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Summary

The AAA+ superfamily protease FtsH degrades misfolded and abundant
proteins. These proteins may be located in the membrane or cytoplasm.
Many FtsH substrates have been unraveled and its essential role in the
bacterium E. coli established. However, the mechanism by which it un-
folds and subsequently degrades its substrate is still under investigation.

Recently, full-length purification of FtsH was established. The puri-
fied full-length FtsH can be used to study this unfolding and degradation
mechanism by optical tweezers. With one catch, the purified full-length
FtsH is from a thermophilic bacterium and optical tweezers studies are
generally performed at room temperature.

Before we could study FtsH, a heating system for optical tweezers was
designed. The system consists of two parts: a heating microscope slide,
that heats the sample from above; and an objective heating system, that
heats the sample from below. The temperature increase of the objective
is restricted, to prevent damage. Higher temperatures can be obtained by
increasing the heat generated by the microscope slide.

The heating system has been validated by a thermocouple located ∼
2 mm from the trapped bead and two novel approaches to locally deter-
mine the temperature with the trapped bead. One of these approaches
demonstrated to be a valid method and local temperatures were obtained
from the trapped bead. However, the method requires knowledge of the
viscosity and the change in viscosity due to temperature. On the other
hand, this method combined with the thermocouple could be used to de-
termine the change in viscosity due to temperature.

With the validated heating system, FtsH was studied and temperature
was obtained from the thermocouple. The high temperature required for
FtsH activity is close to the temperature at which the organic compounds
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Summary

malfunction, this led to the inclusion of the thermocouple. However, even
within the temperature range for which FtsH is active and the organic
compounds do not malfunction, aggregation of enzymes in the experi-
mental buffer was observed. The enzymes had to be excluded and may
compromise the study.

As the experiment remained unsuccessful, the individual components
were tested. This confirmed the presence and activity of the individual
components. Unexpectedly, one of these tests showed that the tag used
by FtsH to recognize the substrate seems to covalently bind to FtsH. This
may explain why FtsH becomes inactive after prolonged degradation.

Unfortunately, no successful unfolding and degradation patterns were
obtained. The unfolding and degradation mechanisms of FtsH remain thus
unknown. Future studies are needed to find out whether the experimental
conditions have the potential to inform us on FtsH’s mechanism.
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Samenvatting

De protease FtsH, die behoort tot de superfamilie AAA+, kan verkeerd
gevouwen en overtollige eiwitten afbreken. Deze eiwitten kunnen zich
bevinden in het membraam of in het cytoplasma Veel van de substraten
die FtsH afbreekt zijn gevonden en ook zijn essentiële rol in de bacterie
E. coli is ontdekt. Echter, het mechanisme waarmee hij zijn substraten
afbreekt wordt nog onderzocht.

Onlangs zijn wetenschappers erin geslaagd om intacte FtsH te purifi-
ceren. Deze kan nu gebruikt worden om de wijze van ontvouwing en af-
breken te demonstreren met behulp van een optische pincet. Helaas is de
gepurificeerde FtsH alleen werkzaam bij hoge temperaturen. Dit komt do-
ordat deze normaal gevonden wordt in een thermofiele bacterie. Metingen
met de optische pincet worden normaal gesproken uitgevoerd op kamer
temperatuur.

Alvorens we FtsH kunnen bestuderen moet er een verwarmingssys-
teem voor de optische pincet ontworpen worden. Het verwarmingssysteem
bestaat uit twee delen: een microscoopglas dat het monster vanaf boven
verwarmd en een objectief verwarmingssysteem dat het monster van on-
deraf verwarmd. De temperatuur toename van het objectief is beperkt
om schade aan het objectief te voorkomen. Hogere temperaturen kunnen
worden bereikt door verwarming met het microscoopglaasje.

De werking van het verwarmingssysteem is bevestigd door en temper-
atuursensor die zich ongeveer op 2 mm afstand bevindt van de gevangen
kraal. Daarnaast zijn er twee nieuwe methodes gedemonstreerd en getest
om de temperatuur nog dichter bij de bron te bepalen. Om dit te doen
is voorkennis van de viscositeit en hoe deze veranderd door een toene-
mende temperatuur nodig. Als deze niet beschikbaar is, biedt deze meth-
ode indien gecombineerd met de temperatuursensor een mogelijk om de
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verandering van de viscositeit door temperatuur te bepalen.
Nu de werking van het verwarmingssysteem bevestigd is, kan FtsH

bestudeerd worden. De temperatuur werd gemeten aan de hand van de
temperatuursensor, omdat de temperatuur waarbij FtsH actief is en het
uitvallen van organische component dicht bij elkaar ligt. Ondanks dat het
temperatuur bereik in acht genomen was, vond samen clustering van en-
zymen in de experimentele oplossing plaats. Om die reden werden deze
enzymen niet langer gebruikt.

Aangezien de metingen geen succes opleverden, werden losse compo-
nenten van de studie getest. Dit bevestigde aanwezigheid en activiteit.
Onverwachts toonde dit ook dat het aanhangsel wat wordt door FtsH ge-
bruikt wordt om een substraat te herken zich covalent bindt aan FtsH.
Dit zou een verklaring kunnen geven voor de beperkte tijd dat deze actief
is.

Helaas is het in deze studie niet gelukt om ontvouwing en afbreking
van het substraat door FtsH te meten. Hierdoor blijft het mechanisme
onbekend. Toekomstige studies zullen moeten uitwijzen of de experi-
mentele omstandigheden gunstig genoeg zijn om de mechanismes achter
het ontvouwen en afbreken door FtsH te kunnen bepalen.

4



Chapter 1

Introduction

First principle: never to let one’s self be beaten down by persons or by
events - Marie Curie
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1 Introduction

1.1 FtsH, a protease of the AAA+ superfamily

1.1.1 The classical AAA clade of the AAA+ superfamily

A wide variety of processes in the cell depend on protein complexes (macro-
molecular machines) that can undergo conformational changes driven by
the energy extracted from nucleotide hydrolysis (NTPase activity) [1]. The
biological functions that they employ can be divided into three groups.
There are transporting motor proteins, which do useful work for the cell
by translocation; timing devices, which regulate the coupling and decou-
pling of different proteins; and recycling machines, which recycle misfolded
and mistranslated proteins by proteolysis [1, 2].

These molecular machines play such important roles that they can be
found in all life forms (archaea, bacteria, and eukaryotes). The machines
that share conserved sequences and have structural and mechanistic sim-
ilarities might have originated from a single common ancestor, the last
universal common ancestor (LUCA). Grouping all (distantly) related pro-
teins will reveal their evolution from a common ancestor throughout the
evolution in different life forms.

This classification is termed with superfamilies, families, subfamilies,
and clades, see fig. 1.1 for the representation of the AAA+ superfamily.
A superfamily contains all distantly related proteins and is divided into
different protein families. Each protein family consists of a group of pro-
teins that can be traced back to a LUCA of all modern cellular life forms
(archaea, bacteria, and eukaryotes). Within a protein family there can
be subfamilies, which occur when a protein family has diversified within
a cellular life form. Then the families encompassed in a superfamily can
also be divided into (super)clades. A clade includes (multiple) protein
families and subfamilies sharing a LUCA. Clades can be nested within
one another as long as they share a LUCA, forming a nested hierarchy. A
clade can therefore include many distantly related proteins or only small
group of closely related proteins. A superclade consists of the clades that
have diversified after the superfamily and before LUCA.

A superfamily that consists of molecular machines that can undergo con-
formational changes driven by nucleotide hydrolysis is the AAA+ super-
family. This family encompasses ATPases associated with diverse cellular
activities (AAA+), which utilizes ATP hydrolysis to assist in assembly,

6



1.1 FtsH, a protease of the AAA+ superfamily

Figure 1.1: Schematic representations of the AAA+ superfamily
divided into families, subfamilies, super clade, and a clade. Figure
taken from [3].
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1 Introduction

operation, or disassembly of protein complexes as a molecular chaper-
one [2, 3]. Evolutionary classification of proteins within this superfamily
demonstrated multiple groups, clades, families and subfamilies [2–7]. The
seven clades defining the AAA+ superfamily are the clamp loader clade,
initiator clade, classical AAA clade, superfamily III helicase clade, HslU/-
ClpAB/lon/RuvB (HCLR) clade, H2 insert clade, and PS-II insert clade
[7]. These clades slightly differ from the ones depicted in fig. 1.1 as the
classification has recently been updated [7].

The focus of this thesis is on FtsH, which belongs to the classical AAA
clade. Therefore, the AAA clade will be further investigated before we
move on to the details of FtsH.

The classical AAA clade was originally defined as the AAA superfamily
and contained all ATPases related to the proteasomal ATPases, FtsH, and
CDC48 [3]. This clade encompasses such functionally diverse proteins that
it has more recently been subdivided into two AAA+ protein categories:
type I and type II (Puchades et al. [8]). The type I includes proteins
with a single AAA+ domain, such as the proteasomal ATPases and FtsH,
whereas type II includes proteins with a double AAA+ domain within its
protein chain, such as CDC48.

Even though this clade consists of functionally diverse proteins, all the
families contribute in processes related to protein unfolding and degrada-
tion [3, 7]. For instance, the 26S proteasome unfolds and degrades (aber-
rant) ubiquitylated substrates [8], FtsH unfolds and degrades aberrant
membrane-anchored and cytoplasmic proteins [9, 10], and CDC48 medi-
ates retro-translocation of misfolded or damaged ubiquitylated membrane
and secretory proteins into the cytosol to be degraded by the proteasome
[8]. They thus all regulate protein homeostasis of the cell, which is the
major task the entire superfamily performs.

These three families share conserved sequences and have structural and
mechanistic similarities. The majority of the proteins in the classical AAA
clade consist of an oligomeric (generally hexameric) ring structure with a
central pore to unfold and translocate substrates [2, 3, 6, 7]. With their
presence in all three life forms, it is highly likely that they share a sin-
gle LUCA. The proteasomal ATPases and CDC48 families are conserved
throughout the archaea-eukaryotic branch and the FtsH family is con-
served throughout the bacterial branch[3].
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1.1 FtsH, a protease of the AAA+ superfamily

1.1.2 The discovery of FtsH and its essential function

The gene coding for FtsH in E. coli was independently discovered by four
different groups, all designating it differently due to the difference in phe-
notype [11]. It was discovered as HflB (High frequency of lysogenization
B), as it was found to degrade the transcriptional activator II (a key reg-
ulator of lysogenization); as FtsH (Filamentation temperature sensitive
mutant H), when they were searching for temperature sensitive mutants
after chemical mutagenesis; as TolZ (colicin tolerant Z), when it showed
tolerance to the protein antibiotics colicin, and as mrsC (mRNA stability
C), when it was involved in degradation of bulk mRNA [11]. The desig-
nation FtsH will be used throughout this thesis, as it is the designation
used by scientists nowadays.

The different designations already implied the ability of FtsH to degrade
various proteins. Later research indeed demonstrated that FtsH degrades
a wide variety of proteins, both cytosolic and membrane-anchored. It is,
for instance, involved in regulating the phospholipid to lipopolysaccharide
ratio in the outer membrane by degrading LpxC protein [12]; in avoiding
the cell of going into a heat stress response by degrading the heat shock
sigma factor at physiological temperatures [10]; and it degrades YfgM,
a periplasmic chaperone and a negative regulator of RcsB, during an os-
motic shock or during stress conditions related to stationary growth phase
[10]. FtsH, thus, contributes to the cell’s protein homeostasis and to bac-
terial stress responses, triggered by a change in temperature, pH, salts,
oxidation, or nutrients.

The wide variety of protein substrates and the importance of FtsH to
the vitality of the cell, makes it an attractive drug target. However, im-
mobilization of FtsH could also be used to kill the cell, as it has, in most
Gram-negative bacteria, an essential LpxC regulatory function [10]. It
was indeed found that FtsH was involved in the antibiotic resistance of
tobramycin in Pseudomonas aeruginosa [13]. Deletion of the ftsH gene
led to a dramatic increase in sensitivity to the aminoglycoside antibiotic
tobramycin. Thereby demonstrating its importance to the vitality of the
cell and emphasizing the potentiality as a drug target or antibiotic en-
hancement.

Besides its importance in bacteria, mutations in the human ortholog of
FtsH, m-AAA, has been found to cause hereditary spastic paraplegia. This
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1 Introduction

is a neurodegenerative disorder in humans, causing progressive spastic
paralysis in the lower limbs [14, 15]. The progressivity of this disease could
be explained by accumulation of oxidatively damaged protein substrates
over the years. However, the mechanisms causing this disease are not fully
understood yet [14]. Therefore, mechanical studies of FtsH (mutations,
and orthologs) is of medical and fundamental importance.

1.1.3 FtsH structure

FtsH has been found in many different bacteria, for instance, in Es-
cherichia coli (E. coli), Aquifex aeolicus (A. aeolicus), and Thermotoga
maritima (T. maritima) [11]. In E. coli it is one of the five energy driven
proteases from the AAA+ superfamily (ClpXP, ClpAP, HslUV, FtsH and
Lon) [16]. FtsH distinguishes itself from the other proteases, since it is the
only one that belongs to a different clade, it is anchored to the membrane
and it is the only essential protease in E. coli [10, 17].

Purifying (full-length) FtsH has been challenging, as it is non-soluble
and anchored to the membrane. Structural and functional studies, there-
fore, predominantly focused on the cytosolic domain of FtsH, containing
the ATPase and protease domain [15, 18–22]. FtsH is able to hexamer-
ize without the transmembrane- and periplasmic domain. However, An
et al. [17] argued that functionally the periplasmic domain is required, as
it might be involved in recognition of misfolded membrane proteins.

All structural studies of the ATPase and protease domains of the FtsH
hexamer demonstrated a sixfold symmetry [18–22]. These studies resolved
the zinc-binding sequences, which stimulates proteolytic activity, and its
narrow (∼1.5 nm diameter [19]) central pore, in which the substrate gets
degraded.

The ATPase domain, however, has shown to adopt a twofold- [19, 21],
a threefold- [18, 22], and a sixfold symmetry [20]. The two- and three-
fold symmetry was observed for ADP bound tmFtsH (T. maritima FtsH)
and aaFtsH (A. aeolicus FtsH) and the sixfold symmetry for apo bound
tmFtsH [20]. Nonetheless, they did resolve the second region of homology
(SRH) motif and the conserved FGV (phenylalanine, glycine, and valine)
pore motif which are required for ATP hydrolysis and oligomerization, and
substrate recognition and translocation, respectively [20].

The ATPase domain symmetry and mechanism to translocate a sub-
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1.1 FtsH, a protease of the AAA+ superfamily

strate have not (yet) been resolved for FtsH. However, it has been resolved
for the ATP- and substrate bound yeast homolog YME1 [23], showing no
symmetry. In this homolog, four of the six ATP binding sides were bound
with ATP, one was bound with ADP and one was empty (apo) adopting
an asymmetric spiral staircase around the substrate. It was proposed that
the substrate is translocated in a stepwise manner upon sequential ATP
hydrolysis [23], see fig. 1.2.

Conformational changes were also observed for FtsH when the electron
microscopy images of ADP and apo bound tmFtsH were compared [20].
The observed distance between the two states was more than 4.5 nm [20].
The occupancy of different conformational states were also seen for tmFtsh
with single molecule Förster resonance energy transfer (smFRET) [15].
They found five different states when they analyzed the distances between
the protease and ATPase domain, each state with a different affinity, in the
absence of a substrate. These affinities were ATP dependent and showed
the preference towards a more closed configuration when ATP was present.

Recently, the full-length FtsH structure, resolved by cryo-electron mi-
croscopy (cryo-EM) and negative stain electron microscopy (negative stain
EM), became available [24–26]. The negative stain images of aaFtsH and
the cryo-EM map of E. coli FtsH (ecFtsH) are shown in fig. 1.3. Inter-
estingly, Carvalho et al. [24] and Liu et al. [25] both observed that the
cytosolic domain of FtsH was tilted with respect to the transmembrane
and periplasmic domains. This tilt was observed for Aquifex aeolicus FtsH
(aaFtsH) in detergent micelles and in the presence of ATP [24], and for
Thermotoga maritima FtsH (tmFtsH) in lipid nanodiscs and the absence
of ATP and ADP, yet still bound to ADP [25]. This tilt, possibly, pro-
motes substrate recognition and entry. However, Qiao et al. [26] did not
observe this tilt for ecFtsH in detergent micelles and the presence of non-
hydrolysable ATP, presumably due to the chemical cross-linking of the
cytosolic domain to achieve more rigidity for a higher resolution struc-
ture.

The full-length images also contribute to the discrepancy in symmetry.
When Liu et al. [25] studied full-length ADP bound tmFtsH, with a muta-
tion prohibiting binding of zinc and thereby abolishing proteolytic activity,
a sixfold symmetry was observed. They argued that the observed two- and
threefold symmetry of ADP bound FtsH [18, 19, 21, 22] may have been
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Figure 1.2: Proposed substrate translocation of the yeast FtsH ho-
molog YME1. a) Cartoon representation of the proposed ATP binding
and hydrolysis cycle of the YME1 ATPase domain. The ATPase domain
has six ATPase domains, with four subunits bound to ATP, one to ADP
and one empty. The hydrolysis steps are indicated for the black encir-
cled subunit 1 in a counterclockwise manner. The substrate is depicted in
orange, and ATP and ADP in pink and blue respectively. b) Cartoon rep-
resentation of substrate-subunit interaction through the aromatic tyrosine
for a full hydrolysis cycle. The yellow and red (ADP and apo) subunits
shown twice to highlight the complete cycle. Figure taken from [23].
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1.1 FtsH, a protease of the AAA+ superfamily

Figure 1.3: Full length structure of FtsH. a-d) Side and tilted views of
negatively stained Aquifex aeolicus FtsH (AaFtsH) hexamers. The scale
bar represents 11 nm. e) Schematic representation of AaFtsH with the
periplasmic and cytosolic domain in blue, the blue dashed lines indicat-
ing six linking peptides present in the protein sequence, and the (lauryl
maltose neopentyl glycol) LMNG-micelle wrapping around the transmem-
brane domain in green. f) A side and top view of the cytoplasmic domain
map of Escherichia coli FtsH in yellow and the periplasmic and trans-
membrane domain map in violet. The maps are fitted into the full length
FtsH hexamer in gray. Figure A-E taken from [24] and figure F from [26].
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the result of the absence of the transmembrane- and periplasmic domain.
This absence caused FtsH to be monomeric in solution and only upon
crystallization became hexameric, this might have induced intermolecular
packing and lattice contacts causing the symmetries observed. Carvalho
et al. [24] imaged full-length, ATP bound, non-mutated, aaFtsH in de-
tergent micelles and observed asymmetry in the ATPase domain, which
shared the asymmetry found by Puchades et al. [23].

The spiral staircase mechanism observed for YME1 [23] fitted the low
resolution aaFtsH asymmetry of Carvalho et al. [24] and was also proposed
by Liu et al. [25] when they observed a sixfold ADP symmetry for tmFtsH.
This stepwise translocation, has been verified for other proteases, such as
ClpXP [27–31] and ClpAP [29, 31] (reviewed in [32, 33]) by dual-beam
optical tweezers section 4.2.4. However, this is still not conclusive for
FtsH, a functional study showed cooperative ATP hydrolysis events where
four to five hydrolysis events were coupled [34], rather than the single or
double steps (hydrolysis events) observed for ClpXP [28] and ClpAP [29].

1.1.4 Unfoldase activity of FtsH

FtsH degrades aberrant and excessive membrane and cytosolic proteins to
avoid lethal accumulation in the cell. To degrade, it first needs to unfold
the protein. When a protease has the ability to unfold strongly folded
proteins, it has a high unfoldase activity. This activity has been a major
point of discussion for FtsH. The argumentation for weak unfoldase ac-
tivity was found two decades ago when Herman et al. [35] discovered that
FtsH, unlike ClpXP and ClpAP, was unable to degrade stable substrate
proteins in vivo and in vitro, such as ssrA-tagged dihydrofolate reduc-
tase (ssrA-DHFR). They proposed that FtsH requires a low to moderate
thermostability or an altered protein folding state of substrate proteins in
order to be able to degrade them.

It should be denoted that experimental procedures affect proteolytic ac-
tivity. Substrate degradation is, for example, dependent on the (length of
the) substrate tag [9, 34, 36] and on directionality (N- to C-terminal or C-
to N-terminal degradation) [34, 36], but also ATP concentration [34] and
substrate concentration [36] play a role. Besides that, mutations and sol-
ubilization for in vitro experiments of FtsH can affect activity [17, 21, 37,
38] and the in- or exclusion of the HflKC-FtsH complex in a study, as this
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1.1 FtsH, a protease of the AAA+ superfamily

complex promotes degradation of cytoplasmic substrates while preventing
degradation of normal functional membrane proteins [26].

In contrast with the finding of Herman et al. [35], Morehouse et al.
[36] showed that detergent-solubilized FtsH can degrade ssrA-DHFR in
vitro. Even more interestingly, they showed that degradation occurred
for DHFR with an ssrA-tag, an 8 to 49-residue linker plus an ssrA-tag,
and also without an ssrA-tag [36]. More evidence of a “not so weak”
unfoldase activity has been obtained. FtsH demonstrated to degrade the
transmembrane protein ProW1-182 with two consecutive tags (ProW1-182-
FLAG-ssrA) in vivo [39], the membrane associated cyclopropane fatty
acid synthase (CFA synthase) in vivo and in vitro [40], and the highly
thermostable membrane protein GlpG in vivo [41]. Especially, for the
extraction of GlpG from the membrane, FtsH needs to overcome a large
energy barrier.

When Yang et al. [34] found that FtsH could degrade GlpG, they con-
tinued by looking into the ATP hydrolysis and degradation rate of FtsH. It
was found that the maximal degradation rate depends on conformational
stability of the substrate rather than ATP hydrolysis rate. Therefore, indi-
cating that a different mechanism is rate limiting. Unfolding or membrane
dislocation are evident rate limiting mechanisms, but were ruled out as
rate limiting step, because the rate limited degradation was also observed
for degradation of casein (weakly folded and not membrane bound). They
suspected that the protease domain was not fully functional in their re-
constituted system, possibly causing the rate limiting step. The unfoldase
activity of FtsH, thus, remains ambiguous.

To investigate whether FtsH translocates substrates in a step wise man-
ner and to test the translocation pulling power, degradation of mutated
titin’s module I27 by the full-length FtsH from the thermophilic bacterium
A. aeolicus in detergent micelles at a temperature of 53-60 ◦C will be stud-
ied here with optical tweezers.
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Figure 1.4: Schematic representation of a titin filament within the
sarcomere. Figure is modified from [45].

1.2 I27 a module of the muscle protein titin, a
model substrate for AAA+ proteases

1.2.1 The extensible muscle protein titin

The giant modular protein titin can be found in vertebrate muscles and
is believed to function as a molecular spring responsible for the passive
elasticity of muscles [42–44]. A single titin molecule is longer than 1 µm
and spans half the sarcomere connecting the Z-disk to the M-band, as
shown in fig. 1.4. Along its length, it has different domains (the I-band,
the A-band and the M-band (or M-line)) and each domain a different
property (elastic domain, a stiff and thick domain, and an integral part of
a protein meshwork, respectively).

These properties can be explained by the composition of the domains
and interaction with other proteins. The domains consist of combinations
of fibronectin type III (Fn3) modules, immunoglobulin-like (Ig-like) mod-
ules, and one (or multiple) nonrepetitive linker sequence(s). The M-band
domain of titin consists of (relatively) stable Ig-like modules separated by
nonrepetitive linker sequences and serves as a rigid anchoring plane for
the thick filament [42, 43]. The A-band domain contains Fn3 and Ig-like
modules, which alternate, such that Ig-like modules are always flanked by
Fn3 modules. The single modules of this band have, in vitro, the lowest
thermal and chemical stability [42]. However, it is expected that in vivo
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1.2 I27 a module of the muscle protein titin

the band will be stabilized by other protein interactions (myosin and C-
protein) making it a stiff and thick domain [42, 43]. The I-band domain
consists of a nonrepetitive linker sequence and Ig-like modules with differ-
ing (thermal and chemical) stabilities, and acts as an elastic connection
between the thick filaments and the Z-disc [42, 43].

When single titin molecules were stretched, the elastic I-band domain
was found to lengthen [44]. This band consists of up to ∼100 Ig-like mod-
ules, no Fn3 modules, and one large PEVK-segment (a proline, glutamic
acid, valine, and lysine rich segment) [45]. When only the I-band was
subject to stretching experiments, it was observed that, during physiolog-
ical stretch, especially the PEVK-segment contributes to the lengthening
of the I-band domain [44, 46, 47], see fig. 1.5 for a schematic representa-
tion of titin stretching. Nonetheless, Rivas-Pardo et al. [48] also observed
proximal (close to z-disk) Ig-like module unfolding at physiological rele-
vant forces of 6-8 pN. At higher force (F > 15 pN), Kellermayer et al.
[46] and Tskhovrebova et al. [47] observed unfolding of Fn3 and Ig-like
modules. Interestingly, they all reported that refolding would only occur
at forces much lower than the unfolding forces (2.5-5 pN). Complete re-
folding of the entire titin molecule was not observed by Kellermayer et al.
[46] and Tskhovrebova et al. [47], but complete refolding of a constructed
polypeptide consisting of eight repeats of an Ig-like module was observed
by Rivas-Pardo et al. [48]. It remains obscure whether module unfolding
is physiological [45].

1.2.2 The structure of titin module I27 and some point mu-
tations

A module of the I-band that has been extensively studied and is a model
substrate for proteases, is module I27. This module consists of 89 amino
acids with eight β-strands (A, A’, B, C, D, E, F, and G) forming two,
against each other packed, β sheets [43], see fig. 1.6a. Except for the A
and A’ β-strands, all adjacent strands are antiparallel. The surface of I27 is
predominately covered with hydrophilic residues, whereas the hydrophobic
side chains are well packed within its core. Another amino acid which is
also part of the (hydrophobic) core of I27 is a unique tryptophan [43],
which is well buried and conserved in all Ig-like modules of titin [42].
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Figure 1.5: Schematic representation of stretching soleus and
psoas myofibrils. A, the myofibril is in slack with the type II mod-
ules and PEVK-segment folded. B, a small stretch is applied causing the
type II modules to straighten, while the PEVK-segment remains folded.
C, a moderate stretch is applied causing the PEVK-segment to unravel,
while the type II modules remain folded. And D, at high (but still physi-
ological) stretch the PEVK-segment is stretched and the type II modules
are highly strained. Figure is taken from [44].

(a) (b)

Figure 1.6: A cartoon representation of the β-sandwich structure
of the titin module I27. a) The black lines, linking the A’ and G β
strands, represent backbone hydrogen bonds between the two strands. b)
Position of the valine to proline mutations on the A’ β strands, disrupting
the hydrogen bonds between the A’ and G β strands. Figure is modified
from [49].
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1.2.3 Mechanical stability of titin I27

The unfolding behavior of the (mutated) I27 module has been studied
extensively by atomic-force microscopy (AFM) [49–51], infrared absorp-
tion [52], fluorescence emission spectra [42, 50, 52], far ultraviolet circu-
lar dichroism [42], nuclear magnetic resonance (NMR) [42], and magnetic
tweezers [53–55]. These studies done with varies techniques followed dif-
ferent procedures in turns of temperature, applied forces, applied loading
rates, and point mutations for the I27 domain.

Since protein degradation by FtsH will be studied at temperatures far
above room temperature (53-60 ◦C), the thermal stability of titin I27 is
important. The melting temperature (when half of the proteins are dena-
tured) of I27 at neutral pH, atmospheric pressure, and low ionic solution
was found to be ∼73 ◦C [42]. A decrease in pH did not result in a signifi-
cant change of melting temperature, but an increase in ionic strength (10
to 200 mM phosphate) caused a decrease in melting temperature (∼73 ◦C
to ∼59 ◦C, respectively). A different study also observed a state in which
the tertiary structure of I27 is loosened before it melted [52]. However,
it should be noted that the ionic strength of their buffer was really high
(1250 mM). Possibly inducing the loosened state at 50 ◦C and the lower
melting temperature of 65 ◦C.

A partially unfolded state (intermediate state) of I27 has also been found
by AFM studies [49–51]. The presence or absence of this intermediate
state affects the extension upon (partially) unfolding and is therefore of
importance. Williams et al. [56] argued that this intermediate state is
only populated at forces higher than 100 pN, which is the case for AFM
studies. Magnetic tweezers, on the other hand, can study the low force
regime of I27 unfolding. However, due to the limited spatial temporal
resolution an intermediate state could not be observed [53]. Nonetheless,
the unfolding rates of (mutated) I27 at constant, low forces (F < 100 pN)
do indicate a non-monotonic force-dependent unfolding [54, 55]. The de-
crease in unfolding rate, which occurred from 0 to 22 pN, was explained
by a catch-bond behavior (upon increasing force, unfolding is less likely
to occur) and the increase in unfolding rate, which occurred from 22 to
100 pN by a slip-bond-like behavior (upon increasing force, unfolding is
more likely to occur). The switching force, when the catch-bond behavior
switches to slip-bond-like behavior, was found to be 22 pN at 21 ◦C. This
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switching force will increase upon increasing temperature [54, 55].
The expected force dependent extension upon unfolding of the I27 do-

main is x = xt − xWLC ; where xt is the change in length from the folded
to the transition state depending on force, which is determined by [54]:

xt(F ) = xf (F ) + δcoth(
Fδ

kBT
) − kBT

F
(1.1)

FWLC =
kBT

Lp
(

1

4(1 − x/Lc)2
− 1

4
+

x

Lc
) (1.2)

and xf (F ) is the distance between the N- and C-termini of native I27 as
determined by the worm-like chain model (WLC model, x in eq. (1.2)),
F is the force in pN, δ the length between the 14th residue and the C-
terminus (δ = 0.64 nm [54]), kB is the Boltzmann constant in pN*nm/K,
T is the temperature in Kelvin, Lp is the persistence length of I27 (Lp =
0.8 nm [57]), and Lc is the contour length of the intermediate state of I27
(Lc = 4.94 nm [54]). The change in length from the transition state to the
unfolded state xWLC is determined by eq. (1.2), with x being xWLC , the
persistence length Lp = 0.8 nm, and the theoretical contour length of I27
Lc ≈ 33 nm (89 aa x 0.38 nm) [50].

The force-extension dependency of I27 has also been studied at elevated
temperatures [51, 55]. In these studies, a stretch was applied to a chain of
multiple I27 modules that were connected through a short flexible linker
at a constant temperature. Single unfolding and refolding events could
be observed. The critical force was defined as the force at which folding
and refolding were equally probable. The computed critical forces for
mutated I27 (cysteines 47 and 63 were mutated to alanines, which possibly
destabilized the protein) were between 3 and 5 pN for temperatures of
21 ◦C to 37 ◦C [53, 55]. A reduction in the force required to unfold mutated
I27 (cysteines 47 and 63 were mutated to serines) due to an increase in
temperature was also observed by Taniguchi et al. [51]. However, their
force range was over 20-fold larger than the critical force found by Yu
et al. [55]. The link used between the individual I27 modules should be
taken into account as well, because this could affect the required force to
unfold [58].

Besides temperature, point mutations in the β-strand A’ of I27 have
demonstrated to reduce mechanical stability [49]. More specifically, mu-
tating valine 11, 13, or 15 of the β-strand A’ to proline disrupts a specific
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backbone hydrogen bond between the β-strands A’ and G, see fig. 1.6b.
These single mutations (hereafter I27V11P, I27V13P, and I27V15P) lowered
the unfolding force of the I27 module, and likely also decreases the melting
temperature.

The point mutations I27V13P and I27V15P will be used here to study
protein unfolding and translocation by FtsH, a possibly weak unfoldase,
FtsH at a temperature between 53 and 60 ◦C.

1.3 Optical tweezers

1.3.1 Optical tweezers

Optical tweezers are highly suitable to study a wide variety of biological
phenomena, such as motor proteins [27, 59], unfolding and refolding of
proteins [46], flagella [60, 61] and lipid bilayers [62]. A dielectric microm-
eter sized particle is trapped in a highly focused laser beam [63, 64], the
trap laser. The position of the trapped bead can be determined with a
camera or with a second highly focused laser beam, the detection laser.
The focus of the detection beam has to align with the trap laser, but the
detection beam is much weaker and has a different wave length to minimize
interference. The deflections of the detection light can then be measured
with a position sensitive detector and converted into bead position.

Even though a bead is trapped, it is still subject to external forces that
push the bead away from the trap center. This external force can be small,
when water molecules bump unto the bead, or much larger, if an external
flow is applied. For small displacements, the bead feels an attractive force
towards the center of the trap. This force increases linearly with the
displacement of the bead and the trap acts as a Hookean spring (F =
−κ∗x) with F the force applied to the bead, x the distance of the bead to
the trap center and κ the stiffness of the trap [65]. When displacements
are much larger, this attractive force does no longer linearly increase with
displacement, but will plateau off. And for even larger displacements, the
bead will experience a repulsive force and will eventually escape from the
trap [66].

The forces pulling the bead towards the center of the trap are due to
the reflection and refraction of laser light, see fig. 1.7a. The reflected light
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rays cause a change in momentum. The conservation of linear momentum
then dictates that the bead experiences an equal but opposite change in
momentum, causing the bead to move downwards (fig. 1.7b). However,
an upwards reactive force is induced by the refracted light rays that are
deflected forward, see fig. 1.7b. This occurs when the bead has a higher
refractive index than the surrounding medium. When the bead moves
laterally out of the trap (along the x- and y-axis in fig. 1.7c), the bead
experiences an attracting force towards the center due to the Gaussian
intensity profile of the trap laser. The higher laser intensity at the center
induces a larger force than the lower laser intensity away from the center,
see fig. 1.7c. Hence, the bead experiences an attractive force towards the
trap center. The bead is stably trapped if the forces are balanced [65, 67].

To study biological phenomenon with optical tweezers the molecule of
interest is generally linked to a bead. Different types of coated beads that
can form strong bonds and are commercially available can be used to es-
tablish such a link. For instance, streptavidin coated beads can bind to
biotin, which could itself be covalently linked to the molecule of interest
and is unlikely to disturb the biological behavior due to its small size.
When the streptavidin beads and the biotinylated molecules are mixed,
they will spontaneously bind. For stretching or folding-unfolding experi-
ments, the other end of the molecule can be linked to the glass surface or
a second bead through a different bond (for example an antibody-antigen
pair). Two bead assays can be performed either with a single-trap and a
micropipette holding the bead by suction or with a dual-trap [67].

The advantage of a two bead two trap assay is that it enables a passive
force clamp, which maintains a constant force (within < 5% change) for
small displacements (∼50 nm) [66]. To obtain this passive force region, a
force-displacement curve of the trap has to be determined. This should be
done by trapping bead 1 in trap 1 (T1) and bead 2 in trap 2 (T2) while
the beads are linked through a tether, double-stranded DNA for example,
see fig. 1.8a. T2 should be roughly three times stiffer than T1 to ensure
that the bead in T2 remains within the linear force region of the trap while
bead 1 is being pulled out of the trap. This can be achieved by moving
one of the traps in a step wise manner away from the other trap while
measuring the position of the beads at each step. The displacement of the
bead with respect to the trap center can be determined at each trap. With
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(a) (b)

(c) (d)

Figure 1.7: Light refraction and reflection on a trapped bead. a)
Schematic representation of an optically trapped bead and the reflected
and refracted light rays. b) The force balancing of the reflected rays
F1 down, F1 right, F2 down, and F2 left and of the refracted rays F3 up, F3 right,
F4 up, and F4 left. c) A schematic representation of a bead laterally moved
out of the trap (-x direction). d) The force balancing of a bead moved
leftwards from the trap center. A thicker arrow representing a higher light
intensity inducing a larger force.
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(a) (b)

Figure 1.8: Experimentally determining the attractive force felt
by a bead displacing from the trap center. a) The experimental
setup to determine the geometry of trap T1. Two beads are trapped
and linked through double stranded DNA. Trap T2 is roughly three times
stiffer than T1, such that the bead trapped in T2 stays within the linear
force-displacement region of the trap (as indicated by the black curve)
while the bead in T1 is pulled out of the trap. The attractive force (to-
wards the center of the trap) felt by both beads is determined by the
stiffness of T2 and the bead-to-trap center distance. Concurrently, the
bead-to-trap center of the bead in T1 is determined. In b) the force-
displacement curve of T1 is shown with the force determined by T2 and
the (bead) displacement from the center by T1. Figure is modified from
[66].

the displacement and the stiffness of the stiffer trap (T2), the force felt by
both beads can be determined. At the same time, the displacement of the
bead in the weaker trap (T1) is used to get the displacement (fig. 1.8b)
[66]. The constant force region is valuable, especially for force dependent
phenomena, such as hairpin unfolding [66]. The construction of a dual
trap optical tweezers and the obtained passive force clamp region will be
discussed in chapter 2.
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1.3.2 Heating an optical tweezers sample

Many of the above described phenomena were studied at room tempera-
ture even though this is below their physiological temperature. In optical
tweezers, it is substantially more convenient to measure at room temper-
ature due to practical considerations: the sample must be transparent to
near infrared light; the optics and objective are affected by temperature
changes; the objective, sample, and condenser are tightly packed; and
optical tweezers measurements are highly sensitive to vibrations and air
flows which might arise due to heating system or the heat itself.

Nonetheless, it is of great significance to study the sample at physio-
logical temperature as it might significantly change the behavior of the
studied phenomenon. Examples, relevant for this thesis, include the find-
ing of Yu et al. [55] who found that unfolding rate of the protein domain
I27 from titin, at physiological forces, increased roughly a 100-fold when
the temperature was increased from 23 to 37 ◦C; in a double-stranded
DNA (dsDNA) overstretching experiment, Mao et al. [68] observed that
at temperatures below 21 ◦C the overstretching transitions were smooth
and reversible, but for temperatures above 33 ◦C fragments of the dsDNA
start to melt [68]; and the activity of the AAA+ protease ClpXP signifi-
cantly increased when the temperature was increased from 15 ◦C to 37 ◦C
[28].

We therefore designed and tested a newly developed heating system
for optical tweezers, see chapter 3 for more details. This system locally
heats the solution under study, from above and below to ensure uniform
heating. The heating system consists of two parts: a glass slide with a
conductive layer and a conductive wire twisted around and mounted on
the objective. They are both based on Joule heating [69]. This is a process
in which an electrical current runs through a conductor and produces heat
by P = I2R, with P the heating power in Watt, I the current in Ampère
and R the resistance in Ohm. To ensure that no current leaks into the
sample solution, the conductive layer on the glass slide is shielded from
the solution by another thin glass slide glued to it.

A gradient free temperature increase along the height (z-axis) of the
sample can be ensured by equally heating from above and from below. A
possible gradient along the other directions, x- and y-axis, were diminished
by reducing the dimensions of the sample under study such that they fall
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within the surface of the heating systems, especially the one of the objec-
tive. With our design equal heating can be guaranteed up to 40 ◦C, after
that the temperature can be further increased with the heating system
above the sample. The effect of this heat difference has been investigated
and is reported in chapter 3.

1.4 This thesis

Throughout this thesis, I will describe my path towards the optical tweez-
ers study of the protease FtsH. The first step, described in chapter 2,
was to build and program a dual beam optical tweezers. While building
the new setup, the passive force clamp region on the existing setup was
determined.

When the new setup was build an objective heating system, as described
in chapter 3, was mounted on it. The heating system is required to study
the purified full-length FtsH found in the thermophilic bacterium Aquifex
aeolicus (aaFtsH) [24]. This bacterium was first found in the outflow of
a hot spring in Yellowstone national park and grows best between 85 and
95 ◦C. After an activity assay at varying experimental temperatures, it was
found that aaFtsH was active at temperatures above ∼53 ◦C (chapter 4).

As described in chapter 3, the heating system was complemented by a
flow cell with a commercially available microscope slide enhanced with a
thin conductive layer of indium tin oxide (ITO). The temperature was
measured by a thin thermocouple placed within the flow cell and by our
novel method that locally computes the temperature from bead recordings.
The method was tested by obtaining the laser-induced heating in our trap.
This resulted in an increase comparable to theory for a non-conductive
flow cell. The ITO flow cell demonstrated a much larger laser-induced
effect, which can be attributed to laser absorption by the ITO layer. The
absorption was minimized by utilizing a low laser power.

With the objective and ITO flow cell heating a temperature of ∼ 70 ◦C
was achieved. The temperature increase computed by our method and the
thermocouple gave a similar temperature increase. However, the temper-
ature computed by our method at room temperature was typically higher,
this was expected as our method measures the temperature locally around
the trap and would here fore also be sensitive to laser-induced heating.
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Our heating system was then used to study aaFtsH at temperatures be-
tween 53 and 60 ◦C (chapter 4). The high temperature caused the forma-
tion of large aggregates and caused the exclusion of the oxygen-scavenging
and ATP regeneration system. Establishing a link between the substrate
and aaFtsH during the optical tweezers experiment was rare. The in-
dividual components, such as substrate and aaFtsH, has been tested and
their presence or activity confirmed. A few recordings have been obtained,
but unfortunately none of these recordings was suitable to determine the
mechanical activity of aaFtsH.
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Chapter 2

Building and programming a dual
trap optical tweezers setup

A dual trap optical tweezers setup has the benefit of measuring at constant
force and to accurately move one trapped bead while measuring the effect
of this movement on the other bead some distance away. To establish
a dual trap, the laser beam is polarized, split into two and recombined.
The splitting in polarization allows for individual steering of each beam
and thus of each trap. A new dual trap optical tweezers setup was built
and improved in trapping range, compared to the existing setup. In the
new setup a trapped bead can be moved as far as 10 µm in all directions.
Besides that, it is now programmed in the open source programming lan-
guage Python rather than the commercial engineering software LabVIEW.
Being one step closer to an open access world.
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2 Building and programming a dual trap optical tweezers setup

2.1 Introduction

A dual optical tweezers setup has two optical traps and two detection
beams. This second trap allows for an even wider variety of measurements,
each unravelling a different mechanism of biological phenomena. For ex-
ample, force-extension measurements for DNA [1] or titin [2] stretching,
interaction force of microtubules with a microtubule associated protein [3],
stroke size determination of molecular motors [4, 5] at different forces [6],
the transition of fluid flow across a lipid bilayer [7], the influence of chang-
ing force upon hairpin opening [8], and the deformability of red blood cells
[9].

A dual trap optical tweezers can be constructed in multiple ways. The
most commonly used designs are a time-shared multiple-beam optical trap
[10, 11] or a dual-beam optical trap [1, 3, 4, 8, 10]. In a time-shared
multiple-beam optical trap a single laser beam is rapidly switched between
two (or more) positions, creating an optical trap at each location. With
this construction, Visscher et al. [10] managed to trap ten beads with a
single laser beam in ten different traps. In a dual-beam optical trap, on the
other hand, a single laser beam is split into two, based on polarization. In
contrast with the time-shared multiple-beam optical trap, these traps are
simultaneously present and have little to no interference with one another
due to the orthogonal polarizations [10].

In this chapter, I will explain the procedure used to build a dual-beam
optical tweezers. First, the optical components and their alignment is dis-
cussed. As well as, how electrical and mechanical vibrations (noise) are
minimized to establish precise and accurate measurements. Next, a brief
explanation on how the optical tweezers is programmed and why it was
decided to use the programming language Python rather than the engi-
neering software LabVIEW. After that, the fine alignment of the detection
beam and corresponding detector, as well as, three techniques to acquire
and analyze the stiffness of the trap are briefly discussed. Finally, the
alignment and programming are discussed.

In parallel to building and programming the optical tweezers, I famil-
iarized myself with a dual trap optical tweezers by performing the pas-
sive force clamp experiment on the existing setup. As described in sec-
tion 1.3.1, two beads were linked through a dsDNA and one bead was
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trapped in the weak trap and the other one in the strong trap. The weak
trap was moved and bead positions were recorded. The bead displacement
from the center of the weak trap were calculated from bead positions and
trap positions of the trap, and forces were calculated by the bead po-
sitions of the bead in the strong trap. With the results visualized in a
force-displacement curve.

2.2 Building a dual trap optical tweezers

2.2.1 The components on the optical table

The optical tweezers setup was built on an optical table with mounting
holes. All optics were mounted on a breadboard (600 mm x 900 mm x
58 mm, M6 x 1.0 Mounting Holes from Thorlabs, Inc.), rather than the
table itself. The existing optical tweezers setup of the group has been
moved previously. Having the optics on a breadboard instead of the table
eases a relocation.

The optics (e.g. lenses and mirrors), to be mounted on the breadboard,
were chosen according to Sung et al. [4] (the 4f-arrangement, explained
below) and the experience and knowledge of the group. A schematic rep-
resentation of the setup is shown in fig. 2.1. The main adjustments made,
compared to the existing setup, were the replacement of an expensive lens
inside the microscope body by a regular optical table lens (L4 in fig. 2.1)
and the 4f-arrangement. This arrangement requires that the distance be-
tween the acousto-optic deflector (AOD)/piezo mirror 1 (PM1) and lens
L3 should equal the focal length of L3 (1f ), the distance between L3 and
L4 should equal the sum of the focal length of L3 and L4 (2f and 3f ),
and the distance between L4 and the objective on the microscope should
equal the focal length of L4 (4f ) for the path of the 1064 nm laser in the
schematic representation of fig. 2.1. This positioning ensures an efficient
steering of the laser beam. The 830 nm laser path also satisfies the 4f-
arrangement with the distance between PM2/PM3 and L5 being the focal
length of L5, the distance between L5 and L4 being the sum of the focal
lengths, and the distance between L4 and the objective being the focal
length of L4.

Before optical alignment, the beam diameter and collimation of the
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2 Building and programming a dual trap optical tweezers setup

Figure 2.1: Schematic of the optical components and their align-
ment on the breadboard.
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2.2 Building a dual trap optical tweezers

trap and detection laser were determined, see fig. 2.2. The beam diame-
ter was determined by measuring the laser intensity with a power meter
(Coherent® FieldMate Laser Power Meter 1098297) while blocking (part
of) the laser light with a (retractable knife) blade in a stepwise manner.
To do so, the blade was placed between the laser and the power meter.
At first, the blade did not block any of the laser light; yielding the highest
intensity as measured by the power meter. Moving the blade a known
distance towards the laser beam, part of the laser beam was blocked; re-
sulting in a lower intensity compared to the previous step. The blade
was moved, and intensity was measured until the entire laser beam was
blocked by the knife; resulting in zero intensity. In fig. 2.2 the intensity
difference is shown, this was determined by subtracting the intensity of the
next position from the intensity of the current position. As a result of the
Gaussian intensity profile of the laser, the intensity difference measured
also follows a Gaussian profile. This can be seen by the increase in inten-
sity difference towards the center of the trap and a decrease afterwards.
The beam diameter was than determined by the standard deviation of the
Gaussian fit multiplied by two to get the diameter rather than radius.

To determine if the laser beam was collimated, the measurement de-
scribed previously was carried out at two distances: first, nearby, with
the blade 40 or 50 mm from the trap or detection laser, respectively, and
far away, with the blade 535 or 550 mm from the trap or detection laser,
respectively. The beam diameter of the trap laser was found to be 4.6 mm
nearby and far away and therefore collimated. The detection beam di-
ameter, on the other hand, was found to increase from 1.8 mm nearby to
1.9 mm far away and therefore slightly divergent. The beam was later ad-
justed, such that the focal height of the detection beam coincides with the
focal height of the trap beam. From the beam diameters the appropriate
lenses were determined, the calculations are shown in section 2.7.1.

On the breadboard, a linearly polarized Ytterbium laser (IPG YLR-10-
LP-Y12, λ = 1064 nm, Pmax = 10 W) was mounted and directed towards
two mirrors, see fig. 2.1 for a schematic representation of the optics on the
breadboard. The mirrors allow for adjustment in height, direction and
angle of the laser beam, such that the beam was parallel to the breadboard
in all directions. Then the beam was directed towards the beam expander,
consisting of two lenses (L1 and L2) and were chosen such that the final
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2 Building and programming a dual trap optical tweezers setup

(a) (b)

(c) (d)

Figure 2.2: Determination of trap and detection laser beam diam-
eter close by and far away from the laser. The laser beam is blocked
in 0.5 mm steps with a knife blade. The change in intensity is determined
by subtracting the intensity of the next step from the current intensity.
a&b) Change in intensity of the trap laser with the knife blade 40 mm a)
and 535 mm b) from the laser. c&d) Change in intensity of the trap laser
with the knife blade 50 mm c) and 550 mm d) from the laser.
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beam diameter was smaller than the aperture (4x4 mm) of the AOD (2-
axis AOD system from IntraAction). Between L2 and the AOD, the beam
passes through a half-wave plate and polarizing beam splitter. With the
half-wave plate being mounted on a rotation stage with continuous 360◦

rotation (newport), the polarization state can be adjusted to control the
laser intensity in each polarization. The polarized beam was then split into
two beams one was sent to the AOD by a mirror and the other was directly
sent to PM1. After the AOD and PM1, the beams were recombined by
another polarizing beam splitter. A shutter was mounted between the
first polarizing beam splitter and the AOD/PM1 to control the number of
traps present in the sample.

An AOD device deflects and controls the angle and power of the en-
tering laser beam. It consists of a tellurium dioxide glass cube with a
transducer to generate an electrical signal of a certain frequency along
the cube. The incoming laser beam is partially transmitted and partially
diffracted. The frequency applied along the glass cube is used to control
the angle of diffraction of one axis. To spatially control the laser beam in
two dimensions a 2-axis AOD system can be used. It consists of two con-
secutive glass cubes with perpendicular electrical signal. Therefore, the
applied signals are perpendicular to one another and to the propagation
of the laser beam.

To align the AOD, the diffraction orders have to be taken into account,
see fig. 2.3. After the first cube, the laser beam is partially transmitted
(0th order) and partially diffracted (1st order). Both beams then enter
the next cube and are again partially transmitted (0th0th order and 1st0th

order) and partially diffracted (1st0th order and 1st1st order), resulting in
four beams exiting the AOD. From these four beams, one beam has been
transmitted through both cubes (0th0th order) and cannot be spatially
controlled. Two beams are once transmitted and once diffracted and can
therefore only be controlled along one axis (0th1st order and 1st0th order).
The last beam (1st1st order) can be spatially controlled in both axis, as it
is diffracted by both cubes. The maximum diffraction efficiency stated by
the manufacturer of the AOD is > 50 %. Nonetheless, the actual power
of the outcoming diffraction beam is dependent on the alignment of the
AOD and the amplitude of the electrical signal. The AOD is thus not
only capable of spatially controlling the laser beam, but can also adjust
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Figure 2.3: Schematic representation of an acousto-optic deflector.

the power of the laser beam.

To spatially control the other polarized beam, it was steered to PM1
which can also be computer controlled. However, this movement is less
controllable (in terms of accuracy and speed) than with the AOD. Besides
that, the power of the laser beam cannot be adjusted with this mirror,
but there also is no loss of power as there is with the AOD. Nonetheless,
the power of this beam can be changed by either changing the laser power
or rotating the half-wave plate, simultaneously changing the power of the
other beam.

After recombination of the beams, they were steered through a second
beam expander (L3 and L4) to adjust the beam diameter to slightly overfill
the objective aperture. Overfilling the objective (∼ 10 %) promotes optical
trapping by obtaining a diffraction limited spot [4, 12], which increases the
gradient force [12]. After L3 the beams were steered by two mirrors and
transmitted through a dichroic mirror before passing through L4. This
was necessary to create enough distance between L3 and L4 to satisfy the
4f-arrangement and simultaneously fit on the breadboard. After this lens
the beams were sent towards the microscope by two mirrors, elevating the
beams to match the height of the microscope (not shown in fig. 2.1.

44



2.2 Building a dual trap optical tweezers

On the other half of the breadboard, the detection path was lined up.
The optics and their alignment were chosen to satisfy the 4f-arrangement
and overfilling of the objective. The laser beam (TOPAG, LDT-830-30GC,
λ = 830 nm) was first adjusted by L5 and then the intensity was reduced
by 80 % with two neutral density filters (Thorlabs, Inc. NE03B-B and
NE05B-B), see fig. 2.1. The collimated and reduced beam was steered to
a half-wave plate on a rotation stage by a mirror. Then the beam was
split into two by a polarizing beam splitter and both beams were sent to
a piezo mirror before recombining them with a second polarizing beam
splitter. In the independent beam paths a shutter was placed to control
the number of detection beams in the sample. After recombination, the
beam diameter was adjusted by L6 and L4 to overfill the objective. The
distances between PM2/PM3, L6, L4, and the objective satisfy the 4f-
arrangement. The detection beam was combined with the trap beam by a
dichroic mirror before L4 and were elevated together with the trap beam
to match the microscope height as described above.

2.2.2 Microscope

The laser- and detection beam were sent into the inverted microscope
(Eclipse Ti-U, Nikon) from the breadboard. With a dichroic mirror the
beams were reflected towards the objective (Nikon CFI Plan Apo IR 60XC
WI), while transmitting the visible light of the microscope to visualize the
sample under study with a camera (Thorlabs, Inc. DCC1545M). The re-
flected beams were highly focused by the objective to form the trap. After
focusing, the beams entered the condenser (Nikon TI2-C-LHO HNA oil
lens) which collimated them. The detection beam was then reflected out
of the microscope, through a lens, and was split into two with a polariz-
ing beam splitter before illuminating the position sensitive device (PSD,
DL100-7 PCBA3 First Sensor) to image the back focal plane interference
pattern of a trapped bead.

The sample under study can be placed in a clamp holder on the piezo
electric stage (NANO-LPS100, Mad City Labs), which is located between
the objective and condenser. The sample is in contact with the objective
through a layer of water or oil substitute (as described in section 3.3.2,
Immersoil�W (2010), Zeiss) and on the other side with the condenser
through a layer of oil (Immoil-F30CC, Olympus). The sample has sizes
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2 Building and programming a dual trap optical tweezers setup

such that it fits into the sample holder and is compatible with the working
distance of the objective (0.18-0.16 mm).

2.2.3 Electrical and mechanical noise

Optical tweezers are highly sensitive to vibrations. The vibrations caused
by the electronics were minimized by connecting all devices (except for
the power supplies of the heating system which has a regulatory system of
itself) that require power to an uninterruptible power supply (UPS, Power-
Walker VFI 1000 TG). The UPS provides emergency power to the devices
in case of a power failure. And more importantly, the device corrects for
power problems, as observed in the power sockets of the building, such as
voltage spikes and harmonic distortions. Especially the laser stability was
affected by these power disturbances, deteriorating trap stability.

Mechanical vibrations induced by air turbulations, for example caused
by sound, temperature differences, and fans, but also vibrations from cool-
ing fans of devices were minimized. Apparatus with fans, such as the laser
power supply, the AOD driver, and computer were placed in a different
room and other apparatus without fans, such as piezo stage controller,
objective heating power supply and PSD reader (DAQ) were placed above
the optical table and connected to their devices with a flexible cable. Me-
chanical vibrations of the building can be caused by the wind or traffic, but
also due to people opening and closing doors between rooms with different
pressure (as is the case in all of the wet lab area). These vibrations were
minimized by installing the setup on a free floating table and vibration
reducing floorplate, dampening any mechanical vibration.

2.3 Programming optical tweezers

2.3.1 From LabVIEW to Python

The original optical tweezers setup, build by our group, is controlled by
the engineering software LabVIEW. For this new setup I decided to use
the programming language Python instead. We are striving to a world
with open access, which is more easily possible with the use of Python.
Furthermore, it enables the setup to be independent of a company and
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their updates, to be cheaper, and also we get the chance to improve,
update and organize all programmed measurements.

To structure all the coding, Dr. Martin Caldarola and I decided to
implement different levels: controller - model - view. In the controller
level the connection/communication with the devices (waveform/function
generator to control the AOD, Nano-Drive® to control the piezo stage,
and NI DAQ-card for data acquisition) is established. The model level
can be split into two subdivisions: preparation and implementation for
the measurements. In the preparation subdivision, communication with
the devices is established through the controller level and then prepared
for further use by adding units. In the implementation subdivision, the
desired measurements are programmed (e.g. moving the trap with the
AOD or displacing the sample by moving the piezo stage) and the data of
the PSDs are acquired. In the last level, the“view level”, the graphical user
interfaces (GUIs) and the direct execution of the measurements (without
GUI) are both prepared. The GUIs were made to ease the transition from
LabVIEW to Python and for users unfamiliar with Python. The GUI or
direct measurement can then be executed with Python.

2.4 Data acquisition and analysis

2.4.1 Alignment of the trapping and detection beams

As described above, the trap laser is split into two, based on polarization.
One branch passes through the AOD (hereafter AOD trap) and the other
one is controlled by the piezo mirror (hereafter piezo trap). To properly
align the AOD trap with the detection beam, an AOD sweep is performed.
In this sweep the trapped bead is moved laterally (along the x- or y-axis
as depicted in fig. 1.7a) by changing the acoustic frequency of the AOD.
The detection beam remains at its position during this sweep, but can be
moved by the piezo mirror to improve alignment. The two PSDs recording
the bead position are placed at a ∼ 0◦ angle, which means that when
sweeping along one axis the signal of only one axis changes, see fig. 2.4.
The PSD position can be optimized in x-, y- and z-axis with the knobs of
the translation stage (Thorlabs, Inc. DT12XYZ/M). The detection beam
and PSD are correctly aligned with the trapped bead when the voltage
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Figure 2.4: Alignment of the detection beam and PSD with the
AOD sweep. The bead is moved ±1 µm in x-axis. The red dots and
line give the voltage signal in the x-axis and the blue dots and line in the
y-axis.

for the x- and y-signal are zero at bead position zero and as close to 0 V
as possible for the end positions of the sweep (+/- 1 µm in fig. 2.4) in the
x- and y-axis sweep.

The piezo trap has to be aligned in two steps. First, the AOD trap is
moved to the desired position and used to correctly align the detection
beam that corresponds to the piezo trap. The piezo trap and its detection
beam are moved such that they are roughly at the desired position. Then
a bead is trapped with the AOD trap and used to precisely align the
detection beam (of the piezo trap). Second, the detection beam is used
to align the piezo trap. The piezo trap takes over the bead that was
previously trapped by the AOD trap and again the AOD sweep is initiated.
However, the bead will remain stationary as it is trapped by the piezo trap
which is not moving. Nonetheless, the signal of the bead is recorded by
the PSDs. Whenever the signal of both axis is 0 V for all bead positions
the trap is correctly aligned or outside the detection range. This should
be checked before assuming correct alignment. Now, the piezo trap and
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Figure 2.5: Position calibration. The bead was moved 0.025 µm per
step, for 8 steps in each direction (±x-axis and ±y-axis). The colors
indicate the magnitude of the voltage with red positive voltages and blue
negative voltages.

its detection beam are correctly aligned and positioned.

2.4.2 Position calibration

To acquire the bead position and movements, the transmittance and devi-
ation of the detection beam is measured by the PSD. This recorded signal
is in voltage. The voltage is transformed to bead position in nanometer by
the, so called, position calibration. To obtain the map the trapped bead
is moved laterally (x and y) in a step wise manner by the trap laser. The
detection laser remains stationary at the initial position of the bead, if
well aligned, and measures the voltage signal at each position. With this
step wise position measurement a grid is formed with bead positions and
their voltage signal. A full map, of all bead positions within the scanned
range, is then obtained by fitting a fifth order through the data set. The
obtained fifth order coefficients are used to convert the position of the
bead to nanometer.
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2.4.3 Trap stiffness calibration

In order to determine the pulling force experienced by the bead if it dis-
places from the trap center, while remaining in the linear range (as ex-
plained in section 1.3.1), the stiffness of the trap has to be determined.
This can be done with different methods, each with its own advantages
and disadvantages [10, 13–15].

Equipartition method

One of the most fundamental and easiest ways to determine the trap
stiffness is the equipartition method [10]. This method is based on a
measure of thermal fluctuations in terms of position of the trapped bead.
It only requires the temperature T and the variance of the bead posi-
tion ⟨x2⟩ to compute the trap stiffness κ. The stiffness is computed by:
1
2κ⟨x

2⟩ = 1
2kBT for a bead bound in a harmonic potential and with kB

the Boltzmann constant, see section 3.2.7 for a more thorough description
of the method.

To obtain the variance, a graphical interface was made that allows for
the position acquisition (in voltage or nanometer) for some time. This in-
terface was designed in such a manner that it is also compatible to different
types of measurements, such as the aaFtsH experiments which required
a longer measurement time and lower acquisition rate, as described in
chapter 4, than the stiffness measurement. When the bead recording has
finished, a histogram of the measured positions (in voltage or nanometer)
is plot, which can be used as a quick check for any disturbances such as a
bacteria. A Gaussian distribution is expected for a bead that undergoes
random thermal fluctuations, any deviation indicates an unwanted distur-
bance. From this Gaussian distribution, the variance of the bead position
is determined to compute the trap stiffness by the Equipartition method.

The data analysis of the equipartition method can easily be computed
with a self-written script. In the self-written Python script, the bead
position is first converted to nanometer (the raw data is always measured
in voltage), then the variance of the bead position is determined and the
trap stiffness calculated. Finally, the result is plotted to allow for a visual
check upon the obtained result, as shown in supplementary information
section 2.7.2.
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Power spectrum method

From the bead recording used to determine the trap stiffness by the
Equipartition method, described above, the trap stiffness can also be de-
termined by the power spectrum [10, 16]. The power spectrum method
is based on the frequencies of vibration, induced by Brownian motion,
and will be more thoroughly described in section 3.2.9. The acquired
bead positions were analyzed by an open access MATLAB script from
Tolić-Nørrelykke et al. [16] to compute the corner frequency and with the
viscosity η of the surrounding fluid and the radius of the bead R, the trap
stiffness κ can be determined with: fc = κ

12π2ηR
.

Drag force method

Another method to determine the trap stiffness uses the drag force on the
bead, the piezo drag force method. In this method an alternating flow is
induced to displace the bead from the trap center. The flow is created
by moving the sample back and forth with the piezo stage at constant
speed while keeping the trap and detection beam position stationary and
recording the trapped bead. The graphical interface of this measurement
allows the user to alter the sweeping frequency, minimum and maximum
amplitude of the sweep, the number of measurements, the axis along which
the sweep is performed, the sweep style (triangular or sinusoidal sweep),
the recording PSD and the directory to save in. The frequency, ampli-
tude range and number of measurement determine the speed of the mov-
ing piezo stage. For example, three measurements are desired which are
performed at a frequency of 2 Hz and with a minimum and maximum am-
plitude of 10 µm and 30 µm (peak-to-peak), relatively. The stage is then
moved at 40 µm/s (2 Hz×2×10 µm, one sweep goes back and forth so the
traveled path is twice 10 µm), 80 µm/s (2 Hz × 2 × 20 µm), and 120 µm/s
(2 Hz×2×30 µm). The sweeps can be performed along the x-axis or y-axis
and according to the trap holding the bead the corresponding PSD should
be selected. Each measurement is saved in voltage in a different file with
the filename including the axis, waveform, frequency, and amplitude.

To determine the stiffness the displacement of the bead from the trap
center during the sweep needs to be computed, see section 3.2.7 for more
details. First, the position in voltage is converted to nanometer by the
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fifth order coefficients of the position calibration. Then, depending on
the performed sweep style (triangular or sinusoidal sweep), the data is
fitted with a square or sinusoidal waveform, respectively. Throughout
this thesis a triangular sweep is used to move the sample. From this
fit the bead displacement is extracted for each measurement (the different
amplitudes/speeds at which the sweep is performed), and by fitting a linear
fit through the computed stiffnesses (for more than three measurements)
the final stiffness of the trap in the sweeping axis is determined.

2.5 Passive force clamp experiment

2.5.1 Materials and method

Anti-Dig beads

Carboxylated polystyrene beads with diameter 1.00 µm (Polyscience Inc.)
were coated with anti-digoxigenin (anti-Dig, Sigma-Aldrich). The car-
boxylated polystyrene beads were mixed with MES buffer (0.1 M MES
buffer with (0.01 % tween-20 pH 4.5) and centrifuged (10 min at 5.000 rpm).
The beads were washed 5 times with by centrifugation (10 min at 5.000 rpm)
and resuspension in MES buffer. The washed beads were sonicated for 2
minutes in an ice bath. Freshly made EDC solution (2 % weight to vol-
ume) was added to the beads and the bead solution was rotated for 3 hours
at room temperature. The bead solution was then centrifuged (10 min at
5.000 rpm) and resuspended in borate buffer twice, before a 2 minute son-
ication in an ice bath.

After sonication, 200 µg/mL anti-Dig and 5 mg/mL BSA (bovine serum
albumin)in borate buffer were added to the beads and the beads were
rotated for 1 hour at room temperature and then overnight in a 4 ◦C room.
The reaction was stopped by adding 0.25 M ethanolamine and mixed for
30 minutes on a rotator at 4 ◦C. The beads were centrifuged (10 min
at 5.000 rpm) and resuspended in 10 mg/mL BSA in PBST (phoshpate
buffered saline with 0.01 % tween-20). The beads were sonicated for 1
minute in an ice bath and stored on a moving plate at 4 ◦C.
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Biotin digoxigenin DNA

To construct the 3500 base-pair biotin digoxigenin DNA, a PCR using
M13mp18 plasmid as template and two primers (an oligonucleotide primer
with a 5’ biotin and an oligonucleotide primer containing a 5’ digoxigenin)
was performed.

Flow cell

A simple flow cell consisting of a cleaned microscope slide (77x26x1 mm),
two pieces of double-sided tape (forming the channel), and a cleaned cover
slip (40x22x0.15 mm) was prepared. The flow cell was functionalized by
PBS. Streptavidin beads (diameter 1.25 µm) were introduced in the flow
cell, which would weakly bind to the glass surface. The non-bound beads
were removed by washing the flow cell with 80 µL 50 µg/mL BSA in PBS.
Then the biotin digoxigenin DNA was introduced and incubated for 10
minutes. The flow cell was washed with 20 µL PBS before introducing the
anti-Dig beads and sealing the in- and outlet of the flow cell.

Optical tweezers experiment

The flow cell was clamped onto the piezo stage holder and brought into
contact with the objective and condenser through a layer of oil. When this
experiment was performed, the setup had a 100x oil immersion objective
(Nikon CFI Apo TIRF 100XC Oil) rather than the 60x water immersion
objective that was later installed.

The AOD and piezo trap were aligned, such that there was 2.05 µm
between the two traps. This was close to the expected length (bead-
DNA-bead, 0.50 µm-1.00 µm-0.625 µm). The AOD trap was then moved
∼0.19 µm towards the piezo trap, to ensure a non-stretched starting posi-
tion and therefore to measure the complete force-displacement curve.

An anti-Dig bead was trapped in the weak AOD trap and brought in
close proximity to the DNA bound streptavidin bead. To check if a DNA
link was established between the beads, the AOD bead was moved away
from the streptavidin bead. If the anti-Dig bead was pulled out of the
trap, a link had established and the bead was trapped again. The strepta-
vidin bead was then trapped by the strong piezo trap and the beads were
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moved upwards. The detection beams were unblocked and the recording
was started. In the recording the anti-Dig bead was moved away from
the streptavidin beads for 300 steps of step size 2.56 nm, while the bead
position was recorded for 50 ms at 50 kHz each step.

After this recording, the calibration measurements (position calibration,
a 3 s data acquisition, and drag force calibration) were performed with
different beads than the passive force clamp measurement, as the beads
would remain linked and were both trapped in the strong trap at the end
of the measurement. The drag force calibration was done for amplitude
range 1-50 µm (peak-to-peak), in 10 steps, and a sinusoidal sweep with a
2 Hz period.

Data analysis

Bead position were converted to nanometer. The bead displacement from
the trap center (weak trap) was determined by the position of the trap
minus the measured bead position, until the bead was pulled out of the
trap. The pulling force was determined by the bead position of the bead
in the strong trap times the trap stiffness, which was determined by the
drag force method. These results were plotted as the force-displacement
curve.

The force-displacement curve was then fitted by the derivative of a Gaus-
sian:

F =
−ax

σ2
e

−x2

2σ2 (2.1)

with F the pulling force, x the displacement from the center, and fitted
values a and σ.

The force-displacement results of the drag force of the weak AOD trap
were also added to the curve. The force-displacements of the drag force
can only be obtained in the linear region and should be similar to the
results of the passive-force clamp measurement.

2.5.2 Results

The force-displacement curve was computed and is shown in fig. 2.6. The
weak trap had a stiffness of 0.07 pN/nm and the strong trap a stiffness of
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Figure 2.6: Measured force-displacement curves, the fitted deriva-
tive of a Gaussian, and force-displacement obtained by the drag
force. a) Obtained force-displacement curve for the newly build op-
tical tweezers with 100x oil immersion objective. b) Obtained force-
displacement curve for the existing optical tweezers with 60x water im-
mersion objective.

0.20 pN/nm. Similar to Greenleaf et al. [8], the trap has a linear region
for displacement up to 100 nm and a passive force region of ∼50 nm.

2.6 Discussion

2.6.1 Optical alignment

To build a high performance optical tweezers setup, it is of great impor-
tance that the laser beam is collimated before entering the objective. In
this setup, the collimation of the laser beam was first checked by measur-
ing the beam diameter close by and far away from the laser. This was
done by blocking the laser beam in a step wise manner while measuring
the intensity with a power meter. Then after each beam expander the
collimation had to be checked to ensure correct positioning of the lenses.
Due to a lack of space, to measure far away, this was done in a different
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manner. Now, a piece of paper with millimeter grid was placed in the
beam path (which had a reduced intensity) and a picture of the laser spot
was taken. Near infrared light can be seen with a camera, but not by eye.
This was done close by and far away from the beam expander. However,
it was difficult to accurately capture and measure the beam diameter and
was therefore approximated. To ease and improve this alignment, I rec-
ommend using an interferometer when space is limited. These devices are
highly qualified to accurately determine collimation and are commercially
available.

Nonetheless, the new setup improved in trap movability. In the other
setup, the bead could only be moved ∼ ±2 µm away from the center in
one direction (both AOD and piezo trap). In the new setup, the bead
could still be trapped ∼ ±10 µm from the center position in all directions.
This is a major improvement and is most likely due to the fact that this
setup satisfies the before mentioned 4f-arrangement. However, both opti-
cal tweezers have showed to perform well in spatial-temporal resolution,
and in force range at the center position.

2.6.2 Programming

The new setup is controlled with Python instead of LabVIEW, this tran-
sition was time consuming but effective. The setup no longer depend on
company updates and their support on different versions. For example,
when a LabVIEW file was opened with a newer version of LabVIEW, it
could no longer be opened with an older version, which was relevant be-
cause the first setup is controlled by an old version of LabVIEW. Besides
that, with Python we are one step closer to an open access world.

However, our decisions to implement GUIs for easier use comes with a
drawback. Only one GUI can be displayed at a time. With LabVIEW
you could have different interfaces open to sequentially initiate different
measurements. It is therefore more time consuming to do a series of mea-
surements (position calibration, data acquisition, drag force calibration
for example) in Python, when using GUIs, than in LabVIEW. An easy
solution is to not use GUIs in that case, but just write a new script that
performs the series of experiments, as I did. Now, it actually became less
time consuming and also less erroneous as I no longer had to manually
name files and could run the series multiple times without intervention.
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Being familiar with Python as user has great advantages.
Another decision that I made was to display bead position in nanometer

instead of mega Hertz, which is the bead position in terms of AOD fre-
quency. An optical tweezers setup dependent constant converts the mega
Hertz position to nanometer. The direct conversion eases data interpreta-
tion and variable setting. The mega Hertz to nanometer constant should
be checked regularly as this might slightly change over time. With the
direct conversion in the new setup it is even more important to check this
constant regularly to ensure that the desired and actual position corre-
spond.

At the moment, the piezo trap has to be calibrated (AOD sweep and
position calibration) with the AOD trap, because the piezo mirror of the
piezo trap cannot yet perform a computer controlled, precise step wise
movement. When working with two traps, it would certainly be advanta-
geous, in terms of time and precision, to perform the piezo trap calibration
with the piezo mirror itself. Therefore, I recommend that the script that
I started will be functionalized and finished to enable quick and precise
calibration of the piezo trap.

Even though Python is not dependent on company updates it still needs
to be updated regularly. At the moment, there are already package up-
dates available that need to be installed. However, these include some
minor changes causing our current script to be incompatible with the
newer version. To guarantee future efficacy the setup requires care and
attention.

2.6.3 Passive force clamp

The force-displacement curve of the newly build setup is expected to be
comparable to the one obtained for the existing setup, as both setups
use the same water immersion objective. On the other hand, the force-
displacement curve of the new setup might differ from the existing one as
many other components differ, such as the overfilling of the objective and
the lenses. Care will be taken if forces have to be computed from bead
displacements that are larger than 100 nm
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2.7 Supplementary material

2.7.1 Beam expander calculations

There are two beam expanders present in the trap laser path. The first
beam expander decreases the beam diameter to match the aperture of
the AOD (4x4 mm). The beam diameter 4.6 mm is reduced by a factor
of 0.76 to 3.5 mm. To do so, L1 has a focal length of 50.2 mm (Newport
Corporation KPX082AR.33) and L2 a focal length of 38.1 mm (Newport
Corporation KPX079AR.33), as depicted in fig. 2.1. Then the beam is ex-
panded 2.4 times to 8.4 mm by the second beam expander, overfilling the
objective by 5 %. This is done by L3 with a focal length of 250 mm (New-
port Corporation KPX109AR.33) and L4 with a focal length of 600 mm
(Newport Corporation KPX119).

The first lens (Thorlabs Corporation LA1978 with focal length 750 mm)
in the detection beam path is used to collimate the laser beam. Then the
beam expander is used to expand the detection beam to overfill the objec-
tive. The beam of 1.8 mm is expanded 4.8 times to 8.6 mm. The expan-
sion is carried out by L6 with focal length 125 mm (Newport Corporation
KPX097AR.16) and L4 with focal length 600 mm (Newport Corporation
KPX119).

2.7.2 Data analysis equipartition method

”””
Created on Tues Dec 19 17:00 2018

@author : c v anaa r t r i j k
”””
from os import path
import numpy as np
import matp lo t l i b . pyplot as p l t

Temp = 20 .0 #temperature [ degrees Ce l s i u s ]
Kelvin = 273.15 #Zero Kelv in [K]
acq ra t e = 100 #ac q u i s i t i o n ra t e [ kHz ]
Kb = 0.0138065 #Boltzmann cons tant [pN*nm/K]
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date = ’ 230511 ’
# Fi r s t load the 5 th order c o e f f i c i e n t s
# and the recorded raw data
r oo t fdp th = r ’M:\ tnw\bn\mea\Shared\Chal ine \
                Opt ica l  tweezer \2023\2023=05=11 ’
c o e f f p a t h = path . j o i n ( root fdpth , ’ 5 th orde r2 . dat ’ )
root fdpth V = r ’M:\ tnw\bn\mea\Shared\Chal ine \
                   Opt ica l  tweezer \2023\2023=05=11 ’
vo l t pa th = path . j o i n ( root fdpth V , ’ rawdata V . dat ’ )
# New f i l ename
new f i lename = date+’ rawdata nm . dat ’

# Load data 5 th order c o e f f i c i e n t s
Coe f f x = np . l oadtx t ( c o e f f p a t h ) [ : , 0 ]
Coe f f y = np . l oadtx t ( c o e f f p a t h ) [ : , 1 ]
# Load raw data v o l t a g e s
Vx = np . l oadtx t ( vo l t pa th ) [ : , 0 ]
Vy = np . l oadtx t ( vo l t pa th ) [ : , 1 ]

# Convert v o l t a g e in t o nm with 5 th order c o e f f i c i e n t s
nm = np . z e ro s ( ( len (Vx) , 2 ) )
ones = np . ones ( len (Vx) )
Hess ian = np . matrix ( [

ones , Vx, Vy,
Vx**2 , Vy**2 , Vx**3 ,
Vy**3 , Vx**4 , Vy**4 ,
Vx**5 , Vy**5 , Vx*Vy,
Vx**2*Vy, Vx*Vy**2 , Vx**3*Vy,
Vx**2*Vy**2 , Vx*Vy**3 , Vx**4*Vy,
Vx**3*Vy**2 , Vx**2*Vy**3 , Vx*Vy**4 ] )

Vtoum y = Coe f f y *Hess ian #[um]
Vtoum x = Coe f f x *Hess ian #[um]
Mean Vtoum = [ np . mean( Vtoum x [ 0 , 0 : n ] ) ,

np . mean( Vtoum y [ 0 , 0 : n ] ) ]
# Fina l p o s i t i o n in nanometer , s u b t r a c t mean to have
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# Brownian motion around 0 nm
nm[ : , 0 ] = ( Vtoum x = Mean Vtoum [ 0 ] )*1 0 0 0
nm[ : , 1 ] = ( Vtoum y = Mean Vtoum [ 1 ] )*1 0 0 0

# Ca lcu l a t e s t i f f n e s s from var iance
AOD xVar = np . var (nm[ : , 0 ] ) #[nmˆ2]
AOD yVar = np . var (nm[ : , 1 ] ) #[nmˆ2]
Ky = ( (Temp+Kelvin )*Kb)/AOD yVar #[pN/nm]
Kx = ( (Temp+Kelvin )*Kb)/AOD xVar #[pN/nm]

# Prepare x=ax i s time in seconds
t = np . l i n s p a c e (0 , len (nm)/( a cq ra t e *1000) , len (nm) )

# Safe nm data and p l o t
volt nm path = path . j o i n (

root fdpth , new f i lename )
r e s u l t f i g f d p t h = SF . MakeDirectory ( path . j o i n (

root fdpth V ,
’ f i g u r e s ’ ) )

np . save txt ( volt nm path ,nm)

# P lo t t i n g and sav ing p l o t
p l t . f i g u r e (1 )
ax = p l t . subp lot (211)
p l t . p l o t ( t ,nm[ : , 0 ] , ’ . ’ , markers i ze =1)
p l t . t ex t ( 0 . 1 , 0 . 9 , ’$K {x , var}$  ’+str (round(Kx,3))+

’  pN/nm ’ , ho r i zonta l a l i gnment=’ l e f t ’ ,
v e r t i c a l a l i g n m e n t=’ top ’ ,
t rans form=ax . transAxes )

p l t . x l a b e l ( ’Time  [ s e c ] ’ )
p l t . y l a b e l ( ’ Bead  motion  [nm] ’ )
p l t . t i t l e ( ’ Bead  p o s i t i o n  (x=a x i s ) ’ )
p l t . a x i s ( [ 0 , t [=1] , min(nm[ : , 0 ] ) ,max(nm [ : , 0 ] ) ] )

ax = p l t . subp lot (212)
p l t . p l o t ( t ,nm[ : , 1 ] , ’ . ’ , markers i ze =1)
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p l t . t ex t ( 0 . 1 , 0 . 9 , ’$K {y , var}$  ’+str (round(Ky,3))+
’  pN/nm ’ , ho r i zonta l a l i gnment=’ l e f t ’ ,
v e r t i c a l a l i g n m e n t=’ top ’ ,
t rans form=ax . transAxes )

p l t . x l a b e l ( ’Time  ( s e c ) ’ )
p l t . y l a b e l ( ’ Bead  motion  (nm) ’ )
p l t . t i t l e ( ’ Bead  p o s i t i o n  (y=a x i s ) ’ )
p l t . a x i s ( [ 0 , t [=1] , min(nm[ : , 1 ] ) ,max(nm [ : , 1 ] ) ] )
p l t . t i g h t l a y o u t ( )

f i g 1 p t h = path . j o i n (
r e s u l t f i g f d p t h , new f i lename

[ 0 : len ( new f i lename )=4]+
’ f i g . png ’ )

p l t . s a v e f i g ( f i g1 p th , format = ’ png ’ , dpi = 300)
p l t . c l o s e ( )
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Chapter 3

Local temperature sensing in
optical tweezers with dual-sided

heating approach

Many biological processes occur at temperatures above room temperature.
Experimentally studying these processes at room temperature may lead to
observations that do not correspond to the in vivo behavior. Therefore, it
is often desirable to heat up the sample under study. Up to now, there was
no convenient, fast, and objective-condenser optical tweezers setup com-
patible technique to heat up the whole sample above 40 ◦C. We propose
an innovative design for a flow cell heating system that is compatible with
objective-condenser optical tweezers and has a compact heating source, re-
ducing stabilization time. The heating system obtained temperatures up
to 70 ◦C, verified both by a thermocouple ∼ 2 mm away from the trapped
bead and by our presented method to locally determine the temperature.
This flow cell heating system and the method to locally determine the
temperature allows us to study temperature-dependent phenomena with
pico-Newton resolution.

* Parts of this chapter will be submitted for publication
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3.1 Introduction

Heating a sample in optical tweezers is challenging, because of the limited
space around the sample, the (temperature sensitive) optics around it,
and the need to transmit (near) infrared laser light through the system.
Though, changing the temperature may reveal interesting features. With
our double trap optical tweezers, the interaction of a fluid flow on a free-
standing lipid bilayer has been studied [1]. With the ability to increase
temperature, the transition state from a solid-like to a gel-like lipid phase
can be studied [2–4].

One heating approach would be to heat the full setup, which is expensive
and slow to stabilize. A simpler approach is to only heat the microscope
objective [5–7]. However, on our setup, which consists of one objective be-
low the sample, a temperature gradient inside the sample needs to be taken
into account. Thereby, the maximum temperature supported by most ob-
jectives is usually 40 ◦C. Other approaches, which would not be limited
by the objective, but can locally heat the sample are metal nanoparticles
[8], heating with a (IR780) dye [9] and heating induced by a second laser
[6, 10]. However, they induce a steep temperature gradient around the
nanoparticles or laser [6, 8–10].

In this study, we propose a novel approach to address these challenges.
Our method involves dual-sided heating of the sample, achieved through
the application of the Joule effect [11]. By passing an electrical current
through a conductive wire around the objective or a conductive layer on
the microscope slide, the amount of heat generated is controlled. The
microscope slide is coated with a transparent conductive layer of ITO
(indium-tin oxide), while the objective is equipped with a resistive wire
wrapped around it. This setup ensures that the sample is heated uni-
formly from both the top and bottom, effectively eliminating unwanted
temperature gradients with a maximum heat of the sample to 70 ◦C while
maintaining an objective temperature below 40 ◦C.

We also present a novel method for local temperature determination.
Our approach suggests the use of trap stiffness calculation by the equipar-
tition method in conjugation with the drag force method or power spec-
trum method to evaluate the viscosity of the surrounding medium, which
depends on temperature. Additionally we employ a thermocouple probe
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inside the flow cell at ∼ 2 mm distance from the trap location as a control.

Upon testing the laser-induced heating in our ITO flow cell design, it was
found that laser absorption by the ITO layer drastically contributes to the
local temperature rise in the flow cell. The temperature increase recorded
by the thermocouple rose to 2.5 ◦C/100 mW, whereas the E-DF method
yielded a substantially higher temperature increase of 14.4 ◦C/100 mW.
The effect of laser-induced heating was minimized by reducing the laser
power as much as possible.

The heating experiments, performed at low laser power, demonstrated
that temperatures up to 70 ◦C were obtained when the objective and ITO
heating systems were combined or by solely using the ITO heating system.
Objective heating could not reach these high temperatures due to the
maximal supported temperature of 40 ◦C of the objective. Comparing the
temperatures computed from our method(s) by the temperature measured
with the thermocouple temperature indicated that the rise in temperature
upon heating was comparable, but showed a discrepancy of a few degrees
Celsius due to laser-induced heating.

The experiments mentioned above were all performed at the center of
the flow cell (in terms of height). Changing the focal height in the flow
cell corresponds to a change in distance between the objective and the
flow cell. The computed temperature at different heights indicated that
the local temperature remains constant.

Our novel method to determine the local temperature shows the im-
portance of local temperature measurements. Even at low laser power,
laser-induced heating was non-negligible in our ITO flow cell. Studying
laser-induced heating in a standard non-conductive glass flow cell demon-
strated a temperature rise of 2.8 ◦C/100 mW, which aligns well with previ-
ously reported findings [12–14], and is thus non-negligible for higher laser
powers.

The method to determine the temperature employs the change in vis-
cosity upon temperature. However, this might be unknown for the exper-
imental buffer. Our method can be used to study this relation when a
thermocouple is added. The thermocouple measures the change in tem-
perature while the trapped bead is used to determine the viscosity. Next
to that, the heating system can be used to study biological processes at
physiological temperatures if below 70 ◦C and is especially valuable for
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3 Local temperature sensing in OT with dual-sided heating approach

any objective-condenser optical tweezers setup.

Our (double-sided) heating system is not limited to optical tweezers
setups. The system can be used on any microscopy setup, with the ther-
mocouple to measure the flow cell temperature.

3.2 Materials and methods: our design

3.2.1 Objective heating

To realize objective heating, a conductive wire was twisted around and
mounted on the objective. A current running through this wire allows
us to control the temperature [11] of the objective, which should not ex-
ceed 40 ◦C to avoid risk of damage. The temperature was measured by
a PT100 sensor mounted between the objective and the conductive wire.
A proportional-integral-derivative controller (PID controller) was used to
have a fine control of the temperature.

3.2.2 Thermocouple

To monitor the temperature within the sample, a type T thermocouple
with an approximate thickness of 80 µm was fabricated. The type T ther-
mocouple accurately (±0.1 ◦C) measures temperatures between −200 ◦C
and 200 ◦C. The copper- (TFCP-003-50, Omega) and a constantan (TFCC-
003-50, Omega) wires were fused together using an electric spark. The
average flow cell height in our study is 107 µm. Consequently, the thermo-
couple is designed to measure the average temperature within the channel
and is positioned to accurately represent the temperature at the vertical
midpoint of the flow cell.

3.2.3 Copper flow cell

Our first heating flow cell was designed by Dr. Roland Kieffer and had two
copper circuits taped on a microscope slide (see fig. 3.1). To make it, the
microscope slide was cleaned in a glass beaker filled with demineralized
water and 3-5% hellmanex® III, the beaker was sonicated in a sonication
bath for 30 minute. The hellmanex® III was removed by rinsing the beaker
and slides 5 times with demineralized water. The beaker with slides, filled
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with demineralized water, was sonicated for 25 minute and then dried with
a nitrogen blow gun and stored in a 50 mL tube.

The copper circuits were made on the cleaned microscope slide. A piece
of copper tape (5×2.5 cm) was taped on the microscope slide and pressed
with tweezers to tightly stick to the glass surface. Then the copper surface
was cleaned with a tissue and acetone. After evaporation of the acetone, a
similar sized piece of packaging tape was placed on the copper tape. The
circuit pattern was engraved in the packaging and copper tape with a laser
cutter. The packaging tape was then removed from the non-circuit parts,
revealing the copper. The entire slide was cleaned by spraying acetone,
ethanol, and then demineralized water over it and dried with the nitrogen
blow gun.

The cleaned copper microscope slide was placed, with the copper facing
downwards, in a glass Petri dish filled with Cl3Fe. This dissolves the
unshielded copper and does not affect the copper shielded by the packaging
tape. After 15 to 30 minutes the microscope slide was removed from the
Cl3Fe with tweezers and rinsed with demineralized water. The circuit,
covered by the packaging tape, was peeled off the copper tape, revealing
two copper circuits with the flow channel between them. At the flow
channel position the Cl3Fe dissolved the copper but did not affect the
glue of the tape. To remove the glue, ethanol was put on the glue and
scratched off with a scalpel. Exposing the transparent glass microscope
slide.

The solution under study has to be shielded from the current running
through the copper. The shield was created by a droplet of UV curing
optical glue (NOA81), which was spread out and flattened by a poly-
dimethylsiloxane (PDMS) block and cured by UV-light for 5 minute. The
NOA81 should not cover the ends of the circuits, as electrodes were sol-
dered on them. Three wires were soldered on the ends, two of them were
connected to the power supply and one connected the two copper circuits.
In the last step, two pieces of heat resistant double sided tape (Scotch®,
Pressure Sensitive Tape) were used to glue a coverslip on the copper cir-
cuit, creating the flow channel.
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Figure 3.1: Copper flow cell

3.2.4 ITO flow cell

The indium-tin oxide (ITO) flow cell was designed by Dr. Roland Ki-
effer and I and consisted of a soda-lime glass slide with a thin layer
(∼220±50 nm) of ITO deposited on one side (conductivity 7 Ω/sq), two
coverslips (22x40x0.15 mm and 10x10x0.10 mm), UV-curing optical glue
(NOA81), silver paint, copper tape, kapton® tape, soldering tin and two
electrical wires, see fig. 3.2. In this flow cell design it is possible to put a
thin thermocouple inside the flow cell.

To make the flow cell, the 100x100x1.1 mm ITO glass (GuangYi Store)
was etched with a laser cutter and then broken into 12 slides of 75x10 mm.
The dimensions of the glass slide were chosen such that it was compatible
with our optical tweezers setup. The length was based on our optical
tweezers holder, the width corresponds to the diameter of the objective,
and the thickness meets the working distance of the condenser.

The ITO glass slides and the coverslips were cleaned and dried as de-
scribed in 3.2.3. A clean 10x10x0.10 mm coverslip was glued on the ITO
layer of the cleaned ITO glass slide by UV-curing the NOA81. After cur-
ing, it was cleaned and dried as described in section 3.2.3. Next, the
electrodes were prepared. A piece of copper tape (150x5 mm) was cut in
half along the long side of the tape. One of the pieces was sticked (glue
on glue) on a piece of kapton® tape (170x10 mm), see fig. 3.2a. The other
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piece of copper tape was stored and later used for other ITO flow cells.
Then two lines of silver paint were painted on the ITO layer on either
side of the coverslip and ∼3.0 cm apart (center-to-center), see fig. 3.2b.
A small piece of the copper/kapton® tape was placed on the silver paint
with the copper on top of the silver paint. The tapes were a bit longer
than the flow cell such that a wire can be soldered on it, see fig. 3.2c.

To create the flow channel, a PDMS-mold was made. A 22x40x0.10 mm
coverslip was broken into two pieces and placed in aluminum foil, that was
folded into a rectangular ‘boat’, with a ∼3 mm gap between the pieces of
glass. This gap will later form the negative of the channel. Then PDMS
base and curing agent were mixed together with a 10:1 ratio and poured
into the aluminum boat and cured in the oven for at least 4 hours at
80 ◦C. When the mold was cooled down the glass was removed and the
mold was used to make the flow channel on the ITO slide. The PDMS-
mold reversibly sticks to the ITO glass slide, see fig. 3.2d.

When desired, a thermocouple was placed next to the flow channel and
between the glass slide and the mold. The thermocouple is ∼80 µm thick
and the space between the mold and glass slide is ∼100 µm (from the
dimensions of the coverslip used to make the mold). The rest of the
space was filled by NOA81 through capillary forces, forming two NOA
strips. The NOA strips were cured for 5 min by UV-light and the mold
was removed, see fig. 3.2e. Two tiny droplets NOA81 are placed on the
cured strips and then the 22x40x0.15 mm coverslip was placed on top of
the on-cured NOA81 and then cured for 30 second in UV-light. In the last
step, to create the heating flow cell, the electrodes were soldered on the
ends of the copper tape, see fig. 3.2f and fig. 3.2g.

3.2.5 Sample preparation

All samples studied in this chapter consisted of the same bead concen-
tration, except for section 3.3.2 in which ultrapure water was used. The
bead solution stored in the fridge was a 1:1000 dilution of diameter 1.93 µm
polystyrene beads (PolyScience ®) in ultrapure water. Before the mea-
surement, the bead solution was removed from the fridge, mixed by shak-
ing, and further diluted by mixing 0.3 µL bead solution in 1000 µL ul-
trapure water. Roughly 20 µL was then pipetted at one side of the flow
channel which filled itself by capillary forces. The excess bead solution was
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(a) (b) (c)

(d) (e) (f)

(g)

Figure 3.2: Making an ITO flow cell. a) ITO slide with coverslip and
prepared kapton®/copper tape. b) ITO slide with coverslip and silver
paint. c) ITO slide with coverslip, silver paint, and kapton®/copper tape.
d) PDMS mold with ITO flow cell and thermocouple. e) PDMS mold
with ITO flow cell and thermocouple. f) ITO flow cell with thermocouple
in NOA strip. g) ITO flow cell with thermocouple in NOA81, coverslip
and soldered electrodes. h) ITO flow cell with coverslip and soldered
electrodes.
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removed with a tissue and the channel was closed with a 2:1 mixture of
silicon grease (VWR Chemicals BDH®) and silicon oil (Sigma-Aldrich).

3.2.6 Heating protocol

There are three heating protocols to heat the sample: with the objective,
ITO, or both. When only objective heating was desired, the temperature
was set on the PID controller, never exceeding 38 ◦C. For ITO heating,
the thermocouple inside the NOA81 strip was used to control the heating.
The desired temperature was manually adjusted with a supply voltage. It
has been observed that the sample heats much quicker with ITO than with
the objective. When heating with the objective and ITO were combined,
the temperature of the objective was first set at the desired temperature
by the PID controller. When stable, the temperature monitored by the
thermocouple in the flow cell was used to obtain the desired temperature
by progressively increasing the voltage supply of the ITO. When tem-
perature was stable, the trap was calibrated by the position calibration,
described in section 2.4.2.

3.2.7 Equipartition method + Drag Force method (E-DF
method)

A trapped bead in an aqueous liquid undergoes Brownian motion within
the trap. A bead displaced from the trap center will feel an attractive force
towards the center of the trap. For small displacements the trap behaves as
a linear spring. The force (F ) therefore follows Hooke’s law (F = κx), and
is dependent on the stiffness of the trap (κ) and the position of the bead
(x). The potential energy (U) of a trapped bead then equals U = 1

2κx
2

and the displacement of the bead depends on the thermal energy of the
surrounding liquid, due to the equipartition theorem, which states that
energy is shared equally between all degrees of freedom when in thermal
equilibrium [15]. The theorem results in the following equation:

1

2
κ⟨x2⟩ =

1

2
kBT (3.1)

with ⟨x2⟩ the variance of the bead position, kB the Boltzmann constant
and T the temperature in Kelvin.
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To compute the temperature at the position of the bead, the equiparti-
tion method, given by eq. (3.1), was combined with the drag force method.
In the drag force method, a flow is exerted on the bead by moving the flow
cell with a piezoelectric stage, while keeping the bead static with the trap.
This flow induces a force on the bead causing the bead to displace from
the center of the trap (Fd = κ∆x) [14, 15]. The force, experienced by the
bead, depends on the velocity (ν) of the flow, the radius of the bead (R),
and the viscosity of liquid, in this study water, around the bead (η(T )).
This relationship is described by Stokes’ law:

Fd = κ∆x = 6πRη(T )ν (3.2)

with the temperature-dependent viscosity of water (η(T )) given by eq. (3.3)
[12], where T is the temperature in Kelvin.

η(T ) = 10
1.2372(293.15−T )−0.001053(T−293.15)2

T−168.15 − 2.999 (3.3)

Equation (3.1) and eq. (3.2) can be rewritten to solve for the trap stiff-
ness and set equal; this gives eq. (3.4a). This can then be rewritten into
eq. (3.4b), which gives us the temperature-dependent viscosity on one
side and an experimentally determined constant multiplied by the tem-
perature on the other side. The equation was solved with a self-written
python script, using the function “fsolve”.

kBT

⟨x2⟩
=

6πRη(T )ν

∆x
(3.4a)

η(T ) =
kB∆x

6πRν⟨x2⟩
T (3.4b)

3.2.8 Data acquisition and analysis of the E-DF method

To compute the temperature with the E-DF method, a bead was trapped,
moved to a position in the flow cell ∼2 mm away from the thermocouple
and moved upwards to the center (in height) of the flow channel. Then,
before bead recording, the detection laser was aligned by the AOD-sweep
method (section 2.4.1), the light of the room was switched off and I left
the room. This ensured accurate bead recording and eliminated (heat)
vibrations from me and the light.
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For the equipartition method, the bead position was recorded in voltage
at a frequency of 100 kHz for a duration of 3 s. Subsequently, the recorded
voltage data was converted to nanometers using the position calibration.
To reduce low-frequency noise in the equipartition method, the data was
divided into 300 sub-data sequences, each lasting 0.1 s. The equipartition
stiffness calculation involved computing the variance ⟨x2⟩ from the median
value of the variances obtained from all the 0.1 s sub-data sequences of
bead positions.

As for the drag force method, the bead position was recorded for 2 s,
while the piezoelectric stage moved the flow cell at a constant speed along
the x- or y-axis at a frequency of 2 Hz. Except for the laser-induced
heating experiment, the amplitude of the stage movement was increased
from 10 µm to 30 µm in increments of 5 µm, resulting in velocities rang-
ing from 40 µm/s to 120 µm/s. For the laser-induced heating experiment,
the amplitude of movement was adjusted according to the laser power.
The recorded bead position data was then converted to nanometers an
used to compute the drag force. This analysis was done for each of the
four measurements, computing four temperatures. The average of those
temperatures was plotted with the standard deviation (error-bar).

If desired this method can be used to compute the temperature directly
after each measurement. Giving the temperature ∼5 min after recording
bead positions.

3.2.9 Equipartition method + power spectrum method (E-
PS method)

The equipartition method can also be combined with the power spectrum
method [15, 16]. This method is, like the drag force method, dependent
on the viscosity of the surrounding liquid. In the power spectrum method,
the vibrations of a trapped bead due to Brownian motion are computed in
the frequency domain (from 100 Hz to 5000 Hz). Plotting the intensities
of the vibrations against frequency results in a Lorentzian shaped power
spectrum with corner (roll-off) frequency fc, see eq. (3.5).

fc =
κ

2πγ0
(3.5)

With κ the trap stiffness, γ0 Stoke’s friction coefficient, which is given by
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γ0 = 6πη(T )R. After solving for the trap stiffness, eq. (3.1) and eq. (3.5)
were rewritten into eq. (3.6a) and solved for the temperature-dependent
viscosity (eq. (3.6b)). This equation has the same form as eq. (3.4b) and
can also be solved with a self-written python script using the function
“fsolve”.

kbT

⟨x2⟩
=

fc
2π6πη(T )

(3.6a)

η(T ) =
kB

12π2Rfc⟨x⟩
T (3.6b)

3.2.10 Data acquisition E-PS method

The E-PS method was analyzed from the same data set as the E-DF
method (section 3.2.8). However, the E-PS method only requires the data
from the position calibration and the Brownian motion. The analysis
of ⟨x2⟩ is the same as for the E-DF method. The roll-off frequency of
the power spectrum method was determined with the matlab script from
Tolić-Nørrelykke et al. [16]. The temperature for each measurement could
then be computed with eq. (3.6b) and the average of the four temperatures
was plotted with the standard deviation (error-bar).

3.2.11 TEM (bead size)

Bead size plays an important role in the temperature determination. A
decrease of 0.5 µm in bead radius decreases the temperature by ∼2 ◦C at
room temperature for the E-DF method and E-PS method. The beads
were imaged with a transmission electron microscope (TEM) and bead
radius was measured in Fiji. The average bead radius was 0.92±0.01 µm,
rather than the expected 0.965 µm.

3.3 Results and discussion

3.3.1 Confirming uniform heating of our flow cell designs

Prior to testing our heating system and temperature determination method,
we needed to confirm that our flow cell design uniformly heats. A thermal
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(a) (b)

Figure 3.3: Thermal images of copper heating flow cell. a) Our self-
made copper flow cells showed a minor temperature gradient. b) Bringing
the heated copper flow cell in contact with the objective at room temper-
ature, caused a significant decrease in temperature.

camera was used to image the temperature at the surface of the flow cell.
It can be seen in fig. 3.3a that our self-made copper flow cell has a minor
temperature gradient along the x- and y-axis. However, this gradient will
be negligible for the nanometer displacements generally used in optical
tweezers. Bringing the flow cell in contact with the objective, fig. 3.3b,
demonstrated a significant drop in temperature. The flow cell temper-
ature not in direct contact with the objective is much higher, flow cell
dimensions are therefore limited by the size of the objective and objective
heating is installed.

The commercially available ITO glass showed uniform heating between
the electrodes, as can be seen in fig. 3.4, and is further tested as heating
system.

3.3.2 The use of water vs. ’substitute oil’ on water immer-
sion objective

A water immersion objective in an optical tweezers setup is advantageous,
as it enables to measure deep into the solution. Whereas the alternative,
an oil immersion objective, is limited by spherical aberrations. They arise
due to the refractive index mismatch between the immersion oil and the
aqueous medium and can therefore only measure up to a few micrometers
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Figure 3.4: Uniform heating between the electrodes was confirmed
with the thermal camera.

above the coverslip [17]. However, the water immersion objective on our
setup imposes a challenge, because water evaporates and even quicker at
higher temperatures. After 15 minutes at 50 ◦C, experiments were com-
promised due to water evaporation. To avoid evaporation and the use of
an oil immersion objective, water was replaced by an oil based immersion
(Immersol�W (2010)) that has a similar refractive index as water and is
suitable for objectives.

The two immersions, water and the substitute oil, were compared during
experimentation. The experiment tested the effect of immersion upon
heating. To compare, our novel heating system was used to heat the flow
cell from below and above (hereafter, double sided heating) and compared
by two thermocouples; one inside the NOA strip, which was ∼2 mm from
the trap focus, and one inside the liquid of the channel, which was at the
position of the trap. The channel was filled with ultrapure water, and the
trapping and detection lasers were deactivated. The double sided heating
system can heat equally from above and below up to 38 ◦C. After that,
the temperature was increased by the ITO (above), while the objective
(below) was kept at 38 ◦C. Temperature measurements were performed at
three heights: 20 µm above the flow channel surface (bottom), at the flow
channel’s center, or 20 µm below the top surface.

Figure 3.5a depicts the disparity in ITO power required to achieve 50 ◦C
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(a) (b)

Figure 3.5: Flow cell temperature for water and oil substitute
on objective.Temperature measured by a thermocouple in the NOA81
(∼2 mm from trap focus) at different heights (20 µm above bottom cov-
erslip, center of the channel and 20 µm below top coverslip) in the flow
channel with water or oil on the water immersion objective.

for water and oil substitute immersion. Specifically, achieving 50 ◦C neces-
sitated 1.76 W for water and 1.10 W for the oil substitute. This difference
can be explained by the distinction in thermal conductivity of both mate-
rials. Water is a better thermal conductor than oil, and since the objective
is 12 ◦C below the desired temperature, the ITO needs to compensate the
heat flux going through the solution to reach the objective.

An advantage of water usage, as opposed to the oil substitute, is the
smaller effect on the temperature at the center of the flow channel upon
changing focal height. Changing the focal height causes a change in the
thickness of water/substitute oil between the objective and the flow cell.
Focusing at the bottom of the flow cell gives a thicker layer of water/oil
substitute than focusing at the top, see fig. 3.6. This and the difference in
thermal conductivity explains the larger spread in temperature measured
at the center of the flow channel, when focusing at the top compared to
focusing at the bottom.

Due to evaporation and the high power required to heat, all experiments
are conducted with the oil substitute.
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Figure 3.6: Change in distance between flow cell and objective
upon changing the focal height. To change the focal height in the
flow cell, the objective is moved down- or upwards. This movement in-
creases or decreases, respectively, the distance between the flow cell and
the objective. When ITO flow cell and objective temperature do not
match, this affects the temperature gradient in the immersion used on the
objective (water in top figures, and substitute oil in bottom figures). This
temperature gradient is indicated by the transition from red (warm) to
blue (cold) in the immersion layer.

3.3.3 Impact of laser heating

Laser-induced heating is a widely discussed concern in optical tweezers [7,
12, 14]. Undesired or unknown heating will influence the measurement
and results. For instance, enzymatic activity is highly dependent on tem-
perature [18–22] and force measurements rely on temperature through the
stiffness of the trap.

The effect of laser-induced heating at the position of the bead was tested
by our novel E-DF and E-PS methods and compared them to the temper-
ature measured by a thermocouple in the NOA strip and a thermocouple
in the substitute oil (both with a distance of about 2 mm to the trapped
bead). Concurrently, the power of the trap laser emanating from the
objective was measured directly after the objective, resulting in a power
range of 10.1 to 83.0 mW. The laser-induced heating was determined in
our ITO flow cell, but also in a flow cell constructed with standard soda
lime microscope glass slide (Corning®; Micro Slides, Plain), called regular
flow cell, to be able to compare our results with literature.
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The laser-induced heating in a regular flow cell computed by the E-DF
method and measured by the thermocouples is shown in fig. 3.7a and for
the E-PS method shown in fig. 3.7b. The temperatures measured by the
thermocouples are very close and indicate a rise in temperature of 1.1 ±
0.1 ◦C/100 mW. The E-PS method computed a temperature fall, this fall
is most likely caused by the exclusion of high frequency vibrations in the
power spectrum method, while the equipartition method takes them into
account. The sensitivity to high frequency vibrations (signal-to-noise) is
dependent on the stiffness of the trap and thus on the laser power. The E-
PS method was found not to be valid to determine laser-induced heating in
a regular flow cell. The temperature rise computed from the E-DF method
indicates local heating of 2.8 ± 0.1 ◦C/100 mW. This result is comparable
to the theoretically calculated value of Peterman et al. [12], which was
2.5 ◦C/100 mW for a polystyrene bead with diameter 1.84 µm in water,
Ebert et al. [13] who found 1.3 ◦C/100 mW when no bead was trapped
and the measured value of Català et al. [14] who found 1.9 ◦C/100 mW for
a 0.58 µm polystyrene bead in water.

In the ITO flow cell, a much larger temperature rise is measured accord-
ing to both methods and both thermocouples, see fig. 3.8a and fig. 3.8b.
The thermocouples showed a rise of 2.2± 0.3 ◦C/100 mW. With the E-PS
method this rise increased to 10.7 ◦C/100 mW, apparently the large tem-
perature increase overruled the presumed signal-to-noise ratio caused by
trap power. As expected, the rise found by the E-DF method was larger
than the E-PS method. Now, heating of 14.4 ◦C/100 mW was computed.
The discrepancy between the flow cell designs is most likely caused by the
ITO layer, which partially absorbs the trap laser and converts it to heat,
resulting in a much larger effect of the trap power on the temperature.
To minimize this heating effect and control the temperature only with our
heating system, we chose to continue with the lowest possible trap laser
power. At the same time, the trap laser needs to be powerful enough such
that the effect of the detection laser on the trapped bead is negligible.

It should be pointed out that laser-induced heating in the ITO flow cell
can be reduced drastically by tuning the protocol of vapor deposited ITO
to limit the concentration of free charge [23]. This results in a lower ab-
sorption of (near) infrared light. On the other hand, laser-induced heating
can also be used to locally obtain even higher temperatures.
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(a) (b)

Figure 3.7: Laser-induced heating in a regular flow cell. The ob-
tained temperature rise due to heat induced by the laser at different trap
powers. The temperature at each trap power was measured by two ther-
mocouples: one in the NOA strip and one in the substitute oil on the
objective, both have a distance of about 2 mm to the trap focus. a) The
temperature computed by the E-DF method (blue diamonds with error
bars), with a linear fit (blue dotted line) for two flow cells. b) The tem-
perature computed by the E-PS method (red diamonds with error bars),
with a linear fit (red dotted line) for two flow cells.
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(a) (b)

Figure 3.8: Laser-induced heating in an ITO flow cell. The obtained
temperature rise due to heat induced by the laser at different trap powers.
The temperature at each trap power was measured by two thermocouples:
one in the NOA strip and one in the substitute oil on the objective, both
have a distance of about 2 mm to the trap focus. a) The temperature
computed by the E-DF method (blue diamonds with error bars), with a
linear fit (blue dotted line). b) The temperature computed by the E-PS
method (red diamonds with error bars), with a linear fit (red dotted line).
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(a) (b)

Figure 3.9: Temperature rise in the flow cell upon double sided
heating. Heat flux density is obtained by the power supplied to the
ITO divided by the surface between the electrodes. The temperature is
measured by a thermocouple in the NOA strip, (a) computed by the E-DF
method (blue diamonds with error bars), and (b) computed by the E-PS
method (red diamonds with error bars) at the center of the flow channel
in three different flow cells.

3.3.4 Double sided heating

The flow cell can be heated to at least ∼ 70 ◦C when both heating systems
are employed, see fig. 3.9. For the temperature range 20-38 ◦C, the flow
cell was equally heated from both sides. After 38 ◦C, the temperature was
increased by the ITO. This can be seen by the change in slope from 0 to
0.2 W/cm2 (20 to 38 ◦C) and from 0.25 to 0.95 W/cm2 (44 to 70 ◦C) in
fig. 3.9. The heat flux density is the power (P = U ∗ I, with U the voltage
and I the current) applied to the ITO divided by the surface between
the electrodes. The surface was estimated from ImageJ measurements of
photos of the flow cells.

The temperature rise computed from the E-DF method, fig. 3.9a, and
the E-PS method, fig. 3.9b show a good correlation to the temperature
rise measured by the thermocouple. Nonetheless, the temperature in-
crease from the E-PS method is less than the E-DF method. As men-
tioned before, the discrepancy is expected to arise from the exclusion of
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high frequency vibrations in the power spectrum method, but not in the
equipartition method.

The heat flux density in the three different flow cells tested here show
a good correlation. Even though the flow cells were handmade, and slight
differences in channel height, trap to thermocouple distances, and approx-
imations in the measured surface between the electrodes were present.
This heating technique showed to be consistent. Therefore, the required
heat flux densities and temperatures may be coupled, speeding up and
easing the heating protocol.

3.3.5 Objective heating

In our optical tweezers setup any flow cell can be heated by the objective
heating system. This technique has been utilized by others as well. Mao et
al. [6] used copper jackets with fluid circulation channels to heat (or cool)
their sample and Mahamdeh and Schäffer [7] used a heating foil around
the objective to stabilize and control the temperature. They both have
an optical tweezers setup with an objective below and above their sample,
rather than an objective-condenser system (as our setup has). Heating
the condenser is not as convenient as heating an objective, because the
condenser is bigger, the casing is made of plastic and the working distance
(distance between the condenser and the sample) is larger. Heating will
therefore be even less effective. This and the recommendation to keep the
temperature of the objective below 40 ◦C limits the heating range of the
sample.

Nonetheless, small temperature increases may be desirable. The ob-
jective heating system was therefore characterized by itself. The temper-
ature rise obtained is shown in fig. 3.10. The thermocouple positioned
in the substitute oil logically shows the steepest temperature rise. Tem-
perature computed from our methods show the least steep temperature
rise. This is presumably due to the distinction in thermal conductivity
of water and NOA and the design of the objective with the position of
the thermocouple and the bead. The thermocouple is positioned above
the conductive metal part of the objective, whereas the bead is trapped
above the less conductive optical part of the objective. The discrepancy
between obtained temperature at room temperature (20 ◦C) is caused by
laser-induced heating.
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(a) (b)

Figure 3.10: Temperature rise in the flow cell by objective heat-
ing. The temperature set on the PID controller was compared to the
temperature measured by two thermocouples: one in the NOA strip and
one in the substitute oil on the objective, both have a distance of about
2 mm to the trap focus. In (a) the PID controller temperature was also
compared to the temperature computed by the E-DF method (blue dia-
monds with error bars), with a linear fit (blue dotted line). In (b) the
PID controller temperature was compared to the temperature computed
by the E-PS method (red diamonds with error bars), with a linear fit (red
dotted line).
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The maximum average temperature computed from the bead recordings
is approximately 33 ◦C in the flow cell. Concurrently, the objective has a
temperature of 38 ◦C. A discrepancy between the flow cell temperature
and the set temperature at the objective was expected, since heat was
only generated from below. Due to the mismatch in temperature at the
top and bottom of the flow cell and the thickness change of the substitute
oil, a change in focal height will cause a change in temperature. This
will complicate temperature sensitive measurements. Besides that, the
equilibration and stabilization time after temperature adjustment is long
(about 20 mins) and it generates a drift in the focal height (∼10 µm for a
6 ◦C change in temperature).

3.3.6 ITO heating

When objective heating is not a possibility, the flow cell can be heated
by the ITO system. In this system, the heat source is much closer to the
trapped bead. Reducing the thermal drift, decreasing equilibration and
stabilization time, and the temperature limitation is not applicable. This
allowed us to reach a temperature of 68 ◦C in the flow cell, see fig. 3.11.

The temperature increase computed by the E-DF method is comparable
to the measured temperature by the thermocouple, see fig. 3.11a. The
temperature increase measured by the E-PS method is slightly lower. The
discrepancy is expected to be caused by the exclusion of high frequencies
in the power spectrum method, but not in the equipartition method.

Even though this technique works well by itself, is quicker than objec-
tive heating, and has a smaller focal drift (roughly half of what is observed
by objective heating)), combining it with objective heating has an advan-
tage. The power (or heat flux density) required is lower and up to 38 ◦C,
when the flow cell can be equally heated with the ITO and objective, the
temperature at the center of the flow cell remains constant upon changes
in focal height and at higher temperatures the effect will be smaller.

3.3.7 Temperature determination at different heights

In an attempt to confirm the absence of a temperature gradient within
the liquid of the flow cell, the local temperature was measured at differ-
ent heights in the flow cell. However, different heights are associated to
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(a) (b)

Figure 3.11: Temperature rise at the center of the flow cell upon
ITO heating. Heat flux density is obtained by the power supplied to the
ITO divided by the surface between the electrodes. Temperature measured
by the thermocouple in the NOA strip and a) computed by E-DF method
(blue diamonds with error bars) or b) computed by E-PS method (red
diamonds with error bars).

different thicknesses of the oil substitute, thereby changing the insulating
layer between the warmer flow cell and colder objective.

The local temperature at the bottom (20 µm above the flow channel
surface), at the center, and at the top (20 µm below the top of the flow
channel) is computed by the E-DF and E-PS method for double sided
heating, fig. 3.12. A change in slope can be observed between 22-42 ◦C and
47-68 ◦C as caused by the limited temperature of the objective. The slope
change occurred after 40 ◦C, because there was no thermocouple present
during the experiment. The ITO power required to match the objective
temperature had to be approximated. The ITO power is not converted
to heat flux density, because there was no photo taken of the flow cell.
Nonetheless, it can be seen that up to 60 ◦C the temperature computed at
all heights is comparable. At higher temperatures, the temperature might
start to be affected by a change in focal height as observed in fig. 3.12a
but not in fig. 3.12b.

When the flow cell is solely heated by the ITO, the temperature differ-
ence between the bottom and the top of the flow cell is larger. The effect of
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(a) (b)

Figure 3.12: Effect of focal height on temperature for double sided
heating, i.e. ITO and objective heating. a) Temperature computed
by E-DF method (blue diamonds with error bars) at the bottom, center,
and top of the flow channel. b) Temperature computed by E-PS method
(blue diamonds with error bars) at the bottom, center, and top of the flow
channel.

the larger temperature difference on the local bead temperature has been
obtained for ITO heating, see fig. 3.13. However, a local change at the
bead position was not apparent. This indicates that locally at the position
of the bead there is no (apparent) change in temperature at different flow
cell heights.

Even though, the ITO heating system can achieve the same high tem-
perature as double sided heating, using double sided heating is recom-
mended. This heating system significantly reduces the power required to
obtain 70 ◦C and it minimizes the temperature discrepancy between the
top of the flow channel and the objective.

3.4 Conclusion

In this work, we demonstrated that our heating system, which combines
ITO and objective heating, is capable of heating the sample to tempera-
tures as high as 70 ◦C. The temperature was measured by a thermocouple
mounted in our heating flow cell and was computed by our newly proposed
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(a) (b)

Figure 3.13: Effect of focal height on temperature for ITO heating.
a) Temperature computed by E-DF method (blue diamonds with error
bars) at the bottom, center, and top of the flow channel. b) Temperature
computed by E-PS method (blue diamonds with error bars) at the bottom,
center, and top of the flow channel.

methods, which uses a trapped bead to locally determine temperature.
The E-PS method computes the temperature by comparing the thermal
fluctuations of the bead with the vibrational frequencies. During data
analysis the high vibration frequencies had to be excluded, which pre-
sumably caused the method to be less sensitive to temperature changes
and could not determine laser-induced heating due to this. The E-DF
method computes the temperature by comparing thermal fluctuations of
the bead with bead displacements induced by a flow. This method showed
temperature increases comparable to those obtained by a thermocouple.
Besides that, it demonstrated that it could determine the heating effect
of the trapping laser. We therefore conclude that our method is a valid
technique to determine the local temperature.

Real-time temperature determination could be of great value during ex-
perimentation. Our method has this potential, with only a computational
delay of about 5 minutes, it can determine the local temperature. On the
other hand, adding a thermocouple in the flow cell allows for viscosity-
temperature dependent measurements. The thermocouple would be used
to measure the change in temperature, while the trapped bead is used
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to determine the viscosity. The thermocouple and ITO flow cell heating
system is not limited to optical tweezers setups. The system can be used
on other microscopy setups as well and can be used to study the effect of
temperature on biological phenomena.
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E. Influence of experimental parameters on the laser heating of an
optical trap. Scientific Reports 2017, 7, DOI: 10.1038/s41598-
017-15904-6.

(15) Visscher, K.; Gross, S. P.; Block, S. M. Construction of Multiple-
Beam Optical Traps with Nanometer-Resolution Position Sensing.
IEEE Journal of Selected Topics in Quantum Electronics 1996, 2,
1066–1076.
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Chapter 4

Studying the mechanical
properties of FtsH

The mechanical properties of FtsH, such as translocation mechanism and
pulling force, have not yet been fully unraveled. In an attempt to asses
these properties, a dual trap optical tweezers assay was constructed to
study the recently successfully purified full-length (biotinylated) Aquifex
aeolicus FtsH (aaFtsH). The optical tweezers assay was initially compara-
ble to the one that was developed for E. coli ClpXP and ClpAP. However,
unlike E. coli ClpXP and ClpAP, aaFtsH was not active at room temper-
ature, but required a temperature of at least 53 ◦C. This complicated the
optical tweezers study, caused aggregation, and affected the spontaneous
unfolding rate of the substrate. Due to these challenges, the mechanical
properties of aaFtsH has not (yet) been obtained.
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4.1 Introduction

After successful purification of full-length aaFtsH, its mechanical proper-
ties could be studied with optical tweezers. To study the translocation
mechanism (i.e. step size and rate, and the pulling power (stalling force))
of aaFtsH, a construct similar to the one used for the AAA+ proteases
ClpXP [1–5] and ClpAP [3, 5] (reviewed in [6, 7]) is employed. In the
ClpXP experiments, two optical traps, two beads with different size, a
dsDNA linker, a Halo domain, a multidomain degron-tagged substrate
(generally four (mutated) titin I27 titin domains), and ClpXP were used,
see fig. 4.1. Each trap contains one bead and the beads are linked through
a ∼ 1 µm long dsDNA linker, a Halo domain, a multidomain degron-
tagged substrate, and the protease. The dsDNA linker creates enough
distance between the two traps, to ensure the absence of crosstalk. The
Halo domain covalently links to the dsDNA linker and to the multido-
main degron-tagged substrate. The protease is linked to the other bead
and interacts with the substrate. Taking into account the length of all
components, the traps were positioned such that the bead displacements
were within the passive force-clamp region [8], as described in section 1.3.1.
By measuring the position of the beads at a high spatial-temporal reso-
lution, the translocation step size and velocity could be determined. The
translocation stalling force of ClpXP was determined by repeating the
same measurement at different trap stiffness, thereby changing the applied
(stretching) force on the beads. At increasing forces the translocation rate
decreased, extrapolating this decrease determined the stalling force.

To study aaFtsH this same construct was employed, with some modi-
fications in experimental conditions. The modifications included the ad-
dition of zinc, as aaFtsH is a metalloprotease which requires zinc; the
replacement of the reducing agent, as it aggregated with zinc; and weak
noncovalent immobilization of the substrate-bound bead to the glass sur-
face, rather than being tethered to the glass surface by a DNA linker with
glass binding peptide aptamer [1]. But the most significant modifications
was the increase in temperature. Proteolytic activity of aaFtsH requires
a temperature of at least 53 ◦C, therefore all experiments were performed
at a temperature between 53-60 ◦C. This temperature could be reached
by our newly designed heating flow cells, as described in section 3.2.4 and
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Figure 4.1: Experimental setup of ClpXP degradation study. The
left bead is trapped in the weak trap and pulled into the passive force
region of the trap, while being linked to the right bead that is trapped in
(the linear region of) the strong trap. The link consists of ClpXP, a four
multidomain degron-tagged substrate, a Halo domain, and a DNA linker.
Figure taken and modified from [2].

demonstrated in section 3.3. Unfortunately, the high temperature caused
some components of the experimental buffer to aggregate. These compo-
nents were excluded as the aggregates interfere with the bead recording.
The increase in temperature affected not only the buffer components, but
also the stability of the substrate (I27V13P and I27V15P), the persistence
length of dsDNA-linker, and possibly the stability of the Halo domain.
The high temperature significantly affected and complicated the aaFtsH
experiment.

The chance of spontaneous unfolding (unfolding not induced by aaFtsH)
when a mechanical load is applied to the substrate domains (I27V13P,
I27V15P, and the Halo domain), increases with increasing temperature [9].
These spontaneous unfolding events were found to occur at low force (3-
5 pN) and at temperatures of 21-42 ◦C for mutated I27 modules [9]. It
is therefore possible that in our aaFtsH study, recorded unfolding events
could also be spontaneous unfolding events rather than induced by aaFtsH.
The spontaneous unfolding events would result in unfolding events without
translocation and degradation. This would be the case if a module or
domain that is not in contact with aaFtsH unfolds. It could also cause
substrate degradation not preceded by an unfolding event, this would be
the case when a module or domain (that was not in contact with aaFtsH)
unfolded before bead recording. At the same time, FtsH might be a weak
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unfoldase and not capable of degrading a more stable form of I27.

Recorded unfolding events of I27V13P or I27V15P were compared to the
extension predicted by the worm-like chain (WLC) model (eq. (1.2)), with
contour length 29 nm [10] and persistence length 0.8 nm [11]. However, it
was found previously that the unfolding pathway of I27V13P (C-terminal
ssrA-tag) and I27V15P (N-terminal ssrA-tag) was affected by the presence
of a protease. During a ClpAP degradation study it was observed that
some unfolding events included an intermediate state [10]. Interestingly,
this observed (protease induced) intermediate state differs from the in-
termediate state found by chemical or mechanical denaturant studies [9,
11–15].

The mechanical stability of the Halo domain is also of importance as this
domain has a folded and unfolded state. The stability of the Halo domain
has been studied in conjugation with four mutated I27 modules by AFM
[16]. The unfolding events of the Halo domain were distinguishable from
I27 unfolding events by the unfolding extension length. This has also
been reported by ClpXP optical tweezers studies [1, 2, 10, 17]. The force
required to unfold the Halo domain was found to be lower (about 2/3)
of that found for the I27 modules [16]. It is therefore likely that at the
experimental temperature of 53-60 ◦C and an applied stretching force of
1-21 pN, spontaneous unfolding of the Halo domain occurs. The extension
upon unfolding can be described by the WLC model with contour length
67 nm and persistence length 0.6 nm [16].

The dsDNA-linker will be stretched during the experiment. The force
extension relation of dsDNA has been studied [18] and can be described
by the extended version of the WLC model:

F =
kBT

Lp
(

1

4(1 − x/Lc + F/K0)2
− 1

4
+

x

Lc
− F

K0
) (4.1)

for F <60 pN, with K0 the elastic modulus which is expected to be 1050 pN
[18]. The persistence length of dsDNA is dependent on temperature and
decreases from ∼50 nm at room temperature to about 38 nm at 55 ◦C [19].
The contour length is 0.338 nm/bp×3500 bp = 1183 nm and has not been
reported to change upon temperature [19].

The lowest force computed from aaFtsH experiments was about 1.5 pN.
At this low force the bead, DNA, folded Halo domain, four folded I27V13P
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4.1 Introduction

Figure 4.2: Expected bead recordings of unfolding and translo-
cation events, when the beads are in the linear region of the
trap.The figures demonstrate the expected unfolding and translocation
patterns over time for the aaFtsH-bead in the weak trap (right figure)
and the substrate-bound bead in the strong trap (left figure). In the right
figure, the trap is weaker, thus the bead displacements are larger than
for the substrate-bound bead in the strong trap (right figure). This is
also depicted by linewidth (the Brownian motion in a weaker trap gives a
larger variation in bead position) and by initial position of the bead (with
the x-axis representing the center of the trap, the substrate bound bead
is closer to the trap center than the aaFtsH-bead).

or I27V15P modules, aaFtsH, and the second bead have a combined length
of 2174.3 nm (625 + 1015 + 3.3 + 4 ∗ 4.4 + 13.4 + 500 nm) [1, 12, 20]. The
distance between the two traps should therefore be larger than 2174.3 nm.
This ensures that the beads are pulled away from the center of the trap and
ensures the ability to observe unfolding events. In a successful recording
unfolding and translocation are present, with unfolding as a rapid change
in bead position away from the center of the trap and translocation as a
slow, gradual change in bead position towards the center of the trap. A
schematic representation of the expected bead displacements is shown in
fig. 4.2.

Bead recordings have been obtained for the substrate consisted of I27V13P

and for I27V15P. Unfortunately, no recording was suitable to determine
the mechanical properties of aaFtsH.
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4 Studying the mechanical properties of FtsH

4.2 Materials and Methods

4.2.1 Substrate expression and purification

To construct the DNA-HaloEnzyme-[I27V13P]x4-ssrA or -[I27V15P]x4-ssrA
substrate, the proteins HaloEnzyme, [I27V13P]x4-ssrA, and [I27V15P]x4-
ssrA were expressed in E. coli and purified as described in the following
paragraph. A 3500 base pair DNA with HaloTag was made and purified,
mostly as previously reported [1]. Except that, it was possible to directly
order the DNA-HaloTag oligonucleotide and thus not necessary to halo-
genate the DNA ourselves. The ordered DNA-HaloTag oligonucleotides
were directly used in the PCR reactions.

The titin multidomains [I27V13P]x4-ssrA and [I27V15P]x4-ssrA consisted
of four titin I27 repeats and were expressed in E. coli BL21(DE3) pLysS
cells containing the expression plasmid of choice. The protein expression
was induced for 3 hours with 1 mM IPTG (isopropyl β-D-thiogalacto-
pyranoside). Cells were harvested and resuspended in lysis buffer (50 mM
KPi (key performance indicators) pH 8.0, 1 M NaCl, 1 mM β-mercapto-
ethanol, 10 % glycerol; 0.1 % igepal and one dissolved protease inhibitor
cocktail tablet (Roche)).

Cells were lysed by sonication and the lysate was clarified by cen-
trifugation (37.000 rpm, 30 mins). Imidazole was added to the super-
natant to a final concentration of 20 mM. This was then loaded on a
pre-equilibrated Ni-column (nickel column; 50 mM KPi pH 8.0, 1 M NaCl,
1 mM β-mercaptoethanol, 10 % glycerol, 20 mM Imidazole) and eluted
with a gradient using the elution buffer (50 mM KPi pH 8.0, 1 M NaCl,
1 mM β-mercaptoethanol, 10 % glycerol, 500 mM Imidazole). Peak frac-
tions were pooled and loaded on a Sephacryl-300 gel filtration column,
equilibrated in GF-buffer (25 mM Tris pH 8.0, 150 mM NaCl, 5 mM β-
mercaptoethanol, and 10 % glycerol). Fractions containing the protein of
interest were flash-frozen in liquid nitrogen and stored at -80 ◦C.

4.2.2 aaFtsH expression and purification

AaFtsH-biotin was expressed in OverExpress C43 DE3 (Immunosource)
cells with an additional BirA plasmid. Cells were grown at 37 ◦C and
induced for 3 hours with 1 mM IPTG and supplemented with 0.1 mM bi-
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otin. After induction, the cells were harvested by centrifugation (4.000 rpm
for 20 mins). The cells were resuspended in lysis buffer (20 mM Tris pH
8.0, 300 mM NaCl, 1 Pierce Protease Inhibitor pill, EDTA-free (ethylene-
diaminetetraacetic acid free), DNase I), lysed by French press, where
the unlysed cells were removed through centrifugation (24.000 rpm for
15 mins), and the membrane fractions were isolated (40.000 rpm for 3 h).

The membranes were resuspended in 20 mM Tris pH 8.0, 100 mM NaCl,
1 % LMNG (lauryl maltose neopentyl glycol), homogenized with a Dounce
homogenizer, and allowed to resolubilize at 4 ◦C for 3 hours. The solution
was diluted 1:1 with 20 mM Tris pH 8.0, 500 mM NaCl and spun down at
40.000 rpm. The supernatant was loaded on a pre-equilibrated Ni-column
(20 mM Tris pH 8.0, 500 mM NaCl, 20 mM imidazole, 0.01 % LMNG, 1 mM
β-mercaptoethanol) and the protein was eluted with a gradient using the
elution buffer (20 mM Tris pH 8.0, 500 mM NaCl, 20 mM imidazole, 0.01 %
LMNG, 1 mM β-mercaptoethanol). The peak fraction was collected and
loaded on the pre-equilibrated Ni-column. The peak fraction containing
aaFtsH was collected and protein concentration was determined through
Nanodrop measurements.

4.2.3 The aaFtsH heating flow cell

The heating flow cell was constructed as described in section 3.2.4. The
substrate was prepared by mixing 8.75 mg [I27V13P]x4-ssrA or [I27V15P]x4-
ssrA with ∼3150 ng DNA-HaloTag and incubated for ∼24 hours at 37 ◦C.
The aaFtsH-beads were prepared by centrifuging (2.000 rpm for 10 mins)
streptavidin coated beads of diameter 1.00 µm (Polyscience Inc.) and
resuspending them in 150 µL centrifuge filtered (5.000 rpm for 3 mins,
0.1 µm) aaFtsH. The aaFtsH-bead solution was incubated for at least 3
hours, but no longer than 8 hours, on a moving plate at 4 ◦C.

The flow cell was functionalized by 100 µg/mL bovine serum albumin
(BSA) in phoshpate buffered saline (PBS) with 1 mM tris(2-carboxyethyl)-
phosphine (TCEP). Streptavidin beads of diameter 1.25 µm (Spherotech
Inc.) were introduced in the flow cell, and would weakly bound to the func-
tionalized glass coverslip. After washing off the free floating beads by flow-
ing in 80 µL 100 µg/mL BSA in PBS with 0.1 mM TCEP, the biotinylated
DNA-HaloEnzyme-[I27V13P]x4-ssrA or -[I27V15P]x4-ssrA was introduced
in the flow cell. The unbound substrate was then removed by flowing in
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4 Studying the mechanical properties of FtsH

80 µL 100 µg/µL BSA in PBS with 0.1 mM TCEP and 10 µL experimen-
tal buffer. The experimental buffer consisted of 12 µg/mL β-casein, 1 mM
TCEP, 25 µM zinc, 10 mM magnesium, 10 mM ATP (adenosine triphos-
phate), 0.5 mg/mL glucose oxidase, dissolved in 110 mM Tris pH 8.0.

The aaFtsH-beads were centrifuged twice (2.000 rpm for 4 mins, second
time for 2 mins) and resuspended in 100 µL 100 µg/mL BSA in PBS with
0.1 mM TCEP, to remove any unbound aaFtsH. The beads were again
centrifuged (2.000 rpm for 2 mins), but now resuspended in 20 µL exper-
imental buffer. The aaFtsH-beads were introduced in the flow cell, after
which the in- and outlet of the flow cell were sealed with silicon grease
mixed with silicon oil (2:1).

4.2.4 Optical tweezers experiment

While preparing the aaFtsH sample, the objective was preheated to 38 ◦C.
After sample preparation, it was placed on the sample holder of the optical
tweezers and, through a layer of (substitute) oil, brought in contact with
the objective and condenser. The electrodes were connected to the power
supply and the power supply was switched on to initiate heating of the
flow cell to 53-60 ◦C.

The aaFtsH measurement was carried out similar to previous protease
studies [1–5]. In the assay two beads of different sizes were used, the small-
est beads (d = 1.00 µm) were incubated with aaFtsH and the larger beads
(d = 1.25 µm) contained the substrate, with DNA-linker, Halo domain,
and recognition ssrA-tag bound to it. The substrate-bound beads were
immobilized on the glass surface of the flow cell and the aaFtsH-beads
floated around freely.

The aaFtsH-beads were trapped by the weak AOD trap and brought
in close proximity to the immobilized substrate-bound bead. To check
if aaFtsH was linked to the substrate, the aaFtsH-bead was moved away
from the substrate bound bead by moving the piezo stage, see fig. 4.3a. If a
link was established, the bead was pulled out of the trap, see fig. 4.3b. The
bead was then re-trapped and the second laser beam was unblocked to trap
the substrate bound bead and detach from the surface, see fig. 4.3c. When
both beads were trapped, fig. 4.3d, the beads were moved upwards to a
few micrometer above the glass surface, fig. 4.3e, and then the detection
beams were unblocked, fig. 4.3f. The bead position was acquired at 4 kHz
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for 2 min.
After the recording, the calibration measurements were performed and

recorded at 100 kHz. It was preferred to do the calibration with the same
beads as the aaFtsH measurement. To check if the link was broken, the
aaFtsH-bead was moved away from the substrate-bound bead by moving
the AOD trap. In the case of a broken link, the aaFtsH-bead would show
no signs of restrictions upon movement. The aaFtsH-bead was moved
back to its original position and the beads were recorded for some time to
determine the zero position of the beads. The zero position is the position
of the bead within the detection laser when trapped. The presence of
a second bead and, especially, its detection beam introduces an offset in
bead position. For the AOD trap, the presence of a second bead and
detection beam could be compensated for by having a second bead and
detection beam during position calibration. But, this is not possible for
the piezo trap as the position calibration (section 2.6.2) required the AOD
trap and, thus, making it impossible to do the position calibration in the
presence of the second bead.

To be able to convert voltage into nanometer and determine the stiffness
of the trap, the position calibration, as described in section 2.4.2, and
individual bead positions were recorded. The equipartition method was
used to determine trap stiffness, as the viscosity of the experimental buffer
is unknown. The presence of the substrate or aaFtsH on the bead should
not significantly interact with the trapping light as they are too small [21].

4.2.5 Data analysis

All recorded bead positions, of linked and unlinked beads, were first con-
verted from voltage to nanometer position. Then the data of linked beads
was visualized by a scatter plot, showing the bead positions of the beads
in both traps along the axis of the link. The center of the trap was de-
termined by the mean position of the unlinked beads and used as zero
position in the graphs. When a jump in bead position along the linking
axis was present in the linked data, the direction (towards or away from
the trap center) of the jump was determined. When the bead-to-trap dis-
tance decreased, an unfolding event was assumed and the data was further
analyzed (as described below). If the bead-to-trap distance decreased, the
data was further analyzed to determine of a refolding event could explain
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(a) (b) (c)

(d) (e) (f)

Figure 4.3: Schematic representation of trapping procedure for
an aaFtsH experiment (not to scale). a) Bringing the aaFtsH-bead
in close proximity of the substrate-bound bead and establishing a link.
b) The trap was moved away to test if a link had formed. c) After re-
trapping the aaFtsH-bead the second laser beam was unblocked. d) The
substrate-bound bead was detached from the surface. e) The beads were
moved upwards to a few micron above the glass surface. f) The detection
beams were unblocked and data recording was started.
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the jump. Degradation was considered when a gradual change of bead-to-
trap distance was observed.

To ease visualization of the bead position and sudden changes is posi-
tion, the recorded bead positions were grouped and averaged by a moving
average. In the moving average, 100 points were grouped and averaged,
and then plotted as a single data point after which the entire group moves
to the next recorded bead positions. This reduces the bead fluctuations
caused by Brownian motion by showing the mean position.

In an unfolding or refolding event, the displacement of the beads in
both traps were analyzed. The displacement of both beads had to be
considered, because the experiments were performed in the linear region
of the trap, see section 1.3.1 for a description of the different regions of the
trap, resulting in bead displacements of both beads. The displacements
were determined by averaging the bead position over 250 ms before and
after the jump. The bead movement of the bead in the weak trap should
be larger than the bead movement of the bead in the strong trap with
the ratio determined by the difference in trap stiffness between the traps.
The displacements of an unfolding or refolding event were added up and
compared to theory.

The theoretical change in bead-to-bead distance upon I27 or Halo un-
folding or refolding was calculated by the WLC model (eq. (1.2)). The
contour length has been previously experimentally determined to be 29 nm
[10, 13] with persistence length 0.8 nm [11]; the temperature was measured;
and the force was computed from the experimental results.

4.3 Results and discussion

4.3.1 Observed aggregation during the aaFtsH experiment

When the heated aaFtsH flow cell was visualized by the ccd camera, it
could immediately be observed that the flow cell was ’dirty’ with parti-
cles. These particles were first, mistakenly, denoted as bacteria. After
observing these particles within each flow cell, in large quantities, and
after extra cleaning steps, it was thought that perhaps some components
of the experimental buffer aggregated at these high temperatures. This
was not expected as activity of catalase (from bovine liver) [22], creatine
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Table 4.1: Observed aggregation for the components of the ATP-
regeneration system and oxygen-scavenging system. All compo-
nents were dissolved in 20 mM Tris buffer, heated on a hot-plate of 52 ◦C
flown into a flow cell and observed with a 60x microscope at room tem-
perature.

Component Concentration Aggregation
ATP 10 mM no

creatine kinase 0.06 mg/mL yes
creatine phosphate 20 mM no

glucose oxidase 0.25 mg/mL no
dextrose 5 mg/mL no
catalase 0.3 mg/mL yes

kinase (of rat muscle) [23], and glucose oxidase [24] was confirmed up to
60 ◦C. Only for creatine kinase from human muscle it was reported that
aggregation occurred after 20 min at 48 ◦C [23]. Nevertheless, aggregates
need to be in the order of tens of nanometer to be visible with the ccd
camera microscope, see section 4.5.1.

The components of the ATP-regeneration and oxygen-scavenging sys-
tem, as used in previous protease optical tweezers studies [1–5], were indi-
vidually dissolved in 20 mM Tris buffer and heated on a hot-plate to 52 ◦C
for 10 mins. The solution was then studied with the ccd camera of the
optical tweezers setup to scan for aggregation particles. It was observed
that creatine kinase of the ATP-regeneration system and catalase of the
oxygen-scavenging system had formed large aggregates, see table 4.1. Ex-
clusion of these components was not trivial as the ATP-regeneration and
oxygen-scavenging systems ensure protease activity [25] and viability of
the organic compounds in the sample [26].

Reduction to a half or a third of the original catalase and creatine kinase
concentration, still showed aggregation upon heating. These components
were therefore excluded from the experimental buffer. The exclusion of
creatine kinase made the ATP-regeneration system, which consists of ATP,
creatine kinase and creatine phosphate, incomplete. Creatine kinase cat-
alyzes the phosphorylation of ADP (adenosine diphosphate) to ATP by
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dephosphorylating creatine phosphate. Excluding creatine kinase made
creatine phosphate abundant, which was therefore also excluded from the
experimental buffer. The ATP concentration in the experimental buffer
was doubled to compensate for the absence of the regeneration system.

The exclusion of catalase made the oxygen-scavenging system, which
consists of glucose oxidase, dextrose, and catalase, incomplete. Glucose
oxidase catalyzes the oxidation of dextrose to hydrogen peroxide and glu-
conolactone. Catalase then catalyzes hydrogen peroxide to water and oxy-
gen, preventing oxygen radicals to damage the organic compounds [26].
By mistake, dextrose was excluded from the experimental buffer as well.
When later dextrose was re-introduced, it caused the substrate-bound
beads to bind more tightly to the glass surface and also to the aaFtsH-
bead when brought (too) closely together. This made the experimental
procedure nonfunctional. To increase the chances of successfully establish-
ing a link and detaching the substrate-bound bead, dextrose was excluded
again and only glucose oxidase was present of the oxygen-scavenging sys-
tem. Without dextrose, glucose oxidase cannot work. Nonetheless, it was
included as the experiment was optimized for the experimental buffer con-
taining glucose oxidase and due to limited time the optimized buffer was
used. Although, it is unknown how (severely) the absence of the oxygen-
scavenging system effects the organic compounds and the effect on the
measurement.

The aaFtsH experiments were carried out in the reduced experimental
buffer. However, aggregation was still observed. The remaining com-
ponents of the ATP-regeneration system and oxygen-scavenging systems
were mixed, heated and observed, but did not show aggregation. Even-
tually, it was found that DTT (dithiothreitol) aggregated with the zinc-
magnesium (ZnMg) mixture. Indeed, DTT and Zn2+ have been reported
to form a zinc-dithiothreitol complex [27]. DTT is required in the ex-
perimental buffer as it prevents the formation of disulfide bonds in DNA.
It was therefore replaced, rather than excluded, by TCEP which has the
same function as DTT, but does not form a complex with zinc. After re-
placement of DTT by TCEP, aggregation was no longer observed during
the aaFtsH experiment.
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4.3.2 Optimizing the aaFtsH experiment

The optical tweezers experiment requires the success of many individual
steps. These steps include the linkage of DNA-HaloTag to HaloEnzyme-
I27V13P or HaloEnzyme-I27V15P, the presence of the ssrA-tag on I27V13P

and I27V15P, the linkage of DNA-HaloEnzyme-[I27V13P]x4-ssrA or -[I27V15P]
x4-ssrA to the streptavidin bead, aaFtsH activity, the linkage of aaFtsH
to the streptavidin bead, the immobilization of the substrate bound bead
to the glass surface of the flow cell, the temperature, placement of the
sample in the optical tweezers, and the execution of the experiment. As
the aaFtsH experiment remained unsuccessful without apparent reason
many of these steps have been checked individually.

A bulk assay of aaFtsH degradation at different temperatures proved
the success of many different steps. In the bulk assay aaFtsH and ssrA-
tagged [I27V13P]x4 were kept for one hour and a half at experimental
temperatures and then loaded on an SDS-PAGE (sodium dodecyl sulfate
polyacrylamide gel electrophoresis) gel and imaged. The degradation
was determined by the intensity of the I27V13P band present on the gel,
with the intensity at 45 ◦C taken as 100 % (no degradation) in fig. 4.4 for
three different batches of aaFtsH. These results show that aaFtsH did not
degrade [I27V13P]x4-ssrA at temperatures of 49 ◦C and below, and reached
maximal degradation of [I27V13P]x4-ssrA at 57 ◦C. It can also be observed
that ∼58 % of [I27V13P]x4-ssrA was not degraded. This could indicate that
not all of the I27V13P constructs have an ssrA-tag or this could be due to
inactivation of aaFtsH after prolonged degradation [28]. A western blot
analysis, using custom anti-ssrA primary antibodies, of bulk degradation
indicated that the ssrA-tag for non-degraded I27V13P was present, see
fig. 4.9 in section 4.5.2. Therefore it is believed that aaFtsH becomes
inactive after prolonged degradation. A bulk degradation time series to
study this inactivation has not been performed.

Another concern was the presence of aaFtsH and DNA-HaloEnzyme-
[I27V13P]x4-ssrA on the beads. The biotinylation of aaFtsH has been con-
firmed by western blot analysis. If the biotin is accessible, it will bind to
the streptavidin beads. To test if aaFtsH and the DNA-HaloEnzyme-
[I27V13P]x4-ssrA were indeed present on the beads, a fluorescence as-
say was employed for each. In the assay, aaFtsH or DNA-HaloEnzyme-
[I27V13P]x4-ssrA was incubated with the streptavidin beads. The bead
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Figure 4.4: Degradation of V13pI27-ssrA substrate by aaFtsH at
varying experimental temperatures.

solution was washed by centrifugation and resuspension in experimental
buffer. This was repeated three times, to remove any unbound aaFtsH.
The washed bead solution was incubated with an anti-his antibody or
a custom anti-ssrA antibody and further amplified by a secondary anti-
body coupled to HRP (horse-radish-peroxidase). This was then quan-
tified through luminescence measurements based on HRP activity with
luminol and stable isotopes of hydrogen peroxide. The luminescence re-
sults confirmed the presence of bound aaFtsH and the presence of bound
DNA-HaloEnzyme-[I27V13P]x4-ssrA, see table 4.5 and table 4.6 in sec-
tion 4.5.3. The luminescence results of DNA-HaloEnzyme-[I27V13P]x4-
ssrA also demonstrated that the amount of DNA-HaloTag limited the
fluorescence intensity. The amount of DNA-HaloTag that was incubated
with HaloEnzyme-[I27V13P]x4-ssrA was therefore increased.

A bulk activity assay with aaFtsH, that was about four weeks old, still
showed activity. However, during optical tweezers experiments it was ob-
served that after 4 or 5 days it became rare to establish a link between the
aaFtsH-bead and a substrate-bound bead. Since aaFtsH was filtered be-
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fore the optical tweezers experiment, but not before the bulk assay it was
thought that aaFtsH might aggregate while remaining active and therefore
lowering the number of aaFtsH hexamers present in the optical tweezers
experiment, yet showing activity in the bulk assay. However, formation of
(many) large aggregates were ruled out by the unchanging concentration
of aaFtsH after filtration for a week, see section 4.5.4. The reason for the
observed difference in activity is still obscure.

The challenges experienced during the optical tweezers experiment in-
cluded air bubble formation in the oil substitute by the contact between
the sample and objective, difficulty in trapping the immobilized bead af-
ter link formation, and the precision with which the sample had to be
moved. To reduce the chance of air bubble formation in the substitute
oil, a droplet of oil was placed both on the sample and on the objective.
This significantly reduced the probability of having an air bubble, but it
occasionally still occurred. Upon bubble formation, the experiment had
to be terminated as it affects the trap.

The immobilized substrate-bound bead had to be detached from the
glass surface after link formation by the ’strong’ piezo trap. However, this
was far from convenient. The temperature and casein concentration in the
experimental buffer affected the binding of the substrate-bound bead to
the glass surface. The casein concentration was therefore checked by UV-
vis absorption and compensated by the volume added to the experimental
buffer. The temperature affects the binding of the substrate bound bead,
the activity of aaFtsH, and the (unfolding) stability of I27V13P, I27V15P,
and the dsDNA. To have a finer control over the temperature, a ther-
mocouple was added to the flow cell. Nonetheless, within a single flow
cell some of these substrate bound beads would already detach when the
’weak’ AOD trap was in close proximity, while others would not detach at
all.

The remaining experimental challenge was the care and precision re-
quired. Manual movement of the piezo stage was done by two rotating
knobs, one for the x-axis and one for the y-axis. However, upon movement
in the y-axis, the trapping height was affected sometimes causing the bead
to be stuck to the surface (after link formation). Besides that, the flow cell
could be moved ∼1 µm without actually rotating the knob. Upon release
of the knob, the flow cell would move back to its initial position. To have

110



4.3 Results and discussion

the knob rotate, the flow cell had to be moved further, however, this could
mean either losing the aaFtsH-bead (after link formation) or having the
aaFtsH-bead and substrate-bound bead in contact.

Nonetheless, successful links have been obtained and a few of them
could be recorded after successful bead detachment. However, after the
optimization, the success rate was about one recording per experimental
week.

4.3.3 Bead recordings of aaFtsH linked to I27V13P

Surprisingly, it was found that links could be established at temperatures
lower than the minimum temperature required for proteolytic activity.
Forming links at such lower temperature allows for successful link forma-
tion and trapping of the beads without degradation activity. One suc-
cessful link and trapping of the beads was established for the I27V13P at
45 ◦C. The beads were recorded at 45 ◦C for 120 s before increasing the
temperature to study the activity. However, analysis of the bead positions
at 45 ◦C showed that the link broke at the end of the recording, see fig. 4.5.

It can be seen in the figure that after ∼37 s a jump occurred and another,
much larger, jump occurred at the end of the recording. Upon analysis,
the first jump is expected to be an unfolding event and at the second jump
breaking of the link. The total increase in distance during the unfolding
event is 14.1 nm at approximately 2 pN. At this force the predicted exten-
sion of I27V13P by the WLC model is approximately 6 nm, which is much
smaller than the observed 14.1 nm. Therefore, the predicted extension of
the Halo domain by the WLC model was determined. This gave an ex-
pected extension of approximately 11 nm. It is therefore likely that the
observed unfolding event is from the Halo domain rather than an I27V13P

module. It is likely that the unfolding event occurred upon spontaneous
unfolding, triggered by the high temperature and small stretching force,
rather than active unfolding by aaFtsH as the protease is not active at
45 ◦C. The unfolding results are summarized in table 4.2.

Besides the unfolding event and breaking of the link, a change in bead
fluctuations in the weak trap was observed, grey dots in fig. 4.5. This
change in fluctuations is not apparent in the strong trap. It is possi-
ble that the larger bead fluctuations represent (unsuccessful) refolding or
degradation attempts. The increase in fluctuations appears to be towards
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Figure 4.5: Bead position recording of two linked and trapped
beads at 45 ◦C. The top figure shows the bead position with respect to
time of the larger substrate-bound bead in the strong trap and the bottom
figure the bead positions of the smaller aaFtsH-bound bead in the weak
trap. The bead positions are shown in light grey and the moving average
is shown in red. After ∼37 s an unfolding event occurred, which can be
seen by the bead positions moving closer to the trap center. At the end
of the recording the link between the beads broke and the beads moved
to the center of the trap.
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Table 4.2: Results of the unfolding event observed when aaFtsH
was linked to the I27V13P substrate at 45 ◦C.

Trap
stiffness

Extension Force pre-
unfolding

Force post-
unfolding

[pN/nm] [nm] [pN] [pN]
Weak trap 0.023 8.7 1.5 1.3
Strong trap 0.061 5.4 2.4 2.1
Total 14.1

the other bead (away from the trap center) and is therefore presumed
to be refolding or degradation attempts rather than unfolding attempts.
Measuring the change in (moving) average bead position indicates a dis-
placement of about 5 to 10 nm, this makes degradation attempts unlikely
as a single step is expected to be smaller and, besides that, degradation
is not expected to occur at 45 ◦C. These fluctuations are thus presumed
to be spontaneous unfolding attempts.

The second recording, when the temperature was increased, was also
analyzed. An apparent bead displacement was visible, especially at the
beginning of the recording. This can be explained by the observed focal
drift in the z-axis. This drift occurred after increasing the temperature [29,
30] and affected the apparent bead position. The change in temperature
at the beginning of the recording is largest, due to the larger difference
in temperature of the solvent and newly set temperature, which explains
the apparent bead displacement that was mainly seen at the beginning of
the recording (data not shown). This focal drift interferes with possible
degradation and unfolding events and was therefore no longer carried out.

Establishing and maintaining a link after heating was rare. When a
link was established, the substrate-bound bead had to be detached from
the glass surface before bead recording was initiated. Detaching the bead
proved to be challenging. Casein was added to the experimental buffer
as this affects the binding of the bead to the glass surface. However, this
is not exclusively affecting the binding, so does the temperature. The
casein concentration in the experimental buffer was optimized, such that
detachability of substrate-bound beads was feasible. Nonetheless, it still
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Table 4.3: Results of jumps and gradual bead displacements when
aaFtsH was linked to the I27V13P substrate at ∼55 ◦C.

Trap
stiff-
ness

Jump 1 Jump 2 Gradual
displace-
ment 1

Gradual
displace-
ment 2

pN/nm nm nm nm nm
Weak trap 0.023 4.4 1.6 6.9 5.0
Strong trap 0.149 6.1 10.5 12.4 18.8
Total 10.5 12.1 19.3 23.8

gave variability: within a single flow cell, there were beads that detached
by the presence of the weak trap and at the same time beads that could
not be detached by the strong trap.

A recording where the beads successfully linked and detached from
the glass surface is shown in fig. 4.6. The bead recording, unexpectedly,
showed large movements for the bead in the strong trap (κ = 0.14 pN/nm)
and almost no movement of the bead in the weak trap (κ = 0.02 pN/nm).
Analyzing the jumps and the bead displacements between the jumps re-
sulted in jump sizes of 10.5 and 12.1 nm and gradual displacements of 19.3
and 23.8 nm, as shown in table 4.3. The pulling forces computed from the
bead displacements in the strong trap range from 6.4 pN/nm pre-unfolding
to 4.8 pN/nm post-unfolding. The WLC model predicted an increase in
distance of approximately 12 nm upon I27V13P and of approximately 23 nm
upon Halo domain unfolding at 5 pN. The measured displacements corre-
spond to the predicted I27V13P unfolding. However, due to the discrepancy
between expected and observed bead displacements in the weak and strong
trap, no conclusions can be drawn.

The unfolding events in our study did not show an intermediate state.
This could be due to the limited number of unfolding events or the in-
creased temperature.
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Figure 4.6: Bead position recording of two linked and trapped
beads at ∼55 ◦C. The top figure shows the bead position with respect to
time of the larger substrate-bound bead in the strong trap. The bottom
figure shows the bead positions of the smaller aaFtsH-bound bead in the
weak trap. The bead positions are shown in light grey and the moving
average is shown in red. Unexpectedly, bead movement is mainly observed
in the strong trap, which was approximately 7 times stronger than the
weak trap. It is therefore not clear what has been measured. Nonetheless,
it seems as if unfolding events occurred at ∼ 43 and ∼62 s, as the bead is
moving closer to the trap center. The gradual slope of the bead moving
away would then be caused by degradation. At the end of the recording
the link between the beads broke and the beads moved to the center of
the trap.
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4.3.4 Bead recordings of aaFtsH linked to I27V15P

One bead recording for linked aaFtsH and I27V15P was obtained. Before
the recording was initiated, it was noted that the link appeared to be
shorter than expected. Nonetheless, the big bead was trapped and bead
recording initiated. The results of this recording are shown in fig. 4.7.
The displacement of the bead from the trap center of the weak trap is
indeed much larger than during I27V13P recordings. This can partially be
explained by the distance between the two traps, which was 2.20 µm for
both recordings of I27V13P and changed to 2.35 µm before this measure-
ment. However, the expected displacement from the trap center should
be close to 225 nm rather than the recorded 450 nm.

In the recording, a jump away from the trap center (after 5 s) was ob-
served, before the link broke (at 40 s), see fig. 4.7. Analyzing this jump
gave a total displacement of 204.5 nm. This is much larger than what
can be expected for a refolding event of an I27V15P module or the Halo
domain and is therefore not considered to be a refolding event. The cause
of the shortened link and sudden jump away from the trap center remains
ambiguous. It should be noted that, due to the large displacement from
the center of the trap in the weak trap, the bead might be located in or al-
ready past the passive force region and the detection beam could possibly
no longer accurately measure the position of the bead. Even if the bead
positions are no longer correct for the weak trap, the jump still appears to
be much larger than a possible refolding event as the bead position within
the strong trap should be accurate and already is larger than the expected
refolding length. The results are summarized in table 4.4.

4.3.5 Double tethered beads

Occasionally, the substrate-bound bead would not completely detach from
the glass surface, but remain tethered. It is expected that either a single
or multiple DNA-Halo-I27V13P or -I27V15P complexes linked to the glass
surface, causing the bead to be only partially detached from the surface.
These beads have been recorded and visualized (data not shown), but were
not analyzed due to its complexity.
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Figure 4.7: Bead position recording of two linked and trapped
beads at 45 ◦C. The top figure shows the bead position with respect to
time of the larger substrate-bound bead in the strong trap and the bottom
figure the bead positions of the smaller aaFtsH-bound bead in the weak
trap. The bead positions are shown in light grey and the moving average
is shown in red. After ∼5 s a jump occurred away from the center of the
trap. After ∼40 s link between the beads broke and the beads moved to
the center of the trap.
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Table 4.4: Results of the unfolding event observed when aaFtsH
was linked to the I27V15P substrate at 54 ◦C.

Trap
stiffness

Extension Force pre-
unfolding

Force post-
unfolding

[pN/nm] [nm] [pN] [pN]
Weak trap 0.045 115.1
Strong trap 0.086 89.4 13.2 20.9
Total 204.5

4.4 Conclussion

Studying the mechanical properties of aaFtsH by optical tweezers turned
out to be verry challenging. The high temperature required for aaFtsH
activity caused the exclusion of the oxygen-scavenging and ATP regenera-
tion system in the experimental buffer. The ATP regeneration system was
compensated by doubling the ATP concentration. However, the oxygen-
scavenging system could not be compensated and was thus absent. It is
unknown how (severely) this affects the organic compounds during the
optical tweezers measurement. Nonetheless, aaFtsH-substrate links were
established and occasionally recorded. Unfortunately, these recordings
could not be used to determine the step size, translocation rate, or pulling
power of aaFtsH, because the data was faulty or no degradation occurred.
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4.5 Supplementary information

4.5.1 Aggregation observed during optical tweezers aaFtsH
experiments

Aggregation observed with ccd camera during optical tweezers aaFtsH
experiments. At 44 ◦C no aggregation was observed, as shown in fig. 4.8a
where the beads with a diameter of 1.25 µm are encircled in red, camera
artifacts in black, and two clustered beads of diameter 1.25 µm.

(a) (b) (c)

Figure 4.8: Images of beads (and aggregates) as observed during
aaFtsH experiment when temperature was increased from 44 ◦C
to 72 ◦C.The beads with a diameter of 1.25 µm are encircled in red, camera
artifacts encircled in black, and two clustered beads of diameter 1.25 µm
encircled in yellow. a) No aggregation was observed at 44 ◦C. b) Small
and large aggregates are present at 55-60 ◦C. c) Many small and large
aggregates have formed at 72 ◦C.

4.5.2 Bulk degradation of I27V13P by aaFtsH

The SDS-PAGE gels and western blot were done by Dr. Ramon van
der Valk. In the SDS-PAGE gel, top figure in fig. 4.9, an example of a
degradation bulk assay for I27V13P and aaFtsH at varying experimental
temperatures is shown. They were kept for one hour and a half at the
experimental temperature before loading on gel.

The SDS-PAGE gel was used to do a western blot with an anti-ssrA
antibody. The result is shown in bottom figure in fig. 4.9. The top bands
show the non-degraded [I27V13P]x4-ssrA. It can be seen that even at 60 ◦C,
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Figure 4.9: Bulk degradation of [I27V13p]x4-ssrA by aaFtsH at
varying experimental temperatures. The top figure shows the SDS-
PAGE gel of [I27V13p]x4-ssrA degradation by biotin-aaFtsH. The negative
control (NC), on the left side (at 40 ◦C) and right side (at 60 ◦C) of the gel,
only contains [I27V13p]x4-ssrA and no biotin-aaFtsH. The bottom figure
shows the anti-ssrA western blot. The top bands show the non-degraded
[I27V13p]x4-ssrA and the lower band at 52, 56, and 60 ◦C is thought to be
the ssrA-tag covalently bound to biotin-aaFtsH.

where maximal degradation was reached, the ssrA-tag is still present. This
supports the argument of Yang et al. [28] that aaFtsH is inactivated after
prolonged degradation. Another interesting finding is that (some of) the
ssrA-tag seem to covalently bind to biotin-aaFtsH after degradation.

4.5.3 Luminescence results

Binding of aaFtsH and DNA-HaloEnzyme-[I27V13P]x4-ssrA to the strep-
tavidin beads was confirmed through luminescence. Table 4.5 shows the
luminescence results of aaFtsH-beads used during the optical tweezers
experiment on different days. These beads were compared to the lumi-
nescence of beads without aaFtsH. It should be noted that the concentra-
tion of beads in absence of aaFtsH was much higher than for the beads
in presence of aaFtsH. The concentration of aaFtsH-beads on different
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Table 4.5: Luminescence results confirm the binding of aaFtsH
to streptavidin beads. The luminescence values between different days
varies significantly, this is caused by the variation in the number of beads
present in the measurement. The standard deviation was obtained from
measuring each sample thrice. The bead concentration for beads without
aaFtsH is much larger than the bead concentration for beads with aaFtsH.
The equal luminescence of beads without and beads with on day 2 and 3,
confirm that aaFtsH is present.

Sample Luminescence [a.u.] Stdev of luminescence
Beads 12331 235

No beads 4799 516
aaFtsH-beads day 1 9012 400
aaFtsH-beads day 2 17695 575
aaFtsH-beads day 3 64526 3980
aaFtsH-beads day 4 4283 82

days also varied greatly and caused the large differences in luminescence.
Nonetheless, the luminescence results show that aaFtsH is bound to the
beads. Table 4.6 shows the luminescence results of DNA-HaloEnzyme-
[I27V13P]x4-ssrA-beads. The results indicate that the amount of DNA
limits the luminescence and thereby the number of DNA-HaloEnzyme-
[I27V13P]x4-ssrA bound to the streptavidin beads.

4.5.4 AaFtsH aggregation

The aaFtsH concentration after filtration was determined by nanodrop on
the experimental day before aaFtsH with bead incubation. Two 0.1 µm
centrifugal filter units (Merck Millipore Ltd.) were first saturated by cen-
trifuging 100 µL aaFtsH buffer (5.000 rpm for 3 mins). Then 160 µL aaFtsH
was loaded on the filter unit and centrifuged at 5.000 rpm for 3 mins. The
concentration of the filtrate aaFtsH was determined by nanodrop before
the experiment.
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Table 4.6: Luminescence results confirm the binding of DNA-
HaloEnzyme-[I27V13P]x4-ssrA to streptavidin beads. The lumi-
nescence results show that the substrate is bound to the beads and that
the amount of DNA-HaloTag limits the luminescence.

Sample Luminescence [a.u.]
20 µL of HRP + Luminol 228844

Luminol 27
800 ng DNA + 25 µL I27V13P 7695

240 ng DNA-HaloTag + 25 µL I27V13P 6586
600 ng DNA-HaloTag + 25 µL I27V13P 20999

Table 4.7: Measured aaFtsH (buffer) concentrations after 0.1 µm
filtration, before aaFtsH bead incubation. The concentration of
the filtrate of the 100 µL saturation aaFtsH buffer was also determined
as a control. The nanodrop blank was determined by unfiltered aaFtsH
buffer. After which the aaFtsH concentration of sample 1 was taken,
then the aaFtsH buffer concentration of sample 1, followed by the aaFtsH
concentration of sample 2, and the aaFtsH buffer concentration of sample
2.

aaFtsH concentration Buffer concentration
Day 0 sample 1 0.35 mg/mL -0.01 mg/mL

sample 2 0.31 mg/mL 0.00 mg/mL
Day 1 sample 1 0.39 mg/mL 0.00 mg/mL

sample 2 0.38 mg/mL 0.00 mg/mL
Day 2 sample 1 0.32 mg/mL -0.02 mg/mL

sample 2 0.36 mg/mL -0.02 mg/mL
Day 3 sample 1 0.34 mg/mL 0.01 mg/mL

sample 2 0.32 mg/mL -0.02 mg/mL
Day 6 sample 1 0.36 mg/mL -0.02 mg/mL

sample 2 0.34 mg/mL -0.01 mg/mL
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Chapter 5

Conclusion and outlook

In attempt to study the thermophilic aaFtsH, a novel heating system
was designed and tested. AaFtsH showed to be active at temperatures
above 53 ◦C and our novel heating system demonstrated the capability to
achieve a temperature of up to 70 ◦C. However, this high temperature
caused aggregation of biomolecules and complicated the optical tweezers
study. Bead recordings have been obtained, but were not yet suitable to
determine the mechanical activity of aaFtsH. Future studies could improve
the success rate of the aaFtsH optical tweezers experiments and discover
if and why the ssrA-tag binds to aaFtsH after degradation.
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5.1 Conclusion

Throughout this thesis, I described my path towards the optical tweezers
[1, 2] study of the protease FtsH [3]. The first step, described in chapter 2,
was to build [4] and program a dual beam optical tweezers. The new setup
can move a trapped bead (at least) 10 µm in all directions and the code
written to control the optical tweezers setup has been made available on
the open-core company GitLab Inc. While building, the passive force
clamp region on the existing setup was determined. This trap has a linear
force-displacement over ∼ 100 nm and a passive force region of ∼ 50 nm.
The new setup has the same objective and is expected to have a similar
force-displacement curve as the existing setup.

The objective heating system, as described in chapter 3, was mounted
on the newly built setup. A heating system is required to study the puri-
fied full-length FtsH found in the thermophilic bacterium Aquifex aeolicus
(aaFtsH) [5]. This bacterium is related to the filamentous bacteria which
was found in the outflow of hot springs in Yellowstone National Park and
grows best at temperatures between 85 and 95 ◦C [6]. After an activity
assay at varying experimental temperatures, the lower limit of aaFtsH
activity for titin I27V13P was found to be ∼53 ◦C (chapter 4).

The heating system had to be complemented to reach such a high tem-
perature and prevent for temperature gradients. A flow cell with a con-
ductive microscope glass slide was constructed, which radiates heat by
the Joule effect [7]. The conductive microscope glass slide was purchased,
but our self-made copper circuit glued onto a microscope slide also proved
to be usable. The commercial conductive microscope slide contained an
indium tin oxide (ITO) conductive layer. To measure the temperature, a
thin thermocouple was fixated in the flow cell and our novel method, that
locally computes the temperature from bead recordings, was tested. Our
novel method was tested by obtaining the laser-induced heating of our trap
in a bare glass flow cell and was compared to theory. The laser caused a
2.8 ◦C/100 mW temperature increase for a r = 0.92 nm polystyrene bead
in water. This was comparable to theory [8] and similar experimentally
obtained results [9, 10]. The ITO flow cell demonstrated a much larger
laser-induced effect, which can be attributed to laser absorption by the
ITO layer. The absorption was diminished by minimizing the laser power.
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The heating system was tested individually (objective or ITO flow cell
heating) and together. The temperature realized by the objective heating
system was restricted to 38 ◦C avoid breaking of the objective due to
thermal expansion. The maximal temperature achieved inside the flow
cell by the ITO (and combined with objective) heating system(s) was
∼ 70 ◦C. The temperature increase computed by our method and the
thermocouple gave a similar temperature increase in each heating system.
However, the temperature computed by our method at room temperature
was typically higher. This was expected as our method is more sensitive
to the temperature rise induced by laser heating.

The heating system could reach high enough temperatures to study
aaFtsH. As discussed in chapter 4, the high temperature caused aggre-
gation of the enzymes catalase and creatine kinase. These enzymes are
part of the oxygen-scavenging and ATP regeneration system [11], which
prevent damage of the organic compounds [12] and regenerate ATP. The
oxygen-scavenging system remained absent throughout the aaFtsH exper-
iment, but to what extent this effects the experiment is not known. The
ATP regeneration system could be compensated for by doubling the ATP
concentration.

Even after exclusion of these components from the experimental buffer,
aggregates were still present. It was found that the zinc magnesium so-
lution aggregated with DTT. More specifically zinc and DTT aggregate
[13]. The reducing agent DTT was therefore replaced by another reducing
agent, TCEP. After this replacement, aggregates were no longer observed
and the aaFtsH optical tweezers measurement could be carried out.

The aaFtsH optical tweezers experiment was constructed similarly to
the ClpXP optical tweezers experiment [11, 14–17]. In this construct two
beads of different size are used, one bead contains the protease (aaFtsH or
ClpXP) and the other bead contains the substrate with a linker, consist-
ing of a degron-tagged multidomain (generally four (mutated) titin [18–
20] I27 modules with an ssrA-tag), a Halo domain, and dsDNA. When a
protease-bound and a substrate-bound bead are brought into close prox-
imity, the protease will recognize the substrate tag and initiate unfolding
and degradation. With both beads trapped, the bead displacements can
be recorded and analyzed. Unfolding of one of the multidomains results
in a sudden bead displacement, whereas degradation results in a gradual
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bead displacement in the opposite direction.

Establishing a link between the aaFtsH-bound bead and the substrate-
bound bead was rare during the optical tweezers experiment. The indi-
vidual components, such as substrate (tag) and aaFtsH, have been tested
and their presence or activity confirmed. However, it was found that
the amount of dsDNA, that were to be incubated with the multidomain,
limited the number of substrates bound to the bead. Upon increasing
the amount of DNA, link formation was less rare and bead recordings of
linked beads were obtained. One of these recordings was done at 45 ◦C.
Surprisingly, it was found that links could be established at temperatures
lower than activity temperatures. This would allow for successfully es-
tablishing a link and trapping beads before heating, and thus activity.
However, upon heating a focal drift in the z-axis was observed, which af-
fects the bead recording. Due to the focal drift it was decided to heat
before linking. Another recording seemed to show unfolding and degra-
dation, but with the bead displacements observed in the opposite trap.
The degradation behavior was thus not further analyzed. The last record-
ing was obtained for a link that appeared shorter than expected. During
the analysis it was indeed found that the beads were closer together than
expected and became even closer upon a sudden jump. The cause is un-
known, but could be due to dimerization of dsDNA. Unfortunately, none
of the recordings was suitable to determine the mechanical properties of
aaFtsH.

5.2 Future work

Even though ClpX and FtsH both belong to the AAA+ superfamily, the
mechanisms by which they unfold substrates are possibly distinct [21, 22].
It is of great interest to study the mechanical properties of FtsH, as it is
essential in E. coli [23], an attractive drug target [24], and mutations in
the human ortholog cause the disease hereditary spastic paraplegia [25,
26].

Up to date, the mechanical properties of FtsH are unknown. An attempt
to study the properties has been made, but studying the thermophilic
aaFtsH drastically complicated the optical tweezers experiment due to
the high temperature required for aaFtsH activity. This high tempera-
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ture and constant pulling force may cause the substrate to spontaneously
unfold. That will affect the expected unfolding and degradation pattern
observed during aaFtsH experiments. It would therefore be of value to de-
termine the effect of our constant low pulling force and high temperature
on the spontaneous unfolding rate of I27V13P, I27V15P, and the Halo do-
main. Studies of I27 with different mutations indicated that spontaneous
unfolding happens upon a constant pulling force of just a few piconewton
[27], with the rate of spontaneous unfolding increasing upon increasing
temperatures [28]. It is likely, yet unknown, whether I27V13P or the Halo
domain is (partially) unfolded at 53-60 ◦C.

With our heating system, we can reach temperatures as high as 70 ◦C
and might therefore be able to reach conditions at which I27V13P, I27V15P,
and the Halo domain remain in an unfolded state. Besides that, the ther-
mal stability of the Halo domain can be determined and we can verify
whether the WLC model is suitable for them at high temperatures. To
obtain these results, optical tweezers measurements with two beads of
different sizes and coating (a streptavidin and an anti-digoxigenin bead
for example) and a DNA-Halo-I27V13P-digoxigenin or -I27V15P-digoxigenin
construct to link the beads can be performed. A linked bead pair can be
studied by a dual beam optical tweezers, in the passive force region [29],
at different constant stretching force, and at different temperatures. The
thermal stability of the Halo domain can be determined in conjugation to
I27V13P or I27V15P as the extension length of the Halo domain differs from
the I27 module. Both I27 module and Halo domain unfolding extensions
can be compared to the predicted extensions by the WLC model, to study
if temperature affects the contour or persistence length.

When a folded state is confirmed for these constructs, aaFtsH experi-
ments can be continued. The next step would be to investigate why link
formation becomes rare after a few seconds upon heating. The biotin-
streptavidin link between the bead and dsDNA linker should be stable
at these temperatures [30]. Another possibility would be degradation by
unbound aaFtsH. However, casein, which is also degraded by aaFtsH, is
available in higher a higher concentration and would compete with the
substrate. A time series of aaFtsH and the substrate can determine the
time before aaFtsH becomes inactive. Inactivation of aaFtsH after pro-
longed degradation has been suggested before [22] and is supported by
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our western blot showing undegraded ssrA-tagged substrate after 1.5 h
degradation at different temperatures, section 4.5.2.

Surprisingly, the western blot showed a second band containing the
ssrA-tag, when overlayed with the SDS-PAGE gel the band was found to
be at the same height as aaFtsH. This suggests that the ssrA-tag somehow
binds to aaFtsH. Due to the experimental procedure, it must be covalently
bound. It would be interesting to investigate this more thoroughly. Does
this linking cause inactivation of aaFtsH? Can it bind multiple ssrA-tags?
Does it bind other tags? And in the end, determine why does the ssrA-tag
bind to aaFtsH?

Finally, our novel heating system allows for future studies. Our system
can be used to quickly heat up an optical tweezers sample to tempera-
tures as high as 70 ◦C, and our novel method for local temperature de-
termination or the thin thermocouple that fits in a flow cell can be used
to (quickly) determine the temperature, as described in chapter 3. Our
novel E-DF method, to determine the temperature, requires prior knowl-
edge of the change in viscosity upon temperature. But the relation can
also be studied when a thermocouple is added to measure temperature
and the trapped bead to determine the viscosity. Besides that, the heat-
ing system can be used to study processes at temperatures above room
temperature and is especially valuable for any objective-condenser optical
tweezers setup. Nonetheless, our heating system is not limited to optical
tweezers setups, but can be used on all sorts of microscope setups.
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(26) Ruer, M.; Krainer, G.; Gröger, P.; Schlierf, M. ATPase and Pro-
tease Domain Movements in the Bacterial AAA+ Protease FtsH
Are Driven by Thermal Fluctuations. Journal of Molecular Biology
2018, 430, 4592–4602.

(27) Yuan, G.; Le, S.; Yao, M.; Qian, H.; Zhou, X.; Yan, J.; Chen, H. Elas-
ticity of the Transition State Leading to an Unexpected Mechan-
ical Stabilization of Titin Immunoglobulin Domains. Angewandte
Chemie International Edition 2017, 56, 5490–5493.

(28) Yu, M.; Lu, J.-H.; Le, S.; Yan, J. Unexpected Low Mechanical Sta-
bility of Titin I27 Domain at Physiologically Relevant Temperature.
The Journal of Physical Chemistry Letters 2021, 12, 7914–7920.

(29) Greenleaf, W. J.; Woodside, M. T.; Abbondanzieri, E. A.; Block,
S. M. Passive All-Optical Force Clamp for High-Resolution Laser
Trapping. Physical Review Letters 2005, 95, 208102.
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