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Chapter 1

1.1 Introduction
During the past two decades, cell-biological and biomedical research has greatly benefited
from innovations in fluorescence microscopy. Both the increase in the repertoire of
fluorescence staining techniques at the (sub)cellular level and the development of a
multitude of novel fluorescence microscopy techniques, contributed significantly.
Digital imaging microscopy has been one of the key developments. Advances in technology
have resulted in improved light sources for excitation, more versatile optical components
(i.e. excitation/emission filters, dichroic mirrors), and faster, more sensitive detectors. This
has enabled more complex image acquisition schemes, which in turn have allowed
significant improvements in both optical and temporal resolution. Just as important is the
shift from qualitative to quantitative microscopy.
Before the 1990s, labeling of proteins with fluorescent probes inside cells has been mainly
achieved by immunocytochemistry. However, to enable fluorescent antibodies to enter,
cells need to be fixed and permeabilized and therefore immunolabeling is not suited for the
study of proteins in living cells. Direct labeling with organic fluorophores is possible.
However, this is laborious because it requires protein-purification, chemical labeling and
microinjection into cells. Therefore, there has been great urge for methods allowing noninvasive and site-specific labeling of proteins in living cells or tissue. This was satisfied
with the revolutionary discovery of the genetically encoded green fluorescent protein. This
protein contains a fluorophore that is synthesized within the protein itself, without the need
for additional substrates for generating fluorescence. Today, fluorescent proteins are
available in a variety of colors which are generally named visible fluorescent proteins or
VFPs. Specific fluorescent labeling of multiple proteins simultaneously with VFPs can
now be achieved.
Quantitative fluorescence microscopy of VFP-labeled proteins in living cells has been
essential for the understanding that intracellular signaling is not the result of disordered
chemical reactions. Instead, signaling appears to be highly regulated, both spatially and
temporally. Development of novel quantitative microscopy techniques and optimized
fluorescent proteins is crucial to further increase our knowledge of subcellular signaling.
Therefore, the aim of the research described in this thesis is to create a set of fluorescent
proteins with optimized properties for application in a wide range of organisms, including
mammalian cells, plant cells and bacteria and to develop novel quantitative microscopy
methods for studying signal transduction in living cells using these optimized VFPs. In the
remainder of this chapter a description is given of the fluorescence microscopy techniques
used for the research described in this thesis. Special attention will be given to fluorescence
lifetime imaging microscopy (FLIM) and fluorescence resonance energy transfer (FRET)
imaging, as these microscopy techniques allow imaging of protein-protein interactions and
conformational changes in living cells. Furthermore, an overview is giving of the current
status in fluorescent protein research and several applications of fluorescent proteins in cell
biology are described.
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1.2 Fluorescence microscopy
Fluorescence microscopy is a non-invasive technique, ideally suited for observing the
localization of fluorescent molecules inside the living cell. Fluorescence can be detected
with high contrast and sensitivity. Furthermore, the use of fluorescent proteins as
genetically encoded fluorescent labels and the wide range of organic-dye based staining
procedures provide unprecedented biomolecular specificity (Horan et al., 1990; Miyawaki
et al., 2003).
1.2.1 Widefield versus confocal microscopy
Widefield fluorescence microscopy is the oldest microscopy technique for detecting
fluorescence and still is widely used. In widefield fluorescence microscopy the lens directly
forms an image which can be projected onto a camera or through an eye piece. Therefore
the whole image is recorded at once. The resolution of widefield microscopy is suboptimal,
because the contribution of out of focus fluorescence results in blurring of the image.
In confocal fluorescence microscopy, true 3D-resolution (x,y,z) is achieved by suppression
of out of focus fluorescence (Müller, 2006). This is achieved by placing a pinhole in front
of the detector so that fluorescence from the in-focus plane passes through the pinhole,
whereas fluorescence originating from out of focus planes is blocked. Blocking of out of
focus fluorescence results in ″optical sectioning″ capabilities. With confocal microscopy, a
3D representation of the sample can be reconstructed after acquisition of a series of images
taken along the z-axis. Because of the confocal pinhole, only a single point in the object
plane can be measured at a time. In order to produce an image, the sample has to be
scanned. Therefore, confocal imaging is slower than wide-field imaging, in which the
whole image is recorded at once. Several alternative modes of confocal imaging have been
developed to improve the speed of imaging. One is spinning-disc confocal microscopy,
which uses a fast rotating disc with thousands of pinholes to scan the whole image at once
(Tadakuma et al., 2001; Graf et al., 2005). Another approach is slit-scanning (Brakenhoff
and Visscher, 1992). In this case, the confocal pinhole is replaced by a confocal slit, to
enable line-by-line scanning instead of point-by-point scanning. This approach has recently
found renewed interest and has seriously improved temporal resolution of confocal
microscopy (LSM 5 Live, Zeiss). Yet both alternative approaches do trade off axial
resolution for speed.
1.2.2 Fluorescence lifetime imaging microscopy
Fluorescence lifetime imaging microscopy (FLIM) is a technique to determine the spatial
distribution of excited state lifetimes in microscopic samples (Gadella et al., 1993; Clegg
and Scheider, 1996; Gadella et al., 1997; Gadella et al., 1999; Lakowicz, 1999; van
Munster and Gadella, 2005). In contrast to fluorescence intensity, the fluorescence lifetime
is a kinetic parameter, which is independent of probe concentration, excitation light
intensity and moderate levels of photobleaching.
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The fluorescence lifetime of a fluorophore represents the average amount of time the
fluorophore spends in the excited state after absorption of a photon (Lakowicz, 1999).
Deactivation from the excited state generally takes 1 to 10 ns. The excited-state energy can
be discharged, by i) radiatively by the release of a (red-shifted) photon, ii) non-radiatively
as thermal energy, iii) through triplet state formation (sometimes resulting in
phosphorescence) or iv) by fluorescence resonance energy transfer (FRET, see paragraph
1.2.3).
The fluorescence lifetime is linearly proportional to the quantum yield (QY) of the
fluorophore (i.e. the probability of releasing excited state energy by emission of a photon,
0<QY<1). The QY of a fluorophore is dependent on the direct molecular environment and
factors that influence QY are for example pH, local hydrophobicity, the presence of
fluorescence quenchers or the proximity of energy transfer acceptors (Gadella et al., 1993;
Lakowicz, 1999).
The fluorescence intensity measured in a microscope is always the product of the excitation
light intensity, probe concentration, probe QY and the detection efficiency of the
microscope. Probe concentration and probe QY can vary in the sample and cannot be
determined independently of each other based solely on the fluorescence intensity. In other
words, fluorescence intensity does not discriminate between a high concentration of weakly
fluorescent probes and a low concentration of intensely fluorescent probes. In contrast,
FLIM enables the generation of separate images of fluorescence intensity and fluorescence
lifetime. The lifetime image enables independent estimation of the QY, thereby providing
the capability to image both the local fluorophore concentration and the local fluorophore
quantum yield reporting on the probe microenvironment.
FLIM can be implemented in many different ways (for a recent review see van Munster and
Gadella, 2005), nevertheless fluorescence lifetimes are generally measured using
frequency-domain or time-domain approaches. FLIM requires measurements in the ns time

Figure 1.1 Principle of frequency-domain FLIM.
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domain. This can be achieved by using (fs-ps) pulsed light sources for excitation and timecorrelated detection of the fluorescence decay (generally referred to as time-domain FLIM),
or by using intensity-modulated (in the 10-100Mhz region) excitation light and detecting
the delay (phaseshift) of the fluorescence decay (referred to as frequency-domain).
In frequency-domain FLIM, the intensity of the excitation light is continuously modulated
by a sinusoid or other shaped profile. As a result, the emitted fluorescence will be intensity
modulated as well (figure 1.1). Due to the fluorescence decay (i.e. fluorescence lifetime),
the fluorescence will display a phase-shift (∆ϕ) and decrease in modulation depth (M) with
respect to the excitation light (Weber, 1981; Gadella et al., 1994).
M
B
∆ϕ = ∆T ⋅ ω ; ω = 2πf
and
(1a,b)
M ≡ F =
ME
A
where f is the frequency of modulation. The observed phase-shift and change in modulation
depth can both be used to calculate the fluorescence lifetime, using the following equations:

1
−1
(2a,b)
∆M 2
In case of a mono-exponential lifetime decay, τϕ and τm are equal. If τϕ < τm, this is an
indication that the fluorescence decay is multi-exponential and has different lifetime
components (Weber, 1981; Gadella et al., 1993).

τϕ ≡

1

ω

tan(∆ϕ ) and

τm ≡

1

ω

1.2.3 Fluorescence Resonance Energy Transfer
Fluorescence resonance energy transfer (FRET) is a phenomenon, by which excited-state
energy of a fluorophore (donor) is transferred to another chromophore (acceptor) (Förster,
1948; Förster, 1951). FRET can occur, if the emission spectrum of the donor has overlap
with the absorbance spectrum of the acceptor. This energy transfer occurs nonradiatively;
that is, the donor does not actually emit a photon and the acceptor does not absorb a photon
(Herman, 1989; Clegg, 1996). FRET causes a decrease in fluorescence of the donor and if
the acceptor is a fluorophore, FRET causes an increased or sensitized emission of the
acceptor. A fluorescent acceptor does allow ratiometric imaging. Alternatively, FRET can
be measured by a decrease in the fluorescence lifetime of the donor.
The FRET efficiency (E) is highly dependent on the distance between donor and acceptor
and is defined by Försters theory (Förster, 1948):
1
E=
(3)
6


1+  r 
 R0 
in which r is the distance between donor and acceptor and R0 is the Förster radius for de
donor-acceptor pair. R0 is defined as the distance at with 50% FRET occurs and can be
calculated from the following equation (Förster, 1948; Patterson et al., 2000):
R06 = cκ 2η −4ϕ d ε a J (λ )
(4)
Where c is 8.786·10-11 mol L-1 cm nm2, κ2 is the orientation factor of the interacting dipoles,
η the refractive index of the medium separating donor and acceptor chromophore, ϕd the
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quantum yield of the donor, εa the extinction coefficient of the acceptor with dimensions
mol-1 L cm-1 and J(λ) the overlap integral. Generally, κ2 is set to 2/3, which is true if donor
and acceptor are rapidly randomly orientated (Stryer, 1978; Clegg, 1996; van der Meer,
2002). Depending on the donor-acceptor pair, R0 ranges from 2 to 6 nm (Wu and Brand,
1994; Patterson et al., 2000). Because of the inverse sixth power distance-dependence, E
quickly drops to zero when donor and acceptor are separated beyond R0 (figure 1.2) (van
Munster and Gadella, 2005). Hence, FRET is only significant at distances r < 1.5R0 (i.e. 0 9 nm).
FRET is well suited to measure protein-protein interaction between fluorescently labeled
proteins, since the close proximity required for FRET generally only occurs upon
interaction of the two proteins. Although the resolution of fluorescence microscopy is
limited to approximately 200 nm, FRET enables measurements at the nanometer scale.
Hereby, FRET microscopy effectively combines nm molecular resolution with µm
subcellular spatial resolution.

1.2.4 Imaging FRET
The occurrence of FRET can be imaged by microscopy in several ways. One method is to
measure quenching of donor fluorescence and sensitized emission of the acceptor by
imaging of donor and acceptor fluorescence intensity (Gordon et al., 1998). Ratiometric
FRET imaging of donor and acceptor fluorescence is preferred over imaging only the donor
fluorescence, because by measuring intensity at one wavelength, one cannot discriminate
the donor concentration from the (reduced) donor-quantum yield. For quantitative filterFRET applications, many correction factors have to be taken into account (Berney and
Danuser, 2003; van Rheenen et al., 2004). An alternative method is to use acceptor
bleaching to abolish FRET. This results in donor dequenching, i.e. an increase in donor

Figure 1.2 FRET efficiency versus distance (R0 = 4.75 nm).
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fluorescence. The relative increase can be quantitatively related to the FRET efficiency
(Bastiaens et al., 1996; Wouters et al., 1998; Wouters and Bastiaens, 1999; Kenworthy,
2001; Gu et al., 2004). However, acceptor bleaching is inherently irreversible and can be
prone to many error sources such as acceptor dark states, acceptor photochromicity, sample
movement, etc.
An alternative is to use an imaging spectrograph in FRET microscopy (SPIM) (Gadella et
al., 1997; Gadella et al., 1999). Here the fluorescence originating from a line in the sample
is focused onto the entry slit of a spectrograph and the generated spectrum is imaged onto a
CCD detector. In this way, complete emission spectra are obtained for all pixels along a
line in the object plane. Decomposing multicomponent fluorescence by spectral unmixing
provides much more detail than just using two averaged regions of the spectra of
fluorophores, as is the case in filter-FRET imaging. In the past, considerations for using
SPIM have been that the spectral information is obtained at the expense of one spatial
dimension. This limitation has been overcome by the development of spectral detectors in
confocal microscopy (Leica TCS SP6, Zeiss LSM 510 META), enabling 3D (x,y,λ) and 4D
(x,y,z,λ) pixel-by-pixel spectral imaging (Zimmermann et al., 2003; Thaler et al., 2005).
As mentioned before, the fluorescence lifetime is dependent on the molecular environment
of the fluorophore. In case of fluorescent proteins, the chromophore is buried inside the
protein (for details see paragraph 1.3.4), therefore its direct molecular environment is the
protein itself. Because of the rather effective shielding of the chromophore from the
chemical environment of the protein, the fluorescence lifetime of VFPs is relatively stable
(also inside cells). Since FRET takes place through space the protein shell does not obstruct
energy transfer to acceptors that are in close proximity. Hence, FRET is almost the only
process influencing the quantum yield and fluorescence lifetime of VFPs. This makes VFPs
excellent probes for FRET microscopy. As FLIM provides a quantitative spatially resolved
estimation of fluorescence lifetimes, FRET-FLIM using VFPs is ideally suited for the study
of protein-protein interactions in live cells.

1.3 Fluorescent proteins
1.3.1 Discovery of the fluorescent proteins
The first reported observation of green fluorescent protein (GFP) fluorescence dates back to
the early 1960s. A protein exhibiting a greenish glow was observed as a byproduct after
purification of the chemiluminescent protein aequorin from the jellyfish Aequorea victoria
(Shimomura et al., 1962). In the following 3 decades GFPs were also discovered in several
other light emitting marine species, such as the sea pansy Renilla reniformis (Morin and
Hastings, 1971).
The first major breakthrough for the application of fluorescent proteins occurred 30 years
later, when the gene encoding Aequorea victoria GFP (avGFP) was isolated (Prasher et al.,
1992), followed 2 years later by the discovery that GFP could be expressed in organisms
other than Aequorea victoria and also became fluorescent (Chalfie et al., 1994; Inouye and
Tsuji, 1994). This showed that avGFP is an autofluorescent protein and requires no
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additional (jellyfish-specific) substrates or enzymes, in contrast to the well known
chemiluminescent proteins aequorin and luciferase (Inouye and Shimomura, 1997; Greer
and Szalay, 2002).
The second major breakthrough for the application of fluorescent proteins was the isolation
of the red fluorescent protein drFP583 or DsRed from the Anthozoa Discosoma sp, a
mushroom-shaped anemone found in the warm waters of the indo-pacific ocean (Matz et
al., 1999). The breakthrough was not only the discovery of the first true red fluorescent
protein, but equally important was the fact that it was discovered in a non-bioluminescent
species and that the gene was cloned immediately.

1.3.2 Evolution of fluorescent proteins
The isolation of fluorescent proteins from non-bioluminescent species has led to the
discovery of a whole superfamily of GFP-like proteins (Shagin et al., 2004; Chudakov et
al., 2005). Recently, six additional GFP-like proteins were isolated from Aequorea victoria
related jellyfish (Xia et al., 2002; Gurskaya et al., 2003; Shagin et al., 2004). Furthermore a
large number of GFP-like proteins have been isolated from Anthozoa species, ranging in
fluorescence from green to orange-red, as well as non-fluorescent purple-blue
chromoproteins (Gurskaya et al., 2001; Labas et al., 2002; Matz et al., 2002).
Hydrozoa, like Aequorea victoria, and Anthozoa both belong to the phylum Cnidaria.
Recently, fluorescent proteins have been isolated from planktonic Copepods, which belong
to the evolutionary distant phylum Arthropodia (Shagin et al., 2004). This wide
phylogenetic distribution of GFP-like proteins might implicate that these proteins
developed early in evolution and hence that almost every animal taxon can potentially
contain GFP homologs (Chudakov et al., 2005).

1.3.3 Biological function of fluorescent proteins
The biological function of fluorescent proteins is not completely clear. In Aequorea victoria
and other bioluminescent species containing GFP-like proteins, GFP is bound to aequorin,
where it converts the blue light emitted by aequorin into green light in a proces called
bioluminescence energy transfer (BRET) (Tsien, 1998). The advantage might be that green
light is less absorbed by the surrounding ocean and the emitted fluorescence might be used
as a defense strategy against predators or to attract prey.
Although this might be one of the functions of fluorescent proteins, it is certainly not the
only function. The association of GFP with aequorin is (most likely) a special case, since
most bioluminescent species apparently lack fluorescent proteins and in addition, the
majority of species containing GFP-like proteins are not bioluminescent (Chudakov et al.,
2005). Furthermore, the existence of highly absorbing but non-fluorescent chromoproteins,
together with the fact that many of the organisms containing fluorescent proteins have been
found in subtropical climates, suggests a possible role for fluorescent proteins in protection
against UV-radiation from the sun (Salih et al., 2000). Another function proposed for GFP-
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like proteins in Copepods is that they are involved in visual mate-recognition (Marshall and
Oberwinkler, 1999; Mazel et al., 2004; Chudakov et al., 2005).

1.3.4 Protein structure of VFPs
The crystal structure of avGFP was first solved in 1996, independently by two groups
(Ormo et al., 1996; Yang et al., 1996a). The structure revealed a cylindrical protein,
consisting of 11 β-strands (figure 1.3), which was named 11-stranded β-barrel. A single αhelix runs along the axis inside the β-barrel and was found to contain the chromophore, the
source of fluorescence. The chromophore is placed almost exactly in the centre of the
protein and therefore is buried deep inside the GFP protein. This protective environment
effectively shields the chromophore from its aqueous surroundings.
Remarkably, although there is little sequence homology between the members of the GFP
super family (DsRed and avGFP share less then 30% sequence homology), their crystal
structures are highly similar (Wall et al., 2000; Yarbrough et al., 2001). The β-barrel
structure is a feature common to all members of the GFP super family for which the crystal
structure has been solved. However, whereas avGFP is present mainly as a monomer, many
other VFPs form obligate di- or tetramers.

1.3.5 Chromophore formation in avGFP and DsRed
The chromophore of avGFP is formed by amino acids Ser65, Tyr66 and Gly67 by a series
of autocatalytic reactions (figure 1.4). Although the precise sequence of events is still under
debate (Rosenow et al., 2004; Barondeau et al., 2005), it is generally accepted that
chromophore formation involves cyclization of the tripeptide by nucleophilic attack of the

Figure 1.3 Ribbon diagram of the avGFP crystal stucture (PDB entry 1EMA). The chromophore
is buried in the protein’s interior and shown in sticks representation.
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Figure 1.4 Chromophore formation of avGFP (adapted from Reid and Flynn, 1997). Adapted
with permission from Biochemistry 1997, 36, 6786-6791. Copyright 1997 American Chemical
Society.

amide nitrogen of Gly67 on the carbonyl carbon of Ser65 (Prasher et al., 1992; Cody et al.,
1993; Cubitt et al., 1995; Reid and Flynn, 1997). This results in ring closure and the release
of one H2O molecule. The mature chromophore is formed upon oxidation of the Tyr66 CαCβ bond by molecular oxygen, causing the formation of a p-hydroxybenzylideneimidazolidinone derivative with a large conjugated π-electron system. Since the
chromophore is created by autocatalytic reactions within the protein itself, no co-factors are
required for fluorescence, except for a single O2 molecule during chromophore maturation
(Heim et al., 1994).
The red fluorescent chromophore of DsRed is formed through a green intermediate formed
by the tripeptide Gln66-Tyr67-Gly68, analogous to avGFP. Red fluorescence develops only
after additional oxidation of the bond between the α-carbon and the nitrogen of Gln66,
which extents the conjugation of the chromophore (see also figure 1.6) (Baird et al., 2000;
Gross et al., 2000; Yarbrough et al., 2001). The second oxidation step requires an
additional O2 molecule and occurs rather slow and incomplete. This results in an immature
green chromophore. Importantly, since DsRed is an obligate and closely packed tetramer,
as soon as one chromopore in the tetramer is fully matured (red), then the residual green
fluorescence is efficiently converted to red via FRET.

1.4. Variants of avGFP
Use of avGFP is limited by inefficient folding at temperatures above 20°C. Therefore much
effort has been put into optimizing protein folding at elevated temperatures to facilitate
GFP expression at 37°C for applications in mammalian cells. Furthermore, a range of
mutations have been found, which alter the spectral properties of avGFP. This has resulted
in a variety of color variants of avGFP with fluorescence ranging from blue to greenishyellow.
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1.4.1 Mutations for improving expression of avGFP
Random mutagenesis has yielded several mutations that do not increase the intrinsic
brightness of fluorescence, but rather increase the amount of expressed protein that reaches
a fluorescent state. Some of these mutations are present close to the chromophore
(Phe64Leu, Val68Leu and Ser72Ala; Delagrave et al., 1995; Cormack et al., 1996),
whereas others are located more distant and can be buried inside the protein (Val163Ala;
(Crameri et al., 1996)) or exposed to the outside (Met153Thr, Ser175Gly, Ala206Lys;
(Heim and Tsien, 1996; Siemering et al., 1996; Zacharias et al., 2002)). Although the exact
mechanism of most of these mutations is unknown, mutations close to the chromophore are
presumed to directly improve chromophore formation, whereas the more distant mutations
Val163Ala and Ser175Gly are likely to prevent protein misfolding at elevated temperatures
(Cubitt et al., 1999). Mutation Met153Thr presumably improves solubility, by decreasing
the surface hydrophobicity. Mutation Ala206Lys was found to abolish the tendency of GFP
to dimerize, because the charged lysine disrupted the hydrophobic interphase required for
dimerization (Zacharias et al., 2002). Although the affinity for dimerization is low (kd =
0.11 mM), it can induce artifacts when using GFP fusion proteins to study intermolecular
interactions (Zacharias et al., 2002).
Furthermore, the Aequorea victoria codon usage has been changed into an optimized
mammalian codon usage, thereby eliminating several rare codons (Yang et al., 1996b;
Zolotukhin et al., 1996). Codon optimization has been shown to increase levels of protein
expression four-fold at 37°C and GFP variants with such optimized codon usage are
generally named enhanced fluorescent proteins or EVFPs (enhanced visible fluorescent
proteins) (Yang et al., 1996b; Yang et al., 1998).

1.4.2 Wild type avGFP and variants with neutral chromophore
The chromophore in avGFP can exist in two states with different spectroscopic features.
These states depend on the protonation-state of the phenolic hydroxyl group of Tyr66 and
are strongly influenced by a hydrogen bond network involving amino acids Ser205 and
Glu222 and a H2O molecule buried inside the protein. In wild type avGFP, the
chromophore is mainly present in a neutral form in which the hydroxyl group of Tyr66 is
protonated, because Glu222 donates a proton by electrostatic repulsion via the hydrogen
bond network (figure 1.5A) (Brejc et al., 1997).
In a minor fraction of the protein, the chromophore is in a deprotonated, anionic state, in
which the positive charge is relayed back to Glu222. Additional rearrangements, for
example formation of a hydrogen bond between Thr203 and the chromophore, cause further
stabilization of this conformation (figure 1.5B).
Wild type avGFP has a major excitation peak at 395 nm arising from the protonated
chromophore and a minor excitation peak at 475 nm corresponding to the deprotonated
anionic chromophore (Tsien, 1998). Excitation at either excitation maximum gives rise to
similar but not identical fluorescence with peak emission at approximately 505 nm. The
similar fluorescence is the result of excited-state proton transfer upon excitation of the
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Figure 1.5 Hydrogen bond network surrounding the chromophores of wild type avGFP (A) and
GFP(S65T) (B). Protonation of the chromophore in wild type avGFP occurs by relay of a proton
from Glu222. Reorientation of Glu222 in GFP(S65T) prevents donation of a proton to the
phenolic oxygen of the chromophore. Reproduced from Brejc et al., 1997. Copyright 1997
National Academy of Sciences, U.S.A

neutral chromophore (Chattoraj et al., 1996). Because the phenolic hydroxyl group of
Tyr66 becomes more acidic in the excited state, it can now donate a proton to Glu222 via
the hydrogen bond network (Heim et al., 1994; Brejc et al., 1997).
avGFP variants have been described, in which the minor excitation peak at 475 nm is
abolished, due to a point mutation Thr203Ile (Heim et al., 1994; Ehrig et al., 1995). The
absence of deprotonated chromophore can be explained by the fact that Ile, in contrast to
Thr, is unable to form a hydrogen bond with the phenolic hydroxyl group of Tyr66, which
has been shown to be necessary to stabilize the anionic form of the chromophore (Kummer
et al., 2000; Jung et al., 2005). An optimized avGFP variant, T-Sapphire, contains several
folding mutations in addition to mutation Tyr203Ile (Zapata-Hommer and Griesbeck,
2003). T-Sapphire is very interesting, as it can be detected separately from avGFP variants
with stabilized anionic chromophores (discussed next).

1.4.3 avGFP variants with anionic phenolate chromophore
For cell biological applications, excitation at 475 nm is more favorable than excitation at
395 nm, because the risk of (near-UV) radiation damage is decreased and the levels of
cellular autofluorescence are less. Therefore much effort has been put into improving
excitation of avGFP at 475 nm. Random mutagenesis of wild type avGFP has yielded
several mutations that efficiently abolish chromophore protonation, resulting in increased
excitation around 475 nm at the expense of excitation at 395 nm. Key mutations include
changing Ser65 into Thr, Gly, Ala, Leu or Cys (Delagrave et al., 1995; Heim et al., 1995;
Cormack et al., 1996). These mutations generally act by disrupting the hydrogen bond
network between the chromophore and Glu222 (figure 1.5). Gly, Ala and Leu can not
donate hydrogen bonds and Cys is too large to adopt the right conformation (Tsien, 1998),
therefore Glu222 can not transfer a proton to the chromophore (Brejc et al., 1997). The
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Figure 1.6 Chromophores of different colored VFPs. A) EGFP, B) EBFP, C) ECFP, D) EYFP
and E) DsRed and mCherry.

most commonly used mutation to prevent chromophore protonation is Ser65Thr (Heim et
al., 1995). Compared to serine, threonine contains an additional methyl group and the
increased size causes steric hindrance, preventing hydrogen bonding to Glu222 (Brejc et
al., 1997).
In addition to disrupting the hydrogen bond network between the chromophore and Glu222,
chromophore protonation can be prevented by direct mutagenesis of Glu222. Replacing
Glu222 with Gly or Gln has been shown to effectively abolish excitation at 395 nm (Ehrig
et al., 1995; Jung et al., 2005; Sniegowski et al., 2005). However, Glu222Gln seems to
reduce the efficiency of chromophore maturation (Sniegowski et al., 2005).
The most commonly used avGFP variant today is enhanced GFP or EGFP (Cormack et al.,
1996; Yang et al., 1996b). EGFP has an optimized codon usage for expression in
mammalian cells and contains the mutations, Phe46Leu and Ser65Thr (figure 1.6A).
Because of the excitation maximum at 488 nm and emission maxima at 507 nm (figure
1.7), EGFP is compatible with the standard fluorescence filter sets used for green
fluorescent dyes, i.e. fluorescein.
Emerald is another optimized GFP variant with spectra resembling EGFP and is supposed
to be superior to EGFP (Tsien, 1998; Shaner et al., 2005). Emerald contains several
additional mutations to improve protein folding, however fast bleaching kinetics cause a
50% reduction in fluorescence brightness within seconds after excitation, after which the
photostability is comparable to EGFP. The absence of folding mutations in EGFP suggests
it might be possible to further improve brightness and protein folding of EGFP.

1.4.4 Blue fluorescent variants of avGFP
One of the first color variants of avGFP was a blue fluorescent protein (BFP). BFP has
gained interest, because the blue-shifted fluorescence permitted, for the first time, dual- 21 -
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Figure 1.7 Spectra of different colored VFPs. Normalized excitation (A) and emission (B) spectra
of EBFP (···), ECFP (---), EGFP (- -), EYFP (-·-) and mCherry (-··-).

color imaging together with GFP (Heim and Tsien, 1996; Rizzuto et al., 1996; Yang et al.,
1998). Replacing Tyr66 for His in the chromophore (figure 1.6B) results in blue shifted
fluorescence with excitation and emission maxima at 380 nm and 450 nm, respectively
(figure 1.7) (Heim et al., 1994), however the brightness of this fluorescent protein is poor.
Optimization of the codon usage and incorporation of the additional mutation Tyr145Phe
have been shown to improve expression and the brightness of enhanced BFP (EBFP; Yang
et al., 1998), nevertheless fluorescence remains dim and susceptible to photobleaching
(Heim and Tsien, 1996; Patterson et al., 1997).
For many cases, the UV-excitable GFP-variant T-Sapphire might be a better alternative to
EBFP for dual-color imaging with EGFP, since it is more fluorescent and permits use of a
longer wavelength for excitation.

1.4.5 Cyan fluorescent variants of avGFP
Cyan fluorescent proteins (CFPs) have blue-shifted excitation and emission spectra,
because of the mutation Tyr66Trp inside the chromophore (figure 1.6C) (Heim et al.,
1994). CFP fluorescence (Ex 435 nm / Em 474 nm; figure 1.7) is less blue-shifted than for
EBFP and CFP excitation is intermediate to the excitation of the neutral and anionic
chromophores of avGFP (Tsien, 1998). The main advantage of CFP is that it can be used
for dual-color and FRET applications with yellow fluorescent protein (YFP, paragraph
1.4.6).
The first reported CFP variants were only weakly fluorescent and the extra mutation
Asn146Ile was needed to efficiently accommodate the bulkier chromophore (Heim and
Tsien, 1996; Tsien, 1998). ECFP is a widely used CFP variant with mammalian optimized
codon usage and contains the additional mutations Phe64Leu, Ser65Thr, Met153Thr and
Val163Ala. Although not as bright as EGFP, ECFP fluorescence is readily monitored, due
to the high photostability and the high intensity output of a pressured mercury lamp at 436
nm.
Recently, novel CFP variants CyPet and Cerulean have been developed (Rizzo et al., 2004;
Nguyen and Daugherty, 2005). CyPet contains several novel mutations and was presented
as an improved donor for FRET assays. However, CyPet has been found to express
relatively poorly at 37°C, which can limit its application (Nguyen and Daugherty, 2005;
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Shaner et al., 2005). Cerulean is a brighter fluorescent variant than ECFP, mainly because
of the mutation His148Asp. The increased brightness removes many of the drawbacks of
using cyan fluorescent proteins (Rizzo et al., 2004). Since Cerulean is well expressed at
37°C it probably is the best general-purpose CFP. However, the photostability of Cerulean
is under debate and might limit prolonged excitation (Shaner et al., 2005).

1.4.6 Yellow fluorescent variants of avGFP
Although a true red fluorescent protein has never been found among the many color
variants of avGFP, it was possible to create red-shifted GFP variants (Ex 514 nm / Em 526
nm; figure 1.7). These fluorescent proteins have been called yellow fluorescent proteins
(YFPs) because of the yellowish appearance of their fluorescence (Tsien, 1998). Whereas
all other color variants of avGFP were initially found by random mutagenesis strategies,
YFP was rationally designed, based on the crystal structure of GFP (Ormo et al., 1996).
Ormö and co-workers hypothesized that the phenolic ring of a tyrosine residue at position
203 might result in π-π stacking with the phenolic ring of the chromophore and hence
would reduce the excited state energy. This hypothesis was later confirmed by the crystal
structure of YFP (figure 1.6D) (Wachter et al., 1998). YFPs have found wide application,
because for several years YFP together with CFP was the best combination of fluorescent
proteins available for dual-color imaging and for FRET applications.
Use of early YFP variants, for example EYFP, suffered from several disadvantages, since
they did not express well at 37°C, were sensitive to photobleaching and to environmental
factors, for example pH and Cl- concentration (Llopis et al., 1998; Elsliger et al., 1999;
Jayaraman et al., 2000; Griesbeck et al., 2001; McAnaney et al., 2005). The recently
developed optimized YFP variant, Venus, has overcome most of the drawbacks of early
YFP variants (Nagai et al., 2002). Venus is a fast maturing fluorescent protein and well
expressed at 37°C. Furthermore Venus is less sensitive to changes in pH and insensitive to
the Cl- concentration. However Venus has been implied to be less photostable than EYFP
(Shaner et al., 2005).

1.5 Variants of DsRed
DsRed, is a bright red fluorescent protein with excitation and emission maxima at 558 nm
and 583 nm, respectively. Despite the bright red fluorescence, application of DsRed has
been restricted, because of slow and inefficient maturation and its tetrameric form (Lauf et
al., 2001; Mizuno et al., 2001). The poor maturation efficiency has been overcome by
random mutagenesis, which resulted in the fast maturing variant DsRedT1 (Bevis and
Glick, 2002). However, DsRedT1 remains tetrameric.

1.5.1 Monomeric color variants of DsRed
DsRedT1 has served as the basis for further mutagenesis by directed evolution to finally
yield a monomeric red fluorescent protein, mRFP1 (Campbell et al., 2002). An additional
feature of mRFP1 is a further red-shift in excitation and emission of approximately 25 nm,
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resulting in excitation and emission maxima at 584 nm and 607 nm, respectively. For two
years, mRFP1 has been the only monomeric red fluorescent protein available. Recently, a
whole series of bright monomeric fluorescent proteins has been developed by further
mutagenesis of mRFP1 (Shaner et al., 2004; Wang et al., 2004). These fluorescent proteins
range in color from green and orange to red and far-red. A brighter alternative for mRFP1,
mCherry, is now available. mCherry shows fast and efficient maturation and high
photostability (Shaner et al., 2005). The excitation and emission spectra of mCherry are 3
nm further red-shifted, with maxima at 587 nm and 610 nm, respectively (figure 1.7)

1.5.2 Far-red fluorescent proteins
The development of even further red-shifted fluorescent proteins is of great interest. One
reason is the expansion of the color palette of fluorescent proteins, however even more
important is the potential of far-red fluorescent protein for use in tissues and whole-body
mapping (Weissleder and Ntziachristos, 2003; Chudakov et al., 2005). In biological tissue,
autofluorescence is minimal and light penetration is efficient in the region between 650 nm
and 1100 nm, as these wavelength are too long to be absorbed by hemoglobin and too short
to be absorbed by water.
The most red-shifted native fluorescent protein at present is eqFP611 isolated from the sea
anemone Entacmaea quadricolor, which has its emission maximum at 611 nm
(Wiedenmann et al., 2002). Although brightly fluorescent, eq611 is tetrameric.
Non-fluorescent chromoproteins constitute a surprising alternative source of far-red
fluorescent proteins. These GFP homologs have highly absorbing chromophores, however
without the ability to fluoresce. Mutagenesis of chromoproteins has resulted in far-red
fluorescent proteins (Gurskaya et al., 2001; Bulina et al., 2002). Currently, the most far-red
shifted fluorescent protein is the tetrameric protein AQ143 with excitation and emission
maxima at 595 nm and 655 nm, respectively, and fluorescence extending beyond 750 nm
(Shkrob et al., 2005). The most far-red monomeric fluorescent protein is mPlum, with
excitation and emission maxima at 590 nm and 649 nm, respectively (Wang et al., 2004).
Until now, far-red fluorescent proteins remain only weakly fluorescent, due to a low
quantum yield (0.04 for AQ143; 0.1 for mPlum). However, because of the high molar
exctinction coefficient (90.000 M-1⋅cm-1 for AQ143; 41.000 M-1⋅cm-1 for mPlum), far-red
fluorescence can be readily measured.

1.6. Photoconvertable fluorescent proteins
Among the large number of fluorescent proteins known today several proteins have been
identified which contain unique properties, for example the ability to change the color of
their fluorescence (Chudakov et al., 2005; Lukyanov et al., 2005). These fluorescent
proteins can be specifically ″turned on″ at will, where and when you want.
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1.6.1 Photoactivatable fluorescent protein
Photoactivatable visible fluorescent proteins (PA-VFPs) become fluorescent upon intense
illumination with violet light of around 400 nm. At present, three PA-VFPs are known:
PAGFP, PS-CFP2 and PAmRFP1.
PAGFP was created by inserting mutation Thr203His into avGFP (Patterson and
Lippincott-Schwartz, 2002). This mutation prevents chromophore deprotonation. Therefore,
before activation PAGFP does not fluoresce when excited with 488 nm light. Upon
irradiation with intense violet light, the chromophore is photoconverted into its anionic
deprotonated state, thereby enabling excitation at 488 nm and producing a 100-fold increase
in fluorescence (figure 1.8). Photoconversion has been shown to result in decarboxylation
of Glu222, making photoconversion irreversible (van Thor et al., 2002; Bell et al., 2003).
PAmRFP1, is a variant of the red fluorescent proteins DsRed and mRFP1 (Verkhusha and
Sorkin, 2005). Upon irradiation with 380 nm light, PAmRFP1 displays a 70 fold increase in
red fluorescence (Ex 578 nm / Em 605 nm). However, use of PAmRFP1 is limited by the
dim red fluorescence and because the red fluorescence fades with an apparent half-life of 9
hours at 37°C.
PS-CFP2, actually a photoswitchable fluorescent protein (see paragraph 1.6.2), emits cyan
fluorescence (468 nm) when excited with low intensity violet light (Chudakov et al., 2004;
Chudakov et al., 2005). Upon illumination with intense violet light, PS-CFP2 fluorescence

Figure 1.8 Overview of the chromophore structures and rearrangements of photoactivatable
fluorescent proteins. Reproduced with permission from Nature Reviews Molecular Cell Biology.
Lukyanov et al., 2005. Copyright 2005 Macmillan Magazines Ltd. For color figure see page 139
of this thesis.
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converts to green (Ex 490 nm / Em 511 nm), resulting in a more than 400-fold increase in
green fluorescence and over 2000-fold change in the ratio green/cyan fluorescence. The
mechanism of photoconversion is irreversible and thought to be similar to that of PAGFP
(Chudakov et al., 2004).

1.6.2 Kaede-like photoswitchable fluorescent proteins
Kaede-like photoswitchable visible fluorescent proteins (PS-VFPs) change the color of
fluorescence from green (Ex∼507 nm / Em∼517 nm) to red (Ex∼570 nm / Em∼580 nm)
upon illumination with intense violet light. An advantage of Kaede-like PS-VFPs is that the
excitation wavelength required for fluorescence does not cause photoconversion. In Kaede
(Ando et al., 2002), the green fluorescent chromophore before photoswitching consists of
His65-Tyr66-Gly67 (amino acid numbering according to avGFP). Photoconversion
involves cleavage of the protein backbone between the Nα and Cα of His65 and the
subsequent formation of a double bond between Cα and Cβ of His65 (figure 1.8). This
extends the conjugated π-electron system of the chromophore to the imidazole ring of
His65 and results in red shifted fluorescence.
At present, three Keade-like PS-VFPs have been isolated, all of which are obligate
tetramers. Kaede and EosFP (Wiedenmann et al., 2004) are native PS-VFPs, whereas
KiKGr (Tsutsui et al., 2005) was rationally engineered. A monomeric variant of EosFP
(mEosFP; Wiedenmann et al., 2004) has been created, however expression of mEosFP is
limited to temperatures under 30°C.

1.6.3 Reversible photoactivatable fluorescent proteins
Reversible photoactivatable fluorescent proteins (rPA-VFPs) have the ability to be
repeatedly turned on and off. Only two rPA-VFPs, KFP1 and Dronpa have been studied in
detail (Chudakov et al., 2003; Habuchi et al., 2005). Dronpa is a monomeric green
fluorescent protein (Ex 503 nm/Em 518 nm) and is switched on by near UV irradiation and
turned off by intense blue light. KFP1 is a tetrameric red fluorescent protein (Ex 572
nm/Em 695 nm) that is switched on by illumination with green light and is switched off
again by blue light. Photoactivation of KFP1 can be made irreversible by using high
intensity green illumination. The mechanism of reversible photoactivation has been
proposed to involve a cis-trans isomerization of the chromophore, with fluorescence
associated to the cis-conformation (figure 1.8) (Lukyanov et al., 2005; Quillin et al., 2005).
Recently, the crystal structure of KFP1 in its dark state has been solved and the structural
information supports this hypothesis (Quillin et al., 2005; Wilmann et al., 2005).

1.7 Application 1: Direct labeling with VFPs
1.7.1 Promoter activity studies
The first and probably most straightforward application of VFPs is the visualization of up
and down regulation of promoter activity and gene expression in vivo (Chalfie et al., 1994;
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Cirillo et al., 1998; Soboleski et al., 2005). Although enzymatic assays can be more
sensitive, the availability of different colored VFPs offers the ability to study the activity of
multiple promoters at once. Fast maturing VFPs are recommended for monitoring promoter
activity, to minimize the delay between promoter activation and onset of fluorescence.
Furthermore, in order to measure promoter deactivation, VFP fluorescence should be
transient. Therefore special destabilized VFP variants have been developed, which contain
peptide sequences that promote protein degradation (Li et al., 1998).
Living cells can be labeled using fluorescent proteins, either as single cells in culture or in
whole organisms. Within organisms, specific labeling of cell types, tissues or organs can be
achieved by using a selective promoter (Hara et al., 2003; Gunawardana et al., 2005; Yu et
al., 2005). Especially interesting in this regard is Timer (Verkhusha et al., 2001; Mirabella
et al., 2004; Kozel et al., 2006), a DsRed analogue that changes from green to red over
time. Monitoring the ratio of green versus red fluorescence of Timer gives information on
the history of promoter activity. When expressed by a ubiquitous active promoter, Timer
can reveal cell lineage during embryo development. Photoconvertable VFPs can be used to
specifically highlight single cells, for example single neurons (Tsutsui et al., 2005) and
enable tracking of cells without the need for continuous illumination.
VFP expressing fluorescent cancer cells are a powerful tool to study tumor development
and metastasis (Weissleder and Ntziachristos, 2003; Tsuji et al., 2006). Whereas a less
scientific use of VFPs is the development of fluorescent pets, for example fluorescent fish
(Gong et al., 2003).

1.7.2 Cell organelle labeling
For many proteins the appropriate subcellular location is encoded within the protein by
stretches of amino acids, termed targeting sequences. Chimeric proteins, consisting of a
VFP fused to a targeting sequence, enable fluorescent labeling of virtually any cell
organelle (Gerdes and Kaether, 1996; Patterson et al., 2001). Depending on the targeting
sequence even sub-organelle structures can be specifically labeled, for example the inner
matrix or the inter-membrane space of mitochondria (Llopis et al., 1998; Porcelli et al.,
2005). With the recent discovery of photoactivatable and photoswitchable fluorescent
proteins, it is now even possible to highlight and track single organelles (Patterson and
Lippincott-Schwartz, 2002; Chudakov et al., 2004).

1.7.3 Labeling of proteins
The most commonly used application of VFPs is to fluorescently label proteins. Before the
discovery of VFPs, protein tagging could only be done by chemically labeling purified
proteins and microinjecting the labeled proteins into cells (Wang et al., 1982a; Wang et al.,
1982b). This is a laborious process and experiments were limited to one or a few cells at a
time. Today, with the aid of standard recombinant DNA techniques, chimeric genes
encoding fusion proteins of fluorescent proteins are easily constructed and expressed in
cells. Although the size of VFPs (∼27 kDa) is considerable, many VFP-tagged proteins
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remain fully functional. Nevertheless, it is essential to check whether the VFP label
interferes with the biological function.
A prerequisite for using VFPs for protein-labeling is that they should be monomeric,
because oligomerization can easily induce aggregation. A drawback in this respect is that
many VFPs form dimers or tetramers. In some cases aggregation of dimeric fluorescent
proteins can be prevented by using a tandem dimer of the fluorescent protein (Shaner et al.,
2004; Peyker et al., 2005). The larger size of the dimer will however increase the risk of
artifacts due to steric hindrance. Therefore, it is of key importance to generate monomeric
variants of oligomeric VFPs by means of mutagenesis.

1.7.4 Visualization of protein dynamics in the living cell
The most important feature of VFPs is that they enable non-invasive labeling. As a result it
is no longer necessary to study fixed cells. It is now possible to study proteins live in action
and to track proteins for longer periods of time. With the introduction of confocal
microscopy, three dimensional time-lapse imaging has become a standard (x,y,z,t; 4Dimaging). Furthermore, it is possible to use VFP color variants for multi-color imaging to
study two or three proteins simultaneously (x,y,z,t,λ; 5D-imaging).
In addition to protein localization, VFP-labeled proteins are excellent for studying protein
mobility in living cells. Methods like fluorescence recovery after photobleaching (FRAP)
and fluorescence loss in photobleaching (FLIP) measure diffusion of labeled proteins
(Lippincott-Schwartz and Patterson, 2003; van Drogen and Peter, 2004). The recent
discovery of photoactivatable and photoswitchable fluorescent proteins enables novel
methods to study protein dynamics (Lukyanov et al., 2005). The advantage of
photoswitchable fluorescent proteins is that the photoconverted proteins remain fluorescent
and usually less light is necessary for photoconversion in comparison with bleaching

1.7.5 Visualization of protein-protein interactions
In addition to investigation of protein dynamics, visualization of protein-protein
interactions is a key aspect for understanding the regulation of protein-function (especially
in signal transduction). Because of the limited spatial resolution of conventional light
microscopy, it is impossible to distinguish between two differently labeled proteins that
actually interact or merely co-localize. To detect protein-protein interactions in living cells,
methods are required which are sensitive to changes in the nanometer range.
Detection of FRET between fluorescently labeled proteins has become an extremely
powerful tool for studying protein-protein interaction in living cells. Since FRET is
restricted to distances < 9 nm, it provides resolution on the nanometer scale (Bastiaens and
Squire, 1999; Gadella et al., 1999; Truong and Ikura, 2001; Zhang et al., 2002). FRET has
been used to visualize interaction between a variety of proteins, including oligomerization
of receptors (Gadella and Jovin, 1995; Overton and Blumer, 2000; Tertoolen et al., 2001;
Patel et al., 2002), complex formation between heterotrimeric G-proteins (Ruiz-Velasco
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and Ikeda, 2001; Zhou et al., 2003), transcription factor interactions (Day, 1998; Immink et
al., 2002; Tonaco et al., 2006) and many others.
Until now, most studies involving VFP-based FRET used CFP and YFP variants, however
with the expansion of the spectral palette of VFPs, novel FRET-pairs have become
available. Some of the novel FRET-pairs are superior to CFP/YFP, due to improved
contrast and higher FRET efficiencies (Karasawa et al., 2004; Shaner et al., 2005).
An alternative method to measure protein-protein interactions with VFPs is bimolecular
fluorescence complementation (BiFC) (Hu et al., 2002). For this, two proteins are labeled
with non fluorescent VFP fragments. These fragments can form a functional fluorescent
protein only if their fusion partners associate. Simultaneous visualization of multiple
protein interactions can be achieved by combining fragments of different colored VFPs (Hu
and Kerppola, 2003). Limitations of the BiFC approach are slow maturation of the
associated VFP molecule, as maturation of the chromophore is initiated only after
association of two VFP fragments. Furthermore, the stereospecific requirements for
association increase the risk of false negative interactions and BiFC results in irreversible
dimerization of the fusion partners, prohibiting the use of BiFC for dynamic interaction
studies.

1.8 Application 2: Indirect labeling with VFPs
An emerging application of VFPs is their use as fluorescent biosensors to sample the
interior of living cells. VFP-based biosensors are chimeric fusion proteins, consisting of a
VFP fused to a protein domain with affinity for a (non-protein) compound of interest. VFPbased biosensors take genetically encoded labeling beyond the labeling of proteins alone.
Fluorescent biosensors can be divided into three groups: sensors with variable fluorescence
intensity, sensors that change localization and FRET-based sensors.

1.8.1 Fluorescent biosensors with variable fluorescence intensity
One of the first fluorescent biosensors were cellular pH-sensors, exploiting the fact that the
fluorescence of many VFPs is decreased at reduced pH (Kneen et al., 1998) (Llopis et al.,
1998). VFP variants have been developed with pKa values close to physiological pH. These
pH-sensitive VFPs have been used for pH measurements within the cytosol, mitochondria,
golgi and endoplasmatic reticulum. More versatile is the avGFP variant pHluorin, a
ratiometric pH-sensor (Miesenbock et al., 1998). Acidification causes a reduction in
pHluorin excitation at 400 nm, and a concomitant increase in excitation at 470 nm.
Fluorescence of the first generation YFP variants was uniquely quenched by halide ions,
due to a cavity in the β-barrel structure, close to the chromophore. Such YFPs have been
used as reporters of cytosolic Cl- ion concentration (Wachter and Remington, 1999;
Wachter et al., 2000). In addition, a special avGFP variant has been engineered that is
sensitive to the redox state of the cell (Dooley et al., 2004; Hanson et al., 2004). For this
purpose, surface exposed residues in avGFP were substituted for cysteines which can form
a disulfide bond, depending on the redox state of the environment. Formation of a disulfide
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bond favored the protonated neutral form of the avGFP chromophore, thereby quenching
fluorescence.
Certain fluorescent biosensors contain circularly permutated (cpVFPs) (Baird et al., 1999).
The N- and C-terminus of cpVFPs have been connected by a flexible linker and novel
termini have been created inside the β-barrel structure of the protein. Since the novel
termini are located close to the chromophore, cpVFP fluorescence is very sensitive to
conformational changes at the new termini. A fusion of cpYFP to calmodulin and the M13
peptide has been used to create a Ca2+-sensors (Baird et al., 1999; Nagai et al., 2001).
Binding of Ca2+ to calmodulin causes a conformational change and protonation of the
chromophore in cpYFP, which results in a decrease in fluorescence.

1.8.2 Fluorescent biosensors that change localization
Many proteins contain binding sites for recruitment and regulation by (non-protein) second
messengers. Well known examples of high affinity binding domains are the C1 and C2
domains of protein kinase C (PKC), which mediate PKC activation by diacylglycerol
(DAG) and Ca2+ (Hurley et al., 1997; Hurley and Misra, 2000). Another example is the
affinity of pleckstrin homology (PH) domains for phosphoinositides (Lemmon et al., 1996;
Lemmon and Ferguson, 2001). These regulatory domains consist of conserved motifs,
which keep their affinity when fused to a VFP. Lipid synthesis will result in binding of
such fusion protein or biosensor to the membrane where the lipid is produced, whereas
breakdown will cause release of the sensor. This redistribution (or translocation) can be
used to indirectly follow lipid-signaling in time and space. This approach has been used to
develop fluorescent biosensors for diacylglycerol (Oancea and Meyer, 1998; Oancea et al.,
1998) and phosphoinositides, for example PtdIns3P (Burd and Emr, 1998; Gillooly et al.,
2000), PtdIns(4,5)P2 (Stauffer et al., 1998; Varnai and Balla, 1998; van der Wal et al.,
2001) and PtdIns(3,4,5)P3 (Gray et al., 1999; Varnai et al., 1999). The C2-domain of PKCγ
is an aspecific lipid binding domain, however the requirement of Ca2+ for binding and
translocation to the plasmamembrane, provides a highly sensitive biosensor for Ca2+-release
(Oancea and Meyer, 1998).

1.8.3 FRET-based biosensors that change conformation
FRET-based biosensors consist of a pair of VFPs capable of fluorescence resonance energy
transfer fused to a domain that can undergo a conformational change. The structural
rearrangements change the distance and/or the spatial orientation of the fluorophores and
hence influence the FRET efficiency.
Conformational changes are the key to a myriad of signaling events, including ligand
binding and protein phosphorylation. Numerous FRET-based biosensors have been
developed to visualize these events and include biosensors for second messengers, for
example Ca2+ (Miyawaki et al., 1997; Nagai et al., 2004), cAMP (Nagai et al., 2000;
Ponsioen et al., 2004), cGMP (Honda et al., 2001) and Ins(1,4,5)P3 (Tanimura et al., 2004;
Remus et al., 2006). FRET-based biosensors for specific protein modifications include
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biosensors for kinase and phosphatase activity (Violin et al., 2003; Niethammer et al.,
2004; Schleifenbaum et al., 2004; Green and Alberola-Ila, 2005). FRET-based sensors for
protease activity have been developed by direct fusion of donor and acceptor VFP, using a
linker encoding a protease cleavage site (Mitra et al., 1996; Nagai and Miyawaki, 2004;
Zhang, 2004). Protease activity will result in irreversible loss of FRET.

1.9 Outline of this thesis
Fluorescent proteins and fluorescence microscopy provide the unique possibilities to study
target proteins in their natural environment. This provides more realistic experimental
results, especially with respect to protein localization and kinetics. In the complex
environment of cells, many parameters contribute to the performance of the protein of
interest. Therefore, it is desirable to monitor simultaneously as many of the relevant cellular
processes as possible (multiparameter imaging). The large variety of fluorescent proteins
and of advanced fluorescence microscopy techniques have extreme potential for multiparameter monitoring of cellular events. However, to exploit their full potential it is of
paramount importance to optimize fluorescent proteins for use in cell biological
applications. Furthermore, the expansion of the array of available fluorescence microcopy
techniques will generate novel methods to study the spatial and temporal regulation of the
living cell. Of special importance is the ability to generate quantitative data from live cell
microscopy. In this thesis I focus on the generation of novel optimized fluorescent proteins
and the generation of new quantitative microscopy techniques for extracting qualitative
information from cells using these optimized fluorescent proteins.
In chapters 2 and 3 the development and characterization of improved folding variants of
avGFP variants EYFP, ECFP, EGFP and EBFP is described. Chapter 2 reports the results
for the yellow and cyan fluorescent proteins and chapter 3 reports the results obtained for
the green and blue fluorescent proteins. Multiple mutants of each color variant are obtained
by site-directed mutagenesis. Purified fluorescent protein is used for characterization of the
spectral properties, as well as protein folding and chromophore formation. Furthermore,
expression in E. coli bacteria and mammalian cells is evaluated.
In chapter 4 a novel procedure is presented to image FRET between fluorescent proteins
by means of gradual acceptor-photobleaching. The theoretical framework for the technique
is discussed in detail, as well as the benefits and potential pitfalls of this new procedure.
Performance of the novel procedure is studied in vitro, using purified protein, and in vivo in
mammalian cells.
In chapter 5 a method is presented for quantifying the fractional composition of binary
mixtures of fluorophores, based on single-frequency FLIM data. The method of lifetime
unmixing can be used regardless of the complexity of fluorescence decay of the fluorescent
probes involved. The feasibility of lifetime unmixing for discriminating spectrally identical
fluorescent proteins is explored. This is done in vitro, using purified proteins, and in vivo in
mammalian cells. The theoretical framework for the technique is discussed in detail, as well
as its potential for quantitative multiparameter imaging.
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Chapter 6 summarizes and discusses the conclusions that can be drawn from the work
described in this thesis. Furthermore, an outlook for the future for the application of
fluorescent proteins and fluorescence microscopy is given.
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Cyan and yellow super fluorescent proteins with
Improved brightness, protein folding and FRET
Förster radius
Gert-Jan Kremers, Joachim Goedhart, Erik B. van Munster and Theodorus W.J. Gadella Jr

Enhanced cyan and yellow fluorescent proteins are widely used for dual color imaging and
protein-protein interaction studies based on fluorescence resonance energy transfer. Use of
these fluorescent proteins can be limited by their thermo-sensitivity, dim fluorescence and
tendency for aggregation. Here we report the results of a site-directed mutagenesis
approach to improve these fluorescent proteins. We created monomeric optimized variants
of ECFP and EYFP, which fold faster and more efficiently at 37°C and have superior
solubility and brightness. Bacteria expressing SCFP3A were 9-fold brighter than those
expressing ECFP and 1.2-fold brighter than bacteria expressing Cerulean. SCFP3A has an
increased quantum yield (0.56) and fluorescence lifetime. Bacteria expressing SYFP2 were
12 times brighter than those expressing EYFP(Q69K) and almost 2-fold brighter than
bacteria expressing Venus. In HeLa cells, the improvements were less pronounced,
nonetheless, cells expressing SCFP3A and SYFP2 were both 1.5-fold brighter than cells
expressing ECFP and EYFP(Q69K), respectively. The enhancements of SCFP3A and
SYFP2 are most probably due to an increased intrinsic brightness (1.7-fold and 1.3-fold for
purified recombinant proteins, compared to ECFP & EYFP(Q69K) respectively) and due to
enhanced protein folding and maturation. The latter enhancements most significantly
contribute to the increased fluorescent yield in bacteria whereas they appear less significant
for mammalian cell systems. SCFP3A and SYFP2 make a superior donor-acceptor pair for
fluorescence resonance energy transfer, because of the high quantum yield and increased
lifetime of SCFP3A and the high extinction coefficient of SYFP2. Furthermore, SCFP1, a
CFP variant with a short fluorescence lifetime, but identical spectra as compared to ECFP
and SCFP3A was characterized. Using the large lifetime difference between SCFP1 and
SCFP3A enabled us to perform for the first time dual-lifetime imaging of spectrally
identical fluorescent species in living cells.

This chapter has been accepted for publication in Biochemistry. Copyright 2006 American Chemical
Society.
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2.1 Introduction
Since the cloning of the Green Fluorescent Protein (GFP) gene from the jellyfish Aequorea
victoria (Prasher et al., 1992; Chalfie et al., 1994), mutagenesis of GFP has generated a
variety of visible fluorescent proteins (VFPs) with fluorescence ranging from blue to
greenish-yellow (Tsien, 1998). Besides mutations that affect the spectral properties,
numerous modifications have been described that improve the brightness of one or more
VFP variants. Such mutations can act in different ways, for example by improving
chromophore formation (F64L, V68L), protein folding (S72A, V163A, S175G) and
solubility (M153T, V163A) (Cormack et al., 1996; Siemering et al., 1996; Patterson et al.,
1997; Cubitt et al., 1999; Fukuda et al., 2000).
Enhanced cyan (ECFP) and enhanced yellow (EYFP) fluorescent proteins are widely used,
since they can be applied for dual color imaging and for fluorescence resonance energy
transfer (FRET) applications to study protein-protein interaction (Patterson et al., 2001;
Zhang et al., 2002). Unfortunately, ECFP is about 4 times less bright than EYFP, because
of lower absorbance and fluorescence quantum yield. Therefore, improving ECFP
fluorescence would facilitate visualization of CFP-fusion proteins and enable higher FRET
efficiencies for CFP and YFP.
The FRET efficiency (E) of a donor-acceptor pair is dependent on the average distance (r)
between donor and acceptor and on the Förster radius (R0) as defined by Förster’s theory
(Förster, 1948):
1
E=
(1)
6


r
1+ 

 R0 
In which R0 is the distance at which 50% FRET occurs. R0 can be calculated from the
following equation (Förster, 1948; Patterson et al., 2000):
R06 = cκ 2η −4ϕ d ε a J (λ )
(2)
Where c is 8.786·10-11 mol L-1 cm nm2, κ2 is the orientation factor of the interacting dipoles,
η the refractive index of the medium separating donor and acceptor chromophore, ϕd the
quantum yield of the donor, εa the extinction coefficient of the acceptor with dimensions
mol-1 L cm-1 and J(λ) the overlap integral. Generally, κ2 is set to 2/3, which is true if donor
and acceptor are rapidly randomly orientated (Stryer, 1978; Clegg, 1996; van der Meer,
2002), and then R0 is dependent only on ϕd, εa and Ј(λ). When comparing donor-acceptor
pairs with identical absorbance and emission spectra, J(λ) is identical and the difference in
R0 is directly related to ϕd and εa. From equations 1 and 2 can be derived, that in case the
average distance between donor and acceptor is also constant, the FRET efficiencies of
donor-acceptor pair E and S are related according to:
Y
ES =
(3)
1
−1+ Y
EE
with Es the FRET efficiency of pair S and Ee the efficiency of pair E and Y is defined as:
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Y=

(ϕ d ⋅ ε a )S
(ϕ d ⋅ ε a )E

(4)

Our strategy to improve ECFP was based on Venus, a recently described improved YFP
variant (Nagai et al., 2002). Venus matures much faster and more efficient than EYFP at
37°C, because of one novel YFP-specific mutation (F46L) and four common folding
mutations (F64L, M153T, V163A and S175G) that have not been used together in EYFP
before. More recently, also a bright ECFP variant named Cerulean was described, with
improved extinction coefficient and fluorescence quantum yield, as a result of 2 mutations,
Y145A and H148D (Rizzo et al., 2004). An additional feature of Cerulean is a fluorescence
lifetime decay best fitted by a single exponential. We have studied whether ECFP
fluorescence would also benefit from these mutations. Since ECFP already contains the
folding mutations F64L, M153T and V163A, we concentrated on the remaining mutations.
In addition, the effects of V68L and A206K both in ECFP and in Venus were studied.
A206K has been described to abolish the tendency of YFP to dimerize (Zacharias et al.,
2002). Because of their improved folding and brightness, we named these VFP variants
Super Fluorescent Proteins or SCFPs and SYFPs, respectively, to indicate the upgrade from
the well-known, enhanced fluorescent proteins ECFP and EYFP. Besides detailed
spectroscopic characterization, expression of VFPs was studied in E. coli bacteria and in
mammalian cells, and the FRET efficiency of YFP-CFP hetero-dimers was determined

2.2 Experimental procedures
Construction of VFP vectors
All vectors were made using standard molecular biological methods (Sambrook and Russel,
2001). VFP variants were obtained by site-directed mutagenesis using the Quick-Change
Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) or a modified version of this
protocol (Sawano and Miyawaki, 2000). The modified protocol used a combination of 5’phosphorylated oligonucleotides and ligation during amplification, enabling the
incorporation of multiple mutations at once. A list of oligonucleotides used for mutagenesis
is shown in table S2.1 (2.8 Supporting information).
For bacterial expression VFPs were cloned into plasmid pGEX-MCS. pGEX-MCS was
created by inserting a modified multiple cloning site as a BamHI/HinDIII fragment into
pGEX-KG (Guan and Dixon, 1991). The modified multiple cloning site consisted of 2
annealing oligonucleotides 5’-GATCTACCATGGAATTCAGCGGCCGCTCTAGAGGA
TCCA-3’ and 5’-AGCTTGGATCCTCTAGAGCGGCCGCTGAATTCCATGGTA-3’ with
5’overhangs compatible with BamHI and HinDIII restriction sites. The BamHI site was
disrupted by a C>T modification immediately after the 5’overhang. pGEX-EYFP(Q69K)
was made by inserting EYFP(Q69K) (human codon-optimized wtGFP with S65G, V68L,
Q69K, S72A and T203Y) from pMON999d35S-YFP (Vermeer et al., 2004) as a NcoI/XbaI
fragment into pGEX-MCS. pGEX-ECFP was formed by inserting ECFP (human codonoptimized wtGFP with F64L, S65T, Y66W, N146I, M153T and V163A) from pECFP-N1
(Clontech, Palo Alto, CA) as a NcoI/NotI fragment into pGEX-MCS. pGEX-Venus was
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made by inserting Venus (EYFP with F46L, F64L, M153T, V163A and S175G) from
pCS2+ Venus (a generous gift of A. Miyawaki) into pGEX-MCS as a NcoI/EcoRI
fragment. pGEX-Cerulean(A206K) was created by inserting Cerulean(A206K) from
pCerulean(A206K)-C1 (a generous gift of D.W. Piston) as a NcoI/BsrGI fragment into
pGEX-SCFP2.
Mammalian expression vectors were created in pEGFP-C1 (Clontech) by replacing the
EGFP coding sequence. A NheI restriction site was introduced upstream of the VFP cDNA
by Polymerase Chain Reaction (PCR) with primers 5’-CCGCTAGCGCTACCGGTCGCC
ACCATGGTGAGCAAGG-3’
and
5’-CGAGATCTGAGTCCGGACTTGTACAGC
TCGTCC-3’ and VFPs were ligated as NheI/BsrGI fragments.
Mammalian expression vector encoding tandem dimers of YFP and CFP variants were
constructed by inserting EYFP(Q69K) as a NheI/BamHI fragment into pECFP-N1
(Clontech). The BamHI site was introduced into EYFP(Q69K) immediately downstream of
the BglII site present in pEYFP(Q69K)-C1 by PCR with primers 5’AGGTCTATATAAGCAGAGC-3’ (anneals in the CMV promoter) and 5’ATGGATCCGAAGATCTGAGTCCGGACTTG-3’. The other hetero-dimers were created
by replacing EYFP(Q69K) for SYFP2 from vector pSYFP2-C1 (NheI/BglII fragment) and
replacing ECFP for SCFP3A from vector pSCFP3A-N1 (BamHI/BsrGI fragment).
Plasmid pSCFP3A-NES encoding SCFP3A with a nuclear export sequence
(SELQNKLEELDLDSYK; J. Goedhart, unpublished) fused to the C-terminus. Plasmid
pSCFP1-NLS encoding SCFP1 with a nuclear localization sequence fused to the C-terminal
lysine (GGPKKKRKV; J. Goedhart, unpublished). All constructs were checked by DNA
sequencing (Baseclear, Leiden, the Netherlands).

Fluorescent protein isolation
Fluorescent proteins were isolated as GST-fusion proteins. 400 ml TY-medium (10 gr/l
bactotryptone, 5 gr/l yeast extract, 5 gr/l NaCl and 3 ml/l 1N NaOH), supplemented with
100 µg/ml Ampicillin and 0.4%(w/v) glucose was inoculated with 8 ml starter culture,
which was grown overnight. Bacteria were grown at 37°C until OD600 ≈ 0.6 and cooled to
room temperature. Protein synthesis was induced with 0.1 mM IPTG (Duchefa Biochemie
BV, Haarlem, the Netherlands) for 5 hours at 21°C. Bacteria were washed once with 40 ml
STE (20 mM Tris-HCl, 1 mM EDTA, 150 mM NaCl, pH 8) and stored at -70°C until
further processing. Bacterial pellets were thawed and resuspended in 10 ml STE, containing
1 mg/ml lysozyme, 5 mM DTT, 1 mM PMSF and 0.1% NP-40. Cells were disrupted by
sonication. After centrifugation for 30 minutes at 40.000 g, the supernatant was passed
through a 0.22 µm filter and added to 2 ml 50% glutathione-agarose (Sigma-Aldrich, St.
Louis, MO). After 1 hour incubation, the glutathione-agarose with GST-tagged protein was
washed 3 times with 10 ml STE, containing 5 mM DTT, 1 mM PMSF and 0.1% TritonX100 and 3 times with 10 ml STE. The GST-tag was removed by incubation overnight with
50 U thrombin (Amersham Bioscience, Uppsala, Sweden) at room temperature. Samples
were desalted over a Sephadex PD10 column using 20 mM Tris-HCl, pH 8.5. Proteins were
further purified by ion exchange chromatography using a monoQ column on an ÄKTA
FPLC machine (Amersham Bioscience) and a linear NaCl gradient (10 mM/ml, flow 1
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ml/min) in 20 mM Tris-HCl, pH 8.5. Fluorescent protein eluted around 250 mM NaCl.
Protein concentrations of all fluorescent fractions were determined by the Pierce BCA
Protein Assay (Pierce Biotechnology, Rockford, IL), using a bovine serum albumine
standard as reference. Fractions were pooled and spectral grade glycerol (Sigma-Aldrich)
was added to 50%(v/v) for long term storage at minus 20°C. Sample purity was checked by
SDS-page to be >95%.

Spectral characterization
Spectral measurements were done in 20 mM Tris-HCl, 1 mM EDTA pH 8. Absorbance
spectra were measured on an Uvikon293 dual beam spectrophotometer (Bio-Tek
Instruments, Winooski, VT). Extinction coefficients were calculated by applying Beer’s
law on the absorbance spectra obtained from the fractions collected after monoQ FPLC. For
each VFP variant up to 3 fractions with different concentrations (0.1<ODλmax< 1) of 3
independent protein isolations were used for determining the extinction coefficient. A
molar mass of 27 kDa was used for all VFPs. Fluorescence spectra were measured on a PTI
QuantaMaster 2000-4 fluorescence spectrofluorometer (Photon Technology International,
Lawrenceville, NJ) and corrected for differences in excitation intensity and detector
sensitivity. Fluorescence quantum yield measurements were done on diluted VFP solutions
from 3 independent protein isolations with similar OD (ODλex ≤ 0.05) with fluorescein
(Molecular Probes, Eugene, OR) in borate buffer solution pH 9.1 (QY 0.92) (Velapoldi and
Tonnesen, 2004) as quantum yield standard.
pKa measurements
For pH titrations, fluorescent protein was diluted to 25-75 nM in wells of a 96-wells plate
containing 200 µl titration buffer. Titration buffers contained 50 mM citric acid/Na citrate
(pH 3-5.5), KH2PO4/Na2HPO4 (pH 6-8) or glycine/NaOH (pH 8.5-10). Plates were
analyzed using a FL600 fluorescence microtiterplate reader (Bio-Tek Instruments)
equipped with custom ordered filters. For YFP and CFP fluorescence, BP485/20 and
BP430/25 excitation filters and BP530/25 and BP485/40 emission filters (Chroma
Technology Corp., Rockinham, VT) were used, respectively. The pKa was determined by
fitting a sigmoid equation using Igor Pro 5.0 software (Wavemetrix, Portland, OR).
Bleach measurements
Bleach experiments were performed according to a modified protocol as described by
Patterson et al (1997). 50 µl fluorescent protein solution (~0.25 µM in 20 mM Tris-HCl, 1
mM EDTA, 5%(v/v) polyethyleneglycol 4000, pH 8) was mixed with 450 µl 1-octanol
(Spectral grade, Sigma-Aldrich) and emulsified by passing 15 times through a 25G surgical
syringe. 4 µl of the emulsion was put on an object slide and covered with a 18x18 mm
coverglass. Single microdroplets were bleached under continuous widefield illumination
(0.22 µW/µm2 for CFP and 0.026 µW/µm2 for YFP) on an Axiovert200M microscope
(Zeiss, Jena, Germany) fitted with a Zeiss plan Neofluar 40× 1.3 NA, oil-immersion
objective, using a 100 W high pressure Hg-lamp for excitation. Repeatedly, the bleach
kinetics of a uniform reference layer (Zwier et al., 2004) was measured, to verify the
intensity of excitation light. Bleach series were recorded on a Coolsnap HQ CCD camera
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(Roper Scientific, Tucson, AZ). YFP or CFP fluorescence was detected, using HQ500/20
and D436/20 excitation filters, 525DCXR and 455DCLP dichroic mirrors and HQ545/30
and D480/40 emission filters, respectively (Chroma Technology Corp.). Data analysis was
done by fitting a single-exponential decay.

Refolding and oxidation of fluorescent proteins
Refolding studies were performed as described (Reid and Flynn, 1997).Fluorescent protein
was denatured by heating for 5 minutes at 95°C in the presence of 8 M urea and 1 mM DTT
and cooled to room temperature. For chromophore reduction 5 mM sodiumdithionite was
added before denaturation. Refolding was initiated by 100-fold dilution in refolding buffer
(50 mM Tris-HCl, 35 mM KCl, 2 mM MgCl2, 1 mM DTT, pH 7.5) at 37°C. Protein
refolding and oxidation was followed in time by measuring the recovery of fluorescence
while stirring. An equal amount of native protein was used to determine the fluorescence
intensity of non-denatured protein. Rate constants for refolding (fast component) and
reoxidation (slow component) were obtained by fitting a double-exponential equation.
Localization in E. coli
0.5 ml of a starter culture which was grown overnight was used to inoculate 25 ml TYmedium, supplemented with 100 µg/ml ampicillin and 0.4%(w/v) glucose and grown to
OD600 ≈ 0.6 at 37°C. Induction of protein synthesis was initiated upon 10-fold dilution into
medium containing 0.1 mM IPTG. After 4 hours incubation at 37°C, cells were fixed with
2.8% formaldehyde/0.04% glutaraldehyde. Microscopy slides were prepared by pipetting
bacteria on an object slide containing a thin layer of 1% agarose and sealed with a
coverglass. Images were recorded on a Coolsnap FX CCD camera (Roper Scientific)
connected to an Olympus BX60 fluorescence microscope (Japan) fitted with an Olympus U
Plan Fl 100x 1.3NA oil immersion phase contrast objective. YFP or CFP fluorescence was
detected, using HQ500/20 and D436/20 excitation filters, Q515LP and 455DCLP dichroic
mirrors and HQ535/30 and D480/40 emission filters respectively (Chroma Technology
Corp.).
Relative brightness in E. coli
Bacteria were grown to OD600 ≈ 0.6 as described above. Cultures were diluted to OD600 =
0.1 in triplicate and used to inoculate wells of a flat bottom 96-wells plate (Greiner BioOne, Frickenhausen, Germany) in quadruplicate. Per well, 180 µl medium containing 0.1
mM IPTG was inoculated with 20 µl diluted bacteria. Bacteria were grown at 37°C in the
fluorescence microtiterplate reader while shaking. Fluorescence was measured every 5
minutes as described under “pKa measurements”.
Transient transfection HeLa cells
HeLa cells growing on glass coverslips were transfected with plasmid DNA, using
Lipofectamine2000 (Invitrogen, Breda, the Netherlands) according to the manufacturer’s
protocol. To obtain mixed populations of cells expressing different DNA constructs, cells
were transfected separately, trypsinized and mixed 8 hours after transfection. For
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microscopy, the growth medium was replaced with extracellular-like buffer (140 mM NaCl,
5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM glucose and 20 mM Hepes, pH 7.4).

Fluorescence brightness in HeLa cells
HeLa cells growing in tissue-culture treated 35 mm dishes were transfected with 0.3 µg
plasmid DNA as described above. Fluorescence imaging was done 18 hours post
transfection. For microscopy, the growth medium was replaced with extracellular-like
buffer. Fluorescence images were collected using a Coolsnap HQ CCD camera (Roper
Scientific) mounted on a Leica MZ FLIII stereo-fluorescence microscope, fitted with a
Planapo 1x objective, a 100 W high pressure Hg-lamp for excitation and excitation and
emission filters as described for “localization in E. coli”. Cells were imaged through the
bottom of the 35 mm dishes at 3.2x magnification, using exposure times of 1500 ms and
1250 ms for YFP and CFP variants, respectively. For a single experiment, 3 dishes per VFP
variant were used and from each dish 6 images were recorded. Single images contained
100-150 cells and in total between 1800 and 2300 cells were imaged for each VFP variant.
The experiment was repeated in triplicate. Fluorescent cells were identified by image
processing as follows. Of each image, background fluorescence was subtracted and
fluorescent cells were identified as spots more than 100 pixels in size. The fluorescence per
cell was calculated as the sum fluorescence divided by the cell-size in pixels. The
fluorescence brightness of each VFP variant was defined as the average mean fluorescence
of all cells. Image processing was done in Matlab 6.1 (The Mathworks, Natick, MA) using
the image processing library DIPlib (Pattern Recognition Group, TU Delft, the Netherlands,
http://www.ph.tn.tudelft.nl/DIPlib/).
Immunolabeling of HeLa cells
Hela cells were fixed with 1% formaldehyde, permeabilized with 0.5% TritonX-100 and
blocked with 1% BSA. Incubation with primary antibody against GFP (Molecular Probes)
was done overnight at 4°C and incubation with Cy5-labeled secondary antibody was done
for 30 minutes at room temperature. Cells were embedded in Mowiol. Fluorescence
microscopy was performed using a Zeiss LSM510 confocal laser scanning microscope,
implemented on a Zeiss Axiovert100 inverted microscope. Images were aquired using a
Zeiss plan Neofluar 40x 1.3NA, oil-immersion objective. For imaging of YFP, CFP and
Cy5, the 514 and 458 nm argon-laser lines and the 633 nm line of a helium-neon laser were
used for excitation. A series of dichroic mirrors was used to divide fluorescence into
separate YFP, CFP and Cy5 channels. Fluorescence was detected through BP530-550
(YFP), BP470-500 (CFP) and LP650 (Cy5) emission filters. To obtain cross-talk-free
images, consecutive images were recorded, using a single laser line for excitation and
activation of a single detection channel. The intensity of the excitation light was measured
to correct for variations in laser power. Co-localization images of VFP- and Cy5fluorescence were recorded. For each image the ratio of VFP- and Cy5-fluorescence was
determined by line fitting on the scatterplots of VFP fluorescence intensity versus Cy5
fluorescence intensity. For each VFP variant, the brightness per amount of protein was
defined as the average ratio of VFP- and Cy5-fluorescence.
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Fluorescence Lifetime Imaging Microscopy (FLIM)
For frequency-domain wide-field FLIM measurements, the FLIM setup as described by
Van Munster et al. (2004a) was used. For imaging of CFP and YFP, a helium–cadmium
laser (442nm, 125mW) or argon-ion laser (514nm, 150mW) (Melles-Griot, Carlsbad, CA),
a 455DCLP or 525DCXR dichroic mirror and a D480/40 or HQ545/30 bandpass emission
filters (Chroma Technology Corp.) was used, respectively. The frequency of modulation
was 75MHz. Reference phase and modulation were obtained using a reference filter cube
reflecting 0.1‰ of the excitation laser light directly on to the detector. FLIM stacks of 12
phase images were acquired with an exposure time of 250 - 1000 ms per image, depending
of the brightness of the samples, using a Zeiss plan Neofluar 40x 1.3NA, oil-immersion
objective. To minimize artifacts due to photobleaching (always <5% for CFP and <10% for
YFP), a permutated recording sequence was used (van Munster and Gadella, 2004b).
Software for control, acquisition, processing and analysis of the data was written in C++,
using Matlab 6.1 and the image processing library DIPlib. The FRET efficiency was
calculated using equation:
E = 1−

τ DA
τD

(5)

Where τDA is the donor lifetime of a hetero-dimer, and τD is the donor lifetime of the
corresponding unfused CFP variant. FRET efficiencies were calculated based on phase
lifetimes.

2.3 Results
Construction of novel CFP and YFP mutants
Site directed mutagenesis was used to convert Venus into a cyan fluorescent protein (table
2.1). First, a monomeric Venus (mVenus) was made by introducing the mutation A206K to
abolish the tendency to dimerize (Zacharias et al., 2002). Secondly, mVenus was converted
into a cyan fluorescent protein by reversing mutations F46L and T203Y and introducing
mutations G65T, Y66W, and N146I. This cyan fluorescent protein was named SCFP1, and
contained the common folding mutations not yet present in ECFP (S72A and A175G), as
well as mutations V68L and A206K. SCFP2 was made by changing leucine68 back to
valine. Finally, H148D and Y145A/H148D were incorporated into SCFP2 to create
SCFP3A and SCFP3B respectively. SYFP2 was created by changing leucine68 in mVenus
back to valine.
Spectral analysis of fluorescent proteins
The different VFP variants showed only minor changes in absorbance and emission spectra
(figure 2.1, table 2.2). For previously published VFP variants, the results of our spectral
analysis results resembled closely those already reported (see table S2.2, 2.8 Supporting
information). For all optimized YFP variants, the absorbance spectra displayed a slight
reduction at 490 nm compared to EYFP(Q69K), while the emission spectra were identical
with the emission maximum at 527 nm. The CFP variants displayed a small decrease in
absorbance at the secondary maximum (452 nm), and a slight reduction in fluorescence at
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Figure 2.1 Absorbance and emission spectra. Comparison of absorbance (dotted lines) and
emission spectra (solid lines) between YFP (A) and CFP (B) variants. Excitation wavelengths
were 480 nm and 430 nm for YFPs and CFPs, respectively. The spectra represent the average of
at least 3 measurements from 3 independent protein isolations. For color figure see page 140 of
this thesis.

the secondary maximum at 500 nm compared to ECFP. These changes were most profound
for SCFP3A and SCFP3B, both containing mutation H148D. The emission spectrum of
SCFP1 was 3 nm red-shifted (477 nm), but changing leucine68 back to valine returned the
emission maximum to 474 nm. The QY of SCFP1 was 0.24 and nearly 30% reduced
compared to ECFP (0.36) (table 2.2). This QY reduction was most likely caused by
leucine68, because changing leucine68 back to valine increased the QY of SCFP2 to 0.41.
For SCFP3A the QY was further increased to 0.56 as a result of mutation H148D. A similar
effect of this mutation on ECFP QY was described by Rizzo et al. (2004). Introduction of
Y145A in SCFP3B caused a slight decrease in QY as described for Cerulean (Rizzo et al.,
2004), however, we did not observe an increase in extinction
Table 2.1 Overview of the mutations in YFP and CFP variantsa
Mutations
EYFP(Q96K)

S65G V68L Q69K S72A T203Y

Venus

F46L F64L S65G V68L S72A M153T V163A S175G T203Y

mVenus

F46L F64L S65G V68L S72A M153T V163A S175G T203Y A206K

SYFP2

F46L F64L S65G S72A M153T V163A S175G T203Y A206K

ECFP

F64L S65T Y66W N146I M153T V163A

SCFP1

F64L S65T Y66W V68L S72A N146I M153T V163A S175G A206K

SCFP2

F64L S65T Y66W S72A N146I M153T V163A S175G A206K

SCFP3A

F64L S65T Y66W S72A N146I H148D M153T V163A S175G A206K

SCFP3B

F64L S65T Y66W S72A Y145A N146I H148D M153T V163A S175G A206K

Cerulean(A206K)

F64L S65T Y66W S72A Y145A N146I H148D M153T V163A A206K

a

Annotation based on wtGFP amino acid sequence, GenBank Accession number M62653 (Prasher et
al., 1992).
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coefficient. SCFP3B and Cerulean(A206K) had similar extinction coefficient and QY and
because these VFPs differ by only one point mutation, S175G, we can conclude that S175G
has little effect on these properties. Overall only minor changes in extinction coefficient
were observed, ranging from 28,000 to 33,000 (table 2.2).
Mutations V68L and A206K had little effect on the spectral properties of YFP. Changing
leucine68 back to valine in SYFP2 resulted in a slight increase in QY as well (table 2.2),
but the effect was less profound than for the CFP variants. Addition of A206K did not
change the QY of mVenus and neither addition of A206K nor changing leucine68 to valine
influenced the extinction coefficient, ranging from 110,000 for Venus to 101,000 for
SYFP2 (table 2.2).
The fluorescence intensity of fluorescent proteins is pH dependent and a pKa well below
physiological pH is recommended to prevent artifacts in fluorescence due to pH changes
inside cells. Early YFP variants have pKa values close to pH 7 and hence their fluorescent
properties in cells were highly pH dependent. EYFP(Q69K) (Miyawaki et al., 1999) and
Venus (Nagai et al., 2002) are relatively pH insensitive and we measured pKa values of 5.8
and 5.6 respectively (table 2.2), slightly lower than reported before (compare table S2.2).
Changing leucine68 back to valine in SYFP2 increased the pKa by 0.5 units. Of the CFP
variants, only ECFP displayed a sigmoidal pH dependence (pKa 4.8). All other CFP
variants were insensitive to changes in pH between pH 5.0 and 9.5 (data not shown). Like
for the YFP variants, V68L reduced the pH sensitivity of SCFP1 as compared to ECFP.
Introduction of mutation H148D in SCFP3A increased the pKa by 1 unit, similar to the
results observed for GFP(S65T) (Elsliger et al., 1999).

Bleachrates
Besides brightness, the photostability of a fluorescent protein is a very important property,
because bleaching limits the time a fluorescence signal can be detected. Minor changes in
photostability were observed for the CFP variants and none for the YFP variants containing
V68L (table 2.2). However, changing leucine68 back to valine decreased the relative
bleaching time of SYFP2 by 30%. Thus, mutationV68L contributes to the photostability of
YFP.
Protein folding and chromophore oxidation
During protein isolation, we observed that protein isolates of VFPs were brightly colored
immediately after protein extraction, with the exception of isolates of Venus, mVenus and
SCFP1 which were faintly colored after protein extraction and required overnight
incubation to reach vivid coloration. The delay was caused by mutation V68L, since it was
absent in SYFP2 and SCFP2. This prompted us to study protein refolding and chromophore
oxidation in vitro. For Venus, refolding was approximately 4 times faster compared to
EYFP(Q69K) and the percentage of fluorescence recovery also was about 4 fold higher
(figure 2.2A, table 2.2). Addition of A206K in mVenus had little effect on refolding and
percentage recovery. Surprisingly, changing leucine68 to valine in SYFP2 decreased the
rate of protein refolding by a factor 2 and reduced the percentage of recovery. This was
unexpected, because of the observed delay in fluorescence development for V68L
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0.49 (475)

0.50 (474)

0.56 (474)

0.41 (474)

0.24 (477)

0.36 (474)

0.68 (527)

0.64 (527)

0.63 (527)

0.76 (526)

<4.5

<4.5

<4.5

<3.5

<3.5

4.8

6.0

5.5

5.6

5.8

pKa

1.6

1.5

1.7

1.2

0.7

1

1.3

1.2

1.3

1

ε*QY

7.4

7.6

9.0

5.0

2.9

1

12.0

7.5

6.5

1

E. coli

1.0 ± 0.1

0.9 ± 0.2

1.0 ± 0.2

1.0 ± 0.1

0.7 ± 0.1

1 ± 0.1

1.4 ± 0.1

1.3 ± 0.2

1.5 ± 0.3

VFP-fluor
1 ± 0.1

Brightnessc

1.3 ± 0.3

1.1 ± 0.2

1.5 ± 0.2

1.2 ± 0.2

1.0 ± 0.2

1 ± 0.2

1.5 ± 0.2

1.4 ± 0.2

1.3 ± 0.2

HeLa
Immunolabeling
1 ± 0.2

1.5

1.6

1.1

1.3

2.7

1.1

1.0

2.2

1.5

0.4

(10-2 s-1)
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1.4

1.5

1.6

2.1

1.6

1.7

(10-4 s-1)

Kox

1.1

1.2

1.1

1.0

1.1

1

0.7

1.0

1.0

1

τbleachd

2.2 ± 0.1

2.3 ± 0.1

2.3 ± 0.1

2.6 ± 0.1

2.3 ± 0.1

1.5 ± 0.1

2.3 ± 0.2

2.9 ± 0.1

2.7 ± 0.1

2.8 ± 0.1

2.8 ± 0.1

Phase (ϕ)

2.9 ± 0.1

3.1 ± 0.1

3.1 ± 0.1

3.2 ± 0.1

3.0 ± 0.1

2.0 ± 0.1

3.0 ± 0.1

3.1 ± 0.1

2.9 ± 0.1

3.0 ± 0.1

3.1 ± 0.1

Mod

Lifetimes (ns)e
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Extinction coefficient (M-1cm-1) with excitation maximum (nm) between brackets. bQuantum yield with emission maximum (nm) between brackets.
c
Relative brightness based on quantum yield and extinction coefficient (ε*QY) and expression in E. coli and HeLa cells. VFP-fluor represents the
fluorescence intensity relative to EYFP(Q69K) and ECFP, respectively (n=3). Immunolabeling represents the VFP/Cy5 fluorescence ratio, relative to
EYFP(Q69K) and ECFP, respectively (n=10). Numbers indicate mean values and standard deviation. dTime needed to bleach 1/e of total fluorescence
relative to EYFP(Q69K) or ECFP (higher numbers reflect higher photostability). eFluorescence lifetimes in HeLa cells. Lifetime measurements
represent the average and standard deviation of at least 10 measurements, except for SCFP2 (n = 4).

a

Cerulean(206A)

33 (434)

SCFP2

Cerulean(A206K)

29 (434)

SCFP1
30 (433)

29 (434)

ECFP

30 (433)

28 (434)

SYFP2

SCFP3B

101 (515)

mVenus

SCFP3A

110 (515)
105 (515)

Venus

72 (514)

EYFP(Q96K)

ε x103 (λmax) a QY (λmax)b

Table 2.2 Characterization of VFP variants
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containing VFPs during protein isolation. For SCFP1 the rate of protein refolding increased
2.5 times compared to ECFP and the amount of correctly refolded protein doubled (figure
2.2B, table 2.2). Again mutation V68L increased the rate and efficiency of refolding,
because changing leucine68 back to valine in SCFP2 resulted in a rate and efficiency of
refolding similar to ECFP. The improvements in protein folding of SCFP1 were less
pronounced than for mVenus, probably because ECFP already contained the folding
mutations F64L, M153T and V163A. For SCFP2, SCFP3A, SCFP3B, and
Cerulean(A206K) the rate of protein refolding was similar to ECFP, but the efficiency was
highest for SCFP3A. The rates of chromophore oxidation were similar for all VFPs studied
(table 2.2).

Figure 2.2 Refolding of fluorescent proteins after denaturation. Representative refolding curves
with curve fits for the YFP variants (A): EYFP(Q69K) (○), Venus (□), mVenus (▲) and SYFP2
(♦) and for the CFP variants (B): ECFP (○), SCFP1 (■), SCFP2 (▲) SCFP3A (♦), SCFP3B (×)
and Cerulean(A206K) (□). Fluorescence intensities are normalized to the fluorescence of an
equal amount of native protein.

Localization in E. coli
During protein isolation we found a large portion of GST-EYFP(Q69K) and GST-ECFP in
the insoluble fraction. Indeed, GST-EYFP(Q69K) was present in fluorescent spots at the
poles of the bacteria, also visible in phase contrast (figure 2.3A and B) and likely
representing aggregates or inclusion bodies. The fluorescence of the GST-EYFP(Q69K)
and GST-ECFP aggregates indicated that in these inclusion bodies, part of the protein was
correctly folded. GST-Venus localized in aggregates but in addition displayed a spotted
pattern (figure 2.3C). Introduction of A206K resulted in a cytosolic localization for GSTmVenus (figure 2.3D), although some barely fluorescent aggregates remained, probably
due to the high level of protein expression. GST-ECFP was localized mainly in aggregates
as well, despite the presence of folding mutations M153T and V163A (figure 2.3E and F).
GST-SCFP1 (figure 2.3G) and the other GST-SCFP variants were distributed evenly
throughout the cytosol, identical to GST-mVenus. Protein aggregates or inclusion bodies
generally consist of misfolded protein.
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Figure 2.3 Localization of GST-tagged VFP variants in E. coli. After 4 hours of protein
expression, EYFP(Q69K) was present in large spots visible in phase contrast (A) and
fluorescence (B). Venus (C) was localized in large spots at the poles of the cell and many smaller
spots throughout the cytosol. mVenus (D) was mainly cytosolic. ECFP (E&F) was localized in
large spots and to some extent in the cytosol. SCFP1 (G) was present mainly in the cytosol.
Scalebar = 5µm.

Relative brightness in E. coli
The brightness of fluorescent proteins in vivo is an important indicator for the quality of a
fluorescent protein. Therefore, we measured the time course of fluorescence development
in E. coli cultures expressing VFP variants as GST-tagged fusion proteins at 37°C (figure
2.4, table 2.2). The growth rate of all E. coli cultures was similar (data not shown),
therefore no correction for bacterial growth was required.
Bacteria expressing GST-EYFP(Q69K) became barely fluorescent. In contrast, E. coli
expressing GST-Venus developed bright fluorescence and after 9 hours were 6.5 times
more fluorescent than bacteria expressing GST-EYFP(Q69K). Fluorescence was elevated
further by introduction of A206K in mVenus and by changing leucine68 back to valine in
SYFP2. After 9 hours, bacteria expressing GST-SYFP2 were most fluorescent and 12 times
brighter than GST-EYFP(Q69K). Bacteria expressing GST-ECFP became barely
fluorescent, similar to GST-EYFP(Q69K), and fluorescence reached a plateau after
approximately 5 hours. After 9 hours, bacteria expressing GST-SCFP1 became 3 times
more fluorescent than those expressing GST-ECFP. Changing leucine68 back to valine
increased the brightness of the bacteria 5-fold (compare SCFP2 and ECFP). Addition of
H148D increased this brightness even 9-fold (compare SCFP3A and ECFP). Incorporation
of Y145A (in SCFP3B) led to a slight decrease in the fluorescent yield of the bacteria.
Bacteria expressing Cerulean(A206K) or SCFP3B, both containing Y145A, were equally
bright, thus Y145A did not increase the brightness. By comparing SCFP3B and
Cerulean(A206K), we concluded that S175G did not affect the fluorescent yield in E. coli.
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Figure 2.4 Expression of GST-tagged VFP variants in E. coli at 37°C. A) YFP variants:
EYFP(Q69K) (○), Venus (□), mVenus (▲) and SYFP2 (♦). B) CFP variants: ECFP (○), SCFP1
(■), SCFP2 (▲) SCFP3A (♦), SCFP3B (×) and Cerulean(A206K) (□). Bacteria expressing only
the GST-tag (+) were included to measure the levels of autofluorescence. Bars indicate the
standard deviation (n = 12). Induction of protein expression was at t = 0 hours. Fluorescence is
in arbitrary units (AU).

Thus SCFP3A, yielding 9 times more fluorescence than ECFP, was the brightest CFP
variant in E. coli. Measuring the time course of fluorescence development revealed a delay
for all CFP and YFP variants containing mutation V68L, as also observed during protein
isolation.

Relative brightness in HeLa cells
Differences in fluorescence intensity were also observed upon expression of the VFP
variants in HeLa cells, although these variations were less pronounced than in bacteria. For
the YFP variants, the differences in HeLa cells (table 2.2) correlated well with the intrinsic
brightness (i.e. the product of extinction coefficient and QY) of the purified recombinant
protein. Upon expression of the CFP variants, only a decrease in total fluorescence for
HeLa cells expressing SCFP1 was observed, in agreement with its reduced QY. In order to
correct for differences in expression levels (if any), we also performed immunolabeling
studies using Cy5-labeled antibodies. The VFP fluorescence intensity was compared to the
(Cy5) immunofluorescence so that the fluorescence per expressed protein in HeLa cells (i.e.
native fluorescent and denatured or immature non-fluorescent protein) could be determined.
For all VFP variants, a linear correlation between VFP- and Cy5-fluorescence intensity was
observed. For the SYFP variants, the VFP/Cy5 fluorescence ratios closely correlated with
the differences in average fluorescence intensity (table 2.2). For the SCFP variants,
SCFP3A displayed a clearly improved VFP/Cy5 ratio. Again, the VFP/Cy5 ratio correlated
well with the intrinsic brightness (table 2.2). Because SCFP3A and ECFP gave nearly
identical overall fluorescence in HeLa cells, it appears that SCFP3A expression levels in
HeLa cells were somewhat reduced.

- 54 -

Super fluorescent yellow and cyan fluorescent proteins
Fluorescence lifetime measurements
ECFP/EYFP is a widely used donor/acceptor pair for VFP-based FRET applications
(Zhang et al., 2002). One of the most robust techniques for quantifying FRET in living cells
is FLIM (Squire et al., 2000). However, because of the multi-exponential lifetime decay, it
is hard to obtain quantitative data on protein distributions from FRET measurements, using
ECFP (Tramier et al., 2002; Vermeer et al., 2004). Rizzo et al. (2004) created Cerulean, a
bright CFP variant with a fluorescence lifetime best fitted by a mono-exponential decay as
a result of a single point mutation H148D. We measured the fluorescence lifetimes of
fluorescent proteins expressed in HeLa cells, using frequency-domain FLIM (van Munster
and Gadella, 2004b) and lifetimes were calculated based on the phase shift (τϕ) and change
in modulation depth (τm). In case of a single-exponential lifetime decay, τϕ equals τm,
whereas for multi-exponential decays τϕ < τm (Gadella et al., 1993; Patterson et al., 2000;
Vermeer et al., 2004). In this way single- and multi-exponential decays are very easily
discriminated in frequency-domain FLIM even working at a single modulation-frequency.
All YFP variants had comparable lifetimes of about 3 ns and τϕ and τm were very similar,
indicating a nearly mono-exponential lifetime decay (table 2.2), as observed before (table
S2.2) (Pepperkok et al., 1999; van Munster and Gadella, 2004b). In contrast, τϕ and τm
lifetimes of all CFP variants differed considerably (table 2.2). Compared to ECFP (τϕ= 2.3
ns, τm = 3.0 ns), a decrease in lifetime was observed of approximately 1 ns for SCFP1 (τϕ=
1.5 ns, τm = 2.0 ns) and an increase of about 0.3 ns for SCFP3A (τϕ= 2.6 ns, τm = 3.2 ns).
These changes correlated well with the fluorescence quantum yields. The decrease in
lifetime of SCFP1 was due to mutation V68L, because changing leucine68 back to valine in
SCFP2 yielded a lifetime identical to ECFP. Also for Cerulean(A206K), a clear difference
between τϕ and τm was observed with τϕ < τm, demonstrating multi-exponential
fluorescence decay. To exclude the possibility that mutation A206K in Cerulean(A206k)
disrupted the mono-exponential lifetime decay, we removed this mutation to create
Cerulean as described by Rizzo et al. (2004). Nevertheless mutation A206K had negligible
effect on the fluorescence lifetime and the difference between τϕ and τm persisted.
FRET efficiency of YFP-CFP dimers
To determine the best CFP/YFP pair for FRET experiments, the FRET efficiency of tandem
fusions of YFP and CFP variants was measured. In each hetero-dimer, donor and acceptor
were separated by a flexible linker of 12 amino acids. FRET efficiencies were determined
by the lifetime decrease in HeLa cells expressing a hetero-dimer, compared to cells
expressing only donor CFP (figure 2.5A and B). Cells expressing a tandem YFP-CFP
fusion were identified by the presence of YFP fluorescence and by the decrease in
fluorescence lifetime (figure 2.5A-D). The change in lifetime (delta τ) due to FRET, was
largest for SYFP2-SCFP3A (0.70 ± 0.10 ns), followed by EYFP-ECFP (0.56 ± 0.12 ns) and
SYFP2-ECFP (0.53 ± 0.08 ns) (table 2.3). However, the FRET efficiency of SYFP2SCFP3A did not increase.
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Table 2.3 FRET efficiency of hetero-dimersa
τD (ns)
EYFP(Q69K)-ECFP

τDA (ns)

Delta τ (ns)

E (%)

2.23 ± 0.09 1.67 ± 0.04 0.56 ± 0.12 25.0 ± 4.4

SYFP2-ECFP

2.22 ± 0.06 1.69 ± 0.04 0.53 ± 0.08 23.8 ± 2.9

SYFP2-SCFP3A

2.64 ± 0.11

1.93 ± 0.07 0.70 ± 0.10 26.5 ± 2.9

a

FRET efficiency (E) based on the phase lifetimes of HeLa cells expressing either plain donor CFP
(τD) or a hetero-dimer (τDA), using equation (5). Values represent the average and standard deviation
(n = 11).

Dual-lifetime imaging with SCFP1 and SCFP3A
SCFP1 and SCFP3A are spectrally identical and therefore cannot be distinguished based on
fluorescence. However, the large difference in fluorescence lifetime enabled discrimination
by FLIM. HeLa cells expressing SCFP1-NLS, SCFP3A-NES, or both, could not be
distinguished, based on localization of fluorescence (see cells indicated by arrows, figure
2.5E). In contrast, the 3 cell populations were readily identified from the lifetime image
(figure 2.5F). Even cells expressing both fluorescent proteins were identified, by the
difference in fluorescence lifetime in the nucleus compared to the cytoplasm. These

Figure 2.5 FRET-FLIM and dual-lifetime imaging in HeLa cells. (A-D) Cells expressing SYFP2SCFP3A dimer show a decreased fluorescence lifetime, as a result of FRET. Cells expressing
SYFP2-SCFP3A are recognized by the presence of both CFP fluorescence (A) and YFP
fluorescence (B) and by the strong decrease in phase-lifetime (C). D) Phase-lifetime histogram of
panel C, showing 2 completely separated lifetime populations with a large lifetime difference of
0.7 ns. (E-G) Dual-lifetime imaging with SCFP1 and SCFP3A. E) Cells expressing SCFP1-NLS,
SCFP3A-NES, or both, cannot be discriminated based on fluorescence intensity (compare cells
indicated by arrows). F) Phase-lifetime image showing the presence of the 3 cell populations. G)
Phase-lifetime histogram of panel F showing the lifetime distribution. Scalebar = 10 µm. For
color figure see page 141 of this thesis.
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experiments provide, to our knowledge, the first example of dual-lifetime imaging with
spectrally identical (cyan) fluorescent proteins in living cells. Contrast by FLIM has been
reported before by Pepperkok et al. (1999), however this involved spectrally similar, but
not identical (e.g. CFP, GFP and YFP), fluorescent proteins.

2.4 Discussion
The aim of this research was to study the effects of specific mutations on the spectroscopic
properties and folding characteristics of CFP and YFP and create super yellow and cyan
fluorescent proteins for use in E. coli and mammalian cells. The effective brightness of
fluorescent proteins in cells depends not only on spectroscopic properties, such as
extinction coefficient and quantum yield, but also on the rate and efficiency of protein
folding and chromophore formation. In other words, not only the fluorescence per molecule
is important, but also the fraction of correctly folded fluorescent molecules produced is
critical. This is best exemplified by the results for SCFP1. Based on extinction coefficient
and quantum yield, a 30% reduction in fluorescence brightness relative to ECFP, was
expected for SCFP1, due to the presence of V68L. However, E. coli expressing SCFP1
were 3-fold brighter than those expressing ECFP, because mutations S72A, S175G and
A206K greatly improved protein folding and solubility and apparently enabled more
protein to become fluorescent.
When using fluorescent proteins, especially when studying protein-protein interaction, it is
important that the fluorescent proteins do not interact themselves, because this can give rise
to artifacts in localization and false positive interactions. VFP variants were expressed as
GST-fusion proteins in E. coli. GST (Glutathione-S-transferase), is known to form homodimers (Kd < 1µM) in the cytosol of E. coli (Lim et al., 1994; Riley et al., 1996). If a VFP
has the tendency to dimerize, the presence of two interaction sites in each GST-VFP
molecule can lead to oligomerization and hence induce aggregation. Aggregation of GSTVFP proteins can therefore indicate inefficient protein folding, as well as a tendency of the
VFP to dimerize. Protein aggregates or inclusion bodies, as observed for EYFP(Q69K) and
ECFP, generally consist of misfolded protein. Since the inclusion bodies were fluorescent
this means that besides aggregated misfolded VFPs they also contained correctly folded but
aggregated VFPs. This explains the overall reduced fluorescence in these bacteria and the
visibility of the inclusion bodies by fluorescence microscopy.
Comparing the localization of GST-EYFP(Q69K) and GST-ECFP to that of GST-mVenus
and GST-SCFP2, clearly showed that mutations F64L, S72A, M153T, V163A, S175G, and
A206K reduce aggregation of both cyan and yellow fluorescent GST-fusion proteins. The
significance of A206K was clear from the bacterial expression of YFP variants, where
introduction of the single mutation A206K into Venus was required for a true cytosolic
localization.
Because folding of fluorescent proteins in E. coli is inefficient (Chang et al., 2005),
fluorescence brightness greatly benefits from mutations that facilitate protein folding.
Eukaryotic cells on the other hand can efficiently express and fold fluorescent proteins,
making folding mutations less necessary. The improvements in apparent brightness of the
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VFPs in eukaryotic cells were therefore much less pronounced than in bacteria.
Interestingly, the relative brightness of mammalian cells expressing the VFP variants was
correlated with the intrinsic brightness derived from the spectral properties of purified
proteins. This indeed indicated that folding and maturation efficiencies of the different VFP
variants are roughly the same in mammalian cells.
Mutation V68L delayed fluorescence development in bacteria, however we have a paradox,
as protein folding in vitro was accelerated. Chromophore formation requires proper protein
folding, followed by chromophore cyclization, oxidation and dehydration. The precise
sequence of events in chromophore maturation is still under debate (Rosenow et al., 2004;
Barondeau et al., 2005). Our results indicate that V68L increases the rate of protein
refolding of denatured protein and does not affect the rate of chromophore oxidation;
therefore we assume that replacing valine68 for the bulkier leucine causes a delay in
fluorescence development by hindering chromophore cyclization. However, recent studies
on EGFP chromophore formation have shown that backbone cyclization is an energetically
unfavorable reaction and chromophore oxidation might be required for ring stabilization
(Rosenow et al., 2004). If this is true, then chromophore reduction results in ring opening
and consequently the kinetics of chromophore reoxidation represent both ring closure and
oxidation. Because the kinetics of fluorescence recovery after protein denaturation with
chromophore reduction are similar for all SVFPs studied, this would disfavor an effect of
V68L on backbone cyclization. Alternatively, the paradox might be explained by the
absence of certain cytosolic (protein) compounds in the in vitro refolding assays, that
influence folding and maturation in vivo. Although interesting, the further exploration of
these compounds is beyond the scope of this article. In any case, our data suggest that the
kinetics, observed during in vitro refolding/reoxidation assays, sometimes only partially
reflect VFP-maturation in living cells.
The fluorescence lifetime decay is directly related to the quantum yield of the chromophore
(Lakowicz, 1999). This correlation was clear from the lifetime measurements of all VFP
variants. The low quantum yield of SCFP1 resulted in a short fluorescence lifetime of 1.5
ns. And the high quantum yield of SCFP3A increased the fluorescence lifetime to 2.6 ns.
The difference between τϕ and τm for all CFP variants clearly shows that none of these
fluorescent proteins, Cerulean included, have a mono-exponential lifetime decay. Therefore
we must conclude that mutation H148D is not sufficient to create a true mono-exponential
lifetime decay. The reason for the discrepancy with the published data is unclear to us, but
might be caused by the different experimental setups, i.e. time-correlated single-photon
counting spectroscopy versus frequency-domain FLIM, and the difference in excitation
wavelength, i.e. 442 nm versus 425 nm by Rizzo et al.. Although the lifetime decay of
Cerulean is fitted best by a mono-exponential decay, this does not necessarily mean the
lifetime decay is actually mono-exponential. Multi-exponential lifetime decay for Cerulean,
both in frequency- and time-domain FLIM, has been found by others as well (P.I.
Bastiaens, K. Jalink and F.S. Wouters, personal communication1).
Based on equations (3) and (4) and a measured FRET efficiency of 25% for EYFP(Q69K)ECFP, the FRET efficiency of SYFP2-SCFP3A was expected to be 38%. However the
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FRET efficiency of SYFP-SCFP3A was similar to that of EYFP(Q69K)-ECFP. This
inconsistency was most likely caused by the tendency of EYFP(Q69K) and ECFP to
dimerize. As shown by Zacharias et al.(Zacharias et al., 2002), affinity between donor and
acceptor will favor a conformation in which donor and acceptor are in very close proximity,
thereby reducing the average distance between donor and acceptor and in this way
increasing the FRET efficiency. Furthermore, in such a preferred conformation, the
assumption of κ2 = 2/3 in equation (2) is not valid. Depending on the actual relative
orientation of the donor and acceptor dipole moments, in the preferred conformation, κ2 can
vary between 0 – 4, making the FRET efficiency unpredictable. This orientation effect has
been exploited by Nagai et al. to improve the dynamic range of yellow cameleons (Nagai et
al., 2004), by using circular permutated acceptors with markedly different dipole moment
orientations. Hence, the absence of an increase in FRET efficiency of SYFP2-SCFP3A
despite the high intrinsic brightness of both VFPs, compared to EYFP(Q69K)-ECFP is
probably the result of the loss in their tendency to dimerize, causing a less favorable
orientation/distance of the tandem fusion for FRET. If orientation effects can be ignored (κ2
= 2/3 can be assumed), our spectroscopic evaluation yields an R0 = 5.4 nm for the
SCFP3A/SYFP2 FRET-pair, being significantly higher than that of ECFP/EYFP(Q69K)
(R0 = 4.7 nm). Hence, for interaction studies, SCFP3A/SYFP2 is the preferred
donor/acceptor pair.
The decrease in QY of SCFP1, was unfavorable for the fluorescence brightness, however
the associated decrease in fluorescence lifetime together with the increased lifetime of
SCFP3A enabled separate detection of SCFP1 and SCFP3A by FLIM. The main advantage
of dual-lifetime FLIM with spectrally identical fluorescent proteins is the ability to do
multi-parameter imaging, without using additional spectral channels (Schultz et al., 2005).
With SCFP3A and SYFP2 we have created a set of improved monomeric fluorescent
proteins with optimized folding and maturation. These properties make SCFP3A and
SYFP2 superior to other cyan and yellow VFP variants, presently available for FRET or
dual-color labeling. Furthermore, with the development of SCFP1 and SCFP3A, we show it
is possible to detect two spectrally identical cyan fluorescent proteins without the
requirement of quenching processes like FRET.
1
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2.7 Supporting information
Table S2.1 Oligonucleotides used for site-directed mutagenesis
5' to 3' sequencea

Mutations
Venus > mVenus

A206K

mVenus > SYFP2

L68V

CCCTGGGCTACGGCGTGCAGTGCTTCGCCC

L46F

P-GCCGGTGGTGCAGATGAACTTCAGGGTCAGCTTGCCG

G65T

P-GCACTGCAGGCCGTAGGTCAGGGTGGTCACGAGGG

Venus > SCFP1

CTACCTGAGCTACCAGTCCAAGCTGAGCAAAGACCCCAAC

Y203T/A206K P-GGGGTCTTTGCTCAGCTTGGACTGGGTGCTCAGGTAGTGGTTGTC
Y66W

P-CGAAGCACTGCAGGCCCCAGGTCAGGGTGGTCACGAGGG

N146I

P-GGTGATATAGACGTTGTGGCTGATGTAGTTGTACTCCAGCTTGTGC

SCFP1 > SCFP2

L68V

P-GCGGGCGAAGCACTGCACGCCCCAGGTCAGGGTGG

SCFP2 > SCFP3A

H148D

CAACTACATCAGCGACAACGTCTATATCACCG

SCFP2 > SCFP3B Y145A/H148D GGAGTACAACGCCATCAGCGACAACGTCTATATCACCG
Cer(A206K) > Cer

K206A

CCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCC

a

P = 5'-phosphorylated. Mutations are in bold and underlined. For 5'-unmodified oligonucleotides
only forward oligonucleotides are listed.

Table S2.2 Literature values
ε x103 (λmax) a

QY (λmax)b

pKa

Lifetimes (ns)
τϕ

EYFP(Q69K)

62-67 (516)

0.67-0.71 (529)

6.1

Venus

92 (515)

0.57 (528)

6.0

ECFP

29-33 (434)

0.37-0.4 (476)

4.7

0.62 (475)

4.7

Cerulean
a

43 (433)
-1

Lifetimes (ns)

(freq. domain) (time domain)
τm

2.9-3.2 2.9-3.4

τ1
3.4

Refs

τ2
(S1-S4)
(S5)

2.1-2.3 2.7-2.8 1.1-1.3 3.6-3.8 (S1, S5-S11)

-1

3.3

(S11)

Extinction coefficient (M cm ) with excitation maximum (nm) between brackets. bQuantum yield
with emission maximum (nm) between brackets.
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Improved green and blue fluorescent proteins
for expression in bacteria and mammalian cells
Gert-Jan Kremers, Joachim Goedhart, and Theodorus W.J. Gadella Jr

Fluorescent proteins have become an invaluable tool in cell biology and especially the
green fluorescent protein variant EGFP is widely applied. However, use of fluorescent
proteins, including EGFP, can be hindered by inefficient protein folding, resulting in
protein aggregation and reduced fluorescence, especially in prokaryotic cells. Furthermore,
EBFP, a blue fluorescent variant of EGFP is rarely used, because of its dim fluorescence
and fast photobleaching. Thus, efforts to improve properties such as protein folding,
fluorescence brightness and photostability are important. Super green fluorescent (SGFP2)
and super blue fluorescent (SBFP2) proteins were created based on EGFP and EBFP,
respectively. We used site-directed mutagenesis to introduce several mutations, which were
recently shown to improve the fluorescent proteins EYFP and ECFP. SGFP2 and SBFP2
show faster and more efficient protein folding and accelerated chromophore oxidation in
vitro. For both super fluorescent proteins the photostability was 2-fold improved, and the
quantum yield of SBFP2 was 3-fold increased. The improved folding efficiency reduced
protein aggregation in E. coli, thereby increasing the brightness of bacteria expressing
SGFP2 6-fold compared to those expressing EGFP. Bacteria expressing SBFP2 were even
16-fold more fluorescent than those expressing EBFP. In mammalian cells the
improvements were less pronounced. Cells expressing SGFP2 were 1.7-fold brighter than
those expressing EGFP, which was apparently due to more efficient protein expression
and/or chromophore maturation. Mammalian cells expressing SBFP2 were 3.7-fold brighter
than cells expressing EBFP. This increase in brightness closely resembled the increase in
intrinsic brightness observed for purified recombinant protein. The increased maturation
efficiency and photostability of SGFP2 and SBFP2 facilitate detection and extend the
maximum duration of fluorescence imaging.
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3.1 Introduction
After cloning of the first green fluorescent protein (GFP) from the jellyfish Aequorea
victoria (Prasher et al., 1992), a whole family of visible fluorescent proteins (VFPs),
covering the visible spectrum from blue to (far-) red has been isolated from all kinds of
organisms (Tsien, 1998; Chudakov et al., 2005). Nevertheless, the most frequently used
fluorescent protein still is a modified version of A. victoria GFP, known as enhanced GFP
(EGFP).
The excitation spectrum of wildtype GFP peaks at 395 nm with a secondary maximum at
475 nm. These two maxima arise from the protonated (395 nm) and deprotonated (475 nm)
state of the chromophore. The emission spectrum of wildtype GFP shows a single emission
maximum at 504 nm. In contrast, EGFP has only a single excitation maximum at 488 nm,
because of the mutation S65T, which prevents chromophore protonation. The emission
spectrum of EGFP closely resembles that of wildtype GFP. Furthermore, EGFP contains
mutation F64L and has a codon usage optimized for expression in mammalian cells. These
features improve protein synthesis and increase the rate of chromophore formation
(Cormack et al., 1996; Patterson et al., 1997; Reid and Flynn, 1997).
Blue fluorescent proteins (BFPs) have been developed from GFP by substitution of
tyrosine66, located within the chromophore for histidine (Heim et al., 1994). Mutation
Y66H results in blue-shifted fluorescence with excitation and emission maxima at 380 nm
and 446 nm, respectively. BFPs are interesting, because they can be used for multi-color
imaging together with EGFP. However, BFPs display weak fluorescence and suffer from
fast photobleaching (Rizzuto et al., 1996). Several attempts have been made to improve the
fluorescence brightness. The brighter BFP variant P4-3, contains the additional point
mutation Y145F, which increases the fluorescence quantum yield (QY) and accelerates
chromophore formation (Heim and Tsien, 1996). Furthermore, enhanced BFP (EBFP) has
been developed by introducing mutations Y66H and Y145F into EGFP, resulting in a blue
fluorescent protein with mammalian optimized codon usage (Yang et al., 1998). EBFP has
a higher extinction coefficient and becomes more fluorescent in mammalian cells than P43. However, EBFP still has a relative low QY and is therefore weakly fluorescent. In
addition, EBFP remains very sensitive to photobleaching.
Numerous mutations have been reported, which enhance the fluorescence brightness of A.
victoria GFP-derived fluorescent proteins by improving for example chromophore
formation (F64L), protein folding (S72A, V163A, S175G), solubility (M153T, V163A) or
abolishing the tendency to dimerize (A206K) (Cormack et al., 1996; Siemering et al., 1996;
Patterson et al., 1997; Cubitt et al., 1999; Fukuda et al., 2000; Zacharias et al., 2002). Most
of these mutations were found independently by random mutagenesis of GFP. Recently,
introduction of the combined mutations S72A, M153T, V163A, S175G and A206K has
been shown to improve protein folding and fluorescence brightness of EYFP and ECFP
(Nagai et al., 2002); Chapter 2 of this thesis). In the present study, we describe the results
of a similar strategy to develop improved green and blue fluorescent protein variants. In
line with the previously described SYFP and SCFP variants, we named these improved
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fluorescent proteins SGFPs and SBFPs to indicate the upgrade from the well-known,
enhanced fluorescent proteins EGFP and EBFP.

3.2 Experimental procedures
Construction of plasmid vectors
SVFP variants were obtained by multiple rounds of site-directed mutagenesis on the yellow
fluorescent protein variant Venus as described in chapter 2 of this thesis. A list of
oligonucleotides used for mutagenesis is shown in table S3.1 (Supplementary information).
For bacterial expression, all VFP variants were cloned into pGEX-MCS, to produce
glutathione-S-transferase (GST) tagged fusion proteins. SGFP2(E222Q) was cloned into
pRSETb (Invitrogen, Breda, the Netherlands) to produce His6-tagged protein. Mammalian
expression vectors were created by exchanging EGFP from plasmid pEGFP-C1 (Clontech,
Palo Alto, CA) for the VFP variants. All vectors were checked by DNA sequencing.
To obtain SGFP2-cyt, a nuclear export sequence was fused to the C-terminus of SGFP2. To
create mCherry-nuc, a sequence encoding a polybasic stretch of amino acids was fused to
the C-terminus of mCherry. SCFP3A-golgi was made by fusion of the pleckstrin homology
domain of oxysterol binding protein (PH-OSBP) (Levine and Munro, 2002) to the Cterminus of SCFP3A. A nuclear export sequence was used as linker between SCFP3A and
PH-OSBP. SYFP1-pm, consisted of the PH-domain of phospholipaseC-delta1 (Stauffer et
al., 1998; Varnai and Balla, 1998) fused to the C-terminus of SYFP1.
Fluorescent protein isolation
Fluorescent proteins were isolated from E. coli strain BL21 (DE3) as described before
(Chapter 2). After 5 hours of protein expression at room temperature, fluorescent proteins
were purified using glutathione-agarose (Sigma-Aldrich, St. Louis, MO) for GST-tagged
proteins and His-bind Resin (Novagen, Darmstadt, Germany) for His6-tagged proteins.
Protein concentrations of all fluorescent fractions were determined by the Pierce BCA
Protein Assay (Pierce Biotechnology, Rockford, IL), using a bovine serum albumine
standard as reference. Sample purity was checked by SDS-page.
Protein characterization
Spectral measurements were done in 20 mM Tris-HCl, 1 mM EDTA pH 8. Absorbance
spectra were measured on an Uvikon293 dual-beam spectrophotometer (Bio-Tek
Instruments, Winooski, VT). Extinction coefficients were calculated by applying Beer’s
law on the absorbance spectra of at least 3 independent protein samples (0.1<OD<1).
Fluorescence spectra were measured on a PTI QuantaMaster 2000-4 fluorescence
spectrofluorometer (Photon Technology International, Lawrenceville, NJ) and corrected for
differences in excitation intensity and detector sensitivity. Quantum yields were determined
of diluted VFP solutions from 3 independent protein isolations with similar optical density
(OD≤0.05). For GFP variants, fluorescein (Molecular Probes, Eugene, OR) in borate buffer
solution pH 9.1 (QY 0.92) (Velapoldi and Tonnesen, 2004) was used as quantum yield
standard and for BFP variants 1-aminoanthracene in cyclohexane (QY 0.44, Sigma-Aldrich,
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Zwijndrecht, the Netherlands). For pH titrations, fluorescent protein was diluted to 25-75
nM into a 96-wells plate containing 200 µl titration buffer ranging from pH 3-10 (chapter
2). Plates were analyzed using a FL600 fluorescence microtiterplate reader (Bio-Tek
Instruments) equipped with custom ordered filters. For GFP and BFP fluorescence,
BP485/20 and BP360/40 excitation filters and BP530/25 and BP460/40 emission filters
(Chroma Technology Corp., Rockinham, VT) were used, respectively. The pKa was
determined by fitting the data to the Henderson-Hasselbach equation.
Bleach measurements
Microdroplets, containing ~0.25 µM fluorescent protein (20 mM Tris-HCl, 1 mM EDTA,
5%(v/v) polyethyleneglycol4000, pH 8) were created as an emulsion in 1-octanol as
described before (chapter 2). Single microdroplets were bleached under continuous
widefield illumination on an Axiovert200M microscope (Zeiss, Jena, Germany) fitted with
a Zeiss plan Neofluar 40× 1.3 NA, oil-immersion objective, using a 100 W high pressure
mercury lamp for excitation. Bleach series were recorded with a Coolsnap HQ CCD camera
(Roper Scientific, Tucson, AZ). GFP or BFP fluorescence was detected, using HQ470/40
and D365/10 excitation filters, a Q495LP dichroic mirror and a 20/80 beamsplitter and
HQ515/30 and GG400LP emission filters, respectively (Chroma Technology Corp.). Data
analysis was done by curve fitting a single-exponential decay to the mean fluorescence over
time.
Refolding and oxidation of fluorescent proteins
Fluorescent protein was denatured by heating for 5 minutes at 95°C in 8 M urea and 1 mM
DTT. For chromophore reduction, 5 mM sodiumdithionite was present during denaturation.
Refolding was initiated by 100-fold dilution in refolding buffer (50 mM Tris-HCl, 35 mM
KCl, 2 mM MgCl2, 1 mM DTT, pH 7.5) at 37°C. Fluorescence recovery was normalized to
the fluorescence intensity of an equal amount of native protein. Rate constants for refolding
and oxidation were obtained by fitting the data to a double-exponential equation (chapter
2).
Localization in E. coli
Protein expression was induced with 0.1mM IPTG for 4 hours at 37°C. Bacteria were fixed
with 2.8% formaldehyde/0.04% glutaraldehyde and prepared for microscopy as described
before (chapter 2). Images were recorded with a Coolsnap FX CCD camera (Roper
Scientific) connected to an Olympus BX60 fluorescence microscope (Japan) fitted with an
Olympus U Plan Fl 100x 1.3NA oil immersion phase contrast objective. GFP or BFP
fluorescence was detected, as described under “Bleach measurements”.
Transient transfection of mammalian cells
Cells growing on glass coverslips (Ø 24 mm) were transfected with 0.2 - 0.4 µg plasmid
DNA, using 1.5 µl Lipofectamine2000 (Invitrogen). Cells were used for experiments 16 to
24 hours after transfection.
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Flow cytometry
HeLa cells transfected with equal amounts of DNA were analyzed by flow cytometry on a
LSRII cytometer (Becton Dickinson, San Jose, CA). GFP-fluorescence was excited at 488
nm and collected through a 530/30 nm bandpass filter. BFP-fluorescence was measured
using a 407 nm diode-laser for excitation and a 440/40 bandpass filter.
Fluorescence lifetime imaging (FLIM)
For frequency-domain widefield FLIM measurements, the FLIM setup as described by (van
Munster and Gadella, 2004a) was used. For imaging of GFP an argon laser (488 nm, 150
mW) (Melles-Griot, Carlsbad, CA), a Q495LP dichroic mirror and a HQ515/30 bandpass
emission filter (Chroma Technology Corp.) was used. FLIM stacks of 12 phase images
were acquired with an exposure time of 250 - 1000 ms per image, depending on the
brightness of the samples, using a Zeiss plan Neofluar 40x 1.3NA, oil-immersion objective.
To minimize artifacts due to photobleaching, a permutated recording sequence was used
(van Munster and Gadella, 2004b).
Confocal microscopy
For microscopy the cells were placed in extracellular-like buffer (140 mM NaCl, 5 mM
KCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM glucose and 20 mM Hepes, pH 7.4). Confocal
microscopy was performed on a Zeiss LSM510 confocal laser scanning microscope
implemented on an inverted microscope (Axiovert 100, Zeiss) and fitted with a PlanNeofluar 40x 1.3NA, oil-immersion objective. Excitation was provided by two Ar-lasers
(364 nm; 458 nm, 488 nm and 514 nm) and a HeNe-laser (543 nm). One primary dichroic
mirror (HFT) and three secondary dichroic mirrors (NFT1-3) were used to separate
excitation from emission and to direct fluorescence into different detector channels (Ch13). The lightpath in the microscope was as follows: excitation light is reflected onto the
sample by the HFT. Fluorescence from the sample passes the HFT and is splitted by NFT1.
Light that is reflected by NFT1 is splitted once more by NFT2. Light reflected by NFT2 is
filtered and detected in Ch1 and transmitted light is filtered and detected in Ch2. Light that
is passed by NFT1 is splitted by NFT3. Light transmitted by NFT3 is filtered and detected
in Ch3. Images with minimal cross-talk were aquired by operating in multi-tracking mode.
For three-color-imaging of SBFP2, SGFP2 and mCherry, the following settings were used:
HFT UV/488/543/633, NFT1 545, NFT2 490, NFT3 635. SBFP2, SGFP2 and mCherry
were excited at 364, 488 and 543 nm and fluorescence was collected through BP385-470
(Ch1), BP505-530 (Ch2) and LP585 (Ch3) emission filters, respectively. For four-colorimaging of SBFP2, SCFP3A, SYFP1 and mCherry, the same settings as above were used
for SBFP2 and mCherry, except that mCherry fluorescence was collected through a LP650
emission filter. For imaging SCFP3A and SYFP1, HFT was changed to 458/514 and NFT2
was changed to 515. SCFP3A and SYFP1 were excited at 458 and 514 nm and fluorescence
was collected through BP470-500 (Ch1) and BP540/20 (Ch2) emission filters, respectively.
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3.3 Results
Construction of novel GFP and BFP variants
Optimized GFP and BFP variants were created by converting Venus, a recently described
optimized folding variant of YFP (Nagai et al., 2002), into green and blue fluorescent
proteins. This resulted in SGFP1 and SBFP1, respectively (table 3.1). SGFP1 and SBFP1
contained mutation V68L, which in our previous study was found to delay fluorescence
development in E. coli and reduce the quantum yield of CFP (chapter 2). Therefore
leucine68 was changed back to valine to create SGFP2 and SBFP2. Furthermore, mutation
S65T was removed from SBFP1 and SBFP2, since it was not present in the BFP variant P43.
Table 3.1 Overview of mutations in GFP and BFP variantsa
Mutations
EGFP
SGFP1
SGFP2
SGFP2(206A)
SGFP2(E222Q)
SGFP2(T65G)
EBFP
SBFP1
SBFP2

F64L S65T
F64L S65T V68L S72A M153T V163A S175G A206K
F64L S65T S72A M153T V163A S175G A206K
F64L S65T S72A M153T V163A S175G
F64L S65T S72A M153T V163A S175G A206K E222Q
F64L S65G S72A M153T V163A S175G A206K
F64L S65T Y66H Y145F
F64L Y66H V68L S72A Y145F M153T V163A S175G A206K
F64L Y66H S72A Y145F M153T V163A S175G A206K

a

Annotation based on wild type GFP amino acid sequence, GenBank Accession number M62653
(Prasher et al., 1992).

Spectral characterization of GFP and BFP variants
Absorbance of SGFP1 and SGFP2 peaked at 495 nm, which was 7 nm red-shifted,
compared to EGFP (figure 3.1A). Furthermore a secondary absorbance maximum was
observed at 398 nm, indicating chromophore protonation. In order to prevent chromophore
protonation, additional mutagenesis was preformed on SGFP2 (table 3.1). SGFP2(206A)
was produced by removing mutation A206K from SGFP2, however this did not prevent
chromophore protonation (figure 3.1B). In contrast, chromophore protonation was
effectively abolished by mutations E222Q or T65G. The absorbance spectrum of
SGFP2(E222Q) was identical to SGFP2, except for the absorbance at 398 nm, whereas for
SGFP2(T65G) the absorbance maximum was shifted to 501 nm and the shape of the
absorbance spectrum resembled closely that of yellow fluorescent proteins (figure 3.1B).
Despite the changed absorbance spectra, the emission spectra of all GFP variants were
remarkably similar and the only difference was a small shift in the emission maxima of all
SGFP variants (512 nm) (table 3.2).
The molar extinction coefficient of SGFP1, SGFP2 and SGFP2(206A) decreased,
compared to EGFP (table 3.2). This decrease correlated with the extent of chromophore
protonation and for SGFP(E222Q) the molar extinction coefficient was similar to EGFP
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(table 3.2). On the other hand, mutation T65G increased the molar extinction coefficient of
SGFP2(T65G) to 90.000 M-1cm-1. The QY of SGFP1, SGFP2 and SGFP2(206A) ranged
between 0.62 and 0.70, which was comparable to EGFP (0.65) (table 3.2). In contrast, the
QY of SGFP2(T65G) was only 0.35, thereby counter-acting the increased molar extinction.
Based on the spectroscopic properties, SGFP2 was the brightest SGFP variant, despite the
chromophore protonation. However, the intrinsic brightness (i.e. the product of molar
extinction coefficient and QY) of SGFP2 was less than for EGFP.
For the blue fluorescent proteins the absorbance and emission spectra were similar, except
for the high absorbance of SBFP1 around 280 nm (figure 3.1C). The molar extinction
coefficients of EBFP and SBFP2 (table 3.2) were comparable, whereas for SBFP1 the
molar extinction coefficient was severely reduced. This was caused by the presence of
denatured protein after purification, as identified by SDS-page (data not shown). The
contribution of denatured protein also explained the high absorbance of SBFP1 at 280 nm.
Remarkably, the QY of SBFP2 (0.38) was almost 4-fold increased, compared to EBFP
(0.11). Therefore, the intrinsic brightness of SBFP2 was calculated to be almost 4-fold
higher, compared to EBFP.

Figure 3.1 Normalized absorbance and
fluorescence emission spectra of purified
proteins. A) Spectra of EGFP (solid), SGFP1
(dashed) and SGFP2 (dotted). B) Spectra of
SGFP2(206A)
(solid),
SGFP2(E222Q)
(dashed) and SGFP2(T65G) (dotted). C)
Spectra of EBFP (solid), SBFP1 (dashed) and
SBFP2 (dotted). Emission spectra of GFP and
BFP variants were recorded at 460 nm and 380
nm excitation, respectively
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1
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1
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Brightnessc
ε*QY E. coli HeLa

1
0.3
2.1

1
1.7
1.9
2.1
1.2
1.0

τbleache

0.24

2.56

0.75

0.87
3.15
1.84
1.68
1.43
1.50

Kfold
(10-2s-1)

1.5

1.7

1.3
5.1
4.3
3.4
0.4
5.0

Kox
(10-4s-1)

2.36

2.29±0.03
2.42±0.03
2.61±0.02
2.64±0.02
2.08±0.04
1.30±0.02

2.42

2.41±0.03
2.54±0.02
2.73±0.02
2.72±0.02
2.58±0.06
1.51±0.03

Lifetimes (ns)f
Phase
Mod
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Extinction coefficient with absorbance maximum (nm) between brackets. bQuantum yield with emission maximum (nm) between
brackets. cBrightness determined as the intrinsic brightness of purified protein (ε*QY) and upon expression in E. coli and HeLa cells,
relative to EGFP and EBFP, respectively. The intrinsic brightness of the GFP variants is corrected for the excitation efficiency at 488 nm.
e
Time needed to bleach 1/e of total fluorescence relative to EGFP or EBFP (higher numbers reflect higher photostability). fFluorescence
lifetimes in Swiss 3T3 cells. Lifetimes are the mean average ± standard deviation of 8 measurements. gCited literature on EGFP
(Patterson et al., 1997; Reid and Flynn, 1997; Cubitt et al., 1999; Pepperkok et al., 1999; Sawano and Miyawaki, 2000; Patterson et al.,
2001), P4-3 (Heim and Tsien, 1996; Yang et al., 1998; Cubitt et al., 1999) and EBFP (Patterson et al., 1997; Yang et al., 1998; Patterson
et al., 2001).

a

0.11 (446)
0.32 (446)
0.38 (446)

0.65 (509)
0.62 (512)
0.70 (512)
0.69 (512)
0.52 (512)
0.35 (512)

QY b

55-57 (488) 0.60 (509-511)
14-22.3 (381) 0.30-0.38 (445)
31 (380)
0.17-0.25 (450)

31 (380)
2.3 (380)
34 (380)

EBFP
SBFP1
SBFP2

Literatureg
EGFP
P4-3
EBFP

63 (488)
42 (495)
46 (495)
44 (496)
67 (496)
90 (501)

EGFP
SGFP1
SGFP2
SGFP2(206A)
SGFP2(E222Q)
SGFP2(T65G)

3

εa
(10 M-1cm-1)

Table3.2 Spectroscopic characterization of GFP and BFP variants
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pKa measurements
The fluorescence intensity of VFPs is decreased at reduced pH. To minimize effects on
VFP-fluorescence, as a result of changes in intracellular pH, pKa values well below
physiological pH are recommended. The pKa values of the SGFP variants were well below
physiological pH, ranging from 5.9 to 6.0 (table 3.2), except for SGFP2(T65G), for which
an increase in pKa (6.7) was observed. Furthermore for the blue fluorescent variants, the
pKa of SBFP2 was nearly 1 unit lower compared to EBFP; 5.5 versus 6.3 respectively.
Bleachrates
Photobleaching is a major restriction for the application of fluorescent proteins. Especially
the use of EBFP has been limited, because of its sensitivity to bleaching. Bleaching of
microdroplets containing purified protein showed that of the GFP variants, SGFP2 and
SGFP2(206A) were most resistant against bleaching and their photostability was 2-fold
higher than for EGFP (table 3.2). Of the BFP variants, SBFP1 bleached even 3 times faster
than EBFP. However, SBFP2 bleached over 2-fold slower than EBFP (table 3.2). Hence,
SGFP2 and SBFP2 were both more photostable than their established variants.
Protein folding and chromophore oxidation
Introduction of folding mutations has been shown to enhance protein folding of cyan and
yellow fluorescent proteins (Nagai et al., 2002); chapter 2). Analogous to those results, the
rate and efficiency of protein refolding of SGFP2 (1.84·10-2 s-1; ~35%) were improved
compared to EGFP (0.87·10-2 s-1; ~20%), although refolding of SGFP1 was fastest and most
efficient (3.15·10-2 s-1; ~60%) (figure 3.2, table 3.2). Furthermore, chromophore oxidation
was accelerated several fold for the SGFP variants (3.4·10-4 - 5.1·10-4 s-1), compared to
EGFP (1.3·10-4s-1). Only for SGFP2(E222Q) the rate of oxidation was reduced 10-fold.
Refolding of SBFP2 was improved over EBFP and the changes resembled those for
SGFP2. For SBFP2, the rate of chromophore oxidation was 1.7·10-4 s-1, however we were
unable to determine the rate of chromophore oxidation for EBFP, because no fluorescence
recovery was observed after chromophore reduction.

Figure 3.2 In vitro refolding of urea-denatured protein. A) Fluorescence recovery of EGFP (○),
SGFP1 (■), SGFP2 (●), SGFP2(206A) (▲), SGFP2(E222Q) (♦) and SGFP2(T65G) (×). B)
Fluorescence recovery of EBFP (○) and SBFP2 (●). Recovery is relative to the fluorescence of an
equal amount of native protein. Traces and curve fits are representative curves of three individual
experiments.
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Localization in E. coli
Folding of VFPs in E. coli at 37°C can be inefficient, resulting in a large amount of
misfolded protein (Cormack et al., 1996; Sacchetti et al., 2001; Chang et al., 2005).
Bacteria expressing EGFP and EBFP as GST-fusion proteins became barely fluorescent and
fluorescence was observed almost exclusively in large fluorescent spots at the poles of the
bacteria (figure 3.3A and E). These spots were identified as aggregates or inclusion bodies
by phase-contrast microcopy (figure 3.3B). In contrast, upon expression of most SVFP
variants, the bacteria became brightly fluorescent. SGFP2(206A), containing all folding

Figure 3.3 Localization of GST-tagged VFP variants in E. coli. Fluorescence micrographs of
bacteria expressing GST-tagged EGFP (A), SGFP2(206A) (C), SGFP2 (D), EBFP (E) and
SBFP2 (F). B) Phase-contrast micrograph of panel A. Exposure times for fluorescence
micrographs of the GFP and BFP variants were 15 ms and 750 ms, respectively. Insets in panel A
and E show contrast enhanced images of the dashed regions of interest. Scalebar = 2 µm.

mutations except mutation A206K, accumulated in inclusion bodies at the poles of the cells,
but was also found in numerous small fluorescent spots throughout the cells (figure 3.3C).
SGFP2 was distributed most homogeneously throughout the bacteria (figure 3.3D),
although some aggregation remained at the poles of most cells. A similar localization
pattern was observed for SBFP2 (figure 3.3F). After 4 hours of protein induction, SBFP1
fluorescence could not be detected above autofluorescence (data not shown).
Relative brightness in E. coli
To study protein folding in living cells, we monitored the development of fluorescence
upon expression of GST-tagged VFP variants in E. coli. Figure 3.4A shows a large increase
in fluorescence brightness for bacteria expressing SGFP2, which became 7.3-fold brighter
than bacteria expressing EGFP (table 3.2). In contrast, bacteria expressing SGFP1 were
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only half as bright as those expressing SGFP2 and fluorescence development was delayed.
The largest increase in fluorescence brightness was observed for E. coli expressing SBFP2,
which became 16-fold more fluorescent than bacteria expressing EBFP (figure 3.4B, table
3.2). In contrast, only after prolonged time SBFP1 fluorescence could be detected above the
level of autofluorescence and bacteria expressing SBFP1 remained less bright than those
expressing EBFP.

Figure 3.4 Time course of fluorescence development during VFP expression in E. coli. A)
Fluorescence development of bacteria expressing GST-tagged EGFP (○), SGFP1 (■), SGFP2
(●), SGFP2(206A) (▲), SGFP2(E222Q) (♦) and SGFP2(T65G) (×). B) Fluorescence
development of bacteria expressing GST-tagged EBFP (○), SBFP1 (×) and SBFP2 (●). Dotted
lines (···) indicate autofluorescence of non-transformed bacteria. Traces represent the average of
12 independent growing E. coli cultures. Error bars indicate standard deviation. Bacteria were
incubated at 37°C and protein expression was initiated at t = 0

Relative brightness in HeLa cells
The relative brightness of HeLa cells expressing VFP variants was measured by flow
cytometry. The relative brightness of HeLa cells expressing the SGFP variants was higher
than for cells expressing EGFP (table 3.2). Cells expressing SGFP2 were the brightest and
became 1.7-fold more fluorescent than cells expressing EGFP. The relative brightness of
HeLa cells expressing SGFP variants was 2-fold higher than expected based on the intrinsic
brightness determined for the purified VFPs. Cells expressing SBFP2 became 3.7-fold
brighter than those expressing EBFP, which is similar to the increase in intrinsic brightness
of purified protein.
Fluorescence lifetime imaging of GFP variants
Fluorescence lifetime imaging (FLIM) of fluorescent proteins is a powerful technique to
sample the environment in living cells, especially when using FRET applications to study
protein interactions (Gadella et al., 1993; Gadella and Jovin, 1995; Bastiaens and Squire,
1999; Wouters and Bastiaens, 1999; Peyker et al., 2005). We measured the fluorescence
lifetimes (τϕ and τm) of all GFP variants, expressed in Swiss 3T3 cells, using frequencydomain FLIM (van Munster and Gadella, 2004a). For all GFP variants, except
SGFP2(E222Q), τϕ and τm were very similar (table 3.2), indicating a nearly
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monoexponential fluorescence decay. The fluorescence lifetimes correlated well with the
QY determined for purified recombinant protein. Interestingly, the slightly higher QY of
SGFP2 was accompanied by a significant increase in fluorescence lifetime (τϕ = 2.61 ns, τm
= 2.73), compared to EGFP (τϕ = 2.29 ns, τm = 2.41). As expected, the low QY of
SGFP2(T65G) was associated with a much shorter lifetime (τϕ = 1.30 ns, τm = 1.51). Due to
the absence of a modulated UV-excitation source in our FLIM system, we were unable to
measure BFP-lifetimes.
Multi-color confocal imaging with SBFP2
Application of EBFP in confocal laser scanning microscopy has been limited, because of
the weak fluorescence and fast photobleaching of EBFP in combination with the low
photon detection efficiency of confocal laser-scanning microscopy. We tested whether our
improved SBFP2 can be used for multi-color confocal microscopy in HeLa cells together
with SGFP2 and the red fluorescent protein mCherry (Shaner et al., 2004). To obtain
distinct localization patterns from SBFP2, SGFP2 was targeted to the cytoplasm (SGFP2cyt) and mCherry was targeted to the nucleus (mCherry-nuc). HeLa cells were imaged
using confocal laser-scanning microscopy with optimized filter sets to prevent cross-talk
between the fluorescent proteins (figure S3.1, 3.7 Supporting information). Expression of
SBFP2 yielded bright blue fluorescence well above cellular autofluorescence, which was
easily distinguished from SGFP2-cyt and mCherry-nuc fluorescence (figure 3.5). We also
attempted quadruple-color imaging with SBFP2, SCFP3A-golgi, SYFP1-pm and mCherrynuc. To obtain distinct subcellular localization patterns, SCFP3A-golgi was targeted to the

Figure 3.5 Triple-color confocal imaging with SBFP2, SGFP2
and mCherry. Fluorescence micrographs of a HeLa cell
expressing SBFP2 (A), SGFP2-cyt (B) and mCherry-nuc (C).
D) DIC micrograph showing the presence of a transfected and
a non-transfected cell. Scalebar = 20 µm. For color figure see
page 142 of this thesis.
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Figure 3.6 Quadruple-color confocal imaging with SBFP2,
SCFP3A, SYFP1 and mCherry. Fluorescence micrographs of
a HeLa cells expressing SBFP2 (A), SCFP3A-golgi (B),
SYFP1-pm (C) and mCherry-nuc (D). Scalebar = 20 µm. For
color figure see page 143 of this thesis.

golgi-apparatus and excluded from the nucleus and SYFP1-pm was targeted to the plasma
membrane. The fluorescence spectra of SBFP2 and SCFP3A have considerable spectral
overlap and this increased the risk of bleed-through between SBFP2 and SCFP3A
fluorescence (figure S3.2, 3.7 Supporting information). Nevertheless, fluorescence of all 4
fluorescent proteins was readily detected without significant bleed-through. Moreover, the
increased brightness and photostability of SBFP2 allowed the recording of stacks of at least
20 images along the z-axis for 3D visualization (data not shown).

3.4 Discussion
Introducing mutations S72A, M153T, V163A, S175G and A206K into EGFP and EBFP
improved the amount of correctly folded soluble fluorescent protein and increased the
efficiency of chromophore formation. The resulting increase in fluorescence brightness was
most profound in E. coli, in accordance with the inefficient folding of Aequorea victoria
(E)VFPs in bacteria (Cormack et al., 1996; Siemering et al., 1996; Chang et al., 2005).
Bacterial expression of SGFP2, taking into account the slightly reduced intrinsic brightness
of the purified protein, yielded approximately 9-fold more fluorescence than expression of
EGFP as a result of the combination of enhanced protein expression and maturation.
Analogous, for SBFP2 the increase in protein expression and maturation was 4-fold,
compared to EBFP. Mutation V68L reduced the fluorescence brightness of bacteria
expressing SGFP1 or SBFP1, compared to those expressing SGFP2 or SBFP2. This effect
was most pronounced for SBFP1, which was highly sensitive to protein misfolding and no
recovery of fluorescence was observed upon refolding in vitro. However, for SGFP1 in
vitro refolding was fastest and most efficient of all GFP variants studied. Similar effects of
mutation V68L were observed when this mutation was inserted into YFP and CFP variants
(Chapter 2).
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The increase in brightness of mammalian cells expressing one of the SGFP variants or
SBFP2 as compared to EGFP and EBFP was less pronounced, presumably because protein
expression and maturation of EGFP and EBFP was already relatively efficient. Mammalian
cells have chaperone proteins, which facilitate protein folding in mammalian cells, reducing
the necessity of folding mutations (Chang et al., 2005). Comparing the brightness of
mammalian cells expressing SGFP2 or EGFP with the intrinsic brightness of purified
protein implied a 2-fold improvement in amount of correctly folded protein; likely
reflecting improved folding and maturation characteristics (see figure 3.2 and table 3.2).
The same comparison between cells expressing SBFP2 and EBFP suggested that the
increased brightness of cells expressing SBFP2 can be explained by the increase in intrinsic
brightness and not necessarily involved improved protein folding or maturation
characteristics, even though the latter improvements were observed during the in vitro
protein folding assays.
For SGFP2 a significant fraction of the chromophore was protonated, causing a decrease in
molar extinction coefficient. We tested two mutations, E222Q and T65G, which effectively
prevented chromophore protonation in SGFP2. However, mutation E222Q severely reduced
the rate of chromophore formation in bacteria and in vitro. This was are in accordance with
a recent study done by Sniegowski and co-workers (Sniegowski et al., 2005), who found
that at pH 7 chromophore formation in EGFP(E222Q) was attenuated approximately 30fold, compared to EGFP. Alternatively, for SGFP2(T65G) the absorbance spectrum was
red-shifted and its shape resembled closely that of yellow fluorescent protein. Similar
changes have been observed for the GFP variant GFPmut3, which contains mutations S65G
and S72A (Cormack et al., 1996). Although the molar extinction of SGFP2(T65G) was
enhanced, this was counter-acted by a decrease in QY and therefore SGFP2 and
SGFP2(T65G) were expected to be more or less equally bright. However, during
expression in E. coli, SGFP2 became much more fluorescent than SGFP2(T65G). To a
certain extent, this decrease was caused by less efficient excitation of SGFP2(T65G), given
its red-shifted absorbance. In addition, SGFP2(T65G) fluorescence could have been
partially quenched, due to the high pKa. In conclusion, chromophore protonation of SGFP2
could be prevented, but at the cost of reducing the QY or speed of chromophore formation.
Nonetheless, as abolishing chromophore protonation in SGFP2 might result in even
brighter GFP variants, it will be interesting to try other means to eliminate chromophore
protonation, for example high-throughput random mutagenesis methods like molecular
evolution (Nguyen and Daugherty, 2005) or iterative somatic hypermutation (Wang et al.,
2004).
Despite the partial chromophore protonation, we believe that SGFP2 is superior to EGFP,
because of its improved protein folding, its increased QY and fluorescence lifetime, and
because of its increased photostability. The increased fluorescence lifetime makes SGFP2
better suitable for FLIM measurements, especially for use as donor in FRET applications,
as the higher lifetime will enable larger lifetime changes due to FRET. In addition, SGFP2
and SGFP2(T65G) should make an excellent GFP pair for dual-lifetime imaging, on
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account of their large lifetime difference (Pepperkok et al., 1999; Scruggs et al., 2005;
Ganesan et al., 2006). This is currently under investigation.
The significantly increased QY and photostability of SBFP2 are important steps towards
bright blue fluorescent proteins. Strikingly, the QY of SBFP2 was identical to that of the
original blue fluorescent variant P4-3 (Heim and Tsien, 1996). Therefore, we are inclined to
suggest that the low QY of EBFP might be related to mutation S65T. Photobleaching limits
the number of images that can be recorded during time-lapse imaging. Because SGFP2 and
SBFP2 bleach 2-fold slower than EGFP and EBFP, the number of images that can be
collected before fading of the signal should therefore increase. In addition, the increased
brightness of SGFP2 and SBFP2 allows a reduction of the excitation light intensity, thereby
further reducing bleaching. The combination of increased photostability and brightness
should permit 2.6 and 7.4-fold longer imaging of SGFP2 and SBF2, compared to EGFP and
EBFP, respectively.
The present study, combined with the previous work presented in chapter 2, demonstrates
that folding mutations improve all color variants derived from Aequorea victoria GFP.
Together these improved SVFP variants constitute a new generation of super fluorescent
proteins. The benefits of these new variants are most pronounced in bacteria. With the
demonstration of quadruple-color confocal microscopy we show that the SVFPs can make a
valuable contribution to cell-biological applications, also in mammalian cell systems.
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3.7 Supporting information
Table S1. Oligonucleotides used for site-directed mutagenesis
5' to 3' sequencea

Mutations
Venus > SGFP1

L46F

P-GCCGGTGGTGCAGATGAACTTCAGGGTCAGCTTGCCG

G65T

P-GCACTGCAGGCCGTAGGTCAGGGTGGTCACGAGGG
P-GGGGTCTTTGCTCAGCTTGGACTGGGTGCTCAGGTAG

Y203T/A206K
SGFP1 > SGFP2

L68V

SGFP2 > SGFP2(206A)

K206A

TGGTTGTC
P-GCGGGCGAAGCACTGCACGCCGTAGGTCAGGGTGG
CCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCC

SGFP2 > SGFP2(E222Q)

E222Q

CACATGGTCCTGCTGCAGTTCGTGACCGCCGCC

SGFP2 > SGFP2(T65G)

T65G

CTCGTGACCACCCTGGGCTACGGCGTGCAGTGC

SGFP1 > SBFP1

Y66H

P-CGAAGCACTGCAGGCCGTGGGTCAGGGTGGTCACGAGG

T65S

CTCGTGACCACCCTGAGCCACGGCCTGCAGTG

SBFP1 > SBFP2

Y145F

P-GACGTTGTGGCTGTTGAAGTTGTACTCCAGCTTGTGC

L68V

CTCGTGACCACCCTGAGCCACGGCGTGCAGTGCTTCGCCCG

a

P = 5'-phosphorylated, 5’-phosphorylated primers are all reverse primers. Mutations are in bold
and underlined. For 5'-unmodified oligonucleotides only forward oligonucleotides are listed.

Figure S3.1 Optical settings for
triple-color confocal microscopy.
A) Excitation spectra of SBFP2
(solid), SGFP2 (dashed) and
mCherry
(dash-dotted)
with
vertical lines indicating the
wavelength of the laser lines used
for excitation. B) Emission spectra
of SBFP2 (solid), SGFP2 (dashed)
and mCherry (dash-dotted) with
shaded boxes indicating emission
filters
used
for
detecting
fluorescence.
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Figure S3.2 Optical settings for
quadruple-color
confocal
microscopy. A) Excitation spectra
of SBFP2 (solid), SCFP3A
(dashed), SYFP1 (dash-dotted) and
mCherry (dash-double dotted) with
vertical lines indicating the
wavelength of the laser lines used
for excitation. B) Emission spectra
of SBFP2 (solid), SCFP3A
(dashed), SYFP1 (dash-dotted) and
mCherry (dash-double dotted) with
shaded boxes indicating emission
filters
used
for
detecting
fluorescence.
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4
Fluorescence resonance energy transfer (FRET)
measurement by gradual acceptor
photobleaching
E. B. van Munster, G.J. Kremers, M.J.W. Adjobo-Hermans and T. W. J. Gadella Jr.

Fluorescence resonance energy transfer (FRET) is an extremely effective tool to detect
molecular interaction at sub-optical resolutions. One of the techniques to measure FRET is
acceptor photobleaching: the increase in donor fluorescence after complete acceptor
photobleaching is a measure of the FRET efficiency. However, in wide-field microscopy,
complete acceptor photobleaching is difficult due to the low excitation intensities. In
addition, the method is sensitive to inadvertent donor bleaching, autofluorescence and bleed
through of excitation light. In the method introduced in this paper, donor and acceptor
intensities are continuously monitored during acceptor photobleaching. Subsequently, curve
fitting is used to determine the FRET efficiency. The method was demonstrated on
cameleon (YC2.1), a FRET-based Ca2+ indicator, and on a CFP-YFP fusion protein
expressed in HeLa cells. FRET efficiency of cameleon in the presence of 1 mM Ca2+ was
31 ± 3 %. In absence of Ca2+ a FRET efficiency of 15 ± 2 % was found. A FRET efficiency
of 28 % was found for the CFP-YFP fusion protein in HeLa cells. Advantages of the
method are that it does not require complete acceptor photobleaching, includes correction
for spectral cross talk, donor photobleaching and autofluorescence, and is relatively simple
to use on a normal wide-field microscope.

This chapter was adapted from: E. B. van Munster, G.J. Kremers, M.J.W. Adjobo-Hermans and T. W.
J. Gadella Jr., Fluorescence resonance energy transfer (FRET) measurement by gradual acceptor
photobleaching, J Micr (2005) 218(Pt 3):253-262
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4.1 Introduction
Fluorescence Resonance Energy Transfer (FRET) is a process whereby excited state energy
is transferred non-radiatively from an excited donor molecule to an acceptor molecule
(Förster, 1948). For FRET to occur a number of conditions need to be fulfilled: 1) the
emission spectrum of the donor needs to have sufficient overlap with the absorption
spectrum of the acceptor, 2) the emission and absorption dipole moment of donor and
acceptor must not be perpendicular, 3) donor and acceptor have to be in close proximity.
The amount of FRET is usually expressed as FRET efficiency: the fraction of the photons
absorbed by the donor whose energy is transferred to the acceptor. In the case of a single
acceptor per donor, FRET efficiency is related to the distance between donor and acceptor
according to
E=

1
1 +  r 
 R0 

(1)

6

with E, the FRET efficiency, r the distance between donor and acceptor, and R0, the
distance at which the FRET efficiency is 0.5. R0 is typically a few nanometers, depending
on the donor and acceptor molecule and their relative orientation. Because of this strong
distance dependence, FRET is an ideal way to detect molecular proximity at length scales
far below the optical resolution. When FRET occurs, several effects occur (Jares-Erijman &
Jovin, 2003): 1) donor fluorescence is quenched, 2) donor excited state lifetime decreases,
3) donor anisotropy increases, and 4) provided the acceptor is itself a fluorochrome, the
emission of the acceptor is increased (sensitised emission).
For measurement of FRET in microscopy numerous techniques exist (Jares-Erijman &
Jovin, 2003). Basically, they can be divided in techniques that require dedicated
instrumentation e.g. fluorescence lifetime imaging microscopy (FLIM) (Gadella et al.,
1993; Squire & Bastiaens, 1999; van Munster & Gadella, 2005) or anisotropy microscopy
(Lidke et al., 2003; Squire et al., 2004), and methods that can be applied on conventional
fluorescence microscopes. The latter ones are usually based on sensitised emission, which
can be measured by recording the acceptor fluorescence using donor excitation. Several
approaches have been published (Gordon et al., 1998; Hoppe et al., 2002; Nagy et al.,
1998; Xia & Liu, 2001; Youvan et al., 1997). What they all have in common is that
corrections are applied for spectral cross talk, photobleaching and relative abundances of
donor and acceptor. In confocal microscopy, also chromatic aberrations and fluctuations of
the excitation power should be taken into account (van Rheenen et al., 2004). In practice,
due to the large amounts of corrections, obtaining reliable results can be very complicated
(Berney & Danuser, 2003). An alternative method is to use photobleaching, which is
comparatively simple to perform on a conventional fluorescence microscope. There are
multiple ways in which photobleaching can be used. The donor bleach rate is directly
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related to the excited state lifetime, and thus provides a way to detect changes in lifetime,
analogue to the way this is monitored by FLIM (Bastiaens & Jovin, 1998; Jovin & ArndtJovin, 1989; Jovin & Arndt-Jovin, 1989; Kubitscheck et al., 1993; Young et al., 1994).
Alternatively, donor bleaching can used to distinguish sensitised acceptor fluorescence
from directly excited acceptor fluorescence, the latter one being independent of donor
bleaching (Mekler, 1994). Monitoring the decay of sensitised acceptor emission in response
to donor photobleaching it is possible to not only measure the FRET efficiency but also the
percentage of donors exhibiting FRET (Clayton et al., 2005). A requirement of this
technique is that the acceptor is photostable, and the donor photolabile. A variant is
measurement of the photobleaching of the acceptor in response to excitation via FRET
(Mekler et al., 1997). Here, the acceptor should be photolabile, and the donor photostable.
A more straightforward approach is to use direct acceptor photobleaching, thus frustrating
the occurrence of FRET, and monitor the reappearance of the donor fluorescence. Basic
principle is to measure donor intensity before and after complete acceptor bleaching thus
providing an internal control by eliminating the occurrence of FRET. The increase in donor
intensity can be directly related to the FRET efficiency (Chan et al., 2001; Gu et al., 2004;
Kenworthy, 2001; Llopis et al., 2000; Mochizuki et al., 2001; Sato et al., 2002; Wouter et
al., 1998). Also here, measured intensities should be corrected for cross talk of the acceptor
into the donor detection channel (Gu et al., 2004). In these methods, acceptor bleaching has
to be complete. This limits the applicability of the method for wide-field microscopy where
bleach rates are low because of the relatively low excitation intensity. Also, correction for
inadvertent donor bleaching is complicated. Donor bleaching occurs by imaging of the
donor itself as well as by excitation cross talk during the acceptor bleaching. The first could
be determined by comparing the intensity before and after measurement of an object that
was not acceptor photo-bleached. The latter can be determined from the decrease in
intensity of a donor-only object, preferably within the same image. The assumption here is
that the photobleaching characteristics for the donor-only object are the same as that of the
object under investigation, which is something that is not necessarily true, given the fact
that the bleach rate itself is affect by the occurrence of FRET. Furthermore, the presence of
a background intensity in the donor channel, due to autofluorescence or bleed through of
the excitation light, will lead to underestimation of FRET efficiencies, especially when
signals are low.

Gradual acceptor photobleaching
Despite the advantages of detecting FRET with just two images, a serious shortcoming of
this method is that artifacts remain obscured when donor intensity is only measured before
and after acceptor photobleaching. Obviously, this can interfere with quantification.
Measuring donor intensity as a function of time during the bleach process itself, it is
possible to detect both inadvertent donor photobleaching and the presence of a background
intensity without the need to do additional measurements. This could also make it possible
to perform measurements with only partial acceptor photobleaching. To check the
feasibility of this approach we focus on what happens if the acceptor is gradually
photobleached and donor and acceptor intensities are monitored during the process. If we
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assume mono-exponential bleaching, which has been found to be a good approximation for
practical purposes (Chen et al., 1995), the acceptor intensity can be written as:

I a (t ) = I a , 0 ⋅ e − t / τ + I a ,bg

(2)

a

with Ia,0, the acceptor intensity at t=0, τa, the bleach time for the acceptor, and Ia,bg, the
invariant contribution of autofluorescence and bleed through of excitation light. Assuming
that 1) photobleaching occurs indiscriminately to all acceptor molecules, both bound and
unbound, and 2) there is not more than one acceptor per donor molecule present, the
average FRET efficiency is directly proportional to the amount of available acceptor
molecules. Hence, the average FRET efficiency can be written as:
E (t ) = E 0 ⋅ e −t / τ

(3)

a

with E(t), the FRET efficiency and E0 the FRET efficiency at t=0. Given the fact that the
donor intensity is proportional to (1-E), we can write, taking into account photobleaching of
the donor during measurements:

(

)

I d (t ) = I d ,0 ⋅ 1 − E0 ⋅ e −t / τ ⋅ e −t / τ + I d ,bg
a

d

(4)

with Id,0, the donor intensity at t=0 in the absence of FRET, τd, the donor bleach time, and
Id,bg, the invariant contribution of autofluorescence and bleed through of excitation light in
the donor channel. Id(t) and Ia(t) are depicted in figure 4.1 for several values of E0. Donor
bleaching used was twenty times slower than the acceptor bleaching. As can be seen, the
donor intensity will typically first show an increase before slowly falling off. At low values
of E0, the increase becomes barely noticeable.

Figure 4.1 Simulation depicting the intensity of donor and
acceptor as function of time during acceptor
photobleaching. In this example donor bleaching is twenty
times slower than acceptor bleaching. Both donor and
acceptor background intensities are zero.
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Cross talk correction
In practice, both donor and acceptor intensities should be corrected for cross talk before
analysis. Correction of the donor intensity for acceptor cross talk is more complicated than
vice versa: The problem is that there are two contributions: 1) cross talk from directly
excited acceptor and 2) cross talk from acceptor excitation by FRET (sensitised emission).
The first contribution as well as the donor cross talk in the acceptor channel can be
corrected for by linear unmixing (Press et al., 1994; Zimmermann et al., 2003): Basically,
donor-only, and acceptor-only objects are imaged using both donor and acceptor filter sets,
resulting in four images. From the intensities in these images the amount of spectral cross
talk of the donor in the acceptor-channel and vice-versa is determined. Correction of
measured intensities is done using linear unmixing. After this, there is still a contribution of
cross talk of sensitised acceptor emission:

[

]

I d (t ) = I d ,0 ⋅ 1 − E0 ⋅ e −t / τ ⋅ e −t / τ + I d ,bg + I se (t )
a

d

(5)

with Id, the donor intensity corrected for cross talk of directly excited acceptor and Ise, the
contribution to the measured donor intensity of cross talk of sensitised acceptor emission.
The intensity lost due to energy transfer is dependent on the FRET efficiency and the
intensity of the donor, both of which are time-dependent due to the photobleaching of both
acceptor and donor. The percentage of this intensity that is eventually emitted in the form
of acceptor fluorescence is depended on the quantum efficiency of the acceptor. Only a
small percentage of this acceptor fluorescence will be detected in the donor detection
channel. The increase in measured donor intensity due to this effect can be written as:

I se (t ) = Qa ⋅ c ⋅ E0 ⋅ e −t / τ ⋅ I d ,0 ⋅ e −t / τ
a

(6)

d

with Qa, the quantum efficiency of the acceptor and c the ratio of the emitted acceptor
fluorescence that falls within the detection bandwidth of the donor channel. c represents the
spectral overlap of the donor detection channel with the emission spectrum of the acceptor
relative to the overlap with the emission spectrum of the donor. This can be written as:

c=

∫ D (λ ) ⋅ F (λ) ⋅ dλ
∫ D (λ) ⋅ F (λ ) ⋅ dλ
d

a

d

d

(7)

with Dd(λ), the sensitivity of the donor detection channel, and Fd(λ) and Fa(λ) the
normalized donor and acceptor fluorescence emission, respectively, as function of the
wavelength. It should be emphasized that c is different from the cross talk parameter
determined in the linear unmixing. Contrary to the latter parameter, c is independent from
the acceptor detection channel and from the excitation spectra and excitation wavelength
used. Combining equations 5 and 6, we obtain:

[

]

I d (t ) = I d ,0 ⋅ 1 − (1 − c ⋅ Qa ) ⋅ E0 ⋅ e −t / τ a ⋅ e −t / τ d + I d ,bg
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As can be seen by comparing equations 4 and 8, the effect of sensitised emission cross talk
only influences the value for E0 that is found. The function itself remains the same. The
determination of the cross talk parameters has to be performed once for every
donor/acceptor pair and filter set.

Curve fitting
After recording donor and acceptor intensities as a function of time during acceptor
photobleaching and correction for cross talk with linear unmixing, curve fitting of equation
2 to the measured acceptor intensity can be used to obtain Ia,0, Ia,bg, and τa. Subsequently,
fitting of equation 8 to the measured donor intensity can be used to obtain Id,0, Id,bg, τd, and,
most importantly, E0.
In vitro test measurement
To test the method in practice, in vitro samples of purified cameleon Ca2+ indicator were
measured (Miyawaki et al., 1997). Cameleon is a fusion protein consisting of a Cyan
Fluorescent Protein (CFP), calmodulin, a calmodulin binding domain, and a Yellow
Fluorescent Protein (YFP). Binding of Ca2+ to calmodulin induces intramolecular binding
of the calmodulin binding domain to calmodulin thereby changing the spatial conformation
of the protein in such a way that CFP and YFP come in close enough proximity for FRET.
Ca2+ can thus be used to control the amount of FRET measured. The method is tested by
measuring the average FRET efficiency in an environment with a high Ca2+ concentration
and in the absence of Ca2+.
Test on biological samples
A fusion protein of CFP and YFP linked via a short linker, will display an inherent amount
of FRET due to the close proximity of donor and acceptor. Typically, FRET efficiencies in
these types of constructs are between 20 and 35% because the size of the proteins does not
allow the actual chromophores, which are located inside a barrel structure, to come closer
for an higher efficiency. To test the method introduced in this paper a fusion construct was
brought to expression in HeLa cells. After fixation, the acceptor was photobleached and
donor and acceptor intensities were monitored during the process to obtain the FRET
efficiency.

4.2 Materials & Methods
Preparation of cameleon samples
For protein isolation, YC2.1, an improved version of cameleon, (Miyawaki et al., 1999),
was cut from the mammalian expression vector with the restriction enzymes NcoI/EcoRI
and ligated into the prokaryotic expression vector pHIS-parallel (Sheffield et al., 1999)
which was cut with the same enzymes. The prokaryotic expression vector was transformed
into E.coli strain BL21(DE3). Protein expression was induced by adding 0.1 mM IPTG to a
400 ml culture of OD600=0.6 for 16 hours at 20oC. The cells were washed with ST (20 mM
Tris-HCl, 200 mM NaCl, pH 8.0), after which the cell pellet was subjected to a freeze-thaw
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cycle and was resuspended in 10 ml ice-cold ST containing 14 mg lysozyme, 1 mM PMSF,
0.1% (v/v) NP-40 and 25 U DNase (Benzoase Nuclease, Novagen). Protein was released by
sonication and after centrifugation the soluble protein fraction was allowed to bind to HisBind resin (Novagen) for 1 hour. The resin was washed at least two times with ice-cold ST.
The fusion protein was eluted from His-Bind with ST containing 250 mM imidazole. The
protein isolate was dialysed against a buffer containing 20 mM Tris-HCl and 100 mM
NaCl, pH 8.0 after which the isolate was diluted to a final concentration of approximately 1
µM in 20 mM Tris buffer, pH 8.0. The sample was split in two fractions (A and B). To
fraction A, 1 mM CaCl2 was added to ensure saturation of the calcium sensor (Miyawaki et
al., 1999). To fraction B, 1mM EGTA, pH 7.2, was added to scavenge any residual Ca2+.
pH of the final solutions A and B were 8.0 and 7.9, respectively. From both fractions tiny
droplets (<0.5 µl) were placed on a round cover slip (Ø 24 mm) by gently touching the
cover slip with the tip of a syringe needle (25G: Ø 0.5 mm) containing the solution.
Droplets were small enough so that the entire droplet would be visible in the field of view
of a 10X enabling photobleaching of the droplet. The coverslip with the droplets was
mounted in a culture chamber (Attofluar, Molecular Probes, USA), allowing access by the
microscope objective. A lid was used to seal the chamber. To avoid evaporation of the
sample during measurements, a larger drop of water (20 µl) was also put inside the chamber
to saturate the chamber with water vapour. To check the functionality of the protein, two
established methods to determine FRET were used; the spectra and the fluorescence
lifetime of both fractions were measured. Acceptor photobleaching measurements
according to the method introduced in this paper were performed four times on each
fraction.

Preparation of HeLa cells
SYFP2 from the vector pSYFP2-C1 (equivalent to pEYFP-C1, Clontech, USA (Kremers et
al., 2005)) was amplified by PCR to introduce a BamHI site downstream of the BglII site in
the multiple cloning site. The NheI/BamHI fragment was inserted into the vector pECFPN1 (Clontech, USA) cut by the same enzymes, thus creating a single open reading frame
encoding a SYFP2-ECFP fusion protein with a 15 amino acid linker in between. Hela cells
were seeded on coverslips and transfected the following day with 1 µg of this plasmid using
Lipofectamine 2000 (Invitrogen, USA). The following day, cells were fixated with
formaldehyde (4% w/v PFA in PBS) and washed with PBS. The coverslip was mounted on
an object slide in mowiol (10% w/v polyvinylalcohol 4-88 and 25% v/v glycerol in 0.1 M
Tris HCl (pH 8.5)) and sealed with nail polish.
Microscopy
Measurements were performed on an Axiovert 200M motorized microscope (Zeiss,
Germany). The instrument is part of a multi-mode platform for fluorescence lifetime
imaging microscopy (FLIM) and spectral imaging (SPIM), and is described extensively
elsewhere (van Munster & Gadella, 2003; van Munster & Gadella, 2004). For intensity
measurements, an AttoArc 100W mercury lamp (Zeiss, Germany) was used, the output
intensity of which could be controlled remotely. The lamp was turned on at least half an
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hour before measurements in order to avoid artefacts due to warming up of the lamp.
Images were recorded on a cooled CCD camera (Coolsnap HQ, Roper Scientific, USA).
436/20 nm and 500/20 nm band-pass excitation filters, 455 nm and 525 nm long-pass
dichroics, and 480/40 nm and 545/30 nm band-pass emission filters were used for CFP
imaging and YFP imaging and photobleaching, respectively. Spectra were recorded using a
436/20 nm excitation and 460 nm long-pass emission filter (all filters from Chroma Corp.,
USA), using a slit-spectrograph (ImSpector, SpecIm, Finland), mounted in front of a CCD
camera (ORCA II, Hamamatsu, Japan). Lifetime measurements were performed using the
frequency-domain approach (Gadella et al., 1993) on the same instrument using a 442 nm
Helium-Cadmium laser modulated at 75 MHz and the CFP filter set without excitation
filter. Measurements on cameleon were performed using a 10X / NA 0.3 air objective
(Zeiss, Germany). Measurements on the HeLa cells were performed with a 63X / NA 1.4
oil immersion objective (Zeiss, Germany).

Cross talk determination
To determine the spectral cross talk parameters for linear unmixing, purified solutions of
the donor and acceptor fluorochrome were measured. Two slides were prepared with
purified ECFP and EYFP protein solutions (Kremers et al., 2005) contained in round
isolated vesicles (5 to 20 µm diameter), based on a protocol described elsewhere (Patterson
et al., 1997). Basically, 50 µl of the protein solution was added to 450 µl octanol. The
suspension was thoroughly mixed by repeatedly aspiring and releasing the mixture through
a syringe needle (25G: Ø 0.5 mm). Immediately after mixing, 4 µl of the suspension was
placed on an object slide and covered by a cover slip. To avoid sticking of the protein to the
water-octanol interface, 5% (v/v) polyethylene glycol (PEG) 4000 was added to each
protein solution before adding the octanol. Fluorescence intensities, corrected for darkcurrent and stray light, of both proteins were measured using both filter sets. After
correction for differences in exposure time, it was found that the intensity of ECFP
measured with the YFP filter set was 0.056% of the intensity measured with the CFP filter
set. The intensity of EYFP measured with the CFP filter set was 4.5% of the intensity
measured with the YFP filter set. This high percentage can be attributed to the extremely
high intensity of the 436 nm line in the mercury spectrum compared to the low intensity
around 500 nm. These parameters were used to construct a matrix, as described in
(Zimmermann et al., 2003) for linear unmixing. To determine the cross talk of sensitised
emission back into the donor channel, the value of c in equation 8 was determined by
calculating the overlap integral using normalized ECFP and EYFP spectra recorded in a
cuvette-based fluorospectrometer (Kremers et al., 2005) and spectral data provided by the
manufacturer of dichroic and emission filters (Chroma, USA). A value for c of 0.0087 was
found. For Qa, a typical quantum efficiency of EYFP of 0.65 was used (Tsien, 1998).
Performance of acceptor photobleaching
Before measurements, appropriate exposure times for donor and acceptor channels were
established on another part of the slide then where the actual measurement was performed
to limit unwanted photobleaching. Typically, exposure times were between 100 and 500
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ms. Cells were aligned and focussed using the CFP filter set and dimmed excitation light,
avoiding any unnecessary exposure. A dark current recording with the excitation shutter
closed was made preceding each measurement series to permit correction for dark current
and stray-light. The actual recording sequence was performed with the excitation shutter
open and the mercury lamp intensity at 100% and consisted of taking a recording with the
CFP filter set immediately followed by taking a recording with the YFP filter set. After 60
seconds, during which the excitation shutter remained open to induce acceptor
photobleaching, the entire cycle was repeated. After 20 cycles, the sequence was terminated
and the excitation light switched off. Two stacks of 20 images each of both CFP and YFP
channels resulted. The dark current recording was subtracted from all images in each stack.
Measured intensities were corrected pixel-by-pixel at each time point using linear unmixing
(Zimmermann et al., 2003).

Curve fitting
Fitting was performed in a user-selected region of interest (ROI) within the image,
averaging the intensity within the ROI for each time point. Advantage of this approach as
compared to analysis on a pixel-by-pixel base is that it is less sensitive to movement of
objects during recording and to noise. Equation 2 was fitted to the measured acceptor
intensity as function of time to obtain Ia,0, Ia,bg, and τa. The τa value found was used in the
fitting of equation 8 to the measured donor intensity as function of time to obtain Id,0, Id,bg,
τd, and E0. Fitting was done by χ2 minimization using the downhill simplex method (Nelder
& Mead, 1965; Press et al., 1994). The downhill simplex method used is not the most
efficient method; here it was chosen for ease of implementation. Software for microscope
control, image acquisition and fitting was written in C++ in MATLAB (Mathworks, USA)
using the image processing library DIPlib (Quantitative Imaging Group, TU Delft, The
Netherlands) for image display and ROI selection.

4.3 Results
Spectrum and lifetime of cameleon
To check the functionality of cameleon, spectra and lifetime of the YC2.1 construct were
measured both with and without Ca2+. Spectra in the presence and absence of Ca2+ obtained
with 436 nm excitation are depicted in figure 4.2. It can clearly be seen that the construct is
functional as the spectrum shows a clear increase in YFP fluorescence when Ca2+ is present
indicating that FRET occurs. Lifetime measurements confirm this: phase lifetime decreased
from 2.3 ± 0.2 ns in the absence of calcium to 1.9 ± 0.2 ns in the presence of 1 mM Ca2+.
Modulation lifetime decreased from 3.1 ± 0.3 ns to 2.9 ± 0.3 ns.
Acceptor bleach measurement of cameleon
To demonstrate the method introduced in this paper, it was applied to cameleon in the
presence and absence of Ca2+. On both fractions four measurements were performed. After
curve fitting of equations 2 and 8 to the measured intensities in the presence of 1mM Ca2+,
values of E0 of 0.35, 0.31, 0.28, and 0.31 were found. In the absence of calcium, values of
E0 of 0.15, 0.12, 0.18 and 0.15 were found. This results in average FRET efficiencies in the
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Figure 4.2 Measured spectra
of YC2.1 in the presence and
absence of Ca2+.

Figure 4.3 Measured fluorescence as a function of time
during acceptor photobleaching of YC2.1 in the presence (A)
and the absence (B) of Ca2+. The lines through the measured
points are fitted functions according to equations 2 and 8.
Fitting parameters in the depicted measurement are A:
E0=0.31, Id,0=1.44, Ia,0=0.9, Id,bg=0.006, Ia,bg=0.07, τd=3746
s, τa=164 s, and, B: E0=0.12, Id,0=1.05, Ia,0=0.9, Id,bg=0.09,
Ia,bg=0.09, τd=1464 s, τa=217 s.

presence and absence of calcium of 31 ± 3 % and 15 ± 2 %, respectively. The measured
intensities as a function of time during acceptor photobleaching of one of the four
measurements is shown in figure 4.3.

CFP-YFP construct in HeLa cells
To test the validity of the method on a biological sample, HeLa cells transfected with a
CFP-YFP fusion protein were measured. An image of the HeLa cells is depicted in figure
4.4. The image shown is the first image using donor excitation and filter set of a series
measured during acceptor photobleaching. Of this sequence of images, a region of interest
was selected, depicted by the white square in the image. The average intensity inside this
square is plotted as a function of time in figure 4.5. Curve fitting of equations 2 and 8 to the
measured intensities gave a FRET efficiency E0 of 0.28.

4.4 Discussion & Conclusion
Evaluation of the method
The FRET efficiencies found using the gradual acceptor photobleaching method introduced
in this paper of cameleon in the presence and absence of calcium are 31 ± 3 %, and 15 ± 2
%, respectively. Although the spectra displayed in figure 4.2 do not permit an actual
calculation of the FRET efficiency, the values found do not seem unrealistic, when looking
at the spectra.
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The phase and modulation lifetime of cameleon measured in the absence of calcium were
2.3 ± 0.2 ns and 3.1 ± 0.3 ns, respectively. In the absence of calcium, 1.9 ± 0.2 ns and 2.9 ±
0.3 ns were measured. Translating these lifetimes to FRET efficiencies is far from trivial. In
the first place, the lifetime of CFP in the absence of FRET has to be well established.
Values reported for CFP lifetimes vary from 2.4 ns (Kremers et al., 2005), to 3.0 ns (Rizzo
et al., 2004). Secondly, lifetimes are not mono-exponential. This is true for both the
lifetimes in the absence of FRET (Kremers et al., 2005; Rizzo et al., 2004) as well as for
the measured phase and modulation lifetimes. Non-monoexponential decay can be
attributed to the inherit non-monoexponential decay of the donor its, as well as moleculeto-molecule variation in the actual FRET efficiency, for instance due to rotational freedom
of the acceptor relative to the donor. In intensity-based methods, as method introduced in
this paper, these molecule-to-molecule variations will still yield an accurate ensemble
FRET efficiency since the individual contributions add up linearly. In lifetime
measurements, however, given the highly non-linear nature of fluorescent decays, lifetimes
of individual molecules do not simply add up. This makes it virtually impossible to reliably
quantitate FRET efficiency from lifetime measurements. At this point we can only state that
there is a clear reduction in phase and modulation lifetime in cameleon when compared to
pure CFP and a further reduction by the presence of calcium, indicating that there is FRET
occurring in cameleon in the absence of calcium and that the FRET efficiency increases by
the addition of calcium.
The FRET efficiency of the CFP-YFP fusion in HeLa cells found using the method
introduced in this paper was 28%. This would, according to equation 1 and a R0 for CFP

Figure 4.4 Fluorescence image of HeLa cells
expressing a CFP-YFP fusion construct.
Fluorescence of donor and acceptor were
measured as a function of time during acceptor
photobleaching. Intensities within the 16x16
pixel square were analysed and are plotted in
figure 5. Scale bar represents 20 µm.

Figure 4.5 Measured fluorescence as a function
of time during acceptor photobleaching of HeLa
cells expressing a CFP-YFP fusion protein as
depicted in figure 4. The lines through the
measured points are fitted functions according
to equations 2 and 8. Fitting parameters found
are: E0=0.28, Id,0=1.22, Ia,0=0.92, Id,bg=0.1,
Ia,bg=0.05, τd=4350 s, τa=271 s.
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and YFP between 4.9 and 5.2 nm (Tsien, 1998) correspond to an intermolecular distance
between CFP and YFP between 5.7 and 6.1 nm if orientation effects are not taken into
account. Given the fact that both CFP and YFP are barrel shaped molecules with a diameter
of 2 nm, and a length of 4 nm with the chromophore located in the centre (Rekas et al.,
2002), and that a 15 amino acid linker is between them with a length, depending on the
folding, of 2 to 4 nm, this value is what could be expected.
Advantages of the method are obvious when looking at the measurements and fitted curves
in figures 4.3 and 4.5; had the existing method been used here, based on donor intensity
before and after acceptor bleaching, there would have been a serious underestimation of the
FRET efficiency. In addition, any artefacts in the behaviour of both donor and acceptor
intensities as a result of acceptor bleaching would have gone unnoticed. Also, contrary to
the existing FRET method based on direct acceptor photobleaching, the method is
applicable in cases where complete acceptor photobleaching is not possible.

Measurement accuracy
The accuracy of the FRET efficiency measured with the gradual acceptor photobleaching
method is not easy to summarize in a confidence interval. The accuracy of the individual
points through which the equations are fit, is mainly determined by photon statistics, i.e.
Poisson noise. If exposure times are chosen in such way that the full dynamic range of the
CCD camera is used, the noise is typically 1% per pixel for a camera like the one used in
this paper (QE = 60%, full well capacity = 16000 e-, read noise = 8 e-, dark-current = 0.05
e- s-1, exposure times < 1 s). The noise in the average intensity over multiple pixels is the
noise in one pixel divided by the square root of the number of pixels. In the example shown
in figures 4.4 and 4.5, where the average intensity in a 16 x 16 pixel area is used, the noise
would be reduced to 0.0625 %. Needless to say that, purely based on these accuracies, the
statistical variation in the parameter E0 found by the fitting will be extremely low as well.
Although correct in a purely statistical sense, the analysis given above is not very useful. In
practice, apart from variation in the sample itself, some errors due to deviations from the
model are not unlikely. Looking at figure 4.3 it can be seen that both donor and acceptor
intensity deviate from the fitted curve. The cause for these variations is unknown, but is
most likely be the result of insufficiency of the model used. With the information available
now, it is impossible to relate this to a measurement accuracy for E0 for this method. The
variation of the E0 values found in the measurements of the cameleon construct of 10% is
an indication of what is realistic in practice. When using this method, instead of trusting a
confidence interval derived purely on statistical grounds, it is important realize that there
can be substantial variation in the sample and that measured curves can deviate from the
model.
Mono-exponential bleaching
Calculations in this paper were based on mono-exponential photobleaching. However, as
can be seen in figure 4.3, bleach curves can deviate from a strict mono-exponential decay,
even in relatively standard fluorescence microscopy applications. In principle, equations in
this paper can be easily expanded to multi-exponential or stretched exponential models,
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however, in general, little is known about photobleaching itself in relation to fluorescence
microscopy. Photobleaching kinetics are dependent on, among other things, fluorochrome
concentration, environmental circumstances of the fluorochrome, and wavelength, intensity
and type (pulsed or continuous) of excitation (Song et al., 1995; Song et al., 1997). Even if
the photochemistry of the fluorochrome and the processes leading to photobleaching are
known, modelling of photobleaching beyond the approximation of a mono-exponential
decay is extremely complicated due to the large number of unknown environmental factors
encountered in practice.
One effect that may play a role in the photobleaching during FRET is that the fluorescence
lifetime of the donor decreases with increasing FRET efficiency, which lowers the chance
of excited state reactions that give rise to photobleaching. However, in a FRET pair, donor
and acceptor should be regarded as one system. Whether excited state reactions will
photobleach the donor, the acceptor, or both depends on the exact nature of the excited state
reactions, which is something that is not well understood and is probably dependent on the
environmental circumstances. Nevertheless, there is something known as a “protection
effect” and a clear correlation between FRET efficiency and donor bleach rate has been
shown. In fact, this is the basis for FRET methods based on donor photobleaching
(Bastiaens & Jovin, 1998; Jovin & Arndt-Jovin, 1989; Jovin & Arndt-Jovin, 1989; Young
et al., 1994). These effects have not been taken into account in the model. Therefore, it is
important to realize, especially when dealing with large FRET efficiencies and high donor
bleach rates, that the mono-exponential model used in this paper is a simplification that
may give rise to deviations.

Dark states of YFP
General assumption in this paper is that a photobleached acceptor molecule looses its
capacity to function as an acceptor. However, it should be kept in mind, especially when
using fluorescent proteins such as YFP as acceptor, that they could display some unusual
behaviour that may complicate FRET measurements. Fluorescent proteins have been found
to transit between different states, including states with different excitation and/or emission
maxima and dark states where they do not show any fluorescence at all (Blum et al., 2004;
Dickson et al., 1997). The transfer to another state may occur spontaneously, or may be
induced by irradiation at a particular wavelength. The degree in which fluorescent proteins
suffer from these effects differs: fluorescent proteins have been described for which the
effect is so strong that it is possible to effectively switch it on and off (Chudakov et al.,
2004). For the acceptor used in this paper this effect did not play a role: When using
excitation at 500 nm, the decrease in intensity of YFP has been found to be irreversible:
after 15 minutes with no excitation light, the intensity did not come back, indicating that it
is indeed photobleaching and not a transfer to a dark state. Had it not been photobleaching
but a transfer to a dark state, the model used in this paper would only be valid if the
acceptor would loose its absorption in this dark state. In this case the acceptor would loose
its capacity to function as an acceptor just like it would when it were photobleached.
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Quantitative use of FRET measurements
FRET is almost always measured on large ensembles of molecules. Unless it is a priori
known that all donors exhibit a similar amount of FRET, such as in the examples in this
paper, individual donors will not have identical FRET efficiencies; there will be a
distribution of FRET efficiencies. In practice, the assumption can be made that there are
two subpopulations: donors are that bound to an acceptor (FRET efficiency E0), and donors
that are unbound (FRET efficiency=0). The average FRET efficiency measured will be
α*E0, where α represents the ratio of the number of bound donors to the total number of
donors. Care should be taken when relating measured FRET efficiencies to intermolecular
distances using equation 1. For instance: a measured average FRET efficiency of 28% can
mean that all donors exhibit 28% FRET, or that 28% of the donors exhibit 100% FRET.
Without prior knowledge, the only conclusion that can be drawn is that the FRET efficiency
measured is the minimum efficiency of the bound donor molecules. Even when 100% of
the donors participate in FRET, relating a measured FRET efficiency to an intermolecular
distance should be done with extreme caution: Because of distance distributions or
rotational freedom, there may actually be a distribution of FRET efficiencies, the average of
which can, because of the highly non-linear relation between the two, not simply be linked
to a intermolecular distance. Methods based on relative intensities of donor and/or acceptor,
such as the method introduced in this paper, all have in common that no distinction can be
made between α and E. With techniques based on the decrease of fluorescence lifetime of
the donor during FRET, however, it is possible to measure α and E independently
(Subramaniam et al., 2003; Verveer & Bastiaens, 2002).
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Quantitative lifetime unmixing of mixtures of
two multiexponential decaying fluorescent
species using single-frequency FLIM.
Application to multiparameter imaging of spectrally identical
fluorescent proteins
Gert-Jan Kremers, Erik B. van Munster, Joachim Goedhart and Theodorus W.J. Gadella Jr

Fluorescence lifetime imaging microscopy (FLIM) is a quantitative microscopy technique
for imaging nanosecond decay times of fluorophores. In case of frequency domain FLIM,
several methods have been described for generating more than just one image displaying an
average fluorescence lifetime at each pixel. Especially of interest are binary situations
where two fluorescent species are available, each with a certain fluorescence decay but with
variable abundance throughout the sample. Such a condition is typical for fluorescence
energy transfer (FRET)-systems. Thus far, single-frequency FLIM methods generally were
limited to two species with monoexponential decay. However, especially for fluorescent
proteins and biological samples multiexponential decays are the norm rather than the
exception.
Here we describe a new method for determining the fractional contribution at each position
of an image of a sample containing two (multiexponentially) decaying species using single
frequency FLIM. We demonstrate that this technique allows unmixing of binary mixtures
of two spectrally identical cyan or green fluorescent proteins each with multiexponential
decay. In addition, because of their spectral identity, quantitative images of relative
molecular abundance of these fluorescent proteins can be generated that are independent of
the microscope light path. The new method is rigorously tested using samples of known
composition and applied to live cell microscopy using cells expressing multiple
(multiexponentially decaying) fluorescent proteins. The significance for multiparameter
imaging is discussed.
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5.1 Introduction
Fluorescence lifetime imaging microscopy (FLIM) provides spatially resolved information
of the fluorescence lifetime of a fluorophore. Because the fluorescence lifetime (τ) of a
fluorophore can be influenced by its direct molecular environment, FLIM has been widely
applied in cell biology for measuring physiological parameters in the cell, for example
cellular pH, ion concentrations and membrane potential (Gadella et al., 1993; Sanders et
al., 1995; Szmacinski and Lakowicz, 1995; Lin et al., 2003; Dumas and Stoltz, 2005). At
present, the major application of FLIM is the measurement of protein-protein interactions
by means of fluorescence resonance energy transfer (FRET) using fluorescently labeled
proteins (Gadella et al., 1993; Gadella and Jovin, 1995; Wouters et al., 1998; Bastiaens and
Squire, 1999; Gadella et al., 1999; Vermeer et al., 2004; Peyker et al., 2005).
Besides measuring changes in lifetime, FLIM can also be used to quantitatively image the
spatial (and fractional) distribution of two (non-interacting) fluorescent probes with
different lifetimes. This provides the opportunity to image the spatial distribution of two
different probes (Pepperkok et al., 1999), or the abundance of two different states of a
single fluorescent probe, for example the fraction of protein undergoing energy transfer in a
FRET experiment (Verveer et al., 2000b).
Several methods have been developed employing FLIM for the quantification of the
fractional probe distribution of binary mixtures (Gadella et al., 1994; Squire et al., 2000;
Verveer et al., 2000a; Esposito et al., 2005). However, until now these methods are
generally limited to fluorescent species with monoexponential fluorescence decays. In
contrast, many fluorophores, and almost all fluorescent proteins, display a more complex
multi-exponential decay, which is not accurately described by a single-exponential lifetime
(Borst et al., 2005). Therefore methods to quantify the composition of mixed samples,
containing fluorophores with multiexponential lifetimes are of great interest. Here we
present a new method for quantitative lifetime unmixing based on single-frequency FLIM
measurements that can deal with dual-component systems each displaying multiexponential
fluorescence decay.
To put our method into perspective we will first briefly introduce the theory of FLIM and
briefly describe several other methods that have been developed for quantifying the
composition of samples containing more than one fluorescent species.
5.1.1 Frequency-domain FLIM
FLIM can be performed in different ways (van Munster and Gadella, 2005), but is generally
implemented using frequency-domain or time-domain approaches. FLIM requires that the
excitation light is intensity-modulated (frequency-domain) or pulsed (time-domain) and that
the emitted fluorescence is measured time-resolved. The theory of frequency-domain FLIM
has been described extensively (Weber, 1981; Gratton and Limkeman, 1983; Gadella et al.,
1994; Clegg and Scheider, 1996; Gadella, 1999). In frequency-domain FLIM, the excitation
light E(t) is intensity-modulated at high frequency (typically 10-100 MHz). As a result, the
emitted fluorescence F(t) is modulated at the same high frequency, but due to the non- 104 -
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instant fluorescence decay (i.e. the fluorescence lifetime) the emitted fluorescence will
display a phase-shift (∆ϕ) and demodulation (MF < ME) according to:
E (t ) = E 0 (1 + M E sin ωt )

(1a)

F (t ) = F0 (1 + M F sin (ωt − ∆ϕ ))

(1b)

Here, E0 is the average (steady-state) excitation intensity and F0 is the average (steadystate) fluorescence intensity. The magnitude of the phase-shift and demodulation depends
on the fluorescence lifetime (τ) of the sample and on the angular frequency of modulation
( ω = 2πf ), according to:
∆ϕ = tan −1 (ωτ ) and

M ≡

MF
1
=
ME
1 + ω 2τ 2

(2a,b)

Hence, it follows that two apparent fluorescence lifetimes τϕ and τm can be defined from the
observed phase-shift and demodulation:

τϕ =

1

ω

tan (∆ϕ ) and

τm =

1

ω

1
−1
M2

(3a,b)

In case of a multiexponential fluorescence decay, ∆ϕ and M are dependent on the
individual lifetime components (τi) and their fractional contribution (to the steady-state
fluorescence) (αi), according to:

X
∆ϕ = tan −1   and
Y 

M ≡

MF
=
ME

X 2 +Y2

(4a,b)

with,

α i ωτ i

 X = ∑ 1 + ω 2τ 2
i

i

α
Y =
∑i 1 + ωi2τ 2

i

(5a,b)

In Eqs. (5a,b) αi is a dimensionless constant with

∑α

i

= 1 . For a fluorophore with

i

monoexponential fluorescence decay, τϕ and τm are equal. For samples with complex
fluorescence decay, two apparent lifetimes are obtained, with τϕ < τm (Gadella et al., 1993).
While being quantitatively related to the lifetime components (Eqs. 3-5), these apparent
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lifetimes can be regarded as differently weighted average lifetimes of the complex
fluorescence decay.

5.1.2 Quantifying the composition of two-component mixtures by FLIM
In case of a mixed sample of two (or even three) fluorescent species with monoexponential
and known lifetimes, the fractional contribution of each species can be quantitatively
resolved using the dispersion relationships in Eqs. (4-5) (Pepperkok et al., 1999). However,
when the lifetimes of the components in a mixture are not known or the mixture contains
fluorophores with multiexponential fluorescence decay, quantification of the fractional
contribution is not straightforward or even impossible. For these situations the challenge is
to still generate information on the relative abundance of the individual species from these
FLIM data. However, in all cases a simplification of the situation or an assumption about
the sample and additional mathematics are required to face this challenge. Below, the
existing methods are briefly discussed.

Fix the lifetime of one fluorescent species
For a mixture of two probes with monoexponential fluorescence decay, the composition is
determined by the two individual lifetime components (τ1 and τ2) and their fractional
contributions (α1 and α2). After normalization of the fractional contributions (α2 = 1-α1),
this leaves three variables to be determined, while only two observables (τϕ and τm) are
available.
The simplest solution for decomposing such binary mixtures is to reduce the number of
variables that need to be determined. If for instance one lifetime (τ1) is known from a
separate experiment, this knowledge can be used since after fixing τ1 only two unknown
variables (τ2 and α) remain to be determined, which can be done directly using Eqs. (4-5)
(Weber, 1981; Gadella et al., 1994). This approach can be used in FRET situations where
one knows the lifetime of the unquenched donor in the absence of the acceptor.
Prerequisites are that the donor in the FRET situation also displays a single exponential
decay and that there are only two states for this donor (FRET or no FRET), which do not
interact. In practice (cell biology) such conditions will be rare. Also other two-state
situations of which one is known and has a single exponential decay can be used. For
instance, an autofluorescent enzyme of which the lifetime is quenched after binding of its
substrate. In such a situation the fraction of the enzyme with bound substrate can be imaged
assuming it displays single exponential decay kinetics (Gadella et al., 1997).
Global analysis of single-frequency FLIM data
A more versatile approach is to use global analysis of the FLIM data (Verveer et al.,
2000a). In global analysis of FLIM data, data from all pixels in a lifetime image are
analyzed simultaneously. By considering the data in each pixel of an image as a different
measurement, a single FLIM measurement consists of a large number of independent
measurements. Assuming that the lifetimes of both fluorescent species are the same in each
pixel (spatially invariant) and only their fractional contribution differs, global analysis can
estimate these spatially invariant lifetimes. Once these global lifetimes are determined, the
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fractional contribution can be estimated on a pixel-by-pixel basis. The maximum number of
lifetimes that can be resolved by global analysis is twice the number of lifetimes that can be
fit by conventional approaches. Therefore, global analysis permits fitting of two global
(spatially invariant) lifetimes and their (spatially variable) fractional contributions with a
single-frequency FLIM experiment (Verveer et al., 2000a). The advantage of global
analysis is that a priori knowledge of the individual lifetime components is not required,
other than that they should be monoexponential. Global analysis has been applied to FRET
situations assuming single-exponential lifetimes of donors in the absence and presence of
acceptors. Both the fraction of molecules exhibiting energy transfer as well as the
efficiency of energy transfer for these molecules can be determined (Verveer et al., 2000b).

Lifetime moment analysis
Recently, a method has been described to quantify the composition of binary mixtures,
based on lifetime moments analysis (LiMA) (Esposito et al., 2005). LiMA assigns the
difference between phase and modulation lifetimes to a Gaussian distribution of fluorescent
lifetimes around an average fluorescence lifetime and a certain width of the Gaussian. Also
heterogeneous samples consisting of two Gaussian distributions can be analyzed. However,
LiMA analysis uses approximations of certain estimators of the FLIM theory. Furthermore,
assuming a Gaussian-distributed lifetime of a species may deviate from reality. Especially
fluorescent proteins seem to display rather discrete multiple fluorescence lifetime
components rather than a gaussian distribution around a single mean (Borst et al., 2005).
Still, under the assumption of Gaussian distributed lifetimes, the LiMA method could
analyze FRET efficiencies in a constrained two-component system (Esposito et al., 2005),
although both the quenched (FRET) and unquenched (non FRET) lifetime distributions
were nearly single exponential.
Multi-frequency FLIM
For mixtures containing fluorophores with multiexponential fluorescence decays, the
number of individual lifetime components is too large to resolve by single-frequency FLIM.
However, the individual lifetime components of a complex multiexponential decay can be
resolved by multiple lifetime measurements at different modulation frequencies (Gratton et
al., 1984; Clegg and Scheider, 1996; Squire et al., 2000). In principle, multi-frequency
FLIM measurements can be used to identify N lifetime components and their fractional
contributions by performing FLIM measurements at N different modulation frequencies.
However, for cell biological samples, the sequential collection of lifetime images at more
than one frequency can be problematic, as the exposure time is limited by factors such as
the dynamic nature of the sample and photobleaching. This problem can be reduced by the
simultaneous detection of fluorescence modulated at a set of harmonic frequencies (Squire
et al., 2000). However, typically the harmonic content of the detected signal in FLIM
quickly drops at higher frequencies (Squire et al., 2000) and the data quality required for
multicomponent analysis drastically increases with the number of lifetime components to
be determined. Therefore, in practice, the use of multi-frequency FLIM has been limited to
resolving two fluorophores and assuming monoexponential fluorescence decays.

- 107 -

Chapter 5
Single-frequency FLIM lifetime unmixing of probes with multiexponential
fluorescence decay
We have developed an alternative method for quantitative lifetime imaging for twocomponent systems using the phase-shift and demodulation of fluorescence of both
components, rather than looking for the actual lifetime distributions of each component. For
any fluorophore, τϕ and τm are exact representations of the phase-shift and demodulation
induced by the fluorophore at a given modulation frequency. If τϕ and τm for each of the
two fluorophores are known, we formulate a mathematical solution, to unmix the fractional
contribution of the two fluorophores based on the apparent τϕ and τm of the mixture using
single-frequency FLIM. Therefore we call this method single-frequency lifetime unmixing
of FLIM data.
5.1.3 Application of lifetime unmixing to spectrally identical fluorescent
proteins
In this paper, we apply single-frequency lifetime unmixing on two pairs of fluorescent
proteins (VFPs). Because of the efficient shielding of the VFP chromophores by the ßbarrel their fluorescence lifetimes are rather unsusceptible to changes of the molecular
environment. Fluorescence lifetimes of VFPs are even quite insensitive to pH despite the
general sensitivity of VFP fluorescence to changes in pH, because pH changes VFP
absorbance rather than QY. This makes fluorescent proteins very well suited for lifetime
unmixing applications. In chapters 2 and 3, we reported on pairs of cyan and green
fluorescent proteins with markedly different fluorescence lifetimes. SCFP1 and SCFP3A
are cyan fluorescent proteins with a short lifetime and a long lifetime, respectively (table
5.1). Both SCFPs have identical excitation and emission spectra (figure 5.1). Analogous,
SGFP2(T65G) and SGFP2 are green fluorescent protein variants with a short lifetime and a
long fluorescence lifetime, respectively (table 5.1). SGFP2(T65G) and SGFP2 have an
identical emission spectrum, but a different excitation spectrum (figure 5.1).
Table 5.1 Properties of VFP lifetime variants.

SCFP1
SCFP3A
SGFP2(T65G)
SGFP2

ε (λex)a

QY (λem)b

τϕ (ns)

τm(ns)

pKa

29 (434)
30 (434)
90 (501)
46 (495)

0.24 (477)
0.56 (474)
0.35 (512)
0.70 (512)

1.5±0.1
2.6±0.1
1.30±0.02
2.61±0.02

2.0±0.1
3.2±0.1
1.51±0.03
2.73±0.02

<3.5
<4.5
6.7
5.9

a

Extinction coefficient (103M-1cm-1) with absorbance maximum (nm) between brackets. bQuantum
yield with emission maximum (nm) between brackets. Fluorescence lifetimes of SVFPs expressed in
mammalian cells are the mean average ± standard deviation of at least 8 measurements.

The advantage of fluorescent proteins with different lifetimes, but identical emission
spectra, is that these probes can be detected through a single narrow bandpass filter, thereby
claiming only a small part of the visible spectrum. The remaining part of the spectrum can
than be used for imaging of additional fluorescent probes. Furthermore, application of
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fluorescent proteins with identical emission spectra has the advantage that fractional
contributions based on fluorescence can be converted to molar ratios if the relative intrinsic
brightness of the fluorescent proteins (product of molar extinction coefficient and quantum
yield (QY)) is known.

Figure 5.1 Comparison of excitation (dotted lines) and emission spectra (solid lines). A) Spectra
of SCFP1 (grey) and SCFP3A (black). B) Spectra of SGFP2(T65G) (grey) and SGFP2 (black).

5.2 Theory of single-frequency FLIM lifetime unmixing
To be able to determine the fractional contribution of two fluorophores in a mixture by
single-frequency FLIM lifetime unmixing, we need to analytically derive the relation
between the τϕ and τm of the mixture and the fractional contribution of each probe. For a
general theoretical description of phase fluorometry from which the equations are derived,
the reader is referred to Weber (Weber, 1981). When considering a sample containing two
fluorescent species, the fluorescence emitted by each species, according to Eq. (1b) is:

F1 (t ) = F0,1 (1 + M F ,1 sin (ωt − ∆ϕ 1 ))

F2 (t ) = F0, 2 (1 + M F , 2 sin (ωt − ∆ϕ 2 ))

(6a)

(6b)

For each probe MF and ∆ϕ can be directly related to the complex multiexponential decay
components according to Eqs. (4) and (5). The total emitted fluorescence will be the sum of
the fluorescence emitted by each fluorophore:
F (t ) = F1 (t ) + F2 (t ) = F0,1 + F0, 2 + F0,1 M F ,1 sin (ωt − ∆ϕ1 ) + F0, 2 M F , 2 sin (ωt − ∆ϕ 2 ) (7a)
Which can also be formulated as:
F (t ) = F0,1 + F0, 2 + sin ωt (F0,1 M F ,1 cos ∆ϕ1 + F0, 2 M F , 2 cos ∆ϕ 2 )

− cos ωt (F0,1 M F ,1 sin ∆ϕ1 + F0, 2 M F , 2 sin ∆ϕ 2 )
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Eq. (7b) can be written in a form similar to Eq. (1b):

 S 
F (t ) = L + G sin ωt − S cos ωt = L + S 2 + G 2 sin  ωt − tan −1   
 G 


(8a)

 L = F0,1 + F0, 2

S = F0,1 M F ,1 sin ∆ϕ1 + F0, 2 M F , 2 sin ∆ϕ 2
G = F M cos ∆ϕ + F M cos ∆ϕ
0 ,1
F ,1
1
0, 2
F ,2
2


(8b-d)

where,

By comparing Eq. (8) to Eqs. (1b) and (2), it follows that the modulation of the
fluorescence of the mixture can be described as a sinusoid with apparent phase-shift (∆ϕ’)
and modulation (M’):
S
∆ϕ ' = tan −1   and
G

M '=

S 2 + G2
L

(9a,b)

Hence follows, that the apparent phase and modulation lifetimes are described as:

τ 'ϕ ≡

1 S
ωG

and

τ 'm ≡

1

ω

L2
−1
S 2 + G2

(10a,b)

If the lifetimes τϕ,j and τm,j of both fluorescent species are known, this information can be
used to calculate ∆ϕj and Mj for both probes using Eq. (2). In this case, the only unknown
parameters are the contribution of each probe (F0,j) to the total fluorescence. The fractional
contribution (α) of the F0,1 fluorescent species can be defined as:

α≡

F0,1

(11)

F0,1 + F0, 2

Substitution of α for F0,1 and F0,2 in Eq. (8) enables us to define α as a function of τ’ϕ and
τ’m, respectively as follows. By combining Eqs. (8), (10a) and (11), we can write the
apparent τ’ϕ of the binary mixture as a function of α:

τ 'ϕ =

αM F ,1 sin ∆ϕ1 + (1 − α )M F , 2 sin ∆ϕ 2
1 S
=
ω G ω (αM F ,1 cos ∆ϕ1 + (1 − α )M F , 2 cos ∆ϕ 2 )
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From which we can isolate α:

α=

ωτ 'ϕ M F , 2 cos ∆ϕ 2 − M F , 2 sin ∆ϕ 2
M F ,1 sin ∆ϕ1 − M F , 2 sin ∆ϕ 2 − ωτ 'ϕ M F ,1 cos ∆ϕ1 + ωτ 'ϕ M F , 2 cos ∆ϕ 2

(13)

Which can be rewritten in the form of:

ωτ ϕ j
 sin ∆ϕ ≡
j

 A = M F , 2 sin ∆ϕ 2
1 + ω 2τ ϕ2 j


A − Bτ 'ϕ  B = ωM F , 2 cos ∆ϕ 2
1

α=
;
; cos ∆ϕ j ≡
sin
sin
=
∆
−
∆
C
M
M
ϕ
ϕ
C − Dτ 'ϕ 
2
1
F ,2
F ,1
1 + ω 2τ ϕ2 j

 D = ω (M F , 2 cos ∆ϕ 2 − M F ,1 cos ∆ϕ 1 ) 

ME
 M
F, j =

1 + ω 2τ m2 j


(14)

Where the constants A, B, C and D are all defined by the phase-shift (or τϕ,j) and
demodulation (or τm,j) of the isolated fluorophores.
Alternatively, by combining Eqs. (8), (10b) and (11) we can write the apparent τ’m of the
binary mixture as a function of α:

τ 'm =

=

1

ω

1

ω

L2
−1
S + G2

(15)

2

(αM

1

F ,1 sin ∆ϕ 1 + (1 − α )M F , 2 sin ∆ϕ 2 ) + (αM F ,1 cos ∆ϕ 1 + (1 − α )M F , 2 cos ∆ϕ 2 )
2

2

From which we can isolate α:

Pα 2 + Qα + R = 0

and

α=

− Q + Q 2 − 4 PR
2P

(16a,b)

where,


 P = M 2 + M 2 − 2M M (sin ∆ϕ sin ∆ϕ + cos ∆ϕ cos ∆ϕ )
1
2
1
2
F ,1
F ,2
F ,1
F ,2


2
(
)
Q
M
M
M
2
2
sin
ϕ
sin
ϕ
cos
ϕ
cos
ϕ
=
−
+
∆
∆
+
∆
∆

1
2
1
2
F ,2
F ,1
F ,2

2
R = M 2 − M E
F ,2

1 + ω 2τ ' 2m
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We have now derived two equations from which experimental FLIM data, i.e. apparent τ’ϕ
and τ’m of the mixture and ∆ϕ and M of the pure (multiexponential) components, can be
related to the fractional composition (α) of a binary mixture. Eqs. (14) and (16) allow
independent estimations, based on τ’ϕ and τ’m, respectively. Ideally, both equations should
yield the same value for α.

5.3 Material and methods
Preparation of purified protein samples
The isolation and characterization of the VFP variants has been described in detail in
chapters 2 and 3. VFP stock solutions for the preparation of the mixtures were prepared in
PBS pH 7.4 at ODλex ≈ 0.05 and adjusted to equal fluorescence intensity in a PTI
QuantaMaster 2000-4 fluorescence spectrofluorometer (Photon Technology International,
Lawrenceville, NJ). A series of two-component mixtures with defined composition was
prepared from these stock solutions. 90 µl of each mixture was used to fill wells of a flat
bottom 96-wells plate (Greiner Bio-One, Frickenhausen, Germany) for lifetime
measurements. For pH-titration, VFP stock solutions were prepared in water and diluted
10-fold in PBS buffers set at pH 6.0, 6.5, 7.0, 7.5 and 8.0.
Construction of VFP expression vectors
Construction of mammalian expression vectors encoding SCFP1-NLS, SCFP3A-NES,
SGFP2, SGFP2(T65G) and SYFP2 have been described in chapters 2 and 3. SCFP1-NLS is
targeted to the nucleus, due to the nuclear localization sequence (NLS). SCFP3A-NES is
excluded from the nucleus, because of the nuclear export sequence (NES). SGFP2-NESPHgrp1 was constructed by fusion of the pleckstrin homology domain of GRP1 (Gray et
al., 1999) to the C-terminus of SGFP2. PHgrp1 binds specifically to
phosphatidylinositol(3,4,5)trisphosphate (PtdIns(3,4,5)P3). A nuclear export sequence was
used as linker between SGFP2 and PHgrp1. mCherry-SYFP2 consisted of a fusion of the
red fluorescent protein mCherry (Shaner et al., 2004) to the N-terminus of the yellow
fluorescent protein SYFP2 (chapter 2), separated by a 17 amino acid flexible linker
(SGLRSRAQASNSAVDGT).
Sample preparation for live cell imaging
HeLa or Swiss 3T3 cells growing on glass coverslips (Ø 24 mm) were transiently
transfected with 0.2 - 0.4 µg plasmid DNA, using 1.5 µl Lipofectamine2000 (Invitrogen).
Transient tranfection resulted in a heterogeneous cell population with varying levels of VFP
expression. To obtain mixed populations of cells expressing different DNA constructs, cells
were trypsinized and mixed 8 hours after transfection. Cells were used for microcopy 16 to
24 hours after transfection. For microscopy, the growth medium was replaced with
extracellular-like buffer (140 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM
glucose and 20 mM Hepes, pH 7.4).
Swiss 3T3 cells were serum-starved 4 hours prior to imaging. PtdIns(3,4,5)P3 production
was triggered by stimulation with 10 ng/ml plateled derived growth factor (PDGF-BB;
Sigma-Aldrich, St. Louis, MO)
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FLIM measurements
For frequency-domain wide-field FLIM measurements, the FLIM setup as described by van
Munster et al. (van Munster and Gadella, 2004a) was used. For imaging of CFP and GFP, a
helium–cadmium laser (442nm, 125mW) or argon-ion laser (488 nm 150mW) (MellesGriot, Carlsbad, CA), a 455DCLP or Q495LP dichroic mirror and a D480/40 or HQ515/30
bandpass emission filter (Chroma Technology Corp.) were used, respectively. The
frequency of modulation was 75MHz. For each lifetime measurement the reference phase
and modulation were obtained, using a reference filter cube reflecting 0.1‰ of the
excitation laser light directly onto the detector. The FLIM setup was calibrated based on
erythrosin B, assuming a monoexponetial lifetime of 86ps. FLIM stacks of 15 phase images
were acquired with an exposure time of 50 - 500 ms per image, depending on the brightness
of the samples, using a Zeiss plan Neofluar 40x 1.3NA, oil-immersion objective. To
minimize artifacts due to photobleaching, a permutated recording sequence was used (van
Munster and Gadella, 2004b). Software for control, acquisition, processing and analysis of
the data was written in C++, using Matlab 6.1 and the image processing library DIPlib
(Pattern
Recognition
Group,
TU
Delft,
the
Netherlands,
http://www.ph.tn.tudelft.nl/DIPlib/).
Global analysis of FLIM data
The FLIM image stacks recorded for the SGFP2(T65G)/SGFP2 mixtures were analysed
simultaneously by an optimized global analysis algorithm for single-frequency FLIM data
(Verveer and Bastiaens, 2003).
Multiparameter FLIM measurements
For additional lifetime imaging of SYFP2, an argon-ion laser (514nm, 150mW) (MellesGriot, Carlsbad, CA), a 525DCXR dichroic mirror and a HQ545/30 bandpass emission
filter (Chroma Technology Corp.) were used. For imaging of mCherry fluorescence, light
from a 100 W high pressure mercury lamp passed through a HQ546/10 filter was used for
excitation and fluorescence was detected using a 600DCXR dichroic mirror and HQ630/60
emission filter (Chroma Technology Corp.).
The FRET efficiency (E) of the mCherry-SYFP2 tandem fusion was calculated based on
the lifetime for SYFP2:
E = 1−

τ DA
τD

(17)

where, τDA is the lifetime of SYFP2 fused to mCherry, and τD is the lifetime of unfused
SYFP2.
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5.4 Results and discussion
Quantitative lifetime unmixing of purified fluorescent protein
The feasibility of quantitative lifetime unmixing with SCFP3A/SCFP1 and
SGFP2/SGFP2(T65G) was evaluated by performing lifetime measurements on mixtures of
purified fluorescent proteins with defined composition. Stock solutions containing purified
fluorescent protein with identical fluorescence intensity were mixed to obtain samples with
known fractional composition. The measured τϕ and τm for the pure proteins samples were
used for lifetime unmixing. The lifetimes measured for the pure SCFPs were τϕ,1 1.42±0.02
ns and τm,1 1.80±0.01 ns for SCFP1 and τϕ,2 2.76±0.03 ns and τm,2 3.30±0.01 ns for
SCFP3A. For all mixtures containing SCFP1 and SCFP3A intermediate τ’ϕ and τ’m values
were observed. Plotting τ’ϕ and τ’m versus the fractional contribution of SCFP1 (α) in each
mixture showed a non-linear relation between τ’ϕ and α; the relation of τ’m and α appeared
more linear (figure 5.2A). Using Eq. (12), the theoretical τ’ϕ can be calculated as a function
of α in the mixture. For τ’ϕ this relation is plotted in figure 5.2A as a solid black line.
Clearly the theoretical relation is non-linear and perfectly fits the experimental values.
Similarly, Eq. (15) can be used to calculate τ’m as a function of α (figure 5.2A, grey line).
The theoretical relation between τ’m and α seemed almost linear and also fitted the
experimental data perfectly. Next, using Eqs. (14) and (16), we calculated for each mixture
the predicted α, based on the measured τ’ϕ and τ’m. These values were plotted against the
actual fractional composition of the samples (figures 2B,C). For both α (τ’ϕ) and α (τ’m) a
nearly perfect linear correlation was observed between the actual and calculated
composition of the mixtures (table 5.2). These results demonstrate a very good agreement
between theory and experiment and show that the measured τ’ϕ and τ’m can be used as
accurate predictive values for determining the fractional composition of the samples
containing SCFP1 and SCFP3A.
A similar approach was used to test whether lifetime unmixing can be applied to mixtures
of SGFP2(T65G) (τϕ,1 1.52±0.03 ns; τm,1 1.64±0.02 ns) and SGFP2 (τϕ,2 2.93±0.05 ns; τm,2
2.94±0.03 ns). The difference between τϕ and τm for the SGFP variants was less than for
SCFP1 and SCFP3A, therefore indicating a more homogeneous fluorescence decay for the
SGFP variants. The theoretical prediction of the apparent lifetimes τ’ϕ (Eq. 12) and τ’m (Eq.
15), based on the fractional contribution of SGFP2(T65G) showed similar trends as for the
SCFP variants (figure 5.2D). The relation between τ’ϕ and α (SGFP2(T65G)) was clearly
non-linear, whereas the relation between τ’m and α (SGFP2(T65G)) appeared more or less
linear. For all mixtures τ’ϕ < τ’m was predicted. Plotting the measured τ’ϕ and τ’m versus α
(SGFP2(T65G)) indicated that for all mixed samples the measured τ’ϕ and τ’m were slightly
higher than the theoretical predictions (figure 5.2D). As a result, the estimated fractional
contribution of SGFP2(T65G) based on τ’ϕ (Eq. 14) as well as on τ’m (Eq. 16) was
systematically underestimated (figure 5.2E,F). During the FLIM measurements more
pronounced bleaching was observed for SGFP2(T65G) (28%) than for SGFP2 (6%) and the
amount of bleaching increased for mixtures containing more SGFP2(T65G) (data not
shown). We tested, whether photobleaching could explain the underestimation of
SGFP2(T65G). For each mixture the decrease in α (SGFP2(T65G)) caused by bleaching
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Figure 5.2 Lifetime unmixing of mixtures containing SCFP1/SCFP3A (A-C) or
SGFP2(T65G)/SGFP2 (D-G). α is the fractional contribution of SCFP1 and SGFP2(T65G),
respectively. A,D) Comparison of the measured τ’φ (○) and τ’m (∆) versus α and the estimated
lifetimes based on lifetime unmixing (τφ black line; τm grey line). B,E) Correlation between α
(τ’φ) versus the actual sample composition α. Dotted line represents α (τ’φ) = α. C,F)
Correlation between α (τ’m) versus the actual sample composition α. Dotted line represents α
(τ’m) = α. G) Estimation of composition of SGFP2(T65G)/SGFP2 mixtures by global analysis.
Dotted line represents α (global analysis) = α. Error bars indicate standard deviation (n=6).
For color figure see page 144 of this thesis.
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was determined, based on the extent of bleaching observed for the pure proteins. The values
of α (τ’ϕ) and α (τ’m) were then compensated for this loss. Plotting the bleach-corrected
values of α (τ’ϕ) and α (τ’m) versus the true α (SGFP2(T65G)) (figure 5.2E,F red markers),
improved the results of lifetime unmixing somewhat, although these improvements were
within the standard deviation of the measurements (table 5.2).
Table 5.2 Linear fit results for lifetime unmixing

SCFP1/SCFP3A

τ

Slope

Intercept

ϕ

1.01 ±0.01
1.01 ±0.01
0.97 ±0.03
1.01 ±0.01
1.01 ±0.03
1.01 ±0.03

0.00 ±0.01
0.00 ±0.01
-0.01 ±0.02
-0.03 ±0.02
0.00 ±0.02
0.00 ±0.02

m
SGFP2(T65G)/SGFP2

ϕ

SGFP2(T65G)/SGFP2
(corrected for bleaching)

ϕ

m
m

All together these results indicated that lifetime unmixing enabled accurate estimation of
the fractional composition of binary mixtures of fluorophores, regardless of the complex
fluorescence decay in the mixtures. Photobleaching should be minimized, especially if the
two fluorophores exhibit differential photobleaching kinetics, as this can affect the
fractional composition of the sample.

Comparing lifetime unmixing and global analysis
Previously, global analysis has been used to determine the lifetime components and their
fractional contribution of a binary system. An advantage of global analysis is that a priori
knowledge of the lifetime components is not required. A disadvantage is that global
analysis is restricted to binary mixtures, with monoexponential lifetime components. As the
fluorescence decays of SGFP2 and SGFP2(T65G) were closest to monoexponential, we
investigated if global analysis could determine the composition of these mixtures. For
SGFP2 the estimated lifetime by global analysis was 2.92 ns and similar to τϕ 2.93 ns and
τm 2.94 ns obtained by conventional analysis. Global analysis estimated a lifetime of 1.43
ns for SGFP2(T65G), which was less than τϕ = 1.52 ns and τm = 1.64 ns. This reduced
lifetime estimation for SGFP2(T65G) was caused by the heterogeneity in its fluorescence
decay. Plotting the fractional contribution of SGFP2(T65G) estimated by global analysis
versus its true fractional contribution (figure 5.2G) showed large deviations (up to 20%)
between the true α (SGFP2(T65G)) and α based on global analysis, even resulting in
(unrealistic) values for α less than 0 and larger than 1. Therefore, global analysis, in
contrast to lifetime unmixing, was unable to accurately resolve the composition of the
SGFP2(T65G)/SGFP2 mixtures. This was not completely unexpected, as SGFP2(T65G)
does not have a perfect monoexponential lifetime.
In vivo lifetime unmixing with SCFP1 and SCFP3A
Lifetime unmixing was applied to HeLa cells expressing SCFP1-NLS or SCFP3A-NES or
co-expressing both fluorescent proteins. In addition, we tried to segregate the localization

- 116 -

Quantitative lifetime unimxing
of these two cyan fluorescent proteins within single living cells. Despite targeting the VFPs
to different subcellular locations, cells expressing one or two fluorescent proteins could not
be identified reliably based on the localization of fluorescence (figure 5.3A, cells indicated
by arrows). In contrast, based on lifetime imaging (figure 5.3B), cells expressing a single
fluorescent protein were readily identified by a uniform high (SCFP3A-NES) or low
(SCFP1-NLS) lifetime. Whereas cells co-expressing both CFP variants displayed a
heterogeneous lifetime distribution, with a lower lifetime in the nucleus compared to the
cytosol. For cells expressing only SCFP1-NLS τϕ1 = 1.23 ns and τm1 = 1.40 ns were
obtained, whereas for cells expressing only SCFP3A-NES, τϕ2 = 2.47 ns and τm2 = 2.63 ns
were found. These values were used to estimate the fractional contribution of SCFP1-NLS
to the average steady-state fluorescence, using equation (14) for every pixel in the lifetime
image. In figure 5.3C, the calculated α (τ’ϕ), ranging from 0 to 1, is represented in
pseudocolor. In this image enrichment of SCFP1-NLS in the nucleus was indicated by high
values for α (τ’ϕ) in these areas. Furthermore, the localization pattern for the two proteins
was not always mutually exclusive, especially in cells expressing high levels of fluorescent
protein.
For quantitative imaging, the molar distribution of the fluorescent probes is more relevant
than the fractional contribution to the total fluorescence. Because SCFP1 and SCFP3A have
identical excitation and emission spectra their fluorescence was detected with equal

Figure 5.3 Lifetime unmixing of SCFP1 and SCFP3A in HeLa cells. A) Fluorescence micrograph
of cells expressing SCFP1-NLS and SCFP3A-NES. B) Lifetime map based on τφ. C) Map of the
fractional contribution of SCFP1 to the total fluorescence. D, E) Micrograph of the relative
amounts of SCFP1-NLS and SCFP3A-NES, respectively. F) Overlay of panel D and E, with
SCFP1-NLS indicated in red and SCFP3A-NES indicated in green. Scalebar = 50 µm. For color
figure see page 145 of this thesis.
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efficiency. Therefore, the fractional contribution to the total fluorescence is converted into
the fractional molar contribution upon dividing by the intrinsic brightness of the VFPs (i.e.
the product of molar extinction coefficient and QY; table 5.1). In general, VFP fluorescence
is sensitive to changes in pH, however this did not affect the results of lifetime unmixing of
VFP mixtures between pH 6.5 and 8 (5.7 supporting information). Due to the low QY of
SCFP1, the fractional contribution to the steady-state fluorescence underestimates the true
amount of SCFP1 by a factor 2.4. The total amount of protein up to a constant in each pixel
was obtained by multiplying the fractional molar contribution with the average steady-state
fluorescence. The unmixed molar distributions for SCFP1 and SCFP3A are shown in figure
5.3D and E. From the overlay of these two images (figure 5.3F) can be clearly seen, that
SCFP1-NLS was present mainly in the nucleus, whereas SCFP3A-NES was mainly
excluded from the nucleus.
Differences in lifetime were observed between purified fluorescent proteins and fusion
proteins expressed in mammalian cell. Similar effects have been reported by others
(Pepperkok et al., 1999; Borst et al., 2005). Hence, for accurate quantification of the
fractional composition of binary mixtures by lifetime unmixing it is very important to
measure τϕ and τm of the pure compounds in a similar environment (e.g. cells) using the
same fusion proteins.

Visualization of protein translocation by lifetime unmixing
We next tested whether lifetime unmixing can be used to visualize PtdIns(3,4,5)P3
production by the translocation of SGFP2-NES-PHgrp1, a VFP-based PtdIns(3,4,5)P3
sensor. For this purpose Swiss 3T3 cells expressing SGFP2-NES-PHgrp1 and
SGFP2(T65G) or only SGFP2(T65G) were used. In the absence of PtdIns(3,4,5)P3, SGFP2NES-PHgrp1 resided in the cytosol, whereas stimulation of the cells with platelet derived
growth factor (PDGF), resulted in PtdIns(3,4,5)P3 synthesis and translocation of SGFP2NES-PHgrp1 to the plasma membrane.
Cells expressing SGFP2-NES-PHgrp1 could not be identified based on the steady-state
fluorescence intensity, because of the overlapping localization pattern with SGFP2(T65G)
(figure 5.4A). From the fluorescence lifetime image, cells expressing SGFP2-NES-PHgrp1
were identified by an increased fluorescence lifetime in the cytosol (figure 5.4B).
Estimation of the fractional contribution of SGFP2-NES-PHgrp1 to the total fluorescence in
each pixel of the image indicated that in the large cell SGFP2-NES-PHgrp1 and
SGFP2(T65G) were both present in the cytosol (α ≈ 0.5), whereas only SGFP2(T65G) was
present in the nucleus as well (α ≈ 0) (figure 5.4C).
Upon stimulation with PDGF an increase in lifetime was observed at the outer edges of
cells co-expressing SGFP2-NES-PHgrp1 and SGFP2(T65G) (figure 5.4F). In these cells the
fractional contribution of SGFP2-NES-PHgrp1 increased at the outer edges, whereas a
decrease was observed in the cytosol surrounding the nucleus (figure 5.4G). In the nucleus
the fractional contribution of SGFP2-NES-PHgrp1 appeared to increase as well, however
this was caused more likely by accumulation of SGFP2-NES-PHgrp1 at the plasma
membrane above and below the nucleus (figure 5.4G).
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Lifetime unmixing was sensitive enough to visualize the translocation of a fluorescent
fusion protein from the cytosol to the plasma membrane. This tends to be difficult when
using a widefield-fluorescence microscope setup, especially when working with extremely
flat cells as was the case here. However, as the Swiss 3T3 cells were extremely flat with
only the nucleus bulging out, the outer regions of the cells contained relatively more plasma
membrane, whereas regions close to the nucleus contained more cytosol. For this reason,
translocation of SGFP2-NES-PHgrp1 to the plasma membrane, in the presence of
SGFP2(T65G), changed the fractional distribution of the probes throughout the cell. This
resulted in reduced amounts of SGFP2-NES-PHgrp1 close to the nucleus and increased
amounts at the outer regions of the cell. It was noted, that during FLIM measurements in
cells photobleaching of SGFP2(T65G) was only approximately 5% and similar to SGFP2.

Figure 5.4 Translocation of a fluorescent biosensor indicating PtdIns(3,4,5)P3 synthesis,
visualized by lifetime unmixing. A, E) Fluorescence micrographs of cells expressing
SCFP2(T65G) and SGFP2-NES-PHgrp1. B, F) Lifetime maps based on phase lifetime (τφ). C,G)
Maps of the fractional contribution of SGFP2-NES-PHgrp1 to the total fluorescence. D, H)
Overlay of the fractional contribution of SGFP2-NES-PHgrp1 and SGFP2(T65G). SGFP2-NESPHgrp1 is indicated in green and SGFP2 is indicated in red. Cells were imaged before (A-D) and
after 10 minutes stimulation with PDGF (E-H). Scalebar = 50 µm. For color figure see page 146
of this thesis.

Lifetime unmixing and multiparameter imaging
Lifetime unmixing of spectral identical compounds has potential for multiparameter
imaging, because a single spectral channel can be used for resolving 2 species. To
investigate the possibility to resolve 4 probes with only 2 spectral channels, we combined
lifetime unmixing of SCFP3A and SCFP1 with FRET-FLIM measurements using the redshifted donor/acceptor-pair SYFP2 and mCherry. For this experiment mixed populations of
HeLa cells were used, expressing either SCFP1-NLS and SYFP2 or SCFP3A-NES and the
tandem fusion mCherry-SYFP2. Dual-color FLIM measurements were performed on the
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SCFPs and SYFP2, respectively. The lifetime image obtained for the SCFPs clearly showed
the presence of two cell populations, with high (SCFP3A-NES) and low (SCFP1-NLS)
fluorescence lifetime, respectively (figure 5.5A,B). Quantitative lifetime unmixing
indicated that none of these cells were co-expressing both SCFPs (figure 5.5C). In addition
to the SCFP variants, all cells expressed SYFP2 (figure 5.5D), however in cells containing
SCFP3A-NES a reduced lifetime for SYFP2 was observed (figure 5.5E). To verify that the
reduced lifetime of SYFP2 was caused by FRET within the mCherry-SYFP2 tandem dimer,
expression of mCherry was checked (figure 5.5G). As expected, all cells with reduced
SYFP2 lifetime expressed the mCherry-SYFP2 tandem dimer. The lifetime image of
SYFP2 and Eq. (17) were used to map the FRET efficiency in each pixel of the image
(figure 5.5F). Based on the lifetimes observed for unfused SYFP2 (τD = 3.25 ns) and
SYFP2 within the tandem dimer (τDA = 2.20 ns), the FRET efficiency for the mCherrySYFP2 tandem dimer was estimated to be 32%.
This experiment demonstrates the feasibility of imaging 4 different fluorescent probes with
only 2 spectral channels. Furthermore the results are an example of combining quantitative
imaging of non-interacting probes with FRET measurements of interacting probes.

Figure 5.5 Multiparameter FLIM. Lifetime unmixing of SCFP1
and SCFP3A was combined with FRET-FLIM of SYFP2 and
mCherry. A,D,G) Fluorescence micrographs of steady-state
fluorescence of SCFP1/SCFP3A, SYFP2 and mCherry
fluorescence, respectively. B) Lifetime image based on SCFP
fluorescence. C) Overlay of the fractional distribution of SCFP1
(red) and SCFP3A (green). E) Lifetime image based on SYFP2
fluorescence. F) FRET efficiency map based on the fluorescence
lifetime of SYFP2. Scalebar represents 30 µm. For color figure
see page 147 of this thesis.
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5.5 Conclusion
In this study we have described a method for quantitative unmixing the composition of
binary mixtures of fluorophores with multiexponential fluorescence decays, based on
single-frequency FLIM data. Existing methods depend on the availability of singleexponential decaying species, a condition that is hardly ever met in the complex interior of
cells and using complex chromophores such as VFPs. The only prerequisite for quantitative
lifetime unmixing is that τϕ and τm of the individual probes must be known. In many
studies, τϕ and τm of the individual probes are easily obtained, e.g. by using cells transfected
with single probes.
Relative concentrations of two probes or two fluorescent states of a single probe can also be
obtained by other (intensity-based) methods, for example using fluorescence ratio-imaging
(Gordon et al., 1998; Nagy et al., 1998; van Rheenen et al., 2004) or a combination of
spectral imaging and linear unmixing (Gadella et al., 1997; Zimmermann et al., 2003).
However, obtaining quantitative fractional distributions of two probes from these intensitybased methods is difficult. This is because the fluorescence ratio or amplitude of the
unmixed spectra is also dependent on the excitation light intensity, wavelength-dependent
sensitivity of the detector(s) and filters used, chromatic aberrations and (not in the case of
spectral unmixing) potential crosstalk between spectral channels (Berney and Danuser,
2003; van Rheenen et al., 2004). When employing FLIM and lifetime unmixing with
spectrally identical probes, obviously such complications do not occur.
FLIM and lifetime unmixing allow quantitative determination of the fractional molar
concentration for all pixels in an image for spectrally identical fluorescent probes of which
the intrinsic brightness of the fluorophores is known. The method is not limited to spectral
identical probes but also applicable for mixtures of fluorophores with different lifetimes
and spectra. In the latter case the detection efficiency of each fluorophore has to be known
as well.
Quantitative lifetime unmixing has potential for certain FRET studies, especially for FRET
studies employing complex decaying VFPs as donor. Prerequisite is the existence of only
two states: a high FRET state and a low (or non-)FRET state. Furthermore, for the donor τϕ
and τm for both these states must be known from separate experiments. Lifetime unmixing
will yield the fraction of donor in the high FRET state, irrespective of the complex
fluorescence decay. FRET-based protein interaction studies can be addressed as a binary
system of interacting (high FRET) and non-interacting (non-FRET) proteins. However, in
most cases, τϕ and τm in the interacting state are unknown and therefore lifetime unmixing
cannot be applied to quantify the fraction of interacting proteins. For FRET-based sensors
reporting on a conformational change τϕ and τm of the sensor in the high FRET and low
FRET conformation must be known. Successful calibration of τϕ and τm of these FRET
states has been reported for several conformational FRET-based sensors, including the
calcium sensor cameleon (Miyawaki et al., 1999; Van Munster et al., 2005), a cAMP
sensor (Ponsioen et al., 2004) and a calpain protease sensor (Vanderklish et al., 2000).
Hence, for these sensors quantitative lifetime unmixing of the donor can provide the
quantitative molar ratio of the biosensors in the FRET and non-FRET states (i.e. bound and
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free states), without the need for additional microscope-based correction factors. Clearly,
the ratio of bound to free concentrations of the sensors is easily transformed into molar
concentrations of Ca2+ and cAMP using kd’s, or into the extent of proteolysis.
Quantitative analysis of FRET data by lifetime unmixing is based exclusively on the donor
lifetime and therefore does not require the acceptor to be fluorescent. Hence, nonfluorescent but highly absorbing acceptors can be used. Such “dark” acceptors solve several
complications common to FRET measurements. When using fluorescent acceptors, the
spectral overlap necessary for efficient FRET is limited by the requirement for proper
emission separation. Obviously with dark acceptors this is no issue. Hence, increased FRET
efficiencies are possible by optimizing the spectral overlap between donor and acceptor.
Furthermore, in the absence of acceptor fluorescence, a larger portion of the donor emission
spectrum can be imaged, thereby improving the signal-to-noise ratio. Organic nonfluorescent acceptor dyes for FRET are available (Chen et al., 1998; Giordano et al., 2002;
Wu and Edelman, 2004) and recently a dark YFP variant was developed and used in
combination with GFP as the donor (Ganesan et al., 2006). Furthermore, highly absorbing
but non-fluorescent chromoproteins (Gurskaya et al., 2001; Martynov et al., 2003) offer
high potential for additional VFP-based “dark” acceptors. Especially conformationalchange FRET sensors employing a dark acceptor in combination with lifetime unmixing,
can provide quantitative measurements of the sensors in the high and low FRET states, yet
only using one spectral channel. Application of dark acceptors in FRET experiments
liberates a large part of the optical spectrum. This allows an increased number of FRET
probes to be imaged simultaneously.
For this reason, in our opinion, quantitative lifetime unmixing of FLIM data will have a
large impact on multiparameter imaging, also in view of the availability of spectral
identical VFPs with distinct lifetimes. Multiparameter imaging aims at quantitative
simultaneous imaging of as many interrelated biological processes as possible (Schultz et
al., 2005). We have demonstrated the possibility to detect 4 VFP-based probes with 2
spectral detection channels. Additional different colored VFP lifetime variants will further
increase the number of probes that can be imaged together. Other VFP lifetime variants
have recently been developed, including variants of Aequorea victoria wild type GFP
(Scruggs et al., 2005) and YFP (Esposito et al., 2005; Ganesan et al., 2006). In addition,
red fluorescent proteins (RFPs) with distinct QYs (e.g. mCherry and tdTomato; Shaner et
al., 2004) are available, which are expected to have distinct lifetimes. At present far-red
fluorescent proteins with very low QY are available (Gurskaya et al., 2001; Bulina et al.,
2002; Wiedenmann et al., 2002; Wang et al., 2004; Shkrob et al., 2005). If the QY (and
hence the fluorescence lifetime) of these VFPs can be improved, this could yield an
additional pair of VFP lifetime variants. Hence, using CFP, YFP and RFP variants, it is
currently feasible to image 6 probes with 3 spectral detection channels. Upon development
of a high QY far-red fluorescent protein variant, we expect that 8 parameter imaging using
4 detection channels will be possible.
Combining spectral unmixing and lifetime unmixing will be important for multiparameter
imaging, especially when fluorescent probes have slightly different lifetimes, spectral
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unmixing will be crucial for unmixing the species. Likewise, when spectral differences are
minute (e.g. spectral identical VFPs) lifetime unixing will be crucial. In general, combined
spectral and lifetime unmixing requires multiplexing microscopy technology. Recently, a
number of such systems have been developed (Carlsson and Liljeborg, 1997; Vereb et al.,
1998; Siegel et al., 2001; Webb et al., 2002). Also incorporation of other spectral contrast
parameters, such as polarization or anisotropy, can be used to get additional contrast in
lifetime imaging and multiplexing approaches. For instance, the use of single VFP-labeled
receptors and scoring for homodimerization using energy migration (or homo) FRET,
causing decreased anisotropy has been reported (Clayton et al., 2002; Lidke et al., 2003).
Besides allowing unmixing of spatial distributions of many fluorophores, multimodal
spectroscopic information (wavelength, lifetime and polarization) can also be used to
increase the spatial resolution in the microscope (Neher and Neher, 2004a; Neher and
Neher, 2004b) and to obtain super-resolution (20-40 nm) in colocalization experiments
(Heilemann et al., 2002; Heinlein et al., 2005). The latter application has been
demonstrated using lifetime unmixing of time-domain FLIM data. Implementation of
frequency-domain FLIM will be interesting, but requires development of detectors with
high photon-detection efficiency and more pixels. Given the many applications, such
multiplexing microscopes, in combination with quantitative unmixing procedures will have
the future in advanced cellular bioimaging approaches.
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5.7 Supporting information
Influence of pH on the accuracy of lifetime unmixing
In general, VFP fluorescence is decreased at reduced pH and especially fluorescence of
SGFP2(T65G) (pKa 6.7) is sensitive to changes in cellular pH. Although pH influences
VFP absorbance, rather than QY, a drop in fluorescence for one of the probes would change
the estimated fractional contribution to the total fluorescence of the sample. Therefore the
effect of pH on the fluorescence lifetime of pure and mixed VFPs was measured over the
range pH 6 to 8 (table S5.1). The lifetimes observed for SCFP1, SCFP3A and the mixed
sample were stable between pH 6.5 and 8. Only minor variations in lifetime of
approximately 50 ps were observed, despite a reduction in fluorescence intensity at low pH
(data not shown). At pH 6 the lifetime of SCFP3A was somewhat reduced, whereas a rise
in lifetime of SCFP1 was observed. At this pH the lifetime of the mixed sample increased,
which would suggest an apparent decrease in the fractional contribution of SCFP1 to the
total fluorescence. For SGFP2 the lifetime was stable over the whole pH range, with
variations of approximately 50 ps. In contrast, for SGFP2(T65G) the lifetime was reduced
at pH 6 and 6.5. Furthermore the drop in fluorescence was more pronounced for
SGFP2(T65G), in accordance with the higher pKa value. The lifetime of the mixture of
SGFP2 and SGFP2(T65G) was found to be stable between pH 6.5 and 8 and only at pH 6
an increase in lifetime was observed, which would suggest a reduction in the fractional
contribution of SGFP2(T65G) to the total fluorescence.
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Summarizing these results, variations in pH between 6.5 and 8 have negligible effect on the
accuracy of lifetime unmixing of binary mixtures containing SGFP2(T65G)/SGFP2 or
SCFP1/SCFP3A. At lower pH, changes in absorbance and lifetime for the individual probes
modify the apparent fractional contribution as determined by lifetime unmixing.
Table S5.1 Influence of pH on fluorescence lifetime
τ

pH 6.0

pH 6.5

pH 7.0

pH 7.5

pH 8.0

SCFP1

ϕ
m

1.45 ±0.02
1.89 ±0.02

1.41 ±0.03
1.82 ±0.01

1.41 ±0.02
1.82 ±0.01

1.42 ±0.05
1.80 ±0.05

1.42 ±0.02
1.77 ±0.04

SCFP3A

ϕ
m

2.71 ±0.05
3.23 ±0.02

2.74 ±0.04
3.26 ±0.08

2.77 ±0.05
3.29 ±0.03

2.75 ±0.05
3.26 ±0.04

2.79 ±0.02
3.27 ±0.03

Mixed

ϕ
m

1.99 ±0.02
2.80 ±0.03

1.86 ±0.02
2.76 ±0.03

1.88 ±0.05
2.72 ±0.03

1.84 ±0.02
2.72 ±0.03

1.88 ±0.03
2.69 ±0.01

SGFP2(T65G)

ϕ
m

1.47 ±0.03
1.66 ±0.01

1.46 ±0.04
1.60 ±0.03

1.51 ±0.03
1.63 ±0.03

1.54 ±0.01
1.64 ±0.01

1.53 ±0.02
1.63 ±0.02

SGFP2

ϕ
m

2.94 ±0.03
2.94 ±0.01

3.00 ±0.02
2.97 ±0.01

2.93 ±0.02
2.95 ±0.01

2.95 ±0.06
2.95 ±0.05

2.95 ±0.01
2.96 ±0.02

Mixed

ϕ
m

2.44 ±0.07
2.74 ±0.03

2.37 ±0.06
2.66 ±0.03

2.38 ±0.06
2.64 ±0.03

2.32 ±0.07
2.58 ±0.05

2.33 ±0.05
2.61 ±0.03

Lifetimes (ns) represent the mean average and standard deviations (n=3).
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Multiparameter microscopy with fluorescent proteins offers the opportunity to disentangle
the complexity of the spatial and temporal regulation of cellular organization. The goal of
the research presented in this dissertation was therefore to develop novel strategies for
multi-parameter imaging. In order to reach this goal, improved fluorescent protein variants
were developed, characterized and applied in novel microscopy techniques.

6.1 Development of novel fluorescent protein variants
Findings
In chapters 2 and 3 of this thesis the development of the novel “super” fluorescent proteins
SGFP2, SYFP2, SCFP3A and SBFP2 is described. These SVFPs have been optimized for
expression in bacteria and mammalian cells. Expression of these fluorescent proteins yields
increased fluorescence brightness as a result of a combination of factors, including more
efficient protein folding and chromophore formation and an increased intrinsic brightness
(except for SGFP2). In E. coli, these improvements result in a profound increase in
brightness compared to the commonly used enhanced fluorescent protein variants (EVFPs)
and the recently developed improved VFPs Venus and Cerulean. Mammalian cells
expressing SYFP2, SCFP3A, SGFP2 or SBFP2 are also brighter, although in these cells the
increase in fluorescence mostly reflects the increase in intrinsic brightness of the SVFPs.
For SGFP2 and SBFP2 in addition the photostability is 2-fold improved. Among the many
SVFP variants characterized during the process of optimization two intermediates, SCFP1
and SGFP2(T65G), were identified with markedly reduced QYs and fluorescence lifetimes
compared to SCFP3A and SGFP2, respectively. The lifetime difference between these pairs
of cyan and green fluorescent proteins has been utilized for developing a method for
quantitative lifetime unmixing, described in chapter 5 of this thesis. Optimization of
fluorescent protein folding is of vital importance to minimize interference of the fluorescent
label with the function of the labeled protein. Reducing the amount of misfolded protein
will diminish the risk of artifacts, as indicated by the localization studies in E. coli.
Recommendations
Although the SVFPs have improved substantially, the question arises, whether these super
fluorescent proteins can be improved even further. The brightness of SGFP2 might be
enhanced if chromophore protonation can be abolished. Furthermore, SBFP2 remains
poorly fluorescent, compared to other fluorescent proteins, despite the increase in
brightness and photostability. Our strategy for site-directed mutagenesis was based on
incorporating known beneficial mutations. Further enhancement of the SVFP variants
probably requires additional random mutagenesis. However, random mutagenesis has
already been used extensively. Therefore most probably, the major sites of improvement
have been discovered by now. Still, novel high-throughput random mutagenesis screening
by molecular evolution (Campbell et al., 2002; Shaner et al., 2004), or iterative somatic
hypermutation (Wang et al., 2004) might provide an efficient method to generate even
brighter SVFP variants. In addition, detailed studies of the photophysics of fluorescent
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proteins are expected to yield more knowledge about the fluorescence and bleaching
properties of fluorescent proteins, which might then be used to further optimize the
fluorescent proteins.
Future prospects
When this project started in 2001, the only fluorescent proteins available were the avGFPderived color variants and DsRed. Now, less than 5 years later, the palette of fluorescent
proteins has greatly expanded with additional differently colored fluorescent proteins and
fluorescent proteins with special features like photoactivation and photoswitching. This
great expansion of the GFP-like proteins demonstrates that the use of fluorescent proteins is
still an emerging field. SYFP2, SCFP3A, and SGFP2 have much potential, because they are
among the brightest monomeric fluorescent proteins in their spectral class and are
efficiently expressed in eukaryotic and prokaryotic cells. Furthermore, many of the novel
fluorescent proteins still form dimers or tetramers, hampering their application.
Despite the significant improvements, the potential of SBFP2 is expected to be less than for
the other SVFP variants, because of the requirement of UV-excitation and relative poor
fluorescence. The recent discovery of red and far-red fluorescent proteins might offer better
opportunities for developing additional VFP color variants for multi-color imaging
applications. Nevertheless SBFP2 is unique, as it remains the most blue-shifted fluorescent
protein available and its use should therefore be considered when aiming at visualizing as
many different fluorescent proteins as possible.
Until now, only expression of the SVFP variants in E. coli and mammalian cells has been
studied in detail. It will be interesting to characterize the performance of the SVFPs in other
cell types and in whole organisms. At present, the SVFPs are already successfully used in
plantcells (Vermeer et al., manuscripts in preparation) and efforts are made to test
expression of several SVFP variants in bacterial biofilms and in mice.

6.2 Advances in multi-parameter microscopy
6.2.1 Multi-color imaging
Findings
The development of SBFP2, SCFP3A, SGFP2 and SYFP2 has provided an optimized set of
fluorescent proteins for imaging multiple fluorescently labeled proteins. In chapter 3 it is
demonstrated that up to four different fluorescent proteins (SBFP2, SCFP3A, SYFP2 and a
red fluorescent protein) can be visualized simultaneously and confocal microscopy with
these fluorescent proteins enables 4-color 3D-imaging.
The increased fluorescence yield of the SVFP color variants permits imaging with reduced
excitation light intensity. This results in less photobleaching and hence more images can be
captured, before fading of fluorescence. For SGFP2 and SBFP2, the number of images that
can be recorded is further improved by the increase in photostability. Unfortunately, SBFP2
remains too sensitive to photobleaching for long term time-lapse imaging applications.
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Recommendations
The technical aspect of multi-color imaging has not been addressed in detail during the
research described in this thesis. Nevertheless, general recommendations can be made. The
challenges for improving applications of multi-color imaging will be to increase the number
of fluorophores that can be imaged simultaneously and to increase the speed of image
acquisition and the number of images that can be recorded. Spectral unmixing can increase
the number of probes imaged simultaneously, by permitting discrimination of spectrally
overlapping fluorescent probes (Zimmermann et al., 2003). Spectral confocal imaging at
each pixel (x,y,z,λ) is currently possible using commercial microscopes from Nikon and
Zeiss. Still, spectral detectors typically are less sensitive and require much longer
integration times for generating low noise values in each of the spectral channels. Such data
is needed for meaningful spectral unmixing. In this respect, well-chosen emission bandpass
filters (e.g. in Zeiss LSM510) or wavelength ranges (e.g. in Leica-SPs) in addition to
optimal excitation wavelengths and multitracking in (confocal) microscopy are often
preferred for fast multiparameter imaging. The speed of image acquisition in confocal
microscopy can be increased by shifting from point-scanning to line-scanning (bilateralscanning, LSM 5 Live) or planar-scanning (spinning-disc confocal). However, both types
of setups reduce the number of simultaneously observable channels (i.e. fluorophores). To
increase the maximum number of images that can be recorded, photobleaching of the
sample should be minimized. Photobleaching can be reduced by minimizing the amount
(i.e. dose) of excitation light on the sample, or by reducing the intensity (i.e. dose-rate) of
the excitation light. In practice, a reduction of excitation light dose-rate can be achieved by
the use of a spinning-disc confocal microscope. A reduction of the exposure light dose on a
sample can be achieved by a novel image acquisition strategy, called controlled light
exposure microscopy (CLEM), pioneered in our laboratory by E.M. Manders. In this
approach, the exposure time in bright parts of the sample is shortened, thereby reducing
photobleaching of fluorophores, both in focus and out of focus.
Future prospects
Multi-color confocal time-lapse imaging is a very powerful tool to study the spatial and
temporal regulation of signal transduction inside the living cell. Fast imaging of as many
different signaling events as possible is important to disentangle the complexity of cellular
signaling at the molecular level.
At present it is possible to perform triple color time-lapse imaging with a temporal
resolution on the timescale of seconds. Figure 6.1 shows an example of such an experiment,
where cyan, yellow and red fluorescent biosensors were imaged simultaneously to visualize
the generation and depletion of three second-messengers of the phosphatidylinositol
signaltransduction pathway, diacylglycerol (DAG), PtdIns(4,5)P2 and Ca2+, as a result of
phospholipaseC (PLC) activation. With the ongoing expansion of the number of different
colored fluorescent proteins and the development of faster imaging techniques, it is to be
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expected that even more fluorescent probes can be visualized simultaneously in the near
future.
6.2.2 FRET measurement by gradual acceptor photobleaching
Findings
Fluorescence resonance energy transfer (FRET) is extremely effective to detect molecular
interactions at sub-optical resolutions. Acceptor photobleaching is a technique to quantify
FRET by the increase in donor fluorescence after complete acceptor photobleaching.
Gradual acceptor photobleaching is a more versatile quantitative method, which does not
require complete acceptor bleaching and includes corrections for spectral cross talk
between donor and acceptor detection channels and for the presence of autofluorescence.
Recommendations
Acceptor photobleaching is relatively simple to implement on standard wide-field and
confocal microscopes and offers a cost effective method for the determination of FRET.
However, as mentioned in chapter 4, care has to be taken to prevent misinterpretation of
data. It is therefore recommended to verify the results of FRET measurement by alternative
approaches, for example spectral imaging microscopy (SPIM) or fluorescence lifetime
imaging microscopy (FLIM).

Figure 6.1 Visualization of PLC activity. Upon activation, PLC hydrolyzes PtdIns(4,5)P2 to
generate DAG and Ins(1,4,5)P3, which triggers the release of Ca2+ into the cytosol. These
processes can be visualized indirectly with VFP-labeled lipid-binding-domains for DAG (C1aCFP) and PtdIns(4,5)P2 (mRFP1-PH) and a Ca2+-dependent lipid binding domain (C2-YFP).
Panels A to F show confocal images of HeLa cells expressing C1a-CFP (A,B), mRFP1-PH (C,D)
and C2-YFP (E,F) before and during PLC activation, respectively. G) Image analysis of the
cytosolic fluorescence (white ROI in panel A). ↑ = time of stimulation with 1 µM bradykinin. For
color figure see page 148 of this thesis.
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In wide-field microscopy, excitation intensities are relatively low, thus acceptor bleaching
can take a long time. This makes the method sensitive to movements within the sample. In
the experiments described in chapter 4, movement was prevented by using fixed cells and
by analyzing only a small region of interest. When using acceptor bleaching on living cells,
the bleach time should be minimized. This can be achieved by using more intense
excitation light sources, for example novel bright light emitting diodes (LEDs) and diode
lasers, or by using more photolabile acceptors, which will bleach more rapidly. Another
concern is the photoconversion of VFPs. It has been observed that VFPs are
photoconverted to new fluorescent species upon intense irradiation (Dickson et al., 1997;
Creemers et al., 1999; Blum et al., 2004). Important in this respect is the recent discovery
that upon intense radiation YFP variants can be converted into cyan fluorescent species
(Valentin et al., 2005).
Future perspectives
The future for FRET-based measurements is promising, as many new red-shifted VFP color
variants have provided new FRET donor-acceptor pairs, for example yellow and orange
fluorescent donors and red acceptors. These novel VFP FRET-pairs have improved Förster
radii, as a result of (i) a high donor QY, (ii) a high acceptor absorbance and (iii) the redshifted fluorescence. Therefore an increase in FRET efficiency is expected when using
these novel VFPs. Gradual acceptor bleaching has to prove its usefulness for FRET
measurements with these VFPs.
FRET measurements by (gradual) acceptor bleaching are irreversible and therefore endpoint measurements. However the recent discovery of photoswitchable fluorescent proteins
might provide the means to measure FRET by acceptor photoswitching (Giordano et al.,
2002; Chudakov et al., 2003; Chudakov et al., 2004) in the future. This would provide the
means to do time-lapse FRET measurements by multiple rounds of acceptor switching.
6.2.3 Quantitative lifetime unmixing using single-frequency FLIM
Findings
Lifetime-unmixing using single-frequency FLIM offers a robust and quantitative method
for imaging the composition and distribution of two fluorescent probes with different
lifetimes within the same sample. Single-frequency FLIM measurements on a mixture of
fluorescent probes yield an average fluorescence lifetime, depending on the lifetime
components of each probe and their relative abundance. When the fluorescent lifetimes of
the individual probes are known, this information can be used to resolve the fractional
contribution of both probes to the total fluorescence. Lifetime-unmixing as described in
chapter 5, is achieved by unmixing the sinusoidally modulated fluorescence, based on the
difference in phase-shift and demodulation observed for the pure probes. Therefore, the
method is applicable to fluorescent probes with mono-exponential as well as multiexponential fluorescence decays. In contrast, most alternative methods for quantitative
lifetime unmixing assume mono-exponential fluorescence decays for the fluorescent
probes, which often is only an approximation.
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The feasibility of lifetime-unmixing is demonstrated using pairs of cyan (SCFP1/SCFP3A)
and green (SGFP2(T65G)/SGFP2) fluorescent proteins with markedly different
fluorescence lifetimes, but identical emission spectra. These SVFP variants have been
characterized in detail in chapters 2 and 3. The advantage of using two fluorescent probes
with identical fluorescence emission spectra is that the fractional contribution to the total
fluorescence can be readily converted into fractional molar ratios, if molar extinction
coefficient and QY are known. Furthermore, spectrally identical fluorescent probes can be
detected through a single narrow bandpass emission filter, which is ideal for multi-color
FLIM.
Recommendations
Our approach for lifetime unmixing is insensitive to systematical errors in the FLIM
measurements, because unmixing depends on the difference in phase-shift and
demodulation between the two fluorescent probes, rather than on the absolute lifetimes of
the probes. Nevertheless it is important to recognize putative pitfalls that may arise during
FLIM measurements of absolute lifetimes. Frequency-domain FLIM is a highly sensitive
technique, but also susceptible to sources of systematical errors, including temperature and
optical elements in the light path of the FLIM setup (e.g. interference filters, dichroic
mirrors) (Hanley et al., 2001). Careful calibration of the FLIM system is required to prevent
misinterpretation of lifetime data. The selection of lifetime standards for calibration is
critical for successful measurement of fluorescent lifetime images. However, few
fluorophores have been characterized in sufficient detail for use in FLIM calibration.
Therefore there is great need for appropriate lifetime standards for FLIM calibration
covering the whole visible spectrum.
Lifetime unmixing with purified SGFP2(T65G) and SGFP2 is hindered by a strong
reduction in fluorescence of SGFP2(T65G) upon excitation, which results in an
underestimation of the amount of SGFP2(T65G) in the sample. In living cells extensive
bleaching was not observed. Further experiments are required to investigate whether
extensive bleaching of SGFP2(T65G) does occur in living cells, but was too fast to be
noticed during live cell imaging.
Lifetime unmixing of fluorophores with identical emission spectra offers the possibility of
multi-color FLIM. However, FLIM measurements generally take 5 to 30 seconds for a
single lifetime measurement and this will increase linearly with the number of different
fluorescent proteins used, unless the speed of image acquisition can be increased. ΦFLIM is
a promising alternative, since it requires only 3 phase-images for lifetime calculations, in
contrast to 12-15 phase-images in conventional single-frequency FLIM (van Munster and
Gadella, 2004).
Future perspectives
Lifetime unmixing of fluorophores with identical emission spectra is promising for
increasing the number of fluorescent proteins that can be imaged simultaneously and
provides novel opportunities for quantitative imaging. We showed that by lifetime
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unmixing, two species with an identical spectrum can be unmixed. By combining lifetimeand spectral-unmixing and using two lifetime variants each of CFP, GFP, YFP and RFP,
one could in theory perform 8-channel fluorescence microscopy. Clearly such an
application requires spectrally resolved lifetime imaging (Neher and Neher, 2004a; Neher
and Neher, 2004b). Recently such instruments have been described (Carlsson and
Liljeborg, 1997; Vereb et al., 1998; Siegel et al., 2001; Webb et al., 2002). Yet, spectrally
resolved lifetime imaging demands long integration times. Still it can be expected that after
the availability of commercial instruments with user-friendly software and high photoneconomy, spectral-lifetime multiplexing microscopy will find its way in multiparameter in
vivo imaging. Especially for coupled signaling reactions and –induced translocation of
molecules in cells such data will provide unprecedented detailed quantitative assessment of
biological function and input for spatiotemporal computational models in the emerging
discipline of (complex) cellular systems biology.
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Abbreviations
AU
BFP
CCD
CFP
DAG
DIC
DTT
ECFP
EVFP
EYFP
FLIM
FRET
GFP
GST
Ins(1,4,5)P3
IPTG
NES
NLS
OD
PA-VFP
PCR
PDGF
PMSF
PS-VFP
PtdIns(3,4,5)P3
PtdIns(4,5)P2
QY
RFP
rPA-VFP
SPIM
SVFP
VFP
YFP

arbitrary units
blue fluorescent protein
charge coupled device
cyan fluorescent protein
diacylglycerol
differential interference contrast
dithiotreitol
enhanced cyan fluorescent protein
enhanced fluorescent protein
enhanced yellow fluorescent protein
fluorescence lifetime imaging microscopy
fluorescence resonance energy transfer
green fluorescent protein
glutathione S-transferase
inositol(1,4,5)trisphosphate
isopropyl-beta-D-thiogalactopyranoside
nuclear export sequence
nuclear localization sequence
optical density
photoactivatable fluorescent protein
polymerase chain reaction
platelet derived growth factor
phenylmethylsulfonyl fluoride
photoswitchable fluorescent protein
phosphatidylinositol(3,4,5)trisphosphate
phosphatidylinositol(4,5)bisphosphate
fluorescence quantum yield
red fluorescent protein
reversible photoactivatable fluorescent protein
spectral imaging microscopy
super fluorescent protein
visible fluorescent protein
yellow fluorescent protein.

- 138 -

Color figures

Color figures
Chapter 1

Figure 1.8 Overview of the chromophore structures and rearrangements of photoactivatable
fluorescent proteins. Reproduced with permission from Nature Reviews Molecular Cell Biology.
Lukyanov et al., 2005. Copyright 2005 Macmillan Magazines Ltd.
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Figure 2.1 Absorbance and emission spectra. Comparison of absorbance (dotted lines) and
emission spectra (solid lines) between YFP (A) and CFP (B) variants. Excitation wavelengths
were 480 nm and 430 nm for YFPs and CFPs, respectively. The spectra represent the average of
at least 3 measurements from 3 independent protein isolations.
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Figure 2.5 FRET-FLIM and dual-lifetime imaging in HeLa cells. (A-D) Cells expressing SYFP2SCFP3A dimer show a decreased fluorescence lifetime, as a result of FRET. Cells expressing
SYFP2-SCFP3A are recognized by the presence of both CFP fluorescence (A) and YFP
fluorescence (B) and by the strong decrease in phase-lifetime (C). D) Phase-lifetime histogram of
panel C, showing 2 completely separated lifetime populations with a large lifetime difference of
0.7 ns. (E-G) Dual-lifetime imaging with SCFP1 and SCFP3A. E) Cells expressing SCFP1-NLS,
SCFP3A-NES, or both, cannot be discriminated based on fluorescence intensity (compare cells
indicated by arrows). F) Phase-lifetime image showing the presence of the 3 cell populations. G)
Phase-lifetime histogram of panel F showing the lifetime distribution. Scalebar = 10 µm.
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Figure 3.5 Triple-color confocal imaging with SBFP2, SGFP2
and mCherry. Fluorescence micrographs of a HeLa cell
expressing SBFP2 (A), SGFP2-cyt (B) and mCherry-nuc (C).
D) DIC micrograph showing the presence of a transfected and
a non-transfected cell. Scalebar = 20 µm.

- 142 -

Color figures

Figure 3.6 Quadruple-color confocal imaging with SBFP2,
SCFP3A, SYFP1 and mCherry. Fluorescence micrographs of
a HeLa cells expressing SBFP2 (A), SCFP3A-golgi (B),
SYFP1-pm (C) and mCherry-nuc (D). Scalebar = 20 µm.
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Figure 5.2 Lifetime unmixing of mixtures containing SCFP1/SCFP3A (A-C) or
SGFP2(T65G)/SGFP2 (D-G). α is the fractional contribution of SCFP1 and SGFP2(T65G),
respectively. A,D) Comparison of the measured τ’φ (○) and τ’m (∆) versus α and the estimated
lifetimes based on lifetime unmixing (τφ black line; τm grey line). B,E) Correlation between
α(τ’φ) versus the actual sample composition α. Dotted line represents α(τ’φ) = α. C,F)
Correlation between α(τ’m) versus the actual sample composition α. Dotted line represents
α(τ’m) = α. G) Estimation of composition of SGFP2(T65G)/SGFP2 mixtures by global analysis.
Dotted line represents α(global analysis) = α. Error bars indicate standard deviation (n=6).

Color figures

Figure 5.3 Lifetime unmixing of SCFP1 and SCFP3A in HeLa cells. A) Fluorescence micrograph
of cells expressing SCFP1-NLS and SCFP3A-NES. B) Lifetime map based on τφ. C) Map of the
fractional contribution of SCFP1 to the total fluorescence. D, E) Micrograph of the relative
amounts of SCFP1-NLS and SCFP3A-NES, respectively. F) Overlay of panel D and E, with
SCFP1-NLS indicated in red and SCFP3A-NES indicated in green. Scalebar = 50 µm.
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Figure 5.4 Translocation of a fluorescent biosensor indicating PtdIns(3,4,5)P3 synthesis,
visualized by lifetime unmixing. A, E) Fluorescence micrographs of cells expressing
SCFP2(T65G) and SGFP2-NES-PHgrp1. B, F) Lifetime maps based on phase lifetime (τφ). C,G)
Maps of the fractional contribution of SGFP2-NES-PHgrp1 to the total fluorescence. D, H)
Overlay of the fractional contribution of SGFP2-NES-PHgrp1 and SGFP2(T65G). SGFP2-NESPHgrp1 is indicated in green and SGFP2 is indicated in red. Cells were imaged before (A-D) and
after 10 minutes stimulation with PDGF (E-H). Scalebar = 50 µm.
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Figure 5.5 Multiparameter FLIM. Lifetime unmixing of SCFP1
and SCFP3A was combined with FRET-FLIM of SYFP2 and
mCherry. A,D,G) Fluorescence micrographs of steady-state
fluorescence of SCFP1/SCFP3A, SYFP2 and mCherry
fluorescence, respectively. B) Lifetime image based on SCFP
fluorescence. C) Overlay of the fractional distribution of SCFP1
(red) and SCFP3A (green). E) Lifetime image based on SYFP2
fluorescence. F) FRET efficiency map based on the fluorescence
lifetime of SYFP2. Scalebar represents 30 µm.
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Figure 6.1 Visualization of PLC activity. Upon activation, PLC hydrolyzes PtdIns(4,5)P2 to
generate DAG and Ins(1,4,5)P3, which triggers the release of Ca2+ into the cytosol. These
processes can be visualized indirectly with VFP-labeled lipid-binding-domains for DAG (C1aCFP) and PtdIns(4,5)P2 (mRFP1-PH) and a Ca2+-dependent lipid binding domain (C2-YFP).
Panels A to F show confocal images of HeLa cells expressing C1a-CFP (A,B), mRFP1-PH (C,D)
and C2-YFP (E,F) before and during PLC activation, respectively. G) Image analysis of the
cytosolic fluorescence (white ROI in panel A). ↑ = time of stimulation with 1 µM bradykinin.
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Samenvatting
Fluorescente eiwitten bevatten een chromofoor en zijn van zichzelf fluorescent zonder dat
daar extra stoffen voor nodig zijn. Fluorescente eiwitten zijn genetisch gecodeerd en maken
het mogelijk om moleculen in levende cellen te labelen. Fluorescentie microscopie is een
niet-invasieve techniek voor het observeren van de localisatie van fluorescente moleculen
in cellen. De combinatie van fluorescente eiwitten en fluorescentie microscopie is ideaal
voor het bestuderen van eiwitten in hun natuurlijke omgeving en is daarom uitermate
geschikt voor het ontrafelen van de (zeer complexe) organisatie en regulatie in levende
cellen. Cellulaire processen zijn strak georganiseerd in ruimte en tijd en bij deze processen
spelen veel verschillende eiwitten en andere moleculen een rol. Om meer inzicht te krijgen
in deze processen is het van belang om zoveel mogelijk moleculen tegelijkertijd in een cel
te bestuderen. Dit wordt ook wel “multi-parameter imaging” genoemd. Er bestaan
verschillende fluorescente eiwitten met fluorescentie variërend van blauw en groen, tot geel
en rood. Dit maakt het mogelijk om verschillende moleculen te labelen en tegelijkertijd te
meten.
Het doel van het onderzoek dat beschreven staat in dit proefschrift omvat 2 aspecten. Ten
eerste, om fluorescente eiwitten optimaal tot hun recht te laten komen is het essentieel dat
deze fluorescente eiwitten geoptimaliseerd zijn voor het gebruik in cellen. Daarom is
geprobeerd om vier verwante fluorescente eiwitten (ook wel “visible fluorescent proteins”
of VFPs genoemd) te optimaliseren voor toepassingen in bacteriën en in zoogdier cellen.
Ten tweede, is de ontwikkeling van nieuwe microscopie technieken belangrijk om nog
beter de complexiteit van een cel te kunnen bestuderen. Daarom zijn de geoptimaliseerde
VFPs gebruikt voor de ontwikkeling van nieuwe kwantitatieve microscopie technieken.
Hoofdstuk 1 is een introductie van het onderzoek. Het beschrijft de microscopie techieken
die tijdens het onderzoek gebruikt zijn en geeft een overzicht van het scala aan fluorescente
eiwitten dat nu beschikbaar is. In hoofdstukken 2 en 3 wordt de optimalisatie beschreven
van vier veel gebruikte VFPs, met respectievelijk gele (YFP), cyaan (CFP), groene (GFP)
en blauwe (BFP) fluorescentie. Deze fluorescente eiwitten zijn varianten van het eerst
gekarakteriseerde (groen) fluorescerend eiwit, afkomstig uit de kwal Aequorea victoria.
Door het specifiek veranderen (muteren) van bepaalde aminozuren, hebben we geprobeerd
om de expressie van deze VFPs in Escherichia coli bacteriën en in zoogdier cellen te
verbeteren. Expressie van deze “super” fluorescente eiwitten (SVFPs), oftewel SYFP2,
SCFP3A, SGFP2 en SBFP2, resulteert in cellen met verhoogde fluorescentie. De
verbeterde fluorescentie wordt veroorzaakt door een combinatie van factoren, ondermeer
verbeterde eiwitvouwing en chromofoor vorming, alsmede (alleen niet voor SGFP2) een
verhoogde intrinsieke fluorescentie (fluorescentie per eiwit molecuul). De verbeteringen
van de SVFPs zijn het meest effectief in E. coli, mede als gevolg van verminderde eiwit
aggregatie.
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Deze geoptimaliseerde fluorescente eiwitten hebben we gebruikt voor de ontwikkeling van
nieuwe kwantitatieve microscopie technieken. In hoofdstuk 4 wordt een nieuwe methode
voor het bepalen van interacties tussen eiwitten beschreven, gebaseerd op fluorescentie
resonantie energie-overdracht (fluorescence resonance energy transfer; FRET). FRET is
een fysisch verschijnsel waarbij energie wordt overgedragen tussen twee fluoroforen. Deze
energie overdracht vindt alleen plaats als twee geschikte fluoroforen (donor en acceptor)
zich op zeer korte afstand bevinden (±10 nanometer, oftewel een miljoenste van een cm).
Dit is in de ordegroote van een eiwit molecuul. Omdat FRET sterk afhankelijk is van de
afstand tussen de fluoroforen, is het een ideale methode om interacties tussen eiwitten te
meten. FRET resulteert in een afname in fluorescentie van de donor en een toename in
fluorescentie van de acceptor.
Een methode om FRET te meten is door alle acceptoren te vernietingen (acceptor bleking).
Na het bleken van alle acceptoren, kan er geen FRET meer plaatsvinden. De toename in
donor fluorescentie na totale acceptor bleking is een maat voor de FRET efficiëntie. Helaas
is totale acceptor bleking vaak moeilijk te bereiken en is deze methode gevoelig voor
meetfouten als gevolg van bijvoorbeeld onbedoelde donor bleking en achtergrond
fluorescentie. Hoofdstuk 4 beschrijft een nieuwe quantitatieve methode, waarbij tijdens het
acceptor bleken zowel donor als acceptor fluorescentie continu gemeten worden. De FRET
efficiëntie wordt bepaald aan de hand van “curve fitting” van de bleek curves. Het voordeel
van deze methode is dat totale acceptorbleking niet noodzakelijk is en dat correctie voor
onbedoelde donor bleking en achtergrond fluorescentie mogelijk is.
Behalve de fluorescentie intensiteit, is de fluorescentie levensduur een belangrijke
parameter van een fluorofoor. Dit is de gemiddelde tijd die een fluorofoor in aangeslagen
toestand blijft na excitatie. In tegenstelling tot de fluorescentie intensiteit is de levensduur
een kinetische parameter, die onafhankelijk is van fluorofoor concentratie, intensiteit van
het excitatie licht en matige bleking. Fluorescentie levensduur microscopie (fluorescence
lifetime imaging microscopy; FLIM) is een techniek voor het visualiseren van de spatiële
distributie van de fluorescentie levensduur van fluoroforen in een preparaat. In hoofdstuk 5
wordt een nieuwe methode beschreven voor het quantificeren van de verhouding van twee
fluoroforen aan de hand van single-frequency FLIM data (lifetime unmixing). Singlefrequency FLIM metingen van een mix van fluoroforen met een verschillende fluorescentie
levensduur levert een gemiddelde levensduur op, afhankelijk van de levensduur van beide
fluoroforen en hun verhouding. Als voor beide fluoroforen de levensduur bekend is, kan
deze informatie gebruikt worden om de verhouding van beide fluoroforen te bepalen. Het
grote voordeel is dat de methode van lifetime unmixing kwantitatief is voor zowel
fluoroforen met mono-exponentiële als fluoroforen met complexe, multi-exponentiële
levensduur. Dit is een grote verbetering ten aanzien van andere methoden, die slechts
toepasbaar zijn voor fluoroforen met mono-exponentiële lifetimes; iets wat in praktijk
meestal slechts een benadering is.
We hebben de methode van lifetime unmixing uitgebreid gevalideerd met behulp van
fluorescente eiwitten met identieke fluorescentie spectra, maar met verschillende
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fluorescentie levensduur. Deze nieuwe fluorescente eiwitten zijn ontwikkeld tijdens het
optimaliseren van de fluorescente eiwitten (hoofdstuk 2 en 3). De mogelijkheid om
spectraal identieke fluoroforen te kunnen detecteren en kwantificeren heeft veel potentie.
Het stelt ons in staat om 2 fluoroforen te meten met slechts één spectrale detector. Dit biedt
nieuwe mogelijkheden om verschillende fluorescent gelabelde eiwitten tegelijkertijd te
meten. Lifetime unmixing heeft ook potentie voor eiwit-interactie studies, gebaseerd op
FRET. FRET resulteert in een levensduur verkorting van de donor en met behulp van
single-frequency FLIM en lifetime unmixing is het mogelijk om de verhouding
interacterende en niet-interacterende eiwitten te bepalen.
Het optimaliseren van fluorescente eiwitten heeft geleid tot verbeterde VFPs voor expressie
in bacteriën en zoogdier cellen, als ook tot de ontwikkeling van nieuwe unieke fluorescente
eiwitten met speciale eigenschappen, zoals identieke fluorescentie spectra, maar
verschillende fluorescentie levensduur. Deze nieuwe fluorescente eiwitten hebben geleid tot
nieuwe kwantitatieve microscopie technieken, met veel potentie voor het bestuderen van de
complexe organisatie van de levende cel met behulp van multiparameter imaging.
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