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Abstract

During the last fifteen years several methods have been developed for prob-
ing biomolecules (DNA, RNA, proteins) one at a time. Among these meth-
ods fluorescence spectroscopy and in particular its many implementations for
monitoring Förster Resonance Energy Transfer (FRET), have attracted much
interest.

This thesis deals mainly with high-precision single molecule FRET (sm-
FRET) studies between a donor and an acceptor fluorophore attached to a
biomolecule. Methodologies like multi-parameter fluorescence detection (MFD)
and Probability Distribution Analysis (PDA) are used. We investigate, how
and in which occasions, complex photophysical properties of the acceptor
could influence the experimentally obtained FRET efficiency distributions.
The value of smFRET experiments in enzymology is exemplified by present-
ing studies on DNA-related enzymes. Three structural conformations (Open,
Closed, and Nucleotide-Binding) of Klentaq1, a DNA polymerase, have been
resolved by measurements on freely diffusing molecules. We observe that the
levels of occupancy of these conformations and the transitions among them,
are dependent on the nature of the incoming dNTP, shedding more light into
how conformational selection controls the incorporation cycle. Additionally,
smFRET studies on MutS, a protein responsible for the initiation of the DNA
mismatch repair machinery, have identified the existence of a preferred orien-
tation of binding of the protein to asymmetric mismatches of DNA strands.
Inhibiting MutS from binding in this preferred orientation has negative impli-
cations on the efficiency of the initiation of the overall DNA repair process.

Shifting from spectroscopy to microscopy, we use FRET imaging for moni-
toring interactions between the Human Epidermal Growth Receptors , HER1
and HER2, and the Insulin-like Growth Factor 1 Receptor, IGF1R, in fixed
cells obtained from patients with suspect breast cancer lesions. While work-
ing on FRET imaging, the need for developing methodologies for the objective
evaluation of the sensitivity of confocal laser scanning microscopes (CLSM)
was identified. In order to provide figure of merits for the sensitivity of a mi-
croscope, we use Fluorescence Correlation Spectroscopy (FCS) and Transient
State (TRAST) imaging measurements on aqueous solutions of Rhodamine
110. Our results suggest that TRAST imaging measurements could serve as
a fast and easy test for the day-to-day maintenance of a CLSM and could
provide reference standards for comparing images obtained by different micro-
scope systems.
Keywords: FRET, single-molecule, DNA polymerase, DNA repair machinery, Multi-

parameter detection, PDA, FCS, TRAST imaging, CLSM
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Chapter 1

Introduction

This thesis describes the application of techniques, based on fluorescence spec-
troscopy and imaging, for probing changes in the conformations of biomolecules
and for monitoring interactions between them. In this introductory chapter
an attempt will be made for setting the background of such studies while
highlighting the motivation which lead to their development. In the final part
the efforts presented in this thesis will be summarized and placed into context.

The use of X-Ray crystallography and Nuclear Magnetic Resonance (NMR)
spectroscopy for the determination of the structure of biomolecules (DNA,
RNA, proteins and their complexes) has revolutionized biology.1 The re-
ductionist view according to which biological functions could be reduced to
molecular interactions gained many followers among the biological community
(Regenmortel, 2004; Gilbert, 1991; Robinson, 1992, 1986). The cell, the uni-
tary organizational structure of life became a group of inter-related complex
molecular networks. Currently, molecular models are constructed to explain
important biological functions such as gene regulation and signal transduction.
In parallel, it was recognized that the beautiful structures of biomolecules (ob-
tained by X-Ray crystallography and NMR) are mere“snapshots”of a dynamic
ensemble of molecular conformations (McCammon et al., 1977; Frauenfelder
et al., 1991). Advances in computational methods and computer hardware
have made possible the reliable simulations of complex (and with increasing
accuracy) intramolecular motions taking place during biomolecular processes
like protein folding and ligand binding (Karplus, 2003; Fersht and Daggett,

1DNA double helix was determined crystallographically in 1953 (Watson and Crick,
1953; Franklin and Gosling, 1953; Wilkins et al., 1953) while the first protein structures
(hemoglobin and myoglobin) obtained by X-Ray crystallography appeared in 1960s (Perutz
et al., 1960; Kendrew, 1963). The first 3-dimensional structure of a protein by NMR was
obtained in 1985 (Williamson et al., 1985).

11



12 CHAPTER 1. INTRODUCTION

2002; Dill et al., 2008; Kumar et al., 2000).
Under the light of the events described above, the need for determining

the properties of individual biomolecules appeared naturally as the molecular
and the structural biologists were seeking data that could directly be linked to
their theoretical molecular models and consequently could verify, falsify and
modify them (Henrion et al., 2012; Dobson and Karplus, 1999; Vendruscolo
and Paci, 2003; Neuweiler et al., 2009; Brunger et al., 2011; Sotomayor and
Schulten, 2007; Merchant et al., 2007) . The experimental data from bulk
measurements , although indicative, fail to offer a complete description of
molecular behavior due to the averaging inherent in the measurement itself.
Consider for example the case in which a population of enzymes is being ob-
served at equilibrium, while it is performing its function. One could retrieve
an average structural parameter (e.g. end-to-end distance) for describing the
structure of the whole population. Yet, one could not expect that all the en-
zymes adopt the same structural conformation at each time point since they
are not synchronized. If at each time point an average parameter over the
whole population is determined, the transient intermediate states of the enzy-
matic cycle will be obscured. The revolutionary advantage of single molecule
studies (van Oijen, 2008; Kapanidis and Strick, 2009; Knight, 2009; Li and
Xie, 2011) is that they offer a way to get access not only to the average
value of a parameter describing a molecular population but more importantly
to the distribution of the parameter values over the whole population. In
this way, heterogeneities (static or dynamic) could be readily identified. The
discovery of heterogeneities in biomolecular populations has helped in settling
important biological issues and also raised new questions about biological pro-
cesses. Nowadays it is established that the heterogeneities of one biomolecular
species constitute major aspects of its function via mechanisms like conforma-
tional selection (Cui and Karplus, 2008; Bahar et al., 2007; Myong et al., 2006;
Frauenfelder et al., 1999; Eisenmesser et al., 2005; Davydov and Halpert, 2008;
Henzler-Wildman and Kern, 2007; Graham and Duke, 2005).

Additionally, a connection should be made to modern pharmacological
research which is based on the creation of a large number of possible “active
molecules” and the selection of the most suitable for further analysis and stud-
ies. This selection procedure can be quite expensive as regards both time and
money. Single-molecule techniques can provide a solution for quick and cost
effective High Throughput Screening (HTS) in drug discovery. The quantities
of molecules needed for each screening are minimum, thus the cost of the pro-
cedure is efficiently decreased (Chautard et al., 2009; Tomizaki et al., 2005;
Skinner and Visscher, 2004; Rigler, 1995; Okagbare and Soper, 2009). The
sensitivity of single molecule methods is such that the measurement time is
significantly reduced and large scale parallelization of the screening process
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Figure 1.1: Ensemble versus single-molecule studies. Heterogeneitites can be either static, when

various subpopulations of molecules remain unchanged over the observation time (left panel) or

dynamic (right panel), when there is some interconversion between molecular states during the

observation time. Figure adapted from (Sisamakis et al., 2010)

can be achieved. Moreover, the clinical value of early diagnosis of malignan-
cies and diseases in conjunction with the realization that the variety of patient
response to a specific drug can be associated with small-scale variations in the
genome (single nucleotide polymorphism) or the proteome of each individ-
ual patient, caused the recently increasing interest of the medical community
towards ultra-sensitive single molecule approaches and their potential applica-
tions in clinical practice (Pfost et al., 2000; Nazem and Mansoori, 2008; Russ
Algar et al., 2009; Xu et al., 2005; Wagener, 1997; Halpern and Ballantyne,
2009; Yesilkaya et al., 2006; Cordeiro et al., 2006; Farkas, 2003).

The first technique (middle 1970’s to early 1980’s) which attracted broad
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interest in single-molecule biophysics was the patch-clamp technique2 which
allows the monitoring of the activity of a single ion channel revolutionizing
electrophysiology by answering long-standing questions (i.e. how long time is
a channel open?) (Neher and Sakmann, 1976). Several other techniques have
been proposed for directly probing single molecules but two approaches have
been proven to be most successful in probing distinct biomolecular states:
a) the use of fluorescence and b) the direct application of mechanical force
(i.e. atomic force microscopy - AFM, optical tweezers, magnetic tweezers).
For acquiring an overview of single-molecule techniques the reader could refer
to (Cornish and Ha, 2007; Haustein and Schwille, 2004; Bustamante, 2008;
Selvin and Ha, 2008; Toprak and Selvin, 2007; Walter et al., 2008). Here only
fluorescence will be considered (Chapter2; see also (Gell et al., 2010; Sauer
et al., 2011)).

The first realization 3 of direct single molecule optical detection in solids
was achieved in the end of 1980’s (Orrit and Bernard, 1990; Bernard and
Orrit, 1990; Moerner and Kador, 1989) and it was immediately followed by
single molecule detection in solution in the early 1990’s (Rigler et al., 1993;
Brooks Shera et al., 1990; Rigler and Widengren, 1990; Soper et al., 1991)
using Fluorescence Correlation Spectroscopy (FCS). The history of the appli-
cation of fluorescence to the studies of biologically relevant molecular reactions
is long (Lakowicz, 2006; Valeur, 2002; Valeur and Brochon, 2001). The high
sensitivity inherent in the phenomenon of molecular fluorescence, the availabil-
ity of fluorescent dyes and of methods for site-specific labeling, the relatively
easy way with which fluorescence methods are employed and their minimum
invasiveness, established the position of many fluorescence methods in the
everyday laboratory routine of the biological community. Over the years a
vast variety of fluorescence-based assays of increasing sophistication has been
developed in order to study biological reactions and determine the character-
istics of biomolecules both in vitro (freely diffusing or immobilized molecules)
and in living cells (Haustein and Schwille, 2004; Lippincott-Schwartz et al.,
2001; Giepmans et al., 2006). Among these assays the probing of biomolecular
processes via the monitoring of the phenomenon of Förster Resonance Energy
Transfer (FRET) between two fluorophores has attracted much interest (De

2In a recent paper by Knight (2011), attention has been brought in the work of Boris
Rotman who was able to monitor the collective product of many turn-over cycles of a single
enzyme encapsulated in micro-droplets in 1961(Rotman, 1961). Nevertheless, this work did
not have the great impact of the patch-clamp method.

3The seminal works of Hirschfeld, Nguyen et al. and Peck et al. have also to be
acknowledged as they achieved detection of single molecules by detecting the collective
fluorescence signal arising from several fluorophores attached to each individual molecule
(Hirschfeld, 1976; Nguyen et al., 1987; Peck et al., 1989).
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Angelis, 1999; Vogel et al., 2006; Wu and Brand, 1994; Selvin, 2000; Szöllosi
et al., 1998; Wallrabe and Periasamy, 2005). The basic theoretical concepts
of FRET are presented in Section 2.2. In the context of the current thesis
FRET will occur between an excited fluorophore (Donor; D) transfers energy
to another fluorophore (Acceptor; A) when the latter is in the close proximity
of the former. By monitoring the fluorescence properties of both D and A one
could probe interdye distances between 20 - 100 Å.

The successful applications of FRET in bulk studies lead to efforts to ex-
ploit the same phenomenon in single molecule level (initially by (Ha et al.,
1996)) which have already been presented in exceptional reviews (Ha, 2001;
Michalet et al., 2005; Schuler and Eaton, 2008; Haas, 2005). It is within this
framework that large part of the thesis should be placed. Much of the work
presented in the current thesis deals with determination of FRET efficien-
cies between a donor (D) and an acceptor (A) fluorophore attached to the a
molecule of interest (intramolecular single pair FRET), as this molecule dif-
fuses through a confocal detection element. The detection scheme used will
be termed as single-molecule multi-parameter fluorescence detection (smMFD;
Chapter 3) and allows for the determination of all relevant fluorescence pa-
rameters involved in a FRET event (i.e. emission intensities, lifetimes and
anisotropies of both D and A). Accurate determination of the interdye dis-
tance in a single molecule FRET experiment, requires knowledge of the pho-
tophysics and mobilities of dyes which act as donor and acceptor (Sisamakis
et al., 2010; Sindbert et al., 2011). As it is shown in Chapter 4 complex pho-
tophysics of the acceptor will result in an apparent broadening of the FRET
efficiencies distributions beyond shot-noise limits which could be mistakenly
interpreted as corresponding to a real distribution of conformational substates.
In Paper I we have characterized this broadening experimentally and we sug-
gested methodologies for including the contribution of complex photophysics
of the acceptor in the model function used for fitting FRET efficiency his-
tograms from experimental data. In particular, we show that this broadening
is analogous to the the mean inter-dye distance.

Apart from the methodological advances, in this thesis the virtues of the
single molecule multiparameter detection for studying DNA-enzymes interac-
tions will be highlighted by the efforts presented in n Chapter 5 (Paper II
and III). In Section 5.1 (Paper II) it is shown that Klentaq1 (an exemplary
case of DNA polymerases) exists in equilibrium between three conformation-
ally distinct states (Open, Closed, “Nucleotide Binding”) in its apo-form (free
enzyme) as well as in its binary or ternary complex with DNA and nucleotides.
The equilibrium will favor one of the three states depending on the the nature
of the incoming nucleotide (the closed state for the correct dNTP and the
Nucleotide Binding state for the incorrect dNTP). Study of the kinetics span-
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ning the range from ∼ ms to ∼ s indicate the existence of a complex energy
landscape in which the Nucleotide Binding state has a important place mediat-
ing the interplay between the closed state, from which incorporation becomes
possible, and the open state from which the incorrect nucleotide is released.
Additionally, in Section 5.2 (Paper III) the bending of DNA oligonucleotides
which contain one mismatched basepair, by MutS, is presented. MutS is a
protein with pivotal role in the initiation of the mismatch repair machinery
(MMR) and upon binding and mismatch recognition induces a characteristic
kink to the DNA strand. We employed single molecule FRET for the charac-
terization of the orientation of the binding of the MutS depending on different
types of mismatches. The results were complemented with bulk measurements
showing that initiation of the MMR is inhibited when MutS is blocked from
binding to the mismatched pair at a preferred orientation.

In parallel with its single molecule applications, FRET has been exten-
sively exploited for microscopic imaging (Sakon and Weninger, 2010; Grecco
and Verveer, 2011; Pietraszewska-Bogiel and Gadella, 2011; Jares-Erijman and
Jovin, 2006; De Beule et al., 2007; Becker et al., 2004; Wouters and Bastiaens,
2001). In this thesis, FRET imaging is used in the context of cancer diagnos-
tics. In Chapter 6 efforts for the monitoring of protein - protein interactions
of membrane receptors are presented. More specifically we have monitored
HER1 (Human Epidermal growth factor Receptor 1), HER2 (Human Epider-
mal growth factor Receptor 2), IGF1R (Insulin-like Growth Factor 1 Receptor)
by the use of a FRET assay, in fixed cells, isolated from FNA clinical material
(Fine Needle Aspiration;Wiksell et al. (2010)). A stage scanning confocal mi-
croscope suitable for such measurements was constructed and images of cells
from samples taken from normal and malignant lesions of patients were as-
sessed. These measurements were combined with images acquired by other
advanced imaging modalities like STED and additional molecular targets and
a global assessment of the malignancy of each patient was attempted by the
construction of a classifier. The broad use of confocal microscope for imag-
ing has made the need for development of standards and procedures for the
maintenance of a confocal microscope and also for comparing images obtained
by different microscopes more urgent than before. In Chapter 7 (Paper IV)
the use of FCS and Transient State (TRAST) imaging of a solution of a stan-
dard fluorophore is introduced for assessing the sensitivity of confocal laser
scanning microscopes (CLSMs). The sensitivity is assessed by determining
the counts per fluorescent molecule for the case of FCS or by recovering the
mean excitation rate and the detection efficiency of the microscope by apply-
ing the principles of TRAST imaging. We showed the equivalence of FCS
and TRAST imaging approach for such an assessment for the case of photon
counting detectors and then the TRAST imaging approach was implemented
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for the case in which the detection is done by analog detectors.
In summary, this thesis covers many aspects of the exploitation of FRET

for biomolecular studies ranging from single-molecule spectroscopy, where em-
phasis was given upon, to confocal imaging. The thesis includes work done
in the Group of Experimental Biomolecular Physics, Department of Applied
Physics at KTH (Royal Institute of Technology) and the Chair of Molecular
Physical Chemistry at Heinrich Heine University. The collaboration between
the two groups has been supported by STINT (The Swedish Foundation for
the International Cooperation in Research and Higher Education). The re-
search leading to the results presented in Chapter 6 has received funding from
the European Community’s 7th Framework Programme FP7/2007-2011 under
grant agreement no. 201837.





Chapter 2

Background

2.1 Fluorescence and Photophysics

All phenomena related to the emission of light, by an atom or a molecule, not
related to black body radiation, could be collectively described as lumines-
cence. Luminescence always includes the relaxation of the atom or molecule
from an excited state A* to a state with lower energy A. In the literature,
luminescence is divided in subcategories based on how this excited state A*
was created (e.g. chemiluminescence, sonoluminescence). Fluorescence and
phosphorescence could be collectively described with the term photolumines-
cence, i.e. the excited state A* is created by the absorption of a photon.1

Initially (before quantum mechanics) the only discriminating difference be-
tween the two phenomena was that fluorescent material stops to emit light
simultaneously with the end of the excitation, while phosphorescent material
could continue to emit for considerable time (even hours) after the removal of
the excitation source. Phosphorescence and fluorescence (yet by other terms)
had been described sporadically even before the 19th century. The term fluo-
rescence was introduced by Stokes in 1853 in a footnote in his seminal paper
describing that the emitted light is always of longer wavelength than the ex-
citation light2. The first efforts for formal investigations of fluorescence and
phosphorescence was performed by the Perrins.3 Currently fluorescence is for-
mally discriminated from phosphorescence on the basis of the spin multiplicity

1Photoluminescence involves the absorption of less energetic photons which do not cause
ionization upon absorption. Luminescence phenomena involving ionizing radiation are de-
scribed as radioluminescence.

2Becquerel in 1842 had already reached the same conclusion studying phosphorescent
material.

3The most famous father-son duet of fluorescence spectroscopy. Jean Perrin (1870-1942).
Francis Perrin (1901-1992).
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+A A* A+
absorption of photons

λexc λem

emission of photons

atom in low pressure 

and low temperature

small molecule 

with distinct substates
large organic molecule 

Figure 2.1: Basic Phtophysics. (A): The general scheme of experiments involving photo-

luminescence. Molecular species, A, are excited to a state A*, by absorption of a photon.

Eventually , A*, after interacting with the environment relaxes back to A by emitting a

photon. (B-D): UPPER: Simplified energy diagram of A and A* for 3 different systems: (B)

atom in low pressure and temperature, (C) a small molecule with a few vibrational modes

and (D) a large organic molecule. The Franck-Condon allowed transitions are given by the

shaded area. LOWER: Excitation (blue) and fluorescence (orange) spectra corresponding

to the systems (B)-(D). (E): Franck-Condon principle. The probability of observing a

transition depends on the overlap between the vibrational orbitals of the ground and the

excited state (Franck-Condon factors (Turro et al., 2010) . The probability of the transition

becomes higher and thus the instensity of the corresponding spectral peak becomes more

intense as the overlap between the vibrational states, involved in the transition, increases.

of the involved electronic energy states.

The formal description of molecular photoluminescence (Fig. 2.1 A) is
based on (i) the Born-Oppenheimer approximation and (ii) the Franck-Condon
principle (Turro et al., 2010). The former allows the independent treatment of
the electronic and vibrational part of the wavefunction describing the molecule
(calculation of the electron orbitals for stationary nuclei), while the latter de-
termines the influence of the vibrational sub-states on the transitions between
two electronic states. For isolated atoms in low temperatures, one could expect
pure electronic transitions (Fig. 2.1 B) and consequently sharp excitation and
emission spectra to be registered. The situation for small and large organic
molecules is different (Fig. 2.1 C and D). For them both the excitation and
emission spectra are broader and could have more peaks. For such a system
there is a strong coupling between the vibrational modes of the molecule and
the distribution of the electrons around the nuclei and thus the energy sepa-
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ration between the vibrational levels of each electronic state becomes evident.
For small molecules only a few vibrational modes exist resulting in spectra
with a few distinct peaks (Fig. 2.1 C) while for larger organic molecules (i.e.
dyes) the number of the levels increases and the energy gap between them
decreases resulting in continuous spectra (Fig. 2.1 D). The exact shape of
the spectra (i.e. position of maximum , width) is given by the calculation of
the strength of each individual possible transition (as it is determined by the
overlap of the vibrational part of the wavefunctions describing A and A* ;Fig.
2.1 E). Note that in solutions, interactions of the molecules under study with
the solvent result in additional broadening of the experimental spectra.

The molecules used as fluorophores in fluorescence spectroscopy are large
organic molecules with at least one system of conjugated carbons. Their exci-
tation and emission spectra are broad , extending over at least 10-20nm. The
separation between the wavelength at the maximum of the excitation spec-
trum and the wavelength of the emission spectra is referred to as Stokes shift.
For most fluorophores, the Stokes shift is about 20 nm.

Molecular fluorescence could be described as a photoluminescent event
involving singlet-singlet4 transitions and in particular for the majority of its
manifestations, transitions between S0-S1(see Fig. 2.2). S0 is the singlet state
of lowest energy (ground state) and S1 is the first excited singlet state. The
overall phenomenon could be divided in 3 distinct processes: (i) the excitation,
(S0→S1), to a vibrational substate of S1, (ii) the non-radiative vibrational
relaxation to the vibrational state of lowest energy of S1 (Kasha’s rule; (Kasha,
1950)) and (iii) the fluorescence emission, i.e. the radiative relaxation S1→
S0 at a rate kfluorescence. For an excited molecule, there are alternative non-
radiative pathways of direct relaxation from S1, at a collective rate knr. There
is also the possibility that a transition to the first triplet state, T1, occurs
(Intersystem Crossing) at a certain rate, kISC. If the excitation rate is noted
as k10, one could introduce a parameter,termed fluorescence quantum yield
(Φ), describing the efficiency of the overall process:

Φ = number of emitted photons via radiative S1→S0

number of absorbed photons

=
kfluorescence

kfluorescence+knr+kISC

(2.1)

The lifetime of the fluorescence emission, τ , will be:

τ =
1

kfluorescence + knr + kISC
=

Φ

kfluorescence
= Φ · τin (2.2)

4Singlet and triplet states refer to the degeneracy of each energy state due to the quan-
tum number of spin. In singlet states the electrons are paired (spin up-spin down) with
total spin angular momentum, s=0, while in triplet states s=1 (see Fig.2.2).
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Figure 2.2: (A): A simplified Jablonski diagram of the energy states involved in flu-

orescence. In the insets the distribution of spin of electrons in the Highest Unoccupied

Molecular Orbital (HUMO) and Lowest Unoccupied Molecular Orbital (LUMO) are illus-

trated. Please note that photodamage leading to bleaching could also occur from singlet

states. (B): Time scales of the processes involved.

,where τin=1/kfluorescence is referring to the intrinsic lifetime of the S1 state if all
the non radiative pathways of its depopulation were neglected.

Intersystem crossing ( transition S1→T1 ) at a rate kISC deserves special
attention. Although energetically possible5 such transitions are forbidden in
a semi-clasical interpretation of quantum mechanics (no mixing of states is
allowed) since they violate the conservation of angular momentum (transition
S1→T1 involves spin flipping). In the quantum mechanical framework however
spin-orbit coupling makes singlet-triplet transitions possible. The change in
spin is accompanied by such a change in the orbital angular momentum that
conserves the total angular momentum of the molecule. In many organic
molecules there are vibrational levels of S1 and T1 which have the same total
angular momentum and that is why intersystem crossing could occur between
them. The intersystem crossing rates could be influenced by the presence of
heavy atoms inside the molecule or by the presence of paramagnetic species
like oxygen in its vicinity. Interaction with oxygen could lead to the formation
of oxidized species. From T1 the molecule could relax to S0 either radiatively

5According to Hund’s rule excited state of higher multiplicity have lower energy than
the corresponding excited states of lower multiplicity.
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(phosphorescence) or non-radiatively. The lifetime of triplet states is usually
in the range ∼µs (or even ∼ms) and are long lived in comparison with the
singlet state which exhibits lifetime in ∼ns range.

When polarized light is used for the excitation , another parameter should
be used for the complete description of the fluorescence. This parameter will
be called fluorescence anisotropy and it will be denoted usually as r. If the
emitted photons are divided according to their polarizations, parallel and per-
pendicular (I‖, I⊥) in respect to the exciting light, then the anisotropy is
given by the ratio of the difference of the two intensities divided by the total
fluorescence intensity as described below:

r =
I‖ − I⊥
I‖ + 2I⊥

(2.3)

Each transition S0 → S1 and S1 → S0 is characterized by a transition moment
which could be illustrated classically as a transient dipole resulting from the
displacement of charges during the transition. The polarization of the emitted
photons will be in the direction of the emission transition moment. For most
common organic fluorophores, S0 → S1 involves transitions between π orbitals
and the transition moments will always co-planar with the conjugated system.
Excitation transitions S0 → S1 can only occur if the electric field used for ex-
citation has a non-zero component along the direction of the corresponding
transition moment. As a result, for a given wavelength of excitation, fluores-
cent molecules with the transitions moments aligned to the exciting electro-
magnetic radiation will be more efficiently excited. This phenomenon termed
photoselection gives rise to the concept of fundamental anisotropy, r0, which
is the anisotropy for a static population of molecules with their transition
moments isotropically distributed. For the limiting case for which excitation
transition moments are parallel to the emission transition moments, the fun-
damental anisotropy is calculated to be r0 = 0.4 and represents the maximum
expected anisotropy in fluorescence measurements of fluorophores in solutions.
For the general case for which excitation and emission transition moments are
not parallel it is valid that −2 < r0 < 0.4. Additional depolarization processes
(in most cases rotational diffusion) lead to further decrease of the measured
anisotropy. In general, the measured anisotropy will depend on the size and
shape of the fluorescent species (rotational diffusion) and their fluorescence
lifetime. For the case of mono-exponential fluorescence decay characterized
with a lifetime, τ , the steady-state anisotropy, r , will be given by the Perrin
equation:

r =
r0

1 + 6Drτ
=

r0

1 + τ
θ

(2.4)
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where Dr is the rotational diffusion coefficient of the fluorescent species and θ
the rotational correlation time.
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Figure 2.3: Illustration of different types of fluorophores. (A): Organic dyes as exempli-

fied by Rhodamine 110. (B): Typical β−sheet barrel of fluorescent proteins. The conjugate

system responsible for fluorescence lies protected inside the barrel. (C): A schematic il-

lustration of quantum dots (fluorescent nanocrystals of semiconductor material). Quantum

dots are bright, photostable and since they have a narrow emission spectrum offer great po-

tential for multiplexed applications. Nevertheless, biocompatibility is an important issue.

In particular measuring conformational changes of proteins with fluorescent proteins and

quantum dots is problematic since the size of the probe is similar to the size of the molecule

under study. That is why organic fluorophores are still the main choice of the community for

the study of single molecule intr-molecular FRET. Considerations of the size of the probe

should be also when FPs or quantum dots are used for binding studies limited by diffusion.

For all applications relevant to the current work (and most fluorescence ap-
plications in general) the intrinsic fluorescence of the biomolecules cannot be
exploited (low quantum yield, low photostability). Alternatively, fluorescent
molecules (fluorophores) with good photophysical properties are used for stain-
ing the biomolecules of interest (see Fig. 2.3). All fluorophores used in this
study are small organic molecules (see Fig. 2.3). This kind of molecules are
usually covalently linked to the biomolecule of interest for in vitro studies via
many different strategies either site specifically or by exploiting general struc-
tural characteristics of the biomolecule (e.g. intercalators, groove binders)
(Milles et al., 2012; Preus and Wilhelmsson, 2012; Sletten and Bertozzi, 2009).
For imaging, in live cells the most common strategies involve either immunos-
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taining or the fusion of genes expressing fluorescent proteins (FP) at the end
of the expression sequence of the protein of interest 6 (see (Miyawaki, 2011;
Giepmans et al., 2006; Orlova et al., 2006) and references therein). In par-
allel, the staining toolbox contains inorganic compounds like quantum dots
and nanodiamonds which have been used as fluorophores in several studies
(Medintz et al., 2005; Michalet et al., 2005; Fu et al., 2007).

2.2 FRET

Förster Resonance Energy Transfer (FRET) 7 is a distance dependent phe-
nomenon which is particularly useful for probing interdye distances between
20-100 Å (Clegg, 2009, 2006). It belongs to the general category of non-
radiative transfer process from a donor molecule (D) to an acceptor molecule
(A). Förster’s theory describes energy transfer due to the dipolar coupling of
the excited states of D and A within the “weak coupling” regime (Förster,
1960, 1959). With the term “weak coupling” the fact that the energy levels
of D and A are not changed during the process is denoted. In general, this
coupling has also quantum-mechanical (see Dexter energy transfer or electron
exchange excitation transfer) components (Scholes and Ghiggino, 1994; Sc-
holes, 2003; Andrews and Leeder, 2009) but within the framework of Förster
theory these components are not discussed.8 Within the Förster theory, the
coupling between D and A is purely electrostatic and thus energy transfer
could be likened to the phenomenon of two oscillators (i.e., dipoles) being in
resonance, hence the term resonance in FRET. In the following section, only
the final equations of Förster’s theory are presented for the exemplary case of
a donor and an acceptor fluorophore attached to a biomolecule (see Fig.2.4).

6The importance of the introduction of the use of fluorescent proteins in modern research
was highlighted by the Nobel prize in 2008 awarded to Osamu Shimomura, Martin Chalfie
and Roger Y. Tsien. (see also (Day and Davidson, 2009)).

7In quite many occasions confusion is created about whether FRET should mean Förster
or Fluorescence Resonance Energy Transfer. It should be clear that energy transfer de-
scribed by Förster theory could occur by non-fluorescent molecules as it is also clear that
not all energy transfer processes occurring between fluorophores could be described by
Förster theory. It is nevertheless true, than in the vast majority of occasions Förster’s the-
ory is used for monitoring distances between fluorophores and the experimental measurable
quantities are determined by the fluorescence of these fluorophores. The community tends
to prefer to explain FRET as Förster Resonance Energy Transfer to acknowledge Förster
efforts but people are still comfortable using both interpretations. The important thng is
to know at each time what we are talking about.

8 For a general combined treatment of energy transfer (radiative and non radiative) one
could refer to (Andrews and Bradshaw (2004); Braslavsky et al. (2008); Andrews (1989)).
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Figure 2.4: FRET theory basics. (A): Illustration of a biomolecule labeled with donor

(D—light gray sphere) and acceptor (A—dark gray sphere). When the interdye distance is

large, only fluorescence signal from D is observed (shown in light gray while excitation is

shown in gray). When energy transfer to A takes place the fluorescence emission of A could

also be detected. (B): The excitation (Exc.) and fluorescence (F.) spectra of Alexa488

(A488) and Alexa594 (A594). A488–A594 dyes constitute a commonly used D–A pair in

FRET studies. The overlap between the emission of D and excitation of A is highlighted as

gray area. The amount of the overlap influences the value of the Förster radius (see text for

details about the overlap integral). (C): Plot of FRET efficiency versus the interdye distance

for two different values of the Förster radius, R0,1 = 56Å (dark red) andR0,2 = 70Å (brown).

The value of the Förster radius, R0, defines the useful dynamic range of distances (orange

and brown correspondingly) that can be measured with a specific dye pair as it is illustrated

by Eq. 2.10. For ensemble studies this dynamic range is considered to extend from 0.5 to

1.5R0 (Lakowicz, 2006) corresponding to FRET efficiency values from 0.98 to 0.08 (note

that recent studies have exceeded this textbook limit, see for example (Hevekerl et al.,

2011)). For single-molecule studies, FRET efficiencies as low as 0.03 can be discriminated

from donor-only populations and thus longer distances can be measured with the same dye

pair. Figure adapted from (Sisamakis et al., 2010).

The rate of de-excitation of D to A via FRET (Fig. 2B), kFRET , is given
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by:

kFRET =
1

tD(0)

(
R0

RDA

)6

(2.5)

where tD(0) is the lifetime of D in the absence of A, RDA is the D-A distance
(interdye distance), and R0 is the Förster radius (characteristic for the specific
dye pair). R0 depends on the fluorescence quantum yield of D in the absence
of FRET, FFD, the refractive index of the medium between the dyes, n, the
orientation factor, k2 (see Section 2.2), and the spectral overlap integral, J:

R0 =

[
9000 · ln 10

128π5NA

· FFD · k
2

n4
· J
]1/6

(2.6)

In Eq.2.6 NA is the Avogadro number. Please note that Eq. 2.6 could appear
in slightly different forms due to differences in the units used for the Förster
Radius R0 and the spectral overlap integral, J (Braslavsky et al., 2008; Valeur,
2002; Lakowicz, 2006). Here, IUPAC units are used for the construction of
Eq. 2.8 below. The spectral overlap integral, J(l), between donor fluorescence
(F.) and acceptor absorbance (Abs.), is given by Eq. 2.7 (see (Andrews and
Rodŕıguez, 2007)) and it is depicted in Fig. 2.4 B (gray area):

J =

ˆ ∞
0

FD (λ) · eA(λ) · λ4 dλ (2.7)

In Eq.2.7, FD(l) is the normalized fluorescence of D and eA(l) is the extinction
coefficient of A, both at wavelength. It is convenient to present R0 in Å. Using
values of λ in nm , and eA in mol−1dm3cm−1 in Eq.2.7, it follows from Eq.
2.6 that:

R0 =

[
2.108 · FFD · k

2

n4
· J
]1/6 (

Å
)

(2.8)

The efficiency of FRET, E, is defined by the ratio of the number of quanta
transferred from D to A over the total number of quanta absorbed by D. By
using this definition one could derive the following equations linking E with
measurable quantities:

E =
kFRET

k10 + kFRET
= 1−

tD(A)

tD(0)

= 1−
FD(A)

FD(0)

=
FFD

FFA
· FA

FD(A) + FFD

FFA
FA

(2.9)

where k10 = 1/τD(0) is the overall relaxation rate (S1→ S0) constant of the
excited donor state in the absence of acceptor, and τD(A) is the lifetime of D in
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the presence of A. FD(0) and FD(A) are the fluorescence intensities of D in the
absence and presence of A, respectively, FA denotes the corrected fluorescence
intensity of A and FFA is the fluorescence quantum yield of A. Substituting
from Eq. 2.5 to Eq. 2.9 leads to Eq. 2.10, in which the distance dependence
of FRET becomes evident:

E =
1

1 +
(
RDA

R0

)6 (2.10)

Fig. (2.4)C and Eqs. ((2.10)-(2.11)) demonstrate why E is most sensitive
to the DA-distance when RDA is in the range of (0.5− 2) ·R0. For commonly
used D-A pairs, R0 ≈ 50Å, hence the fluorescence textbook phrase that FRET
provides “a spectroscopic ruler” for measuring distances in the range of 20-100
Å (Stryer, 1978; Schuler et al., 2005). It is interesting that the smFRET studies
are so accurate that many molecule which were considered to be candidates
for molecular ”rulers” (Polyproline and double-stranded DNA, dsDNA) are
observed to be not perfectly straight but partially bent (Best et al. (2007);
Doose et al. (2007); Wozniak et al. (2008)).

RDA =

(
tD(A)

tD(0) − tD(A)

)1/6

R0 =

(
FD(A)

FD(0) − FD(A)

)1/6

R0 =

(
FFAFD(A)

FFDFA

)1/6

R0

(2.11)
In Förster theory D and A are considered to be point-like dipoles. For the

case of energy transfer between molecules, these dipole moments correspond to
the transition dipole moments of D and A, and (Fig. (2.5)), with corresponding
unit vectors, µ̂D and µ̂A, respectively. An orientation factor κ2, is introduced
for the description of the relative orientation of these vectors. This factor
appears in the calculation of the strength of the coupling between D and
A(van der Meer, 2002). The κ2factor is given as described in Eq. ((2.12) and
(2.13)) and it influences the Förster radius as described in Eq. (2.6 and 2.8.)
In the case whereκ2 = 0 (which for example applies when both dipole vectors
are perpendicular to each other and their plane is perpendicular to the unit
vector of the interdye distance,R̂DA ), no energy transfer is possible regardless
of the interdye distance.

κ2 =
[
µ̂A · µ̂D − 3

(
µ̂A · R̂DA

)(
µ̂D · R̂DA

)]2

(2.12)

= (sin θD sin θA cosϕ− 2 cos θD cos θA)2 (2.13)

In Fig. (2.5) the angles θD and θA define the dipole orientations with respect
to the connecting unit distance vector R̂DA, and ϕ corresponds to the angle
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Figure 2.5: The κ2-factor . The transition dipole moments of both D and A are changing

direction due to rotational diffusion. The spherical surfaces illustrate the accessible position

of D and A. At any given time their positions and relative orientation could be described by

the unitary interdye distance vector, R̂DA, and the vectors of transition dipoles µD andµA

of D and A. Two planes are defined (light gray for (R̂DA, µD) and gray for (R̂DA, µA).

The angles θD and θA define the dipole orientations with respect to the connecting unit

distance vector whereas f is the angle between the two planes. See Eq. (2.12 and 2.13 ) for

the dependence of the orientation factor κ2 on the angles and vectors . It becomes clear

that κ2 can take values between 0 and 4.

between the two planes defined by the corresponding pairs of unit vectors (µ̂D,
R̂DA) and (µ̂D, R̂DA). In reality, both D and A molecules rotate (rotational
diffusion), and as a result the values of κ2 is changing. It is still justified
to use an apparent mean R0 for all the population of D-A pairs, under the
assumption that the molecular rotational diffusion occurs faster than the life-
time of the fluorescence emission of D. If, in addition, the rotational diffusion
is unconstrained and the unit vectors of the dipole moments are exploring
all possible orientations around a single point, (isotropic dynamic averaging
regime), it is valid that κ2 = 2/3. All R0 values found in literature are ob-
tained assuming κ2 = 2/3 unless it is clearly stated differently. Without a
priori knowledge of the symmetry of the rotation of the dipole moments it is
impossible to calculate the value of κ2 from fluorescence data. Only an esti-
mation of the minimum and maximum values of κ2 could be obtained from
anisotropy measurements (van der Meer, 2002; Lakowicz, 2006).

Fortunately, in most FRET applications is not critical to know the ex-
act value of κ2. For example when FRET is used for monitoring binding of
two molecular partners only relative changes of RDA are of importance. In
most of the cases, the assumption that κ2 remains constant is sufficient for
the interpretation of kinetic FRET studies of biomolecules undergoing con-
formational changes (especially if the involved structures are well described
by X-Ray crystallography and/or NMR) since in such cases any change in the
obtained E values could be assigned to relative distance changes. It should not
be overlooked though, that in special cases (i.e., experiments on immobilized
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molecules), the validity of the isotropic dynamic averaging hypothesis should
be at least thoroughly tested. In the case of absolute distance determination,
κ2 should be determined precisely Kalinin et al. (2012b). Efforts have been
made for the extension of Förster theory including the time dependence of the
relative orientation of the dipole moments in a generalized form (H̊a kansson
and Westlund, 2005; Kalinin and Johansson, 2004), but they will not be dis-
cussed further in the context of the current thesis. Such efforts are particularly
useful in the context of homo-FRET (FRET occurring when the Donor and
Acceptor molecules are of the same species).



Chapter 3

FCS and single-molecule
multi-parameter detection with
confocal detection

3.1 Confocal Set-Up

The concept of the confocal detection was presented by Marvin Lee Minsky,
who later became an iconic figure in artificial intelligence field, in 1957 (Min-
sky, 1957). Nevertheless, due to technological limitations (in 1957 even the
laser had not been discovered) the concept of confocal microscopy had to
wait for almost three decades in order to become materialized in a working
instrument in the middle to late 1980’s (Carlsson et al., 1985, 1989). Confo-
cal imaging can be made available with two main realizations: (a) stationary
optical axis of the instrument while the specimen is translated in x, y, and z
direction by a piezo-electric stage or (b) the specimen remains stationary while
the optical axis of the instrument is moving by the use of fast galvano-electric
mirrors and as a result the focal spot in the specimen plane scans the desired
region of interest. Realization (a) has the advantage of offering homogeneous
illumination characteristics over the whole scanned field but it is nevertheless
limited regarding the speed and accuracy of the scanning stage. Realization
(b) offers the possibility of fast scanning which is crucial for many applications
but nevertheless the illumination properties are deteriorated towards the edges
of the field of view. Since the first confocal instruments became available, the
combination of fluorescence and confocal microscopy had seen its applicability
increasing1 and currently fluorescence confocal microscopy is considered to be

1The actual boom occurred in middle 1990’s when a complete palette of fluorescent pro-
teins became available and antibodies of higher quality started to become readily available.
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DETECTION WITH CONFOCAL DETECTION

the most common modality for resolving cellular sub-structures and monitor-
ing molecular interactions in cells.

For all experimental realizations of the techniques presented in this work
a confocal detection scheme is used in an epi-illumininated microscope (Fig.
3.1). The key element in such detection schemes is an aperture placed in a
plane of the detection pathway which is conjugate to the illumination field
at the focal plane (Hecht, 2002). As illustrated in Fig. 3.1A the insertion of
the pinhole largely suppresses the detected light which originates from out-
of-focus areas of the sample. The physical dimensions of the pinhole depend
on the overall magnification of the optical path of detection. On the other
hand, the dimensions of the pinhole at the image plane will be of interest for
all techniques described below, as it defines in combination with with the PSF
(Point Spread Function ) of the objective, the volume element, Vconfocal from
which photons are collected (Keller, 2006). The PSF, in general, corresponds
to the diffraction-limited (free from any aberrations) irradiance produced by
the optical system (in this case the objective) having a point source as input.
For any objective lens with Numerical Aperture, NA, the lateral PSF at a given
wavelength, λ, will correspond to the so-called Airy pattern at the image plane
(see Fig.3.1 B and C ) which analytically will be described by the equation
(Fraunhofer diffraction pattern of a spherical aperture (Goodman, 2005)):

PSFlens(r) =

[
2J1(ρ)

ρ

]2

, ρ =
2π ·NA

λ
· r (3.1)

,where J1(ρ) the Bessel function of the first kind of order 1. The lateral size
of the focal spot corresponding to the excitation volume corresponds to the
Airy radius i.e. the distance between the principal maximum and the first
minimum of the Airy pattern.

rAiry,widefield = 0.61
λ

NA
(3.2)

The Airy radius also sets the lateral resolution limit in the widefield microscopy
according to which two different point sources could be regarded as just re-
solved when their distance is equal to rAiry (Rayleigh criterion). In the axial
direction the PSF of the objective is given:

PSFlens(z) =

[
sin
(
ζ
4

)
ζ
4

]2

, ζ =
2π ·NA2

n · λ
· z (3.3)

In analogous manner as before, the axial dimension of the excitation volume
will be given as:

zAiry,widefield = 2 · n · λ

NA2
(3.4)
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For the confocal microscope the overall point spread function will be de-
noted as, PSFconfocal, and for the idealized case of an infinitely small circular
pinhole it will be given as:

PSFconfocal = [PSFlens]
2 (3.5)

The application of the Rayleigh criterion, would yield the lateral and axial
resolution limit for the confocal microscope as given by the following equations:

rAiry,confocal = 0.44 · λ

NA
(3.6)

zAiry,confocal = 1.41 · n · λ

NA2
(3.7)

The distancesrAiry,confocal and zAiry,confocal equations represent the theoretical
limits of the resolution of the confocal set up. In practice the Airy pattern
of a small (with diameter smaller than the limits presented above) fluorescent
target are used for the determination of the resolution2 limits of each system
(see Fig. 3.1 D and E).

Within the current work it would be more convenient to split PSFconfocalto
its excitation and detection part. The excitation power in position ~r at time
t is denoted Iexc(~r,t) and in a well aligned system, it will depend on the qual-
ity of the profile of the incoming laser light beam and the specifications of
the objective. Additionally, one could use the Collection Efficiency Function
(CEF) which corresponds to the ability of the optical system to detect a pho-
ton emitted at position ~r at time t. If one neglects the time dependence of Iexc

and CEF, the overall volume element from which photons could be detected
will be given as :

2It should be noted here that several microscopic techniques have been developed the
last few years taking advantage fluorescence and offering higher resolution than the tra-
ditional confocal microscopy, surpassing the Rayleigh criterion and the description of the
resolution limit of an optical system made by Abbe . These techniques are encountered
in the literature under the terms “super-resolution” and/or “super-localizaton” microscopy
and they are summarized nicely in the following reviews (Hell, 2007; Ji et al., 2008; Owen
et al., 2012; Toprak et al., 2010; Heintzmann and Ficz, 2006). The construction of a de-
tailed list of all acronyms found in the literature denoting microscopic modalities leading to
super-resolution imaging will not be attempted here. All the techniques belong to one of the
following categories: (i) techniques taking advantage of the known structure of a custom-
made illumination pattern, (ii) techniques physically limiting the detection volume by taking
advantage of the photophysics of the fluorophore, (iii) techniques using the stochastic nature
of processes like photo-activation and bleaching of single fluorophores and their localization
with high-precision, (iv) techniques using higher-order spatial correlation analysis.
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Vconfocal =

ˆ
V

Iexc(~r)CEF (~r) dV =

˚
Iexc(x, y, z)CEF (x, y, z) dx dy dz

(3.8)
In particular for fluorescence microscopy and spectroscopy, one could define
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pinhole

dichroic
mirror

26%

radial co-ordinate

B C

D E

700nm700nm
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Figure 3.1: Basics of the confocal detection scheme with a epi-illuminated set-up for

fluorescence spectroscopy and imaging. (A) A parallel beam of laser light is directed via

a dichroic mirror to a high N:A: objective lens and then it is focused into a droplet of

measurement solution. Fluorescent molecules inside the detection element will generating

fluorescence signal which is collected by the same objective and passes through the dichroic

and is directed to an 1:1 tube lens. A pinhole is placed at the focal plane of the first

refractive element of the tube lens. Out of focus light does not pass through the pinhole.

Note also that the laser light used for excitation cannot go through the dichroic. (B): Two

dimensional Airy pattern of light passing through a circular lens. (C) Rayleigh Criterion.

(D and E) Experimental data obtained by a confocal laser scanning microscope (CLSM).

(D): The 3-d represantation of the intensity distribution of a fluorescent bead (blue) and

the corresponding Gaussian fit (yellow). (E): Contour plot displaying the projection of

the intensity distribution illustrated in (D). The color-coding represent increasing intensity

values (from dark blue to cyan). The black circles represent the fitted function.

the Molecular Detection Efficiency (MDE) which corresponds to the total
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counts F collected from a single, point-like emitter (fluorophore) at a position
(x, y, z):

MDE(x, y, z) = Iexc(x, y, z)CEF (x.y.z) =

= (ΦD ·Q) Iexc(x, y, z)CEF (x, y, z) ≈ F0exp

(
−2·(x2+y2)

ω2
xy

− 2·z2
ω2
z

)
(3.9)

, where ΦD is the overall detection efficiency of the microscope and Q a con-
stant which depends on the photophysical properties of the fluorophore (ab-
sorption cross section, quantum yield , fluorescence rate, intersystem crossing
kinetics). From Eq. 3.8 and 3.9 one obtains that Vconfocal could be approxi-
mated by an ellipsoid with lateral and axial radii ωxy and ωzrespectively.

Vconfocal = π
3
2 · ω2

xyωz (3.10)

It is important to note the fact that via Eq. 3.9 illustrates how the saturation
of the dye will influence the measured Vconfocal (Nagy et al., 2005). Experi-
mentally, ωxy and ωzcould be determined as the 1/e2 radii in lateral and axial
direction of the intensity pattern recorded from a sub-diffraction object (see
Fig. 3.1D and E).

3.2 Fluorescence Correlation Spectroscopy

Fluorescence Correlation Spectroscopy (FCS) is based on the analysis of the
fluctuations of the fluorescence intensity detected from a system at equilib-
rium (Elson, 2011; Krichevsky and Bonnet, 2002).The theoretical foundations
of this technique lay on the understanding that the response of a system to
thermal fluctuations is similar to its response to the relaxation process, which
lead the system to equilibrium. This was explicitly stated in the fluctuation-
dissipation theorem according to which the response of a system in thermody-
namic equilibrium to a small external perturbation is the same as its response
to a spontaneous fluctuation.The fluctuation-dissipation theorem supported
the, previously stated, Onsager’s hypothesis according to which the regression
of microscopic thermal fluctuation at equilibrium follows the macroscopic law
of relaxation of small non-equilibrium disturbances.

FCS was introduced in the 1970’s by Magde, Elson and Webb (Webb, 2001;
Magde et al., 1974, 1972) who applied the technique to the study of freely dif-
fusing fluorescent molecules. Almost simultaneously the theory was expanded
for the study of rotational diffusion (Ehrenberg and Rigler, 1974) The available
technology at that time, in terms of detectors, light sources and electronics
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made FCS measurements impractical, as obtaining a correlation curve required
measurements with duration of several hours. The technique started gaining
momentum in the early 1990’s when Widengren and Rigler used a confocal set-
up for FCS measurements on single molecules diffusing in solution (Rigler and
Widengren, 1990). A series of studies have followed employing confocal FCS
for monitoring numerous phenomena including for example diffusion-coupled
interactions like ligand binding, oligomerization or cleavage (Orte et al., 2008;
Samiee et al., 2005; Rajagopalan et al., 2011; Tjernberg et al., 1999), triplet-
state kinetics (Widengren et al., 1995), photo-isomerisation (Widengren and
Schwille, 2000), protonation (Sandén et al., 2010), FRET (Torres and Levitus,
2007; Sahoo and Schwille, 2011; Felekyan et al., 2012; Widengren et al., 2001;
Hevekerl et al., 2011), laminar flow (Magde et al., 1978; ?). It is noted that
FCS applications are by no means limited to the experimental set-up described
in this thesis. Until now several different realizations of the FCS principles
have been introduced, including: two-photon FCS (Schwille and Heinze, 2001),
two-color cross-correlation (Weidemann et al., 2002; Stromqvist et al., 2011),
scanning FCS (Ries and Schwille, 2006), Total Internal Reflection; TIRF-FCS
(Leutenegger et al., 2006; Hassler et al., 2005), Stimulated Emission Deple-
tion; STED-FCS (Mueller et al., 2011; Leutenegger et al., 2012), two-focii
FCS (Dertinger et al., 2007, 2008), lifetime-filtered FCS (Gregor and Ender-
lein, 2007; Felekyan et al., 2012; Böhmer et al., 2002), Inverse-FCS (Wenn-
malm and Widengren, 2010) and FCS in artificial nanodomains (Wenger and
Rigneault, 2010; Wenger et al., 2009). In all of the FCS realizations mentioned
before the key observable are the fluctuations of the fluorescence intensity, F(t)
(see Fig.3.3 A and B). All relevant information from the experiments will be
conveyed by the normalized autocorrelation function, which is defined as the
mean product of the fluorescence intensity at time t with the fluorescence
intensity after a lag time τc divided by the mean fluorescence intensity:

G(τc) ≡
〈F (t)F (t+ τc)〉

〈F 〉2
= 1 +

〈δF (t) · δF (t+ τc)〉
〈F 〉2

(3.11)

The right part of Eq. 3.11 expresses G(τc) in terms of the deviations of the
fluorescence intensity from its mean value, δF (t) = F (t)− 〈F 〉.

It is also noted that in practice effects like after-pulsing and detector dead-
time will manifest themselves in the auto-correlation function of any detector.
In order to obtain a correlation functions free of such artifacts, collected pho-
tons are divided to two parts by the use of a beam-splitter and then each of
the two photon trains is detected independently by the use of two detectors
Widengren et al. (1994). The G(τc) is then calculated by cross-correlating the
output of the two detectors (see Fig. 3.2).
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Figure 3.2: Illustration of a typ-

ical FCS confocal set-up. For de-

tails see text. (BS: beam-splitter;

IF: interference filters)
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For confocal FCS of freely diffusing fluorescent molecules in a confocal set-
up the origin of the intensity fluctuations, will be the variation of the num-
ber of molecules inside the detection (assuming constant excitation settings).
Assuming that the number of fluorescent molecules, N within the observation
volume follows a Poisson distribution and that the observation volume is given
by Eq. 3.9-3.10 the autocorrelation function describing translational diffusion
of fluorecent molecules through the detection volume will be given by:

G(τc) =
1

N

(
1 +

τc
τc,diff

)−1(
1 +

τc
k2·τc,diff

)
+ 1 = GD(τc) + 1 (3.12)

where τc,diff is the characteristic correlation time due to translational diffu-
sion and k the ellipticity of the detection volume.The function presented in
Eq.3.12 is defined as the diffusion correlation curve GD. The area of the de-
tection element as obtained by FCS will be defined by τc,diff via the following
equations:

w =
√

4 ·D · τc,diff (3.13)

By fitting the model function presented in Eq. 3.12, having all parameters
involved free, to experimental autocorrelation curves obtained by correlating
the fluorescence intensity as shown in Fig.3.2, τc,diff (equivalently w via Eq.
3.13), and k are obtained and the effective detection volume for the confocal
FCS could be calculated:

VFCS = π
3
2 · w2 · (k · w) (3.14)

The effective volume VFCS is connected to Vconfocal (see Eq. 3.10) :

Vconfocal =
1√
8
VFCS (3.15)
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Figure 3.3: Fluorescence correlation spectroscopy in a nutshell. (A) Slowly diffusing flu-

orescent molecules in solutions at low concentrations produce large signal fluctuations, δF ,

around a mean fluorescence intensity value, 〈F 〉. (B) Fast diffusing fluorescent molecules in

solution at high concentration produce small signal fluctuations, δF , around a mean fluores-

cence intensity value, 〈F 〉 resulting in an correlation curve (as described by eq. 3.12-3.13)

with shorter diffusion correlation time and smaller G(0). (C) An exemplary correlation

curve of a fluorophore illustrating the different processes occurring in different time scales

and thus manifest their presence in different parts of the autocorrelation curve.
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It is noted that considerations described in Eq. 3.14-3.15 are important when
the absolute concentrations are to be studied by FCS but could be neglected
for other applications where the absolute concentration is not of interest.

The general form of Eq. 3.12 for n diffusing species of brightness Bi,
diffusion coefficient Di, and concentration Ci, with i=1,..,n is written:

G(τc) =
1

(
∑
BiCi)

2

∑
(BiCi)

2 ·GD,i(τc) + 1 (3.16)

, where the corresponding diffusion correlation function of its separate fluo-
rescent species is given by Eq. 3.12 .

As discussed previously processes like triplet state kinetics, photo-isomerization,
and rotational diffusion can be monitored via FCS in addition to translational
diffusion. In general if a number of processes other than diffusion are oc-
curring in separated time scales, causing fluctuations described by individual
correlation functions Gi(τc), the overall correlation function will be given :

G(τc) = GD(τc)
∏

Gi(τc) + 1 (3.17)

In particular for this thesis, monitoring singlet-triplet transitions (see Fig.2.2),
by FCS will be of interest. Applying Eq. 3.17 yields:

G(τc) = GD(τc) ·
1− T + T · exp(− τc

τT
)

1− T
+ 1 (3.18)

where GD(τc) is given by Eq. 3.12, while T is the fraction of fluorescent
species residing in their triplet states, and τT the relaxation time of the singlet-
triplet transition. Considering the Jablonski diagram in Fig.2.2 both T and
τT will depend on the excitation rate, kexc, the triplet relaxation rate, kT ,
the intersystem crossing rate, kISC , and the total rate k10 (radiative and non-
radiative) of the de-excitation S1→S0.

T =
kexckISC

kexc (kISC + kT ) + k10kT
(3.19)

τT =

(
kT +

kexckISC
kexc + k10

)−1

(3.20)

3.3 Multi-parameter Fluorescence Detection

The experimental set-up for single-molecule multi-parameter fluorescence de-
tection (smMFD) is presented in Fig.3.4. The set-up combines an epi-illuminated
microscope with confocal detection while the data registration is performed
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by Time Correlated Single Photon Counting (TCSPC). This detection scheme
is characterized as multi-parameter since it allows for most of the parameters
characterizing Donor(A) and Acceptor(A) emission while FRET occurs be-
tween them and it follows the general principles described before (Eggeling
et al., 2001, 2006; Felekyan et al., 2005; Widengren et al., 2006).

For single molecule FRET experiments presented in Chapters 4 and 5
an outline of the experimental procedures is given below. Fluorescent donor
molecules are excited by a linearly polarized, pulsed laser. The laser light is
reflected by a dichroic beamsplitter, before it is focused into a dilute (∼50 pM)
solution of labeled molecules by a water immersion lens with high numerical
aperture. As a labeled molecule of interest stained with the Donor (D) and
Acceptor (A) fluorophore diffuses through the confocal excitation/detection
volume, FRET occurs between the dye-pair and a brief burst of fluorescence
photons (originating from both D and A) is observed. A typical burst duration
is about few ms during which a few hundred photons are collected. The fluo-
rescence photons are collected by the same objective lens, transmitted through
a dichroic beamsplitter. For (Multi-parameter Fluorescence Detection) MFD
photons passing through the pinhole are divided initially according to their po-
larization3 via a polarizing beamsplitter and then into wavelength ranges that
cover the emission spectra of D and A. In our work, the channels correspond-
ing to D and A fluorescence are usually called the ‘‘green’’ and ‘‘red’’ channels,
respectively. High-quality band-pass filters are used in front of the detectors
in order to guarantee that only fluorescence photons emitted by either D or A
are registered

Avalanche Photodiodes (APDs) with low dark counts , are used as detec-
tors with high time resolution, single-photon sensitivity. The output signals
from the APDs are guided via a router to a (TCSPC) card where the data
registration takes place. TCSPC relies on assigning tags on each detected
photon (Tellinghuisen et al., 1994; Becker et al., 2004; Felekyan et al., 2005).
Only three tags (channel number, micro- and macro- time) are sufficient for
obtaining all the information present in a fluorescence event as seen Fig. 3.4
B–E. The channel number provides information for the spectral region and po-
larization of each detected photon (Fig. 3.4E). The microtime, ti, corresponds
to the time elapsed between the excitation pulse and the photon detection
(TCSPC arrival time). The macrotime information, Ni, corresponds to the
number of excitation pulses emitted by the laser since the start of the mea-
surement until the detection of a photon. Two consecutive laser pulses, will
be separated in time by ∆t, the exact time of the detection of a photon can

3The polarizations of the detected photons will be characterized as parallel and perpen-
dicular in respect to the polarization of the Laser light used for excitation.
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D
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Figure 3.4: Experimental setup and data registration. (A): Typical four-channel confocal mi-

croscopy setup. For the experiments presented here only a single laser will be used for excitation.

The addition of a second beam with alternating excitation pulses is conceptually straightforward

(Kapanidis et al., 2004; Kudryavtsev et al., 2012; Muller et al., 2005). (B–D): Time-Tag Detection.

The time axis of the experiment is constructed by the sequence of excitation laser pulses, whereby

no photons are detected for most pulses during a single-molecule experiment. (E): Each detected

photon can be uniquely ‘‘identified’’ by the assignment of three tags (channel number, micro- and

macro- time). (F–H): Burst-wise multiparameter analysis. Reconstructed intensity traces (F),

where total intensity refers to all four channels. Green intensity corresponds to channels 2 and

4. Red intensity corresponds to channels 1 and 3. From these traces, bursts of fluorescence are

identified. (G)For each of the channel, the fluorescence decay histogram is constructed from the

photons collected per burst. (H): The information on FRET is obtained via lifetime and intensity

analysis of each channel (or pairs of channels). Most common parameters include: intensity, life-

time, anisotropy, FRET efficiency, parameters obtained by FCS and FIDA. In specific applications

parameters like absorbance, the excitation spectrum and the emission spectrum could be included.

Figure adapted from (Sisamakis et al., 2010)
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be determined with an accuracy of picosecond over measurement durations
of several hours (Felekyan et al., 2005). The complete time axis since the
start of the experiment (time of detection of the i-th photon), ti,exp, can be
reconstructed with the help of the equation:

ti,exp = Ni ·∆t+ ti (3.21)

Combining the time information with the number of detected photons, com-
plete time traces of the total fluorescence intensity (F) as well as of the flu-
orescence intensity for each channel can be generated. After reconstruction
of the full trace photon bursts can be identified by several methods (Eggeling
et al., 2001; Nir et al., 2006) (Fig. 3.4 F). For each selected burst fluorescence
decay histograms are constructed (see Fig. 3.4 G). From such decays the flu-
orescence lifetimes (τ) and the anisotropies (r) of the emission of the D and
A could be obtained. Within the framework of high-precision FRET studies
presented in Chapters 4 and 5 the most informative parameters will be: (i)
the fluorescence lifetime of D in the presence of A, tD(A), (ii) the fluorescence
intensities of both D and A, FD and FA , (iii) the steady state anisotropy of
D emission, rD (see equations in section 2.4).

We note here that an important feature of the data registration scheme
presented above is that it offers great flexibility since the data used for the
determination of lifetime and anisotropy, could be alternatively used for recon-
structing fluorescence intensity traces which could be then analyzed in terms
of FCS, Fluorescence Intensity Distribution Analysis (FIDA) or equivalently
Photon Counting Histograms analysis (PCH) and stochastic trace analysis
yielding information of the system under study, in a totally different time
scale than traditional TCSPC registration (Kask, 1999; Meng and Ma, 2006;
Chen et al., 1999; Liu et al., 2010). The fluorescence lifetime and anisotropy
are sensitive to processes occurring in the ∼ns range while slower dynamics
(∼µs to ∼s) could be retrieved by FCS, FIDA, PCH and stochastic trace
analysis.

A detailed presentation of the overall procedure for the determination of
FRET indicators from fluorescence signal is described in (Sisamakis et al.,
2010; Widengren et al., 2006). By the term FRET indicator we collectively
note all the directly experimental amounts which appear in the literature,
instead of the obtained FRET efficiency or interdye distance, Typical FRET
indicators are the ratios of intensities recorded in the green and red channel FG

FR

or the “proximity ratio” FR

FR+FG
(Nir et al., 2006; Ying et al., 2000). One should

note that if experimental values like the detection efficiency of each channel
and the quantum yield of D and A are unknown the the A (local environment
variations could cause unpredicted quenching for instance) the connection of
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the FRET indicators to actual FRET efficiencies will be impossible. The
detected intensities in the green and red channel are connected to the actual
fluorescence emission of D and A, FD and FA, via the detection efficiencies gG
and gR and thus the FRET efficiency could be written in:

E =
FR

γ · FG + FR

=
FA

γ′ · FD + FA

, where γ =
gRFFA
gGFFD

and γ′ =
FFA

FFD
(3.22)

A brief description of how multi-parameters are displayed and what infor-
mation are to be gained by determining all parameters involved in the fluores-
cence emission of both the donor and the acceptor, it is given in Fig. 3.5 and
3.6. The theoretical dependency of any of the FRET indicators displayed in y
-axis on the lifetime of the donor in the presence of the acceptor τD(A) could
be determined by using Eq. 2.9,2.11 and 3.22. For example the ratio of FD

FA

could be given as:

FD
FA

=
FFD

FFA

tD(A)

tD(0) − tD(A)

(3.23)

If the experimental data deviate from the curve illustrating the dependency
seen in Eq. 3.23 , it will be a sign that additional photophysical processes
(except FRET) occur as it is shown in Fig. 3.6 or that dynamic transition
between the two states takes place during the transit of the molecule through
the observation volume; see (Sisamakis et al., 2010) .

It is is noted that the multi-parameter detection scheme could easily be
incorporated to a CLSM or a stage -scanning confocal microscope. Regarding
the analysis the only alteration is the addition of the three spatial parame-
ters (x, y, z) to the space of parameters obtained by the experiments. The
increased specificity of MFD may be even more significant for the imaging of
living cells since it is well known that FRET in living cells is subject to many
artifacts (Berney and Danuser, 2003; Wallrabe and Periasamy, 2005; Wallrabe
et al., 2006). On the other hand the application of MFD to imaging could be
restricted by the small number of photons detected from a single dye before
it bleaches and by the relatively high background caused by autofluorescence.
What is also critical for MFD is keeping the expression levels of fluorescent
molecules in the cellular environment quite low so that the “single-molecule”
condition is fulfilled. Initial efforts for the application of the MFD approach to
imaging could be found in (Weidtkamp-Peters et al., 2009; Kudryavtsev et al.,
2007) and will be discussed in Chapter 6 under the the term Multi-parameter
Fluorescence Imaging (MFDi) .
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Figure 3.5: Typical 1D and 2D histograms in sm-

FRET experiments. UPPER PANEL: The experimen-

tal ratio of intensities of detected in the green and red

channels (FG) and Acceptor(FR) is plotted against the

lifetime of the donor in the presence of the acceptor,

τD(A), and the donor anisotropy, rD. The scaling for

the 2D histograms is from white to black for increasing

number of bursts. UPPER PANEL: The solid black

curve referred to as static FRET line in the paper I-III

and Chapters 4 and 5, illustrates the expected depen-

dence of the FRET indicator, plotted in the y-axis, on

τD(A) (see Eq. 2.9, 2.11 , 3.22 and 3.23). A popula-

tion of events which deviates from this line suggest the

existence of non-FRET-related phenomena. LOWER

PANEL: The black curves in the lower panel illustrates

the Perrin equation (see Eq. 2.4) for different rotational

diffusion constants.
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Figure 3.6: The effects for the presence and absence of D or A quenching. (A) Simulation

exhibiting two FRET states (High FRET; HF and Low FRET:LF) and a small fraction of

molecules labeled only with D. (B) Same states as in (A). For a fraction of cases quenching

of D occurs. An additional static FRET line would be required for describing the data.

(C) Same FRET populations as in panel (A). For the HF-FRET population, A-quenching

occurs. A deviation of the population from the static FRET line is readily visible. Please

note that the inspection of 1D histograms alone would have lead to mistakenly identifying

additional FRET states corresponding to non-existent molecular conformations.
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3.4 Probability Distribution Analysis

For the quantitative description of the conformations of a biomolecule in a sm-
FRET experiment of freely diffusing molecules (i.e., the molecular fractions of
subpopulations or the number and widths of the distributions) additional an-
alytical tools have been developed (Antonik et al., 2006; Kalinin et al., 2007;
Nir et al., 2006; Gopich and Szabo, 2005, 2009, 2012; Torella et al., 2011).
Here, Probability Distribution Analysis or interchangeably Photon Distribu-
tion Analysis (PDA) will be employed for the analysis of FRET efficiency dis-
tributions obtained by intensity data, as it was developed by (Antonik et al.,
2006; Kalinin et al., 2007, 2008). PDA can be used for taking into account
that the actual width of a distribution of FRET efficiencies is a convolution
of many factors, including the photon shot noise (Antonik et al., 2006), actual
interdye distance distributions and linker flexibilities (Sindbert et al., 2011;
Kalinin et al., 2008, 2010b, 2007), and dye photophysics (see Paper I in the
current thesis;(Kalinin et al., 2010a)).

The complete description of PDA goes beyond the scope of this section
of the thesis. An introduction to PDA could be found in PAPER 1. In
short, the emission of a photon due to fluorescence is a stochastic process
in the ∼ ns timescale. For this reason the recorded fluorescence signal is
naturally distributed around a mean value showing a certain variance. For the
implementation of PDA each of the detected fluorescence bursts is divided into
time windows (t.w.) and then for each t.w. , FRET-related parameters are
calculated from the number of photons , SG and SR, detected in the“green”and
“red” channel (corresponding to donor and acceptor emission, respectively).
Photon shot noise arises due to the fact that the number of photons detected
per single molecule burst (and even more per time window) is not infinite but
on the contrary relatively small (typically a few hundreds photons). For a
given donor-acceptor pair with known photophysics and a well characterized
experimental set-up in terms of detection efficiencies the distribution of SG
and SR could be calculated for an arbitrary time window as a function of the
inter-dye distance, RDA. The total counts SG = FG +BG and SR = FR +BR

include contributions from the background (denoted by BG, BR).

P (SG, SR) =
∑

P (F )P (FG, FR|F )P (BG)P (BR) (3.24)

In the above equation, summation is performed over all FG, BG and FR, BR for
which SG = FG + BG and SR = FR + BR. Instead of representing P (SG, SR)
the result are represented as 1D histograms of any of the FRET indicators
mentioned in the previous section. The background probability distributions
and the total fluorescence distribution P (F ) could be deconvoluted or ap-



46
CHAPTER 3. FCS AND SINGLE-MOLECULE MULTI-PARAMETER

DETECTION WITH CONFOCAL DETECTION

proximated in certain cases from the experimental total signal distribution of
total counts per time window,P (S). This type of analysis will determine the
minimum value of the expected width of the FRET efficiency which will be
limited for a given inter-dye distance by the photon shot noise.

PDA will be discussed in relation to Papers I-III. It is noted that within the
context of quantitative smFRET studies in general, three distinct quantities
describing the inter-dye distance should be defined as it was introduced by the
benchmark study contacted by (Sindbert et al., 2011):

(i) 〈RDA〉 represents the mean distance between the dyes over all possible
positions of Donor and Acceptor described by the vectors RD and RA respec-
tively, (〈RDA〉 = 〈|RD −RA|〉) and obtained experimentally by analysis of the
fluorescence decay of the donor.

(ii) 〈RDA〉E is termed as FRET-averaged interdye distance and it is cal-
culated from the mean value of each of the FRET states present in PDA
histograms as recovered by single molecule and bulk time-averaged intensity
experimental data and PDA analysis

〈E〉 =

〈
1

1 +
R6

DA

R6
0

〉
(3.25)

〈RDA〉E = R0

(
〈E〉−1 − 1

) 1
6 (3.26)

(iii)Rmp = |〈RD〉 − 〈RA〉| is the distance between the mean positions of
the dyes.
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B. Distribtution of inter-dye distances  
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A. Shot-noise limited distribution of a single inter-dye distance

Figure 3.7: (A1): Shot-noise limited case in which a single inter-dye distance is probed via

FRET. (A2): This case was realized experimentally by separating the emission spectrum

of a dye (ALEXA 594) in two spectral regions and consider one region as the “green” and

the other as the “red” detection channels (pseudo FRET experiment). Instead of a single

FRET efficiency a distribution is obtained because of the phton shot noise. PDA produces

an excellent fit to the experimental data using a model function of just a single FRET fixed

distance (Antonik et al., 2006). (B1): Example of a real case for which a distribution of

inter-dye distance are probed by FRET. (B2): In this case a model function corresponding

to a single distance fails to fit the data. On the contrary a a model function including a

Gaussian distribution of distances with a mean value RDA and a standard deviation σDA,

gives an excellent fit.





Chapter 4

Broadening of FRET efficiency
distributions in single-molecule
experiments

During the last years, quantitative approaches for the description of FRET
efficiency distribution obtained in smFRET experiments, have been developed.
In many occasions, such analysis tools have observed that the experimentally
obtained FRET efficiency (E; see Section 3.3) histograms in measurements
performed on freely diffusing short strands of double-stranded DNA (dsDNA),
exhibit widths larger than those expected due to photon shot noise. Such
dsDNA strands are considered to be rigid and thus a single inter-dye distance
was expected to give rise to shot-noise limited distributions. The critical
question was whether this additional broadening could be assigned to actual
structural flexibility of the dsDNA. In general the DNA chain dynamics and
the motions of the linkers carbon chain with which the dyes are attached
to the dsDNA occur in the ∼ µs time scale. Since experimentally obtained
histograms are constructed with time windows of a couple of milliseconds one
could expect that this short of dynamics should “average out” and thus will
not be contributing to the observed broadening. If an actual conformational
flexibility is to be responsible for the extra broadening it should be rather slow
(occurring in ∼ms).

Using dsDNA labeled with Alexa488 and Cy5 (or Alexa647) as a test
system, we investigated (Paper I) various possible contributions to the width
of the E distributions. Inspection of the 2D histograms (similar to those
presented in Section 3.3) and comparison of measurements done with the same
dye pair in oligonucletide strands of different flexibility (single stranded DNA,
ssDNA, and dsDNA containing different fraction of GC pairs were measured)
yielded evidence against the flexibility assumption, i.e. all obtained FRET

49
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Figure 4.1: 2D frequency histograms of FRET efficiency E versus the donor lifetime

tD(A).(A) Experimental data obtained for dsDNA labeled with Alexa488 and Cy5 (ds-

DNA1), separated by 15 base pairs. A “naive” PDA fit yields a Gaussian distribution

of distance with 〈RDA〉 = 61.6Å and hw =5.3 Å. (B) Simulated data mimicking the

FRET population shown in subplot (A). A Gaussian distribution of inter-dye distances with

〈RDA〉 = 61.6Å and hw =5.3 Å is simulated. (C) Experimental data obtained for dsDNA6

labeled with Alexa488 and Alexa647. (D) Experimental data obtained for dsDNA1 labeled

with Alexa532 and Atto647N. In all plots, solid lines indicate the E versustD(A)dependence

given by Eq. 3.23; the dashed line in (A) shows the same dependence calculated for the

partially quenched donor subpopulation with tD(0) = 2.1 ns. For the exact sequences cor-

responding to dsDNA1 and dsDNA6 see supplementary information of Paper I.

efficiency histograms for the various oligonucleotides showed similar widths.
Further possible factors contributing to the observed broadening (experimental
artifacts of the set-up, photophysics) were discussed and excluded based on
experimental evidence.

The main reason for the broadening is the existence of multiple states of
the acceptor with different quantum yield which are stable over the timescale
of the used time-windows. The value of the multi-parameter detection has
been highlighted by describing how a simple visual inspection of the 2D his-
tograms (of any of the FRET indicators and the anisotropy of the donor
emission against the lifetime of the donor in the presence of the acceptor)
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could allow one to distinguish between broadening due to distinct physical
inter-dye distance distributions and apparent broadening due to heterogeneity
of the fluorophores. Apart from the fact that the overall FRET states should
“follow” the static FRET line as described in Fig. 3.5 each individual sub-
population corresponding to an actual interdye distance distribution should
have an oval shape with its long axis following the static FRET line (compare
distributions shown in Fig. 4.1B and D with those obtained for A and C).

Moreover, we derived a simple theory, which predicts that the appar-
ent distance width due to acceptor fluorescence quantum yield variations in-
creases linearly with physical donor-acceptor distance. If the physical inter-
dye distance is RDA and several acceptor species with corresponding quantum
yields,Φ

(i)
FA, occur, several distributions due to apparent inter-dye distances,

R̃(i), will become apparent in the E histograms1:

R̃(i) = RDA

(
〈ΦFA〉
Φ

(i)
FA

)
(4.1)

By applying error propagation arguments the width, hw, of the overall appar-

ent inter-dye distance distribution
〈
R̃
〉

, is:

hw = RDA 〈ΦFA〉1/6
[
var

(
Φ
−1/6
FA

)]1/2

(4.2)

Observe also that variation of the acceptor quantum yield will not influence
the mean value of the inter-dye distance because from Eq. 4.1 follows that:

〈RDA〉 =
〈
R̃
〉

= RDA 〈ΦFA〉1/6 ·
〈

Φ
−1/6
FA

〉
(4.3)

Although 〈ΦFA〉1/6 >
〈

Φ
−1/6
FA

〉
to a good approximation 〈ΦFA〉 ·

〈
Φ
−1/6
FA

〉
≈ 1.

As it is shown in Fig. 4.2 experimentally observed broadening of E distribu-
tions obtained by a series of measurements on freely diffusing labeled dsDNA
molecules (of different inter-dye distances) could very well be described by
accounting for 2 acceptor states allowed the fitting of experimental E distri-
butions, assuming a single fixed donor-acceptor distance in each measurement.

In Paper I we have proposed a general strategy for determining whether
or not multiple lifetimes of the acceptor are responsible for the broadening
starting initially with the inspection of the 2D histograms of the experimental
parameters (Fig. 4.1). If potential influence due to additional lifetime of the

1Note that changes in ΦFA is influencing the obtained inter-dye distance via changes in
the experimentally determined FRET efficiency calculated from the fluorescence counts of
donor and acceptor (see Eq. 2.9-2.11).
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Figure 4.2: Mean donor-acceptor distances 〈RDA〉 and the apparent distance distribution

half widths (hw) measured for a series of labeled (ALEXA 488-Cy5) dsDNA fragments.

Error bars represent confidence intervals calculated from 〈RDA〉 - hw , reduced χ2-surfaces.

The straight line shows the obtained linear fit (solid line) of the experimental data. The

obtained model function , hw = 0.076 〈RDA〉 − 0.16
[
Å
]

had an offset very close to

the theoretically expected value of zero.

acceptor is identified, fluorescence decays of directly excited acceptors should
be obtained for the identification of the lifetimes involved. Then these lifetimes
should be included in the model function used for fitting the experimental E
histograms. This strategy is of general interest since the existence of multiple
states, it is not an uncommon feature among the fluorophores used as acceptors
in smFRET studies.



Chapter 5

Single-molecule FRET for
monitoring DNA-related
enzymes

In this chapter the results of single molecule FRET measurements on two
DNA-related enzymes are presented (Papers II-III). The general strategy in-
volves initially the qualitative identification of molecular subpopulations and
potential artifacts due to the photophysical properties of the dyes used by
multi-parameter fluorescence detection (MFD). Then FRET states and their
relative occupancies are determined with high precision by employing Prob-
ability Distribution Analysis (PDA). Here important results obtained for the
study of Klentaq1 (KT), a DNA polymerase, and MutS, a protein involved in
the initiation of the DNA repair mechanism, are presented. The same strategy
has been applied without conclusive results to the study of the conformations
of BSoBI bound to DNA and for the investigation of conformational kinet-
ics two proteins upon ligand binding (the orphan retinoid X receptor (RXR)
and the anthranilate phosphoribosyltransferase from the hyperthermophilic
archaeon Sulfolobus Solfataricus (ssAnPRT)).

5.1 Klentaq1

Accurate replication of DNA which is a vital procedure for all organisms is
performed by DNA polymerases. In this process a 2’-deoxyribonucleoside-5’
triphosphate (dNTP) is selected based on its complementarity to a templating
base and incorporated it onto the 3’ end of a primer DNA strand (p/t). The
selectivity of the overall process is so high (approximately 1 mistake every 109−
1010 bases replicated (Loeb and Kunkel, 1982)) that it cannot be accounted

53
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B
FRET 
States 

Closed 
Nucleotide 

Binding 
Open 

Experimental distances 

〈RDA〉E  
[Å] 

49.5 

±0.8 

55.5          

± 0.8 

60.7  

±0.6 

Calculated distances 

Rmp [Å] 47.1 n/a 63.4 

〈RDA〉 [Å] 49.7 n/a 65. 7 

〈RDA〉E [Å] 49.9 n/a 62.4 

Dist. Cβ 

[Å] 
40.2 n/a 52.0 

Figure 5.1: (A): Basic scheme of the polymerase (E) cycle. Initially the poly-

merase:primer/template (E:p/t) complex is formed (step 1). The formation of a loose

E:p/t:dNTP complex follows (step 2). The E:p/t:dNTP complex then undergoes a rate-

limiting transition to form an activated E´:p/t:dNTP complex (step 3). Step 3 is followed

by formation of a phosphodiester bond, and release of pyrophosphate (steps 4 and 5). (B):

Crystal structure of Klentaq1 (KT) and labeling scheme: Crystal structure of KT in com-

plex with DNA shown in gray cartoons fitted inside the surface (gray) with DNA shown

in black. The structural conformation of a DNA polymerase has been likened to a right

hand consisting of a fingers, palm and thumb subdomain (Ollis et al., 1985). The change in

position of the O-Helix (fingers subdomain) is shown in red for the closed complex .The dyes

ALEXA 488 and ALEXA 647 were used as donor and acceptor respectvely. The donor was

attached to position V649 while the acceptor at A454. The accesible positions for the dyes

are depicted as clouds (green for the donor and red for the acceptor). The mean positions

of the dyes are highlighted as solid spheres. Binding of the p/t DNA leads to a confor-

mational change in the thumb subdomain while binding of the correct dNTP to the E:p/t

complex leads to a large structural change in the fingers subdomain, from an open form

to a catalytically active closed form. For many years it was believed that the structural

change in the fingers subdomain may correspond to the kinetically defined rate-limiting

conformational change at step 3 (E:p/t:dNTP to E’:p/t:dNTP in panel A). Inset Table:

Experimentally obtained (see next section) distances for Alexa488 coupled to V649C and

Alexa647 coupled to A454Care presented for direct comparison with the distances obtained

from analysis performed as described in (Sindbert et al., 2011), based on the structure of

the dyes, the linker length and the structure of Klentaq1. The following structures from the

Protein Data Bank were used (Closed: 1QTM.pdb ; Open: 1KTQ.pdb).
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for by Watson-Crick base pairing alone. Additional mechanisms have to be
involved. Based on previous kinetic studies, conformational selection could be
a plausible such mechanism and much interest has been shown in the structural
transition of the polymerase from an “open” to a “closed” conformational state
(see Fig. 5.1). Although the open-to-closed conformational transition affecting
the fingers subdomain has been studied before, many issues remain open and
constituted the motivation for our work: (i) Are additional states involved
in the open to closed transition? (ii) How do incorrect (non-basepairing)
dNTPs affect the conformational equilibrium of the enzyme? iii) How does
the pathway from open to closed change in response to different substrates/co-
factors (dNTPs, p/t, Mg)?

In this part of the thesis, the application of high-precision FRET measure-
ments for the study of conformational states of a DNA polymerase (E) will
be presented. In particular, measurements will be made on site-specifically la-
beled Klentaq1 (KT) molecules (see Fig. 5.1 B) which allows the monitoring
of the fingers subdomain motions. Note that for the description of complexes
involved in the incorporation pathway of the polymerases in general, “E” will
be used for denoting the polymerase, while when referring to specific con-
formations identified in the experiments we will use KT to denote Klentaq1.
With this FRET system, it became possible to directly resolve various confor-
mational states which co-exist in the apo-form (free polymerase), E:p/t, and
E:p/t:dNTP (correct and incorrect) complexes. Measurement conditions and
experimental details could be found in Paper II.

After excluding the presence of any artifacts due to photophysics of the
the Donor and Acceptor, PDA was employed for KT under all experimen-
tal conditions. The results show that the enzyme alone adopts three relevant
conformations in solution (open (O), nucleotide-binding (NB), and closed (C))
and that binding of the p/t DNA and/or nucleotides affects the relative pop-
ulation of each state. In Fig.5.2 the PDA histograms, for a time window (
t.w.) of 2 ms, for all measurements are shown. An additional minor state
was also seen at a shorter distance of approximately 42.0 Å, which we term
“more closed” (MC) but since it always was occupied at extremely low frac-
tions it will not be further discussed. The minimal model, based on statistical
arguments (residuals, reduced chi square, F-test), for fitting PDA histograms
for all measurements consisted of 4 FRET states. The FRET derived mean
distances for C, NB and O are given in the inset table of Fig. 5.1 for a direct
comparison with the distances expected by the crystal structures. The small
standard deviation refers to the determination of the same state from inde-
pendent measurements as it is explained in detail in Supplementary Data of
Paper II.

The relative fractions of the conformational states of the enzyme change
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all fit is shown in black over the

data (gray bar histogram) ob-

tained for KT under indicated

experimental conditions along

with the corresponding residu-

als shown above. FRET species

of interest are represented in
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recovered mean distances and

the corresponding relevant per-

centile fraction of each state

are indicated by bar diagrams.

Same color coding as before

was applied. The percentages

of donor only and contaminant

(D+C) shown in black.
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dramatically for different substrates as it can be seen in Fig. 5.2 H-N . In the
apo-form of the enzyme the O conformation is more predominant. Binding
of the p/t shifts the equilibrium slightly towards the O as a result of the re-
duction of the fraction of the C state. When the correct nucleotide is added
(E:p/t:dTTP(correct)) a huge shift in the equilibrium occurs and the C state
becomes predominant with occupancy levels higher than 70%. On the con-
trary for the case of ternary complex with the incorrect nucleotide, the NB
conformation is favored. Similar overall FRET efficiency distribution is ob-
served for the case of the dNTP binding in the absence of p/t. Moreover both
the E:p/t:dATP(incorrect) and E:dTTP have reduced levels of the O confor-
mation, and similar levels of C, as compared to the E and E:p/t measurements.
The predominance of the NB conformation in the presence of a dNTP alone
and in the presence of an “incorrect” dNTP for the E:p/t complex suggests
it plays a key role in dNTP binding. We also found that addition of higher
concentrations of MgCl2 alone also favors the NB state.

The dynamics of the transition between O,C and NB states were investi-
gated by varying time window analysis (in ∼ ms timescale). The results con-
firm that the dynamic behavior of the enzyme depends on the bound complex.
Fast dynamics are observed for apo-enzyme whereas for the E:p/t:dNTP(correct)
almost no dynamics are observed (data shown in Paper II ; Fig. 4).

We have also developed, validated and applied in the measurements of KT,
a new procedure referred to as slow-dynamics burst enrichment for selecting
bursts during which only few transitions between states occur. This procedure
is devised in such a way that , given the mean transit of the molecules through
the observation volume (typically a few ms), it preferably selects transitions
which have rates in ∼ s timescale. The selection disregards both bursts during
which either no transition occurs or the number of transitions is more than
two (for details see Paper II). These long bursts were binned in time windows
of 1 ms and fluorescence traces of the emission of D and A were reconstructed.
On these traces an analysis based on Hidden Markov Chain Model was applied
according to (McKinney et al., 2006) by using the software Hammy developed
by the Ha group. It is noted here that the goal of this type of the analysis is
not the determination of specific kinetic rates but just the confirmation that a
direct transition between two states is possible. The results of such an analysis
are presented in Fig. 5.3 in the form of transitions matrices. Direct transitions
between conformational states were identified and represented by arrows. It
is observed that direct transitions between the O and C were always present
for all substrates whereas transitions between NB and O or between NB and
C seem to be varying for different substrates, indicating the pivotal role of the
NB state in the incorporation pathway.

In the experiments presented here and in Paper II we have studied the
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Figure 5.3: (A): The green and red fluorescence intensity traces recovered from long

fluorescent bursts selected by slow-dynamics burst enrichment are shown in corresponding

colors, with different bursts separated by gray vertical lines. (B): Uncorrected efficiency

traces of burst fragments (black) with HaMMy fit shown in purple. The mean fitted ef-

ficiency for O and C is also indicated in red and blue, respectively. (C-I): Transitions

matrices obtained for indicated experimental data. E’START and E’END denote the uncor-

rected efficiency level coresponding to the intial and final FRET state of each transition. A

transition, from or to, a single state is indicated by an arrow (blue for O, green for NB, and

red for closed). The length of the vertical bars along the y axis of each plot are representa-

tive of the uncertainty in the determination of the FRET level of each state (Closed: light

red, Nucleotide-Binding: light green and Open: light blue )

complex interplay between the conformational states of KT. Under all mea-
surement conditions Klentaq1 exists in a conformational equilibrium between
three structurally distinct states (O, C, and NB) which were identified with
high precision and whose level of occupancy is defined by the nature of the
bound substrate. It was also interesting to observe that all related states and
transitions could occur even at the apo-form of the enzyme confirming once
more the role of conformational selection in enzyme kinetics. The dynamics
observed suggested that the transitions involved in the incorporation pathway
exhibit characteristic times spanning the∼ms to∼s range which is indicative
of a complex and dynamic energy landscape. This is consistent with the fact
that O to C transitions could occur either directly (possible under all sub-
strates) or via the NB state. The rates from NB to O and from NB to C
are largely influenced by the nature of the incoming nucleotide. Moreover, the
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similarity of the FRET efficiency distributions obtained for elevated Mg+2 lev-
els with the distribution obtained for the ternary complex with the incorrect
nucleotide is consistent with the fact that elevated Mg+2 lead to a deteriora-
tion of the replication fidelity. Although our results definitely constitute some
indications towards the existence of some sort of pre-selection step occurring
in the NB state, we will not attempt any stronger statements based on our
current results.

5.2 MutS

Almost in parallel with the Klentaq1 studies, smFRET measurements were
conducted on another protein, namely MutS, which interacts with DNA (Pa-
per III). MutS is part of the DNA mismatch repair (MMR) system which is
responsible for detecting and processing numerous discrepancies in DNA, in-
cluding base pair mismatches(Iyer et al., 2006). MutS proteins possess two
key activities; the ability to bind DNA and distinguish a variety of non-
Watson–Crick structures and an ATPase activity that modulates their interac-
tions with DNA and other proteins during initiation of MMR. In plain terms,
MutS binds on the DNA and scans for mismatched base pairs, then bends the
DNA and initiates the repair mechanism by binding to other molecular part-
ners. MutS recognizes mismatches by stacking a phenylalanine (Phe-36) of
one subunit against one base of the mismatched pair. In all crystal structures
of G:T mismatch-bound MutS, Phe-36 is stacked against thymine (Warren
et al., 2007). To explore whether the bias in the observed structure is arising
from the fact that MutS recognizes mismatches in an asymmetric way (for
example Phe-36 is stacking always to T and not to G in a G:T mismatch), we
monitored the orientation of Escherichia Coli MutS binding to mismatches by
FRET and anisotropy, with steady state, pre-steady state and single-molecule
multiparameter fluorescence measurements in a solution.

The focus of this chapter will be on the single molecule FRET measure-
ments on freely diffusing MutS dimers and their interactions with labeled
DNA strands. The labeling scheme used is described in Fig.5.4. Detec-
tion was performed with a typical smMFD set up as the one described pre-
viously (see Fig. 3.4). Oligonucleotides will be denoted according to the
base-pair they contain at their central region as described in Fig. 5.4 ,
(XA : YD = [GA : TD, TA : GD, GA : GD , GA : CD]. Upon binding of MutS
on the DNA and depending on the mismatch present in the DNA strand dif-
ferent kinks are induced to the DNA. A high FRET population is observed
for the mismatches GA : TD, and GA : GD in contrast to the low FRET
population observed for the free oligonucleotides for the case MutS is bound
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Figure 5.4: Labeling strategy for the study of MutS-binding orientation and DNA bending

with mismatched DNA. (A): Sequence and molecular model of the 42-bp DNA containing

a central mismatch (X:Y, black) and an Acceptor (Alexa Fluor 594, red) and Donor dye

(Alexa Fluor 488, green) in the top or bottom strand. In the molecular model the accessible

volume for the dyes is depicted as clouds (21). The distance between the mean dye positions

is Rmp = 85 Å . (B-C): Model of the complex between dimeric E. Coli MutS, (showing

the two subunits of MutS in blue and orange) and DNA (XA : YD) when Phenylalanine-36

(indicated with a blue hexagon) is stacked on the mismatched X base (B) or the mismatched

Y base (C).
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Figure 5.5: 2D histograms as those described in Fig. 3.5 presented for all different

mismatches studied.(A): free GA : TD, (B): GA : TD +MutS, (C): TA : GD +MutS, (D):

GA : GD +MutS, (E): GA : GD +MutS .UPPER PANEL: The apparent FRET efficiency

<Ea>is displayed as function of tD(A). LOWER PANEL: The steady state anisotropy of D,
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Figure 5.6: Results of PDA analysis of MutS-DNA complexes with various mis-

matches..(A): free GA : TD, (B): GA : TD +MutS, (C): TA : GD +MutS, (D): GA : GD

+MutS, (E): GA : GD +MutS. The model functions used for fitting each FRET state

included a Gaussian distribution of distances with mean value 〈RDA〉and half-width, HW.

More details can be found in the main text and Supplement of Paper III.

recorded with intermediate FRET efficiency levels. Interestingly, differences
are observed in the recovered steady state anisotropy of the donor emission,rD
among different measurements.For the free DNA only a low anisotropy popu-
lation was obtained. The anisotropy increased slightly when MutS was added
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to an oligonucleotide containing a GA : TD mismatch. A big change in the
obtained anisotropy was observed for the case of MutS binding to TA : GD

mismatches, with a second anisotropy state emerging and becoming predom-
inant at higher anisotropy values. For the symmetric mismatch GA : GD it
seems that both anisotropy states are equally populated. To sum up, initial
inspection of the 2D histograms presented in Fig. 5.5 lead to the initial iden-
tification of three different FRET states (High FRET - HF; Middle FRET -
MF ; Low FRET-LF) in addition to a population assigned to oligonucleotides
labeled only with the donor.

PDA analysis was performed at the experimentally obtained FRET effi-
ciency histograms (for details see Paper III) and the HF, MF and LF FRET-
states were characterized accurately in terms of their corresponding mean
distances. PDA analysis was performed both on the FRET efficiency and on
the anisotropy histograms. Collectively the results confirmed the existence of
four distinct states of the complex between MutS and DNA (see also Fig. 5.5
and 5.6; for further details please refer to Paper III):

(1) A mismatch-specific DNA-MutS complex observed with GA : TD and
GA : GD with higher FRET efficiency in comparison with the rest of the
FRET states (HF) and low rD . The FRET efficiency of this state was 〈E〉 =
0.265 ± 0.013 corresponding to 〈RDA〉E = 63.1 ± 0.8 Å which is close to the

expected value of 67 Å as obtained by Accessible Volume modeling for the
fluorophores attached to the bent/kinked DNA . In this complex, MutS is
bound with Phe-36 stacked on the bottom strand T or G of the mismatch,
respectively.

(2) A mismatch-specific DNA-MutS complex observed with TA : GD and
GA : GD with middle FRET and high rD. Contact between MutS and the
donor fluorophore is likely responsible for the mid FRET signal with an ap-
parent FRET efficiency of 〈E〉 ≈ 0.15. In this complex, MutS is bound with
Phe-36 stacked on the top strand T or G of the mismatch, respectively.

(3+4) Two non-specific homoduplex DNA-MutS complexes exhibiting low
FRET efficiencies but either high or low rD (LF/low rD and LF/high rD).
In this case, it becomes evident the value of the determination of the steady-
state anisotropy in parallel with the FRET efficiency. Here the analysis of
both parameters, allowed for the resolution of additional states exhibiting
similar FRET efficiencies. In both cases the obtained efficiency was 〈E〉 =
0.070 ± 0.007 corresponding to 〈RDA〉E = 82.3 ± 1.3 Å and they both will
correspond to the unkinked/unbent DNA.

In a second series of measurements we tried to monitor the conformation
of MutS while testing its ATPase activity. For these experiments only the
GA : TD oligonucleotide was used. The results of the measurements before
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Figure 5.7: Results of PDA analysis of MutS-DNA complexes upon addition of nu-

cleotides..(A): free GA : TD, (B): GA : TD +MutS, (C): GA : TD +MutS+ADP, (D):

GA : TD +MutS+AMP-PNP, (E): GA : TD +MutS+ATP. The model functions used for

fitting each FRET state included a Gaussian distribution of distances with mean value

〈RDA〉 and half-width, HW. More details can be found in the main text and Supplement

of Paper III. Right Panel: The sub-ensemble FCS analysis yielded a diffusion time from

all fluorescent bursts characterized as belonging to the same FRET state. The analyzed

sub-populations are indicated by the corresponding color bar. For the case for which the

separation of the subpopulations was difficult a two-color bar was used. Typical standard

deviation from diffusion times obtained from different measurements are also shown.
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and after the addition of 1mM ADP, ATP, or the non-hydrolysable AMP-
PNP are shown in Fig. 5.7. We also performed sub-ensemble FCS analy-
sis to check whether or not each of the FRET population contained bound
or free DNA. Sub-populations were selected from the 2D-histograms plots
and subsequently correlation curves were obtained by using an in-house built
software (http://www.mpc.uni-duesseldorf.de/seidel/index.htm). Addition of
1mM ADP resulted in an increase in the populations with HF efficiency. No-
tably, addition of 1mM AMP-PNP to MutS and GA : TD caused the disappear-
ance of the HF population and instead only the LF population was observed as
expected for free DNA (corresponding to an unkinked/unbent DNA strand).
The fact that MutS does not bind to the DNA upon addition of AMP-PNP
is consistent with the view that once MutS is bound to the DNA, ATP hy-
drolysis must occur prior to the bending of the DNA by MutS. The addition
of ATP resulted in a FRET efficiency histogram similar to the one obtained
for the case of ADP. Additionally, we showed that the population of the un-
kinked/unbent state (LF) for GA : TD- MutS seen in Fig. 5.6 B definitely
corresponds to a complex with the DNA bound to MutS and is not emerging
just due to some unbound fraction of the DNA.

In the single molecule experiments presented above we have confirmed the
existence of DNA-MutS complexes with the DNA bent or unbent (Cristóvão
et al., 2012). We have also observed the preferential orientation of MutS
for binding mismatches, a fact which could explain why the majority of the
crystal structures of MutS-DNA complexes have the same orientation, i.e.
phenylalanine (Phe -36) stacks preferably to T for a G:T mismatch. Moreover
anisotropy measurements on the bulk level confirmed that also for A:C mis-
matches MutS preferentially binds with Phe-36 stacked to A. Measurements
performed on DNA strand for which stacking of the Phe-36 at the preferred
orientation was hindered by placing the mismatch close to the end of the DNA
strand resulted in the inhibition of the activation of the MutH protein which
the next partner of MutS in the mismatch repair mechanism. Thus our results
indicate that disruption of MutS binding at the preferred orientation would
lead to the deterioration of the repair efficiency.



Chapter 6

Fluorescence lifetime imaging
for cancer diagnostics

Following the successful application of FRET in single molecule studies we
made efforts for carrying this experience in imaging by applying Fluorescence
Lifetime Imaging for monitoring protein-protein interactions for cancer diag-
nostics. These activities took place within the framework of the EU project
(FP7) Fluodiamon 1 which had as an overall goal the development and appli-
cation of “ultra-high-resolution and ultra-sensitive fluorescence methods for
objective sub-cellular diagnosis of early disease and disease progression in
breast and prostate cancer”. The overall structure of the project is illus-
trated in Fig. 6.1. In the current chapter, efforts regarding he application of
FLIM for monitoring interactions between two pairs of membrane receptors
will be presented: (i) between two cell membrane receptors of the HER (Hu-
man Epidermal growth factor Receptor) family HER1-HER2 and (ii) between
HER1 and the Insulin-like Growth Factor 1 receptor, IGF1R, (Yarden and Sli-
wkowski, 2001). The particular aim of these efforts was to determine to what
extend interactions between the receptors could be reflected in the recorded
set of fluorescence parameters and to establish features in these parameters
distinguishing normal from cancer cells.

Initially the efforts included the design and installation of a fully func-
tional confocal microscope equipped with laser scanning and stage scanning
capabilities and a multi-parameter detection scheme. It also required flexi-
bility regarding the choices of lasers used for excitation so that targets and
staining used for other microscopic modalities used in the project could be
also imaged. For excitation, two diode lasers with continuous wave (CW) and

1The research leading to these results has received funding from the European Commu-
nity’s 7th Framework Programme FP7/2007-2011 under grant agreement no. 201837.
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Figure 6.1: A scheme of the architecture of the FLUODIAMON project. (A): Fine Needle
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Figure 6.2: The general labeling scheme, HER1 will be targeted with affibodies labeled

with ATTO488, HER1(A488), HER2 and IGFR with affibodies labeled with ATTO647N

, HER2(A647N) and IGF1R(A647N). ATTO 488 served as the donor for all cases. Cell

samples were excited with a 476nm pulsed (repetition rate: 50 MHz) laser line at a power

of around 1µW measured at the objective.

pulsed mode capabilities provided the main excitation sources in the blue and
the red region of the spectrum (blue: 485 nm in CW and 476 nm at 50MHz ,
red: 640 nm in CW and 636 nm at 50MHz; Becker and Hickl, Berlin Germany
in collaboration with LASOS , Jena, Germany). They were complemented by
a Titanium-Sapphire (Ti:Sa; Mira 900, Coherent, Santa Clara, USA) system
equipped with an Optical Parametric Oscillator (OPO; APE -Angewandte
Physik & Elektronik GmbH, Berlin, Germany). The Ti:Sa -OPO system pro-
vided pulsed excitation at 76 MHz in the spectral region between 540 - 620
nm whereas the Ti:Sa laser alone could provide excitation in the near infra-red
region (750- 980 nm). The excitation beam was guided to an OLYMPUS IX70
(Olympus, Hamburg, Germany) microscope stand in which imaging was per-
formed via a scanning stage (MadCityLabs, Madison, USA) or via a DCS120
beam scanning module from Becker and Hickl, Berlin, Germany (B&H). The
detection was performed either by two APDs (SPCM AQR-14; PerkinElmer
Inc.,Waltham, USA) and/or by two Hybrid PMTs (HPM-100-50; Hamamatsu,
Japan). The set up was built in such a way that all electronics of the scanning
unit, scanning stage and detection could be controlled from the B&H main
software package.

Initially extensive measurements were performed on stained cultured cells
taken from human mammary gland, from cell lines corresponding to normal
(cell line no: CRL-8798), metastatic (cell line no: HTB-132) and tumor cells
(cell line no: CRL-2338). These measurements were used for the optimization
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Figure 6.3: (A): The image acquisition scheme and typical output. Images [128x128

pixels] over a field of view of 43µm are obtained. The scaling for the intensity images

of the intensity of Donor and Acceptor varies from balck to green and red, respectively.

For the pseudocolored images of the Ratio and the lifetime of the Donor, brighter pixels

correspond to areas of higher intensity, while the exact color of each pixels is determined

according to the colormap, adjacent of the image. (B): Typical 2D histograms obtained

from the measurements. The most informative selection of parameters is shown: tD is the

lifetime of the Donor, FG

FR
the Ratio of emission, FTOTAL is the total fluorescence intesnity,

FTOTAL = FG+FR , and Nph is the total number of photnsVisual inspection of experimental

ratio is used for the identification of artifacts.

of the fixation, staining and measurement protocols. Staining was performed
by using affibodies against HER1, HER2, IGF1R (affibodies provided from
KTH Biotech; see (Nygren, 2008; Ekblad et al., 2009)) labeled with a series of
ATTO dyes (ATTO 488, ATTO 594, ATTO 647, ATTO 647N , AZ349; ATTO-
TEC, Siegen, Germany). The great advantage of affibodies in comparison
with traditionally used antibodies is that they are much smaller in size so
they do not disrupt so much the protein they stain while they exhibit high
binding affinities. For the studies presented here the degree of labeling of the
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affibodies used was close to 1. The general labeling scheme is shown as a
cartoon illustration in Fig.6.2.

Clinical FNA samples from patients with suspect breast cancer lesions were
acquired. Cells were isolated by a custom-made protocol and were attached
to the coverslip by cytospin followed by fixation done with formaldehyde.
For each patient four samples were used for FLIM measurements. One sam-
ple was not stained and was kept for determination of the autofluorescence
intensity levels and lifetime characteristics. A second sample was stained
with HER1(A488). The third and the fourth samples were stained with the
following donor-acceptors pairs: HER1(A488)-HER2(A647N), HER1(A488)-
IGF1R(A647N). The samples were imaged using the custom-made set-up de-
scribed above with a 60x/1.2 water immersion objective. The quality of the
FNA sample in each coverslide was assessed by inspecting the density and the
overall shape of cells at a widefield microscope. Samples in which few cells
were present per coverslip, were rejected from further analysis as was done for
samples for which the cell shape was apparently distorted, i.e. damaged cell
walls.

A description of the images acquired per staining for each patient is given
below: (a) 5 regions of interest (ROIs) for the doubly stained sample HER1-
HER2. (b) 5 ROIs for the doubly stained sample HER1-IGF1R, (c) 2 ROIs for
the single-stained sample HER1 (A488) and (d) 2 regions for the unstained
FNA sample. For images described in (a)-(c) each ROI was scanned two
consecutive times one with excitation of ATTO488 at 476 nm and one with
direct excitation of the acceptor as described in Fig.6.3

In such a scheme a total of 24 imaging scans were performed per patient
acquired in a total time of 2-3 hours. Images were analyzed by an in-house
built software from the Seidel group in Düsseldorf which allowed for the de-
termination of a series of parameters per pixel among which the donor life-
time tD and the ratio of intensities in the “green” and “red” channel , FG

FR
,

refered to as Ratio was mainly used within this work (http://www.mpc.uni-
duesseldorf.de/seidel/index.htm) . As before in this thesis, by convention the
“green” and “red” channel correspond to the emission of the donor and the
acceptor, respectively. If, in the data analysis, each pixel of the image is
treated as an individual burst in a fluoscence time trace, every image could be
described with 2D histograms in analogy to those presented in the previous
chapters of this thesis. We have developed MatLab scripts for the automated
batch plotting , saving and archiving either of intensity weighted images (see
caption of Fig. 6.4) of each parameter of choice or 2D histograms of given
pairs of parameters. The fluorescence decay obtained for each pixel was fitted
to a mono-exponential model function and an apparent single lifetime was
obtained per pixel. The total number of collected photons per pixel was such
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that the use of a second exponential term in the model function could not be
statistically supported.

After discarding the FNA samples used for testing the staining procedure
and the FNA samples for which the quality of the sample was low, samples
from a total number of 36 patients were imaged. As an example, in Fig.
6.4 images from various staining schemes for the same patient, are presented.
Observe the difference in the lifetime values for the sample termed “no stain”
and the sample labeled with HER1(A488). When no stain is used a lifetime
close to 2.2 ns was obtained for most regions in the cell. In the stained sample
there are regions for which a lifetime of 2.8ns is obtained. Note that the lifetime
of free ATTO488 in solution is close to 4.0 ns. In theory the relative fraction of
autofluorescence and the ATTO 488 could have been determined but this type
of analysis was not chosen because the overall photons detected per pixels was
small (typically a few hundreds). An apparent lifetime is determined per pixel
influenced both from the autofluorescence of the fixed cells and the emission
of ATTO 488. Nevertheless the increase of the obtained lifetime is indicative
that the staining is working keeping always in mind that in some cases the
average intensity of a stained sample was just twice that of the unstained
sample.

Large heterogeneity is observed for the obtained lifetimes of the donor,
even in the absence of the acceptor. By inspection of the images obtained by
the two staining schemes (HER1-HER2 and HER1-IGF1R) one could observe
that there are regions which have (a) shorter lifetime and (b) lower Ratio of
intensities and (c) higher intensity with direct excitation of the acceptor. Re-
gions which combine all 3 characteristics are regions in which we can consider
that FRET occurs. Despite the fact that the identification of FRET-positive
regions was possible, the heterogeneity of the sample was such, that it did
not allow the identification of patterns specific for each population group (be-
nign,cancer) just by visual inspection of the mean values of the lifetime of the
ATTO 488 and FG

FR
.

Analysis undertaken by a partner within the Fluodiamon project (V.Rantannen,
S.Hautaniemi, Univ.Helsinki), lead to the construction of two independent
classifiers based on a set of characteristics per image (morphological and
FRET-related), one for the HER1-HER2 and one for the HER1-IGF1R assay
(Ovaska et al., 2010; Jäämaa et al., 2010). In total, samples from 37 patients
were examined and included in the construction of the classifiers from the
FLIM data. The predictions of each classifier were tested against the diagno-
sis achieved by inspection of the immunostained tissue material obtained by
the FNA sampling, by an experienced cytopathologist. Unfortunately the fig-
ure of merits obtained for the classifier are far from being impressive as it can
be seen in Table 6.1. The classifiers built based on images obtained by comple-
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Targets HER1-HER2 HER1-IGF1R Total *
Precision 0.68 0.54 0.71

Sensitivity 0.58 0.53 0.66
Specificity 0.58 0.54 0.60
Accuracy 0.58 0.53 0.63

* Global classifier comprising all microscopic modalities used in the project.
Precision = TP/(TP+FP),
Sensitivity = TP/(TP + FN)
Specificity = TN/(TN + FP)
Accuracy = (TP+TN)/(TP + FP + FN + TN)

TP:True Positive, TN:True Negative, FP: False Positive

Table 6.1: Performance of a classifier for discriminating between normal/benign or ma-

lignant lesions.

mentary microscopy modalities, yield similar results and the global classifier
achieved a precision of 70% . The complementary microscopic modalities in-
cluded : STED microscopy of HER1-IGF1R, vimentin and tubulin staining,
simultaneous monitoring of expression levels of 6 targets by multi-parameter
detection.

Several reasons could contribute to the low performance of the classifiers.
The number of patients examined was low and this fact did not allow for the
inclusion of additional diagnostic categories in the classifier. We could only
divide the samples in 2 categories, i.e. benign and malignant. The reality is
quite different since there are several different subcategories included in each
group. An extensive study including a larger number of patients from each
subcategory, could yield a classifier with higher values in detecting specific
malignant abnormalities.

As it was recently showed in Barta et al. (2012) interactions among the
members of the HER-family, as they are monitored in cultured cells, are highly
dependent on the type of the host cell line. It may well be that the hetero-
geneity of the sample is so large, that it limits the prediction strength of the
classifier. It is noted here , that the classification was done on a patient basis
i.e. all the images from one patient are removed from the group of images and
then one by one are classified based on the rest of the group of images. If the
classification is done image by image i.e. only one image is taken away from
the group and it is classified based on all the remaining images including those
coming from the same patient, precision values around 80% are obtained for
each of the microscopic modalities. Further analysis regarding the construc-
tion of the classifier is still undertaken. Finally, one should not neglect that
many aspects of the interaction network of the receptors of the HER-family
still remain unknown Pérez-Soler (2004) and that it may well be that the in-
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teractions between HER1 and HER2 do not constitute as good a predictor as
anticipated. It should also be noted that the main aim of this study was to
establish new modalities for extracting diagnostic information from individual
cells and it was out of the scope to optimize the specific protein targets used.
Nevertheless, we strongly believe that the overall approach will bring fruitful
results in the near future as it has been also highlighted by similar efforts (Pa-
tel et al., 2011; Fruhwirth et al., 2011; Lock and Strömblad, 2010; Matthews
et al., 2012).
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Figure 6.4: Typical images obtained for FNA samples coming from the same pa-

tient with different staining. (A): HER1(A488) - HER2(A647N) , (B): HER1(A488) -

IGF1R(A647N), (C): Heterogeneities in the donor emission due to local environment are

estimated from the HER1(A488) sample. (D): Autofluorescence was estimated from the

“no stain” samples.



Chapter 7

Assessment of sensitivity and
maintenance of a confocal
microscope

While working with FLIM imaging for monitoring protein-protein interactions
as described in Chapter 6 the need for comparing images obtained in different
labs with different microscopes appeared. Despite the broad use of Confo-
cal Laser Scanning Microscope (CLSM) systems for biological studies, data
obtained from different CLSMs can be difficult to compare due to large vari-
ations in the overall performance of the microscopes (Stack et al. (2011)).
Many factors could contribute to this heterogeneity of characteristics. The
use of non-ideal optical elements (objective, pinhole size, dichroic mirrors and
spectral bandwidth) by the user is the simplest factor but also non-ideal align-
ment of a CLSM system when delivered by the manufacturer should not be
excluded. Finally, aging of the optical elements could lead to the deterioration
of the overall sensitivity of a microscope. That is why reproducibility of the
measurements becomes an issue even for the same set-up, making the regular
maintenance check of the microscope necessary. Moreover while the determi-
nation of the resolution of the instruments is relatively easy the determination
of the sensitivity of the instrument becomes trickier as: (a) the spatial distri-
bution of the absolute excitation power and the collection efficiency over the
field of view is not homogeneous and (b) there is an uncertainty regarding the
spatial distribution of the independent emitters over the whole sample (Bernas
et al. (2007); Brakenhoff et al. (2005))

In the work described in Paper IV we use FCS and Transient State (TRAST)
imaging measurements of an aqueous solution of a standard dye (Rhodamine
110 Rh110) for obtaining figures of merit which could allow the characteri-
zation of CLSM systems according to their sensitivity. An introduction to

73



74
CHAPTER 7. ASSESSMENT OF SENSITIVITY AND MAINTENANCE

OF A CONFOCAL MICROSCOPE

A B

APD 1

A
P

D
 2

pinhole

main dichroic 

beamsplitter

objective

movable 

dichroic

scanning 

optics

exit port of detection unit

PMT 1

PMT 2

interference filter

50-50 beamsplitter

lens

correlator

movable

dichroic

PC

LASER

slit

grating

fast

slow

F

time

Figure 7.1: (A) Schematic illustration of a confocal sytem with our custom-made add-

on used for the FCS measurements presented in this study. (B) General principles of the

application of TRAST imaging in confocal sanning microscope (see text and Paper IV for

details). F denotes the fluorescence intensity recorded during the transit of the excitation

beam through the pixel. The dashed lines denote the average values of F for fast and slow

scanning speeds.

TRAST imaging can be found in Paper IV while a complete description could
be found in (Sandén et al., 2008, 2007). In short, scanning the excitation beam
over the sample is for an individual fluorophore equivalent to temporally mod-
ulating the excitation. Slow scanning speeds will correspond to the fluorophore
“experiencing” long pulses of excitation during which the triplet state is more
efficiently populated and the average fluorescence counts decreased, in com-
parison with the average fluorescence counts obtained for shorter pulses (in
this context fast scanning speeds; see Fig. 7.1 A).

FCS measurements on aqueous solutions of Rh110 were performed for a
number of CLSM units (commercial systems from all manufacturers and a cus-
tom made set up). From the obtained correlation curves the average number
of fluorescent molecules within the detection volume is determined, denoted in
this context as NFCS, in analogous way1 as described before (see Section 3.2).
Using the total number of detected fluorescence counts, F , we could define the

1In this section of the thesis slightly different notation is used for the diffusion correlation
time for reasons of consistency with Paper IV. The diffusion correlation time will be noted



75

total counts per fluorescent molecule in its singlet state as F singlet = F
NFCS

.
For each microscope a series of FCS measurements on aqueous solutions of
Rh110 was performed for all available excitation power settings of the mi-
croscope (we will refer to such measurements as power-series). The F singlet

obtained is shown as a function of the excitation power density. Corrections
performed accounting for the different excitation cross-section of Rh110 at
the available wavelength of excitation. As it can be seen in Fig.7.2 there is
big heterogeneity regarding the obtained counts per molecule. and suggest
that the detected counts per molecules of a standard dye solution against its
corresponding triplet fraction for various excitation powers, could provide an
objective criterion for the sensitivity of a CLSM. Since the measurement of
the mean excitation power could be tricky Grünwald et al. (2008) we suggest
the use of the fraction of fluorescent molecules residing in their corresponding
triplet state, T, as an absolute measure of the true excitation rate of the flu-
orophores. Each set-up could be then assessed based on the F singlet obtained
at a given T value.

Currently, increasing number of CLSM microscopes includes modules which
make FCS capabilities readily available for the user. Still, the vast majority
of the CLSM users are using instruments in which FCS capabilities are not
incorporated. For those cases, we constructed a small module which could be
installed in the exit port of the detection pathway of any CLSM making FCS
measurements available (see Fig. 7.1 B). With recent advances in the design
of hardware correlators (Kalinin et al., 2012a; Mocsár et al., 2012) and the
availability of Avalanche Photodiodes (APDs) such an an add-on module will
have a cost of about 10000 euros which could be considered by many labs as
a good investment. However, it was recognized that the community of CLSM
users would benefit more from the development of a procedure which could be
performed with the most commonly used in CLSM systems, built-in detectors
, without the use of any add-on module. The most commonly used detectors
in CLSMs are Photo-multiplier tubes (PMTs) operating in the analog mode
and such a procedure could be based on the principles of TRAST imaging.

Firstly, the consistency of the TRAST imaging results with FCS results
was investigated by performing TRAST imaging measurements on aqueous
solutions of Rh110 with the detection pathway being identical with the one
used for FCS measurements done with the same microscope. In terms of
F singlet values, the results of TRAST imaging series, , are indeed consistent
with the FCS measurements. Moreover, analysis of the TRAST imaging series
yields the mean excitation rate of Rh110 and the detection efficiency of the

as tD , and the number of fluorescent molecules in the detection volume as NFCS (see again
the equivalent definitions and equations in Section 3.2).
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Figure 7.2: Evaluating a CLSM from FCS results. (A): Typical correlation curve recorded

for Rh110 in aqueous solution. The correlation times due to diffusion,tD, and due to

singlet-triplet transitions,tT ,are highlighted. The amplitude of the curve for tC=0 gives the

average number of molecules in their singlet state, inside the detection element (G(0) =

1/(NFCS(1 − T )). (B-E): Counts per fluorescent molecule in its singlet state, Fsinglet,

as they are detected by various microscopes (Roman numerals as identifiers I-XIV) for

different excitation power densities. Microscope tested included 6 Olympus, 3 Nikon , 2

Zeiss , 1 Leica, 1 Nikon with DCS-120 module from Becker and Hickl and 1 home built

set up. F: Maximum counts, Fsinglet,max for each curve presented in B-E , plotted against

the corresponding fraction of molecules residing in their triplet state,Tmax (see text for

details) G: Fsinglet, for microscopes V, IX and XI as a function of the obtained fraction of

fluorescent molecules residing in their triplet state.
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detection pathway. In the fitting procedure (see Paper IV and its Supplement),
involved in the analysis of TRAST imaging data, some of the photophysical
properties of Rh110, determined by independent measurements (i.e. quantum
yield, fluorescence rate, triplet relaxation rate) were considered as fixed. For
this reasons, it is important to use an already well studied, bright and stable
fluorophore for the procedures described above.

As a second step we used the “Number and Brightness” approach devel-
oped by Digman et al. (2008); Dalal et al. (2008), for constructing a sim-
ple theory which would allow the implementation of TRAST imaging in the
“analog mode”. The model functions developed previously Spielmann et al.
(2010); Sandén et al. (2007, 2008) could not be directly implemented for mea-
surements obtained by PMTs operated in the analog mode which have as an
output intensity levels instead of absolute fluorescence counts. The values of
these intensity levels do not depend only on the detected fluorescence intensity
but additionally on the properties of detection electronic circuit (PMT volt-
age, Analog-to-Digital Converter). Model functions developed for the analog
detection mode yield excitation rates and detection efficiencies which can be
used for the assessment of the microscope.

We have tested our methodology by comparing excitation rates and detec-
tion efficiencies, obtained for a well aligned and a deliberately misaligned set
up (see Fig. 7.3 ). Results obtained with the PMTs for a well aligned system
agree also very well with those obtained with the APD detection in terms of
the dependence of the excitation rates on the incident excitation power den-
sity, Iexc (the linear function is given by y = 1.43x for detection done with
APDs and y = 1.45x for PMTs). The overall quality of the alignment could
be assessed by the inspection of graphs of the obtained excitation rates as a
function of Iexc. A linear dependence should be expected for moderate laser
power and an instant assessment of the microscope system could be done since
the bigger the slope is, the more sensitive is the set-up. Note that we have
shown that misalignment in both the detection and the excitation pathway
will appear as decreased apparent excitation rates. Such curves could be pro-
vided by manufacturers of CLSM instruments as reference standards for the
maintenance checks by the end-user and more importantly they should reflect
minimum standards that an newly acquired microscope should meet upon
delivery.



78
CHAPTER 7. ASSESSMENT OF SENSITIVITY AND MAINTENANCE

OF A CONFOCAL MICROSCOPE

kW ·cm-2]

External APDs 

“GOOD” ” BAD”

·cm-2]

Internal PMTs    

“GOOD”

106 s-1]

D

10-3] 106 s-1]

D

10-3] 106 s-1]

D,app,PMT

10-3]

22.9

Φ Φ Φ

]]]] ] ]

11.6

7.0

31.0

17.2

5.5

21

19

21

12.0

5.5

3.1

18

21

23

]

kW]

External APDs 

30.4

15.6

9.2

43.0

27.7

10.7

6.8

4.9

6.3

I
exc

I
exc

I
exc

[            ]

C

Figure 7.3: (A-B): Comparison of the experimental ratio Rexp for a well aligned mi-

croscope (“GOOD”; A ) and a misaligned system (“BAD”; B). (C): Calibration curves.

Dependence of the apparent excitation rate k̄exc on the incident excitation power densi-

ties for various set-ups. The experimental values corresponding to a well aligned set up

(“GOOD”; see text) are shown as light gray and gray squares (for detection with external

APDs and internal PMTs respectively). The corresponding fits are given as lines ( dashed-

doted for the external APDs, dashed line for the internal PMTs). For the set-up with the

misaligned excitation (“BAD”; see text) the results are shown as triangles and the fit as solid

line. It is obvious that the slope of the curves obtained for the “GOOD” alignment is the

same independently of the way the detection was performed. For the misaligned set up a

drastic decrease of the slope is registered. Inset Table: The obtained parameters from the

TRAST analysis. k̄exc : the mean excitation rate, ΦD : detection efficiency, ΦD,app,PMT :

apparent detection efficiency determined by PMT detection (see Paper IV).



Chapter 8

Concluding remarks

In this thesis efforts dealing mainly with single molecule FRET studies have
been presented. A few new methodologies which could find general applica-
tion, have been proposed. In this category one could include the overall study
presented in Paper I, the development of the slow dynamics burst enrichment
approach used for the study of Klentaq1 in Paper II, the application of sub-
ensemble FCS analysis in combination with MFD in Paper III and the overall
project for assessing the sensitivity of a CLSM in Paper IV.

Studies on important biological systems like Klentaq1 and MutS and their
complexes with DNA have been presented. The work done on Klentaq1, re-
veals the interplay between three distinct conformations (Open, Closed and
Nucleotide Binding) for the first time on freely diffusing molecules on Klen-
taq1. The quality of the experimental set-up and analysis tools used allowed
the determination of each state with high precision and subsequently enabled
us to resolve all relevant FRET states under all substrates and conditions. A
huge increase of the percentage of the population of the Closed state is reg-
istered when the ternary complex is formed with the correct nucleotide. We
have identified similarities in the total distribution of conformations between
the ternary complex with the incorrect nucleotide and the free Klentaq1 in the
case of Mg +2 , i.e. in both case the Nucleotide Binding conformation is the
most predominant. This observation could be related to the fact that in the
presence of Mg +2 the misincorporation probability becomes higher. In the
study of MutS various binding modes of MutS to the DNA were identified. We
have discussed about the possible functional implications, since if the protein
is inhibited from binding to the DNA in the preferred orientation, the initi-
ation of the DNA repair machinery becomes less efficient. Additianly, FCS
analysis of individual subpopulations provided data consistent with a sliding
mechanism in the search of the mismatches since we identified an unbent DNA
conformation while it is definitely bound to MutS.
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In parallel, the application of FRET imaging in monitoring protein inter-
actions between the membrane receptors HER1, HER2 and IGF1R, within
the framework of a project related to the early diagnosis of breast cancer is
presented. An experimental set-up meeting the needs for FRET imaging has
been constructed and measurements on cells obtained from patients with pos-
sible malignant lesions have been imaged. Although, interactions between the
proteins were identified, the diagnostic value gained so far remains limited.
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Böhmer, M., Wahl, M., Rahn, H. J., Erdmann, R., Enderlein, J., 2002. Time-resolved fluorescence
correlation spectroscopy. Chemical Physics Letters 353 (5-6), 439–445.

81



82 BIBLIOGRAPHY

Brakenhoff, G. J., Wurpel, G. W. H., Jalink, K., Oomen, L., Brocks, L., Zwier, J. M., Sep.
2005. Characterization of sectioning fluorescence microscopy with thin uniform fluorescent layers:
Sectioned Imaging Property or SIPcharts. Journal of Microscopy 219, 122–32.
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You only live twice or so it seems,  
 

One life for yourself and one for your dreams. 

 

 

Nancy Sinatra, 

theme of “You Only Live Twice” James Bond movie (1967) 
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