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Summary

Summary
This thesis reports the development of a Quantitative Fluorescence Resonance Energy
Transfer (FRET) Microscopy system to study the interaction between Bem1p and Cdc24p,
two proteins involved in polarization and budding of the yeast Saccharomyces cerevisiae.
FRET is a process by which an excited fluorophore, the donor, can transfer its energy in a
non-radiative manner to a nearby fluorophore, the acceptor. This leads to a decrease of
fluorescence of the donor and an increase of fluorescence of the acceptor. The probability of
occurrence of this process is directly dependent on the distance between the donor and the
acceptor, the relative orientation of the two dipoles and the overlap between the emission
spectrum of the donor and the absorption spectrum of the acceptor.
In the case of the two target proteins, it has been shown by biochemical assays that they
bind to each other.

If a donor and an acceptor are fused to Bem1p and Cdc24p,

respectively, the binding of the two proteins should bring them in close proximity, allowing the
occurrence of FRET.
To test this hypothesis and to study the interaction between the two proteins, in vivo, we
have developed a framework to understand the components of a FRET signal and how such
a signal can be measured and related to protein-protein interaction. Such a FRET system is
composed of 1) A numerical model providing reference values of FRET efficiency; 2) A
controlled experimental FRET system and 3) A mathematical approach to calculate FRET
efficiency from experimental data.
The primary aim of this thesis is to serve as a reference for Quantitative FRET Microscopy.
In order to reach a broad audience, I have found it necessary to start with an overview of the
photophysics of fluorescence and FRET. This discussion of FRET is extended to other
techniques of fluorescence spectroscopy outside the immediate scope of the present study
(Chapter 1).
Chapter 2 reviews the main methods proposed in the literature for observation and
measurement of FRET. Chapter 3 describes the establishment of our controlled surface
FRET system. This FRET system has been modeled and simulated in Chapter 4, which
presents the algorithm and key results of the computer-generated reference values.
Altogether, these three chapters constitute the framework of our Quantitative FRET
Microscopy System.
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This system is used in Chapter 5 to determine the stability and reproducibility of the FRET
methods discussed in Chapter 2.

We use the FRET surface system with different

parameters (Variation in the fluorophore concentrations, variation in the donor-to acceptor
ratios or variation in the fluorophores pairs), and compare these results with reference values
obtained from the simulation described in Chapter 4. It turns out that most methods yield
comparable performance in the way they correct for signal biases. The main differences are
due to unfavorable propagation of the signal-to-noise ratios, inherent to their observation
strategies
The same concept of FRET system has been applied to study protein-protein interaction in
Chapter 6. In order to keep our system controlled, we have first used two proteins known to
dimerize. Second, we have repeated the experiment with the binding domains of Cdc24p
and Bem1p. The results obtained in the in vitro system will help developing further
experiments to be performed on the in vivo protein system in yeast budding. The analysis of
the results obtained with these systems has demonstrated the importance of the binding
kinetics and binding constants for the determination of the FRET efficiency. The conclusions
of these last two chapters will provide guidelines to perform further in vivo FRET
experiments.
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Résumé
Cette thèse décrit le développement d’un system quantitatif de Microscopie permettant de
mesurer le Transfert d’Energie par Résonance de Fluorescence (‘Fluorescence Resonance
Energy Transfer’, FRET). Un tel système doit nous permettre d’étudier l’interaction entre
Bem1 et Cdc24, deux protéines impliquées dans la polarisation et le bourgeonnement de la
levure Saccharomyces cerevisiae.
FRET est un processus par lequel un fluorophore excité, le donneur, peut transférer de
manière non radiative son énergie à un fluorophore voisin, l’accepteur. Ce phénomène
induit une diminution de l’intensité de fluorescence du donneur et une augmentation de la
fluorescence de l’accepteur.

La probabilité qu’un tel événement ait lieu dépend de la

distance entre le donneur et l’accepteur, de l’orientation relative entre les dipôles et du
chevauchement du spectre d’émission du donneur et du spectre d’excitation de l’accepteur.
Dans le cas des deux protéines citées ci-dessus, il a été montré par analyses biochimiques
qu’elles se liaient l’une avec l’autre. Si un donneur et un accepteur sont fusionnés à Bem1
ou Cdc24, respectivement, la liaison des deux protéines devrait amener ces fluorophores
assez près l’un de l’autre pour permettre un transfert d’énergie.
Pour tester cette hypothèse et étudier l’interaction entre deux protéines, in vivo, nous avons
ainsi développé un système nous permettant de comprendre quels sont les composants d’un
signal FRET et comment un tel signal peut être mesuré et relié à une interaction protéineprotéine. Un tel système est composé de: 1) Un model numérique fournissant des valeurs
de référence pour l’efficacité de FRET ; 2) Un système expérimental contrôlé ; et 3) Une
méthode mathématique permettant de calculer l’efficacité de FRET à partir des mesures
effectuées sur le système expérimental.
Le but premier d’un tel travail est de servir de référence à la microscopie quantitative de
FRET. Ainsi, la théorie proposée dans le Chapitre 1 a pour but de familiariser une audience
étendue avec les bases de la photophysique de la fluorescence et de FRET. La discussion
sur FRET est étendue à d’autres techniques de spectroscopie de fluorescence, hors du
cadre immédiat de cette thèse.
Le Chapitre 2 passe en revue les principales méthodes proposées dans la littérature pour
observer et mesurer un signal FRET. Le Chapitre 3 décrit l’établissement d’un système
contrôlé de FRET en surface. Ce système a été modélisé au Chapitre 4. Ce dernier
présente l’algorithme et les principaux résultats liés à la génération par ordinateur des
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valeurs de référence. Ensemble, ces trois chapitres constituent le système de FRET par
microscopie quantitative.
Ce système est utilisé au Chapitre 5 pour déterminer la stabilité et la reproductibilité des
méthodes décrites au Chapitre 2. Nous utilisons pour ce faire le système de FRET en
surface en variant différents paramètres tels que proportion donneurs-accepteurs,
concentrations des fluorophores ou paire de fluorophores. Ces résultats sont comparés aux
valeurs de références obtenues au Chapitre 4.

Il s’avère que la plupart des méthodes

donnent des résultats comparables dans leur manière de
signaux.

corriger les impuretés des

La principale différence réside dans la propagation défavorable du rapport

signal/bruit, inhérente à leurs stratégies d’observation.
Ce même concept a été appliqué au Chapitre 6 afin d’étudier l’interaction protéine-protéine.
De manière à garder le control de notre system, nous avons, dans un premier temps, utilisé
deux protéines supposées former un dimer. Nous avons ensuite répété cette expérience
avec les domaines de liaisons de Bem1p et Cdc24p.

Les résultats ainsi obtenus nous

permettrons de développer les expérience sur les deux protéines entières in vivo dans la
levure. L’analyse des résultats ainsi obtenus a permis de mettre en évidence l’importance
de la cinétique de liaison et des différentes constantes qui la gouvernent dans l’estimation de
l’efficacité de transfert.
Les conclusions de ces deux derniers chapitres procurent quelques recommandations pour
l’élaboration de nouvelles expériences in vivo utilisant la technologie FRET.
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Page 11, Fluorescent Crinoid and corals. The underwater world still hides undiscovered beauties,
which will in their turn change the way science is made in the same way the discovery of the Green
Fluorescent Protein (GFP) in the jellyfish Aequorea Victoria in 1975 has greatly influenced the way the
molecular biology research is performed today. Underwater fluorescent picture reproduced with the
kind authorization of Charles Mazel. © Charles Mazel, 2001.
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Introduction

This thesis deals with Quantitative Fluorescence Resonance Energy Transfer Microscopy,
i.e. the quantification of the transfer of energy from an excited donor to a nearby acceptor,
using microscopy.
Nowadays, the combination of microscopy and fluorescence analysis is widely used in the
fields of medicine, biology, chemistry and physics, as proven by the broad literature
published on the subject. Moreover, the recent developments made in fluorescence lifetime
measurements as well as single molecule imaging have permits to enhance the contrast and
detection limit in the observation of fluorescence.
The goal of this chapter is to make this thesis accessible to a broad audience and to
introduce the concept of energy transfer. For this reason, the subjects treated here covers
the full range from the principles of fluorescence (Section 1.1), the concept of Fluorescence
Resonance Energy Transfer (FRET) (Section 1.2) to the different methods of measuring
FRET, namely, Fluorescence Lifetime Imaging, FRET spectroscopy and FRET microscopy
(Section 1.3).

Section 1.4 presents the goals of this thesis with regards to the concepts

introduced in the previous sections. Finally, Section 1.5 offers a compilation of selected
references dealing with the subjects covered in this chapter.

1.1 Fluorescence
Luminescence is the emission of light from any substance and occurs from electrons in
excited states. Luminescence can be divided into two categories, phosphorescence and
fluorescence, depending on the nature of the excited state.
Phosphorescence is the emission of light from triplet excited states, in which the electron in
the excited orbital has the same spin orientation as the ground-state electron.

In this

situation, the transition to the ground state is forbidden and the emission rates are slow (103100 s-1), so that phosphorescence lifetimes are typically milliseconds to seconds.
In contrast, fluorescence is the emission of light from singlet excited states, in which the
electron in the excited orbital is paired to a second electron in the ground-state orbital.
Consequently, return to the ground state is spin-allowed and occurs rapidly by emission of a
photon.

The emission rates of fluorescence are typically 108 s-1, thus yielding lifetimes

around 10 ns (Lakowicz, 1999c). This process was first observed by Sir Herschel in a
solution of quinine that emitted a blue light upon excitation by the ultraviolet (UV) light from
the sun (Herschel, 1845).

1.1.1

Fluorescence, a Matter of Energy Conversion

The processes that occur between the absorption of energy and the emission of light are
13
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summarized in a so called Jabłoński diagram illustrated in Figure 1.1.
The singlet ground and first electronic states are depicted by S0 and S1, respectively. At
each of these electronic energy levels the fluorophore can exist in a number of vibrational
energy levels, represented by the groups of horizontal lines. The energy difference between
the S0 and S1 is too large for thermal population of S1 at room temperature, and this is the
reason why we use light to induce fluorescence (Lakowicz, 1999c).
Following the absorption of a photon of energy Eex=hc/λex, the fluorophore is excited to some
higher vibrational level of S1 or even S2. There, it rapidly relaxes to the lowest vibrational
level of S1. This process is known as ‘internal conversion’ and generally occurs in such a
short time (~10-12 s) that it is completed prior to emission (typically near 10-8 s).
The mean of relaxation of the excited fluorophore to the ground state S0 is then determined
probabilistically among the different possible processes either radiatively, i.e. emission of
light (fluorescence), or non-radiatively, i.e.resonance energy transfer (RET), fluorescence
quenching or other non-radiative processes. For each of these processes, we can define the
rate constants Γ, kT, kq, and knr, which describe the rate of depopulation of the excited state
through fluorescence, RET, quenching or any other non-radiative processes, respectively.
They are represented on the Jabłoński diagram of Figure 1.1
If the fluorophore relaxes in a radiative way, a photon is emitted. The energy of this photon,
Eem=hc/λem is entirely determined by the difference between its energy level on S1 and a
vibrational energy level of the ground state S0. The fact that the wavelength of emission, λem,

Stokes’Shift

S1
S1

Internal Conversion
(~10-12s)

FRET
1 R0 6
kT= t
D r

( )

A1
hc
lex

hc
lem
G

kq

knr

10-15s
S0

A0

Figure 1.1 Jabłoński diagram with different de-excitation paths such as fluorescence (hc/λem),
FRET (kT) and quenching (kq). The term knr represents all other non-radiative paths. Adapted from
Lakowicz, 1999c.
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is longer than the wavelength of excitation, λex, is a direct consequence of the internal
conversion occurring upon excitation. The difference between λex and the λem of the lowest
vibrational energy level of S1 is known as ‘Stokes’ shift’ (Stokes, 1852).
1.1.2

Fluorescence Quenching

As mentioned in the section above, an excited fluorophore can return to the ground state
through a process called ‘fluorescence quenching’ at a constant rate kq.
Quenching can occur by different mechanisms: 1) Collisional quenching, i.e return to the
ground state during diffusive encounter with a quencher (i.e. oxygen, halogens, amines or
electron-deficient molecules like acrylamide). 2) Static quenching, i.e fluorophores forming
non-fluorescent complexes with quenchers. 3) Quenching can also occur by non-molecular
mechanisms, such as attenuation of the incident light by the fluorophore itself (Lakowicz,
1999c). 4) Concentration quenching occurs when an excited fluorophore transfer its energy
to a nearby fluorophore of the same specie. This quenching is termed Homo-FRET and is
discussed in a following section.

1.1.3

Fluorescence Lifetime

The process of relaxation is highly stochastic, thus the time a fluorophore spends in the
excited state prior to return to the ground state is a random variable.
The fluorescence lifetime τ of a fluorophore is defined as the average time spent in the
excited state prior to relaxation and is characteristic of the fluorophore.

Note that few

fluorophores emit really their photons at precisely t=τ.

τ=

1.1.4

1
Γ+ k T +k q +k nr

(1.1)

Fluorescence Spectra

The energy levels of the ground state and of the singlet excited states are dependent on the
fluorophore.

For this reason, each fluorophore displays a different probability of being

excited by two photons of different energy. Moreover, the relaxation from the excited state to
the ground state through the emission of a photon can happen between any vibrational
energy level of S1 and any vibrational energy level of S0.

Therefore, the absorption

(excitation) and emission spectra, representing the probabilities for a photon of a given
wavelength (thus a given energy) to be absorbed or emitted, are characteristic of the
fluorophore. They constitute a fingerprint of the fluorescent molecule. Figure 1.2 illustrates

15
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Figure 1.2 Excitation and emission spectra of Alexa 488. The excitation spectrum shows an
Excitation Peak at 495 nm (Exmax). The emission spectrum shows an Emission Peak at 525 nm
(Emmax). (Data obtained from Molecular Probes, Leiden, The Netherlands)

this fact by showing the excitation and emission spectra of the fluorophore Alexa 488
(Molecular Probes, Leiden, The Netherlands) used in a later experiment.

1.2 Förster Resonance Energy Transfer (FRET)
Förster Resonance Energy Transfer (FRET) is the process by which an initially excited donor
(d) relaxes to the ground state by transferring its energy to a nearby acceptor (a) in a nonradiative way, i.e without the emission of a photon (Förster, 1948). The most common term
‘Fluorescence’ Resonance Energy Transfer is also used for FRET to imply that the acceptor
is a fluorophore.

1.2.1

A Theory of FRET

The theory of FRET has already been developed for a long time and appears in a large
number of good reviews. Our goal is therefore not to derive another time the entire theory,
but to emphasize the points that are important for the present project. We will give in the last
section of this chapter a summarized and classified list of key references for further reading.

1.2.2

Single distance model

In the simplest case illustrated in Figure 1.1 (In the diagram, the energy levels of the
acceptor are denoted by A0 and A1), where one donor interacts with one acceptor separated
16
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by a distance r, the rate of transfer is given by (Clegg, 1996):
∞

4
κ2QD  9000(ln10)  ∫0 FD (λ )ε A (λ )λ d λ
k T (r ) =


∞
τD r 6  128π5Nn4 
F (λ )d λ
∫
0 D

J(λ )

(1.2)

where QD is the quantum yield of the donor in the absence of acceptor, that is the proportion
of photon absorbed by the fluorophore that yield fluorescence emission, n is the refractive
index of the medium, N is the Avogadro number, τD is the lifetime of the donor in the absence
of acceptor, FD(λ) is the fluorescence intensity of the donor in the wavelength λ+∆λ, εA(λ) is
the extinction coefficient of the acceptor at λ (typically in units of M-1 cm-1), κ2 is a factor
describing the geometric relative orientation of the transition dipoles of the donor and
acceptor.
Because the transfer rate kT(r) depends on r, it is inconvenient to use this constant rate to
design biochemical experiment. For this reason, Equation (1.2) is written in term of the
Förster distance R0, at which the transfer rate kT(r) is equal to the decay rate of the donor in
the absence of acceptor (τD-1). At this distance, 50% of the donor molecules decay by
energy transfer and 50% decay by the usual radiative and non-radiative rates (Lakowicz,
1999c).

1.2.3

Förster distance

The rate of energy transfer kT from a donor to an acceptor is given by:
R 
k T (r ) = 1  0 
τD  r 

6

(1.3)

As mentioned above, the transfer rate kT is equal to the decay rate (τD-1) when the distance
donor-acceptor is equal to the Förster distance R0. Therefore, substituting Equation (1.2)
into Equation (1.3) when kT=τD-1 yields:
9000(ln10)κ2QD
R =
128π5Nn4
6
0

∫

∞

0

FD (λ )ε A (λ )λ 4 d λ



∫

∞

0

(1.4)

FD (λ )d λ
J(λ )

If the wavelength is expressed in nanometer, the J(λ) is in units of M-1 cm-1 nm4 and the
Förster distance is simply given by:
R0 = 0.211 [ κ2n−4 QD J( λ )]1/6

in Å

(1.5)

One can readily see that apart from the quantum yield of the donor in the absence of
17
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Figure 1.3 Spectral Overlap (Orange area) between Alexa 488 (in green) and Alexa 546 (in
red). (Data obtained from Molecular Probes, Leiden, The Netherlands)

acceptor and the refractive index, the Förster distance is dependent on two parameters that
are highly characteristic of the chosen donor-acceptor pair, namely the spectral overlap
(represented by its integral J(λ)) and the orientation factor κ2.
Spectral overlap

In order for a transfer to occur, the two fluorophores have to be chosen so that the released
energy of the donor can be absorbed by the acceptor. The spectral overlap describes the
overlap between the emission spectrum of the donor and the excitation spectrum of the
acceptor, as shown in Figure 1.3 for Alexa 488 (donor) and Alexa 546 (acceptor). The closer
these two spectra are one from the other, the better is the transfer.
The overlap integral J(λ)

∫
J(λ ) =

∞

0

FD (λ )ε A (λ )λ 4 d λ

∫

∞

0

FD (λ )d λ

(1.6)

expresses the degree of spectral overlap between the donor emission and the acceptor
absorption spectra. These spectra, as well as the acceptor extinction coefficient εA, are in
general provided by the fluorophore manufacturer. εA(λ) is the product of the normalized
acceptor absorption spectrum with εA. It is important to realize that the overlap integral is not
simply the overlapping area under the two spectra, but that the term λ4 takes into account at
which wavelength this overlap occurs. Note that the denominator of J(λ) ensures that FD is
normalized.
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Orientation factor

The orientation factor κ2 describes the influence of the orientation of the donor’s dipole
relative to the acceptor’s dipole. It is given by:
κ2 = (cos θT − 3 cos θD cos θA )2

(1.7)

= (sin θD sin θ A cos φ− 2 cos θD cos θ A )2

(1.8)

In these equations, θT is the angle between the emission transition dipole of the donor and
the absorption transition dipole of the acceptor, θD and θA are the angles between these
dipoles and the vector r joining the donor and the acceptor, and φ is the angle between the
planes (Lakowicz, 1999c). Figure 1.4 illustrates these angles for a given orientation of the
donor relative to the acceptor. Depending on this orientation, κ2 can range from 0 (when the
dipoles are perpendicular) to 4 (for collinear transition dipoles). In general, κ2 is assumed to
be 2/3, which is the value for donors and acceptors that randomize by rotational diffusion
prior to energy transfer. This assumption is actually widely used in biological experiments,
where the fluorophores are theoretically free to rotate, but have in general a fixed distance
between them. This is mostly the case in experiments using two labeled proteins having the
ability to form a complex. Assuming that κ2=2/3 thus implies that the estimated maximum
error one can make on the calculation of the distance r is ~35% (Lakowicz, 1999b).
Dale et al., 1979 related the possible range of κ2 values to the polarization of the donor and
the acceptor. This approach was used by measuring the degree of polarization of both the
donor and the acceptor. Their assumption was that the donor and acceptor dipoles are
randomly oriented but rapidly fluctuating with a fixed distance between them. They derived
then a maximum and minimum limit value for κ2 from measurement of fluorescence
anisotropy. This approximation is also discussed in detail by Van Der Meer and colleagues
(Van der Meer et al., 1994). Based on these articles, Clegg points out that the question of

D
qD
r
qT

qA

f
qA
A

Figure 1.4 Orientation of the donor emission dipole relative to the acceptor excitation dipole.
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whether it is valid to assume that κ2=2/3 is peculiar to each experimental situation and
depends on the type of information one is trying to obtain from the data (Clegg, 1996). Dos
Remedios and Moens in turn expose the problem of unknown orientation factors (dos
Remedios and Moens, 1995). The numerous theoretical articles written on the subject just
show that the question of the orientation factor is important. It has never been yet answered
experimentally. We will show later that in our case the assumption that κ2=2/3 has to be
revised.

1.2.4

FRET efficiency

The variable of choice to measure the occurrence of FRET is the efficiency of energy transfer

E. It is defined as the fraction of excited donors transferring their energy to the acceptor:
E=

# transferred excitation to the acceptor
# excited donor

(1.9)

This can be rewritten in terms of rates as:

E=

kT
τ +kT

(1.10)

−1
D

which is the ratio of transfer rate to the total decay rate of the donor. One can easily rewrite
Equation (1.10), by substituting kT from Equation (1.3), yielding:

R06
E= 6 6
R0 + r

(1.11)

This equation shows that the efficiency depends on the distance between the donor and the

Efficiency [%]

acceptor as well as on the Förster distance R0, as illustrated in Figure 1.5. For instance, if
100
90
80
70
60
50
40
30
20
10
0
0

0.5

1.0

1.5

2.0
r/R0

Figure 1.5 Dependence of the FRET efficiency on the distance between the donor and the
acceptor.
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r=0.5 R0, E=98.5%. In contrast, if r=2 R0, E=1.56%.
Steady-state FRET experiments can be carried out within a value of ±50% R0. Outside of
these distance limits, it is still possible to estimate r using fluorescence lifetime determination
but the uncertainty is increased. The upper limit one should not exceed is ±85% R0. (dos
Remedios and Moens, 1995).
The transfer efficiency is typically measured using relative fluorescence intensity of the donor
in the absence (FD) and in the presence (FDA) of acceptor:
E =1−

FDA
FD

(1.12)

It can be also be calculated in terms of the lifetimes under the same conditions:
E =1−

τDA
τD

(1.13)

Single Distance Model

It is important to remember that Equation (1.12) and Equation (1.13) have been derived
under the assumption that all donor-acceptor pairs were separated by
the same distance. This assumption, known as the ‘Single Distance Model’ is mostly valid in
samples where two labeled molecules bind together and form a complex. (e.g. chameleon
constructs (Mochizuki et al., 2001) or myosin arm lever (Suzuki, 2000)), and is frequently
used to estimate distances (Stryer, 1978). This is however hardly true for a mixture of
donors and acceptors in solution, or for donors and acceptors dispersed randomly on a
surface (Lakowicz, 1999b). Further models for FRET on surfaces or in lipid bi-layers have
been developed (Dewey and Hammes, 1980; Uster and Pagano, 1986; Wolber and Hudson,
1979) and are discussed in Chapter 4.

1.3 Different techniques to measure FRET
The theory developed in the previous section highlights the various aspects of FRET
measurements.

Eq. (1.10), (1.11), (1.12) and (1.13) all relate the efficiency of energy

transfer to different quantities, namely decay rates, distances, fluorescence intensities or
lifetimes.

These perspectives have given rise to different FRET measuring techniques,

exploiting one of the other aspects of fluorescence. The scope of the present section is to
give an overview of the different approaches used to measure FRET. More important, a list
of references related to the various techniques described here and their applications is
compiled in the last section of this chapter.
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1.3.1

Fluorescence Lifetime FRET

The fluorescence lifetime of a fluorescent molecule is the average time that the molecule
resides in the excited state before it relaxes, i.e. the average time between the absorption
and emission of a photon. When a fluorescent sample is excited using a short light pulse,
many probes enter the excited state at the same instant. The probes relax at different times t
after the excitation pulse and the fluorescent intensity, F(t), decays in time. The simplest
form of a fluorescent intensity decay following a short excitation pulse is described by a
single exponential function with time constant τ:
F (t ) = F0 exp{−t / τ}

(1.14)

Here, F0 is the intensity at time t=0. The single exponential function cannot describe all
decay processes. In general decay processes are described by a sum of exponential decay
function with different amplitudes Fi0 and time constants τi:
F (t ) = ∑Fi 0 exp{−t / τi } .

(1.15)

i

When the complete time course is covered by the analysis, from the excitation pulse up to
the time where all probes are relaxed to the ground state, the average fluorescence lifetime
is defined by its integral intensity:

∑F
τ=
∑F

i0

τ2i

i0

τi

i

i

.

(1.16)

Many organic dyes have average fluorescence lifetimes between 1-10 ns. The fluorescence
lifetime can depend on the direct environment of the probe, like the polarity of the solvent or
the presence of specific ions or molecules. Because the lifetime is insensitive to the probe
concentration over a large range of probe concentrations, monitoring the fluorescence
lifetime is a powerful technique to quantitatively study ion-concentrations.
The measure of the lifetime of donor samples with and without acceptors allows a simple
calculation of the FRET efficiency using Eq. (1.13). However, the monitoring of nanosecond
lifetimes requires a special illumination source and detection must be time resolved with
nanosecond time resolution. The requirements depend on whether the measurements are
carried our in the time or in the frequency domain.
Time Domain Fluorescence Lifetime

For experiments in the time domain a pulsed light source is used for illumination and the
fluorescence decay following short excitation light pulses is observed.
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Figure 1.6 Schematic illustration for the acquisition of time-resolved FLIM images. After laser
pulse excitation, the reference pulse is used as trigger to gate the camera. The first gate image
(D0) is acquired with gate widow (or exposure time) of ∆t. This signal is accumulated for a certain
duration time t. Other gate images (D1, D2, D3) are acquired likewise (adapted from Elangovan et
al., 2002).

When using two time gates, as illustrated in Figure 1.6, the fluorescence lifetime τ of a single
exponential decay function can be calculated from the ratio of the fluorescence intensities
measured during D0 and D1:

τ=

∆t
ln(FD0 / FD1 )

(1.17)

When more than two time gates are monitored (e.g. D2 and D3), the accuracy of the lifetime
determination is highly improved (de Grauw and Gerritsen, 2001).

Furthermore, the

components of multi-exponential decay processes (see Eq. (1.16)) can be estimated (Ballew
and Demas, 1989).
Frequency Domain Fluorescence Lifetime

For experiments in the frequency domain, the light produces a periodically modulated
illumination of the samples (E) and the phase shifts and demodulation of the fluorescence (F)
are observed. These two quantities depend on the fluorescence lifetime of the material and
on the modulation frequency νmod.
If E1 and F1 are the amplitudes of the modulated signals, and E0 and F0 their mean values the
reduction of the modulation depth is defined as:
M=

F1 E0
F0 E1

(1.18)
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Figure 1.7 Schematic illustration of Frequency Domain Lifetime Measurements. The sample
is excited with a sinusoidally modulated light E (solid line). This results in the re-emission of
sinusoidally modulated fluorescence F (dotted line) at the same frequency (adapted from Bastiaens
and Squire, 1999).

and the phase shift as ∆φ as illustrated in Figure 1.7.
The apparent phase (τφ) and modulation (τM) lifetimes can be calculated under the
hypothesis of a single exponential decay as:

τφ =ω−1 tan( ∆φ)
τM =ω-1  12 −1
M


(1.19)

−1/2

(1.20)

where ω is the light modulation frequency in radians per second (=2π νmod) (Murata et al.,
2000).
In the case of single exponential decay, τφ=τM=τ.

In the more general case of multi-

exponential decay, τφ<τM. These two lifetimes are a function of the true lifetime values and
the relative concentrations of bound and free donor. Based on this later concept, τφ has
been used to estimate this relative concentration by assuming that (Verveer et al., 2000)
τφ ≈ αD τD +αDA τDA

(1.21)

Fitting of the different parameters of this equation allows the estimation of the efficiency as
well (Eq. (1.13)).
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Fluorescence Lifetime Imaging Microscopy (FLIM)

Many of the early applications of these methods were performed on spectrometers and
therefore, the results obtained lacked spatial information.

The combination of such

techniques with scanning microscopy has permitted to extend the measurements to the
second, third or forth dimension, where the lifetimes are measured on a single voxel basis
and an efficiency map generated (Bastiaens and Squire, 1999; Ng et al., 1999).

1.3.2

FRET Spectrometry, Flow Cytometry and Microscopy

In contrast to lifetime analysis, which are based on the dynamics of depopulation of the
donor excited state, FRET Spectrometry, Flow Cytometry and Microscopy are all techniques
measuring the characteristics of the donor and acceptor fluorescence emission.
In fluorescence spectrometry, the emission of the fluorophores is measured over the entire
range of wavelengths upon excitation at λex of the donor. This procedure is repeated for a
sample containing the donor only and for a sample containing the FRET pair. If FRET
occurs, one should observe a decrease of donor intensity accompanied with an increase of
acceptor intensity, due to the fact that part of the donor excited state energy has been
transferred and is not available to be used for donor fluorescence emission. The efficiency
can be directly estimated with Eq. (1.12).
In the case of flow cytometry and microscopy, the emitted fluorescence is no more resolvable
in terms of wavelength, and has to be physically separated by use of beamsplitters and
emission filters. This yields different signals measured at different wavelength ranges upon
different excitations. In the case of flow cytometry, the advantage lies in the fact that such a
system can routinely analyze a great number of labeled particles (cells, proteins, beads, etc)
and can report for each of these the different fluorescence intensities. This provides good
statistical information about the occurrence of FRET for each individual. The advantage of
FRET microscopy, in contrast, is to bring information on the localization of the fluorophores
within the sample. The occurrence of FRET is, also here, estimated from the decrease of the
donor fluorescence in the presence of acceptors.
Although broadly used, these techniques do not offer a direct measurement of FRET
because the signal measured in one detector often originates from different sources. Many
groups have elaborated methods to correct for this problem and to estimate FRET efficiency.
These methods provide however different results that are not always compatible. Chapter 2
offers a comprehensive guide to this abundance of articles and the confusion generated.
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1.3.3

Conclusion

As shown above, FRET can be used in different applications using different technologies. In
the ideal case where the parameters of the lifetime decrease can be estimated, lifetime or
lifetime imaging offer a direct calculation of the efficiency. They require however a piece of
equipment that is not widely available.

The equipment needed to perform fluorescence

spectroscopy or microscopy is, in contrast, more commonly found in modern laboratories, but
the measures they provide are often biased and need to be post-processed.
More generally, measure of the occurrence of FRET is not straightforward and simple, as will
be demonstrated in the following chapters.

1.4 Aim and structure of the thesis
The primary aim of this thesis is to serve as a guide for Quantitative FRET Microscopy. For
this reason, an overview of the photophysics of fluorescence and FRET is exposed in the
present chapter. This discussion of FRET is extended to other techniques of fluorescence
spectroscopy outside the immediate scope of the present study.

Additionally, a section

‘Suggested additional reading’ is provided in some chapters to complete the references on a
given subject.
In order to perform quantitative FRET microscopy, we develop the concept of a controlled
FRET system, allowing the variation of different parameters such as the donor-to-acceptor
ratio or the distance between the fluorophores.
To be complete, such a FRET system should be composed of 1) a model of FRET, providing
reference values, 2) a controlled experimental FRET set-up and 3) a method to analyze
FRET and to provide experimental data.
Chapter 2 concerns the description of the numerous methods listed in the literature with
comments on their (mis-)usage.

This chapter includes a discussion of the different

observation strategies and draw conclusion on their performances.
Chapter 3 describes the development of a controlled FRET system allowing the testing of
different parameters such as distance between the fluorophores, Förster distances or ratio
between donors and acceptors. The system relies on a surface monolayer of biotinylated
Poly-(L-Lysine)-graft-Poly-(Ethylene-Glycol)

(PLL-g-PEG-Biotin).

This

defines

a

2D

distribution of fluorophores, which can be stochastically modeled.
Chapter 4 deals with the development of the FRET model and of the Monte Carlo Simulation
providing the reference values. It also includes the comparison with analytical models and
with other simulation of FRET events.

The simulation accounts for the dynamics and

competition in the transfer in a multi-donor and multi-acceptor system and considers the
kinetics of excitation and relaxation of fluorophores.
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The FRET system described in Chapters 2, 3 and 4 is used in Chapter 5 to study FRET
under the changes mentioned above and conclusions are drawn on what is a good FRET
result, and what method delivers the best results.

A complete statistical analysis is

performed to help answer this question.
The results of the controlled system are then used in Chapter 6 to study the interaction
between Bem-1p and Cdc-24p, two proteins involved in establishing cell polarization in
budding yeast. In this chapter, a general model for protein-protein interactions is developed
and tested with purified proteins in vitro.
The final chapter summarizes the finding of the present study and draws conclusion on
further development of the method. Especially, a cookbook is provided giving guidelines to
perform further quantitative FRET experiments.
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Page 31, Theseus receiving the thread from Ariadne (detail from a fresco, House of the Ancient
Hunts, Pompeii, ~71-79 AD).

This represents a double tribute to the Greek civilization.

First,

symbolically, as Ariadne helps Theseus finding his way out of the labyrinth, this chapter should
provide an Ariadne’s thread to navigate through the FRET methods. Second, geometrically, for the
Greeks were fond of these ornaments consisting of continuous lines arranged in rectangular forms
and named … Fret.
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As stated in the previous Chapter, a FRET system is composed of: 1) A controlled
experimental set-up, 2) A Model providing reference values and 3) A method to analyze the
data. Moreover, analyzing FRET data is not straightforward and the literature abounds in
approaches to quantify and map FRET. The measures that these approaches provide are
even often difficult to interpret.
The main focus of this chapter is to provide tools to navigate through the methods found in
the literature.

First, a nomenclature is put into place in section 1.

Second, a virtual

experiment is performed in Section 2 to introduce the concept of crosstalk and bleed-through
and to emphasize the need for correction.

Finally, various approaches for crosstalk

correction are described and organized into to tables in Section 3. Section 5 offers a wrapup of all references found in the tables.

2.1 Establishment of the nomenclature
When comparing diverse FRET methods, one is faced with the problem that the notations
are often greatly different. The first aim of this thesis is to set-up a consistent nomenclature
and to rewrite the various equations with the new terminology. The notation used in the
thesis, and described in the present section, is largely inspired by the one introduced by
Gordon et al., 1998.

2.1.1

Channels

A channel is a measurement set-up composed of a mean of excitation and a mean of
measuring the emitted signal.
By mean of excitation, we suppose either a laser light at a given wavelength, or a lamp
conjugated with an excitation filter, with the objective to excite a given fluorophore as close
as possible from its excitation maximum (see Figure 1.2).
By mean of measuring the emitted signal, we infer a detector (Photo-multiplier, camera, etc.)
coupled with an emission filter.
In a FRET experiment, the excitation and emission wavelengths are chosen to match the
characteristics of the dye pair (donor/acceptor).
We distinguish three different channels:
•

The donor channel D: Excitation of the donor and measure of the donor fluorescence.

•

The acceptor channel A: Excitation of the acceptor and measure of the acceptor
fluorescence.

•

The FRET channel F: Excitation of the donor and measure of the acceptor
fluorescence.
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In our notation, the channels are written with one single capital letter.
2.1.2

Samples

In order to separate the contribution of one dye from the other in a measured signal, we need
to measure the signals of the two dyes independently. To do so, we use one sample where
the donor is alone and one where the acceptor is alone in addition to the sample where both
are present. In our notation, the samples are termed d, a and b (with small letters) for donor
alone, acceptor alone and ‘both dyes’ samples, respectively.

2.1.3

Signals

A signal is the measured fluorescence of a sample in a particular channel. We use the
combination of the two letters described above to indicate what sample has been measured
in what channel. This yields nine signals termed Aa, Ab, Ad, Da, Db, Dd, Fa, Fb and Fd.
Importantly, in signals acquired with sample b where both fluorophores are present, it is often
not possible to distinguish the individual contribution of one or the other dye, as only the total
signal is measured. We will occasionally refer to these ‘undistinguishable’ signals by adding
a letter (a or d) to the signal term (Gordon et al., 1998), e.g. Db=Dbd+Dba, where Dbd is the
donor contribution to the signal Db and Dba the acceptor contribution. Additionally, such a
term can be further written with a bar to imply that the signal is measured in the absence of
FRET. In our example, Dbd is the donor contribution to the signal Dbd in the absence of
FRET (as in method E6 of Table 2.1).

2.1.4

Ratios between signals

We introduce a notation with a double capital letter in italic to indicate, for a particular
sample, the ratio between two signals, e.g. DAa=(Da/Aa).
In our special experimental case of surface FRET microscopy (see Chapter 3 and 5), we
assume that the coverage of the surface is homogenous and that we calculate the mean
pixel-by-pixel ratio between the two signals. In our example, DAa=mean(Da/Aa). The mean
of the ratios is calculated over all unsaturated pixels in the two considered signals.

2.1.5

Acceptor photobleaching

In case of acceptor photobleaching, the term (ab) is added. Db(ab) indicates for example the
fluorescence measured in the donor channel when both fluorophores are present, but after
acceptor photobleaching.
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2.2 Concepts of crosstalk and bleed-through
By crosstalk we infer any signal measured in a channel not directly set up for its observation,
e.g. measure of the donor emission in the acceptor channel, or vice versa.
By bleed-through, we suppose the excitation of fluorophore by the excitation wavelength of
the other fluorophore, i.e. when the donor is excited by the acceptor’s excitation wavelength
or vice versa. Additionally, any bleed-through can in turn induce crosstalks, which makes the
separation of these two effects very difficult. Therefore, we will consistently use the term
‘crosstalk’ in the rest of the thesis to refer to these two effects.
Figure 2.1 illustrates these signal biases for a donor and acceptor pair in a virtual experiment
(See caption for the identification of the different crosstalks).
In our virtual experiment, the emission spectrum of the donor overlaps the acceptor emission
filter bandwidth, indicating that the donor itself participates in signal Fd, but in the same
manner in signal Fb. Additionally, the acceptor has a small probability to be directly excited

Fluorescence [u.a]

at the donor excitation wavelength and thus to be measured in the FRET channel,

Donor

100

Acceptor

75
50
25
0
400

500

600

700
Wavelength [nm]

Figure 2.1 Concept of crosstalk and bleed-through. The excitation (solid) and emission (dotted)
spectra of the donor (green) and the acceptor (red) are illustrated.

The arrows indicate the

excitation wavelength of the donor and FRET channels (blue) and of the acceptor channel (yellow).
The two bars indicate the emission filters for the donor channel (green) and for the acceptor and
FRET channels (red). The green and red regions illustrate signals measured from a sample in its
channel (i.e, donor in donor channel). The yellow region in the donor channel indicates crosstalk of
the acceptor (signal Da). The blue region in the acceptor channel indicates crosstalk of the donor
in either the acceptor or the FRET channel (Ad or Fd). The light blue circle illustrates the fact that
the acceptor can be excited in the donor and FRET channel by the excitation wavelength of the
donor (Da and Fa). The same observation is valid for the orange circle, producing a biased signal
in Ad.
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participating into signal Fb as well. It is therefore important to be aware that the signal Fb is
not only due to FRET, but is biased by donor and acceptor crosstalks. If one does not
correct for these biases, one will induce important errors in the measure of the occurrence of
FRET.

2.3 FRET Efficiency and Index methods
Various methods have been reported to quantify FRET from the changes in donor and
acceptor emission.
summarizes methods to measure FRET efficiency and Table 2.2 methods that derive FRET
indices, along with examples of applications they were used in. The methods are classified
according to the number of filter sets necessary, the number of samples and images required
and the level of correction offered.

2.3.1

FRET efficiency and FRET indices

We intentionally separate here the methods yielding a FRET index from those calculating
FRET efficiencies. A FRET index is a relative value that varies with changes in energy
transfer associated with changes in the donor-acceptor configuration. It should increase
when FRET increases, and should decrease when FRET decreases. FRET indices are
useful to perform qualitative studies or to take relative measures within the same experiment.
However, each FRET index is tuned for specific related experimental needs.

A direct

comparison between results obtained with different indices can be difficult.
On the contrary, the transfer efficiency E is a direct measure of the fraction of photon energy
absorbed by the donor that is transferred to an acceptor and can be calculated from many
different ways (lifetime, decay rate or fluorescence changes) as described in Section 1.2.4.
Since E depends also on the inverse of the sixth power of the distance r between the two
fluorophores E=R06/(R06+r6), FRET has become the technique of choice to observe proteinprotein interaction and to measure distances between fluorophores (Stryer, 1978; Clegg,
1996).

2.3.2

Different FRET methods to measure FRET efficiency and observation strategies

The FRET efficiency is the portion of the total excited donors that have transferred their
energy to an acceptor (Eq. 1.9). Based on this simple definition, one would calculate the
efficiency as Fb/(Db+Fb), that is literally the ratio between the fluorescence due to FRET and
the fluorescence due to excited donor (either donor fluorescence or transfer, in the simplest
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8.

7.

5.
6.

(3/3/7)

with FAa·AFd≈ 0

E5=α5·[Fb-FDd·Db-(FAa-FDd·DAa)·Ab]/(FAa·Ab)

(1/1/2)

Mochizuki et al., 2001 (M)
Chan et al., 2001 (M+FC)
Sato et al., 2002 (M)

McLean et al., 2000 (M)
A. K. Kenworthy, 2001 (M)
Kinoshita et al., 2001 (M)

Llopis et al., 2000 (M)

Wouters et al., 1998 (M)

Non-specific lipid transfer protein and fatty acid oxidation
enzymes in peroxisomes
Interaction of coactivators and receptor binding protein with
nuclear hormone receptor
Membrane association and protein conformation in neurons
Protein-protein interaction, method
Low-density lipoprotein receptor-related protein -Amyloid
precursor protein interaction
Growth-factor-induced activation of RAS and RAP1
Cell surface receptor interactions, Flow cytometry
Protein phosphorylation

Apical endosom in MDCK cells and dimerization of proteins

Cell surface staining
Single pair (Flow Cytometry)
Cytoskeletal components of cell adhesion (actin, vinculin,
talin, a-actinin)
Methods
Bcl-2 – Beclin interaction on chromosome
Bcl-2 - Bax interaction in mitochondria
Functional expression analysis of protein subunits in rat
neurons

Oligodeosxynucleotide hybridation to mRNA
Swing of lever arm of myosin

Spatial relationship in integral membrane proteins such as
receptors and channels.
Dimerization of membrane phospholipase
Fret in Page (DNA in Gel)
Mapping of binding sites with micelles

Application

Fitc - DiL
Cy3 - Cy5
Fitc - Cy3
EGFP - Ds-Red
CFP-YFP
CFP-YFP
CFP-YFP

CFP - YFP

Cy3 - Cy5

Alexa 488 – Cy3

CFP – YFP

Fitc - Tritc
Fitc – Rhodamine
BFP – GFP

Fitc - Rhodamine

Fitc - Tritc
Fitc - Rhodamine

BFP - GFP

Bodipy - Cy5

Cyanomethylesther Trimethylrhodamine
IAEDANS - IANBD
Fluorescein - Rhodamine
GR-flu - 2-dodecylresorufin

FRET pair used

method in Microscopy, Flow Cytometry or Spectrometry, respectively.

absorption coefficients (cf. original references). References annotated with * refer to FRET methodological articles and (M), (FC) and (S) indicate the use of the

Table 2.1 Different methods to calculate FRET efficiency. ai values are related to concentration and absorption coefficients. bi values are only related to

E8=1-Db/Db(ab)

Aba =(Ab-AFd·Fb)/(1-FAa·AFd)
E7=1-[Db/(Db+PFRET·(ψD/ψA)·Qd)] with
(3/3/7)
*Elangovan et al., 2003 (M)
PFRET=Fb-FDd·Db-FAa· Ab
ψD,A collection efficiency of D,A channels under donor excitation, Qd, quantum yield of the donor.
Acceptor photobleaching:

Dbd =Db+FRET(1-α6DAa)- Aba DAa

FRET=[Fb-FDd·Db- Aba (FAa-FDd·DAa)]/ α6 (1-DFa·FDd)

E6=FRET/ Dbd with

*Nagy et al., 1998 (M+FC)
*Gordon et al., 1998 (M)
Mahajan et al., 1998 (M)
Ruiz-Velasco and Ikeda, 2001 (M)

*Tron et al., 1984 (FC)
Matyus, 1992 (FC)
Kam et al., 1995 (M)

(3/3/9)
(3/3/9)

Suzuki, 2000 (S)

(3/3/8)

-1

(2/1/2)

E3=(FAb-β3a)·β3b

3.

*Bottiroli et al., 1992 (M)
Tsuji et al., 2000 (M)

Ubarretxena-Belandia et al., 1999 (S)
Lorenz and Diekmann, 2001 (M +S)
Vallotton et al., 2001 (S)

Turcatti et al., 1996 (S)

Reference

E4/(1-E4)=α4 ·(Fb-(FDd-FAa·AFd) Db-FAa·Ab)/((1-FAa·AFd)·Db)

(2/1/2)

E2=α2·FDb

2.

4.

(1/2/2)

(Filter set/
Samples/
Images)

Emission measurements:
E1=1-Db/Dd

Method

1.
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case). However, the signals used in this equation are biased as shown in Section 2.2,
yielding errors in the calculation.
Table 2.1 lists eight different efficiency measures found in the literature, which propose
various ways to overcome this problem.

The seven first are based on the measure of

emission of either the donor or the acceptor:
Method E1 is used in applications where it is possible to observe the sample before and after

adding the acceptor. It is assumed that the concentration of the donor remains constant preand post-addition of acceptor. Also, bleed-through of the acceptor in the donor channel is
neglected. This method offers no correction and is highly sensitive to any experimental
changes.
Method E2 measures the efficiency as the ratio of fluorescence due to FRET (Fb) compared

to the remaining donor fluorescence before transfer (Db). It is assumed that the acceptor is
not excited at the donor excitation wavelength, and that there is no bleed-through of the
acceptor in the donor channel. The efficiency is normalized with the concentration and the
absorption coefficient.
The same considerations are implied for method E3, but for the donor. Here, we observe the
increase of fluorescence due to FRET in Fb in comparison with a decrease of the
fluorescence due to the acceptor (Ab). It is assumed that the acceptor excitation does not
excite the donor, and that the signals in Fb and Ab are only due to the acceptor.
The advantage of these two methods over method E1 is that they only require one sample
where both fluorophores are present.

Therefore, they are most appropriate for monitoring

dynamic FRET.
Methods E4 to E6 represent approaches to FRET efficiency calculations with proper crosstalk

correction and some kind of normalization (for donor or acceptor concentration changes).
The principle is to remove the non-FRET contribution of the donor (direct fluorescence
emission at the acceptor emission wavelength) and the contribution of the acceptor
(emission of the acceptor when excited at the donor excitation wavelength) from the signal
measured in the FRET channel in the presence of both fluorophores.

The underlying

assumption is that the amount of crosstalk is independent of the absolute intensity of the
fluorophores and thus can be calibrated by ratiometric analysis of donor and acceptor
signals. This permits the measure of crosstalk ratios in samples containing only one of the
two fluorophores. As with the methods E2 and E3, such pre-calibration of the crosstalks
allows the monitoring of FRET in dynamic systems.
In contrast, Elangovan et al. propose a method where the crosstalk ratios are not considered
constant but measured at different fluorescence intensities (Method E7, ratios indicated with
a star).

They generate an intensity-dependent look-up table, which is used in the final

calculation (Elangovan et al., 2003).
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The total of fluorescence due to the donor can also be determined in a sample where the
acceptor has been removed and FRET cannot occur. Such a sample can be obtained, e.g if
the acceptor is bleached away. Method E8 relies on the ratio of fluorescence intensity before
and after acceptor photobleaching. As with method E1, the efficiency is calculated as the
ratio of two intensities generated from two physically different samples. The application of
this method is often delicate in live biological samples due to long bleaching time and phototoxicity. Also, one has to ensure that the donor fluorescent properties are not impaired by
photobleaching.
In summary, the essential difference between the methods reported in Table 2.1 consists in
the observation strategy:
In methods E1 and E8, the efficiency is measured by comparison of a situation with and a
situation without acceptor. The actual transfer of energy is never observed directly, but the
methods determine FRET indirectly. All other methods (E2-7) rely on a direct measure of
FRET that is taken upon the excitation of the donor and the observation of acceptor emission
with subsequent correction of potential crosstalk.
2.3.3

Different FRET methods to measure FRET indices

Six FRET indices are listed in Table 2.2, each using different crosstalk corrections (see
references for complete description). All of them involve as their basis the detection of an
acceptor signal upon excitation of the donor. Method FRET1 is similar to method E2 with the
distinction that the signals are not normalized. This method is dependent on the fluorophore
concentration.
Method FRET2 uses the same basis but with a crosstalk correction for donor signal.
Method FRET3 is the normalized version of method FRET2.
Method FRET4 applies a correction to signal Fb for acceptor crosstalk and normalization for

donor concentration. In this sense, it is close to the approaches developed in methods E4
and E5.
Method FRET5 is an intermediate method between FRET3 and FRET4. It applies the same

kind of normalization and corrections.
Method FRET6 focuses on crosstalk correction, in the same manner than for E4-7.
Method FRET7 is an attempt to normalize FRET6.

Interestingly, all methods presented here measure the signal Fb, to which they apply various
correction and normalization. The observation strategy is the same than the one used for
methods E2-7.
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(Filter set /
Samples /
Images)

Method

FRET
used

Reference

Application

Vanderklish et al.,
2000 (M)
Arai et al., 2000 (S)

Synaptic activity in dendritic
spines
Variable domains homogeneous
assay

pair

Sensitized emission:
1.

FRET1=FDb

(2/1/2)

CFP-YFP
BFP-GFP

2.

FRET2=FDb-FDd

(2/2/4)

Graham et al., 2001
(S)

Interaction between Rac,Cdc42
and binding partners

BFP-GFP

3.

FRET3=(FDb/FDd)-1

(2/2/4)

Damelin and Silver,
2000 (M)

Nuclear transport factors in living
cells

CFP-YFP

4.

FRET4=(Fb-FAa·Ab)/Db

(3/3/5)

Zal et al., 2002 (M)

TCR-Coreceptor interactions

CFP-YFP

5.

FRET5=FDb/(FDd+FAa·ADb)

(3/3/7)

Hailey et al., 2002
(M)

Protein-protein
yeast

in

CFP-YFP

6.

FRET6=F =Fb-FDd·Db-FAa·Ab

(3/3/7)

Youvan et al., 1997
(M)

Methodological paper focusing
on crosstalk corrections, verified
on a controlled system using
beads
Epidermal growth factor receptor
(EGFR)-SH2 domain of growthfactor binding protein Grb2
Synaptic protein interaction
Protein-protein interaction

BFP-GFP

c

Sorkin et al., 2000
(M)
Normalized with Ab·Db

7.

c

1/2

FRET7=F /(Db·Ab)

(3/3/7)

Xia et al., 2001 (M)
Jin et al., 2001
(M+S)

(3/3/7)

Xia and Liu, 2001
(M)

interaction

Controlled system for
evaluation of FRET indices

the

CFP-YFP
CFP-YFP
CFP-YFP
CFP-YFP

Table 2.2 Different methods to calculate FRET indices. In the references, (M), (FC) and (S)
indicate the use of the method in Microscopy, Flow Cytometry or Spectrometry, respectively

2.4 Conclusion
The literature provides a plethora of references to methods measuring the occurrence of
FRET. Our first goal was to gather this information into a table and to rewrite the methods
with a common nomenclature, allowing a direct comparison between the different corrections
and normalizations they propose. Secondly, this information has been organized in function
of the number of samples, filter sets and images they require. Furthermore, the concept of
observation strategy has been defined to differentiate methods measuring the occurrence of

FRET from the signal Fb from those measuring ratios between signals obtained from two
physically different samples (either through exchange or through photobleaching of one
fluorophore.
As illustrated in these two tables, the proper use of FRET measurements to characterize
molecular interactions requires corrections for 1) crosstalk, 2) the fact that each of the
measured fluorescence intensities consists of both FRET as well as non-FRET components,
3) the concentration of donor, and 4) the concentration of acceptor (Gordon et al., 1998).
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Item 1 gets particularly critical with dye pairs that constitute large spectral overlap and thus
guarantee high FRET efficiencies. Hence, FRET microscopy suffers the paradox that the
higher the signal, the more it is potentially deteriorated by systematic bias.
In order to compare these different approaches, we have developed a FRET assay
described in Chapter 3. Five of the methods that calculate FRET efficiency (E1, 4, 6, 7 and 8) and
four of the methods that provide a FRET index (FRET1,
evaluate the occurrence of FRET in this assay.

3, 6 and 7)

have been selected to

Chapter 5 presents the results of the

comparison obtained under various experimental conditions. Their performances are also
discussed under the perspective of uncertainty analysis.
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Page 45, Failed attempt towards the establishment of a FRET system. Solution of StreptavidinOregon Green and Biotin-Rhodamine Red in PBS. The image is a combination of the three channels:
A in green, D in blue and F in red. Due to high laser power, the solution has evaporated, revealing
‘FRETting PBS crystals’
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The comparison between the different methods presented in Chapter 2 and the evaluation of
their performance require a controllable FRET system, allowing the variation of multiple
parameters. We present in this chapter the different steps leading to the establishment of
the protocol used in the experiments discussed in Chapter 5.
We first state the requirements that such a system should meet (Section 3.1). Second, we
present chosen steps towards the establishment of an optimal protocol (Section 3.2). The
finalized protocol is described in Section 3.3. Finally, Section 3.4 gives an overview of some
of the literature concerning the subjects treated in this Chapter.

3.1 Requirements
In order to test the FRET methods under various conditions, we need a fully tunable and
controllable FRET system. Such a system should allow:
1. Exchange of the fluorophore pairs to test the performance of the methods under
various Förster distances.
2. Variation of the relative donor-to-acceptor concentration, RDA.
3. Variation of the absolute concentration of fluorophores, RSA.
4. Fluorescence measurements with a microscope.
Surface FRET system

Initial tests have shown that a FRET system in solution presented various problems such as
low interaction between the donor and the acceptor or electrostatic interaction with the glass
surface, preventing the entire control of the experimental parameters. To overcome these
problems, we have designed a surface FRET system, which benefits from this electrostatic
interaction by adsorbing fluorophores on the coverslip surface.
Streptavidin

The system described in the previous paragraph introduces an additional constrain: The
adsorption rate should be independent of the nature of the fluorophore. This can only be
guaranteed if an intermediate molecule is adsorbed, onto which the fluorophores are bound.
Streptavidin meets the requirements of such molecule: It adsorbs on glass, and can be
found with a large panel of fluorescent labels.

With such a system, the amount of

Streptavidin can be hold constant, and variation of RDA or RSA can be obtained by varying the
proportion of the different classes of Streptavidin (donor, acceptor or unlabeled).
The next section makes the transition between the ideas exposed in the previous paragraphs
and the finalized protocol.
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3.2 Optimization of the protocol
The establishment of the coating protocol for the surface FRET system was the semester
work of Julie Mudry, for the Department of Materials, ETH-Zürich (Mudry, 2002). The aim of
her work was to establish a system to measure the intensity of FRET on a surface sample
under different fluorescence dye concentrations and to assess their dependence.
This section briefly reports the main findings that have yielded the final protocol presented in
Section 3.3.

3.2.1

Influence of the buffer on the adsorption of Streptavidin

Initial tests showed that the buffer played an important role on the homogeneity of
fluorescence measured from a glass surface coated with fluorescently labeled Streptavidin.
To confirm this observation, we have measured the influence of the buffer PBS (Phosphate
Buffered Saline) or HEPES Z1 (4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid) on the
adsorption of Streptavidin on glass using Optical Waveguide Lightmode Spectroscopy
(OWLS) (Voros et al., 2002).
Figure 3.1 shows the results for the adsorption of PBS (A) and HEPES Z1 (B) for various
concentrations. With PBS, the adsorption of Streptavidin on the surface is almost negligible.
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Figure 3.1 OWLS data for the adsorption of Streptavidin. (A) With PBS as buffer: 1.) 0.3 ml SA
(20 µg/ml), 2.) 0.3 ml SA (50 µg/ml), 3.) 0.4 ml SA (100 µg/ml), 4.) 0.3 ml SA (1 mg/ml), 5.) 0.2 ml
SA (1 mg/ml), 6.) washing with 1ml PBS. (B). With HEPES Z1 as buffer: 1.) 0.5 ml SA (20 µg/ml),
2.) 0.2 ml SA (20 µg/ml), 3.) washing with 1ml HEPES Z1, 4) 0.2 ml SA (40 µg/ml), 5.) 0.2 ml SA
(40 µg/ml), 6.) washing with 1ml HEPES Z1, 7.) 0.2 ml SA (60 µg/ml), 8.) 0.2 ml SA (60 µg/ml), 9.)
washing with 1ml HEPES Z1.
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However, the amount of bound Streptavidin remaining after washing with PBS is reduced to
8 ng/cm2.
One of the reasons for this low adsorption is the possible competition of PBS with
Streptavidin to adsorb on glass. In the light of this finding, PBS is an inadequate buffer.
In contrast, the adsorption of Streptavidin in HEPES Z1 is much higher, even at smaller
concentrations. At 60 µg/ml, the mass of Streptavidin adsorbed is 138 ng/cm2. Even after
washing with HEPES Z1, the amount Streptavidin remaining on the glass surface is still 130
ng/cm2.
We conclude from this experiment that HEPES Z1 is a better-adapted buffer for the
adsorption of Streptavidin on a glass surface.

The competition with the Streptavidin

molecules is negligible.

3.2.2

Influence of the plasma cleaning on the amount of fluorescence

In the OWLS experiments, the Si0.4Ti0.6O2 surfaces were cleaned with oxygen plasma, with
the effect of enhancing the adsorption of Streptavidin. In contrast we have observed that the
fluorescence level of adsorbed Streptavidin-Oregon Green was higher on an untreated glass
coverslip than in the same condition, but on a plasma cleaned coverslip. We can assume
that if the glass surface is not plasma cleaned, there is an undefined amount of hydrocarbon
contamination, which helps the adsorption of Streptavidin. This contamination is eliminated
on the plasma treated surface. The effects of plasma cleaning on the Si0.4Ti0.6O2 surface are
different than those observed on a glass surface.
The requirement of being able to control the adsorption of fluorophore on the surface implies
that the Streptavidin system cannot be used as is.

The final protocol described in the

following section uses this concept, but in conjunction with a protein resistant pre-coating of
the coverslip surface.

3.2.3

Coating of the Streptavidin on a glass surface

PLL-g-PEG and PLL-g-PEG-Biotin

Poly(L-Lysine)-graft-Poly(Ethylene Glycol) (PLL-g-PEG) is a polycationic copolymer that
adsorbs spontaneously from aqueous solutions onto negatively charged surfaces through
electrostatic interaction of the multiple positive charges of the PLL backbone (-NH3+) with the
negative charges on the surfaces. Figure 3.2 shows its molecular structure with the PLL
backbone and the PEG side-chains. It forms a monolayer with densely packed PEG-chains
stretching out in a direction perpendicular to the surface (Kenausis et al., 2000).

49

Chapter 3

NH2
CH2

NH2
CH2

CH2

CH2

CH2
O
N2H CH C

CH2

CH2
NH CH C

(

O
NH CH C

)j (

O

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

NH2

)k

CH2
NH CH C OH
O

NH
O C
CH2
CH2
O
CH2
CH2 m~110
O
CH3

Figure 3.2 Chemical structure of the PLL-g-PEG.

Similarly, the derivatives of PLL-g-PEG (i.e. PLL-g-PEG/PEG-Biotin) can be immobilized
onto metal oxide surfaces, which provide the interface for specifically binding biomolecules.
The ratio RBiot of PEG/PEG-Biotin is defined upon synthesis.

Therefore, the Biotin

concentration at the interface can be quantitatively controlled in an elegant way by forming
mixed adlayers of PLL-g-PEG/PEG-Biotin and PLL-g-PEG, using aqueous solutions of the
two polymers (Huang et al., 2001).
The synthesis of PLL-g-PEG and PLL-g-PEG-Biotin was performed as described by Huang
et al., 2002
The PLL-g-PEG that we used in this thesis was kindly provided by Dr. János Vörös, LSST,
ETH-Zürich. It bared the following molecular weight distribution: PLL: 20 kDalton, PEG: 2
kDalton and the grafting ratio (g) was 3.5.
Control of the adsorption of Streptavidin

PLL-g-PEG graft copolymers carrying terminal Biotin groups on 30% of the PEG-chains were
used. The surface concentration of Biotin was tailored by assembling PLL-g-PEG-Biotin(30)
and PLL-g-PEG adlayers from the corresponding mixed solutions.

These biotinylated

surfaces are shown to be highly resistant to nonspecific adsorption while still allowing for the
specific surface binding of the binding proteins (e.g. Streptavidin). As shown in Figure 3.3,
the amount of immobilized protein is closely related to the Biotin concentration. If RBiot is the
proportion of PLL-g-PEG-Biotin, the fitted data yields (Mudry, 2002):
[SA]=13.57⋅RBiot
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Figure 3.3 Concentration of Streptavidin on the surface as a function of the percentage of
PLL-g-PEG-Biotin. The data are presented as crosses. The dotted line represents a fit of the data
with the relationship: [SA]=13.57 RBiot.

Control of the fluorescence

Experiments have been performed with this system under various PLL-g-PEG-Biotin
conditions (RBiot= 0, ¼, ½ and 1). It turns out that the fluorescence is homogenous and that
the intensity of the signal is linear with the amount of Streptavidin adsorbed on the surface,
as measured with OWLS. We conclude that the system PLL-g-PEG-PLL-g-PEG-Biotin and
Streptavidin-fluorophores meets the requirements for surface FRET experiments.

The

complete protocol is presented in the next section for coating of glass surfaces.

3.3 Protocol for PLL-g-PEG/PEG-Biotin-Streptavidin monolayer

3.3.1

Preparation of the surface

The glass-bottom 96-well plates (BD FALCON, Becton, Dickinson & Co., Le Pont de Claix,
France) are rinsed with ultra pure water and dried under nitrogen, followed by two minutes of
oxygen-plasma cleaning.

3.3.2

Preparation of PLL-g-PEG solution

For each parameter variation (RDA, RSA, R0) in the experiment, three wells are used for
acquisition of the images with sample a, d and b. See chapter 2 for a definition.
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In order to avoid any drying of the well during the incubation, the height of the solution has to
be superior to 1 mm. The surface of a well is 64 mm2, yielding a minimum volume of 64 µl.
For safety, a volume of 80 µl will be used throughout the rest of the experiment.
The amount of PLL-g-PEG-Biotin also depends on the wanted distance between the
Streptavidin molecules, r, which can be estimated from the concentration [SA] (in pmol/cm2):
r =14.54

1
[SA]

(3.2)

In our case of PLL-g-PEG-Biotin(31%), [SA]=4.2 pmol/cm2 (Eq. (3.1)), yielding a averaged
center-to-center distance inter-Streptavidin of 7.1 nm.
The individual molecular size of Streptavidin was estimated to be 5.5 x 4.5 nm2 (Darst et al.,
1991), which implies that the surface is not entirely covered.
Since it is difficult to estimate the exact position of the fluorophores on the Streptavidin, we
assume that in average, the fluorophores are located on the center of the molecule. This
simplification is used in the simulation of the surface FRET system (Chapter 4) and in the
comparison with the ‘mean distance for energy transfer’ calculated in Chapter 5.

3.3.3

Formation of PLL-PEG monolayer

For our experiments, 80 µl of 1 mg/ml PLL-g-PEG-Biotin(31%) in HEPES Z1 is deposed in all
wells, incubated for 30 min., rinsed with ultra pure water and then dried with nitrogen.

3.3.4

Formation of Streptavidin layer

The concentration of Streptavidin was defined at 50 µg/ml to ensure a complete coverage of
the surface.
In each experiment, three types of Streptavidin were used: Streptavidin-donor (SA-d),
Streptavidin-acceptor (SA-a) and unlabeled Streptavidin (SA-u).
For each parameters RDA and RSA, three samples are prepared:
Donor sample (d):
Acceptor sample (a):
‘FRET’ sample (b):

RDA/(RDA+1) x RSA x Vol

of SA-d

+ 1/(RDA+1) x RSA x Vol

of SA-u

RDA/(RDA+1) x RSA x Vol

of SA-u

+ 1/(RDA+1) x RSA x Vol

of SA-a

RDA/(RDA+1) x RSA x Vol

of SA-d

+ 1/(RDA+1) x RSA x Vol

of SA-a

where Vol is the volume of the well, i.e 80 µl in our case.
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Each well was filled with one of these three solutions, incubated for 30 minutes, rinsed two
times with 1 ml of HEPES Z1, filled with 1 ml HEPES Z1 and directly tested under the
microscope.
This yield a system where FRET occurs between fluorophores placed randomly on a surface
and not bound to interacting proteins.

3.4 Suggested additional reading
OWLS
Voros, J., J. J. Ramsden, G. Csucs, I. Szendro, S. M. De Paul, M. Textor and N. D. Spencer. 2002.
Optical grating coupler biosensors. Biomaterials 23:3699-3710.

PLL-g-PEG
Kenausis, G. L., J. Voros, D. L. Elbert, N. P. Huang, R. Hofer, L. Ruiz-Taylor, M. Textor, J. A. Hubbell
and N. D. Spencer. 2000. Poly(L-lysine)-g-poly(ethylene glycol) layers on metal oxide surfaces:
Attachment mechanism and effects of polymer architecture on resistance to protein adsorption.
Journal of Physical Chemistry B 104:3298-3309.
Huang, N. P., R. Michel, J. Voros, M. Textor, R. Hofer, A. Rossi, D. L. Elbert, J. A. Hubbell and N. D.
Spencer. 2001. Poly(L-lysine)-g-poly(ethylene glycol) layers on metal oxide surfaces: Surfaceanalytical characterization and resistance to serum and fibrinogen adsorption. Langmuir 17:489498.
Huang, N. P., J. Voros, S. M. De Paul, M. Textor and N. D. Spencer. 2002. Biotin-derivatized poly(Llysine)-g-poly(ethylene glycol): A novel polymeric interface for bioaffinity sensing. Langmuir 18:220230.
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Page 55, Random surface generated by MCS. Green and red spots denote donors and acceptors,
respectively. Dark color indicates a relaxed state, and bright color a fluorescence emission state. A
yellow line between a donor and an acceptor implies FRET. White circles suppose the use of spacers
(unlabeled molecules).
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The calculation of the FRET efficiency on a surface is not straightforward, because the
geometry of the sample implies that a donor has the possibility to transfer its energy to
several acceptors. Therefore, the ‘single distance model’ hypothesis (see Chapter 1) is no
longer valid, and new assumptions have to be made.
Many models have been implemented to give an analytical solution to this problem: Fung
and Stryer developed a theory to measure distances and surface density in membranes
(Fung and Stryer, 1978). Wolber and Hudson solved the case of one donor surrounded by
many acceptors (Wolber and Hudson, 1979). Dewey and Hammes extended this theory by
general expansion and approximants to study special cases such as parallel infinite planes,
mimicking a lipid bilayer (Dewey and Hammes, 1980). Further extensions of these methods
were used to study aggregates on lipid bilayers (Dewey and Datta, 1989; A.K. Kenworthy
and Edidin, 1998) or to determine the donor-acceptor distribution functions (Rolinski and
Birch, 2000; Rolinski et al., 2000.
In this chapter, we describe the analytical solution to the Förster energy transfer problem in
two dimensions developed by Wolber and Hudson and the limits of their model (Section 4.1).
To overcome these limits, numerous Monte Carlo Simulation (MCS) have been performed
and we evaluate in Section 4.2 the performances of three of these approaches found in the
literature that have catalyzed our implementing the algorithm of FRET on a surface
presented in Section 4.3. The results of our simulation in comparison with the analytical
solution and for different sets of parameters are discussed in Section 4.4. We conclude this
chapter with a list of selected references (Section 4.5).

4.1 Analytical solution for surface FRET
An analytical solution for the calculation of FRET efficiency in two dimensions has been
proposed by Wolber and Hudson, 1979. In their article, they derived a formula to calculate
the transfer efficiency for one donor and many acceptors. They studied the special case
where the fluorophores are bound to large molecules and cannot come into close contact,
introducing the distance of closest approach, Rc, as illustrated in Figure 4.1.

4.1.1

Surface definition

We consider a surface with homogeneous coverage of donors and acceptors at given
surface concentrations cD and cA, respectively. The number NA of acceptors in a disk of
radius rdisk around one donor is given by:
2
N A = π(rdisk
−Rc2 )c A

(4.1)
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r di sk

Rc

Figure 4.1 Distributuion of donors and acceptors on a surface. Here, one donor (green) is
surrounded by many acceptors (red).

The fluorophores are located on large molecules,

preventing direct contact. The distance of closest approach, Rc, is defined.

where rdisk is larger than the distance of closest approach between donor and acceptor Rc
(Figure 4.1).

4.1.2

Donor lifetime calculation

Considering one donor, we denote by τD the lifetime of the excited donor in the absence of
acceptors. Therefore, for each acceptor ai at distance ri in the finite disk rdisk, the rate of
relaxation of the donor, k, is given by:
 NA  R 6 
k = τD 1+ ∑ 0  
 i =1  ri  
−1

where R0 is the Förster distance of the dye pair.

(4.2)
Equation (4.2) implies that the only

relaxation paths possible for the donor are either fluorescence or energy transfer.

4.1.3

Probability of transfer

The probability density P(t) for the donor of still being excited after time t must satisfy:
−

NA
−1 
R 
d
P (t ) = k P (t ) = τD 1+ ∑( 0 )6  P (t )
dt
 i =1 ri 

(4.3)

with the initial condition P(0)=1.
The integration of Equation (4.3) yields:
NA

P (t ) = e − t / τD ∏ exp −(t / τD )(R0 / ri )6 
i =1
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The ensemble average decay function on the finite disk rdisk, < P (t ) >NA is given by:
NA

rdisk

< P (t ) >NA = e − t / τD ∏ ∫ exp −(t / τD )(R0 / ri )6 W (ri )dri
R
i =1 c
J i (t )

(4.5)

where W(ri) dri denotes the probability for an acceptor ai to be found in the range [ri,ri+dri].
Here, we assume that the acceptors are homogeneously covering the surface, implying that
the probabilities W(ri) are identical for all values of i. Therefore,
W (ri )dri =W (r )dr = 2π2 r dr 2 = 2 2r dr 2
π(rdisk −Rc ) (rdisk −Rc )

(4.6)

and Equation (4.5) becomes
< P (t ) >NA = e − t / τD J (t )NA

4.1.4

(4.7)

Calculation of Ji(t), the individual transfer probability
6

R   
Substituting χ =  0   t  , χd =χ( r =rdisk ) and χc = χ( r =Rc ) into Ji(t) (Equation (4.5)) yields:
 r   τD 
−4/3 −χ
J (t ) = 1 χ1/3
e dχ .
d ∫χ χ
d
3
χc

(4.8)

We define the function ϒ( x,y ) as:
y

ϒ( x,y ) = ∫ z x −1e − x dz .

(4.9)

0

Integrating Equation (4.8) by parts produces:
−1/3 −χ
J (t ) = ( 1 χ1/3
e ) − ∫ −3χ −1/3 e −χ dχ)
d )(( −3χ
χd
χd
3
χc

1/3
d

(

= (χ ) (χ

−1/3
d

e

−χd

−χ

−1/3
c

e

−χc

χc

χd

) + ϒ(2/3,χc ) − ∫ χ

−1/3

0

−χ

e dχ

)

(4.10)

N

 x
N
By expanding J(t) and remembering that lim 1+  = e x , we can rewrite J (t ) A of Equation
N →∞
 N
(4.7) as:

J (t )NA = exp( −πR02c A ϒ 2/3,(R0 /Rc )6 (t / τD ) (t / τD )1/3
+πRc2c A 1− e −(R0 /Rc )


6

4.1.5

( t / τD )

)


(4.11)

Analytical solution for FRET efficiency on a surface

With ξ=(t/τD), α=(Rc /R0)6 and C=R02cA, we obtain the FRET efficiency:
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∞

Eanalyt =1− ∫ e −ξ exp −πC ϒ(2/3,ξ / α )ξ1/3 
0

exp πCα1/3 (1− e −ξ / α ) dξ

4.1.6

(4.12)

Transfer of experimental parameters into the analytical solution

The FRET efficiency given by the analytical solution (Equation (4.12)) has been calculated
for the different experimental parameters used in the surface model described in Chapter 3:
It has been assumed that the fluorophores were located in the middle of the streptavidin.
Due to the geometry of the streptavidin, we have estimated the distance of closest approach
Rc = 5 nm.
C has been varied by means of RDA, RSA and R0 changes. Here, C is defined as
C =R02 [SA] RSA

1
RDA +1

(4.13)

with [SA] =4.2 pmol·cm-2 as determined in Chapter 3.
τD is the lifetime of the donor in the absence of acceptor. In our case, we used Alexa 488 as
donor with a lifetime of 4.1 ns (data provided by Molecular Probes).

4.1.7

Limitation of the analytical solution

The system we model is a surface randomly coated with donors and acceptors at given
concentrations. The theory presented in this section gives an approximation of the FRET
efficiency for one donor surrounded by many acceptors. It is here implied that the results are
valid for low donor-to-acceptor ratios. This assumption is however experimentally not always
valid, and the theory fails in reporting the correct occurrence of FRET in systems where the
concentration of donors is in the same order than the concentration of acceptors, i.e. in
conditions where the donors compete. Moreover, such a system requires a dynamic model
that accounts for the fact that surrounding acceptors may already be excited by a nearby
donor, and thus are momentarily not able to participate in the transfer process. In the light of
these comments, it will be difficult to find a satisfying analytical solution that accounts for the
entire dynamics of a surface FRET system. This can however elegantly be implemented in a
Monte Carlo Simulation model of FRET on surface, as described in the next three sections.

4.2 Monte Carlo Simulation (MCS) of FRET on surface
The framework that has pushed forward the use of MCS and numerical model in the study of
FRET is the interaction complexity at the biological membrane. In such lipid bilayers, the
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assumption of uniform distribution, implicit in the models described earlier, is violated. There
was a need for more realistic models, not amenable to purely analytical solutions.

4.2.1

MCS of FRET on a lipid bilayer

Zimet and colleagues estimated the transfer efficiency by calculating the quantum yield
decrease for one donor in the presence of multiple acceptors (Zimet et al., 1995). In their
approach, they assume that the donors are fixed to a cylindrical protein of radius Rcyl at a
height H and at a fixed distance εRcyl. First, the proteins are randomly distributed on the
surface of a lipid bilayer. The volume of the proteins introduces regions of exclusion for the
acceptors. Second, the acceptors are distributed on one or the other leaflet of the lipid
bilayer. The efficiency is then calculated for this random distribution as
E =1−

τD−1
k

(4.14)

with k given by Equation (4.2) for each donor. The value is averaged over all donors. The
process is repeated numerous times, yielding an averaged efficiency for each donor and
acceptor configurations.
The simulation is repeated for different set of Rcyl, ε, H and acceptor concentrations.
The results of this model are in agreement with the expected behavior of such a system.
They are however not validated by an experimental set-up allowing the control of the
simulated parameters. Moreover, by averaging the efficiency over all donors, the method
proposed by Zimet and colleagues completely occult the dynamics of the process.

4.2.2

MCS of FRET as a dynamic process

This last point is partially solved by Demidov in the model he proposes for energy migration
in molecular complexes (Demidov, 1999). In his paper, he develops a general algorithm to
model fluorophore interaction on a surface. As the algorithm developed in the context of this
thesis is largely inspired by the one from Demidov, we will only describe the main steps and
state the main differences. For a detailed description, the reader is directed to the next
section (4.3).
The donors and acceptors, at given concentrations, are randomly distributed on a surface.
For each donor, the rate of relaxation is calculated according to Equation (4.2). The path of
relaxation is randomly selected among the different possibilities, and a random schedule of
decay is generated accordingly. A list of excited donors is constantly updated, recording the
excitation status of every donor at any time. If an already excited donor is selected for a new
excitation, the excitation quantum is simply discarded.

At the end of the process, the
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randomly generated lifetimes are averaged over all donors, yielding an estimation for the
FRET efficiency. This approach is already more realistic, compared to the model proposed
by Zimet and colleagues. Here, the dynamics of excitation of the donor is taken into account
and the different paths for relaxation (FRET, fluorescence, photobleaching, quenching, …)
can easily be implemented.
The model however does not account for the following points: 1) A donor, once de-excited,
can participate again in the simulation. 2) An acceptor, once excited by a donor, does not
participate to the rate of relaxation of any donors until it has relaxed. 3) The acceptors are
situated simultaneously in the influence zone of many donors, introducing competition
between the donors.

Again, the simulation was run over various set of parameters

(concentrations, RC, …). Although more general, this model was also not validated by an
experimental set-up.

4.2.3

MCS of FRET and photobleaching

Frederix and colleagues in turn developed a similar algorithm for the study of actin filaments.
Again, the FRET process was simulated using MC. Here, the hypothetic fluorescence signal
was derived from the transfer characteristics, and the efficiency calculated as the ratio of the
loss of fluorescence to the nominal fluorescence value. In addition, each excited fluorophore
exhibited a probability to be photobleached and i.e. discarded from the rest of the simulation.
Their model was used to better describe fluorescence experiments on actin filaments using
conventional fluorescence microscopy. In such a system, the acceptor suffers from rapid
photobleaching, inducing an increase of donor intensity, thus hampering the straightforward
determination of the efficiency (Frederix et al., 2002).
This approach is interesting, because it relates the simulated process to values directly
measurable.

4.2.4

Requisites for a complete dynamic model of FRET on a surface

It becomes obvious from the section 4.1, above, that the single distance model cannot
describe FRET on a surface. A more complete analytical model has been developed, that
accounts for a donor surrounded by many acceptors, but it lacks the description of the
dynamics of the system. In our opinion, the effects of the dynamics of FRET on a surface
are currently best described by a numerical model. The presented models of section 4.2,
however, still depict the process as an average over all donors, and competition is not
accounted for. An appropriate model should account for the following items:
•
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•

Random orientation of the donor and acceptor dipoles

•

Random excitation of donors at random time-points.

•

Already excited donors cannot be excited a second time. The energy is lost in the
system (see Eq 1.9).

•

Competition between excited donors to transfer energy to a nearby acceptor.

•

Saturation of the system when all acceptors around a donor are already excited and
are not able to participate in the transfer process.

•

Different ways of relaxations (Quenching, non-radiative, etc)

The algorithm that we describe in the next section is a modified version of Demidov’s model.
It regards all points listed above except the last point for simplification purposes

4.3 Monte Carlo simulation algorithm
The algorithm shown in Figure 4.2 implements the events of fluorescence at the level of
single fluorophores:
A photon flux reaches the labeled surface. Whereas most of them are lost, those reaching a
donor (and potentially participating in the process of its excitation) are termed ‘excitons’. In
the MCS, each excited donor can then either transfer its energy to an acceptor or emit
fluorescence, according to the rules listed above.

The simulated efficiency is simply

calculated as the number ratio between transfer incidences and the number of used excitons.

4.3.1

Initialization of the MCS geometry with the input parameters

1.

The number of excitons Nex is set as a function of RDA and RSA.

2.

A surface is generated and donor and acceptor are placed randomly on the surface
according to the parameters [SA], RSA and RDA (see image on page 55). In Figure 4.2, a
gray box indicates the use of the random generator. We take into account that the
molecules carrying the fluorophores have a certain size, defining an exclusion radius Rc
(5 nm for streptavidin).

3.

The program generates for every donor a list of acceptors in a circular region of radius
10 R0. For distances larger than 10 R0, the probability for transfer is less than 10-6 and
thus negligible. For each acceptor, the distance to the donor ri is calculated, as well as
the probability factor wai to be excited from this donor by energy transfer:
w ai =

R06
ri 6

(4.15)
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4.3.2

Random orientation factor

 6 is determined by random generation of κ2:
3.b In the modified algorithm, R
0
 2 cosθ cosθ )2
κ 2 = (sinθ D sinθ A cosφ−
D
A

(4.16)

where θ D , θ A and φ are random orientation differences between the donor and acceptor
dipoles set between 0 and π for θ D and θ A between 0 and 2π for φ . This yields new
probability factors:
w ai =

4.3.3

4.

 6 R6 κ 2
R
0
= 60
6
ri
ri 2 3

(4.17)

Time sequence of excitation

The random generator provides a time sequence, which defines the play time of each
exciton in the interval [0, Tint]. For each exciton, a target donor is randomly assigned and
the simulation clock is set to zero.

5.

All excitons are played sequentially.

4.3.4

6.

Check of the excitation status of the current donor

The program checks if the donor assigned to the exciton is already involved in either a
transfer or fluorescence process. If negative, the algorithm can step directly to point 8.

7.

If the donor is already busy, the program checks at what time it will release its energy. If
this time is smaller than the current clock time, the donor is freed and can re-participate
in the game. If this is not the case, the exciton is lost, and the next exciton can be
played (point 5).

4.3.5

8.

Probability of transfer and schedule of relaxation of the donor

A list of the currently free acceptors around the donor is generated. Our assumption is
that an already excited acceptor cannot be part of a second energy transfer process.
The overall rate tT-1 of energy release for one donor given all free associated acceptors
is then calculated as (Demidov, 1999):

τT−1 = τD−1(1 + ∑ ai=1

free

w ai )

(4.18)

The parameter τD describes the lifetime of the unquenched donor. Note that with no
acceptor in the influence zone of the donor, τ T− 1 ≡ τ D− 1 , i.e. the donor is de-excited by

64

Model of FRET on Surface

1.
1.Number
Nu mberofofexcitons
excitonsNNexex

2. Generation of the surface
with donors and acceptors
accepto rs
3.
donor-3. Distances
Distan ces donor
acceptors
wise
acceptors and
and pair
pair wise
~2)
ppro
babilities
probabilities
(and new k
rob
abilities
4.4.Generation
Generatio nofofthe
the
schedule
excitation
schedu
le ofofexcitat
ion for
foreach
eachexciton
exciton

5.
5. Play
P laynext
nex exciton
t excit on

6. Is donor busy?
No

Yes

7. Free donor?

8. Check
free
8. Check
for freefor
acceptors
accepto
around
aroundrsthe
donorth e
donor

No

Yes

9. New
point
9.
Newtime
time
pointofof
energy release of the donor

10.
10. Random
Randomselection
selectionofof
relaxation
de-excitation

12. Energy
Energy
transfer
12.
12.
Energy transfer
transfer to
to
toaccep
acceptor
tor
accep
to r

11.
11.
Fluorescence
11. Fluorescence
Fluore scence

Fret=Fret+1
13.
13. New
Newtime
timepoint
poin of
t of
energy
release
ener gy r eleaseof
o fthe
the
acceptor
accep to r

Fluo=Fluo+1

14. All excitons?

No

Yes
15.
15. Data
Dataoutput
o utpu t

Figure 4.2 Flowchart of the Surface FRET Algorithm. The gray boxes indicate the use of the
random generator.
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fluorescence emission at a rate

τT−1 .

With acceptors potentially absorbing the energy,

the rate of relaxation increases. The term w ai specifies the contribution of an acceptor i
to this rate increase.
9.

With the donor getting excited, its excitation flag is set to ‘busy’. According to Equation
(4.18), the probability that the energy is released in a time interval trelax is given by:
P (t relax )=τT−1 ∫

t relax

0

exp(-t/τT )dt = 1- exp(-t relax /τT )

(4.19)

Defining γ=1-P(trelax), which can take any value between 0 and 1, it turns out that:
t relax = -τT ln(γ )

(4.20)

In an MCS, trelax for the donor can therefore be determined with a uniformly distributed
random generator delivering a value γ=[0,1].

This defines the time point of energy

release for the currently excited donor, i.e. the time point at which the flag is set back to
‘free’.

4.3.6

Random way of relaxation

10. Next, it has to be decided in what form the donor will be relaxed. For this, we generate a
cumulative histogram with the classes f, a1, …, an, where f represents energy release by
fluorescence and aj, j=1..n denotes energy release by FRET to acceptor j.

The

probabilities P(ci) for these n+1 classes are given by

τT τT
τ
,
w a ,..., T w a
τD τD
τD
1

(4.21)

n

The selection of the class is accomplished by renewed generation of a uniformly
distributed

∑

S -1
i =1

random

number

γ=[0,1].

We

select

the

class

S

for

which

P (c i ) < γ ≤ ∑ i =1 P (c i ) .
S

11. If the selection in step 10 falls in the class f, the variable Fluo is incremented by 1 and
the program steps directly to item 14.
12. If the donor has been selected to transfer its energy to acceptor j, the flag of this
acceptor is set to ‘busy’ and the Fret variable is incremented by 1.

4.3.7

Schedule of relaxation of the acceptor

13. The time interval for which the acceptor is busy is determined by yet another MC
step, where t relax = -τA ln(γ ) with τA denoting the acceptor lifetime (see Equation (4.19)
and (4.20)).
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4.3.8

Play all excitons

14. The loop 5→6→…→14 is repeated until all excitons are played.

4.3.9

Calculation of the efficiency

15. The simulated efficiency is computed as
E = Fret /(Fret + Fluo )

(4.22)

4.3.10 General considerations on the algorithm

Although the algorithm presented here is similar to the approaches presented in section 4.2,
we have implemented important modifications: 1) Our system accounts for already excited
acceptors and excludes them from the simulation. 2) We perform a quasi-parallel computing
of multiple simultaneous events. The introduction of fluorescence dynamics in our system
results in a competitive FRET scheme, which seems to reflect our situation more realistically.
3) The efficiency is calculated directly as the ratio between the number of excitons
transferred to the acceptors and the total number of excitons (transferred and not). The
quantum yields, transfer rates and lifetimes of fluorophores only appear in the calculation of
the pair-wise FRET probabilities. Once these probabilities are calculated, the final results
depend on the random generator only.
The model could easily be completed to account for photobleaching (negligible in our case)
or for other routes of relaxation, as shown in the three cited articles (Demidov, 1999; Frederix
et al., 2002; Zimet et al., 1995). Additional features can also be tested, as we have done by
introducing random relative orientation of the donor and the acceptor.

4.4 Results of the simulation
Simulations of energy transfer processes in 2D were performed using Matlab (The
MathWorks, Inc., Natick, MA, USA).

The algorithm (see previous section for a detailed

explanation) implements a competitive scheme between multiple donors and acceptors,
taking into account that already excited acceptors are not amenable to energy absorption.
The competition between several donors potentially transferring energy to the same acceptor
is resolved in a probabilistic sense, where the transfer probabilities depend on the geometry
of donor and acceptor distribution.

The simulation was controlled by the following

parameters:
[SA]=4.2 pmol·cm-2; RSA=[0.1..1] ; RDA=[10-2..102] ; R0=[2..10] nm, Tint, and Nex, where Tint is
the integration time and Nex, is the number of excitons to be simulated. In our terminology, an
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exciton is a photon reaching a donor and, dependent on the donor’s excitation state upon

arrival, potentially participating in the process of donor excitation.
In the following, we establish internal consistency of the MCS and generate predictions of
experimental outcomes. All results presented are the mean of 10 runs performed for each of
the tested parameter configurations (RDA, RSA, R0).

Error bars in the graphs reflect the

standard deviation of 10 repeated runs.

4.4.1

Effect of the exciton flux upon the efficiency

The first parameter we test is the excitation flux, defined as the ratio between Nex and Tint,
with the following subjacent questions: 1) what is the influence of the exciton flux on the
performance of the algorithm? and 2) what flux should be used to test the other parameters
of the MCS and to ensure internal consistency with the tunable experimental parameters of a
microscope?.
This pre-calibration of the MCS for the exciton flux was performed with RDA=1, RSA=1 and
R0=6.33 nm.
The exciton flux determines how fast the system reaches equilibrium.

As mentioned above, flux changes are achieved by variation of either Nex or Tint

with

keeping the other constant.
In Figure 4.3.A, Nex was set to 104 excitons and Tint varied from 10,102,103 to 104 ns such that
the fluxes ranged from 1 to 103 excitons/ns. The development of the efficiency (solid lines)
and the fraction of excitons not lost in the system (used excitons) (dotted lines) are visualized
over the duration of the simulation. Two experimental phases are observable: 1) A transition
phase where the efficiency and the fraction of used excitons vary a lot and 2) a phase where
the system reaches a stable equilibrium. The time point for which the system switches
between phases depends on the flux: the lower the flux, the faster an equilibrium is reached.
Figure 4.3.A also suggests that independent of the considered flux, 104 excitons suffice to
establish the equilibrium. We conclude that is 104 a good choice for Nex. It is therefore set at
this value for all experiments and flux variations are induced by variation of Tint., the number
of unused excitons is dependent on the flux.
In our simulation, the only way an exciton is excluded from the game is if it reaches an
already excited donor. This reflects the finite ability of fluorophores to enter an excitationemission cycle, which is a stochastic process governed by the dye specific fluorescence
lifetime. With higher flux, the number of donors participating in a possible energy transfer
increases, accompanied, on average, by an increasing number of excited acceptors. The
system reaches saturation when the flux exceeds a level where donors do not have the time
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Figure 4.3 Dependence of the FRET efficiency on integration time and flux. Each result is the
mean of five MCS runs. The error bar indicates the standard deviation. (A) Time development of
FRET efficiency (solid line) and the fraction of excitons used in the simulation (dotted line) reported
for four fluxes (1, 10, 102 and 103 excitons/ns, as indicated in the figure). (B) The FRET efficiency
(i) and the fraction of exciton used in the simulation (ii) as a function of the flux.

to either emit or transfer their energy prior to the arrival of the next exciton or when no
additional acceptors are amenable to energy uptake. In this case, the played excitons are
lost and do not contribute to the statistics.
Figure 4.3.A (dotted lines) visualizes the changes in the fraction of used excitons during the
integration time. The rapid decrease observed for high flux (102 and 103) indicates that the
system reaches very rapidly a state where it cannot take any more excitons.
Figure 4.3.B.ii shows that the fraction of used excitons is flux dependent. A system being
subjected to a low flux (1 exciton/ns) will use almost all excitons (>98%). In contrast, an
increase of flux results in a rapid decrease of used excitons (<10% with 103 excitons/ns). In
the first case, we allow the system to come back to a relaxed state between each excitation
and in the second case, we saturate the system so that no more donors have the time to
relax. An intermediate flux of 10 excitons/ns allows this mixed behavior and still ensures
stochastic decision between fluorescence and FRET.
The exciton flux is dependent on the photon flux as well as on the surface concentration of
donor.
In order to verify the consistency of our MCS flux estimation, we have determined the
experimental exciton flux calculated with the parameters of the microscope. Briefly, the
energy is focused in a disc of radius r=1 Airy unit. The power density ρW can be written as:

ρ =WLaser ⋅
W

1
N.A.2
=
W
⋅
Laser
π ⋅r2
π ⋅ (0.61⋅ λ )2

[W⋅nm-2]

(4.23)
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where N.A. is the numerical aperture of the objective (N.A.=1.4), λ=488 nm and WLaser is the
effective laser power calculated as the output power multiplied by the transmission factor. In
our case, we use an Argon Laser, 25 mW (output power), and 2% transmission.
The energy of a photon is calculated with
E photon =h

c

(4.24)

λ

where h is the Planck constant and c the speed of light in vacuum.
Therefore, the flux of photons Jphoton can directly be calculated:
J photon =

ρ

W

E photon

WLaser ⋅ N.A.2
=
π (0.61)2 ⋅ λ ⋅ h ⋅ c

(4.25)

Using the experimental parameters of the laser and of the objective, we find Jphoton=8.6·109
[photons·s-1·nm-2].
The probability for a photon to be absorbed by a fluorophore depends of its absorption crosssection (σab) and concentration cD
The total cross-section is calculated as followed:
σtot =σab ⋅<cos2θ> ⋅ cD ⋅ N ⋅ RSA

RDA
⋅ Dim2 in [nm2]
RDA +1

(4.26)

where σab=3.82⋅10-21⋅εc in [cm2] (Lakowicz, 1999a), εc is the extinction coefficient (78000 M-1⋅
cm-1 for the Alexa 488 (Molecular Probe)), <cos2θ> is averaged over all different orientation
of the fluorophore relative to the photon flux (<cos2θ>=0.5), the concentration of fluorophores
(donor and acceptor) cD=4.2⋅10-12 mol⋅cm-2, N is the Avogadro number, RSA the ratio of
streptavidin labeled with a fluorophore, RDA the ratio of Donor to Acceptor and Dim the
dimension of the Region of interest (=100 nm).
Globally, we can estimate the flux of excitons as the product of the photon flux multiplied by
the cross-section of the donors:
JExcitons =

WLaser ⋅ N.A.2
RDA
⋅ 3.82 ⋅ 10−21 ⋅ ε C⋅<cos2θ> ⋅ cD ⋅ N ⋅ RSA
⋅ Dim2
2
RDA +1
π (0.61) ⋅ λ ⋅ h ⋅ c

(4.27)
It is important to note that the flux of excitons depends directly on the ratios RSA and RDA,
which are the parameters to be tested.
For RSA=1 and RDA =1, this yields a flux of ~15⋅ excitons⋅ ns-1.
MCS stability is flux dependent

In conclusion, two issues define the stability of our MC FRET simulations:
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How many excitons are necessary to guarantee robust statistics providing FRET in a multidonor, multi-acceptor system?
What is the maximum flux of exciton such that sufficient donors and acceptors are still
excitable at any time-point to participate in the competition between donor fluorescence
emission and FRET?
We have performed these systematic tests to determine the two parameters defining the
exciton flux: Nex, the number of excitons, and Tint, the integration time over which these
excitons are released over the simulated sample.

It turns out that Nex=104 excitons

guarantee robust statistics, and that for a flux of J=10 excitons/ns, the donor-acceptor system
remains sufficiently unsaturated to ensure a largely undistorted stochastic decision between
donor fluorescence emission and FRET. Interestingly, the exciton flux estimated
experimentally is in the range of 15 excitons/ns, in good agreements with the MCS flux.
This flux is dependent on the cross-section area of the donor. Implicitly, the more donors,
the greater the probability for a photon to become an exciton. Therefore, the exciton flux is
proportional to the number of donors, i.e. proportional to the fraction of labeled molecules on
the surface RSA, multiplied with the fraction of labeled molecules being donors RDA/(RDA+1),
hence RSA·RDA/(RDA+1).
To be consistent with the experimental set-up, the MCS adapts the simulated exciton flux JSim
to RDA or RSA as:
JSim =2 J RSA

4.4.2

RDA
(RDA +1)

(4.28)

Effect of changes of RDA upon the efficiency

The efficiency increases when the ratio donor/acceptor (RDA) decreases.

Figure 4.4.A shows the dependence of MC simulated FRET efficiencies on RDA. With low
RDA, the surface is almost entirely composed of acceptors. In this configuration, an excited

donor has a higher probability to transfer its energy to a neighboring acceptor than to emit
energy as fluorescence.

The second effect of a high number of acceptors is that the

probability that two donors compete for the same acceptor is almost zero. In combination, the
two effects yield a high efficiency. In contrast, at high RDA, a donor has mostly donors as
neighbors, and they have to compete for a very low number of acceptors. The probability
that a nearby acceptor is already excited is then high, precluding the transfer of additional
energy. The excited donor will emit fluorescence, leading to a decrease of efficiency.
To perform an experiment investigating the effect of changes in the mean distance between
donors and acceptors, a good choice for RDA is in the range 1 to 20. In this range, the
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efficiency is almost linear with the log of the concentration ratio and the steep slope predicts
high sensitivity in determining donor-acceptor distances from FRET measurements (see
Figure 4.4.A). For RDA>20, the efficiency goes to zero and for RDA<1, the efficiency reaches
a plateau where changes in RDA have little effect on the efficiency. Both ranges preclude a
quantification of molecular distances. Note that the RDA range of the plateau depends on the
Förster distance R0 (discussed in more detail below). Therefore, in experiments that aim at
the detection of small efficiency variations, it is useful to carefully select the dye pair so that
the working range of RDA is in the linear domain.

4.4.3

Effect of changes of RSA upon the efficiency.

The efficiency increases when the fraction of labeled molecules (RSA) increases.

Figure 4.4.B indicated that a decrease of the fluorophore concentration reduces efficiency.
In these simulations, RDA is set to 1, and the concentration of both kinds of fluorophores is
varied to modulate the mean distance between donor and acceptor. Since the probability of
transfer is directly related to r6, we expect a strong dependence of the efficiency on RSA, as is
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Figure 4.4 Dependence of FRET efficiency on fluorophore concentrations for various Förster
distances. The exciton flux is set to 10 excitations/ns and the integration time to 1000 ns. (A) The
fluorophore concentrations are modified via the donor-to-acceptor ratio (RDA) for a 100% labeling
(RSA=1). The dashed lines represent the value of the efficiency for different Förster distances
calculated with the single distance model (Eq.1), where r=Rc, the distance of closest approach, is
Rc=5 nm. (B) The fluorophore concentrations are modified via the labeling ratio (RSA) with constant
RDA=1. The Förster distances R0=6.31 nm and R0=5.55 nm are those of the dye pairs Alexa 488Alexa 546 and Alexa 488-Alexa 633, respectively. Data for R0=2 nm fall almost upon the abscissa
of the graph, since Rc (=5 nm) is so much higher that the efficiency does not exceed 0.4%.
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4.4.4

Effect of changes of R0 upon the efficiency.

The efficiency increases when the Förster distance R0 increases.

Six simulations have been run with different Förster distances R0 (2, 4, 5.55, 6.31, 8 and 10
nm). Both graphs, Figure 4.4.A and Figure 4.4.B show that also in a multi-donor, multiacceptor system, FRET efficiency is highly dependent on R0.
In Figure 4.4.A, efficiency values calculated with the single-distance model (dashed lines)
and those simulated at low RDA (RDA<0.1) (solid lines) yield comparable results for all R0. In
this configuration, there is no competition between donors for the same acceptor, leading to
a situation where the main parameter influencing the probabilities of transfer is the Förster
distance.

Interestingly,

our

multi-donor,

multi-acceptor

simulation

even

predicts

systematically higher efficiencies than the single-distance model. This underlines the fact
that with several acceptors per donor, the cumulative probability for having transfer versus
fluorescence is higher than the probability for a single transfer (cf. Equation (4.21)).
When RDA increases (Figure 4.4.A), the competition between donors for the same acceptor
increases and the efficiency drops to zero. The same happens with a decrease of RSA
(Figure 4.4.B).

Here, the reduction in efficiency is related to the increase in distance

between the fluorophores.

4.4.5

Comparison of MC simulated efficiency with an analytical solution to FRET

An analytical solution for FRET in two dimensions has been proposed by Wolber and
Hudson, 1979) (see section 4.1). In their article, they derived a formula to calculate the
transfer efficiency for one donor and many acceptors. They studied the special case where
each fluorophore is bound to large molecules and cannot come into close contact to another
fluorophore.

The distance of closest approach Rc is defined by the size of the large

molecules.

We have reproduced this behavior in our model where the biotinylated

fluorophores are bound to streptavidin. Under the assumption that the fluorophores are on
average at the center of the streptavidin, Rc is 5 nm.
Figure 4.5 shows the analytical solution as a function of RDA in a system with one donor on a
surface surrounded by many acceptors. The extreme flux settings of the MCS form the
upper and lower boundaries of a surface (in gray), which encloses the entire analytical curve.
Three domains can be distinguished in Figure 4.5:
Domain 1: In this domain we encounter the biggest differences between the MCS and the

analytical model. This result can be explained with the difference between a one-donormulti-acceptor (analytical model) and a multi-donor-multi-acceptor arrangement (MCS) and

73

Chapter 4

illustrates the dynamics accounted for by the simulation. At low donor concentrations, the
MCS is geometrically close to the situation of one donor and multiple acceptors described by
the analytical model. We encounter however the following subtle difference: At low exciton
flux, the time between two donor excitations is sufficient for the entire process of energy
transfer and acceptor emission. This implies that in most cases, the closest acceptors will be
selected as partners for FRET.

This contrasts with the analytical model calculating the

efficiency for all donors in a disk of radius →∞ around one donor.
In the case of high exciton flux, already excited acceptors will not have the time to relax, but
FRET can occur only with partners farther away yielding a decrease of the efficiency. This
situation is similar to the analytical model.
Domain 2: Both the MCS and the analytical curve are linear, with the MCS predicting steeper

slopes. This is due to the competition of many donors for few acceptors, yielding a tendency
for lower efficiency with RDA≈10 for MCS as compared to the analytical solution, whereas at
RDA≈0.5, the MCS tends to higher efficiencies for the reasons explained with domain 1.
Domain 3: The analytical model handles the competition between a large number of donors

for energy transfer to a low number of acceptors with a low concentration of acceptor in the
zone of influence of the donor, yielding low probabilities for transfer. There is a tendency that
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the analytical curve follows the MCS in better agreement under low flux condition (1-10
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Figure 4.5 Analytical solution for FRET efficiency on a surface. The curve has been calculated
for different RDA according to the analytical solution by Wolber and Hudson, 1979) with a Förster
distance of 6.31 nm and a distance of closest approach Rc of 5 nm (ratio Rc/R0=0.79). Results from
3
MCS with the same parameters. Curves generated with exciton fluxes of 1 and 10 excitons/ns

delimit the gray area.

74

Model of FRET on Surface

excitons/ns). This can be understood with the dynamic behavior of the MCS framework.
With predominantly donors in the system and high exciton flux, the competition for unexcited
acceptors gets more severe, leading to saturation effects accompanied by a reduction of the
efficiency. The analytical model does not account for any of these dynamic effects and thus
matches better with low competitive case of a low flux MCS.
To conclude, Figure 4.5 indicates the limitations of the model as proposed by Wolber and
Hudson and described in section 4.1. To appropriately predict FRET on a surface with
random donor-acceptor distribution requires a multi-donor and dynamic model.
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Chapter 5 FRET
or no FRET: A Quantitative
Comparison
«La ventura va guiando nuestras cosas mejor de lo
que acertáramos a desear, porque ves allí, amigo
Sancho Panza, donde se descubren treinta, o pocos
más, desaforados gigantes, con quien pienso hacer
batalla y quitarles a todos las vidas, con cuyos
despojos comenzaremos a enriquecer; que ésta es buena
guerra, y es gran servicio de Dios quitar tan mala
simiente de sobre la faz de la tierra.» «¿Qué
gigantes?» dijo Sancho Panza. «Aquellos que
allí ves respondió su amo de los brazos largos, que los suelen tener algunos de casi dos
leguas.» « Mire vuestra merced » respondió Sancho « que aquellos que allí se
parecen no son gigantes, sino molinos de viento, y lo que en ellos parecen brazos son las
aspas, que, volteadas del viento, hacen andar la piedra del molino. » « Bien
parece » respondió don Quijote « que no estás cursado en esto de las aventuras: ellos
son gigantes; y si tienes miedo, quítate de ahí, y ponte en oración en el espacio que yo
voy a entrar con ellos en fiera y desigual batalla. »
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Page 77, "Fortune is arranging matters for us better than we could have shaped our desires ourselves,
for look there, friend Sancho Panza, where thirty or more monstrous giants present themselves, all of
whom I mean to engage in battle and slay, and with whose spoils we shall begin to make our fortunes;
for this is righteous warfare, and it is God's good service to sweep so evil a breed from off the face of
the earth." "What giants?" said Sancho Panza. "Those thou seest there," answered his master, "with
the long arms, and some have them nearly two leagues long." "Look, your worship," said Sancho;
"what we see there are not giants but windmills, and what seem to be their arms are the sails that
turned by the wind make the millstone go." "It is easy to see," replied Don Quixote, "that thou art not
used to this business of adventures; those are giants; and if thou art afraid, away with thee out of this
and betake thyself to prayer while I engage them in fierce and unequal combat." Miguel de Cervantes
Saavedra, 1605. Illustration : Don Quijote, Pablo Picasso
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This chapter proposes a quantitative comparison of the methods described in Chapter 2 by
using the surface FRET system elaborated in Chapter 3, which permits a free selection of the
pair and where the donor and acceptor concentrations as well as the average distance
between donor and acceptor can be controlled. The system relies on a surface monolayer of
biotinylated Poly(L-Lysine)-graft-Poly(Ethylene Glycol) (PLL-g-PEG-Biotin). This defines a
2D distribution of fluorophores, which can be stochastically modeled.

Reference FRET

values for the comparison of the analyzed methods have been generated by Monte Carlo
Simulations (MCS) of the transfer process, which provides reference values for the FRET
efficiency under various experimental conditions (Chapter 4).
The aim of this work is to validate a representative set of FRET efficiencies and indices
calculated from the different methods with different experimental settings, to test their
sensitivity and draw conclusions for the preparation of FRET experiments in more complex
and less-controlled systems.
The results have been organized in three sections: First, we present the calculations of the
efficiency and of FRET indices obtained with the selected methods (Section 5.2). Second,
we discuss the outcome of the most used method: acceptor photobleaching (Section 5.3).
Finally, we examine the methods in terms of ‘uncertainty analysis’ (Section 5.4).

5.1 Materials and methods
Our analysis of FRET efficiency is based on a well-defined coating of a coverslip with a
solution containing a controlled amount of donor and acceptor as described in Chapter 3.

5.1.1

Surface Preparation

The surface has been prepared according to the protocol described in Section 3.3. Briefly,
Biotinylated Poly(L-Lysine)-graft-Poly(Ethylene Glycol) (PLL-g-PEG-Biotin) (Huang et al.,
2001; Kenausis et al., 2000) was adsorbed for 30 min on a glass coverslip (96-well with
coverslip bottom imaging plates, BD Biosciences, Labware Europe, Le Pont De Claix,
France) cleaned by oxygen plasma for two min. A solution containing Streptavidin (SA)
labeled with donor (SA-d) or acceptor (SA-a) fluorophore or unlabeled (SA-u) was then
adsorbed on the PLL-g-PEG-Biotin for 30 min and rinsed three times with HEPES Z1.
The system was entirely controlled by the four following parameters (Figure 5.1):
1) The ratio RBiot=[PLL-g-PEG-Biotin]/[PLL-g-PEG-Total], which measures the amount of
biotin competent for the adsorption of streptavidin. The amount of streptavidin on the
surface can be directly estimated with Eq. 3.1. In our case, we used PLL-g-PEG(31) with
a fixed RBiot=31%. Thus, the streptavidin had the fixed concentration [SA]=4.2 pmol/cm2.
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Fluorophores
Streptavidin
Biotin
PEG
PLL

Figure 5.1 Surface FRET system on a coverslip coated with PLL-g-PEG-biotin. The biotin
(Black round) is tagged with Streptavidin-Donor (Black star), Streptavidin-Acceptor (Light gray star)
and Streptavidin-Unlabeled.

2) The ratio RSA=[SA-Labeled]/[SA-Total]. By adding unlabeled streptavidin (SA-u) to the
solution we can control the mean distance between donors and acceptors.
3) The ratio RDA=[SA-d]/[SA-a] describes the relative population of donors to acceptors in the
solution. (E.g. in Figure 5.1, RBiot is 50%, RSA=75% and RDA=1).
4) The Förster distance R0, controlled by the choice of the fluorophore pair.
For every set of parameter (RDA, RSA and R0), three surfaces were coated, one with each of
the two dyes alone, and one with both dyes. In order to keep the amount of streptavidin
constant the streptavidin-donor was replaced by unlabeled streptavidin on the acceptor-alone
surface at the same concentration than in the sample where both are present. The same
procedure was applied to the acceptor in the donor-alone sample. An additional surface was
coated entirely with unlabelled streptavidin and used to measure the background intensity.

5.1.2

Fluorophores

Two pairs of fluorophores were examined: Alexa 488-Alexa 546 (R0=6.31 nm) and Alexa
488-Alexa 633 (R0=5.55 nm) (Streptavidin-Alexa Fluor dyes, Molecular Probes, Leiden, The
Netherlands).

5.1.3

Fluorescence measurements

Surface imaging was performed using a LSM 510 Confocal Microscope with a 100x/1.4 Plan
Apochromat (Zeiss, Jena, Germany). The 8-bit images were normalized to values between 0
and 1 to deliver results independent of the dynamic range. The intensity of the images was
controlled for each channel independently by setting of the following parameters:
Pinhole: Fully opened for wide field imaging.
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Amplifier gain and offset: Initial investigations with unlabeled streptavidin surfaces showed

that in all our experiments the background level was only dependent on the amplifier
settings, but not on the laser power and detection gain (data not shown). This supports that
the molecular backbone of our model system does not contribute to the total signal by autofluorescence. Therefore, there was no need to apply any compensation of a background
signal by electronic background correction. The amplifier offset was set to 0. On the other
hand, we found that the amplifier gain also increased noise. To avoid any complication in
reconstructing ratiometric data from different image acquisition channels, we consistently set
the gain to 1 (no amplification).
Filter set: See Table 5.1.
Laser power and detector gain: A precalibration of the microscope revealed that detector

gains are linear within a certain working range, and therefore each channel can be tuned
separately for maximum signal. For each set of experiments (variation of RDA or RSA), we
used the donor-only sample (d) with maximum RDA and RSA to set the gain in the donor
channel (D), and determined the minimum laser power necessary to acquire a strong signal
(Dd) at maximum detector gain. The same process was repeated for the acceptor channel
(A) using an acceptor-only sample (a) with maximum RSA but minimum RDA. We set the
parameters of the FRET channel (F) by keeping the same laser power as for channel D and
by adjusting the detector gain so that the signal measured from the RDA=1, RSA=1 sample
containing both fluorophores (b) yielded a value around the middle of the dynamic range.
Once set, these parameters were used throughout the entire experiment.
Background subtraction: To eliminate residual background signals that originated from

uncompensated dark current of the photo-multiplier tubes, but not from sample autofluorescence (see above), we imaged PLL-g-PEG-biotin surfaces coated with unlabeled
streptavidin in all channel combination and subsequently subtracted the mean value from all
fluorescence signals.
Channel

Excitation wavelength

D (Donor)
A (Acceptor)
F (FRET)

Emission filters

Argon 488 nm

BI(545) + BP(500-530)

1)

He-Ne 543nm

1)

BI(545) + LP(560)

2)

He-Ne 633nm

2)

BI(545) + LP(630)

Argon 488 nm

1)

BI(545) + LP(560)

2)

BI(545) + LP(630)

Table 5.1 Definition of the three channels. Case 1) corresponds to Alexa 488 paired with Alexa
546. Case 2) corresponds to Alexa 488 paired with Alexa 633.
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5.1.4

Calculation of FRET efficiency and FRET index

Several FRET efficiency and FRET indices have been calculated according to the methods
described in Table 2.1 and 2.2. Three types of surfaces were used: Surface with acceptor
only (a), surface with donor only (d) and surface with both donor and acceptor (b). For each
of these surfaces, three quasi-simultaneous images were taken in the three channels A, D,
F, (see Table 5.1), using the multi-tracking function of the microscope. This delivered nine
images termed Aa, Da, Fa, Ad, Dd, Fd, Ab, Db and Fb, where Da and Fa, Dd and Fd, and
Db and Fb were acquired exactly simultaneous using two separate photo-multiplier tubes.
Calculations were made pixel by pixel and a map of FRET (efficiency or index) was
reconstructed for each method. We excluded pixels from FRET calculations that were overor under-saturated in any one of the three channels A, D or F, for any of the samples a, d or
b.

Since our surface was homogenously labeled, the mean efficiency or index over all

remaining pixels provided a robust estimate of the amount of energy transfer for one
experiment.

5.2 Experimental performance analysis
Per experiment (each different parameter set [RDA, RSA, R0]), five independent sets of images
were taken in all channel and surface permutations at different positions on the sample and
FRET measures were calculated separately for each set according to the methods described
in Table 2.1 and Table 2.2. The values presented in the following sections represent the
mean of the five sets.

5.2.1

FRET results depend on the method: A comparison of FRET efficiencies.

We compare the methods E1, E4, E6, E7 and E8 in Table 2.1. They include a ratio method
using only one filter set and no correction for acceptor crosstalk into the donor channel (E1),
three methods, which measure energy transfer directly with Fb and account for crosstalk
corrections with different schemes (E4, E6, E7) and one method involving acceptor bleaching
(E8, discussed in a section below). Figure 5.2 displays FRET efficiencies calculated with the
five methods for changes in RDA (A) and changes in RSA (B). The data comprises two
experiments using the dye pair Alexa 488-Alexa 546 (R0=6.31nm). All calculations rely on
identical sets of input images and the differences between the methods only relate to the
differences in post-processing. The methods can be examined in terms of 1) reproducibility
between different experiments under identical conditions; 2) their ability to reflect changes in
the parameters RDA and RSA consistently, and 3) their agreement with the MCS reference
data (overlaid as black lines).
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Figure 5.2 shows that the stability of the curves is highly dependent on RDA. In the range
0.1<RDA<10, the results are stable and reproducible between experiments for methods E4, E6
and E7. All three exhibit the expected decrease in efficiency with an increase of RDA (Figure
5.2.A for RSA=1) or a decrease of RSA (Figure 5.2.B, subject to RDA=1) in a consistent
manner. Although the performances are nearly the same, it occurs that E6 systematically
provides results closest to the MCS reference curve. E6 is the method in Table 2.1 with the
most rigorous crosstalk correction. We infer that, indeed, these crosstalk terms remove
essentially all artifacts from the calculated efficiency while E4 and E7 are still left with some
biases. However, as shown later in this chapter, the noise-induced uncertainty amounts to ±
12% of efficiency in this range of RDA (see ‘Uncertainty analysis’, Section 5.4). Therefore, the
difference between E4, E6 and E7 are statistically not significant, and our interpretation relies
on the systematic shift of only two experiments per RDA and RSA settings.
In contrast, the efficiency E1, calculated from the signal ratio of the donor in presence and in
absence of acceptor, does not provide repeatable results. In some cases, it even delivers
negative efficiencies. Negative efficiency values indicate that the fluorescence of the donor
in the presence of the acceptor is enhanced instead of quenched. In our particular case of
an experiment with equal donor and acceptor concentrations (RDA=1), three out of five
images showed higher intensity in Db than in Dd. This demonstrates the weakness of indirect
measurements of FRET. The method is only stable with absolutely repeatable detection of
the donor signal before and after adding acceptor and thus, notably, between two different
samples.

Small changes in the fluorescence, whether noise- or sample-induced, can

dramatically alter the efficiency and yield non-sensical negative values. This behavior is
confirmed by the graph in Figure 5.2.B when the concentration of fluorophore decreases.
Similar concerns apply to method E8, although the weakness of this method will mainly be
observable with the results in Figure 5.3 and Figure 5.7. Because of the method-inherent
weakness of E1, it is discarded from the rest of the experimental performance analysis.
Outside the range 0.1<RDA<10, the results obtained are unstable independent of the method.
Here, direct observation of Fb with appropriate compensation of crosstalk alone does not
guarantee accurate efficiency values. For example, for low RDA, method E6 predicts an
increase of the efficiency, whereas the other methods suggest a decrease, notably based on
identical raw data from the nine image channels.

This cannot be explained by the

differences in crosstalk correction schemes. As will be shown below with the uncertainty
analysis, image noise and any irreproducibility of fluorescence between experiments get
amplified in an unfavorable manner outside 0.1<RDA<10.
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The spectral overlap influences FRET sensitivity.
Our surface FRET system offers the possibility to exchange the dye pairs (see Material and
Methods) and thus to alter the Förster distance. Results from the same set of experiments
as discussed before, but for the dye pair Alexa 488-Alexa 633 (R0=5.55 nm), are presented
in Figure 5.3.

This new pair tests a donor-acceptor system with on the one hand less

spectral overlap and on the other hand higher spectral separation such that crosstalk
between channels is reduced. A low spectral overlap implies lower probabilities for FRET,
and thus a decrease of SNR. It also implies that the crosstalk ratios are calculated between
channels where the crosstalk is close to zero. The correction factors become very sensitive
to image noise, as illustrated in Figure 5.3.A by the substantially weaker reproducibility of the
experiments as compared to Figure 5.2.A. Only data in the range 0.1<RDA<10 is presented
(see above). As in Figure 5.2.B, the two methods E4 and E6 appear to generate more
consistent and stable FRET values than E7 (Figure 5.3.B).
Our comparisons of FRET pairs with different R0 lead to the following findings: The
instabilities induced by the choice of a well-separated dye pair prevail over the advantages of
low crosstalk corrections. Actually, Figure 5.2 suggests that crosstalk can be well corrected,
even for a dye pair with a large Förster distance.
Despite the lower reproducibility of the experiments with shorter Förster distance pairs, the
data in Figure 5.3.B, as compared to Figure 5.2.B are in better agreement with the MCS
reference. The effect is less obvious with the comparison between Figure 5.3.A and Figure
5.2.A, although the data in Figure 5.2.A exhibits also a trend for systematically lower
experimental efficiency in the range RDA=0.1-1 relative to the MCS predictions.

This

suggests that the model and experiments suffer a disagreement, which is more severe for
long Förster distances.

In our model, the Förster distance is a function of the spectral

overlap and the geometric factor, κ2, which takes into account the orientation of the donor
dipole relative to the acceptor dipole (Lakowicz, 1999b). The spectral overlap is characteristic
for the spectral properties of the dye pair and is therefore a determined parameter. κ2,
however is a free parameter that is dependent on the system. Dale et al., 1979 calculated
the average κ2 to be 2/3 in the case where the dyes are freely rotating. We used this value in
our initial MCS shown in Figure 5.2, Figure 5.3 and Figure 5.5. However, the existence of a
mismatch between MCS and experiment motivated us to modify our MCS and to introduce a
random κ 2 for every donor-acceptor pair (see Chapter 4, Eq. 4.17). The relative orientation
of two dyes is calculated using three random angles and the value of κ 2 can range from 0 to
4. This leads to different R0, and thus variable FRET probabilities for every donor-acceptor
pair. Figure 5.4 shows the results of the modified MCS (dashed line) in comparison to the
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Figure 5.2 FRET efficiency calculated with five different methods for the dye pair Alexa 488–
Alexa 546 (R0=6.31 nm). Surface coating parameters have been varied (RDA in A and RSA in B),
and results of two experiments are shown as dotted and dashed lines.
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Figure 5.3 FRET efficiency calculated with four different methods for the dye pair Alexa 488–
Alexa 633 (R0=5.55 nm). Surface coating parameters have been varied (RDA in A and RSA in B),
and results of three experiments are shown as dotted, dashed and dash-dotted lines. The black
solid line represents the results of the MCS under the same conditions.
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Figure 5.4 Role of the orientation factor κ2 in the simulated efficiency. The new simulated

 . The mean of ten
efficiency (dashed line) has been calculated with a random orientation factor κ
2

runs is presented for an experiment where RDA varies (A) and where RSA varies (B). The solid line
shows the simulated efficiency with κ2=2/3 and the dotted and dash-dotted lines depict
experimental efficiencies calculated with method (E6), as represented in Figure 5.2. Inset: Relative
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dotted, dashed, and dash-dotted lines. The black solid line represents the results of the MCS under
the same conditions.
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uncorrected MCS (solid line). The calculations have been made for the same dye pair as in
Figure 5.2. Lower efficiencies are obtained from an MCS with random κ 2 as compared to a
fixed κ2=2/3, due to the fact that the distribution of random κ 2 is skewed towards 0 (Figure
5.4, inset), accompanied by a decrease of R0.
Also in Figure 5.4, we replot the experimental data, as calculated with method E6.

In

comparison to Figure 5.2, the randomization of κ2 renders experiments and simulation in
excellent agreement.

This finding clearly reflects the stochastic nature of FRET and

underlines the difficulties in representing the determinant statistical distributions by average
characteristic parameters, as encountered in analytical predictions. An MCS approach has a
fundamentally superior performance in predicting data under such conditions.
FRET indices as qualitative measures of surface FRET

Figure 5.5 shows the results obtained for four FRET indices. They have been calculated
according to Table 2.2 for the dye pair Alexa 488-Alexa 546 (A) and for the dye pair Alexa
488-Alexa 633 (B). RDA was varied from 0.01 to 100 for the first dye pair and from 0.05 to 20
for the second dye pair in order to have more data in the center of the curve. The inset in
Figure 5.5.A displays the results of the first dye pair for this range and allows immediate
visual comparison with the graph in Figure 5.5.B. In contrast to efficiency, different indices
cannot be compared on an absolute scale. Therefore we have arbitrarily normalized all
index values such that the index value equals 1 for RDA=1.

Two behaviors can be

distinguished in the results in Figure 5.5.A: FRET1 and FRET3, are close to the simulated
curve for RDA>1 and monotonically increase when RDA decreases in good qualitative
agreement with the MCS. Interestingly, while both MCS and FRET efficiency values exhibit
a plateau, the indices seem to amplify its sensitivity in the range 0.01-1. FRET6 and FRET7
perform in a similar manner for RDA>1, but exhibit a turning point at RDA=1, which makes
them essentially useless, at least for the range RDA<1.
Results obtained with a dye pair with a shorter Förster distance (Figure 5.5.B) confirm these
findings, but like with the efficiencies, shorter R0 tend to introduce more instability.

5.3 Acceptor photobleaching
Photobleaching of the acceptor is a method to vary the concentration of acceptors
locally.

We have tested our system with acceptor photobleaching. 16 regions of interest (ROIs) were
defined and photobleaching was performed in these ROIs with 1, 5, 10, 15, 20, 25, 50, 75,
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100, 200, 300, 500, 750, 1000, 1500 and 2000 cycles, as shown in Figure 5.6. The laser (1
mW He-Ne, 543nm, maximum power) bleached the acceptor only, as verified with the control
experiment illustrated in the inset of Figure 5.6.A. The donor signal (blue) is retained, while
the acceptor signal (green) decays in the expected way.

Figure 5.6.A represents the

efficiency map calculated with method E6. The results are color-coded and clearly display a
decrease of FRET with photobleaching of the acceptor (increasing number of cycles from the
upper left to the lower right.). The mean value of the efficiency calculated in the ROI is
represented in Figure 5.6.B as a blue solid line. After 2000 cycles, E6≈0, suggesting that this
is sufficient to completely bleach the acceptor.
The assumption behind this experimental plan was that bleaching would provide an
alternative to altering RDA and RSA for a modulation of the acceptor distance. To test this
assumption, we have combined the results of Figure 5.2.A (E(RDA))and Figure 5.6.B (dashed
line fitted to E(Bleaching cycle)) for E6 to obtain an estimation for RDA as a function of the
bleaching cycles (Inset of Figure 5.6.B). This curve shows that 1000 cycles introduce a

Figure 5.6 Efficiency calculated for an experiment with progressive acceptor bleaching. (A)
False color map of FRET efficiency calculated with method E6 (see Table 1). The range goes from
0 (black) to ~60% (yellowish green).

The squares represent areas where the acceptor was

bleached during 1, 5, 10, 15, 20, 25, 50, 75, 100, 200, 300, 500, 750, 1000, 1500 and 2000 cycles
(from upper left to lower right). Inset: Control experiment with bleaching of the donor alone (blue
curve) and with bleaching of the acceptor alone (green curve). (B) FRET efficiency as a function of
the bleaching cycle, calculated with method E6 (solid light blue) and a fit of the curves (dotted light
blue). The relationship between the number of bleach cycles and the mean distance for energy
transfer (see text) is illustrated with the black solid line. Inset: Relationship between the number of
bleaching cycles and RDA (calculated based on the fit-curve in B and the interpolated E6 efficiency
as a function of RDA taken from Figure 5.2.A).
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reduction of the acceptor concentration of a factor 10. For each of these concentrations, we
have derived a mean distance for energy transfer between the donors and the acceptors.
The mean distance for energy transfer is calculated by attributing every donor-acceptor
distance with a weight that is proportional to the probability that a FRET event occurs
Pi=(1/ri6)/Σj(1/rj6), " j acceptors in the influence area of donor i. Notice that such a distance
definition is necessary in a multiple-donor, multiple-acceptor system.

Combining these

results with those in the inset, we obtained the relationship between the number of bleaching
cycles and the mean distance between fluorophores illustrated by the black solid line in
Figure 5.6.B. The curve shows that the relationship is not linear but the mean distance
between donor and acceptor increases exponentially. This is coherent with the fact that for a
low number of bleaching cycles, few acceptors are bleached and every donor still has
sufficient acceptor for energy transfer. After a certain number of cycles (~200), the distance
suddenly increases dramatically. The point is reached where the number of acceptors in the
influence zone of the donor is so low that also longer donor-acceptor distances obtain
significant weights.

In agreement with our intuition, the curve goes to infinity when the

number of bleaching cycles is high enough to destroy all acceptors. This data shows that, in
principle, it is possible to measure molecular distances also in a multiple-donor, multipleacceptor system, but that the interpretation of the results is more demanding and much less
obvious than with one pair where the single-distance model is applicable. For our system, a
theoretical mean distance of 7.1 nm between the center of mass of the streptavidin
molecules was predicted from its surface concentration (see Chapter 3). This predicted
value is in good agreement with the mean distance for energy transfer of 6.8 nm shown in
Figure 5.6.B.
Incomplete photobleaching induces errors in the calculated efficiency.

Acceptor photobleaching is also a frequently used approach to measure FRET, as discussed
in Table 2.1. The corresponding efficiency is given by E8=1-Db/Db(ab), relying on the ratio of
donor signal before and after complete bleaching of the acceptor.

In our case of a

homogeneously labeled surface, we chose a slightly different observation strategy. Only a
part of the surface was bleached. Thus, the same image showed a region where both
fluorophores were still present, providing a measure for Db, and an acceptor-bleached
region, providing a measure for Db(ab). This protocol bears the advantage of circumventing
problems of sequential observation, e.g. arising from global intensity changes due to focus
drift between the acquisition of Db and Db(ab).

In a less controlled sample with

inhomogeneous labeling, similar stability can be attained with sequential observation when a
control region is co-imaged, delivering two donor intensities Dbc and Dbc(ab) that are
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Figure 5.7 Error of method E8 due to incomplete photobleaching relative to E6. The error is
shown as a function of the fraction of bleached acceptor (solid line) and as a function of the fraction
of bleaching cycles (dashed line).

unaffected by the acceptor bleaching.

The modified method E8c=1-( Dbc(ab) / Dbc)( Db

/Db(ab)) is insensitive to global variation of the intensity and may have the same
characteristics as E8 applied to our idealized model sample.

We have investigated the

performance of this method in reporting FRET efficiency as a function of RDA, RSA and R0.
Results are shown in Figure 5.2 and Figure 5.3. The reference value Db(ab) was taken after
2000 bleaching cycles, according to our findings in Figure 5.6.B.
The results essentially agree with those obtained with the other methods, although in general
the values seem to be lower.

When R0 decreases (Figure 5.3), they exhibit large

fluctuations, implying increased sensitivity to noise.
The method bears the advantage of using a single sample and a single filter set but strictly
relies on complete photobleaching of the acceptor. In practice, such an approach is often
problematic: First, to guarantee proper bleaching, one has to tune the laser power, bleaching
wavelength and bleaching time. Second, bleaching can have crosstalk and thus affect the
donor signal as well. Third, in live cell imaging, bleaching is known to cause photo-toxicity
and thus to severely affect the sample viability.
More critical for our performance analysis, however, are errors induced by incomplete
bleaching. The method E8 strictly relies on the assumption that the acceptor is entirely
bleached. In the practice of e.g. a live cell experiment, this can frequently not be guaranteed,
as acceptor molecules are subjected to diffusion and other protein dynamic processes, and
the assessment of the number of cycles necessary for complete bleaching is not
straightforward. Figure 5.7 shows the relative error estimated under incomplete acceptor
photobleaching in comparison to method E6. The results are presented as a function of the
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fraction of acceptor bleached (solid line) and as a function of the number of bleaching cycles
(dashed line). If only 70% of the acceptors are bleached, the error in FRET efficiency is 50%.
Even worse, the gradientin the error curve increases between 70% and 100% bleaching,
which means that there is no tolerance at all for incomplete bleaching. Figure 5.7 shows that
despite a 100% photobleaching, the method E8 still provides a 10% error. This error is
mainly due to difference in the observation strategy and uncorrected crosstalk.

5.4 Uncertainty analysis of different FRET methods
Incompatibilities between the different FRET methods can be due to two factors:
1.

Differences in observation strategy and crosstalk correction.

2.

Differences in the robustness against uncontrolled changes (irreproducibility) in the
intensity measurement of any channel and against noise.

Observation strategies

Observation strategies relying on a physical exchange of samples are inferior to those
recovering FRET from ratio and difference analysis of samples co-imaged in different
channels.
Depending on the observation strategy, the methods described in Table 2.1 can be classified
into two groups:
1.

Methods E1 and E8 calculate the efficiency from the change of donor fluorescence in
images taken from different samples (Db with and Dd or Db(ab) without acceptor).
Figure 5.2 shows that the efficiencies calculated with these methods can be negative.
This problem is inherent to the chosen observation strategy. Any change in the absolute
fluorescence intensity between the acquisition of the two images directly affects the
FRET efficiency. Such changes are very likely. With method E1, it is almost impossible
to ensure twice the same donor distribution in an experiment, one in absence and one in
presence of acceptor. With method E8, mainly the bleed through of the laser line used
for acceptor bleaching bears the risk of altering the donor fluorescence in an
uncontrolled manner.

For the same reason, both methods fail to analyze FRET in

dynamic systems.
2.

In contrast, all other methods derive the efficiency from the signal obtained in the
FRET channel in the presence of both fluorophores (Fb). They only differ in the applied
crosstalk correction factors, but none of them involves an exchange of the sample. To
illustrate this, we examine, for example, method E4. It relies on the measure of Fb, from
which the crosstalk in Db and Ab is subtracted. All three measures are taken from the
same sample (b) co-imaged in three different channels. The crosstalk factors (FDd and
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AFd for sample d and FAa for sample a) are again calculated from signals co-measured

on the same sample (either d or a). Importantly, the equations do not contain any ratio
or subtraction that combines the signals of two different samples. Therefore, the only
uncertainty of these ratio or subtraction terms arises from dynamic changes of one
sample between the observation in two different channels. For many applications and
microscope setups, including the one employed in the context of this thesis, sample
variation during the switch of channels are negligible.

A. Data Noise and Irreproducibility for RDA=1 and RSA=1
Aa

Da

Fa

Ad

Dd

Fd

Ab

Db

Fb

Mean intensity

0.62

0.008

0.063

0.003

0.33

0.059

0.57

0.42

0.42

Std (mean 5 images)

-

-

-

-

-

-

0.09

0.15

0.14

% Irreproducibility

-

-

-

-

-

-

16

38

33

B. Relative Influence Factors for RDA=1 and RSA=1
Aa

Da

Fa

Ad

Dd

Fd

Ab

Db

Fb

E1

0

0

0

0

2.1

0

0

-2.1

0

E4

-0.24

0

0.24

-0.003

0.3

-0.3

-0.24

-1.5

1.7

E6

0.069

0.038

-0.11

0.003

0.023

-0.23

-0.14

-1.4

1.52

E7

0.17

0

-0.17

0

0.15

-0.15

-0.17

-0.5

0.71

C. Error propagation for method E6 for RSA=1

RDA=0.01

Aa

Da

Fa

Ad

Dd

Fd

Ab

Db

Fb

SNR

16.1

4.1

11.4

27.3

4.6

2.3

8.6

6.7

6.8

|dE6(Ii)|

0.096

0.15

0.19

0.002

0.016

0.048

0.19

0.12

0.36

(Σi dE62(Ii))1/2

= 0.50

dE6(Ii)2 / Σi dE62(Ii)

0.04

0.09

0.14

<0.01

<0.01

0.01

0.15

0.06

0.52

SNR

18.3

1.9

4.7

6.9

8.9

4.6

9.5

5

6.1

|dE6(Ii)|

0.009

0.03

0.031

0.001

0.010

0.023

0.021

0.065

0.084

(Σi dE62(Ii))1/2

= 0.12

RDA=1

dE6(Ii)2 / Σi dE62(Ii)

0.01

0.06

0.07

<0.01

0.01

0.04

0.03

0.3

0.50

SNR

3.2

30.6

1.5

1.2

16.2

10.1

9.7

3.7

4

0.001

0.004

0.088

0.001

0.097

0.16

0.001

0.41

0.38

RDA=100

|dE6(Ii)|

(Σi dE62(Ii))1/2=
dE6(Ii)2 / Σi dE62(Ii)

<0.01

<0.01

0.02

<0.01

0.03

0.07

<0.01

Table 5.2 SNR analysis of efficiency calculation methods.
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To illustrate the sensitivity of method E1 to changes in the absolute level of fluorescence, we
present in Table 5.2.A an example of intensities obtained for an experiment with RDA=1 and
RSA=1 yielding negative E1. In this particular case, Db is larger than Dd, most probably

because of an uncontrolled increase of donor concentration between the sample d and b. In
practice, it is often difficult to guarantee the same range of absolute donor fluorescence for
two different samples. In our case, irreproducibilities can occur with different levels of donor
protein adsorption and focus shifts. In live cell experiments, the problem gets even more
prominent. Different cells will hardly ever express the same amount of protein, and changes
in the experimental conditions, e.g. in temperature or pH, can have dramatic effects on the
signal. We have measured the sample irreproducibility by taking five independent images
per experiment. For the sample b, we found a standard deviation of 16%-38% of the channel
mean intensity, indicating that even in our highly controlled surface FRET system, the
fluorescence signal is subject to significant variation. These experimental difficulties affect
methods E2 to E7 much less for the reasons illustrated in the next two paragraphs.
Influence factors indicate the effect of uncontrolled signal changes.

To analyze the effect of uncontrolled signal changes, we have calculated for each of the
methods the influence factor of every channel. The influence factor γi of a channel i denotes
the change in FRET efficiency induced by a change in the intensity of this channel. In
addition, we introduce the relative influence factor, ρi, as a measure of the relative change in
efficiency induced by a relative change in the intensity of channel i. γi and ρi are calculated
according to:

dE(Ii ) =

∂E
⋅ dIi = γ i ⋅ dIi
∂Ii

dE(Ii ) ∂E Ii dIi
dI
I
=
⋅ ⋅
= ρi ⋅ i , thus ρi = γ i ⋅ i
∂Ii E Ii
Ii
E
E

(5.1)

(5.2)

where E is the nominal efficiency for a certain donor and acceptor configuration and Ii
denotes the intensity of the ith channel, i=1..9. In our case, E is estimated by MCS. The
relative influence factors ρi are listed in Table 5.2.B for methods E1, E4, E6 and E7 considering
an experiment with RDA=1 and RSA=1.
For all methods except E7, relative influence factors greater than 1 are obtained for at least
one channel.

This means that uncontrolled relative changes in the signal propagate

adversely, amplifying the relative error of the FRET efficiency, as well. However, there is
only a small difference in the magnitude of the relative influence factors between the method
E1, which we found unstable in presence of signal irreproducibility, and the clearly more
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stable methods E4 and E6. The maximum |ρi| of method E1 is 2.1 in both Dd and Db,
whereas E4 and E6 both have a maximum |ρi| in Fb of 1.7 and 1.5, respectively. Obviously,
the instability in E1 must be associated with the fact that irreproducibilities in Dd and Db
propagate independent and uncompensated, while the channel contributions of E4 and E6
grant a compensation of irreproducibilities in Fb by other terms.
Methods with ratio and subtraction terms combining the signals of the same sample
have compensating relative influence factors and thus, are robust against image
irreproducibility.

It turns out that the fundamental difference between E1 and the more robust methods E4, E6
and E7 consists in the absence versus existence of cross-compensating influence factors.
For example, an increase by x% of Db due to an uncontrolled increase in donor
concentration of sample b relative to sample d yields a decrease of –2.1·x% in E1.

In

contrast, the same increase yields a decrease of –1.5·x% in E4, but at the same time, the
signals Ab and Fb will increase nearly canceling the effect of one another.

Thus,

uncontrolled variation of the sample has little effect on E4 as long as the channels Ab, Db and
Fb are imaged under identical conditions. A similar cross-compensation of relative influence
factors is found for the two other samples a and d in all methods listed in Table 5.2.B except
E1.

Cross-compensation is indicated by gray boxes grouping the factors of the three

channels A, D and F for each sample a, d and b. In each of the groups, the sum of the
factors is almost zero, explaining the robustness of E4, E6, and E7 against uncontrolled
changes between the samples.
The influence of image noise precludes robust analysis in extreme RDA and RSA.

Figure 5.8.A, B, C and D illustrate the relative influence factors in the range 0.01<RDA<100,
RSA=1 for methods E1, E4, E6, and E7. Three domains can be observed in all panels:
Domain 1: The relative influence factors are in the range 5 to 10 implying that a change of

1% in the signal of one channel will yield a change of 5% to 10% in the efficiency.
Importantly, in the case the signal changes are associated with image noise, there is no
cross-compensation between channels. Instead, noise-induced alterations and uncertainties
of FRET add up according to the law of error propagation. Table 5.2.C presents example
data for an error propagation in method E6. Noise measurements and influence factors are
listed in blocks for the three donor-acceptor ratios RDA=0.01, 1 and 100, all subject to RSA=1.
The first row in each block contains the SNR of each channel. The SNR was determined
experimentally by analyzing the variation in the signal of five images repeatedly taken from
the same sample area. The SNR was then defined as the background subtracted mean of
the five images divided by the mean of the pixelwise standard deviation of the signal. The
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second row specifies the magnitude in the FRET uncertainty |dE(Ii)| propagated from the
noise in each channel according to Eq. 5.1. Quadratic summation, σE2 6 = ∑ i=1 dE2 (Ii ) , yields
9

the expected overall variance of the FRET efficiency due to image noise. Here, we assume
that the noise distributions are mutually independent between the channels. The third row
indicates the relative contribution of each channel to the overall FRET efficiency variance

σE2 6 .

The channels with significantly higher contributions are highlighted with a gray

background box. For the first block with RDA=0.01, the propagated uncertainty due to noise
amounts to 0.50, i.e. the FRET values E6 displayed in Figure 5.2 have a confidence interval
(p=66%) E6=0.84 ± 0.50. On a relative scale, this corresponds to an uncertainty of ~60%.
Similar values are obtained for the methods E4 and E7 (data not shown). We infer from this
that the observed instability in E4, E6, and E7 of efficiency values for low RDA originate in an
unfavorable propagation of noise. Interestingly, the channels with the weakest SNR (Da, Dd
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Figure 5.8 Relative influence factors as a function of RDA for methods E1 (A), E4 (B), E6 (C) and
E7 (D).
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For RDA=0.01, the noise in Fb dominates the behavior of FRET despite a comparably high
SNR of 6.8.
Domain 2: The influence factors are low (smaller than 5). This indicates that the efficiency

calculated in this domain is much less susceptible to noise than in Domain 1. Indeed, the
data in block RDA=1 in Table 5.2.C suggest an overall uncertainty of E6 of 0.12, resulting in a
confidence interval (E6=0.6 ± 0.12, 20% relative uncertainty). This finding is supported by the
small variation of FRET efficiencies in this domain in Figure 5.2.
Domain 3: The influence factors increase dramatically when RDA increases (e.g. Figure

5.8.C, E6). This renders the calculation of FRET efficiency instable. Comparable to Domain
1, the uncertainty amounts to ± 0.59, but owing to inherently low efficiencies in this domain,
the relative uncertainty reaches now a level of up to ~4000%.
We conclude from this analysis that the cumulated effect of noise propagation of each
channel can predict the variation of FRET, calculated with E6, including the non-sensical
negative values for extreme RDA found in Figure 5.2. Similar conclusions can be drawn for
the methods E4 and E7 (data not shown), while the instabilities of E1 and E8 originate in the
unfavorable propagation of uncontrolled changes in donor concentration between the
samples d and b, and focus shifts (see above).

5.5 Conclusion
There were a number of reasons to undertake the analysis presented in this work.

At the

beginning of implementing a FRET assay, it is surprising to see that the literature abounds
with methods to measure FRET. They deliver a zoo of numbers, factors, indices and values,
which are difficult to compare. Our first goal was to sort the methods and to rewrite them in a
consistent terminology inspired by the one suggested by Gordon et al., 1998. This allowed
us to distinguish between methods reporting absolute measures of FRET (FRET efficiencies,
Table 2.1) and those reporting relative measures (FRET indices, Table 2.2), and to classify
them in terms of the data and equipment requirements (Filter set / number of samples /
number of images). This has been the scope of Chapter 2. Second, we evaluated their
performance using a surface FRET system presented in Chapter 3 that could be controlled in
terms of absolute and relative fluorophore concentrations, i.e. in terms of sensitivity and
mean donor-acceptor distances. In addition, the system could be modeled computationally,
providing a reference value for a performance test on an absolute scale. Details of the
computer model are presented in Chapter 4.
We have found that FRET efficiencies can only be extracted for RDA in the range 0.1-10. In
this range, E6 (Gordon et all, 1998) appears to be the most accurate. For RDA<0.1, FRET
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can still be evaluated, although, only qualitatively, with FRET indices (FRET1 or FRET3),
which turn out to increase the sensitivity in a low donor regime. For RDA>10, the number of
acceptors is insufficient for a reliable transfer measurement. The exact breakdown depends
on the signal to noise characteristics.
Comparisons of our results with the predictions made by Kenworthy and Edidin (1998)
confirm that in our system, the fluorophores are randomly distributed on the surface and do
not cluster: E is dependent on acceptor surface density and E goes to zero at low surface
densities.
Our system also allowed an evaluation of one of the most frequently used methods of FRET
quantification: Acceptor photobleaching. The results obtained with this method are in good
agreement with those of other methods, if the photobleaching is complete. The error due to
incomplete photobleaching, however, can go up to 100%, and is still 50% if the acceptor is
bleached to only 30% of its initial intensity. Incomplete photobleaching will almost always be
the reality of a live cell experiment. We will therefore discard this method for our upcoming
measurement in live yeast.
In summary, our main findings with a controlled FRET system, supported by MCS
predictions, are the following:
•

Donor and acceptor concentration should be of the same order of magnitude, and
stable FRET measurements can only be achieved in the range of donor-to-acceptor
ratios 0.1-10.

Outside this range, noise and data irreproducibility propagate

unfavorably rendering accurate efficiency calculations impossible.
•

The various FRET methods reported in the literature vary greatly in terms of the
reported efficiency or indices, and not all of them seem stable inside the range of
donor-to-acceptor ratios 0.1-10.

•

To get stable FRET measurements, the transfer has to be observed in the FRET
channel, i.e. by excitation of the donor and a measurement of the acceptor emission.
Methods that estimate FRET from the donor signal variation in presence and absence
of acceptor (E1 or E8) are less robust.

•

To get stable FRET measurements, the dye pair with the maximum spectral overlap
should be used.

•

This, however, requires crosstalk correction as such dye pairs tend to be
accompanied by substantial crosstalk in the imaging channels. As written by Gordon
and colleagues, there is no need to reject a donor and acceptor combination on the
basis that a donor signal can be detected in the acceptor channel. All methods
proposing crosstalk corrections yield results that are close to the results obtained with
the simulation.
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•

Some FRET indices report FRET very reproducibly and still allow qualitative
measurements of FRET in cases of donor-to-acceptor ratios<0.1 where efficiency
measures fail or are completely insensitive towards distance variations.

The work presented in Chapter 2, 3, 4 and 5 has been compiled in the article ‘FRET or no
FRET: A Quantitative Comparison’, Berney and Danuser, 2003, published in the Biophysical

Journal, June 2003.
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Page 99, Structure of PB1 and PC, the binding domains of Bem1 and Cdc24, respectively.
Schematic drawing of the backbone structure of both binding domains. The side chains of contact are
highlighted as a stick model representation. This figure is the work of Audrey Petit, Catherine Zwahlen
and Alexandre Bonvin.
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As inferred in the previous chapters, the quantification of protein-protein interaction using
FRET benefits from the establishment of a well-characterized FRET system. Such a system
is composed of 1) a model (analytical or numerical) providing ‘theoretical’ values for the
efficiency, 2) a physical or biological controlled system where two proteins can interact and
permit the occurrence of FRET and finally, 3) a method providing a calculation scheme of the
FRET efficiency.
Item 2 gets particularly critical when performing biological experiments because it is often
difficult to control the system completely. In the case of the study related in the present
chapter, we have chosen two interacting proteins, Cdc24p and Bem1p, from budding yeast
Saccharomyces cervisiae. These two proteins have a role of precursor in the initiation of

actin polymerization by activating and maintaining in place Cdc42p. Thus, they have been
extensively studied and characterized in the group of Prof. Dr Matthias Peter from the
Institute for Biochemistry at ETHZ. In addition to their importance in the establishment of cell
polarity, they also have well-documented spatial and temporal regulations and known
structures. Moreover, their binding domains have been identified and localized, suggesting
the possibility of bringing two fluorophores fused at one terminus of each protein in a
distance comparable to the Förster distance. We have benefited from this knowledge to
develop a controlled system, allowing the quantification of the interaction between Cdc24p
and Bem1p using FRET.
The study has been undertaken in three steps: 1) Study of FRET using GST (Glutathion-STransferase) fused with CFP (Cyan Fluorescent Protein) and YFP (Yellow Fluorescent
Protein). GST is assumed to form dimers and could thereby bring the fluorophores in close
proximity. This will provide indications on the response expected from the CFP-YFP system.
2) Study of FRET using the binding domains of Cdc24p (PC) and Bem1p (PB1) fused with
the two GFP derivatives. This system is close to the in vivo system with the difference that
the proteins are not complete and that there are no endogenous (untagged) proteins in the
samples. We use this system to determine if the two proteins bind in a parallel or in an antiparallel sense. These first two steps are the subjects of the present chapter.
The last step, 3) Use of FRET to study the interaction between Bem1p and Cdc24p fused
with CFP and YFP, in vivo, will be conducted outside the context of this thesis, according to
the results obtained with the in vitro experiments.
The entire study presented in this chapter has been elaborated in collaboration with Philippe
Wiget from Matthias Peter’s Group.

In particular, all constructs, transformations and

purifications of the proteins have been performed by Philippe.
The first section introduces the biological context of cell polarisation in which the two chosen
proteins interact (Section 6.1). The second section describes the model of protein-protein
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interaction used in the rest of the chapter (Section 6.2).

Finally, the two biological

applications are discussed in Sections 6.4, 6.5 for the GST and the binding domains,
respectively.

6.1 Protein interaction in yeast budding
Eukaryotic cells respond to intracellular and extracellular signals to direct and orient
asymmetric cell growth and division, and selecting specific sites of polarized growth and
division is crucial for the development of an organism.

In the case of Saccharomyces

cerevisiae, cellular polarization targets secretion of cell wall and other material to a restricted

area, and thus directly underlies cellular morphogenesis (Bähler and Peter, 2000). Since this
yeast undergoes polarized growth at different time points during budding and mating, it is a
useful model organism to study various aspect of cell polarity. Moreover, in the recent years,
the molecular mechanisms underlying polarity development in yeast have been elucidated
and key signalling pathways were described. Since many of the components for polarized
cell growth are conserved in other organisms, basic mechanisms mediating cell polarity are
likely to be universal among eukaryotes (Madden and Snyder, 1998).

6.1.1

Cell polarity

Polarized cell growth and directional cell division are fundamental processes essential for
development of eukaryotic cells.

Polarized cell growth leads to specialized cellular

morphologies and asymmetric distribution of cell-components. Establishment of such
asymmetries is critical for proper function of particular cell types and helps to mediate diverse
cellular interactions during development (Madden and Snyder, 1998).

Budding yeast

undergoes polarized growth during different stages of its life cycle. Growth thereby occurs at
defined positions on the cell surface: 1) In the presence of ample nutrients, yeast grows by
budding and the position of the bud defines the plane of cell division. The emergence of the
bud occurs at START (G1 to S phase transition of the cell cycle) and the bud continues to
grow, first at the tip (apical growth), and then, in the G2 phase of the cell cycle, around the
whole bud (isotropic growth) (Lew and Reed, 1993). 2) When access to specific nutrients is
restricted, diploid yeast cells initiate pseudohyphal growth (or invasive growth in the case of
haploid cells). In this process, the cell elongates, buds from one end and forms chains of
connected cells that can spread across a substrate with the purpose of foraging for nutrients.
3) During mating, the two haploid cell types polarize at the site nearest to the mating partner
in order to promote cell-to-cell contact and subsequent cell fusion (Madden and Snyder,
1992).
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6.1.2

Polarity establishment and role of Bem1p and Cdc24p in budding yeast

Although the three cellular processes mentioned above are distinct, a similar sequence of
events has to take place: 1) A position on the cell surface is selected as the site for growth
(‘landmark’). 2) The landmark has to be recognized by a series of proteins, collectively
named polarity establishment proteins. Their specific asymmetric localization and regulation
is required for the subsequent steps.

3) The cytoskeleton is polarized to this newly

established site for growth and thereby directs membrane deposition and polarized secretion.
4) Cellular content has to be segregated into the newly formed daughter cell prior to cell
division (cytokinesis). 5) Finally, all these events have to be coordinated with cell-cycle
progression and cellular signals (Madden et al., 1992).
Central to the initiation of actin polymerization in budding yeast is the local activation of the
small GTPase Cdc42p by polarity establishment proteins. Cdc42 cycles between an inactive
GDP-bound and an active GTP-bound state, like all members of the Ras superfamily of small
GTPases (Bähler and Peter, 2000).
Polarity establishment proteins and role of Bem1p and Cdc24p

In the following, we focus our description on the events aiming at the activation and
regulation of Cdc42p, as illustrated in Figure 6.1: 1) The site of polarization is selected via
different mechanisms during budding and mating. Specific proteins mediate the positional
information from landmarks in order to recruit and regulate Cdc24p, a GDP/GTP exchange
factor (GEF) for Cdc42p.

During budding at the G1-to-S-phase transition, Cdc24p is

Bud1
GTP

Bud1
PC

Bem1

GDP

GTP

Cdc24

Cdc24

PC

Cdc42
GTP
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1.-2. Recruitment
and activation

GTP

2.-3. Stabilization
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3.-4. Actin cytoskeleton
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Cdc24

GDP
GDP

GTP

Bem1

Figure 6.1 Schematic summary of the interaction between the different proteins of the
Cdc42p-GTPase module (adapted from Y. Shimada and P. Wiget).
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Cell Cycle
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Figure 6.2 Spatial and temporal regulation of Bem1 and Cdc24 during cell cycle

released from its initial localization in the nucleus and then specifically localized to future
budding-site by Bud1p (Shimada et al., 2000; Park et al., 2002; Shimada et al. unpublished).
During mating, Far1p is responsible for local regulation of Cdc24p at the site of future
shmoo-formation (Butty et al., 1998, Wiget et al. unpublished). Once Cdc24p is correctly
localized and activated, it binds GDP-bound Cdc42p and catalyses the exchange of GDP for
GTP. Thereby, Cdc42p accumulates locally in the active GTP-bound state, at the position of
cellular polarization (Gulli et al., 2000). 2) Once Cdc42p is GTP bound, Bem1p is recruited
and binds to the C-terminus of Cdc24p (Butty et al., 2002). Cells containing a mutation in
BEM1 (bem1-m1) that abolishes interaction of Bem1p with Cdc24p, show strongly reduced

peripheral localization of Cdc24p, whereas localization of bem1-m1p itself is not affected
(Butty et al., 2002). In addition, in BEM1-deleted cells, concentrated and specific peripheral
localization and stabilization of the Cdc42p downstream-effector Gic2p is reduced (Butty et
al., 2002). Taken together, this suggests that Bem1p interaction with Cdc24p is crucial for
efficient and specific activation of Cdc42p during bud-emergence and bud-growth. Wild-type
localization of Bem1p and Cdc24p is illustrated in Figure 6.2. Note that later in the cell cycle,
during mitosis, both proteins localize to site of division, another site where actinpolymerisation occurs. 3) In its active form, Cdc42p interacts with downstream effectors that
themselves promote polymerisation of monomeric actin into actin filaments and patches
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(Johnson, 1999). These actin structures are required for secretion, cell growth and therefore
the morphological changes followed by these events during budding and mating.
Binding of Bem1p with Cdc24p and FRET constructs

As shown in the previous paragraph, Bem1p interacts with Cdc24p to stabilize it with
Cdc42p. It has been demonstrated that Bem1p recognizes the PC motif of Cdc24p to interact
and that the binding partner for the PC motif constitutes the PB1 domain of Bem1p (Ito et al.,
2001). This PC domain has been shown to belong to the PB1 domain family (Ponting et al.,
2002).

Figure 6.3.A represents both proteins with their binding sites located at the C’

terminus. If the two proteins bind in an anti-parallel sense, as in Figure 6.3.B, the two
fluorophores are brought too far apart to interact.
This hypothesis can be tested on constructs with the binding domains of both protein fused
with the fluorescent proteins. Here, YFP is fused to the C’ terminus of PC and CFP is fused
either on the C’ or on the N’ terminus of PB1. In case of parallel binding, the two C-termini
should come in close proximity and the amount of FRET should be higher between PB1-CFP
and PC-YFP than between CFP-PB1 and PC-YFP, as illustrated in Figure 6.3.C. On the
contrary, if the binding happens in an anti-parallel sense, the N-terminus of one protein
should come close to the C-terminus of the other. Here FRET should occur between CFPPB1 and PC-YFP (Figure 6.3.D).

Figure 6.3 Schematic representation of Bem1p and Cdc24p and their the binding domains in
parallel sense binding (A) or anti-parallel sense binding (B).

The binding configuration is

represented for the two classes of PB1 (PB1-CFP or CFP-PB1) in parallel sense binding (C) or antiparallel sense binding (D) with PC-YFP.
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6.1.3

Aim of the study

As shown in the previous section, Bem1p is required to maintain Cdc24p at the sites of
polarized growth implying an interaction between the two proteins (Gulli et al., 2000).
We want to investigate in vivo the interaction between Cdc24p and Bem1p during the cell
cycle by quantifying the occurrence of energy transfer between the CFP and the YFP fused
to the interacting proteins. To do so, two in vitro controlled systems have been developed:
GST (Glutathione-S-Transferase), an enzyme know to dimerize, and the binding domains of
Bem1p and Cdc24p, PB1 and PC, respectively.

6.2 Numerical model for protein-protein interaction
The model developed in this section aims at simulating the interaction between two proteins
in a cell system and at identifying the important parameters of the system. The following
hypothesis are made: 1) The system is at equilibrium; 2) The proteins can form hetero- and
homo-dimers; 3) The two proteins are fused with two different GFP derivatives; 4) The
binding of the proteins bring the two fluorophores close enough so that FRET can occur; 5)
The distance between the donor and the acceptor is fixed and only depends on the homo- or
hetero-dimer. This implies that the probability of transfer is the same for all pairs (‘single
distance model’).

The present model is generalized to account for endogenous binding

proteins, i.e. proteins that do not bear a fluorophore.

This generalization is important

because the endogenous proteins will compete with the labeled proteins in the formation of
homo- and hetero-dimers. This can lead to a decrease of efficiency (e.g. when a nonfluorescent acceptor binds to a fluorescent donor, or vice versa), a decrease of intensity or
an increase of quenching.
In the following, we establish the model by first calculating the concentration of monomers
and dimers at equilibrium. Second, the concentration of the different protein distribution is
calculated accounting for the endogenous proteins population. Finally, the FRET efficiency
is calculated as the ratio of the donor transferred excitation to the total donor excitation.

6.2.1

Protein concentration at equilibrium

We term A the protein fused with the acceptor GFP-derivative and D the protein fused with
the donor GFP-derivative. The following population will be found in the sample: A, D, AA,
DD and DA, as illustrated in Figure 6.4.
By continuity, we find at equilibrium:
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[ A ] +2 [ AA ] + [DA ] = [ A tot ] =cste

[D] +2 [DD] + [DA ] = [Dtot ] =cste

(a)

(6.1)

(b)

We account here for the following bindings to take place,

ZZZZX
Z [DA ] ,
[ A ] + [D] YZZZ
K dDA
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Z [ AA ] ,
 2 [ A ] YZZZ
K dAA


2 D ZZZZX DD ,
Z[ ]
K dDD
 [ ] YZZZ


[D][ A ]
[DA ]
2
A]
[
=
[ AA ]
2
D]
[
=
[DD]

K dDA =

(a)

K dAA

(b)

K dDD

(6.2)

(c)

defining the different concentrations at equilibrium.
By substituting Eq. (6.2) in Eq. (6.1), we have:

[D][ A ] = A
2
2
A] +
[
[ tot ]
[ A ] +
K dAA
K dDA


[D][ A ] = D
2
2

[ tot ]
[D] + K [D] + K
dDD
dDA


(a)
(6.3)
(b)

Assuming that the parameters of the experiment [Atot], [Dtot], K d , K d
DA

AA

and K dDD are known, we

can determine [A] and [D] by solving the system of Eq. (6.3) (a) and (b).
D

DD
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D eD e

D eD f

DfDf

DfAe

DfAf

Ae

Af
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DeAf
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Figure 6.4 Different classes of protein combinations. Each protein (A or D) is allowed homoand hetero-dimerization, forming the classes AA, DD or DA. In addition, each of the proteins has a
probability to be fused to a fluorescent protein (f) or to be endogenous (e). The combination of the
different elements produces 14 sub-classes.
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6.2.2

FRET with endogenous proteins

We have assumed in the previous section that all proteins bared a fluorescent tagged. In a
cell experiment, this is often not the case, and we have to introduce in the model the
possibility for proteins to be endogenous and therefore non-fluorescent.
We use the subscript e for an endogenous protein and the subscript f for a fluorescently
tagged protein. The following population will therefore be found in the sample: Ae, Af, De, Df,
AeAe, AfAf, AeAf, DeDe, DfDf, DeDf, DeAe, DfAe, DeAf and DfAf., as illustrated in Figure 6.4.
We define two parameters endoA and endoD such that:
endoA =

6.2.3

[Ae ]
[ A tot ]

and endoD =

[De ]
[Dtot ]

(6.4)

FRET efficiency calculation

In our model, we allow two ways of de-excitation for an excited donor: 1) by emission of
fluorescence (Fluo) or 2) by energy transfer (FRET). The energy transfer efficiency E is
simply calculated as being the ratio of donors having transferred to donors being excited:

E=

FRET
FRET + Fluo

(6.5)

In principle, energy transfer can occur between an excited donor and a nearby acceptor in
the case of hetero-FRET or a nearby donor (homo-FRET). In a regular microscope it is
however impossible to assess the amount of homo-FRET, as this would be measured as
donor fluorescence. For this reason, the following theory only accounts for hetero-FRET. In
the single distance model, the transfer process has the probability EDA to occur:
EDA =

R06DA

(6.6)

6
R06DA + rDA

where R0DA is the Förster distance of the dye pair D-A.
In such a system, the amount of FRET is only related to the concentration of [DfAf]. In
contrast, the amount of fluorescence is related to [Df], [DfAe], [DfAf], [DeDf] and [DfDf].
These terms can be expressed as:

[Df ] =
[Df A e ] =
[Df A f ] =
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[D]
[D][ A ]
K dDA

[D][ A ]
K dDA

(1 − endoD )

(a )

(1 − endoD ) endoA

(b)

(1 − endoD ) (1 − endoA )

(c )

(6.7)
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[D][D]

[Df De ] = 2

K dDD

[D][D]

[Df Df ] =

K dDD

(1 − endoD ) endoD

(d )
(6.7)

2

(1 − endoD )

(e )

The amount of FRET and fluorescence are calculated as:

FRET = [Df A f ]EDA

Fluo = [Df ]+[Df A e ]+[Df De ]+[Df Df ]+[Df A f ](1 − EDA )

(6.8)

According to Eq. (6.5), (6.7) and (6.8), the efficiency is then calculated as:
E=

K dDD (1 − endoA )EDA [ A ]

(6.9)

K dDA K dDD + K dDD [ A ] + K dDA (endoD + 1) [D]

At this point, it is important to note that the possible homo-dimerization of the protein bearing
the acceptor ([AA]) has no direct effect on the efficiency, except for the consequence it has
on the concentration of acceptors [A].
In the particular case where no homo-dimers are forming, K dAA =K dDD =∞ . Solving the system
of Eq. (6.3) under these conditions for [A] and [D] yields:

[A]=

-(K *dA +(RDA -1))± (K d* A +(RDA -1))2 +4K *dA

[D]=K *dA
With RDA =

tot

tot

tot

([A tot ]-[A] )

[Dtot ] and K *
[A tot ]

dAtot

=

K dDA
[A tot ]

tot

2

(a)

(6.10)

(b)

, a normalized dissociation constant.

The efficiency becomes:

 (1 − endoA ) [ A ] EDA 
E =



A
+K
[
]
d
DA



(6.11)

This model is adapted for each cases treated in the present chapter.

6.3 Materials and methods
The experiments presented in this chapter deal with the interaction of proteins fused with
derivatives of the Green Fluorescent Protein (GFP). The parameters and protocols used in
this study are in principle the same than for the experiments presented in the previous
chapter, except for the particular differences exposed here. A more refined protocol is given
in the three sections dealing with the three protein systems.
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6.3.1

PLL-g-PEG coating

It has been observed that the proteins adsorbed to the glass coverslip, impairing their
interaction. To prevent the adsorption of the protein, the glass surfaces have been plasma
cleaned and coated with PLL-g-PEG according to the protocol developed in Chapter 3 in
order to prevent protein adsorption.

6.3.2

Fluorophores

The pair of fluorophores examined is: Cyan Fluorescent Protein (CFP,λex=433,453 nm,
λem=475 nm) and Yellow Fluorescent Protein (YFP, λex=488,514 nm, λem=527 nm)

6.3.3

Fluorescence measurements

The fluorescence measurements have been performed as described in the section 5.1.3.
Only the filter set (Table 5.1) has been adapted to the CFP and YFP: For channel D,
excitation with the Argon 458 nm and use of a band pass 480-520 nm emission filter. For
channel A, excitation with the Argon 514 nm and use of the long pass 530 nm emission filter.
Channel F uses the excitation of channel D and the emission filter of channel A. We use a
dichroic mirror NFT 515 nm to separate the fluorescence of CFP from that of YFP
(Simultaneous acquisition of channel D and F).
In each experiment, an image is taken from the non-fluorescent proteins (either GST or
binding domains) and used for background subtraction, as described in section 5.1.3.

6.3.4

Plasmid construction

Standard procedures were used for recombinant DNA manipulations (Ausubel et al., 1991).
Oligonucleotides were synthesized by Proligo (Paris, France) and are listed in Table 6.1. All
DNA-fragments were first subcloned into pBluescript and their sequence was verified by
sequencing. For the generation of Glutathione-S-Transferase (GST)-CFP/YFP/GFP fusions,
CFP was amplified from pDH3, YFP from pDH5 (Hailey et al., 2002) and GFP from pFA6aGFP(S65T)-HIS (Longtine et al., 1998) by polymerase-chain-reaction (PCR) using
oligonucleotides oTP1114 (SalI) and oTP1115 (NotI).

After sequence verification, the

fragments were subcloned, using the restriction sites SalI and NotI, into the pGEX-4T-1
(Pharmacia) that allows expression of GST-fusion constructs.
For fusions of the PB1- (Bem1p, amino acids 463-551) and PC- (Cdc24p, amino acids 761-
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oTP437

AAACTCGAGATAAAAAATATTTCCAAGTGG

oTP1114

CAACGCGTCGACTCAACAGTAAAGGAGAAGAACTTTTCACTGG

oTP1115

ATAAGAATGCGGCCGCTATTTGTATAGTTCATCCATGCC

oTP1116

CAACGCGTCGACCATACAGACGAATGTTCAAGAATTTCTC

oTP1117

CAACGCGTCGACCAATATCGTGAACGGAAATTTTCAGTTTGGC

oTP2029

CCGGAATTCTCCATACTCTTCAGGATATC

oTP2030

CGCGGATCCAACAGTAAAGGAGAAGAACTTTTCACTGG

oTP2031

CCGGAATTCTTTGTATAGTTCATCCATGCC

oTP2032

CCGGAATTCTCGGGCTCCAAGCAGGCTCCAGCC

oTP2044

TTAGGATCCTCGGGCTCCAAGCAGGCTCCAGCCCAATC

Table 6.1 Oligonucleotides used for plasmid construction

854) domains to CFP and YFP, PCRs from yeast genomic DNA were performed using the
oligonucleotides oTP2029 (EcoRI) and oTP1116 (SalI) for PC C-terminal fusions, oTP2044
(BamHI) and oTP1117 (SalI) for PB1 C-terminal fusions and oTP2032 (EcoRI) and oTP437
(XhoI) for PB1 N-terminal fusions to CFP and YFP, respectively.

CFP and YFP were

amplified from pDH3 and pDH5 respectively, using the oligonucleotides oTP1114 (SalI) and
oTP1115 (NotI) for C-terminal fusions and oTP2030 (BamHI) and oTP2031 (EcoRI). These
fragments were combined by restriction cloning using the indicated restriction sites into
pGEX-4T-1 in order to result in GST-PB1-CFP, GST-CFP-PB1, GST-PC-YFP, GST-PC and
GST-PB1 combinations.
6.3.5

Protein purification

Escherichia coli cells (BL-21) were transformed with the plasmids described above. Cells
expressing either the protein fusions of GST-CFP/YFP/GFP, GST-PB1-CFP, GST-CFP-PB1,
GST-PC-YFP, GST-PC or GST-PB1 were grown to an OD600 of 0.7 in Luria-Bertani medium
containing

100

µg/ml

ampicillin

at

25°C.

At

this

OD,

1mM

isoplopyl-β-D-

thiogalactopyranoside was added. After 3 h, bacteria were harvested at 4°C by centrifugation
at 10’000 g for 10 min, washed once in 1x PBS (Ausubel et al., 1991) and the pellets were
stored at –80°C. For purification, pellets were resuspended in lysis buffer (150 mM NaCl, 50
mM Tris-HCl pH 7.5, 1µM EGTA) containing 1x protease inhibitor cocktail (Roche). Cells
were lysed by sonication (12 cycles of 20 seconds each) for the GST fusion constructs or
with the One Shot cell extractor (Constant Systems, Warwick, UK) set to maximum pressure
(2.8 kbar). Debris was pelleted by centrifugation at 10 000 g and the supernatant was
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incubated for 2 h at 4°C with glutathione-agarose beads (Pharmacia) and washed once with
lysis buffer for the fusions containing the PC or PB1 domains and twice for the GSTCFP/YFP/GFP fusions. GST-CFP/YFP/GFP fusions were eluted from the beads with elution
buffer (50mM TrisHCL pH8, 190 mM NaCl, 12 mM Glutathione, 1x Protease Inhibitor cocktail
(Roche)) and kept at 4°C or frozen at –20°C. Fusions containing either the PC or the PB1
domain were washed twice with thrombin buffer (150 mM NaCl, 50 mM Tris-HCl pH 8, 2.5
mM CaCl2). GST was cleaved at 37°C using 10 U of human thrombin (Sigma) per 500 µl of
beads in a small volume of about 1.5 ml thrombin buffer for 3 h. The beads were then
centrifuged for 1 min at 1500 rpm and the supernatant was transferred to a new tube. 1x
protease inhibitor cocktail (Roche) was added to prevent protein degradation and the sample
was stored at 4°C.

6.4

FRET between fluorescent proteins binding by GST, in vitro

In order to characterize FRET in vivo, we need to understand a priori and in vitro what are
the important parameters that govern the amount of FRET efficiency. To do so, we have
developed a numerical model that accounts for protein interaction in vitro. It turns out that
the kinetics of the binding process is a key factor, because it determines the concentration of
protein-donor-protein-acceptor pairs, i.e. the construct potentially yielding FRET.

In the

following section, we use GST, an enzyme known to form dimers and used in protein
purification. The GST is fused with CFP or YFP, two fluorophores know to be a FRET pair
(R0=4.92 nm (Patterson et al., 2000)).

6.4.1

Protocol

The protocol for GST-fluorescent protein purification has been described in section 6.3.5.
The relative concentration of GST-donor to GST-acceptor has been estimated from the size
of a spot upon migration in a gel. The buffer used throughout the entire experiment is 50mM
TrisHCL pH 8. The donor-to-acceptor ratio RDA was varied from 0.1 to 10 as defined in the
protocol of Chapter 3. The incubation time was between 1 and 4 hours. The temperature
was constant during the sample preparation and the incubation at either 4 °C or room
temperature.

6.4.2

Application of the numerical model to GST

At equilibrium

In the case of GST dimers, it is not possible to make a physical distinction between Ae and De
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because they are simply GST monomers.

We therefore introduce the variable G to

represent the GST present in the sample.

Ge is used to indicate the non-fluorescent

(‘endogenous’) form of the GST, either in a monomeric or dimeric form. If G is fused with a
fluorescent protein, we will use GA or GD to indicate if it is a GST-Acceptor or a GST-Donor.
Also, there is only one kind of dimerization, implying that K dAA =K dDD =K dDA =K d
Eq (6.1) and (6.2) can be transformed for GST as:
[G] +2 [GG] = [Gtot ] =cste


2
ZZZX
Z [GG] , [GG] K d = [G]
2 [G] YZZ
Kd

(6.12)

At equilibrium, [G] is then given by the system of Eq. (6.12), yielding

[G] =

[G ] 
Kd 
 1+ 8 tot −1

4
Kd



(6.13)

We define endoG as

endoG =

[Ge ]
[Gtot ]

(6.14)

and rewrite the equations (6.7) and (6.8) in terms of [G]

[GD ] =
[GDGe ] = 2
[GDGA ] = 2
[GDGD ] =

[ G]

RDA
RDA + 1

(1 − endoG )

(a )

[G][G]
Kd

RDA
RDA + 1

(1 − endoG ) endoG

(b )

[G][G]

RDA

(1 − endoG )2

(c )


2
 (1 − endoG )
+ 1

(d )

( RDA + 1)
[G][G]  RDA
Kd

Kd


 RDA

(6.15)

2
2

This yields
FRET = [GDGA ] EDA

Fluo = [GD ] + [Ge GD ] + [GD GD ] + [GDGA ] (1 − EDA )

(6.16)

This leads to the efficiency EGST, calculated from Eq. (6.5) and Eq. (6.16) as:
EGST =





2 (1 − endoG ) EDA
4(RDA + 1)
+ RDA (endoG + 1) + 2
Gtot ] 
[
 −1
1+ 8
Kd 


(6.17)

113

Chapter 6

Binding kinetics

The model developed in the previous paragraph allows an estimation of the FRET efficiency
of a system at equilibrium, given that certain parameters are known. In the following, we
extend this model to estimate the time for such a system to reach equilibrium.
The system of Eq. (6.2) can be rewritten as:

k on
ZZZX
Z
Z [GDGA ] ,
[GA ] + [GD ] YZZZ
k off


k on

ZZZX
Z
Z [ GA GA ] ,
 2 [GA ] YZZZ
k off


k on
 2 G
ZZZX
Z
[ D ] YZZZ
Z [GDGD ] ,
k off



[GD ][GA ]
[GDGA ]
2
GA ]
[
Kd =
[ GA GA ]
2
GD ]
[
Kd =
[GDGD ]
Kd =

(a)
(6.18)

(b)
(c)

where the kon and koff are the dimerization and dissociation constants, respectively.
Assuming that the reaction is of first order, we can write the rate equations for the five GST
classes. This yields a system of differential equations, which can be solved in a numerical
way:

 d [ GA ]
2
= k off ( 2 [GA GA ] + [GDGA ]) − k on 2 [GA ] + [GD ][GA ]

 dt
 d [GD ]
2
= k off ( 2 [GDGD ] + [GDGA ]) − k on 2 [GD ] + [GD ][GA ]

 dt
 d [GDGA ]
= k on [GD ][GA ] − k off [GDGA ]

dt

 d [ GA GA ]
2
= k on [GA ] − k off [GA GA ]

dt

 d [GDGD ]
2
= k on [GD ] − k off [GDGD ]

dt


(
(

) (a)
) (b)
(c)

(6.19)

(d)
(e)

Solving this system allows the determination of the different concentrations, thus the FRET
efficiency as a function of time, using Eq. (6.5) and Eq. (6.16). Figure 6.6.B illustrates these
relations for RDA=0.2, [Gtot]=1.2 mM, Kd=10-6 M and kon=1.

6.4.3

Results

We present in this section results from computer simulations and microscopy measurements
of a FRET system. In the latter case, five independent sets of images were taken per each
different RDA in all channel and surface permutations at different positions on the sample and
FRET measures were calculated separately for each set according to methods E6 described
in Table 2.1. The values presented in the following sections represent the mean of the five
sets.
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The FRET efficiency is a function of four undetermined parameters.

In order to provide reference value to our new FRET system, we have investigated by
computer simulation the different factors influencing the efficiency (Eq. (6.17)). The following
factors have been identified:
•

The ratio of donor to acceptor RDA.

•

The proportion of endogenous protein endoG.

•

The ratio between the distance donor-acceptor and the Förster distance r/R0

•

The ratio between the total concentration of GST and the dissociation constant
[Gtot]/Kd.

The influence of the first three factors on the efficiency is illustrated in Figure 6.5.A. It shows
that the efficiency is almost proportional to the proportion of transfected proteins (1-endoG)
and to the probability of FRET (EDA) calculated with the single distance model (Eq. (6.6)).
The dependence of RDA on the efficiency is coherent with the one observed in the
simulations described in Chapter 4. RDA is however not influencing the competition between
donors as was previously the case, but defines the amount of ‘homodimers’ present in the
system. For low RDA, [GDGD] is low, inducing high efficiency. For high RDA, [GDGD] is high,
inducing low efficiency (Eq. 6.15). More interestingly is however the influence of the ratio
[Gtot]/Kd on the efficiency illustrated in Figure 6.5.B. Three domains can be observed:
(a) [Gtot]/Kd>102 . The system reaches a stable state where the dimerization probability is

A

0.8

r/R0
0.2
0.4
0.6

0.6

B

104

a
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0
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Figure 6.5 Efficiency calculated for the case of fluorophores fused to GST. (A) As a function
-6
of different RDA, endoG and r/R0.. Kd is equal to the Kd of GST (Kd=10 M). R0=4.92 nm for CFP-

YFP (Patterson et al., 2000). (B) As a function of RDA and [Gtot]/Kd. The distance r =½ R0 and
endoG=0.
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(b) 10-1<[Gtot]/Kd<102 . The system is in a transitory phase with relatively strong gradient. In
this domain, small variations of concentration or Kd, e.g. by temperature or pH changes, have
dramatic effects on the efficiency.
(c) [Gtot]/Kd<10-1.

The dissociation constant is so large in comparison to the total

concentration of the protein that dimerization is almost impossible. Therefore, the probability
to find a hetero-dimer is really low and the probability for FRET to occur even lower. The
efficiency is quasi zero.
In the present system, the four factors listed above are mainly unknown.

It has been

assumed that endoG=0 (No endogenous proteins), and that GST brings the two fluorophores
in the range of R0. (r/R0≈1).

However, RDA has only been estimated in a relative way,

because the absolute concentrations of the different proteins remain unknown. We have
circumvented this uncertainty by varying RDA over a large range (10-1-101) as shown in the
previous paragraph.
The factor [Gtot]/Kd is more difficult to estimate because both parameters [Gtot] and Kd are
undetermined. The literature does not offer any values for the dissociation constant of GST
dimerization, and the value used in this model (10-6 M) is only an estimation (source: Course
by Dr. Stephen Blacklow, Michigan University).
The dissociation constant Kd plays a major role in the calculation of FRET efficiency.

The low value of Kd indicates that GST is mainly present in its dimeric form. This implies that
already in the stock solutions of donor and acceptor alone, the concentration of monomers is
low. When the two samples are mixed, the solution remains at equilibrium, but the formation
of hetero-(donor-acceptor)-dimers is not instantaneous, and takes place upon monomer
availability.
Since the efficiency is directly linked to the concentration of hetero-dimers, the observed low
efficiency can be due to a low dissociation rate (koff) conjugated with a short incubation time.
This hypothesis has been investigated in two experiments. First, the dissociation rate was
modified with variation of the temperature.

Figure 6.6.A shows the results for two

experiments incubated approx. two hours at 4°C (dotted lines) and for two experiments
incubated three hours at room temperature (solid lines) as a function of RDA.

The low

efficiency obtained for both temperatures suggest that for such a short incubation time, the
effect of the temperature on the dissociation constant is negligible, and that the kinetics of
the hetero-dimerization should be investigated.

Second, the incubation time has been

extended to weeks. Figure 6.6.B shows the efficiency measured during the incubation (solid
black line), as well as the results from a simulation (dotted black line). The simulation is
dependent on the following parameters: Total concentration of GST, Rda, r, R0 and Kd.
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Figure 6.6 Effect of the dissociation constant Kd on the efficiency. (A) Variation of Kd by
temperature changes. (B) Efficiency and concentrations of the dimers and monomers as a function
of time with Rda=0.2, [Gtot]=1.2 mM, Kd=10-6 r=6 nm and kon=1.

These parameters define the efficiency at equilibrium, as described in the previous
paragraph. In the case of Figure 6.6.B, the maximum FRET efficiency has been estimated to
be 0.22. Assuming that the experimental parameters are [Gtot]=1.2 mM, RDA=0.2, R0=4.92
nm and Kd=10-6 M, this yields a distance between the fluorophores of 6 nm. An additional
parameter, koff, the dissociation rate, accounts for the dynamics of the system.
-6

This

-1

parameter has been fitted to the data and yields a value of 5·10 s .
It is important to note that the absolute values of the dissociation constant Kd and of the total
concentration [Gtot] remain undetermined. The results obtained under these assumptions
have only been fitted to illustrate the observations.

6.4.4

Conclusion

The results of the simulations and of the experiments demonstrate the role of the dissociation
constant and dissociation rate in the evaluation of FRET.

The binding kinetics and

equilibrium concentrations of the different protein classes can yield efficiencies ranging from
0 to 1, and can explain the variations obtained from the different experiments.

These

parameters are highly dependent on the state of the system (temperature, pH, incubation
time) and hardly remain constant. Here, the simulated GST-GST interactions suggest that
the Kd of the system is so low that the amount of hetero-dimers (donor-acceptor) is small in
comparison to the homo-dimers amount. Moreover, it would take a very long time before the
efficiency reaches equilibrium.
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Another possible cause of low efficiency can be the result of a long distance r between the
fluorophores due to a long linker between the GST and the fluorescent protein.

This

hypothesis is however difficult to test experimentally because it is virtually impossible to
control the length of this linker.
In summary, the model developed in this section has permitted to identify the key parameters
that play a role in FRET. Although the importance of any of these parameters has been
described, the absolute values of most of them remain undetermined.

Under these

conditions, such a system does not provide reliable reference values and therefore FRET is
not suitable to investigate GST-GST interaction.

6.5 FRET between GFP-fused to PB1 and PC, in vitro.
In this section, we investigate the binding sense of PB1 with PC, the binding domains of
Bem1p and Cdc24p, respectively. In the case of a parallel sense binding, we hypothesize
that the C-termini of both proteins are brought in close proximity. In the case of an antiparallel sense binding, the N-terminus of one protein should be brought close to the Cterminus of the other protein. We use FRET with fluorescent proteins fused to any terminus
of the binding domains to test this hypothesis and to investigate the occurrence of any of
these two possibilities.

6.5.1

Protocol

The binding domains fused with the fluorescent proteins have been produced according to
the protocol described in Sections 6.3.4 and 6.3.5. The relative concentration of PB1-donor
to PC-acceptor has been estimated from the size of a spot upon migration in a gel for the two
classes of PB1-donor. The buffer used throughout the entire experiment is 50mM TrisHCL
pH 8. The donor-to-acceptor ratio RDA was varied from 0.1 to 10 as defined in the protocol of
Chapter 3. The incubation time was between 1 and 4 hours. The temperature was constant
during the sample preparation and the incubation.

6.5.2

Application of the numerical model

In the case of two binding domains fused with two different fluorescent proteins, the general
model can be simplified:

The in vitro system guarantees the absence of endogenous

proteins (endoA,D=0). Moreover, since Bem1 has never been observed as homo-dimers, we
assume its dissociation constant to be very large. In our model, K dDD =∞ .
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Solving the system of Eq. (6.3) under this new condition yields [A] and [D]. Thus, Eq.(6.9)
becomes:
EBinding Domains =

[ A ] EDA
[A] + Kd

(6.20)

DA

6.5.3

Results

In the microscopy experiments, five independent sets of images per each different RDA were
taken in all channel and surface permutations at different positions on the sample. When not
stated otherwise, FRET measures were calculated separately for each set according to
methods E6 described in Table 2.1. The values presented in the following sections represent
the mean of the five sets.
The efficiency is K dDA and K d AA dependent

As obvious from Eq. (6.20), the efficiency is highly dependent on K dDA and on the
concentration of PC-Acceptor monomers, [A], which is also a function of K dAA in addition to
K dDA . We have performed a simulation to study the behavior of the efficiency under the
variation of these parameters, with the condition RDA=1 and r/R0=1/2 (EDA≈1). The results
illustrated in Figure 6.7 show that an error of a factor 104 in the estimation of the ratio
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Figure 6.7 Efficiency as a function of [Atot ]/KdDA and Kd AA /KdDA . The efficiency ranges from 0
(dark blue) to 1 (dark red).
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observed: (a) K dAA < K dDA . The homodimerization is stronger than the heterodimerization and
the efficiency highly depends on the ratio K dAA / K dDA . (b) K dAA ≥ K dDA . The heterodimerization
becomes more important. We are in a regime where little homodimerization can occur. The
number of ‘FRET’ pair is increased and the efficiency only depends on [Atot]/ K dDA .The values
of the dissociation constants are undetermined, but it has been observed (A. Petit, personal
communication) that the binding affinities were higher for the PB1-PC binding, than for the
PC-PC binding, suggesting that the system is in the regime of domain (b). This implies that
the determination of K dAA is not important for the modeling of our system.
Even with such a simplification, the model is still dependent on the four parameters
discussed in the previous section. The results obtained with the GST system can than be
applied to the PC-PB1 system. Especially, the relationship between [Atot]/ K dDA and RDA can
be described by Figure 6.5.B. In the light of this conclusion, it will be difficult to predict the
expected value of the efficiency in such a system. In the same way, fitting the experimental
data to estimate the unknown parameters will not yield absolute values.
The binding domains bind in a parallel sense

One of the aims of the experiments presented in this section was to determine what is the
binding sense of PC with PB1. To answer this question, we have used the PB1 domain with
a CFP fused at either its C- or N- terminus and the PC domain with YFP fused at its
C-terminus (see Figure 6.3). The results illustrated in Figure 6.8.A demonstrate that the
efficiency is higher when the CFP is fused on the PB1 C-terminus than to the N-terminus.
This suggests that in this configuration of ‘parallel binding’ the fluorophores are brought
closer together.
We have validated this conclusion with another set of experiments performed on a
spectrometer. Here, the signal is measured as a function of the wavelength upon excitation
at 458 nm and the efficiency is calculated as E=1-Db/Dd at every wavelength. Results of this
experiment are presented in Figure 6.8.B for both binding senses at two RDA conditions. This
illustrates dependence of the efficiency on the wavelength and shows that for certain
conditions (RDA=0.1), the efficiency is higher for a binding in an anti-parallel sense binding
than in a parallel sense. In order to test consistently the effect of RDA on the efficiency, we
have reported in Figure 6.8.C for every conditions the efficiency measured at 475 nm, the
peak of emission of the donor. It turns out that the efficiency obtained upon parallel binding is
higher (and positive) than the efficiency obtained with anti-parallel binding.

We have

estimated that the limit of sensitivity of the spectrometer was around 2% of the maximum
measured value. This absolute noise has been propagated to estimate the error bars shown
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in Figure 6.8.C. One can observe that the values of these error bars increase when RDA
decreases. For low RDA, the donor concentration is low and yields a fluorescence signal in
the limit of sensitivity of the spectrometer. Efficiencies calculated with method E1 under
these conditions will yield uncertain results.
In the light of the results presented in Figure 6.8, we can conclude that PC binds with PB1 in
a parallel sense, i.e. in a way that brings both C-termini in close proximity.

6.5.4

Conclusion

In this section, we have demonstrated that PC and PB1 were binding together in a parallel
sense, i.e. in a sense that brings their C-termini in proximity. This result is consistent with the
observations made on the structure of both binding domains (A. Petit, personal
communication).
The results of the simulation have revealed that the system can only be modeled in a proper
way if a certain number of its intrinsic parameters are known. Even though the system lacks
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reference values, the conclusions stated here are based on the results of experiments
performed with different methods, which results show internal consistency.

6.6 Conclusions on controlled protein-protein interaction systems, in
vitro
In this chapter, we have applied the FRET system developed in the previous chapters to
study protein-protein interaction in controlled in vitro systems.
We have first simulated the interaction between two proteins to obtain reference values. The
results indicate that the amount of efficiency is dependent on the following parameters: Total
protein concentration, dissociation constants, distance inter-fluorophores and level of
endogenous proteins. In addition, the dissociation rate determines the speed at which the
equilibrium efficiency is reached.
Second, we have studied the interaction between proteins in two controlled systems. The
first system used is the dimerization of Glutathione-S-Transferase (GST). When two GST
fused with two different fluorescent proteins bind, the fluorophores are brought in a Förster
radius allowing the occurrence of FRET. This hypothesis has not been confirmed due to the
low efficiencies measured. The simulation of the system corroborates the results of the
experiments. We hypothesized that the cause of such a low efficiency was due to a low
dissociation rate.

This hypothesis has been tested in an extended incubation time

experiment and the results show that the system need more than a week to yield significant
increase of efficiency, way beyond the 1 to 4 hours incubation performed in the previous
experiments.
The second system studies the dimerization of the binding domains of Bem1 with Cdc24.
The aim was to determine the binding sense of the domains using FRET. The results of the
experiments show that PC and PB1 are binding together in a parallel sense. Theses results
have been validated by a FRET spectrometry experiment. This finding is important for the
design of future experiments aiming at the study of the interaction between Bem1 and
Cdc24, in vivo. In this case, the binding domains are located near the C-terminus of both
proteins, implying that the rest of the protein is on the N’ side.

Therefore, fusing a

fluorescent protein on the C-terminus, as the results of the experiments suggest, should not
hinder the proteins’ functions and still provide good conditions for energy transfer.
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Page 125, FRET: An agitation of mind (Definition from the 15th century)
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The focus of this thesis is the establishment of a Quantitative Fluorescence Resonance
Energy Transfer (FRET) Microscopy system to study protein-protein interaction in vivo.
With the discovery of the Green Fluorescent Protein and the advances in genetic
engineering, it is now possible to fuse a fluorescent protein to virtually any protein of interest
in order to study its temporal and spatial regulation. Genetically modified, such fluorescent
proteins can be produced with various spectral characteristics allowing the observation of
protein co-localization. Although co-localization is important in many cases, it does not imply
interaction. The interaction between two proteins is a process happening in a range of
distances well below the limit of resolution of any fluorescence microscope. FRET is used in
this case as an indicator for protein proximity. Since such a process takes place in a range
of a few nanometers (1-10 nm), it is assumed that if FRET occurs, the two proteins bearing
the fluorophores are in close enough proximity for an interaction to happen. It should be
noted here that the opposite is not true and that the absence of FRET cannot be related with
certainty to an absence of interaction.
The thesis presents the divers steps followed in order to understand the principles of FRET.
This has resulted in the elaboration of the concept of controlled FRET system, composed of
an experimental FRET system allowing the measure of the occurrence of FRET, a numerical
model of the experimental system providing reference values and a mathematical approach
providing means to quantify the occurrence of FRET from the experiments and to compare
the results to the reference values. The idea behind such a concept is that a calculated
FRET value should be accompanied by an estimation of its statistical relevance, an approach
not yet well developed in the FRET community.
With this concept in mind, we have studied the interaction between two GST fused with
different fluorescent proteins.

In this case, the model for protein-protein interaction has

provided hints that the binding kinetics was slow in comparison to the incubation time,
explaining the low levels of FRET observed.
In the case of the interaction between PB1 and PC, the binding domains of Bem1 and
Cdc24, respectively, we have been able to determine that they were binding together in a
parallel sense, confirming the structural studies already performed. This result is important
because it validates the construct that will be used in further studies of the interaction
between the two proteins, in vivo.
I conclude this thesis by indicating the contributions of my research in the area of quantitative
FRET microscopy and by giving a set of guidelines in the form of ‘Frequently Asked
Questions’ to help designing future experiments. The last part of this chapter is reserved for
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a discussion on image normalization, the outcome of which would be of benefit for
quantitative FRET Microscopy.

7.1 Summary of the most important contributions
Chapter 2 reviews the different mathematical approaches to measure the occurrence of
FRET.

These methods have been rewritten using the same comprehensive notation

allowing direct comparison between the equations. They appear in two tables relating either
the calculation of FRET efficiency or of a FRET index. A software, ‘BFRET,’ has been
implemented to calculate FRET with all these methods. A pixel-to-pixel efficiency (or index)
map is generated as well as a significance map indicating the statistical relevance of the
calculated values. Additionally, the values of the influence factors are calculated. They
determine the stability and reliability of the methods.
In Chapter 4 we have shown that a surface FRET system could not be described in an
analytical manner.

This has motivated the development of an algorithm allowing the

simulation of FRET on a surface.

This numerical method, based on a Monte Carlo

framework, introduces a novel way to calculate FRET efficiency. In the algorithms described
in the literature, the efficiency is calculated as the average over all possible configurations of
a given system, i.e. for each donor, the probability of transfer is calculated over all
surrounding acceptors. In contrast, in the algorithm developed in the context of this thesis
the efficiency is calculated as the ratio between the transferred energy quantum and the sum
of energy quanta used in donor excitation. With this definition, the system evolves randomly
and the efficiency is integrated over the excitation time: Each excitation quantum arrives on
the surface at a random timepoint. There, it has a random probability to excite a donor.
Once excited, the probability of transfer is dependent on the configuration and state of
excitation of the acceptors surrounding the donor, as well as their relative dipole orientations.
Such a system allows competition between the donors to transfer their energy at low
acceptor concentration. The results obtained with the simulation indicates that in order to
have high efficiency, the acceptors must be in excess. If the donor concentration is in the
same order than the acceptor concentration, the system is in a domain where the efficiency
varies from its maximum to almost zero.

If the donors are in excess, the efficiency

decreases rapidly to zero.
The FRET system elaborated in Chapter 2, 3 and 4 has been applied on a surface coated
with fluorescently labeled streptavidin, and divers methods have been applied to calculate
the efficiency. The results, reported in Chapter 5, show that the donor-to acceptor ratio RDA is
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an important parameter for the stability of the FRET measurements and calculation. Outside
the range of RDA=0.1-10, noise and data irreproducibility propagate unfavorably, decreasing
the accuracy of the efficiency calculations. Also, the observation strategy is a key factor in
decision of what method to use to calculate the efficiency. It turns out that the stable FRET
measurements can only be observed in the FRET channel, i.e. by measuring the
fluorescence of the acceptor upon excitation of the donor. Methods that estimate FRET from
the donor signal variation in presence and absence of acceptor (E1 or E8) are less robust.
Finally, it has been observed that as long as the crosstalks can be corrected, it is always
favorable to use a FRET dye pair with the longest Förster distance, i.e. high spectral overlap.
Some FRET indices report FRET very reproducibly and still allow qualitative measurements
of FRET in cases of donor-to-acceptor ratios<0.1 where efficiency measures fail or are
completely insensitive towards distance variations. The research presented in these four
chapters has been condensed into an article published in Biophysical Journal (Berney and
Danuser, 2003)
In Chapter 6, we have developed a numerical model for protein-protein interaction allowing
the calculation of the FRET efficiency. This static model has been extended to account for
the protein binding kinetics. The model has provided justifications for the low efficiency
observed in the experiments.

One of the inferred reasons is the low dissociation rate,

impairing the formation of hetero-dimers, thus the occurrence of FRET, during the
observation time.
In the second part of the chapter, we have used FRET on the binding domains of Bem1p
with Cdc24p to assess their binding sense. It turns out that the binding of these domains
brings two fluorophore fused at their respective C-termini in a distance where FRET can
occur. This strongly suggests that the two binding domains bind together in a parallel sense.
This finding confirms the results of the structural studies and validate the use of constructs
where the fluorescent proteins are fused at the C’ termini of both Bem1p and Cdc24p in
further experiments, in vivo.

7.2 Guidelines for FRET microscopy experiments
The aim of this section is to present comprehensive guidelines to help designing future FRET
experiments using microscopy.
What dye pair should be used?

The panel of available fluorophores is growing every day, extending the possibilities for the
choice of a FRET pair. The first criterion to be considered is the nature of the system, and
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the possibilities to tag the proteins of interest with a fluorophore. In systems where FRET is
used to measure protein-protein interaction in vivo, it is often important to use non-invasive
methods to bind the fluorophores to the proteins. One common method is to genetically
engineer the system so that the proteins are either directly expressed with a fluorescent
protein or expressed with a tag. The Green Fluorescent Protein (GFP) family has been
developed to serve the first purpose and can be found, nowadays, in multiple variants with
specific spectral characteristics. In the case of protein tagging, the technique is based on the
introduction of a short amino acid "tag" sequence at the N- or C-terminus or into the middle of
a cloned protein. The introduced peptide has minimal effects on the conformation and
biological activity of the tagged protein and is recognized by antibodies specific to the tag.
The specific antibodies of the two interacting protein tags can be chosen so that their
spectral characteristics allow the occurrence of FRET. Finally, much in vitro experiments
allow a staining of the proteins by immunohistochemistry. With such a method, given epitops
on the proteins are recognized by antibodies that are either directly fluorescently tagged
(primary staining) or that can be tagged by a fluorescent specific immunoglobulin (secondary
staining).

If the system constrains define the staining or tagging method, the choice of

fluorophores remain important. Table 7.1 gives a list of the most common FRET pairs,
together with their Förster distances.
To be able to calculate FRET efficiency, both dyes must be excited and their emissions
measured separately. The second criterion for the selection of a dye pair is therefore the
instrument capability to excite and to measure fluorescence emission.

Finally, another

important criterion in selecting the dye pair is the prior knowledge of the distance between
the two fluorophores (see Table 7.1). In order for FRET to be measurable, this distance
should be in the range of ± 50% of the Förster distance. Among all possible candidates, the
Donor

Acceptor

R0 [nm]

BFP

GFP

4.14

CFP

GFP

4.82

CFP

YFP

4.92

GFP

YFP

5.64

GFP

DsRed

5.11

Alexa 488

Alexa 546

6.31

Alexa 488

Alexa 633

5.55

FITC

Rhodamine Red

5.5

Table 7.1 Selected FRET pairs and corresponding Förster distances
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dye pair with the longest Förster distance should be preferred for stability reasons.
What set up should be installed on the microscope?

Conclusions of Chapter 5 show that the efficiency can only be correctly calculated if the
measured signals are corrected for crosstalk. The best results are obtained with methods
using three channels to measure the fluorescence of the donor upon its excitation (Channel
D) and the fluorescence of the acceptor upon its excitation (Channel A) or upon the donor
excitation (Channel F). Other methods are reported in Table 2.1 to be used if it is not
possible to perform measurements in three channels simultaneously.
What samples should be prepared?

A proper correction of the crosstalks implies the measurement of the donor and acceptor
fluorescence alone in the three pre-cited channels. In all methods (except E7), it is assumed
that the crosstalks are proportional to the fluorescence intensity.

Thus a calibration of

crosstalks can readily be made with a single sample of each of the fluorophore. It is however
recommended to perform such a measurement under the same concentration conditions
than the FRET experiments, thus to repeat it when the concentrations change.
How to set-up the detector parameters?

Stability of the calculations is not guaranteed when crosstalks are calculated from the ratio of
two low signals. It is therefore important to ensure that low fluorescence still yields a signal
above the noise level. Also, all saturated pixels should be discarded from the calculation due
to the obvious biases they induce.
The set-up of the donor channel will be performed on the donor alone sample yielding the
highest fluorescence. The set-up of the acceptor channel is performed on the acceptor alone
sample yielding the highest fluorescence. In a general manner, one should avoid too high
laser power, especially in the donor and FRET channels to minimize photobleaching and to
reduce crosstalk of the donor into the FRET channel. The intensity of the image should be
controlled by the settings of the detector.
The excitation of the FRET channel should match the excitation of the donor channel. The
detector should be set to obtain a signal in the middle of the dynamic range when imaging a
sample containing a positive FRET control.
Once set, all parameters must remain unchanged during the entire experiment.
What is the importance of the reference values?

Prior knowledge of the FRET system is important to analyze the results of the experiments.
This thesis shows two examples where the reference values obtained from the model have
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been used to understand the experimental results.

In the first case (Chapter 5), the

reference values have been used to compare the performance of the various FRET methods.
In the second case (Chapter 6), the results obtained from the model of protein-protein
interaction correlate the measured low efficiency, inferring that the incubation time was too
short.
How reliable is a FRET measurement?

The reliability of a FRET measurement depends on the method and on the system. For each
FRET efficiency map, the statistical significance of each value is assessed by a t-test
producing a significance map. The combination of these two maps indicates the reliability of
the FRET measurement.
Acceptor photobleaching

This method is one of the most commonly used methods to measure FRET. It implies
however that the acceptor can be completely bleached, that the bleaching does not impair
the fluorescence performance of the donor and that the imaged system does not change
during the bleaching. The poor results obtained with this method on our FRET surface
system suggest that such conditions are difficult to guarantee (see Section 5.3, p.87).

7.3 Further developments
The statistical significance of the data obtained with the microscope is highly dependent on
the amplitude of the signal and on the signal-to-noise ratio, SNR. These values can usually
be controlled by adjusting the level of excitation (laser power) or the sensitivity of detection
(Detector gain). Additionally, the output signal can be amplified to match a given range.
To ensure consistency and allow intra-experiment comparison of the results, it is important
that, once set, these parameters remain unchanged during the experiment. The difficulty is
to find the right set of acquisition parameters allowing the measurement of low and high
intensity signals. For FRET efficiency calculation, this gets critical when crosstalk ratios have
to be calculated between two low signals.
To ensure further consistency and allow a comparison of the results between experiments,
one would have to reuse the same parameters. This procedure is obviously inadequate for
quantitative microscopy because a constant level of fluorescence cannot be guaranteed
throughout experiments. Therefore, in most of the cases, the gains of the photomultipliers
have to be set independently for each experiment. These gain changes are not necessarily
yielding linear effects on the signals and are often accompanied by changes of background.
Thus, FRET values obtained with different gain settings are not comparable.
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To circumvent these problems, we propose in the next section a model for image
normalization. Such a model calculates a normalized image, of which the pixel intensities
are independent of the microscope settings. This allows these acquisition parameters to be
changed during an experiment to account for variation in fluorescence intensity without
biasing the fluorescence measurement.

7.3.1

Image Normalization

When acquiring images, there are a number of parameters that can be set on a microscope
so that the measured signal covers the entire range of the digitized image but is unsaturated.
The model proposed in the present section accounts for changes in the detector gain DG,
amplification gain and offset, AG and Aoff, which are the parameters that had to be chosen in
the experimental set up described in Chapter 5.
1. Photon generation at the sample:

Upon excitation by a laser source, a fluorophore will emit photons. These photons will be
directed, via the optical path, to the detector (Figure 7.1.A, point 1.). The average number of

Dg

A

3. Amplifier
#p
SPMT

1.

Ag, Aoff

SAmpl

Image

2. PMT

B
1

Ag
Aoff

SAmpl
SPMT

Max

SPMT

Figure 7.1 Model of a microscope. (A) A fluorescent signal is emitted (1) and detected in a
photomultiplier (PMT) (2). The signal is amplified as well as electronic noise (in red in the PMT).
The signal from the PMT is amplified and an offset is applied (3). An image in gray levels is
produced. (B) Schematic representation of the signal modification by the amplifier.
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photons #p reaching the detector can be estimated as:

#p = α ⋅ ρ ⋅ QY ⋅ ρE

(7.1)

where ρ the concentration of the fluorophore , QY its quantum yield and ρE the power density
of incident laser light. α is a proportionality factor accounting for the loss of intensity along
the optical path (Filters, mirrors, etc), the cross section of the fluorophore and its extinction
coefficient (See section 4.1.1 for further details). The number of emitted photons is Poisson
distributed. The uncertainty in the measured result, called ‘shot noise’ is σ shot noise = ± #p .
Shot noise is intrinsic to the photon statistics of the image and cannot be reduced (Berland et
al., 1998).
2. Conversion of the photons into signal:

In the case of our microscope, the emitted photons reach the aperture of a photomultiplier
(PMT) where they are converted into electrons. Upon application of a voltage the PMT
multiplies the number of electrons. Additionally, a few electrons, e0-, are produced due to the
instabilities in the PMT and are not directly related to the emitted photons (dark noise). The
signal obtained from the PMT can be written:

SPMT = #p ⋅ DG + e0- = α ⋅ ρ ⋅ QY ⋅ ρE ⋅ DG + e0-

(7.2)

where DG is the detector gain (Figure 7.1.A, point 2.).
3. Signal amplification:

The signal obtained from the PMT is amplified and an offset is applied (Figure 7.1.A, point
3.). This procedure is performed so that the signal appears in the dynamic range, and is
neither under- nor over-saturated.

S = Qk (α ⋅ ρ ⋅ QY ⋅ ρE ⋅ DG + e0- ) ⋅ AG + Aoff 

(7.3)

Qk is a factor converting the signal into pixel gray values.
4. Image background

The background signal can be estimated by measuring a sample without fluorescence. In
this case, the number of emitted photons #p=0 and Eq. (7.3) becomes:

(

SBkg = Qk e0- ⋅ AG + Aoff

)

(7.4)

Here, the background of the normalized image is assumed to be only due to the electronics.
Therefore, the background providing from the sample itself, e.g. auto-fluorescence, will have
to be post-corrected.
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Eq. (7.3) can be rewritten as

SMeasured = SFluorescence + SBkg

(7.5)

5. Image normalization

The normalized image can then be calculated as:

INormalized = SFluorescence ⋅ QN =

7.3.2

SMeasured − SBkg AGN ⋅ DGN
⋅
Qk
AG ⋅ DG

(7.6)

Implementation of the model

The model relies on a certain number of parameters that are dependent on the instrument.
Therefore, a calibration needs to be performed for each instrument. The parameters to be
determined are Qk, the conversion factor and e0- the level of dark noise. Additionally, the
linearity of the amplifier gain and of the detector gain has to be tested.
Determination of the conversion factor Qk and of the dark noise e0-

Upon acquisition of a series of dark images (without sample) for different AG and Aoff, one can
calculate the conversion factor Qk and the level of dark noise e0- using Eq. (7.4). The level of
e0- is very low yielding instabilities in the calibration. Moreover, if the changes at the user
interface are not propagated linearly to the amplifier, such a calibration becomes impossible.
In our instrument, we have found that e0- was independent of the level of DG as long as this
latter parameter was in the range 20%-80% of its maximum value. Outside this range,
changes in DG yield non-linear changes in the signal amplitude.
Determination of the other parameters

In the model presented in this section, we assume that the signal varies linearly with changes
in laser power, DG, AG and Aoff. This assumption has to be tested for each instrument by
measuring a stable fluorescent reference sample, e.g. a fluorophore in solution in a well
coated with PLL-g-PEG to prevent surface adsorption. Since the fluorescence of the sample
is independent of the variations of DG, AG and Aoff, the normalized image should yield the
same values. Thus, a lookup table of the effects can be generated for each parameter and
used in the equations to normalize the images.
To correctly calibrate the microscope, one has to relate the changes of DG, AG, and Aoff made
with the user interface to physical changes on the detector or on the amplifier. This allows
the direct testing of the linearity of the electronics.

In our case, this relation could

unfortunately not be established because such measurements needed to be performed on
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parts that are not directly accessible to common users.

This information could not be

obtained from the manufacturer for confidentiality reasons.

7.3.3

Conclusions on the model

I think that the field of quantitative microscopy, and FRET in particular, would greatly benefit
from such image normalization because it would allow a greater flexibility in the image
acquisition. Moreover, most of the methods calculating FRET efficiency with the exception of
E1, E5 and E8 (see Table 2.1) are sensitive to such normalization because the calculated
values are not simply proportional to a given signal.

The efficiency calculated after

normalization would then be independent of the microscope parameters and directly related
to the ‘true’ fluorescence of the sample.
It is my disappointment that for confidentiality reasons, this project could not be conducted to
its end and that the importance of such a model could not be tested in the case of FRET
measurements.

7.4 Personal perspectives on FRET
Although first mentioned in the late 40’s, FRET really started to be used in the mid 90’s as a
technique to measure distances between proteins. In the mean time, a certain number of
mathematical models have been developed to correct biases in the measured signal and to
provide values (efficiency or index) to the occurrence of FRET. However, the nomenclature
used in these models is often inconsistent. Moreover, the concepts of FRET were often
misunderstood and blindly used. A few articles for instance report the use of FRET and the
‘single distance model’ to measure distances between two proteins in samples where the
notion of ‘single distance’ could simply not be applied (see Chapter 4).
Thus, the lack of consistency in the notation used, the apparent differences between all
these methods and the confusion around the use of FRET measurements have motivated
the first part of the research discussed in this thesis. I was particularly interested in providing
a framework to compare the different FRET calculation approaches, as this had never been
done before. This has yielded the elaboration of a FRET system composed of a controlled
experimental platform, a mathematical approach to calculate the occurrence of FRET and a
numerical model of the experimental platform providing reference values.
The outcome of the different experiments is that FRET is a whimsical phenomenon, highly
dependent on the experimental conditions defined by the following parameters: the donor-toacceptor ratio RDA, the dissociation constant Kd, the distance between the fluorophores r, and
the Förster distance R0, which is dependent on the spectral overlap J(λ) and on the
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orientation factor κ2. Additionally, the dissociation rate koff defines the time at which such a
system reaches equilibrium, thus stable FRET efficiency. Such experimental systems are in
consequence difficult to control.
Moreover, the evaluation of the occurrence of FRET by the mathematical approaches is
highly dependent on the signal-to-noise ratio, thus on the quality and concentration of the
staining and on the equipment.
Quantitative FRET microscopy, as such, suffers from the lack of determination of these
parameters. In my opinion, the use of such a technique to provide statistically significant
values of FRET is in the present state inappropriate.
However, recent developments in GFP engineering give hope for the study of protein-protein
interactions using fluorescence.
The specificity of the approach described here is the use of bimolecular fluorescence
complementation (BiFC) for the simultaneous visualization of multiple protein interactions in
the same cell (Hu et al., 2002).

This technique is based on complementation between

fragments of fluorescent proteins with different spectral characteristics (Figure 7.2).
Multicolor BiFC enables visualization of interactions between different proteins in the same
cell and comparison of the efficiencies of complex formation with alternative interacting
partners. Such an approach provides a fluorescent signal only when the two proteins
interact. In terms of signal analysis, this presents an advantage over FRET. In the case of
BiFC, any signal above noise can be directly considered as originating from a protein-protein
interaction.

In contrast, in the case of FRET, protein interactions cause a change of

Figure 7.2 Visualization of complementation between fragments of different fluorescent
proteins fused to bFos and bJun. Fluorescence images of COS-1 cells transfected with plasmids
expressing the protein fragments indicated in each panel (fragments of YFP, GFP, CFP and BFP
for the N’ termini, respectively, and CFP fragment for the C’ terminus) fused to the bZIP domains of
Fos and Jun. The C-terminal fragments were fused to bFos and the N-terminal fragments were
fused to bJun. Structural models of the bimolecular fluorescent complexes shown to the right of
each image are based on the X-ray crystal structure of full-length GFP10. The positions of
fragmentation are indicated by arrows in the structures. The bar represents 10 µm in all images (Hu
et al., 2002). Printed with the permission of T. Kerppola and the Nature Publishing Group. ©
Nature Publishing Group, 2003.
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fluorescence intensity in either donor or acceptor emission. Moreover, the shot noise is
larger for high signal.

This implies that the difference between the signals has to be

substantially large in order to overcome the noise. If such a change is in the same order of
magnitude than the noise, the calculated efficiency will not be statistically significant. In my
opinion, further developments of this technique, especially in terms of quantification, will
provide an ideal tool to study protein-protein interaction, to the detriment of FRET.
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Abbreviations and variables
(ab)

denotes an image taken after acceptor photo-

endoGST

Endogenous fraction of a protein normally
fused to a fluorophore

bleaching
a

acceptor

F

FRET channel

A

Acceptor channel

F

Fluorescence intensity

Aa

Acceptor signal measured in the acceptor

Fa

Ab

Acceptor and donor signals measured in the

FA

Donor

Fb

signal

measured

in

the

acceptor

channel
AF

Pixel-by-pixel ratio of the signal measured in
the FRET channel

FD

17

-1

cA, cD

Surface concentration of acceptors and donors

d

donor

D

Donor channel
Acceptor

signal

measured

in

the

HEPES

Donor signal measured in the FRET channel
Pixel-by-pixel ratio of the signal measured in

Förster or Fluorescence Resonance Energy

-34

Planck’s constant (=6.6262⋅10

J⋅s)

N-2-Hydroxyethylpiperazine-N'-2Ethanesulfonic Acid

Ji(t)

Individual transfer probability

J(λ)

Overlap integral

K d , K dAA,DD,DA Dissociation constant of the Acceptor (AA) and

Pixel-by-pixel ratio of the signal measured in

Donor (DD) homodimerization and of the

the donor channel to the signal measured in

Donor-Acceptor heterodimerization

the acceptor channel

K

rate of relaxation of the fluorophore

Acceptor and donor signals measured in the

knr

Rate constant of non-radiative relaxation

donor channel
Contribution of the donor to the Db signal in
the absence of FRET
Dd

Donor signal measured in the donor channel

DF

Pixel-by-pixel ratio of the signal measured in
the donor channel to the signal measured in
the FRET channel

E

Acceptor and donor signals measured in the

donor

channel

Dbd

Pixel-by-pixel ratio of the signal measured in

Transfer
h

Speed of light in vacuum (=2.998⋅10 nm⋅s )

Db

FRET

the donor channel

Indicates a sample with both donor and

c

DA

the

the FRET channel to the signal measured in
FRET

acceptor

Da

in

FRET channel
Fd

the acceptor channel to the signal measured in

b

measured

the acceptor channel

Contribution of the acceptor to the Ab signal in
the absence of FRET

Ad

signal

the FRET channel to the signal measured in

acceptor channel

Aba

Acceptor
channel

channel

FRET efficiency

Eem, Eex

Energy of emission and excitation, respectively

endoA

Endogenous fraction of a protein normally

processes
kq

Rate constant of quenching

kT

Rate constant of energy transfer (RET)

n

Refractive index of the medium

N

Avogadro number (6.022⋅10 )

N.A.

Numerical aperture of the objective

NA

Number of acceptor to be considered

Nex

Number of excitons

OWLS

Optical Waveguide Lightmode Spectroscopy

PBS

Phosphate Buffered Saline

P(t)

Probability density for a donor to be still

23

fused to the acceptor
endoD

Endogenous fraction of a protein normally
fused to the donor

excited at time t
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Rc
QD

Distance of closest approach

Quantum yield of the donor in the absence of

RDA

Ratio donor to acceptor

acceptor

RSA

Ratio labeled to total protein

r

distance between a donor and an acceptor

SA-a,d,u

rcyl

Radius of a cylindrical protein

Streptavidin-acceptor, -donor and –unlabeled,
respectively

rdisk

Radius of a disk around a donor

R0

Förster distance

Tint

Integration time of the MC simulation

εA

Extinction coefficient of the acceptor

τ

Fluorescence lifetime

εc

Extinction coefficient of the fluorophore

τA

Fluorescence lifetime of the acceptor in the

Γ

Rate constant of fluorescence emission

τD

absence of donor
Fluorescence lifetime of the donor in the
absence of acceptor
2

κ

κ

2

λem, λex

Wavelength

of

emission

Fluorescence lifetime of the donor in the
presence of acceptor

Random orientation factor

respectively
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τDA

Orientation factor

and

excitation,

τM

Modulation lifetime

τT

Overall Fluorescence lifetime

τφ

Phase-shift lifetime
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Consultant for CARL ZEISS, AG. Talks and demos about FRET at divers
Zeiss courses and workshops.
Doctoral Student in photo–physical characterization of biological tissue.
Spectrometry of bone tissue, Confocal imaging.
Consultant at the Serono Pharmaceutical Research Institute (SPRI), Plan–
Les–Ouates, Geneva
Staff Engineer. Responsible for the Flow cytometry, Microscopy and Image
Analysis Facility at the Immunology Department (Head: Dr. M. Kosco–
Vilbois), SPRI.
Maintain and run the facility with 1 Mio Sfr equipment.
Supervision of projects involving fluorescence within the department.
Development of quantitative techniques (Image analysis macro-programming)
for studies of tissue structure and cell localization.
Elaboration of an automated method to analyze micro-arrays and DNA chips.
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1999
1997

1996-1997

1995-1996
1995

Design of a needle loading pressure chamber for mass spectrometry
experiments.
Informatics support within the department.
Technical Advisor at the 13th International Germinal Center Conference,
Geneva
Postgraduate Student in Biomedical Engineering. Diploma work at the Glaxo–
Wellcome Research Institute, Geneva.
Advisors: Prof. Dr. P. Kucera (CHUV, Lausanne) and Dr. M. Kosco–Vilbois
Exploiting three color image to determine the characteristics of antigen
presenting cells, in situ.
Diploma Student in Physics, Biomedical Engineering Lab., EPF-Lausanne
Supervisors: Prof. Dr. J.-J. Meister, Dr. N. Stergiopoulos, Dr. Y. Tardy
Development of a method to simultaneously measure calcium and potential
of smooth muscle cells, as well as variations of diameter in in vitro perfused
mesenteric rat arteries
Semester Projects, Biomedical Engineering Lab., EPF-Lausanne
Study of motility of endothelial cells under flow.
Engineering Project, Rural Engineering Department, EPF-Lausanne
Theoretical and experimental study of Time Domain Reflectometry for the
measurement of soil humidity.

Professional Affiliations
2001-2003
1998-2000

The International Biophysical Society
The International Society for Analytical Cytology

Honors
1999
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Cover of the Journal of Experimental Medicine, September 1999 Confocal
photomicrograph of a lymph node section showing the interaction of B- and TCells with a new subset of dendritic cells identified by its ability to bind to a
fusion protein.

Publications

Publications
Full Papers
4. C. Berney and G. Danuser, 2003, FRET or no FRET: A Quantitative Comparison.
Biophysical Journal. 84:3992-4010.
3. J. Poudrier, P. Graber, S. Herren, C. Berney, D. Gretener, M. H. Kosco-Vilbois and J.-F.
Gauchat, 2000, A novel monoclonal antibody, C41, reveals IL-13R.1 expression by
Murine Germinal Center B cells and Follicular Dendritic Cells., 2000, European Journal
of Immunology 30(11), 3157-3164.
2. C. Berney, S. Herren, C. A. Power, S. Gordon, L. Martinez-Pomares and M. H. KoscoVilbois, 1999, A member of the DC family that enters B cell follicles and stimulates
primary antibody responses identified by a mannose receptor fusion protein. Journal of
Experimental Medicine 190(6), 851-860.
1. J. Poudrier, P. Graber, S. Herren, D. Gretener, G. Elson, C. Berney, J.-F. Gauchat and M.
H. Kosco-Vilbois, 1999, A soluble Form of IL-13 receptor a1 promotes IgG2a and
IgG2b production by murine germinal center B cells. Journal of Immunology 163, 11531161.

Presentations
1. C. Berney, G. Danuser and E. Stüssi, What is the color of bone. XVIIth Congress
of the International Society of Biomechanics, Zürich, July 2001.

Posters
3. C. Berney and G. Danuser, A quantitative FRET system to compare FRET methods. 47th
Biophysical Society Annual Meeting, San Antonio, USA, March 2003.
2. C. Berney and G. Danuser, FRET or no FRET is the question. 46th Biophysical Society
Annual Meeting, San Francisco, USA, February 2002.
1. C. Berney, S. Herren, C. A. Power, S. Gordon, L. Martinez-Pomares and M. H. KoscoVilbois, A member of the DC family that enters B cell follicles and stimulates primary
antibody responses identified by a mannose receptor fusion protein.13th International
Germinal Center Conference, Geneva, August 1999.

Abstract
1. Y. Tardy, C. Berney, J.-J. Meister, Endothelial cell motility under shear stress ,Archives of
Phys. and Bioch., September 1996, Vol. 104, Num. 5. Abstract of a presentation given
at the French Biomechanic Society in Nancy in September 96. The results and analysis
presented there have been obtained and performed during the semester works.
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