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Fluorescence Energy Transfer on Erythrocyte Membranes
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Abstract. Stationary and time-dependent fluo1escence were measuied for a donoi/
acceptor (DA) pair bound to membiane piotens of bovine erythiocyte ghosts
The donor N-(p-(2-benzoxazolyl)phenyl)-maleimide (BMI) and the acceptor fluram
bind to SH- and NH;-residues, 1espectively The fluorescence spectia and the time-
dependent emission weie consistent with 1adiationless fluorescence energy tiansfer
(RET) Band3 protemn 1s the only membiane spanning protemn with accessible SH-
groups fo1 the couphng of BMI molecules, and theiefore only acceptor binding sites
on the same band3 protein were counted by the RET measurements performed A
density of RET-effective acceptor binding sites ¢ = 0 072 nm ™2 was calculated on
the basis of the two-dimensional Foister-kinetics

Key words: Fluorescence 1esonance eneigy transfer — Donoi-acceptor pan —
Foister kinetics — Erythrocytes — Membtanes

Abbreviations: BMI, N-(p-(2-benzoxazolyl)phenyl)-maleimide, DA, donoi /accep-
tor, MCA, multichannel analyser, OD (optical density), PMT, photomultipher
tube, RET, 1esonance energy transfer, TAC, time-to-amplitude converter, SDS,
sodium laurylsulphate

Introduction

Resonance energy transfer (RET) has become a valuable mstiument to look at
vatious phenomena of biological membianes (¢ g Kubitschech et al 1991 John
and Jahnig 1991) Continuing owr efforts to understand membiane phenomena we
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1eport herein on resonance energy transfer measurements of a donot /acceptor (DA)
pair covalently bound to membrane proteins of 1ed blood cells RET measurements
are suited to follow membiane phenomena like fusion to other paiticles or induced
stiuctural changes The DA pan discussed was selected 1n terms of 1) easy labeling
of the functional groups of proteins 1) overlappmg of the donor fluorescence with
the acceptor absoiption and m1) excitation of the donor around 337 nm so that
N,-laser o1 N,-filled flash-lamps together with the sigle-photon counting (SPC)
technique could be used N (p (2-benzoxazolyl)phenyl) maleimide (BMI) and flu-
1am (fluorescamime) were chosen as donor and acceptor BMI binds covalently to
SH groups (Ihonaoka et al 1967) and fluram to NH; groups (Beinaido et al 1974,
Stemn et al 1974) (schemc I and II)
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Fluram has the additional advantage that only the bound form fluoresces
while the fiee (non-reacted) molecules are hydrolysed to non-fluoiescent products
(Bernaido et al 1974, Stewn et al 1974)
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Studies on resonance energy transfer (RET) of fluorescence have also gained
attention with 1espect to fractal structures in non-1sotiopic media (Even et al 1984,
Klafter and Blumen 1984, 1985), which might also be found m biological systems
like membianes o1 cell-interiors In prnciple two questions can be answeied fiom
RET measuiements concerning 1) the distance between labeled positions i macro-
molecules or 1n molecular aggregates and 1) the structural dimension of the immedi-
ate environment of the donor/acceptor pan The method has alieady been utilized
successfully for estimating the distance between donor and acceptor molecules and
for investigating structural and conformational problems mn a large vanety of bio-
logical macromolecules (Muichie et al 1989, Haran et al 1992 Clegg et al 1993,
1994) Distances aie usually determined with respect to the characterstic Forster
length, Ry (Forster 1949), at which the efficiency of the eneigy transfer 1s 50%

In biological systems often only changes of RET efficiency calculated fiom
fluorescence spectia of donor/acceptor pans aie taken as evidence for physiolog:
cal events (Struck et al 1981) For these studies a few well desciibed RET pans
ptedommantly coupled to SH- and NH;-residues of proteins ot lipids are used In a
typical experiment particles contaming a donor /acceptor pait at close distance, and
thus hngh RET efficiency, aie fused to empty cells or paiticles Duiing the couise
of the tusion eveunts, redistiibution of the donot and acceptor molecules over the
DA-containing and empty cells takes place Thus, the aveirage donor /acceptor dis-
tance mcireases 1esulting i a loss of the tiansfer efhaiency (Lawaczech et al 1987)
In addition to mtia- or mtermolecular distances, structural information may be
obtained fiom the time dependence of the donot fluotescence The decay cuives
serve to determine the spatial dimension of the enviionment (Even et al 1984,
Klafter and Blumen 1984, 1985, Tama1 et al 1987) However a mono-expounential
decay curve of the puire donor 15 tequired for the extension of the calculations i
the direction of the fiactal dimensions

In the following, experments with DA-labeled 1ed blood cells are desciibed
The experiments were complemented by single cell fluoiescence using a micioscope
spectiometel

Materials and Methods

Chemacals

Inorganic chemicals of highest available quality were obtained from Merck (Darm-
stadt, Geimany) Chymotiypsin was from Sigma (Deisenhofen, Germany) and
sodium laurylsulfate (SDS) fiom Fluka (Neu-Ulm, Geimany) N-(p-(2-benzoxazolyl)
phenyl)-maleimide (BMI) was from Eastman Kodak Comp (Rochester, USA) and
fluram (fluorescamine) from Serva (Heidelberg, Germany) Biogel P10 was obtained
from Bioiad Laboratornies, (Munchen, Germany)
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Buffers

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

Preparation of resealed erythrocyte ghosts

White erythiocyte ghosts, 1e erythrocytes freed from hemoglobin were prepared
according to standard centiifugation procedures (Schwoch and Passow 1978) Usu-
ally fiesh bovine blood containing fibiisol as anticoagulant was washed 1n 1sotonic
buffer A at 4°C Lysis was induced by adding buffer B at a volume ratio of 1 4 to
1 6 Hemoglobin was 1emoved by fou to five washing steps i hypotonic buffe: B
The ghosts weie 1esealed at 4°C overnight 1 1sotomic buffer A

Labeling

Stock-solutions in acetone of BMI (12 mmol/1) and fluram (4 3 mmol/l) were pie-
pared separately In the standaid labeling protocol, 50 ul BMI stock-solution was
added to 1 ml resealed erythiocyte ghosts (01 OD at 400 nm coiresponding to
about 0 1 mg protein/ml) and wmcubated at 37°C for 2 b The unreacted dye was
removed by exclusion gel-chiomatogiaphy (Biogel P10) The acceptor flunam was
added shoitly before the actual fluoiescence measurements As the unieacted flu-
1am molecules are hydrolysed to a non-fluorescent product no sepaiation of the
unreacted dye was necessaly

Fluorescence and absorption measurements

Stationary fluoiescence and absoiption spectia weie recorded with an SPF 500
fluorescence spectrometer (American Insttument Company) and a UV 5260 spec-
trophotometer (Beckman Instiuments), 1espectively Usually, 1ather dilute solu-
tions were measuted to avoid stiaylight and mner-hlter effects For microscopic
observations of the labeled ghosts a Zeiss UEM fluorescence micioscope equipped
with a spectiometer accessory was used

Fluorescence hifetimes weie determined by using time-corelated single-photon
counting technique All decay measurements were performed under single photon
counting conditions The flash lamp was thyration-tuggered (Apphed Photophysics
Ltd model 435/012) an-filled and run at 20 kHz with 4 kV applied acioss a 15
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, 1espectively, were selected by
Ornel mterference filters Emission was detected by using an RCA 850, 12 stage
photomultiplier tube (PMT) Single photon pulses of the PMT weie used as “stop”
pulses for the Oitec model 457 time-to-amphtude converter (TAC) The “start”
pulses for the TAC were obtamned from a RCA 1P28 PMT which was attached
to the lamp housing The “stait” and “stop” pulses weie 1outed thiough constant
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fraction discriminators (O1tec models 473a and 583) 1n order to improve the signal-
to-noise ratio The output of the TAC was stored i 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 photomultiplier-housing with
copper shields Single-point grounding was used To measure the total fluoiescence
mtensity, the polaiizer in the emission light path was set at the magic angle of
54 7°

Data analysis

The observed fluorescence decay cuive R(¢) 1s 1epresented by the convolution inte-
gral

R(t) = /OtG(t’)F(t —t)d¢' (1)

where G(t) 15 the apparatus 1esponse function and F'(#) 15 the tiue fluorescence
decay The tiue (unknown) fluorescence decay was calculated by fitting a theoret-
1cal fluorescence decay R'(f) to the expenimental data R(t) using the least squares
iterative deconvolution technique The 2 values and the plots of the weighted
residuals 7(t) served to charactenze the accuracy of the fit (Buch and Imhof 1985)
(see Fig 4) Excellent agreement with the published hfetimes for standaird fluo
rophores and \? values close to umty wete obtamed Details of the convolution
procedure have alieady been desciibed (Hof et al 1989)

Functional test

The mtactness of the anion-1on exchange system (functional units of the band3
protemn) of the erythiocyte ghosts (labeled or unlabeled) was vernified on the basis
of anion-dependent proton-transfer experiments (Pitterich and Lawaczeck 1985)
The labehng with the donot molecules, BMI, did not alter the tiansfer hinetics

Results

Completely white and 1esealed ghosts at a protemn concentration of 01 mg/ml
(corresponding to a turbidity of 0 1 OD at 400 nm) were first labeled with BMI The
umeacted BMI molecules weie 1emoved by gel chiomatography as described above
20 to 160 pl luram was added to the BMI-labeled ghosts (in 2 ml of buffer A} just
prior to the fluorescence measuiements In contiol experuments flutam was added
to ghosts without BMI In Fig 1 typical emission spectia of these experiments are
reproduced As fiee flunam 15 hydiolysed to non-fluorescent molecules (Bernaido et
al 1974, Stem et al 1974) a second sepaiation step 1s not necessary It 15 obvious
fiom Fig 1 that the mncreasing amounts of the acceptor flutam led to an mcrease
of the acceptor fluorescence at the expense of the donor signal Emussion maxima
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Figure 1. Fluorescence spec-
tra of erythrocyte ghosts labeled
with BMI (donor) in the absence
(a) and presence (spectra b to d)
of 08 2 and 56 x 107* mol/l
flmam (acceptor) respectively
In the lower pannel erythrocyte
ghosts were labeled with BMI
and flutam (56 x 10™* mol/l
same as spectrum d) and subse-
quently solubihized by the addi-
tion of the detergent SDS (spec-
trum e) Excatation at 337 nm
(donor excitation) and emission
fiom 350 to 650 nm Measure-
ments weie carried out at room
temperature The peak centered
at 375 nm cortesponds to the
donor enussion and the peak at
475 nm to the acceptor emission,
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for the donor and the acceptor were 360/378 nmn and 475 nm. 1espectively Fluiam
alone also fluoresced 1f excited at 337 nm, 1e at the donor excitation wavelength,
but less than in the piesence of the donor BMI The addition of an 1ouic deteirgent
(SDS) solubilized the membiane and destroyed the tiansfer efficiency culimimating
n an inci1ease of the donor and a deciease of the acceptor fluorescence The digestion
of the external membrane pioteins by chymotiypsin led to similar 1esults

The above tiends are typical for RET experiments on membiane bound donor/
acceptor paus In the case of the erythiocyte membrane the binding site of exter-
nally added SH-reagents like BMI 15 attributed to the band3 protemn, which 18 the
major membiane spanning piotem (Cabantchik et al 1978)" The second major

Y The protemns of erythiocyte membianes are numbered according to the pattern of
gel electiophoresis
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Figure 2. Spectrum ¢ fiom Fig 1 decomposed mto two Lorentzian hines according to

fi " f2
(w—w)?+([1/2)?  (w=w2)2+(T2/2)

Iy =

Experimmental fluorescence intensity Iy in arbitraiy units veisus @ together with the
individual and the sum of the two Lotentz lines For each calculation w was set to 1%@
(with A 1n nm) Results

175 w1 =265 't =040
106 w,=210 TI'>=032

N
f2

(@, I' in umts of 182

with A 1n nm)

membrane spanning protein, glycophotin, does not contamn accessible SH-gioups
and can theiefore be excluded as a binding site for the donor molecules

Since the dono1/acceptor-peaks show an oveilapping 1egion the spectia were
decomposed nto two Lorentz-cutves (Fig 2) using a Marquardt-Levenberg algo-
nthm From these Lorentz-intensities relative quantum yields ¢, = ¢pa/op were
calculated with ¢p4 and ¢p the quantum yields m the presence and tlie absence
of acceptor molecules, 1espectively In Fig 3 these relative quantum yields were
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Figure 3 Relative fluorescence quantum yields ¢, = ¢pa/dp as function of the stor-
chiometiic acceptor concentration c¢o (+) expenimental values (0) maximal values from
the Loientz functions (see Fig 2)

plotted as function of the mitial acceptor concentration ¢ *

Fuither mformation on the system can be achieved fiom time-dependent mea
sutements For that puipose the following set of samples was prepared and mea
suted (excitation at 337 nm, emission at 366 nm, 20°C) a free BMI b BMI
bound to erythiocyte ghosts ¢ sample b after 12h d BMI bound to exrvthiocyte
ghosts with the acceptor flulam e sample d subsequent to the addition of SDS
and f sample d after adding chymotrypsin Fig 4 shows a typical 1esult of these
measutements together with the decay cuive fitted according to a deconvolution on
the basis of mono exponential fluorescence decay function The 1esidual plot and
the y? value were also mcluded m Fig 4

The binding of BMI to the membrane piotems led to an mciease of the fluo-
rescence hfetime compared with fiee BMI The shght shortening of the fluorescence
hifetume observed after 12 h 15 possibly due to a reanangement of the membrane
constituents The addition of the acceptor molecule 1educed the fluorescence hfe-
time and led to a decrease of the signal to-noise 1atio as a consequence of the
reduced donor fluorescence (see Fig 1) This effect was almost abolished by solubi-
lization of the membiane o1 by enzymatic cleavage of the membrane piotemns The
obtamned fluoiescence hifetunes are summaiized i Table 1 The decay curves of the
pute acceptor could not be adequately measuied at the excitation and emission
wavelengths of 337 nm and 366 nm 1espectively due to the low signal itensities

2 Prom these plots effective acceptor densities can be calculated (Wolber and Hudson
1979) for the case of a two diumensional radiationless cipole dipole interaction (Iorster
mechamsm)
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Figure 4. Time-dependent enussion decay Expenmental R(Z) and calculated R'(f) emuis
sion decays for erythrocyte ghosts labeled with the donor BMI 1n the absence of the
acceptor versus channel number (1 channel cortesponds 1o 00213 ns) together with the
1esidual plot 71(¢) on the basis of mono exponential decav (7 = 113 ns = 095)
T = 20°C excitation 337 nm emussion 366 mn 1 (t) and y? aie defined according to

N
s SN [R(t) - RGP 1 _[R'{t) — R(1)
V=2 i) Nvoao1 W TR

1—1

with the number of data points N and the number of fit-parameters n 1espectively

under these experimental conditions and a 1ather short fluorescence hifetime

The decay cuives of the dono1 fluorescence (sample a b ¢) can reasonably be
fitted by mono-exponential decay functions with \2-values close to 1 1n contrast
to samples wheie both the donor and the acceptor were present (e g sample d)
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Table 1. Average fluorescence lifetimes 7 (ns) calculated on the basis of a mono-exponen-
tial decay function”

Samples 7 (ns)
BMI free 0.97 £ 008
BMI bound to erythrocvte ghosts 1134010
BMI bound to ervthrocvte ghosts after 12 h 107T+005
BMI bound to ervthrocyte ghosts after the addition of

10~* mol/l fluram 0.83+005
BMI bound to erythrocvte ghosts after the addition of

107" mol/1 fluram followed by the addition of chymotrypsim 1 09 £0.05

BMI bound to erythrocyte ghosts after the addition of
107* mol/1 fluram followed by the addition of SDS 099+003

*For systems in the absence of acceptor molecules the yZ-values are between 095 and
1.10. In the presence of acceptor molecules, these values are slightly laiger but do not
exceed 1.25 For chymotrypsin and SDS studies three experiments and for all other cases
six mdependent measurements were averaged, respectivelv

Table 2. Results of time-dependent fluorescence measurements with a deconvolution
based on the Forster-kinetics with different dimensions (lifetime 7 = 1 13 ns (pne donor))
\? - values and 4 (according to eq. (2))

\ 7
Mono-exponential fit 125 -
Three dimensions 3 = 1/2 117 079
Two dimensions /3 = /3 105 {23

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

F(t) = Aexp[~t/7 ~ 5 (t/7)"] (2)
with an amplitude factor A. 7 is the fluorescence lifetime of the pure donor, and
3 = D/6 for weak dipole-dipole interaction with D being the dimension of the
system in question. vy is a constant factor determined by Ry, 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 y2-values. From these fits information concerning
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the dimension (parameter 3) of the energy tiansfer and the surface concentration ¢
1s available For the two-dimensional case (3 = 2/6), which seems most appropriate,
v 18 given by (Wolber and Hudson 1979)

v 425R; ¢ (3)

Ry = 2 nm was sepatately detetmined from measutements of the mtiamolecu-
lar energy tiansfer between BMI and fluiam For that puipose, small peptides with
BMI and fluiam coupled to the end groups had been synthesized and characterzed
by RET methods (Hof 1990) On the basis of Rg = 2 nm and a y-value of 1 23 one

calculates the two-dimensional density of acceptor molecules to be 0 072 nm™?

Discussion

The above 1esults 1eveal that RET measurements yield valuable infoimation con-
cerning the donor-acceptol mteractions on membianeous systems The donor BMI,
added exteinally, 1s predommantly coupled to SH-1esidues of cysteines hrom the
band3 piotemns Band3 protein 1s the major membiane spanning protein with SH-
residues accessible fiom the exteinal side The acceptor fluzam binds to NH,-
groups, and only the bound form contiibutes to the fluoiescence emission The
exact concentrations of both the donor and the acceptor on the membrane can-
not be obtamed fiom standard UV/VIS absoiption and enussion measurements
because contiibutions from the atomatic amino acids and fiom the hight scattering
of the erythiocyte ghosts cannot be excluded

On the basis of the above stationary and time dependent measuiements an
estimate of the acceptor surface concentiation 1s possible The effective two-di-
mensional density of acceptors 1s 0 072 nm™2 If the acceptor was homogenecously
distributed over the membrane swiface of 90 x 10° nm?, 6 5 x 10® binding sites per
membhiane suiface would be calculated For band3 protein the number of copies
per 1ed blood cell are 1n the oider of one mullion copies per cell (Steck 1974) The
calculated number of effective acceptor binding sites 1s 1 the oider of the band3
protein copies However, this figure overestimates the number of band3 proteins as
they must shaie the membiane surface with lipid molecules and other proteins like
glycophorins Fuither, even if not all 6 SH-gioups on & single band3 piotem are
accessible, the stoichiometiic labeling could be 1n excess of 1 1 (for purified band3
Rao et al (1979) 1eported numbers between 1 4-2 BMI per band3 molecule) Both
aiguments emphasize that the number of band3 protems per 1ed blood cell calcu
lated on the basis of the above two-dimensional Forster-kmetics must be considered
as an upper limit “Effective” under the piresent conditions refers to “taking part
m the 1adiationless energy transfer fiom donor to acceptor’ As the RET efficiency
1eflects the donor-acceptor distance, acceptor binding sites different from band3
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protemn (e g glycophorin) aie not counted by the method employed Solubilization
of the membiane by detergents o1 cleavage of the membiane protemns into fragments
increase the DA distances in paiallel with a deciease of the RET efficiency

Previously BMI has been used to map the distance fiom the BMI binding <ite
to the binding <ite of stilbene denvatives which ate known as specific mhibitors
of the anion-exchange of the functional band3 umts (Cabantchik et al 1978) Ry
values atound 29 nm for the BMI stilbene system and hfetimes (7 = 0 88 and
0 70 ns at 23°C 1n the absence and the presence ot the stilbene-denvatives 1espec
tively) have been determined (Rao et al 1979) Though these 7 values are shightly
shorter they are consistent with our values from Table 1 Ow data further 1eveal
that the binding of BMI to the membiane mcieases the fluorescence hifetime while
subsequent addition of the acceptor feads to a life time 1eduction The BMI-fluram
svstem has the obvious advantage of an easy handhng devoid of complex 1eaction
conditions The small overlapping of the donor and acceptor emission can be tol-
etated For quantitative puiposes, however 1t seems 1easonable to decompose the
1ecorded fluorescence spectra mto two Lorentzians

Fo1 mono-exponential decay of the donor fluoiescence like 1n the present case
for BMI bound to piotems on erythiocytes additional progress i terms of stiuc-
tural information 1s possible In the piesent case the Forster kinetics in thiee and
two dimensions weie nplanted m the deconvolution procedure and Table 2 mdi-
cates that the computational fit 15 better for two than for thiee dimensions This
1esult seems 1easonable for dounor/acceptor pans located on membiane suifaces
However 1t seems prematuie at the present stage to mclude farthar 1eaching con-
cepts in the data analysis

Microscopic observations revealed violet/blue fluotescence fiom the labeled
erythiocyte ghosts Most of the ghosts ate of discoid shape with munot echmocyte
contuibutions Thete 1s 10 chiange 1 shape of the ghosts by going from BMI/fluram
labels discussed here to other RET pauts or fluorophoies like 6 (7-mtiobens 2-oxa 1
3-diazol-4-yl)aminohexan acid/thodamne o1 fluotescen

Conclusion

The donoi/acceptor pair desciibed 1s suited for 1esonance energy tiansfer studies
on membianeous systems Both the donor and the acceptor cany coupling groups
for the labeling of accessible SH- o1 NH;-1cc1dues of membirane protemns The la-
beling 1s perfoimed by adding the donor/acceptor molecules to aqueous solution
containing the cells o1 membianes to be studied No sepairating step removing the
umeacted acceptol 1s necessary since the unieacted acceptor molecules are hydro-
lysed to non fluorescent products In the present case the fluotescence encigy tians-
fer can appiopuiately be desciibed by a two-dunensional Forster-kinetics allowing
the calculation of the acceptor density in the proxunity of the donor molecules
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