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Force spectroscopy has proven to be a very promising tool in the protein folding field. With 

multiple setups and methods to exert force it has been applied in numerous folding studies. This 

review will focus on the optical tweezers setup and will outline the basics of optical trapping 

and how it was used before force spectroscopy. The different methods for exerting force and 

how they are used to obtain information on the energy landscape of protein folding will also be 

discussed. Finally several studies in which optical tweezers are used to investigate protein folding 

will be described, including the effect of ribosomes and chaperones on folding and how force is 

used in biological processes as blood clotting and proteolysis.

Abstract
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Introduction

In the protein folding field the determination of the energy landscape of folding is one of the 

main approaches.  For decades these landscapes have been determined with techniques that 

measure the protein in bulk. However, with the rise of force spectroscopy a unique insight into 

the folding process could be obtained. Instead of destabilizing protein with denaturant or a 

change in temperature, a force is applied with which the unfolding of single proteins is observed. 

This allows for the observation of millisecond time scale dynamics and intermediate folding 

states that were previously hidden in the averaging of the ensemble measurements.

Here, we will review the optical tweezer technique, which uses focused laser light to hold and 

measure the force on micron sized beads. Examples of data and their analysis will be shown, as 

well as how the data can be used to determine the energy landscape of folding. Additionally 

we will give some examples of protein folding studies in which optical tweezers have played a 

pivotal role.
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Chapter 1

1.1 Optical trapping in biology

1.1.1 Principle of optical trapping

The principle of optical trapping is the reflection and refraction by micron sized objects or cells 

in a laser beam. Due to the conservation of momentum, the change in direction of the laser 

beam generates a force on the object [1], [2]. The forces perpendicular to the laser beam keep 

the object in its center and the forces parallel to the laser beam push or pull the object [3]. 

Initially two oppositely directed laser beams were used to trap objects, but a single laser beam 

is sufficient when a high numerical aperture objective and the right material are used [4]. The 

strength of the optical trap is proportional to the laser intensity and wavelength, object size and 

the refractive index of the solvent and trapped object [5]–[7]. The generation of force by the 

laser beam and the optical trap has been thoroughly reviewed in [8]–[10]. The uses for optical 

trapping and manipulation that were initially proposed were only in the field of physics. For 

example the manipulation of single molecules and optical cooling, which have been realized 

recently [11]–[13].

1.1.2 Optical trapping of cells

In biochemistry and biophysics, optical trapping has taken a great flight which started with the 

trapping of cells and organelles [14]. For example, after fixing the flagellum of a bacterium to 

a glass plate, the optical trap was used to turn the cell around its flagellum axis. The recovery 

to the original position was observed and gave insight into the mechanism of flagellum 

movement [15]. In the early 90s the optical trap was used to hold mitochondria while they were 

transported over microtubules in vitro. It was shown that the transport can proceed either way 

on the microtubule after release from the optical trap. It was also possible to estimate the force 

of a single dynein motor protein by lowering the laser power until the mitochondria escaped 

the optical trap [16]. In recent studies the optical trapping of cells has been used to asses the 

mobility of spermatozoa in various media [17] and trap red blood cells in vivo that would enable 

non-invasive micro operation in the future [18]. The advancements in the trapping of cells and 

more applications, e.g. cell stretching, directed growth, are reviewed in [19].

Optical tweezers, from the principle of 
optical trapping to unfolding of proteins
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1.1.3 Motor proteins

For the characterization of the movement and forces of single motor proteins, the optical trap 

was used with protein covered beads. By keeping a bead trapped while the motor proteins on 

the bead pulled it over a microtubule, the exact deviation from the center of the trap could be 

determined [20], [21]. The force needed for a certain deviation was calibrated using a solvent 

flow and the Stokes law and allowed for the characterization of the forces created by motor 

proteins like Myosin, Dynein and Kinesin [22]–[25]. The use of beads instead of cellular material 

increased the timescales for trapping and made it easier to track the movement [10]. In recent 

publications the forces and movement of motor proteins have been characterized in vivo [26]–

[28].

1.2 Force spectroscopy

1.2.1 Setup

The attachment of protein to beads also allowed for optical trapping to be applied in force 

spectroscopy. Force spectroscopy is performed by applying a force on a molecule, e.g. DNA 

or protein. A common setup for these optical tweezers consists of one bead trapped in a laser 

and a second bead held by a micropipette (figure 1) [29], [30]. A molecule is attached between 

the beads using antibodies or DNA linkers. The latter is easier to use and is generally applied 

nowadays [31]. Sometimes the non-trapped bead is replaced by a different object, for example 

an antibody covered coverslip that is on the bottom of the measuring compartment [32]. 

The dual optical trap setup, with both beads trapped by a laser, is also used and avoids the 

inaccuracy/drift by the micropipette [33]–[35].

There are multiple ways of exerting force on a tether in force spectroscopy. The most used are the 

‘force ramp’ and ‘constant force-feedback’. The force ramp is performed by pulling on the tether 

at a constant speed. The force increases exponentially and results in a force-extension curve as 

Figure 1. Optical tweezer setup
In this setup the protein of interest is attached 
between two beads by using either antibody linkers 
or DNA linkers. The beads are held in the optical trap 
and on the tip of a micropipette. The micropipette 
is used to pull the optical trapped bead out of the 
center of the laser beam which applies a force on 
the tether.
In a dual optical trap setup the laser beam is split 
and both beams are focused, creating two optical 
traps. The distance between the laser traps can be 
altered which is used to apply a force on the tether.
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shown in figure 2. The force at which folding transitions occur is dependent on the pulling 

speed and is used to determine the kinetics of the folding transitions [29]. Also, the difference in 

tether length between these transitions can be determined by using the worm like chain (WLC) 

model. The model describes the force on the tether by the length of the tether (contour length), 

a measure for the flexibility of the tether (persistence length) and the extension of the tether, 

measured by the distance between the beads [29], [36], [37].

Constant force-feedback is performed by keeping a constant force or extension on the tether. 

While keeping the force on a tether constant, folding transitions can occur over time as shown in 

figure 3. The change in force due to the transitions can be corrected by changing the extension 

right after a transition [38] or the extension is kept constant while the force on the tether 

changes [39]. The latter is preferred because it avoids the need for correcting the force, which 

limits the observation of states with a low lifetime [40]–[42]. Optical tweezers are favorable for 

keeping a constant force due to their low trap stiffness. With a constant extension the force 

changes only slightly after folding transitions [34]. 

1.2.2 Characterization and unfolding of DNA and RNA

Characterizing the elasticity of DNA molecules has been one of the first applications of optical 

tweezers in force spectroscopy [43], [44]. Mechanically extending DNA molecules increased 

the force on the tether exponentially. The resulting curve was modeled using polymer models 

such as the freely jointed chain and WLC model, from which the latter is still used nowadays 

[36], [45], [46]. Single stranded DNA and RNA form molecular structures, e.g. hairpins, ribosomal 

components, whose unfolding can be observed and characterized with force spectroscopy [47], 

[48]. The interactions that make up (small) DNA/RNA structures are predictable and allows for the 

determination of sequence dependent kinetics and control over the folding landscape [49]. 

Figure 2. Force ramp experiment
The protein MBP is extended and unfolded using 
a force ramp. The blue trace is the initial stretching 
where two unfolding events can be distinguished. The 
green trace is the following release of force after which 
the protein is stretched again (red trace). The red trace 
shows similar characteristics as the first unfolding
Figure is reproduced from [95].
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1.2.3 Unfolding of protein

Titin was used for the first force spectroscopy experiments on single proteins. Titin is a big 

muscle protein that contains ~300 domains and is responsible for building up a passive force 

while stretching a muscle. Next to optical tweezers [29] also Atomic Force Microscopy (AFM) 

was used to exert force on Titin [37]. In these experiments Titin was attached to a gold surface 

with the C-terminus while the AFM cantilever picked up the protein at a random location. With 

the subsequent bending of the cantilever the force on the protein between the surface and 

cantilever was measured (figure 4a).

The results for both methods have uncovered a fundamental difference in their setup. Where 

AFM is able to detect the unfolding of each individual domain, the optical tweezers show a 

continuous unfolding without single drops in force (figure 4). The cause for this difference is 

found in the stiffness of the setup. AFM is able to pull with a high force, but a small increase in 

extension also increases the force significantly. Optical tweezers on the other hand have a low 

stiffness, resulting in a small decrease in force when a single domain unfolds [50].  In the early 00s 

AFM has primarily been used for protein folding studies due to a relative easy setup [51]–[53]. 

However, the low stiffness made optical tweezers ideal for constant force-feedback, which has 

given a unique insight in protein folding studies [39], [54].

Figure 3. Constant force-feedback experiments
(A) The transition between the unfolded and the 
intermediate state of RNase H was observed in 
real time at different pretensions.  The pretension 
is the force that is kept constant throughout 
the experiment and is shown on the left. At 
higher pretensions the unfolded state is mainly 
populated.
(B) The transitions between the 6 folding states 
of Calmodulin are followed in real time. The 
colors match the folding states in figure 5b. On 
the left the histograms for the occurance of each 
folding state is shown. With each transition the 
force changes, so the green folding state was 
chosen as the reference pretension.
The figures were reproduced from [39] and [54].

A

B
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Figure 4. Extension of Titin using AFM and optical tweezers
(A) The three curves are seperate extensions of Titin. The ‘shark tooth’ pattern that is observed after 200 
nm extension is the unfolding of single Titin domains. The black line under this pattern is the release of 
force. Each drop was analyzed with the WLC model and showed that the average increase in contour 
length is similar to the theoretical increase after unfolding. The different observations before the 200 nm 
extension are due to random attachment of the AFM tip to the protein. 
(B) A single stretch (red circles) and release (blue triangles) curve of Titin is shown. Up to point c the the 
stretch curve shows WLC behaviour after which Titin begins to unfold. The release curve, which starts 
at point d, shows the behaviour of a WLC with a higher contour length, indicating that Titin is (partially) 
unfolded. Also, the stretch curves in which the force is released before point c overlap with the following 
release curves, indicating that no unfolding has occured yet (inset).
The figures are reproduced from [37] and [29].
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Chapter 2
Determination of folding kinetics by 

unfolding protein with optical tweezers

2.1 Kinetics in protein folding

To visualize the protein folding process and its kinetics the Gibbs free energy plot is often used 

[55]. The simplest plot involves a folded state and an unfolded state which are divided by an 

energy barrier (figure 5a). In order to have a folding transition the barrier has to be overcome 

which is depicted by the energy difference ΔGF for folding and ΔGU for unfolding. The (relative) 

height of the folding states and the barrier can be determined using the rate at which the 

state transitions (ku and kf) occur, which is called the kinetics of the folding process [56]. The 

distance between the states on the x-axis is measured on an arbitrary reaction coordinate. For 

force spectroscopy the distance between the two ends of the protein is used, which has been 

confirmed as a reliable reaction coordinate [57]. 

When taking intermediate folding states into account the free energy plot becomes more 

complicated. An on-pathway intermediate, which is between the folded and unfolded state 

on the reaction coordinate, splits the activation energy barrier into two with the intermediate 

folding state between them. Visualizing an off-pathway folding state is more difficult. Often it is 

placed next to the unfolded state, because the protein has to be unfolded before folding into the 

native state. However, it is also possible that an off-pathway intermediate state is reached via an 

on-pathway intermediate state for which a 3-dimensinal representation of the folding landscape 

is needed to visualize all folding states (figure 5b). 

As the unfolding of proteins often does not occur in observable timescales certain techniques 

are used to disrupt the folded protein in order to determine its folding landscape. For example, 

mutations, addition of detergent or denaturant, heat or pressure are used to (partially) unfold 

protein [58]–[60]. In the energy landscape this can be visualized by the lowering of the unfolded 

state energy level or the folding barrier, or raising the folded state energy level. Subsequently, 

the folding landscape in native conditions is determined by extrapolating the kinetics from the 

disrupted conditions [61].
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Figure 5. Energy landscapes of protein folding
(A) A schematic free energy landscape for a two-state folding protein.  The heigth of the barrier between the 
folded (F) and unfolded (U) states are related the rate of folding and unfolding (ΔG ~ k-1). Under influence of 
force the landscape tilts around the folded state (dotted line) and changes the relative height of the folding 
barrier. The folding transition becomes less likely (ΔGF < ΔGF*) and the unfolding becomes more likely to 
happen (ΔGU > ΔGU*).
(B) The three dimensional energy landscape of Calmodulin in the absence of force as determined with 
optical tweezers using constant force-feedback. The folding pathway goes from the outside (the red 
unfolded states) to the center of the figure like a funnel. There are two misfolded states, F23 and F123, from 
which the latter is only reachable through the F12 intermediate state. The differences in contour length 
between the states are indicated by ΔL. The percentages give an indication of the kinetics from each state.
Figure 2b was reproduced from [54].
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2.2 Kinetics in single molecule force spectroscopy

In force spectroscopy, force is used to disrupt the fold of a protein. The influence of force on the 

energy landscape is best visualized in the 2-dimensional energy plot. Applying force on a protein 

tilts the entire plot around the folded state proportionally to the applied force (figure 5a) [52], 

[62]. The energy of the folding states and energy barrier decrease proportional to the reaction 

coordinate which increases the rate (or chance) of unfolding. At enough force the folding 

transitions occur within the timescale of a single experiment.

The measurement of single molecules in force spectroscopy provides a unique viewpoint of 

the protein folding process. Ensemble techniques like NMR, x-ray crystallography and CD-

spectroscopy always look at multiple proteins which results in missing low populated folding 

states due to the averaging over all folding states [63], [64]. Single molecule experiments on the 

other hand observe the folding state of a single protein over time. Folding states that do not 

occur often or with low lifetime can be directly observed, although long measurement times are 

needed for rare events and the observable lifetime of a folding state is limited by the response 

time of the experimental setup [41], [65], [66].

For determining the free energy differences and kinetics for a folding energy landscape it is 

generally required for the system to be in equilibrium. In other words, the population of each 

state has to be constant to determine and extrapolate the folding rates. Ensemble studies are 

generally in equilibrium due to the long measurement times and the amount of molecules 

measured at a time. In single molecule studies on the other hand only one protein is observed 

at a time, which means that at each folding transition the whole system changes [67]. To still 

be able to use thermodynamics for force spectroscopy either the equilibrium conditions are 

approximated or the changes in the system are minimized, for example by using constant force 

feedback [41].

2.2.1 Non-equilibrium experiments

The force ramp is one of the most used techniques in force spectroscopy which is non-

equilibrium due to the constant changing force. For the determination of the native folding 

landscape, the work done in the folding transitions or the folding and unfolding rate are used.

The work done during folding transitions in a force ramp is related to the free energy difference 

as is stated by the fluctuation theorem [68]. However, with this theorem it is only possible to 

calculate the free energy from near-equilibrium conditions. With the derivation of Jarzynski’s 

equality, which is based on the fluctuation theorem, the range of obtaining equilibrium 
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information from non-equilibrium experiments increased significantly [69], [70]. Nonetheless, 

multiple extensions of Jarzynski’s equality have been developed to give an even more accurate 

approximation [68], [71]. Two of these extensions are Crook’s fluctuation theorem (CFT) and the 

model of Hummer and Szabo [72]–[74]. Jarzynski’s equality and these extensions have been 

verified using the folding of a RNA hairpin whose folding has been studied with ensemble 

methods [73], [75], [76].

The rate of unfolding in a force ramp experiment is determined by repeatedly measuring the 

force at which unfolding occurs. Due to the constantly increasing rate of unfolding a distribution 

of the unfolding force is observed. Additionally, the most likely force at which unfolding occurs 

is dependent on the pulling speed. A lower pulling speed gives more chance for the protein 

to unfold at a lower force. So for measuring the native unfolding rate a histogram of unfolding 

forces or a plot with average unfolding force versus pulling speed is created. Both can be fit using 

a derivative of the Bell equation (equation 1) [51], [77]–[81].

(1)     ku = k0 Exp[FΔx/kBT]

The bell equation describes the unfolding rate (ku) as a function of force (F), which depends 

on the native unfolding rate (k0) and the distance from the transition state (Δx). However, the 

application of this equation is limited. The distance from the transition state is assumed to be 

constant, while this is only the case in small force ranges (~1 pN) [41]. Additionally, experimental 

parameters such as trap stiffness, bead size and DNA handle length affect the unfolding rate 

which have to be approximated and added as a factor in equation 1 [41], [82].

2.2.2 (Near-) equilibrium experiments

Using constant force-feedback allows for the determination of folding kinetics in near-

equilibrium conditions. Measuring for long periods of time reduced the force at which unfolding 

is observed significantly by giving the protein more time to unfold at lower forces. With the use 

of silica beads measurements can be as long as 45 minutes [54]. Subsequently, the refolding 

rate is higher than in a force ramp, which makes it possible to repeatedly observe unfolding and 

refolding during one measurement. For example, the transition between the intermediate and 

unfolded state of RNase H has been observed at multiple pretensions (figure 3a) [39]. From the 

resulting traces the time each state is populated and the amount of transitions were extracted. 

Using the statistics of a 2-state system, the free energy difference of intermediate folding and 

unfolding was determined as a function of force [82], [83].
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For the analysis of more complex folding landscapes the Hidden Markov Method (HMM) is 

used. The HMM is a mathematical model which describes a system with a number of states and 

probabilities for state transitions [84], [85]. It was used for the characterization of constant force 

traces observed for Calmodulin, which folds in six distinct states (figure 3b) [54]. Despite having 

three states with similar contour lengths the HMM was able to distinguish these folding states by 

their differences in lifetime [86], [87]. The determination of a folding landscape using the HMM 

data has been well described in the supplementary material of [54]. An extensive background 

and tutorial off the HMM has been described in [88]. 
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Chapter 3
Application of optical tweezers in recent publications

In the last decade optical tweezers have been used a lot in protein folding studies. In this chapter 

several publications in which the optical tweezers are used will be highlighted. We will show how 

a different sample preparation and addition of ligands or substrates are used in protein folding 

studies and how the forces applied by molecular machinery such as the AAA+ protease complex, 

the von Willebrand Factor complex and the ribosome are characterized.

3.1 Preparation of the protein tether

The canonical approach for tether preparation is by connecting one or multiple proteins through 

the N- and C-termini. However, other tether designs have also been used to obtain insight into 

the folding process. 

The SNARE complex is responsible for the docking and fusion of membranes in vesicle transport. 

Most proteins in the complex have trans-membrane segments, which makes it impossible to use 

in force spectroscopy due to their solubility. By expressing only the soluble parts of the complex 

and covalently connecting them through disulfide bonds, the unfolding and refolding of the 

concatenated complex was observed repeatedly. This tether design made it possible to observe 

and characterize the intermediate folding states that make up the docking and fusion process 

[89].

The observation of the ribosomal effect on nascent protein folding is difficult because most 

unfolding methods also affect the ribosome. However, by creating a tether that contains the 

ribosome as well as a protein whose expression is stopped before release, the protein folding 

could be observed by pulling on the ribosome and the protein. The ribosome was unaffected 

by the forces used in the experiment. Using linkers of varying size between the ribosome and 

protein it was shown that the ribosome does not affect the unfolding, but slows down the 

refolding as the protein is closer to the ribosome [90].

The addition of cytein residues as attachment points for beads allowed for custom force anchors. 

These anchors can be put throughout a protein, provided the protein lacks cystein residues on 

the surface of its structure or a cystein-less or -free construct can be engineered. Subsequently, 

the force axis on the protein is shifted which results in a change in the measurements [91]. For 

example, it takes more force to unfold a double beta sheet by pulling it from opposite ends 

instead of pulling it from the same side and ‘unzipping’ it [92].
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The changing of the force axis has made it possible to calculate distance restraints in the folded 

protein. The distance restraints were determined by comparing the increase in countour length 

after unfolding with the theoretical distance between the force achors in the unfolded protein. 

The difference between the two is the distance between the force anchors in the folded protein. 

The distance restraints can be used to determine protein structures that are difficult to study 

with ensemble studies, for example intermediate and misfolded states [93].

Furthermore, changing the force axi on T4 lysozyme has shown the folding cooperativity 

between its two domains. The folding cooperativity comes from the C-terminal domain, which 

is discontinuous. Its most C-terminal alpha helix is expressed at the N-terminus. By repeatedly 

unfolding the N-terminal domain and applying CFT, the free energy difference of unfolding was 

determined. The free energy that was found is similar to the unfolding of the whole protein as 

observed in ensemble studies, indicating that by unfolding one domain the whole protein is 

unfolded. This finding was confirmed by making a circular permutation of T4 Lysozyme, in which 

the N-terminal alpha helix was expressed at the C-terminus, creating two continuous domains. 

The free energy of unfolding of the N-terminal domain in this construct was reduced significantly 

and corresponded well with ensemble studies that unfolded only the N-terminal domain [94].

3.2 Protein folding process after addition or removal of chaperones and metal ions.

Changing the solvent of a protein is one of the main tools that is used in folding studies. For 

example, ions, small soluble molecules or other proteins are added to observe their effect on the 

folding process of the protein in question. This has also been applied in combination with optical 

tweezers as the effect of added chaperones or calcium was observed. 

The still largely unknown mechanism of chaperone assisted protein folding has been studied 

at the single molecule level using optical tweezers. The maltose binding protein (MBP) was 

repeatedly unfolded and refolded in the presence of the chaperones SecB [95] or trigger factor 

(TF) [96]. Tethers containing either one or four copies of MBP were used as the MBP multimer has 

a high tendency to misfold or aggregate instead of refolding. 

The experiments with SecB revealed that the chaperone keeps MBP unfolded after unfolding. 

The unfolding of both the single and multimer tether did not change in the presence of SecB. 

However, no folded MBP was observed after it was allowed to refold. Additionally, the misfolding 

of the multimer did not occur. Furthermore, the first step in the two-step unfolding of MBP was 

shown to be unaffected by SecB, which indicated that the chaperone only binds the unfolded 

core of MBP [95].
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In the presence of the chaperone TF the observations were completely different. Instead of 

unfolding MBP with one intermediate folding state, at least four distinct intermediate states have 

been observed which were characterized by their contour length. Also the force at which the 

protein is completely unfolded is higher with TF present which indicated that TF probably binds 

MBP and prevents unfolding. With a binding assay it was shown that only partially folded states 

bound TF so the binding only occurs during the unfolding. Additionally, the tendency for the 

MBP multimer to misfold was reduced significantly in the presence of TF [96]. 

Metal ions are part of many protein structures. They are encapsulated by short motifs and 

often modulate structural features and/or enzymatic activity [97]. Consequently, they are very 

important for the correct folding of these proteins. The unfolding and refolding of the protein 

Calmodulin [98] and the A2 domain of the von Willebrand Factor (vWF) [99] in the absence of 

calcium has been observed with optical tweezers. In both cases the stability of the folded state 

was reduced, as was observed by a lowered unfolding force and refolding rate. Additionally the 

intermediate folding state of the vWF protein is hardly observed, making the folding process an 

all-or-nothing process [99]. In the case of Calmodulin, only the N-terminal domain was able to 

fold. These findings indicate that folding still occurs, but is more precise, faster and the structure 

is more stable with calcium ions present [98].

3.3 Characterization of forces in cellular processes

3.3.1 Ribosome

During protein translation the ribosome may encounter a piece of messenger RNA that has 

folded into a three dimensional structure. The ribosome is able to unfold these structures, but 

the exact mechanism remained elusive. With the optical tweezers setup the unfolding of a RNA 

hairpin was followed in real time by attaching a RNA hairpin between two beads after which 

ribosomes were added [100]. The contour length of the RNA increased as the ribosome reads 

the RNA and unfolds the hairpin. The steps in which the unfolding occurred could be quantified 

by triplets of base pairs or single codons. Additionally, the ribosome often pauses between the 

steps for short periods of time [100]. Furthermore, the force that is exerted on the hairpin during 

the measurements affected the translation speed. A higher force helps the ribosome in unfolding 

the hairpin and subsequently increases the translation speed. Also, more guanine and cytosine in 

the hairpin decreased the translation speed and increased the force at which the hairpin unfolds 

without the ribosome [101].
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Quantitative analysis of these data showed that there are two processes with which the ribosome 

unfolds the RNA hairpin [101]. First is the application of a direct force that unzips the hairpin. 

This ensures a basal unfolding speed and originates from the movement of the ribosome during 

translation. Second is the destabilization of the hairpin, which reduces the force that is needed 

to unfold the hairpin. The nature of this process is still unknown, but the characterization of the 

ribosomal protein S1, which is able to destabilize RNA hairpins [102], could indicate that this 

protein is involved in this process.

3.3.2 ClpXP protease complex

The ClpXP complex is responsible for the complete degradation of proteins and consists of 

two parts. ClpX is a doughnut shaped protein that recognizes proteins that are tagged for 

degradation, unfolds them and pulls them through its center pore. Subsequently, the barrel 

shaped ClpP degrades the protein. The translocation and unfolding of the substrate was followed 

directly using optical tweezers. The ClpXP complex was attached to one bead while a substrate 

was attached to the other bead [103]. 

To characterize the force that the complex generates, a countering force was applied with the 

optical tweezers. The translocation speed gradually decreased with increasing force until it 

stalled at ~20 pN, indicating that 20 pN is the force that the ClpX can generate. This is enough to 

unfold most proteins, especially when considering the low loading rate, which was estimated to 

be 0.15 pN/s. Furthermore, the step size of translocation was determined to be multitudes of 1 

nm. Analysis of the ClpX structure showed that a single stroke of a ClpX monomer could move a 

protein for ~ 1 nm. So the force generated by the ATP hydrolysis in ClpX was concluded to be the 

main contribution to the unfolding. However, allosteric effects are not excluded [104].

3.3.3 Blood clotting

Blood clotting is an intricate process which is preceded by multiple protein reactions that allow 

for specific and local clotting. The localization of the clotting in blood vessels is performed by 

vWF. This protein is expressed and secreted into the blood as a concatemer with a broad size 

distribution, where it binds to collagen that is exposed when a blood vessel is damaged. Due 

to its globular fold the vWF concatemer is inactive until it is stretched by the shear forces in 

the blood stream. This exposes binding sites for enzymes that initiate blood clotting [105]. To 

regulate the blood clotting signal and prevent non-specific clot formation the concatemer can 

be cleaved at the A2 domain, which reduces the size and subsequently the shear force on the 
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protein. However, the cleavage site is buried within the A2 domain, so the domain has to be 

unfolded before cleavage can take place. It was estimated that a concatemer of about 200 vWF 

monomers is enough to unfold the A2 domain when it is bound to a damaged blood vessel 

[106]. Additionally, the direct observation of the unfolding transitions of VWF allowed for the 

characterization of mutations that affect the blood clotting, creating a platform for identifying 

blood clotting diseases at molecular level and subsequent drug design [80], [107].
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