrapolated zero-force rate for the 

same molecule differs with the design of the molecular setup (length of the tether) or with 

the trap stiffnesses (13). However, measured rate changes—for example, with changing salt 

concentrations—are comparable since they should have the same prefactor term, as long as 

the experimental design is the same. Additional corrections can be made by accounting for 

the local stiffness, κ, of the potential (14):

k(F) = kmk0eβ FΔx‡ − 1
2κΔx‡2

. 5.

This simple model predicts that force also shifts the minima and the maxima of the potential 

energy landscape. In general, it can be shown that the shifts of the minima and maxima of 

the potential energy surface are inversely proportional to the curvature (sharpness) of these 

extremes (11).

This is the simplest model to describe the force dependence of kinetic rates. However, it is 

phenomenological and does not always describe accurately the effect of force on the 

landscape. The breakdown of this model will lead to a nonlinear dependence of ln(k) versus 

F (15, 16). A more theoretically rigorous treatment has been derived by Dudko et al. (15) 

using Kramer’s theory to describe the diffusive crossing of a barrier under force. In this 

framework, the force dependence of the kinetic rates becomes

k(F) = Ak0 1 − vFΔx‡

ΔG‡

1
v − 1

eΔG‡ 1 − 1 − vFΔx‡
ΔG‡

1
v /kBT , 6.

where v = 1/2 for a cusp-type potential energy surface and v = 2/3 for a linear-cubic 

potential. For v = 1, this expression reduces to the Bell model above. Most potentials can be 

well described by the cubic correction (15). Note that obtaining ΔG‡ from the Bell equation 
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requires experiments as a function of temperature T, which are typically difficult to 

implement experimentally. In contrast, the Dudko et al. equation yields this parameter from 

the fitting of the plot of ln(k) versus F, as long as a broad enough force range is explored to 

observe the nonlinearity predicted by this model.

2.3. Modeling of Biopolymer Behavior Under Force

In most experimental setups, the molecule of interest is not directly linked to the beads held 

in the optical traps but is instead connected to spacer molecules (handles) that extend the 

molecule away from the bead surface as well as away from the laser focus (Figure 1b). This 

addition is important to prevent the bead surfaces (often highly charged or covered in 

protein) from affecting the dynamics of the molecule of interest, as well as to reduce 

photochemical damage due to radiation-induced radical formation (17). Typically, linear 

double-stranded DNA (dsDNA) molecules serve as spacers (18), although other materials, 

such as DNA origami structures, can be used (19). Since these handles affect the properties 

of the biomolecule measured in these experiments, their response to force must be known 

and accounted for within the signal. Because dsDNA is the most common handle, it is 

discussed here in some detail, but the same concepts apply to alternative handle materials.

Consider a flexible polymer, such as an unfolded polypeptide or a dsDNA fragment, of 

length L (referred to here as its contour length) at zero force. The force-dependent state of 

the molecule can be characterized in one dimension by its end-to-end distance, x(F). For any 

given extension x, the molecule has an associated number of microscopic states that is 

maximal at zero force and becomes 1 when the molecule is maximally extended, that is, 

when its end-to-end distance matches its contour length, x = L. Therefore, the force applied 

to the ends of a molecule reduces its entropy because the number of its accessible 

configurations is a sharply decreasing function of its end-to-end distance. The force 

dependence of this extension process can be described by a wormlike chain model (20):

FP
kBT = 1

4 1 − x
L

−2
+ x

L − 1
4 . 7.

Here, F is the force applied to the ends of the polymer. In this model, the intrinsic flexibility 

of the polymer is described by a single parameter, its persistence length P, which describes 

how quickly the memory of the initial orientation of the chain decays along its length. A 

larger persistence length describes a stiffer polymer. The formula above assumes that the 

contour length of the molecule is constant and independent of the applied force. 

Accordingly, it is valid only in the so-called entropic regime of polymer elasticity, in which 

the effect of the force is just to straighten the polymer along the direction defined by the 

applied force and in which work is done only to reduce the entropy of the chain [−TΔS(F)]. 

In practice, molecules are stretchable under force.

Applied force extends the structure of the polymer, adding an enthalpic term to its entropic 

elastic behavior. This effect is described by the extensible wormlike chain model, which 

includes a stretch modulus of the polymer, K (21, 22):
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FP
kBT = 1

4 1 − x
L + F

K
−2

+ x
L − 1

4 − F
K . 8.

The formulae are interpolations that are exact in the low- and high-force regimes. For an 

exact treatment of the wormlike chain model, readers are referred to Reference 23. In 

practice, the interpolation formulae with polynomial order corrections to increase their 

accuracy are useful and cover the range of forces relevant for most biological measurements 

(24).

For dsDNA handles in monovalent salt solutions around 100 mM, the extensible worm-like 

chain model is appropriate, with a persistence length of ~50 nm and a stretch modulus of 

~1,200 pN (exact numbers vary with buffer conditions) (25). For unfolded polypeptides, the 

wormlike chain model with persistence length between 0.65 and 0.75 nm is typically used 

(26). The force-versus-extension behavior of single-stranded DNA or single-stranded RNA 

can be fit by the wormlike chain model using a persistence length of ~1 nm (27). The 

persistence length of dsDNA is therefore some 50 times higher than that of single-stranded 

DNA due to its braided nature. This relatively high persistence length or stiffness makes 

dsDNA an attractive molecular handle for single-molecule manipulation experiments—the 

persistence length P of a DNA handle can be directly related to its stiffness κDNA by the 

formula κDNA = kBTPDNA.

Imagine a polypeptide attached by one end to a surface and by the other to a DNA handle 

tethered to an optically trapped bead. In this case, the effective stiffness of the molecular 

system (including polypeptide and handles) and the trap contribute to the thermal noise 

experienced by the bead in the trap as two springs arranged in parallel (13):

ΔxRMS = ΔFRMS
κtrap + κmolecular

= 2 kBTγB
κtrap + κmolecular

, 9.

where B is the bandwidth of the measurement; γ is the drag coefficient of the bead, equal to 

6πηr; η is the viscosity of the medium; and r is the radius of the bead. The value κmolecular 

represents the stiffness of both the handles and the polypeptide and is given by

κmolecular  = 1
1

κhandles 
+ 1

κpolypeptide 

.
10.

Note that in the last expression, the molecular stiffnesses of the polypeptide and handles 

contribute to the compound stiffness as springs arranged in series.

In general, the signal detected with an optical tweezers instrument, Δxsignal, is smaller than 

the change in extension of the polypeptide, Δx, due to the compliance of the molecular 

components, according to
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Δxsignal  = κmolecular 
κtrap  + κmolecular 

Δx . 11.

Therefore, from Equations 9 and 11, the signal-to-noise ratio (SNR) of the experiment is 

(10)

SNR = κmolecular 
2 kBTγBΔx . 12.

The value κmolecular is itself a function of the applied force because most biopolymers 

(including the handles) behave as nonlinear springs. The longer the handle, the smaller is 

κmolecular, and the choice of the handle is therefore necessarily a compromise between 

maximizing the SNR of the experiment (high persistence length and shorter contour length 

of the handle) and minimizing possible surface effects and radiation damage to the system 

(longer contour length of the handle).

In practice, the polypeptide of interest is shorter than the DNA handles used (hundreds of 

amino acids versus thousands of base pairs); therefore, their contributions to the stiffness are 

often similar, despite the lower persistence length of polypeptide chains.

The SNR for a dual-trap instrument (in which the polypeptide is tethered on both sides by 

handles to beads kept in respective traps) is higher because part of the thermal noise 

corresponds to the correlated motion of the beads in the traps (due to the molecular tether 

between them), which is automatically subtracted out when taking the difference between 

the positions of the beads to obtain the signal, x. In this case, γ must be replaced by the 

effective drag coefficient of the system, given in terms of the drag coefficients of the two 

beads, γ 1 and γ 2, by γ eff = γ 1γ 2/(γ 1 + γ 2) (10). Notice that the SNR is independent of 

the stiffness of the trap. The reason is that both the signal and the noise depend on this 

parameter, which cancels out when calculating the ratio (10). However, because trap 

stiffness determines the corner frequency of the experiment, it limits the maximum 

bandwidth that can be used during data collection. Conversely, although averaging the data 

to lower bandwidth would increase the spatial SNR, this improvement comes at the expense 

of temporal resolution. Ultimately, the maximal spatial resolution depends on the timescale 

of the biological process of interest (see, e.g., measurements of transition path times below).

3. DATA COLLECTION AND ANALYSIS

The benefit of using optical tweezers to study protein folding derives from its high 

resolution in the relevant spatial and temporal regimes. The readout is the molecular length, 

or number of amino acids, involved in a transition, which is obtained from the difference 

between the two bead positions, Δx. The bead positions are continuously measured by back 

focal plane interferometry (28) with excellent spatial and temporal resolution. Although the 

measurement provides only one-dimensional structural information about the intermediates 

in the process, using mutants, truncated proteins, or different handle attachment points 
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enables identification of the protein region that corresponds to a given folding or unfolding 

transition. Even intermediates of the same length can be distinguished, provided their 

transition kinetics under applied force are sufficiently different (29). As a result, optical 

tweezers make it possible to extract the folding and unfolding kinetics and to obtain 

information about the structures of the involved states. This approach is particularly well 

suited for studying larger proteins that often aggregate in bulk studies or that may fold or 

unfold with many intermediates. One of the main advantages of single-molecule optical 

tweezers studies is that they make it possible to establish directly whether a particular 

intermediate is obligatory and on-pathway to folding, which is often more difficult to do in 

bulk folding studies. Different experimental protocols are commonly used to collect these 

data, summarized below.

3.1. Force Ramp Experiments

One of the most common methods to study protein folding using optical tweezers is to 

perform force ramp experiments and generate force-versus-extension pulling curves. In this 

type of experiment, the traps are moved apart at a constant velocity, which in turn 

continuously increases the force on the molecule. In practice, one trap is usually held at a 

fixed position, whereas the other one is moved by a steerable mirror or acousto-optic 

deflector. Before the protein responds to the applied force by changing its structure, the 

force ramp data display only the elastic response of the handles (Figure 1b,c). As the force is 

ramped up, the likelihood of unfolding continuously increases (see Equation 3). At some 

point, the force on the protein will be high enough that it is no longer stable and the 

molecule unfolds, which appears as a transition toward increased length that is accompanied 

by a drop in force. Most proteins unfold cooperatively in a sharp transition that corresponds 

to a sudden increase in the end-to-end extension of the molecule, and that appears as a clear 

rip in the force–extension curve (Figure 1c). After the unfolding event, the force continues to 

increase at a longer contour length, now governed by the combined elastic behavior of the 

handles and the unfolded part of the polypeptide. When the force is lowered, the refolding 

rate increases until the molecule ultimately refolds. This transition appears as a jump from a 

longer to a shorter end-to-end distance of the molecule, or zip, in the data.

In this type of experiment, the unfolding and refolding of the protein typically occur out of 

equilibrium because the perturbation of the energy landscape is faster than the rate at which 

the molecule can equilibrate to the newly imposed force. As a result, the force-versus-

extension curves display hysteresis; that is, the forces at which the unfolding and refolding 

events occur do not coincide. Moreover, the unfolding and refolding forces generally are a 

function of the pulling rate. A faster pulling rate takes the system farther from equilibrium 

and leads to unfolding at a higher force. Although these experiments are performed far from 

equilibrium, equilibrium information about the folding process can still be extracted from 

them by using fluctuation theorems (30–33), as described in the following paragraphs.

Because the unfolding process is ultimately a thermally induced stochastic event, the exact 

force at which a protein molecule unfolds is slightly different every time the experiment is 

repeated. From this distribution of unfolding forces obtained at a particular experimental 

condition, the zero-force unfolding rates can be obtained. The lifetime of a folded (or 
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unfolded) state as a function of force can be obtained by transforming the probability density 

of unfolding (or refolding) forces according to (34)

τ(F) =
∫F

∞p(f)df
r(F)p(F) , 13.

where τ is the lifetime of the folded or unfolded state, p(f) is the probability density function 

at F, and r(F) is the loading rate, typically expressed in units of piconewtons per second and 

equal to the product of the pulling rate and the effective stiffness of the system κeff = 

κtrapκmolecular/(κtrap + κmolecular). The loading rate varies as a function of force despite the 

constant pulling rate due to the nonlinear elasticity of the handles. Once the unfolding forces 

have been transformed to lifetimes [or rates k(F), where k = 1/τ], the expressions discussed 

above for the relationship between k(F) and k0 can be applied (see Section 2.2).

The pulling curves can also be used to determine the equilibrium free energy ΔG from the 

nonequilibrium work of the process using Jarzynski’s equality (35, 36):

e−βΔG = lim
N ∞

e−βwi
N, 14.

where wi is the mechanical irreversible work done to unfold the protein in the ith pulling 

iteration. Equation 14 shows that it is possible to access the equilibrium free energy of the 

folding process (left-hand side of the expression) from the average of the Boltzmann-

weighted irreversible work determined over N realizations of the experiment in the limit of 

large N (right-hand side). The irreversible work wi done during the unfolding or refolding 

process is simply the integral of the force–extension curve (Figure 4a), corrected for the 

reversible work of stretching the molecular handles. Faster pulling speeds take the system 

farther out of equilibrium, leading to larger hysteresis between the unfolding and refolding 

processes, and the difference between these integrations (the dissipated work) increases. 

Provided that the dissipated work is not too large, in practice the value of N required for the 

above expression to hold is within experimental limits.

The Crooks fluctuation theorem (31, 33), a statistical mechanics result relating the 

distributions of irreversible work associated with folding and unfolding to the free energy of 

the underlying molecular process, provides another way of extracting thermodynamic 

information from nonequilibrium measurements through the relationship

PU(W )
PR( − W ) = exp W − ΔG

kBT , 15.

where PU(W) and PR(−W) are the probabilities of the irreversible mechanical work W of 

unfolding and refolding, respectively. It can be seen from this equation that W is equal to the 

free energy ΔG when PU(W) = PR(W). The point at which the two distributions cross 

therefore directly yields ΔG. Figure 4 depicts a practical way to extract the mechanical work 

from the force-versus-extension curve, performed during an unfolding experiment. In the 

example shown, the analysis is used to determine the free energy of an individual domain 

(domain III) in a multidomain protein, elongation factor G (EF-G). In this particular 
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application, the results showed that the presence of additional domains does not result in 

higher thermodynamic stability of domain III. The method has also been used successfully 

to demonstrate cooperative unfolding of coupled domains (4).

Force ramps are useful to gain fundamental information about the system: In how many 

steps does the protein unfold? How many states are populated during refolding? Is there 

large hysteresis between unfolding and refolding? They are also the simplest way to collect 

data. Because this type of experiment can cover a broad range of forces during each pulling/

relaxation iteration, it is very useful to detect the transitions originating from structures with 

very different mechanical stabilities, such as individual domains in a large protein. However, 

refolding transitions can be difficult to detect accurately. In addition, it can be difficult to 

cleanly resolve transitions and intermediates for systems near equilibrium where multiple 

folding and unfolding events occur in a single pulling cycle. When analyzing the force 

distributions from such systems with multibarrier landscapes, modifications to the theory 

and fitting procedures developed by Zhang & Dudko (38; discussed above in this section) 

need to be made. In practice, data collection is limited to a relatively small range of forces 

for each type of molecular transition (because outside this range transitions in one direction 

or the other are very infrequent), which must then be extrapolated to obtain the properties at 

zero force. The smaller this range, the more likely extrapolation will result in large errors 

due to nonlinear effects (see Section 2.2). For these reasons, force ramp experiments are 

often used in conjunction with equilibrium measurements at constant force, as discussed in 

the following section.

3.2. Constant Force Experiments

One type of equilibrium measurement uses feedback on the trap positions to keep the force 

across the molecule constant. In these experiments, the molecule transitions between states 

with distinct extensions. The molecule is stretched to the force of interest where it can fold 

and unfold spontaneously. For the instrument to maintain the force constant, it increases or 

decreases the distance between the beads each time the molecule unfolds or refolds, 

respectively. Thus, a plot of the distance between the beads as a function of time displays 

successive jumps (hopping) that reflect the molecular transitions between states. Initially, 

trajectories of this type were analyzed by applying simple thresholds, where any points 

above or below a certain cutoff extension were classified as representing folded or unfolded 

states, respectively (18, 39). However, this method is prone to errors, because thermal 

fluctuations can be misinterpreted as transitions and short excursions to a different state may 

be missed. Classifying events by using hidden Markov models is a more robust approach for 

the analysis of constant-force experiments and is now commonly used for this type of 

experiment (29, 40). Hidden Markov models treat the observed data as a Markov chain of 

transitions in which the probability of transitioning to a given state is dependent only on the 

current state. Hidden Markov model analysis yields the transition probabilities between 

states and determines the most likely state assignment in an experimentally measured 

trajectory (41–43).

Constant-force experiments represent a straightforward way to determine force-dependent 

state lifetimes. Because a constant perturbation is applied to the energy landscape, data 
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interpretation is straightforward. Furthermore, the elastic handles remain at a constant 

extension in this type of experiment since the force is invariant. The measured extension 

changes therefore directly reflect changes in the contour length of the protein under study 

without requiring corrections. However, the feedback algorithm required to maintain a 

constant force in the instrument can lead to artifacts and increased noise compared with 

measurements without feedback. The feedback bandwidth is necessarily lower than the 

response time of the bead, limiting the temporal resolution as well. More importantly, for 

systems with one or more short-lived states, feedback can introduce numerous artifacts 

resulting from missed events (44). A passive force clamp approach has been developed that 

circumvents this limitation by using two traps of different stiffnesses. One trap is operated 

outside of its linear regime, taking advantage of a relatively flat region of the trapping 

potential in which the force is constant for small displacements (14). The other trap is used 

to detect and measure transitions. While this feedback-free method does not benefit from the 

improved SNR that is afforded by differential detection with two traps (10), it circumvents 

the relatively low bandwidth and potential artifacts associated with active-feedback 

implementations.

Some proteins have force-dependent folding and unfolding rates that permit the molecule to 

sample all accessible states near equilibrium (29, 45). However, for many proteins, there is 

no single force at which both folding and unfolding transitions are in an experimentally 

accessible range, that is, neither too fast nor too slow (18, 40). In these cases, repeated jumps 

between low and high force are necessary (see Section 3.4).

3.3. Constant Trap Position (Passive Mode)

In constant trap position experiments, the traps are adjusted to apply a defined pretension to 

the protein and are then kept at this position while the molecule undergoes folding/unfolding 

transitions. Because the centers of the traps are fixed but the beads move relative to the trap 

centers, transitions involving changes in molecular end-to-end extension manifest as changes 

in force. The force and extension are conjugate variables of each other, and either signal can 

be analyzed, although one may be more accurate than the other, depending on the detection 

setup. Because the force on the molecule varies as the molecule transitions between states, 

this method cannot be described as a simple linear bias on the folding landscape. Instead of a 

perturbation term of −Fx on the landscape, the relevant correction would depend on the 

extension and the local stiffness (46). The consequences of this type of bias are 

experimentally very helpful: If a molecule unfolds, the force drops, favoring subsequent 

refolding. Likewise, when the molecule folds, the force increases. As such, it is easier to 

sample a larger region of the energy landscape, more transitions are recorded per unit time 

(44, 47), and reversible, rather than sequential, crossing of energy barriers is favored (47).

Analysis of the data in this case is also performed via hidden Markov model 

implementation, as in constant-force measurements. Thus, in this type of experiment, the 

rate constants for complicated transition networks, either branched or sequential, can be 

directly extracted. In force ramp experiments, in contrast, the force of a second barrier would 

appear higher because the transitions occur chronologically and the force changes more or 

less monotonically with time in this type of experiment. That is, the true rates are convoluted 

Bustamante et al. Page 12

Annu Rev Biochem. Author manuscript; available in PMC 2021 June 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



due to the presence of multiple barriers and the time-dependent force perturbation (38). 

While these rates can be successfully extracted from pulling curves (38), they are directly 

observable in passive mode only if the system displays reversible kinetics.

3.4. Force-Jump Experiments

Passive mode experiments are a powerful way to measure the unfolding or refolding kinetics 

and to readily examine complicated dynamics with many states. However, not all proteins 

are amenable to such measurements. For instance, kinetic rates can be impractically slow in 

the force range where the equilibrium populations of folded, intermediate, and unfolded 

states are all sufficiently high to detect them, or the experimentally accessible region (i.e., 

the region in which this reversibility is fulfilled) may span a narrow range of forces. In these 

cases, kinetic lifetime data can still be obtained by using force-jump experiments. In this 

approach, the force is raised (or lowered) very quickly to a set value, and the time until an 

unfolding (or refolding) event occurs is recorded (48). Assuming that the time to execute the 

jump is short compared with the lifetime of the initial state, the time until unfolding (or 

refolding) is the lifetime of the folded (or unfolded) state. Since these experiments are 

usually outside of the reversible (hopping) range, once the transition has occurred, the 

molecule is unlikely to convert back to its previous state within the experimental timescale. 

Therefore, any given force jump will yield one lifetime measurement, and jumps must be 

repeated many times to build robust statistics. However, force-jump experiments still 

incorporate the advantages of resolution from passive mode measurements while, depending 

on the lifetime of the intermediate, making it possible to identify the intermediate states.

4. APPLICATIONS OF OPTICAL TWEEZERS TO THE STUDY OF PROTEIN 

FOLDING

4.1. (Un)Folding Pathways of Small Proteins

The first detailed protein folding study using optical tweezers was carried out with 

ribonuclease H (RNase H) (18). Native RNase H unfolds at ~19 pN. However, the protein 

also populates a mechanically much weaker state that unfolds at ~5.5 pN. This state is 

characterized by a long distance to the transition state for unfolding of ~5 nm; that is, it 

deforms by more than the diameter of the native protein before it is committed to unfolding 

(18). This property suggests a molten-globule structure in which, presumably, hydrophobic 

collapse of the polypeptide has led to a state that is held together by transient interactions, in 

contrast to the specific contacts that stabilize native structures. Constant-force experiments 

served to resolve an intermediate that had been inferred from biochemical ensemble 

experiments before, but its formation was too rapid for direct detection (49). The optical 

tweezers assay made it possible to directly observe this intermediate and demonstrated that it 

is on-pathway and obligatory, as it was observed to be invariably populated by the 

polypeptide prior to reaching the native state. While folding intermediates can be detected in 

ensemble measurements, it is usually difficult to define them as either on- or off-pathway for 

productive folding. Observing the folding of individual molecules in real time with optical 

tweezers solves this problem and provides insights into the folding mechanisms that cannot 

be obtained with other methodologies.
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Demonstrating how equilibrium information can be extracted from nonequilibrium force-

ramp experiments, Shank et al. (4) used the Crooks fluctuation theorem (31) to determine 

the unfolding free energy of T4 lysozyme. T4 lysozyme is composed of two subdomains. 

When the smaller of the two subdomains is selectively unfolded by choosing appropriate 

tethering positions, a free energy for unfolding of 12.3 kcal/mol is obtained. Chemically 

denaturing the complete protein in ensemble experiments yields a similar value (14.1 kcal/

mol), indicating that the whole protein unfolds when force is applied to the small 

subdomain. This observation indicates highly cooperative unfolding and refolding of the two 

domains, resulting from strong energetic coupling between them. This inference is validated 

by the observation of single-step transitions when the protein is pulled across both domains. 

The tertiary structure of the C-terminal T4 lysozyme domain incorporates an α-helix that 

belongs to the very N terminus in the primary sequence. Experiments with a circular 

permutant showed that this discontinuous domain topology results in the observed energetic 

coupling. The ability to apply force as a selective denaturant thus revealed that chain 

topology alone is responsible for the folding cooperativity between the subdomains since the 

original protein and the circular permutant adopt the same tertiary structure. It is interesting 

to speculate that such a reentrant topology may have evolved as a mechanism to coordinate 

the folding of multidomain proteins. Moreover, the energetic coupling resulting from the 

reentrant topology will necessarily minimize partial spontaneous unfolding that could 

otherwise result in the formation of kinetically trapped misfolded species and in aggregation.

The folding energy landscapes of many proteins are rugged, complicating the 

conformational search for the native state and increasing the risk of misfolding, which can 

result in the formation of protein aggregates that are associated with a number of 

proteinopathies, including neurode-generative diseases. Yu et al. (50) observed three distinct 

misfolded states of the prion protein PrP, which is known to adopt a self-propagating toxic 

conformation. The misfolded states are only transiently populated and cannot be resolved in 

traditional ensemble measurements, but the high temporal (>10 kHz) and spatial (<1 nm) 

resolution attainable in optical tweezers experiments enable their detection at the single-

molecule level. A PrP mutant with increased aggregation propensity showed increased 

misfolding, making it likely that the observed states indeed represent early events in the 

pathological misfolding of the protein. All three misfolded states were formed from the 

unfolded state, whereas folding to the native structure occurred in an apparent two-state 

manner. These experiments therefore ruled out a role of postulated folding intermediates in 

the misfolding process. Rather, complete unfolding of the protein appears to be a required 

step preceding the formation of misfolded states (see also Section 4.4 for details of the 

misfolding transition).

4.2. Mapping Energy Landscapes

While several ensemble techniques can be used to characterize states along the protein 

folding pathway and the barriers separating them, it is usually difficult to resolve the entire 

folding energy landscape in those experiments. Unlike ensemble measurements, force 

spectroscopy experiments offer the advantage of a well-defined reaction coordinate: the 

molecular end-to-end extension of the protein. Accordingly, optical tweezers experiments 

have allowed the reconstruction of complete energy landscapes (reviewed in 51) through the 
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use of deconvolution methods originally developed for the folding of DNA hairpins (52). 

Deconvolution removes the compliance effects of the instrument and the molecular handles, 

via either experimentally determined (52) or theory-derived (53) point spread functions, 

which describe the distribution of measured extensions around the mean that is caused by 

components other than the protein of interest, including the beads and the DNA handles. 

This approach has been used to map the folding energy landscape of the GCN4 leucine 

zipper protein (54). High-resolution passive mode measurements, combined with a newly 

developed approach for determining the position-dependent point spread function, enabled 

the definition of distinct regions of stability within the protein that corresponded to the C-

terminal and N-terminal heptad repeats in that protein. In another study, the energy 

landscape of the prion protein could be described (55).

Stigler et al. (29) were able to map the complex folding pathways of calmodulin, detecting 

both on- and off-pathway intermediates in addition to the unfolded and the fully folded 

states. Calmodulin is composed of two domains, each of which is formed by two EF-hand 

motifs. By combining ultrastable optical tweezers measurements of full-length and truncated 

calmodulin variants with hidden Markov model analysis, six distinct states along the folding 

pathway were resolved. Attainment of the native state proceeds through one of two folding 

intermediates in which either the N-terminal domain (EF hands 1 and 2) or the C-terminal 

domain (EF hands 3 and 4) is folded. Both pathways are equally likely, showing that folding 

can begin from either end of the molecule. However, EF hands 2 and 3 can adopt a 

misfolded state through a third pathway. In addition, the intermediate in which the N-

terminal domain is structured can transition into a misfolded state. These two misfolding 

routes thus compete with productive folding, slowing down native state formation. Another 

EF-hand protein, NCS-1, was found to similarly populate misfolded states that, surprisingly, 

are stabilized by Ca2+ ions (45). Because all the intermediate folding states of calmodulin 

are reversibly populated when the molecule is subjected to ~10 pN of tension, it is possible 

to determine their kinetic connectivity. This connectivity, along with the hidden Markov 

model analysis–derived lifetimes and thermodynamic stabilities of these intermediates, 

yielded a detailed folding energy landscape of the molecule that previously could only be 

speculated about on the basis of computer simulations.

4.3. Pulling Geometries and Reaction Coordinates

The T4 lysozyme experiments described above (4) indicated that the protein unfolds through 

the same pathway regardless of pulling geometry. Such behavior may not be common, 

however. Atomic force microscopy experiments indicated that the unfolding force depends 

on the pulling geometry (56, 57), and molecular dynamics simulations suggested that 

changes in geometry and loading rate can alter unfolding pathways (58, 59). Using optical 

tweezers, Jagannathan et al. (60) detected significant differences in the unfolding of the src 

SH3 domain depending on the points of attachment of the molecular handles. Higher forces 

were required to unfold the protein when applied longitudinally along—as opposed to 

perpendicularly to—a β-sheet. Unfolding proceeds through simultaneous shearing of 

hydrogen bonds in the former geometry, while hydrogen bond unzipping takes place in the 

latter, revealing the mechanically anisotropic nature of the folded state. Interestingly, 

unfolding in the unzipping geometry is well described by Bell’s model, whereas the force-
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dependent unfolding rates in the shearing geometry are biphasic. The biphasic behavior is 

best described by the sum of two independent Bell models, suggesting two distinct 

unfolding pathways, each with its own transition state for unfolding. Which pathway is 

preferred at a given tension depends on the heights and locations of the main barriers, both 

of which change in response to the applied force. These findings also illustrate that folding 

landscapes can profoundly change under applied mechanical load (60).

Guinn et al. (61) combined force spectroscopy with chemical denaturation to further dissect 

the unfolding pathways of the structurally simple src SH3 domain. Chemical denaturants 

primarily work by stabilizing the hydrocarbon and amide groups that are buried in the folded 

structure but become exposed upon unfolding. For a two-state folder, the change in folding 

and unfolding rates with denaturant concentration therefore depends on the amount of 

surface area that is accessible before reaching the transition state. This denaturant 

dependence of the unfolding rate is expressed by the m-value—it represents the chemical 

equivalent to the distance to the transition state in mechanical measurements. A change in 

transition state structure—that is, in the unfolding pathway—therefore likely results in a 

change in the m-value. The SH3 domain indeed appears to unfold through two distinct 

transition states in the shearing geometry, each with its own m-value (61). The existence of 

two populations of distinct transition states (61) was further confirmed by φ-value analysis, 

in which the effect of single amino acid substitution on transition state stability is measured 

(62). This study illustrates that even small protein domains can have surprisingly complex 

(un)folding energy landscapes and illustrates how adding an independent reaction coordinate 

to mechanical unfolding experiments can help to untangle this complexity.

Using a similar chemomechanical approach, Motlagh et al. (63) exploited the stabilizing 

effects of osmolytes to structurally characterize a folding intermediate in T4 lysozyme. 

Osmolytes are chemically diverse small molecules that counteract denaturants and stabilize 

folded structures. The degree to which osmolytes stabilize a folded structure is related to the 

change in available surface area upon folding, similar to the denaturant m-values. The 

response of an on-pathway folding intermediate of T4 lysozyme to two different osmolytes, 

sorbitol and trimethylamine N-oxide, along with molecular extension constraints from 

optical tweezers unfolding experiments and a statistical thermodynamics formalism (64), 

suggested that the observed intermediate corresponds to the C-terminal subdomain of the 

protein. The combination of force spectroscopy and chemical stabilization can thus be used 

as a powerful approach for annotating and structurally characterizing folding intermediates.

4.4. Transition Path Times

The transition state is, by definition, the highest point in the energy landscape and therefore 

the most sparsely populated one. As a result, the time that a two-state protein spends 

crossing the barrier between the folded and unfolded state, called transition path time, is 

very small compared with that spent in either state. Combined with the inherent stochasticity 

of folding, the transient character of the transition state makes it impossible to observe 

barrier crossing in ensemble experiments. Recently, however, it has become possible to 

measure transition path times by using fluorescence (65) and force spectroscopy (66) 
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approaches (Figure 5). The excellent resolution of optical tweezers measurements has 

proven to be particularly powerful for these measurements.

Folding is well described as diffusion over a one-dimensional energy landscape. Yu et al. 

(67) determined the diffusion constant for PrP folding and unfolding by using Kramer’s 

equation, from which the transition path time for PrP was calculated to be 2 μs for the 

unfolded-to-native transition. Interestingly, the transition path time was found to be much 

slower (~500 μs) for forming (or dissolving) the misfolded state that is prominently 

populated in PrP dimers. Comparison with kinetic measurements validates these numbers. 

The much longer time required for crossing into the misfolded state indicates an increased 

roughness of the energy landscape for this transition. This result suggests that folding to the 

native state typically avoids nonproductive and mutually exclusive interactions, yielding a 

smooth, minimally frustrated landscape that may be the result of evolutionary pressure to 

favor reliable folding (68). The optical tweezers experiments with PrP thus yield mechanistic 

insight into PrP misfolding, which is likely an early step during pathogenic aggregation.

While energy landscape reconstruction has enabled the determination of transition path 

times indirectly, as described in the previous paragraph, Neupane et al. (66) were able to 

directly measure the transition path time for PrP by increasing the trap stiffness of their 

optical tweezers, which resulted in markedly improved temporal resolution. The direct 

measurement yielded a transition path time of 500 μs, in agreement with the value obtained 

from energy landscape reconstruction (Figure 5e,f). It also revealed rich dynamics during 

barrier crossing and is thus a promising approach for the characterization of microstates 

during the actual folding process. Importantly, the direct measurement yielded not only the 

mean transition path time but also its distribution. Knowledge of the distribution enabled a 

direct comparison with theoretical expectations based on the diffusive search over a one-

dimensional energy landscape. The excellent agreement of theory and experiment indicates 

that this model is a good physical description of the folding process.

4.5. Structurally Complex and Multidomain Proteins

The studies discussed above illustrate how single-molecule manipulation with optical 

tweezers yields insight into protein folding landscapes at a level of detail that now enables 

direct comparison of experimental results with molecular dynamics and theory studies. To 

date, these studies have largely been carried out with relatively small and structurally simple 

proteins that fold quickly and reversibly. A large fraction of all proteomes is, however, made 

up of larger, structurally more complex proteins, which do not fit this description (69). Their 

often highly complex folding pathways and propensity to form aggregating species in vitro 

makes studying these proteins a challenging task. Single-molecule manipulation bears great 

promise to overcome these difficulties, because it circumvents intermolecular aggregation 

and has the potential to resolve complex and potentially heterogeneous folding pathways.

The nucleotide-binding domain of the chaperone heat shock protein 70 (Hsp70) is a member 

of the large family of sugar kinases, a structural group of proteins with highly diverse 

functions. This large domain of almost 400 amino acids is organized into two lobes. By 

pulling on the termini of the nucleotide-binding domain from Escherichia coli Hsp70, Bauer 

et al. (70) found that lobe II forms an obligatory folding intermediate that serves as a nucleus 
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for further folding. This intermediate is stabilized by ATP binding, which thus would be 

expected to promote productive folding. The results of an earlier study are consistent with 

this result (71). The lobe II intermediate is absent in yeast mitochondrial Hsp70, which is 

incapable of refolding in the single-molecule assay. Strikingly, transplanting the lobe II 

region from the E. coli into the yeast protein restores refolding (70), illustrating how 

intermediates in a pathway can break down folding into smaller steps and facilitate overall 

folding of structurally complex domains.

Jahn et al. (72, 73) dissected the folding of another molecular chaperone, Hsp90. Functional 

Hsp90 is a homodimer in which each subunit is composed of three domains [N-terminal (N) 

domain, middle (M) domain, and C-terminal (C) domain]. The N domain alone (211 amino 

acids) is longer than the complete calmodulin protein discussed above, and the complete 

Hsp90 protomer is composed of more than 700 amino acids. When the three domains are 

studied as isolated polypeptides, both the N and M domains exhibit very fast misfolding 

transitions to states with considerable thermodynamic stabilities, reducing the rate of overall 

productive folding by several orders of magnitude. Notably, the folding rates for these 

isolated N and M domains are maximal at approximately 3.5 pN in optical tweezers 

experiments and lower at smaller forces, indicating that tension decreases misfolding rates to 

a larger degree than folding rates (72). Similarly, mechanical load also appears to reduce 

misfolding among domains, as the probability of correct folding is higher at 1.8 pN than at 

0.6 pN. Single-molecule mechanical experiments have thus made it possible to resolve some 

of the complexities arising from intra- and interdomain misfolding in large, multidomain 

proteins. Misfolding among homologous domains had previously been demonstrated in 

repeat proteins (74, 75) but appears to be much more pronounced in Hsp90, with its three 

nonhomologous domains. Cotranslational folding (see Section 4.6) likely is a 

straightforward mechanism of avoiding this complication. In the cell, the small forces that 

might be exerted by chaperones such as GroEL (76, 77) could help to reduce both intra- and 

interdomain misfolding (72), although this idea remains to be thoroughly tested (78). In 

addition, folding on the ribosome during synthesis also results in the generation of force 

(79), which might help to further alleviate misfolding.

While off-pathway processes slow down Hsp90 folding, the molecule still reaches the native 

state within a few seconds (72). Another multidomain protein, elongation factor G (EF-G), 

showed sequential unfolding of its five constituent domains (80). However, unlike for 

Hsp90, full refolding of EF-G at low force was not observed within the timescale of the 

experiment. In contrast, refolding of the isolated N-terminal GTPase domain of EF-G was 

mostly complete after 10 s at low force. However, in the context of the complete protein, 

refolding was apparent in only a small fraction of attempts, reflecting interdomain 

misfolding. It is likely that these nonproductive, long-range interactions in the unfolded 

polypeptide are, at least in part, avoided when the polypeptide folds in a domain-wise 

fashion during biosynthesis. The autonomous, robust folding of many domains, including 

those in Hsp90 (72, 73, 81) and EF-G (80), is consistent with this idea.
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4.6. Cotranslational Folding

All cellular proteins are synthesized by the ribosome, a large molecular machine that helps 

to decode genetic information and synthesizes polypeptides one amino acid at a time. 

Addition of amino acids to the nascent polypeptide is relatively slow, proceeding at up to 

~20 per second in bacteria (82) and considerably more slowly in eukaryotes (83). This slow 

rate of synthesis provides ample time for cotranslational folding, given that a small domain 

requires several seconds to be produced, whereas folding typically occurs on the millisecond 

timescale. It thus appears likely that synthesis and folding are coupled, as first noted more 

than 50 years ago (84). Experimentally studying this coupling in mechanistic detail, 

however, has been challenging, and only recently has initial progress been made.

The first optical tweezers study of nascent protein folding on the ribosome was carried out 

using T4 lysozyme, a protein whose folding has been extensively studied in ensemble 

measurements (85). Kaiser et al. (40) used ribosome–nascent chain complexes arrested at 

defined positions in which a C-terminal linker allows the entire T4 lysozyme sequence to be 

extruded from the ribosome. Attaching handles for force transduction to the large ribosomal 

subunit and to a position near the N terminus of the nascent protein enabled observation of 

folding and unfolding of ribosome-bound T4 lysozyme, revealing that the ribosome slows 

down folding more than 100-fold. When T4 lysozyme is stretched from its termini, it refolds 

through an obligatory on-pathway intermediate (40). The ribosome specifically delays the 

final step of folding from the intermediate to the native structure, rather than 

indiscriminately delaying both steps in this pathway. This effect is particularly pronounced 

during folding in close proximity to the ribosome and is at least in part mediated by 

presumably nonspecific electrostatic interactions between the ribosome and the nascent 

chain. When T4 lysozyme is truncated by 15 amino acids from its C terminus, the 

polypeptide isolated off the ribosome adopts a heterogeneous ensemble of bona fide 

misfolded states, whose formation is, however, effectively suppressed by the ribosome. One 

function of ribosome–nascent chain interactions might thus be to delay premature folding 

into stable off-pathway structures until sufficient sequence has been synthesized to enable 

productive folding. A similar effect has been observed for the N-terminal G domain of EF-G 

(80, 86).

Ribosome interactions with proximal parts of the nascent chain reduce not only folding rates 

but also misfolding with other parts of the nascent polypeptide. Such a scenario was 

observed with nascent EF-G polypeptides of varying length. Misfolding between the two N-

terminal domains (G domain and domain II) is markedly reduced by the ribosome, resulting 

in faster productive folding (86). Thus, the net effect of the ribosome on the folding of a 

given domain depends on nascent chain length (Figure 6a): Folding rates of the G domain 

are reduced right after it emerges from the ribosome but are increased in longer nascent 

chains relative to the respective isolated polypeptides (86). Interactions with the ribosome 

thus help to promote successful domain-wise folding of nascent polypeptides by avoiding 

long-range misfolding. Cotranslational EF-G folding is disrupted, however, when the C-

terminal half of the protein emerges, because the central domain III requires its C-terminal 

neighbors (domains IV and V) to become stably structured (37; see also Figure 4). These 

Bustamante et al. Page 19

Annu Rev Biochem. Author manuscript; available in PMC 2021 June 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



studies thus illustrate the complex interplay of domain and ribosome interactions during 

nascent chain folding.

The experiments described above used ribosomes stalled at defined positions along the 

messenger RNA. In this way, the nascent chains are sampling the same energy landscape, 

and a detailed picture can be constructed through snapshots of folding pathways at different 

chain lengths. However, this method can miss short-lived or temporary intermediates of the 

folding process, or the switching from one dominant pathway to another. To access a true 

trajectory, folding must be followed in real time as the ribosome synthesizes the protein and 

the chain length constantly increases. These types of cotranslational folding experiments 

have recently been achieved using an in vitro reconstituted translation system and ribosomes 

reversibly stalled via omission of sequentially repeated amino acids. Wruck et al. (87) 

described gradual hydrophobic collapse and partial folding during synthesis in the optical 

tweezers.

Real-time measurements can also shed light on strategies for avoiding misfolded trapped 

states. The protein calerythrin folds after release from the ribosome through a C-terminal 

intermediate, but truncated stalled ribosome–nascent chain complexes misfold rapidly (88). 

By following translation in real time (Figure 6b), it was found that a misfolding event that 

occurs readily with polypeptide fragments in vitro, and more slowly but still rapidly in 

stalled ribosome–nascent chain complexes, is delayed during active translation by an 

average time of 63 s. Thus, during real-time translation, the misfolded state is suppressed 

until synthesis is complete. This observation is surprising because, until now, it was assumed 

that given that folding is fast relative to the rate of translation, the growing polypeptide must 

exist at equilibrium with all its accessible configurations at any given time during synthesis 

(88). This type of slow equilibration could also provide the time required for cofactor or 

chaperone binding. This process is not observed with stalled ribosome–nascent chain 

complexes because the nascent chain reaches conformational equilibrium prior to the 

measurement in the optical tweezers, a process that typically takes tens of minutes. This 

observation highlights the importance of using real-time cotranslational folding of restarted 

stalled ribosomes to investigate the dynamic features of the nascent folding pathway.

4.7. Molecular Chaperones

Molecular chaperones are crucial for efficient folding in the crowded environment of the cell 

(89). While their importance has been unambiguously established, a mechanistic 

understanding of their function is still rudimentary. Optical tweezers experiments are 

beginning to shed light on how chaperones shape the folding pathways of their client 

proteins. Bechtluft et al. (90) studied the effect of the chaperone SecB on mature maltose-

binding protein (MBP), a periplasmic protein from E. coli. SecB blocked MBP refolding 

(90), in line with its function of preventing proteins destined for export from folding in the 

cytosol, which would hamper their translocation through the membrane. In this way, SecB 

appears to amplify a similar effect of the signal sequence, which is also known to retard 

stable folding (91). The chaperone trigger factor, which interacts with both nascent and fully 

synthesized proteins, also reduces the folding rate of MBP (92), similar to the effect of 

SecB. However, whereas SecB appears to prevent any stable structure formation in unfolded 
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MBP, transitions consistent with partially folded, compact structures are apparent in optical 

tweezers experiments with trigger factor (92). Alternatively, binding of a single copy of 

trigger factor through multiple sites in a single substrate molecule could explain the 

observed compact states. Such a binding mode was demonstrated in a recent nuclear 

magnetic resonance study (93). Both trigger factor and SecB reduce the formation of stably 

misfolded states that form in a tandem repeat construct containing four copies of MBP (90, 

92), which suggests that these chaperones reduce long-range contacts that otherwise result in 

interdomain misfolding. Trigger factor is also known to dock to the ribosome (94), which 

results in increased affinity for nascent proteins (95). Whether the post- and cotranslational 

binding modes of the chaperone are similar or distinct remains to be determined.

Optical tweezers experiments with nascent EF-G polypeptides revealed how the trigger 

factor chaperone remedies an unanticipated complication of cotranslational folding. 

Unfolded domain II emerging from the ribosome was found to destabilize the 

cotranslationally folded G domain, resulting in unfolding and the formation of misfolded 

states between the two domains. The ribosome itself does not protect against this 

denaturation, but trigger factor effectively blocks it (86). Since unfolded polypeptide is 

inevitably present during protein synthesis, chaperones might serve not only to reduce long-

range misfolding but also to protect already folded parts of the nascent chain against 

denaturation. These experiments thus define a novel function for nascent chain-binding 

chaperones, which are present in all organisms, and provides a new paradigmatic mechanism 

for how chaperones help cotranslational folding.

The Hsp70 chaperone DnaK from E. coli binds and releases its substrates in a manner 

regulated by ATP binding and hydrolysis (96). In the ATP-bound state, the chaperone binds 

rapidly but weakly to the substrate protein. ATP hydrolysis, stimulated by the cochaperone 

DnaJ, results in tight binding with low on and off rates. The nucleotide exchange factor 

GrpE catalyzes the exchange of adenosine diphosphate for ATP and resets the system. In the 

presence of ATP, DnaJ, and GrpE, DnaK increased the probability of refolding in the same 

tandem-repeat MBP construct used to study SecB and trigger factor (97). Surprisingly, 

DnaK stabilized the core MBP structure against mechanical unfolding in a construct 

containing a single MBP under conditions that favored strong chaperone binding. It 

therefore appears that the chaperone stabilizes structured states, in addition to its established 

role of binding unfolded segments and preventing the formation of nonnative contacts 

among them. Ensemble experiments showed an increased thermal stability of the authentic 

DnaK substrate RepE, supporting this conclusion (97). It will be interesting to characterize 

how the DnaK system modulates the folding of authentic substrate proteins at the resolution 

afforded by single-molecule optical tweezers experiments.

5. EPILOGUE

The application of mechanical force through the use of optical tweezers has yielded a wealth 

of information on protein folding, including the topography of the potential energy surface 

over which the molecule diffuses in its search of the native state, the kinetics, and the 

thermodynamics of the process. These developments have been accompanied by advances in 

the resolution, the SNR, and control of the forces, as well as in the theoretical description of 
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how best to extract the information from experiments (theory of measurement). It seems 

likely that future advances will occur along several exciting lines of research, some of which 

have already been initiated. From the technical point of view, the development of optical 

tweezers instruments with single-molecule fluorescence-detection capabilities (instruments 

known as fleezers, for fluorescence + tweezers) is likely to provide a more complete 

description of protein folding and unfolding, by providing a multidimensional registry of the 

process. From a conceptual point of view, the ability to follow in real time the growth and 

concomitant folding of a single polypeptide as it arises on the surface of the ribosome should 

yield much-needed insight into the de novo folding that occurs inside the cell during 

synthesis. Lastly, it appears likely that experiments designed to follow protein folding in 

vitro, at the single-molecule level, will attempt to reproduce ever more closely the complex 

environment of the cell interior, including crowding effects, and the presence of other factors 

such as chaperones that participate and aid the folding process in vivo. These studies, 

combined with experiments designed to investigate the activity of motors such as proteases 

and unfoldases involved in the maintenance of cellular proteostasis, should allow researchers 

to obtain a much sharper picture of the complex process of protein folding.
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Figure 1. 
Manipulation of single molecules using optical tweezers. (a) Light from a tightly focused 

laser beam (red) passes through a bead. When the center of the bead is aligned with the laser 

focus (left), all rays hit the bead surface at a right angle, and the light does not change 

direction. When the center of the bead is not aligned with the laser focus (right), the change 

in momentum of the light elicits an equal and opposite change in momentum of the bead, 

resulting in a force F that attracts the bead to the laser focus. (b) Schematic of a protein 

tethered between two trapped beads via DNA handles (not drawn to scale). At low forces, 

the protein remains in the folded state (① and ②). However, an increase in force results in 

stretching of the DNA handles, increasing the molecular extension of the assembly between 

the beads. Unfolding of the protein results in a further increase in extension (③). Further 

increasing the force results in stretching of the DNA and the unfolded protein (④). Note that 

the bead displacement is proportional to the applied force, because the traps behave as 

harmonic springs. (c) Example of a typical force–extension curve, generated by applying a 

continuously increasing force to a tethered protein; gray dots represent data at 1,000 Hz, and 

the green curve represents data filtered to 30 Hz. The numbers are as in panel b. The 

curvature is due to the entropic elasticity of the DNA (region ①) and DNA plus unfolded 

protein (region ④). Unfolding of the tethered protein is apparent as a discontinuity in the 

curve (rip; from point ② to point ③).
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Figure 2. 
Example of a typical power spectrum of an optically trapped bead. A power spectrum of the 

fluctuations of an optically trapped bead is shown in blue, and the fit to a Lorentzian 

function is shown in black. At frequencies below the characteristic corner frequency fc, the 

spectrum is almost constant. At higher frequencies, it decreases as 1/f 2.
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Figure 3. 
The free energy landscape changes in response to applied force. (a) As force is increased 

(red), the free energy landscape will tilt about the line −Fx. Note that force changes both the 

difference in free energy of the states 1 and 2, favoring state 2, and the height of the barrier, 

accelerating unfolding and resulting in a shift in equilibrium toward the unfolded state. 

Because the magnitude of the mechanical perturbation is proportional to the extension, 

longer states are affected more than shorter states. (b) Illustration of the origin of the 

stretching free energy that results from a shift in the state minimum; ΔGstretch is illustrated 

here for state 2. State 1 is similarly affected, but at a lesser magnitude.

Bustamante et al. Page 29

Annu Rev Biochem. Author manuscript; available in PMC 2021 June 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Extracting mechanical work from nonequilibrium measurements. (a) Mechanical work 

associated with unfolding and refolding is determined by integration around the rip 

boundaries (shaded region); red indicates the unfolding trace and blue the refolding trace. 

Note that the force is the same at the beginning and end of the integration. As a result, the 

DNA handles do not change their extension and thus do not contribute to the mechanical 

work of stretching the molecular assembly. (b) The Crooks fluctuation theorem yields the 

free energy of folding for the green domain in the three-domain construct shown here. The 

free energy is equal to the irreversible work at which the distributions of refolding (blue) and 

unfolding (red) work cross. In this example, the experiment was carried out with a protein 

construct composed of domains III, IV, and V of the five-domain protein elongation factor G 

(EF-G). The green domain is domain III. (c) A similar measurement carried out with full-

length EF-G. The analysis yields a free energy similar to that in panel b, demonstrating that 

the additional EF-G domains (G and II) have no net effect on the thermodynamic stability of 

domain III. Figure adapted with permission from Liu et al. (37).
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Figure 5. 
Characterizing transition paths using optical tweezers. (a) The transition state is the least-

occupied state in a folding free energy landscape due to its high energy. As such, 

characterization through the use of traditional biophysical measurements has been 

impossible. (b) Highly stable dual-trap optical tweezers instruments are well suited to study 

transition states and transition paths. Initial studies following the folding of DNA hairpins 

showed that it was possible to directly observe transition states. (c) The hairpin hops 

between the folded (F) and unfolded (U) states in constant-force equilibrium experiments. 

(d) Magnified view of an unfolding transition, identified as the part between the folded and 

unfolded states. These experiments permit the measurement of the transition path time, ttp. 

(e) Example of a ttp measurement for the prion protein PrP. (f) The ttp distributions are very 

similar for PrP unfolding (black bars) and folding (beige bars) and are well described by a 

model based on Kramer’s theory (the cyan curve is for folding, and the red curve is for 

unfolding). The exponential tails are fit well by a separate equation (the blue curve is for 

folding and the orange curve is for unfolding). Figure adapted with permission from 

Neupane et al. (66).
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Figure 6. 
Studying cotranslational folding using optical tweezers. (a) Stalled RNCs were used to 

measure the folding rate of the G domain (red) of elongation factor G at increasing nascent 

chain lengths. The ribosome decreases the folding rate in short nascent chains but 

accelerates it in longer nascent chains by reducing misfolding. How the ribosome modulates 

folding is therefore dependent on nascent chain length and can switch during polypeptide 

synthesis. Panel a adapted with permission from Liu et al. (86). (b) Real-time measurement 

of nascent chain elongation and folding. Calerythrin transiently visits a misfolded state (M) 

and a native C-terminal intermediate (C). Occupation of the misfolded state is delayed 

significantly during nascent chain synthesis, relative to the isolated construct. This suggests 

that misfolded states may be suppressed during cotranslational folding until synthesis is 

complete, when full-length calerythrin may fold to its native state. Panel b adapted with 
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permission from Alexander et al. (88). Abbreviations: kf,FL, folding rate of the full-length 

protein; RNC, ribosome–nascent chain complex.
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