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/n vivo using fluorescence

Fluorescence lifetime imaging (FLIM) represents a key optical technique for
imaging proteins and protein interaction /n vivo. We review the principles and
recent advances in the application of the technique, instrumentation and

molecular probe development.

1. Introduction

Since the first publications describing a
fluorescence imaging technique where the
contrast in the image is provided by the
fluorescence lifetime,"? fluorescence life-
time imaging (FLIM) has emerged as a
powerful technique for observation of
proteins and their interactions in living
cells.>*” The vast majority of FLIM
applications to date have been in the
biomedical and life sciences since FLIM,
in common with other optical techni-
ques, is minimally invasive and can be

applied to live «cells and tissues.
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Applications in  forensic science,'®
combustion  research,!'  microfluidic
sys‘[ems,lz’15 artworks'® and lipid order

problems in physical chemistry'”'® have
also been reported.

The power of fluorescence lifetime
imaging lies in the ability to remotely
monitor the local environment of a
molecular probe in a manner indepen-
dent of the fluorescence intensity or local
probe concentration. Such methods
become particularly beneficial when the
molecular probe is genetically encoded,
such as the now ubiquitous green fluor-
escent protein variants.'®?> The Stokes
shift of the fluorescence with respect to
the excitation light allows the latter to be
entirely eliminated from the image, either
by filters or other spectrally selective
methods, and only the proteins of inter-
est to be observed. Moreover, the
technological advancement of optical
microscopy techniques®>* aided by the
development of ever more powerful soft-
ware and computers, as well as cameras,

has also facilitated imaging processes
thought impossible only 10 years ago.
The sensitivity of fluorescence detection
is at the single molecule level,>>%¢ and
point-spread function engineering tech-
niques such as STED,?”?® structured
illumination,”®?  saturation  micro-
scopy>® and photoactivated localisation
microscopy>* allow fluorescence imaging
well below the spatial resolution limit
given by classical optical diffraction, as
reviewed recently.® It is therefore not
surprising that fluorescence-based ima-
ging is widely used in the biomedical
sciences, and that this trend shows no
signs of abating.

1.1 Fluorescence — basic concepts

Fluorescence is the radiative de-activa-
tion of the first electronically excited
singlet state.>®7 It is a multi-parameter
signal that can be characterised not
only according to intensity and position
as in conventional intensity-based
fluorescence imaging, but also by its
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For interacting FRET pairs the donor
fluorophore will have a decay rate (k)
given by**’
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where ty is the donor lifetime in the
absence of the acceptor, Ry is the Forster
radius and r the separation between the
donor and acceptor fluorophores.

The FRET efficiency Ejp. is related
to the molecular separation of donor
and acceptor r and the fluorescence

lifetime of the interacting fraction
tfrel by
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where Ry, Forster radius, is the point at
which the efficiency of energy transfer is
50%. This quantitative model predicts
that FEp. varies with the inverse 6th
power of the distance between donor
and acceptor, and shows quite clearly
that the FRET efficiency is very low at
say twice the Forster radius (1/(1 + 26)=
1.5%)—this is illustrated in Fig. 1. Thus
Epe 18 negligible beyond 2R, and this
fact makes FRET such a powerful
indicator of molecular proximity well
below the classical optical resolution
limit of microscopes.

The Forster radius R, can be calcu-
lated from the overlap of the donor

1.0+

FRET efficiency

0.0

emission and acceptor absorption spec-
trum, and further details can be found in
textbooks®**7 and reviews.>

Accurate determinations of molecular
separation are rarely quoted in the
literature, due to uncertainty in the real
value of Ry. However, the principal goal
is usually the detection of FRET to infer
proximity of donor and acceptor and
thus interaction of the proteins they are
tagged to, or conformational changes,
rather than obtaining precise molecular
separations.

For biological applications such as
identification of FRET, FLIM is parti-
cularly useful, since the measurement is
independent of local concentration and
stoichiometry of donor and acceptor
molecules. In addition, it requires only
measurement of the donor fluorescence
and allows the separation of energy
transfer efficiency and FRET popula-
tion, as explained below.’">? In practice,
care has to be taken to eliminate any
possible second harmonic signal (which
can easily be accomplished by using
appropriate filters). It is also important
to select a fluorophore which does not
generate fluorescent photoproducts when
bleached. Recent work on CFP appears
to indicate that the average CFP lifetime
decreases with photobleaching, but GFP
does not appear to suffer from this
problem (when using a wide-field illumi-
nation with a mercury lamp).>® In
addition, autofluorescence should be
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Fig. 1 The FRET efficiency Ej. as a function of donor—acceptor distance according to eqn (5).
Ry is the distance at which the loss of excited state energy by the donor via FRET or fluorescence
emission are equally likely. tg is the fluorescence decay time of the donor in the presence of the
acceptor, t is the fluorescence decay time of the donor in the absence of the acceptor. Ep. varies
with the inverse 6th power of the distance between donor and acceptor, and is negligible beyond
2R,. It is this latter fact which makes FRET such a powerful indicator of molecular proximity
well below the classical optical resolution limit of microscopes.

avoided or at least be accounted for in
FRET analysis.

2. Instrumentation

The fluorescence decay time of most
fluorophores is in the nanosecond region.
Since such a high temporal resolution
requires sophisticated detector technol-
ogy, historically physicists employed
Fourier transform methods to obtain
the fluorescence lifetime. By modulating
the excitation light and observing the
phase shift and demodulation of the
resulting fluorescence the fluorescence
lifetime can be determined.***” Today,
this frequency domain FLIM technique
is primarily used for wide-field micro-
scopy (ie. camera-based)®® and is
commercially available (e.g.  http:/
www.lambert-instruments.com) but has
also found application in confocal® and
multiphoton microscopy.”® The key
advantage of the technique lies in its
simplicity and relative speed with a high-
quality fluorescence lifetime image being
generated in a few seconds.”” >’

An alternative method to obtain the
fluorescence decay directly in the time-
domain is to excite the sample with a
short optical pulse and directly observe
the decay of the fluorescence intensity.
Time-domain FLIM is typically imple-
mented using wide-field detection with a
gated image intensifier,® commercially
available from, for example, Kentech
Instruments (http://www.kentech.co.uk)
or LaVision Biotec (http://www.lavision-
biotec.de) as exemplified by Paul French
and co-workers, > 1#4647:61-66 which has
the advantage of parallelism much as for
the frequency domain FLIM. Recent
advances in technology for time-corre-
lated single photon counting (TCSPC,
see, for example, Becker & Hickl (http://
www.becker-hickl.de), or PicoQuandt
(http://www.picoquant.com)) have revo-
lutionized the manner in which high-
resolution confocal and multiphoton
fluorescence lifetime images can be
obtained®” (as exemplified by Parsons
et al.*?). A schematic set-up of a TCSPC-
based confocal scanning FLIM system is
shown in Fig. 2.

Picosecond pulsed lasers are the most
frequently employed excitation sources
which may have a small tunable wave-
length range, but even for two-photon
excitation the range of excitation with a
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Fig. 2 A schematic of a typical confocal or multiphoton excitation TCSPC FLIM set up. A
pulsed laser (black arrows) excites the sample at a MHz repetition rate, and the fluorescence
(grey arrows) is detected with a descanned (for a confocal) or non-descanned (for multiphoton
excitation) detector. The electronic signals for the detected photons and for the beam scan
synchronisation (......... ) are fed into a TCSPC card in a PC. The time delay between the laser
excitation pulse and the arrival of the fluorescence photon is measured many times, and a
histogram of photon arrival times is built up in each pixel, which represents the fluorescence
decay in each pixel. Subsequent data analysis allows the extraction of the fluorescence lifetime t
from the decays, and its visualisation in a FLIM map. t is usually encoded in colour (see fig. 3),

or a greyscale.

Ti:Sapphire laser typically only extends
from 690-1000 nm (equivalent to 345—
500 nm for two-photon excitation). An
interesting and innovative recent devel-
opment is the use of a photonic crystal
fiber as a tunable super-continuum exci-
tation source for FLIM.®® This has
previously been used for confocal micro-
scopy,® and offers the great advantage
of easy tunability over a large wavelength
range (from 435 to 1150 nm).*® As an
added advantage, this source enables the
measurement of excitation spectra in
each pixel of an image.

Video-rate FLIM has also been
reported”’ which is necessary for prac-
tical endoscopic applications®>’! but a
high fluorescence photon flux is required,
a scenario which is unlikely for
microscopy in cell biology. However,
video-rate FLIM and time-resolved
fluorescence anisotropy imaging (TR-
FAIM, i.e. polarization-resolved FLIM)
has been carried out successfully on fluid
dynamics studies on lab on a chip
devices."?

Furthermore, we note that non-
imaging techniques such as fluorescence
cross-correlation techniques using single
point detectors allows the co-localisation
of fluorophores in femtoliter detection
volumes of a focal spot.’ These
techniques allow the determination of

co-migration of cellular components
which is important for studying transport
and diffusion phenomena in cell biology.
They have recently been expanded to
imaging using CCDs,”” or by exploiting
the scanning of the beam in a confocal
microscope to determine molecular
diffusion (Raster Image Correlation
Spectroscopy, RICS).”*™

3. Data analysis
3.1 Fluorescence decay fitting

Once the FLIM data acquisition has
been completed, they are analyzed by
fitting fluorescence decay models to the
data. There are many different
approaches to the analysis of fluores-
cence decays, depending on the statistical
accuracy of the decay data, or the need
for rapid analysis’®> which is important
if many decays have to be fitted.”®”’
In the frequency domain, innovative
approaches to FLIM data analysis have
also been described’®” There is a variety
of decay fitting models, and resulting
values for the fitting parameters have to
be interpreted in the context of the
experimental situation.” A single expo-
nential decay was earlier described in eqn
(3) and may be employed where a single
fluorescing species is believed to exist and

where modification of this species (i.e. its
non-radiative decay rate) is uniform
within a resolved pixel.

A Dbi-exponential fluorescence decay
model has the form:

1) = A"+ 4™ "+ B (6)

where 1(7) is the fluorescence intensity at
time 7, B is the background, 4, and 4,
are the pre-exponential factors (ampli-
tudes) and t; and t, are the fluorescence
lifetimes. For A, = 0, a single exponential
decay is obtained.

A Dbi-exponential fluorescence decay
model would be an appropriate model
for two fluorophores with a single emit-
ting state each. The pre-exponential
factors would be a measure of the
relative concentration of each fluoro-
phore, whereas the lifetimes would report
on the environment via k.. For measure-
ments of FRET, a bi-exponential decay
can be employed as a model for FRET
analysis of the donor fluorescence decay.
In this case, the pre-exponential factors
Ay and A, yield information about the
relative unquenched (no FRET) and
quenched (FRET) population, whereas
the fluorescence lifetimes t; and t,
correspond to the unquenched lifetime
and an average quenched lifetime. This
latter approximation averages over all
orientations and distances, which is a fair
assumption to make as a first approx-
imation. The disentanglement of FRET/
no FRET population and FRET effi-
ciency is a unique feature of FRET
measurements by FLIM>! and can be
derived from both frequency domain and
time-domain FLIM instruments.**-%°

3.2 Global analysis

Global analysis is a type of data analysis
that introduces certain decay fitting
constraints to large data sets, e.g. an
image, that have certain features in
common.®® For example, in FRET ima-
ging, all pixels contain fluorescence
donors that do not participate in FRET
and thus have the same single exponen-
tial decay in every pixel, and donors
which undergo FRET and consequently
have a shortened fluorescence decay.
This use of two spatially invariant life-
times drastically reduces the number of
independent fitting parameters and thus
improves the ability to distinguish
between different fitting models, or it
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improves the ability of the fitting model
to recover the relevant parameters such
as FRET efficiency Ep. with greater
accuracy. Only the pre-exponential fac-
tors, which then are a measure of the
relative population of each species, vary
in each pixel.

For frequency domain techniques,
global analysis has been used to extract
bi-exponential information from single
frequency data.®! FRET efficiency and
population information can be extracted
from the data under the assumption that
the fluorescence lifetimes across the
sample are constant but vary in contri-
bution. Graphical methods’®* and
techniques based on lifetime moments®’
have also been proposed and the
relative benefits of these have been
explored. The implementation of differ-
ent fitting models differs in the time and
frequency domains and has Dbeen
reviewed elsewhere,0-8483

4. FLIM application in cell
biology

4.1 Environmental sensing

FLIM is becoming an increasingly pop-
ular technique in cell biology and in-situ
protein imaging due to the intrinsic non-
invasive property of fluorescence micro-
scopy.>’ Indeed, this technique offers
serious advantages when compared to
other invasive techniques by allowing
direct observation of the state of the
fluorophore’s local environment without
perturbing the cell structure. Depending
on the type of fluorophore employed, a
wealth of information can be measured
such as the protein concentration, the
water concentration and phase, the local
pH, calcium and oxygen concentration.*

For example, a fluorescent probe to
test the presence of water molecules in
the liquid form has been developed and
tested by Vaganova et al.%¢ Based on an
enhanced two-photon absorption chro-
mophore  bis-N-carbazolyl-distyrylben-
zene (BND), this probe reduces its
fluorescence lifetime from 1120 ps to
650 ps in the presence of water. It was
injected into boundary areas of the
hippocampus and lateral ventricle of a
mouse brain to study the effect of water
deprivation on the brain irrigation. A
longer BND fluorescence lifetime at the
boundary of these two areas compared to

a region away from the boundary suggest
that the brain maintains a high water
level through a self-protection mechan-
ism during water deprivation while the
water content within surrounding tissues
is decreased.

To study lipid membrane ordering,
FLIM measurements on the Di4-
ANEPPDHQ membrane staining dye by
Owen et al.¥” have shown that high fluor-
escence lifetime contrast can be achieved
when compared with classic spectral
imaging. The long fluorescence lifetime
component, which has been associated
with the ordered phase, reveals clusters
enriched in liquid-ordered phase around
sites of actin-supported membrane protru-
sions of live epithelial cells (HEK293).
These clusters disappear when the cells are
treated with cholesterol-depleting methyl-
B-cyclodextrin (MBCD), confirming that
the actin cytoskeleton interacts with the
membrane through cholesterol-enriched
microdomains.

4.2 FRET

For the most part, FRET detection
remains the most common application
of FLIM. A typical example of a FRET
experiment is given in Fig. 3. The donor
molecule (in this case enhanced green
fluorescent protein, eGFP) tagged to the
p65 sub-unit of the transcription factor
protein nuclear factor kB (NFkB) was

observed at 500 + 20 nm with time-
correlated single photon counting
(SPC730, Becker & Hickl) after two-
photon excitation at 900 nm via a
BioRad1024 scanhead. The acceptor
molecule, an Alexa Fluor 594 labelled
IgG receptor, is present only in the
cytoplasm. On oxidative stress the
donor—acceptor complex disengages and
NF«B translocates to the nucleus. This is
reflected in the fluorescence lifetime
image (Fig. 3B) which shows a short
fluorescence lifetime for bound donor—
acceptor in the cytoplasm and longer
fluorescence lifetime in the nucleus for
the unbound donor. On further analysis
assuming a bi-exponential decay model
(eqn (6)) we fit the data by global
analysis and extract the fractional popu-
lation for the FRET species (Fig. 3C).
The data can also easily be converted
from (B), the fluorescence lifetime image,
and the known fluorescence lifetime of
the donor in the absence of the acceptor
(in this case 2.2 ns) to the FRET
efficiency map according to eqn (5)
which is shown in Fig. 3D.

In general, the application of FRET
falls into two main categories, intra and
intermolecular association (see Fig. 4).
Intramolecular FRET is the most com-
monly employed technique and applies
to the situation when both donor and
acceptor molecules are bound to a single
protein or protein sensor molecule. These

Fig. 3 Example of quantitative FRET imaging. (A) Single z-section intensity image of MCF7
cells containing eGFP-NF«xB with 900 nm excitation and emission collected at 500 nm. (B)
fluorescence lifetime image from (A) assuming a single exponential decay. (C) Fractional
intensity of (A) assuming a bi-exponential fluorescence decay and fitting for two global
fluorescence lifetime values, indicating the FRET population. (D) FRET efficiency image derived
from (B) using « priori knowledge derived from control cells of the donor fluorescence lifetime in

the absence of FRET.
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Fig. 4 A) Schematic of intermolecular FRET which occurs when a suitable donor and acceptor
are in close proximity, usually below 10 nm. The non-radiative transfer of excited state energy of
the donor to the acceptor provides an additional de-excitation pathway and therefore shortens
the donor fluorescence lifetime. Imaging FRET can measure the proximity of fluorescent or
fluorophore-tagged proteins in live cells with 10-100 times the resolution limit in far-field optical
microscopes. B) FRET between a donor and acceptor can be identified by a shortened

fluorescence decay of the donor. (from ref. 5)

biological constructs are often termed
biosensors, particularly when they have
been engineered to respond to a biologi-
cal driver (or report) without their
biological effect. This is exemplified in
the Cameleon sensor developed by Roger
Tsien’s group, they consist of fusions of a
cyan-emitting mutant of the green
fluorescent protein, calmodulin, the cal-
modulin-binding peptide M13 and a
yellow-emitting  fluorescent  protein.
Binding of Ca®" makes calmodulin wrap
around the M13 domain, decreasing the
separation of the fluorescent proteins
and  thereby increasing FRET.®®
Intermolecular interactions may also be
probed with FRET, although this is
particularly difficult with fluorescence
intensity-based methods due to difficul-
ties in controlling appropriate stoichio-
metry. Such problems may be overcome
by application of the bimolecular fluor-
escence complementation (BiFC) techni-
que®® but this approach is probably not
suitable for measuring dynamic binding
events in living cells since it involves the
permanent binding of two halves of a
fluorescent protein. Expressing two com-
plementary constructs for donor and
acceptor enables measurement of pro-
tein—protein interaction by FLIM.*°

An adaptation of the FRET/FLIM-
based protein—protein interaction assays
is to directly monitor post-translational
modifications (PTMs) of proteins (such
as phosphorylation,”®** ubiquitination®”
and sumoylation®®) within live and fixed
cells. In addition, to implement these
optical assays to patient-derived cancer
tissues, a two-antibody FRET approach

has been applied to human cancer tissues
to detect the nano-proximity between a
specific donor fluorophore-tagged anti-
PKC or anti-EGFR antibody, and an
acceptor fluorophore-labelled phospho-
specific antibody, providing a highly
specific quantification of PKC” or
EGFR’"%® phosphorylation in tissues.

The high sensitivity of FLIM/FRET
makes it a suitable technique to monitor
very small level of protein phosphoryla-
tion. Treanor et al’' have reported
clustered phosphorylation of the GFP-
tagged KIR2DLI1 inhibitory receptor
for major histocompatibility complex
(MHC) class I proteins at the intercel-
lular contact (immune synapse) between
natural killer (NK) cells and 221/Cw3
cells using FLIM/FRET and a generic
Cy3-labeled anti-phosphotyrosine as the
FRET acceptor. Dynamics of the inter-
action was performed by fixing the cells
after different times of incubation. It was
observed that KIR phosphorylation at
the inhibitory NK cell immune synapse
was sustained for 10-20 min. The low
value of the FRET efficiency and the
clustering at inhibitory synapses suggest
that only a surprisingly small fraction
of KIR is phosphorylated at a given
moment, explaining why KIR
phosphorylation has been difficult to
detect biochemically.

The high-resolution capabilities of
two-photon FLIM allows FRET mea-
surement to be recorded with unprece-
dented details and protein-interaction
mapping to be located accurately within
the different cell organelle, such as the
nucleus, the cytoplasm or the membrane.

Using FRET/FLIM in the frequency
domain, Iturrioz et al. have shown that
the protein kinase PKC§ and tumour-
suppressor protein von Hippel Lindau
(pVHL) interact strongly in the cyto-
plasm of COS7 cells transfected with
GFP-pVHL and YFP-Myc-PKC3.%
This result shows that this protein,
responsible for the inherited familial
von Hippel Lindau cancer syndrome,
can act as a ubiquitin-ligase for the
degradation of PKC3. However, pull-
down experiments of the PMA-induced
proteasome-dependent degradation of
PKC3 in different renal cell carcinoma
lines shows that there is no correlation
between the degradation of PKCS and
the presence of active pVHL.

GFP’s fluorescence emission in the
green makes it a versatile FRET donor
which can be used in conjunction with a
huge number of different acceptors. For
instance, Cremazy et al. have measured
the interaction between protein and
DNA!% using GFP and Sytox Orange
as a FRET pair. They successfully
observed the contact between the DNA-
binding protein histone H2B and the
glucocorticoid receptor by measuring
the fluorescence lifetime reduction of
the GFP donor in the presence of Sytox
Orange within the nucleus of fixed C3617
cells. In the same way, Peter et al. * have
shown that the monomeric variant of
DsRed (mRFP'™) can be employed as
an expressible acceptor for eGFP. Their
methodology was applied to FRET
between the G-coupled protein receptor
CXCR4 and PKCa. They showed that
TCSPC and multiphoton excitation
could be combined to observe the spa-
tio-temporal dynamics of the complex
under perturbation with phorbol ester.

Due to the simple single exponential
decay of its fluorescence lifetime, GFP is
widely used as a donor in FRET
measurements. However, fluorophores
with more complex decay kinetics, such
as CFP, can also be used by monitoring
the reduction of the average lifetime,
calculated from the different decay com-
ponents. For example, Zhang et al.'®
have fused the ECFP donor fluorophore
to S100A4 and the EYFP acceptor
fluorophore the rNMMHCIIA using
Living Colors plasmid vectors pECFP
and pEYFP from Clontech and monitor
the level of FRET by recording the
average fluorescence lifetime of CFP.
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They have shown that the calcium-
binding regulatory protein S100A4,
which has been shown to be causative
of certain types of cancer metastasis,
interacts with the non-muscle myosin
heavy chain INMMHCIIA in the cyto-
plasm of HeLa cells. This interaction dis-
appears when using the ECFP-S100A4
mutant C which is calcium inactive and
known to be rNMMHCIIA-binding
defective. Similarly, Camuzeaux et al
have measured the interaction between
transcription factors Jun and Erg/Fos in
live HeLa cells'® using CFP-YFP as a
FRET-pair. They observed a reduction
of the average fluorescence lifetime of the
CFP donor attached to Jun in both the
presence of YFP-Erg and YFP-Fos in
the nucleus of HeLa cells. The average
FRET efficiency of 7.5% was confirmed
by acceptor photobleaching experiments
of the same assay.

The FRET-pair CFP-YFP has also
been used in a FRET-biosensor experi-
ment to monitor RanGTP, an enzyme
that binds to GTP and is involved in
nuclear transport. The existence and
function of a RanGTP gradient regulated
by the chromatin-associated guanine
nucleotide exchange factor RCC1 during
cell mitosis has been explored by indir-
ectly studying the interaction between
RanGTP and importin-p.'"** This inter-
action was observed by monitoring the
FRET efficiency from a newly developed
biosensor termed Rango (Ran-regulated
importin-f). This sensor based on the
FRET pair CFP-YFP exhibits high
FRET when bound to importin-f and
low FRET when importin-f is disso-
ciated in the presence of RanGTP. The
level of interaction carefully
calibrated in vitro using FLIM and
spectrofluorimetry before microinjection
of Rango inside the cytoplasm of HeLa
cells. Clear RanGTP gradients across
chromatin, mitotic spindle and centro-
somes were observed and correlated
directly with  the formation of
rhodamine-tubulin-labelled microtubule
structures in the cell nucleus.

was

5. Fluorescence anisotropy
imaging (FAIM)

A relatively novel way to image protein
interactions in cells is by time-resolved
fluorescence anisotropy imaging.***” In
fluorescence anisotropy imaging, the

sample is excited with linearly polarized
light, and the fluorescence is measured at
polarizations parallel and perpendicular
to that of the exciting light.>®>

The time-resolved fluorescence aniso-
tropy r(¢) is defined as the difference of
the parallel and perpendicular fluores-
cence decays, divided by the total fluor-
escence intensity /,(¢) + 2I4(¢)

_ L=

H(o)= 1(0)+21.(1)

(N

For a spherically symmetric rotor, r(f)
decays as a single exponential and is
related to the rotational correlation time
h according to

0 =(o—roJexp(— )47 ®)

ro is the initial anisotropy, and is given
by the angle between absorption and
emission dipole moment (ry = 0.4 for
parallel absorption and emission dipole
moments), and r. is the limiting aniso-
tropy which accounts for a hindered
rotation of the probe. In practice, the
time-resolved fluorescence anisotropy
decay curve can be constructed according
to eqn (7), and then fitted by a decay
model such as eqn (8). An alternative
way would be a global-analysis type fit of
the parallel, perpendicular and total
fluorescence intensity Iy(f) + 2I4(?)
together, which may be advantageous
if Ij(#) and I(f) are not collected
simultaneously.'%

Steady-state, ie. non-time-resolved,
anisotropy imaging can be used to detect
energy migration or homo-FRET'%
because it depolarizes the fluorescence
emission and has been used to study lipid
rafts.'”” Time-resolved fluorescence ani-
sotropy imaging, essentially polarization-
resolved FLIM, has been used to image
the mobility of fluorophores in living
cells.***¢ As the rotational diffusion can
be slowed down by binding, TR-FAIM
has the potential to visualize the binding
of fluorescently labelled ligands and
receptors in the cell. Indeed, fluorescence
anisotropy imaging has been used to
monitor DNA digestion inside live
cells.'® The fluorescence anisotropy of
oligonucleotides labelled with TAMRA,
carboxylic acid of tetramethyl rhod-
amine, were monitored over time in the
nuclei of human breast cancer cells. The
authors studied the nuclease-resistant
capability of telomere-like single strand

DNA sequences and found that they
were more stable than regular DNA
sequences. The authors specifically make
the point that FAIM was chosen over
FRET because the latter only allows the
monitoring of the first cleavage, and
further digestion does not produce any
FRET signal changes. However, FAIM
can monitor the gradual digestion of the
DNA, ie cleavage into smaller and
smaller fragments.

A FAIM approach harnessing the
same advantages has been used to study
the polymerisation of actin in cells, where
a gradual increase of the anisotropy of
fluorescently labelled actin was inter-
preted as an increasing degree of actin
polymerisation. '

6. Novel probes

In a recent development of probe tech-
nology, Wouters and co-workers®® have
developed a dark (i.e. non-fluorescing)
acceptor based on YFP which they term
REACH (resonant energy accepting chro-
moprotein). As an acceptor for eGFP
this new molecule has all the advantages
of eGFP-YFP FRET (i.e. high overlap
integral—large R() without the disadvan-
tage of spectral cross-talk observed
previously. """ The use of a non-
fluorescing acceptor facilitates the
optimization of spectral overlap and
allows for an improved FRET detection
because the donor emission can be
acquired over its entire emission spec-
trum. In addition, the elimination of
acceptor fluorescence opens the spectral
region for further probes, thus allowing
the simultaneous imaging of multiple
fluorescent labels. This new system was
characterised in a system whereby eGFP
donor was fused to the efficient PEST
(enriched in proline, glutamic acid,
serine, and threonine) ubiquitination
substrate (GFP-PEST) and was co-
expressed with REACh2-labeled
ubiquitin. FRET occurs when REACh—
ubiquitin  molecules are covalently
attached to GFP-PEST.

The use of semiconductor nanoparti-
cles or quantum dots''> with a high
fluorescence quantum yield, low photo-
bleaching susceptibility and narrow emis-
sion spectrum is becoming more
widespread. Quantum dots have indeed
recently been used for the detection of
protein interactions,'"? but it is not clear
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how useful they are for time-resolved
measurements.''*

New fluorescent proteins that can be
activated by light,''® or probes that allow
FRET to be switched on and off by
light!''® may allow a greater versatility in
studying protein—protein interactions.

7. Conclusions

The growth in application of FLIM in
the biomedical sciences reflects the avail-
ability of key enabling technologies for
TCSPC-based FLIM for commercial
multiphoton or confocal microscopes.
Fluorescence lifetime imaging does not
represent a panacea for the bioimaging
community but it does offer some key
advantages over intensity-based mea-
surements of protein interaction and in
the measurement of specific analytes
because of its high spatial resolution
and large temporal dynamic range.’ At
a small fraction of the total cost of a
multi-user confocal facility the addition
of FLIM capability is not an expensive
add-on as such. With the continuing
improvement in both technology, for
both wide-field image intensifier based
and TCSPC scanning systems, molecular
tools and data analysis, FLIM facilitates
the monitoring of protein—protein inter-
actions in live cell populations in vivo.
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