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Zusammenfassung
Spektroskopische Untersuchungen unter Hochdruck helfen ein besseres Verständnis von

biologischen Molekülen zu erlangen. Um zum Beispiel die Proteinfaltung besser verstehen zu
können, muss das Protein zunächst einmal entfaltet werden. Dies kann durch Temperatur,
Denaturierungsmittel, pH-Veränderung oder Druck geschehen. Im Gegensatz zu anderen Ent-
faltungsmethoden ist die Druckentfaltung sauber, reversibel und beeinträchtigt innere Wech-
selwirkungen ausschließlich durch Veränderungen der Abstände der einzelnen Komponenten,
wohingegen die Gesamtenergie fast gleich bleibt [9].

Durch die Betrachtung einzelner Moleküle werden mehr Details sichtbar, da durch die Tren-
nung verschiedener Populationen, Heterogenitäten untersucht werden können. Sogar wenn sie
in der Minderheit sind, können entfaltete oder gefaltete Proteine oder auch verschieden Pro-
teinkonformationen seperat untersucht werden. FRET unter Einzelmolekülkonzentration (sm-
FRET) ist eine wirkungsvolle Methode zur Untersuchung der Proteinfaltung, da sie nicht nur
zur Untersuchung des Entfaltungsgleichgewichts und zur Bestimmung der thermodynamischen
Parameters eines Proteins eingesetzt werden kann, sondern auch um die Größe der verschiede-
nen Konformationen und des entfalteten Zustandes zu bestimmen.

Inspiriert von der Arbeit von Gratton et al. [56, 60], wurde eine Kapillare verwendet um
eine Einzelmolekülfluoreszenzmessung, speziell smFRET, unter Hochdruck zu realisieren. Die
von Gratton et al. verwendete zylindrische Kapillare ermöglichte es ihnen Objektive mit hoher
numerischer Apertur zu benutzen, um Einzelmolekülfluoreszenzuntersuchungen mit Zweipho-
tonenanregung durchzuführen. Die zylindrische Bauart mit einer Druckstabilität von bis zu
4000 bar ist druckstabiler als eine quadratische mit einer Druckstabilität von bis zu 2000
bar [56, 60]. Jedoch bricht die gekrümmte Oberfläche der zylindrischen Kapillare das Licht
ungünstig, was zu einer enormen Vergrößerung des Fokalvolumens und chromatischen Aber-
rationen führt. Um eine bessere optische Qualität zu gewährleisten, und somit auch eine
Einzelmolekülfluoreszenzuntersuchung mit Einzelphotonanregung zu ermöglichen, verwende-
ten wir eine quadratische, anstatt einer zylindrischen Kapillare.

Die Kapillaren bestehen aus Quarzglas, da es sehr viel druckstabiler als Borosilikatglas ist.
Standardobjektive mit hoher numerischer Apertur sind jedoch für Borosilikat gemacht, sodass
der unterschiedliche Brechungsindex von Quarzglas zu optischen Aberrationen führt. Um diese
optischen Aberrationen zu minimieren und Effekte, die durch die Seitenwände auftreten, zu
vermeiden, wurden die optischen Eigenschaften mit einer neuen Anordnung verbessert, bei
der die Kapillare, schwimmend in einem optischen Gel mit passendem Brechungsindex, auf
einem Quarzdeckglas liegt. Verschiedene Objektivkorrekturringeinstellungen wurden für die
neue Anordnung getestet: Für die Einstellung mit dem kleinsten Fokalvolumen, das duch ein
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Rasterbild eines Fluoreszenzmikrokügelchens bestimmt wurde, ist das Fokalvolumen vergleich-
bar mit dem einer Deckglasmessung. Leider zeigte sich aber für diese Einstellung eine starke
chromatische Abberration in z-Richtung. So musste für Zweifarbenexperimente, wie beispiel-
sweise eine FRET-Messung, ein Kompromiss zwischen der chromatischen z- Verschiebung und
der Größe des Fokalvolumens gefunden werden. Anhand von FRET-benchmarks, wurde die
optimale Objektivkorrekturringeinstellung für Zweifarbenexperimente bestimmt.

Durch eine Fluoreszenzkorrelationsmessung (FCS-benchmark), konnte für Einfarbenexper-
imente gezeigt werden, dass die Anregungs-und Detektionsqualität einer Deckglassmessung in
der Kapillare erreicht werden kann. Für Zweifarbenexperimente, zeigte ein FRET-benchmark,
dass smFRET-Messungen unter Druck durch quadratische Kapillaren realisiert werden können
und mit der neuen Anordnung weiter verbessert wurden, jedoch nicht die Messqualität einer
Deckglasmessung erreichen.

Proteinentfaltung durch Denaturierungsmittel [29] oder Temperaturänderung [77] wur-
den mittels smFRET untersucht. Mit unserem Aufbau wird auch die Druckentfaltung mit
smFRET messbar. FRET-messungen des Entfaltungsübergangs des Zwei-Domänen-Proteins
SlyD, des Model Zwei-Zustands-Falters CspA und des intrinsisch entfalteten Hefe-Frataxins
werden vorgestellt. Die FRET-Histogramme können ausgewertet werden, um die thermo-
dynamischen Parameter des Entfaltungsübergangs und die Größe der entfalteten Kette zu
bestimmen. Im Gegensatz zu einer Erhöhung der Konzentration des Denaturierungsmittels
Guanidiniumchlorid oder auch durch eine Temperaturänderung, beinflusst eine Druckerhöhung
die Größe der entfalteten Kette nur schwach.
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Abstract
Spectroscopic investigations at high pressure help to get a better understanding of bio-

logical molecules. For example to understand protein folding, the protein has to be unfolded
reversibly. This can be done by temperature, the addition of denaturants, pH-changes or pres-
sure. In contrast to other unfolding methods, pressure unfolding is clean, reversible and affects
internal interactions exclusively by the changes in the distances of the components, whereas
the total energy remains almost constant [9].

Investigated on a single molecule level, more details become apparent, because hetero-
geneities can be investigated by separating different populations. Unfolded and folded proteins
or different conformations can be investigated separately, even if they are in minority. FRET
under single molecule concentration (smFRET) is a powerful method to investigate protein
unfolding, because it can not only be used to investigate the unfolding equilibrium and the
thermodynamic parameters of a protein, but also to probe the dimension of the different
conformations and the dimension of the unfolded chain.

To realize single molecule fluorescence under pressure, particularly smFRET, a capillary is
used, inspired by the work of Gratton et al. [56, 60]. They enabled the use of high numerical
aperture objectives for single molecule detection with two photon excitation with a cylindrical
capillary. A cylindrical shape is more pressure stable than a square shape with a pressure range
up to 4000 bar, instead of 2000 bar in the square capillary [56, 60]. However, the cylindrical
capillary’s curved surface bends the light which leads to an enormous change of the focal
volume and chromatic aberrations. So for a better optical quality, to realize a single molecule
measurement with single photon excitation, we used a square, instead of a cylindrical shape.

The capillaries are made of fused silica, because fused silica is much more pressure stable
than borosilicate glass. Standard high numerical aperture objectives are made for borosilicate,
hence the different refractive index of fused silica leads to optical aberrations. To minimize
these aberrations and to avoid sidewall effects, we further improved the imaging properties by
a new arrangement, placing the capillary on top of a fused silica coverslip, while immersing
the capillary in an optical gel of suitable refractive index. Different objective correction collar
settings have been tested for the new arrangement: For the setting with the smallest focal
volume, measured by a scan of a fluorescent microsphere (focal volume benchmark), the focal
volume is actually comparable to that of a coverslip focus. Unfortunately the chromatical
aberrations in z-direction became stronger for this setting. So for two color experiments like
a FRET-measurement, we had to find a compromise between the chromatical z-shift and the
size of the focal volume. According to FRET-benchmarks, the optimal correction collar setting
for two color experiments has been determined.
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By a fluorescence correlation spectroscopy measurement (FCS-benchmark), we could show
that for single color experiments we get the same excitation- and detection-quality as on a
coverslip. For two color experiments, a FRET benchmark showed that a smFRET measurement
under pressure could be realized with the square capillary and further improved with the new
arrangement, but the measurement quality is not as good as on a bare coverslip.

Protein unfolding with denaturants [29] or temperature [77] has been followed with sin-
gle molecule FRET. With our setup, also pressure unfolding becomes accessible. FRET-
measurements of the unfolding process of the two domain protein SlyD, the model two-state
folder CspA and the intrinsically unfolded yeast-Frataxin are presented. The FRET histograms
can be interpreted to determine the thermodynamic parameters of the unfolding transition and
to probe the dimension of the unfolded chain. In contrast to the increase of the concentration
of the denaturant Guanidiniumchloride or by a change of temperature, an increase of pressure
only slightly influenced the size of the unfolded chain.
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1 Introduction

The first observation of single molecules has been already realized by Hirschfeld [27] in 1976,
and the first single molecule fluorescence measurement was presented by Shera et al.[28] in
1990. Because single molecule fluorescence spectroscopy allows to overcome the average-
limited view of ensemble methods, thus enabling the detailed observation of conformational
heterogeneity and dynamics of biomolecules, fluorescence spectroscopy in the life sciences re-
ceived a tremendous boost with the advent of single molecule techniques [24, 25, 26] in the
last two decades.

FRET under single molecule concentration (smFRET) is one of these powerful single
molecule fluorescence methods. Unlike most optical methods, FRET provides quantitative
information on intermolecular distances by measuring the efficiency of a distance dependent
energy transfer between two fluorophores, that are attached to the investigated biomolecule
at two specific positions.The molecule is diffusing into a small focal volume of the order of a
femtoliter and only the specific FRET-efficiency of one single fluorescently labeled biomolecule
is measured at the same time. Even if the molecule’s FRET-efficiency belongs to the minority
population, it is recorded and added to a FRET-histogram, unlike in an ensemble method,
where many molecules are investigated at the same time and the information of this molecule
would be lost, if its FRET-efficiency is rare. That is why smFRET is perfectly suitable for
the study of the unfolded state of proteins, because it allows for a separated investigation
of the unfolded protein [29], even if its population is very small compared to the folded one.
Furthermore, smFRET provides quantitative information on intermolecular distances and can
not only be used to investigate the unfolding equilibrium and the thermodynamic parameters
of a protein, but also to probe the dimension of the unfolded chain. The size and size-changes
of a protein can thereby be measured within a range of 1-10 nm.

A first FRET measurement confirming Förster’s theory from 1948 [66] has been done by
Stryer and Haugland in 1967 [31], attaching dansyl and naphtyl groups to the termini of
polyproline peptides and measuring the FRET efficiency as a function of the length of the
poly peptide. The idea of a spectroscopic ruler was born. On the other hand, advances in
fluorescence microscopy were leading to the advent of the single molecule detection (SMD)
in the 1990s. First immobilized molecules were imaged with near field microscopy (SNOM)
[32, 34, 33], confocal microscopy [35, 36] and total internal reflection fluorescence (TIRF)
[37, 38, 39, 40] until SMD of diffusing molecules could be demonstrated [41, 42]. Ha et al.
first succeded in measuring smFRET [43] of biological molecules by acquiring the fluorescence
spectrum using SNOM. Following this pioneering work, numerous smFRET experiments have
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been reported, e.g. investigating conformational dynamics of proteins in catalytic reactions
[44], ligand induced conformational change [45] and protein folding [46]. Finally, smFRET
experiments of freely diffusing molecules could be realized, which are free from influences by the
glass surface [47, 48, 49, 50]. In 2000, smFRET measurements even in a live cell were realized
[51]. SmFRET is established in a wide range of research. In particular, protein unfolding by
temperature and chemical denaturants has been elucidated by smFRET [77, 30, 29]. Yet,
smFRET at high pressure to follow pressure unfolding of proteins has not been demonstrated
to date.

On the other hand, applying pressure to unravel the energy-landscape of biomolecules also
came into the focus of researchers recently [52, 53, 54]. Not only that more than a half
(≈ 62%) of the total volume of biosphere is at a depth in excess of 1000 m (i.e. submitted to
a pressure higher than 100 bar), that there are organisms that even thrive under those extreme
conditions [3, 4], that high pressure has also been broadly used by industry and biotechnology
[5, 6, 7], for example for food extraction and preservation, first of all high pressure perturbation
changes the free gibbs energy merely through volume work (mechanical energy) [1]. Whereas
for temperature, the conjugate variable is entropy, a vitally important but less intuitive quantity,
pressure has the advantage that its conjugate is volume, something readily and directly related
to the structure [10]. The effects of pressure are more amenable to interpretation than those
of temperature: A change of temperature changes the volume and the energy content so the
internal interactions of the protein are changed in a way that are not easily foreseen, while
pressure affects internal interactions exclusively by the changes in the distances (volumes) of
the components [9].

The investigation of proteins under high pressure all started with the pioneering work of
the pysicist Percy W. Bridgmann in 1914, where he first observed a coagulation of a white
egg subjected to hydrostotatic pressure [11]. Then for a long period, the sample environement
was an overwhelming problem for crystallographic methods and publications were rare until
pressure studies of biomolecules fully emerged in the 1960s and 1970s [2]. In 1973, Thomanek
reported X-ray cristallographic data collected from a crystall of a sperm whale myoglobin
pressurized to 2500 bar in liquid isopentane. Because of the isopentane, the crystal survived the
pressurization, diffracted well, and a number of Bragg reflections had intensities that differed
from crystals at atmospheric pressure [12]. In the 1980s Kundrot & Richards developed a
beryllium specimen chamber for X-ray chrystallography and solved the structure of hen egg
white lysozyme at up to 1000 bar [14, 15]. Recently, also NMR-spectropists began to study
small proteins under pressure such as bovine pancreatic trypsin inhibitor, which has been the
first high pressure NMR structure solved [16]. Histidine containing protein [17], ubiquitin [18]
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and the GTPase [19] and others [20, 21, 22, 23] followed.
First ensemble fluorescence measurements under high pressure, using a “high pressure

bomb” were described by Weber et al. [55]. With an optical path of 5 mm and a window
thickness of more than 1 mm, the high pressure bomb is not suitable for single molecule
methods, where high numerical aperture (NA)-objectives with small working distances (< 500
µm) are needed .

For the study of biomolecules under pressure, several techniques like fluorescence, IR spec-
tra, x-ray scattering and NMR are used, allowing to compare the results and choose the
best method for the specific problem, that is investigated. Single molecule fluorescence spec-
troscopy under pressure, especially FRET, has the potential to contribute significantly to a
deeper understanding of biological systems.

Lately high pressure fluorescence measurements at single molecule concentration with two
photon excitation have been realized with the use of a fused silica capillary as the pressure cell
by Gratton et al [56, 60]. It allows for using high NA-objectives for the measurement because
of its small wall thickness. Despite of its thin sidewalls, a cylindrical capillary (od= 300 µm,
id= 50µm) can stand pressures of up to 4 kbar [56]. However, the cylindrical shape used by
Gratton et al. leads to optical aberrations of the focused laser beam making the cylindrical
capillary inappropriate for single molecule fluorescence methods with single photon excitation
like smFRET.

Here, an approach is presented, where square bore instead of cylindrical fused silica cap-
illaries are used for better imaging conditions and to realize smFRET under high pressure to
investigate pressure induced protein unfolding.

Square capillaries lead to less aberrations, compared to cylindrical capillaries. Unfortu-
nately, standard microscope objectives are optimized for borosilicate coverslips, with a refrac-
tive index different to that of fused silica. We aimed to solve this issue with an optical new
arrangement, placing the capillary on top of a silica coverslip of appropriate thickness with an
index matching gel in between. The disadvantage of square fused silica capillaries with the
same dimensions is the reduced pressure stability of only 2 kbar.

In order to evaluate the optics of the capillary, scans of the focal volume, fluorescence
correlation benchmarks, and FRET experiments in the square fused silica capillary and in the
new arrangement are compared with those performed on a standard coverslip, which serve
as a reference for the experimental setup. Then, a pressure dependent fluorescence lifetime
measurement, to verify the amount of pressure, and smFRET measurements under pressure
of a DNA preference sample, to exclude pressure artifacts, have been performed. Finally,
the two domain protein SlyD, the model two-state folder CspA, and the intrinsically unfolded
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yeast-frataxin were unfolded with pressure and their unfolding transitions were followed with
smFRET and compared to denaturant and temperature unfolding in order to gain insight into
the unfolding mechanism by pressure.
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2 Fundamentals

2.1 Photoluminescence

S2

2
1

0
VR IC

VRS1 IC

2
1

0
ISC

ISC VR

2
1

0
T1

ph
os
ph

or
es
ce
nc
e

2

1

0

�u
or
es
ce
nc
eab

so
rp
tio

n

S0

VR

que
nch

ing

Figure 2.1: Jablonski diagram

Photoluminescence is the emission of light upon an absorption of photons. Hence at first, an
electron of an orbital fluorescence molecule has to be excited from the ground state to a singlet
state by absorbing a photon. Then the excited fluorophore can relax by various competing
pathways to its ground state. If the the excited molecule directly relaxes to its ground state, by
emitting a photon, this emission is called fluorescence. If it undergoes an intersystem crossing
(ISC) into a triplet state at first, the emission of a photon, by relaxing to its ground state,
is called phosphorescence. Another possibility is that the electron relaxes non radiatively by
internal conversion (IC) and vibrational relaxation (VR) from a singlet or the triplet state to
the ground state by transforming its electronic energy into heat, which is then dissipated to
the solvent, by an intreraction with another so called “quencher” molecule or by a chemical
reaction. The transitions between these energy levels are shown in the Jablonski diagram in
figure 2.1.

2.2 The transition rates

According to the Franck-Condon principle, absorption is an instantaneous event (10−15 s)
[57]. The principle states that electronic transitions are fast compared with nuclear motions,
that vibrational levels are favored when they correspond to a minimal change in the nuclear
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2.2 The transition rates

coordinates. According to Kasha’s rule, the electron relaxes to the ground state only after
a nonradiative relaxation to the vibrational ground state of the excited state. Energy is lost
because of the Frank-Condon principle and due to relaxation effects of the polar solution. This
leads to a spectral red shift between the absorption and the emission spectra, the so called
Stokes shift. It is responsible for the success of fluorescence microscopy, allowing to separate
the emitted light from the excitation light by its wavelength.

Table 1: Transition rates
absorption IC VR ISC fluorescence phosphorescence

transition rate (s−1) ∼ 1015 ∼ 1012 ∼ 1011 ∼ 107 ∼ 108 ∼ 102

nuclear coordinates

en
er

gy

Figure 2.2: Franck-Condon principle
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2.2 The transition rates
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Figure 2.3: Absorption (blue) and emission (red) spectra of a fluorophore

The nonradiative rates of the internal conversion kic, the intersystem crossing kisc and the
quenching rate kq are much lower than the absorption rate..

knr = kic + kisc + kq (2.1)

With the fluorescence rate kF they determine the quantum efficiency Q, which is a quantitative
parameter of a fluorophore. It is crucial for the signal to noise ratio because it is the ratio of
the emitted ke and absorbed photons ka during a measurement:

Q =
ke
ka

=
kF

knr + kF
(2.2)

The inverse of the fluorescence rate is called natural fluorescence lifetime τn. It is also a
characteristic parameter of a fluorophore, stands for the time the fluorophore stays in the
excited state without any influence of nonradiative transitions and is typically not directly
experimentally accessible:

τn =
1

kF
(2.3)

In contrast the fluorescence lifetime that can be directly measured considers nonradiative
influences:
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2.3 The triplet state

τ =
1

knr + kF
(2.4)

2.3 The triplet state

As mentioned above, a fluorescence molecule can undergo an intersystem crossing (ISC) from
a singlet into a triplet state. The spin of an excited electron is reversed which is a spin for-
bidden process. Therefore the intersystem crossing is very inefficient leading to a rather low
intersystem crossing rate. The phosphorescence rate is even slower because of the selection
rule for photon emission. In certain materials this can lead to an emission even several hours
after the original excitation. Because the intersystem crossing rate is that low, the triplet state
can be saturated with less power than the singlet state. Therefore it is used for saturation
measurements to quantify the excitation quality by measuring the apparent intersystem cross-
ing rate kapp

isc [58]. It is the rate of the population of the triplet state and is expressed by the
absorption rate kabs, the fluorescence rate kF and the intersystem crossing rate kisc as:

kapp
isc =

kabs
kabs + kF

kisc (2.5)
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Figure 2.4: Saturation of the triplet state

The triplet rate kT is the sum of the apparent intersystem crossing rate kapp
isc and the

reverse interystem crossing rate krisc, which is the depopulation rate of the triplet state:
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2.3 The triplet state

kT = kapp
isc + krisc (2.6)

The triplet time τT is the inverse of this rate:

τT =
1

kT
=

1

kapp
isc + krisc

(2.7)

The triplet part T is the part of all excited molecules, that are in the triplet state:

T

1− T
=

kapp
isc

krisc
(2.8)

So the apparent intersystem crossing rate can be directly measured via the triplet time τT

and the triplet part T resulting of a FCS measurement (see section 2.11):

kapp
isc =

T

τT
(2.9)

The triplet state is by defintion saturated when:

kapp
isc =

kisc
2

(2.10)

Due to this, the triplet saturation power Psat can be calculated from a fit of the apparent
intersystem crossing rate measured at different laser powers P :

kapp
isc (P ) =

kisc

1 + Psat

P

(2.11)
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Figure 2.5: Apparent intersystem crossing rate

2.4 Fluorescence saturation

Also the fluorescence rate kF can be saturated. Because the fluorescence rate kF is higher
than the intersystem crossing rate kisc (see table 1), the singlet state needs more power to be
saturated than the triplet state. The saturation power Psat can be calculated from a fit of the
fluorescence rate measured at different laser powers P :

kF = kF,max
1

1 + Psat

P

(2.12)

The higher laser power needed, is a disadvantage of the fluorescence intensity saturation
measurement as a benchmark of the excitation quality. Especially the background intensity
would tamper the measurement dramatically.

2.5 Fluorescence quenching and bleaching

Every process that reduces the fluorescence intensity is called quenching. To quench a fluo-
rophore, the quencher can prevent the excitation by forming a non fluorescent ground-state
complex.This is called static quenching. If the fluorescence is excited but the fluorescence
emission is avoided by a quencher, it is called dynamic quenching. During its fluorescence
lifetime, the excited fluorophore either diffusively collides with a quencher or is already in
molecular contact or at close range to a quencher, which causes the fluorophore to return to
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2.6 Fluorescence measurement

the ground state without emitting a photon. FRET ( see section 2.8 ) can also be regarded
as a quenching process.

Fluorescence bleaching is the irreversible destruction of a fluorophore. Typically after
emitting 106 fluorescence photons, the fluorophore undergoes structural changes by photo-
oxidation or photoionisation, which leads to a highly reactive non fluorescent radical ionic
state. Consequently high excitation intensities should be avoided to reduce photo bleaching.

2.6 Fluorescence measurement

A wide range of problems in chemistry and biology can be studied with fluorescence spec-
troscopy. Almost every molecular process, including the interaction of solvent molecules with
fluorophores, rotational diffusion of biomolecules, distances between sites on biomolecules,
conformational changes and binding interactions, can be followed [57].The advantage of flu-
orescence is the selectivity of the microscope mode. Whereas for example phase contrast
microscopy uses only light that has been retarded in phase by passage through the object, flu-
orescence imaging uses only light from fluorescent molecules that has been shifted in frequency
[64]. Thereby disturbing information like background light can be filtered out and only the
molecule of interest delivers the information. On the other hand, except for an investigation of
the fluorescence molecule itself, for example a fluorophore like the green fluorescent protein, it
is an indirect measurement. The molecule of interest, for example a protein or a DNA-chain,
has to be labeled with fluorescent molecules, called fluorophores, and the information about
the molecule has to be measured indirectly by measuring the fluorescence of the fluorophore.
This has to be considered for the interpretation of every experiment.

The investigation can be done by the fluorescence absorption or the emission of light with
a wavelength ranging from infrared (µm), to the visible range (900-400 nm) and down to UV
(10 nm), only depending on the fluorophores used. In the following section the fluorescence
measurement methods, applied in this thesis, will be presented.

2.7 Single molecule fluorescence

Observation of single molecules represents the highest obtainable sensitivity and is now being
performed in many laboratories. Biological molecules are inherently heterogeneous; they can
be in different folded states, different configurations or stages during an enzymatic process.
For single molecule fluorescence (SMF) no synchronization is needed and rare intermediates
or subpopulations, which would otherwise be hidden beneath more populous species, can be
measured. The ergodic principle says, that the average of a process parameter over time and
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2.8 Fluorescence resonance energy transfer (FRET)

the average over the statistical ensemble are the same, which additionally enables us to get
the same statistical results from a single molecule measurement over a longer time period
as we get from an ensemble measurement of several molecules simultaneously. Hence the
only disadvantage of SMF, compared to an ensemble measurement, is the realization that
is more difficult and the measurement is typically more time consuming. One possibility is
the immobilization of single molecules on a surface, but surface interaction may interfere
with the molecule’s function. To realize SMF of freely diffusing molecules, it has to be
considered that billions of solvent molecules are hampering the detection. Accordingly, highly
diluted fluorescently labeled sample solutions are combined with a small focal volume [65].
Free molecules are diffusing by Brownian motion through a focal volume of down to 10−15

l. This confines the speed of a dynamic process that can be followed, because if it takes
more time than the residence time of the molecule in the focal volume, the process becomes
unmeasurable.The measurement variables can be: the absorption or emission spectra of the
fluorophore, the fluorescence-lifetime,-anisotropie,-intensity, the diffusion time or the mean
number of molecules in the focal volume. Also the triplet state of the fluorophore can be
investigated by the triplet fraction and the triplet time. If the molecule is labeled with two or
more fluorophores for a FRET-measurement, the FRET-efficiency becomes the measurement
variable.

2.8 Fluorescence resonance energy transfer (FRET)
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Figure 2.6: Jablonski diagram of the fluorescence resonance energy transfer
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2.8 Fluorescence resonance energy transfer (FRET)

FRET is a nonradiative energy transfer from one fluorophore (donor) to another fluorophore
(acceptor). The energy of a donor in its excited state is transferred to an acceptor in its
ground state via dipole-dipole non-radiative resonant interaction. Thereby the donor relaxes
nonradiative to its ground state and the acceptor will be excited to its first excited state which
then will be able to relax by emitting a photon.

The quantum mechanical treatment, first given by Theodore Förster [66] provides the
transfer rate kt of this energy transfer, which depends on the dipole orientation of the two
fluorophores to each other, i.e. the orientation factor k2, the spectral overlap integral J(λ)
of the two fluorophores, the fluorescence lifetime of the donor fluorophore in absence of the
acceptor fluorophore, the refractive index of the surrounding medium n and mainly it depends
to the sixth power on the distance r between the donor and the acceptor, which is the most
common reason FRET is applied, as follows:

kt =
1

τDonor

9000(ln10)k2Qdonor

128π5NAn4
J(λ)

1

r6
(2.13)
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Figure 2.7: Important influences on the transfer efficiency: (a) distance, (b) overlap integral
and (c) dipole orientation of the two fluorophores as well as (d) the refractive index of the
medium

Figure 2.7 symbolizes the important influences on the transfer rate: the distance between
the fluorophores, the overlap integral of the emission spectrum of the donor fluorophore and
the absorption spectrum of the acceptor fluorophore and the dipole orientation of the dipoles
of the two fluorophores, as well as the refractive index of the medium.

The spectral overlap integral J(λ) is defined as the overlap integral of the emission spec-
trum of the donor fluorophore FD(λ) and the absorption spectrum εA(λ) of the acceptor
fluorophore:
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2.8 Fluorescence resonance energy transfer (FRET)

J(λ) =

∫ ∞

0

FD(λ)εA(λ)λ
4dλ (2.14)

The dipole orientation factor is defined as:

k2 = (sinθDsinθAcosφ− 2cosθDcosθA)cos
2φ (2.15)

The angles θD, θA and φ are shown in figure 2.7 where ~D and ~A are the dipole moments
of the fluorophores. The rate kt depends on the orientation of the two fluorophores to each
other because the energy is transferred through a nonradiative dipole–dipole coupling. If the
fluorophores are free in motion as always in our measurements we use the mean value of 2

3
for

the orientation factor.
The beauty of Förster’s theory is that all the quantities depending on the used pair of

fluorophores and the surrounding medium can be easily determined (see table 2) and a Förster
radius can be introduced :

R6
0 =

9000(ln10)k2Qdonor

128π5NAn4
J(λ) (2.16)

Then the transfer rate becomes:

kt =
1

τDonor

R6
0

r6
(2.17)

So the transfer rate at a distance of R0 equals the fluorescence and the nonradiative rate
of the donor-fluorophore:

kt(r = R0) =
1

τDonor

R6
0

R6
0

=
1

τdonor
= kF + knr (2.18)

A FRET-eficciency E was introduced because it is experimentally accessible (see section
2.9) and intuitive. It is defined as the ratio of the transfer rate kt and the sum of the transfer
rate kt, the fluorescence rate kF and the nonradiative rate knr of the donor fluorophore:

E =
kt

kt + kF + knr
=

kt
kt +

1
τDonor

=
1

τDonor

R6
0

r6

1
τDonor

R6
0

r6
+ 1

τDonor

=
R6

0

R6
0 + r6

(2.19)

and with the introduced förster radius only depends on R0 and r.
The FRET-efficiency E for a distance of r = R0 of the fluorophores is:

E(R0) =
R6

0

R6
0 +R6

0

= 0.5 (2.20)
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2.9 Single molecule FRET

Therefore the Förster distance R0 is the distance where the efficiency of the energy transfer
E is 50%. With R0 typically in the single digit nanometre range (see table 2), changes of
distances in the nanometre regimes can be measured. This is the reason for the success of
FRET. The precise measurement of the transfer rate permits to make a quantitative statement
about statistical distances, distance changes, dynamics and molecular interactions.

Table 2: R0 values in Angstrom (Å) for the fluorophore pairs used in this work. (k2 = 2
3
,

n = 1.33)
donor/acceptor Alexa Fluor 594 Alexa Fluo 647 Atto 647N

Alexa 488 60 56 52

Tto enable FRET, a protein, DNA-strand or another biomolecule of interest has to be
labeled at two positions with two different fluorophores. Experimentally the FRET-efficiency
is accessible in two ways. Either the fluorescence lifetimes of the donor in absence τD and in
presence of the acceptor τDA :

E = 1− τDA

τD
(2.21)

or the fluorescence intensity of the acceptor and the donor fluorophores have to be measured:

E =
IA

IA + ID
(2.22)

In the latter case, the fluorescence of these two fluorophores will be separated by wave-
length into two channels by filters. One is the donor channel for the fluorescence of the
donor-fluorophore, the other one is the acceptor channel for the fluorescence of the acceptor-
fluorophore. It should be mentioned here that equation 2.22 holds only for an ideal experiment
and otherwise, correction is needed ( see section 3.5.3).

2.9 Single molecule FRET

In an ensemble measurement (left side figure 2.8) many molecules are observed at the same
time, so there is a mean donor-channel-intensity (blue) and a mean acceptor-channel-intensity
(red). If we calculate the FRET efficiency by equation 2.22, only a mean fret-efficiency can
be obtained.

In contrast, in a single molecule FRET-measurement (right side figure 2.8) a time trace
of the donor and acceptor channel delivers many fluorescence intensity bursts of fluorescence
molecules diffusing into a small focal volume. Of every burst (or every time-binned intensity)
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2.9 Single molecule FRET

with a sum threshold of the donor and acceptor channel, the fret efficiency of this burst is
calculated by eq. 2.22. If there are, for example, two different populations in the sample (blue
and red in figure 2.8) with a high FRET-efficiency and a lower FRET-efficiency, a histogram of
the fret efficiencies delivers much more information than an ensemble measurement. The two
different populations can be investigated separately: Their different FRET-efficiencies (figure
2.8c ) and their fractions (figure 2.8d ) can be calculated .
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Figure 2.8: Ensemble FRET (left) and single molecule FRET(right): (a) detection volume
(black) with high (red)- and low (blue)-FRET-molecules (b) fluorescence intensity in the
donor (blue) and the acceptor (red) channel (c) FRET efficicency of the populations in a
FRET-histogram (d) fractions of the populations in a FRET-histogram

If the biomolecule is shot-gun labeled, i.e. unspecifically labeled, a lot of molecules are
only labeled with two acceptor-or donor-fluorophores. The acceptor-only molecules are not
tampering the FRET-histograms since they are simply not excited, but donor-only molecules
are leading to a donor-only-peak at a very low FRET-efficiency in the FRET-histogram (see
figure 2.8 or figure 4.10). Therefor single molecule FRET offers the possibility of selecting
bursts (or bins) that are counted in a histogram and excluding others. By pulsed overlayed
excitation (POE) it is thereby possible to use an acceptor-threshold to exclude donor-only
labeled molecules. If molecules with a low FRET efficiency are investigated, POE can help to
avoid a tampering of the FRET-histogram. Since this was not the case in the presented work
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2.10 Fluorescence and pressure

and POE also leads to a bleaching of the acceptor-fluorophore, POE has not been used in the
thesis.

2.10 Fluorescence and pressure

The changes in spectra and intensity of fluorescent molecules with changes in pressure are
really small in the accessiblee pressure range of up to 2 kbar here[59]. The fluorescence
lifetime in contrast depends much stronger on pressure. This pressure dependence can be
explained with a simple model [56]. The fluorescence lifetime depends on the nonradiative
rate and the fluorescence rate:

τ(p) =
1

knr(p) + kF (p)
(2.23)

Good fluorophores like Alexa 488 have a very high quantum yield (Q > 0, 9). This allows
the approximation:

Q ≈ 1; knr(p) � kF (p) (2.24)

Thus, the fluorescence lifetime is dominated by the fluorescence rate:

τ(p) = τn(p) =
1

kF (p)
(2.25)

The Strickler-Berg equation states:

kF =
1

τn
= 2.88 · 10−9n2

∫
I(γ)dγ∫

I(γ)γ−3dγ

∫
ε(γ)

γ
dγ (2.26)

Here, n is the refractive index, I the fluorescence emission, ε the molar extinction coefficient
connected with the first (lowest) electronic transition and γ the wave number.

The fluorescence rate is in the simplest model only affected by the pressure induced change
in the refractive index of the surrounding medium:

kF (p) =
n2(p)

n2(1bar)
kF (1bar) =

n2(p)

n2(1bar)

1

τ(1bar)
(2.27)

The pressure dependence of the refractive index of water shown in figure 2.9 was determined
by K.Vedam et al. [75].
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2.11 FCS measurement

Figure 2.9: Variation of the refractive index of water at λ = 546.1 nm [75]

Knowing the pressure dependence of the refractive index, the pressure dependence of the
fluorescent lifetime can be calculated according to:

τ(p) =
n2(1bar)

n2(p)
τ(1bar) (2.28)

Hence for a pressure of 2 kbar and a measurement in water a reduction of the fluorescence
lifetime of 4 % is expected.

2.11 FCS measurement

The biological function of a biological molecule depends not only on their structure, but also
their mobility and dynamic properties, which are also strongly influenced by their environment.
Fluorescence correlation spectroscopy (FCS) allows inherent averaging over a large number of
single molecule passages through the measurement volume and thus is ideally suited to assess
all type of fluctuations [65]. Here FCS is motivated only by determining triplet dynamics and
the mean number of fluorescent molecules in the focal volume.

Theoretical basics of FCS were described in the 1970’s by Magde, Elson and Webb [68, 69].
The realization in the 1990’s was enabled by highly efficient detectors, stable lasers, confocal
optics and more efficient dyes [70].

FCS is based on the measurement of signal fluctuations of diffusing fluorescent single
molecules through the illuminated focal volume. The fluctuations of the signal δI(t) can be
described by the signal intensity I(t) and its mean value < I(t) >:

δI(t) = I(t)− < I(t) > (2.29)

The mean fluctuation equals zero:
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2.11 FCS measurement

< δI(t) >= 0 (2.30)

From these fluctuations the autocorrelation function can be calculated. In principle the
autocorrelation function is the normalized self similarity of the signal after a lag time τ :

G(t, τ) :=
< I(t)I(t+ τ) >

< I(t) >2
(2.31)

This can be calculated descriptively by the convolution of the signal with itself after a lag
time (see figure 2.10):

< I(t)I(t+ τ) >=
1

T

∫ t

0

dtI(t)I(t+ τ) (2.32)
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Figure 2.10: Overlap integral

To calculate the autocorrelation from the signal fluctuations I(t) = δI(t)+ < I(t) > has
to be substituted in equation 2.31:

G(t, τ) =
< (δI(t)+ < I(t) >)(δI(t+ τ)+ < I(t+ τ) >) >

< I(t) >2
=

< δI(t)δI(t+ τ)+ < I(t) > δI(t+ τ) + δI(t) < I(t+ τ) > + < I(t) >< I(t+ τ) >>

< I(t) >2
=
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2.11 FCS measurement

< δI(t)δI(t+ τ) > + << I(t) > δI(t+ τ) > + < δI(t) < I(t+ τ) >> + << I(t) >< I(t+ τ) >>

< I(t) >2
=

< δI(t)δI(t+ τ) > + < I(t) >< δI(t+ τ) > + < δI(t) >< I(t+ τ) > + < I(t) >< I(t+ τ) >

< I(t) >2
=

and, with equation 2.30 and

< I(t) >=< I(t+ τ) >, (2.33)

the autocorrelation described by the signal fluctuation becomes:

G(t, τ) =
< δI(t)δI(t+ τ) >

< I(t) >2
+ 1 (2.34)

The total autocorrelation function is calculated from the fluctuation originating from dif-
fusing molecules and from photophysical processes, e.g. the triplet state:

Gtotal = Gdiff � χtriplet + 1 (2.35)

The diffusion autocorrelation at a time t = 0 is given by:

Gdiff (0, τ) =
< δI(0)δI(τ) >

< I(0) >2
(2.36)

The intensity fluctuation δI(t) is calculated by the convolution of the concentration fluc-
tuation δC(r, t) with the molecular detection efficiency MDE(r) and the molecular emission
yield η:

δI(t) = η

∫
drMDE(r)δC(r, t) (2.37)

the signal intensity I(t) is calculated by the convolution of the concentration C(r, t) with
the molecular detection efficiency MDE(r) and the molecular emission yield η:

I(t) = η

∫
drMDE(r)C(r, t) (2.38)

and with the simplification that the fluctuation of the molecular emission yield δη equals zero:

δ(ηC) = Cδη + ηδC; δη = 0 (2.39)
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2.11 FCS measurement

the diffusion autocorrelation function can be written as:

Gdiff (τ) =
η2

∫ ∫
drdr′MDE(r, 0)MDE(r′, τ) < δC(r, 0)δC(r′, τ) >

η2 < C >2 [
∫
drMDE(r, 0)]2

(2.40)

Considering only particles that are freely diffusing in three dimensions with the diffusion
coefficient D, the so-called number density autocorrelation term < δC(r, 0)δC(r′, τ) > can
be calculated:

< δC(r, 0)δC(r′, τ) >=< C >
1

(4πDτ)3/2
exp(−|r − r′|2

4Dτ
); (2.41)

Gdiff (τ) =
1

< C > (4πDτ)−3/2

∫ ∫
drdr′MDE(r, 0)MDE(r′, τ)exp(− |r−r′|2

4Dτ
)

[
∫
drMDE(r, 0)]2

(2.42)

Using the following definition of the effective focal volume Veff and the lateral diffusion
time τD that a molecule stays in the focal volume:

Veff =
[
∫
drMDE(r, 0)]

2∫
drdr′MDE(r, 0)MDE(r′, τ)

= π
3
2 · r20 · z0; τD =

r20
4D

(2.43)

the diffusion correlation function is found as:

Gdiff (τ) =
1

Veff < C >

1

(1 + τ
τD
)

1√
1 + ( r0

zz
)2 τ

τD

(2.44)

So from a signal measurement of I(t) and a calculation of G(t, τ) := <I(t)I(t+τ)>
<I(t)>2 , the

mean number of molecules in the focal volume < N > can be determined:

Gdiff (0) =
1

Veff < C >
=

1

< N >
(2.45)

as well as the diffusion time τD by fitting the autocorrelation curve since:

Gdiff (τD) =
1

Veff < C >

1

(1 + τD
τD
)

1√
1 + ( r0

zz
)2 τD

τD

≈
Gdiff (0)

2
(2.46)

If we also consider fluctuations originating from triplet blinking the total autocorrelation
Gtotal becomes:
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2.11 FCS measurement

Gtotal = Gdiff � χtriplet + 1 (2.47)

with a triplet term χtriplet expressed with the triplet rate T and the triplet time τT :

χtriplet = 1 +
T

1− T
exp(− τ

τT
) (2.48)

The total autocorrelation thus reads:

Gtotal = Gdiff � χtriplet + 1 = [1 +
T

1− T
exp(− τ

τT
)][

1

N

1

(1 + τ
τD
)

1√
1 + ( r0

zz
)2 τ

τD

] + 1 (2.49)

with the accessible measurement variables: N , τD, T and τT :

G(0) = (1 +
T

1− T
)
1

N
+ 1; G(τD) ≈ 1 +

1

2N
; G(τT ) ≈

T
1−T

1
N

e
+

1

N
+ 1 (2.50)

where the triplet fraction T is the fraction of all excited molecules that are in the triplet
state, and τT stands for the time the molecule can’t be excited. To summarize, from an
intensity measurement I(t), the autocorrelation function

G(t, τ) :=
< I(t)I(t+ τ) >

< I(t) >2
(2.51)

can be fitted by the model:

G(t, τ) = [1 +
T

1− T
exp(− τ

τT
)][

1

N

1

(1 + τ
τD
)

1√
1 + ( r0

zz
)2 τ

τD

] + 1 (2.52)

to find the fit parameters N , τD, T and τT .
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Figure 2.11: Autocorrelation curve

2.12 TCSPC lifetime measurement

As mentioned in section 2.2, the fluorescence lifetime is the time the fluorophore is in the
excited state. It can be measured by measuring the time between the laser pulse and the
arrival of the photon at the detector (see figure 2.12).

laser pulse
photon

5 ns 4 ns

Figure 2.12: Measured time interval

Then the arrival times will be histogramed and the fluorescence lifetime τ can be calculated
from a fit function n(t):

n(t) = n0 exp(−
t− t0
τ

) +B (2.53)

where n0, t0, B and τ are the fit parameters. So the fluorescence lifetime is defined as the
arrival-time where 1

e
of the maximal number of photons of the fit function n(t) have arrived

at the detector.
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2.13 Confocal microscopy

2.13 Confocal microscopy

2.13.1 Confocal principle

In a confocal microscope the excitation and the detection pathway share their foci. Thus only
fluorescence molecules from one same focal spot will be detected and excited. A defined and
smaller focal volume, a higher resolution and a higher signal to noise ratio are the advantages
of a confocal measurement.

detection

ex
ci
ta
tio

n

lens

dichroic
mirror

Figure 2.13: Excitation (blue) and detection (red) pathway in a confocal microscope

2.13.2 Excitation

The laser intensity distribution Iexc(~r, z) is Gaussian in radial direction and Lorentzian along
the z-axis [64]:

Iexc(~r, z) =
w2

0I0

w2
0 + ( λ

nπω0
)2z2

exp(− ~r 2

w2(z)
) (2.54)

where w0 = λ
nπtanδ

is the beam waist radius at 1/e2 intensity, I0 is the power of the laser
beam. ~r is the radial coordinate and z is the distance from the focal plane along the optical
axis. δ is the focusing angle of the laser beam in the sample at 1/e2 of the intensity, λ the
laser wavelength and n is the refractive index of the sample.
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2.13 Confocal microscopy

2.13.3 Detection

The detection consists of two parts. First of all it is determined by the point spread function
PSFdet(~r, ~r

′, z) of the microscope describing the image of a point source in terms of intensity
distribution in the image plane [64]. The second influence is the pinhole T (−→r ). With the
point spread function of the microscope the detection is defined by the collection efficiency:

CEF (~r′, z) =
1

4

∫
T (−→r )PSFdet(~r, ~r

′, z) (2.55)

4 is a factor to normalize the function.

2.13.4 Molecular detection efficiency

The relative intensity of fluorescence from a molecule under real illumination is determined
by the molecular detection efficiency MDE(x, y, z). It is the product of their point spread
functions, more precisely, the collection efficiency function and the laser intensity distribution,
because the detection and the excitation pathways are confocal

MDE = Iexc · CEF (2.56)

It can be approximated by a quasi-cylindrical Gaussian profile:

MDE(x, y, z) ≈ I0e
−2(x2+y2)/r20e−2x2/z20 (2.57)

The condition for this simplification is the correct size s0 of the pinhole radius projected
to the sample space and an underfilling of the objective:

w0 ≤ s0 ≤
0.5tanα

tanδ
w0 (2.58)

δ ≤ α

2
(2.59)

Where α is the aperture half-angle of the microscope objective and δ is the focusing angle
of the laser beam in the sample at 1/e2 intensity. The aperture half-angle α can be determined
by the numerical aperture of the objective NA and the refractive index n :

sinα =
NA

n
(2.60)

A defined Gaussian profile of the MDE is required for FCS optimized setups.
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2.13 Confocal microscopy

2.13.5 Signal to noise ratio

For a successful single molecule fluorescence measurement, a high signal to noise ratio is a key
prerequisite. The number of detected photons obeys a Poisson distribution, so the probability
of the detection of n photons is:

P (n) =
navg

n!
e
[−navg ] (2.61)

In a Poisson process, the number of observed occurrences fluctuates arround its average
value navg with a standard deviation σn, which is the noise of the signal:

σn =
√
navg = noise (2.62)

The average detected photons navg can be calculated by the sum of the fluorescence signal
nf [63] and the background contribution.

The background consists of the background ηbg induced by the excitation laser and the dark
signal ηdark from the detectors. The laser induced background is light from elastic Rayleigh
and inelastic Raman scattering as well as fluorescence in the optical system and the solvent.
Whereas the laser induced background is linearly dependent on the laser intensity, the dark
signal is a constant, leading to a signal to noise ratio:

SNR =
signal

noise
=

nf√
navg

=
nf√

nf + ηbg + ηdark
=

ηdet ·R · Tint√
ηdet ·R · Tint + Cb · IL · Tint +ND · Tint

(2.63)

ηdet is the detection efficiency, R the emission rate of the fluorophore, Tint the integra-
tion time, Cb the constant of proportionality between the laser intensity ILand laser induced
background intensity, and ND is the constant dark count rate of the detector.

The signal to noise ratio is plotted against the laser power in figure 2.14. It is optimized,
in terms of laser excitation, when it reaches its maximum because of a saturation of the
fluorescence signal. The yellow bar indicates the optimal laser power.
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Figure 2.14: Signal to noise ratio (green) as a function of excitation laser intensity according
to equation 2.63. It can be calculated with the intensity of the single molecule (black), the
dark count rate (blue) and the laser induced-background signal (red).The optimal excitation
rate considering photo bleaching (orange) is lower than without photobleaching (yellow) since
a lower excitation rate is leading to less photobleaching.

2.14 Protein unfolding

Protein unfolding or protein denaturation is a process in which a protein changes its structure,
thereby it can also lose its function. This can be a result of loosing its unique 3D structure
which is present in its native state. Hydrogen-bonds, hydrophobic interactions, ionic interac-
tions and, in the presence of reducing agents, also disulfide bridges are dissolved by unfolding
or denaturation. The strong covalent bonds of the primary structure, i.e. the amino-acid
sequence, are unaffected by denaturation.

M-C-G-K-N-T-G-I-V-K-W-F-N-A-D-K-G-F-G-F-I-T-P-D-D-G-S-K-D-V-F-V-H-F-S-A-I-Q-N-D-G-Y-K-S-L-D-E-G-Q-K-V-S-F-T-I-E-S-G-C-K-G-P-A-A-G-N-V-T-S-L

(a)

(b)
(c)

Figure 2.15: (a) Primary structure: amino-acid sequence (b) secondary structure: the three
dimensional form of a local segment (e.g. an alpha-helix or a beta sheet) (c) tertiary structure:
the three dimensional form of local segments (consists mostly of alpha-helices and beta sheets)

27



2.14 Protein unfolding

2.14.1 Denaturation by chemical influences

Chaotropic agents: The hydrophobic effect leads to a stabilization of the folded state
because structures of water-soluble proteins have a hydrophobic core in which side chains are
buried from water (see figure 2.16). By disrupting the hydrogen bonding network between
water molecules, chaotropic agents can weaken the hydrophobic effect and thereby decrease
the stability of the native state of the proteins in the solution.

Figure 2.16: Strong (left) and weak (right) hydrophobic effect, demonstrated with hydrophobic
(red) and hydrophilic regions (blue)

They are called chaotropic agents because they increase the entropy of water. On the other
hand there are also antichaotropic agents, which will strengthen the hydrophobic interaction
and lead to a stabilization of the protein. The Hofmeister series is a classification of these ions
by their chaotropic effect on macromolecules. The early members are antichaotropic and the
later chaotropic.

The following list orders the anions in the series:

F− ≈ SO2−
4 < HPO2−

4 < CH3COO− < Cl− < NO−
3 < BR− < ClO−

3 < I− < ClO−
4 < SCN− < Cl3CCOO−

cations:

NH+
4 < K+ < NA+ < Li+ < Mg2+ < Ca2+ < (H2N)3C+

For example, Guanidinium chloride is a really chaotropic agent and was used in this thesis for
chemical unfolding:

(H2N)2C = NH ·HCl 
 (H2N)3C
+ + Cl−

A serious problem in the interpretation of chemical denaturation is caused by the fact that
the thermodynamic parameters are also influenced by the binding of the denaturant
molecules to multiple sites on a protein. This binding changes the chemical potential of the
protein in an unpredictable way [78].
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PH-denaturation Denaturation of proteins can occur at both higher and lower pH outside
the optimal pH Region of a protein (see figure 2.17)

Figure 2.17: Optimal pH region for three different enzymes: pepsin (blue) amylase (orange)
and trypsin (green)[79]

At low pH the acid is a proton donor (H+) and therefore destroys hydrogen bonds and
protonates for example the carboxyl groups (COO−) of the amino acid aspartate and glutamat,
producing carboxyl groups(−COOH). This inhibits the ionic interaction. In the same manner
a base is changing the compositions of the ions.

For these reasons, buffers are used to stabilize the pH during a measurement.

Ethanol, Methanol or other organic solvents Ethanol, propanol or other organic solvents
can disrupt hydrogen bonds and thus overcome the hydrophobic effect by dehydration.Thereby
they denature membrane proteins, inactivating bacteria and mycells, and destroying the pro-
tection layer of viruses. These solvents are often used for disinfection, because they are volatile
in contrast to chaotropic agents which are salts. Every denaturation method as well as pres-
sure and heat can be used for sterilization. It has to be noted that pressure has the weakest
quality influences for food sterilization.

2.14.2 Temperature denaturation

Increasing the temperature leads to an increasing Brownian motion, which first of all influences
the long range interactions and the tertiary structure is changed. By further heating, internal
hydrogen bonds and helical structures are destroyed and new hydrogen bonds of the amino
acids are built. Therefore and because of aggregation, almost every protein unfolds irreversibly
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by temperature. According to le chateliers principle any process which is induced by increasing
temperature, should proceed with heat absorption and thus with an increase in the enthalpy
and entropy i.e. with disordering of the system under consideration. Hence heat denaturation
is an obvious effect. The logical consequence is not to expect that cooling could lead to any
significant change of protein structure. A decreasing temperature should lead to increasing
order and the native state is the most ordered [76]. But also cold denaturation is possible. The
molecular origin is still under debate but the most common interpretation of the origin of this
phenomenon is the decreasing strength of the hydrophobic effect with decreasing temperature,
which is expected to be connected to changes in the structure and dynamics of the hydration
layer around the polypeptide chain [77]. Temperature unfolding leads to changes in volume
and thermal energy, and it is difficult to separate these effects from another.

2.14.3 Pressure denaturation

Pressure effects are also governed by le chateliers principle, which states that a system tends to
minimize the effect of any external factor by which it is perturbed. By contrast to temperature
variation, the internal energy is nearly independent of pressure and an increase of pressure leads
solely to a reduction of the volume of the system [78]. The volume change can be written as
the sum of three terms:

∆V = ∆Vatoms +∆Vcavities +∆Vhydration (2.64)

where ∆Vatoms equals zero because the volume of the atoms stays constant. ∆Vcavities

is the change of the volume of the cavities, whereas ∆Vhydration is the volume change of the
hydration shell resulting from the interactions of the protein with the solvent.
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2.14 Protein unfolding

Figure 2.18: Volumes associated with the dissolved protein: bulk water (cyan), hydration shell
(blue), void (pink) and the protein (gray)

The size of the protein hydration shell increases by the exposure of hydrophobic residues.
This increase is more than compensated by the negative contribution to the change in volume
from the disruption of electrostatic and hydrophobic interactions because the exposure of polar
and charged groups will lead to a decrease in volume due to electrostrictive effects [78]. Studies
have revealed a lack of correlation between protein size and volume change, demonstrating that
the exposure of surface area and the accompanying changes in solvent density are not major
determinants of the magnitude of pressure effects [80]. In contrast, it could be demonstrated
that increasing the amount of internal void volume in the folded states of proteins leads to
significant increases in the magnitude of the volume change of unfolding [81]. Hence, the
biggest negative contribution is the elimination of internal cavities and voids in proteins under
pressure. In general, the volume changes are quite small, typically less than 1% of the total
protein volume [82].

Let us take a look at the effect of pressure at the different scales:

Primary structure: The sequence of amino acids is held together by covalent bonds which
are really stable and will not be disrupted by pressure at least up to pressure values of 10-15
kbar [78].

Secondary structure: The secondary structure is defined by patterns of hydrogen bonds
between the main-chain peptide group. Hydrogen bonds are quite stable depending on the
protein. The secondary structure remains essentially unaltered because the replacement of
intra-protein hydrogen bonds by protein-water hydrogen bonds on their putative destruction
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would be accompanied by rather small changes in volume [78].

Tertiary structure: The tertiary structure is stabilized by hydrogen bonds, ionic interactions,
hydrophobic interactions and disulfid bonds. The sensitive tertiary structure controls the basic
function of the protein and is much more pressure unstable.

Quaternary structure: Intersubunit regions of oligomeric proteins are rich in weak elec-
trostatic and hydrophobic contacts, which stabilizes their quaternary structure. That is why
relatively moderate pressures (0.5-2 kbar) may induce dissociation of oligomeric proteins by
weakening these interactions [78].

2.14.4 Thermodynamics of protein folding

The ratio between the concentration of the unfolded proteins cD and folded proteins cN

expressed as follows Boltzmann’s statistics:

cD
cN

= exp(−∆µ

RT
) (2.65)

where R is the gas constant , T the temperature, and ∆µ is the difference in chemical
potential between the unfolded and the native state:

∆µ = µD − µN = −RT · ln(cD
cN

) (2.66)

For ∆µ < 0 more proteins are unfolded,

for ∆µ = 0 there is an equal population of unfolded and folded proteins and

for ∆µ > 0 more proteins are folded.

For sake of simplicity and to deal only with a two dimensional phase diagram, here only tem-
perature and pressure unfolding will be considered for the calculation of the chemical potential
. If the chemical potential only depends on pressure and temperature, it can be approximated
by a taylor expansion at a reference point:(PR;TR;∆SR;VR;∆µR; ), only considering terms
up to the second power:

∆µ = ∆µR+(
∂∆µ

∂T
)R(T−TR)+

1

2
(
∂2∆µ

∂T 2
)R(T−TR)

2+(
∂∆µ

∂p
)R(p−pR)+

1

2
(
∂2∆µ

∂p2
)R(p−pR)

2+

32



2.14 Protein unfolding

(
∂2∆µ

∂T∂p
)R(T − TR)(p− pR) + ... (2.67)

Thereby the entropy change can be defined as:

∆SR = −(
∂∆µ

∂T
)R (2.68)

the volume change is:

∆VR = (
∂∆µ

∂p
)R (2.69)

the isobaric heat capacity was defined by:

∆CP = −TR(
∂2∆µ

∂T 2
)R (2.70)

the isothermal compressibility:

∆βT = −(
∂2∆µ

∂p2
) (2.71)

and thermal expansion coefficient:

∆αP = (
∂2∆µ

∂T∂p
)R (2.72)

So the difference in chemical potentials between the unfolded and the native proteins at a
pressure p and a temperature T is:

∆µ(T, P ) = ∆µR −∆SR(T − TR)−
1

2

∆CP (T − TR)
2

TR

+∆VR(p− pR)−
1

2
∆βT (p− pR)

2+

∆αP (T − TR)(p− pR) (2.73)

The difference in chemical potentials of the unfolded and the native state at constant
atmospheric pressure of 1 bar is:

∆µ(T, 1bar) = −1

2

∆CP (T − TR)
2

TR

−∆SR(T − TR)+
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(1bar− pR)[−
1

2
∆βT (1bar− pR) +∆αP (T − TR) +∆VR] +∆µR (2.74)

Figure 2.19 shows the effect of temperature on the difference of the chemical potential of
the unfolded and the folded state for ZN-cytochrome c for constant atmospheric pressure. It
was calculated with the following thermodynamic parameters:

Table 3: Thermodynamic parameters of ZN-cytochrome c [83]
∆CP ∆βT ∆αP ∆V (pR = 0.91GPa, TR = 298K) ∆S(pR = 0.91GPa, TR = 298K)

( kJ
mol·K ) ( cm3

mol·GPa
) ( cm3

mol·K ) ( cm
3

mol
) ( kJ

mol·K )

5.87 148.1 0.139 -74.6 -0.263

Whereas the entropy of the native state is almost constant with temperature, the entropy
of the denatured state decreases with decreasing temperature. The slope of the chemical
potential as a function of temperature for the denatured state decreases, while the chemical
potential of the native state is linear with temperature. This is the reason why the chemical
potentials meet twice (and thus ∆µ = 0) at the temperature of heat denaturation TH and
cold denaturation TC . At the temperature of maximal stability TM the chemical potential and
consequently the folded population is maximal.
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Figure 2.19: Temperature dependent chemical potential with the thermodynamic parameters
of ZN-cytochrome c
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Analoguous to temperature and with the same thermodynamic parameters, the chemical
potential can be expressed as it changes with pressure:

∆µ(280K, p) = −1

2

∆CP (300K − TR)
2

TR

−∆SR(300K− TR)+

(p− pR)[−
1

2
∆βT (p− pR) +∆αP (300K− TR) +∆VR] +∆µR (2.75)

Figure 2.20 shows the pressure effect on the difference of the chemical potential of the
folded and the unfolded state at 280 K :
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Figure 2.20: Pressure dependent chemical potential with the thermodynamic parameters of
ZN-cytochrome c

Already mentioned in section 2.14.3 the unfolded volume VD is smaller than the native VN

in the real existing positive pressure regime:

VD < VN

The volume of the native state VN stays constant, while the unfolded state is compressible.
Hence the slope of the chemical potential µD decreases and the chemical potential of the native
and the unfolded proteins meet at the pressure of denaturation pH where the unfolded and
the native population are equal and the chemical potential is zero . A second crossing occurs
at negative pressure pL. Negative absolute pressure is not possible for a perfect gas, but
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it is possible for liquids and solids. In solids it is called tension, and happens when a solid
is stretched. Solids can resist the forces due to the internal attractive forces between its
molecules. In liquids what usually happens when you try to apply negative absolute pressure is
cavitation, the formation of bubbles when the pressure drops bellow the vapor pressure of the
fluid. The first experiment were performed by Berthelot in 1850 using spinning capillaries[84].
Stretched states of water at pressures as low as -250 bars have been observed using the same
model [85]. pM is the pressure of maximal stability where ∆µ and consequently the folded
population are maximal.

To calculate the p-T phase diagram, the corresponding pressure for every temperature at
the equilibrium of the native and the unfolded state whith:

∆µ = 0 (2.76)

has to be calculated.
Therefore equation 2.73 has to equal zero:

−1

2

∆CP (T − TR)
2

TR

+−∆SR(T − TR)+

(p− pR)[−
1

2
∆βT (p− pR) +∆αP (T − TR) +∆VR] +∆µR = 0 (2.77)

Bringing that to a quadratic form:

(p− pR)
2 +

−2[∆αP (T − TR) +∆VR]

∆βT

(p− pR)

+

∆CP (T−TR)2

TR
+ 2∆SR(T − TR)− 2∆µR

∆βT

= 0 (2.78)

and solving it gives:

(p− pR)1,2 =
[∆αP (T − TR) +∆VR]

∆βT

±

√
[∆αP (T − TR) +∆VR]2

(∆βT )2
−

∆CP (T−TR)2

TR
+ 2∆SR(T − TR)− 2∆µR

∆βT

(2.79)

In figure 2.21 the phase transition curve for ZN-cytochrome c is shown (red line in fig
2.21). Inside the ellipse, folding is favored and outside the unfolded state is favored.
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Figure 2.21: p-T phase diagramof ZN-cytochrome c

The temperature of the highest stability of the native state (blue line in fig 2.21) at a
specific pressure can be calculated [83]:

∆S = 0; Tm(p) = Tm0(1 + p · ∆αp

∆Cp

) (2.80)

Also the pressure of the highest stability (green line in fig 2.21) of the native state at a
specific temperature can be calculated [83]:

∆V = 0; pm(T ) = 1 + (
∆αp

∆βT

)(T − Tm0) (2.81)

where Tm0 is the temperature of the highest stability at atmospheric pressure.
The change in volume between the native and the unfolded state is calculated by ∂∆µ/∂p =

∆V according to equation 2.69 :

∆V = ∆VR +∆αP (T − TR)−∆βT (p− pR) (2.82)

If there are no reference values known, to describe a temperature unfolding at constant
pressure, the chemical potential ∆µ is calculated from a reference point at the temperature
of maximal stability of the native state and the pressure that is held constant during the
experiment :
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∆µ(T, PR) = ∆µm,R, −∆Sm(T − Tm)−
1

2

∆CP (T − Tm)
2

Tm

+∆VR(PR − PR)

− 1

2
∆βT (PR − PR)

2 +∆αP (T − Tm)(PR − PR) (2.83)

and at the temperature of maximal stability, the chemical potential is maximal −∂∆µ(Tm)/∂T =

0 , the entropy equals zero ∆Sm = 0 and the chemical potential at constant pressure can be
described as:

∆µ(T, pR) = ∆Hm − 1

2

∆CP (T − Tm)
2

Tm

(2.84)

If there are no reference values known, to describe a pressure unfolding at a constant
temperature TR, the chemical potential∆µ is calculated from a reference point at the pressure
of maximal stability of the native state pM , and the temperature TR that is held constant:

∆µ(TR, p) = ∆µm −∆SR(TR − TR)−
1

2

∆CP (TR − TR)
2

TR

+∆Vm(p− pM)

− 1

2
∆βT (p− pm)

2 +∆αP (TR − TR)(p− pm) (2.85)

and with ∂∆µ(Tm)/∂T = ∆Vm = 0 the chemical potential becomes:

∆µ(TR, p) = ∆Gm − 1

2
·∆βT (p− pm)

2 (2.86)

2.14.5 Mechanism of the folding process

In the 1960s Anfinsens laboratory found that proteins can fold reversibly. The amino acid
sequence of ribonuclease A (RNase A) contains the information needed to make the correct
four dissulfide bonds of the native protein although there are 105 different possible disulfide
bonds [107]. Anfinsen proposed that the proteins fold under the driving force of a free energy
gradient and the native structures are conformations at the global minima of their accessible
free energy and asked for the mechanism of this folding process [106].
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Figure 2.22: Levinthal landscape[109]

Levinthal’s paradox Levinthal argued that random searching would not find the native
states corresponding to the hypothetical flat playing field shown in figure 2.22. When a ball
rolls randomly on a flat course it takes an infinite time to find and fall in the hole. From this
perspective, as Levinthal notes, proteins would have a serious search problem .

Figure 2.23: The pathway solution[109]
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Pathway solution A plausible solution is that there has to be folding intermediates and
pathways [100, 101].This is shown in figure 2.23.

But when Levinthals calculation was repeated in 1992 with the addition of a small free
energy bias as the driving force for folding, the time needed to search all conformations by a
random search process, was reduced to a few seconds [102].

Hence, another problem arised, namely the levinthal dichotomy of thermodynamic versus
kinetic control: Does the protein folds by a pathway independent reaching of its most stable
structure or is it choosing the fastest folding pathway [108].

Figure 2.24: Folding funnel [109]

Folding funnel an energy landscapes The idea of an energy landscape of heterogeneous
conformations came up with the groundbreaking investigation of the protein Myoglobin by
Frauenfelder et al. [103, 104, 105], because it was possible to show that only several confor-
mations and dynamic transformations between these conformations enables the function of a
protein.

An energy landscape is the Gibbs energy of every conformation. The conformation is
defined by the coordinates of all N atoms in a protein. The vertical axis represents the Gibbs
energy, including the sum of the hydrogen bonds, ion pairs, torsion angle energies, hydrophobic
and solvation free energies for a chain in a particular conformation. The many lateral axes
represent the conformational coordinates; each conformation is represented by a point on the
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multidimensional energy surface. Conformations that are similar geometrically are close to
each other on the energy landscape. Hills correspond to energetically unfavored conformations
that are called intermediate states and valleys are configurations that are more favorable than
others nearby, thus they are more populated.

Hence, the process of folding or unfolding can be described as a ball rolling down on this
energy surface, that is shaped like a funnel. Instead of following a folding pathway, the protein
can take any possible trajectory down a folding funnel. For an ensemble of proteins, folding can
be seen as a diffusive process of proteins represented by rolling balls on particular trajectories
on the energy landscape [108].

2.14.6 The denatured or unfolded state

The denatured state of a protein is not a single fixed state, but a collection of states of very
similar energies that are in very rapid equilibrium with each other [86]. The denatured states
are of special interest, because they are the starting point of the protein folding reaction and
the stability is defined as the difference in free energies between the native and the denatured
states. In cells the native and the denatured state are in dynamic equilibrium [91, 89, 90].
There are also some proteins that can only cross a lipid bilayer after reconverting into a partially
folded or denatured conformation [92, 93, 94]. Additionally, the denatured state is the primary
target for degradative enzymes [95, 96, 97].

Intrinsically unfolded proteins The classical view of proteins is that an amino acid se-
quence specifies a three dimensional sturcture, which is the prerequisite for a proteins function.
But this is not always the case: Many proteins require intrinsic disorder to fulfil its function.
These, so called intrinsically disordered proteins, represents up to half of the proteins of or-
ganisms with a larger proteom size (see figure 2.25). Therfore the denatured state is also
important for a better understanding of the function of a protein.
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Figure 2.25: Fraction of disordered residues against number of proteins in proteom: Viruses
(red), archaea (green), bacteria (pink) and eukaryota (blue) [88]

There are several models for the structure of the denatured state:

Random coil:

The random coil is an ideal chain. The only constraints are bond angles. Poly-amino acids
and long linear DNA often behave like random coils. For a denatured protein, the random
coil model may seem like a natural choice, but denatured proteins can be quite compact even
though they are disordered. Although classical experiments by Tanford [91] showed that
several proteins in 6M guanidinium hydrochloride (Gdmcl) exhibit the hydrodynamic
properties of random coils, this is not the case for all denatured states. Most of them behave
like nonideal polymer chains.

Nonideal polymer chains:

Nonideal chains underly attractive interaction of hydrogen bonds and hydrophobic forces.
Also steric repulsion, because of the excluded volume effect, are influencing the nonideal
chain.

Solvent effects If the polymer segments are weakly soluble due to the hydrophobicity, these
segments will undergo a hydrophobic collaps to reduce the unfavorable interactions with the
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2.14 Protein unfolding

solvent. On the other hand, a good solvent will make the chain more extended. A theta
solvent makes intersegment attractions counteract the excluded volume repulsion, hence it
creates unique conditions for evaluating the basic properties of chain molecules, because a
solution of polymers then conforms to theories for ideal chain molecules. However one should
have in mind that although the length scales proportional to a fractional power of the number
of segments like the random coil:

RN ∝ N1/2, (2.87)

in other respects, the behaviour is different from that of a random coil. Excluded volume
prevents compact conformations from forming and this is compensated by attractive forces that
make the more extended conformations less likely. Consequently the probability distribution
for the end-to-end distance of a polymer in a theta solvent is sharper than for an ideal chain
[98].

Investigation of the denatured state As mentioned above the properties of the denatured
state depend on the solvent conditions. The denatured state under physiological conditions,
D0 is the most relevant to an understanding of protein stability, but most proteins under
native conditions are stable by ∆µ = +(5 − 20) kcal/mole. With equation 2.66 one can see
that protein chains in the D0 state are very rare under physiological conditions. Consequently,
experimental studies have concentrated on denatured states under non physiological conditions.
Analyzing how the properties of denatured states vary under these more extreme conditions and
extrapolation back to physiological conditions, can give an estimation of the properties of D0

[87]. To develop better experimental models for D0, it is necessary to characterize molecules
at the margin of stability. Only unstable molecules, for example the investigated protein yeast
frataxin, have significant populations of denatured conformations at physiological conditions.
Single molecule FRET studies can give insight into the D0 behaviour, since the unfolded state
can be investigated seperately from the folded, even if lowly populated. Pressure studies can
give a different insigth because it is assumed to have a weaker influence on the denatured
state.
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3 Material and methods

3.1 Confocal microscope

The fluorescence measurements were carried out using a custom built confocal microscope
with a 60X water immersion objective (CFI Plan Apo VC 60XWI, Nikon) with a NA of 1.2, a
working distance of 0.31-0.28 mm and a glass thickness correction collar (CC) of 130-190 µm.
With the piezo actuators (P-733.2CL, P-721.CLQ, Physik-Instrumente GmbH & Co. KG) the
sample can be scanned in three dimensions within a range of 100 x 100 x 100 μm (x,y and z).

A pulsed Laser with a wavelength of 470 nm (LDH-P-C470, Picoquant GmbH) or a pulsed
Laser with a wavelength of 635 nm(LDH-P-P635, Picoquant GmbH) was used for the fluores-
cence lifetime measurements, and three continuous wave lasers with a wavelength of 488 nm
(PC13589, Spectra Physic Cyan, Newport Corp.), 594 nm (Obis 594LS, Coherent) and 640
nm (OBIS 640LX, Coherent) were used for the fluorescence excitation of all other measure-
ments. The repetition rate of the pulsed lasers can be regulated by a driver (Sepia-PDL-808,
Picoquant GmbH, Berlin, Germany). The laser power is measured at the entrance of the
objective (IM) and tuned mechanically by a screw in the pathway before the fibre.

Our setup is optimized for single molecule measurements. To achieve the best signal to
noise ratio, we need a small as possible excitation volume, hence we overfill the objective
(δ > α) with a laser beam diameter of 8 mm defined by an aperture. Consequently the laser
intensity is an airy disc. We used a 50 µm pinhole (PH) between two tube lenses (TL) which
is thereby small enough to suppress the maxima of higher orders of the airy disc and big
enough to let enough photons pass. In the detection pathway the same pinhole was used to
suppress background light because only light that was emitted from the excitation focus can
be transmitted.
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3.1 Confocal microscope
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Figure 3.1: Confocal microscope (abbreviations can be found in red in the text). The
fluorophore-excitation part (purple) can be combined with different detection pathways (or-
ange), depending on the application: FCS (Fluorescence Correlation Spectroscopy), FRET
(Fluorescence Resonance Energy Transfer) or a TCSPC (Time Correlated Single Photon Cor-
relation)-fluorescence-lifetime measurement

The detection light was separated from the emission light with a dichroic mirror (ZT
488/594 for Alexa Fluor 488 and Alexa Fluor 594 and Triple Z 405/470/633 for Alexa Fluor
488 and Alexa 647/Atto 647N, Chroma).

For the FCS experiments, the photons were separated by a 50/50 beamsplitter (BS) and
only one band-pass filter is used for both detection channels, (positioned in front of the beam-
splitter) depending on the fluorophore [BP1: HQ525/50 (Alexa Fluor 488), BP2: HQ650/100
(Alexa Fluor 594) and BP3: HQ685/70 (Alexa 647), AHF Analysetechnik]. The fluorescence
intensity was measured in two channels and crosscorrelated to remove afterpulsing effects.

For the FRET measurement, the emitted photons were separated by wavelength with a
longpass filter into a donor and an acceptor channel (585DCXR for Alexa Fluor 488/Alexa594,
Chroma and BS640DCXR for Alexa Fluor 488/Atto647N and for Alexa Fluor 488/Alexa647,
AHF Analysetechnik). Additionally, there was a bandpass filter in every channel [BP1: HQ525/50
(Alexa Fluor 488) for the donor channel and BP2: HQ650/100 (Alexa Fluor 594) and BP3:
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3.2 Pressure setup

HQ685/70 (Atto 647N) for the acceptor channel, AHF Analyse-technik] to suppress back-
ground photons.

The fluorescence photons were detected with two APDs (SPCM-AQR 14, PerkinElmer
Optoelectronics,Massachusetts, USA), one for every channel.

For the TCSPC-fluorescence-lifetime measurement only one band-pass filter is used de-
pending on the observed dye (BP1: HQ525/50 for Alexa Fluor 488 and BP3: HQ685/70 for
Atto 647N). For for the lifetime measurement, the photons have been detected with an APD
(Micro Photon Devices, Bolzano, Italy), which has a considerably enhanced timing accuracy
compared to traditional APDs.

To record the detected photons, single-photon counting electronics were used (Timeharp
200, Picoquant GmbH).

3.2 Pressure setup

3.2.1 High pressure microscopy

High pressure up to 2 kbar was generated by a system similar to that described by Gratton
[56, 60], where a capillary served as the pressure cell with an observation window. The pressure
was generated by pushing water into this capillary by a screw piston pump (see figure 3.2).
The difference is that we chose a square bore silica capillary as the pressure cell, instead of a
cylindrical, because of its better optical properties.
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Figure 3.2: Schematic drawing of the instrument. The capillary, connected to the high-
pressure-screw-piston-pump (stainless steel, 37-5.75-60, PTG pressure technology, Frankfurt
am Main, Germany) and the manometer (0-4000 bar, Ø100 mm, PTG pressure technology,
Frankfurt am Main, Germany) is placed on the confocal microscope for fluorescence measure-
ments under pressure.

This fused silica microcapillary (Z-FSF-050365, Postnova) has a refractive index of n=1,45-1,46
depending on the wavelength (see figure 3.5), an inner diameter of 50±5 µm, and an outer
diameter of 300±15 µm (pictures in detail, taken with a digital microscope, can be seen in
Appendix A.2). We chose a silica capillary and not a borosilicate because of its better sta-
bility. The tensile strength of borosilicate is 7 Mpa, but 50 MPa of fused silica [111, 110].
The capillary is covered with a 30 µm protection layer of polyimid for a better stability during
transport and preparation. The pressure cell is shown in figure 3.3. It should be mentioned
that sapphire is much more pressure resistant with a tensile strength of 186.4 MPa, but it is
not suited to be used as a pressure cell because of its very different refractive index (compared
to borosilicate) of n=1.77, which would lead to even stronger aberrations than with fused
silica. As can be seen in figure 3.3 b), the glass is not perfectly flat, which will also lead to
aberrations.
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Figure 3.3: (a) Schematic cross-section of the fused silica capillary with polyimide protection
layer (orange), roughly to scale. (b) Photo of the inner wall of the capillary made with a digital
microscope (VHX-5000, Keyence).

We used a 20 cm long capillary and removed a 20 mm long area of the protection layer
with the flame of a blow torch to form an observation window. Then we cleaned the capillary
with acetone and glued it into a custom-built capillary pressure plug (see figure 3.4 a) with an
epoxy resin (301-2,EPO-TEK). This bonding was baked for 3.5 hours at 80°C to harden the
adhesive.

48



3.2 Pressure setup

a) b)

c)

Figure 3.4: (a) Pressure plug made of brass (b) pressure gland made of stainless steel (c) Photo
of the capillary glued into the pressure plug with epoxy resin and inserted in the pressure gland
(left). 20 mms of the protection layer have been removed for the fluorescence measurement
and the tip of the capillary has been closed by the flame of a blow torch (right). (all dimensions
are in mm)

Then we filled in the sample solution of interest by capillary force, dipping the end of the
capillary into the solution. To close the capillary, the very end was touched by the flame of
a propane-oxygen blowtorch.The other end was then dipped into an oil drop to separate the
solution from the pressurizing liquid. Finally, we inserted the pressure plug with the capillary
into the pressure gland (figure 3.4b). Then we connected the capillary to a pressure screw
piston pump (37-5.75-60, PTG pressure technology) with the pressure gland (see Apendix A.1
for the complete capillary handling instruction). The piston pump can generate pressure up
to 4000 bar by pushing water in the capillary. A manometer (0-4000 bar, Ø100 mm, PTG
pressure technology, Frankfurt am Main, Germany) was used to read the pressure. A simplified
scheme of the pressure setup is shown in figure 3.2.
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3.2 Pressure setup

3.2.2 Reduction of optical aberrations and the new arrangement
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Figure 3.5: Refractive indices of the used materials: Cargille FS 50350 (orange), fused silica
(red) and borosilicate (blue). The important values at the donor excitation wavelength (488
nm), the donor channel wavelength (525 nm), the acceptor channel wavelengths (650 nm and
685 nm) are highlighted.

As there is no microscope objective with a high numerical aperture which is made for fused
silica, we had to use an objective made for a No. 1 standard borosilicate coverslips. This leads
to an offset of the optical path due to the different refractive indices (see figure 3.5) between
the capillary and the coverslip (see figure 3.6 a). Additionally, the rays that go through the
sidewalls, are strongly distracted (figure 3.6 b).
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Figure 3.6: (a) Optical path of the capillary (solid, red) and of a No. 1 borosilicate coverslip
(dotted, black) showing the different offsets due to different refractive indices and thicknesses.
(b) Optical paths while focusing into the capillary with a WI microscope objective with the
correction collar set to 150 µm showing optical aberrations. A combination of the capillary,
a 100 μm fused silica coverslip and an index matching gel (Cargille FS 50350, dispersion in
figure 3.5) is used to reduce the optical aberrations inside the capillary: (c) No deviation for
one specific beam angle for a fused silica thickness of 225 µm and an objective correction
collar setting of 18. (d) idealized scheme of the optical path in the new arrangement, where
the capillary is immersed in an index matching gel (purple) on top of a 100 µm thin fused
silica coverslip (grey). The rubber cement (green) serves as a bassin for the index matching
gel (see figure 3.8) .

To solve the refractive index problem, we addressed the question of a different optimal fused
silica thickness, that has the same beam offset as a No. 1 standard borosilicate coverslips, to
avoid the diffractions, resulting from a different refractive index. Therefor this optimal fused
silica thickness d versus the beam angle β was calculated for different correction collar settings
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3.2 Pressure setup

y (see Apendix A.3) :

d = y+y ·cos β[tan(sin−1(
1.33

1.46
sin β))−tan(sin−1(

1.33

1.53
sin β))]

cos(sin−1(1.33
1.46

sin β))

sin(β − sin−1(1.33
1.46

sin β))
cos

(3.1)
The beam angle β can not be eliminated in this equation, so there is not one perfect thickness.
Every beam angle needs a different thickness for a perfect alignment.
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Figure 3.7: (a) Optimal thickness of a fused silica coverslip vs. beam angle calculated according
to eq. 3.1. The calculations are based on a WI microscope objective with the correction collar
set to 13 to 19 (i.e. objective optimized for a 130 µm (pink) to a 190 µm (cyan) borosilicate
coverslip) (b) Optimal objective correction collar setting vs. beam angle calculated for 225
µm fused silica thickness according to eq. 3.1 .

However, we can conclude from figure 3.7a, that the optimal thickness for the different
correction collar settings of our objective and the possible beam angles are in the range from
160 µm to 270 µm. We could have chosen every thickness in this range. Unfortunately there
are no square fused silica capillaries available with appropriate dimensions and custom made
capillaries are very expensive, so we put a thin fused coverslip below the capillary to get the
required thickness. Given a wall thickness of 125 µm of our capillary, a fused silica coverslip
with a thickness between 35 µm to 145 µm has to be placed under the capillary.

We chose the thinnest available fused silica coverslip of 100 µm (Hellma Optik). This
enabled us to also avoid the sidewall-effects by immersing the capillary in an optical gel of
suitable refractive index (see figure 3.5) that can be put on top of this coverslip (see figure 3.6
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3.2 Pressure setup

d). A 15 mm diameter circle of rubber cement (Fixogum, Marabu) was put on the capillary
and the coverslip. It serves as a bassin for the optical gel to avoid a dripping from the coverslip
and at the same time, it fixes the capillary to the coverslip (see figure 3.8).

Figure 3.8: The new arrangement: The capillary has been fixed with rubber cement (cyan)
on top of a fused silica coverslip (grey). The rubber cement also serves as a bassin for an
optical gel (purple) that has the same refractive index as fused silica.

Thus, the resulting fused silica thickness totals to about 225 µm (see figure 3.6 c). With
the fused silica thickness of 225 µm we could optimize every beam angle, by adjusting the
correction collar (see figure 3.7 b) and with the refractive index matching gel a light refraction
at the sidewalls can be avoided. Unfortunately, every beam angle is optimized with a differ-
ent correction collar setting. To find the best correction collar setting, FCS-, microsphere-
and FRET-measurements at different collar settings have been carried out (see section 4.1).
Nevertheless, the optics will not be perfect. In section 4.2, it has been investigated, how
much worse the optics are compared to the coverslip and how much they have been improved
compared to the bare capillary.

3.2.3 Theoretical pressure stability

To estimate the stability of the capillary, the maximal stress was calculated and compared
with the yield stress of fused silica of σfused silica = 5.88GPa [71]. The yield stress is the
minimal tension, where the material begins to deform plastically. But the material shows
reversible deformation at lower stress, which can lead to a breaking of the material. So it is
just the maximal stress, that can be theoretically applied without permanent and irreversible
deformation. A number of factors can reduce the effective operating limit. These include
internal contamination from cutting or cleaving debris, damage to the interior from packing
media, the use of aggressive or unfiltered solvents that may attack or damage the internal
surface, external handling damage and other cumulative applied stresses such as bending or
twisting of the capillary [73].
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cylindrical fused silica capillaries The tangential stress σt, the radial stress σr and the
longitudinal stress σl on a pressurized cylinder at a distance r of the center is [72]:

σt(r, p) =
r2i

r2o − r2
(1 +

r2o
r2
) · p (3.2)

σr(r, p) =
r2i

r2o − r2
(1− r2o

r2
) · p (3.3)

σl(r, p) =
r2i

r2o − r2
· p (3.4)

where ri is the inner radius, ro the outer radius and p the pressure in the cylinder. For
stability estimations only the tangential stress matters becasuse:

σt ≥ σr, σl (3.5)

riro p
𝜎  t

Figure 3.9: Tangential stress distribution

The highest stress occurs where r = ri which is at the inner wall of the capillary. This
equation suggests that if the capillary we used (ri = 25 µm; ro = 150 µm) were cylindrical,
this would lead to a tangential stress of:

σmax = σt(25 µm, p) = 1.057 · p (3.6)

The tangential stress in the capillary is 1.057 times the pressure in the capillary. For a
pressure of 4000 bar = 0.4GPa the tangential stress is σt = 0.423Gpa. Hence it is one order
of magnitude smaller than the yield stress of fused silica (σfused silica = 5.88GPa ).

square fused silica capillaries For a squared capillary the stress can not be calculated an-
alytically, but had to be calculated with finite elements. In contrast to a cylindrical capillary,
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with an evenly distributed stress at the surface, in a square capillary the stress is not homo-
geneously distributed but is concentrated in the corners because of a higher bending moment
(see figure 3.10).

a) b)
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Figure 3.10: a) Maximal tensile stress and b) direction of the tensile stress in the square
capillary. Because of the symetry only a quarter of the cross section has been investigated by
B. Schieck, Fachhochschule Lübeck, Fachbereich M+W, Lübeck.

The result of the finite element calculation (B. Schieck, Fachhochschule Lübeck, Fach-
bereich M+W, Lübeck, Deutschland) stated that the maximal stress is 4.3 times the pressure
in the capillary.

σmax = 4.3 · p (3.7)

So in the corners of the square capillary the stress is about 4 times higher than at the inner
wall of the cylindrical capillary, by applying the same pressure.

For example for a pressure of 4000 bar = 0.4GPa the maximal stres is σmax = 1.7Gpa .
Hence it is only a factor 3 times lower than the yield stress of σfused silica = 5.88GPa [71]
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3.3 Temperature control

Figure 3.11: Heating plates and objective heating (red), capillary (green) and PEEK-adapter
(yellow-green)[74]

We also implemented a temperature-controlled heating unit for determining the p-T phase di-
agram of a biomolecule. The microscope has been modified according to figure 3.11. Therefor
the microscope stage was replaced by a custom built microscope stage that includes two heat-
ing plates (Friedrich Freek, Menden Germany). The two plates can heat the capillary from
above and from the bottom. The top heating (10 W, 14.4 Ω) and the bottom heating (6 W,
24 Ω) can produce a temperature of up to 65°C and its temperature is controlled by a PT-100
(100 Ω, Friedrich Freek,Menden Germany) temperature sensor in the top heating plate. To
avoid a loss of heat also the objective was heated by a resistance wire in a heat conduct-
ing double-faced adhesive tape that was wrapped around the objective. A second PT-100
element controled the temperature at the objective, that must not exceed 40°C to prevent
damage of the objective. Additionally, the objective was thermally isolated from its mount by
a custom made adapter made of polyetheretherketon (PEEK). The temperature of the heating
plates and the objective heating was regulated by two microprocessor based multifunctional
controllers (model 5320, Drews electronic, Kamp-Lintfort Germany).

3.4 Samples

In table 4, all samples are listed.
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Table 4: All samples that have been used in the work
sample fluoresecent label buffer measurement manufacture

Alexa Fluor 488 - water FCS/lifetime Invitrogen
Atto 647N - water FCS/lifetime ATTO-TEC

Rhodamine B - water lifetime Sigma Aldrich
fl.microspheres blue/green/orange/dark red water, 1.5 % Agarose gel focal volume Invitrogen

dsDNA AF488/AF594 Mops (20 mM, PH 7.2) FRET/FCS IBA GmbH
dsDNA AF488/Atto647N Mops (20 mM, PH 7.2) FRET/FCS IBA GmbH
SlyD AF488/Atto647N Mops (20 mM, PH 7.2) FRET Dana Kahra
CspA AF488/AF647 Mops (20 mM, PH 7.2) FRET Erik Hinze

Frataxin AF488/AF594 Mops (20 mM, PH 7.2) FRET Ben Schuler

3.4.1 Dyes

Five different dyes have been used in this work, Alexa 488, Alexa 594, Alexa 647, Atto 647N
and Rhodamine B. Alexa dyes (Molecular Probes,Invitrgoen, Darmstadt, Germany) and Atto
dyes (ATTO-TEC, Siegen, Germany) have a high quantum efficiency and photo stability. They
are water-soluble and their fluorescence is pH-independent. Rhodamine B has been used for
the temperature test because of its linear temperature dependence of the fluorescence lifetime
(see figure 4.18) .
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Figure 3.12: Normalized absorption (line) and emission (filled) spectra of alexa 488 (green),
Alexa 594 (yellow), Atto 647N (red), Alexa 647 (dark red) and Rhodamine B (magenta)
[116, 117, 127]

Pure dyes have been used for the lifetime, FCS and pressure test measurements. Therefor
the dyes have been simply diluted in water. For all other experiments the dyes have been
linked to dsDNA or to the protein, that was investigated, and diluted in a Mops-buffer (20
mM, PH 7.2) with 0.1% Tween.

Table 5: Important values of the fluorophores: wavelength at the absorption maximum λabs,
wavelength at the emission maximum λem; extinction coefficient ε, fluorescence lifetime τ and
quantum yield Q

dye λabs(nm) λem(nm) ε(1000l
cmM

) τ(ns) Q

Alexa Fluor 488 [117] 495 519 73 4.1 0.92
Alexa Fluor 594 [117] 590 617 92 3.6 0.66
Alexa Fluor 647 [117] 650 665 270 1.0 0.33

Atto 647N [116] 646 664 150 3.5 0.65
Rhodamine B [118][121] 562 583 106 1.7 0.70

3.4.2 Fluorescent microspheres

The measurement of the focal volume was carried out using UV/blue/green/orange/dark red
Tetraspeck microspheres (T7279, Invitrogen). TetraSpeck microspheres are stained through-
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out with four different fluorescent dyes, so that the microspheres display four well-separated
excitation/emission peaks determined by a synchronous fluorescence spectrum scan of the
microsphere [119] (see figure 3.13). The dyes are BODIPY derivatives and, separated, they
have different absorption/emission maxima at 350/440 (UV), 490/515 (blue/green), 545/575
(orange) and 650/680(dark red) compared to the spectrum of the fluorescent microspheres
(figure 3.13 and table 6). A scan of the fluorescent spheres can be used to determine the
focal volume, because of their subresolutional size of 100 nm. They have been dissolved
in agarose gel to avoid any movement of the spheres during a scan. The refractive index
of n = 1.336 of 1.5% agarose gel in water has been measured with an abbe refractometer
(K7135, Exacta&Optech, Munich, Germany). Hence the gel has a refractive index very close
to water.
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Figure 3.13: Normed absorption (line) and emission (filled) spectra of the dyes contained in
the Tetraspeck[119]

Table 6: Important values of the fluorophores in a TetraSpeck microsphere : wavelength at
the absorption maximum λabs, wavelength at the emission maximum λem [119]

λabs(nm) λem(nm)

UV 341 385
blue/green 497 499

orange 570 572
dark red 648 668
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3.4.3 dsDNA

Double stranded DNA (dsDNA), consisting of 23 base pairs, has been labeled with the fluo-
rophores Alexa 488 and Alexa 594 or with Alexa 488 and Atto 647N (IBA GmbH, Göttingen,
Germnany) at the thymine-bases with a donor(AF 488)-acceptor(AF 594/Atto647N)-distance
of 9 base pairs :

5’-TAACACAGG(dt-AF488)CCCATCTGAATCG-3’

3’-ATTGTGTCCAGGGTAGAC(dt-AF594/Atto647N)TAGC-5’

It was dissolved in a Mops-buffer (20 mM, PH 7.2, 0.1% Tween) for the FCS- and the
FRET-benchmark to have similar conditions as for a protein measurement.

Labeled dsDNA has been used for FRET-reference measurements to qualify the FRET-
measurement quality and because of its high pressure stability it was used for a negative
control.

3.4.4 SlyD (PDB ID: 2K8I)

Figure 3.14: Structure of SlyD of Thermus thermophilus, alpha helix in pink, ß-sheet in
yellow[120]
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The protein SlyD was produced in Thermus thermophilus and cys-tag labeled by Dana Kahra
(Institut of Physics, University of Lübeck). Therfor the protein was cystein-mutated. For an
unspecific Alexa 488/Atto647N binding, aspartic acid at position 82 and threonin at position
139 have been mutated into cysteins.

The primary structure of the mutated SlyD is

MKVGQDKVVT IRYTLQVEGE VLDQGELSYL HGHRNLIPGL EEALEGREEG

EAFQAHVPAE KAYGPHDPEG VQVVPLSAFP EC(AF488/Atto647N)AEVVPGAQ

FYAQDMEGNP MPLTVVAVEG EEVTVDFNHP LAGKDLDFQV

EVVKVREAC(Af488/Atto647N)P EELLHGHAH

Table 7: Important properties of SlyD
isoelectric point pI 4.35
average mass mavg 16303.36Da

most abundant mass mmonoisotopic 16293.02Da
optical density OD280 0.32

extinction coefficent ε 5216.0 1
M·cm

SlyD is a two domain-protein which undergoes an open and a closed formation (see figure
4.19). It has been chosen for an investigation of the influence of pressure on the conformational
equilibrium of the two conformations.

3.4.5 CspA (PDB ID: 2L15)
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Figure 3.15: Structure of Cold-shock protein A of Escherichia coli, alpha helix in pink, ß-sheet
in yellow[120]

The cold shock protein A from E. coli was produced in E. coli and cys-tag labeled by Erik Hinze
(Max-Planck-research-group: Enzymology of protein folding, Halle, Germany). Therefor the
protein was cystein-mutated. At the first stock of CspA (sample 4) , serin at position 2 was
cystein mutated for a specific Alexa 647 binding and alanin at position 59 was cystein mutated
for a specific Alexa Fluor 488 binding. The second stock of Cspa (sample 3) was shot gun
labeled at the same positions (unspecifically).

The primary structure of the mutated CspA is:

MC(AF488)GKNTGIV KWFNADKGF GFITPDDGS KDVFVHFSAI QNDGYKSLDE

GQKVSFTIESGC(AF647)K GPAAGNVTSL
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Table 8: Important properties of CspA
isoelectric point pI 5.45
average mass mavg 7403.34Da

most abundant mass mmonoisotopic 7398.63Da
optical density OD280 0.32

extinction coefficent ε 6970.0 1
M·cm

Cold shock protein A was investigated because it is a simple two state folder and a model
folding protein.

3.4.6 Frataxin (PDB ID: 2GA5)

Figure 3.16: Structure of Frataxin of yeast Saccharomyces cerevisiaealpha helix in pink, ß-sheet
in yellow [120]

Gene synthesis and construction of the expression plasmid for recombinant Yhf1 (Frataxin)
was carried out by EZBiolab (Carmel, USA). Based on the pFra1 expression plasmid, the
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group of Benjamin Schuler (Departement of Biochemistry, University of Zurich, Switzerland)
constructed a cystein mutated variant with V1M, C47S, N16C and S120C for an unspecific
Alexa 488/594 binding. Frataxin, as a recombinant protein, was produced in E. coli but its
DNA is from saccharomyces cerevisiae (yeast).

The primary structure of the mutated Frataxin is:

MESSTDGQVV PQEVLC(AF488/594)LPLE KYHEEADDYL DHLLDSLEEL SEAHPDSIPD

VELSHGVMTL EIPAFGTYVI NKQPPNKQIW LASPLSGPNR FDLLNGEWVS

LRNGTKLTDI LTEEVEKAIC(AF488/594)KSQ

Table 9: Important properties of Frataxin:
isoelectric point pI 4.05
average mass mavg 13772.54Da

most abundant mass mmonoisotopic 13763.82Da
optical density OD280 1.11

extinction coefficent ε 15316.0 1
M·cm

Frataxin was investigated because it is also a two state folder and very unstable at room
temperature and ambient pressure. Not only that less pressure is needed for an unfolding, for
all conditions an unfolded population of proteins remains, enabling an extensive investigation
of the unfolded state.

3.4.7 Buffer

Under high pressure, the choice of the sample buffer is limited. Even buffers from the Good’s
list [112] can be bad pH controllers under high pressure [113]. In particular care must be
taken to avoid buffers of high ionization volume such as phosphate buffers. For example
the following buffers are suitable for high pressure measurements: CAPS for a pH-range of
9.5–11.5, Tris–HCl for a pH-range of 7–9, MES or Bis-Tris for pH-range of 5.5–7.5, and sodium
acetate for a pH-range of 3.8–5.8 [115].

64



3.4 Samples

9.0

8.5

8.0

7.5

7.0

6.5

pH

0 1000500 1500 2000 2500

Pressure (bar)

Figure 3.17: pH as a function of pressure. The change in pH with pressure is shown for Mops
(closed symbols) and phosphate buffers (open symbols) at pH 7.0 (circles), 7.5 (squares), and
8.0 (diamonds)[113]

A MOPS (3-N-Morpholino-propanesulfonic acid)-buffer (20 mM, PH 7.2) was used wich
has a structure analogous to MES (2-N-Morpholino-ethanesulfonic acid):

a) b)

Figure 3.18: Structure of (a) MES and (b) Mops [13]

As can be seen in figure 3.17 the pH is pressure dependent. However, in the pH regime of
7-8, the stability of the investigated proteins remain constant (see figure 3.19)
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Figure 3.19: Dependence of the gibbs free energy of CspA unfolding at a reference temperature,
T=55°C, for different pH values [114].

To avoid adhesion on the big surface inside the capillary 0.1% of the detergent Tween 20
(Carl Roth GmbH, Karlsruhe, Germany) was added to the buffer for all measurements.

3.5 Data Reduction

For all investigations the labview user interface scan−V 5.3.6−aktuell.vi has been used. With
the programm the sample can be scanned in three dimensions and also a timetrace of the
signal can be recorded.

With the user interface of the timeharp, the counting board timeharp 200 can record the
detected photons into a .t3r file. Thereby the channel number, the arrival time of the photon
(resolution: ∆t = 100 ns) and the time between the laser pulse and the arrival time (resolution:
∆t = 35 ps) are stored. All experimental data was then analyzed with home-written procedures
in IGOR Pro (Wavemetrics, Portland, USA).

3.5.1 FCS measurement

For the FCS measurement, the .t3r file was loaded and the number of the detected photons
were divided into time-bins of 1 ms with the igor procedure schnitt−t3r . The binned data
was pseudo autocorrelated, by correlating the signals of the two detectors I1(t) and I2(t) to
avoid afterpulsing, with the igor procedure Korrelation :

G(t, τ) =
< I1(t)I2(t+ τ) >

< I1(t) >< I2(t) >
(3.8)
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Figure 3.20: Autocorrelation curve

Assuming a three-dimensional Gaussian beam profile, the autocorrelation function depending
on the the lag time τ can be fitted with (see section 2.11) :

G(τ) = 1 +
1

< N >
[1 +

τ

τd
]−1[1 + S2 τ

τd
]−1/2[1 +

T

1− T
exp(− τ

τT
)] (3.9)

The parameters mean number of fluorescent molecules in the focal volume < N >, the
triplet fraction T , the triplet time τT , and the diffusion time τd can be determined from this
fit. S = ωxy/ωz is the ratio between the lateral radius ωxy and the axial radius ωz of the
focal volume which was held constant at a value of S = 0.2 because the influence of the fit
parameter is marginal.

Excitation benchmark:

The triplet fraction T and triplet time τT were used to calculate the transition rate kapp
isc = T

τT

to the triplet state for the excitation benchmark for each used laserpower P . Then the
saturation power Psat was determined by fitting the transition rates with the relation:

kapp
isc (P ) =

Kisc

1 + Psat

P

(3.10)

where a lower Psat indicates that the laser is focused to a smaller spot, assuming a
characteristic excitation intensity. ( for further details see section 2.3).
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Detection benchmark:

The molecular brightness β for the detection benchmarks can be calculated by:

β =
< I >

< N >
(3.11)

< I > is the sum of the mean intensities of the two channels that were directly determined
from the time trace of the APDs .

< N > was obtained from the fit of the crosscorrelation function of the two channels. The
brightness was fitted with a four-level system model according to [122]:

β = ηdσS01
Kr

K0

φe

1 + φe

φS1
+ φ2

e

φS2

(3.12)

The quantum efficiency Q = Kr

K0
of the fluorophores can be found in table 5. The absorption

coefficient σS01 = ln10
NA

εdet can be calculated from the extinction coeffcient εdet in the same
table, knowing Avogadro’s constant NA = 6.022 · 1023 1

mol
. The flux φe can be defined as:

φe =
2P

hνπω2
(3.13)

where P is the laser power, the planck constant h = 6.62610−34Js, ν the frequency of the
fluorophore, and ω is the lateral diameter of the focal volume that can be found in table 12.

With this fit function, the saturation levels φS1 and φS2, and most importantly, the detec-
tion efficiency ηd, which quantifies the detection quality, can be determined. φS1corresponds
to the absorption of one photon, whereas φS2 corresponds to the consecutive absorption of
two photons.

3.5.2 Focal volume measurement

Two dimensional scans of the cross section of fluorescent microspheres were analyzed with
Gaussian fits to determine the dimensions of the focal volume. Thereby the microspheres have
been scanned several times and the biggest area has been taken for the evaluation, to be sure
that we are scanning the cross section in the center of the focal volume. The scans have been
fitted with
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3.5 Data Reduction

f(x, y) = A exp−1

2
[(
x− x0

xwidth

+
y − y0
ywidth

)2] (3.14)

for an xy-cross section of the focal volume and

f(y, z) = A exp−1

2
[(
y − y0
ywidth

+
z − z0
zwidth

)2] (3.15)

for an yz-cross section of the focal volume.

xwidth, ywidth and zwidth are half the radii of the focal volume. The radius of a focal volume
is defined as the distance from the center x0, y0 and z0 of the focal volume to the position
where the intensity decreased to 1/e2 of the maximal Intensity A in the center of the focal
volume. An exemplary scan of the cross section of the focal volume can be seen in figure
3.21. The fluorescent microspheres have been scanned with the labview programm
scan−V 5.3.6−aktuell.vi and analyzed in IGOR PRO.

400 nm 800 nm

(a) (b)

Figure 3.21: (a) xy-and (b) yz-cross section of a focal volume

3.5.3 FRET measurement

Data reduction was performed with home written procedures in IGOR PRO. The .t3r file was
loaded and the number of detected photons were divided into time-bins of 1 ms. The
transfer efficiency E of each time-bin was calculated with:

69



3.5 Data Reduction

E =
IA

IA + γID
(3.16)

where IA, ID are the acceptor and donor intensities. The different quantum yields Q of
the fluorophores and the detection efficiencies ξacceptor, ξdonor of the different channels, can be
considered by a correction factor γ( see table 10) :

γ =
ξacceptorQacceptor

ξdonorQdonor

(3.17)

Table 10: Detection effciencies ξ, quantum yields Q and correction factors γ of the different
fluorophores of the FRET pairs used in this work

FRET pair ξdonor ξacceptor Qdonor Qacceptor γ

donor: AF488/acceptor: AF594 0.30434 0.50929 0.92 0.66 0.833
donor: AF488/acceptor: AF647 [126] 0.28554 0.39750 0.92 0.33 2.003

donor: AF488/acceptor: Atto647N [126] 0.28554 0.34602 0.92 0.65 1.168

To construct a FRET-histogram, the first step is to "bin" the range of fret efficiency values
into FRET-bins, dividing the range of one to zero into a series of intervals. Depending on the
measurement quality the number of FRET-bins are chosen. For all histograms constructed in
this work a FRET-bin number of 30 have been used.Then the number of transfer efficiencies
of each time-bin, with a threshold level of 30 cts/ms for the sum of the donor and the ac-
ceptor intensity, that fall into a FRET-bin are counted. After adjusting the correction for the
fluorophores and the sum threshold in the FRET panel, the panel displays a FRET-histogram
of the measurement (see figure 3.22)
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Figure 3.22: FRET-histogram

Since a FRET histogram is always broadened due to shot noise, it was fitted with a Gaussian
function to obtain the mean fret-efficiency < E > and the width:

n(E) = A exp[−(
E− < E >

width
)2] + n0 (3.18)

3.5.4 Fluorescence lifetime measurement

To measure the fluorescence lifetime τ of a fluorophore, a histogram n(t) of the arrival times
t of the photons was measured and fitted with an exponential fit:

n(t) = n0 exp(−
t− t0
τ

) +B (3.19)
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4 Results and discussion

4.1 Correction collar benchmark

As calculated in section 3.2.2, there is no objective correction collar setting that is perfect for
every beam angle. For this reason, we compared several measurement values for the possible
correction collar settings to find the best correction collar setting of the objective for every
application, and to get a better understanding of the influence of the correction collar on a
measurement. Every measurement has been performed with the same sample concentration
with varying the correction collar setting from 13 to 19, corresponding to standard borosilicate
coverslip glass thicknesses from 130 to 190 µm.

4.1.1 Fret benchmark

First, FRET-measurements of fluorescently labeled dsDNA (see section 3.4.3) have been per-
formed in the bare capillary and with the new arrangement. More events indicate better optics
because a smaller focus has a higher power density and is therefore more efficient to excite the
dyes. But also the width of the histogram is very important since a very broad histogram will
consequently prevent the resolution of different species when the method is applied to hetero-
geneous samples. These measurements solely serve the purpose to find the optimal correction
collar setting for one arrangement and should not be compared with respect to the different
arrangements, because different concentrations have been used for the bare capillary and the
new arrangement here. A comparison of the different arrangements will follow in section 4.2.
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4.1 Correction collar benchmark

bare capillary: In the bare capillary, the most counts have been measured for the smallest
correction collar setting of 13 and it is therfore used in all following measurements in the bare
capillary. By increasing the correction collar setting the FRET-histograms show less counts,
whereas the width of the histograms remains constant.
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Figure 4.1: Influence of the correction collar for the Alexa Fluor 488/Alexa 594 setup (FRET 1
in figure 3.1) on the bare capillary. FRET measurements with an acceptor/donor channel sum
threshold of 30 cts/ms of a dsDNA solution, with increasing correction collar setting from left
to right (13-17). Different scaling has been used for every histogram to compare the widths
of the histograms

New arrangement: With the new arrangement, a FRET-measurement has been performed
with the dsDNA labeled with Alexa488 and Alexa594 and also with the dsDNA labeled with
Alexa488 and Atto647N. The best FRET histograms have been measured for a correction
collar setting of 16 and 17 because the histograms are symetric, narrow and show the most
counts. With a lower collar setting the histograms show less counts and with a higher setting
the histograms broadened and became asymmetric.

500

0
1.00.60.2

FRET efficiency

2000

0
1.00.60.2

FRET efficiency

2000

0
1.00.60.2

FRET efficiency

500

0
1.00.60.2

FRET efficiency

1400

0
1.00.60.2

FRET efficiency

2000

0
1.00.60.2

FRET efficiency

1600

0
1.00.60.2

FRET efficiency

1000

0
1.00.60.2

FRET efficiency

1000

0
1.00.60.2

FRET efficiency

1000

0
1.00.60.2

FRET efficiency

800

0
1.00.60.2

FRET efficiency

200

0

oc
cu

re
nc

e

1.00.60.2
FRET efficiency

240

0
1.00.60.2

FRET efficiency

500

0
1.00.60.2

FRET efficiency

(a)

(b)

13 14 15 16 17 18 19

oc
cu

re
nc

e

Figure 4.2: Influence of the correction collar for (a) the Alexa Fluor 488/Alexa Fluor 594-setup
(FRET 1 in figure 3.1) and (b) the Alexa Fluor 488/Atto647N-setup (FRET 2 in figure
3.1).FRET measurements with an acceptor/donor channel-sum threshold of 30 cts/ms of
a 500 pM dsDNA solution, with increasing correction collar setting from left to right (13-19).
The samples were excited at a wavelength of 488 nm. Different scaling has been used for
every histogram to compare the widths of the histograms
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To compare the quality of a FRET measurement a quality indicator QFRET was defined:

QFRET =
number of counts at peak position

N · width
(4.1)

where N is the mean number of donor-fluorophores (Alexa 488) in the focal volume, determined
from a simultaneous FCS-measurement of the donor channel and width is the width of the
Gaussian at 1

e
of the maxima. For the two different dye-couples, respectively setups, a maximal

FRET quality indicator has been found at a correction collar setting of 16.
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Figure 4.3: Quality indicator of the Alexa Fluor 488/Alexa Fluor 594-setup(FRET 1 in figure
3.1) (orange) and of the Alexa Fluor 488/Atto 647N-setup (FRET 2 in figure 3.1) (red)
according to eq. 4.1, against the objective correction collar.The lines are a guide for the eye.

4.1.2 Focal volume benchmark

To explain the differences in the FRET-histograms and to get a better understanding of the
influence of the correction collar, two dimensional scans of 100 nm fluorescent microspheres
embedded in agarose gel have been performed, varying the correction collar. The beads
can nearly be treated as a point source because of their subresolutional size, thus enabling an
accurate mapping of the focal volume. As we used Tetraspeck microspheres that fluoresce with
the donor and the acceptor wavelength at donor excitation, the focal volume could be imaged
in the donor and the acceptor channel, and the focal overlap could be determined. In figure
4.4 and figure 4.5 it can be seen that the focal volumes have a minimum at a collar setting of
17 and the z-shift between the donor and the acceptor focus increases strongly (> 100nm) for
collar settings higher than 16. Whereas the donor foci show the same behavior for the different
dye-pairs, the accepor foci have different volume-minima depending on the setup (Alexa Fluor
488/Alexa Fluor 594-setup or Alexa Fluor 488/Atto647N). This might be a consequence of
the different z-shifts, that is influencing the acceptor-focus. The shift between the donor and
the acceptor foci in the x-y plane (see Apendix A.4) is negligible (<10nm) as expected. Also,
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4.1 Correction collar benchmark

the differences in x-y cross section by changing the correction collar are small compared to the
y-z cross section and are therefore not shown (see Apendix A.4).

These findings are in good agreement with the FRET-histograms. They explain why 16 is
the best correction collar setting for a multicolor measurement since the focal volume and at
the same time the z-shift is small for this setting. Also the broadening of the histograms can
be explained by the big z-shift for the higher correction collar settings.
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Figure 4.4: Influence of the correction collar (13-19) at the y-z cross section of the focal
volume in the donor (green) and the acceptor channel (red) of (a) the Alexa Fluor 488/Alexa
Fluor 594-setup (FRET 1 in figure 3.1) and (b) the Alexa Fluor 488/Atto647N-setup (FRET
2 in figure 3.1). The focal volume is defined here as the volume in where the intensity of the
fluorescent microsphere is higher than 1/e2 of the maximal Intensity. The sample was excited
with a laser power of 300 nW at a wavelength of 488 nm.
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Figure 4.5: Influence of the correction collar at: (a) the donor focal volume (b) z-shift of the
acceptor focal position compared to the donor focal position (c) the acceptor focal volume.
The fluorescent spheres were excited with the donor excitation wavelength of 488 nm. The
upper row was measured with the Alexa Fluor 488/Alexa Fluor 594-setup (FRET 1 in figure
3.1), and the lower row with the Alexa Fluor 488/Atto 647N-setup (FRET 2 in figure 3.1).
Lines: guide for the eye.
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4.1.3 FCS benchmark

(a) (b)

N
ac

c  (
)

0.22

0.20

0.18

0.16

0.14

0.12

0.10

0.26

0.24

0.22

0.20

0.18

0.16

0.14

0.12

0.10

N
do

n (
)

19181716151413
correction collar

19181716151413
correction collar

N
do

n (
)

0.22

0.21

0.20

0.19

0.18

0.17

 

0.16

0.14

0.12

0.10

0.08

19181716151413

correction collar

τ
d (m

s)

19181716151413
corrrection collar

τ
d (m

s)N
ac

c 
()

0.22

0.20

0.18

0.16

0.14

0.12

0.26

0.24

0.22

0.20

0.18

0.16

0.14

0.12

0.10

τ
d (m

s)

0.22

0.20

0.18

0.16

0.14

0.12

0.10

τ
d (m

s)

0.40

0.35

0.30

0.25

0.20

0.15

Figure 4.6: Influence of the correction collar at: (a) the mean number (green, line) and diffusion
time (blue, dotted) of fluorescent donor-molecules (Alexa 488) in the focal volume (b) the
mean number (orange, line) and diffusion time (red, dotted) of fluorescent acceptor-molecules
(Alexa 594/Atto647N) in the focal volume.The data of the upper row has been determined of
an FCS-measurement of dsDNA labeled with Alexa488 and Alexa 594(Setup: FRET 1 in figure
3.1), and data of the lower row by an FCS-measurement of dsDNA labeled with Alexa488 and
Atto 647N (Setup: FRET 2 in figure 3.1). Lines: guide for the eye.

A triplet saturation measurement (see section 4.2.1) would have been really laborious for
every correction collar setting and the different laser powers. Over 200 correlation curves
would have to be measured, so FCS measurements have been performed only for a laser power
of 40 µW. From the autocorrelation of the previously performed FRET-measurements of
two differently labeled dsDNA samples (Alexa 488/Alexa 594 and Alexa 488/Atto647N), the
average number of molecules in the focal volume N and the diffusion time τd was determined
by fitting the donor-and the acceptor-autocorrelation functions of the corresponding setups.
The donor-measurements are in good agreement to the focal volume measurement where the
smallest focal volume corresponded to a correction collar of 17: The difusion time τd and
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the average number of molecules in the focal volume N have a minimum at the correction
collar setting of 17. The acceptor-measurements show a peculiar behavior: Albeit N and τd

of the donor channel are pretty similar, the curves are different in the acceptor channel.This is
probably because the z-shift between the acceptor and the donor focus has to be considered
here. Perhaps the z-shift leads to different effects for the average number of molecules in the
focal volume N and the diffusion time τd.

4.1.4 Discussion

The focal volume (figure 4.5) and also the mean number of molecules and the diffusion time
(figure 4.6) are with a few exceptions the smallest for a correction collar of 17, hence this
setting is optimal for single color experiments since the focus shift does not matter. According
to figure 4.3, an objective correction collar of 16 turned out to be the optimal setting and
was used for all following two color measurements with the new arrangement. Here, the focus
shift (see figure 4.5b) is really important, leading to a different optimal correction collar than
for a single color experiment. Hence for FRET and also for other dual-color methods like for
example fluorescence cross-correlation (FCCS) [123] the optimal correction collar is 16.

For the coverslip an objective correction collar setting of 15 was used according to the
coverslip thickness of 150 µm, whereas for the bare capillary the best results have been found
for a setting of 13 (see figure 4.1).

4.2 Comparison of the coverslip, the bare capillary and the new ar-
rangement

In this section, benchmark measurements with the new arrangement, the capillary immersed
in an index matching liquid on a fused silica coverslip, are compared to measurements with
the bare capillary and on a coverslip.

4.2.1 FCS benchmark

For an evaluation of the focusing conditions of single color experiments in our optical arrange-
ment, we used a correction collar setting of 17 and performed excitation benchmarks by means
of FCS varying the excitation power for the three different arrangements. The apparent inter-
system crossing rate that can be extracted from these measurements reports on the saturation
behavior of the dye molecules, thus providing information on the excitation intensity (see sec-
tion 2.3). The excitation intensity is the excitation power relative to the illuminated area. A
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4.2 Comparison of the coverslip, the bare capillary and the new arrangement

lower saturation power corresponds to a smaller excitation focus. In the upper three panels of
figure 4.7, the saturation curves for the three used dyes are shown for the three experimental
setups, the coverslip as the reference (squares), the bare capillary (circles), and the capillary
on top of a silica coverslip (our new arrangement, triangles). For all three dyes, the satura-
tion curve of the bare capillary is clearly below the coverslip reference as expected because of
significant optical aberrations. Our new arrangement, on the other hand, compares well with
the coverslip reference. The slightly better performance of the new arrangement as compared
to the coverslip reference might be explained by a non-perfect setting of the correction collar
in the coverslip measurements.
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Figure 4.7: (a) excitation and (b) detection benchmark of a 1 nM Alexa Fluor 488 solution
on a borosilicate coverslip (blue rectangles), in the capillary (cyan circles), and with the new
arrangement (magenta triangles). Alexa Fluor 488 was excited at a wavelength of 488 nm.
(c) Excitation and (d) detection benchmark of a 1 nM DNA/Alexa Fluor 594 solution on a
borosilicate coverslip (green rectangle), in the capillary (green circle), and with the new ar-
rangement (brown triangle). (e) Excitation and (f) detection benchmark of a 1 nM DNA/Atto
647N solution on a borosilicate coverslip (red rectangle), in the capillary (green circle), and
with the new arrangement (orange triangle). Atto 647N and Alexa Fluor 594 were attached
to dsDNA that also carried an Alexa Fluor 488 label that was not excited in the experiment
carried out with a 594 nm (c,d) and a 640 nm (e,f) laser. The saturation powers result from
fits according to eq. 3.10 (solid curves) and can be found in table 11. The molecular bright-
ness was calculated according to eq. 3.11, fitted according to equ. 3.12 and the results can
also be found in table 11.

While the apparent intersystem crossing rate is an indicator of the excitation conditions,
the detection efficiency can be evaluated by inspection of the molecular brightness shown in
the lower three panels in figure 4.7. As for the excitation, the detection efficiency (see table
11) is similar for the coverslip and for the new arrangement, while it is significantly lower for
the bare capillary. Interestingly, also the slightly better performance of the new arrangement
as compared to the coverslip reference is reproduced for Alexa 594 and Atto 647N. The course
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4.2 Comparison of the coverslip, the bare capillary and the new arrangement

of the molecular brightness as a function of the laser power has been fitted with a four-level
system accrding to eq. 3.12. The saturation levels of the different fluorophores were constistent
respectively within the measurement error for the measurement on the coverslip and with the
new arrangement, whereas the saturation levels of the measurement with the bare capillary
were much higher, had a higher fit error and did not always coincide within measurement error.

Table 11: Results of the fluorescence correlation spectroscopy benchmark: saturation power
Psat, molecular brightness β40µW at a laser power of 40µW , detection efficiency ηD and the
saturation levels φS1 and φS2. φS1corresponds to the absorption of one photon, whereas φS2

corresponds to the consecutive absorption of two photons.
Alexa Fluor 488 coverslip capillary new arrangement

Psat(µW) 150± 14 307± 80 103± 16

β40µW ( cts
ms·fl ) 42.42 13.83 35.82

ηD(%) 2.12± 0.20 0.3367± 0.0024 1.74± 0.14

φS1(
ph

m2·s ) (1.14± 0.13) · 1026 (4.5± 3.2) · 1026 (1.22± 0.13) · 1026

φS2(
ph

m2·s ) (1.75± 0.13) · 1054 (8± 10500) · 1057 (42± 80) · 1054

Alexa Fluor 594 coverslip capillary new arrangement
Psat(µW) 119± 05 179± 45 69± 04

β40µW ( cts
ms·fl ) 36.34 19.49 46.61

ηD(%) 2.08± 0.33 0.61± 0.14 3.32± 0.90

φS1(
ph

m2·s ) (1.19± 0.25) · 1026 (3.0± 1.2) · 1026 (0.87± 0.29) · 1026

φS2(
ph

m2·s ) (0.212± 0.028) · 1054 (0.59± 0.10) · 1054 (0.207± 0.048) · 1054

Atto 647N coverslip capillary new arrangement
Psat(µW) 182± 13 272± 43 164± 07

β40µW ( cts
ms·fl ) 44.96 16.34 47.56

ηD(%) 0.389± 0.050 0.0992± 0.0059 0.4041± 0.0026

φS1(
ph

m2·s ) (3.77± 0.85) · 1026 (9.82± 1.37) · 1026 (4.33± 0.52) · 1026

φS2(
ph

m2·s ) (1.076± 0.093) · 1054 (4.10± 0.28) · 1054 (1.098± 0.047) · 1054

4.2.2 Focal volume benchmark

For an evaluation of the focusing conditions of two color experiments in the new arrangement
we used a correction collar setting of 16. In figure 4.8 a and 4.9 a the cross sections of the
focal volume in the x-y and the y-z plane are shown for the acceptor (left) and the donor
channel (right), measured with donor excitation.
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Figure 4.8: (a) Dimensions of the focal volume of the setup for the FRET-measurement of
the Alexa Fluor 488/Alexa Fluor 594-dyes (FRET 1 in figure 3.1) of the borosilicate coverslip
(red), the capillary (green) and the new arrangement (blue) in the acceptor (left) and the
donor channel (right). Top panels: cross section in the x-y plane of the focal volume. Bottom
panels: cross section in the y-z plane of the focal volume. (b) Focal overlap of the acceptor
(red) and the donor (green) channel on the borosilicate coverslip (left), the capillary (center)
and the new arrangement (right).Top panels: x-y plane of the focal overlap. Bottom panel:
y-z plane of the focal overlap. For details see tab.12. The fluorescent spheres were excited
with a laser power of 300 nW at a wavelength of 488 nm.
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Figure 4.9: (a) Dimensions of the focal volume of the setup for the FRET-measurement of the
Alexa Fluor 488/Atto 647N-dyes (FRET 2 in figure 3.1) of the borosilicate coverslip (red), the
capillary (green) and the new arrangement (blue) in the acceptor (left) and the donor channel
(right). Top panels: cross section in the x-y plane of the focal volume. Bottom panels: cross
section in the y-z plane of the focal volume. (b) Focal overlap in the acceptor (red) and the
donor (green) channel on the borosilicate coverslip (left), the capillary (center) and the new
arrangement (right).Top panels: x-y plane. Bottom panel: y-z plane. For details see tab.12.
The fluorescent spheres were excited with a laser power of 300 nW at a wavelength of 488 nm

Interestingly, the different setups for the different acceptor fluorophores (figure 4.8 :
Alexa594; figure 4.9: Atto647N) delivered different donor foci. For example, the donor focal
volume of the new arrangement, in comparison to the donor coverslip focus, is enlarged in
y-direction for the Af488/Af594 setup, whereas for the Af488/Atto647N setup it is enlarged in
z-direction. The reasons for this remarkable behavior are not yet identified. Possible reasons
are the different filters and dichroics for the two setups but mainly the precision of the two
dimensional scans could be not appropriate for the application, even small movements of the
microspheres during a scan can lead to deviations. Three dimensional scans would lead to
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4.2 Comparison of the coverslip, the bare capillary and the new arrangement

better, more trustwhorthy results. However, what we can state is that the focus in the bare
capillary (green) is significantly enlarged in comparison to the coverslip focus (red) and with
the new arrangement (blue) the focal volume can be improved but does not reach the size of
the coverslip focus.

In figure 4.8 b and 4.9 b, the focal overlap of the donor (green) and the acceptor (red)
emission foci can be seen. Here we can trust the results because both, the acceptor and the
donor channel, have been scanned simoultaneously. The focal overlap in the x-y plane (upper
row) is almost perfect and the shift in x and y is smaller than 10 nm for all arrangements. In
contrast, the acceptor focus is shifted up to 39 nm in z-direction with respect to the donor
focus with the bare capillary and even 60 nm with the new arrangement (for z-shift values see
table 12 ).

Concluding, a not perfectly matched refractive index in combination with an imperfect
shape of the square capillary leads to a focus enlargement and a shift of the acceptor focus in
z-direction. With the new arrangement the enlargement can be reduced at the expense of an
increasing z-shift of the acceptor focus position compared to the donor focus position.

Table 12: Results of the fluorescent microsphere benchmark of the different setups FRET 1
and FRET 2 (see figure 3.1): x-, y- and z-diameter of the focal volume in the acceptor channel
ωacc
x,y,z and in the donor channel ωdon

x,y,z and z-shift dz0 of the acceptor focus compared to the
donor focus . An error of 10% was estimated for the precision of the diameters.

FRET1: 488/594 coverslip capillary new arrangement
ωacc
x (nm) 504± 50 516± 52 516± 52

ωacc
y (nm) 432± 43 524± 52 544± 54

ωacc
z (nm) 1500± 150 2243± 224 1468± 147

ωdon
x (nm) 500± 50 501± 50 500± 50

ωdon
y (nm) 440± 44 532± 53 543± 54

ωdon
z (nm) 1551± 155 2215± 222 1464± 146
dz0(nm) 17.2± 3.7 30.6± 3.2 49.5± 4.4

FRET2: 488/647 coverslip capillary new arrangement
ωacc
x (nm) 504± 50 546± 55 493± 49

ωacc
y (nm) 469± 47 548± 55 490± 49

ωacc
z (nm) 1341± 134 2496± 250 1798± 180

ωdon
x (nm) 500± 50 532± 53 506± 51

ωdon
y (nm) 459± 46 548± 55 490± 49

ωdon
z (nm) 1367± 137 2440 1789± 179
dz0(nm) 17.6± 3.1 38.5± 5.4 60.2± 2.6
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4.2 Comparison of the coverslip, the bare capillary and the new arrangement

4.2.3 FRET benchmark

a)Measurement of the same sample

As a more application oriented and direct two color benchmark, a FRET-measurement
of dsDNA was performed in all three arrangements for the two dye-couples. In this sec-
tion, the same sample has been used for all measurements. The differences between the
capillary-measurements are small and the FRET-histograms of the bare capillary and the new
arrangement are a litte bit worse than on a coverslip (see figure 4.10a and figure 4.11a).
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Figure 4.10: (a) Benchmark of FRET measurements of dsDNA labeled with Alexa Fluor
488 and Alexa Fluor594 dissolved in buffer, on a borosilicate coverslip (E=0.7008 ± 0.0028,
width=0.1069 ± 0.0042, blue), with the new arrangement (E=0.6626 ± 0.0047, width=0.1282
± 0.0087, purple) and in the capillary (E=0.6488 ± 0.0069, width=0.126 ± 0.013, cyan). The
fluorophores were excited with a laser power of 40 µW at a wavelength of 488 nm. (b) FCS-
Measurement of the same samples. Donor-autocorrelation (green), Acceptor-autocorrelation
(red) and Donor-Acceptor-crosscorelation (blue) on a coverslip (rectangles), in the capillary
(circles) and with the new arrangement (triangles).
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Figure 4.11: (a) Benchmark of FRET measurements of a dsDNA solu-
tion labeled with Alexa Fluor 488 and Atto 647N, on a borosilicate coverslip
(E=0.7778±0.0023, width=0,1096±0,0023,blue), with the new arrangement (E=0.7694
±0.0034, width=0,1315±0,0054, purple) and in the capillary (E=0.7689±0.0023,
width=0,1118±0,0035, cyan). The fluorophores were excited with a laser power of 40
µW at a wavelength of 488 nm. (b) FCS-Measurement of the same samples. Donor-
autocorrelation (green), Acceptor-autocorrelation (red) and Donor-Acceptor-crosscorelation
(blue) on a coverslip (rectangles), in the capillary(circles) and with the new arrangement
(trian-gles).

But appearances are often deceiving, unfortunately the difference is only that small be-
cause of the bigger focal volumes in the bare capillary and with the new arrangement (see
section 4.2.2) compared to the coverslip. For this reason, a FCS-measurement shows that the
amplitude of the donor correlation curves (see figure 4.10a and figure 4.11b) are lower of the
capillary measurements. This corrsponds to a higher number of average number of molecules
in the focus, leading to much better histograms. A comparison of the different arrangements
with the same sample concentration is not reasonable.

For example, the contradictionary result is measured that the arrangement with the most
molecules in the focus, the bare capillary (cyan), has the lowest histogram. The FRET-
histogram of the new arrrangement (purple) shows a marginal increase in counts and the
coverslip with the least average number of molecules in the focus, the coverslip (blue), has
the most fret-events.

b) Measurement with the same mean number of donor molecules in the focal
volume
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4.2 Comparison of the coverslip, the bare capillary and the new arrangement

For this reason the concentrations of the measurement samples have been adapted in a way,
that the mean number of donor-fluorophores in the focal volume are the same for all three
arrangements. This can be seen in the accompanying correlation curves (figure 4.12b and
figure 4.13b), where the green donor correlation curves have the same amplitude for all three
arrangements. For this reason, the sample of the coverslip measurement has been reduced
for the new arrangement, and it had to be even more reduced for the bare capillary because
of the even bigger focal volume. The number of events at the peak position, the value of
the FRET-efficiency and the width of the Gaussian peak are the most important values for a
comparison and can be found in table 13. If we take a look at the number of events for the
FRET-measurement of dsDNA labeled with Alexa 488 and Alexa 594 (figure 4.12a) and for
dsDNA labeled with Alexa 488 and Atto647N (figure 4.13a) the new arrangement (purple) can
improve the much worse results from the measurement in a bare capillary (cyan) but is still far
away from the measurement quality on a coverslip (blue). The width of the FRET-histograms is
slightly increased with the new arrangement and the bare capillary, whereas the peak position,
i.e. the FRET-efficiency, is in good agreement for all FRET measurements.
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Figure 4.12: (a) Benchmark of FRET measurements of dsDNA labeled with Alexa Fluor 488
and Alexa Fluor594 dissolved in buffer, on a borosilicate coverslip (blue), with the new arrange-
ment (purple) and in the capillary (cyan). The fluorophores were excited with a laser power
of 40 µW at a wavelength of 488 nm. (b) FCS-Measurement of the same samples. Donor-
autocorrelation (green), Acceptor-autocorrelation (red) and Donor-Acceptor-crosscorelation
(blue) on a coverslip (rectangles), in the capillary (circles) and with the new arrangement
(triangles).
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Figure 4.13: (a) Benchmark of FRET measurements of a dsDNA solution labeled with Alexa
Fluor 488 and Atto 647N, on a borosilicate coverslip (blue), with the new arrangement (purple)
and in the capillary (cyan). The fluorophores were excited with a laser power of 40 µW at a
wavelength of 488 nm. (b) FCS-Measurement of the same samples. Donor-autocorrelation
(green), Acceptor-autocorrelation (red) and Donor-Acceptor-crosscorelation (blue) on a cov-
erslip (rectangles), in the capillary (circles) and with the new arrangement (triangles).

Table 13: Results of the FRET-benchmark: FRET-efficiency E, width of the Gaussian peak
width, number of events at the peak position occurence and quality indicator QFRET (see
equation 4.1)

dsDNA (AF488/AF594) coverslip capillary new arrangement
E 0.7008± 0.0028 0.6488± 0.0069 0.664± 0.012

width 0.1069± 0.0043 0.126± 0.013 0.120± 0.017
occurence 8711 536 1698
QFRET 680000 35000 118000

dsDNA (AF488/Atto647N) coverslip capillary new arrangement
E 0.7778± 0.0023 0.7689± 0.0023 0.7694± 0.0034

width 0.1096± 0.0036 0.1118± 0.0035 0.1315± 0.0054
occurence 7596 259 1039
QFRET 347000 12000 40000

c) fused silica coverslip To find out how much the capillary material fused silica is re-
sponsible for the worsening of the measurement quality, a Fret measurement on a borosilicare
coverslip has been compared to a measurement on a fused silica coverslip. We used a 200
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µm fused silica coverslip (Heraeus, Hanau Germany), where we found the best results us-
ing a correction collar of 15. The same sample concentration has been used for the two
measurements.
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Figure 4.14: (a) Benchmark of FRET measurements of a dsDNA solution labeled with Alexa
Fluor 488 and Alexa 594, on a borosilicate coverslip (blue) and on a fused silica coverslip
(pink). The fluorophores were excited with a laser power of 40 µW at a wavelength of 488
nm. (b) FCS-Measurement of the same samples. Donor-autocorrelation (green), Acceptor-
autocorrelation (red) and Donor-Acceptor-crosscorelation (blue) on a borosilicate coverslip
(filled rectangles) and on a fused silica coverslip (open rectangles).
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Figure 4.15: (a) Benchmark of FRET measurements of a dsDNA solution labeled with Alexa
Fluor 488 and Atto 647N, on a borosilicate coverslip (blue) and in on a fused silica coverslip
(pink). The fluorophores were excited with a laser power of 40 µW at a wavelength of 488
nm. (b) FCS-Measurement of the same samples. Donor-autocorrelation (green), Acceptor-
autocorrelation (red) and Donor-Acceptor-crosscorelation (blue) on a borosilicate coverslip
(filled rectangles) and on a fused silica coverslip (open rectangles)

Comparing the FRET histograms and the autocorrelation curves it can be seen that the
FRET measurement quality is also worse on a fused silica coverslip. By measuring on a
borosilicate coverslip, we get more FRET-events from less molecules in the focal volume.
However, we can conclude that the material is not the only reason for the worse measurement
quality in the fused capillary since the results here are better than with the new arrangement
(for a better comparison see figure 5.2 in the conclusion).

4.2.4 Discussion

For a single color experiment good results have been achieved for the new arrangement with
the correction collar setting 17. The excitation and detection quality is much better than with
the bare capillary and comparable to a measurement on a coverslip (see figure 4.7).

With the correction collar setting 16 for two color experiments, the focal volume of a
coverslip measurement could not be achieved but with the new arrangement a smaller focal
volume than in the bare capillary has been achieved (see figure 4.8 a and figure 4.9 a). There is
a spectral shift for the focal volume position, so the acceptor focus is shifted respective to the
donor focus in z-direction (see figure 4.8 b and figure 4.9 b). This is the reason for worse results
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for two color experiments like FRET: With the new arrangement the FRET-measurement could
be improved but is not as good as on a coverslip (see figure 4.12 and figure 4.13) The material
of the capillary, fused silica, is one of the reasons for the worse measurement-quality of two-color
experiments (see figure 4.14 and figure 4.15). Additionally, non-flat surfaces of the capillary
(see figure 3.3) lead to optical aberrations.

4.3 Pressure evaluation

The glue procedure has been optimized and the glue connection is stable up to 2000 bar.
Despite all efforts to also optimize the handling routine and best care and attention, the
fused silica capillary can hold pressure of 2000 bar roughly with a 50% chance. The stability
of the capillary at 1500 bar is guaranteed with a chance of about 80% and a stability at
1000 bar can be guaranteed for every experiment. These values are estimated from the
experiences, made during the pressure fluorescence experiments performed in this work. Even
alternative techniques, than the flame of propane blowtorch, to remove the protection layer for
the observation window have been tried. With a high-power laser carried out by Norbert Koop
(Institut of Biomedical Optics, Lübeck) the protection layer was burned away. Besides that
it was not a really clean method, because it was also influencing the surface of the capillary
glass, the pressure stability was not improved. Removing the protection layer with acid sulfur,
is much cleaner but also very laborious because of the highly acidic substance that also has to
be removed afterwards. This procedure neither led to a better pressure stability.

Fluorescence lifetime measurement at high pressure: An application of a fluorescence
measurement in fused silica capillaries, is to perform fluorescence measurements under pressure.
As a first pressure test, we measured the fluorescence lifetime of Alexa 488 at varying pressure
conditions. The results are shown in figure 4.16 a) and are in good agreement with the
literature [56]. For an increase of pressure of 2 kbar a decrease of the fluorescence lifetime of
3% is expected. This change of fluorescence lifetime has been confirmed for Alexa 488 by the
lifetime measurement and thereby confirms hte pressure reading of the manometer. Also the
pressure dependent fluorescence lifetime of Atto 647N has been investigated. The pressure
dependency with a decrease of more than 4% for an increase of 2 kbar is higher. There is no
report on the pressure dependent fluorescence lifetime of this dye in the literature.
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Figure 4.16: Normalized fluorescence lifetime of 1 µM (a) Alexa Fluor 488 and (b) Atto 647N
as a function of increasing pressure (filled circles, blue) and decreasing pressure (open circles,
red). The fluorophores were excited with 100 nW laser power at a wavelength of 470 nm with
100 ps pulses at a repetition rate of 10 MHz and 635 nm with 400 ps pulses at a repetition
rate of 4 MHz.
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Figure 4.17: (a) Pressure dependence of FRET measurements of a 500 pM dsDNA solution
labeled with Alexa Fluor 488 and Alexa Fluor 594 at different pressures: 1 bar on a coverslip
(blue), 1 bar in the capillary (green), 300 bar in the capillary (yellow), 600 bar in the capillary
(magenta) and 900 bar in the capillary (red). (b) Pressure dependence of FRET measurements
of a 500 pM dsDNA solution labeled with Alexa Fluor 488 and Atto 647N at different pressures:
1 bar on a coverslip (blue), 1 bar in the capillary (green), 1000 bar in the capillary (yellow)
and 2000 bar in the capillary (red).

FRET measurement under pressure: A next approach was a single molecule FRET mea-
surement under pressure to exclude pressure artifacts on FRET-measurements. Therefor the
pressure stable dsDNA labeled with the fluorophores Alexa 488 and Alexa 594 (figure 4.17
a) and with Alexa 488 and Atto 647 (figure 4.17b) respectively, have been investigated un-
der pressure. Not surprisingly pressure has no influence on the FRET-histograms of the two
samples. The FRET-effciency and the width of the Gausian fit stays constant with increasing
pressure (see table 14). Whereas the width of the Gaussian fit is comparable to the coverslip
measurement for the dsDNA labeled with Alexa 488 and Alexa594, the histogram is slightly
broader for the measurement of the dsDNA labeled with Alexa 488 and Alexa 647N. It should
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be noted that this was not the case in the FRET-benchmark (see section 4.2.3) , where the
histograms broadened for both dsDNA samples by measuring in a capillary (see table 13).
This could be a consequence of using the same sample for the pressure test, in contrast to the
FRET-benchmark where different sample concentrations have been used.

Table 14: important results of the FRET-measurement of dsDNA under pressure: FRET-
efficiency E and width of the gaussian fit width

sample p(bar) E width

dsDNA (Af488/Af594) (coverslip) 1 0.6864± 0.0066 0.1094± 0.0010
dsDNA (Af488/Af594) 1 0.6923± 0.0049 0.1096± 0.0076
dsDNA (Af488/Af594) 300 0.6932± 0.0055 0.1092± 0.0085
dsDNA (Af488/Af594) 600 0.6927± 0.0055 0.1075± 0.0085
dsDNA (Af488/Af594) 900 0.6927± 0.0058 0.1052± 0.0088

dsDNA (Af488/Atto647N) (coverslip) 1 0.7982± 0.0009 0.0939± 0.0014
dsDNA (Af488/Atto647N) 1 0.7948± 0.0026 0.1337± 0.0041
dsDNA (Af488/Atto647N) 1000 0.8009± 0.0026 0.1410± 0.0041
dsDNA (Af488/Atto647N) 2000 0.7873± 0.0037 0.1321± 0.0058

4.3.1 Discussion

The high-pressure-FRET setup is ready to use up to a pressure of 2000 bar, although it is
elaborate, because the pressure stability is only guaranteed with a chance of 50%. Single
molecule FRET measured, based on fluorescence intensity, is not influenced by pressure. For
a lifetime-FRET measurement, it has to be considered that the fluorescence lifetime itself is
pressure dependent.

4.4 Temperature evaluation

To also test the temperature setup, the temperature dependent relative fluorescence lifetime
τrel = τ(T )/τ(26.5°C) of Rhodamin B (Sigma Aldrich, St. Louis, Missouri, USA) has been
measured with increasing temperature. As a reference, the fluorescence lifetime was measured
with a commercial TCSPC spectrometer (Fluorocube device, Horiba, Kyōto, Japan). For
an increase of temperature of 20 Kelvin a decrease of the fluorescence lifetime of 55% has
been found (blue, figure 4.18 a). Thereby the temperature could be directly measured with a
thermometer in the sample volume, allowing for calibrating the lifetime-temperature relation.
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Figure 4.18: (a) Relative fluorescence lifetime of Rhodamine B in water measured with the
reference fluorocube device (blue), on a coverslip with our temperature setup (cyan) and in
the capillary with our temperature setup (green) vs. set temperature (b) real temperature vs.
set temperature in the reference fluorocube device (blue), on a coverslip with our temperature
setup (cyan) and in the capillary with our temperature setup (green)

The lifetime measured on the coverslip (cyan) and inside the capillary (green) (figure 3.11
a) , however, deviates from that in the cuvette for a set temperature. Consequently in our
heating stage, the temperature in the sample is lower than at the position of the temperature
sensor.

T our setup
sample 6= T our setup

set (4.2)

With the calibration curve from the cuvette measurement, we can deduce the sample
temperature, which is plotted in figure 4.18 b :

Tsample = f−1[τ(Tset)/τ(26.5°C)] (4.3)

We see a lost of heat with our temperature setup. The difference between the set and
the sample temperature increases above temperatures of 40◦C, since the objective heating is
limited to this temperature. The difference between the temperature on the coverslip and in
the capillary are negligible.
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4.5 Protein unfolding

4.4.1 Discussion

The temperature setup needs opimization. With the present setup the temperature gradient
above the maximal temperature of the objective heating is significant. Nevertheless, it could
be used for a temperature measurement up to 40°C, considering the temperature difference
between the set and the sample temperature. A custom-built temperature-controlled sample
holder employing Peltier elements used by Ben Schuler [77] could be more effcient and also
enables a cooling of the sample. The temperature test itself by the temperature dependence
of the fluorescence lifetime is straightforward and easily performed with the Fluorocube device.

4.5 Protein unfolding

The idea behind using FRET to investigate protein unfolding is that the average distance
between two fluorophores, that have been attached to different positions of the protein, changes
if the protein unfolds. The unfolding process can be investigated, because the energy transfer
rate is highly distance dependent. Single molecule FRET, i.e. FRET measured with a single
molecule concentration, allows to investigate the unfolded and the folded population separately.
Thereby one peak in a FRET-histogram corresponds to the folded, whereas the other peak
corresponds to the unfolded population. If the FRET-efficiency increases or decreases upon
unfolding, depends on the labelling position. The area under the peaks of the histogram
delivers the fractions of the populations and the position of the peak corresponds to the
distance of the fluorophores, and consequently to the dimension of the protein.

The pressure unfolding experiments have been performed with the pressure setup, that
was previously described. The denaturant unfolding experiments have been performed on a
standard coverslip.

4.5.1 SlyD

SlyD is a two-domain protein. The FKBP-domain is the active centre for the catalysation of
the isomerization (orange, figure 4.19), whereas the IF-domain (green, figure 4.19) is bind-
ing unspecifically with hydrophobic surfaces of unfolded proteins and shows a high chaperone
activity [124, 125]. The protein shows an open and a closed conformation. It was chosen to
investigate the influence of pressure on the conformational equilibrium of the two conforma-
tions.
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57.0 Å 28.8 Å 

a) b)

Figure 4.19: Secondary structure of the mutated protein TtSlyD: (a) open conformation
(b) closed conformation. Two amino-acids are cystein mutated (green) for an unspecific
fluorescence labeling of Alexa 488 and Atto 647N. The distance between the cysteins has been
calculated with the software Pymol (DeLano Scientific LLC, San Carlos, USA) from the crystal
structure [128].

As a first unfolding experiment the protein SlyD has been investigated under pressure up
to 2000 bar. To be sure that the protein will unfold, 2 M of Gdmcl was added to the solution.
FRET-histograms at atmospheric pressure, 1000 and 2000 bar have been measured (figure
4.20 a). For comparison, also the FRET-histograms of a denaturant unfolding experiment,
performed by Dana Kahra (University of Luebeck), are shown in figure 4.20 b, where the
concentration of Gdmcl (Guanidiumhydrochloride) has been increased from 2 to 4 M Gdmcl.
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Figure 4.20: FRET-efficiency histograms 200 pM SlyD with increasing pressure and the addi-
tion of 1.3 M Gdmcl

For the experiment in the pressurized capillary, the quality of the FRET-histograms is not as
good as on a coverslip, preventing a clear resolution of the three expected conformations (see
figure 4.19). This is highlighting the importance of a good measurement quality, especially for
a measurement with three different populations. The histogram of the denaturant experiment
performed on a coverslip could be constructed with 50 instead of 30 FRET-bins (see section
3.5.3) because of the better measurement quality. Fitting the histograms with a three-peak
Gaussian, the FRET-efficiencies had to be held constant for the pressure unfolding experiment,
whereas for the denaturant unfolding experiment this was not necessary.

Still, a decrease of the two high-FRET peaks belonging to the native states and an in-
crease of the low-FRET peak belonging to the unfolded state, can be observed in the FRET-
histograms with increasing pressure or denaturant. Hence, an unfolding of the protein SlyD
could be demonstrated, but because of the measurement quality, a quantitative evaluation of
the measurement was not possible.
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4.5 Protein unfolding

4.5.2 CspA

The Cold-shock protein A (CspA) is much more appropriate for a FRET-unfolding experiment.
As a model folding protein, it is very well investigated and was selected because it is a simple
two-state folder. Hence, only two populations are expected to be observed, an unfolded and
a folded one. The protein has been labeled according to section 3.4.5.

12.2 Å

Figure 4.21: Secondary structure of the mutated protein CspA: Two amino-acids are cystein
mutated (green) for the fluorescence labeling of Alexa 488 and Alexa 647. The distance
between the cysteins has been calculated with the software Pymol (DeLano Scientific LLC,
San Carlos, USA) from the structure in solution [129].

FRET-histograms Results from smFRET unfolding experiments of CspA under the appli-
cation of pressure (red) are compared with an unfolding with the denaturant guanidinium
chloride (blue) (Sample 4, figure 4.22). With increasing pressure we see the same behavior
as for an increasing denaturant concentration. The folded population with the higher FRET-
efficiency of E = 0.9 decreases and the unfolded population with the lower FRET-efficiency at
E = 0.65 increases. Unfortunately, 3000 bar was not sufficient for a complete unfolding. So in
a third experiment 1.3 M Gdmcl was added to slightly destabilize the protein and the pressure
has been increased up to 2000 bar for a complete combined denaturant/pressure unfolding
(green). Still, increasing pressure leads to a shift of the populations towards the unfolded state
as expected.
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Figure 4.22: Sample 4: Comparison of the FRET-efficiency histograms of 100 pM cold-shock
protein A, with increasing pressure, increasing denaturant concentration of guanidinium chlo-
ride (GdmCl) and increasing pressure with the addition of 1.3 M Gdmcl. The Fret efficiency
of the unfolded state is highlighted with a dashed line.

The high number of unfolded proteins at 0 M Gdmcl should not occur since all proteins
should be folded at atmospheric pressure and without denaturant. To avoid unrefolded pro-
teins, that could cause the low fret peak at native conditions, the experiment has been repeated
(Sample 4’, figure 4.23), but now the sample has been diluted in a 6 M Gdmcl buffer to com-
pletely unfold the protein. Then it was diluted in a 0 M Gdmcl buffer to completely refold the
protein before the actual unfolding experiment started. Whereas the folded peak completely
vanishes in the following denaturant unfolding experiment on a coverslip, it can still be seen
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in the pressure unfolding experiment in the capillary but it is much smaller. Additionally, the
protein is less pressure stable and almost the complete unfolding process can be followed by
increasing the pressure up to 2000 bar. The denaturant unfolding shows almost the same
behavior for the two measurements. Since there are no unrefolded proteins visible in the cov-
erslip measurement anymore, the low FRET peak in the capillary should be an artifact of the
capillary and will be substracted for the quantitative evaluation.

1.00.80.60.40.20.0
FRET efficiency

1.00.80.60.40.20.0
FRET efficiency
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Pressure Denaturant

Figure 4.23: Sample 4’: Comparison of the FRET-efficiency histograms of 100 pM cold-shock
protein A, with increasing pressure and increasing denaturant concentration guanidinium chlo-
ride (GdmCl). The Fret efficiency of the unfolded state at the highest pressure or the highest
denaturant concentration respectively, is indicated with a dashed line.
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Figure 4.24: Sample 4: Comparison of the FRET-efficiency and the fraction of the unfolded
(red) and the native state (blue) of 100 pM cold-shock protein A with (a) increasing pressure,
(b) increasing denaturation concentration and (c) increasing pressure with the addition of 1.3
M Gdmcl

Equilibrium transitions The mean FRET-efficiency of the native and the unfolded pop-
ulation have been plotted versus the increasing pressure or increasing Gdmcl concentration
(see figure 4.24 and figure 4.25). Comparing the FRET efficiencies obtained by applying pres-
sure with those under increasing denaturant concentration, reveals a striking difference in the
FRET peak corresponding to the denatured protein (red): While this peak is shifting to lower
FRET efficiencies under increasing denaturant concentration (from E = 0.78 to E = 0.52

for sample 4 and from E = 0.79 to E = 0.50 for sample 4’, its position remains almost
constant (E = 0.68 (sample 4) and E = 0.61 (sample4’)) when the pressure is increased.
In contrast, the FRET-efficiency corresponding to the native protein (blue) is constant for all
experiments (E = 0.90 (sample 4) and E = 0.95 (sample 4’)) except for one outlier in the
pressure unfolding with the addition of 1.3 M Gdmcl.
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Figure 4.25: Sample 4’: Comparison of the FRET-efficiency and the fraction of the unfolded
(red) and the native state (blue) of 100 pM cold-shock protein A with (a) increasing pres-
sure and (b) increasing denaturation concentration. The black lines represents the unfolding
transition

The fractions of the native and the unfolded state giving the transition curves can be
determined by calculating the area under the FRET-peaks of the different populations. Since
unrefolded proteins in sample 4’ can be excluded the low fret peak at atmospheric pressure is
an capillary artifact and is substracted. The transition curve fit functions have been calculated
according to equation 2.65:

KDN =
cD
cN

= exp(−∆µ

RT
)

So for the unfolded FractionD:

FractionD(∆µ) =
cD

cD + cN
=

1

1 + ( cD
cN
)−1

=
1

1 + exp[+(∆µ)/RT ]
(4.4)

and for the native FractionN :
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FractionN(∆µ) =
cN

cN + cD
=

1

1 + cD
cN

=
1

1 + exp[−(∆µ)/RT ]
(4.5)

As we consider only a two-state transition from a completely folded population to a
completely unfolded we can simplify ∆µ from equation 2.73 by stopping the taylor series
at the linear term. So for the pressure unfolding measurement ∆µ can be simplified to
∆µ(p) = ∆µ0 + p∆V0:

FractionD/N(p) =
1

1 + exp[±(∆µ0 + p∆V0)/RT
) (4.6)

and also for the denaturant unfolding experiment ∆µ can be simplified to ∆µ([D]) = ∆µ0−m·[D]:

FractionD/N([D]) =
1

1 + exp[±(∆µ0 −m · [D])/RT
) (4.7)

The unrefolded proteins in sample 4 have been considered with the introduction of the con-
stants a and y0:

FractionD/N() =
a

1 + exp[±(∆µ)/RT ]
+ y0 (4.8)

Whereas the low FRET events of sample 4’ at native conditions, which should be artifacts,
have been substracted.

The unfolding transition [D]H and pH , where ∆µ equals zero and 50% of the proteins
have been unfolded, is at a denaturant concentration of:

[D]H =
∆µ0

m
(4.9)

or at a pressure of:

pH = −∆µ0

∆V
(4.10)
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Table 15: Thermodynamic parameters of CspA for the different samples: (1) Tryptophan
fluorescence experiment of the wild-type performed by Erik Hinze (2) Tryptophan fluorescence
experiment of the unlabeled but mutated CspA performed by Erik Hinze (3) Ensemble FRET
and single molecule FRET denaturant unfolding experiments of the unspecifically labeled CspA
performed by Erik Hinze (4) Single molecule FRET denaturant and pressure unfolding exper-
iments of the specifically labeled CspA (4’) Same as sample 4 but it has been completely
unfolded and refolded before the unfolding experiment

sample (investigation-, unfolding-method) ∆µ0(kcal/mol) ∆V0(ml/mol) m(kcal/(Mol·M)) [D]H(M)/pH(bar)

1: wt (tryptophan fl., Gdmcl) 3.10± 0.25 1.70± 0.08 1.82± 0.03

2: S2C/A59C (tryptophan fl., Gdmcl) 2.75± 0.22 1.63± 0.08 1.69± 0.04

3: S2C/A59C488/647(eFRET, Gdmcl) 2.56± 0.33 1.11± 0.21 2.31± 0.13

3: S2C/A59C488/647(smFRET, Gdmcl) 2.88± 0.72 1.16± 0.25 2.49± 0.24

4: S2C647/A59C488(smFRET, Gdmcl) (3.3±0.5) (1.7±0.2) 1.95±0.53

4: S2C647/A59C488(smFRET, pressure) (10.1±9.3) (−260±260) (1600±3000)

4’: S2C647/A59C488(smFRET, Gdmcl) 2.6±0.5 1.4±0.2 2.00±0.67

4’: S2C647/A59C488(smFRET, pressure) 1.7±0.7 −71±27 980±780

The unfolding transition [D]H , for the denaturant unfolding of the specific labeled sample 4
and sample 4’ are in good agreement to a single molecule and an ensemble FRET-measurement
of the unspecifically labeled sample 3, that has been done by Erik Hinze (Max-Planck-research-
group: Enzymology of protein folding, Halle, Germany). Also performed tryptophan fluores-
cence experiments of the wild-type and a non labeled but mutated CspA needed less denaturant
for a 50% unfolding (see table 15). The m-values for sample 3 and 4’ are in good agreement
within the error margins and higher then for the widltype and the unlabeled CspA.

The unfolding transition of the pressure unfolding experiment is at pH = 980 bar for sample
4’. The negative change in volume of sample 4’ is about ∆V = 71ml. Unfortunately there is
no literature of an pressure unfolding experiment of CspA.

The difference in chemical potential between the unfolded and the native state at room
temperature T = 293K, atmospheric pressure p = 1bar and in the absence of denaturant
is ∆µ0, the conformational stability at atmospheric pressure without denaturant. For the
denaturant unfolding and the pressure unfolding of sample 4’ and sample 3 it is in agreement
within the error range. Also the investigation of the wildtype and the unlabeled CspA show
similar results but are a bit more stable. The thermodynamic parameters of sample 4 can not
be compared because of the unrefolded proteins.
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4.5.3 Frataxin

Another interesting two state folder is yeast frataxin because it is rather unstable at room
temperature. Even at the temperature of maximal stability a fraction of unfolded proteins
remains. Beside the consequence that it is not really pressure stable it is one of the very few
available systems where cold and heat unfolding is measurable in a narrow and easily accessible
temperature region (274K − 324K). The temperature unfolding experiment performed by
the group of Ben Schuler [77] has been compared to a pressure unfolding measurement where
the same sample has been used.

45.0 Å 

Figure 4.26: Secondary structure of the mutated protein Frataxin: Two amino-acids are cystein
mutated (green) for the unspecific fluorescence labeling of Alexa 488 and Alexa 594. The
distance between the cyteins has been calculated with the software Pymol (DeLano Scientific
LLC, San Carlos, USA) from the structure in solution [130].

FRET-histograms With a calculated fluorophore distance of d = 45Å the energy transfer
rate is much smaller for the native protein than in the CspA experiment. As mentioned before,
there is an unfolded population at room temperature and even at the temperature of maximal
stability where the folded population is maximal. A small amount of pressure of 400 bar or
a temperature increase of 31 K are enough that the folded population vanishes completely.
Also cold denaturation can be seen as the folded population decreases by decreasing the
temperature under the temperature of maximal stability TM = 289.7K.
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Figure 4.27: Comparison of the FRET-efficiency histograms of 100 pM Frataxin with increasing
pressure and increasing temperature. The Fret efficiency of the unfolded state is highlighted
with a dashed line. Temperature data taken from [77].

Unfortunately the FRET-histogram at room temperature on a coverslip is different to
the histogram in our pressure experiment in a capillary (see figure 4.28) because the native
population is smaller in the capillary measurement. This could be a consequence of capillary
inner wall effects because the protein is conformationally very unstable.
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Figure 4.28: Comparison of the FRET-measurements of Frataxin at room temperature on a
coverslip (blue) and in the capillary (purple): The native population is smaller in the capillary
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Figure 4.29: Comparison of the FRET-efficiency and the fraction of the unfolded (red) and the
native state (blue) of 100 pM Frataxin with increasing pressure and temperature.The black
line represent the point of maximal stability of the folded state. . Temperature data taken
from [77].
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Equilibrium transitions As expected, the structure of the native state stays stable both
with increasing pressure and temperature with a FRET-efficiency around E = 0.65. The
FRET-efficiency of the unfolded state is increasing with increasing temperature, whereas it
is slightly decreasing with increasing pressure. Whereas cold and pressure unfolded states in
our experiments expands with increasing pressure and decreasing temperature, heat unfolded
states become more compact with increasing temperature.

The fractions of the populations are calculated in the same way as before in the CspA-
experiment and are fitted for the pressure unfolding with the model function:

FractionD/N(p) =
1

1 + exp[±(∆µ/RT )]
(4.11)

For Frataxin the difference of the chemical potential can not be simplified as before since
there are unfolded proteins for every condition, and also cold denaturation has to be taken
into account. For the chemical potential of temperature unfolding at constant pressure of
p = 1bar, equation 2.84 at a reference point of maximal satbility TM was used:

∆µ(T, 1bar) = ∆HM − 1

2

∆CP (T − TM)2

TM

(4.12)

Hence the native and the denatured fraction is fitted by:

FractionD/N(T ) =
1

1 + exp[±[∆HM − 1
2
∆CP (T−TM )2

TM
]/RT ]

(4.13)

For the chemical potential of pressure unfolding at constant temperature of TR = 293K ,
equation 2.86 at a reference point of maximal satbility pM was used:

∆µ(293K, p) = ∆GM,293K − 1

2
·∆βT (p− pM)2 (4.14)

The native and the denatured fraction is fitted by:

FractionD/N(p) =
1

1 + exp[±[∆GM − 1
2
·∆βT (p− pM)2]/RT ]

) (4.15)

The results are summarized in table 16.

Table 16: Thermodynamic parameters of Frataxin by pressure and temperature unfolding
unfolding method ∆GM ,∆HM ( kcal

mol
) ∆Cp(

kcal
mol·K ) ∆βT ( ml

mol·bar ) pM (bar), TM (K)

pressure −0.057± 0 0.298± 0.066 −467± 84

temperature −0.0570± 0.0096 1.411± 0, 038 289.94± 0.15
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The difference in chemical potential at the temperature of maximal stability ∆µ(TM) =

∆HM , the isobaric heat capacity ∆Cp = T ∂∇S
∂T

, the isothermal compressibility ∆βT = −∂∇V
∂p

, the pressure pM and the temperature Tm of maximal stability of the native state have been
determined from a fit of the fraction curves in figure 4.29. At the point of maximal stability
the chemical potential is maximal, e.g. the folded population reaches its maximum. At
this point the difference in chemical potential between the folded and the unfolded state are
almost the same for the pressure and the temperature experiment ∆µ(TM , 1 bar) = ∆HM ≈
∆µ(293K, pM) = ∆GM . Therefore the maximal difference in chemical potential of the
pressure experiment ∆GM could be held constant at the value of ∆HM , that has been
determined from the fit of the temperature unfolding curve, during the fit of the pressure
unfolding curve. This was necessary because only a the onset of the whole unfolding tranistion
could be followed with the pressure unfolding experiment of frataxin. Otherwise the error
of the thermodynamic parameters of the pressure experiment would have become to big.
Unfortunately, there is no literature of a pressure unfolding experiment of yeast-frataxin.
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Figure 4.30: Pressure reversibility experiment: (a) FRET-effciency histograms of Frataxin at
increasing and decreasing pressure (b) Fret-efficiency of the native (blue) and the unfolded
population (red)

Reversibility The reversibility of the unfolding by pressure can easily be tested by lowering
the pressure after the increase. After increasing the pressure up to 1000 bar, which is sufficient
to completely unfold frataxin, the pressure was decreased again. The folded population was
resovered almost completely. The FRET-efficiency of the folded population decreased slightly,
which is more a consequence of the worse fitting since the error is also significant at p =

250 bar. The FRET-efficiency of the unfolded population is also slightly decreasing with
pressure, confirming the results of the preceding experiment. There is a weak hysteresis effect
visible, which is probably a consequence of the weakening of the fluorophores rather than an
expansion of the protein.
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5 Conclusion

5.1 The quality of a fluorescence measurement in the high-pressure
capillary

The curved surface of cylindrical capillaries, that have been used so far for fluorescence mea-
surements under pressure, refracts the light, which leads to an enormous change of the focal
volume and chromatic aberrations. Square bore capillaries are much more suited for single
molecule fluorescence measurements. With the new arrangement introduced in this work,
fluorescence measurements could be even further improved. FCS-benchmarks attested a mea-
surement quality for single color experiments comparable to a measurement on a coverslip.
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Figure 5.1: Fret measurement of a dsDNA solution labeled with Alexa Fluor 488 and Atto
647N (a) on a coverslip (b) with a square and (c) with a cylindrical capillary. The same sample
has been used for all three measurements.

As can be seen in figure 5.1 FRET-measurements became possible, with the use of a
square instead of a cylindrical capillary. Unfortunately the strong improvement for single color
fluorescence measurements (see section 4.2.1) that comes with the new arrangement does
not hold for multicolor measurements like FRET. An improvement with the new arrangement
compared to a bare capillary can be seen, but it is not as powerful as expected from the FCS
benchmark because of chromatical aberrations, resulting in a z-shift between the donor and
the acceptor foci, that has been measured with a focal volume benchmark (see figure 4.9 and
figure 4.8). One reason is the different material of fused silica, as could be stated from a
fused silica coverslip measurement, that lies qualitatively between the new arrangement and
the standard coverslip (see figure 5.2). Also, the imperfect shape of the inner and outer wall
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5.2 Protein unfolding by pressure

of the capillary (see figure 3.3 and Apendix A.2) is contributing to this result. Other possible
reasons are the glass quality of the capillary and the refractive index matching gel.
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Figure 5.2: Maximal number of events of a FRET-histogram versus mean average number of
molecules in the focal volume an a coverslip (rectangles), the bare capillary (circles), the new
arrangement (triangles), a fused silica coverslip (cross-rectangles) and the new arrangement
with a cylindrical capillary (cross-circle). The results of the dsDNA labeled with Alexa488/594
are shown in orange and the results of the Alexa488/Atto 647N labeled dsDNA in red. The
FRET-benchmark with the same sample are filled black and the benchmark measurements
with the same mean number of donor molecules are on the dashed lines.

To give an overview, in figure 5.2 the maximal number of events of a histogram versus
the mean average number of molecules in the focal volume are plotted for different arrange-
ments and for the two dye-couples. Here one can also see that the differences between the
arrangements vary dramatically with the sample concentration and the used dye-pair. For all
used concentrations and samples, the measurement quality could be improved with the new
arrangement but is not as good as on a coverslip.

5.2 Protein unfolding by pressure

After reproducing the preparation methods and the handling of the capillary according to the
work of Gratton et al. [56, 60], but using a square instead of a cylindrical capillary, 50% of
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5.2 Protein unfolding by pressure

all pressure tests of the capillary up to 2000 bar have been successfull. Then the amount of
pressure in the capillary has been approved by measuring the pressure dependent fluorescence
lifetime of Alexa 488 and compared to literature. As a negative control, the FRET-efficiency
of a pressure stable fluorescently labeled dsDNA has been measured and no pressure artifacts
have been found.

Three different proteins have been investigated under pressure: The multidomain protein
SlyD, the two state folder CspA and the intrinsically unfolded yeast-Frataxin.

SlyD was chosen to investigate the influence of pressure on the conformational equilibrium
of the two conformations: open and closed. An unfolding by pressure with the addition of
2 M Gdmcl has been successful, but unfortunately the FRET measurement quality was not
sufficient to seperate and fit the different conformations in the FRET-histograms.

CspA has been investigated because it is a simple two state folder and as such a well
investigated folding model protein. Only one folded population needs to be separated from an
unfolded population in a fit of the FRET-histograms. 2 kbar has been sufficient to completely
unfold the protein. Comparing the FRET efficiencies obtained by applying pressure with those
under increasing denaturant concentration reveals a striking difference in the behaviour of
the denatured protein: whereas the unfolded chain is expanding by increasing the denaturant
concentration, its size remains almost constant when the pressure is increased. This expansion
of the denatured state by increasing denaturant concentration is a consistent finding in all of
the free diffusing experiments, first unequivocally demonstrated for CspTm [133], has been
observed in chymotrypsin inhibitor 2 [134, 29], acyl-CoA binding protein [29], RNase H [135,
136], protein L [137, 138], the B domain of protein A [139], the immunity protein Im9 [140],
and the prion-determining domain of Sup35 [141]. No literature has been found about the
behaviour of the unfolded protein CspA with increasing pressure. The difference in chemical
potential between the native and the unfolded state at atmospheric pressure and without
denaturant coincide within the error range for the denaturant and the pressure experiment and
is about ∆µ0 = 2kcal/mol. The difference in volume between the native and the unfolded
state, determined by pressure unfolding, is about ∆V = −70ml, and the unfolding transition
is at [Gdmcl]H = 2M and pH = 1kbar.

Frataxin was chosen because of its conformational instability, which makes it perfect to
study the unfolded state. The protein is never completely folded, hence an unfolded population
always remains. Comparing the FRET efficiencies of an pressure unfolding experiment with
a cold and heat denaturation experiment performed by the group of Ben Schuler, a different
behaviour of the unfolded state can be seen. Whereas the extension (size) of the unfoilded
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chain is decreasing constantly with temperature, it is only slightly increasing with pressure. So
whereas cold and pressure unfolded states in our experiments expands with increasing pressure
and decreasing temperature, heat unfolded states become more compact with increasing tem-
perature. Explicit investigations of the size of the pressure unfolded state do not exist yet, an
investigation of the heat, cold and pressure unfolding of ribonuclease A by NMR spectroscopy
by Jonas et al. [143]. On the basis of the hydrogen-deuterium exchange rates it was concluded
that the cold and pressure denatured RNase A molecules contain some partial secondary struc-
ture, in contrast to the thermally denatured one. Analyzing the secondary structure sensitive
amide I region of the FTIR spectrum of myoglobin, a similar conclusion has been found [144].
Griko and Kutyshenko also found that the cold and heat denatured phases of L-lactoglobulin
are different [145]. By a NMR measurements they concluded that the network of residual
interactions is more extensive in the cold denatured state than in the heat unfolded one.

Because only a small portion of the whole unfolding behaviour could be followed with the
pressure unfolding experiment of frataxin, the value of the maximal difference of the chemical
potential ∆HM = −0.06 kcal

mol·K of the temperature unfolding experiment was used and held
constant for the fit of the pressure unfolding curve. Otherwise the error of the thermodynamic
parameter of the pressure experiment would have become to big. The compressibility is
∆βT = 0.3 ml

mol·bar and the pressure of maximal stability is pM = −470 bar. No literature
has been found about the behaviour of the unfolded protein Frataxin with increasing pressure.
For a next pressure unfolding experiment Frataxin should be stabilized with the addition of
50−100mM sodium phosphate to cover the complete unfolding transition with the experiment.

6 Outlook

Either the reduction of the pressure range by the use of a coverslip-based arrangement as in
the work of Vass et al. [131], where the pressure is limited to 1200 bar or a custom made
square capillary which is very expensive (10.000 $) will improve the optical conditions. An
other approach was made by Haver et. al. [132], where they improved the image contrast of
a cylindrical capillary by spatial deconvolution. Although this was an approach to improve the
imaging, spatial deconvolution could be also used for single molecule fluorescence. To find a
compromise between price, optical quality, and pressure stability, an arrangement where the
optics of a cylindrical capillary were improved by the same arrangement, that we used in our
work for the square capillary, has been used and surprisingly showed as good FRET-histograms
as with the square capillary (crossed circle in figure 5.2). So for two color experiments, the
cylindrical capillary immersed in a refractive index matching liquid on a fused silica coverslip
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could be a good compromise between optics and pressure stability because the cylindrical
capillary can hold much higher pressure up to 4 kbar.
A better pressure stability would also facilitate the unfolding experiments, making it possible
to measure at much more pressure steps. More measurement points results in better, more
trustworthy, values with a smaller error range. Also the measurement time can be expanded
with more stable capillaries, leading to histograms with more FRET-events, allowing a better
separation of different populations.
The temperature setup can be used for temperature experiments below T = 40°C. A com-
bined pressure and temperature experiments is the next step, enabling to determine a p-T-
phase diagram of a protein. Also the investigation of the effect of a combined change of
pressure and temperature is of great interest onto the size of the unfolded chain. (For exam-
ple, what is the behaviour of the pressure unfolded state by increasing temperature or vice
versa) The main reason for the limited temperature range is the loss of heat via the objective
because the objective must not be exposed to temperatures above T = 40°C. With a more
durable and better isolated objective the temperature regime can be expanded. A custom-
built temperature-controlled sample holder employing Peltier elements used by Ben Schuler
[77] could also enable a cooling of the sample.
There are also many other biochemical applications beyond protein unfolding for a single
molecule detection under pressure because of the low concentration needed and the differ-
entiation ability of the method. Fluorescence correlation spectroscopy (FCS) for example is
very sensitive and demands only low concentration. This reduces aggregation and allows to
investigate the effect of pressure on binding equilibria with nanomolar and subnanomolar dis-
sociation coefficients. Also to visualize local and morphological changes of the membrane of
lipid vesicles due to high pressure, single molecule fluorescence under pressure can be used
[142], to gain a better understanding of biological membranes.

A Appendix

A.1 Capillary handling

The capillary should be handled with special care. Any bending or other mechanical shock
leads to a capillary that will not hold the pressure and is making the capillary useless for a
pressure experiment.

1. Cut a 20 cm long piece of the capillary with scissors.
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A.1 Capillary handling

2. Clean the capillary with acetone

3. Preparation of the glue:

-Latex or Nitrile gloves are required in order to reduce any dermal exposure

-Check if the epoxy resin (part A) is not crystallized. Subjecting the resin to a temperature
of 40-50°C for a 4 hours is sufficient to remelt the crystals.

-Add 100 parts (weight: 2.85 g) of Epotek 301-2 part A and mix it with 35 parts of Epotek
301-2 part B ( weight: 1.00 g). Be sure to mix it slowly with a stirring staff to avoid air
entrapment.

-Centrifuge the mixture

4. Put the pressure plug in the capillary holder, the capillary in the pressure plug and then
the capillary holder in the oven

5. Fill in the prepared glue with a syringe into the pressure plug. Use a cut pipette tip on top
of the syringe to have a clean and sensitive syringe.

6. Bake the capillary for 3.5 hours at 80°C

7. Remove a 2 cm long area of the protection layer by the flame of a blowtorch (only
propane) to form an observation window. Be sure that the window will be at the right
position before you start and clean the observation window with acetone.

8. Remove a 1 cm long area of the protection layer by the flame of a blowtorch (only
propane) at the tip of the capillary and clean it with a dry tissue

9. Fill in the sample solution of interest by capillary force, dipping the end of the capillary
into the solution

10. Check the filling by a microscope. There must be two sample liquid surfaces bended in
the direction of the sample liquid and the capillary should be at least 50% filled. If the filling
failed, try to remove the sample with compressed-air and start again.

11. Close the capillary, by touching the very end of the capillary by the flame of a blowtorch
(propane and oxygen)
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A.2 Pictures of the square fused silica capillary taken with a Koyence VHX5000 digital
microscope

12. Dip the other end of the capillary in silicon oil to separate the sample from the
pressurizing liquid

13. Connect the pressure plug to the pressure gland and use it to connect the capillary to the
screw piston pump

14. Do not use much power to tighten the gland. Fasten the screw with two fingers and a
screw wrench only!

15. Good luck!

A.2 Pictures of the square fused silica capillary taken with a Koyence
VHX5000 digital microscope

Figure A.1: Cross section of the capillary
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A.2 Pictures of the square fused silica capillary taken with a Koyence VHX5000 digital
microscope

Figure A.2: Cross section with measured wall thickness

Figure A.3: Cross section of the cavity of the capillary
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A.2 Pictures of the square fused silica capillary taken with a Koyence VHX5000 digital
microscope

Figure A.4: Measured dimensions of the cavity of the capillary

Figure A.5: Capillary from above
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A.3 Calculation of the optimal relation between the fused silica and the borosilica thickness
for a compensation of the refractive index difference

A.3 Calculation of the optimal relation between the fused silica and
the borosilica thickness for a compensation of the refractive
index difference
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Figure A.6: Optical path in fused silica (red) and borosilicate (black): with the optimal relation
between fused silica thickness d and borosilicate thickness y the difference in refractive index
can be compensated.

d1 = y · tan(αBD) (A.1)

d2 = y · tan(αQD) (A.2)

a = d2 − d1 = y · [tan(αQD)− tan(αBD)] (A.3)

Law of sines:
a

b
=

sin(γ)

sin(δ)
(A.4)
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A.4 Influence of the correction collar at the xy-cross section of the focal volume

b = a
sin(δ)

sin(γ)
= y · [tan(αQD)− tan(αBD)]

sin(αQD + 90)

sin(β − αQD)
(A.5)

d = y + dy = y + b · cos β = y + y · cos β[tan(αQD)− tan(αBD)]
cos(αQD)

sin(β − αQD)
(A.6)

Snell’s law:
n1

n2

=
sin(α2)

sin(α1)
(A.7)

αBD = arcsin(
nwater

nBD

sin β) = arcsin(
1.33

1.53
sin β) (A.8)

αQD = arcsin(
nwater

nQD

sinβ) = arcsin(
1.33

1.46
sin β) (A.9)

d

y
= 1 + cosβ[tan(arcsin(

1.33

1.46
sinβ))− tan(arcsin(

1.33

1.53
sinβ))]

cos(arcsin( 1.331.46 sinβ))

sin(β − arcsin( 1.331.46 sinβ))
(A.10)

A.4 Influence of the correction collar at the xy-cross section of the
focal volume
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Figure A.7: Influence of the correction collar (13-19) at the xy-cross section in the center of
the focal volume of the acceptor (red) and the donor (green) focus for (a) the Alexa Fluor
488/Alexa Fluor 594-setup and (b) the Alexa Fluor 488/Atto647N-setup. The radius of a focal
volume is defined as the distance from the center of the focal volume to the position where
the intensity decreased to 1/e2 of the maximal Intensity in the center of the focal volume.
The sample was excited with the donor excitation wavelength of 488 nm.
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A.5 FRET-efficiency histograms of the unspecifically labeled cold-shock protein A

A.5 FRET-efficiency histograms of the unspecifically labeled cold-
shock protein A

Also the unspecifically labeled CspA (sample 3) has been investigated with FRET. Here the
unfolded peak at atmospheric pressure vanishes also for the pressure measurement in the
capillary. Unfortunately the unspecific labeling lead to a pressure stabilization of the protein
and 2000 bar was not enough pressure to unfold the protein. Also the addition of 1.3 M Gdmcl
did not lead to a complete pressure unfolding. The denaturant unfolding on the other hand
was similar to the precedent measurements.

FRET efficiency
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Figure A.8: Sample 3: Comparison of the FRET-efficiency histograms of 100 pM cold-shock
protein A of the second unspecifically labeled stock, with increasing pressure, increasing denat-
urant concentration guanidiniumchloride (GdmCl) and increasing pressure with the addition
of 1.3 M Gdmcl .
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A.6 Fluorescence intensity measurement under pressure

A.6 Fluorescence intensity measurement under pressure

As we measure FRET by the fluorescence intensity according to eq. 2.22, the pressure depen-
dency of the fluorescence intensity of the fluorophores has to be investigated. According to
our measurement (figure A.9) the fluorescence intensity of Alexa 488 and Atto 647N is not
pressure dependent.
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Figure A.9: Mean fluorescence intensity of (a) Alexa 488 and (b) Atto 647N under pressure
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