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Fluorescence Energy Transfer on Erythrocyte Membranes 
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Abstract. Stationary and time-dependent fluoiescence weie measuied for a donoi/ 
acceptoi (DA) pair bound to membiane pioteins of bovme eiythiocyte ghosts 
The donor N-(p-(2-benzoxazolyl)phenyl)-nialeimide (BMI) and the acceptoi fiuram 
bind to SH- and NRVresidues, íespectively The fluoiescence spectia and the time-
dependent emission weie consistent with ladiationless fluorescence energy tiansfei 
(RET) Band3 protein is the only membiane spanning protein with accessible SH-
groups foi the coupling of BMI molecules, and theiefoie only acceptor binding sites 
on the same band3 piotein weie counted by the RET measurements performed A 
density of RET-effective acceptoi binding sites c = 0 072 nm~2 was calculated on 
the basis of the two-dimensional Foister-kinetics 

Key words: Fluoiescence lesonante eneigy tiansfei — Donoi-acceptoi pan — 
Foistei kinetics — Eiythrocytes — Membianes 

Abbreviations: BMI, N-(p-(2-benzoxazolyl)phenyl)-maleimide, DA, donoi/accep
tor, MCA, multichannel analyser, OD (optical density), PMT, photomultiplier 
tube, RET, íesonance energy tiansfer, TAC, time-to-amphtude conveitei, SDS, 
sodium lauiylsulphate 

Introduction 

Resonance energy transfer (RET) has become a valuable mstiument to look at 
various phenomena of biological membianes (eg Kubitscheck et al 1991 lohn 
and Jahmg 1991) Continuing oui effoits to undeistand membrane phenomena we 
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íepoit herein on resonance eneigy tiansfei measurements of a donoi/at ceptoi (DA) 
pair covalently bound to membiane piotems of led blood tells RET measurements 
aie suited to follow membiane phenomena like fusion to othei paitides or induced 
stiuctuial changes The DA pan discussed was selected m teims of i) easy labeling 
of tht functional groups of piotems n) overlapping of the donoi fluorescence with 
the acceptoi absoiption and m) excitation of the donoi around 337 nni so that 
N2-laser oi N2-filled flash-lamps togethei with the single-photon counting (SPC) 
technique could be used N (p (2-benzoxa7olyl)phenyl) maleimide (BMI) and flu-
ram (fluoiescdiiiine) wen thosen as donoi and atteptoi BMI binds covalently to 
SH gioups (Konaoka et al 1967) and fluiam to NH2 gioups (Beinaido et al 1974, 
Stem et al 1974) (scheme I and II) 

O 
I (BMI) 

II (FLURAM) 

Fluram has the additional advantage that only the bound form fluoresces 
while the fiee (non-reacted) molecules are hydrolysed to non-fluoiescent products 
(Beinaido et al 1974, Stem et al 1974) 
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Studies on íesonance energy transfei (RET) of fluorescence have also gained 
attention with íespect to fractal stiuctures in non-isotropic media (Even et al 1984, 
Klafter and Blumen 1984, 1985), which might also be found in biological systems 
like membranes oi cell-interiors In principle two questions can be answeied fiom 
RET measurements concerning i) the distance between labeled positions in macro-
molecules or in molecular aggregates and u) the stiuctuial dimension of the immedi
ate environment of the donor/acceptor pan The method has aheady been utilized 
successfully foi estimating the distance between donoi and acceptor molecules and 
for investigating stiuctural and conformational problems m a large vanety of bio
logical macromolecules (Muichie et al 1989, Haian et al 1992 Clegg et al 1993, 
1994) Distances aie usually deteimined with íespect to the characteristic Forster 
length, R0 (Forster 1949), at which the efficiency of the eneigy transfei is 50% 

In biological systems often only changes of RET efficiency calculated fiom 
fluoiescence spectia of donor/acceptoi pans aie taken as evidence foi physiologi 
cal events (Struck et al 1981) For these studies a few well descnbed RET pans 
piedommantly coupled to SH- and NH2-residues of proteins oi lipids are used In a 
typical expenment paiticles containing a donoi/acceptoi pan at close distance, and 
thus high RET efficiency, aie fused to empty cells or paiticles Dining the couise 
of the fusion events, ledistiibution of the donoi and acceptor molecules ovei the 
DA-contamnig and empty cells takes place Thus, the aveiage donoi/acceptoi dis
tance mcieases lesultmg m a loss of the tiansfei efficiency (Lawaczeck et al 1987) 
In addition to nitia- or mteimoleculai distances, stiuctuial mfoimation may be 
obtained fiom the time dependence of the donoi fluoiescence The decay cuives 
seive to doteimme the spatial dimension of the envnonment (Even et al 1984, 
Klafter and Blumen 1984, 1985, Tamai et al 1987) Howevei a mono-exponential 
decay curve of the pine donoi is íequned foi the extension of the calculations m 
the direction of the fiactal dimensions 

In the following, experiments with DA-labeled led blood cells aie described 
The expeinnents weie complemented by single cell fluoiescence using a micioscope 
spectiometei 

Materials and Methods 

Chemicals 

Inorganic chemicals of highest available quality were obtained fiom Merck (Darm
stadt, Geimany) Chymotiypsm was from Sigma (Deisenhofen, Germany) and 
sodium laurylfeulfate (SDS) from Fluka (Neu-Ulm, Geimany) N-(p-(2-benzoxazolyl) 
phenyl)-maleimide (BMI) was from Eastman Kodak Comp (Rochestei, USA) and 
fluram (fluoiescamine) from Seiva (Heidelberg, Germany) Biogel P10 was obtained 
from Bioiad Laboratories, (Munchen, Germany) 
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Buffers 

Buffer A 5 mmol/1 sodium phosphate, 150 mmol/1 NaCl, pH 7 4 
Buffer B 5 mmol/1 sodium phosphate, pH 7 4 (for lysis) 

Preparation of reseated erythrocyte ghosts 

White eiythiocyte ghosts, í e eiythrocytes freed from hemoglobin were prepared 
accoidmg to standard centnfugation pioceduies (Schwoch and Passow 1978) Usu
ally fiesh bovine blood containing fibnsol as anticoagulant was washed in isotonic 
buffer A at 4°C Lysis was induced by adding buffer B at a volume ratio of 1 4 to 
1 6 Hemoglobin was íemoved by foui to five washing steps m hypotonic buffei B 
The ghosts weie íesealed at 4°C overnight m isotonic buffei A 

Labeling 

Stock-solutions in acetone of BMI (12 mmol/1) and fluram (4 3 mmol/1) were pie-
pared sepaiately In the standaid labeling protocol, 50 /il BMI stock-solution was 
added to 1 ml resealed eiythiocyte ghosts (0 1 OD at 400 nm coirespondmg to 
about 0 1 mg piotem/ml) and incubated at 37 °C foi 2 h The unreacted dye was 
íemoved by exclusion gel-chiomatogiaphy (Biogel P10) The acceptoi fluiam was 
added shoitly befoie the actual fluoiescence measurements As the unreacted flu
iam molecules aie hydrolysed to a non-fluorescent pioduct no sepaiation of the 
unieacted dye was necessaiy 

Fluorescence and absorption measurements 

Stationary fluoiescence and absoiption spectia weie íecoided with an SPF 500 
fluorescence spectrometer (American Instiument Company) and a UV 5260 spec
trophotometer (Beckman Instiuments), íespectively Usually, íathei dilute solu
tions weie measuied to avoid stiayhght and mner-hltei effects Foi micioscopic 
obseivations of the labeled ghosts a Zeiss UEM fluorescence micioscope equipped 
with a spectiometei accessoiy was used 

Fluorescence lifetimes weie deteimmed by using time-con elated single-photon 
counting technique All decay measurements were perfoimed undei single photon 
counting conditions The flash lamp was thyiation-tiiggered (Applied Photophysics 
Ltd model 435/012) an-filled and run at 20 kHz with 4 kV applied acioss a 1 5 
mm electiode gap The half-width of the pulse was about 2 5 ns The excitation 
and emission wavelengths of 337 nm and 366 nm, íespectively, weie selected by 
Oriel mteiference filters Emission was detected by using an RCA 850, 12 stage 
photomultipher tube (PMT) Single photon pulses of the PMT weie used as "stop" 
pulses for the Oitec model 457 time-to-amplitude converter (TAC) The "stait" 
pulses foi the TAC were obtained from a RCA 1P28 PMT which was attached 
to the lamp housing The "stait" and "stop" pulses weie íouted thiough constant 
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fiaction discriminators (Oitec models 473a and 583) m order to improve the signal-
to-noise ratio The output of the TAC was stored in a multichannel analyser (MCA, 
Norland/Ino-Tech model 5400) The time calibration of the TAC-MCA combination 
was performed with an Ortec delay model 425a Electromagnetic interference was 
eliminated by covering the cables, the lamp- and photomultipher-housing with 
copper shields Single-point grounding was used To measure the total fluoiescence 
intensity, the polaiizer in the emission light path was set at the magic angle of 
54 7° 

Data analysis 

The obseived fluorescence decay curve R(t) is represented by the convolution mte-
gial 

R(t)= í G(ť)F(t-ť)dť (1) 
Jo 

where G(t) is the apparatus íesponse function and F(t) is the tiue fluoiescence 
decay The tiue (unknown) fluoiescence decay was calculated by fitting a theoiet-
ícal fluoiescence decay R'(t) to the expenmental data R(t) using the least squares 
iteiative deconvolution technique The \ 2 values and the plots of the weighted 
íesiduals r(t) seived to charactenze the accuracy of the fit (Buch and Imhof 1985) 
(see Fig 4) Excellent agieement with the published lifetimes for standaid fluo 
lophoies and \ 2 values close to unity were obtained Details of the convolution 
proceduie have aheady been descnbed (Hof et al 1989) 

Functional test 

The mtactness of the amon-ion exchange system (functional units of the band3 
protein) of the eiythiocyte ghosts (labeled or unlabeled) was venfied on the basis 
of amon-dependent proton-transfer experiments (Pittench and Lawaczeck 1985) 
The labeling with the donor molecules, BMI, did not altei the transfei kinetics 

Results 

Completely white and íesealed ghosts at a protein concentration of 0 1 mg/ml 
(coiresponding to a tuibidity of 0 1 OD at 400 nm) weie fiist labeled with BMI The 
unieacted BMI molecules weie íemoved by gel chiomatogiaphy as described above 
20 to 160 zd fluiam was added to the BMI-labeled ghosts (in 2 ml of buffei A) just 
pnoi to the fluoiescence measuiements In contiol expeinnents fluram was added 
to ghosts without BMI In Fig 1 typical emission spectia of these expeinnents are 
reproduced As fiee fluiam is hydiolysed to non-fluoiescent molecules (Beinaido et 
al 1974, Stem et al 1974) a second sepaiation step is not necessaty It is obvious 
fiom Fig 1 that the increasing amounts of the acceptoi fluiam led to an mciease 
of the acceptoi fluoiescence at the expense of the donoi signal Emission maxima 
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a 

b 

Figure 1. Fluoiesceiue spec-
tia of erythrocyte ghosts labeled 
with BMI (donor) in the absence 
(a) and presence (spectra b to d) 
of 0 8 2 and 56 x 10"4 mol/1 
fluiam (acceptoi) respectively 
In the lower pannel erythrocyte 
ghosts weie labeled with BMI 
and fluiam (5 6 x 10~4 mol/1 
same as spectrum d) and subse
quently solubihzed by the addi
tion of the detergent SDS (spec
trum e) Excitation at 537 nm 
(donor excitation) and emission 
fiom 350 to 650 nm Measure
ments weie carried out at room 
temperature The peak centered 
at 375 nm conesponds to the 
donor emission and the peak at 
475 nm to the acceptor emission, 
lespc etively 

350 500 650 nm 

foi the donor and the acceptoi weie 360/378 nm and 475 nm, lespectively Fluiam 
alone also fluoiesced if excited at 337 nm, i e at the donoi excitation wavelength, 
but less than in the piesence of the donoi BMI The addition of an ionic deteigent 
(SDS) solubihzed the membiane and destroyed the tiansfei efficiency culminating 
in an mciease of the donoi and a deciease of the acceptoi fluoiescence The digestion 
of the external membrane piotems by chymotiypsin led to similai íesults 

The above tiends aie typical foi RET experiments on membiane bound donor/ 
acceptor pans In the case of the eiythiocyte membrane the binding site of exter
nally added SH-reagents like BMI is attributed to the band3 protein, which is the 
major membiane spanning piotem (Cabantclnk et al 1978)1' The second ma]oi 

The piotems of erythiocyte membianes are numbered according to the pattern of 
gel electiophoresis 
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Figure 2. Spectrum c horn Fig 1 decomposed into two Loientzian lines according to 

1 (ro - ^ o 2 + (r ip)2 (w - zo2)> + (r2/iy 

Experimental fluorescence intensity If in arbitraiy units veisus - ^ togethei with the 
individual and the sum of the two Loientz lines For each calculation w was set to - j — 
(with A m nm) Results 

/ i = 1 75 roi = 2 65 I \ = 0 40 

/ 2 = 1 06 zu2 = 2 10 T2 = 0 32 

(ro, r in units of -^P with A m nm) 

membrane spanning protein, glycophoim, does not contain accessible SH-gioups 
and can theiefoie be excluded as a binding site foi the donoi molecules 

Suite the donoi/acceptor-peaks show an oveilappnig legion the spectia weie 
decomposed into two Lorentz-cuives (Fig 2) using a Maiquardt-Levenbeig algo-
lithm Fiom these Loientz-mtensities íelative quantum yields <j>, = (\>DAI4>D were 
calculated with <j>DA and 4>o the quantum yields m the piesence and the absence 
of acceptoi molecules, lespectively In Fig 3 these relative quantum yields were 
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F i g u r e 3 Relative fluorescence quan tum yields q>T = <PDA/4>D as function of t h e stoi-
chiometnc acceptor concentration co ( + ) expenmenta l values (O) maximal values from 
the Loientz functions (see Fig 2) 

plotted as function of the initial acceptoi concentíation Co 2) 

Fuithei mfoimation on the system can be achieved fiom time-dependent mea 
suiements Foi that puipose the following set of samples was piepared and mea 
suied (excitation at 337 nm, emission at 366 nm, 20°C) a free BMI b BMI 
bound to eiythiocyte ghosts c sample b aftei 12 h d BMI bound to eivthiocyte 
ghosts with the acceptoi fluiam e sample d subsequent to the addition of SDS 
and f sample d aftei adding chymotiypsm Fig 4 shows a typical íesult of these 
measuieinents togethei with the decay cuive fitted accoiding to a deconvolution on 
the basis of mono exponential fluoiescence decav function The íesidual plot and 
the \ 2 value weie also included m Fig 4 

The binding of BMI to the membiane piotems led to an mciease of the fluo
iescence lifetime compaied with fiee BMI The slight shoitemng of the fluorescence 
lifetime obseived aftei 12 h is possibly due to a leaiiaiigemeiit of the membiane 
constituents The addition of the acceptoi molecule íeduced the fluorescence life
time and led to a deciease of the signal to-noise íatio as a consequence of the 
reduced donoi fluoiescence (see Fig 1) This effect was almost abolished by solubi
lization of the membiane oi by enzymatic cleavage of the membiane piotems The 
obtained fluoiescence lifetimes aie summau/ed m Table 1 The decay cm ves of the 
pine acceptoi could not be adequately measmed at the excitation and emission 
wavelengths of 337 nm and 366 nm lespectively due to the low signal intensities 

2 ' Fiom these plots effective acceptor densities tan be calculated (Wolbei a n d Hudson 
1979) for t he case of a two dimensional radiationless dipóle dipóle in te iact ion (Torstei 
mechanism) 
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F i g u r e 4 . r ime-dependent emission decay Expe i imenta l R(i) and calculated R (t) emis 
sion decays for erythrocyte ghosts labeled with the donor BMI in t h e absence of t h e 
acceptoi veisus channel number (1 channel c o n e s p o n d s to 0 0213 ns) together with t h e 
íesidual plot Í (t) on the basis of mono exponential decav ( r = 1 13 ns \ = 0 95) 
T = 20°C excitat ion 337 n m emission 366 n m i (í) and \ aie defined accoidmg to 

[R'(tt)-R(U)}2 1 E t " (ť) -
R' 

,(/) = 
( Ä ' ( í . ) - Ä ( í , ) ] 

'(ť ) N - n - 1 w R'(t,) 
i — i 

with t h e nunibei of d a t a points ./V and the numbei of fit-paiameteis n lespectively 

undei these expeiimental conditions and a íathei short fluoiescence lifetime 
The decay cuives of the donoi fluoiescence (sample a b c) can reasonably be 

fitted by mono-exponential decay functions with \2-values close to 1 in contrast 
to samples wheie both the donoi and the acceptoi weie piesent (eg sample d) 
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T a b l e 1. Aveiage fluorescence lifetimes T (ns) calculated on the basis of a mono-exponen
tial decay function* 

Samples 

BMI free 
BMI bound to erythrocyte ghosts 

BMI bound to erythrocyte ghosts attei 12 h 

BMI bound to erythrocyte ghosts al ter the addition of 
10" 4 mol/1 flurani 

BMI bound to erythrocyte ghosts alter the addition of 
10~ mol/1 fluiam followed by the addit ion of chymotrypsin 

BMI hound to erythrocyte ghosts after the addition of 
10"4 mol/1 lluram followed by the addition of SDS 

T (ns) 

0.97 ± 0 08 
1 13 ± 0 10 

1 07 ± 0 05 

0.83 ± 0 05 

t 00 ± 0.05 

0 99 ± 0 0.3 

*For systems in the absence of acceptor molecules the \ " -va lues are between 0 95 and 
1.10. In the presence of acceptor molecules, these values are slightly laiger but do not 
exceed 1.25 Foi chymotrypsin and SDS studies three experiments and for all otlier cases 
six independent measurements were averaged, respectively 

T a b l e 2 . Results of time-dependent, fluorescence measuienients with a deconvolution 
based on the Forster-kinetics with different dimensions (lifetime T = 1 1.3 ns (p ine donor)) 
\ " - values and •) (according to eq. (2)) 

Mono-exponential fit. 
Three dimensions 3 = 1/2 
Two dimensions ii — 1/3 

2 

\ 
1 25 
1 17 
1 05 

1 

0 79 
i 23 

The data for sample d were therefore subjected to deconvolution according to the 
generalized Forster-kinetics (radiationless dipole-dipole energy transfer) in three 
and two dimensions (Hauser et al. 1976): 

F(t) = AexV[-t/T^y(t/rf} (2) 

with an amplitude factor A. r is the fluorescence lifetime of the pure donor, and 
0 = D/6 for weak dipole-dipole interaction with D being the dimension of the 
system in question. 7 is a constant factor determined by i?o, D and the effective 
density of acceptor molecules, c. The results of these calculations are listed in 
Table 2. 

The change from mono-exponential to the Forster-kinetics leads to an improve
ment of the fit manifested in the \2-values. From these fits information concerning 
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the dimension (paiametei (5) of the energy tiansfei and the surface concentration c 
is available Foi the two-dimensional case (/? = 2/6), which seems most appropriate, 
7 is given by (Wolbei and Hudson 1979) 

7«425 i? 2 , c (3) 

Ro = 2 nm was sepaiately detei mined from measuiements of the intiamolecu-
lai eneigy tiansfei between BMI and fluiam For that puipose, small peptides with 
BMI and fluiam coupled to the end gioups had been synthesized and chaiacteuzed 
by RET methods (Hof 1990) On the basis of Ro — 2 nm and a 7-value of 1 23 one 
calculates the two-dimensional density of acceptoi molecules to be 0 072 n m - 2 

Discussion 

The above íesults íeveal that RET measurements yield valuable infoimation con
cerning the donoi-acceptoi nitei actions on membianeous systems The donoi BMI, 
added externally, is piedommantly coupled to SH-iesidues of cysteines fiom the 
band3 piotems Band3 protein is the majoi membiane spanning protein with SH-
residues accessible fiom the external side The acceptoi fluiam binds to NH2-
gioups, and only the bound foim contnbutes to the fluoiescence emission The 
exact concentiations of both the donoi and the acceptoi on the membiane can
not be obtained fiom standaid UV/VIS absoiption and emission measuiements 
because contiibutions from the aiomatic amnio acids and fiom the light scatteiing 
of the eiythiocyte ghosts cannot be excluded 

On the basis of the above stationaiy and time dependent measuiements an 
estimate of the acceptoi suiface concentiation is possible The effective two-di
mensional density of acceptois is 0 072 n m - 2 If the acceptoi was homogeneously 
distnbuted ovei the membiane suiface of 90 x 106 nm2, 6 5 x 106 binding sites per 
membiane suiface would be calculated Foi band3 protein the numbei of copies 
pei led blood cell aie 111 the oidei of one million copies pei cell (Steck 1974) The 
calculated number of effective acceptoi binding sites is in the oidei of the band3 
piotein copies Howevei, this figure overestimates the numbei of band3 piotems as 
they must shaie the membiane suiface with lipid molecules and othei proteins like 
glycophoims Fuithei, even if not all 6 SH-gioups on a single band3 piotem aie 
accessible, the stoichiometiic labeling could be in excess of 1 1 (for purified band3 
Rao et al (1979) íepoited numbeis between 1 4-2 BMI pei band3 molecule) Both 
aiguments emphasize that the numbei of band3 piotems pei ted blood cell calcu 
lated on the basis of the above two-dimensional Foistei-kinetics must be consideied 
as an uppei hunt "Effective" undei the piesent conditions iefeis to "taking part 
in the íadiationless eneigy transfei fiom donor to acceptoi' As the RET efficiency 
íeflects the donoi-acceptoi distance, acceptoi binding sites diffeient from band3 
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piotein (e g glycophorm) aie not counted by the method employed Solubilization 
of the membiane by detei gents 01 c leavage of the membiane piotems into fiagments 
mciease the DA distances in paiallel with a deciease of the R E T efficiency 

Pieviouslv BMI has been used to map the distance fiom the BMI binding site 
to the binding site of stilbene denvatives which aie known as specific liilnbitois 
of the amon-exchange of the functional band3 units (Cabantclnk et al 1978) J?o 
values aiound 2 9 nm foi the BMI stilbene system and lifetimes ( r = 0 88 and 
0 70 ns at 23°C m the absence and the presence of the stilbene-tlenvatives íespec 
lively) have been deteimmed (Rao et al 1979) Though these r values a ie slightly 
shoitei they are consistent with oui values from Table 1 Oui data fuither reveal 
that the binding of BMI to the membiane nicieases the fluoiescence lifetime while 
subsequent addition of the acceptoi leads to a life time leduction The BMI-fluiain 
svstem has the obvious advantage of an easy handling devoid of complex íeaction 
conditions The small oveilapping of the donoi and acceptoi emission can be tol-
eiated Foi quantitative pruposes, howevei it seems íeasonable to decompose the 
íecoided fluoiescence spect ia into two Loientzians 

Foi mono-exponential decay of the donoi fluoiescence like m the picsent case 
foi BMI bound to piotems on eiytlnocytes additional progiess m terms of stiuc
tuial mfoimation is possible In the piesent case the Foistei kinetics in t lnee and 
two dimensions weie implanted m the deconvolution p iocedme and Table 2 indi
cates that the computational fit is bettei foi two than foi t lnee dimensions This 
íesult seems íeasonable foi donoi/acceptoi pans located on liicmbiane suifaces 
Howevei it seems pieniatuie at the piesent stage to include faithti leaching con
cepts in the data anahs i s 

Micioscopic obseivations íevcaled violet/blue fluoiescence fiom the labeled 
civt lnocvte ghosts Most of the ghosts aie of discoid shape with nnnoi echinocvte 
contnbutions Theie is no change m shape of the ghosts by going from BMI/fluiam 
labels discussed heie to othei R E T pans or fluoiophoies like 6 (7-nitioben/ 2-oxa 1 
3-diazol-4-yl)ammohexan acid/ ihodamine oi fluoiescein 

C o n c l u s i o n 

The donoi/acceptoi pair desciibed is suited foi íesoiiance energy tiansfei studies 

on membianeous systems Both the donoi and the acceptoi c any coupling gioups 

foi the labeling of accessible SH- oi NH2-iesidues of membiane piotems The la

beling is peifoimed by adding the donoi/acceptoi molecules to aqueous solution 

containing the cells oi membianes to be studied No sepaiatnig step lemovmg the 

unieacted acceptoi is necessary since the unieacted acceptoi molecules aie hydro-

lysed to non fluoiescent pioducts In the piesent case the fluoiescence eneigy tians

fei can appiopiiately be desciibed by a two-dimensional Foistei-kmetics allowing 

the calculation of the acceptoi density in the pioxnnity of the donoi molecules 
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