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1 Introduction

The cell is the structural unit of life. It is highly complex and organized. For under-
standing the metabolic processes and related diseases of an organism, investigating
the protein-protein and DNA-protein interactions on their structural level is essential.
The possibility to have an impact on metabolic processes opens a broad field of drug
development, aimed at specific targets to prevent unwanted interactions causing side
effect.
One of the first developed biopharmaceutical drugs was human insulin for patients
suffering from diabetis mellitus whose metabolism is not able anymore to produce its
own insulin or just produces it with an reduced effectiveness in the islets of Langer-
hans in the pancreas. Challenging are diseases with an overproduction of misfolded
proteins. One example is the amyloid beta peptide involved in Alzheimer’s disease.
This peptide is self-aggregating, leading to oligomeres which are believed to be toxic
and leading to the damage of neurons [BKS12]. To stop or delay this process is only
possible by understanding how the amyloid beta peptide interacts with itself.
The invention of the atomic force microscope [BQG86] was an important milestone
for investigating living biological samples in aqueous solutions. This microscope al-
lows also force spectroscopy measurements for observing the force-dependent dis-
sociation of two single molecules like a receptor-ligand pair, or the stretching of a
single, chain-like macromolecule. The first receptor-ligand pairs investigated by this
technique were biotin and avidin by Florin et al. [FMG94] and biotin and streptavidin
by Lee et al. [LKC94]. They determined the dissociation force of the complex which
can not be determined in ensemble measurements.
Evans and Ritchie proposed that this forced dissociation process can be viewed as a
thermally activated escape over a potential barrier of the energy landscape describ-
ing the molecular interaction [ER97]. This thermally activated escape is ubiquitous in
biological, physical and chemical processes and its understanding therefore of impor-
tance [HTB90]. The aim of this work is to develop a model to reveal the free energy
landscape of the molecular interaction from force spectroscopy data and obtain a pos-
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1 Introduction

sible curvature of the free energy landscape. Furthermore I discuss the reliability of
this reconstruction from simulated single-molecule force spectroscopy experiments,
dependent on the accessible force range, by considering a single or multiple retrac-
tion velocities. To test my analysis strategy I analyse the data of the intermolecular
interaction of the point mutant R176A of the protein PhoB with DNA from the bacte-
ria Escherischia coli.
Force spectroscopy measurements allow also to determine the elasticity of the stretch-
ed molecule. This is used to identify the influence of compatible solutes on each
unfolding step, recorded in a force-distance curve, of the membrane protein Bacte-
riorhodopsin. To determine the reliability of the changes in the dissociation force, I
calculate statistical errors for the measured force histograms including the thermal
influence.

I start with an introduction to the physical principles, focusing especially on the
atomic force microscope and force spectroscopy measurements. Furthermore I ex-
plain the determination of the spring constant of the cantilever and the modelling of
polymers which is essential for the analysis of force-distance curves. The data used
and analysed to test my analysis strategy is from measurements on the transcription
factor PhoB. This protein and the investigated membrane protein Bacteriorhodopsin
are presented in chapter 3 describing the biological principles. The simulation of force
spectroscopy data is explained in the materials and methods in chapter 4. The results
of this work are given in the following two chapters, before concluding in chapter 7
with an outlook on future perspectives.
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2 Physical principles

In this chapter I introduce the physical bases for single-molecule force spectroscopy:
the atomic force microscope and the measureable forces, the performing of force spec-
troscopy measurements, the determination of the spring constant of the cantilever. I
conclude with polymer models which are necessary for the analysis of force spec-
troscopy data.

2.1 Atomic force microscope

The invention of an absolute new approach to image and measure surfaces by Bin-
ning and Rohrer [BR86] in 1981 lead to a revolution in investigating materials: the
information is not gained by an electromagnetic wave as before in light and electron
microscopy, but by an interaction between a sensor with a needle-like tip and the
surface. The first interaction used was a tunneling current between the sensor and a
surface which is why this method was called Scanning Tunneling Microscope. The
investigated surfaces had to be made from or covered with conducting material and
the measurements had to be performed in air or vacuum. With this method it was
possible to reach an atomic resolution for the first time which earned the Nobel prize
in 1986.
Soon another interaction was used, namely the force which acts between the spring
like sensor and the surface. This allows to perfom measurements in aquaeous solu-
tions which broadens the range of investigated materials to living biological samples
in buffer reaching a resolution underneath the diffraction limit of optical systems.
This method is called atomic force microscopy, invented by Binning, Quate and Ger-
ber [BQG86].
In this chapter I will introduce the physical background of atomic force microscopy,
its general setup, and the measurable forces.
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2 Physical principles

2.1.1 The general setup

The underlying principle of the atomic force micoscope (AFM) is the detection of the
mechanical force acting between a sample and a sensor. This microfabricated sen-
sor is a so-called cantilever which consists of a rectangular or triangular beam with
a pyramidal or cone-shaped tip at the end. By approaching this cantilever towards a
sample it deflects according to Hooke’s law when the tip gets in proximity of the sur-
face. While scanning with the tip over the sample, the cantilever deflection changes
due to the topography of the sample. A topographic image of the sample is therefore
obtained by plotting the deflection of the cantilever versus its position on the sam-
ple [BJ95]. To that aim the atomic force microscope has to consist out of two main
components:

1. the piezoelectric scanner which allows movements of the cantilever with sub-
nanometer accuracy in all three dimensions. This scanner is made from a piezo-
electric material which expands or contracts proportionally to an applied volt-
age. For each movement on one of the three axes the scanner has one indepen-
dent piezoelectric crystal.

2. a detection system to measure the deflection of the cantilever. Typically an op-
tical method is used which consists out of a laser and an array of four photodi-
odes. The laser beam is focused on the backside of the free end of the cantilever.
The backside is made of silicium or coated with gold and therefore the laser is
reflected and guided to the position-sensitive photodiode [Duf02].

Such a general setup of an AFM is shown in figure 2.1.

In the following the detection of the movements by the photodiode is explained in
more detail: The photodiode has four detection fields. Each field translates the im-
pinging light into an electric current via the photoeffect. For the detection of the
movements of the cantilever the following voltages are oberved, see the labeling in
fig 2.1:
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2 Physical principles

Figure 2.1: Setup of an AFM [Har09]. The labeling of the four photodiode arrays is shown.

• The sum of the four voltage fields is

Usum = UA + UB + UC + UD. (2.1)

This parameter has to be maximised at the beginning of each measurement by
adjusting the position of the laser spot on the cantilever.

• The vertical deflection is often called the deflection signal.

Ude f lection = UA + UB − (UC + UD). (2.2)

For calibrating the photodiode, the fields get positioned such that the laser spot
is in the middle between the both upper and lower fields. So at the beginning
the signal is UDe f lection = 0.

• A horizontal deflection of the cantilever gets detected by the lateral signal

Ulateral = UA + UC − (UB + UD). (2.3)

For calibration the laser spot has to be positioned to the middle between the
both left and both right fields. Then the lateral signal is ULateral = 0.

When a force is acting on the cantilever, it deflects which leads to a shift of the posi-
tion of the laser spot on the photodiode fields, thereby inducing Ude f lection and Ulateral.
Futhermore the deflection signal is used to control the movement of the cantilever in
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2 Physical principles

vertical direction, see figure 2.1. When the forces acting on the cantilever exceed a
defined value, the controller retracts the canilever from the surface until the deflec-
tion reaches an acceptable value again. This feedback loop saves the cantilever from
damage.

Because in this work the imaging modes of the AFM are not used I will not explain
them here but refer for more information to the literature like for example [EW10]. In
the next section I will explain which forces the AFM can detect.

2.1.2 Tip-sample interactions

By approaching the cantilever towards a surface, several forces of different strength
and interaction range act on the cantilever. By these attractive or repulsive forces the
cantilever gets deflected out of his idle position. In figure 2.2 the interaction range of
the different forces is shown. In the following the cause of these forces is explained in
order of their interaction range.

Fluid film damping
This boundary only occurs for measurements in Tapping Mode [Ell95, EW10]. A
damping layer of air is developed when the oscillating cantilever comes to within 10
microns of the sample surface. While the cantilever moves downwards during the
oscillation, the air is squeezed and while moving upwards a partial vaccum occurs.
This phenomenon disappears when the cantilever passes this boundary.

Electrostatic forces
Between two electric charges Q1 and Q2 which have a distance r from each other acts
the Coulomb force

|~FC| =
1

4πε0ε

Q1Q2

r2 . (2.4)

ε0 is the dielectric constant of vacuum and ε the one of the surrounding media. Elec-
tric charges can accumulate on the cantilever and the sample surface and interact
with each other. This electrostatic interaction can be influenced by the choice of the
cantilever material, the material of the surface or by the surrounding media. They get
reduced by conducting material. In liquids they can get controlled by the concentra-
tion of ions.
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2 Physical principles

Figure 2.2: Interaction range of the different interaction forces [Ell95]: The electrostatic forces
occur with this interaction length in air. In liquids the interaction length is
shorter. The fluid film tension does not occur in liquids.

Fluid surface tension
On air every surface is covered by a thin water layer. A capillary tube is formed when
the cantilever is 10-200 nm above the surface. This leads to an additional attractive
force. This force is in the range of 10 nN to 100 nN [JNOF00]. This effect does not
occur here because the measurements used in this work are made in liquids.

Van der Waals forces
The following forces are combined to the Van der Waals force:

• the interaction between two dipoels (dipole dipole force),

• the interaction between a dipole and an induced dipole in a polarisable molecule
(dipole induced-dipole force), and

• the dispersion force which is the interaction between two induced dipoles (induced-
dipole induced-dipole force).
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2 Physical principles

These interactions have in common that the interaction energy is inversly propor-
tional to the 6th power of the distance r between the atoms or molecules:

V(r) = −C
r6 , (2.5)

with a constant C. For the dissociation of molecules which are bound to each other by
Van der Waals force an energy between 1-2 kJ/mol is needed [Toe04]. Thereby the Van
der Waals force is a relativly weak, non-covalent interaction with a low interaction
range of Angström level [Ell95].

An example for the effect of Van der Waals forces is graphite. The layers of C-atoms
are hold together by this force. That these forces are very weak can be recognised in
that while writing with a pencil the layers remove easily.

Pauli repulsion (Coulombic forces)
The Pauli principle says that electrons which are at the same place have to differ at
least in one quantum number. When the tip of the cantilever touches the surface
the electron orbitals overlap. While overlapping of fully loaded electron orbitals the
electrons are forced to jump to free orbitals of higher energy. The increase of energy of
the system leads to a strong repulsive force. The interaction range is less than 0.1 nm
[Bar06]. Pressing the cantilever on the surface beyond this level leads to a damage of
the cantilever.

2.2 Force Spectroscopy

With an atomic force microscope it is not only possible to image surfaces but also to
determine forces which act between the cantilever and the surface. For that purpose
the cantilever is regarded as a spring . With Hooke’s law,

~F = −kcant ∆~z, (2.6)

it is possible to determine the force F. The spring constant of the cantilever is kcant

and ∆z is the displacement of the cantilever out of its idle position. An atomic force
microscope allows to detect forces in the pico-Newton range.
The force spectroscopy has a broad range of application, for example one can inves-
tigate the unfolding of proteins (see chapter 6) or the interaction between a receptor-
ligand-pair (see section 5.2.2). For the determination of specific dissociation events of
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2 Physical principles

the molecules under investigation, they have to be bound covalently to the surface
and to the cantilever.
For the investigation of receptor-ligand interactions, like the protein PhoB and DNA
used in this work, the protein is immobilised to the surface, while the DNA gets
bound to the cantilever. To observe the specific dissociation events and to discrimi-
nate them from other events like adhesion, polyethylenglycol (PEG) linkers are used
between the DNA and the cantilever. The length of the PEG-linker used in this work
is around 27 nm. The DNA gets a higher steric flexibilty from the PEG-linker which
means that the binding possibility of the DNA to the protein gets increased due to the
larger spatial accessibility. The stretchability of the PEG leads to a specific dissocia-
tion event in the force-distance-curve which allows the discrimination of this specific
event from unspecific interactions.

2.2.1 Recording a force-distance curve

In the following the principle of force-distance curves is explained using the example
of DNA and protein as a receptor-ligand interaction. The functionalised cantilever is
approached to the surface. At the same time the deflection of the cantilever is detected
in dependency of the piezoposition which corresponds to the distance between tip
and surface, see figure 2.3.

Figure 2.3: Force-distance curve, adapted from [EGH06]. Explanations are in the text.
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2 Physical principles

A. Before the contact of tip and surface the cantilever is not deflected because no
force acts on it.

B. When the tip touches the surface, the cantilever starts to bend upwards until the
maximally allowed force is reached. During the contact the molecules can bind
to each other. Then the cantilever is removed from the surface.

C. At first the cantilever goes back in its idle position. If a bond was formed during
the contact, the PEG-linker is stretched while retracting the cantilever and the
cantilever starts to bend downwards.

D. The increasing force on the complex leads to a dissociation of DNA and protein.
The cantilever jumps back to its idle position.

E. With increasing displacement to the surface the cantilever remains in its idle
position.

The bending of the cantilever towards the surface is displayed as positive values. Be-
tween steps C and D unspecific interactions, so-called adhesion events, can occur. In
this case the tip adheres to the surface and the cantilever bends upwards. Once the
retraction force is stonger than the adhesion force the cantilever jumps back to its idle
position. If no interaction occurs the cantilever goes back to its idle position imme-
diatly after leaving the surface. In figure 2.4 a force-distance-curve with an adhesion
event and a following dissociation event of a DNA-protein-complex is shown.

Figure 2.4: Force-distance curve with an adhesion event (from my Master thesis) [Bie11].

The force can be determined from the deflection signal using the spring constant,
see the next section. How a force curve of the unfolding of a protein looks like is
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2 Physical principles

described in subsection 3.1.2 after introducing the threedimensional structure of the
protein Bacteriorhodopsin which is essential to understand the force curve.

2.3 The cantilever

The investigation of the interaction of single molecules needs the application and
detection of forces on a molecular complex. Usually the needed element for this in-
vestigation has a microscopic dimension [BMW00].
For the AFM this central element is the cantilever. It gets produced industrially and is
available with a great variety of properties like size, geometry, material and thereby
spring constant and resonance frequency. These properties have to be adjusted to the
underlying system of research and the forces to be measured. If an unapproximated
cantilever is used it is possible that the interaction of interest can not be measured.
To give an example the bond strength of a noncovalent bond like between protein
and DNA is in the pico-Newton range. So the spring constant of the cantilever has
to be in the same range of pN/nm. If the spring constant is higher, the interaction
is not measurable because the cantilever is too stiff to show a bending. A detailed
description of the motion of the cantilever can be found in [Bie11].

2.3.1 Determination of the spring constant

The cantilever is used as a spring to detect forces via Hooke’s law as mentioned be-
fore in section 2.2. The displacement ∆z is measured so the spring constant has to be
known in order to estimate the force.
In the production of cantilevers the lateral dimensions are well defined but the ver-
tical thickness is subject to fluctuations. Since the spring constant depends on the
third power of the thickness, this leads to significant uncertainty in the spring con-
stant [SLMW95, CS05]. Therefore the spring constant of each cantilever has to be
determined experimentally. For this determination several methods were developed
depending on the dimension of the spring constant. I introduce here the Thermal
Noise Method invented by Hutter and Bechhoefer [HB93] which is mostly used for
cantilevers with a pN/nm range in AFM force spectroscopy measurements. More
information about other methods can be found for example in [HB93, LM02].
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2 Physical principles

The Thermal Noise Method relies on the equipartition theorem which says that the
thermal energy per degree of freedom is kBT/2. Assuming the cantilever to be an
ideal spring with spring constant kcant, the cantilever can be described as a harmonic
oscillator with the Hamilton function

Ĥ =
p2

2m
+

1
2

mω2
0q2. (2.7)

q is the generalised space coodinate and p is the momentum. With the equipartition
theorem follows

1
2

mω2
0〈q2〉 = 1

2
kBT. (2.8)

With

ω0 =

√
kcant

m
(2.9)

this results in
kcant =

kBT
〈q2〉 . (2.10)

Therefore the measurement of the thermal fluctuations of the free end of the can-
tilever allows the determination of the spring constant. The thermal fluctuations are
the displacements of the cantilever out of his resting position due to the brownian
motion of the surrounding medium which is also called thermal noise.
The mean square displacement 〈q2〉 corresponds to the area under the resonance peak
in the thermal noise spectra. For this spectra the squared amplitude is plotted in de-
pendency on the frequency less the white noise background. The peak in this spec-
trum has a Lorentzian profile (a mathematical derivation can also be found in [Bie11]).
By a Lorentzian fit to this peak the area under the peak which is used as a measure of
the energy in the resonance and so 〈q2〉 can be determined.

The photodiode detects voltage changes. Therefore at first the measured energy spec-
trum has the unit V2/Hz what has to be converted into nm2/Hz. For that purpose
a force-distance curve has to be taken. In the region of the force curve where the tip
is in contact to the surface the force curve shows a straight line with a slope in the
unit V/nm. This has to be done for each cantilever because the slope differs for each
cantilever due to vertical thickness fluctuations. With the reciprocal of this parameter
follows

Deflection[nm] = InvOLS
[nm

V

]
· Deflection[V]. (2.11)

InvOLS the so-called inverse optical cantilever sensitivity. So the spring constant can
be determined by

kcant =
kBT

〈U2 〉InvOLS2 χ2 , (2.12)
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2 Physical principles

with the mean square cantilever displacment 〈U2〉 in Volt. χ2 is a correction factor
which contains different contributions, for example from the fact that the photodiode
detects in the strict sense the decline of the end of the hanger of the spring and not
the displacement of the cantilever [BJ95]. Furthermore the shape of the cantilever is
considered in the correction factor. Normally the first resonance frequency is used for
the calibration of the cantilever because it has the best signal to noise ratio. For V-
shaped cantilever (triangular beam) which are used here the correction factor is 0,97
[SDH01] for the first resonance frequency.

The standard deviation of the Thermal Noise Method is around 10-15% just like the
other methods. The advantage is that the cantilever is not damaged during this cali-
bration.

When the spring constant has been determined the experimental curves can be con-
verted to the force signal and analysed further. The next step in the analysis is the
evaluation of the force curves because of the need to distinguish between different
events. For example adhesion events should be discarded. The difference of these
events is their stretching behaviour. In the following section I therefore introduce the
mathematical description of polymer stretching.

2.4 Elasticity of polymers

In the analysis and simulation of force spectroscopic data it is important to be able to
describe mathematically the stretching behaviour of polymers. In the experimental
setup polymers are used because they allow to distinguish specific dissociation events
from adhesion events due to their specific stretching behaviour. Also the number of
simultaneously bound polymers can be determined. In the simulation the polymer
models are neccessary for a realistic reproduction of the experimental setup.
In the following I introduce two basic polymer models and their extensions which are
often used in AFM force spectrosocopy for various biological and synthetic polymers
([JNOF00, LRO+99, ROHG97, ORG99, RGO+97]). Furthermore I give an overview of
their applications in different force spectroscopy measurements.
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2.4.1 Freely-jointed chain model

The freely-jointed chain (FJC) is the simplest model of a polymer. The polymer seg-
ments have a fixed length and are linearly connected. All bond and torsion angels
are equiprobable. In this model there are no interactions between the segments apart
from their connectivity between neighbours and the segments can penetrate right
through each other. Therefore this model of a polymer can be described by a simple
random walk.
An FJC polymer is an entropic spring: there are fewer ways to arrange the chain the
more it is extended, leading to a decrease in entropy and thus an increase in free en-
ergy. In other words, the restoring force increases as the length increases.
In the discrete FJC, the segment length is called Kuhn length lK and describes the
stiffness of the chain. The larger the Kuhn length, the stiffer is the chain.
The dependency of the extension x on an external force F acting on the polymer is
based on the extended Langevin function (L(x) = coth(x)− 1/x):

x(F) = Lc · L
(

FlK
kBT

)
, (2.13)

introduced by Smith et al. [SCB96]. In Eq. (2.13) Lc is the contour length of the com-
pletly stretched filament.
Force spectroscopy measurements on dextran by Rief et al. [ROHG97] necessitated
an expansion of this model by an enthalpic elasticity due to a detected stretchabil-
ity of the monomers. They introduced the modified freely-jointed chain by adding a
further extension of a segment elasticity ks to Eq. (2.13):

x(F) = Lc

[
coth

(
Flk
kBT

)
− kBT

Flk

]
+

nF
ks

. (2.14)

n is the number of monomers in the filament. Here both n and the segment elasticity
ks are related to monomers and not to the Kuhn segments.

PEG
The polymer which is mostly used in receptor-ligand force spectroscopy measure-
ments is polyethylene glycol (PEG), as already mentioned in section 2.2.1. The first
measurements on pure PEG were done by Oesterhelt et al. [ORG99]. To describe the
polymer extension behaviour the FJC model needs a further expansion. Oesterhelt et
al. discover a conformational transition of the monomers which can be explained by a
shift from a shorter helical state towards an elongated planar state. The new contour
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length describing the PEG is then given by:

LC = Nplanar · Lplanar + Nhelical · Lhelical. (2.15)

Furthermore is the number of monomers constant

NS = Nplanar + Nhelical (2.16)

and the ratio of the populations Nhelical/Nplanar is Boltzmann distributed

Nhelical
Nplanar

= e
∆G
kBT . (2.17)

The applied force alters the difference in free energy according to:

∆G(F) = (Gplanar − Ghelical)− F · (Lplanar − Lhelical). (2.18)

Together with Eq. (2.14) this results in the following extension-force relation:

x(F) = Ns ·
( Lplanar

e−∆G/kBT + 1
+

Lhelical

e∆G/kBT + 1

)
·
[

coth
(

Flk
kBT

)
− kBT

Flk

]
+

nF
ks

. (2.19)

The Kuhn length lK for a PEG linker is 0.7 nm and its segment elasticity ks is 150 N/m
per monomer. Lplanar is 3.58 Å, Lhelical is 2.7 Å and ∆G is 3 kBT [ORG99]. Remarkably
this model describes with this extension-force relation quite well the behaviour of the
real PEG linker.

In experiments often not just one single PEG linker binds between the cantilever and
the surface, it is necessary to take this into account. With the assumption that the
force is equally distributed to all N# simultaneously bound PEG linkers the force F in
Eq. (2.19) is replaced by F/N# [FNY12].

x(F) = Ns ·
( Lplanar

e−∆G/kBT + 1
+

Lhelical

e∆G/kBT + 1

)
·
[

coth
(

Flk
N# · kBT

)
− N# · kBT

Flk

]
+

nF
N# · ks

.

(2.20)
With this equation the experimental force-distance curves will be fitted, using the
number of bound PEGs N# and the number of monomers n as fitting parameters.
All other parameters are well known and determined by experiments for PEG linker
[ORG99]. In figure 2.5 the influence of the number of bound PEGs on the shape of
a force-distance curve is shown; this illustrates that the impact on the shape is high
enough to distinguish between the different numbers of bound PEG.
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2 Physical principles

Figure 2.5: Force-extension-curves for different numbers (N#=1, 2, 3, 4) of simultaneously
bound and dissociated PEGs.

This extended FJC model is applicable to analyse experimental force spectroscopy
data from recptor-ligand interactions when PEG linkers are used and dominate the
stretching in the force-distance curve. In the next section another model is intro-
duced which is better suited to describe the stretching in the force-distance curves of
biopolymers like DNA or the unfolding of proteins.

2.4.2 Worm like chain model

Biopolymers consist of monomers connected by chemical bonds, which have fixed
bond angels to each other and are thereby limited in their three-dimensional move-
ments. Therefore the freely-rotating chain model assumes that the polymer consists
of N segments with the length l which have a fixed angle Θ to each other but are able
to rotate freely around their longitudinal axis. The polymer has a total length L and a
so-called persistence length lP which is defined as the sum of projections of the bond
vectors of all conformation to the first vector:

lP = l
N∑

j=2

cos Θj. (2.21)

The peristence length is a parameter describing the stiffness of the polymer which can
be visualised by how long the orientation of the chain persists through its length.
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Now taking the limit N → ∞, l → 0 and therefore Θ → 0, but keeping a constant
total length L and constant peristence length lP leads to the worm-like chain (WLC)
model. Therefore the characteristic parameters describing the polymer are the total
length L and the persistence length lP (these parameters correspond in the FJC model
to the number of segments N and the Kuhn length lK). The WLC is a continuous
freely rotating chain and is also called Kratky-Porod model, detailed information to
this model can be gained for example from [Yam97].
The force-extension relation for the WLC is [MS95]

F(x) =
kBT
lP

[
1

4
(
1− x

L
)2 +

x
L
− 1

4

]
. (2.22)

This model is used for describing the stretching of molecules like double-stranded
DNA, RNA and proteins. It is applied in chapter 6 to fit the unfolding events of the
membrane protein Bacteriorhodopsin to identify changes in the persistence length. In
this project we investigate the dependency of each unfolding step of Bacteriorhodopsin
on the concentration of compatible solutes.
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3 Biological Principles

In this section I give an overview about the used biological systems in this work.

3.1 Proteins

Considering the dry weight of normal cells, the quantity of protein is more than 50 %
[BS99]. Therefore proteins are one of the most prevalent biological molecules. They
are modular built from single components, the amino acids, whose sequence deter-
mines essentially the structure and therefore characteristics of the protein. Their tasks
vary from biocatalytics over regulatory transmission of signals to structure and sta-
bility of cells.
Below I introduce the transciption activator PhoB and aftwerwards the transmem-
brane protein Bacteriorhodopsin, both relevant for the present work.

3.1.1 The transcription activator PhoB

Almost any regulatory process in an organism involves specific recognition and bind-
ing of one molecule to another, for example a protein to DNA, which regulates the
complete cell cycle and gene expression. The gene expression is the process by which
the genetic information is translated to the corresponding gene product, for example
a protein. Due to changes of the environment, for example a varying supply of nutri-
ents, it must be possible for a cell to adjust the gene expression. This process is called
gene regulation. On each step of the gene expression regulatory factors can influence
and control this process. The most important step is for most of the genes the start
of the transcription [Wat11]. This is the point to decide whether a gene is expressed
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or not. Regarding energy efficiency this is the most favourable point for regulation
because a waste of energy and nutrients is avoided.
This decision is not made on the gene itself but on the promotor which is close to the
gene. A key protein can bind to the promotor and change the conformation of the
DNA to enable or suppress the transcription. These key proteins are called transcrip-
tion factors. A blocking transcription factor is called transcription repressor and an
activating one transcription activator.
I used in the project for our new model and analysis procedure the data of the receptor-
ligand interaction of the transcription activator PhoB with DNA to test the model. In
the following I give a short overview about this protein, for more information about
the system and the data see [Bie11, RWK+13].

For the bacteria Escherichia coli (E. coli) more than 30 genes coding for proteins which
are responsible for the admission and utilisation of phosphorus are regulated by the
two-component system PhoR-PhoB [HW10]. Phosphorus is an essential element in
an organism. It is needed for the synthesis of DNA, carbohydrates and membrane
lipids, as well as for the energy metabolism in form of adenosine triphosphate (ATP).
The concentration of phosphorus in the environment of E. coli is detected by the sen-
sor kinase PhoR which is anchored in the cell membrane and controls the activity of
PhoB.
When the phosphorus concentration outside the bacteria is less than 4 · 10−6 mol/L
[Wan93, BSMS05], PhoR is present in activated form. In this conformation PhoR
transfers a γ-phosphate residue of one ATP to PhoB. This phosphorilation changes
the conformation of PhoB in the way that two PhoBs can bind to the binding site of
the DNA. This induces a conformational change of the binding site of the DNA and
enables the start of the transcription. When the external concentration of phosphorus
increases PhoR dephosphorylates PhoB. Thereby the binding affinity of PhoB to DNA
is lowered and therefore the transcription of associated genes decreases.

The transcription activator PhoB is built of 229 amino acids which are devided into
two structural domains, see figure 3.1. One is the so-called regulatory phosphory-
lation domaine in the N-terminus of amino acids 1-124. PhoR can interact with this
domaine and induce the conformational changes so that PhoB is present in activated
or inactivated form. The second domaine is the DNA-binding domaine (DBD) in C-
terminus of amino acids 131-229. The secondary structure of the DBD consists of 7
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β-sheets and 3 α-helices in the order of

β1β2β3β4α1β5α2α3β6β7

[Wan93].

Figure 3.1: A: Crystall structure of the binding of two PhoB-DBDs to the pho box, see text.
The recognition helix α3 is blue, α1 orange and α2 red, while the loop is green. B:
The amino acid sequence of the DBD. Arrows depict β-sheets and boxes α-helices
[Wol09].

The interaction of PhoB with the DNA occurs via a winged helix-turn-helix motif. This
motif consists of two α-helices which are connected via a turn of a short sequence of
amino acids. The binding to the DNA occurs via a recognition helix which interacts
with the DNA-bases. This bonding is stabilised by a second helix.
For PhoB the recognition helix is the α3-helix and α2 the stabilising one. The turn
is replaced by a transactivation loop between α3 and α2 and is responsible for the
interaction with the RNA-polymerase. β6 and β7 form a structure which binds to the
minor groove of the DNA.
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The binding section of the DNA is called pho box and contains two binding sites with
the specific binding sequence TGTCA. Two PhoBs bind as a dimer to the pho box. The
DNA-sequence of the pho box is [MAK+96]

5′C− TGTCATA(A/T)A(A/T)CTGTCA(C/T)3′.

The binding of PhoB to the TGTCA-motif in the major groove and the A/T-rich minor
groove is essential for the overall recognition process [RWK+13].

3.1.2 Membrane protein Bacteriorhodopsin

Each cell is a structural well-defined unit enclosed by a cell membrane. This mem-
brane separates the cytosolic components from the extracellular environment and
forms a physical barrier. The membrane consists of a lipid bilayer containing spe-
cialised proteins which enable the cell for example to exchange substances, to com-
municate with other cells and to detect changes in the environmental conditions.
These so-called membrane proteins are essential for the controlling of metabolic pro-
cesses including energy production, photosynthesis and osmotic balance.
Approximately one third of all proteins are membrane proteins. Most pharmaceutical
drugs use membrane proteins as target but little is known about the three-dimensional
structure, the folding process and the interaction with other molecules like drugs of
these proteins. This lack of knowledge is caused by the difficulty to isolate and pu-
rify these hydrophobic proteins. They are not water soluble and they denature irre-
versible outside the membrane.

Bacteriorhodopsin (BR) of the photosynthetic bacteria, Halobacterium salinarium, is one
of the most studied transmembrane proteins. This results from the advantage that
this protein forms trimers which are packed into a two-dimensional hexagonal crystal
in the cell membrane, called purple membrane. BR is a light-driven proton pump that
captures light and converts the electromagnetic energy into an electrochemical proton
gradient which is used in the ATP metabolism. This process needs a retinal which
upon light activation is isomerised and leads to a conformational rearrangement of
the protein. This results in a pumping of one proton into the cell.

The retinal is embedded in seven closly packed α-helices named from A to G, see
figure 3.2 B. Bacteriorhodopsin has 248 amino acids whose sequence is displayed in
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figure 3.2 A. On the cytoplasmic side of the membrane are the loops connecting the
α-helices A-B, C-D, E-F as well as the C-terminus. This is the side which is needed for
the force spectroscopy experiments.

Figure 3.2: Model of the three-dimensional structure of BR. (A) BR is a 248 amino acid mem-
brane protein that consists of seven transmembrane α-helices, which are connected
by loops. (B) Three-dimensional model and top and bottom view show spatial ar-
rangement of the helices. Helices F and G are neighboring helices A and B and
thus can stabilize them [OOP+00].

In the next section I give an overview of a BR force curve, for more details see inter
alia [OOP+00, Oes00].

3.1.2.1 Unfolding of BR in a force-distance curve

As explained in the following, a force curve of BR looks quite different from the al-
ready explained PEG-based receptor-ligand force curve, see section 2.2.1, with one
dissociation event.

The tip is approached towards the surface. During the contact the protein can bind
unspecifically to the tip with the parts of the protein on the cytoplasmic side of the
membrane. This induces strict criteria for the selection of the force curves because
it is possible unknown which loop or if the C-terminus binds to the tip. It is also
possible that more than one BR binds unspecifically to the tip. The maximum length
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Figure 3.3: Model to explain the peaks in the force spectra as the sequential extraction and
unfolding of a single BR. If a force is applied on the C-terminus, helices F and
G will be pulled out of the membrane and unfold. Upon further retraction, the
unfolded chain will be stretched and a force will be applied on helices D and E
until they are extracted from the membrane. Thus, peak 2 reflects unfolding of
helices D and E and peak 3 reflects unfolding of helices B and C. Peak 4 shows
extraction of the last remaining helix A [OOP+00].

of the amino acid sequence is only measurable when the C-terminus binds to the tip
and the N-terminus is still fixed in the membrane. The complete interaction length is
therefore a strict criterion to select the force curves and has to be in the range of the
maximum length. BR has with its 248 amino acids a maximum length of 90 nm, given
by a length of around 0.36 nm per amino acid [LNC98].
When BR is unfolded from C- to N-terminus a typical pattern of four peaks occurs in
the force curve:
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1. A force acts on helix G until helices G and F are extracted out of the membrane.
The cantilever goes back to its idle position.

2. During further retraction of the cantilever, the force on the protein increases
again and stretches it. This second unfolding step has a length corresponding
to 88 amino acids which is exactly the length of helix G, loop G-F, helix F and
loop F-E. Therefore the force is acting on helix E and leads to the unfolding of
helices E and D. The tip snaps back to its idle position.

3. The already unfolded and now stretched amino acid sequence is 148 amino
acids long corresponding to the length from helix G to the loop D-C. The force
acts on helix C and leads to the unfolding of helices C and B.

4. The last stretching step has a length of 219 amino acids which corresponds to
the length of BR just without the remaining helix A. When helix A is extracted
out of the membrane the cantilever goes back to its idle position because there
is no bond between tip and sample surface anymore.

The bacteria Halobacterium salinarium live in brine pools with high temperature, high
exposure to sunlight and saturated saline conditions. The bacteria are therefore in
the need of a process to maintain the osmotic balance without interfering with essen-
tial cellular processes. This is achieved inter alia by the stabilisation of the membrane
proteins by compatible solutes, which are small, zwitterionic, organic molecules. This
process is mostly not understood which makes BR interesting for our study to inves-
tigate the influence of compatible solutes on each unfolding step.
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4 Materials and Methods

This chapter specifies the Monte Carlo method to simulate force spectroscopy data
used in this work. Furthermore I introduce the statistical methods used during the
tests of the developed analysis approach with simulated data.

4.1 Monte Carlo simulations of force spectroscopy data

The simulations are all made on an iMAC, Mac OS X Lion, Version 10.7.5. The soft-
ware used for the analysis and simulation of force spectroscopy data is Igor Pro, Ver-
sion 6.32A, from WaveMetrics Inc., Lake Oswego, Oregon 97035, USA. The main used
mathematical equations are introduced in the following section and in 5.

To test our new analysis approach I simulate and analyse force spectroscopy data.
Also in the concentration-dependency of the membrane protein Bacteriorhodopsin
on osmolytes I simulated data to determine the influence of the thermal fluctuations
on the uncertainty of the force. In the next section I explain the use of Monte Carlo
simulations to generate force curves with a PEG linker. The used parameters are
given in each section when force spectroscopy data is simulated.

4.1.1 Simulating the setup of cantilever and PEG

A measured force curve plots the detected force versus the position of the piezo el-
ement lpp which is the sum of the polymer length x(F) and the cantilever deflection
xde f l(F). The deflection of the cantilever is

xde f l(F) = F/kcant (4.1)
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with kcant denoting the spring constant of the cantilever. The relation between the
polymer length and the force for PEG is given in Eq. (2.19).
The noise of the cantilever depends on the temperature and wether a polymer is
bound between tip and surface. With no interaction between cantilever and surface
the noise is just the thermal noise given by the equipartition theorem. Then the am-
plitude A of the cantilever deflection is

A =

√
kBT
kcant

. (4.2)

The binding of the cantilever to the surface via a polymer limits its movements related
to thermal noise. The more the cantilever stretches the polymer, the less is the noise.
The stiffness of the polymer is force-dependent and described by the spring constant
of the polymer derived from the slope of the polymer length x(F)

kPol =
dx(F)

dF
. (4.3)

Then the spring constant of the combined system is

ksys = kPol + kcant, (4.4)

which is used to add a gaussian distributed thermal noise to the cantilever deflection.
Following the equipartition theorem the amplitude A of the cantilever deflection is

A =

√
kBT
ksys

. (4.5)

The determination of the dissociation point is based on the lifetime of the bond

τ(F) = 1/kdiss(F), (4.6)

with the Arrhenius equation describing the dissociation rate

kdiss(F) = ν0 · e
−∆G(F)

kBT . (4.7)

ν0 is the so-called attempt frequency and represents the frequency of collisions be-
tween reactant molecules. The energy ∆G(F) describes the strength of the bond and
is force dependent. This is described in detail in chapter 5.
The dissociation probability is calculated as

pdiss(F) = 1− e−kdiss(F)·∆t (4.8)

28



4 Materials and Methods

with the time per data point ∆t (which is the reciprocal data rate) [HA92]. At each
time step the probability of the bond dissociation is compared to random, equaly
distributed numbers Prandom between 0 and 1. The first time step with pdiss(F) >

Prandom is then the data point in the simulated force curve where the dissociation
occurs.

In figure 4.1 I give an example of a simulated force-distance curve with parameters
derived by analysing an experimental PEG-based force-distance curve of my Mas-
ter thesis (describing the interaction of PhoB with DNA). The stretching parts of the
curves overlay perfectly. The dissociation point and therefore the dissociation force
depends on statistics.

Figure 4.1: Overlay of an experimental and a simulated force-distance curve of a PEG with
a contour length of 39 nm, which corresponds to 111 monomers, a spring con-
stant of the cantilever of 16 pN/nm and an InVOLS value of 40 nm/V. The
retraction velocity is 500 nm/s.

4.2 χ2-fits and parameter uncertainties

Due to problems of Igor Pro to find the best fit and calculate the uncertainties of
correlated parameters in the fit routine, I perform the fits in my analysis approach
(see section 5.2.1) with Mathematica 7 (Wolfram Research).
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With N simulated data points (xi, yi, σyi), n parameters p and the fit function y(x, p)
the χ2 is defined as

χ2(p) =
N∑
i

(
yi − y(xi, p)

σyi

)2

(4.9)

for independent data points and gaussian distributed σyi .
The minimum of this function,

χ2
min = min(χ2(p), p) = χ2(p0), (4.10)

gives information about the fit quality. Typically one expects the minimum of the
order of the degrees of freedom, defined as N − n.

To visualise the correlation between the parameters I make 2-dimensional contour
plots with different confidence levels. I define

∆χ2(p) = χ2(p)− χ2
min (4.11)

and determine for the parameters a ∈ p

∆χ2(a) = min[∆χ2(p), p 6= a]. (4.12)

The condition
∆χ2(a) ≤ x (4.13)

defines a region in the (a)-parameter space, corresponding to a certain confidence
level. For 2 parameters x = 2.28 corresponds to the 68%-confidence interval and
x = 5.99 to the 95%-confidence interval [BZ06]. To determine the uncertainties of the
parameter estimates I proceed analogously, minimizing ∆χ2(p) for two parameters
and choosing x=1 and x=4 for the 68%- and 95%-confidence interval, respectively.

I neglect the uncertainties of the forces and do not consider other statistical errors
from the measurements or the FJC fit to the force-distance curves.

4.3 Force spectroscopy measurements on PhoB-DNA
complexes

The intermolecular force spectroscopy measurements on PhoB and DNA were done
during my Master thesis and the data were kindly provided by Prof. Dr. Anselmetti,
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Institute for Experimental Biophysics and Applied Nanoscience, University of Biele-
feld. The protocols for the surface and cantilever preparation as well as the used
chemicals can be found in [Bie11] and [RWK+13].

4.4 Concentration-dependent measurements on BR

These measurements were performed by Arpita Roychoudhury during her PhD and
also the sorting of the data and fitting with the WLC model were done by her. De-
tailed information can be found in her dissertation [Roy13].
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5 Revealing the energy landscape from
force spectroscopy data

Dynamic force spectroscopy investigates the dissociation of non-covalent bonds un-
der an external force, for example the interaction of ligand and receptor, see section
3.1.1. These measurements enable the direct observation of the force needed to disso-
ciate the two bound molecules. However, it turns out that the mean dissociation force
is not a characteristic parameter of the investigated receptor-ligand interaction, be-
cause it dependes also on the retraction velocity which is explained in the following.
Therefore there is the need to find a model to describe the intermolecular interactions
with parameters which unambiguously characterize the interaction. Furthermore the
determination of these parameters from of force spectroscopy data should be possi-
ble.
The first interaction model of two free molecules in a solution was designed by Kra-
mers in 1940 who introduced the so-called energy landscape [Kra40]: If two molecules
are bound they are situated in a local minimum and for dissociation they have to cross
an energy barrier by thermal fluctuations. Bell, Evans and Ritchie adapt this model
to force-induced measurements and define three parameters of the energy landscape:
the energy barrier height ∆G0, the distance between the minimum and the maximum
of the energy barrier ∆x0 (potential width) and the dissociation rate at zero force k0.

With the assumptions that the potential has linear decrease between the minimum
and the maximum, see figure 5.1, and that the applied force increases linearly with
time when pulling with a constant speed, the pulling force adds an energy term. This
term is the product of the applied force and the position x of the molecular complex
in the energy landscape. This leads to a reduced energy barrier of the binding energy
landscape by F · ∆x which is the distance between the minimum and the maximum.
From the assumption of a linear dependency between minimum and maximum fol-
lows that ∆x is independent of the force, so ∆x = ∆x0 (see the black line in figure 5.1).
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Figure 5.1: Shape of the energy landscape used by Evans et al. [ER97]: Between the mini-
mum and the maximum is a linear increase. At zero force the height of the barrier
is ∆G0 and the potential width is ∆x0. When a force is applied on the molecular
complex the energy barrier is lowered until it is 0 (dashed line). This figure also
illustrates that ∆x is independent of F and remains at ∆x0 (black line).

Thus

kdiss(F) = ν0e
−∆G(F)

kBT = ν0e
−∆G0−F·∆x0

kBT , (5.1)

with the Boltzmann constant kB and temperature T. The attempt frequency ν0 is
actually temperature dependent because it is related to molecular collisions. The unit
of kdiss depends on the order of the reaction. In AFM-force spectroscopy the survival
probablity p(t) of a bond under an external force can be desrcribed as a first-order
Markov process [VK92]:

ṗ(t) = −kdiss(t) · p(t). (5.2)

Therefore the unit of kdiss and also of the attempt frequency ν0 is reciprocal seconds
(s−1).

This model does not include to determine the dissociation rate directly from the force
spectroscopy data. They use the variation of the retraction velocity v in the mea-
surements. Furthermore it is possible to obtain the dissociation force and the slope
directly prior to the dissociation, called ke f f (which is the change in force with time),
for each force curve. This ke f f is used to determine the so-called loading rate, defined
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as [Eva01, Eva98]
r = ke f f · v. (5.3)

For each retraction velocity a distribution of loading rates is obtained and the most
probable loading rate r∗ (determined by a gaussian fit) is used in the subsequent anal-
ysis.
Under the assumption that the force loading rate is constant for each retraction ve-
locity, Evans showed [ER97] that the most probable rupture force F∗ depends on the
loading rate r∗ according to

F∗ =
kBT
∆x0

ln
(

∆x0 · r∗
k0 · kBT

)
. (5.4)

k0 and ∆x0 can therefore be determined by measuring F∗ and r∗ for different retrac-
tion velocities and fitting the obtained data with Eq. (5.4).
The assumption of a linear decrease between minimum and maximum of the energy
landscape leads to a combination of the parameters ∆G0 and ν0, which is

k0 = ν0e−
∆G0
kBT . (5.5)

In summary, k0 and ∆x0 are obtained from the data with this model which is calles
Bell-Evans model in the following. This model describing force spectroscopy mea-
surements does not include to determine kdiss(F) from the data.

To show that the reduction of the loading rate for one retraction velocity to a sinle data
point is not a good description of this dependency I generated figure 5.2. For this fig-
ure I simulated for each of the 6 different retraction velocities (50 nm/s, 100 nm/s,
500 nm/s, 1000 nm/s, 3000 nm/s and 5000 nm/s) 1000 force curves and used from
the simulation the values for the rupture force to display them versus the loading
rates.
The parameters in the simulation are the following: I used the WLC stretching be-
haviour for the polymer with a total length of L = 50 nm, a persistence length of
lc = 0.6 nm and a temperature of T = 300 K. For the energy landscape I used the
Bell-Evans (linear) potential with a potential barrier ∆G0 = 16kBT, ∆x0 = 0.3 nm and
ν0 = 106 s−1.

The difficulties associated with the loading rate can be avoided experimentally by
using another AFM measurement technique, called force-clamp technique [SKW+08].
There, the force applied to the molecular system is held constant while measuring the
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Figure 5.2: Illustration of the dissociation force dependend on the loading rate for each force
curve. In the Bell-Evans model a most probable dissociation force and a most prob-
able loading rate is obtained for each distribution corresponding to one retraction
velocity.

bond survival time. The probability P to find the dissociation after the time ti follows
an exponential decay,

P(ti
∣∣kdiss) = 1− e−ti·kdiss (5.6)

with i = 1, ..., N for the ith measurement of the survival time of the bond.

The probability to find the survival times {t1, ..., tN} in N measured dissociation
events is given by the product

P({t1, ..., tN}
∣∣kdiss) =

∏
i

P(ti
∣∣kdiss) = P(t

∣∣kdiss)
N (5.7)

with the average survival time

t =
∑

i

ti

N
. (5.8)

The maximal probability for P(tav
∣∣kdiss)

N is at

kdiss =
1
t
=
∑

i

N
ti

. (5.9)
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In the next section I explain how the force-clamp analysis procedure can be adapted to
force spectroscopy data to extract the force-dependent offrate. For a detailed descrip-
tion see Oberbarnscheidt et al. [OJO09] and Serpe et al. [SKW+08], who introduced
simultaneously this approach.

5.1 Model-free calculation of force-dependent
dissociation rate

When measuring force-distance curves, each data point corresponds to a force Fext

applied over a time interval ∆t which can be regarded as an individual force-clamp
experiment. With a fixed sampling rate ν, the time intervals are evenly spaced with
∆t = 1/ν. The dissociation probability of the bond while the external force Fext is
acting on it can be approximated as kdiss(Fext) · ∆t. Since the data points are inde-
pendent from each other, all data points taken at the same force can be merged. The
dissociation rate kdiss(Fext) is the number of dissociation events per time:

kdiss(Fext) =
N(Fext)

M(Fext) · ∆t
. (5.10)

N(Fext) is the number of ruptures measured at the force Fext which is represented by
the dissociation force histogram. M(Fext) is the number of data points with no disso-
ciation taken at this force Fext. So M(Fext) · ∆t is the total time of the bond surviving
the external force Fext.
This method extracts the force-dependent dissociation rate directly from the data and
all data points of all force curves are taken into account. Since every force curve is in-
fluenced by thermal fluctuations, it is important to determine the truly acting forces
on the bond: Assuming the bending of the cantilever towards the surface is displayed
as positive values, see figure 2.3, then a bending towards the surface shows up as a
positive pulling force but in fact the length of the polymer is shortened and therefore
the force on the bond is reduced. So the truly acting force is given by the average
force at the actual tip surface distance. This average force can be determined by the
vertical projection of each data point in the force curve onto a fit which describes the
force derived from the average cantilever deflection.

With this technique it is possible to calculate the force-dependent dissociation rate di-
rectly from the force curves. The aim of this work is to develop a model to determine
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the energy landscape from this force-dependent dissociation rate. This is discussed
in the next section.

5.2 Determination of the energy landscape parameters

The force-dependent dissociation rate can be obtained from force spectroscopy data.
Its connection to the energy landscape is given by the Arrhenius equation,

kdiss(Fext) = ν0e−
∆G(Fext)

kBT (5.11)

(see also Eq. (5.1)) with ∆G(Fext) describing the dependency of the energy barrier
height on the external force Fext. To explain the way to derive an equation describing
∆G(Fext) I start with defining the energy landscape. I generalize this simple linear
dependency between minimum and maximum of the potential by considering higher
orders n:

G(x) =

{
∆G0

[(
x

∆x0

)n
− 1
]

, for x ≤ ∆x0

0, for x ≥ ∆x0.
(5.12)

For ∆G0 = 16kBT and ∆x0 = 0.3 nm G(x) is shown in figure 5.3 for n = 1, . . . , 5.

Figure 5.3: The energy landscape G(x) for n = 1, . . . , 5 following Eq. (5.12) with ∆G0 =

16kBT and ∆x0 = 0.3 nm.
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5 Revealing the energy landscape from force spectroscopy data

By pulling on the molecular complex during force spectroscopy measurements a force
Fext acts on the bond. This adds energy to the system:

G(x, Fext) = G(x)− Fext · x. (5.13)

Due to the fact that we do not get direct information about the x-values of G(x) out
of our force-distance curves, the dependency of G has to be expressed just by Fext. So
we need a relation between x and Fext:
The force F between two molecules is

F = − d
dx

G(x, F) = −G′(x) + Fext. (5.14)

With the assumption that the structural changes within the molecular complex take
place much faster than the changes in the pulling force, which means that the complex
is in equilibrium all the time, the force F between the two molecules vanishes. From
this follows that

Fext = G′(x) = n
∆G0

∆x0

(
x

∆x0

)n−1

. (5.15)

By rearranging Eq. (5.15) an equation describing the dependency of the distance be-
tween minimum and maximum x on the force F is obtained

x(Fext) =

(
∆x0Fext

n∆G0

) 1
n−1

∆x0. (5.16)

By inserting (5.16) and (5.12) in Eq. (5.13) we gain an expression for G depending on
Fext:

G(Fext) = ∆G0

[(
∆x0Fext

n∆G0

) n
n−1
− 1

]
− Fext∆x0

(
∆x0Fext

n∆G0

) 1
n−1

. (5.17)

This equation describes the position of the minimum of G for varying Fext. The
dissociation rate kdiss(Fext) is the potential barrier height ∆G(Fext) = Gmax(Fext) −
Gmin(Fext).
With

Gmax(Fext) = G(∆x0, Fext) = −∆x0Fext, (5.18)

the potential barrier height is

∆G(Fext) = ∆G0 − ∆x0Fext +

 ∆x
n

n−1
0

∆G
1

n−1
0

(
1

n
1

n−1
− 1

n
n

n−1

) F
n

n−1
ext . (5.19)

The maximal difference to the linear case is the quadratic energy landscape with n =

2. This offers in principle the possibility to extract additional information from the
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5 Revealing the energy landscape from force spectroscopy data

force dependence, as long as the terms can be separated experimentally. This is easier
when the exponents are more different. The power of F in the third term for n = 3 is
3/2 and 4/3 for n = 4. So the difference in this term decreases with increasing n. As
less the contribution of the third term as more the parameters ∆G0 and ν0 are only of
significance combined to the parameter

k0 = ν0 · e
−∆G0

kBT . (5.20)

Interestingly ∆G(Fext) converges to

lim
n→∞

∆G(Fext) = ∆G0. (5.21)

This means that for high n the solution converges to a force-independent potential
well.
For the quadratic energy landscape with n = 2 the equation for ∆G(Fext) is

∆G(Fext) = ∆G0 − ∆x0Fext +
∆x2

0
4∆G0

F2
ext. (5.22)

Inserting Eq. (5.19) in the Arrhenius-equation (5.11) I obtain an equation for the force-
dependent dissociation rate. For the orders n = 1, . . . , 5 kdiss(Fext) is shown in figure
5.4 with ∆G0 = 16kBT and ∆x0 = 0.3 nm.

Figure 5.4: kdiss(Fext) with n = 1, . . . , 5, ∆G0 = 16kBT and ∆x0 = 0.3 nm, following
the Arrhenius equation with Eq. (5.19) for the energy barrier dependence on the
external force.

A difference to the Bell-Evans analysis procedure with ∆x(Fext) = ∆x0 = constant,
is the dependency of the potential width on force. In figure 5.5 this is illustrated for
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5 Revealing the energy landscape from force spectroscopy data

a harmonic energy landscape (n=2). Be aware that the G(x) in my model is defined
differently to Eq. (5.12), see figure 5.3. I choose here this different definition of the
energy landscape for illustration purpose, only.

Figure 5.5: Illustration of the dependency of ∆x on the applied force Fext. The black curve
shows the change in the minimum and maximum of the potential until they get
reduced to one inflexion point.

Ideally I could determine G(x) directly from the force spectroscopic data without a fit.
This is not possible because I can not get direct information about ∆x(F). So I have to
make an assumption on the potential shape that defines the dependency of ∆x(Fext)

and therefore ∆G(Fext). Then we can fit the dissociation rate data and determine the
parameters ν0, ∆G0 and ∆x0. Furthermore χ2

min gives information about the goodness
of the fit.
In the next section I test our model with simulated data to estimate the goodness of
the parameter determination and the fit quality.
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5 Revealing the energy landscape from force spectroscopy data

5.2.1 Testing the analysis strategy with simulated data

To test this analysis approach I simulate data with known parameters and a given
energy landscape. Then I analyse the simulated data with our approach and fit my
model to the obtained dissociation rate. From this fit it is possible to determine the
quality of this approach by χ2

min and by comparison of the parameters obtained for
different fit orders n of ∆G(Fext) with the ones used in the simulation. In the following
I denote n as n f it when I use Eq. (5.19) for the fitting, and nsim when I use it for the
simulation.
For the simulation I use the following parameters for the PEG based polymer: The
polymer has a contour length of 37 nm. All the other parameters for the PEG are
from Oesterhelt et al. [ORG99]. For the spring constant of the cantilever I use a
value of 16 pN/nm and an InvOLS value of 45 nm/V (see Eq. (2.11)). The energy
landscape parameters are ∆G0 = 16kBT, ∆x0 = 0.3 nm (based on the values of titin
[RGO+97]) and ν0 = 106 1/s (based on the measurements of Scheuring et al. on titin
[RGC+13]).

5.2.1.1 Considering one retraction velocity

First I present the results when only one retraction velocity is measured. I use here
the retraction velocity of 500 nm/s. I simulate 2000 force curves with always only one
bound and dissociated PEG. For the underlying energy landscape I set nsim = 2. Then
I fit them with the PEG model (see section 2.4.1) and calcutate the dissociation rate
as explained in the introduction of this chapter. The standard deviation is calculated
as

σkdiss(Fext) =

√
N(Fext)

M(Fext) · ∆t
. (5.23)

Test with a quadratic potential: nsim = 2
In figure 5.6 the force-dependent dissociation rate obtained from the force curves and
the theoretical distribution of the dissociation rate is shown for the quadratic case
with nsim = 2.

The calculated dissociation rate reflects the theoretical distribution (black line). In the
force spectroscopy measurement with a constant retraction velocity just a section of
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5 Revealing the energy landscape from force spectroscopy data

Figure 5.6: Force-dependent dissociation rate for a retraction velocity of 500 nm/s from
N=2000 force curves, gaining 29 data points. The black line shows the theo-
retical distribution of the force-dependent dissociation rate, following Eq. (5.11)
and the corresponding force-dependent potential barrier height ∆G(Fext) (5.19)
with nsim = 2.

the force-dependent dissociation rate can be accessed because the accessible forces
depend on the dissociation probability, see Eq. (4.8). This probability is dependent
on the time per data point which is controlled by the retraction velocity in the ex-
periment. The slower the cantilever is retracted the earlier the bond can dissociate
by thermal influence. Therefore lower dissociation forces are obtained. However,
with low retraction velocities dissociation events with low dissociation forces get lost
when the bond dissociates within the thermal noise.
I fit the force-dependent dissociation rate with Eq. (5.11) and the corresponding force-
dependent potential barrier height ∆G(Fext) (5.19) for n f it = 1, . . . , 5. From these fits
I get χ2

min, describing the goodness of the fit, and the parameters ∆G0, ∆x0 and ν0.

In figure 5.7 χ2
min in dependency of the fit order n f it is shown for the simulated data

with nsim = 2. The degrees of freedom are 29− 3 = 26. This is approximately the
expected χ2

min-value. The χ2
min = 71.2 for n f it = 1 compared to the other χ2

min of
n f it = 2, . . . , 5 shows that it is possible to distinguish between the linear potential
and the higher order potentials. n f it = 2 has the expected minimum in χ2

min = 23.7
but the differentiation to n f it = 3, 4, 5 with χ2

min ≈ 25 each is difficult..

It is important to have in mind why the determination of the parameter is possible:
The logarithm of the dissociation rate (Eq. (5.11) with Eq. (5.19)) can be expressed as
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Figure 5.7: χ2
min for different fit orders n f it for nsim = 2.

a polynomial in Fext:

ln kdiss(Fext) = a + b · Fext + c · F
n

n−1
ext for n ≥ 2, (5.24)

with

a = ln ν0 −
∆G0

kBT
, (5.25)

b =
∆x0

kBT
and (5.26)

c = − 1
kBT

[(
∆x0

∆G0

) 1
n−1
(

1

n
1

n−1
− 1

n
n

n−1

)]
. (5.27)

The fit routine effectively optimizes the parameters a, b and c, from which the values
for the parameters of ∆x0, ∆G0 and ν0 are determined, according to the solution of
the system of equations (5.25) - (5.27).
For the Bell-Evans case (n = 1) the fit equation is

ln kdiss(Fext) = a + b · Fext (5.28)

with

a = ln ν0 −
∆G0

kBT
and (5.29)

b =
∆x0

kBT
. (5.30)

Due to this reduction of parameters it is not possible to separate ∆G0 and ν0 for the
Bell-Evans case with n = 1. Only the introduction of the dependency of ln kdiss(Fext)
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on higher orders of Fext leads to the third equation and therefore allows for the sepa-
ration of these parameters, always keeping in mind that for high n the correlation of
the parameters increases again.

When considering only one retraction velocity the range of accessible forces is limited.
This limitation and the influence of the thermal noise on the FJC fit to the force curves
leads to the indistinguishability of high order potentials (n f it > 2). Therefore I decide
not to analyse the parameters for this case.

Test with a cubic potential: nsim = 3
I test also the case for an underlying energy landscape with nsim = 3 in the simulation.
All the other parameters stay the same. The force-dependent dissociation rate for this
case is shown in figure 5.8.

Figure 5.8: Force-dependent dissociation rate for a retraction velocity of 500 nm/s from
N=2000 force curves with nsim = 3. The black line shows the theoretical distri-
bution of the force-dependent dissociation rate, following Eq. (5.11) and the corre-
sponding force-dependent potential barrier height ∆G(Fext) (5.19) with nsim = 3.

Again, just a limited range of the force-dependent dissociation rate is obtained from
the data, well described by the theoretical distribution. The results for χ2

min using
different orders n f it are shown in figure 5.9. The number of degrees of freedom is
here 38 − 3 = 35. n f it = 4, 5 with χ2

min = 33.2 are again not differentiable from
n f it = nsim = 3 with χ2

min = 33.3, but an exclusion of n f it = 1 is also possible here.

45



5 Revealing the energy landscape from force spectroscopy data

Figure 5.9: χ2
min for different fit orders n f it for nsim = 3.

Therefore there is a need for broadening the force-range in the measurements to ob-
tain better insight into the potential. This can be done by varying the retraction ve-
locity which influences the dissociation probability as explained before and leads to
different force-ranges in the measurements. In the next section I test the fit routine
when three different retraction velocities are considered.

5.2.1.2 Considering three retraction velocities

In order to test if a differentiation of the higher orders of the potential becomes pos-
sible with a higher amount of data points in the dissociation rate kdiss I combine the
data of three retraction velocities which broadens the force range. A higher retraction
velocity allows to determine higher forces and vice versa, as explained in the previ-
ous section. For that purpose I simulate for each of the retraction velocities 20 nm/s,
500 nm/s and 10000 nm/s 2000 force curves. Again I analyse the force curves and
determine the dissociation rates for each retraction velocity.
To combine the dissociation rate for all retraction velocities, I determine the dissocia-
tion rate as the weighted mean for a single bin,

kdiss,all =

∑
i

kdiss,i
σ2

kdiss,i∑
i

1
σ2

kdiss,i

with σkdiss,all
=

1√∑
i

1
σ2

kdiss,i

. (5.31)

Test with a quadratic potential: nsim = 2
In figure 5.10 this combined force-dependent dissociation rate is shown for an un-
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derlying potential with nsim = 2. By considering three retraction velocities the force
range is broadened to 20− 230 pN.

Figure 5.10: Force-dependent dissociation rate for the retraction velocities of 20, 500 and
10000 nm/s, using N=2000 force curves for each retraction velocity with
nsim = 2. The black line shows again the theoretical distribution of the force-
dependent dissociation rate, following Eq. (5.11) and the corresponding force-
dependent potential barrier height ∆G(Fext) (5.19) with nsim = 2. The dissoci-
ation rate has 42 data points.

Figure 5.11: χ2
min of the different fit orders n f it for nsim = 2.

After fitting I obtain χ2
min and the parameters ∆x0, ∆G0 and ν0. χ2

min is illustrated for
the different fit orders in figure 5.11. For n f it = 1, which corresponds to the linear
decrease between potential minimum and maximum, comparable to the Bell-Evans
approach, the fit does not describe the data well as demonstrated by χ2

min = 309.7 for
40 degrees of freedom. The fit with n f it = 2 yields the best fit with χ2

min = 50.4. For
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5 Revealing the energy landscape from force spectroscopy data

larger n f it the fit worsens.

For the visualisation of the uncertainties and correlation of the parameters I make
contour plots, as explained in 4.2, which are shown in figure 5.12.
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Figure 5.12: Contour plots for the three parameters ∆G0, ∆x0 and ln ν0 with nsim = 2 and
n f it = 2. Red illustrates the 68%-confidence interval and orange the 95%-
confidence interval. All parameters show a correlation. The simulation values
are ∆G0 = 65.7 pN · nm, ∆x0 = 0.3 nm and ln ν0 = 13.8 and lie all in the
95%-confidence interval.

The parameters show a strong correlation. The uncertainties obtained here are much
bigger than the uncertainties with the assumption of uncorrelated parameters in Igor
Pro. I determine the individual uncertainties as described. I summarize the estimated
parameters and their standard deviations is figure 5.13.

The parameters ∆G0, ∆x0 and ln ν0 show that the fit with the quadratic potential re-
flects best the simulated parameters in comparison to the other fit orders, see figure
5.13. The fit yields ∆x0, f it/∆x0,sim = 1.02, ∆G0, f it/∆G0,sim = 0.93 and ln ν0, f it/ ln ν0,sim =

0.92. The extracted potential width ∆x0 is linearly dependent on the fit order. This
means that an incorrect choice for n f it will lead to a bias in this parameter. The same
is true for ∆G0 and ln ν0, albeit with a different dependence. All parameter show a
strong correlation, which is to be expected from Eq. (5.24). I do not show the param-
eters for n f it = 1 because this distribution does not describe the data.
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5 Revealing the energy landscape from force spectroscopy data

Figure 5.13: Comparison of the determined parameters in the fit with the values of the sim-
ulation with a given quadratic potential. A) The potential barrier height ∆G0,
B) the potential width ∆x0 and C) the attempt frequency ln ν0, all normalised to
the simulation values.

Test with a cubic potential: nsim = 3
Again I test also the case with nsim = 3. The corresponding force-dependent dis-
sociation rate is shown in figure 5.14. By considering the three retraction velocities
(20 nm/s, 500 nm/s and 10000 nm/s) the force-range is broadened to 20− 300 pN.

Figure 5.14: Force-dependent dissociation rate for the retraction velocities of 20, 500 and
10000 nm/s, using N=2000 force curves for each retraction velocity with
nsim = 3. The black line shows the theoretical distribution of the force-dependent
dissociation rate, following Eq. (5.11) and the corresponding force-dependent po-
tential barrier height ∆G(Fext) (5.19) with nsim = 3. The dissociation rate has
48 data points.

After fitting I obtained the values for χ2
min, shown in figure 5.15. Here the linear
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fit describes the data even worse than for the nsim = 2. Also the fit based on the
quadratic potential n f it = 2 does not reproduce the data well, yielding χ2

min = 64.
The orders n f it = 4, 5 yield a slightly better χ2

min than n f it = 3 which is due to the
increasing indifference in the order of Fext in the fit equation (5.24). Therefore the
orders n f it = 1 and 2 can be rejected, but a differentiation between n f it = 3, 4 and 5 is
not possible.

Figure 5.15: χ2
min of the different fit orders n f it for nsim = 3.

Again I make contour plots, see figure 5.16, to visualise the uncertainties and correla-
tions of the parameters.
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Figure 5.16: Contour plots for the three parameters ∆G0, ∆x0 and ln ν0 with nsim = 3 and
n f it = 3. Red illustrates the 68%-confidence interval and orange the 95%-
confidence interval. All parameters show a correlation. The simulation values
are ∆G0 = 65.7 pN · nm, ∆x0 = 0.3 nm and ln ν0 = 13.8 which are hardly in
the 95%-confidence interval.
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I determine the uncertainties from the 1-dimensional plots and display the param-
eters with their standard deviations in figure 5.17. The parameters show a strong
correlation for nsim = 3, too. Also all parameter show a dependency on the fit order
what leads to a bias with an incorrect choice for n f it.

Figure 5.17: Comparison of the parameters determined in the fit with the values of the simu-
lation for a cubic potential. A) The potential barrier height ∆G0, B) the potential
width ∆x0 and C) the attempt frequency ν0, all normalised to the simulation
values.

The dependency of the parameters on n f it shows that care must be taken when as-
suming a potential for this kind of analysis. On the other hand, the knowledge of
a valid range of one ore more parameters leads to an increase of knowledge for the
potential. The valid range could be obtained for example from different methods like
NMR spectroscopy.

5.2.2 Applying the model to PhoB-DNA force spectroscopy data

In this section I use the data of the point mutant R176A of the protein PhoB, mea-
sured during my Master thesis, to test the analysis approach of Oberbarnscheidt et
al. [OJO09], determining the force-dependent dissociation rate. Furthermore I test
my analysis procedure for the parameter determination of the energy landscape by
fitting these data and comparing with the parameters obtained from the analysis with
the Bell-Evans model, published in [RWK+13].
The force spectroscopy data of R176A is interesting to analyse because the binding
behaviour of the alanine mutant provides valuable insight into the type of interac-
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tions involved in the recognition process. Residue arginine 176 interacts with the mi-
nor groove by hydrogen bonds[YOI+08]. Arginine 176 and tyrosine 223 also interact
with each other to stabilize the orientation and providing an optimal distance be-
tween helix α2 and the C-terminal hairpin [BSGRC02, YOI+08]. The CD spectroscopy
measurements on the mutant R176A do not show any binding of the mutant to the
DNA anymore [RWK+13]. In the force spectroscopy measurement Ritzefeld et al. see
a slight binding affinity with a dissociation rate of 1.8 s−1 which gives a lifetime of
0.5 s of the R176A-DNA interaction. The wildtype has a lifetime of 400 s. Due to this
remarkable reduction of the lifetime of the PhoB-DNA complex the residue arginine
176 is important for the binding of the protein PhoB to the DNA.

I analyse the force spectroscopy data by fitting the extended FJC model with multiple
bonds, described by Eq. (2.20), to the dissociation events, which is different from the
fit used in [Bie11]. Only the curves corresponding to a single dissociation event are
used in the following analysis. From these I calculate the force-dependent dissocia-
tion rate.
As shown in section 5.2.1.2 it is advisable to use more than one retraction velocity to
obtain a broader force range for a better determination of the energy landscape pa-
rameters. I analyse here the retraction velocities 50 nm/s, 500 nm/s and 4000 nm/s,
including the lowest and highest retraction veleocites measured. The retraction ve-
locities 500 nm/s and 4000 nm/s are measured with the same cantilever with a spring
constant of 16 pN/nm. The measurement with a retraction velocity of 50 nm/s is per-
formed with a different cantilever with a spring constant of 14.6 pN/nm. The force-
dependent dissociation rates obtained for the three retraction velocities are shown in
figure 5.18.

The force-dependent dissociation rates show a different distribution for the retraction
velocity of 50 nm/s compared to the retraction velocities of 500 nm/s and 4000 nm/s.
To verify if the DNA is bound to the PEG, I analyse the contour lengths of the FJC fits
to the dissociation events in the force curves. The PEG-linker has a contour length
of 27 nm and the DNA a length of 10 nm. Therefore the expected contour length is
around 37 nm. I build histograms for the contour lengths for the different retrac-
tion velocities, see figure 5.19, and fit them with a gaussian distribution to determine
the most probable contour length. The most probable contour lengths for the retrac-
tion velocities 500 nm/s and 4000 nm/s are in agreement with the expected value of
37 nm. Due to the increased contour length of around 10 nm, the displacement of the
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Figure 5.18: Force-dependent dissociation rate of the analysed retraction velocities v =

50 nm/s, 500 nm/s and 4000 nm/s.

distribution of the force-dependent dissociation rate and no contribution to a broad-
ening of the force-range, I decide not to include the data of the retraction velocity of
50 nm/s in the follwing analysis.

Figure 5.19: Histograms for the determination of the most probable contour length of A)
50 nm/s, B) 500 nm/s and C) 4000 nm/s. The gaussian fit is displayed
in black. The expected contour length is 37 nm and for 50 nm/s I obtain a
most probable contour length of (45± 2)nm, for 500 nm/s a contour length of
(36.0± 0.5)nm and for 4000 nm/s a contour length of (39± 2)nm.

The data for the retraction velocities of 500 nm/s and 4000 nm/s are combined as de-
scribed in Eq. (5.31), and shown in figure 5.20. These force-dependent dissociation
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rates show a linear dependency on the force. Therefore I fit the dissociation rate, us-
ing Eq. (5.11), Eq. (5.19) and n f it = 1 which correpsonds to a linear decrease between
minimum and maximum in the energy landscape as in the Bell-Evans analysis ap-
proach. With n f it = 1 it is only possible to obtain the parameters for the potential
width ∆x0 and the dissocaition rate at zero force k0, see Eq. (5.5). From the fit I obtain
the following parameters:

k0 = (27± 1)s−1

and
∆x0 = (0.31± 0.1)Å.

Figure 5.20:

The dissociation rate k0 is one order of magnitude larger than k0 =(1.8 ±1.2) nm
[RWK+13], obtained by the Bell-Evans analysis procedure (fitting the most probable
dissociation force in dependency of the most probable loading rate). The value for
the potential width is signicficantly shorter than the values typically observed for in-
teractions between protein and DNA [KCB+04, VNA05] and the obtained value for
∆x0 of around 1 nm by the Bell-Evans analysis procedure [Bie11]. Interestingly, this
value is in the range of the barrier width per baise pair of 0.7 Å obtained by Strunz et
al. in the DNA unbinding experiments [SOSG99]. Also the interaction between car-
boxyl groups (COOH) has a comparable potential width of 0.6 Å for fast loading rates
higher than 10−8N/s. To explain this short potential width I see two possibilities.
First, it could be characteristic for the reduced binding affinity of this mutant to the
DNA. In the CD spectroscopy measurements even no binding is found. Second, the
short potential width could be determined because no specific interaction is deteced
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in the measurements. It is known that PEG-linker can bind unspecifically between
surface and tip of the cantilever, used by Oesterhelt et al. in their PEG stretching
measurements [ORG99]. But they do not report the strength of the nonspecific bind-
ing of the PEG to the cantilever. In the measurements used here, the DNA is bound
to the PEG-linker and the most probable contour length is comparable to the one ex-
pected with successful DNA-binding to the PEG, see figure 5.19 B) and C). Therefore
another possibility is that we see here the nonspecific interaction between DNA and
gold [RCSG99] and the DNA binding to the mutant R176A is completely disrupted.

Figure 5.21: Histogram of the dissociation forces for the experimental and simulated data,
with a retraction velocity of 4000 nm/s. The binning of the histograms is dif-
ferent due to the different number of counts per histogram. Remarkably, both
distributions are not gaussian.

To test the obtained values for ∆x0 and k0, I simulate force curves with these values, a
PEG-linker with a contour length of 37 nm and a retraction velocity of 4000 nm/s. The
obtained data points for the analysis of the simulated data are shown in figure 5.20.
The simulated data show the same distribution as the experimental data and also a
similar broadness and uncertainties. Remarkably, the dissociation force histogram
for the simulated data is very broad and does not show a gaussian distribution. The
same holds for the experimental data, see figure 5.21, which also supports the thesis
that we do not see a specific interaction here.

From the test of my analysis approach with simulated data, see section 5.2.1.2, we
know that the wrong order in the fit leads to a bias in the parameters. A too small
fit order leads to a too small potential width ∆x0. Therefore I fit also the data with
n f it = 2, obtaining a ∆x0 = 0.34 Å, which does not influence the value sufficiently
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that an order of magnitude could be achieved. The uncertainties here are directly
from the fit.

The observed force dependency of the dissociation rate is linear and no curvature
can be observed in the accessible force range, see figure 5.20. The force-dependent
dissociation rate in the measurements of Berkemeier et al. is linear over the experi-
mentally accessible force range [BBX+11], too. This is the first and so far only publica-
tion which uses the analysis approach to determine the dissociation rate directly from
force spectroscopy data. A verification if the force-dependent dissociation rate shows
a curvature and therefore the underlying energy landscape has a non-linear decrease
between its minimum and maximum can only be achieved by analysing more force
spectroscopy data with this method.
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6 Dependency of the stability of BR
on the concentration of compatible
solutes

Protecting effects of compatible solutes on soluble proteins have been studied to a
fairly good extent [OSF+03, LS06]. Due to the technical challenges of isolation, purifi-
cation and folding of a membrane protein into its natural conformation and to find
measuring conditions which do not denature the membrane protein, studies on mem-
brane proteins are rare so far. In the paper [RBHO13], we report the results of single
molecule unfolding experiments on the mechanical stability of the membrane protein
BR in dependency on the concentration of the compatible solutes ectoine, betaine and
taurine. The mechanical effects are represented by the change in dissociation force
and persistence length of each unfolding step of BR. The dissociation force is a mea-
sure for the protein stability against unfolding and the persistence length describes
the tendency of the protein to form a compact coil. When the persistence length is
reduced, the protein is more coiled up.
Arpita Roychoudhury performed the measurements during her PhD on BR without
osmolytes (0 M) and on BR with 1 mM, 10 mM, 100 mM and 1000 mM of each of the
osmolytes betaine, ectoine and taurine, see [Roy13].

First I explain how I analyse the data to distinguish between the different unfolding
steps to determine the influence of the compatible solutes on the dissociation force
and the persistence length of each unfolding step. Furthermore I analyse the influ-
ence of the number of received unfolding events per unfolding step on the uncer-
tainty of the force with Monte Carlo simulations, which is explained in section 6.1.1.
Then follows the explanation how the uncertainty of the persistence length of the sin-
gle peak analysis is determined. Concluding I present and discuss the results of the
concentration-depedent measurements of compatibel solutes on BR.
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6 Dependency of the stability of BR on the concentration of compatible solutes

6.1 Analysis of each unfolding step

The force curves have been selected by virtue of their typical unfolding pattern with
four main unfolding events and a total length of around 70− 90 nm (see section 3.1.2).
We fit these peaks with the worm-like chain model (see section 2.4.2). From these fits
we obtain the persistence length, considering only events with a χ2 ≤ 5. From these
data we generate scatter plots of the persistence length versus the fit length, see figure
6.1 B, and of the dissociation force versus fit length, see figure 6.1 A, where the latter
is determined directly from the force curve.

Figure 6.1: Scatter Plots for BR with no osmolytes (0 M). A) shows the dissociation force vs
the fit length. B) shows the persistence length vs the fit length. In both graphs the
first unfolding step is missing (which should be at a fit length of around 17 amino
acids). Therefore just 3 distributions are visible.

Because of the short dissociation length of around 10 nm of the first unfolding step of
helices G and F, see figure 3.3, the quality of the WLC fits is low (χ2> 5). Therefore
the corresponding unfolding step, expected at a fit length of about 17 amino acids, is
missing in figure 6.1 A and B.

My task is to analyse every distribution and determine the mean dissociation force
and the mean persistence length with the corresponding uncertainties for each un-
folding step. To group the events according to their corresponding unfolding step I
differentiate the distributions by their fit length and create histograms out of the indi-
vidual sections for the dissociation forces and persistence lengths for each osmolyte
concentration. The events with a fit length between 80 and 130 amino acids are as-
signed to the second unfolding step. To the third unfolding step I count all the events
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6 Dependency of the stability of BR on the concentration of compatible solutes

with a fit length between 130 and 200 amino acids and to the fourth one the events
with a fit length of 200 to 250 amino acids.The number of dissociation events for each
unfolding step and concentration of each osmolyte can be found in the appendix A.

From these distributions I create histograms corresponding to individual unfolding
steps, and determine the mean values by gaussian fits. This procedure is illustrated
in figure 6.2 for the data of 1 M betaine.

Figure 6.2: Explanation of our analysis procedure for the different unfolding steps on the basis
of 1 M betaine. A) Scatter Plot of the peak force versus the fit length. We get three
distributions for the pairwise unfolding of the helices E-D (2nd unfolding step),
C-B (3rd unfolding step) and for the last unfolding of the helice A (4th unfolding
step). The histogramming for each unfolding step leads to the histograms in B).
A gaussian fit reveals the most probable dissociation force. C) Scatter Plot of
the persistence length versus the fit length. We get three distributions for the
stretching of the unfolded parts: the second distribution is the stretching of helices
G-F, the third one for G-F and E-D, and the fourth one for the stretching of G-F,
E-D and C-B. D) Histograms of the persistence length for 1M betaine for the 2nd,
3rd and 4th stretching step.
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6 Dependency of the stability of BR on the concentration of compatible solutes

6.1.1 Uncertainty of the forces derived from simulation

I analyse the influence of the number of received unfolding events per unfolding
step on the uncertainty of the force. This is due to the reduced number of unfolding
events in the experiments with osmolytes because the osmolytes reduce the binding
probability of the tip of the cantilever to the protein significantly.
Due to the fact that the extraction of dissociation forces of an unfolding step is not
only dependent on statistics but also on thermal fluctuations, we get a distribution
of unfolding forces dependent on the stretching behaviour of the polymer and the
thermal influence. The higher the temperature the broader is the histogram. The
stretching behaviour leads to an asymmetric distribution: The probability that the
unfolding step occurs at small forces is higher than at high forces. In figure 6.3 a
histogram is shown to illustrate this asymmetric distribution which I derive from
1000 simulated dissociation forces.

Figure 6.3: Histogram of 1000 simulated dissociation forces: Smaller dissociation forces are
more likely than high dissociation forces.

To include the thermal influences on the dissociation force and investigate the de-
pendence on the number of measured events, I simulate force spectroscopy data. I
use the WLC model which fits best for protein unfolding with a persistence length of
0.6 nm and a total length of L = 50 nm, which corresponds to the second stretching
step (helices G and F) of BR with 81 amino acids (see figure 3.3). For the spring con-
stant of the cantilever I use a value of 25 pN/nm and an InvOLS value of 45 nm/V
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6 Dependency of the stability of BR on the concentration of compatible solutes

(see Eq. (2.11)). Furthermore I set the retraction velocity to 400 nm/s. These values
are in accordance with the experimental situation. For the energy landscape I assume
a harmonic potential with nsim = 2 (see Eq. (5.19)) with ∆G0 = 16kBT, ∆x0 = 0.3 nm
and ν0 = 106 s−1.
Each force curve is fitted with the WLC model and the dissociation forces are ob-
tained. Ten sets of dissociation forces are produced, each with the following numbers
of dissociation events: 25, 50, 100 or 200. For the concentration of 1 mM betaine and
the third unfolding step we just have 12 unfolding events with χ2 < 5 in the WLC
fit (see appendix A). For this case I produce 20 sets of simulated dissociation forces. I
histogram each set and each histogram is fitted with a gaussian distribution.

In figure 6.4, the 10 histograms containing 200 counts are shown in A and for 100
counts in B. The influence of noise can be seen but still the distribution is similar for
all 10 histograms. I apply to each histogram a Gaussian fit

y = A · e−
(

x−x0
FWHM

)2

. (6.1)

Figure 6.4: A) Overlay of 10 histograms of simulated forces containing 200 counts. B) Over-
lay of 10 histograms of simulated forces containing 100 counts.

In figure 6.5, I display the obtained mean forces (x0 in Eq. (6.1)) and their errors de-
rived from these fits.

For the calculation of the mean force and its error, I determine the arithmetic mean
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6 Dependency of the stability of BR on the concentration of compatible solutes

Figure 6.5: A) Mean force of the histograms shown in figure 6.4 A with 200 counts, derived
from a Gaussian fit, and its standard deviation. B) Mean force of the histograms
shown in figure 6.4 B with 100 counts, derived from a Gaussian fit, and its stan-
dard deviation.

and its standard deviation:

F =
1
N

N∑
i=0

Fi with σF =

√√√√ 1
N − 1

N∑
i=0

(F− F)2. (6.2)

From this I derive for the histogram containing 200 counts a mean force of 115 pN and
a standard deviation of 2 pN. For the histogram with 100 counts I get a mean force of
114 pN and a standard deviation of 4 pN.

Because the procedure is the same for all counts, I show finally just the result for the
histogram with the lowest number of counts, namely 12 counts. Based on the low
number I decide to use here 20 sets, see figure 6.7.

Figure 6.6: Overlay of 20 histograms of simulated forces containing 12 counts, each.

Although the histograms do not contain many data points, their distribution is not
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6 Dependency of the stability of BR on the concentration of compatible solutes

flat. The obtained mean forces by the gaussian fit, see figure 6.7, show that the first
histogram cannot be fitted in a proper way, but all the other histograms are still fine.
With the same calculation procedure as above I get for the histogram containing 12
counts a mean force of 113 pN and a standard deviation of 9 pN.

Figure 6.7: Mean forces of the histograms shown in figure 6.3, derived from a Gaussian fit,
and their standard deviations.

To summarize these results I show in figure 6.8 the dependency of the standard devi-
ation of the force on the number of counts in the histogram.

Figure 6.8: Graph of the standard deviations dependent on the number of counts in a his-
togram.

From this graph I derive tabular 6.1 which we use to get the uncertainty of the forces
of our experimental results, shown in section 6.2, as the determined standard devia-
tion from the simulations.
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6 Dependency of the stability of BR on the concentration of compatible solutes

counts σF[pN]

12 - 15 9
16 - 20 8
21 - 30 7
31 - 66 6
67 - 88 5
89 - 113 4
114 - 165 3
166 - 200 2
> 200 2

Table 6.1: Standard deviation of the force in dependency on the number of data
counts.

6.1.2 Uncertainty of the persistence length

The persistence length values for each unfolding step are derived from WLC fits to
the experimentally obtained force curves. I perform a Gaussian fit to each of the
persistence length histogram from the single peak analysis to determine the standard
deviation as σlP = FWHM/ ln(4).

6.1.2.1 Influence of the WLC fit on the obtained persistence length

When we look at the scatter plots of the persistence length for the different concen-
trations of osmolytes, we notice a curvature in the distributions for the different un-
folding steps: High persistence lengths are obtained for lower fit lengths and vice
versa. To decide if this is based on the intramolecular interaction or influenced by
our analysis procedure I simulate and analyse data to observe the persistence length
parameter. From this data I create scatter plots as before for the experimental data. I
use the same parameters for the simulation as for the determination of the standard
deviation of the force in section 6.1.1. The noise is calculated as

√
kBT/kcant.

What I vary first is the sampling frequency to obtain the influence of the number of
data points on the persistence length, see the medium blue and light blue data in fig-
ure 6.9. The increase in the number of data points spreads the distribution but cannot
explain the broad distribution of the experimental data shown in yellow (for BR with-
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6 Dependency of the stability of BR on the concentration of compatible solutes

Figure 6.9: Comparison of the simulated data with experimental data of BR without osmolytes
(yellow) by plotting the persistence length in dependency on the fit length. The in-
fluence of the parameter variation in the simulation is tested. The variation in the
number of data points cannot reproduce the experimental distribution (medium
and light blue distribution). The increase of the thermal noise shifts the distri-
bution to lower persistence length values and also broadens the distribution. The
variation in the total length of the simulated polymer by plus-minus 1 nm leads
to a similar width of the distribution compared to the experimental data.

out osmolytes). The input value of the persistence length of 0.6 nm is reproduced.

Then I vary the thermal noise of the cantilever: I increase the value by three times. The
dark blue distribution in figure 6.9 corresponds to this simulation. This change shifts
the distribution to smaller persistence length values and broadens it. The increase of
the noise by five times intensifies this effect (dark purple distribution). By variation
of the total length of the WLC polymer by equally distributed values by plus-minus
1 nm I achieved a similarly broad variation in the fit length as in the experimental
data.

These simulations show that the experimentally obtained distribution are likely to
stem from the analysis procedure. This can be explained by an inaccurate WLC fit
which is discovered by these simulations: In the dissociation point the forces are
asymmetrically distributed to lower forces. Therefore the fit routine drags the fit
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6 Dependency of the stability of BR on the concentration of compatible solutes

courve down which influences the value of the persistence length, too. Thus a high
rupture force leads to a lower persistence length. This is already observed by Kühner
and Gaub [KG06].
The fit routine is the same for all osmolyte concentrations and unfolding steps.

6.2 Results and discussion

I present here the results obtained by my analysis presented in the last section.

Influence of concentration changes on the dissociation force
The concentration-dependent impact of compatible solutes on the dissociation force
for each peak is presented in figure 6.10.

Figure 6.10: Dependency of the single peak dissociation force on osmolyte concentration for
the second, third and fourth peak. The unfolding forces are the mean of the
gaussian fits. The error bars are obtained from simulations, see section 6.1.1. A)
For betaine we observe a slight increase in the unfolding force. B) Ectoine shows
a non-linear dependency. C) For taurine the pattern is the same for all unfolding
steps. For the 1M unfolding step for the second peak we did not observe enough
events.
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6 Dependency of the stability of BR on the concentration of compatible solutes

As explained in section 6.1, we do not have enough first unfolding steps with high
quality WLC fits. Therefore we see in figure 6.10 the forces for the second, third and
fourth unfolding peak (derived from the gaussian fits). The first data point for each
peak is the buffer solution in absence of osmolytes (concentration of osmolytes: 0 M).
For all osmolytes and concentrations the second peak has a higher unfolding force
than the third and fourth ones confirming previous studies [OOP+00].
For betaine we can observe a slight increase in the unfolding force for all three peaks
with increasing concentration. Furthermore the influence of the concentration on the
unfolding forces is similar for all peaks.
For ectoine we see an increase as well, but a non-linear dependency of the unfolding
force on the concentration. Also here the influence of the concentrations is approxi-
mately independent of the peak.
For taurine we also observe a non-linear dependency, although with higher fluctu-
ations. A general increase cannot be noticed. Due to lower quality of the data, we
could not analyse the second peak for 1 M for taurine. The force pattern is the same
for all peaks.
All in all we see a general increase for betaine and ectoine in unfolding forces for all
peaks. Additionally, for each of the three osmolytes the effect on the different peaks
changes in a similar way with the concentration.
Kurz et al. discuss two effects how osmoyltes influence the measured forces [Kur08]:
On the one hand, additional hydrogen bonds can occur because of the binding of
osmolytes to the protein. This leads to new intermediate peaks in the force curve.
If these new bonds are close to already existing bonds, they will dissociate simulta-
neously, which leads to higher unfolding forces of the existing peaks. On the other
hand, there can be an entropic effect: a change in the Gibbs free energy can make
the transition from the folded to the unfolded state more unlikely. This also increases
the forces of existing peaks. We cannot observe significantly additional intermediate
unfolding peaks. This leads us to the assumption that there is no specific binding of
the osmolytes to the protein and therefore the stability of BR is enhanced by the com-
patible solutes in general. Consequently the increase in force is most probably caused
by a raise in the Gibbs free energy.

Influence of concentration changes on the persistence length
The dependency of the persistence length on the increasing osmolyte concentration
is shown in figure 6.11. For ectoine and taurine we observe a slight decrease in per-
sistence length with increasing concentration. The pattern of the persistence length
for the different peaks varies with the concentration.
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6 Dependency of the stability of BR on the concentration of compatible solutes

For the concentration of betaine we detect no clear dependency of the persistence
length. Also the pattern varies for each stretching step.
However, these trends are not statistically significant, therefore no clear conclusion
can be drawn. The widths of the persistence length distributions in the histograms
lead to the sizable errors.

Figure 6.11: Dependency of single peak persistence length on osmolyte concentration for the
second, third and fourth unfolding step for A) betaine, B) ectoine and C) taurine.
The error bars are the standard deviation obtained from the gaussian fits.

The persistence length is a measure of the stiffness of the part of the protein which is
already unfolded out of the membrane. The possible slight decrease for ectoine and
taurine could be explained by a restructuring of water molecules via hydrogen bonds
while the osmolytes are exclueded from the vicinity of the protein [XT97a, XT97b,
YJN07]. This forces the protein to acquire a more coiled conformation by burying
its hydrophobic parts [Bur00, Sch02], leading to the decrease in persistence lengths.
The persistence length is around 4 Å, see 6.11, which is a well-known measure for
unfolded proteins [RGO+97], especially for BR [MKO+02]. Due to the known inac-
curacy of WLC fit, see section 6.1.2.1, the errors are large because of the broad distri-
butions. This could be improved in future analyses.
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7 Conclusion and Outlook

Single-molecule force spectroscopy represents a powerful tool to investigate intra-
and intermolecular interactions by the determination of kinetic and thermodynamic
properties. In the first part of this work, I dealt with the challenge of theoretically
modeling, analysing and interpreting single-molecule force spectroscopy data. The
second part investigated the concentration-dependent influence of osmolytes on each
single unfolding step of Bacteriorhodopsin in force spectroscopy data. In the follow-
ing I discuss the parts separatly.

7.1 Analysing single-molecule force spectroscopy data

The dissociation of chemical bonds induced by external forces is a thermally activated
process and can be described with the help of Kramers’ rate theory [ER97]. Due to the
mathematical inverse problem in force spectroscopy measurements, the interpreta-
tion of experimental force spectroscopy data is still challenging. I developed a model
to fit the force-dependent dissociation rate, allowing to consider a possible non-linear
increase between the potential minimum and the potential barrier. If experimental
data show a bending in the force-dependent dissociation-rate, this is evidence that
the underlying energy landscape does not have a linear increase between the mini-
mum and maximum. By the assumption of a simple decrease based on the order n,
the second order shows the biggest difference to the linear case in the force-dependent
dissociation rate, and allows the separation of the parameter ∆G0, describing the po-
tential barrier height, and the parameter ν0, describing the attempt frequency. An
increase in the order n leads again to a stronger correlation of these parameters and
also an increasing indistinguishability of the underlying order of the potential.
Furthermore I analysed the influence of the assumed shape of the energy landscape
on the parameter determination. The parameter ∆x0, describing the potential width,

79
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is linearly dependent on the fit order; similarly, ∆G0 and ν0 show a strong depen-
dence. This leads to an under- or overestimation of these parameters if the wrong fit
order is choosen.
The application of the analysis strategy combined with a better FJC fit revealed a re-
markably short lifetime of the mutant-DNA-complex compared to the binding of the
wildtype to DNA. This is presumably in accordance with an unspecific binding of the
DNA to gold and the binding of the mutant to the DNA is completely disrupted.

High-speed force spectroscopy can broaden the force-range much more than con-
ventional AFMs can, because retraction velocities up to 4000 µm/s are measurable
[RGC+13]. This will promote the investigation of inter- and intramolecular interac-
tions. However, have to bear in mind the assumption that structural changes within
the molecular complex are much faster than the changes in the pulling force. It is
possible that this assumption is not realistic anymore for measurements with high
retraction velocities. Therefore the description of high-speed force spectroscopy will
require a modified modeling of the force-dependent molecular dissociation.

7.2 Differentiation of the single unfolding steps to
determine the concentration-dependent influence of
compatible solutes

Compatible solutes are known to have a general stabilising effet on globular pro-
teins [OSF+03, LS06], but the stabilising mechanism is still under investigation, see
for example [BB98, Bol01, VLL09]. Because of severe technical difficulties, the use
of single-molecule techniques is still in its infancy for membrane proteins. This is
the first concentration-dependent study of the influence of osmolytes on a membrane
protein.
By the analysis of each unfolding step the effect of osmolytes on the different struc-
tural parts gives an insight on the interaction of the osmolytes with the protein. The
dissociation forces showed for each osmolyte-concentration and unfolding step the
same pattern. We could not observe additional intermediate unfolding steps signif-
icantly. This let us to assume that there is no specific binding to the protein. Fur-
thermore a slight increase in force with increasing concentration of osmolytes was
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observed which is a consequence of the stabilising effect. The persistence length
showed a slight decrease with increasing concentration of osmolytes. This indicates
an increased tendency of the protein to coil up outiside the membrane. A more coiled
structure supports the refolding of the protein.
For better insight the data amount has to be increased. Furthermore the WLC fit rou-
tine has to be improved. This would decrease the uncertainties in the persistence
length. Also the developed analysis strategy could be used to get information about
the influence of the concentration of osmolytes on the energy landscape.

This work shows that single-molecule force spectroscopy is an important method to
achieve a better insight in molecular interactions, especially allowing measurements
on challenging biological samples like membrane proteins. These results hold the
promise of improved understanding of inter- and intramolecular interactions on the
structural level yielding eventually advances in the development of specific drugs to
influence the metabolism.
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Summary

The cell is the structural unit of life. For understanding the metabolic processes and
related diseases, it is important to understand inter- and intramolecular interactions.
This will lead to a development of drugs against specific targets like a protein to pre-
vent unwanted interactions causing side effect. Single-molecule force spectroscopy
is a common technique to investigate inter- and intramolecular interactions. Specifi-
cally, it can be used to observe the dissociation of the molecular bond in dependence
on an external force. This forced dissociation process can be viewed as a thermally ac-
tivated escape over a potential barrier of the energy landscape describing the molec-
ular interaction, but the determination and interpretation of parameters describing
the energy landscape obtained from force spectroscopy data is challenging. I develop
a model to fit the force-dependent dissociation rate to determine the potential width
∆x0, the barrier height ∆G0 and the attempt frequency ν0. To that aim I consider a
generalized dependence of the energy landscape on the interaction coordinate, char-
acterized by the order n. By testing the model with simulated data, I reveal a linear
dependency of ∆x0 on the fit order; similarly, ∆G0 and ν0 show a strong dependence.
This leads to an under- or overestimation of these parameters if the wrong fit order
is chosen. The application of this analysis strategy to experimental data combined
with an improved freely jointed chain fit to experimental data reveals a remarkably
short lifetime of the R176A-DNA-complex compared to the binding of the wildtype
to DNA. Upon further analysis, this is interpreted as an unspecific binding of the
DNA to gold, therefore the binding of the mutant to the DNA seems to be completely
disrupted.
The atomic force microscope is one of the few methods allowing to investigate the
unfolding of a single membrane protein. In the second part of this work we use
this technique for the first time to analyse the concentration-dependent influence of
compatible solutes on the unfolding of Bacteriorhodopsin. By the analysis of each un-
folding step the effect of osmolytes on the different structural parts gives an insight
on the interaction of the osmolytes with the protein. The dissociation forces show for
each osmolyte-concentration and unfolding step the same pattern. We do not observe
significantly additional intermediate unfolding steps, which we interprete as the ab-
sence of specific binding to the protein. Furthermore a slight increase in force with
increasing concentration of osmolytes is observed indicating the stabilising effect of
osmolytes. The persistence length shows a possible slight decrease with increasing
concentration of osmolytes. This indicates an increased tendency of the protein to
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coil up outside the membrane which supports the refolding of the protein. These
results hold the promise of improved understanding of inter- and intramolecular in-
teractions yielding eventually advances in the development of specific drugs.

Zusammenfassung

Die Zelle ist das strukturelle Bauelement von Leben. Um die Stoffwechselprozesse
und damit verbundene Krankheiten verstehen zu können, ist es wichtig, die inter-
und intramolekularen Wechselwirkungen zu verstehen. Dies trägt zur Entwicklung
von Medikamenten bei, die an spezifische Ziele wie zum Beispiel ein Protein an-
greifen, um ungewollte Wechselwirkungen zu vermeiden, die zu Nebenwirkungen
führen. Die Einzelmolekülkraftspektroskopie ist eine weitverbreitete Methode, inter-
und intramolekulare Wechselwirkungen zu untersuchen. Dabei wird die Dissozia-
tion der molekularen Wechselwirkung abhängig von einer externen Kraft beobachtet.
Diese induzierte Dissoziation kann als thermisch aktivierter Zerfall über eine Poten-
tialbarriere der Energielandschaft, die die molekulare Wechselwirkung beschreibt,
beschrieben werden, aber die Bestimmung und Interpretation der Parameter, die die
Energielandschaft beschreiben, ist immer noch eine Herausforderung. Ich entwickle
ein Modell, um durch einen Fit an die kraftabhängige Dissoziationsrate die Poten-
tialbreite ∆x0, die Barrierenhöhe ∆G0 und die sogenannte "attempt frequency" ν0 zu
bestimmen. Dafür berücksichtige ich eine verallgemeinerte Abhängigkeit der En-
ergielandschaft von der Wechselwirkungskoordinate, charakterisiert durch die Potenz
n. Durch die Untersuchung des Modells mit simulierten Daten zeige ich eine lin-
eare Abhängigkeit von ∆x0 von der Fitpotenz auf. Gleichermaßen weisen ∆G0 und
ν0 eine starke Abhängigkeit von der Fitpotenz auf. Dies führt zu einer Unter- oder
Überschätzung der Parameter, wenn die falsche Fitpotenz gewählt wird. Die An-
wendung der Analysestrategie auf experimentelle Daten in Verbindung mit einer
besseren Freely Jointed Chain-Fitroutine deckt eine bemerkenswert verkürzte Lebens-
dauer des R176A-DNA-Komplexes im Vergleich zur Bindung des Wildtyps an DNA
auf. Nach einer weiterführenden Analyse, ist diese Beobachtung als unspezifische
Wechselwirkung der DNA mit Gold interpretiert, während die Bindung der Mutante
an die DNA komplett unterbrochen zu sein scheint.
Das Rastersondenmikroskop ist eine der wenigen Methoden, die die Untersuchung
der Entfaltung eines einzelnen Membranproteins erlaubt. Im zweiten Teil dieser Ar-
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beit haben wir diese Methode das erste Mal verwendet, um den konzentrationsab-
hängigen Einfluss von kompatiblen Soluten auf die Entfaltung von Bacteriorhodopsin
zu untersuchen. Die Analyse der einzelnen Entfaltungsschritte erlaubt einen Ein-
blick in die Wechselwirkung der Osmolyte mit den verschiedenen Strukturelementen
des Proteins. Die Dissoziationskraft zeigt für jeden Entfaltungsschritt und jede Os-
molytkonzentration dasselbe Muster. Wir konnten keine signifikante Entstehung von
Zwischenschritten in der Entfaltung beobachten. Das führt uns zu der Annahme,
dass die Osmolyte nicht spezifisch an das Membranprotein binden. Außerdem kon-
nten wir eine leichte Zunahme der Dissoziationskraft mit steigender Osmolytkonzen-
tration beobachten, was auf den Stabilisierungseffekts von Osmolyten hinweist. Die
Persistenzlänge zeigt eine mögliche Reduzierung mit steigender Osmolytkonzentra-
tion. Dies weist auf eine steigende Tendenz des Proteins hin, sich außerhalb der Mem-
bran mehr zu winden, was die Rückfaltung des Proteins in die Membran unterstützt.
Diese Ergebnisse versprechen ein verbessertes Verständnis von inter- und intramoleku-
laren Wechslewirkungen, das zu einem eventuellen Fortschritt in der Entwicklung
von spezifischen Medikamenten beitragen wird.
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Appendix A

Number of data counts for each osmolyte concentration and unfolding step

Osmolyte Concentration total amount of force curves selected curves with

[mM] full length rupture

Buffer 0 18000 180

Betaine 1 17000 44

10 14000 20

100 13000 278

1000 17000 89

Ectoine 1 18000 24

10 15000 59

100 17000 31

1000 19000 31

Taurine 1 16000 8

10 17000 66

100 17000 22

1000 19000 22
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Osmolyte Peak Concentration [mM] # counts

Taurine 2nd 0 147

10 42

100 17

1000 8

3rd 0 180

10 40

100 16

1000 22

4th 0 149

10 66

100 22

1000 17
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