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CHAPTER 1. INTRODUCTION

1.1 DNA

1.1.1 Structure and function

Deoxyribose Nucleic Acid, better known by the abbreviation DNA, carries the genetic
information of organisms. It is a long polymer that has four different nucleotides
as building blocks. Each nucleotide consists of a sugar (deoxyribose) and phosphate
group and for each a different base group (adenine, thymine, cytosine and guanine).
The three-dimensional structure of DNA was first proposed in 1953 by Watson and
Crick,168 based on the X-ray diffraction pattern of DNA that was found at the same
time by Franklin,54 and the observation of Chargaff a few years earlier that the ra-
tios of the bases adenine:thymine and guanine:cytosine were close to 1 in all species
studied, while the ratio adenine:guanine varied considerably. The proposed structure
was that of two helical polynucleotide chains coiled around a common axis (the dou-
ble helix), see Fig. 1.1(a). The sugar-phosphate groups of the nucleotides polymerize
to form the backbone of the DNA, that faces outward. Facing inward are the base
groups that pair with hydrogen bonds (H-bonds) to bases of the other DNA strand,
also called the complementary strand. This pairing of bases is not arbitrary, but very
specific: guanine forms a pair with cytosine via three H-bonds, and adenine with
thymine via two H-bonds (explaining the 1:1 ratios of the bases observed by Char-
gaff), see Fig. 1.1(b). The base pairs (bp) are stacked with a spacing of 3.4 Å and a
rotation of 36◦ to get a helical repeat of 34 Å.

The structure of the DNA is very important for its function. The two different base
pairs, guanine-cytosine and adenine-thymine have approximately the same spatial
dimensions, and therefore they can be fitted into the structure of the DNA in any
order. Information can thus be coded by the base pair sequence. Because of the base-
pairing the sequence on one of the strands of the DNA is perfectly determined by the
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Figure 1.1. (a) Sketch of the DNA double helical structure. The thick grey lines repre-
sent the sugar-phosphate backbone. The thinner lines, in four different shades of grey,
represent the four different bases. The bases are not distributed randomly, but Ade-
nine always pairs with Thymine, and Cytosine pairs with Guanine. (b) Details of the
structure of the bases, and the hydrogen bonds they form in the base pairs.
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1.1. DNA

sequence on the other strand. This, combined with the fact that the hydrogen bonds
between the bases that normally help to stabilize the structure, can easily be broken
in biochemical processes because they are much weaker than covalent bonds, makes
it easy to copy the information. The combination of easy coding and easy copying
explains why DNA is an ideal carrier of genetic information.

1.1.2 Studying DNA with optical tweezers

In the past 15 years a lot of research on DNA was performed using optical tweezers
(see e.g. refs. 12,13,19,36,138,141,142,155,176). Ashkin found in the 1980’s that it
is possible to trap and manipulate small particles with a higher refractive index than
that of the surrounding medium near the focus of a tightly focused laser beam (see
ref. 3 and Chapter 2). This optical trapping technique is very useful in biophysics
when the biomolecules that are of interest, such as DNA, can be coupled to the beads
that are trapped. To this end surface-modified silica or polystyrene beads are used
in the optical trap. Via special linkers such as streptavidin on the beads and biotin
on the biomolecules strong connections can be formed. Now it is possible to trap and
manipulate beads with attached biomolecules, and measure forces and displacements,
which makes it possible to study the physical properties of single molecules of DNA,
motor proteins etc.

In 1996 Smith et al. explored mechanical properties of double stranded (ds) and
single stranded (ss) DNA up to high forces using optical traps.142 DNA was attached
on both ends to beads with a linker. One of these beads was sucked to the tip of a
micropipette and the other was held in the trap. The distance between the two beads
was increased, and force-extension curves of DNA could be recorded. At a force
of around 65 pN the curves of ds-DNA showed an unexpected feature: a minimal
increase in the force (a few pN) resulted in a very large (70%) increase of the contour
length of the DNA, see Fig. 1.2. Beyond this overstretching plateau the curve is very
steep again. The overstretching plateau is studied in more detail in Chapter 5.

To study the physical properties of naked DNA it can also be unzipped, or its link-
ing number (the number of times one strand crosses the other in a planar projection
of the DNA) can be controlled. With normal stretching (shearing), as described in
Chapter 5 of this thesis, the length of the DNA is increased by pulling on the different
strands of the DNA at different ends. With unzipping the distance between the two
strands at the same end of the ds-DNA is increased, pulling the two strands apart as if
zipping them open. It takes about 15 pN to unzip ds-DNA, slightly more in C/G rich
areas and slightly less in A/T rich areas.13 With optical tweezers the linking number
of DNA cannot be controlled, because beads are free to rotate in the optical trap.
However, with an adapted optical trap100 or a related technique, magnetic tweezers,
this is possible.

Optical tweezers have also been used to study the interaction of DNA with proteins
and other ligands. This revealed details that could previously not be obtained with
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Figure 1.2. Example of a stretching curve of λ-DNA. Data provided by J. van Mameren.

bulk studies. For example, reading and copying of the DNA is done by RNA and DNA
polymerase respectively. With optical tweezers this process could be followed in real-
time on single molecules, and the load dependence could be examined. It was used
to study, for example, the rate limiting step in T7 DNA-polymerase activity176 and the
pauses and arrests in E. Coli RNA-polymerase.36

Other examples of protein actions on DNA that were studied with optical tweezers
are bending and cutting of the DNA by restriction enzymes,155 packaging into viral
capsids,141 and strand separation.12 By pulling on individual chromatin strands the
forces involved in DNA winding around histones was elucidated.7,19 Since fluorescent
dyes are often used in visualisation of DNA, optical tweezers have also been used to
investigate the changes of the physical properties of the DNA upon the binding of dyes
like ethidium bromide, YO, YOYO and other substances.8,138,165

Overstretching is a cooperative force-induced melting transition

For some time there has been discussion on how to interpret the overstretching pla-
teau of DNA. The shape of the force-extension curve suggested a transition from
double-stranded to single-stranded DNA. However, the two strands do not come apart
at the end of the overstretching plateau, which was confusing. In 2001 Rouzina and
Bloomfield explained overstretching of the DNA with a thermodynamic approach as a
cooperative, force-induced melting process, analogous to thermal melting.133 In sub-
sequent papers Rouzina, Williams, Wenner and Bloomfield showed the dependence
of overstretching on experimental conditions, such as the salt concentration, pH and
temperature.169,172,173
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1.1. DNA

In this model the two phases (ds- and ss-DNA) stay mixed, and for every force on
the DNA an average size of ds- and ss-regions can be calculated.133 Until the force is
so high that the average size of ss-regions is the average length between nicks (breaks
in the backbone of one of the strands) or the length of the entire DNA fragment (for
DNA without nicks) the two strands do not separate.

Recent work by van Mameren et al. shows that overstretching is in fact a local

force-induced melting transition.156 The tension that is applied to DNA while over-
stretching is highly localized at the end points or, if present, nicks. At these positions
the transition from double- to single-stranded DNA takes place in a highly cooperative
manner. The difference with the model of Rouzina and Bloomfield lies mainly in the
different nucleation behavior.

1.1.3 Studying DNA with Linear Dichroism

It has been known for over 150 years that certain crystals, such as tourmaline, absorb
different colours when illuminated with different orientations of polarized white light
(dichroism). This effect occurs because photons with different wavelengths are ab-
sorbed by different transitions within the oriented molecules in the crystal. In Linear
Dichroism (LD) experiments the difference in absorption of light polarized parallel
and perpendicular to a macroscopic (orientation) axis is measured. Since the polar-
ization of the light is known LD can be used to find the orientation of the electric
dipole moment within the studied material.

In contrast to the molecules in crystals, DNA in solution is not oriented at all, and
the electric dipole moments within the DNA are distributed randomly. Thus, to study
the structure of DNA, and its interactions with ligands, the DNA needs to be oriented.
Traditionally there are quite a few different techniques to achieve macroscopic ori-
entation for biomolecules.120 Long molecules, such as DNA, are commonly oriented
with flow or electric fields, and proteins with gel-squeezing. Other methods are more
useful for small molecules.131 In most cases the degree of orientation is difficult to de-
termine and thus not well known. In Chapter 5 optical tweezers are used to perfectly
align DNA molecules for LD measurements.

The absorption spectrum of DNA in the ultraviolet part of the spectrum is domi-
nated by π→ π∗ transitions, which are polarized in the plane of the bases. Therefore
this part of the spectrum is often used to study tilt and roll of the bases within the
DNA structure, although infra-red LD spectra have also been used.55 It is hard to
compare and analyze the results of the different studies, due to the fact that different
orientation techniques, DNA length and other factors seem to influence the results.
From the extrapolated LD value at 260nm of DNA oriented in a polyvinyl alcohol
film a tilt of 8-10◦ was found,108 in agreement with some electric dichroism studies
on long fragments of DNA.41,103 In infrared LD studies it was observed that when
the DNA underwent a transition from B-DNA to A-DNA the tilt of the bases changed
from ±86◦ (bases almost perpendicular to DNA-axis) to ±71◦ (reflecting the tilt in
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CHAPTER 1. INTRODUCTION

A-DNA).56,152 Although the maximum tilt angle of 8-10◦ is often observed, there are
also studies that find larger values for the tilt.30,45,82 The precise origin of the dis-
crepancy is unclear, but it could be due to the medium surrounding the DNA and the
orientation technique.120 Features like DNA bends will reduce the LD signal. There-
fore the above mentioned 8-10◦ for the base tilt is considered to be a maximum; it is
likely that the tilt is actually less. In the experiments described in this thesis where
the DNA is stretched with optical tweezers the LD signal is not influenced by kinks
and bends in the DNA.

LD can also be used to study the binding of ligands to the DNA. An advantage
of using LD in this case is that if the ligand is not specifically bound to the DNA
it will most probably not be oriented, and hence it does not contribute to the LD
signal. If a LD signal is found there is binding, except in the unlikely event that
the transition dipole is at exactly 54.74◦, the magic angle where no LD is observed
[3 cos2 54.74◦−1= 0, see Eq.(5.2)]. However, even if there is binding there is usually
also some unbound ligand in solution. This implies that the total isotropic absorbance,
that is used to scale the LD signal to the so called reduced linear dichroism (LDr),
comes from a mixture of bound and unbound ligand, and has to be corrected for that.
In Chapter 5 we used fluorescence detected LD. The molecules used do not fluoresce
if they are not bound to DNA, so in this case we do not have a signal from unbound
ligand that we have to correct for.

The LD signal from the ligand can often be used to discriminate between different
binding modes, like intercalation between the bases or groove binding. However, if
the absorption band of the ligand is similar in wavelength to the absorption of the
DNA bases, or if different transition moments within the ligand have spectral overlap,
the analysis becomes more complicated. If a ligand has an intercalating binding mode
the absorption of light polarized perpendicular to the DNA axis is absorbed much
stronger than light polarized in the parallel plane, resulting in a strong negative LD
signal [for the calculation of the LD see Eq. (5.2)]. A review of some older LD studies
to DNA-ligand interactions can be found in Nordén et al.120 An interesting example
is the study of Larsson et al.102 into the binding of the fluorescent dyes YO and YOYO
to DNA using LD, since this dye is probably similar to the dye Atto-Dino 2 used in
Chapter 5. The authors find that both YO and YOYO have intercalation as binding
mode, with a stronger binding affinity for YOYO than for YO, and an orientation of
the long axis of the YO chromophore parallel to the long axis of the base-pair pocket.

1.2 Molecular motors and their tracks

1.2.1 Structure and function

Molecular motors are proteins that convert chemical energy into mechanical work.
There are many examples of those in the cell, from the proteins that manipulate and
transcribe DNA, to the proteins that drive cell motility, muscle contraction, internal
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1.2. MOLECULAR MOTORS AND THEIR TRACKS

cellular organization and cell division. Here a brief introduction is given to two of
those proteins, myosin II and kinesin-1, and the tracks on which they move. The
motor proteins and the tracks have certain properties in common, but there are also
functional differences.

Myosin II is the protein that drives skeletal muscle contraction. Myosin II contains
two heavy chains, each with a head that contains the actin and ATP binding domains,
and a tail domain that, together with the tail domain of the other heavy chain, forms a
coiled-coil. Four light chains (two per head) bind in the region that links the head do-
main to the tail domain. In a muscle fibre the tail domains of many myosins are poly-
merized, forming thick filaments, with the heads sticking out at the side. These can
interact with thin filaments, actin filaments decorated with other proteins. The bind-
ing and hydrolysis of ATP and subsequent unbinding of ADP and inorganic phosphate
drive contraction. When the myosin is bound to actin it performs a power stroke,
changing the conformation of the myosin. When unbound another conformational
change, the recovery stroke, restores the original conformation.84 With each power-
stroke a ≥10 pN force and a ∼5.5 nm displacement are generated.85 Although each
head stays attached to the actin for a short period of time, and slides the filaments
only nanometers relative to each other, the combination of many myosins working
together in muscle results in macroscopic contraction and forces (see Fig. 1.3).

The general structure of kinesin-1 resembles that of myosin II. It is also double-
headed, and has a coiled-coil tail. However, the tails of multiple kinesins do not poly-
merize but have a cargo binding domain that is used in the transport of vesicles and
organelles through the crowded cytoplasm of the cell. Kinesin uses microtubules as
tracks instead of actin, so the head contains a microtubule binding domain. Because
of its function kinesin-1 performs its tasks alone or with very small numbers instead
of working in large groups like myosin II. Therefore the mechanism of ATP hydrolysis,
movement and force production should be different than for myosin II. Contrary to
myosin II, that detaches from the actin rapidly not to hinder the force production of
other myosin heads, each kinesin head needs to stay attached for a majority of the
cycle time to avoid diffusion of the molecule away from the microtubule track. Differ-

Figure 1.3. Schematic overview of myosin II action in muscle. Of the two heads in each
myosin only one is drawn for clarity. The powerstroke of one of the heads is indicated
with a greyscale sequence.
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CHAPTER 1. INTRODUCTION

ent mechanisms for kinesin movement on the track and the cooperation of the heads
that is needed for this processive movement are discussed in Chapter 6 (see Fig. 1.4
for an example of one of the models). The generated forces and displacements per
hydrolysed ATP molecule are of the same order of magnitude as for myosin II, ∼ 6 pN
and ∼8 nm.85

Cargo

Figure 1.4. Schematic overview of the hand-over-hand model for kinesin movement on
one protofilament.

The tracks on which these motor molecules move, actin filaments and micro-
tubules, are polymers of proteins that, together with intermediate filaments, form
the cytoskeleton of cells. The cytoskeleton structures the cell and is responsible for
its shape and rigidity. Besides their function as tracks for molecular motors micro-
tubules themselves also act as a molecular motor when they produce force after ATP
hydrolysis during polymerization, and these forces influence their polymerization and
depolymerization dynamics.42,92

Figure 1.5. Atomic Force Microscopy (AFM) image of an actin filament. Image provided
by I.A.T. Schaap.

The building block of actin filaments is the actin monomer. In the filamentous
form, the subunits are stacked with a rotation of 166 degrees around the helical
axis with respect to the preceding monomer, with a full period of the rotation of 72
nm. The diameter of actin filaments is only 6 nm, but their length can be up to
micrometers (see Fig. 1.5). Since each actin monomer is asymmetric, and oriented
in the same direction in the filament, the resulting structure is polar. Because of this
polarity actin-based molecular motors can distinguish the two different ends of the
filament. This enables them to move in a directional way over the actin filament.

Microtubules are made from the proteins α- and β -tubulin, which form a het-
erodimer. The αβ -tubulin heterodimers associate head-to-tail to form protofilaments.
In turn these protofilaments are arranged parallel to each other (with a small offset
between neighboring tubulin dimers) to form hollow tubes. Under normal circum-
stances the number of protofilaments per microtubule is 13.86 Microtubules have a
diameter of 25 nm, but their length is on the order of micrometers (see Fig. 1.6). Mi-
crotubules are much stiffer than actin filaments and DNA, with a persistence length

8



1.3. OUTLINE OF THIS THESIS

Figure 1.6. AFM image of a microtubule. Several protofilaments can be distinguished.
Image provided by I.A.T. Schaap.

(the length over which correlations in the direction of the tangent are lost) in the
mm-range, compared to µm-range for actin and nm-range for DNA. On the nano- to
micrometer scale a microtubule has the appearance of a rigid rod. Because of the
asymmetry of the αβ -tubulin subunit the microtubule is, like actin filaments, polar.
The molecular motors that use microtubules as track, from the kinesin and dynein
families, also use this polarity for directional movement.

1.2.2 Cooperativity on different levels of molecular motor func-

tioning

As described above processive motors like kinesin have to stay attached to their track
for a large number of consecutive steps. Within the kinesin motor this is achieved
by cooperative behavior of the two heads: one head stays attached while the other
moves to the next binding spot. The opposite is true in myosin thick filaments: large
numbers of motors work together and each stays attached for a short period so that
the collective works efficiently. The mechanical coupling of large groups of motors
can produce collective effects such as oscillations. By decorating the molecular motor
tracks with regulatory proteins another level of cooperativity is added, for example
the opening and closing of seven myosin binding sites within the thin filament at the
same time by the troponin-tropomyosin complex.

1.3 Outline of this thesis

This thesis has two main themes. The first theme is optical trapping and optical
trap calibration. Optical traps are a powerful tool in single-molecule biophysics, and
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CHAPTER 1. INTRODUCTION

with careful calibration they can be used to gather information about the forces and
displacements on single-molecule scales.

Chapter 2 of this thesis gives a general introduction to optical trapping, the main
experimental technique in this thesis. An optical trap is a highly focused laser beam
that can be used to trap and manipulate particles (that may have biomolecules at-
tached to them). An intuitive picture is used to explain why these particles can be
trapped in the laser focus, and a description of the experimental setups that were used
in the rest of the thesis is given. Calibration methods, that enable the measurement
of pN-forces on and nm-displacements of the bead in the trap, are also explained.

The calibration of optical traps is studied in more detail in Chapters 3 and 4. In
Chapter 3 the dependence of the trap stiffness, that relates the force of the trap on
the particle to the distance of the particle to the trap center, on the immersion fluid,
water or oil, of the objective lens that is used to focus the beam into an optical trap,
is examined. If oil is used as immersion fluid the laser focus gets distorted more and
more when trapping deeper into the sample chamber because of spherical aberrations.
This causes the trap stiffness to decrease. With a water-immersion objective this
does not happen, and the trap stiffness stays constant, even at larger distances to
the surface.

The spherical aberrations that cause the trap stiffness to decrease at larger dis-
tances to the surface when an oil-immersion objective lens is used, also affect the dis-
tance calibration factor, that relates the output of the setup in Volts to actual displace-
ments in meters. Therefore, in Chapter 4 the distance calibration factors measured
with oil- and water-immersion objective lenses as a function of the distance to the
surface are compared. This chapter also introduces a new technique for the distance
calibration using Acousto Optic Deflectors (AODs) that does not require input param-
eters such as the bead diameter or local viscous drag coefficient. This is particularly
useful in optical trapping experiments in visco-elastic media, such as dense biopoly-
mer networks. The new calibration method is compared with the one described in
Chapter 2.

The second theme is biomolecules in the context of cooperativity, where optical
traps are used to look into cooperativity in DNA melting, and cooperativity is studied
on different levels of molecular motor activity.

In Chapter 5 the optical trap is used to study DNA. DNA is labeled with the fluores-
cent dye Atto-Dino 2. The force-extension behavior changes in time after labeling, and
with different concentrations of dye are examined. The length of the DNA increases
with increasing dye concentration, providing evidence for intercalation, which pro-
ceeds slowly. At high concentrations of dye the overstretching plateau shows much
less cooperativity. The force measurements are combined with fluorescence-detected
Linear Dichroism (LD) measurements to study the cooperative overstretching transi-
tion. This combination of techniques enables us to measure how the orientation of
the dye changes with force using a single, perfectly oriented DNA molecule. At over-
stretching forces the effective angle of the dye to the macroscopic coordinate system
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changes slightly, suggesting a change in the surroundings of the dye.
Chapter 6 also focuses on cooperativity, but in different biomolecules. The liter-

ature is reviewed on both experimental evidence and theoretical models for collec-
tive effects in the working mechanism of molecular motors, on three different levels.
Between the two heads of dimeric processive motors, like kinesin-1, myosin V and
myosin VI, cooperative interaction is needed to explain processivity. In muscle thin
filaments the interaction of myosin II with actin is regulated cooperatively by acces-
sory proteins like the troponin-tropomyosin complex and the level of Ca2+ in the
cell. In muscle thick filaments, or other macroscopic structures such as axonemes,
the mechanical coupling between multiple molecular motors leads to collective dy-
namic effects. This literature study can serve as a basis for future (optical trapping)
experiments on molecular motors and cooperativity.
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CHAPTER 2. OPTICAL TRAPPING AND EXPERIMENTAL SETUP

2.1 General description of optical trapping

When light is scattered or refracted by a particle it propagates in a different direction,
and this change in direction implies that the momentum of the light has changed. Due
to Newton’s third law there is also an equally large momentum change in the opposite
direction associated with the particle. The forces exerted in this way are quite small
for one photon, but in a high photon density, for instance from a laser, it can become
significant. Optical trapping is based on this phenomenon, and the first working
optical trap was described by Ashkin and coworkers in 1986.3 Near the focus of a
converging laser beam a small, micron-sized, spherical object will experience a force
in the direction of that focus with a magnitude that is proportional to the gradient of
the light intensity. In the case of the ray-optics regime (d ≫ λ, with d the diameter
of the bead and λ the wavelength of the used laser light) this gradient force can be
understood qualitatively using a schematic drawing, as in Fig. 2.1.148

Besides the gradient force, which pulls the bead towards the focus, there is also a
scattering force component, which is in magnitude proportional to the light intensity,

a) b)

-( p + p )D D1 2

Dp2Dp1

Figure 2.1. Schematic explanation of the gradient force in the ray-optics regime on a
bead (d ≫ λ) with a larger refractive index than the solvent. In a) a bead is displaced
in the lateral direction of the optical axis. Darker shades of grey and thicker lines
represent a higher light intensity. The momentum change of the bead (indicated with
arrows originating in the center of the bead) is equal in size but opposite in direction
to the momentum change of the light. Thus the contribution of the light from the
region with higher intensity is larger than the contribution of the light from the region
with lower intensity, resulting in a net force on the bead in the direction of the largest
intensity. In b) the bead is displaced in the axial direction downstream from the focus.
The resulting net force on the bead is in the direction of the focus. A similar picture
can be drawn in the case of a bead displaced to a position upstream of the focus, also
resulting in a net force towards the focus.
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2.2. EXPERIMENTAL SETUP

and acts in the direction of propagation of the light. If the axial component of the
gradient force is larger than the scattering force a stable optical trap is created, in
which the total force balance on the bead will be zero just downstream of the focus.
The exact position of the trap on the optical axis depends on bead size and refractive
indices of bead and solvent.

In the other limit (Rayleigh regime, d ≪ λ) the trapped particle can be treated
as an induced point dipole in a (on the scale of the particle) uniform electromagnetic
field.148 There is not a good theoretical description of optical trapping in the interme-
diate regime (d ≈ λ), which is relevant for most biophysical experiments, including
those in this thesis.

2.2 Experimental setup

For the experiments described in this thesis three different setups were used with a
common general design, that is described in this section.2,175 Specific details on each
setup will be described in the following Chapters (see Sections 3.2.1, 4.2.1 and 5.2.2).
All setups are placed in temperature controlled rooms on stabilized optical tables.

A 1064 nm laser is used for trapping (see for a schematic drawing Fig. 2.2). A
Faraday isolator (FI) just after the laser prevents back reflections of the laser, to ob-
tain a more stable signal. A beam expander (BE) ensures that the beam overfills the
objective lens, so that there are enough high angle rays which contribute to the gradi-
ent force to compensate the scattering force. The beam passes through a combination
of a lambda-half plate (λ/2) and a polarizer (P1). A beam splitter cube (BS1) divides
the beam into two with perpendicular polarization directions. These beams will form
two separate optical traps in the sample. Conveniently, the exact combination of set-
tings on the lambda-half plate and the polarizer not only sets the total power that goes
into the sample without the need to change the laser settings, but also the distribution
of the power over the two traps. Both beams can be translated in the plane perpen-
dicular to the line of propagation of the light with lenses L1 and L3 of two telescope
lens systems (together with lenses L2 and L4 respectively). In this way the lateral po-
sition in the sample of both optical traps can be changed. Usually the position of the
first telescope lens in the indirect pathway (L3) is computer controlled. In one of the
setups beam expansion is achieved by choosing appropriate lenses in the telescope
system, eliminating the need of a separate beam expander. The telescope system to
move the traps in the sample can be combined with acousto-optic deflectors (AODs,
optional). The AODs can be used to make one or more extra (time-shared) optical
traps, or for fine control of the movement of the optical trap in the sample. Mirrors
(M1 and M2) are used to steer the beam in the indirect pathway to the second beam-
splitter cube (BS2). From the second beamsplitter cube both beams follow the same
optical path again. The beams are then focused in the sample by a high-numerical-
aperture water- or oil-immersion objective lens. The sample chamber consists of a
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Figure 2.2. Schematic overview of the general setup scheme used for experiments in
this thesis. The used abbreviations are explained in the main text.

microscope slide glued to a cover slip using double-sided tape or parafilm as spacer.
To prevent disturbance of the beams by air currents the complete laser pathway up to
this point is covered.

To measure forces on and displacements of the trapped object the transmitted
laser light is collected with an oil-immersion condenser lens. Light scattered by the
trapped bead interferes in the far field with the rest of the transmitted light. If the
bead is displaced from the center of the trap this interference causes a shift of the
intensity distribution in the back focal plane (BFP) of the condenser lens that depends
linearly on the displacement of the bead.68 Thus, if the BFP is imaged onto a quadrant
photo diode (QPD) with lens L5 a relative measure for the position (x , y) of the
bead in the trap can be obtained from linear combinations of the voltages from the
different quadrants. In the experiments in this thesis we measure the forces on the
bead in one of the traps. Since the two traps are created with laser light with different
polarization states we can use a polarizer (P2) and a bandpass filter to ensure that
only the trapping laser light from this measured trap reaches the QPD. The voltages
from the quadrants are processed by the differential amplifier, and x, y and total
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2.3. FORCE AND DISPLACEMENT MEASUREMENT

intensity signals are stored on a PC.
The sample is also illuminated with a visible light source. The visible light is

coupled into the condenser using a dichroic mirror (DM2). The focal plane of the
objective is imaged on a camera, which is connected to the computer. These video
images can be used to determine the distance between the beads in the two traps.

2.3 Force and displacement measurement

A good approximation of an optical trap is a three-dimensional harmonic potential
well. If a bead is displaced out of the center of the trap by a certain force, the trap will
exert an opposing, but equal force on the bead. Within a few hundred nanometers
from the center the magnitude of this force is, due to the harmonic nature of the
potential well, linearly related to the displacement out of the center. This is very useful
in quantitative optical trapping experiments. The proportionality constant between
force (F) and displacement (x) is called the trap stiffness κ (in Newton per meter,
N/m):

F = −κx . (2.1)

Thus the optical trap can be compared to a Hookian spring.

2.3.1 Trap stiffness calibration

Trap stiffness calibration has been described earlier in detail in several excellent ar-
ticles (see for example refs. 10, 69, 148). Most methods to calibrate the optical trap
stiffness are based on the Brownian motion of the bead in the trap. If the bead is free
in solution it will diffuse due to the continuous bombardment by solvent molecules.
When the bead is optically trapped a restoring force will prevent any long range
diffusion, but the bead will still move a little bit in the trap (see Fig. 2.3). The dis-
placement variance for a bead trapped with a trap stiffness κ can be derived from the
equipartition theorem:

Var(x) =
kB T

κ
, (2.2)

where kB is Boltzmann’s constant, and T temperature. This equation suggests an easy
way to determine the trap stiffness. However, in order to use it a precisely calibrated
displacement detector is needed. Moreover, the variance is often overestimated due
to low-frequency noise sources like drift in the setup.

Another way of using the well-characterized Brownian motion of a trapped bead
for calibration purposes is based on the power spectrum, that gives for each frequency
component of the signal its contribution to the total power of the signal. The equation
of motion for a bead trapped in a harmonic potential, which is subject to thermal
motion, is given by:

γ
d x

d t
+ κx = F(t), (2.3)
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Figure 2.3. Example of the Brownian motion of a bead in an optical trap in one of
the two lateral directions. On the right-hand y-axis the quadrant diode signals are
translated to nanometers (see Section 2.3.2).

with γ the viscous drag coefficient, d x/d t the velocity of the bead, and F(t) the
random, thermal force from the solvent bombardment as a function of time. Inertial
forces are neglected, because the Reynolds number is low. The power spectrum of the
Brownian motion of the trapped particle can be found from Eq. (2.3) to be Lorentzian:

Sx( f ) =
kB T

γπ2
�

f 2
c
+ f 2
� , (2.4)

where fc represents the characteristic frequency (or corner frequency) of the trap:

fc =
κ

2πγ
. (2.5)

From Equation (2.4) it can be seen that for f ≪ fc the power spectrum is roughly
constant∗:

Sx( f )≈ S0 =
4γkB T

κ2 . (2.6)

For f ≫ fc the power spectrum falls off like 1/ f 2. Figure 2.4 gives an example of an
experimentally found power spectrum. On a log-log plot the 1/ f 2 behavior for large
f of the power spectrum shows up as a straight line with slope −2. Equation (2.6)
yields another expression for the trap stiffness κ, independent of Eq. (2.5):

κ=
2kB T

πS0 fc

. (2.7)

∗In the measured power spectrum drift contributes to the low frequency range, but this part is not used
in the fitting routine, and cut off in Fig. 2.4.
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Figure 2.4. Example of an experimental power spectrum of the Brownian motion of a
trapped bead, with a fit to a Lorentzian (dashed line). In this case the corner frequency
fc was 240 Hz, which resulted in a trap stiffness of κ = 2.98 ·10−5 N/m [using Eq. (2.5)
or Eq. (2.7)]. The power spectral density is given both in V2/Hz and in nm2/Hz.

2.3.2 Distance and force calibration

In order to translate the voltages from the detector to nanometers moved by the bead
in the trap we need the distance calibration factor. The distance calibration factor can
be determined in an independent way (like the one described in Chapter 4, but others
are also possible) or from the power spectrum. The measured power spectral density
SV ( f ) is in V2/Hz. The low frequency limit S0 in Eq. (2.7) in m2/Hz is related to the
measured SV

0 via SV ( f ) = S( f )/R2, where R is the distance calibration factor in m/V.
Using Equations (2.5) and (2.7) this gives for R:

R=

È

kB T

π2γSV
0 f 2

c

. (2.8)

Note that the viscous drag coefficient needs to be known from first principles. This
will not always be the case, as bead radius, fluid viscosity and distance to the surface
are not always known. If they are, Stokes law, γ= 6πηa, applies for a spherical bead
far from the surface, where a is bead radius and η the solvent viscosity. At a distance
h of the bead center to the cover slip surface Stokes law has to be corrected for surface
effects (Faxén’s law):48,76,148

γ≈
6πηa

�

1−
9

16

�
a

h

�

+
1

8

�
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h

�3

−
45

256

�
a

h

�4

−
1

16

�
a

h

�5� . (2.9)
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Due to these surface effects the viscous drag coefficient will increase dramatically very
close to the surface (h∼ a).

The distance in nanometers can be translated to forces exerted on the bead in
the trap using Eq.(2.1) and the stiffness κ as found with Eqs.(2.5) or (2.7). In order
to use Eq.(2.5) one needs to know the viscous drag coefficient from first principles,
which will not necessarily always be the case. In order to use Eq.(2.7) S0 has to be
in m2/Hz, and therefore an independent distance calibration is needed in those cases
where γ is not known, for instance the one described in Chapter 4.

2.3.3 Calibration close to the surface

Some biophysical single-molecule experiments with optical traps are performed very
close to the cover slip surface. Examples are for instance the one- and three-bead
assays to study molecular motors. For these quantitative experiments the trap stiffness
and distance calibration factor are preferably determined with the same bead at the
same position as in the actual experiment. However, this close to the surface a few
effects have to be taken into account. As noted above the boundary effects cause the
viscous drag to increase dramatically close to the surface [Eq. (2.9)]. This means
that the distance from the center of the bead to the surface has to be determined very
accurately. However, when using an oil-immersion objective lens the distance traveled
by the objective lens or the microscope stage (to change the z-position of the trap in
the sample) is not the same as the actual distance traveled by the focus in the sample
due to a refractive index mismatch between the immersion oil and glass cover slip on
one hand, and the watery sample on the other hand (see Chapter 3 for a formula to
correct for this effect). The refractive index mismatch when using an oil-immersion
objective also causes spherical aberration. This widening (in lateral direction) and
elongation (in the direction of the propagation of the light) of the focus causes a
depth dependence of both the trap stiffness and the distance calibration factor. These
depth dependencies are described in more detail in Chapters 3 and 4 of this thesis, and
demonstrate the need for calibration at the same position in the sample with the same
beads as the actual experiments. For setups that employ a water-immersion objective
lens, like the one that is used in Chapter 5, spherical aberration and refraction are not
a problem. Those traps can in principle be calibrated far from the surface (to avoid
the surface effects for the viscous drag coefficient) and then moved to a position close
to the surface for the actual experiment, if necessary.
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Optical trap stiffness in the

presence and absence of

spherical aberrations
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Optical traps are commonly constructed using high numerical aperture objectives.
Oil-immersion objectives suffer from spherical aberrations, when used for imaging in
aqueous solutions. The effect of spherical aberrations on trapping strength has been
modeled by approximation, and only few experimental results are available in the
case of micron-sized particles. We present here an experimental study of the depen-
dence of lateral and axial optical-trap stiffness on focusing depth for polystyrene and
silica beads of 2 µm diameter using oil- and water-immersion objectives. We demon-
strate a strong depth dependence of trap stiffness with the oil-immersion objective,
whereas no depth dependence was observed with the water-immersion objective.
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CHAPTER 3. TRAP STIFFNESS CALIBRATION

3.1 Introduction

In 1986, Ashkin et al. first demonstrated laser optical trapping,3 which can be used
to apply piconewton forces to micrometer-sized refractile particles when positioned
within tens of nanometers of a diffraction-limited laser focus. These force and dis-
placement magnitudes make the technique well suited for single-molecule studies.
Typically, silica or polystyrene beads of diameters between 100 nm and 10 µm are
trapped and used as handles to manipulate proteins or macromolecules (see e.g.
refs. 36, 37, 50, 112, 114, 130, 141, 149, 160, 166, 176). A single-beam optical trap
requires a highly convergent laser beam focused into a sample chamber. This calls for
an objective with a high numerical aperture (NA). Oil-immersion objectives are often
preferred for this purpose.

When an oil-immersion objective is used for trapping in aqueous solutions, spher-
ical aberration occurs [see Fig. 3.1(a)] because of the refractive index mismatch be-
tween oil and cover slip (n ≈ 1.55), and water (n ≈ 1.33). Rays at a large angle
to the optical axis, originating from the outer ring of the objective pupil, are focused
closer to the cover slip surface than small-angle rays, originating from the central part
of the pupil. Spherical aberration thus causes the focus to be smeared out and the
maximum light intensity in the focus to decrease with increasing distance from the
glass surface. As a result, the trap stiffness (κ) decreases. Since trapping involves a
competition between (dissipative) scattering and (conservative) gradient components
of the force,3 widening of the focus will make the trap instable at some distance from
the surface which will depend on the bead material. In contrast to oil-immersion
objectives, water-immersion objectives do not suffer from spherical aberrations when
used to focus into a watery environment [see Fig. 3.1(b)]. Thus it is expected that
trap stiffness will not depend on the distance of the bead to the surface when using a
water-immersion objective.24

In most optical trapping experiments it is important to know the exact trap stiff-
ness to be able to quantify forces. It is therefore essential to know the full dependence
of the optical-trap stiffness on the distance to the surface. The depth dependence of
the trap stiffness due to spherical aberration is discussed in two recent theoretical pa-
pers in which different approximations are described. Rohrbach and Stelzer132 give
a detailed analysis of the trap stiffness in the presence of spherical aberrations based
on the propagation of electromagnetic waves. Their treatment is valid for beads up to
a diameter of approximately one wavelength. Fällman and Axner47 give an analysis
of trapping force for micrometer-sized beads by using ray-tracing. This bead size is
used in many single-molecule studies.36,37,50,112,114,130,160 Their approach, however,
is maybe more relevant for slightly larger beads, and discusses only the axial and
not the lateral trap stiffness. The latter is most often relevant in experiments. Some
experimental data is available to compare to the theoretical predictions,20,49,53,64,174

but these studies mostly deal with bead sizes smaller than or comparable to the wave-
length of the light used for trapping.
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In this paper we explore the dependence of lateral and axial trap stiffness for
beads of about 2 µm in diameter on the distance to the surface in the presence and
absence of spherical aberration for two commonly used bead materials, polystyrene
and silica. We reconfirm that the trap stiffness when a water-immersion objective is
used is independent of the distance to the surface. Using this feature we explore the
changes in the viscous drag coefficient near the cover slip surface due to boundary
effects, and use this as a method to determine the distance of the bead to the surface.

Figure 3.1. (a) Ray-optics sketch of a beam focused into water with an oil-immersion
objective through a glass-water interface. Spherical aberration occurring at the glass-
water interface produces an elongated focus with rays at critical angle for total internal
reflection remaining at the surface. Rays with a small angle to the optical axis are fo-
cused deeper in the sample than rays with a larger angle to the optical axis. Dotted
lines indicate where the focal point would have been in the absence of spherical aberra-
tions (matching refractive indices). (b) When a water-immersion objective is used, the
beam is refracted both at the water-glass and the glass-water interface, resulting in an
undistorted focus, even at large distances from the surface.
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CHAPTER 3. TRAP STIFFNESS CALIBRATION

3.2 Materials and methods

3.2.1 Experimental setup and sample preparation

Two different setups, described in more detail elsewhere,2,125,175 were used, both in
a standard single-beam optical-trapping configuration. The first uses a water-immer-
sion objective (60×, Nikon Plan Apo, NA of 1.2) with a back aperture 9 mm to focus
a 1064 nm laser beam (Millenia IR, Nd:YVO4, 10W cw, Spectra-Physics, Mountain
View CA) into the sample chamber. Just before entering the objective, the beam was
11.5 mm with an approximately top-hat shape and a power of 320 mW. A quadrant
photodiode (UDT Sensors, Inc., Hawthorne, CA) placed in a position conjugate to the
back focal plane (BFP) of the condenser that collects the laser light downstream from
the trap, was used to detect the position (x , y) of the bead in the plane normal to the
optical axis.68

The second setup uses an oil-immersion objective (100×, Zeiss Neofluar, NA of
1.3) with a back aperture of 4.2 mm to focus a 1064 nm laser (Nd:YAG, 4W cw, Com-
pass 1064-4000M, Coherent, Santa Clara CA) into the sample chamber. Just before
entering the objective the beam was a Gaussian with 3.9 mm FWHM, and had a power
of 200 mW. A quadrant photo diode (YAG444-4A, Perkin Elmer, Vaudreuil, Canada),
again back-focal-plane conjugate, was used to measure the lateral position of the bead
in the trap. A piezo-controlled stage (Nano-LP-100, Mad City Labs, Madison WI) was
used to move the sample with respect to the trap.

We measured the axial position of the bead in both setups by monitoring the total
intensity recorded by the quadrant diode. Axial fluctuations modulate by interference
the total amount of light collected with a finite aperture, and, in a range of the order of
1 µm around the focus, total intensity change is proportional to axial displacement.127

For both setups the signals of the quadrant photodiode were processed and ampli-
fied by custom-built analog electronics, then digitized by a 200 kHz analog-to-digital
converter (AD16/ChicoPlus, Innovative Integration, Simi Valley, CA), processed and
saved to file with custom-designed software (LabVIEW, National Instruments, Austin,
TX). Data recorded included the x- and the y-displacement signals of the bead in the
trap and the averaged total light intensity on the quadrant photodiode. In the case
of the setup with the oil-immersion objective, the z-position of the piezo-controlled
stage was also stored.

Sample chambers with an inner height of approximately 125 µm were constructed
with 2 parallel strips of parafilm as spacers between a microscope slide (Menzel-Glä-
ser, Braunschweig, Germany) and a coverslip (#1.5, 0.16-0.19 mm, Menzel-Gläser).
To seal the cover slip to the slide, the construct was lightly compressed under a 90◦C
heat block for 15-20 minutes. Bead samples were prepared by diluting polystyrene
beads with 2.17 µm diameter (0.5% weight/volume (w/v) Spherotech Inc., Liber-
tyville, IL) and silica beads with 2.1 µm diameter (10% w/v, Bangs Laboratories Inc.,
Fishers, IN) 25,000 to 40,000 times in demineralized water.
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3.2.2 Measurement protocol

An experiment consisted of the determination of the position of the coverslip surface,
recording of displacement fluctuation data at different distances to the surface, and
the subsequent determination of trap stiffness.

We started each series of measurements by determining the position of the center
of the bead relative to the surface. In the setup with the water-immersion objective
we used the reflection of the laser light from the coverslip-water interface to deter-
mine the zero position. When the focal plane of the laser is imaged onto the camera
(trap and image parfocal), the reflected small fraction of the laser beam will produce
the smallest laser spot on the camera when the reflecting surface reaches the focus.
Starting from this point, we varied the distance of the focus to the coverslip by mov-
ing the stage with a differential micrometer with a readout resolution of 100 nm. In
practice, the bead will be trapped slightly beyond the focus of the beam. This offset
error in the distance was determined and corrected in the data analysis procedure
(see Section 3.3).

In the setup with the oil-immersion objective, we determined the position of the
piezo stage at which the bead touched the surface (distance to surface equals the
bead radius) by driving the z-direction of the piezo-controlled stage externally with
a 0.033 Hz triangular voltage. When the bead touched the surface the total intensity
on the quadrant diode abruptly started to change.101 The corresponding position of
the piezo stage was determined in LabVIEW. Repeated measurements and averaging
provided a measurement of surface position with a typical standard error of the mean
(s.e.m.) of±25 nm. We changed the distance of the bead to the surface by moving the
sample with the piezo stage that was controlled in LabVIEW. Since the position of the
focus will change due to refraction and spherical aberrations, the actual distance of
trapping position to surface, hbead , will be somewhat smaller than the amount moved
by the stage, hpiezo, when moving the surface away from the the oil-immersion objec-
tive. The refraction effect can be approximated by using a small-angle correction:47

hbead =
nw

ng

hpiezo, (3.1)

where nw and ng are the refractive indices of water and glass respectively. A more
accurate approximation is in principle possible,117,170 but the difference between the
results is below our experimental error margin. Additionally we ignored the fact that
not only the position of the focus, but also the position of the potential minimum for
trapping is changed by spherical aberrations because the balance between scattering
and gradient forces changes.117

After determining the position of the surface, we increased the distance between
the bead and the surface stepwise, starting from the surface, collecting bead-position
fluctuation data every 0.5 µm at distances smaller than 10 µm, every 1.0 µm at
distances between 10 and 20 µm, every 2.0 µm at distances between 20 and 40 µm,
and (only for the water-immersion objective) every 5.0 µm at distances to the surface
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larger than 40 µm. Note that these steps in distance refer to the physical movement
of the stage or the objective. The actual distances were calculated using Eq. (3.1)
when the oil-immersion objective was used. At a given distance to the surface, the
Brownian motion of the bead was recorded for at least 15 s at a sampling rate of
20 kHz.

Because trap stiffness is linearly dependent on the light intensity, small changes
in light intensity between different measurement series were corrected in the data
analysis process by use of the measured total light intensity on the quadrant diode to
scale the data sets to an average intensity.

3.2.3 Data evaluation

A LabVIEW program was used to fit the power spectral density S( f ) of the displace-
ment time series data to a Lorentzian, S( f ) = S0 f 2

c
/( f 2

c
+ f 2) (see Fig. 3.2). The

corner frequency fc of this Lorentzian determines the trap stiffness κ:68,69,148

κ= 2πγ fc , (3.2)

where γ is the viscous drag coefficient for a bead with radius a in a fluid with viscosity
η. At large distances from the surface the drag coefficient is given by Stokes’s law:
γ = 6πηa. Close to the surface, the viscous drag coefficient increases according to
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Figure 3.2. Measured power spectral density (solid curve) of the thermal position
fluctuations of a 2.1 µm silica bead in water, measured with a sample rate of 20 kHz
for 15 s and smoothed by logarithmic binning. A Lorentzian (dashed curve) is fitted to
the data. The left-hand axis is labeled in units of volts squared per hertz; the right-hand
axis in nanometers squared per hertz with a detector response factor R of 7.45× 10−8
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Faxén’s law:48,76
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where h is the distance of the center of the bead to the cover slip surface. This
approximation is valid in the proximity of one wall, in this case the coverslip surface,
as long as a ≪ h. During our experiments the beads were always more than 70 µm
away from the second surface, the microscope slide. Its contribution could therefore
be neglected. Note that this method to determine the trap stiffness does not require
a calibration of the photodiode signal measured in volts to actual displacement in
nanometers, but it is dependent on having an accurate value for the viscous drag that
changes strongly in the vicinity of the surface. The result is therefore dependent on
an accurate distance measurement.

To check both the applicability of Faxén’s law and the accuracy of the distance
measurement, we used a second method to determine trap stiffness in the case of
the water-immersion objective. This (variance) method consisted of calculating the
total mean-square displacement of the bead in the trap that, by equipartition, directly
yields trap stiffness without the need to know the local viscous drag coefficient:148

〈x2(m2)〉=
kB T

κ
. (3.4)

In this case knowledge of the calibration factor R of the detector, relating photodiode
voltage to actual distance moved, is required. R also relates the power spectral density
S( f ) in nanometers squared per hertz to SV ( f ) the power spectral density in volts
squared per hertz by means of SV ( f ) = S( f )/R2. We calculate R from the high-
frequency part of the power spectral density by using

lim
︸︷︷︸

f≫ fc

f 2SV ( f ) = f 2
c

SV
0

provided γ is known, as:69

R(m/V) =

È

kB T

π2γ f 2
c

SV
0

. (3.5)

We determined and averaged R from several measurements with bead-surface dis-
tances larger than 20 bead radii. At these large distances γ is essentially independent
of the distance to the cover slip. We assume R does not change with distance to
the surface when using the water-immersion objective because there are no spheri-
cal aberrations present. In that case internally consistent results are the a posteriori

justification of this assumption.
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Figure 3.3. (a) Dependence of the corner frequency of the Lorentzian fit to the power
spectral density on the distance between bead and glass surface. A dataset is shown for
a silica bead, 2.1 µm in diameter, trapped with the water-immersion objective. Open
circles are the corner frequency fc (right-hand axis), closed circles 1/ fc (left-hand axis).
We fitted Faxén’s law [Equation (3.3)] to 1/ fc with two free fitting parameters: the
large-distance limit, and an offset of the distance axis. (b) Residuals of the fit.

3.3 Results

Figure 3.3 shows how the corner frequency fc of the lateral Brownian motion of a
trapped bead increases when we are trapping deeper in the sample chamber (open
symbols). Here we used the water-immersion objective. Since spherical aberration
should not occur in this case, we expect the variation in fc to stem entirely from
the dependence of the drag coefficient on the distance to the surface [Faxén’s law,
Eq. (3.3)]. Consistent with this expectation, the change occurs within a few bead
diameters from the surface, and fc remains approximately constant at larger distances
(> 10a). To quantitatively verify this hypothesis, we fitted Faxén’s law to the inverse
of fc (Fig. 3.3) with two fitting parameters, the large-distance limit and a distance
correction ∆h to compensate for the trap-focus offset and a possible error in the
surface position measurement. The sum of these two corrections can be accurately
determined by the fit because of the rapid change of the drag coefficient near the
surface. The total correction of distance ∆h was approximately 0.28 ± 0.20 µm
(s.e.m.). We found good agreement between the experimental data and Faxén’s law
[Fig. 3.3(b), residuals plot]. Figure 3.4 shows the quality of the fit in a different way,
by plotting the average of multiple data sets of lateral trap stiffness for both silica
(circles) and polystyrene beads (squares), derived from measured fc values by means
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of Eq. (3.2) (closed symbols). We used the corrected distance h+ ∆h to calculate
the drag coefficient needed in Eq. (3.2). For comparison, Fig. 3.4 also shows trap
stiffness as found with the variance method (open symbols), which is not affected
by the variation of the drag coefficient near the surface. We found agreement within
measurement errors between the two results. The spread in trap stiffness over the
complete distance range was 5%-7%, whereas the estimated error per data point is
on the order of a few percent. Comparing beads of different material, but same
size, we found that the trap stiffness of polystyrene is more than twice that of silica
(Fig. 3.4). A higher trap stiffness for polystyrene was expected from the index of
refraction difference between the two materials.
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Figure 3.4. Lateral trap stiffness as a function of the distance to the glass surface
for silica beads (2.1 µm diameter, circles), and polystyrene beads (2.17 µm diame-
ter, squares), trapped by the water-immersion objective. Closed symbols represent the
results of the corner-frequency analysis; open symbols represent the results of the vari-
ance analysis. Each point in the graph is the average of at least two separate measure-
ments.

In summary, these results confirm in an internally consistent manner that (i)
Faxén’s law is applicable for the increase of viscous drag near the surface, (ii) for
the water-immersion objective the calibration factor R for the detector measured at
large distance is valid for all distances, and (iii) trap stiffness κ is independent of the
focusing depth for the water-immersion objective.

Figure 3.5 shows the measured depth dependence of the lateral trap stiffness with
the oil-immersion objective, i.e., in the presence of spherical aberrations, for both
silica and polystyrene beads. We used Faxén’s law directly to calculate γ, using the
distance to the surface measured and refraction corrected as described in Section 3.2.
As seen with the water-immersion objective, the trap stiffness for polystyrene beads
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Figure 3.5. Lateral trap stiffness as a function of the distance to the glass surface
for silica beads (2.1 µm diameter, circles), and polystyrene beads (2.17 µm diameter,
squares), trapped with the oil-immersion objective. Trap stiffness was determined with
the corner frequency method. Data points in the graph are averages over multiple data
sets. Error bars are calculated from uncertainties in bead radius and distance. Error bars
are larger close to the surface because of the strong dependence of Faxén’s law on bead
radius and distance in this region. The distance of the bead to the surface is smaller
than the distance traveled by the piezo stage because of refraction. We approximately
corrected for this effect by using Eq. (3.1).
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Figure 3.6. Examples of the axial trap stiffness as a function of the distance between
bead and glass surface for silica beads (2.1 µm diameter, circles), and polystyrene beads
(2.17 µm diameter, squares), trapped with the oil-immersion objective. Trap stiffness
was determined with the corner-frequency method. Data were taken under different
conditions and only the relative changes in trap stiffnesses are compared by normalizing
the curves to 1 at a distance of 10 µm.

was more than twice that for silica beads of approximately the same size. Figure 3.5
clearly shows a continuing decrease of the optical trap stiffness with increasing dis-
tance to the surface. At very small distances the error margins on the data increase,
due to the strong dependence of the viscous drag coefficient correction on bead radius
and distance [Eq. (3.3)].

Axial trap stiffness is predicted to change even more drastically than lateral trap
stiffness.132 We used the corner-frequency method to qualitatively determine the de-
pendence of the axial trap stiffness on the distance to the coverslip surface (Fig. 3.6).
The data, which are noisier because the setup was mainly designed and optimized
to measure lateral trap stiffness, was normalized to 1 at a distance of 10 µm to
the surface for both datasets. The axial trap stiffness decreases with increasing dis-
tance to the surface, and this decrease follows approximately the same trend for both
bead materials. For the water-immersion objective we did not observe a depth de-
pendence for the axial trap stiffness, as expected (data not shown). The ratio was
κz, silica/κz, polystyrene = 0.45 ± 0.02, comparable with the ratios for these two mate-
rials in the lateral direction as determined with both the water- and oil-immersion
objectives.
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3.4 Discussion

The results in Figs. 3.3 and 3.4 of the measurements with the water-immersion objec-
tive are in agreement with theoretical expectation (see Fig. 3.1) and the experimental
results of Capitanio et al.24 For the oil-immersion objective, high-angle rays will in-
creasingly remain behind the main focus when focusing deeper into the lower-index
medium, with the limiting rays that are just at the critical angle for total internal re-
flection always remaining close to the interface (see Fig. 3.1). The focus will roughly
maintain its lateral cross-sectional shape, but will be smeared out in the axial direc-
tion with the maximum of intensity at the far end from the surface.171 The trap will
thus loose more and more high-angle rays which contribute strongly to the gradi-
ent force. We observed a monotonic decrease of trap stiffness for our 2 µm beads,
consistent with expectation (see Fig. 3.5). We found in this study that the lateral
trap stiffness rapidly decayed close to the surface and showed a more gradual de-
crease further away. The experimental results of both Ghislain et al.64 and Felgner
et al.49 for the lateral trap stiffness and trapping efficiency Q, respectively, for 1 µm
polystyrene beads as a function of the distance also indicated a qualitatively similar
behavior. The lateral trap stiffness for beads larger than the laser wavelength in the
presence of spherical aberrations has not been calculated.

3.4.1 Modeling of lateral trap stiffness

As a simple approximation we use the fact that the shape of the focus is hardly chang-
ing in the lateral direction and estimate the lateral trap stiffness as proportional to
the light intensity near the maximum of the smeared focus, axially integrated over
a bead radius. Wiersma et al.171 provide a detailed analysis of the interference pat-
terns that occur in axial direction when the focus is distorted because of spherical
aberrations occurring at a plane interface with index mismatch. They also present a
simple stationary-phase approximation for the axial distribution of the focused light
[their Eq. (20)]. We used this approximation to estimate the fraction of the total
light intensity that interacts with a bead in the focus of the trap at different distances
from the interface (see Fig. 3.7). The stationary-phase approximation is valid be-
tween the so-called paraxial and marginal shadow boundaries, where rays from the
central and outermost parts of the objective pupil are focused, respectively, according
to ray optics. The paraxial shadow boundary is equal to the location of the focus after
taking into account refraction [Eq. (3.1)]. We integrated the axial intensity distri-
bution over a bead radius from the paraxial shadow boundary towards the surface
and divided the result by the integral of the total axial intensity distribution between
both shadow boundaries. Figure 3.7 shows relatively good correspondence between
the thus-estimated trap stiffness and our data for silica beads, which were scaled to
match the theoretical curve at the largest measured distances. The theoretical curve,
because of the normalization by the total intensity, extrapolates to 100% at the sur-
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Figure 3.7. Comparison of an approximate model with measured trap stiffnesses for
silica beads (2.1 µm diameter, circles), and polystyrene beads (2.17 µm diameter,
squares) trapped with the oil-immersion objective (see text). In this model light in-
tensity on the bead is a measure for trap stiffness. The experimental data are scaled
to fit to the theoretical curve at large distances. Distance to the surface was calculated
from stage displacement using Eq. (3.1).

face. The measured trap stiffness, normalized to theory at large distances, reaches
larger values close to the interface for silica beads. This is likely due to the lack of
accuracy of our approximation. Furthermore, the theoretical curve lies systematically
above the data for intermediate distances. This is most likely explained by the fact
that we assumed that all light contributes equally to the optical gradient force and
thereby the trap stiffness. High-angle rays, in fact, contribute more than paraxial
rays, and the former are rapidly lost from the focal intensity maximum because of
aberration when focusing deeper into the water.

For polystyrene beads the mismatch between theoretical curve and data is more
pronounced (Fig. 3.7). This is not unexpected because our treatment implicitly as-
sumes that the field distributions are not influenced by the presence of the bead
(Raleigh-Debye approximation). Although this is a reasonable assumption for sil-
ica beads (index ratio 1.38/1.33 = 1.04), it is less valid for polystyrene beads (index
ratio 1.5/1.33 = 1.13).

3.4.2 Axial trap stiffness

In the axial direction one might expect a larger decrease in the trap stiffness than in
the lateral direction, because the peak light intensity decreases, and spherical aber-
rations alter the shape of the focus more in the axial than in the lateral direction.
However, we observed an about 3-fold decrease in trap stiffness for polystyrene beads
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when focusing at 25 µm distance from the surface, comparable to the decrease ob-
served in the lateral stiffness. Experimental data from Wright et al.174 and Felgner
et al.49 show a similar depth dependence of the axial trapping efficiency Q, both in
magnitude and in shape. In Felgner et al.49 the silica beads were in the same size
range (diameters of 2.70 and 1.20 µm) as the beads we use. For these beads the
decrease in Qax was also threefold to fourfold when focusing at 25 µm distance from
the surface. Wright et al.174 uses smaller silica beads (diameter of 1 µm), but this
study contains only a small number of data points, and the maximum distance be-
tween bead and glass surface was 12 µm. The study of Ghislain et al.64 contains
too few data points in the axial direction to determine a trend in the data. Fällman
and Axner calculated the depth dependence of the axial trap stiffness theoretically for
beads in the micrometer size range.47 They predict a slightly larger decrease in trap
stiffness over the distance range up to a distance of 10 bead radii than what we find
but qualitatively our data agree with their calculations.

3.5 Conclusions

We have quantitatively mapped out the effect of spherical aberration on an optical
trap formed in a watery solution by an oil-immersion objective. Our data can be
explained by a simple model based on the loss of intensity in the focus, albeit that
the agreement is closer for silica than for polystyrene beads. A better model for
the lateral stiffness of the trap for beads larger than the trapping wavelength is still
needed. When using a water-immersion objective, i.e., in the absence of spherical
aberrations, the lateral trap stiffness was independent of the distance to the surface,
as expected. We have shown this independency can be used to precisely determine
the distance of the bead to the surface.

When water- and oil-immersion objective data are compared, it is seen that the
advantage of a water-immersion objective is that trap stiffness is maintained even at
large distances from the surface. An oil-immersion objective, however, traps stronger
very close to the surface, and is necessary, for example, in some single-molecule fluo-
rescence techniques.
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Chapter 4

Calibrating bead displacements

in optical tweezers using

acousto-optic deflectors
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Displacements of optically trapped particles are often recorded using back-focal-plane
interferometry. In order to calibrate the detector signals to displacements of the
trapped object, several approaches are available. One often relies either on scanning
a fixed bead across the waist of the laser beam, or on analyzing the power spectrum of
movements of the trapped bead. Here, we introduce an alternative method to perform
this calibration. The method consists of very rapidly scanning the laser beam across
the solvent-immersed, trapped bead using acousto-optic deflectors while recording
the detector signals. It does not require any knowledge of solvent viscosity and bead
diameter, and works in all types of samples, viscous or visco-elastic. Moreover, it is
performed with the same bead as that used in the actual experiment. This represents
marked advantages over established methods.

∗Karen Vermeulen and Joost van Mameren contributed equally to this chapter.
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4.1 Introduction

The optical trap3 has become an important and versatile tool in biophysics.21,118 In
many experiments trapped beads serve as handles for proteins, cytoskeletal filaments
or DNA. In other applications trapped particles are immersed in polymer networks to
perform (micro)rheology, or are used to manipulate cells (see e.g. refs. 1, 50, 135,
141, 149, 154, 155, 166, 176). The displacement of a bead in a trap is a measure of
the forces working on it, and can report on the viscous and elastic properties of what
is attached to the bead or surrounds it.67,107 Bead movement is often detected using
back focal plane (BFP) interferometry.2,68 In this method, the intensity distribution of
the trapping laser in the BFP of the condenser (typically) used to collect the laser light
downstream from the trap is imaged on a quadrant photo diode (QPD). The normal-
ized difference signals from the quadrants depend linearly on the lateral displacement
of the bead in the plane normal to the optical axis close to the trap center.
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Figure 4.1. Schematic sketch of the detector calibration method. The trapping laser
is periodically scanned across the bead for short periods of time (∼1 ms) over known
distances (∼1-3 µm), while a quadrant photo diode (QPD) detects the response to the
position change relative to the bead.
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In order to relate the voltage output of the detector electronics to displacements
and forces, the detector has to be calibrated accurately and the trap stiffness has to be
determined. A widely used method to measure the detector calibration factor consists
of moving a fixed bead over a known distance across the laser beam waist, while
recording the signals from the QPD.2,20,53,64 Apart from the advantage of a direct
measurement, this method also has several disadvantages: (i) calibration is usually
not performed with the same bead and not at the same position in the sample as the
actual experiment, the latter being especially important when the focus gets distorted
with increasing distance from the surface due to spherical aberration (see Chapter 3
and ref. 175); (ii) it is critical, but difficult in practice, to position the fixed calibration
bead correctly with respect to the laser in x, y and z directions; and (iii) the proximity
of the cover slip could influence the measured response.

One can also determine the calibration factor from the power spectral density
(PSD) of the Brownian motion of a bead confined by the trap in a viscous fluid.10,148

If bead diameter, fluid viscosity and temperature are known, the PSD of Brownian mo-
tion is exactly predictable and can be used to calibrate the measured displacements of
the bead in the trap. Although this method is less direct than the one described above,
it has the advantage that the same bead can be used for calibration and experiment if
one works in a purely viscous medium, and that one can calibrate at the very position
in the sample where the experiment takes place. However, this method depends on
the precise knowledge of the bead diameter, temperature and the local viscous drag
coefficient. The latter is often not well known when trapping near a surface, or when
heating of the solvent by the laser changes temperature and viscosity.125

We have developed a new method to determine detector calibration factors di-
rectly and in all types of samples. Using acousto-optic deflectors (AODs), we scan
the trapping laser rapidly across the bead, such that the bead cannot follow the trap
(see Fig. 4.1). After a few oscillation periods, the laser is held stationary for a fixed
time to allow the bead to relax into the potential minimum again before the next
burst of oscillations. A pair of orthogonal AODs allows us to calibrate the detector
response in two directions, normal to the optical axis. This method is related to the
first method described above, but by moving the laser instead of the bead, the calibra-
tion can be directly integrated into most experiments. This avoids problems of bead
polydispersity, location of the trap in the sample or the bead in the trap. Furthermore,
knowledge of exact bead diameter or local viscosity is not required. The latter can be
useful in, for example, trapping experiments in visco-elastic media.107

Our calibration approach is different from the one introduced recently by Lang
et al.,101 in which AODs were used to move the bead with the trapping laser while
measuring the detector response with a second, weaker detection laser. That method
will not work when the bead cannot be freely moved in the sample, in for instance
dense visco-elastic media or with beads attached to cells. An AOD-based laser scan-
ning scheme has also been used to create a line trap.116 In the specific case of a line
trap, the position of a trapped bead along the scanning direction can be measured
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directly.

Here, we compare our method to that using the power spectrum. We verified that
the results of our method do not depend on the details of the laser scanning. We also
show that the calibration factor strongly depends on the distance of the bead to the
surface when a refractive index mismatch at the surface distorts the shape and size of
the focus due to spherical aberration. This effect is directly related to the decrease of
trap stiffness due to spherical aberration, when using an oil-immersion objective (see
also Chapter 3 and Refs. 20,49,53,64,174).

4.2 Methods

4.2.1 Experimental setup

The experiments were performed in a custom-built inverted microscope as depicted
in Fig. 4.2. A Nd:YVO4 laser (1064 nm 10W cw, Millennia IR, Spectra Physics, Moun-
tain View, CA), directed through a Faraday isolator (IO-3-λ-VHP, Optics For Research,
Caldwell, NJ) and expanded by a beam expander (2-8×, Linos Photonics GmbH &
Co.KG, Göttingen, Germany), was used for trapping. A 1:1 telescope system was im-
plemented for coarse beam steering in the sample.148 Two orthogonal AODs (DTD
276HD6, IntraAction, Bellwood, IL) were placed just before this telescope. The
first-order deflected beam in both directions was then coupled via a dichroic mirror
(1020dclp, Chroma Tech Corp., Rockingham, VT) into a 60× water-immersion objec-
tive (Plan Apo 60×/NA=1.20 WI, Nikon), or alternatively, for depth dependence ex-
periments, into a 100× oil-immersion objective (Plan Fluor 100×/NA=1.30, Nikon).
Here, we characterize this calibration method in one of the two scanning directions
available with our AODs, yet the method can be readily extended to two-dimensional
calibration of the detector response. For displacement detection, the intensity profile
in the back-focal plane of the condenser (Achr-Apl N, NA=1.4, Nikon) was imaged
onto a QPD (YAG444-4A, Perkin Elmer, Vaudreuil, Canada).68 We used this special
purpose p-type, silicon QPD, operated at a reverse bias voltage of 100 V, to avoid
suppression of high-frequency signals.126

For fine control of the sample surface with respect to the trap, a piezo stage (P-
517.3CL Physik Instrumente, Karlsruhe/Palmbach, Germany) and a digital piezo con-
troller (E-710.4CL, Physik Instrumente) were used.

To rapidly steer the laser trap using the AODs, we used a voltage-controlled oscil-
lator (VCO, model AA.DRF.40, AA Opto-Electronics, St. Remy les Chevreuse, France)
as the source for the RF signal that drives the AODs (see Fig. 4.2). The gated, trian-
gular wave output of a function generator (LFG-1310, Leader, Cypress, CA) was used
as input for the VCO, as detailed in the next section. The gate signal for the function
generator was computer-controlled using a PC interface board (NI PCI-6221, National
Instruments, Austin, TX).

38



4.2. METHODS

CCD-
camera

Sample

Objective

Condenser

DM

Beam
steering

BE AOD

QPD

LED

1064 nm
laser

VCO

RF out

Mod in

Function
generator

Gate in

(Amplified) response signals

FI

Figure 4.2. Experimental setup. The 1064 nm laser beam, directed through a Faraday
isolator (FI) and a beam expander (BE), can be deflected in two directions by a set of
acousto-optic deflectors (AODs). The radio frequency (RF) input signal for the AOD
crystal is generated by a voltage-controlled oscillator (VCO). The modulation signal for
the VCO is a triangular wave generated by a function generator, gated in turn by a TTL
signal from a computer. The laser beam is coupled via a dichroic mirror (DM) into
either a 60× water-immersion or a 100× oil-immersion objective which focuses the
laser into the sample. The transmitted light through the sample is then collected by a
condenser, the back focal plane of which is imaged onto a quadrant photo diode (QPD)
with one additional lens. Signals from the QPD and the modulation signal from the
function generator are recorded by the computer. A blue LED illuminates the sample,
the image of which is collected by a CCD camera.

The displacement of the trap in the sample chamber as a function of the in-
put voltage on the VCO was characterized using a continuous 5 kHz square wave
as input for the VCO to generate two (time-shared) optical traps. Two beads were
held in these traps and their microscope image was digitized using a frame grabber
board (IMAQ PCI-1409, National Instruments). With a LabVIEW program employ-
ing template-directed pattern matching we measured the distance between the two
trapped beads as a function of the peak-to-peak voltage of the input signal. Figure 4.3
shows the trap displacement as a function of the input voltage on the VCO when using
the 60× water-immersion objective. The relation is linear, as expected, and its slope
is independent of the distance to the surface. The same measurement was performed
with the 100× oil-immersion objective. Also in this case the slope did not depend
on the distance to the surface. The ratio of the slopes found with the oil- and water-
immersion objectives is consistent with the ratio of the magnification factors of the
two objectives.
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Figure 4.3. Dependence of the displacement of the trap in the sample on the input
modulation voltage to the VCO (5 kHz square wave from a function generator). The
distance between the beads in the two time-shared traps is plotted as a function of VCO
square wave amplitude. A straight line fit is shown [fit parameters: y = (15.3±0.2)x+
0.0± 0.1].

4.2.2 Experimental procedures

Beads (silica, 0.906 µm diameter, Kisker, Steinfurt, Germany) were diluted in deion-
ized water to a final concentration of 2.5×10−5%(w/v) and infused into a sample
chamber made from a cover slip and a microscope slide glued together with two nar-
row strips of double-stick tape. Except when noted otherwise, all measurements were
performed at 10 µm distance from the surface, a position at which the viscous drag
coefficient for beads of this size is hardly influenced by the surface. The x , y and
total intensity signals of the QPD, as well as the input signal of the VCO, which can be
related to the position of the optical trap, were recorded for 3 seconds at a sampling
rate of 195 kHz using a data acquisition board (AD16 module on a ChicoPlus PCI
board, Innovative Integration, Simi Valley, CA).

The triangular-wave input signal of the VCO was gated on for about 1 ms within
a total cycle of 100 ms. During this 1 ms period the laser was swept at an oscillation
frequency of 5 kHz across the bead 12 times (6 full periods), after which the trap
remained stationary for 99 ms. In most experiments, the corner frequency of the trap
(which is a measure for the trap stiffness, see Chapter 2) was 300 Hz. With each data
set, we also performed the same routine without a trapped bead, i.e. we recorded
QPD signals immediately after releasing the bead from the trap in order to detect the
small, but reproducible bead-independent signal on the QPD produced by the AOD
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sweep itself, which was then used to correct the data with bead. We have found the
slope of this signal to be independent of most experimental parameters; hence, it
needs to be characterized only once to enable offline correction. To exclude effects of
polydispersity in the bead diameter, we used the same bead for a complete data series
in successive measurements, recapturing the bead after recording the background
signal.

As explained in the introduction of this Chapter, the detector calibration factor can
also be determined from the amplitude of the power spectral density of the Brownian
motion of the bead in the trap.10,148 To compare our measurements to the power-
spectrum-based detector calibration, the Brownian motion of the same bead was also
recorded without moving the trapping laser for 3 seconds at a sampling rate of 195
kHz.

4.2.3 Data analysis

Using a custom-written LabVIEW program, typically 60 to 120 sweeps of the laser
across the bead were extracted from the data. The response signal was then scatter-
plotted against the VCO driving signal to yield (a part of) the typical S-shaped detector
response curve [Fig. 4.4(a)].68 Except when single sweeps were analyzed, an average
response curve was calculated by binning and averaging the raw data into 15-20
equidistant points along the displacement axis, followed by spline interpolating to
200 points [Fig. 4.4(a)]. The bead-independent signal was extracted from the data
without bead in the same way, and could be fitted with a straight line [Fig. 4.4(a)].
The slope of the background signal did not change significantly from day-to-day and
sample-to-sample, with an average background slope of 11.4 ± 1.6 mV/µm (s.d.,
N = 40). The magnitude of the slope is significantly smaller than the real response
signal (∼ 1000×). The detector response curves are corrected for the background
signal using this line fit [Fig. 4.4(b)]. The maximal (absolute) slope should occur in
the response curve when the center of the trap passes the center of the bead. The
detector calibration factor in m/V (for small displacements) is thus taken to be the
reciprocal of this maximal slope which in magnitude corresponds to the minimum of
the derivative shown in the inset in Fig. 4.4(b).

To independently extract the distance calibration factor from the power spectral
density data, we used a LabVIEW program that calculates analytically an uncalibrated
diffusion coefficient D from the Brownian displacement signal of the bead in the
trap.10 We then find the calibration factor by comparing the uncalibrated D with
the expected D for a bead in physical units D = kB T/γ,69,70 with γ the Stokes viscous
drag coefficient. This is in essence the same as what is done in Section 2.3.2 of this
thesis, resulting in Eq.(2.8) for the distance calibration factor.
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Figure 4.4. (a) Example of scatter plotted raw data of the detector response for a 0.9
µm silica bead at 10 µm from the surface. The amplitude of the laser scan across the
bead was ∼0.4 µm; the frequency of scanning was 5 kHz. The corner frequency of
the trap was 300 Hz. This particular example contains the data of 19 bursts of 0.4 ms
(∼60 scans). Besides the raw data the averaged and interpolated data are also shown.
The dashed line represents the reproducible background signal obtained by scanning
the laser without a bead. (b) The interpolated data obtained in (a) was corrected
for the slope of the background signal [dashed straight line in figure (a)] to give the
detector signal. The derivative of this signal is shown in the inset. The maximal negative
slope gives (the inverse of) the calibration factor, which in this case was found to be
6.16×10−8 m/V. The vertical dashed lines indicate the linear region where the detector
response deviates less than 5% from a straight line fit to the data.

4.3 Results

To validate our method, we first compared it with the power spectrum calibration
method. In Fig. 4.5 we show the distribution of values found from repeated measure-
ments with both methods on the same bead. We see excellent quantitative agreement
between both methods (both methods: 136± 4 nm/V). Hence, the reproducibility of
our method (as for the PS method ) is ∼ 3%.

We tested the sensitivity of the calibration factor found with the AOD method to
experimental parameters chosen in the procedure. In all tests a 0.9 µm silica bead was
trapped 10 µm above the surface. Two effects caused by bead motion during the scans
could bias the results: (i) the beads are dragged along with the moving trap to some
extent, and (ii) the bead diffuses during the scans. The distance over which the bead
follows the passing laser trap is expected to be proportional to laser power and to the
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Figure 4.5. Distribution of calibration values found from repeated measurements on
the same individual bead with both the power spectrum (PS) and AOD calibration meth-
ods. Both methods give a detector calibration factor of 136± 4 nm/V.

time over which the force acts in each sweep. This, in turn, is determined by frequency
and amplitude of the sweeps. We checked for this effect by varying laser power such
that the corner frequency ranged between 300 Hz and the full sweep frequency of (in
this case) 1 kHz. We confirmed that the calibration factor was independent of laser
power in this range (data not shown). Furthermore, we observed that the calibration
factor was independent of the sweep frequency with which we scanned the laser
across the bead in the range from 500 Hz to 10 kHz (see Fig. 4.6). We used sweep
amplitudes of 1.5 µm and a corner frequency of 300 Hz. In a frequency regime
well below the corner frequency the bead will follow the trap. Frequencies higher
than 10 kHz yield insufficient data points in the linear response region due to the
finite sampling frequency of 195 kHz. We observed that for amplitudes of the laser
sweep larger than the bead diameter, the data becomes less reproducible, presumably
because of periods of free diffusion when the trap has moved beyond the bead.

The duration of the burst of oscillations determines how far the bead can diffuse
out of the original trap center during the burst. Diffusion in a lateral direction parallel
to the sweep direction is unimpeded by the laser, but does not affect the measured re-
sponse as long as the distance diffused remains small compared to the linear range of
the response. The latter should indeed be the case since diffusion gives a displacement
of typically 50 nm in 1 ms, while the linear range of the trap [taken here as the region
where the response deviates less than 5% from a straight line, see vertical dashed lines
in Fig. 4.4(b)] extends to ∼150 nm. Diffusion in the two directions orthogonal to the
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Figure 4.6. Dependence of the calibration factor on the sweep carrier frequency mea-
sured with 0.9 µm silica beads at 10 µm to the surface. The corner frequency of the
trap was 300 Hz. Each data point represents an average value derived from 20 bursts
of 1 ms (see Section 4.2). Errors are on the order of ∼ 3% (see Fig.4.5).

sweep direction is counteracted by the oscillating trap, but less strongly than by a sta-
tionary trap. Therefore it leads to a systematic decrease of the response (resulting in
an increase of the detector calibration factor). To test if our experiments suffer from
this effect, we varied the duration of the burst and the amplitude of the sweep, with
fixed laser power and sweep frequency, and we evaluated consecutive sweeps within
the bursts separately. A slight dependence on the time elapsed since the start of the
burst could be observed within bursts longer than 1 ms (see Fig. 4.7), indicative of
diffusion in a direction orthogonal to the sweep direction. This result sets an upper
limit of approximately 1-2 ms for the burst duration. It is thus better to average over
a large number of short bursts than a small number of long bursts. For all other data
in this study the burst length was 1 ms or shorter.

Figure 4.8 shows the focusing depth dependence of the calibration factor for the
water- and oil-immersion objectives. The calibration factor found for the 60× water-
immersion objective was approximately constant over a large range of distances to the
surface. The influence of spherical aberration on the calibration factor when using
the 100× oil-immersion objective is evident in Fig. 4.8, showing that the detector
sensitivity decreased by 30% over a range of 30 µm.
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Figure 4.7. Dependence of the calibration factor on time elapsed since the start of
the burst. The calibration factor was determined for consecutive blocks of four sweeps
across a 0.9 µm silica bead at a distance of 10 µm to the surface. Each data point shown
here is an average over the respective four-sweep segments from 10 consecutive bursts
of 14 ms. The sweep frequency was 5 kHz and the trap corner frequency was 300 Hz.

4.4 Discussion

Optical trapping combined with force and displacement detection has been developed
from a qualitative and initially inaccurate tool to a rather precise one over recent
years.10 Accuracy of better than 5% or even 1% is of course not always needed, and a
variety of convenient methods give calibration accuracies of 20-40%. These methods
are often indirect, meaning that a few beads are tested as representative for a whole
batch, that the solvent in which the calibration is done may not be the same as the
one in the actual experiment, or that the method requires known input parameters
such as solvent viscosity, temperature, or bead diameter. If such accuracy is not good
enough to, for example, precisely measure the force exerted by a molecular motor or
to measure thermal fluctuations in techniques such as microrheology,67,107 the most
prominent sources of error have to be avoided. The method described here does this
in a convenient way. The calibration factor for each individual bead used in experi-
ments can be determined. Moreover, both the position of the bead within the laser
focus and its location in the sample chamber are the same as during the experiments.
As an example of the importance of this we showed the expected and observed depth
dependence of the calibration factor due to spherical aberrations when using an oil-
immersion objective. Our method is robust because it does not depend on details of
the laser scanning. At the same time it is rapid (typically a few seconds measuring
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Figure 4.8. Depth dependence of the calibration factor using the 60× water-immersion
(squares) and the 100× oil-immersion objective (circles), for 0.9 µm silica beads. The
corner frequency of the trap was 300 Hz, and the scanning frequency was 5 kHz. Every
data point represents an average value derived from 20 bursts of 1 ms.

time) and independent of further experimental parameters such as viscosity, temper-
ature or bead diameter, which can cause uncertainties in other in-solution calibration
methods.
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Chapter 5

Fluorescence under tension
Mechanical and fluorescence properties of DNA labeled
with an intercalating dye

Bis-intercalating DNA dyes are widely used as specific nucleic-acids markers in fluo-
rescence microscopy. In general, their advantages are a high binding affinity for DNA
in combination with a marked increase in fluorescence quantum yield upon binding.
We studied the interaction of DNA with the dye Atto-Dino 2 using a combination
of optical tweezers and fluorescence. This allowed us to perform tension-dependent
Linear Dichroism (LD) measurements on single, well-oriented DNA molecules. The
force-extension curves of stained DNA molecules show that Atto-Dino 2 is a bis-
intercalating dye, that increases the DNA contour length on a timescale of hours,
and occupies 3.6 bp per bound dye molecule. In the force-fluorescence experiments a
sharp decrease in the reduced linear dichroism (LDr) at forces <15 pN was observed,
corresponding with alignment of the transition dipoles to an effective angle of 73◦

with respect to the DNA helical axis. At overstretching forces the LDr signal increases
slightly, and the total fluorescence intensity decreases, both indicative of increased
motility of the dye in between the bases, resulting in a decreased effective angle and
an increased loss of excitation via vibrational pathways.
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5.1 Introduction

Deoxyribose Nucleic Acid (DNA) is, as the carrier of the genetic code of organisms,
an important and intensely studied molecule. Its double helical structure with bases
that form pairs using hydrogen bonds to create complementary strands was first pro-
posed by Watson and Crick.168 With the development of optical traps3 it has be-
come possible to manipulate and study single molecules of DNA. This has resulted in
knowledge of the mechanical properties of DNA and its dependence on buffer condi-
tions,6,142,167,169,172,173 the interaction of DNA with proteins like for example poly-
merases,36,139,166,176 recombinases8,78,137,158 or restriction enzymes,63,155 but also
DNA organization7,19,33,34 and DNA packaging into viral proheads.28,141

In order to study new types of questions, where both localization and forces are
important, we have built an optical tweezers setup combined with high precision flu-
orescence detection.158 In this Chapter DNA incubated with the fluorescent dye Atto-
Dino 2 is studied using this setup. DNA-bisintercalating cyanine dyes (like YOYO,
TOTO, POPO etc., Molecular Probes)134 consist of two chromophores connected via
a carbon linker which bind non-covalently in between the base pairs (intercalation).
As an example the structure of YOYO, and the way it intercalates the DNA is shown
in Figure 5.1. The structure of Atto-Dino 2 is not given, but according to the manu-
facturer it is bisintercalating, and therefore we assume it to be similar in structure to
the dyes mentioned above. These dyes are popular as nucleic-acid markers in fluo-
rescence microscopy and as staining dyes in gel electrophoresis because they have a
high binding affinity for DNA, and are virtually non-fluorescent when unbound, which
makes them ideal for these tasks.

A few studies have already looked at either the mechanical properties8,138 or the
polarized fluorescence8,102 of these dyes. However, these were studies with equili-
brated DNA-dye constructs at one dye concentration. This chapter starts by investi-
gating how the mechanical properties depended on the dye concentration, and how

(CH )2 3 N(CH )3 2 N(CH )3 2(CH )2 3 (CH )2 3

CH3

O
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+ +

Figure 5.1. Chemical structure of the bis-intercalating dye YOYO. The dashed line
across the left chromophore depicts the orientation of the absorption and emission
dipole moment .25 The inset shows schematically how the two chromophores inter-
calate in between the base pairs of dsDNA. Figure taken from ref. 159.
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the mechanical properties changed with time after mixing the dye and DNA. Next the
focus is shifted to the fluorescence of stained DNA using Linear Dichroism (LD).120,131

LD is the anistropic absorption of linearly polarized light. When the polarization of
the light is parallel to the electronic transition moment of the molecule a maximal
signal is observed. If the polarization of the light and the transition dipole moment
are perpendicular, no signal is observed. Thus the measured LD signal may be used
to investigate the orientation of the transition dipole moment. Combining LD with
optical tweezers makes it possible to study this on a single, extremely well-oriented
DNA molecule. We measure the tension dependence of the LD signal using the optical
tweezers to stretch and relax the labeled DNA. To our knowledge the data reported
here are the first tension-dependent LD measurements on DNA-dye complexes. The
LD signal observed when the DNA is highly stretched suggests a change in the envi-
ronment of the dyes.

5.2 Experimental methods

5.2.1 DNA-dye complexes

The 12-nucleotide long single-stranded overhangs at both extremities of λ-phage
DNA (Roche Diagnostics, Basel, Switzerland) were made double-stranded and biotin-
labeled using Klenow DNA polymerase (Fermentas, Vilnius, Lithuania) and a mixture
of dGTP, dTTP, biotin-14-dATP and biotin-14-dCTP (Invitrogen, Breda, The Nether-
lands). To remove excess nucleotides, the biotinylated DNA was purified by repeated
centrifugation of the solution through a Microcon YM10 filter and resuspension of
the DNA remaining on top of the filter. After the last centrifugation step the DNA
was resuspended in TE buffer (10 mM TRIS-HCl, 1 mM EDTA, pH ≈7.5) and stored
at -20◦C for future use. The concentration of biotinylated DNA was determined from
OD260nm to be 24 µM bp.

Dilutions of Atto-Dino 2 (Sigma-Aldrich, 1 mM stock solution in DMSO) were
made in TE buffer containing 150 mM NaCl to get final Atto-Dino 2 concentrations
in the range 0.1 - 4 µM. Dye:bp ratios of 0.042 to 1.67 were obtained by mixing
20 µL of diluted Atto-Dino 2 with 2 µL of biotinylated DNA. Solutions were prepared
quickly, as the dye is instable in solution in the absence of DNA and tends to adsorb
onto surfaces. The Atto-Dino 2 and DNA mixture was left to incubate for at least 15
minutes prior to 50× dilution in experimenting buffer (TE buffer containing 150 mM
NaCl and 1.5 mM DTT).

5.2.2 Experimental setup

The optical trapping part of the used setup is similar to that described in ref. 157 and
Chapter 2 of this thesis. A 3W 1064 nm laser was led through a Faraday isolator to
avoid reflections to re-enter in the laser cavity. The beam was divided into two beams
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with perpendicular polarizations by means of a beam-splitter cube. This way, two
independently moveable optical traps in the sample were obtained, one of which was
computer-controlled. A water-immersion objective (Nikon, 60×, Numerical Aperture
NA=1.2) was used to focus the beam in the sample. Bead displacements were de-
tected with back-focal-plane interferometry using a quadrant photodiode (QPD, see
Chapter 2). Both the trap stiffness κ and the detector calibration factor were obtained
from the power spectral density of the Brownian motion as described in Chapter 2.

For fluorescence measurements a linearly polarized 532 nm laser was used. The
polarization on the beam was rotated using a half-wave plate, and coupled into an
electro-optical modulator (EOM). When the proper voltage is applied to the crystal
in the EOM the light passing through the crystal is retarded along one of the axes,
which can change the polarization state of the light. We used a computer-generated
voltage to make a beam with polarization direction alternating between either par-
allel or perpendicular to the optical table. The fluorescence excitation laser beam is
then coupled into the microscope using a dichroic mirror. Fluorescence emission is
detected with a camera (Cascade 512B, Roper Scientific) sensitive enough to detect
fluorescence from single molecules.

Experiments were performed using a home-made flow chamber.119 A pattern with
three narrow entrance lanes that merged in one broader exit lane was cut out of a
parafilm sheet. The flow chamber was made by lightly pressing the parafilm pattern
for 30 minutes under a 120◦C heat block in between a cover slip and a special micro-
scope slide, with holes at appropriate positions. The entrance lanes were connected
via tubing and switches to syringes containing the solutions necessary for the exper-
iments. In the broader channel the three fluid streams did not mix because of the
laminar flow inside the chamber. The broad channel was connected via tubing to a
waste container.

5.2.3 Experimental procedures

The three syringes contained (in order of use): 1) a 10−3 % (w/v) dilution of strepta-
vidin-coated, 1.87 µm polystyrene beads (Spherotech Inc., Lake Forrest, IL, USA) in
experimenting buffer (TE buffer containing 150mM NaCl and 1.5 mM DTT); 2) Atto-
Dino 2 labeled, biotinylated λ-DNA diluted in experimenting buffer, and 3) experi-
menting buffer. In a typical single-molecule experiment the solutions were degassed
in the syringes using a vacuum pump. Pressurized nitrogen was used to pump the
solutions via tubing through the flow chamber. The optical traps were used to catch
two beads from the outer lane (see Fig. 5.2). The microscope stage was moved to
position the optical traps with the beads into the middle lane with DNA, and a bead-
DNA-bead connection was made. The construct was moved to the third lane with
buffer to prevent the formation of multiple connections, and the optical trap stiffness
(typically 4 ·10−4 N/m) and the displacement calibration factor were determined (see
Chapter 2).

50



5.2. EXPERIMENTAL METHODS

Beads

DNA

Buffer

Figure 5.2. The three different fluids that are injected into the sample chamber do not
mix due to laminarity of the flow. Thus three channels are created in which different
stages of the experiment take place. In the lower channel two beads are caught in the
optical traps. The sample is moved so that beads and traps are in the middle channel,
where a DNA molecule is suspended between the beads. Next, the sample is moved so
that the construct is in the upper channel, where the construct is tested and the actual
experiment takes place.

During the experiment the force on one of the beads was sampled at a rate of
∼1 kHz. Meanwhile the other trap was moved in a continuous or stepwise manner to
increase the distance between the beads using a computer-steered telescope lens (see
Chapter 2). The bead-bead distance was measured at a rate of 4 Hz from digitized
video images using template-directed image recognition software written in LabVIEW.
The x- and y-displacement (with respect to the trap center, from which we calculate
the force, see Chapter 2), total intensity on the detector, bead-bead distance and
(where applicable) a signal to synchronize the force extension measurement with the
fluorescence measurement, were stored on a PC.

The following procedure was used for the combined force-extension and fluo-
rescence measurements (see Fig. 5.3). First the shutter of the excitation laser was
opened. Simultaneously the camera signal was integrated for 1 s, triggered by the ris-
ing flank of a TTL signal. The polarization direction of the laser light was rotated 90◦

by the EOM before a second frame with exposure time of 1 s was recorded by the cam-
era triggered by another rising flank of a TTL signal. Next the shutter was closed to
prevent photodamage or bleaching while moving one of the beads in a stepwise man-
ner. Meanwhile the EOM rotated the polarization direction of the excitation light back
to its original setting and a new cycle was started. The trigger signals for shutter open-
ing and closure, camera exposure and bead displacement were computer-generated
using a LabVIEW program and stored together with the force-extension data.
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Figure 5.3. Signals during two exposure cycles. All signals are computer-generated.
The laser shutter is opened with a TTL pulse. The camera is triggered to start exposure
of one frame of 1 s by the rising flank of a TTL pulse. Next the polarization direction
of the light is rotated over 90◦ by applying a different voltage (Vx → Vy) over the EOM
crystal and exposure of a second frame is started by another TTL pulse to the camera.
After the second frame the shutter is closed and the polarization direction is changed
back again with the EOM. In the interval to the next exposure cycle the DNA molecule
is extended by stepwise increasing the distance between the two traps.

5.2.4 Data evaluation

Force data was block averaged over >100 points to reduce noise. It was plotted
against extension data to get the typical force-extension curves for stretching dsDNA.
These curves were fitted to an extended worm-like-chain (WLC) model, including the
stretch modulus S of the DNA:167
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with F the force, L the end-to-end distance (or extension) of the DNA, L0 the contour
length of the DNA, and Lp the persistence length. For a part of the experiments
the force-extension data were synchronized with the fluorescence images using the
trigger signal in the data file.

The fluorescence images of the stretched DNA were first corrected for background
signal. To this end the averaged signal in a dark region of the image was subtracted
for each pixel. Next, the total fluorescence intensity coming from the DNA was cal-
culated by integrating the light intensity in a rectangle with a width of typically 8
pixels (corresponding to ≈ 1.4 µm) perpendicular to the DNA long axis and a length
corresponding to the end-to-end distance as obtained from the force-extension data
parallel to it.

Assuming emission to be proportional to absorption, the obtained fluorescence in-
tensity signals I‖, with excitation light polarized parallel to the orientation axis of the
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Figure 5.4. Axis system of the LD measurements. The DNA is oriented near perfectly
with the optical tweezers, therefore the molecular axis system is the same as the labo-
ratory axis system.

sample (i.e., the long axis of the DNA), and I⊥, with excitation light perpendicular to
the DNA axis, were used to calculate the reduced linear dichroism (LDr) signal:120,131

LDr =
I‖ − I⊥

Iiso
=
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In cylindrically symmetric samples, like ours, Iiso is given by Iiso =
1
3

�

I‖ + 2I⊥
�

. The
angle αeff is the effective angle of the transition dipole moment with the orientation
axis of the molecule, in this case the DNA long axis (see Fig. 5.4). In general, the
measured LDr signal depends on the orientation of the transition dipole within the
molecule [the optical factor, right hand side of Eq. (5.2)], and on the orientation of
that molecule within the laboratory axis system (the orientation factor). In our case
the molecule is perfectly aligned with respect to the laboratory axis system because
we stretch the DNA with optical tweezers. Therefore the orientation factor is not
taken into account in Eq. (5.2).

5.3 Results

5.3.1 Force-extension measurements of DNA-dye complexes

In order to characterize the force-extension behavior of DNA-dye complexes, two ex-
periments were performed. First, DNA was mixed with diluted Atto-Dino 2, as de-
scribed in Section 5.2, at a ratio dye:bp = 0.83. The DNA was further diluted another
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Figure 5.5. Contour length of DNA with bound Atto-Dino 2 as a function of time after
mixing (at a ratio dye:bp=0.83). The contour length was determined from a fit of the
force-extension curve to a WLC model. The data in this graph was fit to an exponential
growth model in Origin. See text for details.

50× in experimenting buffer after a 15 minutes incubation time and transferred to
one of the syringes in the flow system. Bead-DNA-bead constructs were made, and
force-extension curves were obtained. For those constructs that could be stretched
and relaxed more than once, only the first stretching curve was used in this analysis.
The contour length L0 of the DNA is found by fitting the measured force-extension
curve manually to Eq. (5.1) by varying parameters. In Fig. 5.5 L0 relative to the
length of unstained, bare DNA (L0,bare DNA = 16.4 µm) is plotted as a function of
the time after mixing DNA and Atto-Dino 2. The point (0,1) is added because it is
known that the length of the DNA at the moment of mixing with Atto-Dino 2 was
exactly L0,bare DNA. The experimental data was fitted to an exponential growth model
L0/L0,bare DNA = A exp(−t ime/τ) + L0,max/L0,bare DNA in Origin and the best fit was
plotted (A = −0.29, t ime = 119 min, L0,max/L0,bare DNA = 1.30) as a dashed line
in Fig. 5.5. The dye Atto-Dino 2 slowly bis-intercalates into the DNA to achieve a
final length 21.3 µm, corresponding to a length increase of 30% compared to nor-
mal λ-DNA. Because of the observed slow bis-intercalation, we only used DNA-dye
complexes that were equilibrated for at least 12 hours in the rest of this study. Long
equilibration times were also used in a previous study on these types of dyes.102

Secondly the mixing ratio of Atto-Dino 2 and DNA was varied between 0.04 and
1.67 dye molecules per base pair. Per labeling ratio we obtained 4-6 force-extension
curves. In Fig. 5.6 typical curves are shown for a selection of dye:bp ratios, as well
as an example of a fit of Eq. (5.1) to the data. From this figure it can be seen that
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Figure 5.6. Examples of force-extension curves for DNA labeled with different amounts
of Atto-Dino 2. The dye:bp mixing ratios were 0.042 (black squares), 0.21 (dark grey
circles) and 0.63 (grey triangles), respectively. As an example we show a fit of Eq. (5.1)
to the data with dye:bp ratio 0.042. The parameters that were found were L0 = 1.66 ·
10−5 m, Lp = 5 · 10−8 m, and S = 1.5 · 10−9 N.

the length of the DNA increases with increasing dye:bp ratio. In Fig. 5.7 the average
length increase L0 - L0,bare DNA is plotted as a function of the dye concentration [av-
erage over 4-6 different constructs per dye concentration, standard deviation in the
averages is∼ 0.1 µm, L0 obtained from fitting the force extension curves to Eq. (5.1)].
For each dye concentration data collection took between 1 and 2.5 hours. The spread
in lengths was minimal, and there seemed to be no correlation between the time
needed for data collection, and the standard deviation of the average length for that
concentration. Therefore the off-rate of this dye must be low, and the concencentra-
tion before dilution is used for the fit to the data in this graph (see Section 5.4). For
the dye:bp ratio 0.83 (Atto-Dino 2 concentration during incubation 2 µM) an aver-
age length L0 of 21.0 µm was found. This is in good agreement with the final value
of 21.3 µm derived from the time-dependent elongation of DNA at this incubation
ratio (Fig. 5.5). For the other parameters in the fit of the force-extension curves to
Eq. (5.1) we found that for all dye concentrations the persistence length Lp stayed
constant around 50 nm, and the stretch modulus S increased from 1.5 nN for the
lowest dye concentration to 3.8 nN for the highest dye concentration.

5.3.2 Fluorescence and linear dichroism measurements

The spectral characteristics of Atto-Dino 2-DNA complexes were measured using a
spectrophotometer (Fluorolog FL-1039, Jobin Yvon, France). Figure 5.8 shows the
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Figure 5.7. Contour length increase as a function of the concentration of Atto-Dino 2,
after equilibration for at least 12 hours. The length increase of the DNA is used to
calculate the binding density ν (see Section 5.4), assuming a length increase per in-
tercalated dye of ∼ 6.8Å. The solid line is a fit of the data to the McGhee-Von Hippel
binding isotherm.

(normalized) fluorescence excitation (solid line) and emission (dashed line) spectra.
The measured excitation and emission maxima are at 512 and 526 nm respectively.
Over a period of hours the shape of the spectrum did not change, but the total fluores-
cence intensity from the sample slowly increased, compatible with a slow intercalation
of the dye (data not shown).

Next, the tension dependence of the fluorescence emission of Atto-Dino 2 labeled
DNA is studied using a combination of optical tweezers and polarized fluorescence
measurements. A sequence of images that were obtained at increasing end-to-end
distances L for a DNA-dye complex with incubation ratio dye:bp = 0.42 is shown
in Fig. 5.9. This figure shows that the intensity in the perpendicular configuration
depends less strongly on force and extension than the intensity in the parallel config-
uration, which decreases with increasing force and extension, and stays at a low level
at high forces and extensions. This observation is made more quantitative by correct-
ing the fluorescence images for the background and integrating the total intensities
measured over the complete DNA molecule. In Fig. 5.10 typical values are plotted for
the parallel (I‖, black squares), perpendicular (I⊥, dark grey circles), and calculated
isotropic intensity ( Iiso, grey triangles) as a function of the relative extension L/L0 of
the DNA, reflecting the qualitative trend in Fig. 5.9. I⊥ first increases with increasing
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Figure 5.8. Normalized fluorescence excitation (solid line) and emission (dashed line)
spectra.

relative extension. This is probably due to the fact that at small extensions fluctua-
tions are large (indicated by the large width of the DNA in the image, see Fig. 5.9) and
only a fraction of the DNA is properly oriented for excitation. With increasing bead-
bead distance the DNA is pulled towards the line connecting the beads, improving
the orientation and increasing the fluorescence of the bound Atto-Dino 2. Between
relative extensions of 0.75 and 0.95 the intensity is roughly constant, while at higher
extensions, I⊥ decreases again. In the parallel direction we see that I‖ decreases with
increasing extension. At relative extensions exceeding 1, I‖ is constant and very low.
The open symbols in Fig. 5.10 represent intensity data for the second extension cycle
with the same molecule. Although we do see a slight decrease in intensity, this data
rules out massive dye loss or photobleaching as the source of the decrease in intensity
at large extensions.

From the intensity graphs the reduced linear dichroism [see Eq. (5.2)] can be
calculated at every (relative) extension or force. We have plotted the LDr obtained
from 10 extension cycles performed with 4 different DNA-dye constructs (all with
dye:bp = 0.42) as a function of relative extension L/L0 in Fig. 5.11. The plotted data
from different constructs coincide nicely. In the region of low relative extension, the
scatter is somewhat larger, probably due to larger fluctuations of the DNA. A steady
decrease of the LDr value can be seen to a minimum of -1.14 at a relative extension
of 1 (indicated with the vertical dashed line), a plateau, and a slight increase at
relative extensions larger than 1.1 (L/L0). The same LDr data can also be plotted as
a function of force (see Fig. 5.12). A 15-point moving average (solid black line) is
added to this figure to guide the eye. The inset shows a magnification of the high-
force data.

From the LDr data we can also calculate the effective angle αeff of the transition
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Figure 5.9. Sequence of images of DNA stained with Atto-Dino 2 (dye:bp = 0.42) at
increasing forces and extensions. The upper part of each sub-figure is the image of the
DNA with an excitation polarization direction perpendicular to the bead-bead axis; the
lower part is the image of the DNA with an excitation polarization direction parallel to
this axis. The DNA molecule that was used for these images had a contour length of
L0 = 19.4 µm. Errors in the applied force were on the order of a piconewton.
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Figure 5.10. Total fluorescence intensity of a single molecule of DNA with excitation
light polarized parallel (black squares) and perpendicular (dark grey circles) to the
bead-bead axis as a function of the relative extension. The isotropic intensity is plot-
ted with light grey triangles. A second stretching cycle (open symbols) shows that no
significant amounts of dye are lost upon stretching.

dipole moments of the dye with respect to the bead-bead axis as a function of relative
extension or force [see Eq. (5.2)]. In Fig. 5.13 αeff is shown as a function of relative
extension. As expected, the effective angle increases with increasing relative exten-
sion as the helical axis of the DNA is more and more aligned along the bead-bead
axis. At relative extensions of 1 and slightly larger than that, αeff reaches a plateau
at 73.4± 0.4◦ (s.d.). At even larger relative extensions αeff tends to slightly decrease
again. These results will be discussed below.

5.4 Discussion

In this chapter the force-extension behavior and fluorescence properties of DNA com-
plexed with the dye Atto-Dino 2 have been studied. Fig. 5.6 shows that the shape
of the force-extension curve of stained DNA is different from a normal λ-DNA force-
extension curve (see Chapter 1). An increase in length is seen, clearly indicating
intercalation. The dependence of the length increase of the DNA on the dye concen-
tration (Fig. 5.7) is used to provide an estimate of the equilibrium constant K and the
number of bp occupied per bound dye molecule, n. The binding density ν is defined
as:

ν =
# Dye molecules bound per DNA

# bp per DNA
. (5.3)
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Figure 5.11. Reduced linear dichroism (LDr) as a function of the relative extension of
the DNA. The data points in this graph are obtained from 10 stretching cycles with 4
different bead-DNA-bead constructs.

We know the number of bp in our λ-DNA molecules: 48502. The number of bound
dye molecules can be found from the total length increase of the DNA:

# Dye molecules bound per DNA=
Total length increase of the DNA

Length increase per intercalated dye

=
L0 − L0,bare DNA

Length increase per intercalated dye
.

(5.4)

Eq. (5.4) and the #bp per DNA are inserted into Eq. (5.3) to get:

ν =
L0 − L0,bare DNA

48502 · Length increase per intercalated dye
. (5.5)

Because there are no data available about the structure of DNA with intercalated
Atto-Dino 2 the length increase per intercalated dye molecule has to be estimated.
We assume that the length of the DNA increases by roughly the normal base pair
spacing for each chromophore ring that is intercalated, so for each intercalated chro-
mophore the DNA gets ∼ 3.4 Å longer. According to the manufacturer Atto-Dino 2 is a
bis-intercalator, so for each dye molecule that is bound two chromophores are interca-
lated, implying that the estimate for the total length increase per bound dye molecule
is ∼ 6.8 Å. This is very similar to the ∼ 6.0 Å that was found from the structure of
DNA with intercalated TOTO determined with NMR spectroscopy.144 If we insert our
estimate for the length increase per intercalated dye molecule into Eq. (5.5) we get:

ν =
L0 − L0,bare DNA

48502 · 6.8× 10−10 . (5.6)
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Figure 5.12. Reduced linear dichroism (LDr) as a function of force on the DNA. The
inset shows a magnification of the high-force region, where the LDr signal increases
again.

The data in Fig. 5.7 is then fitted to the McGhee-von Hippel binding isotherm, that
takes into account that once a ligand with n > 1 binds, multiple potential binding
spots are not accessible anymore:110

ν = K · C ·
(1− nν)n

(1− nν + ν)n−1 , (5.7)

with C the dye concentration. From this fit we find values of n = 3.6 ± 0.3 and
K = (2.2 ± 0.5) · 105 M−1. However, Eqs. (5.5) and (5.6) show that the binding
density ν is related to our estimated value of the length increase per intercalated
dye (6.8 Å). Therefore, if we get a more accurate estimate of the length increase per
bis-intercalated dye the values for the fit parameters n and K change [for example:
if we use 6.0 Å per intercalated dye the fit yields n = 3.2 ± 0.2 and K = (2.5 ±
0.5) · 105 M−1; if we use 7.6 Å per intercalated dye the fit yields n = 4.0± 0.3 and
K = (1.9±0.4) ·105 M−1]. Before measuring we have changed the dye concentration
by diluting and the sample was not in equilibrium. Because the off-rate for Atto-
Dino 2 seems to be very low, and the state of the sample will still resemble that before
dilution we used the dye concentration during incubation on the x-axis. Therefore,
although the sample was strictly not in equilibrium, the obtained equilibrium constant
of K = (2.2± 0.5)105 M−1 provides an estimate of the order of magnitude, which is
several orders of magnitude lower than for YOYO and TOTO.102 This makes Atto-
Dino 2 a less attractive dye for most practical purposes. Because we used a buffer
channel to perform our experiments we were not able to study the force-dependent K

that can be found by stretching DNA in the presence of a ligand.164

Figure 5.6 also shows larger slopes of the overstretching plateau at higher label-

61



CHAPTER 5. FLUORESCENCE UNDER TENSION

0.2 0.4 0.6 0.8 1.0 1.2 1.4

55

60

65

70

75

ef
f (d

eg
)

Relative extension (L/L
0
)

Figure 5.13. The effective angle of the transition dipole moments of the dye to the
bead-bead axis as a function of the relative extension, calculated from the LDr signal.
At relative extensions larger than 1 the angle decreases again (see text).

ing ratios in the overstretching region. We have plotted the slopes as a function of
the labeled fraction in Fig. 5.14. Recently Vladescu et al.165 have performed op-
tical tweezers experiments with various concentrations of the intercalator ethidium
bromide, and Mihailovic et al.113 with various concentrations of intercalating ruthe-
nium(II)polypyridyl complexes. They found for increasing concentrations a longer
contour length and an increase in the slope of the overstretching regime, very sim-
ilar to our curves for Atto-Dino 2 DNA. The latter effect was stronger for the ruthe-
nium(II)polypyridyl complexes than for ethidium. For high concentrations the over-
stretching regime disappeared in both cases, similar to what was found in a recent
study of Sischka et al.138 for DNA labeled with high ratios of three different inter-
calators and the bis-intercalator YOYO-1. In our data the overstretching regime was
barely present at the highest ratios of Atto-Dino 2. The insertion of dye into the DNA
structure most likely means that the transition from normal to overstretched DNA is
much less cooperative because of the many ligands that interfere with the formation
of single-stranded regions in the force-induced melting transition.133,156

We found that intercalation of Atto-Dino 2 proceeds on a timescale of hours at the
relatively high dye:bp ratios used here from both the time-dependent force-extension
experiment (Fig. 5.5) and time-dependent fluorescence intensity experiments (data
not shown). Interesting follow-up research could include the investigation of the dy-
namics of intercalation, by following the bulk fluorescence intensity, also on short
and intermediate timescales, both for high and low labeling ratios. It will be interest-
ing to see if the time needed to reach equilibrium is shorter for low labeling ratios.
This could be the case if it is unfavorable for Atto-Dino 2 to bind to the DNA close
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Figure 5.14. Slope of the overstretching region as a function of the labeled fraction.
Larger, black squares are averages from the concentration dependence study. Small,
grey squares represent single data points (from elongation study).

to another dye molecule so that it takes long to create densely packed configurations
at high dye concentrations. Furthermore the time-dependent force-extension exper-
iment could be repeated at a low dye:bp ratio, but due to the smaller total length
increase it might prove difficult to follow the intercalation dynamics.

The largest αeff that we find from the linear dichroism experiments is ∼ 73◦ at
perfect alignment of the DNA. This value is close to the 69◦ that was obtained for
the YOYO-DNA complex in a comparable optical tweezers experiment.8 Our result
is also in line with the tilt of the bases of the DNA (without dye), which has been
reported up to values as large as 16-25◦ from the perpendicular orientation in solu-
tion,30 although it is usually assumed to be less than 10◦.120 Larsson et al.102 find an
angle of 17◦ between the tilt of the bases and YOYO, that is in this study assumed to
be oriented perpendicular to the DNA axis. The fact that αeff is determined from the
time-averaged cosine squared of α [see Eq. (5.2)] means that our value of αeff = 73◦

could indicate either a static angle or large (∼ 30◦) excursions around the normal
that yield an effective angle of 17◦ upon time-averaging, or anything in between. A
directional bleaching experiment, in which the DNA is exposed unequally to the two
polarizations, could distinguish between the extreme cases. Alternatively, anisotropy
measurements could be an approach for future research on the motility of the dye in
between the bases.

A striking finding of the linear dichroism measurements at overstretching forces is
that LDr increases and αeff decreases (see Figs. 5.11 - 5.13). This result implies (since
the DNA is perfectly oriented at this point) that the local environment of the dye
changes. Upon stretching of the DNA the average inter-basepair distance increases,
and therefore the chromophores have relatively more freedom to move between the
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bases. This enhanced movement of the dye can result in a change in the effective an-
gle αeff. Another possibility is that at high tensions the structure of the DNA changes.
If the bases reorient in the DNA this would almost automatically mean that the dye,
packed in between the bases, also reorients itself.

The fluorescence intensity measurements that underlie the LDr graphs also show
tension dependence (see Fig. 5.10). The total intensity drops by more than 25% over
the extension range 0.9 - 1.3 times L0. Since fluorescence is regained immediately
upon tension release, and the experiment is performed in buffer without dye, it is
unlikely that dye dissociates from the DNA at high force. There is, however, an en-
hanced probability that the dye looses the excitation through vibrational relaxations
comparable to the way fluorescence is quenched in solution because of the increased
freedom to move.

In order to better understand what happens to DNA and dyes at high tensions
we need to acquire data up to larger forces and extensions. The measured fluores-
cence excitation and emission spectra, with maxima at 512 and 526 nm respectively,
are different from the values quoted by Sigma-Aldrich for this dye when bound to
the DNA (529 and 576 nm, respectively). This implies that signal-to-noise can be
improved significantly by choosing another type of dye, or a laser with a different
wavelength and matching filters when working with this dye. Furthermore it could
be interesting to see how the tension-dependence of the LDr changes with different
buffer conditions or temperature. To exclude the possibility of a dependency of the
results on the sequence of excitation with parallel and perpendicular polarized light,
the experiments should be repeated with different exposure sequences. Studying the
association reaction in real-time in the sample chamber (both at low and high force)
could shed more light on the bis-intercalation process. When the force increases, the
DNA is pre-stretched and (partially) unwound. This would lower the energy barrier
for intercalation; therefore intercalation could be faster at higher forces.

5.5 Conclusions

In this chapter we have studied the force-extension behavior and polarized fluores-
cence of DNA labeled with the dye Atto-Dino 2. The shape of the force-extension curve
shows that Atto-Dino 2 bis-intercalates in between the bases of the DNA. The depen-
dence of the total elongation of the DNA on the dye concentration shows that one dye
molecule occupies approximately 3.6 bp. There are indications that the intercalation
proceeds slowly, but this needs to be confirmed by low labeling ratio experiments
where the association reaction is followed in real-time.

Using polarized fluorescence measurements we found that at relatively low forces
(<10 pN) the LDr signal is already almost at its minimum value (indicative of near
perfect orientation). The minimum LDr value corresponds to an effective angle
αeff = 73.4 ± 0.4◦ (s.d.) of the transition dipole moment with the long axis of the
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DNA. At large extensions and overstretching forces, the effective angle decreases
slightly, probably due to increased movement of the dye in between the bases. The
total fluorescence intensity also shows tension dependence. Most likely the dye has
an increased probability to loose excitation via vibrational relaxation because of the
increased freedom to move in between the bases at high tensions. Further research to
elucidate the origin of the decrease of αeff and the fluorescence intensity at high forces
could include extending the range of measured forces and extensions, improving the
fluorescence signal/noise ratio, and changing experimental conditions, such as buffer
and illumination scheme.
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Both experimental evidence and theoretical models for collective effects in the work-
ing mechanism of molecular motors are reviewed at three different levels, namely:
(i) interaction between the two heads of double-headed motors, particularly in pro-
cessive motors like kinesin, myosin V and myosin VI, (ii) cooperative regulation of
muscle thin filaments by accessory proteins and the Ca2+ level, and (iii) collective
dynamic effects stemming from the mechanical coupling of molecular motors within
macroscopic structures such as muscle thick filaments or axonemes. We aim to bridge
the gap between structural information at the molecular level and physiological data
with accompanying specific models on the one hand, and general stochastic physical
models for the action of molecular motors on the other hand. An underlying assump-
tion is that while, ultimately, the function of molecular motors will be explainable by a
quantitative description of specific intramolecular dynamics and intermolecular inter-
actions, for some coarse grained larger scale dynamic features it will be sufficient and
illuminating to construct physical models that are simplified to the bare essentials.
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6.1 Introduction

Molecular motors are proteins that use chemical free energy, mostly from ATP hydrol-
ysis, to perform mechanical work. Processes that need such molecular motors are
for example the transport of organelles through a cell, the beating of a sperm tail or
muscle contraction. The cytoskeletal motors performing these tasks are members (by
sequence homology) of the myosin, kinesin or dynein superfamilies.65,81,95 The cy-
toskeletal motors are linear motors moving along polymeric protein filaments. There
are also two known rotary molecular motors in nature, the flagellar motor used by
E. Coli9 and the Fo-F1 ATP-synthase that generates adenosine-triphosphate (ATP) from
a proton gradient across the cell membrane.178 Here we will focus on linear motors.

Linear cytoskeletal motors have a number of generic features in common. They
use ATP to generate pN forces per molecule.50,149 To generate directed motion, the
motors interact with polar tracks, which have periodicities on the order of 10 nm. The
track is an actin filament for myosins, and a microtubule for kinesins and dyneins.
The track functions as a catalyst: binding of the motor to the track under normal
circumstances greatly accelerates the rate of ATP hydrolysis by the motor. The po-
larity of the track determines for a given motor protein the directionality of motion.
Within a given protein family there are members with opposite directionalities on the
same track. The designs of all cytoskeletal motor proteins are similar in that they
consist of a compact head domain containing the nucleotide binding pocket and the
filament binding site, an α-helical stalk domain (often used to polymerize with one
or more other motors), and a tail domain, used to attach cargo.71 Many motor pro-
teins are dimers: the stalk domains forming α-helical coiled coils, but monomers and
trimers are found as well.38,81,95 Motor proteins function in an environment where
ATP, adenosine-diphosphate (ADP) and inorganic phosphate (Pi) are not in chemical
equilibrium.

Although cytoskeletal motor proteins share many basic features, there are also
functional differences between the different superfamilies. They use different tracks,
with different binding sites. The coupling between mechanical and chemical events
differs.66 Even among members of the same family there are striking differences in
the levels of the duty ratio and the processivity. Duty ratio is defined as the fraction
of the total cycle time that a single motor head is bound to the track in the limit of
infinite track concentration. The term processivity is often sloppily used and needs
to be carefully defined to avoid misunderstandings. The definition depends on the
experimental context. Biochemically, processivity is defined as the number of ATP
molecules hydrolyzed by the motor per encounter with the track.123 Note that these
hydrolysis events may or may not be coupled to progression of the motor on the track.
In micromechanical experiments, processivity is commonly defined as the number of
forward steps (unit displacements) along the track the motor takes before releasing
from the track. These two definitions of processivity are model-dependent, and need
not be in agreement. The observed extremes are highly processive motors on the
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one hand such as kinesin-1, and strictly non-processive motors on the other hand,
such as myosin II in muscle or the kinesin-related ncd. Kinesin-1 makes hundreds of
steps without releasing the microtubule under low load, whereas myosin II releases
immediately after performing a working stroke, which is a consequence of its low
duty ratio. Highly processive motors are optimized to work alone or in small clusters,
and necessarily need to possess more than one binding site per functional unit. They
are mostly multimers of motors with a high duty ratio. Processivity is most likely
a cooperative effect in that it involves communication between the two heads of a
dimer. To confuse matters, single-headed motors such as kif1A121 are sometimes also
called processive. Kif1A has two binding sites on a single head, one of which promotes
a weak non-localized association with the track. This motor therefore does not move
forward in a regular fashion. Non-processive motors are optimized to work in large
ensembles, such as myosin II in fast skeletal muscle. A low duty ratio, or spending a
large fraction of their cycle unattached, makes it possible for these motors to attain
an ensemble transport speed higher than the speed of a single motor. In the case of
muscle it increases the maximal speed of contraction.105

Even though the coupling between the two heads of myosin II is not such that it
produces processivity, cooperativity plays an important role in muscle. It occurs at a
larger scale, namely in the regulation of the thin filament. Muscle contraction is trig-
gered by the level of Ca2+. Binding of two Ca2+ ions enables the binding of myosin to
about seven actin monomers (for a recent review see ref. 72). This local cooperativity
triggers muscle contraction within a narrow range of Ca2+ concentrations.

At the moment, there is no complete understanding of the mechanisms and ef-
fects of motor protein collective behavior. It is unclear how exactly dimeric kinesin
manages to be processive, while dimeric myosin is nonprocessive. The understanding
of which cooperative processes determine muscle regulation is not complete. It is
not known what the dynamic consequences are of coupling large numbers of motors
mechanically in axonemes or muscle.

A possible approach to collective effects is to use simplified stochastic dynamic
models. Minimal physical models have been constructed that use only a few generic
features of molecular motors and conceptually go back to the modeling of muscle by
Huxley.89 In one kind of modern models32,94 the track with binding sites is repre-
sented by a one-dimensional, periodic, asymmetric potential-energy landscape. The
throughput of chemical energy coupled to binding/unbinding to the track is repre-
sented by switching between different potential forms. These simple ingredients are
sufficient to create directed long-range motion of a particle along this energy land-
scape, and to let it perform work against an external load. In a similar fashion,
chemical models have been constructed with a (minimum) number of chemical states
and transition rates between them.4,51,96,105 By virtue of their generalized design,
these physical and chemical models can be expected to better explain ‘coarse grained’
features of motor protein dynamics than specific microscopic details, and in that man-
ner illuminate general construction principles. An important coarse grained feature
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is collective behavior on a supramolecular scale. Predictions for spontaneous motion,
oscillations and other phenomena have been made, but carefully controlled exper-
iments on multiple-motor systems are necessary to investigate such phenomena in
biological systems. In this review we will give an overview of observed phenomena
reflecting collective behavior on different levels and describe approaches to model
these phenomena.

6.2 Cooperativity between two motor head domains

The lowest level at which to look for collective effects is the level of motor protein
dimers. Many cytoskeletal motors function as dimers, but the degree of communica-
tion between the two heads appears to vary. Kinesin-1, myosin V and myosin VI differ
in a fundamental way from myosin II in that the former are highly processive, while
the latter is not processive at all, as discussed above. In order for a motor to move
over the filament in a processive way, at least one binding site has to stay attached
to the filament during the entire ATP-ase cycle. Communication between the heads is
likely to be necessary to ensure that, when only one of the two heads is bound, this
bound head does not detach.

Kinesin-1 is the best studied processive motor. Processivity of kinesin-1 was first
shown by Howard et al.87 Hackney74 showed that monomeric kinesin releases almost
all ADP upon binding to microtubuli, where dimeric kinesin releases only half when
both heads carry ADP, the other half after addition of ATP. This suggests that proces-
sivity is due to an alternating head mechanism. Further evidence for the fact that two
heads are needed for processivity came from a solution study,66 and from motility
assays11 with monomeric or dimeric kinesin coated on beads. The monomeric kinesin
failed to produce processive motion along the microtubule.

Hancock and Howard75 showed that, while a single dimeric kinesin can support
continuous motility in a surface gliding assay, four to six copies of single-headed ki-
nesin constructs were necessary to obtain continuous motion. They also obtained
evidence for an acceleration of detachment of one head by the other head. Thus,
processivity appears to rely on the coordination of the two tightly associated kinesin
heads in a dimer. This is in agreement with the biochemical studies of Gilbert et al.,66

who ruled out the possibility of random release of the two heads.
It is not known how the coordination between the two heads is microscopically

orchestrated, and it is not even clear yet in what kind of gait the two heads move along
the microtubule. One of the proposed models for kinesin motility is the hand-over-
hand mechanism [see Fig. 6.1(a)], where the two heads alternate in being leading
or trailing, one step moves the trailing head to a binding site in front of the still
attached leading head, which then becomes the trailing head.75,87,124 The strain on
the trailing head, introduced to the system upon binding of the leading head, strongly
accelerates detachment of the trailing head. At stall force there is little strain on the
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trailing head, and detachment of the trailing head is not accelerated which stops the
motor completely. Peskin and Oster124 proposed a mechanical model for the hand-
over-hand mechanism in which processive motion for two coupled motors is obtained
by an elastic powerstroke in the forward direction, and ATP hydrolysis and release
rates that depend on the relative positions of the two heads.

b)

a)

Figure 6.1. Two possible models for kinesin processivity. (a) The hand-over-hand
model. The trailing head releases from the filament, and rebinds at a position in front
of the second, still bound head. With every 8 nm step the two heads change their
relative positions. (b) The inchworm model. After the leading head makes an 8 nm
step the trailing head will follow with a subsequent 8 nm step. In this way the center of
mass also moves 8 nm, just like in the hand-over-hand model. In the inchworm model
the two heads do not change their relative positions during the cycle.

Another model for kinesin motion is the so called inchworm mechanism.40,88 In
this model one head is always leading. It takes an 8 nm step to the next binding
site on the microtubule and the trailing head follows with another 8 nm step [see
Fig. 6.1(b)]. Physically, one can think of it as two heads connected with a spring.
Stepping of the first head will strain the spring, which will cause the step of the
second head.40 Recent experiments88 exclude the 180◦ turn of the coiled-coil tail
domain of dimeric kinesin while it walks that would be expected for a symmetrical
hand-over-hand mechanism. This is evidence for either an inchworm mechanism or
an asymmetric hand-over-hand mechanism. The crystal structure of kinesin dimers98

does show that the two heads are not arranged symmetrically. The question of how
the two heads move along the microtubule is closely connected to the mechanism of
communication and further research is necessary.∗.

Processive motors have also been found in the myosin superfamily, namely myosin
V and VI.112,129,130,161 They both make large steps, comparable to the helix repeat of
actin of 36 nm, and myosin VI is moving opposite to other members of the myosin
family. Hand-over-hand type of models similar to those for kinesin-1 have been sug-
gested for both motors.129,130

Processivity in the narrower sense of regular forward motion makes two heads

∗Since 2002, when this Chapter was written, more articles have appeared which support an asymmetric
hand-over-hand model for kinesin movement. See e.g. ref. 177
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necessary for myosin V and VI. Many non-processive myosin motors, however, are
also dimeric. This creates the possibility for head-head cooperativity even if it does
not lead to processivity. It has been shown that single-headed myosin II subfrag-
ments 1 (S1) are sufficient for motility and force production in single molecule stud-
ies,114 but there are nevertheless indications of cooperativity. Studies on Dictyostelium

myosin II paired up with headless tails expressed in Dictyostelium91 have shown that
the two heads of this myosin act cooperatively on actin. At saturating motor concen-
trations in surface motility assays, single-headed myosin constructs moved the actin
filaments at half the speed of the double-headed myosin under otherwise identical
conditions. Studies on partial inactivation of crossbridges in skeletal muscle fibers5,26

also show cooperative action of myosin cross-bridges when contracting isometrically,
or shortening under zero load.

Thus, there seems to be a function for the dimeric structure of myosin II. However,
the underlying mechanism is not yet understood. It has been proposed31 that the
transition from the weakly to the strongly bound form of the two heads is different
for the two heads if they are both bound. In a more trivial manner, the binding of one
head, of course, brings the second head close to the filament and may even orient it
properly, so that subsequent binding of the second head becomes more likely.

6.3 Thin filament regulation

Muscle is highly ordered and regulated in a complex fashion. Collective effects
are relevant on several levels. Chemical cooperativity in thin filament regulation
is the most well studied of those. In striated muscle, 294 (98 crowns × 3 myosin
molecules/crown) myosin molecules are polymerized into one myosin or thick fila-
ment. Each myosin molecule interacts with actin in the form of thin filaments, which
consist of actin monomers polymerized in a two-start helix, decorated with the regu-
latory proteins troponin and tropomyosin.44 The myosin and actin filaments, present
in a 1:2 proportion, form a highly ordered hexagonal array in a cross section through
a muscle fiber. One troponin complex and one tropomyosin molecule bind to seven
actin monomers in the thin filament. Upon muscle activation Ca2+ is released into the
cytoplasm, which then binds to troponin C (TnC), the calcium-binding component of
the troponin complex. This binding provides a signal which is transmitted via tro-
ponin T to troponin I143 and eventually results in movement of tropomyosin relative
to the actin monomers, which exposes the myosin binding sites. This is originally re-
ferred to as the steric blocking mechanism.77,90 Several reviews with recent structural
information have been published since then (see e.g. refs. 61,145).

Early studies of the binding of myosin S1, the globular head domain of myosin, to
the thin filament show that it is highly cooperative in the presence16 and absence73

of ATP. The Hill model80 incorporated these findings. It involves two states (on and
off) for a cooperative unit, consisting of seven actin monomers and one tropomyosin-
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a) b) c)

Figure 6.2. The three states of the McKillop and Geeves model.111 (a) In the blocked
state tropomyosin blocks the binding sites. Myosin cannot bind to the thin filament. (b)

In the closed state the position of tropomyosin is shifted after binding of Ca2+ to TnC.
This partially opens up the myosin binding sites. Myosin can now bind weakly to actin.
(c) After an isomerization of the acto-myosin complex the position of tropomyosin is
shifted even further on the thin filament and the system is in the force-producing open
state.

troponin complex. The intracellular Ca2+ level shifts the equilibrium between the two.
In the off-state the binding of myosin-S1 to the actin filament is weak (state 1), in the
on-state binding is strong (state 2). Cooperativity is present in this model because
seven actin monomers change their state as a group, and through nearest neighbor
interactions between adjacent cooperative units. This model provided a good fit to
the experimental data on equilibrium binding of myosin S1 to thin filaments in the
presence and absence of Ca2+.73

However, recent structural data of the regulated thin filament show that it ex-
ists at least in three different states: one where the myosin binding sites on the
actin monomers are completely blocked by tropomyosin, one where they are partially
opened, and one where the tropomyosin does not hinder S1 binding to actin at all.162

These findings are compatible with the three-state model of McKillop and Geeves.111

This model was originally proposed as a special case of the Hill model to integrate the
observed two-step binding of S1 to the thin filament,60 and expanded to a three-state
model to incorporate results from equilibrium and kinetic studies (see Fig. 6.2). In
the blocked state tropomyosin completely blocks the myosin binding site on actin,
and myosin-S1 cannot bind to the thin filament. Ca2+ binding to TnC causes a con-
formational change (to the closed state), and tropomyosin partially shifts its position
on the actin filament. Tropomyosin now only partially blocks the binding site, and
S1 can bind weakly. Subsequent isomerization of the weakly bound complex results
in strong binding of S1. This causes the unit to change to the open state, where the
tropomyosin is shifted even further. The McKillop and Geeves model does not incor-
porate interactions between neighboring cooperative units, although the implications
were considered.104,111 These interactions may be important because tropomyosin
molecules partly overlap to form a connected strand along the actin helix. In this way
strong binding of a single S1 could possibly open up more than seven actin monomers.

The inherent complexity/flexibility of these models, and the difficulty to distin-
guish between them on the basis of experimental data, is illustrated by a recent de-
bate in the literature following a theoretical comparison29 of the original Hill model
and the McKillop and Geeves model.27,62 The comparison showed that both models
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can explain the data with appropriate choices of parameters.

Recent experiments using mutant tropomyosins have led to a new cooperative
model of thin filament regulation.153 These experiments suggested an allosteric ef-
fect of tropomyosin on actin, which is promoted much more strongly by the middle
of the tropomyosin molecule than by its ends. This model takes cooperative inter-
actions within and among adjacent troponin/tropomyosins, as well as the three ob-
served structural states into account, explaining them with a formal description of the
molecular and macromolecular interactions.

The biochemical and structural data mentioned above were mostly derived from
in vitro solution studies, in which structural constraints imposed by the filaments lat-
tice were absent and force development does not occur. Several attempts have been
made to explain the very steep isometric force-calcium relationship on the basis of
cooperative activation of the thin filament. Two important issues related to the bio-
chemical models described above concern the relative contributions of (i) the binding
of calcium and (ii) the formation of strongly bound crossbridges. Brenner17 found
that Ca2+ has a marked effect on the rate constant for transition from non-force-
bearing to force-bearing crossbridges. At lower Ca2+ levels (where less than 25 - 30%
of maximal force is found), the experiments provided evidence of cooperative recruit-
ment of non-cycling to cycling crossbridges. At high levels of Ca2+ the total number
of cycling crossbridges remained unchanged. The regime at low Ca2+ levels was fur-
ther explored by Campbell.23 This model uses features of both the Hill model and the
McKillop and Geeves model to explain force re-development in muscle.

Further information about the influence of thin filament cooperativity on the iso-
metric force-calcium relationship has been obtained from experiments using partial
troponin-C extraction. Early studies14,15 provided evidence of strong cooperativity
because partial TnC extraction resulted in a marked reduction of the steepness of the
force-calcium relation. In recent studies endogenous TnC was extracted and replaced
with another TnC isoform115,128 extending earlier results. Strongly bound non-cycling
crossbridge formation through NEM-S1 infusion in permeabilized muscle fibers52,150

proved to be another tool to investigate the effects of calcium on cooperative cross-
bridge formation. These studies all provided strong support for the two-step activa-
tion scheme described by Vibert et al. and McKillop and Geeves (reviewed in Gordon
et al.72).

Other factors which may determine the relative contribution of the binding of cal-
cium and the formation of strongly bound crossbridges are sarcomere length and/or
interfilament spacing57,58,97,146 as well as the isoforms present of the regulatory my-
osin light chains and of C-protein and their degrees of phosphorylation (see e.g.
refs. 109, 147, 151). All these effects add to the impressive diversity in contractile
activation in different types of muscle tissue. With a number of coupled cooperative
and collective mechanisms at work in muscle, much remains to be learned about the
dynamic properties of this complex motor system.
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LARGER STRUCTURES

6.4 Collective effects due to mechanical coupling of

motors in larger structures

Constructing extremely simplified dynamic models for motor proteins will help to
identify the essential physical ingredients that cause certain observed behaviors. Such
models also serve to highlight universal features of the different biological motor sys-
tems. The simplest possible models will likely have to be refined to match experi-
ments, while the highly detailed models, such as the ones described above for thin
filament regulation, can possibly be generalized to apply more universally. Collective
dynamics on a supramolecular scale in particular seem amenable to ‘coarse grained’
models. A variety of collective dynamic features have been observed experimentally.
When several single-headed kinesin75 or dimeric ncd2 or dynein molecules99 are at-
tached to the same bead the bead will move in a processive fashion along a micro-
tubule. These motors are more or less rigidly connected through the bead and at
high enough motor density at least one motor will always be bound and keep the
bead on-track. The motors can also influence each other mechanically if for instance
transition rates depend on strain. In other multiple-motor systems oscillations are
observed, such as in axonemes,18 dynein in vitro systems,136 insect flight muscle93 or
unregulated reconstituted skeletal muscle fiber.59 These examples show that there
is a wide variety of collective dynamic effects at work in biological motor systems.
Simplifying physical models, that do not depend on the exact molecular structure of
the motors and their tracks, have been proposed, which can display some of these
phenomena. We will limit the discussion to the models that explicitly treat multiple-
motor systems.22,39,43,94,163 These studies have shown that even in very simple mod-
els coupling of multiple motors via a backbone can lead to cooperative behavior such
as spontaneous motion, instabilities and dynamic phase transitions. The velocity as a
function of applied load can show discontinuities, hysteretic behavior and oscillations.

Jülicher et al.94 model single molecular motors as point particles moving on one-
dimensional periodic energy landscapes, where energy minima reflect binding sites
between motor and track, the periodicity reflects the structure of the polymeric tracks.
Energy dissipation through ATP hydrolysis is represented as switching between dif-
ferent energy landscapes, for instance a periodic asymmetric and a flat potential,
mimicking for example in the simplest two-state case tight and weak binding states
respectively [see Fig. 6.3(a)]. The system is described by distribution functions giving
the probability that a particle is in a tightly or weakly bound state at a certain position
and time. Transitions between the two states are thermal or driven by ATP hydrolysis.
The rate constants are assumed to depend on the position along the filament within
a repeat unit. It can be shown that no net movement can be generated by a single
particle in a symmetric potential landscape. On the other hand, if the potentials are
asymmetric, a particle will start to move spontaneously if detailed balance is broken,
in other words as long as energy is consumed by the system. For cytoskeletal motors,
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a)

b)

Figure 6.3. Possible two-state models for motor proteins. (a) A single particle alternat-
ingly sees a periodic, asymmetric and a flat potential representing a strongly and weakly
attached state. Transitions between the two potentials are thermal or actively driven
by for instance ATP hydrolysis. The particle will slide down the potential slope until
it is in a local minimum, or makes a transition. The asymmetry of the system ensures
directed motion on average. (b) A processive dimeric motor is modeled by a single
particle alternating between two periodic asymmetric potentials, ensuring attachment
at all times.

that move on polar filaments and hydrolyze ATP, those two requirements are clearly
fulfilled.

A processive dimeric motor can be described as one particle (representing for
example the center of mass of a dimer) interacting with two different periodic asym-
metric potentials the minima of which are shifted with respect to each other [see
Fig. 6.3(b)]. This particle will always be in a strongly bound state, and generate net
forward motion, just as a processive dimeric molecular motor.

The model has been expanded to a multiple-motor system by attaching N motors
to a rigid backbone, while keeping a two-state model for each motor [Jülicher et al.,94

see Fig. 6.4(a)]. Again, the system can set itself into motion if not in equilibrium. In-
terestingly, however, the potential does not even need to be asymmetric. The coupling
also introduces another collective effect. If the system is working against an external
load, the velocity will decrease with increasing load, but before vanishing, the system
will change its direction of motion at a certain critical force and will start to move
in the opposite direction, the direction of the external force. In a variation of this
model the backbone with the attached motors is elastically coupled to the track [see
Fig. 6.4(b)]. In a crude way this resembles the way thin filaments are coupled to the
Z-disks in muscle. If the particles are moving in one direction they stretch the spring,
and the force exerted by the spring will build up. At a certain moment the force is so
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high that the velocity will reverse (just as discussed before). The particles will now
move in the other direction and compress the spring, until the compression creates an
opposing force that is so high, that another velocity reversal will occur. Thus, elastic
coupling of the backbone to the track gives rise to oscillations. This behavior was seen
in models of symmetric and a wide range of asymmetric potentials.

a)

b)

Figure 6.4. Two ways of mechanically coupling multiple two-state motors. In this case
one of the potentials is asymmetric and periodic and the other one is flat. (a) The
particles are rigidly coupled to a rigid backbone. (b) The particles are rigidly coupled
to a rigid backbone. This backbone is elastically coupled to the potential track.

While in the Jülicher model transition rates are not assumed to be strain depen-
dent, Duke43 proposes a chemical three-state model, and relates mechanical changes
in a many-myosin system to chemical transitions. Transition rates in the chemical
cycle are assumed to be strain dependent, in agreement with experiments.46,75,122,140

A record is kept for the strain and state of each motor, changing them as reactions
occur.

For a real molecule, strain dependence of a transition will depend on how force is
applied and on the geometry and elastic properties of the molecule. For example, the
current picture of myosin motility involves a swinging lever arm,83 which amplifies
the small conformational changes in the nucleotide binding pocket to large working
strokes of the end of the lever arm. Physical properties, like the distance through
which the lever arm moves, and the strength of the elastic element against which
it is moving determine the strain-dependence of the reaction rates. If the spring is
strong, the motor has to wait for other motors to help moving the filament before it
can release its products. In this case the power stroke is performed with little heat
loss, resulting in a very efficient system. At high loads, this model predicts stepwise
motion of the fiber as the load is distributed over all cross-bridges.43

Another feature that can be incorporated in multiple-motor models is the possibil-
ity of an elastic coupling of the motors via the backbone.94,163 The role of the elastic-
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ity of the backbone was specifically examined by Vilfan et al.163 They use a two-state
model, and find that the ability to produce force is less for elastically coupled than for
rigidly coupled motors, while the maximum velocity is not influenced.

Derényi and Vicsek39 take a different approach and do not couple the molecular
motors to each other via an attractive elastic force. Instead they focus on the finite
size of the motors and excluded volume effects, i.e. repulsive interactions. They use a
one-dimensional model with many interacting Brownian particles with overdamped
dynamics in a periodic potential. Particles are assumed to be hard rods. This study
demonstrates that the degree of crowding of the system can have consequences such
as velocity reversal or density dependence of velocity. In a similar manner Lipowsky
et al.106 have studied the effects of crowding and spatial confinement on collective
motor trafficking, demonstrating self-organized concentration and current patterns.

Camalet et al.22 modeled a real and somewhat more complex system, namely
internally driven filaments, i.e. axonemes which form the core of flagella and cilia.
These are modeled as rod-like structures, which contain active force-generating ele-
ments that generate bending and periodic motion. These systems can have a dynamic
instability at, for instance, a critical ATP concentration. Close to the bifurcation the
system is linear, and does not depend on the microscopic details of the filaments.
Oscillations can be understood with a description based on material properties like
bending rigidity, oscillation frequency and viscosity of the fluid.

These studies show that relatively simple and generic physical models for multi-
ple motor systems can indeed generate collective effects such as oscillations. There
still is a considerable gap, however, between models and experimental data. Exper-
iments on carefully controlled many-motor systems are necessary to help to explore
the intriguing dynamic features of motor protein systems.

6.5 Discussion

We have given an overview of collective effects and cooperativity on different levels
of molecular motor dynamics. Such effects appear to occur on all levels of complex-
ity, beginning with the elementary parts of the systems, single (multimeric) motor
molecules, up to the macroscopic machinery of muscle fibers. In dimeric processive
motors, such as kinesin, the two head domains have to communicate such that, while
one head is detached, the probability for the other head to detach is very small. In a
mechano-chemical view this communication between the heads follows from strain-
dependent transition rates. Evidence for strain-dependent transition rates has been
found for kinesin75,87 and myosin.35,79 The microscopic mechanical motions of the
motor, however, are still obscure and hand-over-hand models124 are debated against
inchworm models.40,88

In systems where many motors are coupled, like in muscle or axonemes collec-
tive behavior has also been observed. At this moment there is not enough experi-
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mental data to clearly distinguish between the different proposed models. However,
the models do give some experimentally testable predictions, like velocity reversal
(Jülicher model) or stepwise motion (Duke model) of a multiple-motor system under
high loads.

In muscle, the regulation by Ca2+ appears to be very intricate. Upon binding of
calcium to TnC, and subsequent strong binding of myosin, tropomyosin is shifted on
the surface of the thin filament, opening up multiple myosin binding sites on the thin
filament. In this way all actin monomers within one cooperative unit have to change
their state at once. Adjacent tropomyosin molecules on the thin filament interact,
such that neighboring cooperative units can be influenced by each other’s state. Dif-
ferent models explaining thin filament cooperativity exist. The structural, kinetic and
chemical data available favor a class of models in which dynamic molecular interac-
tions govern the processes involved in muscle contraction and relaxation.153
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Summary

This thesis consists of two main parts. The first part concerns the technique of optical trapping
and optical trap calibration. In the second part optical traps are used to study the coopera-
tive overstretching of DNA in the presence of a bis-intercalating dye, and collective effects in
molecular motors are reviewed.

If light interacts with a particle and the direction of the light changes, momentum is trans-
ferred from the light to the particle. Near the focus of a laser the forces associated with these
momentum changes can be high enough to capture silica or polystyrene beads, called optical
trapping. The beads can be used as handles, which can be conveniently seen in the micro-
scope, to hold and manipulate biomolecules, by attaching DNA, molecular motors, or other
biomolecules to them. The force and displacement ranges of optical traps (picoNewtons and
nanometers) make them a powerful tool to study mechanical properties and interactions on a
single-molecule level. Information on bead displacements and external forces on the bead is
contained in the light that is transmitted through the sample. However, in order to extract that
information, the trap has to be calibrated. In Chapter 2 the general design of the setups and
some of the calibration methods that we have used are described. When the bead is displaced
from the center of the trap, a shift in the intensity distribution of the light in the back focal
plane of a collimating lens, which depends linearly on the distance moved, is measured using
a quadrant photo diode. Chapter 2 describes ways to determine the distance calibration factor,
that relates the detector signal in Volts to actual distances, from the Brownian motion of the
bead in the trap. If the distance of the bead from the center of the trap is known, the restoring
force of the trap on the bead can be calculated using the trap stiffness, which can also be found
from the Brownian motion of the bead.

When an oil-immersion objective is used to create the optical trap, the refractive index
mismatch between the coverslip and the watery fluid in the sample chamber causes smearing
of the focal spot which depends on the distance to the cover slip surface. Especially the high-
angle rays, which contribute considerably to the trapping force, stay close to the surface. This
causes the trap stiffness to decrease with increasing distance to the surface. In Chapter 3 we
measured the dependence of the trap stiffness on the distance to the surface in the presence
(oil-immersion objective) and absence (water-immersion objective) of spherical aberrations, in
the lateral and axial direction, for two different bead materials. The experimental data could
be explained qualitatively with a model based on the intensity in the focus, irrespective of
the angle of incidence. When a water-immersion objective is used to create the optical trap
there are two counteracting refractive index mismatches. Therefore the trap stiffness does not
depend on the distance to the surface in this case.
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Spherical aberrations also influence the distance calibration factor. In Chapter 4 the depth
dependence of the distance calibration factor is studied using a novel, active calibration method
that consists of rapidly scanning the laser over the bead using Acousto-Optic Deflectors (AODs).
This method is particularly useful when some parameters that are needed in the calibration
method based on the Brownian motion of the bead are not known. For instance, in dense visco-
elastic media, like actin or microtubule networks, the viscous drag coefficient is not known.
The active calibration method using AODs has been compared to the passive power spectrum
method based on the Brownian motion of the bead. Both yielded the same results. With the
new calibration we found that when using a water-immersion objective the detector sensitivity
is independent of the distance to the surface, and when using an oil-immersion objective it
decreases with increasing distance to the surface.

In Chapter 5 optical traps were used to study the overstretching transition of DNA with
the fluorescent dye Atto-Dino 2. Upon intercalation of the dye, which proceeds slowly, the
length of the DNA increases, and the overstretching plateau becomes less flat. This is explained
as decreased cooperativity due to the prevention by the intercalated dye molecules of large-
scale formation of single-stranded (ss) DNA-regions. The binding constant and the size of the
binding spot of the dye were found from a fit of the total length increase as a function of dye
concentration to the McGhee and Von Hippel binding isotherm. The optical-tweezers setup
has been used to measure fluorescence-detected linear dichroism to study the force-dependent
orientation of the chromophores with respect to the DNA axis. Starting from zero-force the
tension on the DNA is gradually increased, aligning the DNA as well as the chromophores that
are bound to it. The effective angle of these chromophores peaks around 73◦ when the DNA
is stretched to its contour length. When the tension is increased into the overstretching force
regime the angle decreases slightly, as does the fluorescence intensity. This suggests that the
motion of the chromophores in between the basepairs increases.

These experiments are to our knowledge the first tension-dependent linear dichroism ex-
periments to study the overstretching transition of DNA. In future studies of the overstretching
regime other dyes could be used, which would improve the signal to noise ratio. By measuring
up to higher forces the end of the overstretching regime could be studied. It would also be
interesting to follow the association of dye in the sample chamber in real-time, at different
tensions. This would make it possible to study the distribution of ss-DNA regions in the over-
stretching regime, which would show up as dark regions since the dye does not bind to ss-DNA.
Fluorescence anisotropy measurements could provide insight on the degree of movement of the
dye while it is intercalated.

Chapter 6 of this thesis is a literature study on different levels of collective effects in molec-
ular motors. Sometimes different motor domains in the same molecular motor need to interact
strongly (like in the case of kinesin 1) in order to stay attached to the track for more than one
cycle, and different models for processive movement are discussed. In other cases the motors
work in large clusters (like in the case of the muscle protein myosin II) that generate their own
collective effects, as each motor is mechanically coupled to the others. Theoretical models for
collections of motors are discussed, showing how mechanical coupling can lead to spontaneous
motion and instabilities, or oscillations when an external load is added. A third example of
collective behavior is thin filament regulation by proteins such as the troponin-tropomyosin
complex. Upon binding of Ca2+ to troponin C conformational changes through the complex
open up seven myosin binding spots on the actin that were not accessible at first.
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In recent years the focus in optical trapping experiments has been on single-molecule ex-
periments. However, this study shows that optical trapping experiments with multiple motors,
different combinations of motors, or regulated tracks could provide novel insights into collec-
tive effects in larger, multi-molecular motor structures.
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Samenvatting

In het Nederlands vertaald is de titel van mijn proefschrift: ‘Optische pincetten, biomoleculen
en coöperativiteit’. In de volgende pagina’s probeer ik uit te leggen wat die termen met elkaar
te maken hebben, en hoe ik er onderzoek naar heb gedaan.

Als twee biljartballen tegen elkaar botsen verandert van allebei de impuls, dat is het woord
dat natuurkundigen gebruiken voor de hoeveelheid beweging in een bepaalde richting. De wet
die gebruikt wordt om zo’n botsing te beschrijven is de wet van behoud van impuls, die stelt
dat als er geen externe krachten werkzaam zijn, de totale impuls voor en na de botsing gelijk
moet zijn. In optical tweezers, het optisch pincet, de belangrijkste experimentele techniek in
dit proefschrift, speelt de wet van behoud van impuls een grote rol. Een optisch pincet is in
essentie een heel sterk gefocusseerde laserstraal. Kleine bolletjes (∼0.5-2 µm groot) van glas
of plastic kunnen het laserlicht reflecteren, verstrooien of absorberen. Hierdoor verandert het
licht van richting, en dus is ook de impuls van het licht veranderd. De wet van behoud van
impuls leert ons dat dan ook de impuls van het bolletje moet veranderen in dezelfde mate, en
in tegengestelde richting. Het blijkt dat het bolletje een kracht ondervindt in de richting van de
beweging van het licht (de scattering force), en ook in de richting van de hoogste lichtintensiteit
(de gradient force). Hoe dit ongeveer werkt is getekend in Figuur 2.1 op pagina 14. Als de laser
sterk genoeg gefocusseerd is is er een plek, vlak na het focus, waar alle krachten elkaar precies
opheffen, en het bolletje stabiel vastgehouden kan worden.

Als we de laserstraal langzaam bewegen, kunnen we het bolletje meetrekken. Met een
optisch pincet kunnen we dus het bolletje manipuleren. Bovendien kunnen we door naar de
intensiteitsverdeling te kijken van de laserbundel ná het optisch pincet ook te weten komen
welke kracht er op het bolletje wordt uitgeoefend, en hoeveel het bolletje daardoor uit het
centrum van het optisch pincet is verplaatst.

Hierdoor blijkt het optisch pincet heel handig te zijn voor biofysische experimenten. Het
oppervlak van de bolletjes kan behandeld worden met moleculen die heel sterke bindingen
aangaan met andere moleculen. Een goed voorbeeld daarvan is bijvoorbeeld streptavidine, dat
heel goed bindt aan biotine. Als we nu biotine, een heel klein molecuul, vastmaken aan DNA,
of aan een eiwit dat we willen onderzoeken, en streptavidine aan de bolletjes, dan kunnen we
dat DNA of eiwit aan het bolletje vastmaken. Als het eiwit of het DNA nu beweegt, of er wordt
een kracht op uitgeoefend, dan beweegt ook het bolletje, en kunnen we dat meten door naar
de intensiteitsverdeling van de laser te kijken. Zo kunnen we dus van een enkel molecuul heel
precies meten wat het doet. Daarbij is het handig dat de krachten en afstanden die je met
een optisch pincet kunt meten ongeveer overeenkomen met de krachten en afstanden die je
verwacht voor de biomoleculen waar we in geinteresseerd zijn. Een ander voordeel is dat de
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bolletjes zichtbaar zijn met een microscoop, terwijl de biomoleculen zelf daarvoor te klein zijn.

Nu komen we bij de titel van dit proefschrift, die vrij vertaald luidt: optische pincetten,
biomoleculen en coöperativiteit. We hebben gezien waarom een optisch pincet een handig
gereedschap is bij het onderzoeken van biomoleculen. Om er precieze metingen mee te kunnen
doen moet je de eigenschappen van je optisch pincet kennen. Hoe je die eigenschappen kunt
bepalen staat in het eerste deel van dit proefschrift (in Hoofdstukken 2-4). In het tweede
deel kijken we naar biomoleculen en coöperativiteit. In Hoofdstuk 5 gebruiken we het optisch
pincet voor een studie naar coöperatieve uitrekking van DNA. Hoofdstuk 6 is een literatuurstu-
die naar coöperativiteit bij moleculaire motoren, waar in de toekomst met optische pincetten
expirimenten naar gedaan kan worden.

In het eerste deel van dit proefschrift kijken we hoe we de eigenschappen van het optische
pincet kunnen bepalen. Om met de intensiteitsverdeling van de laserbundel precieze afstanden
en krachten te kunnen meten moet het optische pincet geijkt worden. Vaak wordt dit gedaan
met de Brownse beweging van het bolletje in het water. De watermoleculen botsen tegen het
bolletje, en oefenen er dan een kracht op uit waardoor het een klein beetje beweegt. Dit ziet
er, als je het meet, uit als een soort ruis (zie Figuur 2.3 op pagina 18 voor een voorbeeld), maar
we weten wel heel precies hoe de karakteristieken van dit signaal zijn voor een bolletje van
een bekende grootte in een vloeistof met een bekende temperatuur en viscositeit. In Hoofdstuk
2 leggen we uit hoe je met behulp van deze Brownse beweging aan de calibratiefactoren kan
komen, en in de Hoofdstukken 3 en 4 gaan we er nog wat dieper op in.

Tussen het objectief, dit is de lens die de laser sterk focusseert zodat we er bolletjes mee
kunnen vangen, en de samplekamer waar we onze biofysische experimenten doen, zit een
laagje immersievloeistof. Voor sommige objectieven is dit olie, en voor andere water. Olie heeft
dezelfde brekingsindex als glas. Bij gebruik van een olie-immersie objectief wordt daardoor
het licht niet gebroken op de overgang van de immersievloeistof naar het dekglaasje van de
samplekamer, maar wel op de overgang van het dekglaasje naar het (meestal voornamelijk
uit water bestaande) sample. Hierdoor ligt het focus voor licht dat van de buitenste deel
van de lens komt iets dichter bij het dekglaasje dan voor licht uit het centrum van de lens
(zie voor een tekening Figuur 3.1 op pagina 23). Van dit effect, sferische aberratie genoemd,
hebben we meer last als we het bolletje verder weg van het dekglaasje willen vasthouden. Bij
gebruik van een water-immersie objectief wordt het licht weliswaar gebroken op de overgang
van het immersiewater naar het dekglaasje, maar ook weer teruggebroken op de overgang van
het dekglaasje naar het waterige sample. Hierdoor worden alle lichtstralen op dezelfde plek
gefocusseerd, ook als we dieper het sample in willen met ons optisch pincet.

In Hoofdstuk 3 hebben we onderzocht hoe sferische aberratie de stijfheid, dat is een van
de factoren die we ijken, van het optisch pincet beïnvloedt. De stijfheid van het optisch pincet
kun je vergelijken met die van een veer (de veerconstante): het geeft aan hoe een bepaalde
verplaatsing (het indrukken of uitrekken van de veer, of het uit het centrum van het optisch
pincet verplaatsen van het bolletje) gerelateerd is aan de kracht die de veer of het optisch pincet
uitoefent om weer naar de evenwichtspositie terug te komen. De stijfheid van het optisch pincet
wordt sterk beïnvloed door het licht dat onder een grote hoek invalt, dat is het licht dat van
de buitenkant van de objectieflens komt. Als we dieper het sample in gaan is het juist dit licht
dat door sferische aberratie niet meer netjes in het focus terecht komt, waardoor het optisch
pincet minder sterk wordt. Uiteindelijk wordt hij zelfs zo zwak dat de bolletjes niet meer
vastgehouden kunnen worden.
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Voor water-immersie objectieflenzen is het eenvoudiger. Doordat alle licht, ook diep in het
sample, netjes gefocusseerd wordt blijft de stijfheid van een optisch pincet in theorie constant.

Het doel van dit deel ons onderzoek was om in kaart te brengen hoe de stijfheid van het
optisch pincet afhangt van de diepte, voor zowel een olie- als een water-immersie objectief.
Er is daarbij een aantal dingen waar we rekening mee moesten houden. Het eerste is dat
de viscous drag, de visceuze wrijving of weerstand, van het water in het sample, die nodig
is voor de berekening van de stijfheid met de methode van de Brownse beweging, door de
afstand tot het dekglaasje beïnvloed wordt, met name vlak bij het oppervlak. Dit komt doordat
er een overgang is van de beweeglijke watermoleculen in het midden van het sample naar
de watermoleculen die vastgeplakt zitten op het oppervlak, en nauwelijks bewegen. Om de
visceuze wrijving goed te kunnen berekenen hebben we zo precies mogelijk de afstand tot
het oppervlak bepaald. Bovendien hebben we een tweede calibratiemethode, die niet van de
visceuze weerstand afhangt, gebruikt om onze resultaten te controleren.

Het is overigens nog niet zo eenvoudig om heel precies de afstand tot het oppervlak te
meten, met name bij het gebruik van een olie-immersie objectief. Dit komt doordat de afstand
die het objectief verplaatst wordt niet precies gelijk is aan de verplaatsing van het focus in het
sample, door de breking van het licht. We hebben hiervoor een correctieformule toegepast.

De metingen toonden aan dat bij gebruik van een water-immersie objectief inderdaad de
stijfheid van het optisch pincet gelijk blijft bij toenemende afstand tot het oppervlak, terwijl
hij afneemt bij gebruik van een olie-immersie objectief. Deze afname bleek te modelleren te
zijn met een model dat uitgaat van de hoeveelheid licht die het bolletje raakt, ongeacht onder
welke hoek dat is. Doordat de stijfheid van het optisch pincet bij gebruik van een water-
immersie objectief niet afhangt van de diepte konden we die data gebruiken om het effect van
de veranderende visceuze weerstand te laten zien.

Een andere factor van het optisch pincet die we ijken, de detector calibratiefactor, legt het li-
neaire verband tussen de signaal uit de detector in Volts en een fysieke afstand in (nano)meters.
Als de detector een output van 1V heeft in de x-richting kan dit bijvoorbeeld betekenen dat het
bolletje in het optisch pincet 7 nm (1 nanometer is een miljardste meter) uit het centrum
verplaatst is in de x-richting, en (met gebruik van de stijfheid van het optisch pincet) dat
daar een kracht van 4 pN voor nodig was (1 picoNewton is een miljoenste van een miljoenste
Newton. 1 Newton is ongeveer even groot als de kracht die je nodig hebt om een appel op
te tillen). Als nu door sferische aberratie de hoeveelheid licht in het focus verandert bij een
andere afstand tot het oppervlak, verwachten we bij dezelfde verplaatsing een andere output
van de lichtgevoelige detector. Kortom: we verwachtten dat de detector calibratiefactor ook
afhankelijk is van de afstand tot het oppervlak bij gebruik van een olie-immersie objectief, en
niet bij gebruik van een water-immersie objectief.

In Hoofdstuk 4 hebben we dit gemeten, voor beide soorten objectieflensen. Deze metingen
dienden tevens als test voor een nieuwe methode om de detector calibratiefactor te vinden. In
deze methode gaat de laser door een Acousto-Optische Deflector (AOD) voor hij de objectieflens
in gaat. Het kristal van de AOD zorgt ervoor dat we de laser een klein beetje kunnen afbuigen.
In het sample zorgt dit voor kleine verplaatsingen van het optisch pincet. Door nu het optisch
pincet heel snel (veel sneller dan het bolletje kan volgen) over een bolletje in het optisch
pincet te scannen krijg je eenzelfde soort signaal als wanneer het bolletje bewogen had, en het
optisch pincet niet. Doordat we precies weten wanneer het optisch pincet waar was geeft dit
ook een mogelijkheid om de detector calibratiefactor te vinden. Het voordeel van het gebruik
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van deze methode is dat je van tevoren niet hoeft te weten hoe groot het bolletje precies is,
wat de temperatuur van het sample is, en wat de visceuze weerstand. Vooral dit laatste is erg
handig in sommige experimenten met optische pincetten waar de visceuze weerstand moeilijk
te bepalen is, bijvoorbeeld in een cel, of in een dicht netwerk van eiwit-polymeren.

We hebben deze nieuwe methode vergeleken met de methode die beschreven staat in
Hoofdstuk 2 (gebaseerd op de Brownse beweging). Beide methoden geven dezelfde resultaten,
mits aan een aantal voorwaarden voldaan is. De nieuwe methode is dus een goede aanvulling
op bestaande calibratiemethoden, met name in die gevallen waar sommige parameters min-
der goed bekend zijn. Verder blijkt dat de calibratiefactor bij gebruik van een water-immersie
objectief onafhankelijk is van de afstand tot het oppervlak, conform de verwachting. Bij ge-
bruik van een olie-immersie objectief gaat de calibratiefactor omhoog bij een grotere afstand
tot het oppervlak, oftewel 1 V staat op grotere diepte voor meer nanometers verplaatsing in het
sample.

In het tweede deel van dit proefschrift kijken we naar biomoleculen en coöperativiteit.
In Hoofdstuk 5 hebben we DNA onderzocht dat gekleurd was met een fluorescent molecuul.
DNA is een zeer belangrijk biomolecuul, omdat het het erfelijk materiaal bevat: het is een soort
bouwtekening van hoe wij en andere levende wezens in elkaar zitten. Er wordt daarom veel
studie naar gedaan, ook met optische pincetten. Hiervoor wordt de ene kant van het DNA aan
een bolletje van plastic of glas vastgemaakt dat met het optisch pincet gemanipuleerd kan wor-
den. De andere kant wordt vastgeplakt aan bijvoorbeeld het oppervlak van de samplekamer, of,
en dat is handiger, een tweede glazen of plastic bolletje dat we met een tweede optisch pincet
vast kunnen houden.

Eerder is men er al achter gekomen door het DNA langzaam op te rekken dat er rond een
kracht van 65 pN iets bijzonders met het DNA gebeurt. Hier zorgt een klein beetje extra kracht
ineens voor een toename van de lengte van het DNA van ongeveer 70% (het overstretching

plateau). Het model dat deze plotselinge lengtetoename verklaart houdt in dat de zwakke
bindingen die de baseparen in het DNA bij elkaar houden (zie Figuur 1.1 op pagina 2) op
een coöperatieve manier verbroken worden voor bijna alle baseparen. Ons onderzoek in dit
hoofstuk was er mede op gericht om te zien wat er nou precies gebeurt bij dit overstretching

plateau door fluorescente moleculen te gebruiken.

Voor dit onderzoek hebben we eerst gekeken hoe het verband tussen de kracht op het DNA
en de uitrekking verandert als we er verschillende concentraties van de kleurstof, Atto-Dino
2, aan toevoegen. Wat blijkt is dat het DNA langer wordt van hogere concentraties kleurstof,
waaruit we concluderen dat de kleurstof tussen de baseparen bindt, dat het binden van de
kleurstof relatief langzaam verloopt, en dat op het overstretching plateau voor eenzelfde ho-
eveelheid uitrekking meer kracht nodig is dan zonder kleurstof. Uit al deze gegevens hebben
we ook de bindingsconstante van de kleurstof kunnen bepalen, en hoeveel baseparen van het
DNA ‘bezet’ worden door het binden van een molecuul van de kleurstof.

Vervolgens hebben we gekeken wat we kunnen leren van het fluorescentielicht dat van het
DNA afkomt als we het langzaam onder steeds meer spanning zetten. We gebruiken twee ver-
schillende polarisatie richtingen voor het inkomende licht. Als het kleurstofmolecuul parallel
aan de polarisatie van het licht geörienteerd is, is de absorptie optimaal, en de hoeveelheid
fluorescentielicht groot. Als het kleurstofmolecuul loodrecht op de polarisatierichting van het
inkomende licht georienteerd is is de absorptie van dit licht minimaal, en de hoeveelheid flu-
orescentielicht klein. Door bij steeds hogere kracht afwisselend met twee polarisatierichtingen
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van het inkomende licht de hoeveelheid fluorescentie te meten kun je detecteren hoe de gemid-
delde oriëntatie van de kleurstofmoleculen is ten opzichte van die polarisatierichtingen van het
inkomende licht.

Als de twee bolletjes vlak bij elkaar zijn wordt er geen kracht op het DNA uitgeoefend.
Als we de afstand tussen de bolletjes langzaam vergroten wordt het DNA rechtgetrokken, en
de gebonden kleurstofmoleculen zullen dus ook steeds meer geordend worden. We hebben
gemeten dat als we het DNA onder spanning zetten de gemiddelde hoek steeds groter wordt
ten opzichte van de lengteas van het DNA, met een maximum van ongeveer 73◦ als het DNA
helemaal is opgestrekt, zoals je ook ongeveer verwacht voor een kleurstof die tussen de base-
paren bindt. Als we de kracht op het DNA verder vergroten tot krachten in het overstretching

gebied, zien we twee dingen gebeuren: ten eerste neemt de gemiddelde hoek een beetje af, en
ten tweede neemt de totale fluorescentie intensiteit iets af. Beiden wijzen erop dat de kleurstof
iets meer ruimte heeft om te bewegen tussen de baseparen.

De metingen in dit proefschrift zijn nog niet genoeg om echt te weten te komen wat er nou
precies gebeurt bij overstretching. Het zijn wel de eerste, veelbelovende, metingen die hier op
deze manier naar kijken. In volgende experimenten zou bijvoorbeeld bij nog hogere krachten
gemeten kunnen worden, om te zien wat er gebeurt als je aan het einde van het overstretching-
gebied zit. Het zou ook heel interessant zijn om te volgen wat er gebeurt tijdens het binden
van de kleurstof aan het DNA bij verschillende krachten. Verder is uit eerder onderzoek bekend
dat factoren als de zuurtegraad van de omgeving, de hoeveelheid zouten in de oplossing, en
de temperatuur de overstretching-overgang beinvloeden. Deze zaken zouden wij in toekom-
stig onderzoek ook kunnen variëren om de effecten op de kracht-afhankelijke fluorescentie te
meten.

Hoofdstuk 6 is een literatuurstudie over coöperativiteit bij motoreiwitten. Motoreiwitten,
of moleculaire motoren, zijn eiwitten die de chemische energie die vrijkomt bij de splitsing van
het molecuul ATP in ADP en een losse fosfaatgroep, omzetten in mechanische energie (kracht
en beweging). Er zijn heel veel verschillende soorten motoreiwitten. Hier beperken we ons tot
moleculaire motoren uit de mysosine en kinesine families. Dit zijn motoren die op een soort
’spoor’, een eiwitpolymeer van actine of tubuline, werken.

Het eerste van de drie verschillende niveaus waarop zich coöperatieve effecten voordoen
bij motoreiwitten is coöperativiteit binnen het motoreiwit. Veel moleculaire motoren zijn
samengesteld uit verschillende onderdelen, die samen moeten werken om een bepaalde taak te
kunnen volbrengen. Een voorbeeld is het kinesine-1 eiwit, dat aan een vracht bindt die door de
cel vervoerd wordt. Het kinesine doet dat door zich over een microtubule, een holle buis van
tubuline-eiwitten, voort te bewegen met twee motordelen. Om gemiddeld genomen met de
vracht in de goede richting te bewegen is het van belang dat er heel veel stapjes in die richting
genomen worden voordat het kinesine loslaat. Er is dus sprake van coördinatie tussen de twee
motordelen, zodat het ene deel niet de microtubule loslaat als het andere al ongebonden is. In
dit hoofdstuk bespreken we een aantal modellen die hiervoor bestaan.

Een tweede niveau waarop collectieve effecten een rol kunnen spelen is als een hele-
boel moleculaire motoren mechanisch aan elkaar gekoppeld zijn, en soms ook aan de eiwit-
‘spoorweg’ waar ze op werken. Een belangrijk voorbeeld hiervan is myosine II, dat in spieren
bundels vormt, de zogenaamde thick filaments. In deze myosinebundels zijn alle afzonderlijke
motoren mechanisch aan elkaar verbonden. Als de één een stapje maakt, en het hele thick
filament daardoor een beetje opschuift ten opzichte van de het actine filament (de ‘spoorweg’

101



Samenvatting

voor myosine) kan dat een andere motor, die ook nog aan het actine filament gebonden was,
onder spanning zetten. In dit hoofdstuk behandelen we verschillende theoretische modellen
voor deze grotere clusters van motoren. Het blijkt dat allerlei collectieve effecten mogelijk zijn,
waaronder spontane oscillaties.

Het derde niveau dat we beschrijven waarop collectieve effecten voorkomen is de regu-
latie van de ‘spoorweg’ van de motoreiwitten met behulp van andere eiwitten. In spieren zijn
aan de actine filamenten troponine en tropomyosine eiwitten gebonden. Tropomyosine is een
lang molecuul, dat zeven bindingsplekken van het myosine op het actine filament blokkeert.
Als de spier een zenuwprikkel krijgt komen er calciumionen vrij. Als Ca2+-ionen binden aan
troponine-C verschuift het tropomyosine een beetje, waardoor myosine zwak kan binden aan
het actine. Door het binden van myosine aan actine wordt het tropomyosine nog een beetje
verder verschoven. Hierdoor worden alle zeven bindingsplekken die eerst geblokkeerd waren
volledig toegankelijk voor myosine. Het wel of niet binden van Ca2+ aan troponine zorgt er
dus uiteindelijk voor dat in een keer zeven bindingsplekken wel of niet te gebruiken zijn.

In de afgelopen jaren heeft het onderzoek met optische pincetten zich voornamelijk bezig
gehouden met ‘single-molecule’-onderzoek, dus onderzoek naar de werking van één motoreiwit.
De voorbeelden in dit hoofdstuk laten zien dat met optische pincetten nog veel interessant
onderzoek met potentieel verrassende uitkomsten mogelijk is, bijvoorbeeld met grotere hoe-
veelheden van dezelfde of verschillende motoren werkend op hetzelfde ‘spoor’, of het werken
met gereguleerde filamenten.
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Er is een parallel te trekken tussen promoveren en wandelen, een van mijn hobby’s. Net zoals
bij wandelen is het einddoel belangrijk, maar is de reis pas echt geslaagd als de route naar het
einddoel toe interessant, en het gezelschap aangenaam was. Nu dan na al die jaren eindelijk
de laatste puntjes op de i staan van de hoofdtekst van mijn proefschrift, is het tijd geworden
om mijn Dankwoord te schrijven, en terug te blikken op een fascinerende tijd.

Allereerst wil ik mijn ‘reisbegeleiders’ bedanken. Christoph, you’ve created a wonderful
and energetic group, and were always full of ideas. You often worked on (and e-mailed me)
suggestions for my papers in the middle of the night, when I was sound asleep. They never
failed to make the papers better. You’ve given me the freedom to choose my own path, for
which I am very grateful. And last (but certainly not least!) you got the Italian-restaurant-style
coffee machine. Even though I don’t drink coffee (en volgens mijn afstudeerbegeleidster Hester
zal het nu ook wel niet meer gebeuren, ondanks de echte macchiato die Bram een keer voor
mij heeft gemaakt) I really appreciated the cosy CoSy coffee hours.

Ger, ondanks dat het met mijn proefschrift niet helemaal de kant op ging die van te voren
was bedacht, bleef je je al die tijd toch voor mij interesseren, wat ik erg fijn vond. Door je
kritsche vragen werd vaak snel duidelijk wat ik onterecht als bekend of duidelijk veronder-
stelde. Bovendien kwamen teksten die ik je stuurde altijd in recordtempo weer naar mij terug,
waarbij de zinnen vaak aanzienlijk verfraaid waren.

Gijs, jij had in je rugzak een lijntje zitten om me toe te werpen toen ik dat nodig had en
dat heb ik met beide handen gegrepen. Mijn onderzoek kwam hierna echt goed op stoom,
en het resultaat is dit boekje. Niet slecht he? Ik heb bijzonder genoten van onze gesprekken,
vooral die waarin we probeerden data te duiden, of nog net een tikkie meer informatie uit de
metingen te peuteren. Bedankt voor je inspirerende begeleiding en het vertrouwen wat je in
mij gesteld hebt.

Erwin, hoewel je officieel niet mijn begeleider was moet jij hier toch ook vernoemd worden,
en niet alleen vanwege je levendige bijdragen aan de discussies tijdens de lunch (van heerlijke
zwart-wit tirades over de huidige stand van de politiek in Amerika, tot uiteenzettingen over
onze vaderlandse geschiedenis), of je hulp bij het fluorescentiehoofdstuk (Hoofdstuk 5). Op
een aantal cruciale kruispunten op mijn tocht door promotieland heb je mij, afhankelijk van
de situatie, vriendelijk de weg gewezen of stevig de waarheid verteld. Daarvoor ben ik je nog
steeds zeer erkentelijk.

En dan de overige reisgenoten, zowel binnen als buiten het werk, die de reis veraange-
naamden en een stuk boeiender hebben gemaakt. In mijn jaren bij Complexe Systemen hebben
vele mensen met mij gedurend kortere of langere tijd deel uitgemaakt van de groep als pro-
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movendus, postdoc, gast of student. Alleen al het aantal nationaliteiten van mensen met wie
ik een kamer gedeeld heb is denk ik niet op twee handen te tellen. Een aantal groepsgenoten
wil ik hier in het bijzonder bedanken. Bram, Maarten, Iwan, Sander, Lukas: voor jullie (soms
wat hyperactieve) enthousiasme, de antwoorden op de vele vragen die ik in de loop der jaren
gesteld heb, en de grappen en grollen. Mikhail en Maryam, mijn twee vaste kamergenoten,
voor het delen van alle lief en leed. Gijsje, and Catherine, for your interest. Stefan, for stim-
ulating discussions on both physics and metaphysics. Met Annemarie (niet in de groep, maar
wel op dezelfde gang) heb ook ik vele goede gesprekken gevoerd.

Joost, je bent niet voor niets mijn paranimf. Vele uren hebben we samen in het lab gewerkt,
wat ik steeds ongelovelijk gezellig heb gevonden. Je bent een kei in samenwerken, zoals ook
al blijkt uit jouw eigen proefschrift. Je rol als absolute LabVIEW-koning van het lab is al in vele
dankwoorden bezongen en ik kan het daar alleen maar van harte mee eens zijn. Behalve de
hoofdstukken waar we gezamelijk auteur zijn is ook een groot deel van de rest van dit proef-
schrift op enig moment op jouw bureau terecht gekomen, en meestal snel een stuk verbeterd
weer naar mij terug gestuurd. Maar bovenal: je stond altijd met een luisterend oor klaar, en
wist me dan weer de zonnige kant van een situatie te laten zien. Bedankt.

Ik ben zo af en toe van de gebaande paden en gangen op de begane grond en de kelder
afgeweken. Op de derde verdieping lieten de mensen van de OC en het bestuur mij heel
andere kanten van de faculteit zien, een leerzame ervaring. En op U1 stuiterden eerstejaars
A-seriestudenten in het rond, en die mocht ik leren experimenteren, wat ik ontzettend leuk
vond. Jorn, Thomas, Felina, Ruth, Guus (die ik ook in de groep nog bij een experiment mocht
begeleiden), Chase, Kirsten, Bert, en al die anderen: ik heb genoten van jullie enthousiasme.
Jaap probeerde zowel de studenten als mij wat zelfreflectie bij te brengen. Bedankt voor de
leuke gesprekken, zowel op de VU als op de fiets richting Westerpark.

Buiten de VU waren vrienden en familie altijd vol belangstelling voor mijn onderzoek, maar
het was ook fijn om het met jullie af en toe eens over iets anders dan wetenschap te kunnen
hebben. In het bijzonder wil ik hier Dorien en Michiel, Erik (Viking) en Mariska, (V)Erik, Micha
en Martin bedanken voor hun vriendschap. Roelof, ik ben samen met je afgestudeerd, en het
voelt goed dat je ook nu weer naast me staat in een mooi pak. Rien, Marion, Lisette, Gonny
bedankt voor jullie warme interesse. Bas, je weet nog steeds als de beste hoe je een lach op
mijn gezicht moet toveren. Paps en mams, bedankt voor jullie steun, van kleins af.

Marijn, jij hebt alles meegemaakt, zowel de frustratie als er weer eens een meetdag ver-
prutst was, als de opwinding bij een serie goede metingen en de analyse daarvan. Je bleef maar
luisteren. Je hield me in het lab gezelschap als er in het weekend gewerkt moest worden, en
aanvaardde zonder mopperen dat het wel eens laat op de avond werd als het goed ging. Dank
je wel, voor dit alles en nog meer. Het is eindelijk af, het eindpunt van de reis is bereikt. Nu jij
nog...
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