2580

Biophysical Journal Volume 73 November 1997 2580-2587

Effects of Size of Macrocyclic Polyamides on Their Rate of Diffusion in

Model Membranes

Cuihua Liu, Alison Paprica, and Nils O. Petersen

Department of Chemistry, University of Western Ontario, London, Ontario N6A 5B7, Canada

ABSTRACT A series of homologous amphiphilic molecules with surface areas in the range of 0.3 nm? to 3.0 nm® were
prepared and used to investigate the diffusion in model dimyristoylphosphatidylcholine membranes as a function of
temperature. The diffusion behavior of smaller molecules can be described by the interfacial viscosity limited free area theory
promoted by Vaz and his co-workers, and that of the larger molecules can best be modeled by a recent interpretation of the
theoretical description proposed by Evans and Sackmann. The experimental data show that the rate of diffusion is controlled
by the size of the molecules at the interface of the lipid membrane, and provide evidence for a view of the membrane as a
hydrodynamic triple layer with a low-viscosity central layer encased by two more viscous, yet fluid, layers.

INTRODUCTION

The lateral transport of membrane components in the plane
of the lipid bilayer is of intrinsic physicochemical interest
(Clegg and Vaz, 1985; Adam and Delbriick, 1968) and of
biological and biochemical interest because many mem-
brane-linked, multimolecular biochemical reactions may be
diffusion controlled (Hackenbrock, 1981; Koppel, 1982).
However, an important consequence of the two-dimensional
fluid nature of lipid membranes is the unusual size depen-
dence of the lateral diffusion coefficient on the particle
radius (Sackmann, 1996). There are several theoretical stud-
ies on the size dependence of the diffusion coefficients in
both three- and two-dimensional systems that are based on
quite different models (Galla et al., 1979; Hildebrand, 1971;
Saffmann and Delbriick, 1975; Hughes et al., 1982; Evans
and Sackmann, 1988; Tamm, 1991). Vaz and his co-work-
ers have experimentally investigated the size dependence of
phospholipids and of large integral membrane proteins, with
radii in the plane of the membrane that are 1.0 nm or greater
(Vaz et al., 1982a,b, 1984, 1985a,b; Edidin, 1989; Johnson
et al., 1996). Both theoretical and experimental work indi-
cates that it is reasonable to divide diffusive behavior in
fluid bilayers into two regimes, as originally proposed by
Nir and Stein (1971), based on whether the molecular size
of the diffusant is comparable to or larger than that of the
solvent, i.e., the lipids of the bilayer. For molecules com-
parable in size to the host phospholipid with a surface area
of ~0.65 nm?, a free area model based on free volume
models in three-dimensional fluids (Cohen and Tumbull,
1959; Galla et al., 1979; Hildebrand, 1971) can be used to
fit the data. For molecules large compared to the “solvent”
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phospholipid (i.e., proteins) with surface areas greater than
~3 nm?, continuum hydrodynamic models can be employed
(Saffmann and Delbriick, 1975; Hughes et al., 1982; Evans
and Sackmann, 1988; Tamm, 1991). It is not yet certain
what description to use when the size of diffusant falls in the
intermediate region between the diffusive behaviors de-
scribed by free area or continuum theories. It is therefore
important to establish whether the free area theory can be
extended to molecular areas exceeding 0.65 nm* or whether
the hydrodynamic description can be exploited at molecular
areas smaller than ~3 nm?”.

To address this question, we have synthesized two series
of intermediate-sized macrocyclic polyamide amphiphiles
with and without a fluorescent nitrobenzoxadiazole (NBD)
label (Paprica and Petersen, 1994). Their surface areas were
determined by monolayer techniques to span the transition
region between 0.3 nm” and 3 nm? discussed above. We
have used the NBD-labeled amphiphiles to determine their
diffusion coefficients in dimyristoylphosphatidylcholine
(DMPC) model membranes by fluorescence photobleaching
measurements at various liquid crystalline-phase tempera-
tures (Petersen et al., 1986; Axelrod, 1985; Edidin et al.,
1976; Axelrod et al., 1976). These data show clearly that the
transition to behavior described best by the hydrodynamic
model occurs at surface areas as low as 1 nm? and provide
further evidence for the use of the hydrodynamic models for
diffusions of molecules other than lipids.

MATERIALS AND METHODS
Materials

DMPC was purchased from Fluka (Ronkonkoma, NY). Nitrobenzoxadiazole
(NBD)-labeled phosphatidylethanolamine (NBD-PE), was obtained from
Avanti Polar Lipids (Alabaster, AL). Both were used without further purifi-
cation. Other NBD-labeled macrocyclic polyamide amphiphiles were prepared
by P. A. Paprica (Paprica and Petersen, 1994). The structures of these com-
pounds are shown in Fig. 1. The compounds are 1-(nitrobenzoxadiazoyl)-4-
lauroyl-1,4-diazacyclohexane (N,L[NBD)), 1-(nitrobenzoxadiazoyl)-4,7-
dilauroyl-1,4,7-triazacyclononane (N,L,[NBD])), 1-(nitrobenzoxadiazoyl)-
4,7,10-trilauroyl-1,4,7,10-tetraazacyclododecane (N,L;[NBD]), 1-(nitro-
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FIGURE 1 The structures of NBD-labeled macrocyclic polyamides.

benzoxadiazoyl)-4,7,10,13-tetralauroyl-1,4,7,10,13-pentaazacyclopentade-
cane (N;L,{NBD]), and 1-(nitrobenzoxadiazoyl)-4,7,10,13,16-pentalau-
royl-1,4,7,10,13,16-hexaaza-cyclooctadecane (NoLs[NBD]). They were re-
purified, and their purity was confirmed by thin-layer chromatography
before use. All solutions of DMPC and NBD-labeled compounds were
prepared with glass-distilled chloroform.

Sample preparation

DMPC lipid vesicles were prepared by a modification of the method of
Balcolm and Petersen (1993). Typically 2 mg of DMPC was mixed with
the NBD probe at a probe-to-lipid molar ratio of 1/1000 or less in chlo-
roform solution and allowed to stand for 30 min at room temperature. A
sample of 200 ul of this solution was deposited as a single drop in the
center of a 22-mm-diameter clean (sonified in ethanol for 30 min) and dry
glass coverslip heated to 70°C. The chloroform was allowed to evaporate
at 70°C, and the sample was dried under house vacuum at room temper-
ature for at least 2 h. The sample was then heated to 70°C for 5 min, and
a 200-ul drop of doubly distilled deionized water was placed on top of the
dry lipid. A clean, dry 18-mm-diameter glass coverslip was gently placed
on top of the water droplet. The two coverslips, forming a glass/water
sandwich, were put in an oven at 70°C for 12-15 min. After the sample was
cooled, the edge of the coverslips was sealed with paraffin wax to prevent
further evaporation of water. The samples were incubated overnight in the
dark at 40°C. Finally, the samples were cooled slowly in the oven over a
period of several hours and resealed. The lipid vesicles were large, with
diameters in the range of 10-100 pm. Only symmetrical, circular, or
elliptical vesicles were selected for diffusion measurements.

Diffusion measurement

Diffusion measurements were performed with a home-built spot fluores-
cence photobleaching recovery instrument (Petersen et al., 1986). A Co-
herent Inc. Innova 70 4-W argon ion laser was used as the illumination
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source. The laser was operated in light regulation mode, with an output of
~50 mW at 476.5 nm. Timing of the bleach and monitor beams was
controlled by a locally designed computer control unit interfaced to a
Zenith computer. The microscope used was a Zeiss Universal model fitted
for epiillumination. Florescent emission was detected by using an RCA
31034A photomultiplier tube that was fitted to the top of the optical
column and cooled with dry ice. Data files were saved in ASCII format,
then transferred to a VAX or CRAY mainframe computer, where the
fluorescence recovery curves were fit and the diffusion coefficients were
extracted from the recovery curve of best fit. The objective lens was a 40X
water immersion lens with a numerical aperture of 0.75. A laser diameter
beam of 1.2 um was produced at the focal plane of the microscope by the
combination of a 140-mm focusing lens and the 40X objective lens. The
intensity of the bleach and monitor beams was attenuated with neutral
density filters of 0.6-1.4 O.D.

Samples were inverted and mounted in a hollow copper holder that
contained an axially symmetrical hole in the center, which was covered
with an 18-mm glass coverslip and sealed with silicone sealant. The holder
was filled with water, covering the sample, and a light film of thermally
conducting grease was applied to the bottom. The temperature was regu-
lated with a Cambion Bipolar temperature controller (Cambion Division of
Midland Ross, Brampton, ON) with a microscope stage subassembly. The
temperature of the sample was monitored by dipping a small 100-kQ)
thermistor into the water and calculating the temperature from a resistance
versus temperature calibration curve provided by the manufacturer (Yellow
Springs Instrument Co.). The temperature control is accurate to within
+0.5°C.

RESULTS

The lateral diffusion coefficients of five NBD-labeled mac-
rocyclic polyamides (N,L[NBD], N;L,[NBD], N,L;[NBD],
N;L,INBD], NcLs[NBD]), and NBD-PE as a control for
lipid-diffusion, were determined by photobleaching experi-
ments in DMPC multilamellar vesicles at different temper-
atures (27-38°C) in the liquid-crystalline phase. The results
are shown in Table 1. The mean values of the diffusion
coefficients were determined with a standard error of the
mean of 4-10% at a 95% confidence level. For all NBD-
labeled molecules and at all temperatures, the mobile frac-
tion, X, , was close to unity, which allowed for multiple
experiments on the same vesicle. This mobile fraction also
confirms that homogeneous incorporation of the probes in
the bilayer was achieved. The molar ratio of fluorescent
probe/lipid for all diffusion measurements was in the range
of 1/1000 to 1/1500. This concentration is low enough for
the sample to behave as a nearly ideal system and high
enough to allow for good signal-to-noise ratio in the col-
lection of experimental data. The mobile fraction of unity
also attests to a nearly ideal mixing of the probe and the
lipids in the liquid-crystalline phase.

Fig. 2 shows the correlation of diffusion in fluid DMPC
model membranes with the surface areas of NBD-labeled
macrocyclic polyamides at 30 mN/m of surface pressure
(Paprica and Petersen, 1994). This value of surface pressure
is the best estimate available for describing the surface
pressure in each monolayer of a bilayer membrane (Seeling,
1987; Jones and Chapman, 1995). It is very clear that the
rate of lateral diffusion depends on molecular area in the
region from 0.3 nm? to 3 nm?. It is also seen that the relative
effect of the size of the diffusing molecule is almost inde-
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TABLE 1 Summary of diffusion and surface area measurements of NBD-labeled amphiphiles

£ D* (o) (um?/s)
NBD-probe A* (nm?) (kJ/mol) 27°C 30°C 32°C 35°C 38°C
NBD-PE 0.51 = 0.05 364+ 1.8 6.5 + 0.6 (32) 7.3 +0.4(35) 8.8 x 0.7 (34) 9.1 = 0.6 (38) 11.1 £ 0.6 (34)
N,L[NBD] 0.30 = 0.03 372*15 6.8 £ 0.5(32) 7.3 0.5 (30) 9.2*04@37) 94 * 0.6 (37) 11.5 = 0.8 (30)
N;L,[NBD] 0.77 £ 0.07 37420 6.3 * 0.3 (40) 7.2 +0.8(32) 8.6 * 0.6 (35) 8.7 £ 0.6 (36) 11.0 = 0.8 (38)
N,L;[NBD] 1.00 = 0.01 352*40 5.2%03(34) 59 *0.5(36) 6.3 *0.4(32) 6.8 * 0.6 (35) 8.8+ 0.5(35)
N;L,[NBD] 1.56 £ 0.16 234 %40 5.0 %= 0.3(38) 54 £0.3(35) 5.7+ 0.4(38) 58*02037 72 *0.6(34)
N¢Ls[NBD] 224 +0.22 26.1 =48 4.6 +0.2(39) 5.0+0.2(36) 53x03(34) 54 *£03(38) 6.9 * 0.2 (39)

*Surface area = SD measured by Langmuir film balance technique under a surface pressure of 30 mN/m (Paprica and Petersen, 1994).
*Apparent activation energy determined with Arrhenius plot. The correlation coefficients of linear regression least-squares analysis of the experimental
points for NBD-PE, N,L[NBD), N;L,[NBD], N,L,[NBD], N;L,[NBD}, NsL;[NBD] are 0.96, 0.94, 0.95, 0.95, 0.88, 0.87, respectively. The uncertainty

is estimated from the variation in E,, obtained from systematic recovery of one of the five data points in the fit.
$Values of diffusion coefficients measured by a photobleaching technique at lipid liquid-crystalline temperatures, were given as mean * SD.

The number of measurements.

pendent of temperature. These experiments indicate that the
diffusion of smaller molecules with areas comparable to that
of the lipid is faster than that of larger molecules. The rate
of diffusion for NBD-PE (as in Table 1) is almost identical
to literature values (Vaz et al.,, 1982a,b, 1984, 1985a,b;
Edidin, 1989; Johnson et al., 1996).

The lateral diffusion of NBD-labeled molecules in fluid
DMPC bilayers was studied in the temperature range from
27°C to 38°C. There is no phase transition in the bilayer of
DMPC in this temperature range. For the lipid probe (NBD-
PE), the Arrhenius plot is linear and yields an apparent
activation energy of 36.4 kJ/mol, which compares favorably
to 36.8 kJ/mol reported by Vaz (Vaz et al.,, 1982a). The
diffusion coefficients of the five other NBD-labeled amphi-
philes also exhibit linear Arrhenius plots, with the apparent
activation energies shown in Table 1. The apparent activa-
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FIGURE 2 Dependence of the lateral diffusion coefficients of NBD-
labeled amphiphiles as a function of their surface areas at five tempera-
tures, 27°C (@), 30°C (M), 32°C (A), 35°C (V), and 38°C (#). The
reference molecule (NBD-PE) used as the standard control is indicated by
the arrow. For simplicity the set of standard errors is shown only for
measurements at 27°C.

tion energy for the smaller molecules (N,L[NBD],
N;L,[NBD], N,L;[NBD])) is very close to that of the lipid
probe. In contrast, the apparent activation energy for the
larger molecules (NsL,[NBD], N.L[NBD])) is about two-
thirds of that value. These results provide an indication that
the diffusive mechanism differs as the size of the molecule
changes.

Vaz and co-workers (Vaz et al., 1985a,b) have treated the
diffusion of NBD-PE as typical of self-diffusion of lipids,
because it has approximately the same surface area as
DMPC. The surface area of lipids is reported to be ~0.65
nm? for a variety of saturated acyl chain lengths at corre-
sponding lipid crystalline phase temperatures of lipids
(Lewis and Engelman, 1983). Our values of the surface
areas of the NBD-labeled molecules, N,L[NBD], NBD-PE,
and N;L,INBD], are thus comparable to that of DMPC.
Moreover, both NBD-PE and N,L,[NBD] contain two acyl
chains. Although the latter is two methylene segments
shorter than the chains in DMPC, the acyl chain length has
been found to not affect the diffusion coefficient (Vaz et al.,
1985a). Vaz has argued that the diffusion behavior of lipid-
like molecules can be expected to be described best by a
free area theory of lipid self-diffusion. To confirm this
expectation, we used the interfacial viscosity limited free
area theory (Vaz et al., 1985a,b), developed from the free-
volume theory of Cohen and Turnbull (Cohen and Turnbull,
1959; Grest and Cohen, 1981) for diffusion in liquid, glass-
forming materials. This model takes into account the vis-
cous drag forces experienced by a particle in a membrane
due to its contact with water at the aqueous interface and
with the ends of the lipid molecules of the opposing mono-
layer at the bilayer midplane. In this model, the diffusion
coefficient is given by Eq. 1, where k is Boltzmann’s
constant, T is the temperature in Kelvins, f is the transla-
tional friction coefficient resulting from drag forces at the
membrane-water interface and at the bilayer midplane, T, is
the lipid bilayer main phase

k
D= (ﬁexp[(—va*)/(ao[ﬁ taT-TJ)D] (D)
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transition temperature in Kelvins, vy is a numerical factor
that accounts for the overlap of free area (y has values
between 0.5 and 1.0), a* is the critical free area, g, is the
van der Waals area per lipid molecule, ayf is the free area
at T, and a, is the lateral thermal expansion coefficient in
the liquid-crystalline phase. Using Eq. 1, we calculated the
diffusion coefficients expected for molecules with surface
areas up to 0.8 nm?; these results are shown as the dotted
line in Fig. 3. We assume that ya*/a, = 0.4, a, = 2.3 X
1073 K™!, B = 0.148, and for the DMPC bilayers, T, =
23.9°C (Galla et al., 1979; Vaz et al., 1985a,b). The friction
coefficient was considered to contain two terms, f = f; + f,,
where f; is due to the interaction of the lipid polar head-
group with the aqueous phase at the bilayer-water interface,
and £, is due to the interaction of the acy! chain ends of the
lipid with the other half of the bilayer. Generally, friction
coefficients have the form f; = Cju;, where C; is a constant
that is equal to 44r times a radius of a particle and w; is the
viscosity of corresponding liquid. Thus f; = 4muwR, where
R is the protruding radius of the particle, and uyy, is the
viscosity of water, which is itself a function of temperature.
There is no good estimate for f,, because it is difficult to
pick a value for the radius of the acyl chain end, which is
embedded within the bilayer and is not treated well as a
sphere. Here the value for f, was used as an adjustable
parameter in the model calculation of the diffusion coeffi-
cients shown in Fig. 3. The values of £, used are shown in
the caption of Fig. 3 and are found to have a value of ~4 X
107! Ns/m (Vaz et al., 1985a). The diffusion coefficients
calculated from Eq. 1 with these listed values are in good
agreement with the experimentally determined diffusion
coefficients at all temperatures (Fig. 2). This appears to be
an excellent description of diffusion for small molecules
with areas as large as 0.8 nm?.

The hydrodynamic property of diffusing molecules with a
radius much greater than 1 nm has been described by the
Saffmann and Delbriick model (Saffmann and Delbriick,
1975). The relevant equation for lateral diffusion of a cyl-
inder in a thin viscous sheet, such as for an integral mem-
brane protein (bacteriorhodopsin and rhodopsin) in a lipid
bilayer, is given by Eq. 2. In this equation, % is the thickness
of the viscous sheet, which is equal to the height of the

cylinder,
D= 4WMMh[ln(”wR) - 0.5772] 2

uy and p,, are the viscosities of the membrane and the
surrounding aqueous solution, respectively, and R is the
radius of the diffusing cylinder. Equation 2 has been tested
experimentally and has been found to describe adequately
the lateral diffusion of some large membrane proteins
(area > 3 nm?®) that span the phospholipid bilayer com-
pletely (Vaz et al., 1984; Peters and Cherry, 1982), and for
which D depends only weakly on the radius of the particle.

The Saffmann-Delbriick model is strictly applicable only
to molecules that span a symmetrical membrane entirely.
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Evans and Sackmann have extended the hydrodynamic ap-
proach (Evans and Sackmann, 1988) by treating the diffus-
ing particle as a cylinder inserted into an asymmetrical
phospholipid bilayer. Thus the bilayer is a pseudo-two-
dimensional fluid continuum, but with different boundary
conditions above and below the diffusant. The lateral dif-
fusion is expressed by

_ K 62><(1+b')+ w i B 3
D_47T'nm>< 4 b2 € K() ()

where 71, = uph is the two-dimensional membrane viscos-
ity, h is the height of the diffusing particle, K, and K, are
modified Bessel functions, € is the dimensionless particle
radius given by Eq. 4, and b,, b,, b, are coefficients of
friction caused by drag against the viscous surrounding.
Equations 3 and 4 were derived originally to describe the
diffusion of a cylinder:

b, + by\"?
e=R< 2n 3) )

in a membrane which is supported by a solid substrate, and
there b, and b; are the viscous coefficients of friction of
diffusant with the substrate and water, respectively, and b,
reflects the drag between the two monolayers. The Evans-
Sackmann model was subsequently used by Tamm to de-
scribe the diffusion of a cylinder inserted into only one
monolayer of the bilayer (Tamm, 1991). In this interpreta-
tion, the frictional coefficients refer to the drag at the
aqueous interface (b5), at the interior of the bilayer (b,), and
at the bottom (b,) of the diffusant. The approach by Tamm
can be applied to our experiments, because our NBD-la-
beled amphiphiles are not long enough to span the whole
bilayer membrane, and therefore they are asymmetrically
embedded in the bilayer. Conceptually, this hydrodynamic
model is related to the size and shape of the diffusing
molecule, the viscosity of the continuous membrane sheet
and the interfacial aqueous phase, and the mutual friction of
diffusant with the interior of the membrane and with the
interface of membrane. For cylindrical molecules inserted
partiaily into one monolayer of a membrane, Eqs. 3 and 4
should still be valid.

The diffusion coefficients were calculated according to
Eq. 3 for molecular surface areas greater than 1 nm? and are
shown in Fig. 3 as solid lines. The parameters used for this
theoretical calculation are listed in the caption for Fig. 3.
The membrane viscosity () is set to be ~1 Poise, and the
viscosity of water (i) is generally ~0.01 Poise (Levine,
1988). (The crystal structure of rubrene (Bergmann and
Herlinger, 1936) and the calculation of molecular dimen-
sions following the procedure of Edward (1970) provide an
effective radius of rubrene of 0.5 nm. The diffusion coeffi-
cient of 5.8 X 107'> m?/s of rubrene in DMPC at 29°C
(Balcom and Petersen, 1993) yields, by application of the
Stokes-Einstein equation, a value of membrane viscosity of
1.15 Poise at 29°C.) Both of these values vary with tem-
perature in a predictable manner. The value for the frictional
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FIGURE 3 Comparison of measured values (@) of lateral diffusion
coefficients for NBD-labeled cyclic polyamide amphiphiles with calcu-
lated values. The model calculations use the modified free area theory (Eq.
1) for small molecules (~+~) and the Evans-Sackmann hydrodynamic model
(Eq. 3) for larger molecules ( ). The error bar represents the standard
error of the mean of the measurements. The simulations were performed
with the following fixed parameters: ya*/a, = 0.4, B = 0.148, o, = 2.3 X
1073K"}, T,, = 23.9°C,h = 1.05 nm, b, = 3 X 10° Ns/m?, b,/b, = 1/2.5.
The adjustable parameters were py, [y, fo. These were set to obtain the
best apparent fit for each temperature as follows: (4) 27°C, u,, = 0.0088
Poise, iy, = 1.25 Poise, f, = 4.35 X 10~ Ns/m; (B) 30°C, p,, = 0.00808
Poise, pty, = 1.1 Poise, f, = 4.4 X 107" Ns/m; (C) 32°C, p,, = 0.00765
Poise, py = 1.05 Poise, f, = 4.0 X 107! Ns/m; (D) 35°C, u,, = 0.00728
Poise, jp = 1.0 Poise, f, = 4.2X107!" Ns/m; (E) 38°C, p,, = 0.007
Poise, 1,y = 0.78 Poise, f, = 3.9 X10™"' Ns/m.
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coefficient between layers of the bilayer membrane, b,, has
been measured to be 7.5 X 10° N s/m> or smaller (Merkel
et al., 1989), which is 2.5 times the value of b,. The
frictional coefficient between the aqueous phase on the
membrane and diffusant, by = u2/1y,, is on the order of 10°
to 10* Ns/m® (Evans and Sackmann, 1988). The height of
the diffusant was assumed to be 1.05 nm. (Theoretical
calculations, experimental studies of chain packing, and
conformational statistics in lipid bilayers are consistent with
an estimate of 1.0 nm for the height of our NBD-labeled
macrocyclic polyamides containing lauroyl groups (Lewis
and Engelman, 1983; Fattal and Ben-Shaul, 1994; Lu et al.,
1995).) For the calculations of diffusion coefficients at all
temperatures, we employed the same condition, # = 1.05
nm, b, = 3 X 10° Ns/m®, b,/b, = 1/2.5. The calculation at
each temperature was adjusted for the temperature depen-
dence of the viscosity of water and of membranes. Conse-
quently, it was found that experimental data were described
very well by the Evans-Sackmann model.

It is important to reiterate that the calculations shown in
Fig. 3 use the same values for each set of parameters at all
temperatures, and it is therefore the explicit temperature
dependence of these parameters (f,, typ, My,) that accounts
for the variation in diffusion coefficient from 27°C to 38°C.
For example, the known temperature dependence of the
viscosity of water (u,) was used in these calculations
(Levine, 1988). The temperature dependence of the viscos-
ity of membrane (u,,) is less well characterized, but the
values used here follow a trend quite similar to that of water,
as might be expected. The variation in f, is too small to
provide a good sense of the temperature dependence, but it
is decreasing slightly, reflecting the interdependence of f,
and p,,. The calculations are internally consistent and their
compatibility with the experimental data for all the probes at
all temperatures provides the strongest evidence for the
applicability of an Evans-Sackmann-type model as used
here. It also should be noted that there appears to be a
discontinuity in both the experimental data and in the the-
oretical calculations at molecular areas between 0.8 nm? and
1 nm?. This now defines the transition region between free
area and hydrodynamic descriptions of diffusion in model
membranes. It should be recognized that there are experi-
mental errors associated with the area measurements and
that the absolute area values reflect the choice of 30 mN/m
as the bilayer surface pressure. Whereas the absolute areas
may be open to some uncertainty and interpretation, the
relative areas are determined very well. Thus the data pre-
sented here provide the best description of the area depen-
dence of molecular diffusion in membranes available to
date. Moreover, these molecules are designed as a homol-
ogous series to ensure that they have similar chemical,
physical, and structural properties. The molecular modeling
suggests that these molecules contain circular rings that are
rigid and fairly incompressible (Paprica and Petersen, 1994)
and therefore vary in size but not in shape.
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DISCUSSIONS

We have found that the lateral diffusion of NBD-labeled
macrocyclic polyamide amphiphiles is dependent on the
size and shape of these molecules in the liquid-crystalline
phase of model membranes. The surface areas of the NBD-
labeled amphiphiles span the transition region of interest
from 0.3 nm? to 3 nm? Now it is very clear that the
diffusion behavior of these intermediate-size molecules can
be described by different models. The diffusion behavior of
small lipid-like molecules (surface area < 1 nm?, radius <
0.56 nm) with dimensions similar to those of the lipids in
the bilayer can be described by an expression of interfacial
viscosity limited free area theory (Vaz et al., 1985a),
whereas that of larger molecules (surface area = 1 nm?,
radius = 0.56 nm) is much slower than lipid self-diffusion
and can be fitted by a continuum hydrodynamic model
recently developed by Tamm (1991), based on the Evans
and Sackmann model (Evans and Sackmann, 1988). We
also observed that the apparent activation energies of dif-
fusion for smaller molecules (surface area < 1 nm?) are
similar to those of lipid molecules, but the apparent activa-
tion energies of diffusion for larger molecules (surface
area = 1 nm?) are smaller than those of lipids. The peculiar
observation that N,L;[NBD] moves slowly but has a high
apparent activation energy may reflect the fact that this
molecule is situated in the middle of the transition region.

It is evident that the hydrodynamic description is appro-
priate for the larger molecules, even though they span only
part of the membrane. In fact, it appears that the diffusion is
controlled only by the size of the molecule in the region of
the membrane closet to the aqueous interface. The question
remains why there is an apparent discontinuity in the dif-
fusion behavior at molecular areas above 1 nm?. For smaller
molecules, density flunctuations in the interface region can
generate free area (or volume), thereby permitting the small
molecules to move in a diffusive process along the surface.
The relatively large apparent activation energy suggests that
the temperature dependence of the fluctuations in the equi-
librium density is quite large. On the other hand, for large
molecules, the fluctuations in the equilibrium density are
not the only constraint on the diffusive motion. Rather, the
frictional forces generated when the molecules move past
one another appear to dominate and cause a reduction in the
observed diffusion rate. The smaller apparent activation
energy indicates that these frictional forces, which are
interpreted as the viscosity, are much less sensitive to
temperature.

The current data show that the diffusion coefficient is
sensitive to a change in size of a molecule at the surface of
the membrane. This is in marked contrast to the observa-
tions by Balcom and Petersen (1993) that the diffusion
coefficient of amphiphilic molecules is insensitive to a
change in size in the interior of the membrane. In that work,
it was shown that the diffusion behaviors of derivatives of
citronellol, solanosol, and dolichols were identical, even
though the volume of the molecule in the interior was
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increased by more than an order of magnitude. Thus in-
creasing the area at the surface affects the diffusion,
whereas increasing the volume in the interior does not. Still,
molecules such as tetracene and rubrene, which are entirely
in the interior of membrane, exhibit a Stokes-Einstein type
dependence on diffusion, i.e., the diffusion depends on the
size (Balcom and Petersen, 1993). These observations sug-
gest that the surface interface region of the bilayer mem-
brane is more restrictive to diffusion than is the middle of
the bilayer. The best view of the membrane may then be as
a triple layer (Fig. 4), a region close to the aqueous interface
that is more restrictive to diffusion, and the middle region,
which is more fluid and less restrictive to diffusion. In this
view, any molecule penetrating into the more rigid interface
region (all of those studied in this work and the isoprenol
derivatives studied earlier) will move laterally in a manner
controlled by this region, irrespective of the size of the
molecule in the aqueous region or in the middle region.
Thus lipid-anchored proteins and dolichols share the feature
that there are large bulky groups extruding into regions of
lower viscosity, where the additional drag minimally influ-
ences the diffusion. Moreover, molecules residing only in
the interior experience a more fluid environment, and dif-
fusion may be more rapid than that of the host lipid, as
exemplified by tetracene (Balcolm and Petersen, 1993).

It is intriguing to speculate that the high-viscosity region
of the triple-layer membrane corresponds to the region with
large acyl chain order parameters. This region is ~8-10
carbons deep, corresponding to a ~1.0-nm thickness (coin-
cidentally, the height used to fit the diffusion data). In that
case, the more fluid middle region would correspond to the

FIGURE 4 Diagrammatic representation of the “triple layer” model for
a membrane. The darker region represents the ~1-nm-thick viscous region
close to the surface, and the lighter region represents the 1-1.5-nm-thick
fluid region in the hydrophobic interior. A series of molecules are depicted:
T, tetracene; R, rubrene; C, NBD-labeled citronellol; S, NBD-labeled
solanosol; PE, NBD-labeled phospholipid analog; N,, NBD-labeled mac-
rocycle with n nitrogens in the ring (see text). The diffusion data suggest
that C, S, PE, N, (N,L[NBD]), and N; (N,L,[NBD]) have the same
diffusion coefficient because they are comparable in size to the lipid
molecule, and the bulk in the interior is of no consequence. The diffusion
rates of N, (N,L;[NBD]), N5 (NSL,[NBD]), and Ny (NGLs[NBD]) are
slower because their size in the viscous region of the membrane is larger
than that of the host lipid.
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region with relatively small chain order parameters in the
layer where the two monolayers meet. This region is 6-8
carbons deep for each monolayer corresponding to a 1-2-
nm-thick middle layer. This region is sufficiently large to
accommodate large hydrophobic chain segments, such as in
dolichol, without impeding the diffusion significantly.

Thinking about a membrane functionally as a triple layer
may be useful from a number of perspectives. Diffusion of
lipids and proteins will differ mostly because the latter span
two viscous regions. Diffusive transport across the mem-
brane will be dominated by penetration through the ~1.0-
nm-thick layers at each surface. Once in the middle region
of the membrane, the lateral diffusion would be facile and
perhaps more rapid than escape across the other, more
viscous region.

In summary, we predict that an amphiphile that resides
partly in the membrane region closest to the surface will
exhibit lateral diffusion at the rate of the lipids if it is small
(surface area < 1 nm?), or will be slightly slower if it is
large (surface area > 1 nm?). The size of the molecule in the
aqueous region or in the hydrophobic interior is of little
consequence, because the viscous drag will be less. Any
hydrophobic molecule that resides exclusively in the inte-
rior may diffuse more rapidly than the solvent (lipid), but
will exhibit a dependence on size similar to that observed in
three-dimensional diffusion. Any molecule that spans both
bilayers should be reduced in diffusion by a factor of 2
relative to a molecule of comparable cross-sectional area
present only in one monolayer; this prediction has yet to be
tested rigorously. Finally, molecules larger than 1 nm? are
adequately described by the hydrodynamic models, pro-
vided that the effective height is understood to be the
thickness of the viscous layers.
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