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The diffusion-dependent formation of pyrene excimers {excited dimers) was studied in normat and splerocytic red
cell membranes. Pyrene ¢mission was alternatively quenched in cither bilayer half by non radiative energy transfer
to haemoglobin. Pyrene excimer to monomer fluerescence intensity ratio, I’ /1, was 0.35 + 0.03 (S.E.) in washed red
blcod celis obtained from normal donors (#=8) and 045+ 003 (n=13) in the correspondimg isolated,
haemoglobin-free resealed membranes (P < 0.02). In the sphierocytic condition the respective values were 0.28 + 0.01
(n=9) and 0.53 + 0.03 (n =9), P <0.00L. In ccntrast to the decrease of I’ /1 in red cells as compared to isolated
membranes, being 22% in normal cells and 47% in spherocytic uies, haemogiohin added to the exofacial side of
isolated membranes, respectively, reduced I’ /7 by 18% and 5%. In normal red ce!l membranes, pyrene mobility
appears to be higher in the inner monolayer than in the outer one. In spherocytic menihranes our reswits indicate
an enhanced transmembrane asymmetry in lipid monolayer fluidity, probably due to a defect of the membrane

protein skeletor organization.

Intreduction

In human erythrocytes [1-3), and presumably also in
other cells [3-5], the inner and the outer halves of the
plasma membrane differ in their protein and lipid
composition. Membrane transverse asymmetry also
refers to mobility of membrane components [6-10].

Lipid matrix fluidity, a physiologically most promi-
nent feature of biological membranes combines ciffer-
ent types of motional freedom whithin the lipid matrix.
The enhanced mobility of fatty acid chain ends, as
compared to that of phospholipid headgroups, irapli-
cates a nuaximum of fluidity at the midplane of the

Abbreviations; RBC, red blood cells; HS, hereditary spherocytosis;
Py, pyrene; I, Py excimer (excited dimer) fluorescence intensity
maximum; /., Py monomer fluorescence intensity maximum; Hb,
haemoglobin.

Correspondence: C.P. Sotomayor, Instituto de Quimica, Universidad
Catdlica de Valpasaiso, Casilla 4059, Valgaraiso, Chile.

bilayer [11]. Rotational mobility of membrane compo-
nents, on the other hand, does not necessarily correlate
with their lateral diffusion [12].

Membrane lipid content and distribution appear to
be controlled by proteins, particularly aminophospho-
lipid translocases [13] and by the protein skeleton
beneath the red blood cell membrane (RBC) [14-16],
In normal RBC membranes depleted of spectrin and
protein 4.1, an increase in transmembrane phospho-
lipid movement has been described [14,17].

Genetically defective interactions between compo-
nents of the membrane protein skeleton [18,19] and
between the latter and the lipid bilayer [20] seem to
constitute the molecular basis of hereditary spherocy-
tosis (*IS). The mobile fraction of labelled phos-
phatidylethanolamine (PE) localized in the internal
monolayer was found by Rimon ¢t al. [6] to be signifi-
cantly diminished at low temperature in HS as com-
pared to normal membranes. This was attributed to the
abscence of a stabilizing effect of the membrane pro-
tein skeleton against structural rearrangement. In its
natural, nonfluorescent form, PE is mostly constrained
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to the inner monolayer of the red cell membranc 3]
The localization of exogenously applied labelied PE
can, however, not fully be defined under the conditions
used by Rimon ct al. {6].

On the other hand. Williamson et al. {15] reported
external monolayer to be loss fluid than the internal
onc, both in the normal and in the spherocytic RBC as
long as humans arc considercd. Whether correspond-
ing fluidity differences between both leaflets are morc
distinct in onc or the other casce cannot be resolved by
the method uscd by these authors [15]

Lateral diffusion of fluorescent lipid analogues. as
measured by photobleaching recovery in the meimbrane
of intact RBC does not appear to be perturbed by
specirin depletion [21]. Assessment of lateral mobility
by fluorescence photobleaching recovery. however,
considers diffusion lengths in the order of um [22].
Depending on the diffusion lengths considered, lateral
mobility within the lipid matrix may be obstructed by
integral proteins {221 In a shorter rznge (nm), lipid
matrix fluidity can be measured on the basis of diffu-
sion-limited excimer formation [22-24]. Intramem-
brane fluidity distribution was correspondingly studicd,
in the present work on the basis of the diffusion
dependent formation of excimers by pyrene (Py). This
small hydrophobic probe distributes rather uniformly
in the membrane lipid matrix [23). Non radiative en-
ergy traasfer from Py to heme acceptors localized on
cither side of the membrane cvidenced that in HS
membrancs, as compared to norma? ones, the fluidity
difference beiween the inner snd the cuter monolayer
is enhanced.

This work has been presenied to a joint meeting of
the Decutsche Physioiogische Gessellschaft and the
Physiologica! Socicty [25).

Materials and Methods

Enythrocyte membranes. Venets biood samples were
obtained from healthy donors and splencctomized HS
paticnts. RBC were separated from the heparinized
ssmples by usval centrifugation and washing proce-
dures. Isolated reseated RBC membranes and isolated
unscaled RBC membranes were, respectively, prepared
according 1o Bjerrum [26] and to Dodge [27).

Cholesterol and phospholipid content of RBC mem-
branes was determined by spectrophotometric tech-
niques {27.29). Cholesterol / phospholipid ratio was
0997 + 0.117 (#r = 4) and 0,983 £ 0.102 (# = 7) jor HS
and normal RBC, respectively. Morcover, no difier-
ence was found between the phospholipid pattern of
normal and HS RBC as studied by two-dimension
thin-fayer chromatography. The percentage of faity
acid methyl ester as determined by gas chromatog-
raphy, was also similar in both cases (unpublished
results).

rrobe ifiicciporaiion. Py obtained from Sigma was
purificd by sublimation and dissolved in cthanol (10~3
mol /1), before being added to RBC (hematocrit 3%) or
RBC membranes (protein concentration (.25 mg/ml)
suspended in phoshate buffered saline. Final Py and
cthanol concentrations were respectively 10~ mol/1
and 1% (v/v). In paired experiments RBC and RBC
membranes suspensions were concomitantly incubated
with the probe for 18 h (4°C), while being gently
shaken. Stirring was avoided. The haemolysis occurring
during the incubation, expressed as per cent of total
hacmogiobin, was 0.1% and 3.0% for normal and HS
RBC, respectively. Py microaggregates were removed
cither by osmotically coupled sedimentation [30] or by
double centrifugation. All chemicals were of spectro-
scopic or analytical grade guality.

Fluorescence measurements. Py molecules in excited
statc can react, within their life-time, with the same
probe molecules present in the ground state, thus,
lead:ng to diffusion-controlled excited dimer (excimer)
formation. Excimers exhibit an unstructured fluores-
cence band shifted to the red with respect to the
monomer band. Diffusion controiled rate of Py eicimer
formation, as mecasured through the cxcimei to
monomer fluorescence intensity ratio I’/1, expresses
translational mobility of the probe in a given medium
[22-24,31,32]. Fluorcscence spectra were recorded on a
Spex Fluorolog spectroflysorometer with front face ex-
citation capabiiitv or on an 1.8.S. GREG 200, spectro-
fluorometer both provided with photon counting clec-
tronics and therriostated sample holder. All spectra
were recorded at 25°C. Excitation wavelength was 335
nm. Fluorescence intensities were evaluated at 375 nm
for { and at 475 nm for I’. Values were corrected for
contribution of monomer emission at excimer maxi-
mum and cxcimer emission at monomer maximum.
Control suspensions without probe were uscd to cor-
rect background light scattering. Absorption spectra
were recorded on a Cary Varian 219 spectrophotom-
eter.

Energy transfer experimenis. Py fluorescence may be
quenched, due to the presence of Hb, by trivial encrgy
transfer or by resonance energy transfer. For examin-
ing the influcnce of trivial energy transfer on the 1'/1
ratio Py spectra of resealed RBC membranes were
recorded in the presence of RBC separately interca-
lated in the emission path, a double-compartment cu-
vette being used for this purpose. Py fluorescence
cmission of these membrancs (excited at 90°) was thus
measured after passing through a suspension of unla-
belled RBC.

Resonance cnergy transfer from Py within lipid ma-
trix to haemoglobin (Hb} fecalized at the inner side of
the membrane was examined by relating Py fluores-
cence intensity of RBC to that of isolated RBC mem-
branes, Considering the Forster distance (R,,) for the



Py-Hb donor-acceptor system being abont 4.3 nm [22],
it is possible to assume that resonance encrgy transfer
from Py in the lipid matrix to cytosolic Hb will prefer-
ently quenche the fluorescence originating from the
probe localized within the inner half of the hilayer,
Correspondingly, Py fluorescence originating in the
outer half of the membranc shouid preferently be
quenched by resonance cnergy transfer when Hb is
added to a suspension of Py-labelled isolated rescaled
RBC mcmbranes. Addition of Hb to Py-labelied un-
sealed membrancs, on the other hand, provides a modet
for quenching Py fluorescence from both sides of the
membrane. Control experiments (n =2) were per-
formed for studying the difference in the interaction of
Hb with sealed and unscaled membranes during these
measuremernts. When membranes were exposed to Hb
(3.5 mg/ml in saline buffer) at 25°C for 30 min, the
increment in thc membranc Hb content expressed as
Hb/ membrane proteins (w/w), was 1.5- and 20.7-1imes
in scaled and unscaled membrancs, respectively.
‘Wash-out’ curves of Hb of these membranes were
followed for 60 minutes. Hb concentration in the corre-
sponding supernatant decrecased in the case of un-
scaled RBC membranes and remained constant in that
of resealed RBC membranes.

Estimation of energy transfer efficiency. Non radia-
tive, resonance energy transfer is dependent on the
distance between donors and acceptors as well as ac-
ceptor concentration for a given donor concentration,
Defining & as the donor decay rate in the absence of
acceptors and R, the Forster distance, as the separa-
tion at which the rate of resonance energy transfer
equals the donor decay rate k, the inverse sixth power
dependence of the energy transfer rate, &, on the
donor acceptor separation R can be expressed as

kr=k(R,/R) )
while the cfficiency of transfer is defined by

2)

T=ky/thrtk) {

Estimation of the efficicncy of the energy transfer from
Py to Hb, in terms of distance and concentration of
acceptors, was done using a semi-empirical model pro-
posed by Eisinger and Flores [33). The acceptors heme
groups are assumed to be uniformly and continuosty
distributed in a semi infinite continuum space beyond
the membranc interface. Donor-acceptor and donor-
interface distances R and d, respectively, are ex-
pressed in terms of R, r=R/R, and x =d /R, and
acceptor density p as the number of heme in a volume
of magnitude R, The analytical expression for reso-
nance energy transfer obtained with this model is

T=mp/(mp+6x) 3
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which is an expression of the dep-ndence of the cffi-
ciency, T, on the dimensionless acceptor concent - ation
p and x, the separation between donors and the
boundary ptane of the acceptors continuum. The frac-
tion of light cmitted by Py embedded in cach leaflet of
the bilayer was estimated from the integral of (1 = T)
evaluated between the limits of x of cach leaflet (0 to
0.5 for the inner leaflet and 0.5 to 1.0 for the outer
one) and normadized to the total cmission of the whole
bilayer as unity, In this evaluatior the value of 4.3 nm
was used for of R, 122]. For intact RBC a value of .98
was uscd for p, considering the cytosol Hb concentra-
tion being 34 g/di. When Hb was added to a suspen-
sion of Py labcHed membranes, at 0.21 g/dl, the corre-
sponding p value of 0006 was used. For statistical
evafuation the Kruskal-Wallis ranking sum test was
used.

Results

At a comparable amount of membranes, Py fluores-
cence of RBC appears to be quenched with respect to
that of rescaled RBC (Fig. 1) and unscaled mem-
branes. Py monomer fluorescence band overlaps with
thc Soret absorption band of Hb heme group. Py
fluorescence in RBC may, thus, be quenched both by
long range resonance cnergy transfer from lipid matrix
Py to cytosolic heme group and also by trivial energy
transfer. Fig. 2 shows Py fluorescence of isolatzd re-
scaled RBC membranes when unlabellcd RBC were
separately intercalated in the optical path, a condition
where only trivial encrgy transfer can occur, Note the
increase of 1'/1 under this condition. In RBC, on the
contrary, '/l appears to be lower than in isofated

Relotive Intensity

:.::o ) %A 600
Yavetangth A (nm)
Fig. 1. Fluorescence spectium, with front face excitation, of Py in
1IRM { }and RBC (----- ). The latter curve is shown ampli-
fied (23,4 ). 1 correspond to monomer and 1’ to excimer maxima.
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Fig. 2. Fluorescence spectrum, with right angle excitation, of Py in

IRM ( —). Effect of Hb (RBC) when only trivial encrgy transfer

is possibibe. Initial conditions (a) and the effect of separately interca-

lating an increasing amount of RBC in the optical path {b and c). For

comparison the spectrum, with froui face excitation, of Py in RBC is
included (d). (-« - - - - ).

TABLE 1

Excimer to monomer fliorescence imtensity ratios of pyrene in normual
and hereditary sphereeviosis envtlrocvie membranes

Normal (N) and hereditary spherocytosis (HS) red blood cells (RBCL
isolated rescaled membranes (IRM) and isolated unscaled mem-
oruncs (JUM) were labelled with pyrene as described under Materi-
als and Methods. Fluorescence intensity of pyrene excimer (/) und
monomer (7) were determined at 475 nm and 375 nm, respectively.
at 25°C. Data represent mean values + S.E. for o samples

Sample H i/l
Normal
RBC (8) 0.35+0.03
IRM {3 (.45 + 003
UM (R) 0374005
s
RBC (1] 0.28+0.01
1IRM m 0531003
1UM (G 0.39+£0.04

N RBC vs. N IRM: £ <1.02; HS RBC vs. HS IRM: P <O0M: N
RBC vs. HS RBC: P < 0.04; N IRM ws. HS IRM. P < (0.0,

TABLE 11

Percentages by which pyrene excimer to monomer intensity ratio changes
upon the presence of hemoglobin ar cither side of the red cell membrane
Pyrene labelling of normal and hereditary spherocytosis red cell

membranes is as deseribed in Table | Human hemoglobin (Hb) was
added 10 isolated membrangs (final concentrition 2.11 mg/ml)

Presence of hemoglobin N Hs

Irner side (IRM vs. RBC) -2 -47
Outer side URM vs. IRM + i) ~18 -5
Inner side (FUM vs. RBC) -5 - 28

Bath sides (TUM vs, ITUM + Hb) +3 =2

Relative Intensily

- n

400 500 6§00
Wavelength A {am)

Fig. 3. Fluorescence spectrum, with front face excitation of Py in

1RM, Effect of Hb when also res ¢ energy transfer can occur.

Initial condition (a) and Hb (mg/ial) addition (b =019 ¢ =0.32:

d=07xc=14:1=211.

membranes both in the normal as well as in the HS
case (Tables I and II).

Py fluorescence in resealed membranes is quenched
by addition of Hb (Fig. 3). I’/ first increases and then
decreases as the concentration of Hb is progressively
raised (Fig. 3). The I’'/l ratio also increases when
RBC arc lysed at a high hematocrit and subsequently
resealed in the presence of a correspondingly lowered
Hb concentration {unpublished results). The initial in-
crease of 1’71 can be related to trivial energy transfer
(Fig. 2). The subsequent decrcasc of I'/I, as the
concentration of Hb raises, can be attributed to a
resonance energy transfer mediated suppression of Py
fluorescence originating in the outer half of the IRM.
Differences between normal and HS conditions appear
both in 1'/l values (Table 1) and in the variation of
these values upon the presence of Hb (Table 1),

Estimation of the fraction of light emitted by Py
embedded in ¢ach leafiet of intact RBC gave 11% of
the light emitted from the inner leaflet and 89% of the
light emitted from the outer one. The same estimation
for the case when Hb was added to a suspension of Py
labelled rescaled membranes gave 40% of the light
emitted from the outer leaflet and 60% of the light
cmitted from the inner one.

Discussion
Mcembrane related Py fluorescence was quenched by

Hb cither alrcady present in RBC or externally applied
to isolated resealed RBC membranes. Resonance en-



ergy transfer from Py to Hb, allowed to discern be-
tween the fluidity of the inner and the outer side of the
membrane. Transbilayer asymmetry in lipid matrix flu-
idity seems to be enhanced in the HS membrane,
possible as a consequence of a defective protein skele-
ton.

Py fluorescence quenching, occurring in RBC versus
isolated resealed membranes (Fig. 1) or when Hb is
added to Py-loaded resealed membranes (Fig. 3), may
be due to long range energy transfer from Py to heme
group of Hb. The Férster distance (R,), for the Py-Hb
donor acceptor system (4.3 nm), is within the order of
magnitude of the membrane bilayer thickness {22]. In
the intact RBC, resonance cnergy transfer from mem-
brane Py to cytosol Hb, should quench the fluores-
cence generated mainly within the inner half of the
bilayer. Conversely, addition of Hb to resealed RBC
membranes may, thus, quench mainly the fluorescence
originating in the outer half of the membrane. If Py
fluorescence recorded in RBC mainly refers to probe
molecules localized in the outer monolayer of the red
cell membrane, I'// in RBC reflects translational mo-
bility in that leaflet. In fact, estimation done about the
Py to Hb resonance energy transfer efficiency (see
Materials and Methods) allow to assign almost a %%
of the emitted light to the outer leaflet. Information on
the bilayer as a whole may be derived, on the other
hand, from Py fluorescence of resealed membranes in
the abscence of Hb. In contrast to the Hb induced
increase of I'/I in the condition of trivial energy
trar:sfer (Fig. 2), a decrease of the ratio is observed in
RBC as compared to isolated membranes (Table I and
11). Trivial energy transfer not being responsible for
the observed Hb dependent decrease of I'/1 appears,
on the contrary, to mask it. Moreover, when 1-
pyrenedodecanoic acid is used as a probe, a larger
value of I’/[I is observed in normal RBC as compared
to isolated membrancs [34). Being the Py moicty lo-
cated at a given depth of the bilayer, the quenching
due to the resonance energy transfer would not affect
I'/1. The corresponding increase is adscribed only to
the trivial energy transfer, due to the stronger absorp-
tion RBC have at the monomer emission wavelength
range than at the excimer emission range. Thus, in our
experiments where Py is distributed across the mem-
brane matrix, the lower value of I'// observed in RBC
as compared to isolated membranes, can thus be re-
lated to a reduced mobility of unquenched probe
molecules in the outer leaflet as compared to the
whole probe populatin.

Accepting 2 role of resonance energy transfer in
Hb-dependent quenching of Py fluorescence, the lower
value of I'/1 in RBC as compared to rescaled mem-
branes in the normal and in the HS membranes, indi-
cates the mobility of the probe being higher in the
inner leaflet than in the outer one in both conditions,
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(Table 1). The lower value of /°/f in HS RBC thin in
normal celis, indicates a lower fluidity of the outer
monciayer in the former than in the latter condition.
Above mentioned differences and the higher 17 /1 value
of the HS rescaled membranes indicate a higher fuid-
ity of the inner leaflet of the HS membraae. Conse-
quently the fluidity asymmetry of HS cell membranes
appears to be enhanced.

Addition of Hb to resealed membranes also lowers
1'/I both in the normal and in the HS membranes.
The differences in the fraction of light emitted from
both monolayers (60% from the inner leaflet and 40%
from the outer one) are not so big however as in RBC,
where Hb is present at higher concentration ncar the
inner leaflet. This effect may be an expression of the
fluidity being highest at the midplanc of the bilayer
[11). By addition of Hb the HS membrane showed the
lowest decrease (Table 11). This is in accordance with
the enhancement of the asymmetry in the transbilayer
fluidity of the HS membrane. Py fluorescence should
also be examined when Hb is added to RBC. However,
the already low Py fluorescence intensity in RBC is
quenched down to the limit of measurement.

Although the amounrt of resealed membranes ob-
tained by the Bjerrum method has not been quantified
in the present work, a different intcraction of Hb with
resealed and unsealed isolaied membranes under these
experimental conditions was observed; mcre Hb ap-
pears to be trapped in unsealed membranes than in
resecaled membranes (see Materials and Methods). Re-
sealed membranes show a quite distinct response to
Hb addition as compured to unsealed membranes (Ta-
ble 11}. Isolated resealed membranes thus seem to be
sealed in a proportion adequate to visualize differences
in I’ /I with respect to RBC. Membrane lipid asymme-
iry [8] an- bilayer configuration {35] can be preserved
during osmotic fysis by the presence of Mg ion, as
should be the case in rescaled membranes prepared by
the Bjerrum method. Transinembrane asymmetry char-
acteristics in resealed membranes, correspondingly may
be comparable to those of RBC. In fact, when un-
scaled membranes are compared with RBC I'/1 actu-
ally decreases in a lesser extent, as compared to re-
sealed membranes (Tabie I, this may be a possible
expression of a reduction of transmembrane asymmetry
in unscaled membranes with respect to RBC. Trans-
membrane asymmetry on the other hand, appears to be
conserved in the Bjerrum preparation, even after the
prolonged incubation pcriod applied in the present
work for probe inclusion. Changes in membrane fluid-
ity may also be the consequence of a lipid loss to which
HS cells appears to be very suceptible in vitro [36).
Such a possibility cannot be excluded in the present
case where lipid losses have not been measured. The
membrane damage occurring during the incubation
with Py, however, could not have been excessive since
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haemolysis under thesec conditions did not exceed 3%
(see Materials and Methods).

Similar as well as contradictory conclusions have
been reported in pravious studies, in relation to trans-
membrane fluidity asymmetry of normal RBC mem-
brane. Severa! authors find the inner monolaver (o be
more fluid than the cuter one [7.8,15). Cogan and
Schachter reported the reverse to be true {9,10]. Dy-
namic propeities of phopholipids may not change inde-
pendently in either monolayer. Tugcther with alter-
ations of the fluidity in onc monolayer, changes in the
other on= could also occur. Accordingly, our data indi-
cate that a higher mobility of lipids in the inner leaflet
implicates a lower one in the outer leaflet (Table I).
Lipid composition [37] and phospholipid distribution
[15] of the RBC membranc do not appear to be grossly
altered in splenectomized HS patients (see also Mate-
rials and Methods).

Spectrin deficience:., possibly occurring as assembly
disorders in the membrane skeleton [38] may affect
intramembrane lipid dynamics. Thus, spectrin/actin
depleted inside-out vesicles prepared from HS cells,
bind less spectrin/ actir: extracted from either normal
or abnormal cells [39). Alterations of protein bands 2.1
and 4.1 may alter the assembly of spectrin into the
membrane skeleton [39] and, thus, disturb the interac-
tion of the latter with intramembrane lipids. Spectrin
depletion, correspondingly, increases rotational move-
ments of phospholipid heads [40]. Deficiences of the
protein skeleton organization, moreover, may increase
the translocation of lysophosphatidylcholine and other
phospholipids [14,17]. Membrane skeleten interaction
with the bilayer thus may influence irtramembrane
lipid dynamics, although not being n:cessarily the
mayor determinant of membrane phosgholipid asym-
metry in haman erythrocytes {41]). Phospholipid asym-
metry, secems in fact primarily be maatained by an
aminophospholipid translocase which may involve an
endofacial protein [42].

The present work indicates an enhanced fluidity
difference between the lipid monolayers of the HS
RBC membranes. This enhanced transmembrane
asymmetry in lipid monolayer fluidity is probably due
to a defect of the membrane protein skeleton.
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