Lateral Diffusion in Planar Lipid Bilayers

Abstract. Direct measurements by fluorescence correlation spectroscopy of lateral
diffusion coefficients of fluorescent lipid analogs in lipid bilayer membranes indicate
self-diffusion coefficients D = 1077 square centimeters per second for various lipid
systems above their reported transition temperatures. Cholesterol in egg lecithin at
mole ratio of 1 : 2 reduces D by about twofold, while retained hydrocarbon solvent

can increase it by two- to threefold.

The fluidity of lipid molecular bilayer
membranes is well established (/) and
has become a prominent feature of cell
membrane models (2). We have now
measured lateral diffusion in planar lipid
bilayer membranes (BLM’s) for the first
time and have obtained values of the dif-
fusion coefficients (D) of two lipid
probes. We have appraised the effects of
cholesterol, residual solvent, temper-
ature, and the possibility of convective
transport.

Lateral diffusion coefficients in small
phospholipid bilayer vesicles and liquid
crystal multilayers have been estimated
from energy exchange interactions by nu-
clear magnetic resonance (NMR) (3-5),
electron spin resonance (ESR) (6), and
fluorescence (7). Reported values of D
range upward from 107® cm?¥sec (/).
However, model assumptions, effects of
high label concentration, membrane cur-
vature, and multilayer interactions limit
comparisons with these data. Briilet and
McConnell ) and Kroon et al. (5) have
analyzed the problems of deriving lateral
diffusion coefficients from NMR line
shapes. Measurements of the lateral
transport of proteins, receptors for anti-
bodies and lectins, and a lipid probe on
cell surfaces confirm the fluidity of cell
membranes and invite comparison with
lipid bilayer diffusion measurements (/,
8-10).

We have applied fluorescence correla-
tion spectroscopy (FCS) (/1) to BLM
systems. This technique analyzes the sto-
chastic temporal fluctuations around
equilibrium of the number of fluorescent
molecules within a small volume defined
by a focused laser beam. The character-
istic time dependence of the number fluc-
tuations provides a measure of the diffu-
sion coefficient, D. Our fluorescent
probes were 3,3’-dioctadecylindocarbo-
cyanine iodide (dil) (12), which has two
18-carbon fatty acid tails, and rhoda-
mine-labeled  dipalmitoylphosphatidyl-
ethanolamine (DPPE-Rh). Because of
their structure and amphipathic nature,
these probes should diffuse in the BLM’s
very much like their constituent phos-
pholipids.

We have studied lipid BLM’s formed
by both the Mueller-Rudin (MR) tech-
nique (/3), and the Montal-Mueller
(MM) technique (/4) as discussed by
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White et al. (I15). The MR membranes
are formed by partition from an excess of
alkane solvent (hexane, octane, or hex-
adecane), while the MM membranes are
formed by uniting layers spread on a wa-
ter surface after solvent evaporation. We
estimated solvent retention in the mem-
branes by measurements of specific
membrane capacitance (/6). For diffu-
sion measurements, stable membranes
of both types are formed on electron mi-
croscope grids of 100 or 200 mesh in a
buffer of pH 7.0 (0.1M KH,PO, and
0.0058M NaOH). The materials were all
of the highest certified purity: n-alkane
solvents were obtained from Fisher Sci-
entific Co.; egg phosphatidylcholine
(EPC), dipalmitoyl-PC (DPPC), and
glycerol monooleate (GMO) were ob-
tained from Applied Science Laborato-
ries, Inc.; and 7-dehydrocholesterol was
obtained from Sigma Chemical Co. The
lipids were assayed for purity (> 98 per-
cent) by thin-layer chromatography and
were usually used without further purifi-
cation.

Fluorescence was excited by an atten-
uated 520.8-nm krypton laser line
(~ 107% watt) focused on the membrane
through the vertical illuminator of a fluo-
rescence microscope to a spot of radi-
al gaussian intensity profile I(r) =
Iexp(=2r*w?;w = 1.2 um. The excited
fluorescence was collected through the
microscope optics, filtered, detected by
photon counting, corrected for laser fluc-
tuations, and processed on line by a
PDP-11 computer to calculate the nor-
malized photocount correlation function,
g(@) U7).

Fluctuations of fluorophore concentra-
tion from equilibrium (8¢) evolve in ac-
cord with the diffusion equation 98¢/
ot = DV?8cin two dimensions (/8) lead-
ing to

g(r) = [<n(O)n(t+7)> — <n()>2)
<n(®)>* = [<N>(1+7/7)]™

where n(¢) is the number of photocounts
in an interval at time ¢; the angular brack-
ets signify long-time average; <N> is
the effective average number of fluoro-
phore molecules within the laser beam
(I1). Here 7, = w¥4D is the character-
istic correlation time for diffusion over a
distance w. Notice that a linear fit of
[g(m)] ' as a function of 7 yields intercept

<N>and slope <N>/r.. Inthese experi-
ments <N> ~ 2 X 10? (see Fig. ).

To evaluate effects of driven flow pro-
cesses, such as convection, we analyzed
our correlation function data (/1, 19)
with respect to shape and to scaling with
beam size, and we found no evidence of
nondiffusive transport. Moreover, visual
observations of the motion of individual
fluorescent membrane inclusions also ex-
cluded convective flow. The laser power
absorbed by the bilayers was < 1071°
watt; local heating and fluorophore
bleaching were thus negligible. Temper-
atures were determined to + 0.2°C by a
thermocouple immersed adjacent to the
membrane.

Our results are summarized in Table 1.
Probe concentration effects should be
negligible at our probe levels, ~ 5 x 10~
mole fraction. The reported diffusion
coefficients should approximate self-dif-
fusion coefficients of the phospholipids
in these membranes. The corresponding
diffusion coefficients of dil and DPPE-Rh
differ only slightly with DPPE-Rh diffus-
ing about 1.5 times faster.

We have measured the effects on D of
solvent retention (20) by comparing
membranes with various solvent con-
tent (Fig. 1). Specific membrane capaci-
tance increases as membrane thickness
and, presumably, solvent content de-
crease (/6). We have found that elimina-
tion of solvent from phospholipid mem-
branes either by forming them with the
MM technique or by using hexadecane
as the solvent in the MR technique re-
duced the diffusion constant by about
twofold and increased the membrane ca-
pacitance to the value expected for
solvent-free phospholipid bilayers. Data
thought to be perturbed by solvent ef-
fects are identified in Table 1 by paren-
theses. The capacitances of our GMO
membranes (formed either by the MM
technique or by the MR technique from
long-chain hydrocarbon solvent) suggest
that they are also nearly free of solvent
(15). Furthermore, the measured ampli-
tudes of the correlation functions
G(0) = < N >"! show that the number
density of diffusing objects equals the ex-
pected concentration of individual fluoro-
phore molecules in membranes formed
by the MM technique or from hex-
adecane solvent by the MR technique.
Thus, contributions to diffusion by
fluorophore clusters or microlenses seem
to be excluded. In membranes formed
from short-chain alkanes, observed val-
ues of <N> were typically one-fourth to
one-half the expected values.

The addition of cholesterol to EPC re-
duces the probe diffusion coefficient by
about twofold at a 1 : 2 mole ratio, but
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we found little or no effect ata 1 : 1 mole
ratio. However, our compositions are un-
certain because variable partition of cho-
lesterol, phospholipid, and residual
solvent cannot be excluded. There is evi-
dence that cholesterol complexes with
EPC around a mole ratioof 1 : 2to I : 1
@n. :

Only weak temperature dependence of
the diffusion coefficients (dD/AT <2 X
107 cm?sec °C) has been observed over
the range of 50° to 35°C in those EPC and
ECP + C bilayers that were free of
solvent effects. Larger effects appeared
dD/AT ~ 7 x 107 cm¥sec °C) in those
EPC systems affected by retained
solvents. The dil diffusion in pure DPPC
is slightly slower at 47°C, above the ex-

pected hydrocarbon tail ordering temper-
ature, than in EPC at 25°C. Solvent ef-
fects are comparable in these two phos-
pholipids.

Our results in these membranes are re-
markably independent of membrane
composition and temperature. Over the

"entire range of composition the diffusion
coefficients for solvent-free membranes
vary by less than a factor of 3. Thus,
pending measurements on extracted
membrane phospholipids, we might ex-
pect uninhibited diffusion of our lipid an-
alog and labeled lipids in cells to occur
with D = 1077 cm?sec. Schlessinger et
al. (9, 10) have found D(dil) = 1078 cm¥
sec in rat myoblasts, a difference yet to
be resolved. We anticipate useful appli-

<N>g(T)

0Ob—l—t 1 uor v

.
93.0
7 (msec)

7 (msec)

Fig. 1. Correlation function and its reciprocal for several lipid bilayer membranes (a) N g(7) and
(b) [N g(m)]~* versus 7 for (0) EPC, MM technique and (A) EPC, MR technique with octane
solvent. The points are experimental data and the smooth curves are least squares fits. The
slopes in (b) are proportional to the diffusion coefficients.

Table 1. Diffusion coefficients of lipid membrane preparations formed by the Montal-Mueller

(MM) and Mueller-Rudin (MR) techniques.

Specific
Membrape Probe « 107D * Ysec) Tem?jecr;l ture capacitance
preparation ( cm?/sec (uf/cm?)
Glycerol monooleate (GMO)

MM dil 24 +02 24.5 0.57 = 0.04
MR, hexadecanet dil 2.2 24.0 0.52 = 0.03
Egg phosphatidylcholine
MM dil 1.7 £ 0.2 26.0 0.62 = 0.04
MR, hexadecane dil 1.8 24.2 0.61 = 0.02
MR, octane dil 4.4 24.2 0.40 = 0.03
MM DPPE-Rh 2.4 24.0

Egg phosphatidylcholine : cholesterol (2 : 1)
MM dil 1.0 £ 0.1 24.0
MR, hexadecane dil 1.0 +0.2 24.0
MR, hexane dil (4.0)% 24.0
(1.8)§
MM DPPE-Rh 1.6 24.0
Egg phosphatidylcholine : cholesterol (1 : 1)
MR, hexadecane dil 1.6 = 0.2 24.0
Dipalmitoylphosphatidylcholine
MM dil 1.1 £0.3 47.0
MR, hexane dil 2.8 = 0.6) 48.0

*Relative uncertainty in D is less than 20 percent unless otherwise stated; the uncertainty of absolute values
is 40 percent. Parentheses indicate data affected by retained solvent.
(of 0.4 GMO and 0.6 mole fraction of hexadecane) by the MM technique.

mg of lipid per milliliter of hexane.
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tGenerated as a mixed monolayer
+Forming solution contained 2.5
§Forming solution contained 10 mg of lipid per milliliter of hexane.

cations of direct lateral transport mea-
surements on both planar lipid bilayers
and cells now that these measurements
are tractable.
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