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The lateral fluidity of erythrocyte membranes

Temperature and pressure dependence
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The pressure and temperature dependence of the lateral and rotational fluidity of erythrocyte membranes was investigated by
inserting the excimeric membrane probe 1’-pyrenedodecanoic acid (PDA) into the membranes of intact cells and measuring the probe
excimer formation rate and the steady-state polarization of the monomer at pressures up to 2000 atm (2 kbar). At that pressure the
lateral diffusivity of PDA was found to decrease by a factor of 10 and its emission anisotropy by a factor of 5 at 22° C. At
atmospheric pressure, the local lateral diffusion coefficient of PDA at 2 and 33°C is 1.5 and 4.3x107® cm® s™7, respectively. The
activation energy for probe translation was found to decrease from 6 to 3 kcal M~ in going from atmospheric pressure to 2 kbar,
while the entropy decreased by approx. 15 cal M~! K™, indicating greater lipid order at the high pressure. The experimental data
are consistent with a ‘free-area’ model for the membrane, analogous to the free-volume model for nonassociated liquids. The lateral
diffusivity of PDA was found to be proportional to the free membrane arca and linear extrapolation to zero diffusivity indicates that
at atmospheric pressure, the fractional free area of the erythrocyte membrane is 6%.

1. Introduction

The fluid mosaic model [1] for the basic struc-
ture of membranes implies dynamical characteris-
tics of the molecules which constitute this quasi

two-dimensional, heterogeneous fluid. Membrane.

lipids and proteins diffuse more or less freely in
the plane of the membrane at rates which depend
on the size of the molecules, on their attachment
to other membrane components and on the fluid-
ity of their environment; the last being in turn
dependent on the environment’s lipid composition
and the local cholesterol and protein concentra-
tions.

The fluidity of membranes has been -studied
using a variety of biophysical methods. The mobil-
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ity of membrane polarization probes (e.g., diphen-
ylhexatriene) has often been used to define the
‘rotational fluidity’ of a membrane and the
model-dependent relationships between different
rotational fluidity parameters have been discussed
in a recent review [2]). The ‘lateral fluidity’ of
membranes, including erythrocyte membranes [3],
has usually been measured by photobleaching re-
covery methods, which have a characteristic diffu-
sion distance of the order of 1 um [4]. In the
present study the lateral diffusivity of a membrane
probe 1is derived from the rate of an intermolecu-
lar excited-state reaction (excimer formation)
among the probes. The diffusion length of an
excimeric probe (i.e., one capable of excimer for-
mation) is a function of its diffusivity and the
excited-state lifetime of the monomer and is of the
order of a few nanometers (or lipid-lipid spacings)
for pyrene-containing membrane probes, There-



274 J. Eisinger, S.F. Scarlata / Lateral fluidity of erythrocyte membranes

fore, the present method provides a measure of
short-range (or local) lateral membrane fluidity
[5].

The work reported here explores how variations
in temperature and pressure affect the membrane
fluidity of intact erythrocytes. The use of hydro-
static pressure as a thermodynamic variable makes
it possible to separate changes in molecular pack-
ing from those of thermal energy. Two fluidity
parameters were employed: the first provides a
measure of the local lateral fluidity of the mem-
brane for the excimer formation rate of 1'-
pyrenedodecanoic acid (PDA) in the outer leaflet
of the membrane and the second provides a mea-
sure of the rotational fluidity of the membrane
from a determination of the steady-state emission
polarization of the same probe.

The experimental results for the lateral mobility
of PDA were analyzed by use of the milling-crowd
model [5], in which lipids and probes in the bi-
layer diffuse by performing spatial exchanges with
a randomly chosen neighboring molecule at a
frequency which is directly proportional to the
lateral diffusion coefficient, D. It will be demon-
strated that the pressure dependence of D can be
described by a free-volume model and that this
model provides a satisfactory description of how
molecular packing governs the translational mo-
bility lipids.

2. Materials and methods

Erythrocytes were separated from freshly drawn
blood provided by casual donors and were washed
and suspended in 10 mM phosphate buffer con-
taining 120 mM NaCl and 2.7 mM KC], pH 7.4
(phosphate-buffered saline). PDA (Molecular
Probes, Eugene OR) was dissolved in ethanol (after
wetting with tetrahydrofuran), at a concentration
of about 3 g/1. The exact concentration of the
stock solution was determined spectrophotometri-
cally, using a molar extinction coefficient in
ethanol of 4.0 X 10* cm™' at 342 nm. The cells
were labelled at room temperature by adding mi-
croliter quantities of the stock solution to 2.5 ml
of the cell suspension at a hematocrit of 0.2 while
stirring. This protocol resulted in probe incorpora-

tion of efficiency greater than 95% within 10 min
[6]. Molar probe ratios in the outer leaflet, x, were
calculated using 2.2 X 10® for the number of lipid
molecules, including cholesterol, in the outer leaf-
let of the red cell membrane and 1.15 X 10" for
the number of packed erythrocytes in 1 ml [7].
Samples were prepared at probe ratios ranging
from: 0.001 to 0.25, but only for those with x
greater than 0.02 was the excimer /monomer fluo-
rescence ratio large enough to be measured with
precision, while polarization was measured in
samples with low x, for which excimer formation
was negligible. '

All samples were diluted with phosphate-
buffered saline to a maximum hematocrit of 0.002
and measured in 3-mm cuvettes for temperature
studies at atmospheric pressure, or in a 1 cm
round quartz bottle for high-pressure studies.
High-pressure emission spectra were obtained by
means of a pressure bomb and spectrofluorometer
which have been described previously [8,9]. The
temperature of the sample in the pressure bomb
could be varied by means of a circulating bath. All
spectra were corrected for a small background by
subtracting those recorded for unlabelled cells.
Emission polarization at high pressures was mea-
sured in a photon-counting filter fluorometer and
appropriate corrections were applied for back-
ground and for the depolarization caused by the
flexing of the quartz windows of the pressure
bomb [8]. Steady-state emission spectra at atmo-
spheric pressure and variable temperature were
obtained by means of an SLM 4800 spectrofluo-
rometer (SLM, Urbana, IL), using a 3 mm cuvette
to reduce scattering and absorption within the
sample of erythrocytes [10].

The fundamental anisotropy of PDA, r,, was
determined in a glycerol glass at —40°C using a 3
mm cuvette in a GREG-PC spectrofluorometer
(ISS, Champaign, IL). The fundamental emission
anisotropy upon excitation at 340 nm was 0.126
and 0.136 for the vibrational bands at 379 and 398
nm, respectively, with standard deviations of
+0.003. Since the high-pressure experiments were
performed with an emission filter which passed
both of these wavelengths, we used the intensity-
weighted average value of 7,=0.130 £ 0.006 in
calculating the depolarization factor.
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3. Analysis of experiments
3.1. Lateral fluidity

Excimeric probes like PDA form excited dimers
(excimers), when an excited pyrene moiety (A*)
comes sufficiently close to a ground-state pyrene
(A) to share its excitation energy. At room tem-
perature, the dissociation rate of excimers is small
compared to the excimer de-excitation rate [11]
and one may write the following kinetic equa-
tions:

A* + A K (AA)*

ks Ky
A* M MOA +hry

(AA)* ¥ %E A + oy

where K is the excimer formation rate and ky
and k;, the radiative and nonradiative de-exci-
tation rates of the monomer, with analogous defi-
nitions for the excimer decay rates. The mono-
meric and excimeric quantum yields are defined
by

knm
=-—,— 1
P ky+ky+K (1)
= - . 2
P kg+ky ky+tky+K @

At low probe concentration, K < ky + ky, and
¢ approaches the intrinsic monomer yield, ¢%; =
ka/kav+ ka; and when K> ky + kiy, ¢ ap-
proaches its intrinsic value, ¢} = kg/kg + k. It is
then readily seen from egs. 1 and 2 that at a
concentration, Xx,

Pe(x) _ of -
where
= (e +k4) 7 (4)

is the monomer lifetime and C a constant of order
unity. The excimer formation rate is a function of
the probe concentration, expressed as the
probe/lipid molar ratio, x, as well as of their
lateral diffusivity and can be expressed in terms of

the rate, f, at which probes and lipids change
places, .

K(x)=f/n(x) )

where n(x) is the average number of random
spatial exchanges between probes and lipids, which
leads to the formation of an excimer. n(x) is
therefore a function of pg, the probability of
excimer formation between nearest neighbors, as
well as x. Values of n (pg, x) have been obtained
by means of computer simulations based on the
milling-crowd model [S]. The exchange frequency,
f, is determined by fitting the x dependence of the
monomer Yyields, normalized at low concentra-
tions, to the following equation derived from egs.
1, 4 and 5:

om(x) _ J™ -
o [1+ n(pe, x)]

(6)

In two dimensions the lateral diffusion coeffi-
cient, D, can be expressed in terms of the
frequency at which a probe takes random steps of
length L, the average lipid-lipid spacing in the
membrane [12]:

D=fL?/4 (7

so that from egs. 3, 4 and 7, the excimer/mono-
mer intensity ratio, I'(x) is

¢)E(x) 4CDTM
opm(x) Ln( pg, x)

v for pyrene decreases by about 10% when the
pressure, p, is raised from atmospheric pressure (1
bar) to 2000 bar (2 kbar), both in micelles [13] and
as a solute in toluene [14]. L has an even weaker
dependence on p (cf. fig. 8). Therefore, the pres-
sure dependence of D in terms of the ratio I'(x) is
according to eq. 8, at least approximately,

D(p)/D(1)=I(p)/I'(1) (9)

where I'(1) and D(1) are the values of I'(p) and
D( p) at atmospheric pressure.

More generally, it can be seen from eq. 8§ that if
the membrane probe concentration x remains
constant, the diffusivity at pressure p, and tem-
perature 7, is related to that at p, and 7, by the

=TI(x)= (®)
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following equation

D(py, Th) - I'(py, Th) . (22, )
D(PZ: T'Z) F(Pz’ TZ) TM(ph T'l)

(10)

where the monomer lifetimes on the right-hand
side are determined experimentally under the
stated conditions. Note that eq. 10 is independent
of n(x) and, therefore, of any specific model of
membrane dynamics.

The intensity ratio I is, moreover, considerably
less sensitive to scattering and absorption within
the sample than the fluorescence intensity itself
[15]. This is an important consideration in high-
pressure experiments with erythrocytes, since the
cells in the cuvette settle in the course of the
experiment.

3.2. Rotational fluidity

The relationship between the rotational rate of
an isotropically rotating molecule and the steady-
state polarization of the fluorescence it emits, is
given by the Perrin equation [16]:

{ry=r(L+17/mg) " (11)

Here {r) and r; are the molecule’s steady-state
and fundamental anisotropy, respectively, t the
lifetime of its excited state and 7y its rotational
correlation time. The pyrene moiety of PDA in the
lipid bilayer is, on the other hand, in an aniso-
tropic environment with its rotational mobility
constrained. Under these conditions, the fluoro-
phore’s emission anisotropy does not decay to
zero after a long time (z), as it does for isotropic
rotators, but approaches a limiting value, r,
[17,18]. If the approach to r,, is monoexponential,
it may be represented by

r(t)=(rp—r,) exp(—t/m3) + 7, (12)

By weighting #(¢) with the emission intensity and
integrating,

(ry=(rn—r,)m/(mr+71)+r, (13)

where 7 is the excited-state lifetime [19]. Upon
rearrangement of this equation one obtains

Foo = (1) = (= (r))(1/7) (14)

A complete study of a probe’s rotation clearly
requires the experimental determination of its an-
isotropy decay but the present work reports only
steady-state emission polarization, It is then useful
to write eq. 14 in terms of the steady-state de-
polarization factor, {d) = (r)/r,, and the limit-
ing depolarization factor, d, =1, /ry:

d=(d) = (1= (d))(re/7) (15)

This equation shows how the measured average
depolarization depends both on the limiting de-
polarization and on the rotational rate of the
probe. The interdependence of the latter two
parameters is displayed graphically in fig. 1, in
which the family of lines represent the range of
d,, and 7y /7 values which are consistent with the
experimental (d ) values.

At increasing pressure, the free volume of the
membrane shrinks and d_ increases and ap-
proaches unity, as was indeed observed in several
model systems [20], but a concomitant increase in
Tg Cannot be ruled out on the basis of steady-state
polarization experiments alone.

0.8

0.4

0.2

)
TR/T
Fig. 1. The family of straight lines show the ranges of limiting
depolarization factors, d., and rotational correlation times,
1p, Which are consistent with particular values of the steady-
state depolarization, {d ), according to eq. 14.
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4. Experimental results

Emission spectra of PDA in the membranes of
intact erythrocytes were measured at pressures
from 1 bar to 2 kbar and examples of spectra
normalized, to the peak of the monomer emission
intensity, are shown in fig. 2. Upon returning to
atmospheric pressure the excimer/monomer in-
tensity ratios were found to be reversible and the
erythrocytes were found to be morphologically
unchanged when examined microscopically, with
no evidence of hemolysis.

The pressure dependence of the lateral diffu-
sion coefficient, D, was determined by use of eq. 9
from the excimer/monomer ratios (Ip/I) mea-
sured at 480 and 377 nm for four samples with
probe ratios between 0.01 and 0.25. According to
the milling-crowd model and eq. 8, the product
[Is(x)/Iy(x)In( pg, x) is independent of the
probe ratio. This was found to be the case at all
pressures up to 2 kbar. Since 7 is almost inde-
pendent of pressure [14,15], the variation of D
with pressure was obtained by use of eq. 9 and the
results (averaged over three samples with x =
0.042, 0.13 and 0.25) are shown in fig. 3.

The probe ratio dependence of the normalized
PDA monomer yield, Jy,(x)/J;%, at three temper-
atures is shown in fig. 4 along with curves fitted to
the data according to eq. 6. The fit of the data to

L —[_ T ]7 T | T ] T

1.2 PDA/RBC,20°C 1b ]
1.0

3

~ 08

~

L

- 0.6

>

~

=

o
S

o
o

o]
360 400 440 480 520

WAVELENGTH (nm}

Fig. 2. Uncorrected emission spectra of 1’-pyrenedodecanoic
acid in the membrane of intact erythrocytes at atmospheric
pressure (1 bar, 1b) and at hydrostatic pressures of 1 and 2
kbar (1kb, 2kb). The spectra are normalized to the monomer
peak intensity at 377 nm and were excited at 340 nm.
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Fig. 3. Pressure dependence of the lateral diffusion coefficient
D( p) normalized to its value at atmospheric pressure, D(1), at
22°C.

the theoretical curves is good except in cells with
probe/lipid ratios greater than 0.1, in which the
membrane’s dynamic properties may have been
altered, x,, the probe ratio for which the excimer
production rate equals the monomer decay rate, is
found to be 0.16, 0.13 and 0.12 at 2, 20 and 33°C,
respectively. x, is a good empirical indicator of
local lateral fluidity (see fig. 4).

Absolute values of the diffusivity of PDA may
be calculated from the data of fig. 4 by employing
the milling-crowd model. From the fitted curves
or the corresponding x, values, the exchange
frequency, f, was determined to be 0.9, 1.8 and

Q
Y
|

Iu (X124

PDA/RBC (pg 1)

o2

L ttral 1 T Y O | | 1

0
0002 0.01 0.4 0.4

Fig. 4. Dependence of the normalized monomer yield,

Ju(x)/J*, on the probe ratio, x, measured at three tempera-

tures. The yields are defined by Jy(x) =I(x)/x, with J)%

being the limiting yield at low x and I(x) being the fluores-
cence intensity.,
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Fig. 5. Pressure and temperature dependence of the effective
probe-lipid spatial exchange frequency, f. The values of f were
obtained from computer simulations for n(pg, x) according
to the milling-crowd model with pg, the excimer formation
probability between nearest neighbor probes, taken as unity.
They therefore represent lower limits of f, as explained in the

text.

2.7%10% s~ at 2, 20 and 33°C, respectively, in
good agreement with the jump frequency of ex-
cimeric probes in erythrocyte ghosts and extracted

AH (Kcal/mol)

L 1 1

1 1 1

1
¢] 0.5 1.0 1.5 2.0

p (kb)

Fig. 6. Pressure dependence of the activation energy, 4 H, for
probe translation obtained from the slopes of the Arrhenius
plots shown in fig. 4.

lipids [21]. The average monomer lifetimes at these
temperatures, which are required for solving eq. 6,
were estimated to be 94, 74 and 65 ns from the
relative fluorescence yields at different temper-
atures and the measured 7, at 20° C [5]. By use of
eq. 7 with L = 0.8 nm, the lateral diffusion coeffi-
cient of PDA is found to be 1.5, 2.9 and 4.3 x 103
cm?® s~1 at 2, 20 and 33°C, respectively.

By combining the high-pressure data obtained
at three temperatures (fig. 3) with the atmospheric
pressure diffusivity values obtained above, one
obtains the Arrhenius plots of fig. 5. Their slopes
were used to determine the activation energy, AH,
of the probe-lipid spatial exchange, whose pres-
sure dependence is shown in fig. 6. AH is seen to
decrease from a value of 6 + 1 kcal M~! at atmo-
spheric pressure to 3 + 1 kcal M ™! at 2 kbar.

The entropy change at high pressure is ob-
tained from the intercepts of the Arrhenius plots
with the assumption that the preexponential factor
remains unchanged. In raising the pressure from 1
to 2 kbar, the entropy is found to decrease by 15
cal M™! K™, reflecting greater order of the
probe-lipid system at high pressure,

It is of interest to compare this value to the
entropy change, AS, of the three-dimensional
liquid, upon the application of pressure, Ap. At a
constant temperature,

AS = V,(dV/dT)Ap (16)

where Vyy and dV/dT are the molar volume and
coefficient of volume expansion of the liquid, re-
spectively. For olive oil, d¥/dT is 0.0007 K '
and V¥, about 300 ml M~!; the entropy change
upon the application of 2 kbar is therefore about
10 cal M~ K™,

The rotational mobility of the fluorophore of
PDA was estimated from its steady-state emission
polarization. To avoid complications in analyzing
the data, all polarization experiments employed
samples with probe ratios of 1% or less, for which
excimer production rates are negligible. The pres-
sure dependence of the steady-state anisotropy
measured at three temperatures is shown in fig. 7.
The corresponding values of the steady-state de-
polarization factor, (d), were obtained with r, =
0.130 and are shown in the same figure (cf. section
2).
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Fig. 7. Pressure dependence of the steady-state emission ani-

sotropy of PDA in erythrocyte membranes at three tempera-

tures. The experimental error in {r) is +0.004 and the values
of {d) with ry = 0.130 are shown on the right-hand side.

If the rotational mobility of the pyrene moiety
can be approximated by a single rotational corre-
lation time, one may use eq. 15 and fig. 1 to
interpret the results of fig. 7. For example, the
depolarization at atmospheric pressure and 5°C,
(d) = 0.2, implies that 7g /7 is less than 0.5 (or T3
is less than about 40 ns) and that d_, is less than
0.2 (or r,, is less than 0.26). Quite generally, eq. 14
states that for any particular (), the larger is r,,,
the smaller is the corresponding 7y.

5, Discussion

A reduction in the excimer/monomer ratio of
pyrene with pressure (measured at an undefined
probe concentration), similar in magnitude to that
reported here, has been observed in erythrocyte
ghosts and vesicles made from ghost lipids [22].
The slight change in slope of the pyrene
excimer/monomer ratio with pressure, which was
suggested to represent a phase transition in ghost
membranes [22], may have other causes, although
pressure-induced phase transitions do occur in
homogeneous model systems [23,24]. No evidence
for phase transitions was found in the present
study.

The experiments reported here can be discussed
in terms of a free-volume model which has been
successful for isotropic fluids. From the experi-
mental values of viscosity and specific volume of
many nonassociated liquids measured over a wide
temperature range, Batschinski discovered a sim-
ple relationship between the liquid’s free volume
and its dynamic properties [25,26]. It states that
the fluidity (F), or inverse viscosity, is propor-
tional to its free volume, defined as the difference
between its molar volume (V) and its limiting
volume () which can be identified with the
volume occupied by the molecules themselves (van
der Waals volume).

F=constant(V'—2) - 17)

This study provides an opportunity to test the
applicability of this simple relationship to a mem-
brane, i.e, to a heterogeneous, quasi-two-dimen-
sional liquid.

From the pressure dependence of the diffusiv-
ity of PDA in the erythrocyte membrane (cf. fig.
3) one may derive the dependence of D on the
membrane area by assuming that the compressed
red cell retains its shape while reducing its volume
according to the compressibility (¢) of its cyto-
plasm. At a pressure p, the cell’s volume is there-
fore

v(p)=o(1)(1-cp) (18)

while the area of its membrane at pressure p,
A(p), is
A(p) =AM~ )™’ (19)

where A(1) is the membrane area at p=1 bar.
Here ¢ is the compressibility of the cytoplasm, a
34% hemoglobin solution. Since proteins have a
negligible compressibility [27], ¢ is estimated to be
(0.66)c,,, where ¢, is the (pressure-dependent)
compressibility of water (about 0.04 kbar ') [28].
From eq. 18 and the data of fig. 3 one may the
derive the dependence of D on membrane area,
which is shown in fig. 8. If the linear dependence
of D(p)/D(l) on area is extrapolated to vanish-
ing diffusivity, it may be described by the follow-
ing relationship

D(p) _A(p)—Am
D(1) A1) -4, (20)
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Fig. 8. Dependence of the relative lateral diffusivity of PDA in

the erythrocyte membrane as a function of the relative mem-

brane area of the cell. A linear extrapolation of the data

according to eq. 21 suggest that the fractional free area of the
membrane is approx. 6%.

D( p) = constant| 4( p) — 4, ] (21)

where A, is identified with the total area occupied
by the molecular components of the membrane. It
is the area at which the lateral fluidity of the
membrane vanishes.

The physical meaning of eq. 21 is simply that
lipids in the membrane slide past each other (i.e.,
diffuse) at a rate which is proportional to the
membrane’s free area, i.e., the area not occupied
by membrane molecules. In the limit of high pres-
sures, the free area vanishes and the membrane
resembles a solid with zero fluidity. Our data
suggest that the minimum area of the red cell
membrane at sufficiently high pressures is 4, =
(0.94) A(1), or equivalently, that the membrane’s
fractional free area at atmospheric pressure is
approx. 6%. A lateral membrane compressibility
of this magnitude is consistent with that of phos-
phatidylcholine/cholesterol multilayers, measured
in a neutron diffraction experiment over the same
pressure range [29]. The same study reported a 4%
increase in bilayer thickness, which is though to be
related to greater ordering at high pressure.

The area of human erythrocytes, A(1), is 143
pm? [30] and the number of lipid molecules, in-
cluding cholesterol, in the outer leaflet of the
membrane is estimated to be 2.2 X 108 [7]. If the
membrane proteins are assumed to occupy 30% of
the membrane’s area [31] and are incompressible

[27], the area occupied by a lipid molecule is
approx. 045 nm?, corresponding to an average
separation of 0.67 nm and an average free sep-
aration of 3% or about 0.02 nm.

Because of the intimate connection between the
free area and dynamic properties of the mem-
brane, the determination of the pressure depen-
dence of a membrane’s fluidity provides a useful
method of characterizing cell membranes. At the
highest pressures employed here some cell func-
tions are impaired [32] and erythrocyte ghosts
shed some cytoskeletal proteins [33], but it is seen
that considerably lower pressures, say, tens of
atmospheres, are sufficient to measure the pres-
sure coefficient of the probe’s lateral diffusivity
with accuracy. The initial pressure coefficient of
D, defined as

a=(dD/dp),-1/D(1) (22)

is, according to fig. 3, 0.42 kbar™! for normal
erythrocytes at room temperature.

In summary, the diffusivity of PDA in the red
cell membrane which is an indicator of the mem-
brane’s lateral fluidity was found to decrease by
an order of magnitude at a pressure of 2 kbar.
Over the same pressure range the activation en-
ergy for probe motion decreases by about a factor
of two and the free area of the membrane is
reduced by 6%.

How are these findings related and what dy-
namic model for the membrane is suggested by
them? The drastic reduction in free area shown in
fig. 7 is the reason for the observed increase in
PDA anisotropy (cf. figs. 1 and 6). The loss of free
area hinders the translation of probes and phos-
pholipids in the bilayer and is the reason for the
reduced local diffusivity of the probes. High pres-
sure also leads to an increase of order in the
probe-lipid structure which is reflected in a
lowering in the enthalpy of probe translation and
a decrease in entropy. According to the vacancy
theory of molecular transport, the lateral diffusiv-
ity of a molecule is determined by the rate at
which suitable vacancies are created in the mem-
brane [34]. Our results show that at high pressures,
the vacancies created by thermal motion are on
average smaller, but because the probes and lipids
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are better aligned, the energy barrier to occupying
them is reduced.
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