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Abstract

Biomolecules often exhibit heterogeneous properties, e.g. they can exist in different confor-
mational states. Ensemble measurements provide only averaged values and, hence, cannot
resolve the underlying heterogeneity. In contrast, single-molecule techniques are based on a
molecule-by-molecule analysis which allows to reveal the heterogeneity. In this work, two
single-molecule methods based on the confocal detection of fluorescent biomolecules are pre-
sented.

First, genetically-encoded FRET-based biosensors are investigated that utilize Forster reso-
nance energy transfer (FRET) between two fluorescent proteins as the sensor signal. FRET-
based biosensors have great potential for applications in biotechnology or diagnostics. Yet,
the development of highly-sensitive sensor constructs is complicated by the complexity of
the sensor design and the limited information content of the ensemble characterization. This
work presents the experimental requirements for the single-molecule detection of FRET-based
biosensors followed by a comprehensive single-molecule study of a set of FRET-based biosen-
sors for the determination of glucose concentrations. The single-molecule characterization
allows to dissect different parameters that contribute to the sensor performance and, hence,
facilitates a more targeted sensor design. Furthermore, the effect of macromolecular crow-
ding on the glucose sensor and two specific crowding sensor constructs is investigated on the
single-molecule level. In order to elucidate the role of the fluorescent proteins for the sensor
performance, a dye-labeled analogue of the glucose biosensor is investigated on the single-
molecule level. The small changes of the FRET signal upon glucose addition in comparison to
the biosensor equipped with fluorescent proteins indicate the importance of the relative fluo-
rophore orientation for the FRET signal, that is unique for the employed fluorescent proteins.

The second part of this thesis deals with two-color coincidence detection (TCCD) which
enables to investigate the binding of two biomolecules that exhibit fluorescence of two diffe-
rent colors. Existing methods underestimate the coincidence due to an imperfect overlap of the
confocal volumes of the different colors. The introduction of a brightness gating (BTCCD) for
the single-molecule fluorescence intensity facilitates the selection of molecule trajectories that
transverse both confocal volumes and, hence, enables quantitative analyses. The capability of
the brightness gating is demonstrated by reproducing the coincidence of various, dual-labeled
reference samples. After a rigorous testing of the limits of BTCCD, it is applied to FRET-based
biosensors to reveal the donor-only and acceptor-only fractions. Finally, BTCCD is used to
characterize protein synthesis in a cell-free protein synthesis system and to reveal a previ-
ously unrecognized mode of protein translation initiation in bacteria. The ability of BTCCD
to provide quantitative results in combination with the versatility of fluorescence assays turns
BTCCD into a helpful tool for further studies of the interaction of biomolecules.
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Zusammenfassung

Biomolekiile zeigen oft heterogene Eigenschaften wie z.B. verschiedene Konformationszu-
stinde. Ensemblemessungen konnen die zugrunde liegende Heterogenitét nicht auflésen, da
sie nur gemittelte Werte liefern kénnen. Im Gegensatz dazu, erlauben Einzelmolekiilmessun-
gen diese Heterogenitit offenzulegen, da sie auf der Analyse von Molekiil fiir Molekiil basieren.
In der vorliegenden Arbeit werden zwei Anwendungen von Einzelmolekiilmessungen, die auf
der Konfokaldetektion von fluoreszenzmarkierten Biomolekiilen basieren, vorgestellt.
Zunichst werden genetisch kodierbare FRET-basierte Biosensoren untersucht, die als Sen-
sorsignal den Forster-Resonanzenergietransfer (FRET) zwischen zwei Fluoreszenzproteinen
ausnutzen. FRET-basierte Biosensoren zeigen ein grofies Anwendungspotential in der Biotech-
nologie oder Diagnostik. Die Entwicklung hoch sensitiver Sensorkonstrukte wird jedoch durch
das komplexe Sensordesign, sowie den begrenzten Informationsgehalt von Ensemblemessun-
gen erschwert. In dieser Arbeit werden zunichst die experimentellen Voraussetzungen fiir
eine Einzelmolekiildetektion von FRET-basierten Biosensoren diskutiert. Im Anschluss wird
eine umfangreiche Einzelmolekiilstudie einer Gruppe von Biosensoren fiir die Bestimmung
von Glukosekonzentrationen vorgestellt. Dabei erlauben die Einzelmolekiilinformationen eine
detaillierte Unterscheidung verschiedener Parameter, die zusammen die Leistungsfahigkeit des
jeweiligen Sensors festlegen. Diese Informationen erméglichen nun ein zielgerichteteres Sen-
sordesign. Des Weiteren wird der Effekt von makromolekularem Crowding auf den Glukose-
sensor sowie zwei spezifische Crowdingsensorkonstrukte auf dem Einzelmolekiilniveau unter-
sucht. Abschlielend wird eine Einzelmolekiilanalyse einer farbstoffmarkierten Nachbildung
des Glukosesensors durchgefiihrt. Die geringe FRET-Anderung bei Glukosezugabe im Ver-
gleich zum Sensor mit Fluoreszenzproteinen weist auf die Relevanz der relativen Fluorophoro-
rientierung bei der Entstehung des FRET-Signals hin, die nur bei Fluoreszenzproteinen auftritt.
Der zweite Teil der Arbeit behandelt die Zweifarben-Koinzidenzdetektion (TCCD). Diese er-
moglicht die Untersuchung der Bindung zweier Biomolekiile, die Fluoreszenz unterschiedlicher
Farbe aufweisen. Bestehende Methoden unterschitzen die Koinzidenz, da die Konfokalvolu-
mina fiir die Detektion beider Farben unvollstandig tiberlappen. Die Einfithrung einer Hellig-
keitsschwelle (BTCCD) fiir die Fluoreszenzintensitat ermdglicht es, ausschliefSlich Molekiiltra-
jektorien auszuwahlen, die beide Konfokalvolumina durchlaufen, was eine quantitative Koinzi-
denzanalyse erlaubt. Das Potential von BTCCD wird anhand der korrekten Reproduktion der
Koinzidenz mehrerer, vollstandig doppelt markierter Referenzproben dargelegt. Nach einer
griindlichen Untersuchung der experimentellen Grenzen von BTCCD, wird die Methode zur
Bestimmung der Anteile an Biosensoren, die ausschliefilich einen fluoreszierenden Donor oder
Akzeptor besitzen, angewendet. BTCCD wird schliefilich zur Charakterisierung eines Systems
zur zellfreien Proteinsynthese verwendet, sowie zum Nachweis eines zuvor unbeobachteten
Initiierungsmodus der Proteintranslation in Bakterien. Die Méglichkeit der quantitativen Koinzi-
denzdetektion mit BTCCD sowie die Vielseitigkeit von Fluoreszenzassays machen BTCCD zu
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einem hilfreichen Werkzeug fiir zukiinftige Studien zur Untersuchen der Wechselwirkung von
Biomolekiilen.
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1 Introduction

The field of biophysics aims to gain insight into biological objects, systems, or processes by
means of a quantitative description of them. The cell is the fundamental biological element
and, consequently, the study of cellular objects and their interactions is crucial for the un-
derstanding of life. However, this study is complicated by the multiplicity and heterogeneity
of biomolecules that exist in the cell. The typical size of biomolecules ranges from a few
nanometers up to tens of nanometers.

As humans we are limited by our eyes when we want to observe tiny objects. The theo-
retical maximum angular resolution of the eye is 1 arc minute, however, the average human
eye has an angular resolution of 4 arc minutes [1]. Taking the distance of best vision of 25 cm
[2], the spatial resolution of the eye is around 0.25 mm. If we want to observe smaller object,
we depend on suitable optical tools. Antoni van Leeuwenhoek (1632-1723) was one of the
first who could observe that life takes also place on the microscopic level. Van Leeuwenhoek
was very talented in manufacturing high-quality lenses that he used to build single-lens mi-
croscopes which offered outstanding magnifications at that time. Using his microscopes, he
could observe microorganisms, like bacteria, or spermatozoa. His findings are considered to
mark the birth of microbiology [3].

Nowadays, optical microscopy is no longer limited by the quality of the instrumentation
but by the wave characteristics of light. Abbe’s diffraction limit restricts the resolution to
d ~ A/2. The advent of super-resolution has revolutionized optical microscopy and pushed
the resolution limit by a factor of ~10 [4, 5] which enables the observation of subcellular
structures in astonishing details [6, 7]. There is no doubt that cellular imaging will further
contribute to our understanding of biology but in some cases it is beneficial to reduce the
complexity of the system under study. Cells contain a multiplicity of constituents ranging
from single ions, water molecules, and numerous biomolecules to large macromolecular ma-
chineries like ribosomes and cellular organelles like the cell nucleus in eukaryotes. Distin-
guishing cause and effect in such a complex system is obviously not easy. One way to reduce
the complexity is to built a minimal cell in a bottom-up synthetic biology approach [8, 9].
The idea behind this approach is that while trying to build a synthetic cell, one will learn
which constituents are essential and how they interact. A different approach to understand
the cell is to pick only a manageable amount of constituents from a real cell, e. g. a single
protein or the ribosome, and investigate them outside of the cellular environment (in vitro).
This has the advantage that the system is well-defined, relatively easy to handle and external
parameters can be much better controlled and varied.

Yet, biomolecules show often heterogeneous behavior, e. g. they might be present in dif-
ferent (conformational) states. Observing a large ensemble of molecules will only provide
average values of a certain quantity whereas the underlying distribution will be unknown.
The possibility to observe single molecules can resolve this issue but not many experi-



2 1 Introduction

mental techniques have the sensitivity to detect single molecules. For the investigation of
biomolecules, there are mainly two methods with single-molecule sensitivity available: force-
based methods like optical/magnetic tweezers and atomic force microscopy (AFM) [10, 11],
and fluorescence-based techniques [12]. The value of both techniques was honored with the
Nobel prize!. This thesis focuses on fluorescence spectroscopy due to its applicability and
versatility for the investigation of biological macromolecules.

low FRET high FRET

Figure 1.1: Example of FRET-based biosensor for glucose detection. Upon binding of glucose
(orange), the sensing domain (gray) undergoes a conformational change. The sen-
sor signal is the extent of Forster resonance energy transfer (FRET) between two
fluorescent proteins (blue and red). Highly sensitive sensors show large differ-
ences of FRET upon glucose addition. Modified from [13].

If two fluorophores are located in close proximity, Forster resonance energy transfer (FRET)
can occur between both fluorophores. The energy transfer depends strongly on the inter-
fluorophore distance and allows distance measurements on the nanometer scale by doing
optical spectroscopy. FRET was extensively employed on the single-molecule level which al-
lows accurate characterization of structural and dynamical properties of biomolecules with
angstrom resolution [14-18]. Besides the utilization for distance measurements, one can
also employ FRET to build molecular probes that change the amount of energy transfer
as a response to a (biological) stimulus. The discovery of fluorescent proteins [19] enabled
to make such FRET-based biosensor even genetically encodable [20, 21]. A huge number
of genetically-encoded FRET-based biosensor has been created, for example sensors that
probe the redox environment [22], protein stability [23], concentration of cellular messen-
ger molecules such as cAMP [24], calcium ions concentration [25], or glucose concentration
(see Fig. 1.1). Although the motivation for making the biosensors genetically encodable was
the possibility to perform live cell measurements [26,27], it turned out that these biosensors

"The Nobel prize in physics 2018 was awarded to Ashkin for the optical tweezers and the Nobel prize in chem-
istry 2014 to Betzig, Hell and Moerner for the development of super-resolved fluorescence microscopy which
was closely related to single-molecule spectroscopy.



showed remarkably high sensitivity, i. e. a large change of the energy transfer. The reason for
that can be found in the nature of FRET being a dipole-dipole interaction in which the relative
orientation of the dipole moments determines the coupling. In structural studies using FRET,
small organic dyes in combination with flexible linkers are used which allow a fast rotational
diffusion of the dyes. As a consequence, an average value for the relative orientation of the
dipole moments can be used and FRET depends only on the inter-dye distance. Fluorescent
proteins are rather bulky and the attachment to a sensing protein leads commonly to a re-
stricted mobility. There have been approaches that also use long linkers for the fluorescent
protein attachment in order to obtain the pure distance dependency of FRET [28]. However,
this approach is not generally transferable to other biosensors and the most sensitive sensors
are expected to utilize both, distance and orientation, to achieve the high FRET changes [29].
The major problem of developing highly-sensitive biosensors or increasing the sensitivity of
existing ones is the lack of knowledge how the sensor design affects FRET. Although there
are semirational ideas behind, sensor development is still mainly based on a trial-and-error
approach [30]. The ensemble characterization of a sensor allows indeed to evaluate its per-
formance but the limited information of ensemble measurements impede to verify the ideas
that guided the sensor development.

This work reports about the implementation of single-molecule detection of genetically-
encoded FRET-based biosensor. The species selectivity of single-molecule detection allows
to sort out and quantify the donor-only fraction of sensor molecules. Donor-only sensors
are missing a fluorescent acceptor and are thus not able to exhibit FRET which reduces the
sensor signal in an ensemble measurement. Second, single-molecule characterization allows
to observe the distribution of the FRET signal and can hence reveal if all sensor molecules
contribute equally to the FRET change or if heterogeneity is present. The single-molecule
characterization was applied to a set of glucose sensors that exhibit different linker for the
attachment of the fluorescent protein to the glucose binding protein. Further, the glucose sen-
sor and a FRET-based biosensor for the characterization of macromolecular crowding were
both investigated on the single-molecules level in crowded environments. Crowding denotes
the fact that the cell is filled with a high content of biological macromolecules [31,32]. Yet,
the consequences of crowding on cellular processes are poorly understood which demon-
strates the need to develop tools that enable to characterize crowding in vivo. Single-molecule
characterization has the potential to elucidate the working principles of genetically-encoded
FRET-based biosensor and a better understanding of the working principles would allow a
more targeted design of the sensors. The development of highly-sensitive sensors will facil-
itate their application in biotechnology, medicine and basic research in biology.

The ability to interact with each other is a crucial property of biomolecules because it is
usually associated with a biological function, e. g. cellular signaling or assembly of higher or-
der molecular complexes. The interaction of biomolecules, e. g. binding, can be investigated
by labeling each interaction partner with a fluorophore of different color. The simultane-
ous occurrence of fluorescence of both colors is indicative for the presence of a complex.
Existing methods like fluorescence cross correlation spectroscopy [33] or two-color coinci-
dence detection (TCCD) [34] underestimate the fraction of dual-labeled molecules because
the confocal volumes of both colors show an incomplete overlap (see Fig. 1.2). The second
half of this thesis presents an improvement of TCCD that allows quantitative analysis. The
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Figure 1.2: Principle of two-color coincidence detection (TCCD). The interaction of two dif-
ferently labeled molecules (blue and red tags) can be probed in a single-molecule
experiment as a coincidence of both fluorescence signals while the molecules
diffuse through the confocal volumes. The detection probability for each color
depends on the molecule trajectory due to an imperfect overlap of the confocal
volumes for detection of blue and red fluorescence.

single-molecule resolution of TCCD was used to upgrade it with a simple algorithm that
utilizes a brightness-gating to select only molecules that transverse both confocal volumes.
The capability of this brightness-gated two-color coincidence detection (BTCCD) approach
was demonstrated with various reference samples which differ in size and number of labels
per molecules. After testing the limits of BTCCD and the potential bias by chance coinci-
dences, BTCCD was applied to two biological systems. First, BTCCD was used to quantify
the donor-only and acceptor-only fractions of FRET-based biosensors. Finally, the properties
of ribosomes, the molecular machinery for protein synthesis, were analyzed in a cell-free
protein synthesis (CFPS) system utilizing BTCCD. CFPS systems allow protein synthesis in
vitro with a minimal set of constituents and are therefore well-suited to study protein syn-
thesis and also cotranslational protein folding [35]. BTCCD was first used to quantify the
performance of ribosomes in a CFPS system and finally revealed that a previously unnoted
initiation mode of protein synthesis can potentially occur.



2 Materials and Instrumentation

2.1 Samples

2.1.1 Fluorescent Dyes
« Atto 425 NHS-Ester (ATTO-TEC, Siegen, Germany)
« Alexa Fluor® 488 NHS-Ester (ThermoFisher, Waltham, USA)

« Alexa Fluor® 647 NHS-Ester (ThermoFisher, Waltham, USA)

All dyes were dissolved in PBS buffer and stored at room temperature.

2.1.2 Fluorescent Beads
TetraSpeck Beads

Fluorescent TetraSpeck™ microspheres (ThermoFisher, Waltham, USA) with a diameter of
0.1 ym were dissolved in PBS buffer and stored at 4°C.

Nano-Beads

The nano-bead sample was purchased from GATTAquant (Hiltpoltstein, Germany). It was
custom designed based on the “GATTA-bead” which is an extremely small bead with a di-
ameter of 23 nm produced by DNA origami technology. The nano-bead is homogeneously
labeled with 5-10 dye copies of each Alexa 488 and Alexa 647. The nano-beads were dissolved
in DNA buffer and stored at -20 °C.

2.1.3 DNA Oligonucleotides

The single-stranded DNA (ssDNA) oligonucleotide sequence was identical for all samples:
5’-GGA CTA GTC TAG GCG AAC GTT TAA GGC GAT CTC TGT TTA CAA CTC CGA-3’.
It was dual-labeled with different dye combinations:

« 5-modified with Alexa 488, 3’-modified with Atto 647N (IBA, Géttingen, Germany)
« 5-modified with Alexa 488, 3’-modified with Alexa 647 (IBA, Géttingen, Germany)

The individual samples were obtained by hybridizing the respective labeled strand with the
complementary unlabeled strand (Eurofins, Ebersberg, Germany) according to the protocol
given in [36]. The hybridization was done with a 20 % excess of unlabeled oligonucleotide in
order to ensure full hybridization of the labeled strand.
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The ssDNA stocks were dissolved in TE-buffer and stored at 20 °C. The hybridized double-
stranded DNA (dsDNA) was stored in DNA buffer and also stored at —20 °C.

2.1.4 FRET-Based Biosensors

The sequences and production details can be found in reference [37] for the glucose sensor
constructs and in reference [38] for the crowding sensor constructs. The glucose sensors
were provided by Julia Otten (Forschungszentrum Jiilich) and the crowding sensor by Arnold
Boersma (University of Groningen). The glucose sensor was stored in MOPS buffer and the
crowding sensor in a crowding sensor buffer. All biosensor samples were aliquoted and stored
in liquid nitrogen. The aliquot was unfrozen just before use and stored in a dark box on ice.
After 24 h the aliquot was disposed.

2.1.5 Dye-Labeled Glucose Binding Protein MgIB

The dye-labeling of the glucose binding protein MglB was realized by expression of the
double-cystein mutant Q42C K137C in E. coli cells at ICS-5, Forschungszentrum Jiilich. De-
tails about the cloning, expression, and purification can be found in reference [13]. The puri-
fied MglIB protein was labeled with maleimide-functionalized dyes Alexa 488 and Alexa 647
using a dye-to-protein excess of 1.5 and 5, respectively. More details about the labeling and
subsequent purification are also given in reference [13].

2.1.6 Cell-Free Protein Synthesis System

The cell-free protein synthesis (CFPS) was based on the commercial PURE system [39] with-
out ribosomes (‘PURExpress A ribosomes’, New England Biolabs, Ipswich, USA). In the case
of the experiments that investigated stalling efficiency and activity, the ribosomes were un-
specifically labeled with a 20-fold excess of Cy5-NHS-ester functionalized dye (GE Health-
care Life Science, Little Chalfont, UK). The experiments that investigated translation ini-
tiation utilized site-specific labeling of the 50S subunit by means of a Cy5-modified RNA
oligonucleotide that binds to a ribosomal RNA loop [40]. The respective ribosomes and the
plasmid that encoded for the fast maturating green fluorescent protein (GFP) variant Emer-
ald (GFPem) [41] were added to the CFPS system. The C-terminus of GFPem is extended by
47 residues to enable a complete leaving of the ribosomal exit tunnel followed by a modified
version of the arrest peptide SecM [42]. The syntheses were performed by Cristina Remes,
Noémie Kempf, and Alexandros Katranidis. Further details about the biochemical procedures
are given in reference [43].

2.2 Buffers

All buffers were prepared with ultrapure water (TKA, Niederelbert, Germany). If not stated
otherwise, the chemicals were purchased in the highest purity available from Carl Roth (Karl-
sruhe, Germany). Magnesium chloride was added from a 1 M aqueous solution (VWR, Darm-
stadt, Germany). The pH was measured with a pH meter (“SevenCompact”, Mettler Toledo,
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Columbus, USA) that was calibrated prior to use with reference solutions of pH 4.01, 7.01,
and 10.01 (Hanna Instruments, V6hringen, Germany). After adjustment of pH with HCI or
NaOH, the buffer was filtrated by vacuum soaking through a nylon membrane with 0.22 ym
pore size (GVS, Sanford, USA). The following buffers were used:

TE buffer
« 10 mM TRIS (tris(hydroxymethyl)aminomethane)
+ 1mM EDTA (ethylenediaminetetraacetic acid)

« pH7.5

PBS buffer
« 50 mM potassium phosphate
« 150 mM NaCl

« pH7.2

DNA buffer
« 20 mM TRIS (tris(hydroxymethyl)aminomethane)
« 100 mM NaCl
« 10 mM MgCl,

« pH75

MOPS (glucose) buffer
« 20 mM MOPS (3-(N-morpholino)propanesulfonic acid)
« pH73

For glucose-containing buffers, D(+)-glucose was added to reach a concentration of 125 mM.
Lower concentrations were obtained by diluting with pure buffer whereas the highest di-
lution factor was ~ 1:1000. If lower concentrations were needed, a new stock solution with
respective lower glucose concentrations was prepared.
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Crowding sensor buffer
+ 10 mM potassium phosphate
+ 100 mM NaCl
- pH74

Preparation of crowded solutions

Crowder solutions were obtained by dissolving PEG with molecular mass of 6,000 Da or
35,000 Da (“BioUltra” grade, Merck, Darmstadt, Germany) or Ficoll® with molecular mass
of 70,000 Da (GE Healthcare, Uppsala, Sweden) in concentrations up to 20 w/w% in the re-
spective buffer. The solutions were gently shaken for 1h on a vortex shaker. The complete
dissolving of the crowding agents was checked by eye as the absence of turbidity.
Protein buffer

« 50 mM MOPS (3-(N-morpholino)propanesulfonic acid)

+ 50 mM NaCl

« pH74

2.2.1 Photoprotection Additives
Dye-Labeled Glucose Binding Protein

The ‘protein buffer’ was enriched with a photo-protection cocktail consisting of 1 mM Trolox
(6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid) and 10 mM cysteamine. The buf-
fer was enriched with 0.001 % Tween®20 to prevent sticking to the glass surface.

Cell-Free Protein Synthesis System

The ribosomes were labeled and stored in a Tris-polymix buffer [40]. The oxygen scavenging
system based on PCA (protocatechuic acid) and PCD (protocatechuate 3,4-dioxygenase) [44]
was used for the photo-protection cocktail that contained 10 mM PCD, 2.5mM PCA, and
1 mM Trolox.

2.3 Cover Slip Preparation

The cover slip treatment varied depending on the sample that was used. Distilled water
and ultrapure solvents were used for washing the slides (“no. 1.5H”, Marienfeld, Lauda-
Koénigshofen, Germany).

« Blow cover slides with ultrapure nitrogen.

— ready for use with free dyes
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.

Put droplet of isopropanol on slide, gently wipe with precision wipe, rinse with wa-
ter, put droplet of acetone on slide, gently wipe, rinse with water, dry with ultrapure
nitrogen.

Put into plasma cleaner (“PDC-32G”, Harrick Plasma, Ithaca, USA) for 10 min. on
medium power.

—> ready for use with DNA samples

Pipette 70 ul of Sigmacote® (Merck, Darmstadt, Germany) on cover slide, spread with
pipette tip and let it dry out.

Remove excess of Sigmacote®by subsequently, gently rinsing with isopropanol, water,
acetone, water, and drying with ultrapure nitrogen.

—> ready for use with FRET-based biosensors

The experiments with ribosomes require cover slides passivated by PEG coating. The pro-
tocol for the preparation of PEG coated slides can be found in ref. [45].

2.4 List of Confocal Microscope Components

The majority of the measurements presented in this thesis were conducted on the confocal
microscope “MicoTime200” (PicoQuant, Berlin, Germany). In the following, only a list of the
major parts is given. The general setup of a confocal microscope is presented in Section 3.2.1.
Two lasers can be used together at a time. The 481/633 nm combination is used for samples
labeled with blue dyes such as Alexa 488 and red dyes, e.g. Alexa 647 or Atto 647N. The
extension of the microscope with new 437/509nm nm lasers and the corresponding optical
elements for the detection of FRET-based biosensors is further discussed in Section 4.9.1.

lasers:
437nm, “LDH-D-C-440”, clean-up filter: “439/8” (Semrock, Rochester, USA)
481nm, “LDH-D-C-485", clean-up filter: “475/28” (Semrock, Rochester, USA)
509nm, “LDH-D-C-510”, clean-up filter: “510/10” (Semrock, Rochester, USA)
633nm, “LDH-D-C-640”, clean-up filter: “z636/10x” (Chroma Technology, Ver-
mont, USA)

dichroic mirror (laser combining unit):
437nm: “458-Di02” (Semrock, Rochester, USA)
481nm: “T495lpxr” (Chroma Technology, Vermont, USA)
509nm: “525-Di01” (Semrock, Rochester, USA)
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major dual-band dichroic mirror (main optical unit):
437/509nm: “Di01-R442/514/561” (Semrock, Rochester, USA)
481/633nm: “XF2401” (Omega Optical, Brattleboro, USA)

objective:
“UPLSAPO”, 60x, NA 1.2, water immersion (Olympus Deutschland, Hamburg,
Germany), correction collar setting 0.17

pinhole:

diameter of 75 ym

analyzing optical elements:
FCS: 50/50 beam splitter (Olympus Deutschland, Hamburg, Germany)
437/509nm: dichroic mirror “I'505lpxr” (Chroma Technology, Vermont, USA)
481/633nm: dichroic mirror “620dcxr” (Chroma Technology, Vermont, USA)

emission band-pass filters:

437/509nm: CFP emission filter: “ET480/40m” (Chroma Technology, Vermont,
USA)

437/509nm: YFP emission filter: “ET560/80m” (Chroma Technology, Vermont, USA)
481/633nm: blue emission filter: “FF01 530/55” (Semrock, Rochester, USA)
481/633nm: red emission filter: “ET658/80m” (Semrock, Rochester, USA)

detectors:

detector 1: single-photon avalanche diodes “z-SPAD” (PicoQuant, Berlin, Ger-
many)

detector 2: single-photon counting module “COUNT-T100” (Laser Components,
Olching, Germany)

electronics:
laser driver “PDL-828 Sepia II” (PicoQuant, Berlin, Germany)

time-correlated single-photon counting module “PicoHarp300” (PicoQuant, Berlin,
Germany)

2.5 Spectrometers

absorption spectrometer “UV-2600”, Shimadzu (Kyoto, Japan)
cuvette: 104F-QS, 10x4 mm (Hellma, Mithlheim, Germany)

fluorescence spectrometer “QuantaMaster40” (PTI, Birmingham, USA)

cuvette: 105-253-QS, 10x2 mm (Hellma, Mithlheim, Germany)
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2.6 Software

- control of confocal microscope, FCS analysis: “SymPhoTime 64”, version 2.4 (Pico-
Quant, Berlin, Germany)

« smFRET, BTCCD, and further data analysis: self-written routines in “MATLAB R2015b”
(Mathworks, Natick, USA)

« data fitting: “FMINUIT” package for MATLAB [46]
«+ AV calculation: modified C-code provided by S. Poblete [36]
« molecular modeling and representation: “VMD” [47]

« data processing, data fitting, and data representation: “OriginPro 9.0.0G” (OriginLab,
Northampton, USA)
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3 Theory and Methods

3.1 Fluorescence

Fluorescence has nowadays become one of the key techniques in the life sciences. Besides
tremendous improvements of the instrumentation, the reason for this advancement can be
probably found in the three “s” of fluorescence: specificity, selectivity, and most important
sensitivity [48]. The scope of the following Section 3.1.1 is to elucidate this properties by
briefly summarizing the principles of fluorescence while Section 3.1.2 illustrates the situ-
ation of energy transfer between fluorophores. Finally, Section 3.1.3 introduces fluorescent
proteins, a special class of fluorescent biomolecules and the main constituents of FRET-based

biosensors.

3.1.1 Principles

The emission of light of specific wavelength after a substance absorbed light of a shorter
but also specific wavelength is named photoluminescence. Depending on the energy levels
that are involved, photoluminescence is divided into fluorescence and phosphorescence [49].
Only fluorescence is of practical relevance for the investigation of biomolecules because most
biomolecules do not show remarkable phosphorescence. Yet, which materials do actually
show fluorescence and which material properties lead to the appearance of fluorescence?

The occurrence of fluorescence is based on the interaction of delocalized electrons with
light, usually in the visible spectral range. These delocalized electrons can be found e. g. in
molecules that have conjugated 7-bonds. A single bond is only formed by o-bonds but double
and triple bonds use additionally z-bonds. Hence, a repeating sequence of single and double
bonds leads to a delocalized molecular orbital for the electrons. This bond configuration has
also been termed “resonant” because the bonds cannot be associated to one atom pair but
“switch” continuously. A simple example is a benzene ring that consists of six carbon atoms
and three conjugated 7-bonds [50]. The absorption of a light quanta with matching energy
will lead to a transition of the delocalized electron system from the HOMO, the singlet ground
state S, into the LUMO, the first excited singlet state S;.

Conjugated z-bonds are common in organic compounds, e.g. in polyenes (linear carbon
chains) or polyaromatic compounds (ring structures). Hence, fluorescence is also a common
phenomenon in several (bio)molecules.

Next, one has to think about an adequate framework to describe fluorescence. Since we
consider the interaction of light quanta with electrons, only a quantum mechanical descrip-
tion is sufficient to fully describe the system, which is beyond the scope of this thesis. How-
ever, simplified models are often sufficient and can already provide useful insights. For ex-
ample, one can treat the delocalized 7-electron as completely free in the molecular orbital
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and also as non-interacting [51]. The resulting “particle in a box” problem can be solved
straightforward. As a results one can calculate the electrons’ energy levels. The model also
explains that red fluorophores are usually larger than blue fluorophores because the delocal-
ized electron system is spatially more extended. A further description of fluorescence can be
done by a semi-classical model in which the fluorophore is treated as an oscillating electric
dipole interacting with electromagnetic waves [52]. This model reasonably describes e. g. the
impact of the fluorophore’s dielectric environment on the emission properties or the distance
dependence of the energy transfer between two fluorophores in the near-field.

In the following, the characteristics of fluorescence are consequently presented in a phe-
nomenological fashion. A full quantum mechanical description is omitted. Instead, the fluo-
rophores are treated predominantly as electric dipoles but having in mind that the interpre-
tation needs to be quantum mechanical, i. e. single photons are absorbed/emitted.

The phenomenons are described for common fluorophores. Exceptions are rare but do exist
in rather special systems.

Jablonski Diagram

An extremely helpful tool to visualize the different characteristics of fluorescence is to draw
the involved energy levels of the electron system. Such an energy level diagram is referred to
as a Jablonski diagram and is depicted in Figure 3.1. At room temperature the electron system
is in the lowest vibrational state of the electronic ground state, the singlet state Sp. The ther-
mal energy is usually not sufficient to excite higher vibrational modes. After the absorption
of a photon with suitable energy, the electron system is transferred to an excited electronic
singlet state (S, Sz, ...). Since each electronic state splits off in multiple vibrational states, the
excitation can occur in each of these vibrational states. The electron system is predominantly
excited in higher vibrational states because theses states are more compatible with the cur-
rent nuclear coordinates (Franck-Condon principle). If the system is excited to an electronic
state higher than Sy, it relaxes to a higher vibrational state of S; by internal conversion on
time scales of 10714~1071" s [51]. From there, the system can undergo a vibrational relaxation
to the the vibrational ground state of S, on similar time scales of 10712 - 1071% s [51]. The en-
ergy difference is dissipated as heat. From S; the system can relax to Sy accompanied with
the emission of a fluorescence photon or it decays radiationless again by internal conversion.
Alternative to the S; — Sy transition, the electron can do a spin flip which results in a triplet
state Ty. The process is termed intersystem crossing and is in principle quantum mechani-
cally forbidden which results in smaller transition rates of 10> - 108 s™! [51]. If the transition
back to Sy is associated with a photon emission, the process is called phosphorescence. Yet,
the yield of phosphorescence is very low because the forbidden spin flip results in low rates
(1072 - 10° s7!) that compete with the reverse intersystem crossing T; — Sp.

In the following, each process is shortly summarized.
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Figure 3.1: Jablonski diagram depicting the energy levels of the electron system.

Absorption

The absorption of light by a substance is the prerequisite for the occurrence of fluorescence.
The ability to absorb a photon of certain energy depends on the nature of the wave functions
of the ground state and the excited state 1 and g, respectively. The absorption process is
described by the transition dipole moment [51]

Jos = / Yo uysdo, 3.1)

where 1 is the dipole operator and dv denotes the volume element.
The dipole strength

Dgg = |pcl* (3.2)
characterizes the absolute amount of the transition.

The transition time for the absorption process is ~ 1071° s [53]. Vibrations occur on much
slower time scales and, hence, the nuclear coordinates can be considered as static during
absorption. The excited electron system is even more delocalized which results in an increase
of the bond length. As a consequence, the electron system is excited to higher vibrational
states because they provide a larger overlap with the wave function of Sy (Franck-Condon
principle).

Experimentally, one can measure the absorption by the intensity reduction of light that
travels through a solution of absorbing molecules. If one sends light of intensity I, through a
cuvette of path length [ that is aligned along x, it will steadily decrease in intensity. Further,
the absorption strength will depend linearly on the concentration of absorbers c. Hence, the
fractional intensity decrease in a small path element dx is [51]

dl

T = —acdx, (3.3)

where « is the proportionality constant.
Integration yields
I=he*!, (34)
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which is known as the Lambert-Beer law but commonly rather used with base 10:

I =110 = [j1079P, (3.5)

where € = 0.434 a is the molar absorption coefficient given in M~'cm™!

OD is referred to as optical density or also absorbance.

,cinM, and [ in cm.

The wavelength dependency of the molar absorption coefficient € is denoted an absorption
spectrum and can be measured with a double-beam absorption spectrometer where the in-
cident beam of monochromatic light is equally split. The reference beam is sent to a cuvette
that is identical to the sample cuvette but which contains only the solvent. The measured
transmitted intensity of the reference cuvette serves as Iy in Equation 3.5. This setup avoids
inaccuracies due to scattering at the cuvette interfaces. The wavelength dependency of the
optical density is obtained by measuring I while scanning the wavelength of the incident
light. A typical absorption spectrum is shown in Figure 3.2. One can see that it does not
show distinct peaks but a rather broad spectrum. This originates from the manifold of vibra-
tional and rotational levels that can be excited, which results in this quasi-continuum.
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Figure 3.2: Absorption and fluorescence emission spectra of yellow fluorescent protein vari-
ant Venus.

In practice, the absorbance is often used to calculate the concentration of the absorbers if
the path length [ and the molar absorption coeflicient at the maximum €,,,, is known. The
knowledge of the shape of the absorption spectrum is also needed to select an adequate ex-
citation wavelength for further measurements and to calculate emission-absorption spectral
overlaps that are relevant for energy transfer between fluorophores (see Sec. 3.1.2).
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Emission

A fluorescence photon can be emitted when the electron system relaxes from S; to Sy. Typical
time scales for fluorescence are ~ 10~ - 10~ s which is slow compared to the time scale of
vibrational relaxation to S;. Hence, fluorescence will usually occur when the electron system
relaxes from the vibrational ground state of S;. As a consequence, the emission spectrum is
independent of the excitation wavelength known as Kasha’s rule [54]. If the electron system
is excited to higher vibrational states of S; or even to S;, the excess energy is simply dissipated
as heat.

The emission spectrum is approximately a mirror image of the absorption spectrum (see
Fig. 3.2) because (1) absorption and fluorescence emission take predominantly place from
the vibrational ground states of S, and S, respectively, and (2) the density of vibrational
states is similar for Sy and S;. As a consequence, fluorescence is shifted to larger wavelengths
compared to the absorbed light, known as the Stokes shift. The Stokes shift is one of the key
benefits of fluorescence because it allows in practice to spectrally separate the excitation
light from the emission light. This results in a low background which is a requirement for
single-molecule sensitivity.

Quantum Yield
The fluorescence quantum yield is defined as

Ny

R
Nubs

(3.6)
where Ny and Ny are the numbers of fluorescence and absorbed photons, respectively.
Hence, the quantum yield quantifies how efficient absorbed photons are converted into fluo-
rescence photons. An alternative definition of the quantum yield uses the rate of the radiative
(fluorescence) transition ky which compete with the sum of all non-radiative rates k, that
lead to a S; — Sy transition:
ky
=7
kf + knr

Typical quantum yields spread, depending on the fluorophore, between a few 10 % up to
almost 100 % [49].

(3.7)

Lifetime

The time delay between the absorption of a photon and the occurrence of the fluorescence
photon is called fluorescence lifetime. As already discussed, the time scales of internal con-
version and vibrational relaxation are fast compared to the time scale for fluorescence. Hence,
the fluorescence lifetime is dominated by the time the electron system resides in S; before
it decays to Sy. Besides the emission spectrum, the fluorescence lifetime is very sensitive to
changes of the local environment of the fluorophore.

The fluorescence lifetime can be either measured in the frequency or in the intensity do-
main. In the frequency domain, the fluorophore is excited with light that is periodically varied
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in intensity, e. g. following a sine. The emission intensity is also a sine but shows a reduced
amplitude and a phase shift with respect to the excitation which can be use to extract the
fluorescence lifetime [55]. However, the direct measurement of the decay in the intensity
domain by time-correlated single photon counting (see Sec. 3.2.3) is nowadays the method
of choice because it can also be employed to single-molecule measurements. The intensity
decay of emitted fluorescence upon excitation with a short laser pulse can be described by

I(t) = L-e77, (3.8)

where I is the initial fluorescence intensity directly after the excitation and r is the fluores-
cence lifetime, the time after which the intensity dropped to 1/e of the initial value.

One has to be aware that the fluorescence lifetime sets an upper limit for the study of
dynamical properties [56]. This can be easily understood because an interaction needs to
take place or change its magnitude during the lifetime to cause a change of the fluorescence
properties. In single-molecule detection one can practically extend this time limit to the ob-
servation time of single molecules.

Anisotropy

Fluorescent molecules that are freely diffusing in solution are randomly oriented. Yet, if a
fluorophore is excited by polarized light, e. g. emitted by a laser, dipole moments are prefer-
entially excited that are aligned parallel to the polarization of the excitation light which is
called photo selection. This causes also the emission light to be polarized. This polarization
drops over time because the molecules, and hence also the dipole moments, re-orient by ro-
tations. In a time-resolved experiment one often uses, instead of polarization, the anisotropy

defined by
I -1
S B (3.9)
IH + 21 a
where Ij and I, are the intensity decays measured parallel and perpendicular with respect to
the excitation polarization, respectively.
For a spherical molecule the anisotropy decay can be described by a mono-exponential model

r(t) = ro- e, (3.10)

where 1y is the fundamental anisotropy and ¢, is the rotational correlation time.

rp is determined by the photo selection and the relative orientation of the absorption and
emission dipole moment. The maximum of r, = 0.4 is reached for a collinear alignment of
them. ¢, is the characteristic time scale for rotation of the fluorophore and can be used to
investigate the rotational mobility of the molecule, also to calculate the size and shape of the
rotating object [57].

Photostability

Photostability is a crucial parameter, particularly for single-molecule measurements. The
higher the photostability, the more often a fluorophore can undergo the absorption-emission
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cycle. For fixed rate constants, the photostability is, hence, determining the total observation
time of a single fluorophore. Typical values for capable dyes are 10° — 107 photons/molecule
[58], whereas fluorescent proteins can only reach 10* - 10° photons/molecule [59].

Photodestruction describes the loss of the ability of the electron system to absorb light and
emit fluorescence. Photodestruction can either be caused by ionization due to reabsorption
of a photon while the electron system is still in the S; or T; state, or by reaction with free
radicals, e. g. oxygen, which is also more likely to appear if the electron system is in an excited
state. Common photoprotection additives persue therefore a dual strategy. First, an oxygen
scavenger is used to reduce the molecular oxygen in solution and, second, a triplet quencher
is added which depopulates the triplet state [60]. As a side effect, the depopulation of the
triplet state leads also to a more stable and brighter fluorescence signal.

3.1.2 Forster Resonance Energy Transfer (FRET)

If a fluorophore is placed in the vicinity of a second, excited fluorophore, the excited state
energy can be transferred from one fluorophore to the other. In this process, the excited
fluorophore is named donor as it donates the energy. The other fluorophore that accepts
the energy is consequently called acceptor. As a second prerequisite for energy transfer, the
donor’s emission spectrum needs to have a considerable spectral overlap with the acceptor’
absorption spectrum. Only in this case, the energies match or in other words: they are in
resonance. The energy transfer is, however, not related to emission of a photon and a sub-
sequent re-absorption but it is a radiationless dipole-dipole coupling in the near field. The
energy transfer process is called FRET because Theodor Forster developed the framework to
quantitatively describe the process in 1948 [61].

Donor Acceptor

S1_ i H

S O__é_ il

Figure 3.3: Simplified Jablonski diagram in the presence of FRET.
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The transfer efficiency E characterizes which fraction of the excited donors transfer their

energy. The distance dependency of the transfer efficiency is given by
E(R) = ! (3.11)
1+ (BR))® '

where R is the distance between donor and acceptor and Ry is the so-called Forster radius,
i. e. the distance at which the transfer efficiency is 50 %.
The remarkably strong distance dependency with the 6th power originates from the fact that
the electric field of a dipole drops o< R™®. The probability to excite the acceptor depends on
the power which is in turn proportional to the square of the electric field which results in
the R™® dependency for FRET. Another consequence of Equation 3.11 is that E(R) is most
sensitive to distance changes around Ry. Beyond R + 0.5R, the distance dependency is lost
because the transfer efficiency is practically 0 and 1, respectively.
The Forster radius is given by

R[A] = 0211 (k0 ¢pJ (1)) " . (3.12)

It depends on the relative orientation of the donor’s and acceptor’s dipole moments which is
combined in the orientation factor x, on the refractive index n of the surrounding medium, on
the donor quantum yield ¢p, and on the overlap integral J(1) of donor emission and acceptor
absorption spectra given in [Mlcm™tnm?).

The orientation factor is given by

K’ = (cosOr - 3 cosOp cosG’A)2 = (sinOpsinBacos¢p - 2 cosOp cosGA)2 , (3.13)

where the angles are given in Figure 3.4.

The range of x? reaches from 4 for a collinear arrangement over 1 for a parallel orientation
to 0 for a perpendicular orientation. The Forster radius changes accordingly which in turn
changes the transfer efficiency. Hence, it is also possible to observe a change in FRET which
is related at least partially to a change of k2. In order to judge the impact of orientation on a
FRET experiment, one has to compare the donor’s excited state lifetime to the time scale for
reorientations, i. e. the rotational correlation time (see Eq. 3.10). If all possible orientations
are sampled one can calculated a mean value for x? (isotropic averaging) that depends on
the time regime. If the donor and/or the acceptor rotate much faster than the donor lifetime,
one can apply a dynamic averaging. In contrast, if the rotation is much slower than the
donor lifetime, one can do a static averaging over all orientations. In theses cases the average
orientation factors are

<k >gyn= 93 < k% >4 = 0.476, (3.14)

where the indices denote dynamic and static averaging, respectively [62].

In two situations it is not possible to specify an average value for k2. First, if the rotational
correlation time is on a similar time scale as the donor’s fluorescence lifetime and, second,
if the rotation is restricted irrespective of the time regime. Possible reasons for a restricted
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rotation are too short linkers for external dye labeling or the usage of bulky fluorophores such
as fluorescent proteins. Both cases can lead to a steric hindrance of rotations. In general, one
can also state that the more the rotation is restricted the more the orientations matter.

Figure 3.4: Orientational dependency of FRET.

Experimentally, there are two ways to measure FRET: intensity based and lifetime based.
Using intensities, one can either consider the reduction of the donor intensity Ip with respect
to the donor intensity in absence of the acceptor Ipy, where

Ip

E-1--2, (3.15)
Ipo

or one can utilize the donor intensity Ip and acceptor intensity I4 upon donor excitation:

I
E=—2 | (3.16)
IA + )/ID
where ®
=844 (3.17)
&b @p

is the ratio of donor and acceptor detection efficiencies gp, ga and quantum yields ®p, ®4,
respectively.
The lifetime approach relates the donor lifetimes in presence 7p and in absence of the accep-
tor 7pg according to
E=1-2. (3.18)
Do

In summary, if small organic dyes in combination with long linkers are used as a FRET pair,
their rotation is free and fast and the dynamic averaging can be applied. By eliminating the
orientation dependency, FRET turns into a spectroscopic ruler [63] with angstrom precision.
In combination with single-molecule detection, FRET has proven to be an extremely helpful
tool for structural and dynamical studies of biomolecules [17].
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One step further one can exploit the orientation dependency of FRET instead of ignoring it.
If donor and acceptor fluorophores have a restricted orientational mobility, reorientations
will lead to a change in FRET. This enables to increase differences in FRET in a system that
is not able to perform large scale structural changes.

3.1.3 Fluorescent Proteins

One can generally distinguish fluorescence in intrinsic and extrinsic. A biomolecule of inter-
est can be labeled with an extrinsic, fluorescent probe. This probe acts as a reporter about the
properties of the biomolecule it is attached to. The fluorescent probe can be equipped with
various reactive groups which results either in a unspecific labeling of the target molecule or
the probe can be specifically attached at a certain position. For single-molecule studies, this
external dye-labeling of the biomolecule is often necessary due to the superiority of dyes in
terms of brightness and photostability.

If the unmodified biomolecule shows fluorescence by itself, this can be regarded as intrin-

sic fluorescence. Common examples are the amino acids tryptophan and tyrosine. Another
class of biomolecules that are intrinsically fluorescent are fluorescent proteins.
The history of fluorescent proteins began with the discovery of the green fluorescent pro-
tein (GFP) in the jelly fish Aequorea victoria by Shimomura et al. in 1962 [64]. Interestingly,
GFP was mainly a protein that complicated the purification of aequorin, the protein Shi-
momura et al. were actually interested in. In the next 30 years GFP did not attract much of
researchers’ attention. This changed all of a sudden when the GFP gene was first cloned in
1992 [65]. The labeling of a target protein could now be genetically encoded. The detection
of the green fluorescence of GFP with optical microscopy enabled imaging and tracking of
the target molecule in live cells. A whole avalanche of applications was triggered including
the development of different color variants ranging from blue to red, and the construction
of genetically encoded FRET-based biosensors. Consequently, the Nobel prize in chemistry
was awarded in 2008 for the discovery and developments of GFP [66].

The term “fluorescent protein” is used for the whole family of derivatives of GFP. The field
of fluorescent proteins and their applications is very broad and diverse [19]. Therefore, only
the main feature, i. e. the relation between the structure and the occurrence of fluorescence
is discussed in the following. In Figure 3.5 a yellow fluorescent protein variant is depicted
as a representative for fluorescent proteins in general. It shows the typical barrel structure
built by 11 S-sheets. The special characteristic of fluorescent proteins is the ability to form a
chromophore without external cofactors. For the wild type GFP this is based on a multi-step
reaction between three neighboring amino acids that form the chromophore [67]. Only if
these reactions succeed, GFP becomes fluorescent. This process of chromophore formation
is named maturation and its efficiency depends on various external parameters [68]. The dif-
ferent color variants were achieved by mutation of the amino acids involved in chromophore
maturation or by mutation of neighboring amino acids which will change the local environ-
ment and therefore also the fluorescence properties [69]. One property of the chromophore
is crucial and preserved throughout all variants: It is buried inside the f-barrel. This shields
it at least partially against external changes of the environment. Moreover, it leads to a fixed
orientation of the fluorophore relative to the fluorescent protein.
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Figure 3.5: Yellow fluorescent protein variant Venus (pdb entry: 1myw) displayed in secon-
dary structure representation. Chromophore is located inside the f-barrel struc-
ture and displayed in stick representation.
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3.2 Confocal Microscopy

The original motivation for confocal microscopy was based on the limited axial resolution of
conventional widefield fluorescence microscopy. In widefield microscopy, a large area of the
sample is homogeneously illuminated by the excitation light. Assuming that the intensity
of the excitation light is not remarkably decreased by the sample, fluorescence is excited
throughout the sample. As a consequence, the out-of-focus fluorescence light led to blurred
images in widefield microscopy [70]. The simple solution to increase the image contrast was
to only allow in-focus light to reach the detector by placing a pinhole in the focus of the
image plane. The resulting scanning confocal images impress with sharp, detailed images in
comparison to the widefield image of the same sample.

However, the three-dimensional spatial confinement of detection can also be exploited
to perform spectroscopy of fluorescent molecules that are freely diffusing in an aqueous
solution. The size of the corresponding confocal volume is on the order of 1 f1 = 107151 which
allows, depending on the sample concentration, the observation a few molecules down to
single molecules.

This section will first cover the principles of confocal microscopy in Section 3.2.1 before
the optical and electronic detection are subject of Section 3.2.2 and 3.2.3, respectively. Sec-
tion 3.2.4 deals with the alternation of lasers in dual-excitation experiments. Fluorescence
correlation spectroscopy, a powerful analysis tool in diffusion-based confocal microscopy, is
introduced in Section 3.2.5. Finally, the benefits and the implementation of single-molecule
detection are topic of the next Section 3.3.

3.2.1 Setup

A schematic sketch of a confocal microscope is shown in Figure 3.6. The light sources in con-
focal microscopy are usually lasers because they provide monochromatic light of sufficient
intensity and a radial symmetric intensity distribution (see Sec. 3.2.2). If desired, multiple
lasers of different wavelengths can be brought on the same optical axis with the help of
dichroic mirrors.

In the following, the light propagation is considered by means of geometrical optics and
assuming perfect optical elements (no aberrations). The excitation light is reflected by the
major dichroic mirror and reaches the back focal plane of the objective. The objective fo-
cuses the beam into an aqueous droplet that contains the fluorescent sample molecules and
is placed on a cover slip. The fluorophores partially absorb the light and eventually re-emit
fluorescence light. Assuming a low anisotropy of the fluorescence emission, the spatial dis-
tribution of emission is isotropic and, hence, the same objective can be used to collect the
light. Using this so-called epi mode minimizes also the amount of backscattered light in the
detection path. The half angle 6 of the cone of light collection is determined by the numerical
aperture (NA) of the objective and the refractive index n of the immersion medium by:

NA

sin(0) = " (3.19)
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For single-molecule detection, it is essential to collect as much of the fluorescence emission
of a single emitter as possible in order to reach a sufficient signal-to-background ratio (see
Sec. 3.3.2). From Equation 3.19 it can be seen that large 0 require a high NA that is solely
provided by water or oil immersion objectives.

The objective transforms the collected light from the focal point back into parallel light in
the image space. The collected light, consisting of fluorescence and scattered light, hits again
the major dichroic mirror which transmits only the fluorescence because it is Stokes-shifted.
A tube lens focuses the beam onto the pinhole. Light that did not arise from the focus of
the objective is blocked by the pinhole because it is not parallel after passing the objective
and, hence, it is not focused by the lens onto the pinhole. The light that passed the pinhole
is made parallel again by a second lens and sent to an optical element dedicated to the actual
analysis that should be performed. If two fluorophores are used simultaneously, this is typi-
cally another dichroic mirror that separates their emission. The detector choice depends on
the requirements of the actual application. For single-molecule investigations, the detection
efficiency is crucial. Here, avalanche photodiodes (APDs) are the detectors of choice as they
offer high quantum yields up to 90 % [71] in combination with a reasonable temporal reso-
lution around ~ 400 ps [72].

Specifications about the confocal microscope system used in this work can be found in Sec-
tion 2.4.
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Figure 3.6: Schematic of a confocal microscope, (D)M= (dichroic) mirror.
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3.2.2 Gaussian Beam Optics and the Molecular Detection Function

In the previous section, the excitation beam was treated as a plane wave. A more realistic
description is to approximate the laser beam profile as a Gaussian beam. Consequently, the
intensity distribution of a focused Gaussian beam is needed to describe the spatial excitation
probability of fluorescent molecules within the sample droplet. If the Gaussian beam travels
along the z-direction, its field vector in the paraxial representation is given by [73]

2
E(r,z) = Eg % exp <_w27(z)> exp <i ) , (3.20)

where E, is a constant field vector in the transverse plane, k is the magnitude of the wave
vector, and r = \/x? + y2. The phase correction 7(z) and the wavefront radius R(z) are not
further considered.

The beam radius specifies the radial distance from the optical axis at which the field ampli-
tude drops to 1/e and is given by [73]

2

,
2R(z)

kz-n(z) + k

w(z) = wy |1+, (3.21)
20
where wy is the beam waist and z, is called Rayleigh range.
The Rayleigh range is given by [73]
kw? 2
7 = —20 _ TIW (3.22)

2 Aexe ’

where Ay, is the excitation wavelength and n the refractive index of the sample medium.
Equation 3.21 is plotted in Figure 3.7. One can see that the minimal beam radius is given by
the beam waist wy at z = 0. The beam stays approximately collimated within the Rayleigh
range. For z = z), the beam diameter increases by a factor of /2.

The profile of the focused Gaussian beam is Lorentzian along z and Gaussian perpendicular

to z [74,75]: e p
I(r,z) = I <Wi)> exp <_2w27(z)> (3.23)

Now it might appear inappropriate to describe the strong focusing of high NA objectives
within the paraxial approximation, which assumes that the transversal wave vector com-
ponents are small compared to the component along the optical axes. However, the back
aperture of the objective is usually underfilled in single-molecule experiments by using a
laser beam that has a smaller diameter than the diameter of the back aperture. This results in
areduced effective NA and is done to elongate and increase the excitation volume which en-
ables longer observation times [70]. The underfilling results at the same time in a less sharp
focused beam and, hence, in an almost Gaussian beam at the focus [73,76]. Other approaches
that describe the focusing of Gaussian beams with high NA objectives beyond the paraxial
approximation are presented in references [75,77].

Finally, the probability that a fluorophore at a certain position gets excited is proportional to
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Figure 3.7: Radius of Gaussian beam in paraxial approximation (see Eq. 3.21).

the excitation intensity distribution, assuming that the fluorophore is not optically saturated
[77].

So far the probability to excite the fluorophore was considered. For a full description of the
detection process, the probability to collect the fluorescence of a sample molecule that resides
at a certain position needs to be accounted. This so-called collection efficiency function (CEF)
can be either calculated with full wave optics or, sufficiently well, with a semi-geometrical
approximation [78].

The product of excitation and collection probability is called molecular detection function
(MDF). It can be well approximated by a spheroid with Gaussian intensity distribution:

2 2
I(r,z) = hexp (—2%) exp (—2%) (3.24)
0 0

In practice, the MDF can be obtained either indirectly by measuring the diffusion of a well-
known molecule (see Sec. 3.2.5) or directly by imaging the point spread function (PSF) of a
fluorescent object that is smaller than the diffraction limit, e. g. a fluorescent bead [79]. For
simplicity, the MDF will be called confocal volume throughout this thesis.
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3.2.3 Time-Correlated Single Photon Counting (TCSPC)

After the discussion of the optical excitation and detection in confocal microscopy which led
to the definition of the MDF in the previous section, the photons finally need to be detected.
The detector converts the information about the photon incidence into an electrical signal.
Photomultiplier tubes are a good choice if a high temporal resolution is needed, however,
they have intermediate quantum efficiencies of 20 - 45 % depending on the cathode material
and the spectral region [80]. For single-molecule detection, avalanche photodiodes (APDs)
are preferential as they offer high detection efficiencies up to 80 % [72] at the price of an
intermediate temporal resolution. When a photon hits the APD, it generates a short break-
through voltage pulse which is converted by a constant fraction discriminator (CFD) into a
standardized rectangular signal. This signal is fed into a time-to-amplitude converter (TAC)
together with the sync signal of the laser. The sync signal triggers the start of a linear volt-
age ramp that is stopped by the CFD signal. Consequently, the voltage is proportional to
the delay between the laser pulse and the occurrence of the photon. Finally, the voltage is
digitalized by a analog-to-digital converter and further processed by the electronics. This
detection scheme is called time-correlated single photon counting (TCSPC) [72, 80].
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Figure 3.8: Principle of time tagged time-resolved data format. Three informations are
saved for each photon: microtime t, macrotime T, and channel number. Adapted
from [72].
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An important characteristics of the instrumentation is the dead time. It characterizes the
time that the system is ‘blind’ after a photon was detected. After the recording of a photon,
the voltage at the APD needs to recover and the capacitor of the TAC needs to discharge
before the system is ready to detect the next photon. The dead time causes a non-linearity
of the detected count rate with respect to the rate of incident photons. The relation stays
fairly linear for count rates below 10 % of the inverse dead time [80]. The dead time of the
employed setup is < 95ns. Another artifact of the dead time occurs if more than one photon
arrive during the same excitation cycle. Only the first photon can be detected which causes
a systematic deviation of the detected delay times towards shorter times. This is known as
‘pulse pile-up’ and can be prevented by having a photon detected only during 1 - 5% of the
excitation cycles [72,81]. If not stated otherwise, the laser repetition frequency was 20 MHz
which results in a maximum detection count rate of 200 kHz.

It might now be of interest not only to detect the delay between the laser pulse and the
photon occurrence but also the delay between the successive photons themselves. Therefore,
an additional time tag is saved for each photon which is obtained by simply counting the
sync signals (laser pulses). This time tag allows now to relate the photons to an absolute
time scale. The TCSPC electronics generates a continuous stream of three informations for
every photon in the TTTR data format (see Fig. 3.8). Besides the two temporal informations,
also a channel number for the detector which registered the photon is saved. Depending on
the optical elements in the detection path, the channel number thus encodes e. g. polarization
or wavelength. Note, that both detection times are separated by several orders of magnitude:
the TCSPC time is on the order of ns and the time tag is between ps — ms. The TCSPC time
will be referred to as microtime and the time tag as macrotime in the following.

The manifoldness of analyses that can be performed based on only this three informa-
tion for every photon is impressive. There are analysis that use either the micro or macro
time alone, like TCSPC histogram fitting or fluorescence correlation spectroscopy (FCS), re-
spectively. The full potential of the TTTR data format is however exploited when micro and
macro times are combined e. g. in single-molecule sub-ensemble analyses [82].

3.2.4 Pulsed Interleaved Excitation (PIE)

In an experiment with dual-color labeled molecules, two lasers are used alternately for exci-
tation. If the laser are alternated after each excitation, the scheme is called pulsed interleaved
excitation [83]. In PIE, the microtimes are first used to divide the full TCSPC range into a
window for each laser (see Fig. 3.9). The laser with the shorter wavelength emits a pulse in
the first window and, accordingly, the second laser is used in the second time window. If
the single lasers were operated at a frequency of 20 MHz, the effective repetition rate in the
PIE mode is only 10 MHz. Hence, each laser is operated at the twofold power which results
in the same average power as for 20 MHz. The combination of two time windows and two
detection channels results in four different signals. If the channels are named ‘donor’ and
‘acceptor’ for simplicity, their signals in the first time window are denoted I and I, respec-
tively. The acceptor signal in the second time window is denoted I4{¢*°. The donor signal in
the second time window I4*¢ can be neglected. The PIE scheme is used in single-molecule
Forster resonance energy transfer (smFRET) to separately probe the presence of the acceptor
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(see Sec. 3.3.3). In brightness-gated two-color coincidence detection, PIE is essential to obtain
the individual bursts for both fluorophores (see Sec. 5.4).

481nm excitation 633nm excitation

10°

10*

counts

0 25 50 75 100
microtime [ns]

Figure 3.9: Principle of pulsed interleaved excitation (PIE).

3.2.5 Fluorescence Correlation Spectroscopy (FCS)

In the previous section it was mentioned that the TTTR data format allows a manifoldness
of analyses. One of these analyses is fluorescence correlation spectroscopy (FCS), a powerful
analysis tool to study translational diffusion and photophysical properties.

In FCS, fluorescence intensity fluctuations are analyzed which allows to characterize the
underlying physical processes that caused the fluctuations. The fluctuations are analyzed by
means of a correlation analysis of the fluorescence intensity time trace F(t). The normalized
autocorrelation function is given by [84]

G(e) = (F(t)F(t + 1)) _ {S8F(t) 6F(t + 1)) ‘1 (3.25)
(F(1))? (F(1)y
with §F(t) = F(t) - (F(t)) and the angle brackets denote averaging.
Equation 3.25 specifies how self-similar the signal F(?) is after a lag time 7.
For freely-diffusing molecules, the diffusion into and out of the confocal volume is obviously
one source of intensity fluctuations. The corresponding autocorrelation function is given by

1 1 1
Gyi = — , 3.26
dff(T) (Ny(1+ Vg M1+ Ui 4y ( )



3.2 Confocal Microscopy 31

where (N is the average number of fluorescent molecules in the confocal volume, z4;ff is
the characteristic diffusion time, and k = zy/r, is the aspect ratio between axial and lateral
extension of the confocal volume (see Eq. 3.24).

The autocorrelation function in Equation 3.26 assumes a constant fluorescence emission rate
for each molecule [85]. However, the transition to the triplet state leads to short periods of
absence of fluorescence. This flickering appears generally on much shorter time scales which
allows to separate the diffusion and triplet blinking in the autocorrelation function [84]:

T .,
G(1) = Gurip(1) - Guiff(r) = <1 tIoTe /""’) - Gyipf(1), (3.27)
where T is the fraction of molecules in the triplet state and 7;,; is the characteristic time for
the blinking.
As can be seen from Equation 3.26, the autocorrelation for vanishing lag times is antipropor-
tional to the number of molecules

1
Gyi 0) = —, 3.28

2iff(T — 0) N (3-28)
which allows to calculate the concentration of the sample molecules if the absolute size of
the confocal volume is known.

One way to calibrate the size of the confocal volume is to analyze an autocorrelation func-
tion of a reference sample with a known diffusion coefficient, e. g. a freely diffusing dye. The
knowledge of the diffusion coefficient D,s allows to predict the diffusion time according to
(84]

Taiff = ui
diff = Drf

(3.29)

Consequently, the geometrical properties ry and zj are obtained by fitting the autocorrelation
to Equation 3.26 or 3.27. The confocal volume is often described by the derived quantities
K = 2/r, and the size of the effective confocal volume

Verf = 7P z. (3.30)

FCS was used within this thesis mainly for two purposes. First, the diffusion properties
of a sample can be checked by considering the diffusion coefficient given by Equation 3.29.
Usually, an expected value for the diffusion coefficient is known. If the measured diffusion
is faster, the sample is likely fragmented or free labels are present. In contrast, a slower
diffusion than expected, indicates a (partial) aggregation of the sample. The second purpose
of FCS is to obtain {N') which allows to calculate normalized quantities, like the molecular
brightness (see Eq. 3.31), and which is needed to calculate an appropriate dilution factor for
a subsequent single-molecule measurement.
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Figure 3.10: YFP autocorrelation function of glucose sensor construct no. 1 (see Sec. 4.4) fitted
including triplet blinking (see Eq. 3.27). Fitting parameters are: 74 = 0.51 ms,
(N) =402, T = 042, 11,4, = 117 pis.
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3.3 Single-Molecule Detection of Freely-Diffusing Fluorescent
Biomolecules

3.3.1 Why Single-Molecule Measurements?

The way we think about biology on the molecular level is: How is molecule A interacting
with molecule B? The way we measure it is: How are ~ 10'7 copies of molecule A interacting
with ~ 10!7 copies of molecule B!. There is obviously some discrepancy between both con-
ditions.

If all molecules of type A and B are each structural and chemically identical, their inter-
action will also be always identical. Due to the homogeneity it makes hence no difference
how many molecules are investigated in order to determine a certain quantity. If we make
a small excursion to solid state physics, we can recapitulate that this concept has proven to
be extremely helpful there when describing the structure of a crystalline material. Instead of
giving the coordinates of all atoms, the material is fully described by a lattice and a basis. In
a metallic crystal it is also not necessary to characterize the interaction of e. g. a conduction
electron with all atoms. Owing to the periodicity of the lattice and the homogeneity of the
basis, the potential is periodic and the electron is described by a Bloch wave [86].

Returning to living matter, biological molecules behave completely different, even if they
are of the same kind. Biomolecules in their native environment are usually neither present in
a crystalline state nor are they absolutely structural identical. In addition, their interaction
might vary due to the structural heterogeneity or (chemical) interaction with the environ-
ment. It is therefore very plausible to expect heterogeneity for systems that are based on
biomolecules and their interactions.

The term of heterogeneity has certainly several aspects. Biomolecules exhibit a structural
heterogeneity because they are mostly biopolymers, like proteins or DNA, and sample a
certain conformational space. Furthermore, the structural heterogeneity is enlarged by the
interaction with other biomolecules. This interaction may be unspecific (see Sec. 4.6) or spe-
cific when interacting with dedicated interaction partners (see Sec. 4.4).

A second source of heterogeneity arises when looking at the temporal behavior of biomole-
cules. In an ensemble measurement one can only characterize the equilibrium. A single-
molecule experiment that is also conducted in equilibrium is nevertheless able to reveal
temporal information e. g. about rate constants. An additional source of temporal hetero-
geneity arises if multiple transition pathways are present. With single-molecule resolution
it is possible to specify for each molecule which pathway was taken (see Sec. 5.10).

Finally, it should be mentioned that the interpretation of single-molecule experiments re-
lies on ergodicity of the system under study, i. e. the ensemble average equals the temporal
average [87].

! Assuming a concentration of 1 mM and a volume of 1 ml.
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3.3.2 Requisites for Single-Molecule Detection: The Signal-to-Background
Ratio

After the recapitulation of the main characteristics of fluorescence in Section 3.1, it is now
time to take a look at those properties that make it suitable for single-molecule detection.
The specific question is: Which properties does a fluorophore need to bring along in order to
be detected at the single-molecule level? If one assumes that the fluorophore is only obser-
vable for a certain time, like in the case of confocal detection of freely-diffusing molecules,
the simple answer is that it should emit as many photons as possible during the dwell time
in the confocal volume. Hence, it should exhibit (i) a high molar absorption coefficient, (ii) a
low probability to populate the triplet state, (iii) absence of additional blinking processes like
photo induced isomerization, (iv) a high fluorescence quantum yield, and (v) a sufficiently
large photostability [56].

Next, the fluorescence of the single emitter needs to be effectively detected by the confo-
cal setup introduced in Section 3.2. The optical and electronic detection result in a global
detection efficiency. A quantity that combines the photophysical aspects as well as the de-
tection efficiency is the molecular brightness (MB). It is defined as the detected fluorescence
emission rate normalized to a single fluorophore:

_f-bg
N

MB (3.31)
where f is the detected count rate of the sample, bg is the background count rate of solely
the buffer and N is the average number of molecules in the confocal volume obtained by
FCS (see Eq. 3.28). The value of N needs to be corrected when f becomes comparable to bg
[88]. However, this is not the case here because it would anyway impede single-molecule
detection.

Equation 3.31 provides simply the calculation rule for the experimentally obtained MB. The-
oretical considerations yield the following expression for the expected rate of fluorescence
emitted by a single fluorophore [77]:

¢f of Lexc
1+ 7 0 Toxc(1 + kisdky) ’

kf = (3.32)
where ¢y is the fluorescence quantum yield, oy is the absorption cross section of the flu-
orophore, L. is the excitation intensity, 7 is the fluorescence lifetime, k;s is the rate of
intersystem crossing, and k,y, is the rate of triplet state depletion.

Equation 3.32 shows that ky will increase linearly for small I, and start to saturate for higher
ILexc due to the finite fluorescence lifetime and the triplet state kinetics. Figure 3.11 shows that
this dependency is indeed reflected in the experimental data for a selection of fluorophores.
All fluorophores show a linear increase of the MB for low excitation intensities followed by
a flattening for higher intensities. However, there is a clear trend that the MB of fluorescent
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proteins shows a saturation at lower excitation powers accompanied with lower MBs.
The signal-to-background ratio is defined as

_MB_ K

SB=— =", 3.33
by Ky (3.33)

where the first definition is related to experimental quantities and the second definition is
related to theoretically predicted quantities.
The background count rate can be predicted by [77]

kbg = Nso1Osotlexc + kel s (3.34)

where N;,; is the number of solvent molecules in the detection volume, oy, is the molecular
Raman scattering cross section of the solvent, and k,; represents the noise count rate of the
detection electronics.

Plugging Equations 3.32 and 3.34 into Equation 3.33, one obtains:

SB - MB ¢f0'dye1 1
- bg - 1+ TU'fI(l + k"s‘/kph) Ny osotlexe + kel '

(3.35)

The experimental characterizations of the SB as a function of I, is shifted to Section 4.9.1.
Briefly, three regions can be identified: (i) the SB increases linearly for small I, because the
background is dominated by the detector dark counts and the MB increases linearly; (ii) at
intermediate I the SB reaches a plateau because ky and kg increase both linearly with I,.;
(iii) at high Ly, the SB decreases again because the fluorescence emission starts to saturate
and the background continues to increase linearly.

100 T T T T
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—+—Alexa 647
80 [+CFP 1
YFP
——GFP
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20 40 60 80 100
lexc [#W]

exc

Figure 3.11: Measured molecular brightness (MB) for a selection of dyes and fluorescent pro-
teins as as a function of excitation intensity.
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3.3.3 Workflow of a Single-Molecule Experiment

This section deals with the practical implementation of a single-molecule experiment. The
first step is to check the diffusion properties and the effectiveness of the cover slide blocking
with the help of FCS. The next step is to dilute the sample appropriately to achieve single-
molecule observation. For the choice of a suitable concentration, it is worth to consider the
probability to find n molecules in the observation volume, given that the average number is
{N), which follows a Poisson distribution [89]:
n
PNy = S

(3.36)
n!

Writing the probability explicitly as a function of (N should stress that this is the experi-
mental parameter that can be varied by adjusting the concentration: <N = ¢ V¢y.

The crucial probability for single-molecule detection is that of finding not more than one
molecule at a time:

Prot(AND) = 1= po(AND) = prUNY) = 1= (1 +<(Ny)e NV (3.37)

The choice of a specific (N} is a trade-off between a sufficiently small p,.; and reasonable
time for the data acquisition. For single-molecule detection of FRET-based biosensor (see Sec.
4.9), the concentration was chosen to get (N = 0.03 which results in p,.; < 0.1%. The burst
coincidence analysis requires even lower values as discussed in Section 5.8.

After the experiment has been conducted, the single-molecule signal has to be discrimi-
nated against the background. Most of the experimental time, there is no sample molecule in
the confocal volume. From time to time, a sample molecule will traverse the confocal volume
and emit a burst of fluorescence photons. The macrotime of each photon (see Fig. 3.8) can be
utilized to generate a time trace of a suitable quantity characterizing the arrival of photons.
A widespread approach is to calculate an intensity time trace with fixed bins [90]. Bursts will
appear as spikes in such a time trace. Simple binning of the time trace is in many applications
sufficient if the bin width is set slightly above the average dwell time [91]. Binning might not
allow to detect dim bursts but especially in smFRET studies solely bright bursts are evalu-
ated anyway. The bin size also dictates the temporal resolution for the determination of the
beginning and ending of the burst. This might also be of minor interest for many application
but in the case of burst coincidence detection, the precise knowledge of the start and end
time tags of each burst is essential (see Sec. 5).

The burst identification method used in this work is based on the inter-photon lag (IPL)
between consecutive photons. For the n' photon it is given by

IPL(n) = t(n)-t(n-1), (3.38)

where t is the macrotime [92].
The IPL can be considered as an inverse count rate defined for each individual photon. Ac-
cordingly, bursts appear as dips in the time trace. The IPL time trace of the raw data is rather
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noisy due to the stochastic character of photon emission (see Fig. 3.12). Therefore, a moving
average filter was applied to the IPL time trace:

n+m

CT—— Z IPL(i) (3.39)

I=n-m

IPL,,(n) =

where m is the half width of the smoothing.

The symmetric smoothing ensures that the start and end times are not shifted. A burst is
identified when the IPL time trace intersects a burst detection threshold. The selection of a
threshold value is a trade-off between a low m-value in order not to smooth over dim bursts,
the reproduction of diffusion time and molecular brightness from FCS, and a low probability
to misinterpret background fluctuations as a burst. Since these requirements partially com-
pete each other, the following procedure was followed. The smoothing value m was chosen
as low as possible and the IPL threshold was increased until the burst parameters matched
those of FCS. More precisely, the single-molecule dwell time should be longer by a factor
4/3 compared to the diffusion time from FCS [93]. If the threshold results in a false-positive
probability above 0.1%, the m-value was increased until burst parameters and background
detection probability were matching the criteria [92].

5 * raw data
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4 - - - burst threshold

log IPL [ps]
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time tag [s]
Figure 3.12: Exemplary IPL time trace with static binning and using a moving average filter.

Long bursts are identified similar with both methods but static binning starts to
become imprecise for dim bursts.
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Depending on the analysis, different signals are used to generate the IPL and to identify
the bursts. If all signals (Ip, L1, I{**°) are merged, the corresponding IPL can be used for an
all photon burst search [94]. This search will identify all fluorescent species and was used
for the determination of correction parameters for the biosensor (see Sec. 4.9.2). Here, only
bursts were used for the analysis that contained more than 40 photons. For the identification
of only the FRET-capable molecules, the I4“*° signal was used to identify the molecules that
have a fluorescent acceptor. All photons of the actual FRET experiment (Ip, I4) that occurred
between the start and end time of these bursts were accumulated. The burst was analyzed if
Ip +I4 > 20 which ensures the presence of the donor and sufficient counting statistics. In the
case of a coincidence analysis (see Sec. 5), two bursts sets are generated using IPL time traces
for Ip + I4 and I{**°. The I{“° bursts probe the presence of the acceptor. The Ip + I4 signal
probes the presence of the donor because I4 arises due to FRET or spectral bleed-through.
This approach enables to apply the coincidence analysis to high-FRET, low-FRET and also
non-FRET samples.

Finally, before performing the intended single-molecule analysis, the stability over time
was verified. Commonly, the total measuring time of a single-molecule experiment was sev-
eral hours which was subdivided into data sets of 20 mins. For each of these subsets, a series
of parameters was determined (e. g. dwell time, molecular brightness, background, etc.), and
their stability over time was checked. If any parameter did significantly differ for one subset,
the data of this subset was discarded.



4 Genetically-Encoded FRET-Based
Biosensors

4.1 Introduction to Biosensors

Before directly jumping to FRET-based biosensors it is worth to consider the basic principles
of biosensors in general. In 1992 the International Union of Pure and Applied Chemistry
(IUPAC) defined a biosensor as “a device that uses specific biochemical reactions mediated
by isolated enzymes, immunosystems, tissues, organelles or whole cells to detect chemical
compounds usually by electrical, thermal or optical signals” [95]. This definition provides a
reasonable and general description but for this reason it is at the same time also rather im-
precise. Therefore, in 2001 the IUPAC specified the definition of a electrochemical biosensor
as “a self-contained integrated device, which is capable of providing specific quantitative or
semi-quantitative analytical information using a biological recognition element (biochemi-
cal receptor) which is retained in direct spatial contact with an electrochemical transduction
element” [96]. This definition contains now all relevant components of a biosensor. A recog-
nition element specifically interacts with the targeted (bio-)physical quantity, e. g. an analyte
molecule, based on a biochemical interaction mechanism. Subsequently, a transduction ele-
ment converts this interaction into a quantitative read-out signal [97]. The most famous
example of an electrochemical biosensor is probably that of the glucose monitor devices that
diabetes patient use to determine their glucose concentration in the blood. A first system
was reported in 1962 and was based on the oxidation of glucose catalyzed by glucose oxidase
(recognition element) which caused a change in pH (transduction) that could be measured
[98].

Exchanging the word ‘electrochemical’ by ‘optical’ in the aforementioned definition, one
obtains the definition of an optical biosensor which transduces the interaction of the recog-
nition element into an optical signal. Among the biosensors that use an optical read-out,
FRET-based biosensors represent an own class. Here, the amount of Forster resonance en-
ergy transfer (FRET) is used as the biosensor’s signal. The basic composition of a FRET-based
biosensor consists of a sensing domain, mostly a protein, that is linked to a donor and an ac-
ceptor fluorophore. There are various sensing mechanisms which can be based on cleavage,
assembly or conformational changes of the sensing domain [99]. However, the choice of one
of these sensing mechanism depends on the biological stimulus that should be measured. For
example, the proteolytic cleavage of the sensing domain leads to a separation of donor and
acceptor and, thus, to an irreversible, total loss of FRET. In contrast, protein-protein interac-
tions can be monitored if the donor is attached to one protein and the acceptor, accordingly,
to the other protein. Here, the FRET signal increases from zero for no interaction to a certain
value if the proteins interact with each other.
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Figure 4.1: Operating principle of a FRET-based biosensor that utilizes a conformational
change of the sensing domain. In the upper panel the sensing domain (dark gray)
is in the open conformation. The donor (cyan) is excited with light of a suitable
wavelength (purple arrow) and it will mostly emit fluorescence by itself. In the
lower panel, the analyte binds which leads to a conformational change of the
sensing domain to a closed conformation. The conformational change leads to
a rearrangement of the donor and acceptor which causes an increased energy
transfer and, hence, an increases of the acceptor’s fluorescence emission (yellow).

For the concentration determination of ions or small molecule analytes, conformational
changes of the sensing domain, that occur upon binding of the analyte, can be utilized be-
cause they can be potentially well transduced into a change in FRET (see Fig. 4.1). The work-
ing principle of the sensor is as follows. The energy transfer is low if the sensing domain
is in the open conformation (analyte not bound) and it increases when the sensing domain
undergoes a conformational change (analyte bound). Note, that the change from low FRET
to high FRET upon binding of the analyte is indeed common but also the opposite behavior
is possible and has been reported, e. g. in reference [30]. It is only necessary that there is an
observable change in FRET upon binding of the analyte.

FRET-based biosensors that use conformational changes for sensing have a special fea-
ture: they consists of only one molecule which has the consequence that a clear distinction
between the recognition and transduction element is not always possible. In fact, the trans-



4.2 Sensing Principles of Genetically-Encoded FRET-Based Biosensors 41

duction element (donor and acceptor molecules) can interact with the recognition element
(sensing domain) which may be either an undesired effect or which can be used to modify
the affinity and sensitivity of the sensor. The main challenge in the design of highly sensitive
sensor is to establish an effective transduction of the relatively small conformational change
into a preferably large change in FRET.

4.2 Sensing Principles of Genetically-Encoded FRET-Based
Biosensors

If fluorescent proteins are used as the donor and acceptor pair, the biosensor becomes a fusion
protein and, thus, genetically encodable. Due to the possibility of in vivo applications, the
class of genetically-encoded FRET-based biosensors has gained a lot of researchers’ attention
due to the great potential in fundamental research and possible diagnostic applications [20,
100].

Besides enabling in vivo measurements, the utilization of fluorescent proteins has an ad-
ditional consequence for the generation of the FRET signal itself. The amount of FRET in
assays using small organic dyes attached to the sensing protein depends only on the inter-
dye distance (see Eq. 3.11 and 3.12 with x? = 2/3), whereas FRET between two fluorescent
proteins depends also on their relative orientation. The rotational correlation time of freely-
diffusing green fluorescent protein was determined to be 17 ns which is considerably slower
than its fluorescence lifetime of 3.2 ns (data not shown). Both time scales are in agreement
with reported values [101]. Hence, during the excited state lifetime of the donor, the direc-
tion of the transition dipole moments of the donor and acceptor are rather static. For freely-
rotating fluorescent proteins this would result in a static averaged value for x? (see Eq. 3.14).
If, in addition, not all possible relative orientations can be taken, an averaging is not possi-
ble and the amount of FRET will depend on the relative orientation. This conclusion applies
to genetically-encoded FRET-based biosensor in general because other fluorescent protein
variants have similar rotational correlation times, due to their structural similarity, and also
comparable fluorescence lifetimes. The attachment of the fluorescent proteins to the sensing
domain will further reduce their rotational mobility which ensures the validity of the static
orientation regime.

A selection of possible relative orientations is depicted in Figure 4.2 where the donor is a
cyan fluorescent protein and the acceptor a yellow fluorescent protein. The transition dipole
moments are depicted as red arrows. They are oriented approximately perpendicular to the
principal axis of the barrel structures of the fluorescent proteins because the fluorophore is
also pointing perpendicular into the barrel and the dipole moments lie within the atomic
plane of the fluorophore (see Fig. 3.5). However, the exact orientation of the dipole moment
varies slightly for different variants of fluorescent proteins [102]. Three types of relative ori-
entations of the fluorescent proteins are shown in Figure 4.2 which cover the whole range
of relative dipole orientations. In a side-by-side orientation of the fluorescent proteins, the
possible relative orientations of the dipole moments range from a collinear orientation that
can turn into a perpendicular orientation by a 90° rotation of one fluorescent protein around
its principal axis. These orientations correspond to the extreme values of the orientation fac-



42 4 Genetically-Encoded FRET-Based Biosensors

Figure 4.2: Possible spatial arrangements of two fluorescent proteins (pdb entries: 3ztf (CFP),
1myw (YFP)) and respective range of orientation factor x?. Dipole moments are
depicted as red arrows.

tor of k% = 4 and k? = 0, respectively. In a head-to-tail alignment of the fluorescent proteins,
the best coupling can be reached by a parallel orientation of the dipole moments (k? = 1)
which can again be transferred to a perpendicular alignment by a 90° rotation. Finally, a T-
orientation of the fluorescent protein results in no coupling of the dipole moments which is
also invariant of rotations around the principal axis of the fluorescent proteins. Note, that
the positions of the cyan and yellow can be interchanged and the same results are obtained.
These examples should illustrate the multiplicity of possible orientations. Although a simple
90° rotation can change the amount of FRET from zero to the maximal value, this is unlikely
to happen in a real sensor. Also a mere distance change that preserves the relative orien-
tation is unlikely to occur. In fact, the signal change of a real sensor will be caused by a
combination of distance change and a relative reorientation of the fluorescent proteins. As
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distance changes are limited by the conformational change of the sensing domain, a sensi-
tive sensor should combine distance changes with a reorientation in a reinforcing manner,
i.e. a decrease in the distance should be accompanied with a reorientation that favors the
occurrence of FRET and vice versa.

In summary, fluorescent proteins are not only necessary to make biosensors genetically
encodable but they enable amplified sensitivity by using the relative fluorophore orientation
as an additional parameter to tune FRET. However, the design of biosensors with improved
sensitivity is far from being straightforward due to the variety of parameters that can be
changed in the design of the sensor and a lack of methods that would allow to verify the
rational ideas that guide the design process [21]. In the following section, the degrees of
freedom in the design of a biosensor are shortly discussed.

4.3 Design of Genetically-Encoded FRET-Based Biosensors

For a systematic optimization of an existing biosensor or the development of a new biosensor,
one needs to become aware of the possible parameters that can be varied. First, one can
choose between different variants of fluorescent proteins that are employed as donor and
acceptor. One of the most popular choices in the past was to use cyan and yellow fluorescent
proteins as donor and acceptor, respectively [99]. However, there are multiple variants of
cyan and yellow fluorescent proteins that vary in their properties [19]. In general, variants
with good photophysical properties, such as high photostability and high quantum yield are
favored. Depending on the application, other parameters such as fluorophore maturation
time and efficiency, dimerization tendency, or fluorescence lifetime need to be considered.

Next, the insertion position where the fluorescent proteins are linked to the sensing do-
main need to be optimized. The simplest approach is to place one fluorescent protein at each
terminus of the sensing domain. In practice, this is not always giving the best results. Thus,
the fluorescent proteins are internally fused to the sensing domain which enables much more
insertion positions [30]. Finally, the fusion protein can be circular permuted which can also
change the FRET signal [103].

One of the probably most important design parameters are the linkers that connect the
fluorescent proteins and the sensing domain. This linkers enable on the one hand, a correct
folding of the fluorescent proteins and the sensing domain. On the other hand, different
linkers can enable or restrict rotational flexibility of the fluorescent proteins and change the
orientation of the fluorescent proteins with respect to the sensing domain which will change
FRET (see Fig. 4.2).

Overall, the design of sensitive sensors is a time consuming process due to the multiplicity
of parameter combinations as outlined above. In order to reduce the complexity and to un-
derstand the effect of an individual parameter, this parameter can be varied while all other
parameters are kept constant. Consequently, the impact of different linker combination is in-
vestigated for a glucose biosensor in Section 4.4 . In Section 4.6 the sensing domain is varied
in a biosensor for macromolecular crowding.
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4.4 Biosensor for Determination of Glucose Concentration

FRET-based biosensors promise to have a great potential in biotechnological applications.
One example is a glucose sensor that can monitor the glucose concentration in a solution.
In a typically production process in biotechnology, modified microorganism produce a de-
sired product in large cultivation vessels. One aspect for an optimized production yield is
to maintain optimal growing conditions for the microorganisms. Glucose serves as nutrition
for the microorganisms and the concentration of glucose should be kept at the optimal value.
A glucose sensor, immobilized in a transparent by-pass, would enable a non-invasive, real-
time read-out of the glucose concentration. The information about the glucose concentration
could be used for a feedback mechanism to maintain the optimal glucose concentration [104].
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Figure 4.3: upper panel: Composition of the glucose sensor. The N-terminus begins with
a polyhistidine followed by the glucose binding protein (MglB). The donor
(mTurquoise2) is internally fused after residue 12 followed by the donor linker,
the rest of MglB, the acceptor linker and the acceptor (Venus) itself. lower panel:
Combination of three different linkers for donor or acceptor position results in 9
different sensor constructs. Adopted from [37].
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The glucose sensor that is reported in this work was developed in the biotechnology insti-

tute (IBG-1) at Forschungszentrum Jiilich. The sensor consists of the glucose binding protein
MglIB that is fused to mTurquoise2 (CFP) and Venus (YFP) as the donor and acceptor fluo-
rescent proteins, respectively. MglB belongs to the class of periplasmic binding proteins and
undergoes a conformational change based on the Venus flytrap principle upon binding of
glucose. The conformational change is then transduced in a rearrangement of the fluores-
cent proteins which results in an increase of FRET.
The starting point for the sensor design was the sensor construct FLII'2Pglu-600p developed
by Deuschle and coworkers [30]. Deuschle et al. optimized the sensor by varying the inser-
tion position of the fluorescent proteins. They report an increase of FRET changes upon glu-
cose addition when truncating the linker of terminal attached fluorescent proteins or when
internally fusing one fluorescent protein which they both attribute to a decreased orienta-
tional flexibility. The employed construct FLII'2Pglu-600p has the donor inserted at position
12 of MglB. Steffen et al. developed a linker toolbox to further increase the sensitivity of
FRET-based biosensors and first applied it to a lysine sensor [105]. The linker toolbox was
consequently applied to the FLII'?Pglu-600p glucose sensor construct. The toolbox consists
of three different linkers (no linker, flexible linker, rigid linker) which results in nine possible
combinations of linkers (see Fig. 4.3). All glucose sensor constructs were characterized in
ensemble and vary remarkably in their sensitivity (see Sec. 4.5).

By screening of all possible constructs obtained with the linker toolbox, highly sensitive
glucose sensors could be identified which are suitable for application. However, the strong
dependency of the sensor performance on the linkers is not clear. By understanding the effect
of the linkers it might also be possible to predict linker combinations and therefore enable a
more rational and targeted sensor design.

4.5 Ensemble Read-Out of Biosensor Signal

So far, FRET-based biosensors were introduced and design strategies to improve the biosen-
sor signal were discussed. In the following, it is shown how the signal of such biosensors is
measured practically in a bulk experiment and which parameters are extracted to characte-
rize the sensors.

As shown in Section 3.1.2 there are various ways to measure the amount of FRET. The
most common approach for FRET-based biosensors is to measure the fluorescence emission
intensities of donor and acceptor with an emission spectrometer after excitation of the donor.
An example of the obtained emission spectrum is shown in Figure 4.4 for the glucose sensor
construct no. 2 (see Fig. 4.3 for naming of sensor constructs). After exciting the donor with
light of a wavelength of 420 nm, the emission spectrum exhibits two peaks at wavelengths
of 472 nm and 524 nm which correspond to the emission peaks of the donor and acceptor, re-
spectively. Dissolving the sensor in a buffer that contains 125 mM of glucose and performing
the same experiment yields a different shape of the emission spectrum (blue line) in contrast
to that without glucose (red line). One can observe a decrease in intensity of the donor peak
with a concurrent increase of the acceptor peak intensity which is a clear indication of an in-
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Figure 4.4: Ensemble characterization of FRET-based glucose sensor exemplarily shown for
construct no. 2. (a) Emission spectrum after excitation with 420 nm shows two
peaks belonging to the emission maxima of donor (472 nm) and acceptor (524 nm).
After addition of glucose, the acceptor peak intensity I, increases and the donor
peak intensity Ip decreases caused by a higher energy transfer. (b) Isothermal
binding curve of glucose sensor. The peak intensity ratio R shows a sigmoidal in-
crease as a function of glucose concentration. The total increase AR characterizes
the sensitivity of the sensor. Adopted from [37].
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crease of FRET in the presence of glucose. As a measure for the extent of FRET it has become
common to use the ratio
Iy
R=—,
Ip
where I, and Ip are the maximum intensities of donor and acceptor bands, respectively.
The definition of the sensor signal according to Equation 4.1 has the advantage that it does
not depend on the absolute sensor concentration because R is a ratiometric quantity and it
does not require any additional calibration parameters.

(4.1)

The performance of the sensor is characterized by plotting the peak intensity ratio R as a
function of the glucose concentration (see Fig. 4.4). The resulting isothermal binding curve
is fitted by a sigmoidal function:

Cglu

R=AR—"—
KD+cglu

+ Rapo , (4.2)

where AR = Rpax — Rypo is the difference between the intensity ratio at saturated glucose
concentrations Rpqx and without glucose Ry, Cq1u is the glucose concentration and Kp is
the glucose concentration at which R rises half of the full increase. The relevant parameters
that characterize the sensor are the Kp, which sets the glucose concentration regime that
the sensor is sensitive to, and the sensitivity AR which is total increase of R. This binding
curve could potentially serve as a calibration for in vivo measurements. However, the pres-
ence of crowding inside the cytosol will change (increase) the amount of FRET in a in vivo
measurement in an unpredictable manner and, hence, impede a quantitative read-out. This
effect will be discussed in detail in Section 4.7. In addition, other parameters such as pH, ionic
strength, temperature, or the presence of intracellular metabolite have shown to change the
FRET signal [106].

Coming back to the collection of glucose sensors, isothermal binding curves were recorded
for all nine constructs by Julia Otten (IBG-1, Forschungszentrum Jiilich). The constructs
showed remarkable different sensitivities whereas construct no. 2 showed the highest sensi-
tivity. The AR values of the investigated constructs are given in Table 4.2. The correspond-
ing isothermal binding curves are given in ref. [37]. However, the microscopic reasons for
the high sensitivity of construct no. 2 and also for the large range of sensitivities are still
unknown. Here, single-molecule measurements provide the framework to perform a more
detailed analysis (see Sec. 4.9).

4.6 Biosensor for Determination of Macromolecular
Crowding

Most of our knowledge about proteins is based on measurements performed in highly-diluted
aqueous solutions. However, the cellular environment of a protein is fundamentally differ-
ent. The cell contains a mix of various macromolecules and cellular organelles. In general,
each of these molecular species is not present at high concentrations but summing up all
concentrations results indeed in remarkably high concentrations. A cell of Escherichia coli
contains for example a macromolecule concentration of 300 — 400 mg/ml [107]. This situation



48 4 Genetically-Encoded FRET-Based Biosensors

is termed crowding and can dramatically change the properties of biomolecules. Possible
effects are changes of diffusion, protein folding, and reaction kinetics [31]. Moreover, the
macromolecules occupy a fraction of the total volume which leads to an apparent increase
of concentration. This can results in 20 - 30 % of the volume occupied by macromolecules
which is known as the “excluded volume effect” [32]. Yet, it is not completely understood
how strong the influence of crowding on cellular processes is and how the extent of crowd-
ing varies between the different cellular compartments.

—e—GE
244 —*—G18

i/.
—
2.0 ./ i
X 1.6 ’/ / .
1.2 ./E
—
084 e— ;

0 5 10 15 20
PEG 6,000 [w/w%]

Figure 4.5: Intensity ratio R as a function of PEG 6,000 concentration for crowding sensor
constructs GE and G18. Adopted from [37].

Recently, Boersma and coworkers developed a set of genetically-encoded FRET-based bio-
sensors for the fundamental investigation of crowding [108]. Their sensors consist of a cyan
and a yellow fluorescent protein that are fused to the terminal ends of a sensing domain. First,
Boersma and coworkers used a sensing domain that consists of two alpha helices connected
by a flexible random coil. They later presented different combinations of random coils and
alpha helices for the sensing domain [38]. Interestingly, all sensor constructs show a clear
response to crowding, even without flexible elements in the sensing domain. For example,
construct E6 in reference [38] has only one alpha helix sandwiched between the donor and
acceptor. It is nevertheless obvious that the sensing domain must contain some flexible ele-
ments that enables a certain compressibility of the probe. For the construct E6 this flexibility
is most probable provided by the additional linker elements that connect the alpha helix to
the fluorescent proteins.

All of these crowding sensor constructs have in common that a clear differentiation be-
tween the linker and the sensing domain is not possible. In fact, the polypeptide chain that
connects donor and acceptor fluorescent protein can be considered as the linker and at the
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same time as the sensing domain. Since the sensing domain has no tertiary structure, it is
reasonable to assume a compaction of the probe with the increase of crowding. However,
the exact sensing mechanism remains unclear and a detailed understanding would also en-
able to design improved crowding sensors that might also be specific for a certain size or
composition of the crowder molecules.

In this work, two crowding sensor constructs were analyzed. The construct GE is the afore-
mentioned prototype construct consisting of two alpha helices connected by a flexible coil.
The second sensor is construct G18 which contains no alpha helix but only a random coil.
The crowding sensor constructs are characterized in vitro using artificial crowding agents.
A frequently used crowding agent is polythylene glycol (PEG) which is a linear polymer
that coils up when dissolved in water. Another common crowding agent is Ficoll, a cross-
linked polymer, which forms stiffer particles compared to PEG. A characterization of the pure
crowder solutions analogous to the smFRET characterization showed fluorescence impuri-
ties of Ficoll and larger PEG molecules that appear as fluorescence bursts. While ensemble
measurement like FCS can tolerate a certain amount of impurities due to the large signal-to-
background ratio, a frequent appearance of impurity bursts in single-molecules experiments
would impede the detection of the sensor and lead to a false interpretations of the data. Only
PEG 6,000 (m = 6,000 Da) showed a sufficiently low background and is therefore used as the
crowding agent for single-molecule experiments. For an ensemble characterization of both
constructs with Ficoll and other PEG crowders see references [38,108]. The response of both
sensor constructs to PEG 6,000 is shown in Figure 4.5. The amount of FRET is characterized
by the peak intensity ration R (see Eq. 4.1). Construct G18 exhibits a larger initial R value
which increases approximately linear with increasing PEG 6,000 concentration. Construct
GE has a smaller R value in the absence of crowding but increases stronger with increasing
PEG concentration. In contrast to the glucose sensors, the crowding sensors shows no sat-
uration of the signal which means that addition of PEG leads to a steady compaction of the
sensor. Finally, it is not clear how the glucose sensor would react to a crowded environment
which is investigated in the following section.

4.7 Response of Glucose Biosensor to Crowding Conditions

In the previous section, a biosensor was presented that was specifically designed to report
on macromolecular crowding. The consequent next question would be, how the glucose sen-
sor presented in Section 4.4 reacts to a crowded environment. Crowding becomes relevant
if the glucose sensor should be applied in vivo but also for in vitro applications like the de-
termination of the glucose concentration in a cultivation buffer [104]. If very large volumes
of a cultivation buffer should be monitored one needs a trapping mechanism for the sen-
sor molecules. Otherwise, the sensor would disperse in the whole cultivation volume which
would reduce the signal and waste a lot of the sensor material. It has been shown that the
encapsulation of sensor molecules inside silica nanoparticles is a possible immobilization
strategy [109]. These nanoparticles could be kept in a transparent bypass which would en-
able a real-time read-out of the sensor signal and, hence, the glucose concentration. However,
the confinement inside the nanoparticles is expected to have a similar effect as crowding.
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Figure 4.6: Isothermal binding curves of glucose sensor similar to construct no. 2 but with

exchanged fluorescent protein variants eCFP and Citrine as donor and acceptor,
respectively. Glucose titration is performed in various concentrations of crowding
agents PEG 6,000 (upper left), PEG 35,000 (upper right), Ficoll 70,000 (lower left),
and glycerol (lower right). Sigmoidal curves are fitted according to Equation 4.2.
Macromolecular crowder (PEG, Ficoll) cause a shift of the binding curves whereas
glycerol is not a macromolecule and leads to no remarkable change. Adopted
from [110].

The response to crowding of a slightly modified glucose biosensor based on construct
no. 2 was investigated. The modified sensor carries the exchanged fluorescent protein con-
structs eCFP and Citrine as donor and acceptor, respectively. The change of the fluorescent
protein variants was done during the design process. However, different fluorescent pro-
tein constructs are not expected to give qualitatively different results. Figure 4.6 shows that
macromolecular crowding agents such as PEG and Ficoll lead to a shift of the isothermal
binding curves towards larger R-values. PEG 6,000 and PEG 35,000 lead to a similar shift
of the binding curve whereas Ficoll 70,000 shows a smaller shift compared to PEG. A pure
viscosity enhancer like glycerol leads to no signal change which proves that only macro-
molecules have the ability to increase the sensor signal. Hence, the increase of the R-value
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in the presence of macromolecular crowding agents can be related to a compaction of the
glucose sensor. In Figure 4.7 the exclusive effect of crowding is shown by plotting only the in-
crease of Ryp, (Without glucose). All crowding agents lead to a linear, non-saturating increase
which is similar to the response of the crowding sensors (see Fig. 4.5). The absolute increase
of the glucose sensor signal is even higher than that of the crowding sensor (cf. Figs. 4.5 and
4.7). Hence, metabolite sensors have also the potential to be used as crowding sensors. For
in vivo applications, however, the binding of the metabolite has to be inhibited because the
signal will superimpose with the crowding signal. Otherwise the same signal can be caused
by different combinations of metabolite concentration and crowding. In reference [111] such
an approach was realized by using an ATP insensitive mutant of an ATP biosensor.

6
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Figure 4.7: Increase of glucose sensor signal in absence of glucose (Ryp,) is approximately
linear for PEG and Ficoll. Pure viscosity enhancer glycerol leads to no change of
Rapo. Adopted from [110].

Finally, the question remains whether the presence of crowding and glucose have a dis-
tinct effect on the glucose sensor. The linear response to crowding and the observation of a
sigmoidal glucose binding curve in the presence of crowding indicate indeed that both effects
are independent of each other. This is supported by the observation that very high crowder
concentrations can cause R-values in the absence of glucose that exceed the R-value of a glu-
cose saturated, non-crowded sensor (data not shown). However, ensemble measurements do
not give enough evidence for this hypothesis and single-molecules measurements in Section
4.9.6 will provide a deeper insight.
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4.8 Limitations of Ensemble Characterization

So far, the peak intensity ratio R was used as the biosensor’s signal (see Eq. 4.1). Although the
biosensor community mostly agreed to use R as a FRET indicator, it has the disadvantage to
be not normalized which results in an unbounded quantity. Instead, it is preferential to use a
quantity that describes the underlying physical process of FRET such as the energy transfer
efficiency E (see Eq. 3.16).
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Figure 4.8: Area-normalized fluorescence emission spectra of mTurquoise2 and Venus.
Adopted from [37].

To understand how the transfer efficiency and the intensity ratio are related, an expres-
sion for the conversion from energy transfer efficiency values to R-values is derived in the
following taking into account a donor-only fraction of sensor molecules. For a given transfer
efficiency E, the R-value is composed of all contributions adding up at the donor and acceptor
emission peak:

IA(E, xpo) _ (1 - xpo) (cﬁ -E+ cg(l - E)) + Xpo * cé
Ip(E, xpo) 1- xDo)c[D)(l - E)+xpo - cDD

(1-xp)E ¢4 ¢

R(E’ xDO) =

(4.3)

" 1-(1-xpg)E b b

The numerator accounts for acceptor intensity caused by FRET as well as spectral crosstalk
of the donor by FRET-capable molecules and by donor-only molecules. The donor intensity
originates likewise from FRET-capable molecules and donor-only molecules.
The constants

o = fR O (4.4)
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account for the peak-to-area fraction f{ of the emission spectrum of fluorophore x emitted
at the wavelength used to read the intensity of fluorophore y with quantum yield ®, (see
Fig. 4.8).

Figure 4.9: Conversion of transfer efficiency E to peak intensity ratio R for various donor-
only fractions according to Equation 4.3. Donor and acceptor are mTurquoise2
and Venus, respectively. Quantum yields were determined as ®p = 0.90 and
®4 = 0.59 which results in cDD = 0.0139, CS = 0.00546, and cf = 0.0144. Adopted
from [37].

The transfer efficiency E in Equation 4.3 applies only to molecules that are capable to
show FRET, i. e. they have a pair of fluorescent donor and acceptor. However, an ensemble
experiment cannot deliver this transfer efficiency but a reduced transfer efficiency due to the
presence of donor-only molecules:

Eens = (1 - xDO)E . (4~5)

Hence, the conversion of an ensemble transfer efficiency is given for the glucose and crowd-
ing biosensors by

Eens .
Rotuc(Eens) = 5 1.04 + 0.392 D= mTurquoise2, A=Venus (4.6a)
ens
E,
Rerow(Eens) = s 138 +0.392 D=mCerulean3, A=mCitrine. (4.6b)

1- Eens
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Equation 4.6b shows a good agreement with an experimentally determined conversion func-
tion (see Fig. 53 in ref. [38]).

Equation 4.3 is plotted in Figure 4.9 for the FRET pair mTurquoise2 and Venus. For small
transfer efficiencies the conversion to R is almost linear whereas it becomes highly nonlinear
for large transfer efficiencies. For xp, = 0 it is even diverging for E — 1. As a consequence,
the sensitivity, i. e. the slope of R(E), is apparently increased for large transfer efficiencies.
This may implicate that a sensor should work with transfer efficiencies as high as possi-
ble. However, the read-out noise will increase for very high values of R because the donor
signal will be very weak and the signal will become prone to very small perturbations. The
utilization of the transfer efficiency E instead of the intensity ratio R can prevent such effects.

1E6  1E5  1E4  1E3 001 0.1
M]

cgmzose

Figure 4.10: Effect of different donor-only fractions xpy on ensemble read-out of glucose sen-
sor construct no. 4. Donor-only fractions were determined with BTCCD (see
Chap. 5). The sensor had an initial donor-only fraction of 38 % which was in-
creased to 60 % and 89 % by photo-bleaching the acceptor with a 532 nm laser. Or-
ange line shows hypothetical sensor signal for interpolation to vanishing donor-
only fraction. Only Rapo and Rmax Were measured and connected to guide the eye
according to Equation 4.2 with a fixed Kp. Adopted from [37].

A second aspect that can be extracted from Figure 4.9 is the impact of the donor-only
fraction xpy on the ensemble read-out. If one assumes a biosensor that can change between
a low FRET and a high FRET state, like the glucose biosensor, the signal changes between
Rgapo ans Rpgy (see Fig. 4.4). In terms of transfer efficiencies, this would correspond to one
state having a transfer efficiency of E,y, and the other state Epg,. In Figure 4.9 these states
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could be represented by two vertical lines positioned at Eqpo and Epnay. Depending on the
value of xpo, the resulting R-values would considerably differ. An increase of xpy would
reduce the R-values but also reduce the sensitivity AR = R(Emax, xpo) = R(Eapos Xpo). This was
experimentally verified by partially photo-bleaching the acceptor with a 532 nm laser and
measuring Rup, and Ryqx as shown in Figure 4.10.

A donor-only fraction of sensor molecules mainly arises due to an incomplete chromo-
phore maturation of the acceptor. Chromophore maturation depends on various parameters
and is in general not perfect. As a consequence, the application of a calibration curve as well
as the comparison of different sensor constructs among each other relies on identical donor-
only fractions. Since this is generally not the case, it can result in wrong results/conclusions.
Here, single-molecule measurement have the advantage to get results free of donor-only
molecules and even to quantify the donor-only fraction.

4.9 Single-Molecule Measurements of Genetically-Encoded
FRET-Based Biosensors

4.9.1 Experimental Realization

Reports about single-molecule Férster resonance energy transfer (smFRET) studies with flu-
orescent proteins are absolutely rare in literature. Already in the year 2000, the group of Mo-
erner published a single-molecule study of ‘cameleon’, a calcium sensor based on calmodulin
as the the sensing domain [112]. However, the counting statistics was rather poor and no
further publications could be found. The reasons for the rareness of single-molecule studies
may be manifold. Possible explanations may be found in the existence of different scientific
communities. While the ‘single molecule community’ focuses on studies with bright fluo-
rescent dyes that also enable to extract structural information, the ‘biosensor community’
works mainly on sensor development with a focus of possible in vivo applications. While
in vivo smFRET studies with fluorescent dyes are already extremely challenging [113], the
method of choice for in vivo experiments with fluorescent protein based biosensors is mostly
fluorescence lifetime imaging (FLIM) [99].

A further reason for the rareness of smFRET studies with fluorescent proteins is obviously
the poor applicability of fluorescent proteins for single-molecule studies compared to organic
dyes. As shown in Section 3.3.2, the crucial parameter for the feasibility of a single-molecule
experiment is the signal-to-background ratio.

The absorption coefficients and quantum yields of fluorescent proteins (see e. g. ref. [19])
are indeed comparable to those of organic dyes which reveals as similar initial slopes in
Figure 3.11. However, the molecular brightness of fluorescent proteins saturates at much
lower absolute values due to a pronounced triplet state occupation (see Fig. 3.10). In addition,
fluorescent proteins exhibit a pronounced and complex photobleaching behavior [114,115].
As a consequence, for a sufficient large signal-to-background ratio, the background must
be reduced as much as possible. The main source of background is Raman scattering of the
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excitation light. The major Raman scattering peak of water has a wavenumber shift of A7 =
3400 cm™! [116] which results in a wavelength of the Raman scattered light of

e = (A -a9)", (4.7)

where Ay, is the excitation wavelength.

Here, the spectral proximity of cyan fluorescent protein (CFP) and yellow fluorescent protein
(YFP) leads to further complications. The excitation wavelengths must be chosen such, that
the Raman scattering peaks overlay as little as possible with the emission band filters of
CFP and YFP. Likewise, the emission filters should cover most of the emission spectrum. A
reasonable choice of excitation wavelengths that accounts for these constraints is the use
440 nm and 510 nm for CFP and YFP excitation, respectively. CFP is commonly excited with
slightly lower wavelengths [99, 117] but the Raman scattering peak of 440 nm is located at
approximately 516 nm which is sufficiently blocked by the emission filters (see Fig. 4.11).
Note, that 440 nm is only the nominal emission wavelength of the employed laser. The actual
emission wavelength of diode lasers can slightly shift from laser to laser. The employed laser
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Figure 4.11: Emission spectra of mTurqouise2 (CFP) and Citrine (YFP) with corresponding
band-pass filters. Raman scattering peak of 440 nm excitation in water was ob-
tained with the fluorescence spectrometer and is sufficiently blocked. Only the
blue shaded area leaks into the YFP channel. Note, that for simplicity only the
emission filters are considered.
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Figure 4.12: Molecular brightness (MB) and signal-to-background ratio of summed CFP and
YFP signal as a function of excitation power of 440 nm laser.

displays an asymmetric, power-dependent emission spectrum with an average wavelength
of 437 nm (see App. Fig. A.1) which is even better blocked by the emission filters.

An excitation power is finally chosen by measuring the molecular brightness and the
signal-to-background ratio as a function of the excitation power for the glucose sensor. This
was done separately for 440 nm excitation and plotting the joint molecular brightness of
CFP and YFP (see Fig. 4.12), and for YFP molecules brightness after 510 nm excitation (see
Fig. 4.13). One can see that the signal-to-background ratio (SB) follows the behavior pre-
dicted by Equation 3.35. For small laser powers, the SB increases because the background is
dominated by the constant, electronic part. For intermediate laser powers, the SB is constant
because both, the MB and the SB increase linearly. The SB decreases finally for large laser
powers because the MB saturates. The optimal laser powers are reached at the end of the
SB plateau. The 440 nm laser was operated at exactly this power of 300 a.u.. This is also the
power at which the number of photons emitted by a single molecule reaches its maximum.
Higher laser powers lead to shorter diffusion times because the CFP photobleaches before it
totally traversed the confocal volume (see App. Fig. A.2). The fact that both considerations
(triplet state occupation vs. photobleaching) result in the same optimal laser power, shows
that both properties can become the limiting factor of a smFRET with fluorescent proteins.
It should be mentioned that the joint MB of CFP and YFP can slightly vary depending on the
amount of FRET.
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Figure 4.13: Molecular brightness (MB) and signal-to-background ratio of YFP signal as a
function of excitation power of 510 nm laser.

The 510 nm laser was operated at the beginning of the plateau at 100 a.u.. The direct YFP ex-
citation is only needed to verify the presence of the acceptor and the lower power prevents
rapid photo bleaching. The conversion to real powers can be found in Appendix Figures A.3
and A 4.

4.9.2 Determination of Correction Parameters «, §, y

Finally, single-molecule experiments of the glucose and crowding biosensor were performed
with the setup presented in the previous section. The workflow of the experiment including
the discrimination of the bursts is described in Section 3.3.3. The PIE scheme was used to
separately excite the donor and acceptor (see Sec 3.2.4). The accurate calculation of burst-
wise FRET efficiencies relies on a likewise accurate determination of the donor and acceptor
intensities (see Eq. 3.16). Besides the detection efficiency ratio y, two further experimental
imperfections need to be accounted for: direct acceptor excitation and spectral leakage of
donor emission into the acceptor channel. Both lead to an apparent increase of the acceptor
signal. The corrected intensities are given by [118]

ID = FD = BGD 5 (4.821)
Iy = F4 - BGa - Lk - Dir, (4.8b)
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where Fp and F, are the measured photon counts for donor and acceptor, and BGp and BG4
are the background counts in the donor and acceptor channel, respectively.

The background is obtained as the product of the dwell time and the background count rate.
The number of leakage photons is given by

Lk = alp, (4.9)

where « is the leakage coefficient that quantifies the ratio of donor photons leaked in the
acceptor channel with respect to those emitted in the donor channel.
The number of directly excited photons is accordingly characterized by a direct excitation
coefficient § according to

Dir = pIjexe, (4.10)

where I{¢ is the acceptor emission signal after direct acceptor excitation.

For the FRET pair of CFP and YFP, the corrections become even more crucial because of
the large spectral overlap of absorption (see App. Fig. A.1) and emission (see Fig. 4.11). The
spectral crosstalk coefficient o depends only on the shape of the donor emission spectrum
and the probability of direct acceptor excitation f is proportional to the acceptor’s absorption
coefficient at 440 nm (donor excitation wavelength) and the ratio of both laser powers [119].
Since these properties are similar for the CFP and YFP variants used for both biosensors, o
and f were determined for the glucose sensor and also used for the crowding sensor.
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Figure 4.14: 2D-plot of raw transfer efficiency E™" and raw stoichiometry S"™*" is used to

sort donor-only molecules (S™" > 0.95, dotted line) and acceptor-only molecules
(8™ < 0.15, dashed line) of all detected glucose sensor bursts. Donor-only and
acceptor-only populations are used to determine « and f, respectively (see main
text). Adopted from [37].
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The determination of @ and f requires an analysis of a donor-only and acceptor-only
species of the sensor, respectively. This was realized by sorting all detected single molecules
in a 2D-plot of E, versus Sy as shown in Figure 4.14. An ensemble of sensor molecules
contains always a fraction of donor-only and acceptor-only molecules due to incomplete
chromophore maturation or bleaching. The stoichiometry is defined by

ID+IA

= ——. 4.11
ID+IA+I£WCC ( )

The raw transfer efficiency and stoichiometry are obtained when only applying the back-
ground correction to all intensities in Equations 4.8a and 4.8b and setting y = 1 in Equation
3.16.
Donor-only molecules appear in the E,4,, Vs. Syqw plot at Sy4y = 1 and, accordingly, acceptor-
only molecules at S;4,, ~ 0. Hence, donor-only molecules were identified with S,4,, > 0.95
and acceptor-only molecules with S,,,, < 0.15. A fit of a Gaussian distribution to the E,,, his-
togram of donor-only molecules yielded a mean of E, 4., po = 0.39 and was used to calculate
the leakage coefficient
Eraw,DO
= D0 _ 644001, (4.12)
1- Eraw,DO

The standard procedure to obtain the direct acceptor excitation coefficient f is to fit the S 4y
histogram of acceptor-only molecules. However, the fit was not reliable because the S,4,-
distributions of the donor-acceptor and acceptor-only populations overlap. As an alternative
approach, the emission of the acceptor-only molecules after donor excitation was analyzed.
The direct excitation coefficient was varied manually until the distribution of the corrected
acceptor signal peaked around zero. The obtained value is

B = 0.078. (4.13)

Finally, the dual-tagged population was used to determine the y factor. Therefore, the
proximity ratio EP" (transfer efficiency for y = 1) and the corrected stoichiometry S were
used. Both quantities are obtained with the fully corrected intensities (see Eqs. 4.8a, 4.8b)
and the respective definitions. The center positions were read by eye (see Fig 4.15) for all
investigated glucose sensor constructs in pure buffer and at 125 mM glucose (see Sec. 4.9.4).
A linear fit of a 1/S;,, against Ej, plot can be used to calculate y according to

)/g[u = m =142 +0.11, (414)

where Q is the y-intercept and X is the slope.

There was not enough data to perform a similar fit for the crowding sensor. Alternatively, it
was assumed that the detection efficiencies for the CFP and YFP variants were similar. As a
consequence, y needs to be solely adjusted for different quantum yields:

¢A,L‘V0’W 8Acrow ¢A,cr0w gA,glu ¢A,crow ¢D,glu
Yerow = 4 =

~ - Yelu = 1.89 +0.15 (4.15)
¢D,cruw 8D,crow ¢D,Brow gD,glu ¢D,cruw ¢A,glu &
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Quantum yields of ¢p,crow = 0.87 [120], dacrow = 0.76 [121], ¢p g1y = 0.90, and ¢ g, = 0.59
were used. The quantum yields of the glucose sensor were obtained with the low intensity
FCS method [122] (data not shown).
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Figure 4.15: (a) 2D-plot of proximity ratio EP" and corrected stoichiometry S°" is used to
identify center of donor-acceptor population (dashed lines). (b) Plot of 1/5°"
against EP" for all investigated glucose sensor constructs. Linear fit (red line) is
used to calculate y (see Eq.4.14). Adopted from [37].
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4.9.3 Correction for PEG 6,000 Background

Background measurements of PEG 6,000 solutions showed a small number of fluorescence
impurities that arise as high FRET events for concentrations above 10 w/w%. Consequently,
background measurements were performed for each PEG 6,000 concentration under identi-
cal conditions as the smFRET sensor experiments and analyzed with the same parameters.
The obtained pseudo FRET histograms were rescaled to the measurement time of the real
experiment and subtracted.

4.9.4 Single-Molecule Characterization of Glucose Biosensor

In order to gain insight into the working principles of the glucose sensor, smFRET measure-
ments were performed at three characteristic glucose concentration: in the absence of glu-
cose, at the Kp around 1 mM, and at the concentration of saturated sensor signal of 125 mM.
First, the most sensitive sensor construct no. 2 was analyzed. The corresponding smFRET
efficiency histograms are shown in Figure 4.16. In presence of 1 mM glucose, two populations
are visible that center at a low and high transfer efficiency. Each of the populations shows a
broad distributions of transfer efficiencies which leads to a partial overlap of them. Without
glucose (for 125 mM glucose) the histograms show only one major population at low (high)
transfer efficiencies with a tail towards high (low) transfer efficiencies. These observations
lead to the following interpretation. The glucose sensor can be described by a two state
system. The apo state corresponds to a low FRET state and is mainly occupied in the absence
of glucose. At saturating glucose concentration, the sensor is mainly in the glucose-bound,
high FRET state and at the Kp concentration both states are equally occupied. Accordingly,
all histograms were fitted globally with two Gaussian distributions that have fixed mean
positions and fixed widths for each population. The weighting of each population was kept as
a free fitting parameter for every glucose concentration. The fit describes the data reasonably
well and it becomes also apparent that due to the large width of the distributions, the high
FRET (low FRET) state in the absence of glucose (at 125 mM) appears only as a shoulder.
The width of the populations is broadened well beyond the shot noise limited width which

is given by [94]
E. (1 _ Ec)
= |——, 4.16
U v (4.16)

where E, is the center position of the population and N, is the average number of photons
within a burst.

A comparison to the shot noise limited distributions is given in Figure 4.17. The effects that
can lead to a broadening of the FRET efficiency distribution are manifold [123]. One inher-
ent reason is the existence of the static averaging regime. The rather low threshold for the
number of donor and acceptor photons might lead to an imperfect static averaging. Further
processes that cause a broadening must occur on a timescale similar or slower than the dwell
time of a few ms. A possible photophysical effects is the triplet state transition which indeed
occurs on a timescale of a few 100 us (see Fig 3.10). So far, it cannot be definitely stated if
also conformational heterogeneity within each state contributes to the broadening. If so, the
fluorescent proteins would not sample the full conformational space, i. e. all accessible posi-
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Figure 4.16: smFRET histograms of glucose sensor construct no. 2 (a) without glucose, (b) at
glucose concentration equal to Kp and (c) at saturating glucose concentration of
125 mM. Adopted from [37].
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Figure 4.17: smFRET histograms of glucose sensor construct no. 2 at saturating glucose con-
centration of 125 mM (a) with shot noise limited widths of populations (dashed
lines) and (b) without the exclusion of donor-only molecules (dashed orange line)
by PIE. Adopted from [37].

tions/orientations, within the ms timescale. The observation of a smaller width in a smFRET
histogram for an unstructured sensing domain suggest such a scenario [124]. In contrast,
the smFRET histograms of the crowding sensors show a similar width which (see Sec. 4.9.6)
contradicts any conformational heterogeneity. The only certain statement that can be made
about dynamics is related to the interconversion dynamics between the unliganded and the
liganded state. The interconversion must take place on a time scale slower than ms because
each population is separately observable in the smFRET histogram at intermediate glucose
concentration [125].

Next, the initial sensor construct no. 1 was characterized as shown in Figure 4.18. In con-
trast to construct no. 2, the distribution of FRET efficiencies peaks already at high values in
the absence of glucose. At the Kp concentration, the distribution becomes asymmetric with
a tail towards lower transfer efficiencies but there is no clear separation of two populations.
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Figure 4.18: smFRET histograms of glucose sensor construct no. 1 (a) without glucose, (b) at
glucose concentration equal to Kp and (c) at saturating glucose concentration of
125 mM. Adopted from [37].
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Further increasing the glucose concentration leads to a hardly noticeable change of the his-
togram. The similarity of the FRET efficiency histograms for 7 mM and 125 mM is caused by
utilization of the intensity ratio R for the determination of Kp. In Section 4.8 it was shown that
the conversion of E to R becomes nonlinear for larger absolute values of E. Since construct
no. 1 works at large absolute values of E, the Kp is systematically overestimated and does
not correspond to an equal occupation of the apo and bound state. Based on the observations
made for construct no. 2, it is nevertheless reasonable to assume also a two state model for
construct no. 1 and, hence, fit the histograms globally with two populations. In comparison
to construct no. 2, the occupation of the high FRET state is much more pronounced in the
absence of glucose and, vice versa, a remarkable fraction remains in the lower FRET state at
125 mM glucose.

The single-molecule characterization of all remaining sensor constructs was not possible
because the experiments are very time consuming. Hence, a subset of constructs was selected
by keeping always one linker of the most sensitive construct no. 2 fixed (flexible donor linker,
no acceptor linker). This subset of constructs corresponds to the second column (all con-
structs with flexible donor linker) and the first row (all constructs without acceptor linker)
in Figure 4.3 . In addition, construct no. 4 was investigated which exhibits interchanged link-
ers with respect to construct no. 2. The smFRET efficiency histograms of construct no. 3, 4,
5, 8 are shown in Appendix Figures A.5, A.6, A.7, and A.8, respectively, and were also fitted
globally with a two state model for each construct. The fitting results for all investigated
constructs are given in Table 4.1.

In summary, the presented examples of construct no. 2 and no. 1 represent the extreme
scenarios of a well and poorly performing sensor, respectively. All other constructs showed
a behavior that was in between. This manifests of course also in the smFRET histograms. A
more detailed analysis that uses the smFRET results to characterize the sensor performance
follows in the next section.

4.9.5 Performance of Glucose Biosensor

In the previous section, the smFRET characterization of the most sensitive (no. 2) and the less
sensitive (no. 1) sensor construct were presented. The FRET efficiency histograms exhibit a
low-FRET population that corresponds to the open (apo) state and a high-FRET state that
corresponds to the closed (liganded) state of the glucose binding domain.

A more quantitative evaluation is possible by comparing the difference of various parame-
ters between glucose saturated (125 mM) and non-liganded conditions that are presented in
Table 4.2. First, each construct can be characterized on the ensemble level with the increase
of the peak intensity ratio AR (see Sec. 4.5). As discussed in Section 4.8, the utilization of R
as a measure for FRET has the disadvantage that, in contrast to the transfer efficiency, the
signal is not proportional to the underlying physical process. This is clearly demonstrated
by comparison of AR to AEqyg ens, the average change in transfer efficiency that would be
obtained at ensemble level. AE,yg ¢ns is calculated by taking the average change of transfer
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construct | glucose [mM] | {E)sm | E; E, o1 oy J2) p2 | AEpin
0 0.62 0.75 | 0.25 | 0.023

no. 1 7 0.67 0.57 | 0.79 | 0.15 | 0.09 | 0.52 | 0.48 | 0.025
125 0.69 0.48 | 0.52 | 0.020

0 0.13 0.92 | 0.08 | 0.040

no. 2 1.1 0.30 | 0.09 | 0.63 | 0.15 | 0.15 | 0.61 | 0.39 | 0.040
125 0.60 0.09 | 0.91 | 0.040

0 0.24 0.85 | 0.15 | 0.040

no. 3 1.1 0.37 | 0.17 | 0.63 | 0.18 | 0.14 | 0.58 | 0.42 | 0.040
125 0.63 0.06 | 0.94 | 0.040

0 0.29 0.63 | 0.37 | 0.040

no. 4 1 0.42 0.18 | 0.48 | 0.17 | 0.18 | 0.17 | 0.83 | 0.040
125 0.47 0.07 | 0.93 | 0.040

no. 5 0 019 1013 | 053 | 016 | 0.16 | 5F | %10 00
125 0.51 0.08 | 0.92 | 0.035

0 0.40 0.64 | 0.36 | 0.040

no. 8 1.2 0.52 0.29 | 0.58 | 0.17 | 0.15 | 0.24 | 0.76 | 0.035
125 0.53 0.17 | 0.83 | 0.040

Table 4.1: Fitting results of smFRET histograms of all investigated glucose sensor constructs.
{E)sm: mean single-molecule transfer efficiency; E;, E,: center position of Gaussian
distribution of low FRET and high FRET state; o3, 03: width of Gaussian distribu-
tion of low FRET and high FRET state; p;, p, weighting of Gaussian distribution
of low FRET and high FRET state; AEy;,: bin width of histogram.

efficiency measured at single-molecule level AEyyq,sm and reducing it according to the donor-
only fraction xpg of the construct (see Fig. 5.24):

AEavg,ens = (1 - xDO) AEavg,sm . (4'17)

For example, construct no. 5 and no. 8 exhibit a similar AR but no. 5 shows a 2.5-fold larger
AEgyg.ens because it operates on an lower absolute value of E.

The difference between the center positions of the high-FRET and low-FRET population
is named AEj,,. It defines the quality of the transduction mechanism, i. e. how well the con-
formational change is transduced in a preferable large change of FRET. In this sense, it sets
the limit for the sensor performance because the maximum change of the transfer efficiency
would be achieved if all molecules transfer from the low-FRET to the high-FRET state. The
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construct | AR | AEsygens | AEavgsm | AEpop | AEavgens/NEpop | AEavg,sm/DEpop
no. 1 0.40 0.04 0.07 0.22 18 % 30 %
no. 2 0.98 0.30 0.47 0.54 56 % 87 %
no. 3 0.92 0.27 0.39 0.47 57 % 83 %
no. 4 0.22 0.14 0.18 0.30 44 % 60 %
no. 5 0.49 0.22 0.31 0.39 57 % 79 %
no. 8 0.52 0.09 0.13 0.29 30 % 45 %

Table 4.2: Parameters characterizing the performance of the glucose sensor constructs.

effects that lead to a reduction of the sensor performance can now be analyzed individually.
First, the ratio AEqygsm/AEpop quantifies to which extend the construct makes use of the
transduction mechanism. A reduction of AE,g sm With respect to AE,., appears if molecules
are already in the high-FRET state in the absence of glucose and if the low-FRET state is
not completely depopulated at saturating glucose conditions. Construct no. 2, 3 and 5 have
the highest utilization levels of the transduction mechanism of around 80 - 90 %. Interes-
tingly, there is a strong correlation between AEqyg,sm/AEpep and AEy,, which implies that
the more efficient the transduction is, the more molecules make use of it. However, there
is neither enough data to confirm a general trend nor a microscopic insight to explain this
phenomenon.

Second, AEqug,ens/ AEpop quantifies how efficient an ensemble measurement would make use
of the translation mechanism, i. e. how the presence of donor-only molecules would further
reduce the signal.

In summary, the following criteria for a highly sensitive sensor can be proposed:

1. A large separation between the center positions of the low-FRET (apo) and the high-
FRET (liganded) state

2. An accumulation in the apo state in the absence of glucose that completely transfers
to the high FRET state for glucose saturation

3. A low donor-only fraction

With the help of the smFRET data it is now possible to separately check the fulfillment of
the above points. If a constructs shows for example a reasonable large AE,,, but only a low
fraction of the molecules change from the low- to the high-FRET state, this might indicate
that the fluorescent proteins hinder the conformational change of the binding domain. A
minor change of the sensor layout, e. g. a elongation of the linkers, could already improve
the sensitivity. If on the other hand AE,, is small, a major revision of the sensor layout, e. g. a
change of the fluorescent proteins’ attachment position, is most promising. High donor-only
fractions indicate a reduced acceptor chromophore maturation which can either originate
from incorrect folding or non-ideal cultivation/purification conditions.
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4.9.6 Single-Molecule Characterization of Biosensors in Crowding
Conditions

In Section 4.6 it was shown that the crowding sensors exhibit a linear increase of intensity ra-
tio R as aresponse to increasing crowder concentrations. The underlying sensing mechanism,
however, remained unclear. In order to get a more detailed picture, smFRET measurements
of both constructs were performed in absence, at 10 w/w%, and at 20 w/w% of PEG 6,000.
Applying the procedure described in Section 3.3.3 yielded the transfer efficiency histograms
presented in Figure 4.19. The histograms are well described by a single Gaussian distribution
which continuously shifts towards larger transfer efficiencies with increasing crowder con-
centrations. Sensor construct G18 shows larger energy transfer efficiencies than construct
GE but both sensors behave qualitatively similar (see Tab. 4.3 for fitting parameters). The
width of the Gaussian distribution increases slightly for increasing crowder concentrations.
However, the shot noise width increases also if the transfer efficiency approaches 0.5 (cf. Eq.
4.16). Comparing the fitted width with the shot noise width indicates an additional, slight
broadening for 20 % PEG 6,000 (see Tab. 4.3). A FRET-FCS analysis [126] (data not shown) did
not show any dynamics on the time scale faster than the dwell time of a few ms. In summary,
both crowding sensor constructs behave rather homogeneously by taking more compacted
conformations with increasing crowder concentrations that are static on timescales of mil-
liseconds.

construct | PEG 6,000 [w/w%] | E; 01 | AEpin | osn | 01/0sn
GE 0 0.115 | 0.13 | 0.040 | 0.050 2.6
GE 10 0.182 | 0.14 | 0.050 | 0.062 2.3
GE 20 0.240 | 0.17 | 0.052 | 0.063 2.7
G138 0 0.357 | 0.16 | 0.050 | 0.073 2.2
G18 10 0.403 | 0.17 | 0.040 | 0.078 2.2
G18 20 0.453 | 0.20 | 0.059 | 0.073 2.7

Table 4.3: Fitting parameters of smFRET efficiency histograms of crowding sensors. E;: cen-
ter position of Gaussian distribution; oy: width of Gaussian distribution; AEp;,: bin
width of histogram; oy,: shot noise limited width.

In Section 4.7 it was shown that also the glucose sensor shows a linear increase of R with
increasing crowder concentrations. The remaining question is whether crowding has a simi-
lar effect like glucose, i. e. a change of population occupancies (see Sec. 4.9.4), or if it causes a
shift of the population as observed for the crowding sensor. To access that question, smFRET
measurements of glucose sensor no. 2 were performed at various concentrations of PEG
6,000 up to 20 w/w% (see Fig. 4.20). The FRET efficiency histograms were fitted with two
Gaussian populations but, in contrast to glucose titration, the fit parameters were free for
each PEG concentration. Global fitting approaches fail to describe especially the histogram
for 20 w/w% PEG (see App. Fig. A.9). Both populations continuously shift towards higher
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Figure 4.19: smFRET histograms of crowding sensor construct GE (left column) and G18

(right column) in absence of crowding (top row), for 10 w/w% PEG 6,00 (mid-
dle row), and for 20 w/w% PEG 6,000 (bottom row). All histograms are fitted
with a single Gaussian distribution. The center of the non-crowded population
is marked with a vertical dashed line to better notice the shift with increasing
crowder concentrations. Adopted from [37].

transfer efficiencies whereas the weighting of each population stays approximately constant
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(see Tab. 4.4 for fitting results). Hence, the glucose sensor and the crowding sensor show a
qualitatively similar response to crowding.
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Figure 4.20: smFRET histograms of glucose sensor no. 2 in various concentrations of PEG

6,000. Histograms are fitted individually with a two Gaussian distributions. The
mean values of both Gaussian populations are marked for the non-crowded and
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Finally, the effects of crowding and glucose sensing were investigated in a combined man-
ner by putting the glucose sensor no. 2 in 10 w/w% of PEG 6,000 and obtaining smFRET his-
tograms in absence, at 1 mM, and at 125 mM of glucose (see Fig. 4.21). Although the isother-
mal binding curves showed that glucose sensing is still possible in presence of crowding
(see Fig. 4.6), a detailed analysis of the single-molecule data was not possible because the
smFRET histograms show only minor changes. This is again caused by the non-linear con-
version from E to R. Nevertheless, the ensemble measurements indicated a similar sensing
mechanism as in the absence of crowding. The histograms were accordingly fitted globally
with a two state model (see Tab. 4.4 for fitting results). This interpretation is yet a bit vague
and the experiment should be repeated with lower PEG concentrations.

glucose [mM] | PEG 6,000 | <E)sn | Ei E; o1 o | P P2 | AEpin
0 0Ow/w% 0.192 | 0.084 | 0.384 | 0.13 | 0.22 | 0.66 | 0.34 | 0.025

0 1.25w/w% | 0.228 | 0.085 | 0.432 | 0.15 | 0.23 | 0.60 | 0.40 | 0.050

0 2.5w/w% | 0.333 | 0.147 | 0.496 | 0.17 | 0.21 | 0.47 | 0.53 | 0.050

0 5wW/wW% 0.348 | 0.227 | 0.646 | 0.20 | 0.15 | 0.72 | 0.28 | 0.050

0 10 w/w% 0.517 | 0.395 | 0.716 | 0.23 | 0.15 | 0.62 | 0.38 | 0.050

0 20 w/w% 0.602 | 0.548 | 0.736 | 0.21 | 0.10 | 0.67 | 0.33 | 0.042

0 0.529 0.27 | 0.73 | 0.050

1.1 10 w/w% 0.583 | 0.292 | 0.608 | 0.19 | 0.19 | 0.08 | 0.92 | 0.025

125 0.587 0.07 | 0.93 | 0.020

Table 4.4: Fitting parameters of smFRET histograms of glucose sensor no. 2 in crowding con-
ditions. {E)s,,: mean single-molecule transfer efficiency; E;, E,: center position of
Gaussian distribution of low FRET and high FRET state; o1, 02: width of Gaus-
sian distribution of low FRET and high FRET state; p;, p, weighting of Gaussian
distribution of low FRET and high FRET state; AEy;,: bin width of histogram.
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Figure 4.21: smFRET histograms of glucose sensor no. 2 in 10 w/w% PEG 6,000 (a) without
glucose, (b) at glucose concentration equal to Kp, and (c) at saturating glucose
concentration of 125 mM. Histograms are fitted globally with sum of two Gaus-
sian distributions. Adopted from [37].
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4.9.7 Reproducibility and Sample-to-Sample Variations

smFRET measurement of FRET-based biosensors are very time consuming and, hence, sys-
tematic repeated measurements were not performed for practical reasons. The reproducibi-
lity was exemplarily checked for the glucose sensor construct no. 2. Yet, reproducibility has
two aspects: (i) differences in detection caused by the setup and (ii) sample-to-sample varia-
tions. The latter point is a common issue when investigating biomolecules. Since biological
systems are very sensitive to their environment, the samples of different production batches
may show variations in their properties. In addition, the storing conditions may have slightly
varied for the different sample batches.

Both aspects of reproducibility were checked in a combined manner by obtaining smFRET
histograms for three different batches of glucose sensor no. 2 (see Fig. 4.22). The measure-
ments were conducted with a time lag of several months. In between, the setup was changed
to the 481 nm/633 nm configuration and back to the 437 nm/509 nm configuration. The new
alignment will cause slightly different detection efficiency that reveal in variations of the cor-
rection parameters (see Sec. 4.9.2). The mean of the apo state shifts slightly from E; = 0.092
for sample #1 to 0.141 and 0.135 for sample #2 and #3, respectively. The population weights
are approximately constant and are given by p; = 0.92/0.93/0.94 for sample #1 to #3.

The minor differences between the histograms demonstrate the reproducibility of the data.
It should be noted that a set of single-molecule measurements was always conducted without
changing the setup and using the same sensor batch. A ‘set of measurements’ denotes vary-
ing one external parameter like glucose or crowding for a certain sensor construct. Hence,
the conclusions drawn from these measurements are not affected by varying detection pa-
rameters or sample-to-sample variations.

4.9.8 Consistency of Single-Molecule and Ensemble Data

As shown in the previous sections, single-molecule data of FRET-based biosensors can pro-
vide more detailed information than ensemble data. Since this is one of the first comprehen-
sive reports about single-molecule studies with genetically encoded biosensors, the reliability
of the approach needs to be demonstrated by relating single-molecule data to ensemble data.
Therefore, an ensemble-equivalent intensity ratio R, is calculated based on the single-
molecule data obtained with the confocal microscope and compared to the ensemble Ryp..
obtained with the fluorescence spectrometer. Since the detection efficiency ratio of the con-
focal setup was determined only for the corrected intensities (see Sec. 4.9.2), the R-value
obtained with the fluorescence spectrometer is also corrected for donor crosstalk

In - (F/2) I A
Ripec = %Df”)D - R—j:% = R-0392, (4.18)
D

where f4 and fD are intensities of the area-normalized donor emission spectrum at the ac-
ceptor and donor peak wavelength, respectively (see Fig. 4.8).
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Figure 4.22: Three independent measurements of smFRET histograms of glucose sensor no.
2 in absence of glucose. The histograms are fitted individually with two Gaus-
sian distributions where the mean of the second distribution is fixed E, = 0.628
according to the results obtained in Section 4.9.4. Sample #1 is identical to the
sample presented in Figure 4.16. Adopted from [37].
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The ensemble-equivalent R value of the single-molecules data was calculated by convert-
ing the integrated intensities to peak intensities, correcting for different detection efficien-
cies, and accounting for a donor-only fraction by

8o fi Fa
Rcanf = (1 - xDO) gj ]TDD E > (4-19)

where xpy is the donor-only fraction, &v/gs = y’l%/cbp = 0.462 is the detection efficiency ratio
of donor and acceptor, f4 is the peak-to-area ratio of the acceptor emission spectrum at the
maximum, and Fp and Fy4 are the corrected, burst-averaged intensities of donor and acceptor,
respectively.
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Figure 4.23: Intensity ratio R¢;Z. obtained with the emission spectrometer at ensemble level
is compared to ensemble-equivalent intensity ratio Rﬁ;’;f that is calculated based
on the single-molecule data obtained with the confocal microscope. Adopted

from [37].

A comparison of Rgpec and Reons for the glucose sensor (see Fig. 4.23) shows a reason-
able identity of both quantities. The noticeable spreading around the bisecting dashed line is
most probable related to a varying detection efficiency ratio. The confocal microscope was
regularly changed between a 481 nm/633 nm and the 437 nm/509 nm configuration. A new
alignment will result in slightly different detection efficiencies which will cause the spread-
ing because not all experiments were performed with the same alignment. Data that was
acquired with the same alignment showed a much better consistency.
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4.10 Comparison of Fluorescent Protein-Equipped Versus
Dye-Labeled Biosensors

The performance of different glucose sensor constructs and the response to crowding can be
well studied with single-molecule experiments as shown in the previous Section 4.9. Yet, one
might wonder whether the extensive sensor optimization and the time-consuming single-
molecule characterization is actually necessary, because at least the glucose sensor should be
applied in vitro. If the genetically encoding is not required, one might attach a dye FRET pair
to the sensing domain instead of fluorescent proteins (FPs). Fluorescent dyes will generally
provide a brighter signal and better photostability. Hence, this section deals with the deve-
lopment of a dye-labeled glucose sensor and the question whether it is possible to achieve
a similar sensitivity as for the FP-equipped sensor. It is furthermore investigated if the dye-
labeled sensor shows similar response to glucose and crowding as the FP-equipped analogue.

4.10.1 Accessible Volume Calculation for Dye Attachment to Glucose
Binding Protein MgIB

The dyes were bound to the glucose binding protein MglB by using maleimide functionalized
dye linker that bind to the sulfur atom of a cystein residue. The labeling positions need to be
(i) located at peripheral regions of MglB that are non-crucial for the structural integrity and
function of the protein, e. g. at a loop, and (ii) the inter-dye distance should be close to the
Forster radius Ry to be sensitive to distance changes. The employed dye pair Alexa 488/Alexa
647 has a Forster radius of Ry = 54.5 A [13]. The dyes contain a C6-amino linker which pro-
vides a high rotational mobility that allows < x? >= %3 dynamic averaging. The linker provide
simultaneously also a translational mobility which will lead to a different inter-dye distance
than the distance between the attachment points. Here, accessible volume calculations have
proven to be a useful tool to predict the averaged inter-dye distance [127]. Briefly, the linker
is modeled as a flexible tube and the dye as a sphere (see ref. [36] for geometrical parameter-
ization). An algorithm calculates all dye accessible points that can be reached by the linker
without any steric clashes of the linker or the dye itself. The resulting cloud of points repre-
sents the accessible volume of each dye (see Fig. 4.24). The mean inter-dye distance Rp, is
calculated by averaging over all possible distance combinations [128]. In order to judge if a
certain dye attachment results in a distinct distance change, the mean inter-dye distance was
calculated using the Protein Data Bank (PDB) structures of the apo state (PDB entry: 2FW0)
and the liganded state (PDB entry: 2FVY) of MglB. The FRET efficiencies that correspond to
the calculated Rps were calculated by Equation 3.11 with Ry = 54.5 A. A comparison of dif-
ferent combinations of attachment positions revealed that the attachment to residues 42 and
137 gave the largest difference in FRET efficiencies (see Tab.4.5). Despite extensive search it
was not possible to find attachment points that result in inter-dye distances closer to Ry and
yield a larger distance change between the apo and glucose-bound state.
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Figure 4.24: Visualization of donor (blue) and acceptor (red) AV clouds in open (left) and
closed (right) conformation of MglB. Adopted from [13].

MgIB state Rpa E
glucose-free (PDB: 2FW0) | 65A | 0.27
glucose-bound (PDB: 2FVY) | 58 A | 0.40

Table 4.5: AV parameter of MgIB for dye attachment to residues 42 and 137.

4.10.2 Single-Molecule Characterization of Dye-Labeled Glucose Biosensor

The experimental single-molecule characterization of the dye-labeled glucose sensor was
similar to that used for the fluorescent protein-equipped sensor, i.e. a SmFRET histogram
was generated in absence of glucose, at the sensor’s Kp, and at saturating glucose concen-
trations (see Fig. 4.25). In addition, several other glucose concentrations in between were in-
vestigated. The data was obtained by Michele Cerminara. The resulting smFRET histograms
in absence of glucose and at saturation glucose concentration were fitted with a single Gaus-
sian distribution and are in good agreement with the transfer efficiencies predicted by the
accessible volume (AV) calculation. All other smFRET histograms were fitted with a linear
combination of these distributions with only the relative weights as fitting parameters (see
Tab 4.6 for fitting parameters). This fitting approach assumes a two state model which is a
reasonable assumption but cannot be directly resolved in the smFRET histograms because
the transfer efficiencies of the apo and the saturated state are too close to each other. In fact,
the smFRET histograms show apparently only a shift of the population.

Plotting the fraction of the glucose-saturated state as a function of glucose concentration
yields a sigmoidal binding curve similar to that of the FP-equipped sensor (cf. Fig. 4.26 and
4.4). The increase of the saturated fraction can be fitted in analogy to Equation 4.2 with
the apo and max values fixed to zero and one, respectively. It turns out that the obtained
Kp = 0.9 uM of the dye-labeled sensor is only slightly larger than that of the wild-type MglB
which is 0.2 uM [129]. It has been reported that the apparent affinity of other dye-labeled
sensors is also in the pM-range but can also vary [130]. However, the Kp of the FP-equipped
biosensors is around 1 mM, three orders of magnitude higher than that of the dye-labeled
sensor. It has been shown that the affinity of FP-equipped sensors depends strongly on the
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sensor design and is in the range of uM - mM [26]. A possible explanation for the generally
lower affinity of FP-equipped sensors might be either that the fluorescent proteins hinder
the diffusion of glucose molecules towards the binding site or the attachment of fluorescent
proteins induces mechanical strain to MgIB that slightly changes the conformation of the
binding pocket and therefore lowers the affinity to glucose.

glucose | PEG 6,000 [w/w%] | E; E, o1 fep) P Do
oM 0.29 - 0.09 - 1 -

1M - 0.29 | 0.39 | 0.09 | 0.09 | 0.47 | 0.53
100 mM - 0.39 - 0.09 - 1
- 10 w/w% 0.29 - 0.10 - 1 -

Table 4.6: Fitting results of smFRET histograms of dye-labeled glucose sensors.

Next, the response of the dye-labeled sensor to macromolecular crowding was investi-
gated. A crowder concentration of 10 w/w% of PEG 6,000 was used that resulted in a consid-
erable shift of the FRET efficiency for the FP-equipped sensor (see Fig. 4.20). In contrast, the
FRET efficiency histograms of the dye-labeled sensor in absence and presence of crowding
are indistinguishable (cf. upper and lower panel in Fig. 4.25). This reveals that the glucose
binding protein itself is not compacted by crowding and, hence, the crowding response of
the FP-equipped sensor is solely caused by the presence of the fluorescent proteins.

In summary, despite extensive efforts it was not possible to design a dye-labeled glucose
sensor that reaches similar sensitivity as the FP-equipped glucose sensor. The highest possi-
ble shift of the transfer efficiency for the dye-labeled sensor is AE,,, = 0.10 whereas the best
FP-equipped sensor construct showed AE,,, = 0.54 (see Tab. 4.2). However, the dye-labeled
sensor shows no sensitivity to crowding. The surprising conclusion of this observations is
that one has to question the generally accepted scope of applications. Due to their high sensi-
tivity, FP-equipped biosensors show the best potential for in vitro applications. On the other
hand, dye-labeled sensors offer a better reliability for in vivo applications due to their in-
sensitivity to crowding. Of course, one has to deal with a reduced signal sensitivity but the
application of FP-equipped sensors in crowded environments can lead to a fatal misinterpre-
tation of the signal (see Sec. 4.7). For completeness, it has to mentioned that the incorporation
of dye-labeled sensors into living cells, e. g. by microinjection [113], is challenging.
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cose concentration equal to Kp (1 M), at saturating glucose concentration of
100 mM, and for 10 w/w% PEG 6,000. Adopted from [13].
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Figure 4.26: Fraction of glucose-saturated population in smFRET histogram of dye-labeled

sensor as a function of glucose concentration. Isothermal binding curve is fitted
in analogy to Equation 4.2. Adopted from [13].
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5 Brightness-Gated Two-Color
Coincidence Detection (BTCCD)

5.1 Introduction to Two-Color Coincidence Detection

A biological cell is composed of a multitude of different biomolecules. However, the simple
presence of these individual biomolecules does not create life, it is their interaction. One of
the most crucial properties of biomolecules is, hence, the ability to recognize and specifi-
cally interact with each other. This interaction is frequently a binding between two or more
biomolecules. Thereby, a molecular complex is formed which is in most cases associated with
a biological function [131].
One example of a cellular process that relies on the binding of biomolecules is the formation
macromolecular machines, e. g. ribosomes, which consists of two subunits which in turn are
built from numerous proteins and RNA [132]. Apparently, the binding affinities of the inter-
action partners as well as the presence of co-factors regulate the occurrence of the functional
complex. In the case of ribosomes this regulates consequently the overall protein biosynthe-
sis.
A second example for the importance of binding for biological functions is (intra-) cellular
signaling. Although there is no general mechanism, signaling commonly occurs by binding
of a ‘signaling molecule’ to a receptor molecule which either activates a transducer molecule
or directly initiates a signaling cascade [132].

But how can the binding of two biomolecules be measured? There are various biochemi-
cal/biophysical methods to do so like electrophoresis [133], surface plasmon resonance [134],
or calorimetric approaches, e. g. isothermal titration calorimetry [135]. In contrast to elec-

67
v

Figure 5.1: Fluorescence assay to investigate binding of biomolecules.
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trophoresis and surface plasmon resonance which are both sensitive to a change in the mass
of the molecule (complex), isothermal titration calorimetry directly measures the heat that
is generated due to the binding.

Yet, fluorescence based methods have proven to be beneficial due to the high specificity,
sensitivity and versatility of fluorescence assays. Figure 5.1 illustrates the concept of fluores-
cence-based assays to investigate the binding of two molecules A and B. Molecule A is labeled
with a blue fluorescent dye while its binding partner molecule B is labeled with a red flu-
orescent dye. Without any interaction between both molecules, blue and red fluorescence
will occur independently of each other. If molecule A and B bind, the molecular complex will
show fluorescence of both colors simultaneously. Other combinations of dyes are of course
also possible if their emission can be sufficiently separated.

There are several methods to investigate the presence of the dual-labeled complex. For sin-
gle molecules that are immobilized on a cover slip, one can study the co-localization of blue
and red spots using wide field [136] or total internal reflection microscopy [137]. However,
the presence of the glass surface and interaction with the anchor molecules that are used to
tether the molecules to the cover slip might change the binding characteristics.

For confocal microscopy of freely-diffusing molecules this problem resolves. Here, the most
obvious approach is probably to use correlation techniques such as fluorescence cross corre-
lation spectroscopy (FCCS) [138] because the dual-labeled complex will lead to a cross corre-
lation of the occurrence of blue and red fluorescence. However, the quantitative analysis of
FCCS experiments is in practice challenging because it depends on various calibration steps
and the selected fitting model [33]. Alternatively, one can utilize the occurrence of FRET as
a probe of binding [139]. However, this requires that the distance between the dyes in the
bound state is short enough to enable FRET to occur. The most direct approach is to look for
coincidence of blue and red fluorescence in a single-molecule experiment. This approach is
termed two-color coincidence detection (TCCD) [34].

An accurate, quantitative coincidence detection requires certain experimental conditions
that have to be fulfilled, i. e. (i) the label ratio of each binding partner should be 100% or at
least its value should be known and (ii) fluorescence bursts must be reliable identified for
each color. Both aforementioned issues are covered in the following sections.

5.2 Imperfect Overlap of Confocal Volumes Causes
Underestimated Coincidence

The major prerequisite for a quantitative coincidence analysis is the ability to detect the flu-
orescence of both emitters with a similar probability. This does not mean that both detection
efficiencies have to be identical. It rather implies that if the fluorescence of a dual-labeled
molecule is detected for one color it should be definitely detected also for the other color and
vice versa.

For dual-color confocal microscopy, this implies that the overlap of the MDFs should be
maximized. Two effects can occur that reduce this overlap. First, both confocal volumes differ
in size which is a direct consequence of the diffraction limit. Second, there can be a relative
shift between both volumes due to chromatic aberrations. The presence of both effects was
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Figure 5.2: Schematics of mismatch of blue and red confocal volume and example of border-
line (A) , peripheral (B), and central trajectory (C). Adopted from [140].

verified for the employed setup by dual-color raster imaging of fluorescent beads (see App.
Fig. B.1). The imperfect overlap of both confocal volumes leads to a trajectory-dependent
burst detection efficiency that differs for both colors. Hence, the prerequisite of similar de-
tection efficiencies is not fulfilled because there are trajectories that just penetrate one of the
confocal volumes. Figure 5.2 illustrates this situation. The red confocal volume is larger than
the blue confocal volume and both volumes are shifted with respect to each other. Exemplar-
ily, three trajectories through the confocal volumes are depicted; borderline trajectories that
only touch the red volume at the edge (trajectory A), peripheral trajectories that penetrate
the outer part of the red volume and may eventually touch the blue volume (trajectory B), and
central trajectories that penetrate both, red and blue, confocal volumes centrally. Figure 5.3
shows how the appearance of fluorescence bursts depends on the trajectory of the molecules.
The data was obtained for a 100% dual-labeled nano-bead reference (see Sec. 5.5.2). A single-
molecule transit is detected as a drop of the IPL time trace below the burst threshold (see
dotted and dashed line for blue and red channel, respectively). Three bursts are visible that
correspond to the trajectories depicted in Figure 5.2. Trajectory A just leads to a detection of
a dim burst in the red channel. However, the blue IPL trace is not dropping below the burst
threshold and, hence, no burst in the blue channel is detected. If the molecule trajectory is
starting to touch also the blue volume (trajectory B), also the blue IPL time trace is shortly
dropping below the burst threshold. For a central trajectory (trajectory C), a distinct burst in
both channels is apparent. A coincidence analysis would yield that burst A was not coinci-
dent but only red, and bursts B and C were coincident. Physically, the sample is completely
dual-labeled and, hence, the coincidence would be underestimated.
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Figure 5.3: lllustration of bursts that correspond to borderline (A) , peripheral (B), and central
trajectories (C) (see Fig. 5.2).

This underestimation of coincidence can be avoided if only central trajectories (trajectory
C) are selected for the analysis and trajectories of kind A and B are discarded. Trajectory B
should also not be used for the analysis because the burst in the blue channel is only very
dim and small changes, e.g. changing the burst threshold or the IPL smoothing parameter,
can strongly affect the results of a coincidence analysis. Selecting only central trajectories
leads to quantitative and robust coincidence detection.

5.3 Basic Idea of Brightness Gating

In the previous section it was recognized that for a quantitative coincidence analysis it is
necessary to solely select central trajectories that traverse the overlap region of the confo-
cal volumes. However, it was not discussed which parameter is suitable to do so. Possible
parameter are the dwell time in the confocal volume, i. e. the time the IPL time trace stays
below the burst threshold (see Fig. 5.3), or the burst intensity given in number of photons.
Another option would be to use the IPL itself or the molecular brightness, i.e. the number of
photons normalized to the dwell time.

Figure 5.4 shows the distribution of burst intensities (photons per burst) for the nano-
bead reference (see Sec. 5.5.2). Bursts that consist of only a few photons are very frequent
and correspond to borderline trajectories (trajectory A in Fig. 5.2). Accordingly, peripheral
(trajectory B) and central (trajectory C) trajectories are rather rare. The burst intensity is
thus well suited to select central trajectories because it is easily accessible from the data
(without any post-processing) and there is obviously a clear relation between the trajectory
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Figure 5.4: Distribution of burst brightness of red channel for nano-bead reference. Distri-
bution of blue channel looks similar and can be found in Appendix Figure B.2.
Adopted from [140].

and the burst intensity. In addition, central trajectories lead to an increased burst intensity
in comparison to peripheral trajectories with the same dwell time because the molecular
detection function is maximal at the center of the detection volume (see Sec. 3.2.2). The basic
idea of brightness-gated two-color coincidence detection is to select only bright bursts for
the coincidence analysis because they correspond to central trajectories.

5.4 Implementation of Brightness-Gated Two-Color
Coincidence Detection

The practical implementation of brightness-gated two-color coincidence detection is based
on two thresholds: (i) the burst threshold is used to discriminate a single-molecule fluores-
cence burst against the background and (ii) the brightness threshold selects only bursts that
contain more photons than the threshold value. Subsequently, the coincidence of all bright
bursts in one channel to all burst in the other channel, and vice versa, is calculated. Two
bursts are considered to be coincident if the start or end time tag of one burst lies within the
start and end time of the other burst. The algorithm of BTCCD is illustrated in the flowchart
in Figure 5.5. The brightness threshold n;, is continuously increased and the fraction of co-
incident bursts is calculated by
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Ngp(npr)
fre(npr) = Ne(m) (5.1a)
_ Nir(npr)
fr(npr) = No(m) (5.1b)

where fgrp and fpg are the fractions of coincident bursts in the red and blue channel, Ngp and
Npg are the number of coincident bursts in the red and blue channel, and Ng and N are the
total number of selected red and blue bursts, respectively.

burst detection of all red detection of all blue
threshold bursts / bursts
| !
2
brightness selection of bright selection of bright
threshold n,,, red bursts blue bursts
| !
0
coincidence: coincidence:
bright red + all blue bright blue + all red
coincidence optimal brightness optimal brightness
fractions fg, fg threshold ny o5 threshold ny, o
Ng, Nrs Ng, Ngr
fre= Nra/Ng fer= Nar/Ng
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global increase red increase blue
coincidence brightness threshold brightness threshold

\—>< Nrg=Ngr, Nro. Ngo D(—l

Figure 5.5: Workflow of brightness-gated two-color coincidence detection. Adopted
from [140].

It is difficult to tell a priori how large the brightness threshold should be chosen in order to
sufficiently exclude all peripheral trajectories. Therefore, the coincidence fractions in Equa-
tions 5.1a and 5.1b are plotted as a function of the brightness threshold. Figure 5.6 shows
the dependency of both coincidence fractions on the brightness threshold for the nano-bead
reference (see Sec. 5.5.2). The brightness threshold is normalized to the mean number of
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Figure 5.6: Coincidence fractions of nano-beads as a function of brightness threshold.
Adopted from [140].

photons for all burst of the respective channel. This scaling scheme makes a comparison of
both channels and a comparison to other samples easy. Both coincidence fractions show a
steep increase for low brightness thresholds (np, < 0.2) which diminishes for intermediate
brightness thresholds (0.2 < np, < 0.7) and, finally, turns into a plateau for large brightness
thresholds (np, > 0.7). These three brightness threshold regimes can be related to the tra-
jectories in Figure 5.2. For low brightness thresholds the bursts are dominated by borderline
trajectories (cf. occurrence of trajectories A, B and C in Fig. 5.4). Hence, the fraction of red
coincident bursts is very low (frg(npr = 0) ~ 0.4). The coincidence fraction is not zero be-
cause all type of trajectories are analyzed. However, if the brightness threshold is increased,
more and more borderline trajectories (trajectory A) are excluded from the coincidence ana-
lysis which leads to the steep increase of the coincidence fraction. Finally, larger brightness
thresholds also exclude all peripheral trajectories (trajectory B) and only central trajectories
(trajectory C) enter the coincidence analysis. This central trajectories have always on over-
lap with the blue confocal volume. Thus, a further increase does not change the coincidence
fraction which leads to a saturation of the coincidence fraction and the appearance of the
plateau. Note, that the blue coincidence fraction shows a similar behavior but differs in the
absolute value of coincidence. The red confocal volume is usually larger than the blue one.
Consequently, there are more trajectories that touch the red volume and not the blue vol-
ume than, vice versa, trajectories that touch the blue volume and not the red one. The initial
value of the red coincidence fraction is thus much lower than that of the blue coincidence
fraction. The fact that the blue coincidence fraction is increasing at all, indicates that there is
a pronounced shift between the red and blue confocal volume. Only if some part of the blue
confocal volume juts out of the red confocal volume there are trajectories that are within the
blue volume and not the red one.
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In summary, sufficiently large brightness thresholds lead to saturated coincidence fraction.
How large the brightness threshold is optimally chosen is discussed in the following section.

5.4.1 Determination of Optimal Brightness Threshold

The brightness threshold should be large enough to exclude all peripheral trajectories which
reveals in a saturation of the coincidence fraction (see Sec. 5.4). However, it cannot be cho-
sen arbitrarily large because at some point it would exclude all detected single-molecule
events. Additionally, increasing the brightness thresholds decreases the precision because
less molecules enter the calculation. The relative precision of the coincidence fractions (see

Egs. 5.1a, 5.1b) is given by
9 2: ON. 2+(O-7N)2 (5.2)
f N. N/ '

where f is the coincidence fraction, N is the number of selected bursts and N, is the number
of coincident bursts.

Assuming a Poisson distribution for the number of bursts, i. e. errors are given by the square
root of number of bursts, and rearranging Equation 5.2 leads to

1 1
A (5.3)
f \N. N
As already mentioned, the best guess for the true value of the coincidence fraction is reached
for the largest brightness threshold. Accordingly, the relative accuracy is defined as the dif-
ference to the coincidence ratio of the highest brightness threshold

Ar _ fuigh = f
f f

where fj;gn, is the coincidence fraction of the highest brightness threshold.

The optimal brightness threshold is reached when a gain in accuracy due to an increase of
the brightness threshold is overcompensated by a loss in precision. In practice, the optimal
brightness threshold is determined individually for each channel by plotting the relative
precision (Eq. 5.3) and relative accuracy (Eq. 5.4) and determining their intersection as shown
in Figure 5.7.

(5.4)

The definition of accuracy in Equation 5.4 requires a careful selection of the highest bright-
ness threshold. On the one hand it needs to be high enough to ensure that the plateau is
reached. On the other hand it should not be too high because the coincidence fraction is then
fluctuating a lot due to the low precision. In addition, the presented approach to determine
the optimal brightness threshold leads to a systematic underestimation of the coincidence
fractions.
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Figure 5.7: Determination of optimal brightness threshold as intersection of relative preci-
sion and accuracy. Data shown for red channel of nano-bead reference. Same
analysis for blue channel can be found in Appendix Figure B.3.

5.4.2 Fitting of Coincidence Fraction Curves

An alternative approach to determine the saturated coincidence fraction is to fit the coinci-
dence fraction curves with a suitable function. This function should exhibit a strong increase
for low brightness thresholds and a saturating behavior for large brightness thresholds. A
phenomenological comparison reveals that a bounded exponential function is well suited to
describe the coincidence fractions. The coincidence fractions can be fitted by

f(nbr) = fsat - Af e_nbr/nlz (5-5)

where f;,; is the saturated coincidence fraction, Af is the increase of the coincidence frac-
tion, and ny, is the half-value brightness threshold.
A fit of the coincidence fractions is exemplarily shown for the nano-beads in FIgure 5.8. The
fitting parameters of all samples can be found in the Appendix Tables B.1 and B.2.

5.4.3 Global Coincidence Analysis

In many applications it is sufficient to determine the coincidence of one color to the other
color, e. g. to characterize the molecular binding or interactions. However, there are situa-
tions where the total ensemble of molecules should be characterized. The characterization
includes the quantification of molecules that show only blue fluorescence (Npy), only red
fluorescence (Ngo) or fluorescence of both colors (Npg, Ngp). Since in BTCCD two bright-
ness thresholds are used for the coincidence analysis, there are also two coincidence values,
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Figure 5.8: Fitting of coincidence fractions of nano-bead reference.

i. e. the fraction of coincident blue bursts with respect to all selected blue bursts and, accord-
ingly, the fraction of coincident red bursts with respect to all selected red bursts. However,
the number of coincident bursts is not necessarily equal for both colors because different
subensembles of all detected bursts were selected to characterize the ensembles of red and
blue labeled molecules. In the picture of trajectories, these are different sets of trajectories.

The idea of a global coincidence analysis is to obtain the same number of coincident bursts
for both colors, i.e. Ngg = Ngp. The general procedure is shown in Figure 5.5 and illustrated
using the data obtained for the single dye dsDNA reference in Figure 5.9. The starting points
for the global coincidence analysis are the optimal brightness thresholds of the individual
channels (see Sec. 5.4.1). Subsequently, the brightness threshold of the color that shows the
larger number of coincident bursts is increased until the number of coincident bursts equals
that of the other color. Increasing the brightness threshold is only reducing the total burst
number but is not remarkably changing the coincidence fraction because it saturated. Fi-
nally, the number of coincident red bursts Ngg and coincident blue bursts Npg equal, and the
number of only red Ngy and only blue bursts Np, can be calculated (see Fig. 5.9).

An example where a global coincidence analysis is relevant is given by FRET-based biosen-
sors (see Sec. 5.9). Here, the global fraction of dual-labeled biosensors matters as single-
labeled sensor molecules reflect waste products in the biotechnological context.

5.5 Reference Samples

The capabilities of BTCCD can be evaluated by means of reference samples. A reference
sample has to have a well-defined fraction of dual-labeled molecules that is a priori known
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Figure 5.9: Procedure of global coincidence analysis. The number of coincident bursts at the
optimal brightness threshold is compared. The brightness threshold of the chan-
nel that results in the larger number of coincident burst (here blue) is increased
until the number of coincident bursts is equal for both channels (Nzp = Npr). The
number of single labeled molecules is given by the difference to the total number
of burst in the respective channel (indicated by gray arrows).

and/or can be determined independently. The most obvious approach is to have 100 % of
dual-labeling because this can be verified with independent ensemble measurements like
absorption spectroscopy. If the dual-labeling ratio would be below 100 %, absorption spec-
troscopy can reveal the individual concentrations of the fluorophores but it would be unclear
how they distribute among the molecules.

A reliable approach to achieve full dual-labeling is to label each reference molecule with
multiple dyes. The reference molecules should exhibit a homogeneity in size and for the
number of labeling sites. Still, the number of fluorophores per molecules will exhibit a certain
distribution but if the mean number of fluorophores is sufficiently large, it can be neglected
that the molecule is not even labeled with a single fluorophore.

In this section different reference samples are utilized where the number of fluorophores
per molecules is systematically reduced. First, TetraSpeck beads that carry a large number
of dyes (~ 100) are used as a reference (see Section 5.5.1). In the following, a custom-made
DNA origami sample is used where the number of dyes is reduced to only a few (see Section
5.5.2). Consequently, the number of dyes is reduced to a single copy of each color using DNA
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oligonucleotides and the impact a different dye combinations is investigated (see Sections
5.5.3 and 5.5.4).

5.5.1 TetraSpeck Beads

TetraSpeck beads consist of polystyrene spheres with a diameter of 100nm that are decorated
with hundreds of dyes in four spectral regions. The high labeling ratio guarantees full coinci-
dence and very bright fluorescent bursts in a single-molecule experiment. Figure 5.10 shows
the corresponding coincidence fractions. As expected, both coincidence fractions reach 100 %
after a steep increase for low brightness thresholds.
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Figure 5.10: Coincidence fractions of TetraSpeck beads as a function of brightness threshold.
After a steep increase for low thresholds both colors show full coincidence.

Although the coincidence reaches 100 % and it would remarkably underestimated without
brightness gating. TetraSpeck beads have some drawbacks as reference samples. First, funda-
mental parameter like the diffusion coefficient or the molecular brightness are much different
in comparison to the samples of interest. The diffusion coefficient of TetraSpeck beads was
determined with FCS to be 2.28 @ which is at least one order of magnitude smaller than
that of the samples of interest. Due to the high labeling ratio the excitation powers have to
be chosen approximately two orders of magnitude lower than for single dye labeled sam-
ples in order not to saturate the detectors. Owing to the high signal-to-background ratio the
burst thresholds are also not comparable to that of single dye samples. Second, the spatial
distribution of dyes is different for TetraSpeck beads. The dyes are smeared out over a sphere
with 100nm diameter whereas biomolecules of interest have usually dimensions of s 10nm.
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5.5.2 Nano-Beads

As shown in the previous section, TetraSpeck beads show indeed full coincidence but they
differ in crucial properties like diffusion coefficient and molecular brightness from the later
samples of interest. As a better suited reference we utilized a sample manufactured with
DNA origami technology [141] that was multiply labeled with ~ 5 dye copies of each Alexa
488 (blue) and Atto 647N (red). DNA origami technology allows to create various geometries
and place the dyes at well-defined positions. This freedom of the sample design was already
used to create rod-like structures with well-defined dye separation that serve as calibration
standard for super-resolution microscopy [142]. The BTCCD reference is a bead-like struc-
ture with a diameter of 23 nm. The obtained diffusion coefficient of 11.0 % is in reasonable
agreement with the size. Multiple dye labeling ensures a complete dual labeling and prevents
a full darkening due to blinking because the dyes blink independently. The dye separation is
however large enough to exclude the occurrence of FRET. Due to the similarity to TetraSpek
beads, but having smaller dimensions, we termed the reference sample ‘nano-beads’.

Figure 5.6 shows that both coincidence fraction reach indeed full coincidence which proves
the capability of the brightness-gated two-color coincidence approach in combination with
nano-beads as a reference sample.

5.5.3 Double-Stranded DNA Labeled with Alexa 488 and Atto 647N

In many fluorescence assays that are applied in a biological context it is not possible to label
the interaction partners with several fluorophores. In contrast to the nano-bead reference
introduced in Section 5.5.2, a more realistic reference sample would therefore only have one
dye copy of each color. For that purpose, we utilize a dsDNA oligonucleotide that consists of a
single-stranded DNA (ssDNA) that is labeled with one dye copy of Alexa 488 (blue) and Atto
647N (red) each. The dual labeled ssDNA is hybridized to its complementary DNA strand in
order to obtain the well-defined structure of double-stranded DNA. The dual labeling on the
same single strand is important because it ensures a constant coincidence fraction despite
an eventual dissociation of the double strand at the low concentration of a few 10 pM that
are used during the single-molecule experiment.

Figure 5.11 shows the distribution of the photon counts per molecule for the dsDNA ref-
erence sample. The photon counts are similar to that obtained for the nano-bead reference
(cf. Fig. 5.4 and 5.11) which was intentionally reached by using lower laser powers for the
nano-beads. The nano-beads sample was excited with a power of 100a.u. (4.2 yW) and 100 a.u.
(3.7 uW) for the blue and red laser, respectively. The single dye dsDNA reference was excited
with a laser power of 500 a.u. (21 pW) and 500 a.u. (18 uW) in blue and red, respectively. Si-
milar brightnesses of both reference samples can rule out any bias due to different photon
counting statistics. The obtained coincidence fractions as a function of brightness threshold
are shown in Figure 5.12. The y-intercepts, i. e. the coincidence fractions for nj, = 0, are
different compared to the nano-bead reference (cf. Fig.5.6 and 5.12). The difference might
be attributed to slightly different parameters for burst identification and the presence of
blinking for the dsDNA reference. However, a similar steep increase of the coincidence frac-
tions can be observed which turns into a plateau. The saturated coincidence fractions are
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Figure 5.11: Distribution of burst brightness of red channel for dSDNA (Alexa 488/Atto 647N)
reference. Distribution of blue channel looks similar and can be found in Ap-
pendix Figure B.4. Adopted from [140].

frp = 0.95 £ 0.01 and fg = 0.94 + 0.01. The small deviation to full coincidence is most likely
caused by incomplete dual labeling or bleaching of one dye. Nevertheless, published coinci-
dence fractions for a single dye reference are much smaller [143].

5.5.4 Double-Stranded DNA Labeled with Alexa 488 and Alexa 647

In the previous section it was shown that BTCCD yields almost 100 % coincidence for a single
dye labeled reference sample. Was that only a lucky ‘coincidence’ for this specific reference
sample or can this also be observed for other single-labeled references? In order to answer
this question, the same DNA oligonucleotide was taken and labeled with the red dye Alexa
647 instead of Atto 647N. Alexa 647 is a bright and rather photostable dye suitable for single-
molecule experiments but shows however a pronounced photoblinking [144].

The coincidence analysis is shown in Figure 5.13 and yields coincidence fractions of 0.95 +
0.01 and 0.82+0.03 for the red and blue channel, respectively. In comparison to the Atto 647N-
labeled reference, the coincidence fraction of the red signal is identical within the errors. This
is consistent because the coincidence of red to blue is calculated and the blue dye (Alexa 488)
was retained. In contrast, the coincidence fraction of blue bursts reduces by ~ 12 % which is
caused by the exchange of the red dye. Since all experimental conditions were kept identical,
especially the laser powers, the reduced blue coincidence is caused by long-lived dark states
of Alexa 647 that are common for many carbocyanine dyes and occur on a ms-s time scale
[145]. The typical dwell time of the molecule in the detection volume is ~ 1 ms and if Alexa
647 is dark during the entire transit there can obviously no coincidence be detected.
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Figure 5.12: Coincidence fractions of dsDNA (Alexa 488/Atto 647N) reference as a function
of brightness threshold. Adopted from [140].

Although the long-lived dark states are a rather special characteristic of Alexa 647, the
example demonstrates that a careful choice of dyes for coincidence analysis has to be made
and, if possible, a calibration with a completely dual-labeled reference should be performed.
If the calibration measurement yields coincidence values that are considerably lower than
100 %, these values should be used to rescale the coincidence fractions in a latter experiment.
In the case of Alexa 647, this means that the highest detectable blue coincidence fraction
is 0.82 and if similar coincidence fractions are obtained for an unknown sample the true
coincidence fraction is actually 100 %.

5.6 Benchmark with Conventional Two-Color Coincidence
Detection

In this section, the superiority of BTCCD over conventional two-color coincidence detec-
tion (TCCD) is demonstrated by a direct comparison. Therefore, the data obtained for all
three reference samples is analyzed with state-of-the-art TCCD and the results are com-
pared to those obtained with BTCCD. Conventional TCCD uses binned time traces with an
individual brightness threshold applied to each channel. The optimal threshold values are
determined by maximizing the coincidence fraction as a function of the threshold values
[91]. In particular, the association quotient

CCOY

Q= 3+R-Cou

(5.6)
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Figure 5.13: Coincidence fractions of dsDNA (Alexa 488/Alexa 647) reference as a function
of brightness threshold. Adopted from [140].

is maximized, where C,,, is the corrected rate of coincidence events and B and R are the rate
of bursts in the blue and red channel, respectively.
The corrected rate of coincident bursts is calculated by subtracting the rate of chance coin-
cidences:

Ceor = C-BRT (5.7)

Here, C is the measured rate of coincidence bursts and 7 is the binning time. The binning
time should be chosen slightly longer than the typical dwell time in the confocal volume.
Accordingly, a value of 7 = 1 ms was used. The identification of the maximum association
quotient Qy,qy is presented in Figure 5.14.

For a comparison of the obtained coincidence to that obtained with BTCCD, individual co-
incidence fractions of each color are calculated in analogy to Equation 5.1:

frB = (5.8a)

far =

Ol

c (5.8b)
Table 5.1 summarizes the TCCD results for the three calibration samples. In comparison to
the BTCCD analysis, the coincidence fractions are underestimated by ~ 20 % for the nano-
beads and up to ~ 30 % for the single-dye calibration samples.

Interestingly, the TCCD approach also utilizes brightness thresholds for the photon counts
in each channel. The main difference to BTCCD is that both thresholds are applied simultane-
ously. This reduces the dimension of the detection volumes and thereby eventually increases
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Figure 5.14: Association quotient (see Eq. 5.6) of conventional two-color coincidence detec-
tion plotted in color code depending on the brightness thresholds of the blue
and red channel. Maximum value is marked with green cross. Data shown for
dsDNA (Alexa 488/Atto 647N). Same analysis for other dsDNA reference and
nano-bead can be found in Appendix Figure B.5. Adopted from [140].

the overlap. However, this approach cannot compensate for a relative shift of both detection
volumes and variations of the relative brightness, e. g. due to blinking.

reference C B R Omax | fer | frB
nano-beads 2.16Hz | 2.63Hz | 2.78Hz | 0.66 | 0.81 | 0.77
dsDNA Alexa 488 / Atto 647N | 7.28Hz | 11.0Hz | 11.1Hz | 0.48 | 0.66 | 0.66
dsDNA Alexa 488 / Alexa 647 | 0.92Hz | 1.57Hz | 1.46Hz | 0.43 | 0.58 | 0.62

Table 5.1: Parameter of conventional TCCD analysis of reference samples.

5.7 Testing the Limits of BTCCD

5.7.1 Dependency on Burst Detection Parameters

The impact of the burst detection parameters, i. e. IPL smoothing value and burst threshold,
on the coincidence results was tested by varying the parameters and performing each time
a new BTCCD analysis. First, solely the IPL time trace smoothing values m (see Eq. 3.39) or
solely the IPL burst thresholds (see Fig. 3.12) were varied concurrently for both channels.
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Second, the smoothing values or the burst thresholds were varied conversely, i.e. they were
increased for one channel and decreased for the other channel or vice versa.
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Figure 5.15: Fraction of coincident (a) red and (b) blue bursts as a function of bright-
ness threshold for dsDNA reference (Alexa 488/Atto 647N). The IPL time trace
smoothing parameter m is varied concurrently for both channels around the
used value (black lines). Note, that large smoothing values will already filter out
dim bursts. The red coincidence fraction shows generally a stronger dependency
on the smoothing parameter, however, all coincidence fractions saturate at ap-
proximately the same value. Adopted from [140].

The coincidence fractions as a function of brightness threshold are shown exemplarily
for the dsDNA reference (Alexa 488/Atto 647N) in Figure 5.15 for concurrently increasing
or decreasing the IPL smoothing value m and in Figure 5.16 for conversely changing the
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Figure 5.16: Fraction of coincident (a) red and (b) blue bursts as a function of bright-
ness threshold for dsDNA reference (Alexa 488/Atto 647N). The IPL time trace
smoothing parameter m is varied from the used value (black lines) conversely for
both channels. The red and blue coincidence fractions show an opposite depen-
dency on the smoothing value combinations because a higher smoothing value
leads to a preselection of bright bursts in the respective channel and, hence, to
higher coincidence fractions and a saturation at smaller brightness thresholds.
Adopted from [140].

smoothing values. The same analyses for a variation of the IPL burst threshold can be found
in Appendix Figures B.6 and B.7. In all analyses, the brightness thresholds are plotted on an
absolute scale because the burst detection parameters have a pronounced impact on the av-
erage burst brightness and, hence, using the normalized brightness thresholds would distort
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the comparison.

In the case of a concurrent change of the burst detection parameters (see Fig 5.15 and App.
Fig. B.6) the coincidence fraction of red bursts shows some variance, whereas that of blue
bursts is almost unaffected. This can be interpreted as a higher robustness of the red bursts
against a variation of the burst detection parameters. Most important, all coincidence frac-
tions saturate at approximately the same value.

A converse change of the burst detection parameters (see Fig 5.16 and App. Fig. B.7) has
the strongest impact on the coincidence fractions which reveals in different shapes of the
coincidence fractions as a function of brightness threshold. For example, using a high IPL
smoothing for the red channel and a low IPL smoothing for the blue channel leads to a shift
towards higher red coincidence fractions and a faster saturation in comparison to the origi-
nal thresholds. In contrast, the blue coincidence fraction starts at lower values and saturates
at higher brightness thresholds. This can be understood as a preselection of bright red bursts
and a detection of dim bursts in the blue channel. Again, the saturation values of the coinci-
dence fractions are not remarkably affected by the burst detection parameters.

mgr/ mp | IPLp/IPLg R e B ine
2/2 | 110ps/ 120 ps | 0.945+0.007 | 0.94 + 0.01
0/4 | 110ps/120pus | 0.937 £0.006 | 0.94 +0.01
4/0 | 110ps /120 ps | 0.953 +0.006 | 0.913  0.009
2/2 55pus /180 us | 0.939 £0.005 | 0.94 +0.01
2/2 165 ps / 60 s | 0.939 +0.008 | 0.928 + 0.009

Table 5.2: Robustness of coincidence fractions measured for the dsDNA reference (Alexa
488/Atto 647N) for varied burst detection parameters. First line shows the initial
parameters. Relative changes of +100 % of the smoothing value m (see Fig. 5.16) and
+50 % of the IPL threshold value (see App. Fig. B.7) are applied conversely for the
red and blue channel. Remarkably, the coincidence fractions are extremely robust
and agree mostly within the errors.

The burst detection parameters and the obtained coincidence values are summarized in
Table 5.2. Although the burst detection parameters are varied beyond a reasonable range,
the coincidence fractions are remarkably stable.
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5.7.2 Dependency on Laser Power and Photobleaching

When a dual-labeled molecule, e. g. blue- and red-labeled, transverses the confocal volume
there is a certain probability that one of the two fluorophores photobleaches, a fact that would
bias the coincidence results. The BTCCD approach can potentially reduce the impact of pho-
tobleaching on the coincidence fractions to some extent. The probability that a fluorophore
bleaches immediately after entering the confocal volume is low. In contrast, if bleaching oc-
curs, it is likely to happen after the molecule traversed already some part of the confocal
volume. It is thus also likely that it already emitted enough photons to be recognized by the
burst detection threshold. Since BTCCD compares bright bursts in one channel with all burst
in the other channel, the coincidence is still detected although one fluorophore bleached.
However, this bleached molecule could reoccur in the confocal volume, now as physically
single-labeled, and could be identified incorrectly. Assuming that both fluorophores have a
similar photo-stability, there is an increased probability that the remaining fluorophore will
also bleach and, hence, the burst will not enter the analysis because it is not bright.

The impact of the photo-stability of a fluorophore can be investigated by varying the ex-

citation power of the corresponding laser. However, this will also affect the effective size and
overlap of the confocal volumes (see Fig. 5.2). This effect can be visualized by changing only
one excitation power and keeping the other one constant. This is shown for varying the red
laser power in Figure 5.17 where a difference of the coincidence fraction due to differences
in the confocal overlap can be observed for low brightness thresholds. This effect levels off
for larger brightness threshold which proves the robustness of BTCCD.
Returning to the impact of photobleaching, both laser powers were varied simultaneously
which should keep the relative overlap of the confocal volumes fairly constant. The coin-
cidence fractions for various laser powers are shown in Figure 5.17 for the dsDNA (Alexa
488/Alexa 647) sample. The red coincidence fractions remain constant over the range of laser
powers (red dotted line) indicating that the blue dye (Alexa 488) is not bleaching. The blue
coincidence, however, shows a linear decreasing trend for increasing laser powers (indicated
by blue dotted line) which is due to bleaching or long-lived dark states of the red dye (Alexa
647). The BTCCD characterization of the single dye-pair dsDNA references was performed
using 500 a.u. for both lasers so that photobleaching should only have a minor effect.
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Figure 5.17: (a) Red coincidence fraction of dsDNA (Alexa 488/Alexa 647) reference for vari-
ous red laser powers. Decreasing the laser power increases the overlap with the
blue volume which causes larger starting coincidence fractions (n,, = 0). The sat-
urating coincidence fraction (above np, ~ 0.8) is rather similar for all laser powers
which demonstrates that BTCCD is independent of the laser power (at moderate
laser powers). (b) Photo-stability of same dsDNA reference. Blue and red laser
powers are increased simultaneously. The red coincidence fractions remain con-
stant and the blue coincidence shows a linear decreasing trend for increasing
laser powers (indicated by dotted lines) which is due to moderate bleaching or
long-lived dark states of the red dye (Alexa 647). Adopted from [140].
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5.7.3 Minimal Measurement Time

In order to investigate how long a BTCCD measurement needs to last for a reliable quantifi-
cation of the coincidence fractions, the data obtained for the dsDNA (Alexa 488/Atto 647N)
was chopped into subsets that correspond to measuring times of 30 sec., 1 min., 2 min., 5 min.,
20 min., 2 hrs., 4 hrs., and 8 hrs.. The average rate of detected bursts was 13.5 Hz. Each of these
data sets was then individually analyzed with BTCCD.
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Figure 5.18: Coincidence fractions of dsDNA reference (Alexa 488/Atto 647N) for varying
measuring times. Adopted from [140].
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Figure 5.19: Determined coincidence fraction of Figure 5.18 applying (a) the algorithm to
identify the optimal brightness threshold (see Sec. 5.4.1) or (b) the fitting ap-
proach (see Sec. 5.4.2). Adopted from [140].

Figure 5.18 shows the coincidence fractions as a function of brightness threshold for both
channels. While the red coincidence fractions for 30 sec. and 1 min. are slightly lower than
that of longer measuring times, all blue coincidence fractions are similar. For longer measur-
ing times, the noise of the coincidence curves is obviously reduced and for measuring times
exceeding 20 mins. the curves are almost identical. Applying the procedure to identify the
optimal brightness threshold (see Sec. 5.4.1), one obtains the saturating coincidence fractions
given in Figure 5.19. Two features can be observed: (i) the errors for short measuring times
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are rather large due to the low number of bursts and (ii) the coincidence fractions are under-
estimated for short measuring times and increase for increasing measuring times until they
reach a constant value for measuring times of 20 minutes and longer. The underestimation
of the coincidence fractions for short measuring times results from the algorithm to find
the optimal brightness threshold (see Sec. 5.4.1). If only a low number of bursts is available
to calculate the coincidence fraction, the statistical error is high and the determined value
of the optimal brightness threshold is at a position where the coincidence fraction did not
yet saturate. This can also be seen by comparing the upper ends of the error bars for the
low measuring times. They all agree with the saturating coincidence fractions for measuring
times larger than 20 minutes. Based on that observation, the coincidence fractions curves
were additionally fitted by the function given in Equation 5.5. The obtained f;,;-values for
the different measuring times are given in the lower panel of Figure 5.19. Even for the short-
est measuring times, the coincidence fractions are well determined, however, the errors are
obviously underestimated. For measuring times of 20 minutes and larger, the fitted coinci-
dence fractions agree well with that using the optimal brightness threshold (cf. upper and
lower panel in Fig. 5.19).

In summary, for short measuring times (< 20 mins.) the coincidence fractions using the opti-
mal brightness threshold are underestimated and the saturating coincidence fractions should
be determined by eye or by fitting. Doing so, even a 1 minute BTCCD measurement can
provide an accurate value of the coincidences, however, the error due to the low number
of analyzed bursts is considerably high (low precision). How long a BTCCD measurement
should take depends on the precision that one wants to achieve. A 20 minutes measurement
can already provide a reasonable precision. Finally, the number of bursts determines the pre-
cision. For the presented dsDNA reference, ~ 16,000 bursts were detected in 20 minutes. If
the investigated sample exhibits a longer diffusion time, less bursts are detected during the
same time interval and the total measuring time needs to be adapted accordingly.

5.8 Impact of Chance Coincidence Events

The basis of a single-molecule experiment is that the probability for the presence of more
than one molecule at a time in the detection volume is negligible. In a FRET experiment,
multi-molecule events lead to a loss of the single-molecule information or even to a misin-
terpretation of the data [146]. In a TCCD experiment, multi-molecule events lead accordingly
to an artificial increase of the coincidence fractions because chance coincidences of single-
labeled molecules are interpreted as dual-labeled molecules. Obviously, the impact of chance
coincidences is more pronounced if the true coincidence fractions are anyhow low.

As shown in Section 3.3.3, the probability of multi-molecule events is negligible if the ave-
rage number of molecules in the detection volume is N = 0.03. However, multi-molecule
events can become significant if a brightness gating is applied. This effect was reported for
single-molecule FRET experiments in which a threshold for the donor and acceptor photon
counts is applied [146]. For BTCCD the same effect is present. The probability of chance coin-
cidences is increased for large brightness thresholds because bright bursts have also a longer
dwell time and, consequently, it is more likely that during this increased dwell time another
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molecule enters the detection volume. In the following, an expression for the probability of
chance coincidences is derived for single-labeled molecules. The description is extended to
dual-labeled molecules in the following section.

First, only one species of molecules is considered. The probability that during an observa-
tion time ¢ a number of n single molecules enter the detection volume is given by a Poisson
distribution [147]

(Nt/ Td)n

pit T N) = 2 exp(-Ni/z), (5.9)
where N is the average number of molecules in the detection volume and z; is the mean dwell
time in the volume. With the definition of a mean time for entering the volume 7, = 74/N,
equation 5.9 simplifies to

(t/7)"

n!

pi(t, Te) = exp(—t/te). (5.10)

The probabilities for no entry (n = 0) and one entry (n = 1) are consequently:

po(t, ) = exp(-t/z.) (5.11a)
Pi(t, 1) = t/te exp(-t/t.) (5.11b)

Assuming a constant dwell time, the probability for the occurrence of a burst caused by
n single molecules can be estimated based on the following idea. Several bursts caused by
multiple molecules cannot be resolved if the molecules enter during a time which is faster
than the dwell time. Consequently, the probability pm, of a multi-molecule burst caused by n
molecules is given by the product of the probabilities of n-1 molecules entering successively
with a delay less than the dwell time 7; and by the probability that before and after that
sequence there is no molecule in the volume [148]:

n-1

[1pi < 2 z)

J=1

n-1 T4 dt]
= exp(-74/Te) I I/ ?exp(*t:j/fe)
j=1 0 e

= exp(-2N)(1 - exp(-N))"™!

pma(N) = po(74, 7e) P6(74s Te)

(5.12)

exp(—T4/Te)

Equation 5.12 shows that the probability of multi-molecules events depends only on the
average number of molecules in the detection volume. The relevant probability for a chance
coincidence event is pm,_, because the presence of two molecules at a time in the detection
volume is the minimal requirement for a chance coincidence:

pmy—2(N) = exp(-2N)(1 - exp(-N)) (5.13)

All other probabilities pm,., lead also to chance coincidences but their probabilities are
smaller and can be neglected for N « 1. Finally, not the absolute probability to observe a
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chance coincidence is of interest but the ratio to the probability to observe a single-molecule

event:
_ pmu2(N)

P Mp=1 (N )

Is there a threshold value for N above which multi-molecule events become considerable?
The answer to this questions depends obviously on the error one want to tolerate. If a fraction
of multi-molecules events of 1% can be tolerated, a critical mean number of molecules N is
given by

fmm = 1-exp(-N) (5.14)

fum =001 < 1-exp(-N) = 0.01 < N, = -In(0.99) ~ 0.01. (5.15)

5.8.1 Chance Coincidences in BTCCD

In BTCCD only cross-color multi-molecule events need to be considered. If a red-labeled
molecule is located in the detection volume, a chance coincidence occurs when a blue-labeled
molecule enters the volume during the dwell time of the red molecule. The probability for
entering of a blue-labeled molecule during the dwell time of a red-labeled molecule can be
calculated in analogy to Equation 5.11b and 5.12

PR = pi(t < 5,78y = 1-exp (- (cf/2) N) | (5.16)

where rf and Tf are the mean dwell times of the red-labeled and blue-labeled molecules, re-
spectively, and N is the average number of blue-labeled molecules in the detection volume.
Instead of entering after the red-labeled molecule, the blue-labeled molecule could also be
located in the volume before the red-labeled molecule entered. Consequently, both probabili-
ties, i. e. blue-labeled molecule already present or entering during dwell time of red molecule,
have to be added and it needs to be considered that just red-only molecules lead to a false-
positive event. Hence, the fraction of chance coincidence is given by

Honce = (1= frp) [exp(=Np) (1 - exp (- (7§/7]) N)) +1 - exp(~Ng)]
= (U= frg) [1 = exp (-No ((wi/27) + 1))]
where fgp is the fraction of dual-labeled red molecules.

An analogue expression can be derived for f5%  if blue and red is interchanged in Equations
5.16 and 5.17:

(5.17)

PR e = (1= for) [1 - exp (-Nr ((75/75) +1))] (5.18)

Equations 5.17 and 5.18 show a few implications that arise for cross-color multi-molecule
events: (i) The fraction of chance coincidences in the red channel depends on the ratio of the
dwell times of the red and blue labeled molecules. The larger the red dwell time, the more
probable it is that a blue molecule enters within that time and, accordingly, the lower the blue
dwell time, the more frequently blue molecules will enter the detection volume. By applying
the brightness threshold to the red channel, the red dwell time will increase whereas the blue
dwell time stays constant. Consequently, the fraction of chance coincidences increases for
increasing brightness thresholds. (ii) The fraction of chance coincidences in the red channel
depends only on the mean number of blue molecules because red-red coincidences are not
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considered. However, red-red coincidences lead to an apparent increase of the red dwell
time which is neglected here. (iii) The impact of chance coincidences is less pronounced if
the molecules have already a high fraction of dual labeling. A dual labeled molecule cannot
be misinterpreted by a chance coincidence. Again, the same conclusions can be drawn for
chance coincidences of the blue channel.

Equations 5.17 and 5.18 are only an approximation because a constant dwell time and a
perfect overlap of the blue and red detection volumes were assumed. The fulfillment of the
approximations is checked in the following section by comparing it to experimental data.

5.8.2 Experimental Characterization of Chance Coincidence

In order to estimate the amount of chance coincidences in a BTCCD experiment using Equa-
tions 5.17 and 5.18, the dwell times and the average number of molecules in the detection
volume have to be known. While the mean dwell times are easily accessible from the ex-
periment, the mean number of molecules is not directly measured. The expected number of
molecules is based on the concentration obtained with FCS and the applied dilution factor.
However, the mean number of molecules in the single-molecule analysis is usually lower as
the expected value. This is mainly caused by the smoothing of the IPL time trace and the
application of a burst identification threshold which both already exclude dim bursts. In ad-
dition, the blocking of the cover slip is not perfect which can also lead to a partial decrease
of the concentration.

Luckily, one can estimate the number of molecules by comparing the total time of fluores-
cence, 1. e. the sum of all dwell times, with the measurement time. The time of fluorescence
tr is given by the product of the probability to observe a burst with the measurement time
tmeas and also by the product of the mean dwell time and the number of bursts Byeqs [92]:

Ir = (1 - eXP(—N)) Imeas = BmeasTd (5'19)

By rearranging Equation 5.19, one can obtain the number of molecules from the experimental
parameters
N = _ln(l = Bineas - Td/tmeas)- (5~20)

Equation 5.20 can be utilized to independently estimate the mean number of blue and red
labeled molecules in the confocal volume and calculate the chance coincidences according
to Equation 5.17 and 5.18, respectively.

The impact of chance coincidence was investigated by mixing free Alexa 488 and Alexa 647
dye and performing a BTCCD analysis at various concentrations. The concentrations were
chosen such that the number of molecules in the red and blue detection volume are equal.
The results for the blue coincidence analysis are shown in Figure 5.20. It can be seen that
the calculated fraction of chance coincidences (dashed lines) are in excellent agreement with
the experimentally determined coincidence (solid lines). Just at large brightness threshold
(npy > 5), the measured coincidences stagnate and fluctuate strongly due to the low number
of remaining bursts. The chance coincidences increase for increasing brightness thresholds
because brighter red burst exhibit also longer dwell times. The offsets between the different
concentrations and the different slopes are caused by different number of red molecules Nk.
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Figure 5.20: Chance coincidences of freely-diffusing Alexa 488 (B) and Alexa 647 (R) dyes.
Concentration of dyes is adjusted to achieve same number of molecules in
red and blue detection volume (N = Np = N/2). BTICCD analysis (solid
line) is compared to predicted fraction of blue chance coincidence according to
Equation 5.18.

The measured chance coincidences of red bursts show a similar good agreement with the
predicted chance coincidences (see App. Fig. B.8). The red chance coincidences show higher
values because the red dwell time is longer than the blue one.

One can also experimentally verify another consequence of cross-color chance coincidences
found in Section 5.8.1, i. e. chance coincidence for one color do only depend on the concen-
tration of molecules of the other color. Indeed, a twofold increase of the red dye (Alexa 647)
leads to similar red chance coincidence but a doubling of blue chance coincidences (cf. App.
Figs. B.9 and B.10)

In summary, chance coincidences in the blue channel can be neglected in the relevant con-
centration regime of N < 0.03. Even in the presented ‘worst case’ of no physical coincidence,
the fraction of chance coincidence is below 2 % which is in the range of the typical error of
BTCCD. However, the chance coincidence fraction of the red channel exceeds 5% which is
no longer negligible. Also, if very low coincidence fractions should be characterized, chance
coincidences have to be taken into account explicitly.
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There are consequently two possibilities to deal with chance coincidences. Either one can
avoid them by employing lower concentrations of N < 0.01 or they have to be taken into
account. This is also the case if the buffer contains fluorescent impurities which sometimes
cannot be avoided depending on the experimental conditions. The correction for chance
coincidences can be realized in an iterative process as will be discussed in the following
section.

5.8.3 Correction for Chance Coincidences

The measured coincidence fraction can be corrected for chance coincidence by subtraction
of the chance coincidence fraction which can be easily followed by the example of the red
coincidence fraction:

cor chance chance
cor _ Nrp _ Nrp — Nig _ Nes _ Nip

chance
- = fop - 5.21
RB N Ni Ng N fio =~ frp (-21)

However, the estimation of chance coincidences depends also on the true coincidence frac-
tion (see Eq. 5.17)

b = frs — (L= FERDfRRS (5.22)
where flggff)"”g is the estimated chance coincidence if only single-labeled molecules are present.
Equation 5.22 can be rearranged to calculate the corrected coincidence fraction:

fis - S
cor _ ,
RB ~ l_fchunce (5'23)
RB,0

The correction for chance coincidences of the blue channel follows in analogy:

R — Bc}gance
cor ,0
BR = T rchance (5.24)

chance
1 - fro

As already mentioned, the impact of chance coincidences on the BTCCD results depends
much on the value of the coincidence fraction. This is illustrated in Figure 5.21 where the cor-
rected coincidence fractions are plotted as a function of the fraction of chance coincidences
according to Equations 5.23 and 5.24 for various values of measured coincidence fractions.
For very large coincidence fractions (f = 0.95) the corrections are very minor which is shown
by the small slope of the corresponding line. In this case, even rather high chance coincidence
fractions do not lead to a large correction. For example, if the chance coincidence fraction is
0.5 the measured coincidence fraction of 0.95 needs to be corrected just to 0.90. In contrast,
the corrected coincidence fraction is very sensitive to small chance coincidence fraction if the
coincidence fraction is rather low (f = 0.25). Here, even the presence of a chance coincidence
fraction of 0.1 will reduce the coincidence fraction by approximately one half.
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Figure 5.21: Impact of chance coincidence correction depends on the absolute value of the
coincidence fraction. Visualization of Equations 5.23 and 5.24 for measured co-
incidence fractions (fgp or fgr) of 0.95, 0.75, 0.5, 0.25.

5.9 Coincidence Analysis of FRET-Based Biosensors

FRET-based biosensors were introduced in Chapter 4. The BTCCD approach can be used to
determine the maturation efficiency of the donor and acceptor fluorescent proteins. Incom-
plete acceptor maturation leads to a donor-only fraction of sensor molecules which reduces
the FRET signal in an ensemble measurement. It is thus important to determine the donor-
only fraction in order to evaluate the absolute, potential signal of the sensor. Furthermore, a
comparison between different sensor constructs, or different batches of the same construct,
is only reasonable if the effect of varying donor-only fractions is known. If on the other
hand the donor fluorophore is not completely matured an acceptor-only fraction is present.
Although the acceptor-only fraction is not affecting how much FRET occurs, it reduces the
overall intensity of the read-out signal. This can become critical if the overall expression is
low, e.g. in an in vivo experiment. From an application-oriented point of view, donor-only
and acceptor-only molecules are waste products and their fractions should be as low as pos-
sible.

The application of BTCCD to samples that exhibit FRET is possible and was already re-
ported for conventional TCCD [149]. The detection scheme is modified so that the signal
that senses the presence of the donor fluorophore is generated by adding up the donor (blue)
and the acceptor (red) emission after exciting the donor. Red emission that occurs after the
excitation of the donor fluorophore occurs either due to FRET from the donor to the acceptor
fluorophore or due to spectral crosstalk of the donor emission into the red detection channel.
In both cases the red signal originated from an excited donor fluorophore and is hence an



114 5 Brightness-Gated Two-Color Coincidence Detection (BTCCD)

1.0
£
&) ——
=] _
2 0.8
c
S 061 ——
©
c
S 0.4+
o <4
c
9O 024 —— YFP channel
S —— CFP channel
@©
j o
b OO T T T T T T T T T T T

0 1 2 3 4 5 6 7
nbr

Figure 5.22: Coincidence fractions of glucose sensor no. 1 as a function of brightness
threshold. Adopted from [140].
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Figure 5.23: Coincidence fractions of crowding sensor GE as a function of brightness
threshold. Adopted from [140].

indicator for its presence. This signal generation scheme is only valid if direct excitation of
the acceptor fluorophore with the donor excitation laser can be neglected as is the case for
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the FRET pair of cyan and yellow fluorescent protein (see App. Fig A.1). However, if direct
acceptor excitation cannot be neglected, it should be subtracted beforehand.

Exemplarily, the coincidence fractions as a function of brightness threshold are shown in
Figure 5.22 for the glucose sensor construct no. 1 and in Figure 5.23 for the crowding sen-
sor GE. Both graphs show a similar behavior, i. e. the coincidence fractions increase steeply
followed by a plateau for higher brightness thresholds. However, the plateau is reached at
lower brightness thresholds for the glucose sensor whereas the coincidence fractions of the
crowding sensor saturate at larger brightness threshold. This difference is attributed to the
different variants of CFP and YFP which have different molecular brightnesses, triplet kinet-
ics, and photo stabilities.
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Figure 5.24: Donor-only fractions of FRET-based biosensors. Adopted from [37].

The donor-only fractions of all FRET sensor constructs are summarized in Figure 5.24
and vary between 20 % and 40 %. Within the glucose sensor constructs the variation is less
but there is a tendency that the constructs without an acceptor linker (no. 1, 2, 3) exhibit the
highest donor-only fractions. The donor-only fractions of the crowding sensor constructs are
remarkably lower which is attributed to different fluorescent protein variants and a simpler
structure of the sensing domain. The global stoichiometry analysis (see Fig. 5.25) yields a sim-
ilar result; within the glucose sensor constructs the fractions of single- and dual-fluorescent
molecules are rather similar. The crowding sensor constructs show both, a lower donor-only
and a lower acceptor-only fraction and in consequence a larger dual-labeled fraction.
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Figure 5.25: Global coincidence analysis of FRET-based biosensors.

In summary, the brightness-gated two-color coincidence detection is a valuable tool to
characterize FRET-based biosensors. The reduction of the sensor sensitivity due to a donor-
only species can be quantified as well as the global yield of dual-labeled molecules. Fortu-
nately, the data comes for free from the single-molecule FRET experiment.

5.10 Investigation of Protein Translation

5.10.1 Ribosomes as the Center of Protein Synthesis

Proteins can be considered as the most important class of biomolecules as they are essen-
tial for almost any cellular processes including metabolism, signaling and regulation, and
scaffolding the shape of the cell [131]. They are so to speak the *working horses’ of the cell.
The general pathway for protein production was described by Crick in the central dogma of
molecular biology [150]. It describes the transfer of information between the three classes of
biopolymers: DNA, RNA, and proteins. DNA serves as the long-term storage of information.
The information about a certain protein sequence is stored in a gene which is a segment of
the DNA. During transcription, the sequence of DNA is transferred to a sequence of messen-
ger RNA (mRNA). The translation of mRNA in a polypeptide sequence is carried out at the
ribosome with the help of transfer RNA (tRNA). The central dogma also states that proteins
are the ‘dead ends’ of information transfer which means that neither proteins can replicate
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themselves nor they can serve as templates for RNA or DNA synthesis. This highlights the
importance of ribosomes as the macromolecular machinery for protein synthesis.

In the following, only ribosomes from prokaryotic cells, i. e. cells without a cell nucleus, are
considered. These ribosomes consist of a small (30S) and a large (50S) subunit that are both
built from ribosomal RNA (rRNA) and various proteins. The translation process is a complex
interplay between the subunits, the mRNA, tRNAs and various cofactors. However, it can be
divided in three phases. In the initiation phase the ribosome is prepared for protein synthesis
which includes the binding of the 30S and 50S subunit that form the functional 70S ribosome.
During elongation, tRNAs sequentially transcribe the mRNA codons into amino acids. The
nascent protein chain is leaving the ribosome through an exit tunnel. A stop codon encrypts
the termination of synthesis and the protein is released [132].

Studying ribosomes in their natural environment, i. e. inside the cell, is challenging be-
cause specific fluorescent labeling without killing the cell is hard to accomplish. In addition,
single-molecule measurements are complicated by auto fluorescence of the cell and high lo-
cal concentrations of ribosomes. An alternative is to use a cell-free protein synthesis (CFPS)
system which allows to fluorescently label ribosomes or their subunits and to modify the
translation process. CFPS was already reported decades ago [151] and uses a minimal set of
purified constituents to perform translation in vitro.

5.10.2 Stalling Efficiency and Activity

Before studying the functionality of the ribosome using a cell-free protein synthesis (CFPS)
system, it is worth to study the (modified) CFPS system itself. A crucial parameter of riboso-
mal function in the CFPS system is the productivity which depends on the activity, i. e. the
fraction of ribosomes that are actively synthesizing, and the number of production cycles
they undertake. However, since each active ribosome can undergo multiple synthesis cycles
the amount of synthesized protein cannot disentangle both contributions. A certain amount
of protein could either be synthesized by a low fraction of active ribosomes that undergo
multiple synthesis cycles or by a large fraction of ribosome that just undergo less cycles. A
way to investigate the activity is to stall the synthesized protein at the ribosome. Naturally,
a stop codon in the mRNA encodes that the protein sequence is complete and the protein is
released. If a so-called arrest sequence is incorporated between the protein of interest and
the stop codon, the release can be suppressed. The arrest sequence strongly interacts with
the interior of the exit tunnel and therefore stalls the synthesized protein at the ribosome
[152].

Next, the question arises which protein should be used as a representative for protein
synthesis and how it should be labeled. A very elegant way is to let the ribosome synthesize a
fluorescent protein because it will only fluoresce if it was completely synthesized and there is
no need for subsequent labeling. If the synthesized protein is a GFP, it will show characteristic
greenish fluorescence after correct folding and fluorophore maturation. If the ribosome is
additionally labeled with a red dye, the coincidence of green and red fluorescence can be
analyzed.

The concept of the described assay is shown in Figure 5.26. If a red-only burst is detected
in the BTCCD experiment it represents an inactive ribosome. Active ribosomes with a stalled



118 5 Brightness-Gated Two-Color Coincidence Detection (BTCCD)

inactive active & stalled non-stalled

. . . .' ) °.ﬁ *
29 9w .

Figure 5.26: Assay for investigation of ribosome performance in CFPS systems.

GFP show a coincidence of red and green fluorescence. Non-stalled GFPs lead to a green-only
event.
The stability of the 70S ribosome at the low concentrations needed for the single-molecule
characterization (~ pM) were validated in a separate experiment (see App. Fig. B.11) which
showed no dissociation of the 70S complex within one hour. Hence, each BTCCD measure-
ment was performed for half an hour to exclude any effects of dissociation. Subsequently, a
new dilution was prepared for the next measurement. The results of the BTCCD experiment
are presented in Figure 5.27 and show clearly that the coincidence fractions of both chan-
nels are not generally equal because they access different biological questions. The fraction
of coincident green bursts fgr represents the fraction of stalled GFP molecules which is the
stalling efficiency. In contrast, the fraction of coincident red bursts frg quantifies the fraction
of active ribosomes.
The stalling efficiency shows the typical steep increase for increasing brightness thresh-
olds followed by a plateau. The coincidence fraction at the optimal brightness threshold is
gﬁt = 0.94 = 0.06 which means that virtually complete stalling is achieved. The red coin-
cidence fraction however does not show a saturation. It shows a steep increase for small
brightness thresholds and a continuous, gentle increase for higher brightness thresholds.
Based on this observation, the coincidence fraction was fitted with a two component ana-
logue of Equation 5.5

fro(npr) = ¢+ Afy (1 - €™ + Afy (1 - e7"2), (5.25)

where c is the offset, Af; and Af, are the increases of component 1 and 2, respectively, and
n; and n are the half-value brightness thresholds of component 1 and 2, respectively.

The fitting parameters are given in Table 5.3. The fast increasing component (component
1) represents the usual exclusion of peripheral trajectories (cf. n; in Tab. 5.3 and half-value
brightness threshold of reference samples in App. Tab. B.1). The second, slowly increasing
component arises most probable due to a fraction of multimeric ribosomes. Hence, only the
first component of the red coincidence is interpreted as the activity which can be quantified
to be 0.244 + 0.002.

Although this is a demonstrative example that BTCCD is also able to disentangle two
population, i. e. monomeric from multimeric ribosomes, the interpretation of the data is still
rather vague because both population cannot be completely separated. Yet, the results were



5.10 Investigation of Protein Translation 119
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Figure 5.27: BTCCD analysis of CFPS system. Coincidence of GFP as a function of brightness
threshold (red curve) is fitted with a two-component increase (Eq. 5.25). Shaded
area represents statistical error of coincidence fractions and becomes consider-
able for GFP at large brightness thresholds due to the small number of remaining
bursts.

confirmed by a biological independent BTCCD measurement which yielded similar results
and by two-color colocalization microscopy of surface-tethered ribosomes [45].

5.10.3 Translation Initiation

After the performance characterization of ribosomes in a cell-free environment in the previ-
ous section, the CFPS system can now be used to study functional properties of the ribosome.
More specifically, one can study how protein translation is initiated. The general accepted
mode of initiation starts with the small 30S subunit which binds the cofactors and also the
mRNA before this complex binds to the large 50S subunit [132]. A possibility of an alterna-
tive initiation mode was reported in refs. [153, 154] where mRNA translation was observed
for 70S ribosomes that were tethered on a cover slide indicating that dissociation of the sub-
units is not required. This translation mode can directly start with the full 70S ribosome
and is accordingly termed 70S initiation in contrast to the previously mentioned 30S binding
initiation.
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Afl Afz m ny c
0.192 +£ 0.001 | 0.634 + 0.002 | 0.503 +0.002 | 12.20 + 0.08 | 0.052 + 0.001

Table 5.3: Fitting parameter (see Eq. 5.25) of red coincidence fraction in CFPS system (see
Fig. 5.27).
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Figure 5.28: Concept of initiation investigation. Adopted from [140].

Now, BTCCD is utilized to quantify to which extend both initiation modes are present. The
concept of the experiment is shown in Figure 5.28 and split into two separate measurements.
First, the CFPS needs to be characterized (Figure 5.28a). The ribosomes were site-specifically
labeled with a single dye at the 50S subunit by hybridizing a Cy5-labeled oligonucleotide to
a ribosomal RNA loop [40]. After addition of mRNA that encodes for GFP, three outcomes
are possible: (i) the ribosome actively synthesized GFP but it was unlabeled, (ii) the ribosome
was active and also labeled or (iii) the ribosome was inactive but labeled. These three sce-
narios result in three different fluorescent signals that are distinguishable by BTCCD as a
green-only molecule, a coincidence of green and red, or a red-only molecule, respectively.
Non-labeled and inactive ribosomes are not visible in the experiment.

Second, the same reaction is repeated with an 5x excess of unlabeled 50S subunits (Figure
5.28b). Again, mRNA is added and translation takes place. Depending on the initiation mode,
the fluorescence signals differ. In the case of 30S binding initiation, the 70S ribosome disso-
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ciates and the 30S subunit binds to an unlabeled 50S subunit due to the excess. The products
of the 30S binding initiation are hence a non-labeled 70S ribosome with a stalled GFP (green
only) and a free, labeled 50S subunit (red only). In contrast, if the ribosome undergoes 70S
initiation, Cy5 remains at the 70S ribosome and a coincident burst red and green fluorescence
is observed. However, a second pathway for the occurrence of a coincident signal arises due
to the finite excess of unlabeled 50S. If the ribosome follows the 30S binding initiation it dis-
sociates which results in a free, labeled 50S subunit in solution. These labeled 50S subunits
mix with the unlabeled 50S subunits. The experimental constrains did not allow a higher ex-
cess than 5-fold which results in a non-negligible probability that a dissociated 30S subunit
will rebind a labeled 50S subunit. Hence, the 30S binding initiation will partially also lead to
a coincident signal (dashed box in Figure 5.28b).

Finally, the coincidence of the control experiment is compared to that with the excess of 50S
subunits. The measured fraction of 70S initiation will also have a contribution of reassociated
labeled 30S subunits according to

+50S +508 +50S +50S
Fos = NGros + Norreas  Norjos . NRreas ros + P (5.26)
708 = 7508 = 505 Z505  _ P70S reas > .
Ner Ner Ngr

where N&Sz?;o s and N&Sffe o are the number of coincident events in the excess of unlabeled 50S
subunits caused by 708 initiation or by reassociation with a labeled 508, respectively, Ng2** is
the number of coincident events for the reference experiment, pos is the true probability for
70S initiation and py,s is the probability of reassociation with a labeled 50S subunit during
30S binding initiation.

The probability of reassociation with a labeled 50S subunit is given by the product of the
probability for 30S initiation psos and the probability to find a labeled 50S in solution

2
P30s * Cr08 __Psos
P30s * €708 + X+ Cr08 P3os + X

Preas = P30s (5.27)
where c¢;¢s is the concentration of 70S ribosomes and x is the excess of unlabeled 50S subunits.
Inserting Equation 5.27 in Equation 5.26 with psgs = 1 - psgs yields

_ 2
fros = pros + ((l pros) (5.28)

1 - pros) +x

The results of the BTCCD experiment are shown in Figure 5.29 for the GFP signal and in
Figure 5.30 for the Cy5 signal. The concentration during the BTCCD experiment was unfor-
tunately larger than what was expected based on the dilution factor. Chance coincidences
had therefore to be taken into account and were subtracted as described in Section 5.8.3. The
ratios of the coincidence in presence of 50S excess (dashed lines) with respect to the control
experiment (dotted lines) are depicted by solid lines and correspond to the measured fraction
of 70S initiation given by Equation 5.28. For the GFP signal, the corrected and uncorrected
coincidence ratios level off at similar values. The average values for n, > 2.5 are 0.34 + 0.01
and 0.34 + 0.03 for the uncorrected and corrected ratios, respectively.

The coincidence ratio of the Cy5 signal varies for the corrected and uncorrected coincidence
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Figure 5.29: BTCCD results of GFP signal of initiation experiment.

fractions. The uncorrected ratio is 0.37 + 0.02 and the corrected is 0.21 + 0.02. Except the cor-
rected Cy5 coincidence ratio, all other ratios are in good agreement which motivated to use
a weighted mean to characterize the fraction of 70S initiation. Consequently, the experimen-
tally determined 70S initiation is f;os = 0.31 + 0.04. Comparing this value with Equation 5.28
reveals that f7os is significantly larger than pure 30S reassociation would cause and can be
best described by a probability for 70S initiation of p;os = 0.2 (cf. blue and red line in Figure
5.31).

In summary, the results show clearly that 70S initiation is possible but rather rare. Several
aspects of the experiment require certainly an improvement. First, the deviation between
both corrected coincidence ratios indicate that the results should be considered preliminary.
In a new experiment it should be paid attention that the concentration during the BTCCD is
low enough to neglect chance coincidences. Second, it should be reconsidered if the experi-
ment could be conducted with higher excesses of unlabeled 50S which would add more data
points to Figure 5.31 and, hence, increase the reliability.
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Figure 5.30: BTCCD results of Cy5 signal of initiation experiment.
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Figure 5.31: Measured fraction of 70S initiation f7os (black point) is significantly larger than
expected based on pure 30S binding initiation (red line) and agrees best with a
probability of 70S initiation of 0.2 (blue line). Lines are given by Equation 5.28.
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6 Conclusion and Outlook

6.1 Genetically-Encoded FRET-Based Biosensors

Summing up the findings, the single-molecule characterization of FRET-based biosensor that
are equipped with a CFP/YFP FRET pair is challenging, but possible. The major challenge is
the low signal of fluorescence intensity emitted by the fluorescent proteins. The utilization of
a confocal microscope with a 437 nm/509 nm laser pair with suitable optical elements allowed
to sufficiently exclude the background caused mainly by Raman scattering. The quantita-
tive smFRET characterization relied further on a precise determination of correction factors.
The capability of the single-molecule characterization was demonstrated by investigating a
set of FRET-based biosensors for the determination of glucose concentration. The obtained
smFRET efficiency histograms for various glucose concentrations show a reasonable count-
ing statistics and allow for the first time a quantitative comparison of different sensor con-
structs on the single-molecule level.

In particular, the glucose sensors can be described by a two-state model which revealed in
alow FRET and a high FRET population in the smFRET histograms. Each smFRET histogram
displays a ‘fingerprint’ of the respective sensor construct and allows to identify multiple fac-
tors that determine the performance of the respective construct. In particular, the difference
between the high and low FRET population specifies how well the sensor transduces the
conformational change upon binding of glucose into a change in FRET. The fraction of sen-
sor molecules that accumulate in the low FRET state in absence of glucose and transfer to
the high FRET state at saturating glucose concentration quantifies how efficient the sensor
utilizes the transduction mechanism. Finally, the donor-only fraction determines the reduc-
tion of the FRET signal in an ensemble measurement. The quality of the transduction and its
utilization level showed a correlation, i. e. highly sensitive sensor constructs exhibit a large
separation between the low and the high FRET state and upon glucose binding an almost
full transfer from the low to the high FRET state takes place. In contrast, less sensitive sen-
sor constructs showed a smaller difference of FRET between both states accompanied with
an incomplete transfer upon glucose addition. The cause for the aforementioned correlation
remains unclear. Without a deeper understanding of the molecular details it is consequently
not possible to give a precise instruction for the sensors design, however, the detailed analy-
sis of the individual parameters that contribute to the performance of each sensor construct
facilitates a more systematic design of FRET-based biosensors.

It was furthermore possible to investigate the response to macromolecular crowding of the
glucose sensor and two biosensors that were specifically designed to sense macromolecular
crowding. Up on addition of the crowding agent PEG 6,000 up to concentrations of 20 w/w%,
both types of sensors showed a similar response, i. e. a steady increase of the smFRET effi-
ciencies. However, the crowding sensor constructs showed, in contrast to the glucose sensor,
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only a single FRET population. The increase of FRET is interpreted as a compaction of the
probe that is facilitated by the presence of fluorescent proteins because FRET did not change
for a dye-labeled glucose binding protein under crowding conditions. New crowding sensors
might even aim to utilize two (or more) states. Here, the smFRET characterization allows to
test this design concept.

One can relate the response of the biosensors to the presence of glucose and crowding to
two competing models of molecular recognition. Even in the absence of glucose, the glucose
sensor exists in two distinct conformations (see e. g. Figure 4.16). When glucose is added,
it can only bind to one of the sensor conformations and therefore energetically stabilizes
this conformation. This model is referred to as ‘conformational selection’ [155]. Although
the crowder molecules are actually not binding to the biosensor, the effect of crowding is
comparable to another molecular recognition hypothesis, namely ‘induced fit’ [156]. In this
model, the presence of a ligand induces a conformation that has not been present in the
absence of the ligand.

The contribution of the distance change and the reorientation to the signal change of
genetically-encoded FRET-based biosensors could not yet be disentangled. However, it was
not possible to design an equally sensitive dye-labeled glucose sensor using the same glu-
cose binding protein MgIB. This already indicates that reorientations of the fluorescent pro-
teins (FPs) at least contribute to the change in FRET. Another hint for the importance of
reorientations is given by the design of the FP-equipped glucose sensor. The donor FP is
internally fused to glucose/galactose-binding protein (MgIB) in close proximity to the glu-
cose binding pocket. Hence, an interaction of the MglB and the FP upon the conformational
change of MglB is likely and might change the average orientation of the FP. A more con-
sistent approach to quantify the distance change between the FPs would be to label each FP
with a dye and perform a smFRET experiment. However, a few aspects have to be considered.
First, the FPs need to be non-fluorescent in order not to interfere with the dye’s fluorescence.
This can be achieved either by previous photobleaching of the FPs or by utilization of non-
fluorescent FP mutants. Second, the obtained inter-dye distance will not reflect the actual
inter-chromophore distance of the FPs because the chromophore is buried in the f-barrel
structure of the FPs and the dyes can only be attached to the FP surface. The dye attachment
to the FP surface has also the drawback that reorientations could cause a change of the inter-
dye distance although a rotation of the FPs alone will not change the distance between the
FP fluorophores. Hence, the assignment of a distance change, that was measured by a FRET
change of the dye-labeled FPs, to the distance change of the FP fluorophore could lead to
wrong interpretations.

So far, the evaluation of the presented smFRET experiments of FP- equipped biosensor
relied predominantly on FRET efficiency histograms. Future experiment can extent the de-
tection to a full multiparameter fluorescence detection [157]. In such a four channel setup,
the polarization of each photon is additionally analyzed which allows also analyses of the
fluorescence anisotropy. A change of the anisotropy parameter allows in turn to monitor
changes of the rotational mobility. However, ensemble measurements showed already that
the timescale of overall tumbling of the sensor strongly interferes with that of a single FP ro-
tation. A possibility to prevent the sensor from tumbling is potentially to immobilize it [158].
In such an experiment, the sensor would be anchored to a glass surface and the laser focus
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would reside on the sensor’s position. Yet, it is challenging to propose an anchoring mecha-
nism that is suppressing the sensor tumbling and at the same time minimizes the interaction
with the anchor molecule and the glass surface.

The major limitation of the single-molecule characterization of FRET-based biosensor is
probably the extended measurement time. The usable burst rate is approximately 10 % of
smFRET studies that utilize organic dyes. Hence, typical measurement times of 8-10 hours
were necessary to reach reasonable counting statistics. Even if the necessary measurement
time can be slightly reduced by a further improvement of the setup, the single-molecule
characterization of FP-equipped FRET-based biosensors will obviously not become a stan-
dard technique for the sensor characterization. Yet, single-molecule experiments extend the
toolbox of methods to investigate FRET-based biosensors. The most promising application of
single-molecules experiments is to investigate certain aspects of the sensor properties using
a suitable model system. In this respect, the presented study of the glucose sensor focused
on the impact of the linker. Possible future studies could investigate the effect of the inter-
change of donor and acceptor FPs because it was reported that the interchange of the FPs
can alter the signal of the sensor [159]. The single-molecule characterization could reveal
if the different signal might be related to a variation of maturation efficiency depending on
the insertion position of the FP. The single-molecule characterization of circular permuted
sensors is also a fascinating research field because circular permutations can also remarkably
change the sensor signal [160].

A further way to deal with the entanglement of distance and relative orientation for the
origination of the FRET signal is to employ an additional research method that probes only
the distance like small-angle X-ray scattering (SAXS) [161]. Briefly, the SAXS scattering
curve can be used to obtain a low-resolution structural model of the biosensor [162]. Since
the FPs are rather bulky, they can be potentially identified even in a low-resolution model.
SAXS measurements have been performed by Mona Sarter with the glucose sensor con-
structs no. 2 and no. 4 in absence of glucose and at saturating glucose concentrations. While
the scattering curves of sensor no. 4 are rather similar in absence and in presence of glu-
cose, the scattering curves of sensor no. 2 exhibit clear differences between the absence and
presence of glucose (personal communication with M. Sarter). Interestingly, the scattering
curve in presence of glucose is best described by an ensemble of sensor conformations with
two peaks that correspond to an expanded and a compact state. Going one step further, both
sensor constructs were modeled using a coarse-grained molecular dynamics simulation pre-
sented recently by Reinartz et al. [163]. The structural models that were obtained from the
simulation showed a broad conformational ensemble where the FPs were very flexible. Most
of this conformations result in very low energy transfer efficiencies even in the presence of
glucose. This is on the one hand caused by large FP separations. On the other hand, if the FPs
are very mobile, more orientations result in a low x? (see Fig. 4.2) which is also confirmed by
detailed analyses [164,165]. The discrepancy between the low transfer efficiencies obtained
by the simulations and the high energy transfers from the smFRET characterization, espe-
cially for construct no. 2, reveal that there is probably a constraint/interaction that is not yet
captured by the simulation. However, after the refinement of the simulation, the combination
of smFRET, SAXS, and simulations is the most promising way to shed line on the biosensors’



128 6 Conclusion and Outlook

functionality. A reliable simulation of biosensors would also enable to test and evaluate new
sensor designs directly with the computer instead of doing extensive trial-and-error testing.

6.2 Brightness-Gated Two-Color Coincidence Detection

In this work, brightness-gating was presented as an improvement when the coincidence of
two spectrally distinguishable fluorophores should be analyzed at the single-molecule level.
Conventional two-color coincidence detection (TCCD) underestimates the coincidence be-
cause the molecular detection functions of both fluorophores differ in size and may be shifted
with respect to each other. The capability of brightness-gated two-color coincidence detec-
tion (BTCCD) was demonstrated with the help of various completely dual-labeled reference
samples. First, BTCCD of TetraSpeck beads yielded full coincidence. In an effort to approach
more realistic sample dimensions, nano-beads were introduced as reference samples. The
nano-beads were fabricated by DNA origami technology and have a diameter of 23 nm. A
minimal labeling ratio of ~ 5 dye copies of each color ensured complete dual-labeling and,
indeed, the BTCCD analysis showed full coincidence. Finally, BTCCD was applied to a ref-
erence sample, namely dsDNA, that was labeled with a single dye copy of each color. Here,
the BTCCD analysis yielded coincidence fractions of ~ 95 %. The reason for the slight devia-
tion from full coincidence remained unclear. Possible reasons might be incomplete labeling
or photobleaching. The practically full coincidence for a single dye-pair demonstrates that
BTCCD is also capable to tolerate the stochastic signal of single emitters including blinking
due to triplet kinetics. A limit is reached when the timescale of blinking exceeds the observa-
tion time which was demonstrated by replacing the red dye of the dsDNA reference sample
with Alexa 647, a dye that exhibits long-lived dark states up to seconds. Here, the coincidence
fraction of blue bursts dropped to 82 %.

A comparison of the BTCCD results to those of conventional TCCD revealed that the co-
incidence fractions determined with TCCD would be underestimated by 20 — 30 %. BTCCD
is very robust against variations of the burst detection parameter and shows only a slight
sensitivity to photobleaching. Being a single-molecule method, BTCCD requires more ex-
perimental time than ensemble techniques. However, it was shown that reliable results can
already be obtained in 20 minutes. It was also ensured that BTCCD is not overestimating
the coincidence by accidentally evaluating chance coincidences of multi-molecule events. In
summary, the algorithm of BTCCD is easy to implement and facilitates a quantitative coin-
cidence analysis.

After the approval of BTCCD, it was applied to two biological system, i.e. FRET-based
biosensors and cell-free protein synthesis (CFPS). The donor-only and acceptor-only frac-
tions of FRET samples can in general be determined with BTCCD. The donor-only fraction
reduces the ensemble FRET signal and was 20 - 40 % for the investigated biosensors. A global
coincidence analysis can quantify the fraction of dual-fluorescent sensor molecules with re-
spect to the whole ensemble. Since the acceptor-only fractions were generally rather small,
the global fraction of the donor-acceptor population was 60 — 80 %.

In a CFPS system, ribosomes synthesize proteins in vitro with a minimal set of constituents.
BTCCD was first applied to quantify the performance of the ribosomes in the CFPS system.
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The ribosomes were labeled with a red dye and synthesized GFP that was stalled at the ri-
bosome. The high stalling efficiency of 94 % was determined as the coincidence fraction of
the GFP signal. The coincidence fraction of the red signal was 24 % and corresponds to the
fraction of active ribosomes. In the next step, a previously unnoticed initiation mode was
investigated. This 70S initiation mode does not require dissociated subunits which is in con-
trast to the widely accepted 30S initiation mode. By labeling only the 50S ribosomal subunit
and offering an excess of unlabeled 50S subunits, the fraction of full 70S ribosomes that do
not dissociate prior to protein translation could be quantified. Although the experimental
design needs to be improved, the fraction of ribosomes that perform 70S initiation could be
quantified to be ~ 20 %.

For further studies, different improvements of the CFPS assay should be implemented. First,
the 50S subunits should be labeled covalently because the labeling by RNA hybridization
appeared to be error-prone. Second, different excesses of unlabeled 50S would increase the
reliability of the findings. Another cross-check would be to move the dye label from the 50S
subunit to the 30S subunit to exclude any bias of the labels. After the implementation of a
reliable CFPS assay it would be very interesting to repeat the experiment under different
conditions to investigate whether certain parameter regulate the utilization of the different
initiation modes. Up to now it is not clear if the 70S initiation has a biological relevance and
if there are situation in which it becomes essential.

A major limitation of BTCCD is probably that it relies on single-molecule data and, hence,
limits the maximum concentration to a few 10 pM. The concentration regime can be slightly
increased by employing a smaller pinhole, e. g. with a diameter of 30um instead of 75um.
However, the BTCCD analysis of molecular interactions that are not stable at comparable
concentrations is hampered. On the other hand, BTCCD can investigate very strong inter-
actions that cannot be characterized with other techniques. As an example, the binding be-
tween biotin and streptavidin is considered to be the strongest non-covalent interaction of
biomolecules. Other techniques such as isothermal titration calorimetry could only give an
upper boundary for the dissociation constant of Kp ~ 107'* M of the biotin/streptavidin
complex [166,167]. BTCCD might be able to investigate the presence of the complex down
to concentrations of fM or even below.

Coming back to less stable biological interactions, BTCCD could be used in combination with
different approaches that aim to overcome the concentration barrier including nanophotonic
devices, e. g. zero mode waveguides [168,169].

The BTCCD analysis of complex biomolecular systems such as ribosomes revealed that
brightness-gating works best for homogeneously labeled molecules. The purpose of the bright-
ness gating is to sort molecules according to their trajectories. However, if there is a correla-
tion between the brightness (number of labels) and the molecule’s properties, e. g. in the case
of oligomerization, BTCCD can lead to misinterpretations. BTCCD relies on the assumption
that the subset of selected molecules represents the total ensemble of molecules which is
impeded e. g. in the scenario of oligomerization. On the other hand, BTCCD provides an in-
trinsic check of the sample quality because deviations from homogeneous sample properties
can be monitored by the absence of a single plateau of the coincidence fraction (see Fig.
5.27). For a higher reliability it might be beneficial to incorporate further gating parameters,
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e. g. the dwell time, and check the consistency of the coincidence fractions obtained with the
different gating parameters.

Inherent to most single-molecule analyses, BTCCD requires prolonged measuring times
in order to acquire sufficient counting statistics. In return for the prolonged measuring time,
BTCCD provides coincidence values with high accuracy of typically a few %. Similar to
BTCCD, fluorescence cross-correlation spectroscopy (FCCS) can also provide information
about the occurrence of a dual-labeled molecule (complex) but at faster measuring times.
Due to the incomplete overlap of the confocal volumes, FCCS requires a calibration mea-
surement with a dual-labeled sample in order to assign a cross-correlation amplitude to a
concentration of the dual-labeled molecules. Usually, dual-labeled DNA oligonucleotides are
used as FCCS calibration samples and 100 % dual-labeling is assumed [170]. The BTCCD re-
sults reveal that this is a reasonable assumption for some dye pairs but not for others (cf.
Sec. 5.5.3 and 5.5.4). It should be mentioned that the dual-labeling of the same DNA strand is
essential because potential dsDNA dissociation would otherwise reduce the coincidence. In
general, BTCCD can serve as a tool to characterize the calibration samples for FCCS. Con-
sequently, the choice of a calibration sample would not be limited to DNA oligonucleotides.
Instead, calibration samples that are more similar to the later samples under study could be
used. For example, if a molecular interaction should be characterized under different exter-
nal parameters, it could be first measured under standard conditions with FCCS and BTCCD.
Subsequently, FCCS experiments under different conditions can be carried out and evaluated
quantitatively with the help of the BTCCD analysis of the reference.
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Figure A.1: Absorption spectra of mTurqouise2 (CFP) and Citrtine (YFP) together with emission
spectra of 440 nm (40 Mhz, 85 % of maximum power) and 510 nm (40 Mhz, 64 % of
maximum power) laser (provided by manufacturer).
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Figure A.2: Average CFP dwell time and sum of CFP and YFP photons emitted per molecule.
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Figure A.3: Conversion of power readings obtained by power diode (a.u.) to real power (uW).
Power was measured at the objective position using a power meter.
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Figure A.4: Conversion of power readings obtained by power diode (a.u.) to real power (uW).
Power was measured at the objective position using a power meter.
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Figure A.5: smFRET histograms of glucose sensor construct no. 3 (a) without glucose, (b) at

glucose concentration equal to Kp and (c) at saturating glucose concentration of
125 mM. Adopted from [37].
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Figure A.6: smFRET histograms of glucose sensor construct no. 4 (a) without glucose, (b) at
glucose concentration equal to Kp and (c) at saturating glucose concentration of
125 mM. Adopted from [37].
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Figure A.7: smFRET histograms of glucose sensor construct no. 5 (a) without glucose, (b) at
glucose concentration equal to Kp and (c) at saturating glucose concentration of
125 mM. Adopted from [37].
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Figure A.9: smFRET histograms of glucose sensor no. 2 in various concentrations of PEG 6,000.
Each row contains 3 replica of the same histogram fitted withthe sum of two
Gaussian distributions. In the left column each histogram was fitted individually,
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(middel column) or only with fixed center positions (right column). The full data
set is only reasonably described by individual fits which is most apparent for the
highest PEG concentration. Adopted from [37].
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B Appendix: Two-Color Coincidence
Detection
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Figure B.1: Reconstruction of blue and red confocal volume based on x-y, x-z, and y-z raster
scan of TetraSpeck bead deposited on cover slip. Adopted from [140].
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Figure B.2: Distribution of burst brightness of blue channel for nano-bead reference. Adopted

from [140].
reference fsat Af Ny,
TetraSpeck beads 1 +0.0001 0.4481 + 0.0005 | 0.0472 + 0.0001
nano-beads 1+0.0002 0.6431 + 0.0006 | 0.1418 + 0.0004

dsDNA Alexa 488 / Atto 647N | 0.9409 + 0.0006 | 0.494 + 0.001 0.351 + 0.002
dsDNA Alexa 488 / Alexa 647 | 0.9549 + 0.0006 | 0.421 +0.001 0.345 + 0.002

Table B.1: Fitting parameters of red coincidence fraction as a function of brightness threshold

(see Eq. 5.5).
reference fsat Af Ny,
TetraSpeck beads 1+0.0003 0.496$pm0.001 | 0.0457 + 0.0004
nano-beads 0.9995 + 0.0001 | 0.4609$pm0.0005 | 0.1149 + 0.0003

dsDNA Alexa 488 / Atto 647N | 0.9264 = 0.0006 | 0.275$pm0.001 0.307 + 0.003
dsDNA Alexa 488 / Alexa 647 | 0.8056 + 0.0007 | 0.344$pm0.001 0.342 + 0.003

Table B.2: Fitting parameters of blue coincidence fraction as a function of brightness threshold
(see Eq. 5.5).
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Figure B.4: Distribution of burst brightness of blue channel for dsDNA (Alexa488/Atto647N)
reference. Adopted from [140].
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Figure B.5: Association quotient (see Eq. 5.6) of conventional two-color coincidence detection
plotted in color code depending on the brightness thresholds of the blue and red
channel. Maximum value is marked with green cross. Data shown for dssDNA (Alexa
488/Alexa 647) in upper panel and nano-bead reference in lower panel. Adopted
from [140].
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Figure B.6: Fraction of coincident (a) red and (b) blue bursts as a function of brightness thresh-
old for dsDNA reference (Alexa 488/Atto 647N). The IPL burst threshold is varied
simultaneously for both channels from the used threshold (black lines) by the rel-
ative changes given in the legend. Note, that smaller IPL thresholds correspond to
bursts with higher photon counts. The red coincidence fraction shows generally
a stronger dependency on the IPL thresholds, however, all coincidence fractions
saturate at approximately the same value. Adopted from [140].
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Figure B.7: Fraction of coincident (a) red and (b) blue bursts as a function of brightness thresh-
old for dsDNA reference (Alexa 488/Atto 647N). The IPL burst threshold is var-
ied from the used threshold (black lines) conversely for both channels by a rel-
ative change of +50 %. The red and blue coincidence fractions show an opposite
dependency on the threshold combinations because a reduction of the IPL thresh-
olds leads to a preselection of bright bursts in the respective channel and, hence,
to higher coincidence fraction and a saturation at smaller brightness thresholds.
Adopted from [140].



157

.2 = - e
025 measured -7 N=0.12
- — —calculated
0.20 -
] 0.15 - _N=0.06
Y
0.10 -
— - 7~N=0.03
0.05 -
~ 71 .N=0.0075
0.00 - . .
0 10

Figure B.8: Chance coincidences of freely diffusing Alexa 488 (B) and Alexa 647 (R) dyes. Con-
centration of dyes is adjusted to achieve same number of molecules in red and blue
detection volume (Ng = Np = N/2). BTICCD analysis (solid line) is compared to
predicted fraction of red chance coincidence according to Equation 5.17.
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Figure B.9: Chance coincidences of red bursts obtained for freely diffusing Alexa 488 (B) and
Alexa 647 (R) dyes with equal N (red lines) or twofold N of Alexa 647 (purple lines)
as a function of red brightness threshold. BTCCD analysis (solid lines) is compared
to predicted fraction of chance coincidence (dashed lines). Coincidences are almost
equal because the red chance coincidences depend only on the number of blue dye
Ng.
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Figure B.10: Chance coincidences of blue bursts obtained for freely diffusing Alexa 488 (B) and
Alexa 647 (R) dyes with equal N (red lines) or twofold N of Alexa 647 (purple
lines) as a function of blue brightness threshold. BTCCD analysis (solid lines) is
compared to predicted fraction of chance coincidence (dashed lines). Coincidences
of twofold Alexa 647 are approximately twice as high according to Equation 5.18.
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Figure B.11: Stability of 70S ribosomes at low concentrations (~ pM) is investigated with Cy5

labeled 50S subunits and Cy3 labeled 30S subunits. Consecutive three minutes co-
incidence measurements are performed over one hour. Coincidence fractions are
stable for one hour (fluctuating around dashed lines) and, hence, no dissociation of
70S complex due to the low concentration is occurring during that time window.



Acknowledgment

Zunichst mochte ich meinem Doktorvater Prof. Jérg Fitter fiir die Moglichkeit danken, meine
Promotion in seiner Arbeitsgruppe durchfithren zu kénnen. Ich habe es auch ihm zu verdanken,
dass ich mein Interesse fiir die Biophysik entdeckt habe als ich zufallig beim Blattern durch die
Mastervorlesungen auf seine Vorlesung gestofien bin. Prof. Fitters Faszination an biologischen
Fragestellungen ist immer wieder ansteckend und er versteht es die Biologie “physikergerecht”
zu erkldren. Ich mochte mich auch fiir die Arbeitsatmosphare in der Gruppe bedanken, die
gepragt war von gegenseitiger Wertschitzung und Vertrauen.

Ich danke auflerdem ganz herzlich Prof. Dominik Wl fiir die Bereitschaft meine Disserta-
tion als Zweitgutachter zu betreuen.

Des weiteren danke ich der gesamten AG Biophysik fiir die Unterstiitzung tiber die Jahre.
Besonders mochte ich mich bei Dr. Daryan Kempe bedanken, der mich schon wahrend der
Masterarbeit in alle experimentellen Techniken eingearbeitet hat und wéhrend meiner Pro-
motion immer fiir hilfreiche Diskussionen bereitstand. Vielen Dank an Julia Walter fiir das
Aufrechterhalten eines benutzbaren Labors. Further I would like to thank all former and actual
PhD student in the biophysics group: Dr. Alyazan Albargash, Farzaneh Vaghefikia and Olessya
Yuknovets. I enjoyed the discussion with you, also out of the scientific context.

Ich mochte nicht vergessen, mich bei allen Bachelor- und Masterstudenten unserer Arbeits-
gruppe zu bedanken.

I would like to thank all (former) employes of ICS-5 for their constant support. Dr. Matteo
Gabba supported especially at the beginning of my PhD study and arranged the collaboration
with the University of Groningen. Dr. Michele Cerminara helped me with the confocal set-
up at ICS-5. Special thanks go to Dr. Alexandros Katranidis, Dr. Noémie Kempf, Dr. Cristina
Remes, Dr. Antonie Schone and Ilona Ritter for their support and efforts in producing biological
samples.

I would like to thank my collaborators Prof. Martina Pohl, Dr. Victoria Steffen, and Dr. Julia
Otten at IBG-1 (Forschungszentrum Jiilich) and Dr. Arnold Boersma (University of Groningen)
for supporting me with their biosensors and for lots of insightful discussions.

I kindly acknowledge financial support by the International Helmholtz Research School of
Biophysics and Soft Matter “BioSoft" and thank Dr. Thorsten Auth for his efforts in the orga-
nization of the school.

Finally, I thank my family for supporting me and having a lot of patience.






Schriften des Forschungszentrums Jalich
Reihe Schllsseltechnologien / Key Technologies

Band / Volume 212

First-principles study of collective spin excitations in noncollinear
magnets

F.J. dos Santos (2020), 270 pp

ISBN: 978-3-95806-459-1

Band / Volume 213

Direct measurement of anisotropic resistivity in thin films
using a 4-probe STM

T. Flatten (2020), viii, 129 pp

ISBN: 978-3-95806-460-7

Band / Volume 214

The guided self-assembly of magnetic nanoparticles into two-

and three- dimensional nanostructures using patterned substrates
W. Ji (2020), VI, 140 pp

ISBN: 978-3-95806-462-1

Band / Volume 215

Molecular layer deposition and protein interface patterning
for guided cell growth

M. Glass (2020), iv, 81 pp

ISBN: 978-3-95806-463-8

Band / Volume 216

Development of a surface acoustic wave sensor
for in situ detection of molecules

D. Finck (2020), 63 pp

ISBN: 978-3-95806-464-5

Band / Volume 217

Detection and Statistical Evaluation of Spike Patterns
in Parallel Electrophysiological Recordings

P. Quaglio (2020), 128 pp

ISBN: 978-3-95806-468-3

Band / Volume 218

Automatic Analysis of Cortical Areas in Whole Brain Histological Sections
using Convolutional Neural Networks

H. Spitzer (2020), xii, 162 pp

ISBN: 978-3-95806-469-0

Band / Volume 219

Postnatale Ontogenesestudie (Altersstudie) hinsichtlich der Zyto- und
Rezeptorarchitektonik im visuellen Kortex bei der griinen Meerkatze
D. Stibane (2020), 135 pp

ISBN: 978-3-95806-473-7



Schriften des Forschungszentrums Jalich
Reihe Schllsseltechnologien / Key Technologies

Band / Volume 220

Inspection Games over Time: Fundamental Models and Approaches
R. Avenhaus und T. Krieger (2020), VIII, 455 pp

ISBN: 978-3-95806-475-1

Band / Volume 221

High spatial resolution and three-dimensional measurement of
charge density and electric field in nanoscale materials using
off-axis electron holography

F. Zheng (2020), xix, 182 pp

ISBN: 978-3-95806-476-8

Band / Volume 222

Tools and Workflows for Data & Metadata Management

of Complex Experiments

Building a Foundation for Reproducible & Collaborative Analysis in the Neurosciences
J. Sprenger (2020), X, 168 pp

ISBN: 978-3-95806-478-2

Band / Volume 223

Engineering of Corynebacterium glutamicum towards increased
malonyl-CoA availability for polyketide synthesis

L. Milke (2020), IX, 117 pp

ISBN: 978-3-95806-480-5

Band / Volume 224

Morphology and electronic structure of graphene
supported by metallic thin films

M. Jugovac (2020), xi, 151 pp

ISBN: 978-3-95806-498-0

Band / Volume 225

Single-Molecule Characterization of FRET-based Biosensors
and Development of Two-Color Coincidence Detection

H. Hofig (2020), XVIII, 160 pp

ISBN: 978-3-95806-502-4

Weitere Schriften des Verlags im Forschungszentrum Jiilich unter
http://wwwzb1.fz-juelich.de/verlagextern1/index.asp







Schlisseltechnologien / Key Technologies
Band/Volume 225
ISBN 978-3-95806-502-4

9 JULICH

Mitglied der Helmholtz-Gemeinschaft Forschungszentrum



	List of Publications
	Abstract
	Zusammenfassung
	List of Figures
	List of Tables
	List of Acronyms
	Introduction
	Materials and Instrumentation
	Samples
	Fluorescent Dyes
	Fluorescent Beads
	TetraSpeck Beads
	Nano-Beads

	DNA Oligonucleotides
	FRET-Based Biosensors
	Dye-Labeled Glucose Binding Protein MglB
	Cell-Free Protein Synthesis System

	Buffers
	Photoprotection Additives
	Dye-Labeled Glucose Binding Protein
	Cell-Free Protein Synthesis System


	Cover Slip Preparation
	List of Confocal Microscope Components
	Spectrometers
	Software

	Theory and Methods
	Fluorescence
	Principles
	Jablonski Diagram
	Absorption
	Emission
	Quantum Yield
	Lifetime
	Anisotropy
	Photostability

	Förster Resonance Energy Transfer (FRET)
	Fluorescent Proteins

	Confocal Microscopy
	Setup
	Gaussian Beam Optics and the Molecular Detection Function
	Time-Correlated Single Photon Counting (TCSPC)
	Pulsed Interleaved Excitation (PIE)
	Fluorescence Correlation Spectroscopy (FCS)

	Single-Molecule Detection of Freely-Diffusing Fluorescent Biomolecules
	Why Single-Molecule Measurements?
	Requisites for Single-Molecule Detection: The Signal-to-Background Ratio
	Workflow of a Single-Molecule Experiment


	Genetically-Encoded FRET-Based Biosensors
	Introduction to Biosensors
	Sensing Principles of Genetically-Encoded FRET-Based Biosensors
	Design of Genetically-Encoded FRET-Based Biosensors
	Biosensor for Determination of Glucose Concentration
	Ensemble Read-Out of Biosensor Signal
	Biosensor for Determination of Macromolecular Crowding
	Response of Glucose Biosensor to Crowding Conditions
	Limitations of Ensemble Characterization
	Single-Molecule Measurements of Genetically-Encoded FRET-Based Biosensors
	Experimental Realization
	Determination of Correction Parameters , , 
	Correction for PEG 6,000 Background
	Single-Molecule Characterization of Glucose Biosensor
	Performance of Glucose Biosensor
	Single-Molecule Characterization of Biosensors in Crowding Conditions
	Reproducibility and Sample-to-Sample Variations
	Consistency of Single-Molecule and Ensemble Data

	Comparison of Fluorescent Protein-Equipped Versus Dye-Labeled Biosensors
	Accessible Volume Calculation for Dye Attachment to Glucose Binding Protein MglB
	Single-Molecule Characterization of Dye-Labeled Glucose Biosensor


	Brightness-Gated Two-Color Coincidence Detection (BTCCD)
	Introduction to Two-Color Coincidence Detection
	Imperfect Overlap of Confocal Volumes Causes Underestimated Coincidence
	Basic Idea of Brightness Gating
	Implementation of Brightness-Gated Two-Color Coincidence Detection
	Determination of Optimal Brightness Threshold
	Fitting of Coincidence Fraction Curves
	Global Coincidence Analysis

	Reference Samples
	TetraSpeck Beads
	Nano-Beads
	Double-Stranded DNA Labeled with Alexa 488 and Atto 647N
	Double-Stranded DNA Labeled with Alexa 488 and Alexa 647

	Benchmark with Conventional Two-Color Coincidence Detection
	Testing the Limits of BTCCD
	Dependency on Burst Detection Parameters
	Dependency on Laser Power and Photobleaching
	Minimal Measurement Time

	Impact of Chance Coincidence Events
	Chance Coincidences in BTCCD
	Experimental Characterization of Chance Coincidence
	Correction for Chance Coincidences

	Coincidence Analysis of FRET-Based Biosensors
	Investigation of Protein Translation
	Ribosomes as the Center of Protein Synthesis
	Stalling Efficiency and Activity
	Translation Initiation


	Conclusion and Outlook
	Genetically-Encoded FRET-Based Biosensors
	Brightness-Gated Two-Color Coincidence Detection

	Bibliography
	Appendix: FRET-Based Biosensors
	Appendix: Two-Color Coincidence Detection
	Acknowledgment
	Leere Seite
	Leere Seite



