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Lateral Diffusion in Model Membranes Is Independent of the Size of the
Hydrophobic Region of Molecules

B. J. Balcom* and N. O. Petersen
Chemistry Department, The University of Western Ontario, London, Ontario N6A 5B7, Canada

ABSTRACT We have systematically investigated the probe size and shape dependence of lateral diffusion in model dimyristoyl
phosphatidylcholine membranes. Linear hydrophobic polymers, which differ in length by an order of magnitude, were used to
explore the effect on the lateral diffusion coefficient of hydrodynamic restrictions in the bilayer interior. The polymers employed
are isoprenoid alcohols—citronellol, solanesol, and dolichol. Tracer lateral diffusion coefficients were measured by fluorescence
photobleaching recovery. Despite the large difference in lengths, the nitrobenzoxadiazole labelled alcohols all diffuse at the rate
of lipid self-diffusion (5.0 X 102 m2 s, 29°C) in the liquid crystal phase. Companion measurements in isotropic polymer
solution, in gel phase lipid membranes and with nonpolar fluorescent polyaromatic hydrocarbons, show a marked dependence
of the lateral diffusion coefficient on the probe molecule size. Our results in the liquid crystal phase are in accord with free area
theory which asserts that lateral diffusion in the membrane is restricted by the surface-free area. Probe molecules which are
significantly longer than the host phospholipid, seven times longer in the case of dolichol, are still restricted in their lateral motion
by the surface properties of the bilayer in the liquid crystal phase. Fluorescence quenching experiments indicate that the
nitrobenzoxadiazole label does not reside at the aqueous interface, although it must reside in close proximity according to the

diffusion measurements.

INTRODUCTION

The fluid mosaic model of Singer and Nicolson (1) has em-
phasized the dynamic nature of biological membranes. The
fluid nature of this model means the constituent lipids are free
to diffuse in the plane of the membrane. Experimental ev-
idence accumulated over the last 20 years suggests that lat-
eral diffusion in the bilayer membrane does occur and is
governed by the two-dimensional solution to the diffusion
equation (2-7). The dynamic structure of the phospholipid
bilayer has important implications for its function as a re-
action environment. Many biochemical processes require lat-
eral mobility of membrane proteins to trigger cellular re-
sponses and to form specialized structures at the cell surface.
Receptor clustering (8), ligand-receptor interactions (9), and
conventional chemical reactions (10) have the potential to be
rate-limited by the two-dimensional dynamics of the cell sur-
face. Electron transfer reactions with their low activation
energies are good candidates for diffusion controlled kinet-
ics. Two important redox reactions in the cell membrane have
been postulated to be diffusion controlled reactions (11, 12).

While intuitively one expects a dependence of the rate of
diffusion on molecular size, the nature of this dependence is
uncertain. Aside from a long-standing theoretical interest in
the size dependence of the lateral diffusion coefficient, there
is an obvious interest from the point of view of biochemical
kinetics. In model membranes consisting primarily of phos-
pholipids, simple models exist which predict the size de-
pendence of the lateral diffusion coefficient in two extremes
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of diffusant size (7, 13). The extremes are 1) diffusants which
are much larger than the solvent lipids and 2) diffusants
which are the same size as the host lipid molecules. The first
size regime is most appropriate for the diffusion of large
proteins in model membranes composed of very much
smaller phospholipids. The theory, introduced by Saffman
and Delbruck (13), treats the bilayer as a thin sheet of fluid,
characterized by a certain viscosity, through which model
cylinders diffuse. The second regime is treated by what has
become known as free area theory. Free area theory is a
semi-empirical theory based on statistical mechanical con-
siderations of density fluctuations in the lipid bilayer. Voids
which are opened by such density fluctuations are filled by
the movement of neighboring molecules into the void. Since
lipids in the free area model are considered to be hard rods
and such motion, by the nature of the membrane, is restricted
to a plane, this is a two-dimensional problem. Within the
framework of this two-dimensional system we seek to ex-
plore the effect on the probe diffusion coefficient of large
systematic alterations in the third dimension. We have ex-
amined a series of molecules with cross-sectional areas
roughly comparable to phospholipids but which are much
longer in length. Vaz and coworkers (14, 15) have examined
the dependence of the diffusion coefficient on phospholipid
chain length. No significant differences were observed, al-
though the scale of the variation was very much less than
undertaken in this work.

EXPERIMENTAL
Probe molecules/fluorescence labeling

A series of naturally occurring hydrocarbon polymers, poly-
isoprenoid alcohols, were fluorescently labeled to permit dif-
fusion measurements by FPR. The isoprenoid alcohols, Fig.
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1, are citronellol (Aldrich, Milwaukee, WI), solanesol (Al-
drich), and dolichol. Both citronellol and dolichol have a
saturated a-subunit. Dolichol, isolated from human liver
upon autopsy, is w-(tri-trans)poly-cis and a mixture of ho-
mologs between 16 and 22 isoprenes in length (average of
19). Solanesol has an all-trans stereochemistry about the iso-
prene double bonds. Labeled citronellol has approximately
the same length as the host phospholipid used in our studies.

The fluorophore employed was a carboxylic acid deriv-
ative of the common nitrobenzoxadiazole fluorophore,
N-methyl-N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-6-amino-
hexanoic acid (NBD-acid, Fig. 2 a). NBD-acid was prepared
according to a standard procedure (16). The coupling reac-
tion, an esterification, was a dicyclohexyl carbodiimide (Al-
drich) mediated acid condensation reaction with an alkyl
aminopyridine catalyst (17) in methylene chloride (Caledon,
Toronto, Canada). This reaction has a significant by-product,
N-acylurea, production of which is very solvent-dependent
(18). The synthesis, separation, isolation, and characteriza-
tion of the NBD conjugates is the subject of a separate com-
munication (B. J. Balcom and N. O. Petersen, submitted for
publication). Prior to use, stock solutions of the NBD-labeled
alcohols were stored at 4°C, in the dark, as ethanol solutions.
Under these conditions, the labeled alcohols are stable for
months or years.

Lipid self-diffusion coefficients were measured using an
NBD headgroup labeled dipalmitoyl phosphatidylethanola-
mine (NBD-PE) purchased from Avanti Polar Lipids (Ala-
baster, AL). Diffusion measurements were also performed
with the fluorescent polyaromatic hydrocarbons tetracene
and rubrene (Aldrich) (Figs. 2, b and c¢). .

Sample preparation and diffusion measurements:
membranes

Diffusion measurements were performed with a home-built
spot photobleaching fluorescence photobleaching recovery
(FPR) instrument (19). The illumination source was a Co-
herent Inc. (Toronto, Canada) Innova 70 4-watt argon ion
laser. The laser, 476.5 nm, was operated in light regulation
mode at 100 mW. Timing of the bleach and monitor beams
was controlled by a Digital Equipment Corporation, Kanata,
Canada, Minc 23 minicomputer with a VT 105 display ter-
minal. The fluorescence microscope used was a Zeiss Uni-
versal model fitted for epi-illumination. An RCA 31034A

H(CH,C(CH3)=CHCH,),CH,C(CH,)=CHCH,OH

H(CH,C(CH3)=CHCH,),CH,CH(CH3)CH,CH,0H

FIGURE 1 The isoprenoid alcohols employed. Citronellol has n = 1 cor-
responding to the top structure. Solanesol has n = 8 corresponding to the
bottom structure. Dolichols have a range of n values from 15 to 21, cor-
responding to the top structure, with the three terminal double bonds being
trans, the others cis. Solanesol is poly-trans.
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FIGURE 2 (a) N-Methyl-N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-6-amino-
hexanoic acid, the NBD label; (b) tetracene, a fluorescent, polyaromatic
hydrocarbon; (c) rubrene, a tetraphenyl derivative of tetracene.

photo multiplier tube, cooled with dry ice, was fitted to the
top of the optical column. A 140-mm lens, installed on the
optical bench behind the microscope, focused the laser beam
onto the image plane of the microscope. The objective lens
was a X40 water immersion lens with a numerical aperture
of 0.75. The combination of the 140-mm focusing lens and
a X40 objective lens produced a 1.1-um diameter beam in
the focal plane of the microscope.

The bulk of the diffusion measurements were made with
dimyristoyl phosphatidylcholine (DMPC, Fluka, Ronkon-
koma, NY) as the host lipid in model membranes. Vesicles
formed in the absence of labeled fluorophore are not fluo-
rescent. Samples were prepared using the conventional tech-
nique of Kapitza et al. (20) Generally, 0.5 pmol of lipid and
a small amount of NBD-labeled material (less than 0.1% of
the lipid on a molar basis) were applied as a 50-ul droplet
in a 2:1 chloroform:methanol solution to the surface of a
clear, dry, circular glass coverslip of 18-mm diameter. The
slide was heated to 40°C and the lipid film dried under a weak
flow of nitrogen gas. The coverslip and film were put under
high vacuum for 8 h, then lowered slowly (lipid film down)
onto a clear 22-mm diameter glass coverslip with a 300- or
400-pl droplet of doubly distilled deionized water on its sur-
face. The two slides, forming a lipid/w'ater sandwich, were
sealed together with hot wax and stored overnight, in the
dark, at 40°C. Samples were inverted and mounted in a hol-
low copper disk prior to measurement. An axially symmetric
hole in the disk was covered with a glass coverslip. The disk
was filled with water, covering the sample, and a light film
of thermally conducting grease was applied to the bottom.
The temperature was regulated with a Cambion Bipolar tem-
perature controller (Cambion Division of Midland Ross,
Brampton, Ontario) with a microscope stage subassembly.
Temperature measurements were made by dipping a small
100-kQ thermistor into the water near the focal point of the
microscope. Translation of the resistance via the manufac-
turers calibration yielded the temperature. Measurements
were performed at 29 * 1 and 19 % 1°C.
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Diffusion measurements were made on the upper surface
of the large multibilayers formed by the above technique.
Vesicles chosen for measurements were typically 60 um or
larger in diameter. The microscope’s phase contrast optics
permitted facile inspection and selection of vesicles. The la-
ser beam was focused on the upper surface by adjusting the
microscope’s fine focus until a bright spot of fluorescence
was observed through the microscope eyepiece. Samples
were, in all cases, handled in diminished light prior to ex-
periment.

Diffusion measurements on vesicles in the liquid crystal
phase were made at 29 * 1°C. For any one sample typically
five measurements on each of four or five vesicles were
made. Each of the measurements was an average of three
bleach/recovery sequences. Control experiments showed
that individual measurements, in one spot, gave the same
recovery curve with a mobile fraction of essentially one.
Multiple bleach recovery cycles were therefore employed to
improve the signal-to-noise ratio. Standard deviations were
calculated based on the discrete diffusion measurements as-
suming a normally distributed population. Vesicles under
study were checked for movement in the eyepiece of the
microscope before and after measurement. Results were dis-
regarded on the rare occasion when the sample moved during
measurement since the rate of fluorescence recovery is ar-
tificially high.

Measurements in the lipid gel phase (19 £ 1°C) usually
followed measurements on the same sample in the liquid
crystal phase. Samples were cooled thermoelectrically on the
microscope stage subassembly under control of the Cambion
temperature controller. Diffusion measurements were gen-
erally delayed by 1 h from the start of the cooling cycle,
although cooling from 29°C took only several minutes. Slow
diffusion in this temperature regime, and mobile fractions
less than one, required substantial attenuation. of the bleach
and monitor beams, longer observation times and single
bleach/recovery sequences. The long time required for these
measurements usually meant only one experiment per vesicle
although frequently more than five vesicles were measured.

Sample preparation and measurements in model
polymer systems

Diffusion measurements of the NBD-labeled isoprenoid al-
cohols were made in a series of poly(propylene glycol) ethers
(PPG). These polymers are linear chain molecules commer-
cially available in a variety of average chain lengths. The
variable chain lengths results in a series of solvents with
different viscosities at room temperature. Polymers (Aldrich)
of average gram molecular weights 425, 1000, 2000, 3000,
and 4000 were employed. These polymers have viscosities,
reported by Aldrich, of 80, 150, 300, 600, and 930 centiPoise
at 25°C.

Samples for diffusion measurements in PPG matrices were
prepared as follows. Small aliquots of the stock NBD alcohol
solutions were added to small glass 1-dram sample vials. The
solvent was removed under high vacuum yielding 1.4 nmol
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of the labeled alcohol as a dry film. To these vials, 400 ul
of warm (40°C) neat PPG was added. The labeled alcohols
readily dissolved in all the polymers. Portions of the NBD-
containing polymer solutions (concentrations of about 10~6
M) were drawn into small rectangular microslides by dipping
one end into the warm solution. The microslides (5 cm X 2
mm X 100 pm; Vitro Dynamics Inc., Rockaway, NJ) were
sealed on filling by hot wax at each end. The microslides took
from 2 to 15 min to fill, by capillary action, depending on the
PPG viscosity. The sample holder was a thin hollow disk of
copper with three shallow parallel grooves 2.5 mm in width
extending from one side of the disk surface to the other. A
glass coverslip fit into the bottom of the disk. Once again
thermally conductive grease was applied to the bottom of the
disk, and the assembly was maintained at 25 *+ 1°C with the
Cambion temperature controller. Diffusion measurements on
each of the three microslides (different samples) in the sam-
ple holder were made at two discrete locations where five
measurements were undertaken. Each of the five measure-
ments was an average of three individual bleach/recovery
sequences. As before, control experiments showed that in-
dividual measurements in one spot had the same recovery
curve and constant mobile fractions of essentially one. Mul-
tiple bleach/recovery sequences co-added summed to in-
crease the signal-to-noise ratio. The laser beam was focused
at the midpoint of the capillary microslide in both depth and
width.

Steady state fluorescence measurements

Steady state fluorescence measurements in vesicles were
made with an LS-1 fluorimeter manufactured by Photon
Technology International (London, Ontario, Canada). Fluo-
rescence anisotropy measurements were performed with the
addition of the proper polarizing optics. Fluorescence emis-
sion measurements were performed by exciting the NBD
chromophore at 480 nm and measuring the emission intensity
at 2-nm intervals between 500 and 650 nm. Individual in-
tensities at each wavelength were the average of 50 discrete
lamp flashes. The entire emission spectrum was measured
and averaged 25 times. The excitation, emission, and PMT
monochromator slits were set for 4-nm bandwidth. The sam-
ple chamber of the fluorometer was temperature-controlled
(31 = 1°C) with a circulating, constant temperature bath.
Steady state fluorescence measurements were performed
using the NBD adducts of solanesol and citronellol as well
as cholesterol (NBD-cholesterol; Molecular Probes, Eugene,
OR), dipalmitoyl phosphatidylethanolamine (NBD-PE;
Avanti Polar Lipids), and palmitoyl phosphatidylcholine
(NBD-PC; Avanti Polar Lipids) labeled in the number two
fatty acid position. Small unilamellar vesicles were formed
by the ethanol injection technique (21). Samples containing
0.5 umol of DMPC and less than 2.5 nmol of NBD-labeled
material in 40 pl of ethanol were injected into 2 ml of rapidly
stirred 60°C aqueous solution. The aqueous solution was pH
7 Tris buffer with 150 mM sodium chloride. Stern-Volmer
quenching experiments were performed with aqueous Co?*
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(Cobalt chloride hexahydrate, Fluka) as the quencher (22).
Vesicles for quenching experiments were formed by injection
into solutions containing the appropriate cobalt ion concen-
tration. Correction was made for the internal filter effect of
the cobalt ion in solution.

RESULTS
Measurements in the liquid crystal phase

The NBD-labeled isoprenoid alcohols comprise an homol-
ogous series of labeled hydrocarbon polymers which, since
they will incorporate into a bilayer, should reside with their
alkyl tails in the bilayer interior. Tracer diffusion coefficients
were measured for NBD-citronellol, NBD-solanesol, and
NBD-dolichol sequestered in liquid crystal phase (29°C)
DMPC bilayers. The NBD-PE tracer diffusion coefficient
was measured to provide a constant point of reference since,
presumably the diffusion coefficient of NBD-PE reflects the
self-diffusion coefficient of the host lipid.

The results of these measurements are found in Table 1.
Surprisingly, all the labeled alcohols diffuse at the same rate.
This rate, in fact, is equal to that of lipid self-diffusion as
measured by NBD-PE. The means are equal according to
Student’s ¢ test at a 95% confidence level. The diffusion co-
efficient of NBD-PE is 5.0 X 10712 m?s~!. Essentially all the
incorporated fluorophore is mobile, as evidenced by mobile
fractions which approach one. The equivalence for these
probes is very surprising since the largest probe, NBD-
dolichol, has a hydrocarbon tail which is an order of mag-
nitude larger than NBD-citronellol, the smallest probe.

The lack of size discrimination observed for the NBD-
labeled isoprenoids was unexpected. To further explore the
size effect in membranes, we measured the diffusion coef-
ficient of the fluorescent polyaromatic hydrocarbons tet-

TABLE 1 Probe diffusion in DMPC multibilayers
Probe Lipid/label D (10! m=2 s)* Xm# N§
Liquid crystal phase 29°C
NBD-PE/ 12007 50+2 0.97 38
NBD-citronellol 1500 48+3 1.01% 24
NBD-solanesol 2000 53+2 0.97 24
NBD-dolichol ! 2000 46 +2 0.98 39
Tetracene 1200 110+9 0.86 15
Rubrene 3300 58+3 0.89 20
Gel phase 19°C
NBD-PE 1500 0.32+0.01 0.66 20
NBD-citronellol 1500 1.00 £ 0.05 0.83 18
NBD-solanesol ! 2000 0.14 £ 0.02 0.40 22
NBD-dolichol 2000 0.08 £0.01 0.70 5
Tetracene** 1200
Rubrene** 3300

*Diffusion coefficient, standard error of the mean.

*Mobile fraction.

$Number of measurements.

Il Aggregate of two sample preparations.

"Second preparation has lipid-label = 1500.

TMobile fractions larger than 1.0 are physically impossible. This is the fitted
value.

**Diffusion measurements proved impossible due to extreme monitor beam
photobleaching.
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racene and rubrene in the same bilayer system. Both these
molecules have a significant absorption at 476.5 nm which
makes them amenable to diffusion measurements by FPR
(23, 24). They have, however, only recently been exploited
for FPR diffusion measurements. These molecules were not
employed as labeling agents, but as intrinsically fluorescent
nonpolar probes. Their lack of polarity suggests they should
reside in the hydrocarbon interior of the bilayer. Results of
our diffusion measurements with rubrene and tetracene are
also shown in Table 1. Rubrene, which is approximately
twice as large as tetracene moves substantially slower. Both
move faster than NBD-PE as evidenced by Student’s ¢ test
at a 95% confidence level. Control experiments without the
bleach pulse show that the monitor beam itself is sufficiently
intense to bleach fluorophore in these systems. This mani-
fests itself in the FPR experiment, Table 1, as an apparent
decrease in the mobile fraction.

Measurements in the gel phase

The liquid crystal to gel phase transition in a phospholipid
bilayer is characterized by the formation of ordered, rigid
arrays of hydrocarbon chains (25, 26). The rigid interior in
this phase suggests that a probe’s tail length should have a
significant effect on lateral diffusion. Not surprisingly, dif-
fusion in the gel phase of the membrane (phase transition,
23°C) does depend on the size of the probe. Our results, Table
1, show that NBD-citronellol diffuses faster than NBD-PE
which diffuses faster than NBD-solanesol. NBD-PE moves
in the gel phase at a rate of 3.2 X 1071* m? s1. The Student
t test, 95% confidence level, shows that all three labeled
alcohols diffuse at rates different from that of NBD-PE and
each other. The diffusion coefficients measured in the gel
state were lower by factors of 50 for NBD-citronellol, 400
for NBD-solanesol, and 500 for NBD-dolichol versus their
diffusion rates in the liquid crystal membranes at 29°C. Ob-
servation of diffusion coefficients which depend on size, in
the expected manner, suggest that we are measuring motion
of the labeled probes properly incorporated in the membrane.

Our diffusion results in the gel phase are characterized by
mobile fractions of less than one. This probably relates to the
mechanism of diffusion in this phase. This mechanism is
uncertain but has been attributed to probe movement along
cracks or defects in the bilayer assembly (27). Probes which
are not accessible to these defect structures will not appear
mobile on the time scale of the experiment. Alternative ex-
planations are of course possible. Different states of probe
aggregation or differences in probe partitioning between
multiple domains in the gel state could explain the size de-
pendence of the diffusion coefficient in the gel state. For
these reasons the results in the gel state should not be over-
interpreted. The important feature of these experiments is
that differences in hydrocarbon chain length result in dif-
ferent measured diffusion coefficients and these diffusion
coefficients decrease with size.

Curiously, the diffusion coefficient of the polyaromatic
hydrocarbons rubrene and tetracene could not be measured
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below the main phase transition. Monitor beam photobleach-
ing was so extreme for these probes that it proved impossible
to focus the laser on the surface of the bilayer. Alteration of
the microscopes plane of focus produced a brief flare of flu-
orescence which was extinguished in less than 1 s. Trissl (28)
has reported that rubrene will not incorporate into black lipid
membranes. Based on our results, it seems likely that rubrene
did incorporate but was bleached to such an extent that min-
imal fluorescence was observed in their experiment.

Diffusion in linear chain polymer media

Our measurements in gel state model membranes were in-
tended to represent a limiting case where one might expect
to see a strong dependence of the diffusion coefficient upon
molecular size. This limit of course is close packing of the
alkyl chains in the membrane interior. As discussed above,
interpretation of our results in this phase is somewhat
clouded by the uncertainties of probe partitioning or aggre-
gation in this phase. For this reason we undertook further
measurements in a model system which expresses a different
limiting behavior. In three-dimensional polymer melts ef-
fects related to the membrane surface are removed but we
retain the disorganized random chain environment of a liquid
crystal phase model membrane. In an effort to better under-
stand the diffusive behavior of the NBD-labeled isoprenoid
alcohols in general, a series of studies were therefore un-
dertaken in three-dimensional viscous polymer melts. A
range of polymers were utilized in order to observe the trend
in diffusion coefficient since a three-dimensional tensor so-
lution viscosity is not directly translatable to a membrane
viscosity. We performed these diffusion experiments to an-
swer a simple question: Does the diffusion coefficient de-
pend on probe length in simple random chain media? Ex-
perimental results are shown in Table 2 and in an abridged
form in Fig. 3. The approximate viscosity range of the bilayer
interior is shown by the boxed region of Fig. 3. Once again
there is a measurable, systematic, difference between diffu-
sion coefficients of the various labeled alcohols. As one
might expect, the measured diffusion coefficient decreases
with increasing chain length and increasing viscosity. Simple
models of the diffusion process suggest that the diffusion
coefficient should be inversely proportional to both the fric-
tional coefficient of the diffusant and the viscosity. The fric-
tional coefficient will increase with the length of the mol-
ecule. A similar length dependence has been observed in
glycerol/water mixtures and paraffin oil (B. J. Balcom, un-
published work). The fluorophores tetracene and rubrene
(primarily rubrene) displayed significant monitor beam
bleaching in PPG solution. As with the results in liquid crys-
tal phase model membranes, monitor beam bleaching de-
creases the apparent mobile fraction.

Steady state fluorescence quenching
experiments

Steady state fluorescence quenching experiments were per-
formed in an effort to localize the NBD moiety sequestered
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TABLE 2 Probe diffusion in poly(propylene glycol) at 25°C

Solvent n D Xn¥ Nt
mol/g cp! 10" m=2 s*
NBD-methanol

425 80 85+10 0.99 10
1000 150 648 1.00 18
2000 300 63+7 0.98 9
3000 600 53+5 0.98 10
4000 930 595 0.86 8

NBD-citronellol I

425 80 707 0.99 19
1000 150 4 +3 1.00 18
2000 300 38+2 0.97 17
3000 600 362 0.98 16
4000 930 39+3 0.98 10

NBD-solanesol !

425 80 41+2 0.97 10
1000 150 34+2 0.96 10
2000 300 20+1 0.95 10
3000 600 16+1 0.95 10
4000 930 141 0.93 10

NBD-dolichol !

425 80 33+4 0.99 10
1000 150 242 0.95 9
2000 300 141 0.93 10
3000 600 12+1 0.92 10
4000 930 111 0.93 10

Tetracene
20007 300 53 0.94 1
4000* 930 54+2 0.93 4
Rubrene
2000** 300 26+2 0.81 10
4000%* 930 22+2 0.78 7

*Diffusion coefficient, standard error of the mean.
*Mobile fraction.

$Number of measurements.

I Probe concentration = 3.5 X 10~¢ mol liter~!.
*[Tetracene] = 9.6 X 10-% mol liter~'.
[Tetracene] = 5.7 X 10~5 mol liter~'.
“*[Rubrene] = 6.8 X 105 mol liter1.
#{Rubrene] = 4.7 X 10~ mol liter~!.

in our bilayers. The set of labels investigated comprised three
NBD-labeled molecules (NBD-PE, NBD-cholesterol, and
NBD-PC) for which the probe location is known and two,
NBD-citronellol and NBD-solanesol, which have an uncer-
tain probe location. NBD-PE is known to localize the NBD
label near the aqueous surface (22, 29), while NBD-
cholesterol, due to the rigid steroid ring structure, submerges
the NBD label in the membrane interior (22, 29). The NBD
label in NBD-PC has been shown to loop back toward the
aqueous interface (22, 29). An important distinction between
the two sets of molecules described above should be noted.
The first group are known surfactants to which a fluorescent
probe has been added. Whatever the orientational tendency
of the NBD-labeled alcohols, however, their hydrophilic
contribution to the orienting force is provided solely by the
NBD label and its associated ester linkage.

The results of the steady state quenching experiments are
shown in Fig. 4 as a Stern-Volmer plot. The slope of such
plots cannot be interpreted as true quenching rate constants,
since the system is anisotropic and the quencher and fluo-
rophore are physically separated. The slope, however, may
be interpreted as an indication of the degree of exposure of
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FIGURE 3 Lateral diffusion coefficients of trace amounts of NBD-
labeled isoprenoid alcohols in neat PPG polymer solutions. The larger PPG
polymers are more viscous. The probes employed were NBD-methanol (O),
NBD-citronellol (@), NBD-solanesol (A), and NBD-dolichol (V). The ap-
proximate viscosity range of the bilayer interior is shown by the shaded
region. Error bars represent standard errors of the mean.
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FIGURE 4 Stern-Volmer plot of fluorescence quenching of NBD-labeled
molecules in DMPC bilayers by aqueous Co?*. The labeled probes are
NBD-PE (@), NBD-PC (O), NBD-cholesterol (A), NBD-citronellol (OJ),
and NBD-solanesol (A).

the NBD group to the membrane surface (22). Fluorophores
sequestered in the interior of the membrane will be quenched
less effectively than those at the surface. NBD-PE as ex-
pected was well quenched and NBD-PC was partially
quenched. NBD-cholesterol was not quenched. These results
are in accord with our prior knowledge of the location of
these probes, more properly their fluorescent labels, in the
membrane. Because NBD-citronellol and NBD-solanesol
are not quenched, the fluorophore in each is not located at
the surface of the membrane. We cannot say how deep in the
membrane they reside, because no quenching only indicates
the NBD label is not within the collision (30) quenching
distance of the cobalt ion.

Steady state fluorescence anisotropy
measurements

Steady state fluorescence anisotropy measurements in small
unilamellar vesicles were performed to examine the short
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time scale “mobility” of the various NBD-labeled species.
Our results, Table 3, show that the NBD-labeled alcohols
reorient to a lesser extent than the controls during the lifetime
of the excited probe. The structural feature orienting the la-
beled alcohols is the NBD label itself, and its associated ester
linkage. This portion of the molecule is of course its only
hydrophillic moiety. Interaction with the surface, in some
manner, therefore likely provides sufficient resistance to free
motion of these probes to increase the measured anisotropy.
The lengthy “tails” of these molecules will also act to reduce
the tumbling/twisting motion of these molecules.

DISCUSSION

We have found that the diffusion coefficient of our NBD-
labeled isoprenoid alcohols is independent of the length of
these molecules in liquid crystal phase model membranes.
The measured diffusion coefficients are equivalent to the
lipid self-diffusion coefficient. In gel phase model mem-
branes the diffusion coefficient depends on the probe size, as
it does in three-dimensional polymer melts.

The invariance of the measured diffusion coefficient in the
liquid crystal phase for the labeled alcohols does not result
from systematic error in performance of the experiments. The
vesicles under study are in mechanical and thermal equilib-
rium and are also free of fluorescent impurities. Control ex-
periments show bleaching of fluorophore is irreversible, so
recovery of fluorescence does not reflect the kinetics of the
reverse reaction but true diffusive motion of labeled mole-
cules. Microscopic observation of our multibilayers revealed
no anomalous structure in the presence of fluorophore. Fur-
thermore, the labeled alcohols are not water soluble and flu-
orescence originates only from the lamella of the bilayer
structure. Diffusive motion is therefore restricted to the bi-
layer.

Our FPR measurements are a true measure of the lateral
diffusion coefficient of our labeled probes in DMPC mem-
branes. This is supported by the close agreement found be-
tween our measurements of the rate of motion of NBD-PE
in DMPC multibilayers and a measurement on the same sys-
tem by Vaz et al. (15). We measure the diffusion coefficient
as 5.0 X 1071 m? s7! at 29°C, while Vaz et al. (15) measure
5.7 X 1072 m? s7! at 30°C. In the gel phase at 19°C, our
measured diffusion coefficient for NBD-PE, 3.2 X 10~ m?
s7! is in qualitative agreement with the results of Derzko and

TABLE 3 Fluorescence anisotropy measurements in DMPC
bilayers

Probe Lipid/label r*
Liquid crystal phase 31°C
NBD-PE 576 0.165
NBD-PC 392 0.129
NBD-cholesterol 569 0.118
NBD-citronellol 440 0.218
NBD-solanesol 373 0.183

*The anisotropy was calculated according to the equation r = (1,, — Gl)/
(Iyv + 2Gly). I refers to the fluorescence intensity detected by the fluo-
rimeter. Subscripts vv and vh refer to the polarization of the excitation and
emission optics. G is an instrumental correction factor.
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Jacobson (27). Our results show that differential hydrody-
namic interactions in the membrane interior have no effect
on lateral diffusion in the liquid crystal phase. The consis-
tency of the results suggests a common diffusive mechanism
for both labeled phospholipids and our series of labeled iso-
prenoid alcohols. The common feature in the isoprenoid al-
cohol series, other than the fundamental isoprene unit, is the
NBD-acid group. Fluorescence quenching studies have pre-
viously suggested that NBD, and its associated ester linkage,
has sufficient polarity to localize in the vicinity of the aque-
ous interface. The restricted short time scale mobility of these
same labels suggests the NBD label provides the orienting
moiety for these molecules. If the NBD label, and associated
ester, is sufficiently polar to reside somewhere in the vicinity
of the bilayer/water interface, the rate of lateral motion of the
labeled alcohols may be limited by the free area fluctuations
at the surface. NBD need not reside at the interface to ex-
perience this effect. The alkyl chains of the host phospholipid
are quite ordered near the aqueous surface and become very
random in their motion only near the center of the membrane
(31). If the surface interaction predominates and the bulk of
the probe chain resides in the fluid interior of the membrane
leaflet, one might anticipate little or no dependence of chain
length on the diffusion coefficient. Companion measure-
ments with nonpolar fluorophores support this interpretation.
Tetracene and rubrene have no tendency to reside near the
aqueous surface because they are nonpolar. They diffuse
faster than NBD-PE and the labeled isoprenoid alcohols.
Free area theory suggests that diffusion faster than the host
lipid is not possible (7). Violation of this basic tenet of the
theory suggests that the rate of diffusive motion for tetracene
and rubrene is not controlled by the surface behavior of the
bilayer. Rather they must move in the hydrocarbon interior
of the membrane, although there will be some coupling to the
rate of host lipid diffusion. The lack of a common surface
restriction explains the variation of the diffusion coefficient
with size for these molecules. Diffusion measurements of the
labeled alcohols in the gel phase also support this interpre-
tation. As discussed previously, the hydrocarbon chains in the
gel phase are packed in a crystalline or semicrystalline state.
In this case the alkyl chains of the labeled alcohols should
have an effect on the diffusion coefficient as the membrane
interior becomes more restrictive. This is precisely our ob-
servation. Diffusion in the gel phase is slower and is de-
pendent on probe length in the expected way. Experiments
in this phase are not, however, definitive.

Experiments in three-dimensional polymer solutions were
intended to explore the chain length effect in a system lacking
the surface interaction of a bilayer but mimicking the bilayer
interior. Our experiments show a finite chain length effect.
The model systems are not a true rendering of the membrane
interior since unquestionably the membrane interior must
retain some residual order perpendicular to the aqueous sur-
face. The PPG matrices, by contrast, are random media with
all manner of interacting chains. Nevertheless, since we do
not see the chain interaction effect in membranes one must
conclude this is because the surface interaction is not only
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critical but in fact overwhelms any hydrodynamic effects in
the bilayer interior.

Not only do the labeled isoprenoid alcohols span an order
of magnitude in length but they vary by approximately a
factor of four in mass. Clearly this variation in mass is un-
important, as is the variation in size. Molecular dynamics
studies of impurity diffusion in two-dimensional hard disk
systems (32) suggest that there should be a mass dependence
of the diffusion coefficients. We do not observe this behavior
presumably because the restricting feature of NBD-labeled
alcohol diffusion is the NBD headgroup itself and the alkyl
chains are unimportant. This model views the labeled alco-
hols as a ball and chain system. The ball, localized near the
surface, restricts the long range motion, while the chain is
permitted a great deal of dynamic freedom. Increasing the
length of the chain in this analogy does not alter the long
range motion but does, of course, increase the overall di-
mensions of the molecule.

Recently Rajarathnan et al. (33) measured the rate of lat-
eral diffusion of headgroup labeled ubiquinone in model
membranes and mitochondria membranes. Their diffusion
measurements, with relatively large probe concentrations,
using a variant of the basic FPR technique, agreed with our
results on the structurally similar isoprenoid alcohols. They
found that the labeled ubiquinone diffused, in both types of
membranes, at the same rate as NBD-PE. They suggest, as
do we, that the NBD label is sufficiently polar to penetrate
to some degree into the region of the more rigid phospholipid
acyl chains but does not reside at the surface.

CONCLUSION

We have demonstrated that valid diffusion measurements
may be performed with a series of NBD-labeled alcohols in
DMPC model membranes. FPR diffusion measurements in
liquid crystal bilayers revealed a surprising lack of depen-
dence on the depth of probe penetration in the bilayer. Sta-
tistically insignificant variations were observed, even for
probes which were an order of magnitude longer than the
smallest probe used. The labeled isoprenoid alcohols cit-
ronellol, solanesol, and dolichol diffuse at the rate of lipid
self diffusion which is 5.0 X 102 m? s~!. Companion ex-
periments with model polymer systems, with nonpolar flu-
orescent polyaromatic molecules and measurements in the
membrane gel phase show that surface interactions control
the rate of diffusion in the liquid crystal phase and free area
theory may be used to treat the results.

The remarkable independence of the diffusion coefficient
with increasing molecular length, and results in a different
system which shows a weak dependence of the diffusion
coefficient on probe radii at the surface, for molecules larger
than the host lipid (B. J. Balcom and N. O. Petersen, manu-
script in preparation), permit us to make a few general-
izations about lateral diffusion of biological molecules in
model membranes. The key structural feature, controlling the
rate of diffusion, appears to be that at the surface of the
membrane, not the details of molecular architecture else-



Balcom and Petersen

where. Surfactant biological molecules such as vitamin A,
a-tocopherol, vitamin K, and ubiquinone should all diffuse
at the rate of lipid self-diffusion in the liquid crystal phase.
A large number of related molecules, one may also predict,
will diffuse at this rate. Thus in biophysical calculations in-
volving long range diffusive transport of nonprotein bio-
molecules, the lipid self-diffusion coefficient is likely an ex-
cellent estimate of the molecules’ rate of motion.

We thank the Natural Sciences and Engineering Research Council of Canada
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3272 (to N. O. Petersen). Dr. Ken Carroll of the Department of Biochemistry,
The University of Western Ontario kindly provided the dolichol sample.

REFERENCES

1.

2.

10.

11.

12.

13.

14,

Singer, S. J., and G. L. Nicholson. 1972. The fluid mosaic model of the
structure of cell membranes. Science (Wash. DC). 175:720-731.
Frye, C. D., and M. Edidin. 1970. The rapid intermixing of cell surface
antigens after formation of mouse-human heterokaryons. J. Cell Sci.
7:319-335.

. Poo, M. 1982. Rapid lateral diffusion of functional ACh receptors in

embryonic muscle cell membrane. Nature (Lond.). 295:332-334.

. Kornberg, R. D., and H. M. McConnell. 1971. Lateral diffusion of

phospholipids in a vesicle membrane. Proc. Natl. Acad. Sci. USA. 68:
2564-2568.

. Vaz, W. L., Z. 1. Derzko, and K. A. Jacobson. 1982. Photobleaching

measurements of the lateral diffusion of lipids and proteins in artificial
phospholipid bilayer membranes. Cell Surf. Rev. 8:83-135.

. Wade, C. G., and A. L. Kuo. 1979. Lipid lateral diffusion by pulsed

nuclear magnetic resonance. Biochemistry. 18:2300-2308.

. Vaz, W. L., F. Goodsaid-Zalduondo, and K. Jacobson. 1984. Lateral

diffusion of lipids and proteins in bilayer membranes. FEBS Lett. 174:
199-207.

. Schlessinger, J. 1980. The mechanism and role of hormone-induced

clustering of membrane receptors. Trends Biochem. Sci. 5:210-214.

. Dower, S. K., J. A. Titus, and D. M. Segal. 1984. The binding of mul-

tivalent ligands to cell surface receptors. In Cell Surface Dynamics. A.
S. Perelson, C. DeLisi, and F. W. Wiehel, editors. Marcel Dekker, New
York. 277-328.

Keizer, J. 1985. Theory of rapid bimolecular reactions in solution and
membranes. Acc. Chem. Res. 18, 235-241.

Strittmatter, P., and M. J. Rogers. 1975. Apparent dependence of in-
teractions between cytochrome b5 and cytochrome b5 reductase upon
translational diffusion in dimyristoyl lecithin liposomes. Proc. Natl.
Acad. Sci. USA. 72:2658-2661.

Gupte, S., E. S. Wu, L. Hoechli, M. Hoelchi, K. Jacobson, A. E. Sowers,
and C. R. Hackenbrock. 1984. Relationship between lateral diffusion,
collision frequency, and electron transfer of mitochondrial inner mem-
brane oxidation-reduction components. Proc. Natl. Acad. Sci. USA. 81:
2606-2610.

Saffman, P. G., and M. Delbruck. 1975. Brownian motion in biological
membranes. Proc. Natl. Acad. Sci. USA. 72:3111-3113.

Vaz, W. L., and D. Hallman. 1983. Experimental evidence against the
applicability of the Saffman-Delbruck model to the translational dif-

Size Independence of Lipid Diffusion

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

26.

27.

28.

29.

30.

31.

32.

33.

637

fusion of lipids in phosphatidylcholine bilayer membranes. FEBS Lett.
152:287-290.

Vaz, W. L., R. M. Clegg, and D. Hallman. 1985. Translational diffusion
in liquid crystalline phase phosphatidylcholine multibilayers. A com-
parison of theory and experiment. Biochemistry. 24:781-786.

Petersen, N. O. 1983. A new fluorescent derivative of amphotericin B,
synthesis, characterization and application in fluorescence photobleach-
ing. Spectrosc. Int. J. 2:408-414.

Neises, B., and W. Stegleich. 1985. Esterification of carboxylic acids
with dicyclohexylcarbodiimide/4-dimethylaminopyridine, tert-butyl
ethyl fumerate. Org. Synth. 63:183-187.

Balcom, B. J., and N. O. Petersen. 1989. Solvent dependence of car-

boxylic acid condensations with dicyclohexylcarbodiimide. J. Org.
Chem. 54:1922-1927.

Petersen, N. O., S. Felder, and E. L. Elson. 1986. Measurement of lateral
diffusion by fluorescence photobleaching recovery. In Handbook of
Experimental Inmunology. D. M. Weir, editor. Blackwell, Edinburgh.
24.1-24.23.

Kapitza, H. G., D. A. Ruppel, H. J. Galla, and E. Sackman. 1984. Lateral
diffusion of lipids and glycophorin in solid phosphatidylcholine bilay-
ers. Biophys. J. 45:577-587.

Fung, B. K., and L. Stryer. 1978. Surface density determination in mem-
branes by fluorescence energy transfer. Biochemistry. 17:5241-5248.

Chattopadhyay, A., and E. London. 1988. Spectroscopic and ionization
properties of N-(7-nitrobenz-2-oxa-1, 3—1, 3-diazol-4-yl)-labeled lipids
in model membranes. Biochim. Biophys. Acta. 938:24-34.
Bjarneson, D. W., and N. O. Petersen. 1990. Direct diffusion measure-
ments of napthacene on silica as a function of silanol density. J. Am.
Chem. Soc. 112:988-992.

Bjarneson, D. W, and N. O. Petersen. 1991. Direct diffusion measure-
ments of napthacene on chemically derivatized silica gels. Langmuir.
7. 2821-2826.

. Nagle, J. F. 1980. Theory of the main lipid bilayer phase transition.

Annu. Rev. Phys. Chem. 31:157-195.

Nagle, J. F. 1986. Theory of lipid monolayer and bilayer chain-melting
phase transition. Faraday Discuss. Chem. Soc. 81:151-162.

Derzko, Z., and K. Jacobson. 1980. Comparative lateral diffusion of
fluorescent lipid analogues in phospholipid multibilayers. Biochemis-
try. 19: 6050-6057.

Trissl, H. W. 1974. Studies on the incorporation of fluorescent pigments
into bilayer membranes. Biochim. Biophys. Acta. 367:326-337.

Chattopadhyay, A., and E. London. 1987. Parralax method for direct
measurement of membrane penetration utilizing fluorescence quench-
ing by spin-labeled phospholipids. Biochemistry. 26:39—46.

Morris, S. J., D. Bradley, and R. Blumenthal. 1985. The use of cobalt
ions as a collisional quencher to probe surface charge and stability of
fluorescently labeled bilayer vesicles. Biochim. Biophys. Acta. 818:
365-372.

Silver, B. L. 1985. The Physical Chemistry of Membranes. Solomon,
New York. 75-109.

Alder, B.J., W. E. Alley, and J. A. Dymond. 1974. Studies in molecular
dynamics. XIV. Mass and size dependence of the binary diffusion co-
efficient. J. Chem. Phys. 61:1415-1420.

Rajarathnan, K., J. Hochman, M. Schindler, and S. Ferguson-Miller.
1989. Synthesis, location and lateral mobility of fluorescently labeled
ubiquinone 10 in mitochondrial and artificial membranes. Biochemistry.
28:3168-3176.



