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Abstract Forster resonance energy transfer (FRET) is a
powerful method for obtaining information about small-
scale lengths between biomacromolecules. Visible fluores-
cent proteins (VFPs) are widely used as spectrally different
FRET pairs, where one VFP acts as a donor and another
VFP as an acceptor. The VFPs are usually fused to the
proteins of interest, and this fusion product is genetically
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encoded in cells. FRET between VFPs can be determined
by analysis of either the fluorescence decay properties of the
donor molecule or the rise time of acceptor fluorescence.
Time-resolved fluorescence spectroscopy is the technique
of choice to perform these measurements. FRET can be
measured not only in solution, but also in living cells by the
technique of fluorescence lifetime imaging microscopy
(FLIM), where fluorescence lifetimes are determined with
the spatial resolution of an optical microscope. Here we
focus attention on time-resolved fluorescence spectroscopy
of purified, selected VFPs (both single VFPs and FRET
pairs of VFPs) in cuvette-type experiments. For quantitative
interpretation of FRET-FLIM experiments in cellular sys-
tems, details of the molecular fluorescence are needed that
can be obtained from experiments with isolated VFPs. For
analysis of the time-resolved fluorescence experiments of
VFPs, we have utilised the maximum entropy method
procedure to obtain a distribution of fluorescence lifetimes.
Distributed lifetime patterns turn out to have diagnostic
value, for instance, in observing populations of VFP pairs
that are FRET-inactive.

Keywords Time-resolved fluorescence -
Maximum entropy - Lifetime distribution - FRET -
Visible fluorescent proteins

Introduction

The organisation and dynamics of biological systems rely
on an intimate interplay of (biomacro-)molecules. Proteins,
nucleic acids and other molecular compounds such as
membrane phospholipids may interact with each other to
transduce signals or to build up macromolecular structures
that shape cells and intracellular organelles. Cell
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functioning largely depends on protein interaction networks
or, as outlined in Alberts (1998), ‘the entire cell can be
viewed as a factory that contains an elaborate network of
interlocking assembly lines, each of which is composed of a
set of large protein machines’. Unraveling protein interac-
tion patterns is therefore of key importance to increase our
understanding of cellular processes. Within the fields of
genomics and proteomics, several techniques and methods
have been developed including sequencing to yeast two/
three hybrid methods, mass spectrometry and DNA/protein
arrays to considerably increase our knowledge in the orga-
nisation of a biological system. It remains, however, neces-
sary to develop alternative techniques and methods for
visualisation and identification of interacting biomolecules
in living cells. Only then will it be possible to examine the
dynamics of cellular function in a spatial and temporal
fashion. This will, in turn, lead to better insight into the
mechanisms that systematically control the state of the cell.
Combining knowledge from the fields of cell biology and
biophysics may bring us an important step forward. To that
end, modern microspectroscopic techniques are the methods
of choice, as these techniques provide direct information on
molecular interactions and dynamic events with minimum
perturbation of cellular integrity and function. Microspec-
troscopy can be considered as a combination of microscopic
and spectroscopic techniques, and it has the advantage of
providing better optical contrast modes in microscopy. In
this way identification and quantification of biological pro-
cesses can be visualised in their natural environment. This
has been established by combining two outstanding meth-
odologies during the last decade, namely fluorescence-
detected Forster resonance energy transfer (FRET) and
visible fluorescent protein (VFP) technology.

FRET is a photophysical process where the excited-state
energy from a donor molecule is transferred non-radi-
atively to an acceptor molecule at close distance via weak
dipole—dipole coupling. The theory for resonance energy
transfer was developed by Forster (1948). Since the
transfer rate is proportional to the inverse 6th power of the
distance R between donor and acceptor, the transfer rate is
an extremely sensitive parameter for obtaining distances
between 1 and 10 nm, far below the optical diffraction
limit. The distance at which the excitation energy of the
donor is transferred to the acceptor with probability 0.5 is
called the Forster distance, Ry, and can be calculated using
the relevant spectroscopic properties of the participating
fluorophores. FRET is used extensively for monitoring
interactions and conformational changes between or within
biological macromolecules conjugated with suitable
donor—acceptor pairs. There are several methods available
for quantification of FRET, of which the one based on
donor fluorescence lifetimes is the most straightforward.
Fluorescence lifetimes are characterised by the average
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time that a molecule remains in the excited state, which is a
concentration-independent property. Donor fluorescence
lifetimes in the absence and presence of acceptor molecules
are often measured for the observation of FRET and a
decreased fluorescence lifetime of the donor is an indica-
tion of molecular interactions. However, in cellular sys-
tems, these lifetimes may originate from interacting and
non-interacting molecules, which hamper quantitative
interpretation of FRET data. We have shown recently that
monitoring and analyzing the time-dependent rise of
acceptor fluorescence is an alternative method to circum-
vent this problem (Borst et al. 2008).

Time-resolved fluorescence spectroscopy already pos-
sesses a long history in the characterization of fluorescent
molecules in solution. This methodology has also been
applied in microscope systems where fluorescence lifetime
imaging microscopy (FLIM) is now an established imaging
technique. By using FLIM maps of fluorescence lifetimes
of specimens can be created at 250-nm spatial resolution,
i.e. close to the optical diffraction limit, and at (sub-)
nanosecond temporal resolution. The FRET method and
applications have been amply reviewed during the last
5 years (Jares-Erijman and Jovin 2003, 2006; Vogel et al.
2006; Elder et al. 2009). In the beginning of 2009, the
proceedings of the first international Theodor Forster lec-
ture series, held in Cambridge UK, were published offering
a wealth of information on state-of-the-art quantitative
optical microscopy (Kaminski 2009). Recent reviews on
fluorescence lifetime imaging and on FRET-FLIM with
many back references have also appeared in current liter-
ature (Festy et al. 2007; Barber et al. 2009).

To monitor cellular responses and processes using
FRET, genetically encoded pairs of fluorescent proteins are
of essential importance. One such genetically encoded
fluorescent probe is the green fluorescent protein (GFP)
from the jellyfish Aequorea victoria. The application of the
GFP technology for imaging of intracellular proteins has
been comprehensively reviewed by Tsien, the 2008 Nobel
laureate (Tsien 1998). Currently a whole palette of fluo-
rescent proteins, also from coral species, emitting from
violet to red are applied extensively as genetically encoded,
brightly fluorescent markers in cell biology (Zhang et al.
2002; Miyawaki et al. 2003; Shaner et al. 2004, 2005;
Verkhusha and Lukyanov 2004; Giepmans et al. 2006).
Thus far, the enhanced forms of cyan fluorescent protein
(ECFP) and yellow fluorescent protein (EYFP) are the most
commonly used FRET pair in cell biology. ECFP, how-
ever, has the disadvantage that the fluorescence decay is
heterogeneous. This observation is due to the fact that
ECFP can exist in two major populations where the fluo-
rescence of the chromophore in one conformation is more
quenched than the one in the other conformation (Bae et al.
2003; Borst et al. 2005). Another frequently used
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combination is EGFP and the red fluorescent protein
(RFP). Studies of proteins tagged with EGFP and mono-
meric RFP (mRFP) have already shown the potential use of
this pair for FRET-FLIM applications (Peter et al. 2005;
Tramier et al. 2006; Albertazzi et al. 2009).

The GFP technology has also been utilised in the
development of genetically encoded FRET biosensors. The
important benefit of FRET biosensors is that donor and
acceptor fluorescence intensities can be measured simulta-
neously in two different detection channels of a fluores-
cence microscope enabling ratio imaging in real time.
Different FRET biosensors have been developed, such as
the ‘cameleons’ for in vivo measurements of calcium con-
centrations. Calcium is a very important ion second mes-
senger in cellular signaling. Ca*" signals are found in the
cytosol and different organelles, but these signals are often
difficult to measure by conventional fluorescent indicators.
The yellow cameleon fluorescent calcium indicators are the
most suitable reporters for in vivo detection of calcium
because they do not require any cofactors and can be tar-
geted to specific intracellular locations (Miyawaki et al.
1997, 1999). Several different variants of yellow cameleons
have been constructed but all consist of a tandem fusion of
ECFP, a calmodulin domain having four calcium binding
sites, a calmodulin binding peptide M13 and EYFP
(Miyawaki et al. 1997; Varadi and Rutter 2002). The level
of intramolecular FRET is dependent on the extent of Ca®"
binding to the calmodulin. Binding of calcium ions makes
calmodulin wrap around the M13 domain resulting in an
increase in the FRET efficiency. The dynamic Ca®" con-
centration range of these cameleons ranges from 10~
to 107> M. Many variants of the cameleon sensors are
currently available and are continuously being improved
(Nagai et al. 2004). Other FRET biosensors have been
developed for measuring chloride (‘clomeleon’) (Jose et al.
2007) and pH (‘pHlameleon’) (Esposito et al. 2008).

In this contribution, we focus attention on single-photon
timing spectroscopy of purified VFPs in cuvette-type
experiments. For quantitative interpretation of FRET in
cellular systems, we need details of the molecular fluores-
cence that can be obtained from experiments with isolated
VFPs. For analysis of time-resolved fluorescence experi-
ments of isolated VFPs, we have utilised the maximum
entropy method (MEM) (Livesey and Brochon 1987; Bro-
chon 1994). The classical description of the fluorescence
decay by a discrete set of fluorescence lifetimes has some
distinct disadvantages. A well-known example, for instance,
is that a fluorescence decay consisting of five exponentials
with separated time constants can be fitted equally well to
three exponentials with different time constants. In the case
of MEM analysis, the inverse Laplace transform of the
fluorescence decay is recovered by fitting the decay (and rise
when appropriate) to a function composed of a large number

(up to 300) of exponentials. The advantage of MEM analysis
is that we obtain a unique solution without encoding a priori
information into the distribution model. Early examples of
the MEM approach have been given for tryptophan fluo-
rescence decay in a protein (Merola et al. 1989) and for flavin
fluorescence decay in flavoproteins (Bastiaens et al. 1992a,
b; van den Bergetal. 1998, 2001). We illustrate our approach
with selected examples of VFPs and FRET pairs of VFPs.

Materials and methods
Materials

The YC3.60 was isolated and purified as previously
described (Borst et al. 2008). The concentration of YC3.60
was determined with light absorption measurements at
514 nm using the YFP Venus extinction coefficient
e=92200 M~ ecm™'. YC3.60 was diluted in 100 mM
Hepes buffer at pH 7.9 containing either 50 pM EGTA
alone or 50 uM EGTA and 100 pM Ca** to a final con-
centration of 200 nM for time-resolved fluorescence
experiments. cDNA fusions of EGFP (donor) linked to
mCherry (acceptor) by six amino acids (GSGSGS) [EGFP-
(L)e-mCherry] and ECFP (donor) coupled to EYFP
(acceptor) via a 13-amino acid linker (RGGGGARDPP
VAT) [ECFP-(L);3-EYFP] and the single fluorescent pro-
teins [ECFP, mTFP, which is monomeric teal fluorescent
protein (Day et al. 2008), and EGFP] were cloned into
pTYBI1 vector (New England Biolabs, Impact vector
system) using appropriate primers. The constructs were
transformed into BL21 DE3 bacteria strain for protein
expression. Expression was induced after 3 h of incubation
at 37°C by adding 0.3 mM IPTG, and the cells were grown
overnight at 20°C. The next day the cells were harvested
and resuspended in buffer 50 mM Tris pH 8.0, 120 mM
KCl, 1 mM EDTA and protease inhibitor cocktail.

Purification of VFPs

IMPACT (intein-mediated purification with an affinity
chitin-binding tag) is a novel protein purification system
that utilises the inducible self-cleavage activity of a pro-
tein-splicing element (called an intein) to separate the
target protein from the affinity tag. In brief the following
procedure was used. Bacteria expressing the fusion con-
struct were collected by centrifugation and resuspended in
50 mM Tris pH 8.0, 120 mM KCI, 1 mM EDTA and
protease inhibitor cocktail. The cells were lysed by three
passages through a French pressure cell, and the homoge-
nate was centrifuged at 20,000x g for 30 min. The soluble
protein fraction was collected and applied onto an affinity
matrix composed of chitin beads. The bound fusion protein
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was extensively washed thereby removing other proteins
and leaving the fusion-tagged protein bound to the resin.
The VFPs were eluted from the tag by an on-column
cleavage reaction by incubating the beads overnight in
50 mM DTT at room temperature. The purified VFP pro-
teins were checked for purity on SDS-PAGE, and the final
protein sample was transferred in the desired buffer
(50 mM Tris pH 8.0, 120 mM KCI, 1 mM EDTA) via four
concentration/dilution repeats using Millipore centricons.
The protein concentration for time-resolved fluorescence
measurements was 200 nM.

Time-resolved fluorescence experiments

Time-resolved fluorescence measurements were carried out
using a mode-locked continuous wave laser for excitation
and time-correlated single photon counting (TCSPC) as
detection technique as extensively described previously
(Borst et al. 2005, 2008). The samples were excited with
plane polarised light pulses (0.2 ps FWHM) at an excita-
tion frequency of 3.8 MHz and both parallel-polarised
[LAt)] and perpendicular-polarised [/, (t)] fluorescence
intensities were detected. The fluorescence was sampled
during 10 cycles of 10 s (real time) in each polarisation
direction, where the detection frequency in the polarisation
channel of highest intensity was set to 30 kHz to prevent
pulse pileup. The time-resolved fluorescence experiments
on the yellow cameleon variant YC3.60 were performed by
using 400-nm excitation of ECFP and fluorescence detec-
tion of ECFP with a 480.5-nm interference filter (Schott,
Mainz, Germany; half-bandwidth of 5.4 nm). The sensi-
tised emission of YFP Venus fluorescence in YC3.60 was
detected with an OG 530 cut-off filter (Schott) and 557.6-
nm interference filter (Schott; half-bandwidth 5.9 nm).
Experiments with the ECFP-(L)5-EYFP construct, ECFP
and mTFP were conducted at 430-nm excitation of ECFP
with 480.5-nm detection of ECFP or mTFP fluorescence.
We also measured the time-dependent rise of EYFP fluo-
rescence in the ECFP-(L)5-EYFP construct at 557.6 nm.
In all these experiments the dynamic instrumental
response function of the setup was obtained at the ECFP or
Venus emission wavelengths by using a solution of xanthi-
one in ethanol as reference compound having an ultrashort
fluorescence lifetime of 14 ps. EGFP and the EGFP-(L)s-
mCherry construct were excited at 487 nm, and the EGFP
donor fluorescence was detected through the OG530 filter
and a 539-nm interference filter (Schott). The sensitised
mCherry fluorescence was measured through the OG530
filter and a 647-nm interference filter (Schott). The reference
compound for EGFP fluorescence decay and mCherry fluo-
rescence rise and decay was erythrosine B in aqueous solu-
tion having a fluorescence lifetime of 85 ps. One complete
measurement consisted of sampling polarised fluorescence
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decays of the reference compound (3 cycles of 10 s in each
polarisation direction), the sample (10 cycles), the back-
ground (usually 2 cycles, as it is only less than 1% of the
intensity of the sample) and again the reference compound.

Data analysis in terms of discrete exponentials and
distance distribution

The total experimental fluorescence I(¢) can be written as
the convolution product of the instrumental response
function IRF(¢) with the model function i(f):

1(r) = IRF(1) ® (1), (1)

in which i(f) can be written as
i(t) =iy)(t) +2giL (1) =Y _arexp(—t/7:), (2)

with n denoting the number of exponential components
with amplitudes a; and fluorescence lifetimes t;. The
g-factor was found to be equal to 1 in our single-photon
timing apparatus (van Hoek et al. 1987) eliminating po-
larisation artifacts in the total fluorescence decay analysis.
Fitting the fluorescence decay to a two- or three-component
multi-exponential function was accomplished as described
earlier (Borst et al. 2005).

The fluorescence decay of the EGFP-Ls-mCherry con-
struct following excitation at 487 nm and emission at
537 nm of donor EGFP was analysed using a model for
distribution of distances between the transition moments of
the chromophores in EGFP and mCherry (Grinvald et al.
1972; Haas et al. 1975). The fluorescence intensity decay
of the donor alone is presented by an exponential function:

ip(t) = ip(0) exp(—t/1p), (3)

where tp is the fluorescence lifetime of the donor alone.
The fluorescence intensity decay of the donor in the
presence of acceptor can be modelled as a multi-
exponential function:

iDA(t) = lDA(O) /f(R) exp
0

where f(R) is the distribution function of donor—acceptor
distances, R the actual distance and R, the critical (or
Forster) distance between donor and acceptor. It is assumed
that f{R) is a Gaussian function:

1 (R— <R>)*
f(R)—G 2neXP[ oy

where <R> is the mean distance and o the width of
the distribution. Ry has been determined as 5.2 nm.
The experimental time-resolved data can be fitted to the
following donor decay function:

, (5)
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iD(t) = bliD(l) =+ bziDA(l), (6)

in which b, and b, are the amplitudes representing the
fractions of donor molecules that are FRET-inactive and
FRET-active respectively. The recovered parameters are
Tp, <R>, g, b; and b,.

MEM data analysis

The MEM type of analysis of time-resolved fluorescence
decay data has been detailed previously (Livesey and
Brochon 1987; Brochon 1994). Analysis of total fluores-
cence decay I(f) was performed using the commercially
available MEM (Maximum Entropy Solutions, Ely, UK).
In all experiments, the parallel and perpendicular fluores-
cence intensity components were acquired after excitation
with vertically polarised light. The amplitude image o(7) of
the total fluorescence intensity i(¢), after -pulse excitation,
is given by the inverse Laplace transform:

() = i) (1) + 20, (1) = /0 " a(x) exp(—t/)dr. (7)

The image «(f) is recovered by maximising the Skilling—
Jaynes entropy function Ssj (Livesey and Brochon 1987):

Ssy = /OOO {o(x) — m(7) — afv) log(a(z) /m(z)) }dz,  (8)

and minimising the »* data fit criterion
2 1 2 calc obs 2

4 :M;((Ik —I™) /)", 9)
where m(t) is the starting model of the distribution chosen
to be flat in log t space, when there is no a priori
information about the system, as this would introduce the
least correlation between the parameters of the image
o(t). The superscripts calc and obs on [ denote the
observed and calculated intensities in channel k of the
multichannel analyzer. M is the total number of channels
used in the analysis of the fluorescence decay (typically
4,000 channels), and cr,% is the variance in channel k. For
an optimal fit of the data, y° should approach unity. In
practice, 150 (or 300) data points equally spaced on a log
T scale (between 1 ps and 10 ns) were used in the analysis
of i().

The average fluorescence lifetime is calculated from the
obtained spectrum (or image) a(t) as follows:

N N
<T> :Zoc,-r,-/Zoci, (10)

where the summation is carried out over the whole range
(N) of t; values of an a(t) spectrum. The barycenter of a
peak in the spectrum is determined in a similar fashion

except that the summation is performed over a limited
range of t; values encompassing a local peak (Merola et al.
1989). The fractional area of a peak is the ratio between the
integrated peak intensity and the total intensity of the
spectrum.

In all graphs presented, the amplitude of the barycenter
is given as the percentage of normalised pre-exponential
factors. The time scale is logarithmic.

The experimental and fitted time-resolved fluorescence
traces, which are not shown in this paper, are presented in
the electronic supplementary material (ESM).

Results and discussion
Time-resolved fluorescence spectroscopy of EGFP

The MEM analysis will provide information about distri-
butions of lifetimes in contrast to previous and more
common analysis procedures using multi-exponential
decay models of discrete lifetimes. The time-resolved
fluorescence of the enhanced green fluorescent protein
(EGFP) at pH 8.0 serves as an illustrative example. The
experimental and MEM-fitted fluorescence decays of
EGFP are shown in Fig. 1a, and the lifetime distribution
pattern is presented in Fig. 1b. It is clear that the fluores-
cence decay is not completely a single exponential, since
two peaks appear with barycenters at 2.63 ns (normalised
amplitude 86%) and 1.36 ns (normalised amplitude 14%).
This heterogeneity of time-resolved fluorescence of EGFP
has been independently demonstrated before by analysis
with a multi-exponential decay model with discrete life-
times (Uskova et al. 2000; Heikal et al. 2001; Suhling et al.
2002; Hess et al. 2003). We have analysed the same
experimental data with a bi-exponential decay model and
incorporated the fit results as sticks of height proportional
to the amplitude values in Fig. Ib showing that the
agreement between both analysis methods is excellent.

Time-resolved fluorescence spectroscopy of the yellow
cameleon variant: YC3.60

Donor fluorescence lifetimes in absence and presence of
acceptor molecules are often measured for the observation
of FRET. The FRET-based calcium sensor yellow came-
leon 3.60 (YC3.60) has been investigated as a test system
because it changes its conformation on calcium binding,
thereby increasing the FRET efficiency. In this study, we
have analysed the same experimental time-resolved fluo-
rescence intensity data as published in Borst et al. (2008)
with the MEM approach. First we analysed the fluores-
cence decays of ECFP (donor alone) and YC3.60 in the
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Fig. 1 Total fluorescence decay analysis of EGFP obtained with the
MEM approach. Excitation and emission wavelengths were 487 and
539 nm. Left panel presents experimental (grey points) and fitted
(black solid line) time-resolved fluorescence curves, together with the
reference compound erythrosine B (red). To show the optimised fit,
the weighted residuals between the experimental and calculated
curves are shown. The fit criterion 12 = 1.05. Right panel illustrates
recovered lifetime distribution with barycenters at 1.36 ns

absence and presence of calcium ions at 400-nm excitation
wavelength and 480-nm detection wavelength and using
4,000 data points in time channels incremented with 5 ps
per channel. MEM analysis shows two lifetime distribu-
tions for ECFP and four separate lifetime distributions for
YC3.60 as depicted together in Fig. 2a. All numerical
results are collected in Table 1. The lifetime distribution of
ECFP clearly consists of two major contributions, one
relatively broad distribution centred at 3.2 ns covering 72%
of amplitude area and one relatively sharp distribution
centred at 0.95 ns with 28% of amplitude area. These
results are in very good agreement with the ones obtained
with analysis with discrete lifetime components, 3.57 ns
(67%) and 0.97 ns (33%) respectively (Borst et al. 2008).
These data are presented as sticks of relative heights
together with the lifetime distribution of ECFP in Fig. 2b.

The lifetime distribution of YC3.60 in the absence of
calcium is more complex and consists of three peaks
located at 3.2 ns (24%), 1.9 ns (24%) and 0.73 ns (36%)
and one relatively small distribution located at 90 ps
(14%). The 3.2-ns peak is the same as found for ECFP and
must be ascribed to a population of YC3.60 molecules not
participating in FRET. The previously obtained three dis-
crete lifetimes have been incorporated as sticks of appro-
priate lengths in the lifetime distribution of YC3.60 in the
absence of calcium in Fig. 2c.

The agreement between both analysis results is fair, but
not optimal. When we compare the MEM results of this
single experiment with the ones obtained from global
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(normalised amplitude 14%) and at 2.63 ns (normalised amplitude
86%) (see Table 3). Also shown in the distribution are vertical sticks
(black) corresponding to discrete lifetime analysis of the same data
located at 1.47 ns (normalised amplitude 10%) and 2.70 ns (norma-
lised amplitude 90% and scaled to the maximum value of the
barycenter). The time-scale extends between 1 ps and 10 ns. A total
of 150 lifetimes were used in the distribution between 1 ps and 10 ns,
of which the ones between 1 and 4 ns are shown

analysis of many experiments in discrete lifetimes embed-
ding the existence of two fractional populations (Borst et al.
2008), then we can tentatively assign the 1.9-ns peak to the
one found previously at 2.1 ns and the 0.73-ns peak to the
one found previously at 0.5 ns. The advantage of the MEM
analysis is that we directly observe the lifetime components
in a distribution, whereas recovery of discrete lifetimes
required global analysis of many time-resolved fluorescence
experiments, in which prior information on the amount of
different populations (FRET-active and FRET-inactive) in
the ensemble has been encoded.

The complexity of the lifetime distribution is even larger
in the case of YC3.60 in the presence of calcium ions, for
which five discrete lifetimes in the time domain between
1 ps and 10 ns are observed. Very pronounced, however, is
the predominant (74%) lifetime distribution around 6 ps,
which must be ascribed to an YC3.60 conformation having
very efficient FRET. This 6-ps component is clearly absent
in the discrete lifetime component analysis (see the poor
agreement between both analysis methods in Fig. 2d). The
advantage of the MEM analysis is that this predominant
contribution is directly visible, whereas this short lifetime
component remains hidden in analysis with discrete life-
times. According to the cartoon models of YC3.60 with and
without calcium as published previously, this would only be
possible when the two fluorescent proteins are located next
to each other (Borst et al. 2008). The non-resolved distri-
bution in the short time domain must correspond to the
predominant 24-ps lifetime component as was found
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Fig. 2 a Fluorescence lifetime distribution obtained after MEM
analysis of time-resolved donor fluorescence of ECFP (blue), Ca’*-
free YC3.60 (dotted red curve) and Ca®*-bound YC3.60 (solid red
curve). Excitation and emission wavelengths were 400 and 480 nm.
The time-scale is logarithmic and extends between 1 ps and 10 ns
covered by 150 lifetimes. The lifetimes and corresponding integrated
amplitudes are listed in Table 1. In b—d the stick spectra of discrete
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lifetimes (in black) are also shown for comparison, published in Borst
et al. (2008). These discrete lifetime values with amplitudes in
parentheses are as follows: for ECFP 0.97 ns (33%) and 3.57 ns
(67%); for Ca**-free YC3.60 0.67 ns (45%), 2.20 ns (36%) and
3.57 ns (fixed, 19%); for Ca®*-bound YC3.60 0.28 ns (46%), 1.39 ns
(34%) and 3.57 ns (fixed, 20%)

Table 1 Fluorescence lifetimes recovered from MEM analysis of time-resolved fluorescence of ECFP and YC3.60 in absence and presence of

calcium ions

Sample s 75 (ns) 0y 74 (ns) o3 73 (ns)
ECFP

YC3.60 — Ca>*+ 0.13 £ 0.03 0.09 £ 0.01 0.34 £+ 0.05 0.73 +0.03
YC3.60 4+ Ca>* 0.76 £ 0.17 0.006 =+ 0.001 0.08 + 0.03 0.12 £ 0.02 0.06 £ 0.01 0.63 +0.03
Sample o 75 (ns) o 71 (ns) <> (ns)

ECFP 0.28 + 0.03 0.95 £+ 0.05 0.72 £+ 0.04 3.2 £+ 0.06 2.54 £ 0.13

YC3.60 — Ca** 0.24 + 0.05 1.94 +£0.19 0.23 £ 0.06 3.17 £0.12 1.45 £0.19

YC3.60 + Ca** 0.04 + 0.00 1.72 £ 0.10 0.04 + 0.00 3.39 £ 0.04 0.24 + 0.03

previously in the global analysis, in which two fractional
populations of FRET-active and FRET-inactive donor
molecules were present. The other distributed lifetimes are
difficult to assign, which was also the case for the previous
analysis with discrete lifetime components, for which in
three different analyses lifetimes of 1.46, 0.28 and 0.14 ns
were recovered. The 3.4-ns lifetime component present in
the Ca*"-bound YC3.60 sample again indicates a popula-
tion of YC3.60 molecules, which do not exhibit FRET. Both
the heterogeneity of the fluorescence decay of ECFP and the
presence of a population of non-interacting donor

molecules in the construct severely complicate quantitative
analysis of FRET in terms of discrete lifetimes (Millington
et al. 2007; Borst et al. 2008; Wlodarczyk et al. 2008).
We previously described a methodology for the detec-
tion of FRET that monitors the rise time of acceptor fluo-
rescence upon donor excitation, thereby detecting only
those molecules undergoing FRET (Borst et al. 2008). This
rise time is completely equivalent to the fluorescence
lifetime of the donor in the vicinity of an acceptor mole-
cule. The main advantage of this method, as compared to
the more commonly used donor fluorescence quenching
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Fig. 3 Fluorescence lifetime distribution obtained after MEM anal-
ysis of time-resolved acceptor fluorescence of Ca®*-free YC3.60
(dotted red curve) and Ca**-bound YC3.60 (solid red curve).
Excitation and emission wavelengths were 400 and 558 nm. The
time-scale extends between 1 ps and 10 ns. A total of 300 lifetimes
were used in the distribution between 1 ps and 60 ns. For Ca>*-free
YC3.60, there are two main lifetimes at 1.82 ns (positive amplitude)
and at 0.44 ns (negative amplitude). The absolute ratio of areas
amounts to 1 (1.82 ns):0.45 (0.44 ns). For Ca®*-bound YC3.60, three
peaks can be distinguished at 2.0 ns (positive amplitude), 0.46 ns
(negative amplitude) and 7 ps (negative amplitude), with relative
areas of 1:0.34:0.83 respectively

method, is that the transfer rate of FRET can be determined
accurately even in cases where the FRET efficiencies
approach 100%. We have subjected selected experimental
data (4,000 data points in time channels incremented with
1 ps per channel), which were previously analysed with an
exponential model with rise and decay components, to the
MEM analysis procedure. It was immediately apparent that
the recovered lifetime distributions indeed exhibit negative
amplitudes as expected with a time-dependent increase
(rise) in fluorescence intensity, and positive amplitudes
associated with fluorescence decay components. The
results are shown in Fig. 3 for YC3.60 in the presence and
absence of calcium ions.

For Ca>*-free YC3.60, there are two main distributions
peaked at 1.82 ns with positive amplitude and at 0.44 ns
with negative amplitude. The absolute ratio of areas
amounts to 2.2 in favour of the longer lifetime distribution.
The lifetime with negative amplitude is a signature for the
rise time. The 0.44-ns component may well correspond to
the 0.73-ns component from the donor fluorescence decay.
The other distributed lifetimes have much smaller contri-
butions and are not further discussed. For Ca*"-bound
YC3.60, three peaks can be distinguished at 2.0 ns (posi-
tive amplitude), 0.46 ns (negative amplitude) and 7 ps
(negative amplitude), with relative areas of 1, 0.34 and
0.83, respectively. This distributed 7-ps rise time found in
Ca’*-bound YC3.60 is in complete agreement with the
presence of the very short distributed lifetime of the donor

@ Springer

fluorescence decay, which is characteristic for very effi-
cient FRET (Fig. 2d). The distribution with positive
amplitude arises from the decay of the acceptor (Venus)
fluorescence. This fluorescence lifetime amounts to 3.1 ns
as determined from experiments at longer time scales
(Borst et al. 2008). A 3.1-ns lifetime would not be recov-
ered after MEM analysis of experimental time-resolved
fluorescence data in the 4-ns time range.

Time-resolved fluorescence spectroscopy
of the construct ECFP-(L);5-EYFP

We are interested to observe whether the presence of a
population of FRET-inactive molecules is a general property
of ECFP-EYFP couples. For that reason we have also
included a control FRET construct composed of a flexible
linker of 13 amino acids with ECFP and EYFP at both ends.
The MEM analysis yields lifetime distribution patterns of
ECFP and ECFP-(L),5-EYFP, which are presented in Fig. 4.
The numerical results have been collected in Table 2. The
short fluorescence lifetime distribution of ECFP (0.95 ns,
see Fig. 2b, Table 1) has been further resolved in lifetimes
of 0.87 ns and 1.64 ns of about equal amplitudes. It is to be
noted, however, that the excitation wavelength was at
430 nm instead at 400 nm and that the buffer composition
was also different as compared to the previous experiment
with ECFP. This resolution in three lifetime components
instead of two using the MEM approach has been observed
before and illustrates again that the ECFP fluorescence
decay is heterogeneous and the distributed lifetimes are
sensitive to external factors (Villoing et al. 2008). MEM
analysis of the donor fluorescence decay in the FRET
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Fig. 4 Fluorescence lifetime distribution obtained after MEM anal-
ysis of time-resolved donor fluorescence of ECFP (blue) and ECFP-
L13-EYFP (red). Excitation and emission wavelengths were 430 and
480 nm. The time-scale extends between 10 ps and 10 ns covering
150 lifetimes. The lifetimes and corresponding integrated amplitudes
are listed in Table 2
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Table 2 Fluorescence lifetimes recovered from MEM analysis of time-resolved fluorescence of ECFP and ECFP-L,;-EYFP

Sample oy 74 (nSs) o3 73 (ns)

[£%) 75 (ns) o

7 (ns) <t> (ns)

ECFP

ECFP-
L,5-EYFP

0.17 +£0.07 0.87 +£0.13 0.19 +0.08 1.64 4032 0.64 £ 0.04 3.52 £+ 0.08 2.71 £ 0.01
029 +£0.04 0.12 £0.01 027 £0.04 049 +£0.06 022 £0.03 1.49 +0.10 0.22 £0.01 3.24 £0.06 1.19 + 0.01

construct recovered four distributed lifetimes, where the
short lifetimes (0.12 and 0.49 ns) must be ascribed to FRET,
since they do not show up in the lifetime distribution of
ECFP alone. The nature of the fluorescence lifetime of
1.49 ns is unknown, but it might originate from two
molecular populations that are FRET-active and FRET-
inactive. The fluorescence lifetime of 3.24 ns (22%) must be
ascribed to a FRET-inactive population. This amount is of
similar magnitude as found for the yellow cameleon in the
presence and absence of calcium. From these experiments,
one can conclude that FRET sensors composed of ECFP and
EYFP always display a population of donor molecules,
which are not involved in the FRET process.

An ECFP analogue with a single fluorescence lifetime

From the previous results, ECFP clearly showed at least two
lifetime distributions indicating the existence of at least two
conformations of ECFP, which has also been demonstrated
in crystallography of ECFP (Bae et al. 2003). These specific
ECFP conformations most likely possess different FRET
efficiencies. Therefore it is highly desirable to have a FRET
donor molecule with mono-exponential fluorescence decay
properties for easier interpretation of the FRET data. We
think that mTFP is such a candidate, since in the fluorescence
lifetime distribution, a well-defined peak at 2.9 ns (91%) is
apparent and only a small amount (9%) of a species with a
shorter lifetime (0.91 ns) is present (Fig. 5). The more
homogeneous fluorescence has also been reported previ-
ously (Day et al. 2008). For confocal imaging this fluorescent
protein is also more suitable, since its excitation maximum is
at 460 nm, which overlaps perfectly with the 458-nm line of
an argon ion laser.

Time-resolved fluorescence spectroscopy
of the construct EGFP-(L)¢-mCherry

Nowadays cell biologists are shifting towards applications
with acceptor molecules having more red-shifted fluores-
cence for the observation of FRET in combination with
EGFP as donor moiety because of its more mono-expo-
nential fluorescence decay. Therefore, we have analysed
the lifetime properties of a fusion construct composed of
EGFP and mCherry connected by six amino acids (see
“Materials” section). Also for this construct and EGFP
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Fig. 5 Fluorescence lifetime distribution obtained after MEM anal-
ysis of time-resolved fluorescence of ECFP (blue) and mTFP (green).
Excitation and emission wavelengths were 430 and 480 nm. A total of
150 lifetimes were used in the distribution in the time domain
between 15 ps and 10 ns, of which the distribution between 0.1 and
10 ns is shown. The lifetimes and corresponding integrated ampli-
tudes of ECFP are listed in Table 2. The lifetimes of mTFP are
2.89 ns (91%) and 0.91 ns (9%)
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Fig. 6 Fluorescence lifetime distribution obtained after MEM anal-
ysis of time-resolved fluorescence of EGFP (green, see also Fig. 1)
and EGFP-L,3-mCherry (red). Excitation and emission wavelengths
were 487 and 539 nm. A total of 150 lifetimes were used in the
distribution in the time domain between 15 ps and 10 ns, of which the
ones between 0.1 ns and 10 ns are shown. The lifetimes and
corresponding integrated amplitudes are listed in Table 3

only (see also Fig. 1a), the lifetime distributions have been
obtained by MEM analysis (Fig. 6). Numerical results of
analysis have been collected in Table 3. The lifetime
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Table 3 Fluorescence lifetimes recovered from MEM analysis of time-resolved fluorescence of EGFP and EGFP-Lg-mCherry

Sample o3 73 (ns) o T, (ns) o 71 (ns) <> (ns)
EGFP 0.14 £ 0.01 1.36 £ 0.07 0.86 + 0.02 2.63 £+ 0.01 245 £ 0.00
EGFP-Lg-mCherry 0.17 £ 0.02 0.35 +£0.05 0.30 £ 0.03 1.18 £ 0.06 0.53 £+ 0.02 249 £ 0.02 1.73 £ 0.01
6 T T The recovery of a distance distribution from time-
L resolved fluorescence experiments monitoring the donor
4l i fluorescence was already addressed a few decades ago
(Grinvald et al. 1972; Haas et al. 1975; Wu et al. 1991). We
2 I have analysed the time-resolved donor fluorescence in
_E 2r T terms of a distance distribution taking into account a
i - FRET-inactive fraction of donor molecules (see “Meth-
E 0 - ods” section). Because of the flexible chain, it is assumed
| that the distribution function has a Gaussian form. The
Forster radius for the EGFP-mCherry pair is determined as
2r i 5.2 nm and is used as an input value for the analysis. The
) IIJI'I I{I)[‘ jo!  output parameters are the Gaussian distribution, the fluo-
T, ns rescence lifetime of donor EGFP and the fraction of FRET-

Fig. 7 Fluorescence lifetime distribution obtained after MEM anal-
ysis of time-resolved acceptor fluorescence of EGFP-L,3-mCherry.
Excitation and emission wavelengths were 487 and 647 nm. The
time-scale extends between 10 ps and 10 ns. A total of 150 lifetimes
were used in the distribution between 15 ps and 10 ns. Lifetimes with
negative amplitudes are found at 0.78 ns, 0.23 ns and 72 ps with
relative areas 1:0.43:0.42 respectively. The lifetime with positive
amplitude is at 1.89 ns with an absolute ratio of areas of 1
(1.89 ns):0.33 (0.78 ns)

distribution of the EGFP-(L)s-mCherry construct has a
pattern of three lifetimes at 2.49, 1.18 and 0.35 ns with
amplitudes listed in Table 3. The short linker of six amino
acids (GSGSGS) puts a constraint of relatively small dis-
tances between both fluorescent proteins (Evers et al.
2006). Because the linker peptide has a very flexible
structure, it is very possible that we are facing a distribu-
tion of relative distances and orientations between both
transition moments. This implies that there are at least two
conformations of the construct with different transfer effi-
ciencies. Additional support for this observation comes
from the MEM analysis of the rise and decay of the
acceptor fluorescence, the distribution of which is depicted
in Fig. 7. It is clear from Fig. 7 that there are at least three
distinct distributed rise times present at 0.78, 0.23 and
72 ps. The distributed lifetime with positive amplitude has
a peak value at 1.89 ns and must be attributed to the
fluorescence lifetime of the acceptor mCherry. Since it has
been previously shown that the FRET process follows a
static regime (i.e. the rate of conformational changes is
smaller than the FRET rate) (Borst et al. 2008), the con-
formations are in slow equilibrium and can well be repre-
sented by a distribution of distances.
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inactive EGFP molecules. The analysis resulted in a dis-
tribution of distances with mean distance <R> of 4.6
(£0.2) nm and width ¢ of 1.2 (£0.1) nm. It must be
emphasised that this analysis provides an ‘apparent’ dis-
tribution and distance with contributions from both dis-
tance and orientation (Wu and Brand 1992). The recovered

104

T

=]
]
YT

102

T

10!

Fluorescence, counts

Ty

100
0

W. residuals

Time, ns

Fig. 8 Analysis of the time-resolved fluorescence of the donor
(EGFP) in the construct EGFP-L;3-mCherry with a model of Gaussian
distribution of distances (Eqs. 4-5) and a certain percentage of FRET-
inactive EGFP (Eq. 6). The recovered parameters are tp, = 2.63 ns,
<R> = 4.6 =+ 0.2 nm, o =12%0.1 nm, by = 48.5% and
by = 51.5%. ¥* = 1.13
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fluorescence lifetime of EGFP is 2.63 ns, and the estimated
fraction of non-interacting EGFP is 48%. This is close to
the value found by the MEM analysis (see Table 3).
Experimental results and fits are given in Fig. 8. Given the
fact that the mean distance is smaller than the Forster
distance, the resulting measured donor fluorescence life-
times must be shorter than 1.3 ns as actually observed.
The high fraction of non-interacting EGFP is puzzling.
The high contribution (48%) can be explained taking the
presence of non-matured mCherry into account. Maeder
and co-workers used a similar construct with a different
linker in yeast and found that 50% of mCherry is not
matured (Maeder et al. 2007). Non-matured mCherry
contains green chromophores, which are different from
EGFP and with shorter fluorescence lifetimes (Cotlet et al.
2001). It means that in the population of EGFP-Lg-
mCherry molecules there is a mixture of directly excited
non-matured mCherry and excited non-matured mCherry
via resonance energy transfer from EGFP. Both compo-
nents in the mixture emit fluorescence with a slightly
shorter lifetime than EGFP alone. Note in this respect that
the MEM analysis did not recover the 2.63-ns lifetime of
free EGFP, but a distinctly shorter lifetime of 2.49 ns.

Concluding remarks

In this paper, we have shown the application and use-
fulness of MEM analysis of time-resolved fluorescence of
VFPs. The lifetime distribution pattern obtained after
MEM analysis has a clear diagnostic value. For instance,
it can be immediately observed when a population of
donor VFP is not participating in FRET. MEM analysis of
fluorescence decay of the calcium sensor YC3.60 is in
good agreement with single-component global analysis of
time-resolved fluorescence with the encoding of prior
information. We emphasise the large advantage of
employing MEM analysis: it is not necessary to look for
the number of exponential components, notably in the
case of very complex fluorescence decays. Complexity
arises when the donor decay is not mono-exponential,
when there is a mixture of populations exhibiting FRET
and no FRET or when the FRET construct has a flexible
linker causing a distribution of distances in FRET pairs.
Even rise components can be investigated with MEM
analysis with the additional advantage that only FRET
active pairs are pre-selected.

In all these VFP pairs, there is a certain percentage in the
ensemble that does not give FRET. What is the reason? It
should be realised that some of these fluorescent proteins
are natural ‘bioluminescence’ resonance energy transfer
(BRET) sensors. In other words they function as antenna
proteins for accepting the energy that is liberated in a

biochemical oxidation reaction. When these fluorescent
proteins are illuminated, i.e. with many more photons than
are generated in the bioluminescent reaction, they turn out
to be photolabile and undergo photoconversion, which has
been documented for GFP (Patterson and Lippincott-
Schwartz 2002), YFP (Valentin et al. 2005; Kirber et al.
2007) and recently also for orange and red fluorescent
proteins (Kremers et al. 2009). Photoconversion can also
take place during the FRET process. During FRET mea-
surements a certain percentage of photoconverted acceptor
molecules can be generated that are no longer capable of
functioning as FRET acceptors. Incomplete maturation of
the red fluorescent protein mCherry adds to the complexity
of the system, as the non-matured mCherry has spectral
properties similar to EGFP. EYFP would then be a better
donor molecule than EGFP.

In order to fine tune FRET experiments, it is very
important to use a VFP donor where the same linking
peptide is present as in the construct. Usually the free VFP
without linking peptide is used as donor molecule. How-
ever, when the connecting peptide is introduced, the
chromophore in the VFP may sense a different molecular
environment that is reflected in a slightly different lifetime.
A good example is ECFP, whose long lifetime distribution
is rather broad and sensitive to slight external variations
(compare ECFP results in Tables 1, 2). Measurements of a
total construct without acceptor would remove any ambi-
guity in the accurate determination of the fluorescence
lifetime of the donor alone that is always required for
quantitative FRET measurements.

These studies have demonstrated that FRET-FLIM
studies in living cells lead to overestimated distances, i.e.
they are too long. If one were only interested in a yes-or-no
answer, then this would be a first approximation. However,
when physical techniques are applied to biological prob-
lems, we must always strive for a quantitative description
of the results and, consequently, an improved analysis of
the experimental observations.
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