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Abstract

We have used widefidd photon-counting FLIM to sudy FRET in fixed and living cdls udng
control FRET pars. We have dudied fixed mammalian cdls expressing ether cyan fluorescent
proten (CFP) o a fuson of CFP and ydlow fluorescent protein (Y FP), and living fungd cdls
expressing either Cerulean o a CeruleanVenus fuson protein. We have found the fluorescence
behaviour to be esstidly identicd in the mammdian and fungd cdls. Importantly, the high
precision FLIM data is ale to reproducibly resolve multiple fluorescence decays, thereby
reveding new informaion about the fraction of the protein population that undergoes FRET and
reducing eror in the measurement of donor-acceptor distances. Our results for this smple
control system indicate that the in vivo FLIM-FRET <udies of more complex protein-protein

interactions would benefit greetly from such quantitative measurements.
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I ntroduction

The god of proteomics is a full molecular-levd undersanding of the cdlular functioning of

protein molecules [1]. This requires the sudy of the spatio-tempord didribution and behaviour

of proteins in vivo. In paticular, knowledge of the nanoscde interaction of proteins with other

cdlular components (induding other proteins) is essentid. Fluorescence microscopy has proven

to be an invduable method for imaging in cell bidlogy, primarily due to its high senstivity and

the wide range of probes avaldble for the sdective labeling of cdluar structures [2]. While
conventiond  fluorescence microscopy is  ultimately limited in the gpatial resolution achievable
(diffraction limited to ~200nm), spatid resolution can be improved by usng point scanning
methods such as confocd microscopy [3], and other sophisticated microscopy  deveopments
such as multiphoton, stimulated emisson depletion, 4-Fi, image inteference and near-fidd

scanning microscopy [4].

An dternative approach is to take advantage of the phenomenon of FOrster resonance
energy transfer (FRET) [5]. This involves monitoring the transfer of energy from an excited
fluorescent molecule (donor) to another molecule (acceptor). The efficiency of energy transfer is
proportiond to the inverse sxth power of the digance between donor and acceptor, making it

extremdy sengtive to interactionsin the 1-10 nm range [5].

Whilgt the choice of potential fluorophores is consderadle, the most important for in vivo
fluorescence dudies in recent years has been the green fluorescent praten (GFP), which is an
inherently  fluorescent recombinant probe [6]. A wide range of GFP mutants have been

engineered to extend and optimize ther physicochemica properties. In particular, a number of



colour variants have been congructed for use as complementary donor-acceptor pairs for FRET
dudies [7]. Although these probes have made an enormous impact on cdl hidogy, extracting
quantitetive infformation is nonHrivid. Quantification is particularly  difficult with Steady-state
fluorescence imaging because variaions in intendty can be due to locd environmenta effects

(such as energy trandgfer), changes in the probe concentration or arange of optica artefacts.

Fluorescence lifdime imaging (FLIM), which spatidly maps the donor lifetime [8], can
overcame the problems of intendty-based methods because the lifetime is indegpendent of the
number of fluorescing molecules, so changes in lifetime reflect changes in the environment of
the probe (€.9. proximity of an acceptor chromophore, ion concentration or temperature). FLIM
has been successfully used to probe energy transfer in cdls [9-11]. However, the multiple decay
pathways avalable to an excited molecule due to variations in locd environment or chemicd
dructure (€.9. due to tautomerisation, protonation or ion binding) mean that the fluorescence
decay is often complex. Such dynamic complexity must be taken into consderaion when
extracting quantitative information from FRET measurements, and this is an emerging area of

research [12-16).

In this paper, we report the use of the wide-fidd time-domain FLIM technique of time- and
space-corrlated sngle photon counting (TSCSPC) [17] to invedigae the effect of the
photophysicad complexity of popular GFP-derived FRET probes, expressed in fixed mammdian
and living fungd cdls, on the amount of information that may be extracted. The cdls express
either a cyan variant of GFP or afusion pratein of the cyan variant with a short amino acid linker
to a ydlow vaiat of GFP. This condrans the two fluorophores to be in close proximity and
dlows FRET to occur. For the mammdian cdls, the cyan vaiant is ECFP (cdled CFP

henceforth) and the ydlow variant is EY FP (caled YFP henceforth). Y FP is attached to CFP by



a two-amino-acid linker. The fungd cdls express ether mCerulean (caled Cerulean henceforth),
which is a rddivdy new cyan vaiait [18] or Cerulean linked by an eght-amino-acid linker to

Venus, an improved variant of YFP[19].

We show that the high-precison photon-counting data reveal complex fluorescence decays in
fixed and living cdlls We show that an accurate measurement of FRET in cdls requires the
quartitative anadysis of complex decays in terms of mutiple fluorescence lifetimes. The use of
average lifdimes can result in a ggnificant underestimation of FRET efficiency and donor-
acceptor separdion. In this work, we determine for the first time the donor and acceptor retio of

FRET interactionsin cellsusng FLIM.

Experimental Section

Plasmids used for mammadian expresson: eCFP-C1 was from BD-Clontech. pcDNAS3-CFP-Y FP
was a gift from G. Milligan (IBLS, Glasgow Universty). YFP was insated as a Kpnl/Notl
fragment in pcDNA3 (Invitrogen). CFP was added between Hindlll and Kpnl. The expressed
protein has a two amino acid linker (Gly-Thr) between the last amino acid of CFP and the fird
amno ad of YFP. All plasnid condructs were veified by DNA sequencing

(AGOWA GmBH).

Mammadian cdl culture and transfection: Cos-1 cdls (ATCC CRL-1650) derived from African

green monkey kidney fibroblasts were maintained in DMEM/10% fetal caf serum (Invitrogen).

10 cdlls were seeded in 6-wdll dishes and transfected with 0.5 Hg plasmid DNA using Effectene

(Invitrogen). After 18 hours, cdls were washed in PBS, trypsnised and replated on Serile glass



coverdips, then protein expresson was dlowed for a further 20-24 hours in fresh medium lefore
fixaion in 3.7% paraformadehyde and cold methand [20]. Coverdips were mounted on glass
dides usng Vectashidd (VectorLabs H-1000) and stored inthe dark. Data were recorded within

2-3 days.

Congtruction of plasmids p9mCer and p9CeVeN used for fungd expresson: DNA containing

the gene for the mCerulean protein was kindy provided by D. W. Figon (Vanderbilt Universty,
U.SA) ad for the Venus proten by A Miyawaki (RIKEN Brain Science Inditute, Japan). To
condruct pOmCer, mCeuleen was amplified by PCR usang the fdlowing odligonudeoctides
mCerulean 213 5- ccatggtgagcaagggega-3  (Ncol) and 183 5 -gadttcttacttgtacagctegtecatgee-3
(EcoRl). The resulting PCR fragment, digested with Ncol and EcoRI, was introduced into the
fungd expresson vector pMOJO09 under control of the A. nidulans gpdA promoter and trpC

terminator over the Nool/EcoRl sites.

To condruct p9CeVeN, mCeulean and Venus were amplified by PCR usng the falowing
oligonucleotides mCeruleen 213 5- ccatggtgagcaagggega-3 (Ncol) and 18 5-
gaattcgeatgegggeggegatcacgaactce-3 (EcoRil, Sphl); Venus 134 5-
ggatecegeatgeatgggggeaccgotgggtcegageteatootgageaagggegegg-3 (BamHI, Sph, Ssil) and 183

5 -gadttcttacttgtacagctcgtecatgee-3 (EcoRlI), leading to the introduction of the dated
oligonudeotides a the 5 ends. The resulting PCR fragments, digested with Ncol and Sphi
(mCerulean fragment) or Sohl and EcoRI (V enus fragment) were introduced into pMOJO09 over

the Ncol/SpHI/EcoRI gites. In the expressed CeVeN proten, mCeruleen and Venus are

Separated by an eght amino acid linker with sequence MHGGSGGTE.



Fungd cdl culture and transformation: 100 ml of liqgud CM medium, supplemented with find
concentrations of leucdn (0.2 g/l), nicotinamide (1 mg/l) and widine (5 mM) were inoculated
with 10 spores of the Aspergillus niger srain 455 and incubated for 16 hours at 30 °C in a
sheking incubator. Protoplasts were prepared after harvesting the mycdium by treatment with 10

pgml Caylase C4 (Cayla, Toulouse, France) and trandformed as described by Kustersvan
Someren et al. [21]. Prior to imaging, coverdips were inoculated with 100 pl of the A. niger

spore suspenson and incubated for 16 hours at 30 °C.

Huorescence imaging: The exdtaion source was a Ti-Sgpphire femtosecond laser system from
Coherent (10W Verdi and Mira Ti-Sgpphire laser) producing pulses of ~200fs at 76 MHz. The
output of the Mira was passed through a pulse picker (reducing the repetition rate to 4.75 MHz)
and then frequency doubled to give an output a 420 nm (live cdls) or 430 nm (fixed cdls). The
excdtation beam was lit, and one portion was used to trigger a fast photodiode. The photodiode

output was passed through a condant fraction discriminator (CF4000, Ortec), and used as the

trigger signal.

The Ti-Sgpphire laser beam was expanded, odlimated and directed into a Nikon TE300 inverted
microscope operaing in an epifluorescence configuration. This excitation light was reflected
from a dichroic mirror (DM455, Nikon) mounted in a standard filter cube and focussed onto the
sample udng ether 100x (PF, NA=13, ol immerdon, Nikon), 60x (PA, NA=12, water
immerson, Nikon) or 40x (PF, NA=13, al immersgon, Nikon) obectives. The laser power
incddent on the entry port of the microscope was typicdly aound 2 MW. The resutant
fluorescence was collected through the same objective, passed through a barrier filter (465-495

nm for cyan donor; 510-560 nm for ydlow acceptar) and imaged onto the FLIM detector (see

below). For initid location of the cdls the laser was replaced with a Hg lamp (Nikon, LH-



M100CB-1) usng a 410420nm excdtaion filter and DM455 dichroic (Nikon) for cyan
fluorescence and a 460500 nm excitation filter, DM505 dichroic (Nikon) and 505-560 nm
emisson filter for ydlow fluorescence. Transmisson images were recorded udng the TE300

condenser and a Nikon camera (DXM1200 using ACT-1 software control).

Fluorescence emisson from the sample was imaged usng the technique of time and space
correlated angle photon counting (TSCSPC) udng a gquadrant anode detector from Europhoton
GmbH (Berlin). The data acquidtion was in reverse mode, with each detected photon assigned to
one of 409 channels, each of width 27 ps. Typicdly the count rate over the entire detector was

30 kHz, gving an acquistion time of ~15 minutes. Areas of the image were sdected and the
lifetime decay data extracted and andyzed. Data andyds was peformed with FOOO software
(Edinburgh Instruments, Livinggon, UK), via a tal-fiting procedure from the peak of the decay.
The indrument response of the system, measured usng a mirror, was ~400 ps FWHM, and no
improvement in fits was found by reconvouting with the insrument response. Families of
decays (eg. from different regions of interest of cdls of the same type) were andysed gobdly
using Alangd's FAST software (Edinburgh Ingtruments), i.e. they were fitted smultaneoudy,

with lifetimes, ti, as common parameters. The counts in the peak channd were typicaly around

10'. The qudity of fit was judged on the bass of the reduced chi-square dtatistic, ¢’ and the

randomness of redduds The lifetime maps were generated usng QA Andyds software
(Europhoton GmbH), fiting from the pesk of the fluorescence decay. The background was
estimated by teking the mean counts per pixd (cpp) of areas of background and subtracting this
level from the entire image. A lifeime map was then produced by assgning a colour on a 16-bit
pseudocolour scale to a fitted single exponentia decay time, and these were dsplayed over a

range of 0-3.2 ns.



Digtance estimation from crystd sructures. The donor-acceptor dstances in fusons of cyan and
ydlow proteins were edimated udng dructures from the RCSB protein data  bank
(Www.rcsh.org/pdb). The cyan proten was ECFP (code 1CV7.pdb) and the ydlow protein was

EYFP (1YFP.pdb). The dructures were studied usng DeepView/Swiss-Pdb Viewer v 3.7

(Www.expasy.org/spdbv).

Results

Cos-1 mammdian cdls expressng CFP done o a CFP-YFP fudon protein, and living fungd
cdls (germinated spores) of Aspergillus niger expressing Cerulean or a Cerulean-Venus fusion
were dudied usng TSCSPC. The TSCSPC data was used to generate a lifetime map, by fitting
data from each pant in the fidd of view to a singe exponentid decay; typicd lifetime maps are
shown in FHg. 1. Cdls that express the same fluorescent protein have similar lifetimes with little
intracdlular variation. Uniform lifetime didribution is expected since the CFP fluorophore is not
fused to any mammdian protein or directed to any specific celular locaion. There is a conggtent
drop inthe average lifetime of CFP between the CFP cdls (Fg. 18) and the CFP-Y FP cdls (Fg.

1b); there is a similar drop in the average lifetime of Cerulean between the Cerulean (Fg. 1c¢)

and the Cerulean-Venus cdls (Fig. 1d). This decrease in lifetime is attributed to FRET between

the two fluorescent proteins that are dosdy tethered by a short amino add linker in the donor-

acceptor constructs.



The lifetime map represents an approximate lifetime and only disolays the true fluorescence
decay when it is monoexponentid. However, TSCSPC can aso be used to detect and quantify
complex decay behaviour in cdls, which can potentidly provide much more infarmation about
the FRET process. Fg. 2 showstypicd TSCSPC data for mammdian cdls expressing CFP (Fig.

28) or CFP-YFP (Fig. 2b), and fungd cdls expressng ether Cerulean (Fig. 2c) or Cerulean
Venus (Fig. 2d), together with decays from various regions of interest (ROISs), as indicated on the
fluorescence intengty image. The decays, which have been normdised to dlow easy
compaison, dealy show that there is litle variaion between different parts of the same
mammdian cdl and that Ceulean or CeruleanVenus expressed in living fungd cdls diglay

quditatively similar dynamics to the CFP and CFP-Y FP in fixed mammdian cdls.

To quantify the decay processes in these cdls, the data were fitted to a multiexponentia decay

function (Eg. 1):

R
I(t) =& A expl—1U+B
W=a A epy 0

where t; is the fluorescence lifetime, A;, the “A-factor”, is the fractiond amplitude of the it

decay component, and B is the background. The A-factor indicaes the fraction of the emitting

molecules that has a particular lifetime, ti. As will be demondrated later, the A factors of the
donor decay enable the fraction of donors undergoing FRET to be determined. The resolution

and accuracy of the analyds isimproved by smultaneoudy fitting dl of the ROIs of a particular

cdl type [22]. The results of this globd analyds for the mammalian and funga cdls are shown

in Table 1, giving the globdly fitted lifetimes, mean A-factors, and the globd ¢’ vaues Details
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of the individual A-factors and local ¢ values from globa andyds are shown in Supplementary

Tablel.

The globd andyss of CFP shows that the decay is wel fitted by a biexponentid function
with lifetimes of 1.36 ns and 3.04 ns, and A-factors of 39 = 8% and 62 £ 6%, repectively. For
cdls expressng CFP-Y FP, three lifetimes are required to give excellent fits with lifetimes of
0.65 ns, 1.65 ns and 3.11 ns, and mean A-factors of 20 = 9%, 50 + 7%, 30 + 10%, respectively.

The lifetimes of the two long components in CFP-Y FP are essentidly the same as those seen in

the CFP cdls, the fractional contribution of one remains essentidly unchanged, while the
contribution of the longer one (~3 ns) is hdved. The additiond lifetime componert is the shortest

of the three. A comparison between the 2- and 3-exponentid fits from a typicd CFP-YFP cdl is
shown in Hg. 3. The resduds for the 2-exponential fit have an oovious systematic deviaion,

which disgppearsin the 3-exponentid fit, and there is a concamitant decreasein the c?vaue

Previous time-resolved sudies have dso found that the fluorescence lifetime of CFP in
mammdian cdls is biexponentid. Tramier et al. [23] found tha the lifetime of CFP in live cdls
was 130 ns and 384 ns, with A-factors of 53% and 47%, Duncan et al. [24] measured
biexponentid decays of 042 ns (38%) and 2.19 ns (62%), while Becker €t al. [25] measured the
two components of CFP in cdls to be 1.2-1.3 ns (~40%) and 2.829 ns (~60%). For CFP in
solution, Rizzo et al. measured the decay to be biexponentid with 1.2 ns and 3.6 ns lifetimes and
A-factors of 14% and 86% [18], while Borst €t al. [26] fitted two lifetimes of 1.14 ns (33.5%)
and 372 ns (66.5%). Habuchi et al. [27] found evidence for a third short lifetime component
024 ng for CFP in sodium phosphate-buffered sdine solutions though this made a smdl

contribution to the overdl decay (1%), with the biggest contribution for lifetimes of 1.1 ns



(~10%) and 3.3 ns (89%). The origin of these two lifetime components has been attributed to the
presence of two different conformations of the chromophore in CFP due to interactions with
nearby amino acids [28]. There is evidence from NMR gpectroscopy that these two
confarmations interconvert on a millisscond timescde [29], which is a much dower timescde

then the fluorescence decay. Each conformer will, therefore, exist as adistinct emitting species.

In other photon-counting FLIM gudies of FRET between CFP and YFP in cdls the extent of
FRET has been described by biexponential kinetics, with two lifetimes that are dfferent to the
donor-only decays [23-25]. More complex kingtics were not observed. Biexponentid decays
were aso obsarved for fusons of Cerulean with the ydlow acceptor mCit [18]. TSCSPC dlows
much higher photon counts to be acquired than conventiond photon-counting FLIM  (confoca or
multiphoton), which we bdieve has dlowed us to discern the greater complexity of the
dynamics. Becker et al. suggested the possibility of athird lifetime when CFP and Y FP take part
in FRET, though they were unable to discriminate between the two and three-component fits in

the odlIs they studied [25).

The results of globa andyss for the fungd cdls are remarkably similar to those found for the
mammdian cdls expressng CFP and CFP-YFP, despite the fact that Cerulean and Venus are
different fluorescent protein variants and are expressed in completdy different cells The globd
andyss of Cerulean returns a biexponential decay with lifetimes of 1.97 ns and 3.65 ns, with A-
factors of 51 + 3% and 49 + 3%, respectively, while the data for the CeruleanVenus fuson
protein fits three lifetimes of 0.72 s, 1.99 nsand 4.26 ns, with A-factors of 40 £ 6%, 51 + 3%, 9
* 3%, respectively. Not only do the absolute lifetimes match those of the mammadian cdlls, but

the populaions of each species are of similar magnitudes. There is a twofold larger population



with a subnanosecond lifetime in CeruleanVenus than in the CFP-YFP fuson protein, and a
concomitantly smdler population with a ~4 ns lifetime. Notably, the populaion of the <2 ns
component is exactly the same (51%) in cdls expressng the Cerulean done or the fusion,

mirroring the trend observed for the mammadian cdls.

Whilst the biexponentia decay of CFP is now established, Rizzo et al. reported that Cerulean
digplayed smpler fluorescence decays that were best described by monoexponentid kinetics
[18]. However, these authors reported that fitting the Cerulean decays to a two-exponentid decay
modd with lifetimes of 2.3 ns (38%) and 4.5 ns (62%) improved the c¢? from 2.3 to 14. Our data
show ddfinitivdy that Cerulean, like CFP, shows a biexponentiad decay. An independent check
was made by dluting fungd cdl extracts in buffer and measuring the fluorescence lifetimes in a
fluorescence spectrometer, which had high tempord resolution (510 ps). Extracts of cdls that
expressed Cerulean displayed biexponentia kinetics with lifetimes of 141 ns and 3.33 ns, each
with populaions of 55% and 45% respectivdy a an emisson waveength of 470 nm.
Huorescence decays of cdl extracts of the fusion proten required 3 lifetime components, with
lifetimes of 0.35 ns (51%), 1.50 ns (43%) and 342 ns (26%). These are very smilar to the results
found in intact living cells. The decays are dl faster in the cell extract, but this minor difference
can be attributed to the effect of the buffer medum. For example, intracdlular refractive index
vaiations will dter the lifdime of the fluorescent protens, [2630]. A recent report dso
comments on the necessity to fit 3 decay components to CFP-YFP bulk TCSPC data in cdls,
dthough the decay parameters were not reported [12]. In the absence of crystdlographic
evidence, we presume that the chromaophore in Cerulean can adopt two conformations, Similar to

the CFP. Therefore, in terms of decay complexity, Cerulean is nat an improvement over CFP.



However, the markedly higher quantum yidd and extinction coefficient, and increased resstance

to photobleaching of Cerulean do make it animproved chromophore for FRET [18].

One of the benefits of uang FLIM to probe FRET, is that it is not necessary to measure
fluorescence from the acceptor, only from the donor. This is paticulaly advantageous for
fluorescent proteins, where the avallable FRET pairs have Sgnificant spectral overlgp. However,
if the acceptor emisson can be spectraly resolved it should be possble to measure its rise time
which will be identicadl to the lifetime of those donor molecules that transfer energy to the
acceptor. We measured the acceptor fluorescence usng TSCSPC to verify the occurrence of
FRET. Y FP fluorescence of mammalian cdls expressng CFP-Y FP was detected in the 510-560
nm range, diminating most of the CFP fluorescence. The imagesin Hg. 4 show a cdl expressng
the CFP-YFP fudon through the CFP emisson filter set (@) and the YFP emisson set (b)
together with the lifetime decays from both images. The YFP emisson dglays a sngle
exponentidd decay of 2.69 ns with a rise time of 053 ns. The YFP emisson of the Cerulean
Venus fungal cdl extracts was aso measured and digdlayed a single exponentid decay of 3.06 ns
and a rise of 051 ns. The observaion of a rise shows that there has been energy transfer from
CFP, dthough the ovelg of the YFP fluorescence with resdud CFP emisson, and the

difficulty in accurately measuring rise times, preclude a more detailed andlysis.

Discussion

We now address the key issue as to whether the new information ganed by resolving more
complex decays usng TSCSPC dgnificantly changes the interpretation of the data and the FRET
parameters extracted, compared with the typical approach of measuring average lifetimes. To

investigate this, we relate the lifetime of the donor in the donar-only congtruct (t ) and the donor
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lifetime in the donor-acceptor fuson (tox) to the energy trandfer efficdency, E, (EQ. 2). The
donor-acceptor digance, r, can be cdculated usng the measured efficency and the Forster
digance, Ry, a which energy transfer efficiency is 50% (Eq. 3). Since the donor and acceptor
proteins are linked by a flexible polypeptide linker, we have assumed that the orientation factor,

K is 2/3 [6]. The homogeneity of lifetimes within and between cdls suggests that the rdaive
orientation of the donor and acceptor is dynamicaly averaged. Even if the assumption of K =

2/3 is invdid, the rdative vaues of the distances calculated beow should be correct. We are
currently adgpting our FLIM  experiment to dmultaneoudy measure the time-resolved

anisotropy, which will address the issue of orientation factor and its effect on absolute distance

measurements.

E=1. D @
tD
- 116
r= Rouoi- Jﬂu ©)
=

We have measured three donor decay times for the fusons, two of which (t1 and t7) are very
smilar to those of the donor (Table 1). We labd the longlifetime and short-lifetime
confarmations of the cyan donor protein as D1 and Do, respectivey, and assign the lifetimes as
tor and to, respectively. The vaue of A; (the contribution of D to the emisson) is essentidly

unchanged in the fuson, compared with the free donor, whereas the vdue of A: is decreased.



The decrease in A1 is exactly baanced by the new contribution (A3 from the third decay

component.

It has been demondrated that the protonated chromophore of YFP cannot act as a FRET
acceptor [31]. Therefore, in constructing a mode to interpret our decay data, we assume that the
ydlow proten in ouwr fudons can exig in two dfferent forms, one can paticipae in energy
transfer by acting as an acceptor (ACy), whilg the other cannot (ACz). When the cyan donor
undergoes energy transfer to the ydlow acceptor (ACy), the new cyan proten lifetime is labeled
toar when Dy is the donor and towe when D> is the donor. When the cyan donors are fused to the

protonated form of the yellow protein, AC,, the donor lifetimes are unchanged.

We bdieve that there are two ways to interpret our data for FRET andysis, as illustrated by
the modds in Fg. 5 and the decay times in Table 2. The fird mode is labdled “3t”. This is the
smplest interpretetion of the data and assumes that only one of the two donor confarmations
(Dy) participates in energy transfer. Thus, both the lifetime and A-factor of D2 are unchangedin
the fuson because none of the D, populaion undergoes FRET. The persstence of tp; in the
fuson, with a reduced A-factor, shows that only a fraction of the populaion of D: undergoes
FRET to gve the new short decay time tpm. The A factor of tom (As in Table 1) thus
correponds to the decrease inthe A factor of tp. This modd requires an absence of FRET for
one conformation. Whilgt this is possible, the flexihbility of the polypeptide linking the donor and
acceptor proteins and the apparent similarity in pogtion of the two confarmations within the

protein barrel [28] lead usto propose a second interpretation of the data.
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The second modd is labelled “4t” in Table 2. Borst et al. briefly discussed that each of the
two CFP decay components might have an associated FRET decay component [26]. Inthis case,
we assume that both confarmations participate in FRET, but that one of the unguenched donor
lifetimes, tp, is 0 Smilar to one of the donor-acceptor lifetimes, topa, that they cannot be
resolved and appear as a dngle lifeime, t,, in the fitted decay function. In other words, there are
actudly four decay components, but only three can be resolved. Thus, the A-factor (A) of t»
(Table 1) remans unchanged in the fusion because the increase in A-factor of tpa, as reult of

FRET from D1 to AC,, is exactly baanced by the decrease in A-factor of tp, as aresult of FRET

from D; to ACu.

In both modeds, the fraction of unquenched donor fluorescence in the fuson, due to donor

bound to AC;, is the same and is given by the vdue of A, the A-factor of tp, in the fuson. In

the mgority of the cdls expressing the CFP-Y FP fudon, there is ~30% of unquenched donor,

while cdls contaning the CerudeanVenus condructs have ~9% unquenched donor. The
mammaian cdls were maintaned and fixed in solutions buffered to pH 7.4. From the reported
pKa of EYFP of aound 6.9 [19], there should be a 24 % proportion of protonated at pH = 7.4,
which isin good agreement. The pKa of the Venus chromophore is reported to be 6.0[19]. At pH

of 7.6, which is a reasonable estimate for the pH in funga cdls [32], there would be 25% of

protonated acceptor.

Taking the uncetanty in the actud intracdluar pH vaues into account, dl of the
unquenched donor fluorescence can be explaned by an equilibrium between protonated and
unprotonated acceptor. We have assumed that dl of the fluorescent proteins in the cdls are

identicd. In principle, it is possble that some of the unquenched donor is also due to a smdl
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fraction of the proten populaion in which the acceptor is not expressed o is incorrectly folded.
However, snce we do nat see smdler proten products on a Western blat, and snce misfolded
protens are normaly degraded in the cdl, we do nat bdieve that such proteins are likdy to be a

sgnificant component of our cdls.

The energy-transfer parameters for each modd are cdculaied using Egs. 2 and 3 and are
presented in Table 2. For the 4t model, we must make separate calculations for each of the two
diginct FRET pairs, hence there are two sets of each parameter, which are given the subscript 1
or 2, according to whether they are associated with donor D1 or D, respectively. We contrast the
results for the two modds with that of the conventiond approach of usang average lifetimes of
the donor-only congtruct and fudon condruct for tp and ton respectively. This is labdled
“average” in Table 2. The vdue of Ro that is conventionally used in Eq. 3 is derived from Steady-
state spectroscopic measurements and is an average of the Ro vdue for each didinct donor and
acceptor par that exists in a sample. In our case, the ydlow protein exists in two forms, but only
one participates in FRET. The dngle decay time of YFP fluorescence, shown in Fg 4, confirms
this. However, the donor exigs in two forms, so Ry is an average vdue for two donor-acceptor

pars (D-ACi and D-AC1inFg. 5).

We observed that the reative contributions of the two decay components of the Cerulean
protein in solution were indegpendent of emisson wavelength, in agreement with experimentd
dudies [27] and recent quantum mechanicd caculdions of CFP [33]. Therefore, the only
unknown in cdculating Ro for the two donor-acceptor pairs is the donor quantum yidd. It is
reasoneble to assume that the radidive rates of the donors D1 and D2 will be smilar, and that the

quantum yidd of each donor conformation will be proportiond to the measured decay time for



that conformation. Therefore the Ro for each donor-acceptor par can be caculated as follows

[34]:

R, =Rt /1) @

where Ri isthe vdue of Ry for the ith donor decay (i.e. Ry isfor Di-rACy and Ry isfor D~AC))

ad If is the average measured from steady-state spectroscopy.

The donor-acceptar distances for each FRET pair have been calculated using these individud
values of Ry, and the resuits are shown in Table 2 The Ry figure of 50& for CFP-YFP [6,19] is

used for the caculation of CFP-Y FP and the value of 54A for Cerulean-Venus|[15)].

The clearest outcome from Table 2 is that the average method overestimates the distance
because it indludes fluorescence from unquenched donor proteins. There is a marked increase in
the efficency of energy transfer in going from the average measurement to the 3-component
modd for both types of cdls. The efficiencies for the 4-component model are less than for the 3-
component modd, but they are dill consderably smaller than those for the average method. The
differences are most marked for the mammdian cdls. The differences between the different
methods are smdler for the fungd codls because there is less unquenched donor in the Cerulean

Venus system.

Egtimates of the absolute distance between the chromophores in the CFP-YFP fuson protein
have been made by a smple approach usng published cryddlographic data. Crystd  sructure

datafor ECFP and EY FP were used to estimate the distances from the centre of the chromophore
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to each of the termini, giving values of 25.1A for CFP and 23.2A for Y FP. Together with the two
amino add linker, this gives a reasoneble estimate of 50A for the donor-acceptor distance. In

comparison, the average lifetime method calculated the distance to be 62A, whilst the 3t modd
gave a digance of 42A. The 4 modd, which is the most physcaly plausble, gave the best
match, with distances of 53A and 44A. Differences in distances for the two FRET pairs in the 4t

modd are likdy due to uncertanties in the lifetimes (paticularly the midde lifetime, which is

probably the average of two closdy-spaced lifetimes).

Conclusion

FLIM is a powerfu quditative todl for rdiably detecting the occurrence of FRET, as has been
demondrated by many research groups worldwide However, FLIM methods that measure
average lifetimes will only be fuly quattitative in the absence of heterogeneity in the
fluorescence decays. In paticuar, fluorescence from unquenched donor molecules severdy
compromises the ability of average lifeime measurements to make quartitative assessment of
donor-acceptor  distances and hinding doichiometries. In contrast, we have demondrated that
widefidd photon-counting FLIM can dlow the accurate measurement of fluorescence decays
with at least three components. This has alowed us to quantify the fraction of donors undergoing

FRET, and make a more accurate measurement of the donor-acceptor distance.

We have made quartitative FRET measurements of control FRET systems usng FLIM with
vay low exctaion power, dbat with rdaivey long acquigtion times. Many FRET experiments

require much faster imaging. While photon-counting methods are viewed as being comparatively



dow, the devdopment of new photon-counting detectors, associated eectronics and andysis
software is underway by a number of research groups, so it is anticipated that this technique will

be extended to real-time cdllular imaging of molecular interactions that are occurring in vivo,

This dudy adso empheszes the need for GFP vaiants with monoexponentid decays, and
smple absorption behaviour. However, even when donors with smple decay kindics are used,
complexity may arise due to the presence of donors that do nat participate in FRET or, indeed,
because of a grester range of donor-acceptor distances. In these Studions the adility to
accurately resolve and assgn the individud decay components will be essentid. Therefore, we
bdieve that high-precison FLIM offers new posshiliies for the quantitaive use of fluorescent

proteinsin cdl biology.
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Tables

Tablel

Globa analysis of TSCSPC data from mammalian and fungd cells Theindividud A-factorsand

local ¢? values from globd andyss are shown in Supplementary Table 1. Errors are standard

deviations from globd andyds
Cell Ty pe Construct ti/ns ta/ns ts/ ns A1 Az As global c?
CFP 3.04 1.36 - 0.62 +0.06 0.38 +0.06 - 1.10
Mammalian
CFP-YFP 3.11 1.65 0.65 0.30 £0.10 0.50 £0.07 0.20 £0.09 1.19
Cerulean 3.65 1.97 - 0.49 £0.03 0.51 £0.03 - 1.06
Fungal
Cerulean-Venus 4.26 1.99 0.72 0.09 £0.03 0.51 £0.03 0.40 £0.06 1.17




Table?2

FRET andyss of TSCSPC data from mammalian and fungd cdls. The donor lifetimes (tp),

donor-acceptor lifetimes (ton), FRET efficiencies (E), Forster distances (Rg) and donor-acceptor

digances (r) are given. See text and Fgure 5 for detals of the different FRET modds The

lifetimes are from globd andyss. The erors in the efficiencies and distances were propageted

from the standard deviations in lifetimes extracted from sngle decay analyses of the data (not

shown).

Cell Type r:iltzh-lt—)d }rfsl ;nDsAl ;nDs2 ;r;jsAz Ey/% Ed% Ro/A Roo/A /A A
3-t 3.11 0.65 1.65 - 79.1+4.6 - 52.2 - 41.8+1.9

Mammalian 4t 311 165 165 065  47.0:7.1  60.6%9.9 522 47.0 533+25  43.7+3.0
Average  2.40 1.89 - - 21.3+10.2 - 50 N 62.2 £6.3
3-t 3.65 0.72 - - 80.3+4.4 - 56.5 - 447 +2.1

Fungal 4-t 3.65 1.99 1.99 0.72 455 +7.2 68.9 +9.2 56.5 51.0 58.2+2.8 46.4+3.3
Average 2.79 1.69 - - 39.4 £8.0 - 54 - 58.0 £3.2




Figure Legends

Figure 1 FLIM maps from TSCSPC. Lifetime maps are shown for fixed mammalian cdls
expressing CFP (&) or a CFP-YFP fudon proten (b), and for living fungd cells expressng
Cerulean (c) or a CeuleanVenus fusgon protein (d). The fungd cdls continued to grow
throughout the period of data acquigtion. The lifetime refers to the CFP emisson. The scale bar

is50 mm for al images.

Figure 2 TSCSPC images and fluorescence decays from sdected regions for fixed
mammalian cdls expressng CFP (a) o a CFP-YFP fuson protein (b), and for living fungd cdls
expressng Ceruleen (¢) or a CeruleanrVenus fuson proten (d). The decays have been
normdizedto dlow direct comparison. The fungd cdls continued to grow throughout the period

of data acquigtion. The scale bar is 50 mm for dl images.

Figure3 Comparison of the 2= and 3-exponential fits of the CFP-YFP TSCSPC data in
fixed mammdian cdls The dructure in the redduds of the 2-exponentid fit disgppears upon

adding athird camponent and the reduced c? parameter decreases from 1.472 to 1.034.

Figure 4 Obsarvation of YFP rise time. TSCSPC of a fixed mammaian cdl expressng
CFP-YFP with detection of either the CFP emisson (&) or the YFP emisson (b). The YFP
fluorescence diglays a rise time of ca. 500ps, which is indicative of FRET from the CFP. The
region of analyssisthe same for both cells and is highlighted in yellow.

Figure5 Schematic modd of photophysca processes involved in FRET for cdls
expressing a cyan proten or cyanydlow fuson proten. (&) The cyan donor is in an equilibrium
between two confomations (D: and Dj). The cyan donors absorb blue lignt and has cyan
emisson, with each conformaion having a unique fluorescence lifeime (to: or tp). The ydlow
proten is in an equilibrium between non-protonated (ACy) and protonated states (ACp). Only
AC: actsas FRET acceptor of cyan light, producing ydlow emisson with lifetime, ta.(b) Inthe

3t modd, FRET only occurs between one of the cyan conformations and the ydlow acceptor,

gving three unique lifetimes. (c) In the 4t modd, both cyan conformations participate in FRET,
resulting in four unique lifetimes. Since our data is wel fitted by three lifetime components, this
model assumes that two of the lifetimes (tzand tpaz) are similar and cannot be resolved.
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FIGURE 4
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