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Abstract

Over the last few decades, single-molecule FRET has become a valuable tool
enlightening the fields of molecular conformational dynamics, folding and
structure determination of biological macro-molecules. However, quantita-
tive statements about any parameter obtained using FRET are based on a
precise calibration of the acquired data, among others taking into account
the properties of the FRET-pair used. In this work, two methods are devel-
oped and established that facilitate this calibration by means of confocal
microscopy, automatically allowing a sample characterization under appli-
cation relevant conditions, i.e. close to the single-molecule level. To assess
the orientation factor entering the Forster radius calculation, time-resolved
anisotropy measurements are performed. In this regard, the depolarization
effects induced by the use of a high numerical aperture objective have to be
taken into account by two correction factors. These are precisely determined
by combining an extended experimental calibration procedure adjusted to
the temporal resolution of the setup at hand with theoretical predictions con-
sidering the exact measurement conditions. To determine the fluorescence
quantum yields of donor and acceptor used in the FRET efficiency calcula-
tion, the linear relation between the molecular brightness, made accessible
by Fluorescence Correlation Spectroscopy, and the fluorescence quantum
yield in the limit of low excitation intensities is exploited. Based on this, the
presented quantum yield determination method lowers the needed amount
of sample by a factor of around thirty as compared to a commonly applied
optical method, but still provides at least the same precision. As compared
to fluorescence lifetime based quantum yield determination methods, the
novel approach is more comprehensive as it is sensitive not only to dynamic,
but also to static fluorescence quenching. Hence, apart from its relevance
for smFRET, a reliable characterization of biological samples with limited
expression yields is made possible. With these two methodical develop-
ments available, smFRET data of structurally rigid, double-stranded DNA-
oligonucleotides in aqueous buffer and in buffers with specific amounts
of glycerol, guanidine hydrochloride and sodium chloride added are ana-
lyzed. It is demonstrated that the calculation of inter-dye distances, without
taking into account solvent-induced spectral and photo-physical changes
of the labels, leads to deviations of up to 4 A from the real inter-dye dis-
tances and furthermore to a misinterpretation of the underlying structural
changes. Additionally, it is experimentally shown that electrostatic dye-
dye repulsions are negligible for the inter-dye distance regime considered
here (> 50 A ). Expanding the given framework of accessible volume cal-
culations by taking into account the electrostatic interaction potential of
donor and acceptor in the respective solvent environment, these findings
are supported by theoretical predictions. Finally, all methodical approaches
and experimental /theoretical findings are combined to validate the further
compaction of the already unfolded state of the protein Phosphoglycerate
Kinase (PGK) with decreasing concentrations of denaturant, a mechanism
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known as coil-globule transition.
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Zusammenfassung

Immer wieder werden mit Hilfe von Forster Resonanz Energie Transfer
(FRET) Messungen auf Einzelmolekiilniveau wertvolle Erkenntnisse in den
Bereichen der molekularen Konformationsdynamik, der Faltung und der
Strukturaufkldarung von biologischen Makromolekiilen erlangt. Quantita-
tive und prézise Aussagen konnen dabei nur mittels einer genauen Kalib-
rierung der erhobenen Daten gewonnen werden, welche unterem anderen
die Eigenschaften der als FRET-Paar eingesetzten Farbstoffe berticksichtigen
muss. In dieser Arbeit werden zwei Methoden entwickelt und etabliert,
die es ermoglichen die bendtigte Farbstoffcharakterisierung mit einem Kon-
fokalmikroskop durchzufiihren, folglich konnen die betrachteten FRET-
Proben unter anwendungsnahen Bedingungen, d.h. nahe dem Einzel-
molekiilniveau vermessen werden. Zuerst wird der fiir die Berechnung
des Forster Radius benétigte Orientierungsfaktor mittels zeitaufgeloster
Fluoreszenzanisotropie Messungen abgeschitzt. Durch die in der Kon-
fokalmikroskopie verwendeten Objektive mit hoher numerischer Apertur
konnen dabei Depolarisationsartefakte auftreten, die durch zwei Korrek-
turfaktoren berticksichtigt werden miissen. Die prazise Bestimmung dieser
Korrekturfaktoren wird in dieser Arbeit mit Hilfe der Kombination von
theoretischen Vorhersagen mit einer erweiterten experimentellen, an das
zeitliche Auflosungsvermogen des Systems angepassten Kalibrierungsproze-
dur erreicht. Um die Fluoreszenzquantenausbeuten von FRET Donor und
Akzeptor zu bestimmen, die direkt in die Berechnung der FRET Effizien-
zen eingehen, wird die lineare Abhédngigkeit der molekularen Helligkeit,
zugéanglich durch die Methode der Fluoreszenz Korrelations Spektroskopie,
von der Quantenausbeute im Grenzbereich kleiner Anregungsintensititen
ausgenutzt. Die darauf basierende Methode zur Quantenausbeutenbestim-
mung benotigt im Vergleich mit anderen hdufig verwendeten optischen
Verfahren nur einen Bruchteil (ca. drei Prozent) der Stoffmenge und ist den-
noch mindestens genauso prézise. Durch ihre Sensibilitét fiir dynamische
und statische Fluoreszenzausloschung ist die neu etablierte Methode zudem
umfassender als andere Verfahren. Neben der Charakterisierung von Einzel-
molekiil FRET Proben ist sie generell zur Vermessung von (biologischen)
Proben mit geringer Stoffmengenausbeute geeignet. Mit Hilfe der genann-
ten methodischen Entwicklungen werden dann Einzelmolekiil FRET Daten
von strukturell rigiden, doppelstrangigen DNA Oligonukleotiden in reinem
wassrigem Puffer und in Puffer mit bestimmten, hinzugegebenen Men-
gen von Glycerol, Guanidinhydrochlorid und Natriumchlorid analysiert.
Es wird gezeigt, dass ohne die Korrektur von Solvens-induzierten photo-
physikalischen und spektralen Anderungen der fluoreszierenden Marker
die berechneten Abstdnde zwischen Donor und Akzeptor-Farbstoff um bis
zu 4 A von den realen Abstinden abweichen und zudem die zugrunde
liegenden strukturellen Prozesse fehlinterpretiert werden. Zudem wird
experimentell demonstriert und theoretisch untermauert, dass die elektro-
statische Farbstoff-Farbstoff Repulsion fiir die betrachteten Abstande (> 50 /i)
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vernachldssigbar klein ist. Zuletzt werden alle methodischen Entwicklungen
und experimentellen/theoretischen Resultate kombiniert um Erkenntnise
tiber den schon entfalteten Zustand des Proteins Phosphoglyceratkinase in
Abhiangigkeit von der Denaturierungsmittelkonzentration zu gewinnen.
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Chapter 1

Introduction

In 2014, with the Nobel prize in chemistry awarded to Moerner, Hell and
Betzig for the development of super-resolved fluorescence microscopy, the
scientific relevance and inter-disciplinary future potential of single-molecule
techniques was impressively acknowledged. Although the Nobel prize com-
mittee’s focus was set on the conceptual developments needed to transcend
Abbe’s diffraction limit of A/2 to resolve structures that are only 20 nm (or
even less) apart [1, 2], unquestionable single-molecule microscopy/spectros-
copy in general has opened the doors to ground-breaking new insights
[3].

Taking a few steps back, the first observation of single pentacene mole-
cules in a p-terphenyl host crystal at cryogenic temperatures was achieved
almost thirty years ago [4—6]. Shortly after that, the first observation of single
fluorescent Rhodamine-6G molecules in solution at room temperature [7]
proved that single-molecule fluorescence measurements had the potential
to become a valuable tool not only in the physical but also the life sciences.
At that time, measurements in solution were performed with the help of a
flow-cell and the required signal-to-noise ratio was achieved by means of
the temporal discrimination between scattered and fluorescence photons.
By employing a laser beam focused by a high numerical aperture objective
and a confocal pinhole, the number of scatterers contributing to the signal
could be significantly reduced, hence circumventing the need of temporal
gating in single-molecule detection [8]. Still nowadays, and more specifically
in this work, epi-fluorescence confocal microscopy setups equipped with
single-photon sensitive detectors (like single-photon avalanche diodes or
photo-multiplier tubes) and time-correlated single-photon counting electron-
ics are frequently employed for measurements of single molecules diffusing
in solution [9]. Analyzing the bursts of fluorescence created by each molecule
during its transit through the confocal volume, information about, for exam-
ple, spectral identity, brightness, rotational and translational diffusion and
fluorescence lifetime can be obtained [10].

As distinct from ensemble measurements yielding an average value of
the considered experimental variable, single-molecule measurements pro-
vide the complete probability distribution function of a given parameter.
This is of specific importance considering the heterogeneous, unsynchro-
nized and dynamic systems commonly studied in the life sciences, like
proteins in differently folded states, conformations or stages of an enzymatic
cycle for instance. Obviously, assuming an adequate temporal resolution,
also rare intermediates can be identified by single-molecule methods that
would get lost in the shuffle otherwise [11]. Additionally, single-molecule
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fluorescence spectroscopy does not only facilitate the determination of sev-
eral sub-states in a given sample, but also allows to analyze whether these
sub-states are static or inter-convert dynamically [12].
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Figure 1.1: Top: Protein folding pathway depicted as one of multiple routes through
arugged, funneled free energy landscape, with a minimum corresponding to the na-
tive state and a width representing the conformational entropy [13]. Bottom: Three
dimensional structure of a protein in its native (right), an intermediate (middle) and
an unfolded state (left). Labeled with donor (blue) and acceptor (red) fluorophore
at both ends, the extent of FRET efficiency decreases from the native over the in-
termediate to the unfolded state. The corresponding transfer efficiency histograms
are schematically shown below. Without the functionality of single-molecule FRET,
only an average efficiency value would be assessable. Fictional protein structure
generated with the help of PDB-files 2n6h and 1AL1 and Pymol.

One of the most powerful techniques in the context of dynamic structural
biology is Forster Resonance Energy Transfer, in the following abbreviated
as FRET [14-16]. FRET describes the non-radiative transfer of energy from
a donor (D) to an acceptor (A) fluorophore, with the efficiency of transfer
(E) depending on the so-called Forster radius (Rg) of the employed FRET
pair and the distance between D and A. Hence, attaching D and A to specific
positions of a (biological) target macro-molecule, FRET can be used as a
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spectroscopic nanometer ruler [17]. Demonstrated in ensemble already
fifty years ago, due to the required chemical and technical improvements
the first single-molecule FRET (smFRET) measurement in solution was
performed thirty years later, validating once more the distance-dependency
of FRET with the help of fluorescence labeled rigid DNA oligonucleotides
[18]. Among others, smFRET was subsequently employed to decipher the
folding pathways (see figure 1.1) and conformational dynamics of several
proteins [19-27] and proved its capability of macromolecular structural
modeling [28-30] and the enlightenment of aggregation processes [31-33].
Focusing on fluorescence intensity based smFRET measurements, the
transfer efficiency is calculated burst-wise using the number of photons
emitted by the directly excited donor (Fp) and the FRET excited acceptor
(Fa). Additionally, excluding confocal volume mismatches, E depends on
the wavelength dependent transmission/detection efficiencies gp a of the
setup at hand and the fluorescence quantum yields of D and A, ¢gp a [34]:

Fy

1
R =
L+ (F224)°  Fu+ iﬁg 2 Fp

E =

Obviously, the reliability of the obtained FRET efficiencies and, maybe even
more important, the corresponding inter-dye distances (Rpa) crucially de-
pend on the precise knowledge of the calibration parameters gp a, $ap a
and Ry. Here, the Forster radius is determined by the spectral overlap of
donor and acceptor, the refractive index of the fluorophore environment, the
donor quantum yield and the relative orientation of the transition dipole
moments of D and A [34]. As the spectral, photo-physical and electrostatic
signature of D and A can vary significantly with the characteristics of the
surrounding environment, for instance the refractive index, the viscosity
and the polarity [35-37], naturally the FRET calibration parameters should
be determined under application relevant conditions. Hence, one aim of
this thesis is to accurately determine the needed calibration parameters in
the shortest amount of time and to the largest possible extent at (close to)
single-molecule concentrations with the help of confocal microscopy.

In this regard, one focus is set on time-resolved anisotropy (TRA) mea-
surements performed with a confocal setup. Commonly, TRA decays are
measured with the help of fluorescence spectrometers equipped with a lin-
early polarized pulsed laser, photo-multiplier tubes and electronics record-
ing the fluorescence intensity of the two orthogonal polarization components
at specific delay times after the excitation pulse. The laser light and the flu-
orescence emission are focused/collected under small angles providing
a close to parallel excitation and detection geometry, hence, all standard
TRA decay models are adjusted to this situation [38]. As distinct from that,
considering confocal microscopes equipped with high numerical aperture
objectives, the excitation light is strongly focused and the fluorescence emis-
sion collected under large angles, which leads to depolarization artifacts and
consequentially the need of setup adapted TRA decay models. Already in
the 1970s, Dragsten [39] and Axelrod [40] mentioned high-aperture fluores-
cence detection depolarization effects in steady-state polarization measure-
ments and derived the mathematical treatment needed to take these into
account. About twenty years later, Koshioka et al. focused on time-resolved
anisotropy measurements performed with a confocal microscope, facing the
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problem of a high aperture detection and excitation geometry. With a more
pragmatic approach, they proposed an experimental calibration procedure to
adjust the high-aperture parallelly and perpendicularly polarized emission
components to the traditional parallel beam emission components with the
help of two depolarization correction factors (k; and ky). Shortly after that,
Ha et al. presented a theoretical framework for, and an experimental study
of the polarization spectroscopy of single, surface-immobilized molecules
[41]. Finally, another ten years later, Fisz also derived a complete theoretical
prediction of k; and k;, taking into account the high-aperture excitation
and detection geometry as well as the Gaussian beam intensity profile [38,
42]. Although the calibration procedure described by Koshioka et al. is in
principle straightforward, it has to be taken into account that the tempo-
ral resolution of the photo-multiplier tubes employed in their work was
around 20 times better than the one of the single-photon avalanche diodes
employed in this and other works focusing on single-molecule spectroscopy.
To circumvent this problem, in this work an extended measurement proto-
col is established, using a fluorophore in a whole set of glycerol solutions
with increasing refractive indices and viscosities. For each test sample, the
depolarization parameters are determined and with the help of a support-
plane-analysis [43] the corresponding confidence intervals are calculated,
allowing an estimation of the parameter reliability. In combination with the
theory of Fisz, a precise determination of the two depolarization correction
factors is facilitated. Having adjusted the TRA models to the given confocal
setup, the orientation factor k? entering the Forster radius calculation can be
assessed.

Another focus is set on the quantum yield determination of the fluores-
cent markers. Besides its importance for the calculation of FRET efficiencies,
the quantum yield can be considered as one of the key parameters char-
acterizing a fluorophore, as it defines to which extent absorbed photon
energy is converted into fluorescence emission [43]. Hence, together with
the photo-destruction yield, it assesses the suitability of a fluorophore for
ultra-sensitive spectroscopy [44, 45]. Nowadays, quantum yields are com-
monly determined by comparison of the integral fluorescence emission of a
sample with unknown quantum yield and a reference sample with known
quantum yield under identical measuring conditions for solutions of known
optical densities [46—48]. Practically, the set of absorption and emission
spectra is obtained by varying the fluorophore concentrations. Thus, only
an absorption spectrophotometer and a fluorescence spectrophotometer are
needed, which makes this method attractive to many groups. However, to
achieve an adequate accuracy with this method, cuvettes with long path
length are required resulting in a large sample consumption. In this work, a
new method for the quantum yield determination exploiting the advantages
of confocal microscopy based Fluorescence Correlation Spectroscopy (FCS)
is established. FCS makes use of fluorescence intensity-fluctuations to, for
example, determine the diffusion properties, photo-physical characteristics
or chemical rate constants of a sample as well as the average number of
molecules in the confocal effective volume [49, 50]. The latter can be used to
determine the molecular brightness (MB) of a sample, defined as the fluores-
cence count rate per molecule and time for a specific excitation photon flux
and the given setup. Working in a limit of low excitation intensities, the MB
is proportional to the underlying sample quantum yield. Hence, comparing
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the MB of a reference sample to the MB of a sample with unknown quantum
yield, the latter can be assessed.

After a derivation of the needed theoretical framework, the experimen-
tal implementation of the new method, further on called liFCS approach,
is explained step-by-step. The analysis of FCS curves and the resulting
output parameters depend on the assumed shape of the underlying effec-
tive volume, which can be approximated by a 3D Gaussian distribution
under specific conditions. As most confocal microscopes are equipped with
water-immersion objectives, these conditions are most likely fulfilled under
design conditions, which correspond to measurements in sample solvents
of a refractive index close to the one of water. As distinct from that, using
sample solvents with a refractive index value mismatching the default one
potentially leads to a significant distortion of the effective volume [51, 52].
Supported by theoretical estimations and validating experiments a measure-
ment protocol erasing the impact of a refractive index mismatch is developed
to make the liFCS approach applicable to fluorescent specimen in solvents
of arbitrary refractive index. By means of proof-of-principle measurements,
the accuracy and precision of the determined quantum yields is evaluated
and compared to other approaches. Additionally, it is demonstrated that in
combination with fluorescence lifetime measurements, the liFCS approach
can be used to determine static and dynamic quenching constants. Another
benefit of the liFCS approach is that the needed sample concentrations lie in
the sub-nanomolar regime and the required sample volumes in the pl range.
This means that also rather complicated biological systems relying on cell-
free expression with low yields can be characterized [53, 54], just as samples
with a strong, concentration-dependent oligomerisation/aggregation ten-
dency [55]. Additionally, as distinct from other approaches working at close
to single molecule sample concentrations, no surface-immobilization of the
fluorescent particles and no additional, custom-build devices are required
[56-58].

As already mentioned before, the FRET calibration parameters should
always be determined under the real measurement conditions, which is
directly clear considering the broad range of biophysical experiments con-
ducted under strongly varying solvent properties. For example, coming
back to protein (un)folding experiments, concentrations of up to 6 M of the
chemical denaturant Guanidine Hydrochloride (GdnHCI) are frequently
employed, changing the refractive index n from 1.33 to 1.43 [59]. Simulta-
neously, the dielectric constant decreases by more than 50 % whereas the
viscosity increases by a factor of 1.6 as compared to aqueous buffer [60,
61]. Furthermore, to study B-to-Z-DNA transitions [62], to determine the
thermodynamic parameters describing the salt dependent duplex formation
of DNA [63] or to evaluate the effect of Hofmeister ions on alpha-helical pro-
tein structures [64], salt-concentrations in the molar range have to be used,
which implies a decrease of the Debye length and the dielectric constant
[65]. In addition, to stabilize samples or elongate the observation time win-
dow of smFRET measurements, specific amounts of Glycerol can be added
to solutions [66, 67], which has a strong effect on the refractive index and
viscosity of the solution [68]. Although providing most interesting insights,
the performance of smFRET in the cell is technically challenging and hence
only a few realizations of this complicated tasks have been published, see
for instance [69-72]. Hence, particularly in the recent past, buffers crowded
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Figure 1.2: Left: Time-resolved small-angle X-Ray scattering profiles of protein
L at equilibrium at 1 M (folded), at equilibrium at 4 M GdnHCI (unfolded), and
transiently before folding on transfer to denaturant concentrations as low as 0.67
M. Within experimental uncertainty, the scattering profiles of the different un-
folded states coincide. This suggests that the unfolded chain does not change its
dimensions before folding. Right: Equilibrium smFRET efficiency histograms for
fluorescently labeled protein L at varying GdAnHCI concentrations. Here, the al-
ready unfolded state appears to expand with increasing denaturant concentrations,
a process called coil-globule transition. Figure copied from reference [73].

with macro-molecular agents like Polyethylenglycol (PEG), Dextran or Fi-
coll have been frequently used to artificially mimic the cytosol of the cell
[74-80], resulting in changes of the refractive index and of the microscopic
viscosity that can be hard to assess [81]. Using so-called crowding sen-
sors, the FRET efficiency observed in an artificially crowded environment is
compared to the FRET efficiency observed in the cell to draw conclusions
about the cellular interior [82]. Obviously, a large number of experiments
are commonly done in additive-enriched aqueous solutions, making the
evaluation of possible solvent-induced artefacts in smFRET data a relevant
issue extensively treated in this thesis. Another motivation to tackle this
question is given by the fact that several comparative studies of GAnHCl
induced unfolded states of proteins showed a significant disagreement be-
tween smFRET and small-angle X-ray scattering (SAXS) data (see figure 1.2).
This raises the question whether the compaction of the unfolded state upon
decrease of denaturant concentration (coil-globule transition) observed by
smFRET might be a consequence of disregarded calibrations or electrostatic
repulsions between the negatively charged fluorescent markers employed
in all cases [73, 83, 84]. In summary, the last aim of this thesis is to system-
atically evaluate the importance of solvent characteristics with respect to
smFRET parameters. As a first step, double stranded DNA oligonucleotides
are used to assess the importance of electrostatic dye-dye interactions in a
distance regime typically considered in protein unfolding measurements.
To complement the experimentally obtained inter-dye distances, theoretical
predictions taking into account electrostatic dye-dye repulsions are made.
Furthermore, aiming to rule out that the discrepancy between scattering and
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smFRET measurements of denatured proteins originates from artifacts due
to the complex composition of the solution, the impact of denaturant on
the two-domain protein Phosphoglycerate Kinase (PGK) is monitored. By
eliminating possible artifacts in the inter-dye distance determination, the ex-
istence of a coil-globule transition beyond the classical unfolding transition
is validated.






Chapter 2

Materials

If not stated otherwise, chemical consumables are purchased from Sigma-
Aldrich, St. Louis, USA.

2.1 Fluorophores

e Alexa Fluor 488-C5 maleimide/NHS-Ester (AL488), ThermoFisher
Scientific, Waltham, USA

e Alexa Fluor 647-C2 maleimide/NHS Ester (AL647), ThermoFisher
Scientific, Waltham, USA

o Fluorescein (FL), Reference dye kit, Life Technologies, Carlsbad, USA
o Atto 655 NHS-Ester (AT655), ATTO-TEC GmbH, Siegen, Germany
o Atto 488 NHS-Ester (AT488), ATTO-TEC GmbH, Siegen, Germany
o Atto 647N NHS-Ester (AT647N), ATTO-TEC GmbH, Siegen, Germany

° TetraspeckTM Microspheres, 0.1 pum, ThermoFisher Scientific, Waltham,
USA

In all measurements using unattached AL488 and AL647, the NHS-Ester
variant is used, as it was observed to be more stable concerning its photo-
physical properties than the unattached maleimide variant.

2.2 Bio-molecules

2.2.1 DNA oligo-nucleotides

Double-stranded DNA (dsDNA) samples were prepared by hybridization
of complementary single-strands as described in reference [85].

e Labeled (AL488 or AL647) single strands, Purimex, Grebenstein, Ger-
many

e Unlabeled single strands, Eurofins, Aachen, Germany
The sequences of the single-strands are:

Donor-strand I:

5- GGA CTA GTC TAG GCG AAC GTT TAA GGX GAT CTC TGT TTA
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CAA CTC CGA - 3
Donor-strand 1I:

5- GGA CTA GTC TAG GCG AAC GTT TAA GGC GAT CTC XGT TTA
CAACTCCGA -3

Acceptor-strand:

5-TCG GAG TTG TAA ACA GAG ATC GCC TTA AAC GXT CGC CTA
GACTAGTCC -3’

Here, X denotes a thymine nucleobase with a fluorophore bound to its
methyl-group via a C6 amino linker. Hybridization of donor-strand I with
the acceptor-strand results in a distance of 10 base-pairs in between the
dye-attachment points, whereas the hybridization of donor-strand II with
the acceptor- strand yields a distance of 17 base-pairs.

2.2.2 Phosphoglycerate Kinase (PGK) from Saccharomyces cere-
viseae

The production and labeling of single- and double-mutants of PGK is de-
scribed in detail in reference [86]. In this work, the double cysteine mutant
PGK €975 S1C Q135C and the respective single cysteine mutants are em-
ployed. In all cases, AL488 and AL647 with a reactive maleimide group are
used to site-specifically label the PGK mutants.

2.3 Buffers

2.3.1 DNA buffer
e 20 mM TRIS
e 100 mM NaCl
e 10 mM MgCl,
o pH=75

For the DNA measurements in additive-enriched solutions, the following
substances were added to the DNA buffer at a time:

e 1 M NaCl
¢ 4 M Guanidine Hydrochloride (GdnHCI)
e 50 wt. % Glycerol

The pH was again adjusted to pH=7.5. The concentration of GdnHCI was
validated with refractive index measurements [59]. The Glycerol-buffer solu-
tion was sealed and stirred at 400 rpm for 30 min at room temperature. The
concentration was additionally validated by refractive index measurements
[87].



2.4. Glycerol solutions 11

2.3.2 PGK buffer
e 50 mM MOPS
e 50 mM NaCl
e 0.005 % Tween20
o pH=74

For the unfolding experiments, specific amounts of GdnHCI were added.
Again, the pH was adjusted to 7.4. The concentrations of denaturant solu-
tions were adjusted by refractive index measurements [59]. Additionally, for
the single-molecule FRET measurements a photo-protection cocktail (1 mM
Trolox, 10 mM cysteamine) was added.

2.3.3 PBS
e 50 mM Potassium Phosphate

e 150 mM NacCl
o pH=72

24 Glycerol solutions

Glycerol solutions used for the calibration of the effective volume needed for
Fluorescence Correlation Spectroscopy (FCS) were prepared by adding the
specific amounts of Glycerol to ultra-pure water. The solutions were sealed
and stirred at 400 rpm for 30 min at room temperature.The viscosities of the
glycerol solutions were estimated according to their concentrations [68]. Con-

centrations were additionally validated by refractive index measurements
[87].

2.5 Cover slip surface preparation

For all measurements, precision glass cover slips (No. 1.5H, Marienfeld,
Lauda-Konigshofen, Germany) are employed.

e Fluorophore measurements: The cover slips are simply cleaned from
dust with the help of ultra-pure air or nitrogen.

e DNA sample measurements: The cover slips are cleaned from dust
and plasma-cleaned for ten minutes.

e PGK sample measurements: For ensemble measurements, the cover
slips are cleaned from dust, plasma-cleaned for ten minutes and subse-
quently treated with a 10 mg/mL bovine serum albumin solution (in-
cubation time 30 min). After that, they are rinsed with water and dried
with nitrogen. With respect to the solutions containing GdnHCl, each
cover slip is used for 15 minutes only. For the single-moleculeFRET
measurements, the cover slip surfaces are coated with Poly-ethylen-
glycol (PEG). Further details can be found in reference [86].
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2.6 Software

o Fluorescence lifetime decays: Matlab R2015b, Mathworks, Natick,
Massachusetts, USA

e Time-resolved anisotropy decays: Matlab R2015b, Mathworks, Natick,
Massachusetts, USA

e Single-molecule FRET data: Matlab R2015b, Mathworks, Natick, Mas-
sachusetts, USA

e Fluorescence-Correlation spectroscopy: Symphotime64, Picoquant,
Berlin, Germany

e Molecular modeling: Pymol 1.7.4.5 Edu, Schrodinger LLC, New York,
USA

e Accessible volume calculations (standard): FRET Positioning and
Screening (FPS) 1.1, Molecular Physical Chemistry Group, HHU Diis-
seldorf, Germany

e Accessible volume calculations (expanded): Python-Code by Simén
Poblete, Molecular and Statistical Biophysics, SISSA Trieste, Italy
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Chapter 3

Instrumentation

3.1 Confocal setup

The Microtime 200 by Picoquant (Berlin, Germany), further on denoted
as MT200, is the confocal setup all methodical developments and more
elaborate measurements presented in this work are associated with. Hence,
as distinct from other instruments used here, it shall be discussed shortly.
The laser combining unit (LCU) is the part of the MT200 where the
excitation laser light is coupled into a single mode, polarization maintaining
fibre which generates a Gaussian beam shape and directs the light into the
main optical unit (MOU). As shown in figure 3.1, it contains four different
pulsed diode laser heads (LDH-D-C-440, LDH-D-C-485, LDH-D-C-510, LDH-
D-C-640) with optimal pulse widths around 70 to 100 ps. Throughout this
work, only two of these laser heads are used, namely the LDH-D-C-485
and the LDH-D-C-640, with excitation wavelength profiles peaked around
481/633 nm in the case of pulsed, and 487/637 nm in the case of continuous
excitation. Laser power and frequency are controlled by the PDL-828 Sepia
II laser driver, providing repetition rates between 196 kHz and 80 MHz as
well as the already mentioned continuous excitation (cw) mode. With the
help of an array of one mirror and three dichroic mirrors, the excitation light
is directed onto a set of controllable neutral filters facilitating its attenuation
in discrete (OD-filter wheel) or continuous (scaffold filter) steps. Thereafter,
the laser beam gets reflected by another mirror onto the fibre coupler.
Having reached the MOU (see figure 3.2) and being coupled out of the
delivery fibre, the excitation light passes an objective to get expanded and
collimated. After being reflected by a mirror, the laser beam impinges on
a semitransparent mirror so that a small part of it gets deflected onto a
photodiode used as an indicator of the light intensity reaching the sample.
The other part of the laser beam passing through the semitransparent mirror
is directed into the body of an inverted microscope (IX 73, Olympus, Shin-
juku, Japan) with the help of a dual-band dichroic mirror (XF2401, Omega
Optical, Brattleboro, USA). In the microscope body, the laser beam gets
deflected onto the back-aperture of an objective, which is mounted on a
piezo-stage movable along three axes at a nominal precision of one nanome-
ter. The properties of the three Olympus objectives employed in this work
are summarized in table 3.1. The back aperture radii of all objectives were
determined with the help of a caliper. Referring to the default objective
used for most of the measurements in this work (UPLSAPO 60XW), the laser
beam is focused by the objective and passes a layer of immersion water and
a layer of glass (cover slip) before finally reaching the (aqueous) sample
solution. Being equipped with a correction collar, the objective can handle
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Objective = NA Magnification Immersion Back aperture

medium radius [mm)]
UPlanFl 0.3 10x Air 6.0+0.1
UPLSAPO 1.2 60x Water 4.3+ 0.1
(default)
UPlanSAPO 1.35 60x Oil 55+0.1

Table 3.1: Properties of the three objectives used in this work. NA denotes the
numerical aperture of the objective.

cover slip thicknesses between 130 and 210 um. Nevertheless, only precision
glass cover slips (No. 1.5H, Marienfeld, Lauda-Kénigshofen, Germany) with
a thickness of (170 £ 5) um are used here, so the correction collar is fixed to
a value of 0.17. To be able to position the laser beam focus on the upper or
lower cover slip surface, a CCD camera is incorporated in the MOU which
detects and displays the back-reflected excitation light, which is naturally
most intense at interfaces between media of different refractive index.

The fluorescence emission of the sample is collected by the same objective
used for excitation (epi-fluorescence microscopy). As the fluorescence light
is shifted to longer wavelengths than the excitation light, it can pass the
major dichroic mirror and gets focused onto the confocal pinhole by a tube
lens. The pinhole acts like a spatial filter along the beam propagation axis,
with the degree of filtering depending on its diameter and the numerical
aperture (NA) of the objective. Here, a pinhole diameter of 30 um is used
for all Fluorescence correlation spectroscopy (FCS) applications, whereas
a larger pinhole (d= 75 um) is employed for all Forster resonance energy
transfer (FRET) measurements.

Having passed the pinhole, the emission light gets expanded by another
lens and is deflected by a mirror onto a tower containing several, adjustable
optical elements. With respect to FCS measurements, the light signal is split
into two (approximately equal) fractions with the help of a beam-splitting
cube (Olympus Deutschland, Hamburg, Germany). Referring to FRET mea-
surements, a minor dichroic mirror (620 dcxr, Chroma Technology, Vermont,
USA) is employed to direct the signal of the donor emission in the direction
of one detector and the signal of the acceptor emission to the other. In terms
of time-resolved anisotropy measurements (TRA), a polarizer cube (Linos
Photonics, Goottingen, Germany) is used, whereas concerning other tech-
niques the emission light simply passes the tower. In any case, depending on
its wavelength, the fluorescence light passes an appropriate emission filter
(FF01 530/55 or ET658/80 M, Semrock, Rochester, USA) before impinging on
the active area of the two detector units (t-SPADs, Picoquant, Berlin). Subse-
quently, the detected signal is processed by Time-correlated Single Photon
Counting (TCSPC) electronics (Picoharp 300, Picoquant, Berlin) working in
Time-Tagged Time Resolved (TTTR)-mode.
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Figure 3.2: Top view on the MT200 main optical unit (MOU); raw photo provided by N.Junker
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3.2 Other instruments used in this work

e Plasma cleaner: PDC-32G, Harrick Plasma, Ithaca, USA

e Absorption spectrometer: UV-2600, Shimadzu, Kyoto, Japan
Cuvette: 104F-QS, Hellma, Miihlheim, Germany, 1 cm
Cuvette: 104-QS, Hellma, Miihlheim, Germany, 5 cm

e Fluorescence spectrometer: QuantaMaster40, PTI, Birmingham, USA
Cuvette: 105.253-QS, Hellma, Miihlheim, Germany, 10x2 mm

o Abbe refractometer: AR4, A. Kriiss Optronic, Hamburg, Germany

e pH-meter: SevenCompact, Mettler Toledo International Inc., Colum-
bus, OH, USA

e Beam diagnostic tool: Beamage 3.0, Gentec Electro-Optics, Quebec,
Canada
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Chapter 4

Theory and methods

4.1 Fluorescence

In the followings sections, a brief outline of the fundamentals of fluorescence
and some related measurement techniques will be given.

Neglecting hot body radiation, all forms of light emission are summa-
rized under the term luminescence. Furthermore, luminescence can be
grouped into the two categories of fluorescence and phosphorescence. To
explain these two phenomena in more detail, a so-called Jablonski diagram,
shown in figure 4.1, has proved to be useful.

. . Absorption
S Vibrational P
-
2 energy Fluorescence
states Non-radiative relaxation
S Phosphorescence
1 -
Tl

Figure 4.1: Jablonski diagram illustrating processes of fluorescence, phosphores-
cence and other (de-)excitation pathways: Photon absorption induces transition
from ground state (Sp) to one of the higher vibrational energy sub-levels (narrow
horizontal black lines) of first (51) or second (S;) excited singlet state (light blue ar-
row). Internal conversion causes relaxation to lowest vibrational level of S; (orange
arrow). Molecule returns to one of the higher vibrational levels of ground state by
radiative (fluorescence, red arrow) or non-radiative relaxation (gray arrow). Transi-
tion from first excited singlet to first excited triplet state (T;) is called inter-system
crossing (green arrow). Upon phosphorescence emission, the molecule returns to
ground state (dark blue arrow).

Through the (instantaneous) absorption of a photon, a molecule tran-
sitions from the ground state into one of the higher vibrational energy
sub-levels of the first or second excited electronic state. From there, it rapidly
(picoseconds) relaxes back to the lowest vibrational sub-level of the first
excited state, a process that is called internal conversion. Upon return into
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one of the higher vibrational levels of the ground-state, a fluorescence pho-
ton can be emitted. Comparing the energy differences linked to absorption
and fluorescence, it gets clear that absorption takes place at higher photon
frequencies than fluorescence, a phenomenon also called Stokes-Shift. Com-
petitively to the emission of a fluorescence photon, non-radiative relaxation
to the ground-state can take place.

An alternative to the radiative or non-radiative return to the ground-state
is the process of inter-system crossing from the first excited singlet to an
excited triplet state, a transition that is accompanied by a spin-flip. The
radiative return from the excited triplet to the ground state is called phos-
phorescence. Comparing fluorescence and phosphorescence, it is important
to mention that the transition from the first excited singlet state to the ground
is spin-allowed, whereas the transition from the first excited triplet state to
the ground state is not. Hence, fluorescence emission rates lie around 108
per second, while phosphorescence emission rates lie in the range between
one and 10° per second depending on the considered system [43].

4.1.1 Fluorescence lifetime

One of the most important parameters characterizing a fluorescent molecule
is its fluorescence lifetime, further on abbreviated as tq. It is defined as the
average time a molecule spends in the excited singlet state before emitting a
fluorescence photon, and can be derived using a simple rate equation [43]:

Ng1(t) = —kioNg1(t) + f(2) (4.1)

Here, Ng;(t) equals the number of molecules that are in the excited state
at time t, and kjo is an effective rate taking into account all de-excitation
pathways from the first excited singlet state to the ground-state. f(t) is
a function describing the time-course of excitation. Assuming that the
measurement starts directly after the excitation source has been switched
off, the situation typically given when using a short excitation laser pulse,
equation 4.1 turns into:

Ns1(t) = —k1oNs1(t) (42)
with its solution given by:

Ns1(t) = Ns1,0 exp (—tkio) (4.3)

t
= Ngi,0exp <—Tﬂ>

Here, Ng; o is the number of excited molecules at the time of excitation.
Obviously, the number of excited molecules decays exponentially with time,
with the fluorescence lifetime being the time at which 63 % of the population
of initially excited molecules have returned to the ground state.

Time-correlated single-photon counting (TCSPC) histograms

To determine fluorescence lifetimes experimentally, the sample gets peri-
odically excited by a short laser pulse. The time between two consecutive
pulses is divided into bins of equal size, also called time-channels. With the
help of single-photon sensitive detectors and time-correlated single photon
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counting (TCSPC) electronics, each detected fluorescence photon is assigned
to a specific time-channel. In other words, the photon arrival time with
respect to the time of excitation is determined, which is then used to build a
so called TCSPC-histogram. This process is also schematically sketched in
figure 4.2. As only molecules in the excited state are able to emit fluorescence
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Figure 4.2: Top and center: A short laser pulse periodically excites a sample. During
an excitation cycle, a detected fluorescence photon is assigned to a specific time-
channel. The resolution per time-channel determines the real arrival time after the
excitation pulse. Bottom: After many excitation cycles (indicated by 20000 here), the
corresponding TCSPC histogram can be used to determine the fluorescence lifetime
(distribution) of a sample.

photons, the probability to detect a photon in a specific time-channel after
excitation is proportional to the number of molecules still excited at that
time. Hence, the TCSPC-histogram reflects the exponential decay given in
equation 4.3 and, by fitting a suitable model equation to it, can be employed
to determine tg. Considering mixtures of fluorophores or fluorophores
sensing a heterogeneous environment, in many cases the measured lifetime
decay is multi-exponential [43]:

N
Iﬂ(t) = Z a; eXp <— t ) (44)
i=1

THLi
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Here, the intensity Ig(t) equals the number of photons per time-channel /arrival
time. The parameter a; denotes the amplitude of the lifetime decay of the
particular fluorescent species and is proportional to the number of excited
molecules and the effective emission rate of the species. If useful, an average
fluorescence lifetime can be calculated according to [43]:

2

N
a; T i
T = Z B L7 (45)

QT
=1 Y fli

Pile-up

Experimentally, it is important that the concentration of the sample or the
applied excitation intensity are adjusted in such a way that per excitation
cycle (at most) only one fluorescence photon is detected. At higher emission
rates, due to the dead time of the TCSPC device (typically lying in the range
of 25 to 90 ns here), only the first of a number of photons would be detected.
This so-called pile-up effect leads to apparently shorter fluorescence lifetimes
and converts a mono-exponential into a bi-exponential lifetime decay [43].
In this work, applying an excitation frequency of 20 MHz in all cases, the
average count rate was kept below 100 kcounts/s during all measurements.

The instrument response function (IRF)

It should also be mentioned that the detection system has a specific instru-
ment response function (IRF) biasing the measured TCSPC histogram. Its
influence can be corrected for by determining the IRF, convoluting the model
function with it and fitting the resulting curve to the measured lifetime decay
(also called iterative re-convolution) [43].

The IRF is determined by simply measuring the TCSPC histogram gen-
erated by a scattering solution. This obviously has the disadvantage that
the IRF is measured at a different wavelength than the actual sample, which
might be problematic if the detection system has a wavelength dependent
timing response. A particularly convenient way to circumvent this problem
is to quench a fluorophore, lying in the same spectral range as the sample of
interest, with the help of a saturated potassium iodide solution and measure
the corresponding TCSPC histogram [88]. Due to the short lifetime of the
quenched dyes, the emitted photons impinge on the detection system in a
time-window corresponding approximately to the full width at half maxi-
mum (FWHM) of the IRF. Assuming an average count rate of 10 kcounts/s,
an excitation frequency of 20 MHz and a FWHM of 500 ps, the real photon
detection rate lies around 10 Mcounts/s. This results in pile-up and conse-
quently a distorted shape of the acquired IRF. To circumvent this problem
and to obtain coincident real photon detection rates during the sample and
the IRF measurement, the IRFs were measured at an average count rate of
1000 counts/s. To obtain the desired precision, an IRF peak value of 10000
counts was achieved in all cases.

The optimal fitting parameters are obtained by the non-linear least
squares minimization of the goodness-of-fit parameter x?.q, defined as
[43]:

1 i (Zp:(t:) — D(t:)) (4.6)

Xoed =
el N - P& o(t;)?
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Here, N is the number of data points and P is the number of fitting parame-
ters. The measured photon counts in time-bin i are denoted as D(t;), whereas
the corresponding photon counts predicted by the model function are given
by Ig(t;). The parameter o(t;) is the standard deviation of the photon counts
in time bin i.

4.1.2 Fluorescence quantum yield

The fluorescence quantum yield, further on abbreviated as ¢g, is another
important characteristic of a fluorescent molecule. It describes to which
extent a molecule converts absorbed light into fluorescence emission [43]:

kpo T
bp=—=— (4.7)

" kw0 T
Here, kg is the fluorescence emission rate and kg the already mentioned
effective emission rate. The parameter T, is the inverse of the fluorescence

emission rate and is called the natural lifetime of a fluorophore.

Quantum yield determination: standard approach

A commonly employed approach to determine ¢y is based on plotting the
integrated fluorescence intensity of the sample with unknown quantum
yield and the integrated fluorescence intensity of a reference sample with
known quantum yield against the respective optical density at the excitation
wavelength. By comparison of the slopes of the two linear curves, the
unknown quantum yield is determined according to [46—48]:

2
My Ny
= —— 4.8
¢fl,s M ns2 ¢fl,r ( )
Here, the subscript r denotes the reference and the subscript s the sample of
interest, whereas m is the slope of the curves. The refractive index is named
n.

To circumvent problems due to the inner filter effect, the optical densities
of sample and reference (at and above the excitation wavelength) have to be
kept below ~ 0.05 per cm of cuvette path length. Consequently, to obtain
adequate signal-to-noise ratios in the absorption measurements, cuvettes
with long path lengths (5 cm in this work) have to be used [43, 89].

4.1.3 Absorption: The Lambert-Beer law

Absorption is the prerequisite for fluorescence occur, hence this short section
dealing with the Lamber-Beer law is classified as a sub-section within the
field of fluorescence for convenience.

Considering a cuvette containing a solution of absorbers irradiated by
light of intensity I, the differential equation describing the amount of light
(dI) that is absorbed per thickness (dx) is given by [43]:

I iNe (4.9)
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Here, o is the absorption cross-section, N is the number of absorbers per
cm?®. The solution of equation 4.9 is given by [43]:

In (?) = Nod (4.10)
1o
log (I) = 0D = ecd (4.11)

Equations 4.10 and 4.11 are alternative formulations of the so-called Lambert-
Beer law, whereas equation 4.11 is the more common one. Here, Iy denotes
the light intensity at x=0 (boundary condition), € is the molar absorption
coefficient, c is the sample concentration and d the sample thickness (or
cuvette path length). The abbreviation OD stands for the optical density of
the sample. Combining equations 4.10 and 4.11, the relationship between
the absorption cross-section and the molar absorption coefficient is obtained:

o =23.82-10"%¢ (4.12)

Here, 0 is given in cm? and e in M~ tem L
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4.2 Single-molecule FRET (smFRET) measurements

4.2.1 FRET theory in a nutshell

Already in the beginning of the 20th century, it was observed that the fluo-
rescence emission of viscous solutions of fluorophores, previously excited
with linearly polarized light, showed a decrease of polarization with in-
creasing fluorophore concentration (see figure 4.3) [90]. It was concluded
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Figure 4.3: In a viscous medium, the polarization of fluorophores excited with
linearly polarized light decreases upon increasing fluorophore concentration. Al-
ready noticed around 1900, the observed phenomenon led to the assumption that
the excited molecules transferred a part of their energy to surrounding, differently
oriented molecules. Figure taken from one of the first papers of Theodor Forster
dealing with resonance energy transfer [14].

that the molecules in the excited state transferred a part of their energy to
surrounding, differently oriented molecules, thereby reducing the effect of
photo-selection and the polarization of the fluorescence emission. Having
ruled out that other processes (like the direct re-absorption of fluorescence
photons, collisions or the generation of associated molecule complexes) were
sufficient to explain the observed extent of depolarization, it was inferred
by Francis and Jean B. Perrin that the energy transfer could be caused by a
direct electromagnetic interaction between the excited molecules and adja-
cent energy acceptors [91-93]. A correct description of the energy transfer
mechanism and a precise quantification of its extent was accomplished by
Theodor Forster in two seminal papers, the first one containing a classical,
and the second one containing a quantum-mechanical derivation of the pro-
cess [14, 15]. Consequently, the observed phenomenon was named Forster
Resonance Energy Transfer or FRET.

In the following, only an outline of a classical derivation of FRET will be
given. As mentioned before, FRET is the transfer of energy from an excited
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donor molecule to an acceptor molecule in the ground state, mediated by
the electromagnetic coupling of both molecules. Therefore, the first step is to
consider the electric field of the excited donor molecule, the latter visualized
as a group of electrons oscillating around a stationary nucleus in response
to an external electromagnetic perturbation. The generated electric field is
rather complex, but can be significantly simplified by considering specific
distance regimes. As was shown by the already mentioned experiments
on concentration depolarization [90], FRET is limited to a distance regime
larger than the spatial extent of the donor and much smaller (=~ 1-10 nm)
than the wavelength of the light used to excite it. The real part of the electric
near-field of an excited molecule, treated as an ideal dipole emitter, has the
same form as the field of a static electric dipole with an oscillatory term
added [94]:

E(éDA,t) =

= treonziy, 3 BEDRDA) Rpa — i) cos(wpt)  (413)

Here, [ip denotes the dipole moment of the donor fluorophore transferring
its energy. Rpa is the distance vector pointing from the donor to the posi-
tion of interest, in this case certainly the position of the acceptor molecule.
Obviously, Rp, is the corresponding unit vector. The refractive index of
the medium surrounding donor and acceptor is denoted as n, the vacuum
permittivity is abbreviated by €y and the excited state circular frequency is
termed wp.

As a next step, the acceptor molecule is also treated as an ideal dipole
with a dipole moment [i4 and a natural circular frequency wa. According to
Newton’s second law, a net force on a charge q. with a mass m, results in an
acceleration of the latter [94]:

i=—wir + %EA(RDA) cos(wpt) (4.14)

e

Here, EA(ﬁDA) denotes the component of the electric field of the donor
parallel to [i:

Ea(Rpa) = E(Rpa) - fia (4.15)
The solution of equation 4.14 is given by [94]:

3 4.Es(Epa)
PR =~ )

(cos(wpt) — cos(wat)) (4.16)

The overall energy transferred to the acceptor corresponds to the sum of its
potential and its kinetic energy. Assuming that donor and acceptor frequency
are close to each other (resonant), it is given by [94]:

_ ¢2E4(Rpa)

U
A 8me

t2 (4.17)
For convenience, an orientation parameter k can be defined as:

Kk=fia-fip —3(fta- Rpa - fip - Rpa) (4.18)
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Then, the insertion of equation 4.13 into equation 4.17 leads to the following
expression for the energy passed from a donor to an acceptor molecule [94]:

T
8 (4meg)2niRp 4°

2

RpAnt

Ua (4.19)
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Having a look at equation 4.19, three important features of the extent of the
transferred energy become clear: (i) it depends inversely on the sixth power
of the distance between donor and acceptor; (ii) it varies strongly with the
mutual orientation of the donor and acceptor dipole moments, which finds
expression through the the factor «?; (iii) it also depends inversely on the
fourth power of the refractive index of the solvent. Another important aspect
not yet considered are the distributions of the natural oscillation frequencies
of the excited state of the donor and the ground state of the acceptor. Without
going into detail here, it is clear that both distributions have to overlap to
some extent to facilitate resonant oscillations and thereby energy transfer.

Having obtained a rough picture of the dipole-dipole coupling leading
to FRET, only the final equations needed further on will be given in the
following. Differentiating the acceptor energy with respect to time, it is
possible to obtain a rate equation describing the rate of energy transfer,
which is given by [94]:

1 ( RS
krreT = p— (RDA6) (4.20)

Here, tp is the lifetime of the donor without quenching by the acceptor due
to FRET. Ry is the so-called Forster radius, which is the distance at which the
effective emission rate of the isolated donor equals its energy transfer rate to
the acceptor. It is defined as [94]:

6 _ 9000 In(10)x%ps1.pJ
0 1287514 N4

4.21)

Here, ¢gp denotes the donor quantum yield, Na is Avogadro’s constant
and ] is the overlap integral related to the oscillation frequency distributions
of donor and acceptor. It is calculated according to [94]:

J= / FoN)ea(MNALdA (4.22)

The area normalized fluorescence emission spectrum of the donor is termed
fb(A), whereas the peak normalized absorption spectrum of the acceptor
is multiplied with its molar absorption coefficient to obtain e(A). If the
wavelength is expressed in nm, the Forster radius defined by equation 4.21
is given in A. Tt should be mentioned that the experimentalist can mainly
influence the Forster radius by choosing a specific pair of fluorophores as
donor and acceptor, thereby increasing or decreasing the spectral overlap
integral and the quantum yield of the donor. The other parameters are either
dictated by the solvent/molecule, as in the case of the refractive index n, or

are rather hard to predict a priori like the orientation factor k2.
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At last, the transfer efficiency, a parameter relating the Forster radius
and the actual donor-acceptor distance, is defined as [34, 94]:

_ Lﬂl (4.23a)
krreT + 75
1
1+ (7%4)

In figure 4.4 (a), the transfer efficiency is plotted as a function of the FRET-
rate. The donor-only lifetime is assumed to be Tp= 4 ns, consequently a
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Figure 4.4: (a) Transfer efficiency E as a function of FRET rate kprgr (donor only life-
time Tp= 4 ns). At kprer=1/1p, a transfer efficiency of 50 % is reached (intersection
of black dotted lines). (b) Transfer efficiency E as a function of the donor-acceptor
distance: a transfer efficiency of 50 % is reached at the Forster radius Ro= 0.5 nm
(intersection of black dotted lines).
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FRET-rate equal to its inverse leads to a transfer efficiency of 0.5 (indicated
by the intersection of the dotted black lines). Additionally, in figure 4.4 (b)
the transfer efficiency is plotted as a function of the donor-acceptor distance,
with an assumed Forster radius of 5 nm. A donor-acceptor distance equal
to the Forster radius leads to a transfer efficiency of 0.5 (again indicated by
the intersection of the dotted black lines). Obviously, for distances close to
the Forster radius the transfer efficiency reacts most sensitive to distance
changes. In terms of a rational design of a FRET experiment, this has to be
taken into account to select the most reasonable donor-acceptor fluorophore
pair providing a Forster radius suitable for the specimen at hand.

4.2.2 Confocal single-molecule spectroscopy in solution

As its name implies, single-molecule fluorescence spectroscopy addresses the
interaction of electromagnetic radiation with a solitary fluorescent particle.
Therefore, one needs to detect the fluorescence emission of only one molecule
at a time. Naturally, considering a sample droplet containing multiple
diffusing molecules, this means that either the distribution of photons used
for excitation, or the collection of emitted fluorescence photons, or both, are
spatially limited to a sufficiently small volume. How small this so-called
molecule detection function (MDF) volume exactly has to be, is a question of
the sample concentration, as is depicted in figure 4.5. Considering an average
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Figure 4.5: Left: Measuring a highly diluted sample opens up the possibility to use
a large MDF volume and to still observe one molecule at a time. Right: Shrinking
the MDF volume facilitates single-molecule measurements at higher sample con-
centrations. Single-molecule measurements in solution are based on an adaptation
of the concentration of a sample to the given optical measurement conditions.

sample concentration of one nano-molar, approximately 10'* molecules are
distributed in a volume of one liter. Accordingly, the average volume one
molecule occupies is in the femto-liter regime, which means that the MDF
volume should also lie in this range. Obviously, the minimal size of the MDF
volume is limited by the optical setup in use, whereas the further dilution
of a sample is technically always achievable as long as specific biological
questions don’t put a lower limit on the acceptable sample concentration
range [95].
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One molecule at a time: the Poisson distribution

As mentioned before, single-molecule measurements require that at all times
(at the most) one molecule resides in the MDF volume. Maybe counter-
intuitive, that means that the average number of fluorescent particles in
the volume has to be significantly smaller than one. This is due to the fact
that the actual number of molecules in the MDF volume follows a Poisson
distribution, as derived in the following in two dimensions (all results are
directly transferable to the three-dimensional equivalent).

As a first step, a cross-sectional area through a sample droplet is consid-
ered, further on abbreviated as A. In this area A, a number of N particles
are distributed (see figure 4.6, left). As a next step, the area A is divided
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Figure 4.6: The actual number of molecules in the MDF volume follows a Poisson
distribution. Left: Cross section through sample volume of area A with N specimen.
Center: A is divided in equal compartments of area a with n specimen inside. The
probability to find n specimen in one compartment is described by a binomial
distribution. Right: Significantly decreased compartment size, resulting in a much
larger number of subunits. Probability to find n molecules in one compartment is
described by a binomial distribution in the limit of large N and A, approximated by
a Poisson distribution.

into equally sized compartments of smaller area a (see figure 4.6, center). As
before, the particle density p equals N/A. The probability to find n particles
in one compartment, is then described by a Binomial distribution [96]:

N ayn [(A—a\""
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Going one step further, the area A is divided into a larger number of smaller
compartments, again containing an area a (see figure 4.6, right). The par-
ticle density p still equals N/A. Now, the number of molecules per com-
partment,n , is now much smaller than the overall number of particles N.
Additionally, a is very small as compared to the whole area A. This is exactly
the setting of a single molecule measurement, with the MDF volume being
equivalent to one compartment. Ergodicity given, averaging the number
of particles in one specific compartment over time (experimental situation)
will lead to the same result as averaging over all compartments observed
at one fixed point in time (sketched situation). However, in the considered
case, the probability to find n molecules in one compartment is given by the
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binomial distribution, but now in the limit of very large N and A [96]:
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Here, n denotes the average number of molecules in one compartment.
Having a closer look at the last line of equation 4.25, it gets clear that the
Binomial distribution has been transformed into a Poisson distribution. With
a given n, it can be used to calculate the probability to find more than one
molecule in the excitation/photon collection volume:

p(n>1,n)=1-p(0,7) —p(1,n) (4.26)

For n=1, the probability to find more than one molecule at a time in one
compartment lies around thirty percent, whereas it lies below one permille
for n around 0.03. Therefore, n=0.03 is used as a benchmark throughout
all single-molecule measurements in this work. It is adjusted with the help
of Fluorescence Correlation Spectroscopy (FCS), a technique discussed in
section 4.3.

The molecule detection function (MDF)

Having considered a few basics vital in every single-molecule measurement,
the next step is to consider how the abstract MDF volume is experimentally
implemented in the case of confocal microscopy. The spatial confinement
of the excitation photons is achieved by employing a Gaussian laser beam
that is focused with the help of a high numerical aperture (NA) objective.
Assuming that the back aperture of the objective is under-filled and no
aberrations occur, the intensity profile of the focused beam is Gaussian in
the plane perpendicular to the beam propagation axis and Lorentzian along
the latter [97, 98]:

I(r,2)=1Io- (w“(’g)y - exp <—w2(j)2> (4.27)

Here, the beam propagation axis is chosen to coincide with the z-axis. Keep-
ing z fixed, the parameter w(z) denotes the radial distance from the beam
propagation axis where the ratio of the intensity to the amplitude of the
distribution equals 13.5 %. It depends on the z-position according to [98]:

z

2
w(z) =wo-/1+ <> (4.28)
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Figure 4.7: Left: Radial beam width w(z) of a Gaussian laser beam as a function
of z. w(z) is normalized to the beam waist and z is normalized to the Rayleigh
range, zr. With increasing distance from the beam waist, w(z) increases according
to equation 4.27. For very large distances, w(z) depends linearly on z (dotted
black lines). Additionally, the angle of divergence (8) is shown. Right: Radius of
curvature of the wavefront of a Gaussian beam as a function of the distance from
the beam waist. Here, both parameters are normalized to the Rayleigh range. At the
beam waist, R diverges as is normally observed for plane waves. With increasing
distance, R decreases and reaches a minimum at zg, meaning that at the Rayleigh
range the curvature of the wavefront is maximal. For distances much larger than zp,
the radius of curvature of the wavefront shows a linear dependency on z (dotted
black lines).

with the so-called Rayleigh range zr=twZn/Aexc. The dependency given in
equation 4.28 is also depicted on the left side in figure 4.7. For z=0, w(z = 0)
equals the beam waist w of the focused laser beam. At the Rayleigh range
Zg, the beam width has increased by a factor 1.41 as compared to the beam
waist and the amplitude of the intensity distribution equals half of the
maximal peak intensity /. For large distances from the focus point, w(z)
depends linearly on z, which is indicated by the dotted lines in figure 4.7
(left). Additionally, in this distance regime an angle of divergence (0) can be

defined [99]:
)\EZ’C
tan(f) = —— (4.29)
TwWon
Consequently, assuming a fixed wavelength, a smaller beam waist leads to a
more divergent beam. Another parameter frequently used to characterize a

Gaussian beam is the radius of curvature of its wavefront, which is given by

[99]:
R=z. (1 n (ZzR)z) (4.30)

On the right side of figure 4.7, the dependency of R on the distance z from
the focus is depicted. At the beam waist, the radius of curvature of the
wavefront goes to infinity, meaning that the wavefront equals the one of a
planar wave. With increasing distance from the beam waist, the radius of
curvature decreases until the Rayleigh range is reached. For distances much
larger than zg, the wavefront radius of curvature depends linearly on z, as
is expected for a spherical wave [100]. In a final step, it can be said that a
Gaussian laser beam is completely determined by the laser wavelength and
the beam waist.

Having discussed a few of the features of a Gaussian beam, the focus
should be set back on its connection to confocal (single-molecule) microscopy.
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Considering a Gaussian laser beam focused by a high NA objective into a
highly diluted sample droplet containing fluorescent molecules, the prob-
ability that a molecule gets excited at a specific position in the droplet is
determined by the normalized excitation intensity of the beam at that posi-
tion. Consequently, a molecule that resides close to the focal region is more
likely excited than a molecule only touching the exterior of the Excitation
Intensity Distribution (EID). Obviously, the proportionality between exci-
tation intensity and excitation probability is only valid provided that the
considered fluorescent molecule is available for excitation or, put another
way, not optically saturated [99]. As a next step, the position dependent
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Figure 4.8: Collection efficiency function (CEF) for two different pinhole diameters
(NA=1.2, emission wavelength around 500 nm), calculated using a semi-geometric
approach [99, 101]. A smaller pinhole size limits the radial and axial extension of the
CEF significantly. Both spatial variables are normalized to the emission wavelength.

probability that the photons emitted by an excited molecule are subsequently
collected shall be discussed. Assuming that no confocal pinhole is employed
in the light path, this probability would be equal for all considered locations.
As distinct from that, employing a pinhole leads to a suppression of out of
focus light, which naturally means that the probability to collect photons
emitted by a molecule residing close to the focal point is much higher than
the probability to collect photons from a molecule located more exterior. The
quantification of this probability distribution, further on called Collection Ef-
ficiency Function (CEF) is discussed in detail in references [99, 101]. Without
going into detail, it should be mentioned that the CEF is mainly determined
by the NA of the objective and the size of the pinhole. The impact of a
varying pinhole diameter on the CEF is shown in figure 4.8.

The complete distribution describing the probability that a molecule
at a specific position gets excited and that its fluorescence emission gets
collected is obviously given by the product of the EID and the CEFE. As
already mentioned, this product is called the molecule detection function
(MDF). Experimentally, it can either be evaluated with the help of FCS or by
directly measuring the point spread function using fluorescent beads [102].
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An important quantity: the signal-to-noise ratio (SNR)

Inherent in the measurement of the rather weak fluorescence emission gen-
erated by a single molecule lies the need to be able to detect the latter.
Nowadays, two typically employed types of point detectors that are sensi-
tive enough to count single-photons are photomultiplier-tubes (PMT) and
single-photon-counting avalanche-diodes (SPAD) [103]. In this work, SPADs
with wavelength dependent quantum efficiencies between 30 % and 80 %
are used for photon detection. The quantum efficiency describes the fraction
of incident photons that contributes to the generation of charge carriers.
Another important parameter used to characterize SPADs is the dark count
rate, which is the average count rate showing up without any incident light.
Here, it lies below 100 counts per second.

However, using highly sensitive detection systems one obviously has
to consider possible sources of background contributions distorting the
signal of interest and limiting the achievable signal-to-noise ratio. Most
background photons are generated by the interaction between the excitation
light and the solvent molecules surrounding the fluorescent specimen. Dis-
regarding fluorescence impurities, undoubtedly the most disruptive kind
of background, elastic (Rayleigh) and inelastic (Raman) scattering of the
excitation photons contribute to the measured overall signal. Obviously,
the wavelength of elastically scattered photons coincides with the excita-
tion source wavelength. As the fluorescence emission of the specimen is
shifted towards lower energies (Stokes Shift), spectral filtering is an efficient
way of eliminating the contribution of Rayleigh scattering from the signal.
On the contrary, the spectrum of in-elastically scattered light can partially
overlap with the fluorescence emission of the specimen, precluding the
option of spectral filtering [99]. Therefore, in the first work demonstrating
the detection of single fluorescent molecules in liquid at room temperature,
fluorescent and background photons were separated using temporal infor-
mation to enhance the signal-to-background ratio. Using a short excitation
laser pulse, scattered photons show a much shorter temporal distance to the
preceding pulse than fluorescence photons, so that time-gating facilitates
an efficient discrimination between both [7]. However, as the scattering
intensity is proportional to the number of scattering solvent molecules, this
way of background suppression is mainly important if the MDF volume
is rather large. With an MDF-volume commonly lying in the femto-liter
range, confocal microscopy setups are intrinsically well-suited to keep the
number of scatterers small enough to achieve an adequate signal-to-back-
ground ratio (SBR) in single-molecule measurements without the need of
time-gating. Additionally, the size of the MDF can be varied by employing
pinholes of different sizes and hence can be adjusted to achieve the required
SBR. Furthermore, the background rate as well as the number of detected
fluorescence photons per molecule and time unit, also known as molecular
brightness (MB), are functions of the impinging photon flux (details in sec-
tion 5.4.1). Consequently, also the SBR is affected by the applied laser power
and the experimentalist has to find the optimal excitation power regime for
the given experiment. With the help of FCS, the MB of a sample can easily
be determined (see section 5.4.2 for details). The corresponding background
contribution (BG) is obtained by measuring the average count rate generated
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by the pure solvent under the same experimental conditions:

MB
BG

Obviously, the dark count rate of the detector is then included in BG.

The determined SBR can then be used to estimate the corresponding
signal-to-noise ratio (SNR). In general, the SNR is defined as the ratio of the
mean of the signal to its standard deviation. Consequently, here it is defined

as [104]:
SNR = MBAL (4.32)

\/(MB + BG)At

Here, At is the measurement duration. Due to the discretization of elec-
tromagnetic radiation energy in terms of photons, which are emitted ran-
domly and independent from each other, the number of photons emitted
(or detected) in a specific time-interval is statistically described by a Poisson
distribution. The corresponding fluctuations in the number of detected pho-
tons are called shot-noise. One characteristic of the Poisson distribution is
that its mean equals its variance, so the standard deviation of the measured
distribution of photon counts is given by the square root in the denominator
of equation 4.32. Alternatively, equation 4.32 can be expressed as:

| MBAt

Therefore, the SNR can either be maximized by increasing the MB of a
sample, by enhancing the measurement duration, or by increasing the signal-
to-background ratio.

Selection of fluorescence bursts

Having considered the most important points to achieve reasonable mea-
surement conditions, the next step is to discuss the analysis of the obtained
raw data. Commonly, the photon detection systems are connected to Time-
Correlated-Single-Photon-Counting (TCSPC) electronics further processing
the received signal. In classical TCSPC experiments, only the arrival time
of each photon with respect to the time of excitation by the laser pulse
is used to build up TCSPC histograms. These can be analyzed to obtain
information about the fluorescence lifetime distribution of the sample of
interest, as already discussed in section 4.1.1. As distinct from that, more
advanced photon-counting systems additionally store the arrival time of
each photon with regard to the beginning of the measurement. The com-
bined tagging of each photon with its microscopic and macroscopic arrival
time is called Time-Tagged-Time-Resolved (TTTR) mode and facilitates more
comprehensive ways of data evaluation, for instance TCSPC and FCS in a
single experiment. Besides the already mentioned temporal information,
each photon can also be assigned to the detection channel it is detected by,
providing information about its spectral properties or its polarization. This
multi-parameter fluorescence detection-approach can be used to selectively
analyze sub-populations in a heterogeneous sample or evaluate molecular
dynamics at the single-molecule level [105].



36 Chapter 4. Theory and methods

However, coming back to single-molecule measurements, the macro-
scopic time assigned to each photon is used to discriminate fluorescence
photons from background photons. This can be achieved in several ways.
Probably the simplest approach is to bin the stream of macroscopic photon
arrival times in intervals of equal duration adjusted to the time the molecule
needs to traverse the MDF-volume. Assuming a volume in the femto-liter
range and biological macro-molecules with hydrodynamic radii of 1-10 nm,
the bin sizes typically lie in the ms regime. In a time trace generated in this
way, the fluorescence photons of a single molecule show up as a prominent
fluorescence burst above a lower background signal [106]. Therefore, each
part of the time trace lying above a specific threshold and consisting of mul-
tiple photons is selected as a single fluorescence burst. Another approach
makes use of the fact that the temporal delay between consecutive fluores-
cence photons is much shorter than the temporal delay between consecutive
background photons [107]. Calculating the delay between every detected
photon and the previous (or successive) one, an inter-photon-distance (IPD)
trace can be plotted, in which the bursts of fluorescence are presented as
dips interrupting the background signal [108]. Again, a specific threshold is
defined to select the fluorescence bursts, but as distinct from the previous
case the signal IPD lies below the background IPD. In this work, a third
approach is used which might be perceived as a hybrid of the previously
introduced burst selection schemes. Instead of integrating the photon stream
into static bins, around each macroscopic photon arrival time a time-window
of specific length (T) is set and the number of photons in this time-window
is calculated [109]. This process might be considered as a kind of dynamic
binning to generate a local count rate (k;) and is depicted in figure 4.9. Here,

k)=1 count/T
o 0BNe ® >
-10 a.u.|+10 a.u. tmacro [a.u.]
T=20 a.u.

k,=9 counts/T

® ® >
-10 a.u.|+10 a.u. tmacro [a.u.]

T=20 a.u.

Figure 4.9: Processing of the stream of macroscopic photon arrival times (tmacro)
leading to the generation of a local count rate (k). Around each photon arrival time,
a window of length T is arranged and the number of photons in this time-window is
calculated. Consecutive fluorescence photons appear with a shorter temporal delay
after each other, therefore the number of fluorescence photons in the time-window
is much higher than the number of background photons.

the size of the time window has to be adjusted to the range of the molecule’s
dwell-time in the MDF-volume. The diffusion time determined by FCS can
be used as a reference value in this respect [10]. A typically obtained local
count rate time trace is depicted in figure 4.10. By way of comparison, the
time trace obtained by simple static binning is also shown. Obviously, the
photon specific local count rate time trace has a higher resolution than the
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statically binned time trace and therefore enables a more precise selection of
fluorescence bursts. Additionally, the information contained in the stream of
macro-times does not have to be integrated in the case of dynamic binning,
which means that all further steps of data processing are naturally possible
on the single-photon level. As is shown in figure 4.10, a background spe-
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Figure 4.10: Comparison of time trace generated by static binning with time trace
showing a local count rate generated by dynamic binning. The local count rate
time trace is photon-specific and enables a more precise burst selection. In both
approaches, a background count rate specific burst selection threshold has to be
defined (dashed black line). The green-shaded areas indicate all photons belonging
to a burst.

cific selection threshold (dashed black line) has to be defined, determining
the lower limit of the count rate above which photons are considered to
belong to a fluorescence burst. This threshold is calculated by taking into
account that the number of background photons per time bin, BG, is Poisson
distributed around its mean value [99]:

——=BG
BG -

p(BG) =
This is also shown in figure 4.11, where the experimental count rate dis-
tributions of pure buffer for different time-window lengths are overlayed
with the corresponding Poisson distributions. Here, the 481 nm laser in
pulsed mode (20 MHz) is employed, applying an excitation power of 1500
a.u.. Given a specific count rate threshold Thry, the probability that the
count rate generated by background photos reaches or exceeds Thrg can be
calculated according to:

o0

p(BG >Thre) = Y p(BG) (4.35)
BG=Thrse

Obviously, equation 4.35 also defines the probability that applying a specific
Thryg, a background photon can be mistakenly selected as a fluorescence
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Figure 4.11: Experimental count rate distribution of pure buffer (481 nm laser, 20
MHz, 1500 a.u.). With increasing binning duration, the mean value of the Poisson
distribution increases.

photon. In this work, Thry is set to a value that corresponds to a probability
of around one permille that a false selection occurs.

Having selected all potential fluorescence bursts from a given count rate
time trace, commonly only bursts containing more than a specific number
of photons are selected to facilitate further evaluation steps [110]. Here,
as a first step, the product of the molecular brightness and the diffusion
time determined by FCS is used as a coarse estimate of the expected mean
number of photons per burst. Although the molecular brightness follows a
Super-Poisson distribution in reality [111], here, for convenience and without
making a significant error it is assumed to be Poisson-distributed. Hence,
also the number of photons per burst, again calculated as the product of
the molecular brightness and the diffusion time, is supposed to follow a
Poisson-distribution. Considering the latter, the majority of the distribution
lies in an interval defined by its mean =+ three standard deviations. As
the square root of the mean equals the standard deviation in the case of a
Poisson distribution, the minimal reasonable number of photons per burst
can be assessed as the mean number of photons per burst minus three
times the square root of the mean. To illustrate the impact of this burst
selection criterion, two exemplary FRET burst duration distributions of a
double-labeled DNA oligo-nucleotide (48 bp, donor (Al488) and acceptor
(AL647) linker attachment distance 10 bp) are shown in figure 4.12 (a). The
distribution shaded in gray contains all bursts, whereas the distribution
shaded in red consists of bursts with sizes above the previously specified
threshold only. Obviously, the unrestricted distribution is shifted to smaller
burst durations and shows an additional, unsolicited peak around zero.
Furthermore, the mean dwell-time the molecule spends in the MDF-volume,
here determined by fitting a mono-exponential decay to the burst duration
distribution [110], is larger for the distribution of selected bursts only. It
should be noted that the mean dwell-time does not coincide with the mean
burst duration but is significantly shorter. Additionally, it critically depends
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on the applied time-window sizes used to generate the count rate time
trace. This is also depicted in figure 4.12 (b) for time-window sizes of 0.5 ms
and 2 ms. In figure 4.12 (c), the impact of the time-window length on the
acquired mean burst size is visualized, showing that larger time-window
sizes lead to an increase of the average number of photons per burst. At
last, the dependency of the obtained mean molecular brightness on the time-
window length is depicted in figure 4.12 (d), demonstrating that the MB of a
sample decreases with increasing T. A more elaborate burst size distribution
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Figure 4.12: Distributions of FRET burst durations, burst sizes and correspond-
ing molecular brightnesses obtained for a double-labeled DNA oligo-nucleotide
construct with donor (AL488) and acceptor (AL647) linker attachment points sepa-
rated by a distance of 10 bp.(a) Impact of eliminating bursts with small numbers
of photons on burst duration distribution. The peak around zero showing up in
the unrestricted distribution (gray) has vanished in the distribution containing
selected bursts only (red). The MDF dwell-time is determined by fitting a mono-
exponential decay to the burst duration distribution. The unrestricted distribution
shifts the dwell-time to shorter values. (b) Burst duration distributions for T= 0.5
ms and 2 ms. With increasing T, the burst duration distribution gets shifted to
larger duration times. (c) Burst size distributions obtained for T= 0.5 ms and T=1
ms. Doubling the time-window size leads to a twice as large mean burst size. (d)
Corresponding molecular brightness distributions. Larger time-windows lead to
smaller MB-values, as shorter bursts are more likely condensed into larger ones.

analysis is not the focus of this work, nevertheless the given results should
raise awareness for the influence of the chosen burst selection parameters
on the obtained outcome. However, with respect to FRET it should also be
mentioned that FRET efficiency histograms are not that sensitive concerning
the burst selection procedure. That means that a time-window size lying in
the range of the FCS dwell-time will give reasonable results in most cases.
A well-known exception from this rule of thumb are FRET samples with



40 Chapter 4. Theory and methods

conformational dynamics with relaxation times on the order of the time-
window size, where the chosen value of T can reveal or hide sub-populations
[112].

4.2.3 Single-molecule FRET

In the previous sections, an outline of the fundamental physics of FRET
was given and the most important aspects of confocal single-molecule spec-
troscopy were covered. Taking the next logical step, the two worlds will be
united in this subsection.

Obviously, the first step towards single-molecule FRET measurements is
the selection of the appropriate FRET pair suitable to monitor the process of
interest, be it protein unfolding, conformational dynamics or ligand binding,
for instance. As already mentioned in the previous sections, this means that
(a) the distance between donor and acceptor has to lie in a regime around the
Forster radius and (b) the fluorophores have to be bright enough to achieve
a SNR value sufficient for the selection of bursts (of an adequate size). In
this work, in all cases AL488 is employed as donor and AL647 as acceptor
molecule, which results in a Forster radius of ~ 5 nm, so that the accessible
distance regime lies between 3 and 7 nm (see figure 4.4 (b)). Neglecting the
properties of the setup, the brightness of a dye is to a great extent deter-
mined by its quantum yield and its molar absorption coefficient, therefore
AL488 ($pn=0.92, €max=73000 M~tem™!) and AL647 ($pg=0.33, €max=270000
M~tcm™!) both are well-suited for single-molecule applications.

Labeling

Commonly, small organic dyes are attached to biological macro-molecules
by covalent binding of the reactive group of the fluorophore to a specific
side-chain/nucleobase, for instance the -SH group of a cysteine residue in
the case of proteins. In figure 4.13, such a reaction scheme of a fluorophore
linked to a reactive maleimide group and the thiol group of a bio-molecule
is depicted. As cysteine is a relatively rare amino acid [113], it is often
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Figure 4.13: A fluorophore linked to a reactive maleimide group binds covalently
to the thiol group of the cysteine residue of a macro-molecule.

possible to eliminate cysteine residues by site-directed mutagenesis [114]
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without significantly perturbing the protein structure. Then, one or two
cysteine residues can be inserted at the specific positions suitable for FRET.
The integrity of the mutated structure can be assessed by comparison to the
wild-type with regard to, among others, enzymatic activity and content of
secondary structure. The latter is often determined by circular dichroism
(CD) spectroscopy [115].

In this work, the site-specific double-labeling of the protein Phospho-
glycerate Kinase (PGK) is achieved exactly in the mentioned way, namely
by maleimide-labeling of two cysteine residues inserted by site-directed
mutagenesis. More details on the production of the sample, the labeling
procedure and evaluation of mutant integrity /functionality can be found in
reference [86].

Acquisition of FRET efficiencies

Sticking to the protocol for single-molecule measurements given in the
previous section 4.2.2, the obtained double-labeled sample is highly diluted
and the optimal excitation conditions for the sample are determined. The
direct fluorescence emission of the donor and the FRET induced fluorescence
emission of the acceptor are separated by a spectral filter and detected by
two different SPADs. The already mentioned transfer efficiency E can then
be determined according to [34]:

1
BE=— (4.36a)
1+ (“24)
Fy
=2 4.36b
Fa+~Fp ( )

The parameter v is a calibration factor which takes into account the imper-
fections of the optical setup and the photo-physical differences between
donor and acceptor. It is defined as the product of the ratio of the acceptor
transmission/detection efficiency (ga) to the donor transmission/detection
efficiency (gp), and the ratio of acceptor to donor quantum yield [34]:

_ 9AOnA (4.37)
9p Pfi.D

Details on the determination of y are given in the results section 5.4.2. Fp
and Fp denote the corrected number of donor and acceptor photons per
selected fluorescence burst, given by:

Fp=Fp— BGp (4.38)
FA ZFA—BNGA—CVFD

Hence, the experimentally determined numbers of photons are given by
Fp, and the corresponding background contributions by BGp 4. The latter
is determined by multiplying the average background count rate with the
burst-duration. The parameter « denotes the fraction of the donor signal
unintentionally detected in the acceptor channel, or cross-talk. Experimen-
tally, it can be determined by taking the ratio of the intensity detected by
the acceptor-channel to the intensity detected by the donor-channel using a
sample containing donor molecules only. In this work, « lies below 1 % for
all samples.
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Coming back to the burst selection process, the separate streams of donor
and acceptor photons are merged into one FRET-photon stream, which is
then used to generate a local count rate time trace. Applying the burst
selection criteria introduced in section 4.2.2, FRET-bursts are picked and
subsequently split into photons belonging to donor and acceptor again.
Knowing the exact number of donor and acceptor photons in a burst, the
corresponding FRET efficiency can be calculated according to equation 4.36.
The obtained distribution of FRET efficiencies can then be used to build up
a histogram which can be fitted by one or several Gaussian distribution(s).
Thereby, each molecular sub-population in the sample can be associated
with a mean transfer efficiency and the corresponding standard deviation
[18].

Pulsed interleaved excitation (PIE) and burst coincidence

However, with a labeled FRET-sample at hand, it is worth to remember that
all external labeling procedures are imperfect. This means that a double-
labeled sample will also contain unlabeled specimen and specimen carrying
one or two donors (donor-only sample) or one or two acceptors (acceptor-
only sample). While unlabeled and acceptor-only specimen are negligible as
they are invisible for the laser light used for donor-excitation, the donor-only
sample indeed gets excited but does not transfer any energy due to the
lack of an acceptor molecule. Consequently, the obtained FRET efficiency
histogram will consist of the distribution of the real FRET-efficiencies and a
peak around zero associated with the donor-only population. Obviously, the
existence of an acceptor can be checked by directly exciting it and observing
the corresponding fluorescence burst. However, to prevent an overlap of
direct and FRET-induced acceptor bursts, the direct acceptor excitation
has to be applied at some other point in time than the excitation of the
donor leading to FRET. This is exactly the working principle of pulsed
interleaved excitation (PIE), where the sample gets alternatingly excited by
a donor and an acceptor excitation laser pulse [116]. Commonly, the cycle
duration is adjusted to be around twice as long as the fluorescence lifetime
decay time-window of the donor. A typical TCSPC histogram of a FRET
sample excited in PIE-mode is shown in figure 4.14. Obviously, all photons
tagged with a microscopic arrival time lying in the FRET window can be
used to generate a FRET time trace, whereas the other photons, stemming
from the directly excited acceptor, form the further on called PIE time trace.
Then, applying the criteria already discussed, all FRET and PIE bursts are
selected and their macroscopic starting and ending times are determined.
The starting and ending times of each burst, denoted as Ts and Tg further
on, are then used to examine whether a FRET burst is accompanied by a
coinciding PIE burst or not. The four different temporal configurations
leading to coincidence are sketched in figure 4.15. Knowing the numbers of
detected FRET, PIE and coincident bursts, further denoted as NBgrer, NBpie
and NBpy, the fraction of double-labeled molecules in the sample can be
(roughly) estimated according to:

NBpa
NBrrer + NBprg — NBpa

fracpa = (4.39)
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Figure 4.14: Pulsed interleaved excitation: the direct excitation of the donor and
the acceptor occur with alternating laser pulses (cycle duration 50 ns , temporal
shift between pulses 25 ns). Consequently, donor and acceptor FRET-photons and
directly excited acceptor photons can be separated by their microscopic arrival
times.
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Figure 4.15: Possible temporal configurations of coincident FRET and PIE bursts,
sketched as rectangular boxes ranging from the starting to the ending point of each
burst. The temporal overlap of both bursts is indicated by the vertical dashed black
lines.

As indicated in figure 4.15, two coincident FRET and PIE bursts don’t have
to temporally overlap exactly. On the one hand, it is possible that the MDF-
volumes for the two different wavelengths of donor and acceptor don’t
match to 100 %, which means for instance that the FRET donor might be
excited slightly earlier or later than the acceptor. On the other hand, both
fluorophores are prone to bleaching while traversing the MDF-volume, but
certainly to a varying extent. This means that a donor might stay intact
during the dwell time in the volume whereas the acceptor bleaches, or vice
versa. Additionally, donor and/or acceptor can turn into non-fluorescent
dark states, for instance by inter-system crossing or by cis-trans isomeriza-
tion [43]. To eliminate potential photo-physical and/or bleaching artifacts
leading to biased transfer efficiencies, the selected coincident bursts are
therefore subject to a second analysis step. For each pair of coincident bursts,
the overlap time interval is determined, which is depicted by dashed black
lines in figure 4.15. Then, only photons with macroscopic arrival times
found in this overlap time-interval are used to calculate FRET efficiencies,
which simultaneously erases the contribution of blinking and bleaching
bursts [109]. The difference between a FRET histogram with and without
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the contribution from donor-only and bleaching/blinking bursts is shown
in figure 4.16. Besides the prominent donor-only peak, the uncorrected
histogram additionally shows a trace of FRET efficiencies ranging from the
real distribution to the zero-peak, which is a typical footprint of bleaching
and/or blinking of the acceptor. Again, due to the process of counting
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Figure 4.16: FRET efficiency histograms with and without donor-only and bleach-
ing/blinking bursts. In red, the FRET efficiency histogram of all FRET bursts is
shown. The FRET efficiency histogram containing FRET-bursts coincident with a
PIE burst only is shown in blue.

discrete numbers of donor and acceptor photons in a FRET burst and the
related shot-noise, even for a fixed inter-dye distance not a single transfer
efficiency, but a distribution around a mean efficiency value (E) is obtained.
Precluding other sources leading to a broadening, the minimal width of the
shot-noise limited FRET-distribution is given by [34]:

s PU-E) (4.40)
(F D + F A)min

Here, (Fp+FA)min is defined as the minimal number of fluorescence photons
per FRET burst included in the transfer efficiency calculation. Comparing the
width of the experimentally determined FRET histogram with the shot-noise
limited distribution can provide information about additional processes
inducing a broadening of the histogram, for instance slow conformational
dynamics (timescale ~ dwell-time) or photo-physical artifacts [117, 118].

4.3 Fluorescence Correlation Spectroscopy (FCS)

Fluorescence Correlation Spectroscopy, further on abbreviated as FCS, was
originally introduced in the 1970s in the seminal papers by Elson, Magde
and Webb [49, 50]. At that time, diffusion coefficients and chemical reaction
rate constants were only accessible by experiments in which a system was
at first slightly perturbed, and then monitored during its relaxation back
to equilibrium. In contrast to that, based on the fundamental regression
hypothesis stated by Onsager [119, 120], Elson et al. made use of microscopic
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(thermodynamic concentration) fluctuations in an equilibrated system to
determine its macroscopic transport properties and chemical interaction
rates.

To facilitate the observation of these spontaneous microscopic fluctu-
ations, fluorescent markers proved to be useful monitors displaying the
latter. On the one hand, many fluorophores react sensitive to changes in
their environment, for instance the binding of a ligand or a conformational
change, by decreasing or enhancing their emission rate. On the other hand,
any laser beam used for their excitation defines a well-defined open volume
the labeled specimen can enter or leave, thereby facilitating the observation
of diffusion related concentration fluctuations. The time dependence of
any kind of fluctuation in the fluorescence signal is then determined by
calculating and subsequently analyzing its corresponding correlation curve,
explaining the term FCS.

However, due to relatively dim fluorophores, low detection efficiencies,
large ensemble numbers and significant background scattering, the correla-
tion curves obtained in the early studies by Elson et al. suffered from low
signal-to-noise ratios and the resultant need of measurement times of sev-
eral hours. Naturally, spontaneous, non-synchronized fluorescence intensity
fluctuations only contribute significantly to the overall signal when very few,
relatively bright molecules reside in a sufficiently small open volume. Ac-
companied by steady technical improvements and the synthesis of brighter
fluorescent labels, this requirement was met for the first time by Rigler and
colleagues around 1990, when they combined the concept of FCS with the ex-
perimental advantages of confocal microscopy [121]. These were discussed
extensively in the previous sections and will not be recapitulated at this
point. Nevertheless, it should be mentioned here that, with the spatial extent
of the MDF lying in the femto-liter range, nowadays FCS optimally works
with samples in the nano-molar range. Depending on the brightness of the
fluorescent labels and the required SNR, measurement durations typically
lie in the range of seconds to a few minutes.

4.3.1 FCS theory boiled down

Now, a few of the basic mathematical concepts needed to understand FCS
shall be described. In general, the correlation function of the detected fluo-
rescence signal is given by [122]:

(SI(t)SI(t + 70))
(I(8))?

Before considering further details, it is worth to have a closer look at the
amplitude of the correlation curve, given by:

G(r.) = (4.41)

G(0) =

(4.42)

Here, 021(0 denotes the variance of the fluorescence signal. It is intuitively
clear that the mean value of the measured fluorescence signal should be
proportional to the mean number of fluorescent particles in the considered
excitation/photon collection volume, and that its variance should resemble
the variance of this number. In section 4.2.2 it has been shown that, low
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sample concentrations given, the mean number of particles in a small volume
follows a Poisson distribution. Consequently, equation 4.42 can be written
as:

(4.43)

Hence, independent from the measurement setup at hand, the inverse of the
correlation curve amplitude equals the mean number of fluorescent particles
in the considered volume.

The MDF and the effective volume

Now focusing on confocal microscopy and assuming a single fluorescent
species, fluctuations in the fluorescence signal can be calculated according
to [122]:

1) = Io [ MDF@8(05e6p - (7)Y (4.44)
- / MDF(7)5(MBe(7, t))dV

Here, c(r't) denotes the local particle concentration and the product of quan-
tum yield (¢g), absorption cross section (o3,,.) and excitation intensity (lIp) is
combined into the molecular brightness (MB). Under the assumption that the
molecular brightness stays constant, hence excluding chemical interactions
and considering diffusion processes only, equation 4.44 can be simplified to:

SI(t) = MB / MDF(R)oc(7,1)dV (4.45)

Insertion of equation 4.45 into the enumerator of equation 4.41 then leads to:

Gonlra) = MB? / M DF(F)MDE () (Sc(7, )5e(F, £ + 7)) dVidVi

(4.46)
As a next step, the so-called concentration correlation factor has to be intro-
duced [50]:

‘13(71, T_"Q, TC) = <5C( _’1, t)(SC(FQ, t+ TC)> (4.47)
= (d¢(71,0)de(7a, 7¢))

= () (47TD7'C)_3/2 exp (—(Fl — FQ)Q)
4D,

The step leading from the first line of equation 4.47 to its second line is valid
due to the principle of microscopic reversibility and the fact that the system
is stationary. The third line is the classical solution to the diffusion equation
in an open system and three dimensions. Insertion of the second line of
equation 4.47 into the correlation function 4.41 yields:

_ JI MDF () (%) ®(r1, 7, 7)dVidVa
()2 ([ MDF(7)dV;)”

G(r.) (4.48)
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As previously done for the general correlation function 4.41, now the am-
plitude of the specified correlation curve given by equation 4.48 should be
examined [122]:

[ MDF(#%)MDF (7)®(7,, 7, 0)dVidVs
()2 ([ MDF(7)dv;)”
_ [[ MDF ()M DF (72){c)d (71 — 72)dV1dVa
(c)? (f MDF(7)dv;)”
1 [ fMDFAF)av;
@ [(
1

G(0) =

(4.49)

[ MDF( rl)dvl)

n

Going from the first to the second line of equation 4.49, the initial condition of
the solution of the three-dimensional diffusion equation is used to replace the
concentration correlation factor at time zero. In the third line, the integration
of the delta distribution is carried out. The fourth line simply reproduces the
identity between the inverse of the correlation amplitude and the number of
fluorescent particles in the measurement volume. By comparison of the third
and the fourth line of equation 4.49, it gets clear that the factor in square
brackets has to be the inverse of an effective measurement volume:

(f MDF(7)av)*
[ MDF2(7)dV

Verp = (4.50)
As was shown in the previous sections, the MDF is the normalized product
of the EID of the Gaussian laser beam and the CEF taking into account the
properties of the objective and the pinhole. However, although a realistic
modeling of the MDF would provide an exact (numerical) calculation of the
effective volume, an analytical solution of the integral in equation 4.50 is not
achievable. For convenience, the exact MDF is therefore approximated by a
three-dimensional Gaussian distribution [122]:

2 22
MDFgauss = €Xp < ) exp ( 2) (4.51)
Wo w2
Insertion of equation 4.51 into equation 4.50 and subsequent integration
leads to:

Vers = 7r3/2wng (4.52)

It is worth to mention that Vg is by a factor of v/8 larger than the confocal
volume obtained by the direct integration of the approximated MDE.

Pure diffusion, triplet and calibration equation

Having obtained a rough picture of the theory behind FCS, from this point
on only the resulting equations needed in this work will be given. With the
MDF approximated by a Gaussian, the correlation function describing the
case of pure diffusion of one species is given by [122]:

1 1 1

Gpp(Te) = ——

(4.53)

TDN2
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Here, « is defined as the ratio of the axial to the radial 1/e? half axes of the
effective volume and should not be confused with the orientation factor
used in the theory of FRET. The characteristic dwell time of the molecule in
the effective volume is denoted as tp. Knowing the radial 1/ e? half axis, it
can be used to determine the setup independent diffusion coefficient D:

2

D=0 (4.54)

4tp

Besides the intensity fluctuations caused by diffusion, which commonly
determine the shape of the correlation curve in the millisecond rang, inter-
system crossing to a long-lived excited triplet state leads to the blinking
of the fluorescent molecules in the microsecond regime. The correlation
function describing the case of diffusion and additionally taking into account

transitions to and from triplet states is given by:

T ¢
Gpp,r(1e) = Gpp <1 + — exp (—T>> (4.55)
1-T T

Having a look at equations 4.53 and 4.55, it is clear that fitting the model
equations to the measured correlation curves the parameters tp r, T and n are
adjusted, whereas k should be known and fixed. Additionally, to calculate
the diffusion coefficient D, the radial 1/e? half axis has to be inserted into
equation 4.54. Consequently, the extent of the effective volume has to be
determined before the sample of interest can be analyzed.

This is easily achieved by analyzing the FCS curve obtained for a sample
with a know diffusion coefficient, in most cases a fluorophore freely diffusing
in aqueous solution [102]. The pure diffusion equation can then by written
as:

1 1

1

7 4D

nl4 T2 74D
wg L+ wg,‘#

Gpp(1.) = (4.56)

Now, fitting the equation to the measured correlation curve the diffusion
coefficient is fixed and the parameters n, k and wy are adjusted. Obviously,
the same can be done by fitting the triplet model, except that in this case two
more free parameters contribute.

Often, the nominal value of the diffusion coefficient known from some lit-
erature source is valid at 25° C, which means that, if the calibration measure-
ment is performed at a different temperature, the actual diffusion coefficient
has to be corrected according to [123]:

T 8.9-10"*Pas

D(T) = Dos - :
(T)= Do 355 151 n(T)

(4.57)

with:

47.8 K

0(T) = 2.414 - 1075 Pas - 10(7-55) (4.58)

Here, T is the temperature in Kelvin. Equation 4.58 describes the dependency
of the dynamic viscosity of water on the temperature.

Detector after-pulsing

Sensitive detectors working in the photon-counting Geiger mode, like the
SPADs employed in this work, are prone to a phenomenon called after-
pulsing, which means that after a real photon detection event a spurious
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detection event is potentially created [124]. Unfortunately, this leads to an
additional bump in an FCS curve at short time-scales, hence complicating
the analysis of processes occurring in this temporal range. To circumvent
this problem, in this work the fluorescence emission signal is split onto two
different detectors and the two intensity traces are cross-correlated. As the
after-pulsing events created by the two different detectors are uncorrelated,
they do not contribute to the correlation curve generated in this way.

All other details about FCS that are important for specific applications
are explained in the referring results sections.

4.4 Time-resolved anisotropy (TRA) measurements

In this work, time-resolved anisotropy (TRA) measurements are only em-
ployed to make estimations about the orientation factor k? important for
FRET. Hence, TRA is not one of the core techniques used in this thesis,
therefore only a short outline will be given in the following.

Considering an isotropic fluorescent sample solution that is excited with
a linearly polarized, short laser pulse, molecules with specific orientations
are more likely to pass to an excited state than others, which is also called
photo-selection. This leads to the fact that, at least in the moment of excita-
tion (or time zero), the fluorescence emission of the sample is an-isotropic.
However, due to Brownian motion the fluorescent molecules continuously
rotate and consequently change their orientation, which after some spe-
cific time leads to a sample fluorescence emission that is isotropic again.
Obviously, the time-scale of this depolarization depends on the rotational
correlation time of the considered sample [43].

With the orientation of the polarization vector of the excitation source
taken as reference, the extent of the anisotropy of a sample can be quanti-
fied by comparing its parallely and perpendicularly polarized fluorescence
emission components. With the help of TCSPC this can be done in a time-
dependent manner, which allows to determine the rotational correlation
time of a fluorescent molecule, regardless of whether it freely diffuses in
solution or is attached to a macro-molecule. In the latter case, additional
information about the restriction of the rotational freedom of the fluorescent
marker and the flexibility of the domain it is bound to can be obtained [43].

The parallely and perpendicularly polarized fluorescence emission com-
ponents, I(t)H and I(t), , are defined as [43]:

I(t)” = Ifl (t)(l + 27’0Ph(t)) (459)
I(t) L = GIp(t)(1 —roPh(1))

Here, Ig(t) is the fluorescence lifetime decay already defined in equation 4.4
and G (also known as G-factor) is a calibration factor correcting for potential,
polarization dependent differences in the detection efficiency of the setup.
The anisotropy decay is given by the product of the fundamental (or time-
zero) anisotropy, here denoted as r(, and the sample specific, time-dependent
anisotropy function Ph(t).

In the case of freely diffusing fluorophores, the anisotropy function is
given by a mono-exponential function [43]:

Ph(t) = exp (—;) (4.60)

r
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Here, the rotational correlation time of the fluorophore is denoted as 6,. The
anisotropy function describing a fluorophore attached to a macro-molecule
is given by the so-called wobbling-in-a-cone-model [125]:

t t
Ph(t) = [(1 — Ay) exp <—9> - Aoo} exp <—9 ) (4.61)
i r,slow
In this case, the fluorophore is again characterized by its rotational cor-
relation time 6,, but also by the parameter A, quantifying its motional
restriction. It is given by [125]:

Aoo = [0.5 (1 + c08(0maz ) €08(Omaz )] (4.62)

Here, Omax is the half angle of a cone the transition dipole moment of the
fluorescent marker is free to rotate in. The rotational correlation time of the
macro-molecule is given by 0, o -

However, it is important to mention that equation 4.59 only applies in
cases where the sample excitation and photon collection occur under small
angles. The reason for that is depicted in figure 4.17, showing the excitation
path in a standard, cuvette-based measurement setup in the upper sketch,
and the excitation path in a confocal microscope in the lower sketch. Whereas
in the case of small convergence angles the polarization vector orientation
does not change significantly, a high NA objective converts the previously
unique polarization vector orientation of the linearly polarized laser beam
into a distribution of orientations. Obviously, the reverse situation occurs
considering the fluorescence emission collected by the high NA objective.

In this work, all TRA measurements were performed using the MT200,
hence, the mentioned depolarization effects have to be taken into account.
Therefore, equations 4.59 are adjusted to [38]:

I(t)H = Ifl(t) |:1 + k1 (Oé, 6)27‘0Ph(t):| (4.63)

I(t), = fol(t) |:1 + ko(cv, ﬁ);?“oph(t)]

Here, the parameters k; and k;, which are functions of the convergence
angle of the laser beam () and the maximum angle of photon collection (f3),
correct for potential depolarization effects. Reasonable values lie between 0
and 0.8 for k; and between -0.4 and 0 for k,. Obviously, equation 4.59 is a
special case of equation 4.63 with k1= 0.8 and k2= -0.4 inserted.

As already mentioned in section 4.1.1, every TCSPC histogram is affected
by the profile of the IRF of the detection system and can only be analyzed
accurately by iterative re-convolution. In the case of TRA, the TCSPC his-
tograms for the two polarization components are determined simultaneously
using two different detectors, hence two different IRFs have to be taken into
account. Additionally, a reasonable way to obtain more reliable output
parameters is to fit the two different TCSPC histograms globally, with the
rotational correlation time, the fluorescence lifetime and intensity, and the
fundamental anisotropy being the minimal set of global parameters.
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Figure 4.17: Upper figure: Standard, fluorescence spectrometer setup: the linearly
polarized laser beam is only slightly focused before impinging on the sample cu-
vette, so that the orientation of the polarization vector does not change significantly.
Lower figure: Confocal microscopy: the linearly polarized laser beam is focused
by a high NA objective before impinging on the sample. The unique orientation of
the polarization vector is converted into a distribution of orientations (refraction at
interfaces not depicted here).
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Chapter 5

Results

5.1 Characterization of the confocal microscope MT200

The fundamental prerequisite for all experimental work is the profound
knowledge of the tools one wants to use. Therefore, this chapter starts with
a thorough characterization of the confocal setup, introducing a number of
parameters that will also be of interest for other sections following later on.

5.1.1 Laser beam size characterization

The radial intensity distributions of the laser beams, operated in cw-mode
here, were measured between M1 and SM1 of the MOU (see Figure 3.2
for details) with the help of the Beamage 3.0 system. The center of the
Beamage 3.0 CMOS detection sensor was fixed approximately 5 cm behind
M1 on the beam propagation axis (= z- axis), with the active sensor area
approximately perpendicular to the latter. The size of the sensor area is
11.3 x 6.0 mm?, with a pixel equivalent of 2048 x 1088. Consequently, the
resolution is approximately 5.5 x 5.5 pm? per pixel. The measured intensity
distributions are depicted as two-dimensional contour projections in Figure
5.1, with the corresponding contour profiles (intersecting the distribution
maximum) added at the top and on the right side. For both laser beams, the
1/€2 radii along the x- and y-axis lied around 2 mm and did not show any
measurable changes with varying positions of the sensor along the z- axis
(data not shown here).

5.1.2 Power diode read-out: Conversion from a.u. to Watts

To enable an online-control of the laser power reaching the back aperture of
the objective, a small part of the excitation light passing through the MOU
is deflected by the semitransparent mirror SM1 and impinges on a photo-
diode (see Figure 3.2 for details). There, the measured power is specified in
arbitrary units (a.u.), so one needs to know how to convert the photo-diode
read-out into the physically relevant unit Watts. This can be achieved by
determining sets of corresponding Watt/a.u. pairings with the help of a
power meter. The slope of a linear function fitted to the corresponding data
points gives the required conversion factor, here denoted as s. The results
obtained for the given setup are depicted in figure 5.2, measured with the
power meter placed on top of the objective thread (objective removed). It is
important to notice that in the case of the 481/487 nm laser the conversion
factor changes significantly going from pulsed to cw-excitation, whereas it
stays constant for the 633/637 nm laser.
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Figure 5.1: Contour projection and x,y-contour profiles of the radial intensity distri-
butions of the excitation laser beams. (a) Center: Radial intensity distribution of
the 487 nm laser beam operated in cw-mode (center of sensor area not coincident
with z- axis). Top: contour profile along x-axis, y-position fixed to maximum of
intensity distribution. Right: equivalent contour-profile along y-axis. wpx and wgy
denote 1/e?-radii of Gaussian distributions (red) fitted to contour profiles (black).
(b) Corresponding representation for 637 nm laser. wgx and wg y are slightly smaller
than for the 487 nm laser.
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Figure 5.2: Pairings of power meter (uWatt) and photo-diode (a.u.) read-out for both
lasers. (a) The conversion factor s changes going from pulsed (481 nm, blue dots) to
cw-excitation (487 nm, blue squares). (b) The conversion factor stays constant going
from pulsed (633 nm, red dots) to cw-excitation (637nm, red squares).
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5.1.3 Molecule detection function (MDF)
Bead imaging

The MDF can be determined experimentally with the help of fluorescent
beads that have a radius smaller than the airy disc of the objective. Here,
Tetra-speck™ Microspheres with a radius of 50 nm were used to determine
MDF cross-sections of the MT200 equipped with the default objective and
the 30 um confocal pinhole. The excitation power was set to 20 a.u. for
both lasers, corresponding to Pyg1= 0.84 uW and Pg33= 0.73 pW. To be able to
determine the focal shift of the two MDFs measured for the two different
excitation wavelengths, the lasers were operated in PIE-mode. As compared
to imaging the fluorescent beads with two colors at the same time, using
PIE has the advantage that problems due to fluorescence bleed through or
FRET are minimized. The obtained results are shown in Figures 5.3. First, it
should be noticed that the xy-contour projection of the PSF is not symmetric
and that its yz-projection appears to be slightly tilted. This phenomenon
was already observed earlier in other measurements and is a consequence of
laser beam astigmatism induced by the usage of a polarization maintaining
fibre [126]. Fitting a Gaussian distribution to each of the contour-profiles, the
1/e?-radii and the peak positions of the intensity distributions, here denoted
as Wwyy,z and [x,y,z], can be determined. The obtained results are given in
tigure 5.3. The shift between the focal points of the two MDF-volumes lies
around 30 nm along the x-axis and between 40 and 100 nm along the y-axis.
Along the z-axis, a shift of ~ 200 nm is observed.

FCS

As shortly discussed in section 4.3.1, another way to determine the 1/¢?
half axes of the MDF is to analyze the FCS curve of a fluorophore with a
well-known diffusion coefficient. Here, AL488 and AL647 in ultra-pure
water were used as calibration samples, with Day4ss o5 = 435 um?/s [127]
and Dap647 25 =330 um? /s [123]. The number 25 indicates that these diffusion
coefficients are valid at a temperature of 25° C and have to be adjusted to the
measurement conditions as described in section 4.3.1. For each fluorophore
sample and the 30 um pinhole, five measurements of two minutes each
were performed applying an excitation power of 100 a.u.. For the larger
pinhole sizes, the samples were measured twice only. In all cases, the average
number of fluorophores in the effective volume was adjusted to lie between
1 and 10. The obtained results are shown in table 5.1.

Aexc [nm] Pinhole wp [nm] Wy [nm]
diameter [um]
481 30 235 4+32 1022 + 200
633 30 239 £28 1584 + 550
481 50 265 +25 1386 4+ 210
633 50 319 £33 19254371
481 75 311 £33 2694 + 603
633 75 360 28 3623 4+ 1240

Table 5.1: Summary of 1/e? half axes of MDF obtained by FCS.
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Figure 5.3: (a) xy-, (b) yz- and (c) xz- PSF cross-sections for both excitation wave-
lengths (left: 481 nm, right: 633 nm, resolution smaller than 20 nm per pixel side in
all cases). Peak positions of Gaussian distributions (red line) fitted to contour-profile
data points (black line) are denoted as [x,y,z]., corresponding 1/e?-radii as Wy yz-

Within the error limits, the radial extent of the MDF determined by FCS
coincides with wy obtained by bead imaging. Taking into account the rather
large error of w, obtained by FCS, it is reasonable to say that it at least lies
in the same order of magnitude as the axial extent determined with the help
of the fluorescent beads. As expected from the purpose of the pinhole to
act as a spatial filter along the beam propagation axis, the MDF gets more
elongated with increasing pinhole diameter.
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MDF volume overlap

The overlap of the MDF volumes for the two different laser excitation wave-
lengths can be assessed roughly by depicting the MDF volumes as ellipsoids
with half axis wy and w, as determined by FCS. The relative shift of the
ellipsoid centers is determined by the parameter [x,y,z]. obtained by bead
imaging. The results are shown in figure 5.4. In the case of the 30 um pin-
hole, roughly 20 % of the blue volume don’t overlap with the red volume,
whereas around 50 % of the red volume don’t overlap with the blue vol-
ume. Obviously, considering the 75 um pinhole the complete blue volume
lies inside the red volume, but only 50 % of the red volume coincide with
the blue one. Concerning FRET-measurements employing the larger pin-
hole this means that no severe MDF volume mismatch has to be corrected
for. However, employing PIE to check for coincident bursts, the amount of
single-labeled acceptor molecules is probably over-estimated. Additionally,
very few donor-only molecules might be considered double-labeled erro-
neously. However, this picture does not take into account any photo-physical
properties of the fluorophores used and should just serve as an illustration.

d(pinhole)= 30 um d(pinhole)= 75 pm
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Figure 5.4: Ellipsoidal approximations of MDF volumes for 481 nm (shaded blue)
and 633 nm laser (shaded red) for different pinhole sizes.

5.2 Temporal resolution of the MT200: the instrument
response function (IRF)

As already mentioned in section 4.1.1, a convenient way to determine the
IRF of the detection system is to quench a fluorophore with the help of a
fully saturated potassium iodide solution and to measure the corresponding
TCSPC histogram. In this work, all samples are labeled with AL488 or AL647,
hence the obvious choice with respect to spectral similarity of IRF and sample
would be to quench these dyes. However, AL647 is not sufficiently quenched
by KI, hence solutions of quenched AL488 and AT655 are used here instead.
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The peak-normalized IRFs measured with the help of the potassium
iodide-AL488/AT655 solutions are shown in figure 5.5. The obtained FWHM
values of 900 ps indicate that the system was not optimally aligned, as
FWHM of 600 ps can be achieved in the optimal case. Interestingly, although
the same type of SPAD is used, the IRF profiles for the first and second detec-
tor are not identical. Hence, especially with respect to TRA measurements it
is important that both IRFs are determined. As a rule of thumb it is said that
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Figure 5.5: IRFs of detection system measured with quenched solutions of AL488
and AT655. For both colors, the FWHM of the IRF lies around 900 ps.

in the optimal case fluorescence lifetimes of 1/10 of the width of the IRF are
resolvable via iterative re-convolution [128]. Consequently, with respect to
the confocal setup used in this work, the shortest determinable lifetime lies
around 100 ps.

5.3 Determination of depolarization corrections factors

As discussed in section 4.4, the use of a high NA objective (UPLSAPO 60XW
considered here) potentially leads to depolarization artifacts in the measured
time-resolved anisotropy (TRA) decays. Hence, the TCSPC histograms ac-
quired for the parallelly and perpendicularly polarized fluorescence emis-
sion components have to be analyzed with the models given in equation
4.63, which correct for depolarization effects with the help of the parameters
ki and k. In this section, a short protocol shall be given that allows for a
reliable determination of k; and ks.

As a first step, a suitable calibration sample has to be found. Having a
closer look at equation 4.63, it is clear that a model equation with as little
as possible free fitting parameters provides the most reliable results for k;
and k. Therefore, a sample with a mono-exponential lifetime decay in
combination with a mono-exponential anisotropy decay has to be found,
which makes the freely diffusing fluorophore AL488 one reasonable choice.
As a next step, an appropriate solvent has to be selected. In water, the
rotational correlation time of AL488 lies around 100 ps, which is close to
the temporal resolution limit of the setup (see previous section for details).
Additionally, an anisotropy decay with a short rotational correlation time
contributes with less photons to the overall decay than a decay with a longer
rotational correlation time, which makes a precise determination of its pre-
factor less likely. On the other hand, the rotational correlation time should
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not be too long, as then the available observation window limited by the
fluorescence lifetime might be insufficient to determine it accurately. To
find the optimal range of rotational correlation times providing the most
reliable results of k; and k», a set of Glycerol solutions (0, 6, 10, 14, 22, 29,
37, 44, 51, 58 wt. % Glycerol added to water) is prepared. Glycerol is a
commonly used viscosity enhancer, so its addition to water increases the
rotational correlation time of AL488. For each Glycerol concentration the
corresponding TRA decays for AL488 are measured, demanding a number
of at least 100000 photon counts in the peak of the TCSPC histogram of the
parallel component for each data set. It is worth to mention that the size of
the employed pinhole does not play a role here. The distance between the
upper cover slip surface and the nominal focus position was fixed to 10 um
in all cases.

The optimal parameters k; and k; are then obtained by fitting the appro-
priate model 4.63 to the measured TRA decays. It is important to mention
that the fundamental anisotropy has to be fixed during the fitting procedure.
Here, it was fixed to a value of 0.38 [129]. All other parameters were kept
free during the fitting procedure but were limited to reasonable intervals.
In all cases, the G-factor was found to lie between 1 and 1.1. The error
limits of k; and k; are determined with the help of a support-plane-analysis
(SPA) [43]. This means that the fitting parameter of interest (ki, k) is fixed
to an offset value distinct from its optimum while the fitting procedure is
run through again. Hence, the other parameters are adjusted until a new
minimum of the goodness-of-fit parameter (x?eq) is found. If the ratio of this
new minimum to the optimal minimum does not exceed a specific threshold
(Fy), the offset value is said to be consistent with the data. Then, the param-
eter of interest is set to another offset value with a larger distance from its
optimum and the procedure is repeated. Obviously, the set of offset values
consistent with the data defines the confidence interval of the parameter
of interest. It should be mentioned that the assessment of the appropriate
threshold F, is not unequivocally clear [43]. Taking the value predicted by
the F,-statistic, depending on the number of independent data points and
titting parameters, the threshold value would lie below 1.001 here. How-
ever, it is not clear whether all data points contributing to the time-resolved
decays are completely independent. Additionally, the error limits obtained
using this threshold value appear to be unrealistically small. Here, two
confidence intervals are calculated for each parameter, one corresponding to
Fy=1.005 and one corresponding to F,= 1.01, which allows an estimation of
the influence of the threshold on the obtained error limits.

Before coming to the experimental results, additionally the theoretical
prediction of k; and k; should be discussed. According to reference [38],
ki1 and k; can be calculated with the help of the convergence/divergence
angle of the laser beam () and the maximum angle of photon collection (3).
Knowing the NA of the objective and the refractive index n of the solution,
B is given by:

B = arcsin <A;A> (5.1)

As the objective is under-filled, « does not coincide with (3 but has to be
determined by means of the beam waist of the focused laser beam. The
beam waist can be calculated with the help of the software PSF lab [130].
PSF lab is able to realistically predict the shape of the EID by taking into
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account the physical parameters of the objective, for instance its NA and the
extent of under-filling of its back-aperture, and the refractive indices of the
layers the excitation light passes. Consequently, wy is found to lie around
280 nm. Then, « can be calculated according to [98]:

o = arctan ()\wc> (5.2)
nmwwo
With o and 3 at hand, the calculation of k; and k; is straightforward.

The obtained experimental and theoretical values for k; and k; are shown
in figure 5.6, plotted as a function of the respective refractive index of the
glycerol solution.

NA n kq ko

1.2 1.33 0.54 + 0.03 -0.31 +£0.02
1.37 0.56 + 0.03 -0.31 +0.02
140 058 (0.55) + 0.03 -0.31(-0.20) + 0.02

03 1.33 0.82 +0.03 -0.37 £ 0.03
140 0.82(0.80) + 0.03 -0.37 (-0.39) + 0.03

1.35 1.40 0.53 +£0.03 -0.29 £+ 0.02

Table 5.2: Experimentally obtained depolarization factors for different objectives
and solvent refractive indices. The error limits correspond to an SPA threshold of
F,=1.01. For the low NA objective, k; and k; coincide with the values expected for
a standard, parallel beam setup. Values in brackets obtained for AT647N in 50 wt.
% glycerol.

For n smaller than 1.37 (= 29 wt. % Glycerol added), the experimentally
determined k; and k; values have very large error limits and are not reliable.
As distinct from that, for n larger than 1.37 the obtained k; and k;, values
have sufficiently small error bars. Comparing the theoretical prediction with
the measured results, a systematic offset is observed. This is not surprising,
as the models used for the calculations do not take into account any experi-
mental imperfections like reflections at interfaces, for instance. Nevertheless,
for both correction parameters the theoretical and experimental data points
show the same trend. Adding in both cases the same constant offset to the
theoretical results to force them to coincide with the stable experimental
results, reliable estimations of k; and k; for n smaller than 1.37 are possible.
In table 5.2, the correction parameters are summarized and complemented
by k; and k, obtained for the two other objectives mentioned in section 3.1.

The theoretically predicted depolarization factors for the 633 nm laser
deviate from the reported ones by less than 1 % for all numerical apertures
considered. Repeating the calibration procedure with AT647N (ro= 0.37,
measured) in a 50 wt. % glycerol solution, for the low NA of 0.3 the obtained
kq and k, values coincide with the ones obtained for AL488 (see table 5.2).
As distinct from that, for a numerical aperture of 1.2, only k; is consistent
with the other value, whereas k; is significantly smaller. Hence, although
not expected from a theoretical point of view [38], the calibration procedure
has to be performed for both spectral ranges.
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Figure 5.6: Experimental (black squares) and theoretical (red solid line) k; and k,
values as a function of refractive index. Error bars of experimental data correspond
to SPA confidence intervals obtained for threshold values of 1.005 (black) and 1.01
(gray). Forcing the theoretical curve to coincide with the experimental results (black
solid line), reliable predictions of k; and k, for n smaller than 1.37 are obtained.
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5.4 Quantum yield determination by low-intensity FCS
(IiFCS)

5.4.1 Theoretical fundamentals of the 1iFCS approach

The determination of the quantum yield of a sample relative to that of a
fluorescent standard with a similar spectrum is based on the comparative
measurement of a physical quantity linked to the quantum yield, for in-
stance the integrated fluorescence intensity at identical optical densities
(see section 4.1.2). Here, the physical quantity used is the already men-
tioned molecular brightness (MB), defined as the fluorescence count rate
per molecule obtained for a given optical setup, determined in the limit
of low-excitation intensities. Assuming that the sample concentration is
spatially homogeneous throughout the detection volume, the MB is given
by [131]:

MB = g/ Ef1cw/p(T)CEF(7)dV (5.3)
\%4

Here, g denotes the transmission/detection efficiency of the setup at hand,
taking into account the spectral transmission functions of all optical elements,
the solid angle of emission collection of the objective as well as the detection
characteristics of the single-photon avalanche diodes. CEF(r) is the already
introduced collection efficiency function of the setup. Lastly, kq(r) denotes
the spatial fluorescence count rate distribution of a single fluorophore, with
subscripts cw and p indicating continuous or pulsed excitation. It can be
calculated according to [99, 132]:

ér10x. IDEID(F
k1o (P) = ! (") - (5.4)
L 7o T EID() (14 i)
L o k10K
hjup(7) = — 17— (5.5)
L ()

Here, ¢q is the fluorescence quantum yield, oy, is the absorption cross sec-
tion at the laser excitation wavelength and EID(f) is the (volume) normalized
excitation intensity distribution of the laser beam. Iy denotes the photon flux
of excitation which is determined by the applied laser power. Further on, g
indicates the fluorescence lifetime, whereas kisc and kpp, are the inter-system
crossing and the triplet state depletion rate. The parameter « is defined as
[132]:

kT, k2 [1—exp(—ksTp)] [1 — exp(—k1oAT)]

_ 5.6
ST T [ — exp(—k1oTy — keTp)] (5:6)

with the short-hand notations given by:
ke = UACIC[()EID(F) ks = ke + k10 AT =T, — Tp (5.7)

Here, T, and T; are the pulse duration and repetition period of the excitation
laser, whereas ki is the effective emission rate already mentioned in section
4.1.1.

In figure 5.7, the theoretically predicted MB of a fluorophore is plotted as
a function of the applied laser power for the cases of pulsed and continuous
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Figure 5.7: MB of AL488 in PBS as a function of excitation power (see equation 5.3).
Low excitation intensities (interval shaded light green): curves for continuous (blue
bordered circles) and pulsed (red bordered squares) excitation coincide with linear
line (grey). Parameters used: tg=4.1 ns, 0. =2.79 - 10716 ecm?, ¢g=0.92.

excitation. The inserted fluorescence lifetime, absorption cross-section and
quantum yield value coincide with the manufacturer’s specifications for
AL488 in PBS and are indicated in the figure caption. The ratio of the
intersystem-crossing to the triplet depletion rate is fixed to 10, which is equal
to or higher than the values expected for the dyes used in this work [131,
133, 134]. The transmission efficiency parameter g is set to 0.1, which is, as
shown later, comparable to the values expected for the setup at hand. The
EID is approximated by a Gaussian laser beam intensity distribution [98]. In
accordance with the value introduced in section 5.3, the beam waist wy is
assumed to be ~ 280 nm. The laser power is converted into a photon flux
using the conversion factor (Aexc=481 nm) determined in section 5.1.2. The
CEF(7) is calculated with the help of a semi-geometric approach [99, 101],
inserting a pinhole diameter of 30 um, an NA of 1.2 and a magnification
of 60 (values for default objective). T} is fixed to 70 ps and T; to 50 ns,
corresponding to an excitation frequency of 20 MHz. To make the results of
pulsed and cw-excitation comparable, the pulsed laser power is corrected by
a factor T, /Tp.

As shown in figure 5.7, in a regime of low excitation intensities (shaded
in light green) the curves for cw and pulsed excitation coincide and depend
linearly on the applied laser power according to:

I()*)O

lim MB = |:g(bﬂd)\ezc/ MDF(F)dV] Io (58)
\4

Here, the product of EID(r) and CEF(Y) is substituted by the already men-
tioned molecule detection function, MDF(r). The parameters in square
brackets form the slope of the linear curve, in the following denoted as m.
Comparing this slope to the slope obtained for a reference sample with a
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similar spectrum, the unknown quantum yield can be determined according
to:

mg gl EXere,r MDFint,r

¢fl,s = ¢fl,r (59)

My Gs €Exege,s MDFmt,s

Here, subscript r indicates the reference sample, whereas subscript s denotes
the sample of unknown ¢g. The absorption cross-section is replaced by the
molar absorption coefficient according to equation 4.12.

5.4.2 1iFCS approach: experimental realization
Determination of the molecular brightness

The slope m of the MB-curve is obtained by linear least-squares fitting. Exper-
imentally, the MB-curve is determined by taking the ratio of the background
corrected mean fluorescence count rate of a sample, F, to the background
corrected mean number of fluorescent particles present in the detection vol-
ume, n¢. F is obtained by means of the binned fluorescence intensity time
trace (see figure 5.8). The influence of background is taken into account
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Figure 5.8: Time trace of Fluorescein in 0.1 M NaOH. Mean fluorescence count rate
F shown in red.

according to:
F.=F - BG (5.10)

The mean background count rate BG is obtained by measuring pure solvent,
applying the same excitation intensity used to measure the actual sample.
The parameter n is determined by FCS. Again, the influence of the mean
background count rate BG has to be taken into account [97, 135]:

fle = ————— (5.11)
BG
1+ F )?
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The MB is then given by: -
MB = e (5.12)

Ne

Obviously, the reliability of the determined MB depends on the reliability
of the determined F. and n.. Hence, systematic concentration drifts due
to unspecific sticking of the specimen to the coverslip surface should be
avoided by using appropriate surface preparation protocols (see section 2.5).
Additionally, n should not be biased by systematic discrepancies between fit-
ted model and experimental data, meaning that the Gaussian approximation
of the MDF-volume has to be valid. According to previous findings [97], the
combination of an under-filled objective back-aperture and a small pinhole
diameter is the one that most likely meets this condition, consequently all
liFCS measurements are performed with a 30 um pinhole. Another problem-
atic issue is the correlation between n and the triplet fraction parameter T.
Its dependency on the excitation intensity is given by [43]:

O Nege (WITO%) Kisc
OAeve (ﬂ%‘%) (Kise + kpn) + kpn(Kise + k10)

The triplet fraction as a function of the excitation power and the ratio kisc/kpn
is shown in figure 5.9, using the parameters of AL488 in PBS (see figure
caption for details). The beam waist is fixed to w(=280 nm as before. The
ratio of ks to kpp, is fixed to 10 and 40 to show its impact on the correspond-
ing triplet fraction buildup. Applying excitation powers below 100 a.u., the
calculation shows that triplet fractions below 10 % are obtained even in the
(extreme) case when ki is fourty times larger than k. As a matter of fact,
in the more realistic case of a ratio of 10, the triplet fraction lies below 3 %.
Hence, the triplet fraction showing up in the low-excitation intensity FCS
curves is hardly visible by eye and can, when treated as a free parameter
during the fitting procedure, fluctuate strongly in terms of its fitting value.
As a consequence, the correlated parameter n (and concurrently the MB)
can be significantly biased. This problem can be circumvented by limiting
the range of values of T or even fixing T to one specific value during the
titting procedure. Alternatively, the FCS curves can be analyzed without
taking into account any triplet fraction using a model function describing
pure diffusion only 4.53. Since the difference in the outcome parameter n lies
below 1%, the latter option is preferred in this work. An exemplary fitting
result is shown in figure 5.10 for Fluorescein in 0.1M NaOH.

An exception to the previously mentioned rule are samples contain-
ing fluorophores belonging to the family of carbocyanine dyes like Cy5 or
AL647, as these are prone to a mechanism called photo-induced cis/trans-
isomerization [136]. Continuously flipping from a dark cis into a fluorescent
trans state on a us timescale, it has been shown that the kinetic rates but
not the absolute dark state fractions depend on the impinging photon flux
[137]. Consequently, even for FCS-curves originating from low-excitation
intensity measurements, a constant dark-state fraction shows up which is
clearly visible by eye and well-separated from the diffusion-related part of
the curve. Therefore, all FCS-curves of cyanine dyes are fitted without any
constraints using the model function given by equation 4.55. Although this
model is primarily intended to fit FCS curves with triplet transitions, it is
sufficient to determine n also in this case.

T — (5.13)
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Figure 5.9: Triplet state fraction T as a function of the excitation power for the case
of AL488 in PBS. The ratio of kis. to ko, is varied from 10 to 40. At an excitation
power of 100 a.u. (highlighted by squares) , corresponding to the upper limit of the
predicted low intensity/linear regime, the triplet fraction is smaller than 10 % for a
ratio of 40, and even smaller than 3 % for a ratio of 10. Parameters used: kiy=2.44
108 1/s, 02,,.=2.79 - 10716 cm?.

Finding the linear regime experimentally

In this section, the theoretical prediction of the linear regime (see section
5.4.1) is compared to experimental values. For that, MB-values obtained for
AL488 and AL647 in PBS and AT488 and AT655 in water are plotted against
the applied laser power. The results are shown in figure 5.11, overlaid with
the corresponding linear responses shown as solid lines. The discrepancy
between the slopes for cw and pulsed excitation for AL488 and AT488 are
due to different conversion factors for continuous and pulsed excitation (see
section 5.1.2 for details). Obviously, in all cases an upper limit of even ~ 150
a.u. would still be sufficient to validate the use of equation 5.9. However,
throughout this work an upper limit of 100 a.u. is specified, avoiding errors
when measuring fluorophores with longer lifetimes or higher kis. to kyp
ratios as assumed in section 5.4.1. Additionally, comparing the slope of
the theoretically predicted MB-curve of AL488 shown in figure 5.7 with the
slope of the experimentally determined curve depicted in figure 5.11, an
overall quantum detection efficiency of ~ 4 % can be assessed.

Determination of the absorption coefficient

In terms of the determination of the absorption coefficient €, , cw- and
pulsed excitation have to be considered individually. However, the first step
to be taken in both cases is to measure the absorption spectrum of the sample
of interest and to normalize the obtained spectrum to a maximum value of
one. Subsequently, the normalized spectrum has to be multiplied by the
maximum absorption coefficient €, . known from the literature. Then, this
product spectrum is multiplied by the area normalized spectral profile of
the irradiating laser. Integration of the obtained result provides the desired
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Figure 5.10: Top: Correlation-curve of Fluorescein in 0.1 M NaOH (laser power= 30
a.u.) analyzed using the pure diffusion model 4.53. The fitted model curve is given
in cyan. Bottom: Weighted reduced residuals.

value of €. In the case of cw-excitation, the profiles of the lasers used in
this work have a spectral width smaller than one nm. Therefore, simply
determining the relative OD-value of the normalized absorption spectrum
at the maximum of the laser excitation profile and multiplying it with €, .
provides an adequate approximation of the real €, . An exemplary result is
depicted in figure 5.12 for AL488 in PBS, assuming €, =73000 M~'cm~1.
The values for €,,_ obtained in the two previously discussed ways differ
by less than one permille in the case of cw-excitation. As distinct from that,
using pulsed excitation the laser profile gets broader and the real and the
approximated value differ by ~ 2 %, which was considered to be sufficiently
accurate throughout this work.

Determination of the transmission/detection efficiency parameter

As a first step, the photon collection efficiency of the objective (CEO) is
determined. As long as it is free to rotate on the timescale of emission,
an excited molecule can be treated as a an isotropic emitter. This means
that the radiated energy is homogeneously distributed over the surface of a
unit sphere surrounding the emitter. Knowing that all of the energy covers
an area of 4, the fraction of energy that gets collected by the objective is
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Figure 5.11: MB of AL488 and AL647 in PBS (left side) and AT488 and AT655
in water (right side) as a function of applied laser power (Red triangles: pulsed
excitation, 20 MHz. Black squares: cw-excitation). Red and black solid lines repre-
sent the corresponding linear approximations. An upper power limit of ~ 100 a.u.
guarantees the validity of the linear approximation.

determined by the solid angle limited by its NA. Therefore, the CEO can be
calculated according to:

s [1 — cos(arcsin(NTA))]
4m

For the UPLSAPO60XW, the CEO equals 0.28, meaning that ~ 30 % of the

emitted photons are collected by the objective.

To which extent the collected fluorescence emission is attenuated by
the components downstream the light path is determined by the respective
wavelength dependent transmission/detection efficiency spectra having
values between 0 and 1. By multiplying the transmission/detection effi-
ciency spectra of all components with each other, a system specific overall
transmission/efficiency spectrum T can be calculated. Additionally, the flu-
orescence spectrum of the respective fluorescent sample has to be measured
and normalized to an integrated intensity of one. The normalized spectrum
is then multiplied with the transmission/efficiency spectrum T),. Finally, the
resulting product is integrated over all wavelengths. To calculate the overall
transmission/detection efficiency parameter g, the integral value has to be
multiplied with the CEO.

Exemplarily, the complete determination of g is depicted in figure 5.13
for AL488 in PBS. The obtained value of g ~ 11 % does not coincide with
the overall quantum detection efficiency of ~ 4 % determined in section
5.4.2. This is not surprising, as other sources of photon loss like reflection
at interfaces or slightly misaligned components are not taken into account

CEO =

(5.14)
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Figure 5.12: Determination of the absorption coefficient e, for AL488 in PBS. The
solid black line depicts the normalized absorption spectrum, the laser profiles are
shown as semi-transparent blue dashed (pulsed) and solid (cw) lines. In square
brackets, €, obtained by taking into account the actual laser profile is given. e,
obtained by multiplication of the relative OD-value (at Acx) with €, are shown
above.

400 450

exc

here. However, as reference and sample are measured using the same setup,
these effects are negligible as they cancel out.
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Figure 5.13: Product of transmission function T, and normalized fluorescence
emission spectrum of AL488 in PBS (red solid line). Integrating the product and
multiplying it with the CEQO, the parameter g is obtained.
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5.4.3 The MDF: case differentiation

The last parameter entering equation 5.9, the integrated molecule detection
MDF, has to be discussed considering two different situations. The first
situation is given when reference and sample solution have a refractive
index of around 1.33, which is the solvent refractive index most confocal
microscopes equipped with water-immersion objectives are designed for
(design conditions). Hence, again assuming that the objective is under-filled
and the pinhole size is small, the MDF volume is well-approximated by a
Gaussian distribution and the obtained liFCS curves are likely to provide rea-
sonable results. Additionally, as reference and sample have similar spectra
and are measured employing the same setup, the corresponding integrated
MDF-values are equal and cancel out in equation 5.9:

Ms Gr Excge,r
i = oI Deser gy (5.15)

my gs 6>\emc:3

Consequently, in this case the quantum yield determination is straightfor-
ward.

Refractive index mismatch and EID: theoretical insights

In the second case, the sample of interest is assumed to have refractive
index different from 1.33 (non-design conditions). As the objective is not
designed for this mismatch, it can potentially induce a severe distortion of
the MDF [52]. To get an impression of the extent of this distortion, xz-cross-
sections of the EID are calculated with the help of the already mentioned
software PSF lab [130]. Again, in addition to the objective parameters, the
thickness and the refractive index of each layer the excitation light passes are
considered in all calculations. Here, the refractive indices of the immersion
medium and the cover slip are assumed to match the design conditions,
just as the coverslip thickness. The latter assumption is justified by the
use of high precision cover slips in all measurements (thickness= 170 +
5 um) and a thorough adjustment of the correction collar of the objective
to further compensate for variations in thickness. Consequently, only the
solvent refractive index and the nominal focus position are varied, the
latter being equal to the distance of the non-aberrated focus location to
the cover slip surface along the z-axis. The obtained results for the blue
laser are depicted in figure 5.14. Refractive indices of n= 1.333 and n= 1.40
and nominal focus positions of 10 or 20 m are considered. The origin of
the calculated two-dimensional xz-contour plots always coincides with the
assumed nominal focus position. For n=1.333, the actual focus position
corresponds to the nominal one (design conditions, no aberration effects),
whereas the refractive index mismatch leads to a relative shift of the actual
focus position away from the cover slip surface. Naturally, this effect is
enhanced with increasing nominal focus positions. The radial extent of the
intensity distribution is rather unaffected by the refractive index mismatch
and still shows a good agreement with the fitted Gaussian profile (red line in
the contour profile plots). As distinct from that, the Gaussian distributions
fitted to the Lorentzian intensity profiles along the z-axis indicate that the
axial extent is significantly enhanced with increasing refractive index and
cover slip-focus distance.
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Figure 5.14: Calculated EID xz-cross-sections for Aex.= 487 nm; wy , denote the 1/e>-
radii of Gaussian distributions (red line) fitted to contour-profile data points (black
line). (a): non-aberrated EID. (b) Solvent refractive index of n=1.40. Focus position
of 10 um leads to slight increase in axial extension, whereas radial extension does
not change significantly. (c) Solvent refractive index of n=1.40. Focus position of
20 um enhances the refractive index mismatch effect, specifically axial extension of
EID is significantly increased as compared to aberration-free conditions.
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As the MDF is determined not only by the EID, the calculated results
shall only provide a qualitative demonstration of the effects of a refractive
index mismatch. However, it is clear that, to minimize the effects of the
refractive index mismatch, the cover slip-focus distance has to be kept to the
shortest experimentally reasonable value.

Refractive index mismatch and MDF: experimental results

The next step now is to show experimentally that the liFCS curves obtained
under these non-ideal conditions are still analyzable assuming a Gaussian
shaped volume without a significant deterioration of the goodness-of-fit.
Only then it is likely that the obtained fitting parameters are still reliable.
Following the previous theoretical considerations, a nominal focus posi-
tion of 10 um is selected for all liFCS measurements, and again a pinhole
with a small diameter of 30 um is employed. As a test sample, AL488 in
solutions with different amounts of Glycerol added is selected. Besides its
already mentioned versatility as a viscosity enhancer, Glycerol simultane-
ously severely affects the refractive index of aqueous solutions. To determine
the radial and axial extension of the effective liFCS volume, the diffusion
coefficient of AL488 in each of the Glycerol solutions has to be known [138].
As the diffusion coefficient depends on the solvent viscosity, an equation is
needed that predicts the diffusion coefficient as a function of the viscosity.

According to the Einstein-equation, the translational diffusion coefficient
of a particle is related to its mobility u according to [139]:

D, = kgTu (5.16)

Replacing p by the inverse of the friction coefficient known from Stokes-law
[140], the Stokes-Einstein equation is obtained:

kpT

D; =
6mnT

(5.17)

Here, n is the solvent viscosity and ry, is the hydrodynamic radius of the
tracer molecule. On the other hand, the relation between the solvent viscosity
and the rotational diffusion coefficient is described by the Stokes-Einstein-
Debye-Equation [139]:
_ kpT
" 8mry3

(5.18)

Obviously, equation 5.17 provides the needed relation between D; and 1.
1 is easily determined by measuring the refractive index of the Glycerol
solution and employing the refractive index versus viscosity table given in
[141]. However, it should be noted that equations 5.17 and 5.18 are only
valid under two assumptions. First, the tracer particle should have a close to
spherical shape. Secondly, the surrounding solvent should be a continuum,
an assumption that becomes reasonable if the components of the solvent are
smaller than the tracer molecule. According to observations in our lab, the
rotational diffusion of a tracer molecule is more sensitive to deviations from
these assumptions than the translational diffusion. Therefore, time-resolved
anisotropy measurements are performed to determine the rotational dif-
fusion coefficient of AL488 as a function of the viscosity of each Glycerol
solution. TRA is a specifically useful measurement technique in this respect,



74 Chapter 5. Results

-8 _
3x10 1 /Dr
Linear fit

2x10

1/D, [1/s]

Figure 5.15: Inverse rotational diffusion coefficients of Al488 in solutions glycerol
solutions, plotted as a function of solvent viscosity. The linear relationship between
1/D; and n predicted by equation 5.18 is valid up to ~ 10 mPas.

as it is independent from the MDEF. The results are depicted in figure 5.15.
Verifying that the measured rotational diffusion coefficients obey the Stokes-
Einstein-Debye equation is a strong indication that also the Stokes-Einstein
equation should be applicable to calculate the required translational diffu-
sion coefficients of AL488 in Glycerol solutions. As is shown in figure 5.15,
up to a viscosity ~ ten-times higher than the one of pure water the obtained
1/D;-values obey equation 5.18. This is not surprising, as the size of Glycerol
(r=0.3 nm, MW=92 Da) is small as compared to AL488 (r=0.6 nm, MW=643
Da) as is required for a continuous solvent. With the help of the slope of the
fitted linear curve, a hydrodynamic radius of r,=(0.59 = 0.01) nm is obtained
for AL488, which coincides with a reference value of r,=0.58nm found in
the literature [142]. Hence, the viscosities of the Glycerol solutions appear
to be determined correctly. With the help of equation 5.17, the correspond-
ing translational diffusion coefficients of AL488 are calculated. These are
summarized in table B.1 in the Appendix.

With the help of the obtained Dy values, the liFCS curves of AL488 in
Glycerol are analyzed. The goodness of fit stays constant in the course of
the measurements, meaning that the assumption of a Gaussian volume is
still valid. Additionally, the geometric extent of the liFCS effective volume
quantified by the parameters wg and « is determined. The results are shown
in figure 5.16. Obviously, within the error limits wy and k stay constant
over the whole refractive index regime considered here. Comparing these
results to the ones obtained for the calculated EID distributions discussed in
section 5.4.3, not surprisingly the introduction of the small pinhole appears
to suppress the axial elongation introduced by the refractive index mismatch.
In summary, it can be said that using a pinhole with a diameter of 30 um
and measuring at a nominal focus position of 10 pm, the refractive index
mismatch is negligible in terms of the geometric extent and shape of the
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Figure 5.16: w and k, determined with the help of AL488 in glycerol solution, as a
function of the refractive index the solvent refractive index. Within the given error
limits both parameters stay constant over the considered refractive index regime.

MDEF-volume.

Refractive index mismatch and MB: experimental results

As is shown in figure 5.14, a refractive index mismatch leads to a diminished
peak excitation intensity in the focus region. Hence, although the same laser
power is set up, the sample gets less efficiently excited. Obviously, this
leads to a decrease of the obtainable MB. To take into account all processes
leading to a loss of photons, the integrated MDF is replaced by an effective
integrated molecule detection function, further on abbreviated as MDF*;;.
Re-arrangement of equation 5.9 then leads to a quantification of the MDF*i,;
obtained under non-ideal conditions in relation to the MDF*;,,; , obtained
under design conditions:

*
M'DFint,S _ ¢fl,r %gieAewcfr

MDF";;’Lt,T’ ¢fl75 My Gs €Exege,s

(5.19)

To determine this ratio experimentally, AL488/AL647 dissolved in water
is selected as reference sample measured under design conditions and
AL488/AL647 dissolved in Glycerol solutions is taken as sample measured
under non-ideal conditions. Obviously, to calculate equation 5.19 the quan-
tum yield of each sample has to be known beforehand. Here, it is determined
with the help of the standard method (see section 4.1.2 for details). All other
parameters entering equation 5.19 are obtained following the protocols given
in section 5.4.2. The determined ratios are depicted in figure 5.17. Appar-
ently, MDF*;,; decreases with increasing refractive indices for both excitation
colors, but the effect is stronger for the blue laser. As no spectral dependency
is expected, this is probably a result of the pinhole alignment. However,
the obtained results have very large error-bars, so inserting them into equa-
tion 5.9 as a kind of calibration factor leads to large errors in the quantum
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Figure 5.17: Ratio of MDF*iy s to MDF*iy,, determined using glycerol solutions
of AL488 and AL647, as a function of the solvent refractive index. In both cases,
MDF*in: decreases with increasing n, but the effect is more pronounced for the blue
laser.

yield determination. Therefore, a more reasonable strategy is to measure
sample and reference in solvents of same refractive index, leading to the
applicability of equation 5.15 also under non-design conditions. As their
corresponding quantum yields have been determined already, AL488 and
AL647 in glycerol solutions are used as reference samples in this work. The
quantum yields are summarized in table 5.3.

Within the refractive index regime considered here, the quantum yield
of AL488 stays constant within the given error limits. As distinct from
that, AL647 shows a significant increase of ¢g with increasing amounts of
Glycerol added to the solution. This is most probably a consequence of the
already mentioned cis-trans isomerisation commonly found in the family of
cyanine-dyes, which shows a dependency on the solvent viscosity. As the
rate describing the transition from the fluorescent trans to the dark cis state
appears to be more reduced by an enhanced viscosity than the back-reaction,
the average occupation of the dark state decreases and the fluorescence
quantum increases [143].

5.4.4 Experimental validation of the liFCS approach

In this section, a series of proof-of-principle measurements is performed to
validate the liFCS based quantum yield determination. For measurements
under design conditions, Fluorescein (FLUO) in 0.1 M NaOH and Atto
655 (AT655) in water are chosen as reference fluorophores to determine the
quantum yields of AL488 and AL647 in PBS and AT488 in water. While
the other samples appeared to be stable at least for a few days, fluorescein
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wt. % Glycerol n b AL488 g AL647

0 1.333 092+0.0 0.33£0.0
6 1.340 0.93£0.02 0.354+0.01
10 1.345 0.92£0.02 0.37+0.01
14 1.350 0.92+0.02 0.3940.01
22 1.360 0.93+£0.02 0.43+0.01
29 1.369 0.93£0.02 0.41+0.01
37 1.379 0.92+0.02 0.45+0.01
44 1.389 0.91£0.02 0.4440.01
51 1.399 0.94+0.02 0.45+0.02
58 1.409 0.94£0.02 0.47+0.02

Table 5.3: Fluorescence quantum yields of AL488 and AL647 in glycerol solutions,
determined with the standard method.

solutions were not stable over time and were prepared freshly before each
measurement [144]. Under non-design conditions, AL488 and AL647 in
glycerol solutions (n=1.34 and n=1.37) are selected as reference fluorophores,
facilitating the specification of the quantum yields of AT488 and AT655 in
the same solvent.

8000 ~
* FLUO (reference)
B AL488

6000- @ AT488

MB [cpm/s]
S
3

0 20 40 60 80 100
P [a.u.]

Figure 5.18: liFCS MB-curves for FLUO in 0.1 M NaOH, AL488 in PBS and AT488
in water. Error bars are calculated according to error propagation. Based on average
values observed over many measurements, an absolute error of An = 0.3 and a
relative error of AF =5 % are assumed.

At first, the measurements under design conditions shall be considered
here. Stepping through the experimental protocol given in section 5.4.2, the
liFCS MB-curves are determined. In this respect, the overall measurement
time is desired to be minimal, but still long enough to obtain a sufficiently
accurate value for ¢g, which means that the liFCS approach should be at
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least as strong as other commonly employed bulk methods with an average
error of ~ 10 % [46—-48]. Here, the measurement time per applied excitation
power is fixed to 1.5 min and the MB is determined for three to four different
power values lower than =~ 100 a.u., using cw-excitation. The concentration
of each solution is adjusted to yield an average of five to ten fluorophores
in the effective volume. Exemplarily, the obtained liFCS MB-curves for
the three cyan/green dyes (FLUO, AL488, AT488) are shown in figure 5.18.
The corresponding absorption, fluorescence and transmission spectra for
the cyan/green dyes are shown in Appendix A A.2,A.3,A 4. The resulting
parameters required for the evaluation of equation 5.14 and the obtained
values for ¢ g are summarized in table 5.4. All determined ¢g-values coincide
with the nominal values stated by the manufacturer. The relative error lies
below /around 10 % for all dyes, which is considered to be sufficient here.
However, the relatively large error is mainly a consequence of the uncertainty
of the slope of the MB-curves and can be minimized by using more different
excitation power points and measuring each MB-value several times to
obtain more precise average and standard deviation values. However, for
both spectral ranges and under design-conditions the liFCS-approach has
been validated within the scope of the desired accuracy.

Sample m SV g $fl,nom oF}
[cpm/sau] [M lem™!]

FLUO 894 +52 73797738 0.106 0.92 £ 0.04 -
AL488 82.0+47 66233+662 0.107 092+0.04 0.93 +0.08
AT488 585+23 55908 £559 0.109 0.80+0.03 0.77 £0.05
AT655 408+13 88452 +£885 0.118 0.30£0.01 -
AL647 81.0+8.6 175424+1754 0.121 033 +£0.01 0.29 +0.03

Table 5.4: Parameters needed for the liFCS approach along with the obtained
quantum yield values. ¢gnom denotes the nominal quantum yield. Within the error
limits, experimental ¢yg-values coincide with ¢g nom-values. The relative error lies
below 10 % for AL488 and AT488 and around 10 % for AL647.

As a next step, the results obtained under non-design conditions will
be evaluated by comparing the liFCS quantum yields of AT488 and AT655
in glycerol solution to the ones obtained with the standard method. For
the liFCS approach, the same measurement time and sample concentration
as mentioned before are used. The obtained results are shown in figure
5.19. Within the error limits, the quantum yields determined by liFCS and
the standard approach coincide, validating that the liFCS is also working
reliably in solutions of refractive indices higher than the one of water.

5.4.5 Comparison of liFCS approach with lifetime-based method

As given by equation 4.7, the fluorescence quantum yield of a fluorophore
can be defined as the ratio of its fluorescence lifetime to its natural life-
time. According to the rule of Strickler-and-Berg, the natural lifetime can be
estimated through [145]:

1
T = 3.4722 - 10710 - (773) U (5.20)
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Figure 5.19: Quantum yield values of AT488 and AT655 in glycerol solutions ob-
tained with liFCS and standard approach. Within the error limits the obtained
results coincide, validating the applicability of the liFCS approach under non-
design conditions. AL488 and AL647 in Glycerol solutions of same refractive index
served as reference samples.

v is the wavenumber and €(V) the corresponding absorption spectrum. It
should be mentioned that the derivation of equation 5.20 is based on several
assumptions, among others the absolute rigidity of the ground and excited
state of the fluorescent molecule and the absence of interaction with the
solvent. Clearly, in many real systems these assumptions are not met and
therefore the predicted T, can differ significantly from the measured one
[146, 147]. However, assuming that the natural lifetimes of reference and
sample coincide, the sample quantum yield can be determined according to:

Tfl,s
Tflr

bris = Qs (5.21)

Again, subscript s denotes the sample and subscript r the reference. With
another look at equation 5.20 it gets clear that the natural lifetime of sample
and reference can only be similar when the spectral properties of the two are
alike. Therefore, in most cases the same fluorophore is used as reference and
sample, in the first case freely diffusing in some solvent, in the latter case
attached to some bio-molecule of interest.

Although the quantum yield determination based on the fluorescence
lifetime is very convenient, it is tainted with several disadvantages. On
the one hand, it is not sensitive to the so-called static quenching of the
fluorophore. During this process, the fluorophore forms a non-fluorescent
ground-state complex with the quencher. A well-known dynamic and static
quencher of the fluorescence of AL488 is the amino acid tryptophane (TRP)
[148]. To demonstrate that the liFCS approach is sensitive to static quenching
whereas the lifetime method is not, specific amounts of TRP are added to PBS
solutions of AL488 and the corresponding quantum yields are determined.
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The results are depicted in figure 5.20. As discussed, the fluorescence quan-
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Figure 5.20: AL488 quantum yields obtained by liFCS (dark blue squares) and
lifetime method (cyan squares) as a function of tryptophane (TRP)-concentration .

tum yields determined by the lifetime method and the liFCS approach do not
coincide as a result of the static quenching detected by the liFCS approach
but not by the lifetime method. However, combining both approaches, infor-
mation about the underlying quenching constants can be obtained. Plotting
the ratio of the lifetime of the unquenched dye to the lifetime under quench-
ing conditions against the applied quencher concentration, a linear curve is
obtained with a slope equal to the dynamic Stern-Volmer constant Kp, as
given by [43]:

Tf1,0

L8 — 14 Kp - [TRP) (5.22)

Tfl

The obtained results are shown in figure 5.21 (a). The determined dynamic
Stern-Volmer constant is in perfect agreement with the literature value of
Kp=14.2 M1 [149]. On the other hand, the ratio of the liFCS quantum yield
of the un-quenched dye to the liFCS quantum yield of the quenched dye is
described by [43]:

10
o

Inserting equation 5.22 into equation 5.23, the following linear relationship
is obtained:

— (1+Kp-[TRP])- (1 + Ks - [TRP)) (5.23)

Q10 Iy | gy [TRP)) (5.24)
bf1 TrL0
Therefore, plotting the ratio of the two relations as a function of TRP ac-
cording to equation 5.24, again, the slope of the linear curve equals the
Stern-Volmer constant, but now quantifying the process of static quenching.
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Figure 5.21: (a) Ratio of lifetime of AL488 in the absence of to its lifetime in the
presence of TRP as a function of TRP-concentration. The dynamic Stern-Volmer
constant equals the slope of the curve. (b) Ratio of the iFCS quantum yields of
un-quenched and quenched AL488 divided by the lifetime ratio used to determine
the dynamic quenching constant as a function of the TRP concentration. The static
Stern-Volmer constant equals the slope of the curve.

The obtained result is shown in figure 5.21 (b). In this case, taking into
account the larger error limits, the determined static Stern-Volmer constant
does not perfectly coincide with the literature value of Ks=14.9 M~ but lies
in close proximity. Hence, although the fluorescence lifetime is not sensitive
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to static quenching and therefore an inappropriate indicator of the fluores-
cence quantum yield of a sample, it is a valuable tool to obtain information
about the local environment of the fluorophore. In combination with the
liFCS approach, the quenching mechanisms influencing a given system can
be evaluated in detail.
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Figure 5.22: Ratio of the natural lifetime of AL488 and AL647 in water to the natural
lifetimes in glycerol solutions plotted as a function of the ratio of the refractive
indices squared.

Besides its intrinsic insensitivity to static quenching, the use of the fluo-
rescence lifetime to determine quantum yields bears other risks. As already
mentioned before, in general the same fluorophore is used as reference
and sample of interest to fulfill the criterion of matching natural lifetimes.
However, the natural lifetime depends on the local environment of the fluo-
rophore (as already clear from its connection to the spectra), meaning that
it can drastically change in response to different solvent properties or inter-
actions with macro-molecular surfaces. This is also shown in figure 5.22,
where the ratio of the natural lifetime of AL488 and AL647 in water to their
natural lifetimes in glycerol solutions is plotted as a function of the square
of the ratio of the refractive index of glycerol solutions to water. Obviously,
the two fluorophores react completely different to the new environment.
While the natural lifetime of AL488 behaves somewhat predictable, namely
in accordance with the previously introduced rule of Strickler-Berg 5.20
and therefore showing a linear dependency on the squared refractive index
ratio, the ratio of the natural lifetimes of AL647 shows a close to parabolic
shape. The latter is probably a result of the concurrent influences of solvent
viscosity and refractive index on the lifetime of AL647. However, even in
this simple example using a fluorophore in water as the reference and the
same fluorophore in a different solvent as the sample of interest, an a priori
prediction of the behavior of the natural lifetime appears difficult. Hence,
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simply stating that it most likely stays constant under changed environmen-
tal conditions seems to be precarious.
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5.5 smFRET measurements in additive-enriched solu-
tions

5.5.1 Physical properties of employed solvents

In this section, focus is set on the impact of the solvent environment on the
characteristics of the fluorescent markers and concurrently on the obtained
smFRET efficiencies. To begin with, the most important physical properties
of the solvents employed in the following are summarized in table 5.5.
Especially the dielectric constant, the ionic strength and the Debye length
are of importance for the sections about the estimation of electrostatic donor-
acceptor interactions and their impact on the obtained inter-dye distance.

Solvent n nlmPasl e IIM] s 'A

DNA buffer 1.33 1.06 ~80 0.15 7.9
+1M NaCl 1.34 1.13 ~65 115 2.6
+4 M GdnHCl 1.40 1.34 ~40 4.15 1.1

+ 50 wt.% Glycerol 1.40 6.33 ~65 0.15 7.1

PGK buffer 1.33 1.06 ~70 0.08 10.1

+ 1M GdnHC1 1.35 1.11 ~65 1.08 2.6

+15MGdnHCl 1.36 1.13 ~45 1.58 1.8

+4 M GdnHCl 1.40 1.34 ~40 4.08 11
+ 6 M GdnHC1 1.44 1.69 - 6.08 -

Table 5.5: Properties of solvents used in this section. Here, 7 is the refractive index
and 7 the dynamic viscosity of the solvent. The relative permittivity is denoted as
e, and the ionic strength as I. Lastly, k! is the Debye length. Refractive indices are
measured and used to estimate the corresponding viscosity [61, 68]. The relative
permittivity values are taken from literature sources [60, 65]. The ionic strength and
Debye-length are calculated according to references [60, 150].

5.5.2 FRET studies of rigid DNA-oligonucleotides
Sample introduction

In this section, double-stranded, double-labeled DNA (dsDNA) oligonucleo-
tides with donor and acceptor linkers attached at a distance of 10 bp or 17
bp are employed as test specimen. Here, AL488 is used as donor and AL647
is used as acceptor fluorophore. As solvents, DNA buffer and buffer with
either 1 M NaCl, 4M GdnHCI, or 50 wt. Glycerol added are used. The 3D
structure of the structurally rigid (length ~ 16 nm, persistence length ~ 50
nm) dsDNA constructs in DNA buffer and the corresponding so-called acces-
sible volume (AV) clouds of the donor and acceptor fluorophore are shown
in figure 5.23. AV calculations, based on simple geometrical search algo-
rithms, are a common approach to predict the sterically accessible space of a
fluorescent marker attached to a specific macro-molecule [29]. As compared
to the linker attachment position distances, it has been shown that inter-dye
distances predicted by AV-calculations are in much better agreement with
the experimentally determined smFRET inter-dye distances, in particular for
double-labeled DNA oligonucleotides [151]. A more detailed description of
the AV calculations will be given in the context of the theoretical assessment
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of potential electrostatic interactions of the fluorescent markers, see section
5.5.3.

Figure 5.23: 3D structures of dsDNA oligonucleotides. 10 bp and 17 bp are the
distances in between linker attachment points. In red, the sterically accessible
volume (AV) of the acceptor is shown. The AV of the donor is depicted in blue. AV-
clouds are calculated with the FRET positioning and screening (FPS) software [28].
The 3D structures of the constructs are generated using 3D-DART [152]. Molecular
visualization is carried out via Pymol.

Fluorescent markers: directly solvent-induced changes only

As a first step, the fluorescence emission and absorption spectra of the
labeled DNA oligonucleotides in the different solvents are compared. Al-
though the DNA sample shows a pronounced bathochromic shift going
from pure buffer to GAnHCI and Glycerol (see figure A.5 in the Appendix),
the same shift is observed for the sole fluorescent markers in the same sol-
vents. This indicates that the spectra simply change in response to the varied
solvent conditions and not in response to a structural change in the local flu-
orophore environment. The coincidence of the emission spectra of attached
and unattached AL488 and AL647 is depicted in figure 5.24 for the case of
Glycerol as additive.

Assessment of the the orientation factor 2

To calculate the Forster radius, the value of the orientation factor 2 has
to be evaluated. Therefore, TRA measurements are performed to deter-
mine the rotational mobility of the linker-dye unit. All anisotropy decays
were fitted with the wobbling-in-a-cone model 4.60. The obtained results
are given in table 5.6. Under the assumption that donor and acceptor re-
orientate randomly on a time-scale much faster than the one of FRET, the
so-called dynamic averaging regime can be assumed [153]. Referring to TRA
measurements, this means that the rotational correlation times have to be
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Figure 5.24: Peak-normalized fluorescence emission spectra of unattached and 10
bp DNA-bound AL488 and AL647 in DNA buffer with 50 wt. % Glycerol added.

AL647

10/17 bp DNA-construct AL488
Solvent 0 [ns] S 117 O [ns] Omax [°]
DNA buffer 0.6 £0.1 47 +£1 09+01 50=+1
+ 1M NaCl 0.7+0.1 55+1 1.0£01 5141
+4 M GdnHCI 1.1 £0.1 48 +1 1.5+£01 58+1
26/31+03 43/51+2 51+£04 5241

+ 50 wt. % Glycerol

Table 5.6: Rotational correlation (6;) times and semi-cone angle (Omax) for dsDNA
oligonucleotides obtained by TRA measurements. Values before slash correspond
to 10 bp sample, values after slash to 17 bp sample. If only one value is given, both

values coincide.

smaller than the inverse energy transfer rate. For pure buffer, 1 M NaCl
and 4 M GdnHCl this condition is fulfilled. Then, although the orientation
distributions of donor and acceptor are not strictly isotropic here, k? can
be replaced by its average value ((k2)) of two-thirds [151]. For the glycerol
solution, the rotational correlation times are close to the time-scale of FRET,
which makes an estimation of k? more difficult. However, for a FRET-pair
of ATTO-dyes dissolved in an even higher concentrated glycerol solution,
MD-simulations showed that it is also appropriate to use (k?) =2/3 [67].
Hence, in the following, all Forster radii are calculated using this value. It
is worth to mention that, with the exception of the donor in glycerol, the
relevant anisotropy parameters do not change significantly going from the
10 bp to the 17 bp construct. Consequently, k? should be similar in both
cases, enabling to monitor relative distance changes correctly even if k? is

estimated erroneously.

Determination of FRET calibration parameters

The quantum yields of the labeled DNA oligonucleotides in each of the
solvents are determined with the help of the liFCS approach. Here, value
and error limit correspond to the mean and the standard deviation of three
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different measurement series. The obtained results are given in table 5.7,
together with the respective transmission/detection efficiency parameter g.

10/17 bp DNA-construct AL488 AL647
Solvent $n g $n 8
DNA buffer 0.85+0.04 0.10 0.35+0.02 0.11
+ 1M NaCl 0.85+0.04 0.10 0.434+0.02 0.11
+4 M GdnHCl 0.79 £0.04 0.09 0.62+0.03 0.10

+ 50 wt. % Glycerol 094 +£0.05 0.09 0.53+0.03 0.09

Table 5.7: Quantum yields and transmission/detection efficiency parameters for
the double-stranded, double-labeled DNA oligonucleotides in all solvents.

Single-molecule measurements: optimal excitation intensity

To find the optimal excitation intensity for the sample at hand, signal-to-
background (SBR) and corresponding signal-to-noise (SNR) ratios are deter-
mined (see section 4.2.2 for details). The obtained results for the donor of
the 10 bp dsDNA are shown in figure 5.25. Here, pulsed excitation with a
frequency of 20 MHz is used. Obviously, the MB increases with increasing
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Figure 5.25: Left: Molecular brightness of donor of the 10 bp dsDNA construct for
varying pinhole sizes as a function of excitation power. The highest MB-values are
obtained for pinholes of 50 and 75 um. Right: Corresponding signal-to-background
ratios. In the regime from 200 a.u. to 700 a.u., the SBR are maximal for all pinhole
sizes.

excitation power until optical saturation, the occupancy of triplet states and
bleaching effects counteract this rise [99]. The maximal molecular brightness
is obtained by employing the 50 or 75 um pinholes. The employment of
the smaller 30 um pinhole obviously blocks too much of the signal to allow
high MB values. On the contrary, the obtained SBR values decrease with
increasing pinhole size, as more scatterers contribute to the overall signal.
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With respect to the applied laser power, the highest SBR values lie in the
range between 200 a.u. and 700 a.u. for all pinhole sizes.

Although SBR values are useful to some extent, the more important
quantities are the corresponding SNR values. These are shown in figure 5.26
for the three different pinhole sizes and increasing laser powers. Referring
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Figure 5.26: Signal-to-noise ratios (SNR) of donor of the 10 bp dsDNA construct for
varying pinhole sizes as a function of excitation power. Duration At is adjusted to
MDEF volumes and estimated as ~ 1 ms for the largest pinhole, ~ 0.8 ms for the 50
pum pinhole and ~ 0.6 ms for the smallest pinhole. The best SNR is achieved with
the 75 um pinhole, the worst with the 30 um pinhole. Applying a laser power of
1500 a.u., the maximal SNR is reached in all three cases.

to figure 5.26, the employment of a 75 pm pinhole in combination with
a laser power of 1500 a.u. provides the optimal SNR and therefore the
optimal measurement conditions for the sample at hand. Cranking up
the laser further does not improve the SNR and additionally enhances the
probability of photo-destruction. Especially considering single-molecule
FRET measurements, a dependence of the amount of acceptor bleaching on
the intensity of the donor-excitation light has been reported. Although the
light used for donor-excitation does not significantly excite the ground state
of the acceptor directly, its interaction with the FRET-induced excited state
of the acceptor presumably opens alternative bleaching pathways [133].

smFRET measurements

Single-molecule measurements are performed as explained in detail in sec-
tion 4.2.3. Employing PIE, the donor is excited applying a laser power of
1500 a.u., whereas the acceptor is excited applying a laser power of 400 a.u..
The time-window sizes for the burst selection are adjusted to the dwell-times
in the effective volume obtained by FCS: around 1 ms for the DNA constructs
in buffer and in buffer with salt and denaturant, and around 2 ms in buffer
with glycerol added. Only FRET-bursts with more than 80 (buffer, salt, de-
naturant) or 100 (Glycerol) photons are used to calculate FRET efficiencies.
For both DNA constructs and in all solvents the amount of double-labeled
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DNA roughly estimated by coincidence analysis lies around 10 % only, as
the ratio of donor to acceptor single strands put together for hybridization
was not optimal. In the optimal case, a double-labeled fraction up to 30 %
can be expected.
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Figure 5.27: Mean inter-dye distances Rpa of the 10 bp and 17 bp dsDNA constructs
in different solvents [c¢(NaCl) = 1 M, ¢(GdnHCI) =4 M, 50 wt.% glycerol]. In violet,
fully corrected distances are shown. In green, Rpa calculated using uncorrected
E and Ry are depicted. In green, distances determined using uncorrected E and
Ry values, the latter corrected for solvent refractive indices, are shown. Error-bars
are determined using the highest and lowest values of ¢g 4 and ¢qp in accord
with the error-limits, calculating the corresponding E distributions, fitting them
with a Gaussian distribution and calculating the upper and lower limit of Rpa
using equation 4.23. The violet dashed lines represent the error limits for the
measurements in buffer. The inter-dye distance obtained by AV-calculations is
depicted by the short red line.
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In Figure 5.28, the FRET efficiency histograms taking into account all
solvent induced spectral and QY changes (corrected) are compared to the
ones calculated with the parameters measured in DNA buffer (uncorrected).
All histograms are fitted with a Gaussian distribution to determine the mean
FRET efficiency. The deviation between corrected and uncorrected E values
spans from 10 % to remarkable 35 % for 4 M GdnHCI (results in table B.2).
Additionally, almost all uncorrected histograms show a misleading apparent
increase of the transfer efficiency.

As a next step, the corresponding inter-dye distances (Rpa) are deter-
mined according to equation 4.36, which means that the Forster radius has
to be known. As discussed in section 5.5.2, it is calculated with the ori-
entation factor k2 set to its mean value of two-thirds in all cases. Then,
three inter-dye distances calculated in different ways are considered: (i)
the fully correctedRpa for different solvent compositions, taking into ac-
count all solvent-induced changes; (ii) Rpa calculated using the uncorrected
FRET-efficiencies as well as the Forster radius measured in buffer; (iii) Rpa
calculated from the uncorrected transfer efficiencies and using the Forster
radius obtained with the overlap integral measured in buffer but taking
into account the actual refractive index of the solvent. The obtained results
are shown in figure 5.27, along with the inter-dye distance in pure buffer
provided by AV-calculations. Additionally, Forster radii and Rpp values are
summarized in tables B.3 and B.4.

As compared to pure aqueous buffer, the corrected values for all other
environmental conditions exhibit marginally larger interdye distances. How-
ever, especially for the solvents containing large amounts of additives, we do
observe significant differences between corrected and uncorrected inter-dye
distances as high as 0.4 nm. Additionally, the uncorrected Rpa values lead
to a misinterpretation of the experimental results, as the oligonucleotide
constructs appear to become more compact instead of more expanded in the
GdnHCI and glycerol solutions.

Interestingly, including the refractive index n of the solvent and concur-
rently neglecting any further corrections can lead to even stronger deviations
from the fully corrected inter-dye distances than applying no corrections
at all. Since the impact of the individual corrections can typically not be
predicted a priori, the application of all corrections is mandatory in order to
obtain reliable Rpa values.

5.5.3 Inter-dye distance calculations: electrostatic interactions

As AL488 and AL647 both are negatively charged at neutral pH (-2e and -3e,
with e being the elementary charge), they interact electrostatically, with the
extent of interaction depending on their distance and the properties of the
solvent. Going from pure aqueous buffer to the other solvent environments,
the dielectric constant as well as the Debye length decrease (see table 5.5
for details). Therefore, in this section focus is set on the impact of these two
parameters on the electrostatic donor-acceptor repulsion and the resulting
inter-dye distances obtained by FRET measurements. To be able to give
quantitative estimations, the standard AV calculation is expanded.

As mentioned before, AV clouds are the product of a geometric search
algorithm finding all positions within the linker length from the attachment
point that do not cause steric clashes with the surface of the biomolecule [28].
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Besides the linker dimensions (width and height), obviously also the spatial
extent of the dye has to be taken into account, which, for convenience, is
modeled as a sphere. Having found all accessible positions for a specific
dye-linker unit parameterization, the average inter-dye distance is found
according to:

Rpa = / / dr'adrpP(Ta,7p)|Ta — TD] (5.25)
AV,A JAV,D

Here, ra and 1p denote the position vectors of acceptor and donor and P(r'a,
rp) describes the probability to find a specific configuration of ¥4 and 1p.
In the standard AV approach, each configuration is equally likely, hence
P(¥a, D) is a constant. The fact that the integration is over the accessible
volume clouds of the acceptor and donor is indicated by AV,A and AV,D. To
improve the accuracy of the inter-dye distance calculation, three different
dye radii can be selected and the corresponding AV cloud for each radius can
be determined. The inter-dye distance is then obtained by averaging over all
positions available in all clouds. The radii, widths and lengths used in this
work to describe the AL488/AL647-linker constructs are given in table 5.8
(for depiction of dye-linker structures and corresponding dye radii, linker
width and length, see figure A.6): Now, in the expanded AV calculation,

Sample  Linker Linker = Radius1 Radius2 Radius3

length [A] width [A]  [A] [A] [A]
AL488 20 3 5 4.5 1.5
AL647 24 3 10.5 8.8 8

Table 5.8: Parameters used to describe the linker-fluorophore unit attached to the
dsDNA constructs.

besides steric clashes the effect of the total charge of the dyes, including
the screening of their mutual repulsion due to the solvent environment, is
taken into account. In the course of this, each dye is considered as a solid
colloid with a homogeneously distributed total charge. In this case, the
energy between two charged colloids of radii Ry and Rp, located at rp and
ra, is given by [154, 155]:

e?  exp(—k(r — Ra — Rp))

U(r) = ZaZ
(r) ACD Y reoe, (1+KkRA)(1+ KRp)r

(5.26)

if the distance r=|rp- ra| is larger than the sum of the two radii. Otherwise,
U(r) equals infinity. Here, k is the inverse of the Debye length, ¢ is the
vacuum permittivity and Za /Zp is the charge of the acceptor/donor colloid.
Then, the probability of a configuration with donor and acceptor located at
rp and T is given by [156]:

P(7a,7p) = C oxp (- (/@1T> U — FD)> (5.27)

The parameter C is a normalization factor, kg is the Boltzmann constant and
T is the absolute temperature.

The obtained inter-dye distances for the 10 bp dsDNA construct calcu-
lated with the help of the expanded AV approach are given in table 5.9.
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Solvent Rpa (AV,expanded) Rpa (AV,standard)
[A] [A]
DNA buffer 49 48.7
+1 M NaCl 48.7 -
+4 M GdnHCl1 48.7 -
+ 50 wt. % Glycerol 48.9 -

Table 5.9: Average inter-dye distance of AL488 and AL647 attached to the 10
bp dsDNA construct calculated with the help of the AV-cloud of each dye and
with (expanded) and without (standard) taking into account electrostatic dye-dye
repulsions .

The resulting average inter-dye distances coincide for all considered solvent
conditions, hence, being quite insensitive to electrostatic dye-dye repulsions.
This is accordance with the experimental findings from the smFRET mea-
surements of the dsDNA constructs discussed in the previous section 5.5.2.
As shown in figure 5.27, for both distance regimes the increase of the inter-
dye distance lies between 1 and 2 A going from pure aqueous buffer to more
complex solvent conditions. Comparing the additive-enriched solutions
only, the resulting inter distances even coincide within their error-limits. Un-
der the assumption that there is no antagonistic concurrent conformational
change of the dsDNA constructs, the impact of electrostatic interactions on
the inter-dye distance is therefore small. Additionally, the inter-dye dis-
tances increase in a similar manner for the 10 bp and 17 bp dsDNA construct
going from buffer to the additive-enriched solutions, which should also not
be the case if strongly distance dependent electrostatic interactions would
play a role.

To assess the impact of electrostatic interactions over a broader distance
interval, the inter-dye distance between a donor and an acceptor tethered
by a linker to two fixed points in free space (distance d.) are calculated.
Only limited by the linker length, the corresponding AV clouds are spherical.
Then, two different electrostatic scenarios are considered: (i) an isotropic
scenario,in which the two linkers are flexible and thereby allow the dye to
explore the complete spherical volume defined by a radius corresponding
to the linker length. As before, the dyes are described by homogeneously
charged colloids. (ii) an anisotropic scenario, in which the dye AV is de-
scribed by a complete sphere defined by the linker length, but now the
interaction energy corresponds to the most unfavorable case. This means
that the whole charge is now concentrated in one point, situated at the inter-
section of the surface of each dye and the vector that joins their positions. In
this case, which represents an overestimation of the electrostatic repulsion,
the interaction energy is given by [154, 155]:

e?  exp(—r(r— Ra— Rp))
4mene, r—Ra— Rp

Uani(r) = ZaZp (5.28)
if the distance r=|rp- a| is larger than the sum of the two radii. Otherwise,
Uani(r) equals infinity. For visualization, both scenarios are depicted in
figure 5.29. With the help of equation 5.25, the expected average inter-dye
distances for both scenarios can be calculated. The results are depicted in
figure 5.30 (a). As black dotted line, inter-dye distances calculated without
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AV donor M Charge distribution donor
AV acceptor M Charge distribution donor

(isotropic) (anisotropic)

Figure 5.29: Schematic depiction of two different scenarios of electrostatic inter-
action. Donor and acceptor are tethered via a linker to two points in free space.
These attachment points are separated by a distance d.. In both scenarios, the linker
is considered to be flexible, thereby giving each dye access to each position in a
spherical volume (AV). Clearly, this spherical volume has a radius corresponding to
the linker length. Donor and acceptor dye are visualized as spheres (depiction not
to scale). In the isotropic case, the overall charge is assumed to be homogeneously
distributed over the spherical volume of donor and acceptor. In the anisotropic
case, the charge is assumed to be focused in one point. This point is chosen to be the
intersection of the surface of the spheres with the vector connecting the positions of
donor and acceptor.

any restrictions are given. Interestingly, these do not coincide with the
centroid distances (solid black line) but show a constant positive offset. This
mismatch is mainly due to the geometry of the clouds (see equation 5.25).
Remarkably, it is present even in the absence of clashes and electrostatic
repulsions. It does, however, vanish in the limit of large distances between
the tethering points (data not shown here). Inter-dye distances calculated
excluding steric clashes are very similar to the interdye distances obtained
for NaCl and glycerol, calculated excluding sterical clashes and taking into
account electrostatic interactions corresponding to the isotropic scenario.
Clearly, the effect of sterical clashes outweighs the effect of electrostatic
repulsions in our approximation. Additionally, the difference between the
resulting Rp, values for NaCl and glycerol is smaller than 1 A considering
the whole distance regime. Furthermore, the anisotropic scenario is tested
since it represents a kind of extreme case of electrostatic interaction and
can give an idea of upper boundaries concerning interdye distance changes.
Even here, the maximal difference between Rpa for NaCl and glycerol lies
around 3 A.

As a last step, with the help of equation 4.23, one can define an average
inter-dye distance by means of the average FRET efficiency. Here, E is
calculated according to:

_ 1
AV,A JAV,D 14 <|m};m|)
0

The obtained result can be compared to the directly calculated inter-dye
distances, as is shown in figure 5.30 (b) assuming an isotropic charge distri-
bution and NaCl and glycerol as solvents. Obviously, the inter-dye distances
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Figure 5.30: (a) Inter-dye distances plotted as a function of the distance d. between
the centroids of the spherical AVs of donor and acceptor. As black solid line,
Rpa =d. is depicted. The dotted black line shows the inter-dye distance calculated
without any restrictions, whereas the dashed black line is calculated excluding steric
clashes (partly hidden by solid green line). As green solid (NaCl) and dashed-dotted
(glycerol) lines, the inter-dye distances corresponding to the isotropic electrostatic
scenario are given, whereas the solid and dashed-dotted orange lines represent
the results based on the anisotropic electrostatic scenario. (b) Directly calculated
inter-dye distances (green) and FRET-efficiency based inter-dye distances (magenta)
plotted as a function of the distance d.. Electrostatic interactions correspond to
the isotropic regime. Development and implementation of extended AV algorithm
achieved and raw data provided by Simén Poblete.

taken from FRET efficiencies show a different pattern than the directly calcu-
lated ones. However, it is obvious that in this case the contribution of sole
electrostatic interactions is even smaller than before.

Finally, using these rough approximations, it can be stated that even for
short inter-dye distances around 30 A a change of the solvent environment
leads to a relative difference in Rpa of below 10 %. Nonetheless, addi-
tional effects such as solvent mediated interactions and higher resolution
electrostatic contributions could still play a significant role and should be
considered separately [67].

5.5.4 Coil-globule transition of Phosphoglycerate-Kinase

Sample introduction

In this section, the chemically induced unfolding of the two-domain pro-
tein Phosphoglycerate Kinase (PGK) will be studied. As before, AL488 and
AL647 are chosen as donor and acceptor fluorophores, here attached to
positions 1 and 135 of the N-terminal domain (see figure 5.31 for protein



96 Chapter 5. Results

structure and AV clouds). In addition to pure aqueous buffer, buffer solu-
tions with high amounts of GAnHCl added (1, 1.5, 4, and 6 M) are employed.

Figure 5.31: Crystal structure of PGK [PDB:1QPG] superimposed with the AVs of
AL488 and AL647. Attachment positions at S1C (donor) and Q135C (acceptor) are
shown as dark spheres.

Fluorescence lifetime analysis

As distinct from the previous case of the dsDNA oligonucleotides, the ad-
dition of high amounts of the denaturant GdnHCl is expected to cause the
unfolding of the protein PGK. Hence, the properties of the fluorescent mark-
ers might not only be influenced by the solvent environment but also by
variations in the protein-fluorophore-interaction.

To get a rough idea which process is the dominant one, the fluorescence
lifetimes of the single-labeled single-mutants in the different solvents are
determined. The obtained results are given in table 5.10. The donor fluo-
rescence lifetime does not change with increasing denaturant concentration,
but is in all cases significantly shorter than the lifetime of unattached AL488
(T = 4.1 ns). Hence, it is rather a dye-protein than a dye-solvent interaction
that causes this quenching of tgq of AL488. On the other hand, the acceptor
lifetime is under all solvent conditions larger than the lifetime of unattached
AL647 (T4 ~ 1.1 ns), and increases going from pure buffer to 1 M GdnHCl
to stay constant then. While the overall enhancement of the fluorescent life-
time appears to be independent from the solvent environment, the further
increase going from 0 M to 1 M GdnHCl is an indirect solvent effect, as the
lifetime reflects the interaction of the dye with the unfolded structure of the
protein.
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PGK S1C AL488 AL647
Solvent Tq [ns] Tq [ns]
PGK buffer 36+01 15+0.1
+1MGdnHClI 36+01 1.7+0.1
+15MGdnHCl 36401 1.740.1
+4MGdnHClI 36401 1.740.1

Table 5.10: Fluorescence lifetimes of donor and acceptor attached to positions S1C
and Q135C of PGK single mutants, measured in buffer with different amounts of
GdnHClI added. No position dependency is observed, hence only one value is given
for both mutants.

Assessment of the orientation factor 2

To assess the orientation factor 2, as before TRA measurements are em-
ployed. Here, the rotational mobility of donor and acceptor appears to trace
the denaturant induced structural changes of PGK: the mobility of the dyes
increases upon unfolding (which is reflected in both, the correlation time
theta and the semi-cone angle alpha, see figure 5.32). For the donor, the
obtained correlation times are smaller than the inverse FRET rate, whereas
for the acceptor 6, is on the time-scale of FRET in all cases. However, as-
suming that k? can be replaced by its average value of 2/3, the determined
inter-dye distance for PGK in aqueous buffer coincides with the distance
predicted by AV calculations (see Figure 5.34). Therefore, the rather slow
rotational correlation time of the acceptor does not seem to interfere with the
assumption of dynamic orientational averaging. Consequently, all distances
are determined using k?=2/3 (Forster radii in table B.7).

401 W [J AL488 607 A A ALsss
1 W O ALe47 A AL647
3.5
] 55
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Figure 5.32: Rotational correlation time 6, and semi-cone angle 8 of PGK in GdnHCl
solutions obtained by TRA measurements. Filled symbols represent the PGK
mutant S1C, whereas empty symbols represent the mutant Q135C. With increasing
denaturant concentrations, the rotational freedom of the fluorophores increases.
The experimental values are reported in table B.5.
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Determination of FRET calibration parameters

As before, the quantum yields of the labeled single mutants of PGK are deter-
mined with the help of the liFCS approach for each GAnHCI concentration.
Again, value and error limit correspond to the mean and the standard devia-
tion of three different measurement series. The obtained results are given
in table 5.11, together with the respective transmission/detection efficiency
parameter g.

PGK S1C/PGK Q135C AL488 AL647
Solvent ba g ba g
PGK buffer 0.87+£0.04 011 0424002 0.12
+1M GdnHCI 071+£0.04 010 0504+0.03 0.12
+1.5M GdnHCI 0.774+0.04 0.10 0.61+£0.03 0.12
+4 M GdnHCI 0.81 £0.04 0.09 0.54+0.03 0.11
+6 M GdnHCl 0.77+£0.04 0.08 0.55=+0.03 0.10

Table 5.11: Quantum yields and transmission/detection efficiency parameters for
the single-labeled, single mutants of PGK in all solvents. As no position dependency
is observed, only one value is given for both mutants.

smFRET measurements

Single-molecule measurements are performed as explained in detail in sec-
tion 4.2.3. As distinct from the measurements of the dsDNA constructs, a
photo-protection cocktail is used and the donor excitation intensity is set to
~ 3000 a.u. [157]. The direct acceptor excitation power still lies around 400
a.u.. Again, PIE is employed and the burst selection time-window size T is
fixed to 1 ms, adjusted to the molecule’s dwell time in the effective volume
obtained by FCS. Only FRET-bursts containing more than 80 photons are
used to calculate transfer efficiencies. The fraction of double-labeled PGK,
obtained by coincidence analysis, lies around 10 %.

The corresponding corrected and uncorrected FRET efficiency histograms
are shown in figure 5.33. Strikingly, in all cases, the mean FRET-efficiencies
of corrected and uncorrected histograms differ by more than 30 % (B.6).
Furthermore, the widths of the histograms show relevant discrepancies. Es-
pecially at 1 M GdnHCI, the width of the corrected histogram shows a 40 %
smaller deviation from the width of the shot-noise limited distribution than
the corresponding width of the uncorrected histogram. This is of crucial im-
portance for wide-spread analysis tools comparing variance of the data to get
insight into the underlying molecular dynamics [12, 118]. In figure 5.34(a),
the obtained inter-dye distances are depicted. As before, fully corrected
distances, uncorrected distances, and n corrected distances are calculated.
Here, only at 1.5 M GdnHCl significant differences between corrected and
uncorrected Rpy - values show up (see also table B.8). Again, correcting for n
only is not advisable. Although the protein is almost completely unfolded at
1 M GdnHCI with respect to secondary structure elements [86], an ongoing
further expansion of the protein structure is observed in the regime from 1
M to 6 M GdnHCI. This phenomenon is well pronounced in the corrected as
well as in the uncorrected Rpa values and was already observed for many
other proteins (coil-globule transition going from high to low denaturant



5.5. smFRET measurements in additive-enriched solutions 99

corrected uncorrected
604 0 M 604
£ a0 £ 404
2 2
g 20 i 20
0 0-

00 02 04 06 08 10 00 02 04 06 08 10
601 1 M 601
o 401 £ 401
c C
g @
20 @ 2
#* #* 7
04 0
00 2 04 06 08 10 00 04 04 06 08 1.0
200- 200
1.5M
150 150
(2] [2]
£ )
5 o]
O 100 O 100
(0] (0]
* g0 * g0
o/ 04
00 2 04 06 08 10 00 04 04 06 08 1.0
100 4 M 100
80 80
g §2]
5 60 S 60
>
O 404 O 40
* I+
20 20
0 . . . 0
00 2 04 06 08 10 00 02 04 06 08 10
6M
) 60 g2
g c
> 401 0
[ [0)
* 501 #*
0.

Figure 5.33: FRET-efficiency histograms of PGK in buffer with increasing amounts
of GAnHCI added. The corrected histograms are calculated taking into account
spectral and QY changes of the FRET pair, whereas the uncorrected histograms
are calculated with the parameters determined for pure buffer. Black solid lines
denote the Gaussian distributions best fitting the data. Black dashed lines depict
the shot-noise limited distributions [112]. The vertical lines indicate the mean FRET-
efficiency of the already unfolded state at 1 M GdnHCI. Measurements performed
and raw data provided by Michele Cerminara.



100 Chapter 5. Results

concentrations [24-26, 73, 83]). In addition, (viscosity-corrected) hydrody-
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Figure 5.34: (a) Inter-dye distances (Rpa) of PGK at high GdnHCI concentrations:
fully corrected (violet), uncorrected (orange) and corrected n only (green). (b)
fully corrected Rps values compared to hydrodynamic radii r, from FCS data.
The unfolding transition is indicated by a two-state fit with a mid-point at 0.7
M GdnHCI (dashed-lines), while the coil-globule transition is illustrated by the
straight dotted lines. As red line, the inter-dye distance obtained by (standard) AV
calculations is shown. Parameter used for AV calculation are given in table B.9.

namic radii r;, determined by FCS reflect exactly the same behavior (figure
5.34 (b), for details on viscosity determination see figure A.7). Although for
the PGK mutant the overall impact of the applied corrections is small as
compared to the dsSDNA samples, now confidence about the development
of the inter-dye distances for this protein structure under highly denaturing
conditions is obtained. Clearly, the discrepancy between scattering and
smFRET data concerning the coil-globule transition of the unfolded state
(see figure 1.2) is not a result of potential artifacts due to solvent-induced
changes of the properties of the fluorescent markers.



101

Chapter 6

Discussion/Outlook

6.1 Depolarization correction factors

To determine the depolarization factors for the setup at hand, the calibra-
tion procedure proposed by Koshioka et al. [158] was adjusted to detection
systems with an IRF FWHM around 600 to 900 ps. For that, the rotational
correlation time of the fluorophore AL488 was varied by adding increas-
ing amounts of the viscosity enhancer glycerol to water. With the help
of a support plane analysis (SPA) of the fitted k; and k; values and their
corresponding confidence interval limits, it was shown that the rotational
correlation time had to be increased by at least a factor of three (> 37 wt.
% glycerol added) to determine k; and k; with the required exactness. It
is worth to mention that besides the fundamental anisotropy of AL488 no
other fitting parameters had to be known in advance.

Using the theory by Fisz [38] to predict the values of k; and k; expected
for the given measurement conditions, it was shown that the experimen-
tal values differed from the theoretical ones but, plotted as a function of
the solvent refractive index, showed the same trend. The offset between
theory and experiment was explained by the fact that no technical imper-
fections like polarization leakage of the polarizer cube, polarization bias
due to the dichroic mirror [159] or reflections at interfaces were taken into
account in the calculations. Forcing the obtained theoretical curve to coin-
cide with the experimentally determined one, precise values of k; and kj
(n(solvent)>1.38), the depolarization correction factors for measurements in
solvents of refractive indices close to water could be figured out. Within the
given error limits the results obtained for n=1.33, 1.37 and 1.40 coincided.

Comparing the determined values of k; and k; to values obtained in
other works for objectives of similar numerical apertures is not reasonable.
On the one hand, the amount of objective under-filling has to be known, on
the other hand, the optical components built in play a significant role. This
is also directly clear by the fact that in this work k, shows a dependency
on the considered spectral regime which is theoretically not expected. It is
important to mention that the asymmetry between convergence and diver-
gence angle, caused by the objective under-filling, decreases the extent of
depolarization significantly. Hence, although the detection angle is larger
than 60°, the addition of the parallelly and perpendicularly polarized emis-
sions component does not lead to a completely un-polarized fluorescence
lifetime decay as might be expected [38].

Referring to ensemble measurements with no need of spatial confine-
ment, the precise knowledge of k; and k; is rather redundant, as the high
NA objective can simply be exchanged with a low NA objective eradicating
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the depolarization difficulty. However, with respect to measurements at low
or even single-molecule concentrations the employment of a high NA objec-
tive is essential to achieve the required signal-to-noise ratio, which makes
the determination of k; and k; obligatory. Among others, single-molecule
anisotropy measurements can be used to determine the mean mobility of the
fluorescent markers used for single-molecule FRET. Hence, sub-populations
showing different transfer efficiencies due to hindered rotational diffusion
of donor or acceptor and not due to real (conformational) distance changes
can be identified [23, 160].

6.2 Quantum yield determination by liFCS

To facilitate a fast quantum yield determination of samples at low ((sub)-nM)
concentrations, the confocal microscopy based 1iFCS approach was devel-
oped and validated in this work. By proof-of-principle measurements it
was demonstrated that the quantum yield values predicted by the liFCS
approach coincided with the expected nominal values within the determined
error limits of below =+ 10 %. With the help of theoretical and experimental
considerations, potential pitfalls due to a refractive index mismatch [51, 52]
between objective design and actual solvent conditions were evaluated and
overcome. In this regard, it was demonstrated that using specific measure-
ment settings the impact of the refractive index mismatch on the effective
FCS volume can be minimized. Then, only one calibration of the effective
volume in a solvent of arbitrary refractive index is sufficient to analyze data
sets obtained in other solvents. Consequently, by sticking to the appropriate
measurement conditions, FCS measurements can be used to determine dif-
fusion coefficients of fluorescent molecules in additive-enriched /crowded
environments reliably, circumventing the need of more complex dual-focus
FCS approaches [161].

To get an impression of the minimal sample amount needed for the
liFCS-approach, the example of AL488 in PBS with a maximal absorption
coefficient of €ma=73000 cm ™M~ shall be considered. Additionally, the
obtained result is compared to the amount needed for the commonly em-
ployed standard method (see section 4.1.2). The minimal sample amount
needed for the liFCS approach is the one that enables the measurement of
a reliable absorption spectrum. Reliable in this respect means that noise
fluctuations of the optical density (OD) should not bias the determination of
the relative OD at the laser excitation wavelength. A standard steady-state
absorption spectrometer has a baseline standard deviation of AOD~0.0002.
Aiming for a high signal-to-noise ratio of 50 for the maximal OD ensures
that also the OD at the laser excitation wavelength a bit off the maximum
value is still well-defined. Generally, the needed amount of fluorophore,

Npmin, equals:
Dmax .

€maz *
Here, V is the sample volume and d is the cuvette path length. Assuming
the use of a cuvette with a 5 cm path length and a volume of 3.5 ml and an
ODpax around 0.01, the needed amount of AL488 equals 82 pmol. Using a
micro-spectrophotometer with a path length of 0.1 cm and a sample volume
of 2 ul, the needed amount further decreases to 2.7 pmol. With respect to
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the standard approach, the ODs of the dilution series have to be determined
as precise as possible, therefore the use of a cuvette with a 5 cm path length
is recommended. The fluorescence intensity depends linearly on the OD
up to a value of around 0.05, therefore the amount of sample needed for
the dilution series lies between ~ 80 and 300 pmol. However, using the
micro-spectrophotometer is not possible in the standard approach. Measur-
ing an OD of ~ 0.05 with the spectrophotometer requires a concentration of
around 6.8 uM. Using a standard fluorescence cuvette with a path length
of 1 cm as recommended for the standard method, the OD of the sample
would lie around 0.5>0.05. Consequently, the standard approach is not
compatible with the use of a micro-spectrophotometer. Hence, the liFCS
approach works with an at least 30 times smaller sample amount than the
standard method, which is of specific importance considering applications
where only very small amounts of sample are available or where the sample
tends to aggregate using higher concentrations. Obviously, a confocal mi-
croscopy based determination of the absorption cross section would reduce
the needed sample amount further. Assuming a sample concentration of
approximately 5 nM, an effective volume of 0.5 fl and a sample volume of
20 pl, the needed amount of substance would lie around 0.07 pmol. In this
regard, one possibility to assess the absorption cross section is to determine
the triplet fraction and relaxation time in an excitation intensity dependent
manner and to globally fit the obtained curves, with the absorption cross
section being one of the fitting parameters [131]. Unfortunately, the absorp-
tion cross section values obtained in this way have large relative error limits
lying between 20 and 40 %, which is much too inaccurate with respect to the
liFCS quantum yield determination.

As distinct from the frequently employed quantum yield determina-
tion based on fluorescence lifetime measurements [43], it was shown that
the liFCS approach is sensitive to static and dynamic fluorescence quench-
ing. This is of specific importance for fluorescent markers attached to bio-
molecules, as specific amino acids (like Tryptophane or Histidine) or nucle-
obases are known to exhibit a combination of dynamic and static quenching
with respect to certain fluorophores [148, 162]. The fundamental assumption
underlying the lifetime based quantum yield determination is that the natu-
ral lifetimes of reference and sample coincide. Indeed, the natural lifetime
depends on the fluorophore environment, among others on the refractive in-
dex, the viscosity and the pH [145, 163, 164]. This was also demonstrated in
this work by monitoring the natural lifetime of two dyes in glycerol solutions
of increasing viscosity and refractive index, pointing out that the natural
lifetime reacts highly sensitive but rather unpredictable to its surroundings.
Consequently, considering additive-enriched solutions the fluorescence life-
time based quantum yield determination appears doubtful, supporting the
need of a more reliable, confocal microscopy based approach like the one
introduced in this work.

Another recently proposed, more elaborate lifetime based approach for
the quantum yield determination employs a confocal microscope equipped
with a custom-built nano-cavity [57, 58]. The outstanding strength of the
method lies in the fact that quantum yield values of specific components of
a mixture of fluorophores are obtained even if the different sub-populations
have overlapping spectra. Without depreciating the superiority of the
method with respect to heterogeneous samples, it is clear that the impact of
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static quenching on the quantum yield would be missed also in this case.

With regard to samples containing several fluorescent sub-populations,
it is important to mention that the liFCS approach only works for samples
characterized by a single brightness value. Even for the simplest case of a
bi-molecular sample with two different MB-values, the apparent number of
particles in the effective volume is given by [43]:

_ 1M By + noM Bs
n =
PP 5 M B2 + fio M Bo?

(6.2)

Here, N ; are the average numbers of species one and two in the effective
volume and MB; and MB; are the corresponding brightness values of each
species. Consequently, the determination of the MB of one species is coupled
to the knowledge of the MB of the other species and the exact number distri-
bution of the complete sample. This is experimentally impossible without
a prior assessment of the sample or the use of any other complementary
technique like PCH [165] for instance.

Finally, it is worth to mention that, as distinct from the cuvette based
standard method, the liFCS approach facilitates a more reliable quantum
yield determination in terms of the underlying sample quality. This is due to
the fact that, using an FCS based method, the sample diffusion coefficient or
even the raw intensity time trace indicate the existence of larger oligomeric
structures or aggregates otherwise potentially overseen. If these artifact
structures induce changes of the quantum yield by quenching or any other
mechanism, the standard method will provide an average quantum yield of
the monomeric and the oligomeric/aggregated population. Using the iFCS
approach, samples with aggregates can simply be excluded from further
analysis steps.

6.3 sMmFRET measurements in additive-enriched solu-
tions

It was demonstrated that high amounts of additives can significantly alter
the properties of aqueous solutions, which potentially has an impact on the
characteristics of the fluorescent markers used as FRET pair. In this respect,
it was shown that in particular the explicit determination of correct quantum
yields for all attachment positions and for all environmental conditions is
essential, which underlines the usefulness of the liFCS approach.

In particular for smFRET studies of proteins, the attached dyes are not
only affected by the specific solvent properties but also by potential inter-
actions with the local polypeptide chain environment. This can lead to a
drastic deviation of their quantum yields as compared to those typically
known for the free fluorophores in aqueous buffer solutions. Therefore, a
simple interpolation between values obtained at low and at high co-solvent
concentrations would likely be erroneous, meaning that each value at each
environmental condition has to be measured explicitly. From the magnitude
of the individually observed parameters (dg o,$s,p,Ro) it is not straightfor-
ward to estimate the magnitude of the overall correction in terms of Rpa.
Beyond that, the application of corrections for only one or a few parameters
can be hazardous because it can give rise to even stronger deviations from
the fully corrected Rpa-values.
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A special case of interest where potential artifacts and required correc-
tions in smFRET results play an important role is given by the question
which structural properties unfolded proteins develop upon increasing de-
naturant concentrations beyond the unfolding transition. A clear answer
is not only of relevance concerning the process of protein folding, but also
for the function of the myriad of intrinsically disordered proteins [166]. Just
recently, a detailed description of the conformational ensemble of dena-
tured ubiquitin was obtained by comparing smFRET data with ensembles
computed using NMR/SAXS restrains, confirming the occurrence of the
coil-globule transition [166]. However, since for many single domain pro-
teins such an ongoing expansion with increasing denaturant concentrations
is not observed by small-angle X-ray scattering (see [167] and references
therein), the question arises whether in smFRET studies methodical deficien-
cies systematically bias the obtained results. From the presented analysis of
a mutant of PGK a clear coil-globule transition behavior at elevated GdnHCl
concentrations is observed. This result gives, on the one hand, additional
reliability qualified by the application of a thorough parameter correction
and, on the other hand, by an independent measure of the hydrodynamic
radii under identical sample conditions.

Possible inter-dye interactions caused by electrostatics between charged
dyes (acceptor and donor carry net-charges) and modified by different types
of solvent (with different dielectric permittivity and ionic strength) were
shown to have no impact on the obtained results. In reference measurements
of dsDNA constructs with inter-dye distances of 49 A and 61 4, only small
differences in inter-dye distances between pure buffer and buffer of high
GdnHCI concentration were observed. Consequently, electrostatic dye-dye
repulsions do not explain the GdnHCI induced increase of inter-dye dis-
tances determined for PGK. In contrast to the PGK mutant considered here,
most of the other proteins for which a pronounced coil-globule transition
was observed were much smaller and therefore, the native inter-dye distance
was also smaller (i.e. well below the Forster radius of around 50 /(i). How-
ever, for the unfolded states, the observed inter-dye distances with transfer
efficiency values between 0.4 and 0.7 fell into the same distance regime as
considered in the example of dSDNA. Consequently, also in these cases one
can be confident that electrostatic dye-dye interactions are negligible.

Additionally, it can be stated that the presented methodical approaches
are not only applicable to the rather simple buffer solutions which were
investigated in this thesis, but also to more complex buffer compositions
consisting of macromolecular crowding agents or even cytosolic solutions.
In this regard, the contribution of auto-fluorescence to the measured sig-
nal is a severe issue, which can potentially be minimized by bleaching
[168]. However, efficient bleaching is mainly achieved by using very small
amounts of sample (ul range) that are exposed to strong laser beams, which
underpins the relevance of the proposed confocal microscopy based calibra-
tion/characterization schemes once more.
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Figure A.1: MB-curves of AL647 in PBS and AT655 in water.
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Figure A.2: Absorption spectra of FLUO in 0.1 M NaOH, AL488 in PBS and AT488
in water.
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Figure A.3: Fluorescence emission spectra of FLUO in 0.1 M NaOH, AL488 in PBS
and AT488 in water.
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Figure A.4: Transmission function for FLUO in 0.1 M NaOH, AL488 in PBS and

AT488 in water.
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Figure A.5: Left side: Absorption and emission spectra of AL488 (donor) labeled 10
bp DNA oligo-nucleotides in different solvents. Right side: Corresponding spectra
for the DNA construct labeled with AL647 (acceptor). Spectra measured in buffer
and in buffer with 1 M NaCl added coincide in all cases.
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AL647-C6-amino-
linker

AL488-C6-amino-
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Figure A.6: AL647/ AL488-C6-amino-linker structure. Dye radii indicated by green
dashed lines. Linker lengths equal the rounded sum of all red fragments, linker

width depicted as yellow dashed line. All distance labels in A.
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Figure A.7: Dynamic viscosity n plotted as a function of the concentration of
GdnHCI. As green dashed-dotted line, an empirical relation known from the
literature is depicted [61]. Red and blue squares correspond to experimentally
determined viscosity values. In the latter case, the diffusion coefficients of AL488
and AL647 dissolved in pure water and in buffer solutions with increasing amounts
of GAnHCl added are determined by FCS. All measurements are performed at a
temperature of 22° C. Assuming that the hydrodynamic radius of the fluorophores
is not affected by GdnHC1 and equivalent to the one obtained in water, equation
5.17 can be employed to determine the unknown viscosities. Experimental and
theoretical results show reasonable agreement.
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wt. % Glycerol n  n[mPas] D [Lty

S

0 1.333 1.01 362+ 6
6 1.340 1.18 309 +5
10 1.345 1.31 278 £ 4
14 1.350 1.46 249 +£14
22 1.360 1.88 194+ 3
29 1.369 241 151 +£2
37 1.379 3.28 111+£2
44 1.389 4.45 82+1
51 1.399 6.33 58 £1
58 1.409 9.52 38+1

Table B.1: Refractive indices n and dynamic viscosities 1 of Glycerol solutions
and the corresponding translational diffusion coefficients D, as predicted by the
Stokes-Einstein equation. The hydrodynamic radius of AL488 equals 7=0.59 £+ 0.01
as was shown by complementary time-resolved anisotropy measurements.

10 bp DNA-construct
Solvent Ecorr  Euncorr

DNA buffer 0.613 0.613
+1M NaCl 0.586 0.632

+4 M GdnHCI 0.528  0.689

+ 50 wt. % Glycerol 0.549  0.620

17 bp DNA-construct
Solvent Ecorr  Euncorr

DNA buffer 0.3 0.3
+1M NaCl 0266 0.296
+4 M GdnHCI 0.229 0.353
+50 wt. % Glycerol 0.266  0.313

Table B.2: Corrected and uncorrected mean FRET efficiencies for the dsDNA oligo-
nucleotides. Uncorrected FRET efficiencies are calculated using the calibration
parameters determined for pure buffer.
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10 bp DNA-construct

Solvent Rocorr [A] ROn,cm"r ["Zi]
DNA buffer 52.7 52.7
+ 1M NaCl 52.6 52.5
+4 M GdnHCI 50.9 51.0
+ 50 wt. % Glycerol 52.7 51.0
17 bp DNA-construct
Solvent ROcorr‘ [A] ROn,corr [A]
DNA buffer 53.4 53.4
+ 1M NaCl 53.5 53.3
+4 M GdnHCI 51.7 51.8
+ 50 wt. % Glycerol 53.7 51.8

Table B.3: Fully corrected and refractive index corrected Forster radii for the dsSDNA
constructs in different solvents.

10 bp DNA-construct

Solvent RpAcorr [A] B pAuncons [A] RDAn,corr [jl]
DNA buffer 48.8 + 0.8 48.8 +£ 0.8 48.8 £0.8
+1 M NaCl 496 £1.0 48.1 0.8 479 4+ 0.9
+4 M GdnHC1 50.0 £ 0.9 46.1 £ 0.8 446+1.0
+50 wt. % Glycerol  51.0 £0.9 48.5+0.8 470+ 0.8

17 bp DNA-construct

Solvent RDAcorr RDAuncorr RDAn,cm"r
DNA buffer 61.7£1.0 61.7 £ 1.0 61.7+1.0
+1 M NaCl 63.3+1.1 61.8+1.1 61.6 £1.1
+4 M GdnHCI 63.3 + 1.1 59.2 + 1.0 57.3 + 0.9
+50 wt. % Glycerol  63.7 £1.1 61.0+1.1 590+ 1.1

Table B.4: Corrected, uncorrected and refractive index corrected inter-dye distances
for the dsDNA constructs in different solvents.

PGK S1C/Q135C A1.488 AlLe647
Solvent 0, [ns] Ormaz [°] 0, [ns] Bhinaes |1°)
PGK buffer 0.8 +0.1 35+1 31+0.1 39+1

+ 1M GdnHCl 1.6 £0.1 36/32+1 3.0/2.8+0.1 44/38+1
+15MGdnHCl 1.1/04+£0.1 44/42+1 29/25+01 50/47+1
+4 M GdnHCl 04+01 46/43 £1 22+01 53/54 +1

Table B.5: Rotational correlation (6,) times and semi-cone angle (6,,,,,) for labeled
PGK single mutants obtained by TRA measurements. Values before slash corre-
spond to mutant S1C, values behind slash to mutant Q135C. If only one value is
given, both values coincide.
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10 bp DNA-construct
Solvent Ecorr  Buncorr

PGK buffer 0.617 0.617
+1MGdnHCI 0.180 0.248
+1.5M GdnHCI 0.118 0.181
+4M GdnHCI 0.090 0.122
+6M GdnHCI 0.069 0.102

Table B.6: Corrected and uncorrected mean FRET efficiencies for the double-labeled
PGK mutant S1C Q135C. Uncorrected FRET efficiencies are calculated using the
calibration parameters determined for pure buffer.

Solvent ROcorr [AD] ROn,cor‘r [A]
PGK buffer 53.3 53.3
+1M GdnHCI 50.5 52.8
+1.5M GdnHCl 50.9 52.6
+4 M GdnHCI 50.8 51.5
+6 M GdnHCl 49.5 50.9

Table B.7: Fully corrected and refractive index corrected Forster radii for the PGK
mutant S1C Q135C labeled with AL488 and AL647.

Solvent Rp Acorr [A] RpAuncorr [/i] RDAn,corr [A]
PGK buffer 492 +1 492 +1 492 +1.0
+ 1M GdnHC1 65.0+0.9 64.1 £ 0.8 635+ 1.0
+15MGdnHCI 71.2+1.1 685+ 1.0 67.6 £ 1.0
+4 M GdnHC1 74.7 + 0.9 74.1+ 0.8 71.7 £ 1.1
+ 6 M GdnHCI 765 +1 765+ 1.0 73.1+09

Table B.8: Corrected, uncorrected and refractive index corrected inter-dye distances
for PGK S1C Q135C in different solvents.

Sample  Linker Linker = Radius1 Radius2 Radius3

length [A] width [A]  [A] [A] [A]
ALA488 15.9 4.5 5 4.5 1.5
AL647 11.5 3 10.5 8.8 8

Table B.9: Parameters used to describe the linker-fluorophore unit attached to PGK.
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