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Interdigitation Does Not Affect Translational Diffusion of Lipids in Liquid
Crystalline Bilayers

Vincent Schram and Thomas E. Thompson
Department of Biochemistry, University of Virginia, Charlottesville, Virginia 22908 USA

ABSTRACT Asymmetric phosphatidylcholine molecules with one acyl chain twice as long as the other, below their phase
transition temperature, form a mixed interdigitated phase in which the longer acyl chain spans the entire bilayer. Experimental
evidence in the literature suggests that, above their phase transition temperature, these molecules may still exhibit partial
interdigitation, with the longer acyl chain extending partially into the opposite leaflet, and are packed more tightly than
equivalent symmetric phosphatidylcholines. Using the fluorescence recovery after photobleaching technique, we have
investigated the translational diffusion in multilayers of a liquid crystalline phase, asymmetric phosphatidylcholine, 1-stearoyl-
2-capryl-phosphatidylcholine (C18C10PC). We used as a fluorescent probe either a phospholipid analog of the same acyl
chain composition, NBD-C18C10PE, or the symmetric equivalent of the same molecular weight, N-(7-nitrobenzoxa-2,3-
diazol-4-yl)-dimyristoyl-phosphatidylethanolamine (NBD-DMPE). Translational diffusion coefficients were also determined by
using both probes in multilayers of dimyristoyl-phosphatidylcholine (DMPC) and in the eutectic mixture DMPC/C18C10PC
(40/60 mol). We found that in a given host lipid, NBD-C18C10PE and NBD-DMPE diffuse at the same rate, which suggests
that their bilayer free area is almost identical. This result can be explained by considering that in the liquid crystalline state,
the increase in molecular packing is compensated by an increase in acyl chain dynamics. This view, which is supported by
literature data, clearly suggests that the acyl chain interdigitation occurring in the liquid crystalline phase is highly dynamic.

INTRODUCTION

The translational diffusion of biomembrane components
plays an important role in cell function and metabolism.
One of the most direct methods for measuring the long-
range translational diffusion coefficient, D, is fluorescence
recovery after photobleaching (FRAP). FRAP investiga-
tions on model membranes yield important insights into the
molecular organization of the lipid bilayer, in particular the
free molecular area (Vaz et al., 1985a). Although all such
studies thus far have involved phospholipids whose acyl
chain lengths are the same in the 1 and 2 glycerol positions,
most of the lipids found in biological membranes are asym-
metric with one acyl chain longer than the other; lengths as
short as 14 carbons and as long as 24 carbons are widely
distributed. This difference in length is currently described
by the chain length asymmetry parameter, AC/C;, where
AC is the difference in length between both chains and C;_
is the length of the longer chain (Slater and Huang, 1988).
This difference may be accommodated in two ways: 1)
either by a bendback of the longer chain, a situation that is
energetically unfavorable, or 2) by penetration of the longer
acyl chain into the opposite leaflet, to create an interdigi-
tated phase.

These interdigitated systems are best documented for the
gel phase asymmetric phosphatidylcholines (for a review,
see Slater and Huang, 1988). Below their phase transition
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temperature, asymmetric phosphatidylcholines pack in an
interdigitated fashion that depends on their chain length
asymmetry in the following way: 1) At moderate chain
length asymmetry (AC/Cy < 0.42), the longer acyl chain
extends partially into the opposite leaflet, forming a par-
tially interdigitated phase. 2) When the acyl chain asymme-
try is close to 0.5, that is, when one acyl chain is about twice
as long as the other, the gel phase bilayer adopts a mixed
interdigitated configuration, in which the longer acyl chain
spans the entire bilayer, resulting in three acyl chain cross-
sectional areas per headgroup cross section (Huang et al.,
1983; Mclntosh et al., 1984; Slater et Huang, 1988).

Does interdigitation persist in the liquid crystalline
phase? This point is of fundamental interest, as it addresses
the question of the biological relevance of interdigitation.
The interdigitation of glycosphingolipid molecules has been
proposed to modulate their function as receptor and struc-
tural elements (Florio et al., 1990). Interdigitation of lipid
molecules can in principle couple together the two opposing
leaflets of a bilayer, and thus may have important physio-
logical consequences. Moreover, as the difference in the
bilayer hydrophobic thickness between gel and liquid crys-
talline phase can be extreme, interdigitation is potentially a
factor in membrane microdomain formation and organiza-
tion. The most difficult molecules to pack in a non-inter-
digitated fashion are clearly those with one acyl chain about
twice as long as the other. Several lines of experimental
evidence suggest that asymmetric phosphatidylcholines
with a chain length asymmetry close to 0.5 remain partially
interdigitated in liquid crystalline phases (Lewis and al.,
1994; Zhu and Caffrey, 1993).

Among these molecules, 1-stearoyl-2-capryl-phosphati-
dylcholine (C18C10PC) is probably the most extensively
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studied. Its symmetric molecular weight equivalent is 1-2-
dimyristoyl-phosphatidylcholine (DMPC). The liquid crys-
talline phase of C18C10PC has been investigated by a
variety of experimental approaches. The intramolecular and
interchain disorder viewed by Raman spectroscopy in
melted C18C10PC is slightly higher than in liquid crystal-
line DSPC (Huang et al., 1983). Relaxation NMR showed
that fluid C18C10PC experiences unusual restrictions on
segmental reorientation at megahertz frequencies as com-
pared with symmetric chain species, and the NOESY cross-
peak between the w-CH3 of the C18 chain and the N(CH3)3
of the choline head group has been interpreted in terms of
molecular interpenetration into opposite leaflets (Halladay
et al., 1990). The molecular area of liquid crystalline
C18C10PC deduced from x-ray diffraction measurement is
slightly smaller (55 A2) than current values for fluid DMPC
(McIntosh et al., 1984). Moreover, fluorescence anisotropy
of (9-anthroyl-oxy)phospholipid derivatives has suggested
that the dynamic motions of C18C10PC acyl chains are
influenced by the interpenetration of the chains of the op-
posing leaflet (Mason, 1994).

Taken together, these data indicate that liquid crystalline
C18C10PC molecules are packed more tightly than DMPC
molecules. Thus, the free area in a fluid C18C10PC bilayer
must be smaller than in its symmetric equivalent, DMPC.
As current free area theories predict a steep dependence of
the diffusion coefficient on the bilayer free area (Vaz et al.,
1984), the lateral diffusion coefficient in liquid crystalline
C18C10PC should be smaller than in DMPC. In addition, it
seems possible that fluid phase interdigitation could cause a
coupling of molecules across the bilayer midplane and thus
reduce the diffusion coefficient by as much as two-thirds, as
found for a transbilayer lipid (Vaz et al., 1985b). Using the
FRAP technique, we have investigated the long-range trans-
lational diffusion in multilayers of fluid-phase C18C10PC.
We used as the fluorescent probe either a phospholipid
analogue of the same acyl-chain composition, N-(7-nitro-
benzoxa-2, 3-diazol-4-yl)-1-stearoyl-2-capryl-phosphatidyl-
ethanol-amine (NBD-C18C10PE), or the symmetric molec-
ular weight equivalent, N-(7-nitrobenzoxa-2,3-diazol-4-
yl)-dimyristoyl-phosphatidylethanolamine (NBD-DMPE).
Results are compared with the diffusion of these probes in
the symmetric equivalent lipid matrix, DMPC. Unexpect-
edly, whatever the fluorescent probe, the D values in fluid
C18C10PC are essentially identical to those in fluid DMPC,
which strongly suggests that the free areas in the two lipid
matrices are almost identical.

MATERIALS AND METHODS
Chemicals

DMPC, C18C10PC, NBD-DMPE, and NBD-C18C10PE were obtained
from Avanti Polar Lipids (Eugene, OR). All other chemicals were of
analytical grade.
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Multilayers

Supported multilayers were formed following the standard protocol of Vaz
et al. (1985a), with a molar ratio fluorescent probe/phosphatidylcholine of
2/1000. The standard buffer was NaCl 10 mM, Na,HPO, 5 mM, NaH,PO,
5 mM, EDTA 107> M, pH = 7. The samples were incubated for 2 days at
10°C above their phase transition temperature before measurement.

FRAP experiments

FRAP experiments were carried out on an ACAS 470 workstation (Me-
ridian Instruments, Okemos, MI). The 488 nm line of an argon ion laser
(Coherent 90 SUV) operated at 200 mW is split by an acoustic-optic
modulator. The resultant first-order beam is used as a bleaching (100%
power) or monitoring (<10% power) beam in an inverted microscope
equipped with a 40X air objective and a motorized stage. After the
photobleaching phase, the fluorescence intensity profile is scanned repeat-
edly through the bleaching area by computer-driven translations of the
microscope stage. The laser power supply, acoustic optic modulator, and
motorized stage are interfaced with an IBM-compatible microcomputer
and operated by the software provided by Meridian. Note that between two
consecutive scans (typically 90% of the time), the beam is “parked” far
away from the observation area and thus does not bleach the sample, as it
would with steady illumination.

Recovery scans are analyzed with the diffusion function of Koppel
(1979). The diffusion coefficient D, the mobile fraction M, and three
parameters of the shape of the initial gaussian profile of the fluorophore
concentration (maximum bleaching amplitude «,, width at half-high w,
and x-coordinate of «) are adjusted to obtain the best fit between the
experimental points and the diffusional function.

The temperature of the sample is regulated by a Peltier stage unit.
Samples are preincubated at the highest temperature of the scan for 1 h,
then cooled down in steps of 2°C, allowing 20 min of equilibration at each
temperature before measurement.

RESULTS AND DISCUSSION

The diffusion coefficients obtained in liquid crystalline
C18C10PC with the probes NBD-DMPE, NBD-C18C10PE,
and N-(7-nitrobenzoxa-2,3-diazol-4-yl)-dioleoyl-phosphati-
dylethanolamine (NBD-DOPE) are shown in an Arrhenius
plot in Fig. 1 A. The D values obtained for each probe are
essentially identical. Diffusion coefficients obtained in lig-
uid crystaline DMPC with NBD-DMPE and NBD-
C18CI10PE are plotted in Fig. 1 B. Once again, the differ-
ences in the D values obtained with the two probes are less
than the experimental uncertainty. In each case, the mobile
fractions are extremely close to 1 (data not shown). For each
lipid matrix, C18C10PC and DMPC, we have fitted In(D)
versus 1/T with a straight line. For the sake of comparison,
we show in each Arrhenius plot the result of the linear
regression obtained in the other lipid matrix. The diffusion
coefficients in DMPC seem slightly smaller than those in
C18C10PC (compare straight lines and experimental points
in Fig. 1, A and B), but the differences are at the limit of the
experimental uncertainty and probably not meaningful.
Note that the eutectic mixture DMPC/C18C10PC 40/60

. molar (Lin and Huang, 1988) falls also on the common plot

(Fig. 1 B), which indicates that, from the point of view of
the translational diffusion, C18C10PC and DMPC mix al-
most ideally in the liquid crystalline phase.
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FIGURE 1 Logarithm of the diffusion coefficient of NBD-PE probes
versus the inverse of the absolute temperature. (A) Multilayers of
C18C10PC: B, NBD-DMPE; [], NBD-C18C10PE; A, NBD-DOPE. (B)
l, NBD-DMPE; or [0, NBD-C18C10PE in muitilayers of DMPC; A,
NBD-C18C10PE in multilayers of DMPC/C18C10PC (40/60 mol). Each
point represents the average D value obtained with 40 recoveries on four
different samples, and is shown with the standard deviation. Straight lines
are the linear regressions obtained in the other lipid matrix (DMPC in (A),
activation energy: 10.4 kcal/mol, and C18C10PC in (B), activation energy:
8.8 kcal/mol). The arrows indicate the respective phase transition temper-
atures for C18C10PC (A), DMPC and DMPC/C18C10PC 40/60 mol (B).

The independence of the diffusion coefficient in liquid
crystalline C18C10PC on the acyl chain composition of the
probe, symmetric or not, indicates that the translational
diffusion in this lipid matrix falls in the classical frame of
the surface restricted diffusion (Macedo and Litovitz, 1965).
In this regime, D depends exponentially of the free area in
the bilayer:

D =A - exp(—ao/(a(T) — ay)) - exp(—E/(kT))

where a;, is the close-packed molecular area, a(T) the mean
molecular area at the absolute temperature T, E, the activa-
tion energy for lateral diffusion, and k the Boltzman con-
stant. As In(D) was demonstrated to be a linear function of
the free area (a(T) — ay) (Vaz et al., 1984), the preexpo-
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nential factor A seems to be independent of 7. Moreover, as
the molecular area of the phosphocholine headgroup is
consistently larger than the molecular area of two close-
packed acyl chains (Pearson and Pascher, 1979; Tardieu et
al., 1973), it can reasonably be assumed that the close-
packed molecular areas of C18C10PC and DMPC are iden-
tical. Finally, because the temperature dependence of the
molecular areas is weak (Almeida et al., 1992), we consid-
ered them constant over the limited range of temperature
sampled here (about 10°C). The activation energies can thus
be assimilated to the slope of the linear regressions in Fig.
1, A and B. They are quite similar (8.8 and 10.4 kcal/mol for
C18C10PC and DMPC, respectively) and are in the range of
expected values for the diffusion of a phospholipid analogue
in liquid crystalline bilayers. Our results thus indicate that
the free areas in liquid crystalline C18C10PC and DMPC
bilayers are almost the same, which seems contradictory to
the increase in molecular packing in C18C10PC evidenced
by various experimental approaches (Huang et al., 1983;
Halladay et al., 1990; Mason, 1994).

However, the partial interdigitation occurring in a liquid
crystalline phase cannot be considered as static as the situ-
ation is in the gel phase. It is more realistic to consider a
highly dynamic lipid matrix, in which the hydrocarbon
chains are rapidly sampling both their own leaflet and
regions of the opposing monolayer. Indeed, one may think
about a liquid crystalline interdigitated phase as a bilayer in
which the acyl chains are at the same time more motionally
restricted and more disordered than their symmetric equiv-
alent. This duality is illustrated by the unusual motional
restrictions experienced by fluid-phase C18C10PC, while
chain motions at mid-kilohertz frequencies are enhanced
(Halladay et al., 1990). In the same way, fluorescence
anisotropy profiles of 9-anthroyl-oxy chromophores linked
at different carbon positions of a phospholipid acyl chain
(sampling different depths in the bilayer) in fluid
C18C10PC clearly show that the bilayer does not expand to
the point where a discrete bilayer midplane exists (Mason,
1994). A dynamic intermixing of the acyl chains of oppos-
ing leaflet exists in fluid C18CI10PC, even if the average
values of the anisotropy are about the same in liquid crys-
talline C18C10PC and DSPC. Note that this intermixing is
not favorable to a molecular coupling across the bilayer
midplane. If such a coupling exists, our results show that it
has no influence on the translational diffusion.

CONCLUSION

The diffusion coefficients and activation energies measured
by FRAP in multilayers of liquid crystalline C18C10PC and
DMPC are almost identical, whether the probe interdigitates
(NBD-C18C10PE) or not (NBD-DMPE). Thus, the inter-
digitation occurring in the liquid crystalline phase of
C18C10PC has no measurable effect on lipid translational
diffusion. This result can be explained in two ways: either 1)
the effect of the fluid phase interdigitation, in terms of
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reduction of the global free area or in terms of transbilayer
coupling, is too weak to be detected, or 2) the tighter
molecular packing of C18C10PC molecules is compensated
by the faster dynamic motion of their acyl chains. This
view, supported by relaxation NMR (Halladay et al., 1990)
and fluorescence anisotropy (Mason, 1994) data, supposes
that these liquid crystalline, asymmetric phosphatidylcho-
lines experience a “statistical” partial interdigitation, with
the longer hydrocarbon chains rapidly sampling both their
own monolayer and regions of the opposing monolayer.
Although this particular acyl chain dynamics may have
some biological relevance (see Florio et al., 1990), our
results show that fluid phase interdigitation has no measur-
able influence on the long-range translational diffusion as
sampled by the FRAP technique in bilayer membranes.
Nevertheless, the considerable difference in the bilayer
thickness between the gel and liquid crystalline phase of
certain asymmetric phosphatidylcholines may have an im-
pact in terms of gel-phase domain formation and organiza-
tion. This topic is currently under investigation in our
laboratory.

REFERENCES

Almeida, P. F. F., W. L. C. Vaz, and T. E. Thompson. 1992. Lateral
diffusion in the liquid crystalline phases of dimyristoyl-
phosphatidylcholine/cholesterol lipid bilayers: a free volume analysis.
Biochemistry. 31:6739-6747.

Florio, E., H. Jarrell, D. B. Fenske, K. R. Barber, and C. W. M. Grant.
1990. Glycosphingolipid interdigitation in phospholipid bilayers exam-
ined by deuterium NMR and EPR. Biochim. Biophys. Acta. 1025:
157-163.

Halladay, H. N., R. E. Stark, S. Ali, and R. Bittman. 1990. Magic-angle
spinning NMR studies of molecular organization in multibilayers
formed by 1-octadecanoyl-2-decanoyl-sn-glycero-3-phosphocholine.
Biophys. J. 58:1449-1461.

Huang, C., J. T. Mason, and I. W. Levin. 1983. Raman spectroscopic study
of saturated mixed-chain phosphatidylcholine multilamellar dispersions.
Biochemistry. 22:2775-2780.

Biophysical Journal

Volume 69 December 1995

Koppel, D. E. 1979. Fluorescence redistribution after photobleaching. A
new multipoint analysis of membrane translational dynamics. Biophys.
J. 28:281-292.

Lewis, R. N. A. H,, R. N. McElhaney, M. A. Monck, and P. C. Cullis.
1994. Studies of highly asymmetric mixed-chain diacyl phosphatidyl-
cholines that form mixed-interdigitated gel phases: Fourier transform
infrared and H spectroscopic studies of hydrocarbon chain conforma-
tion and orientational order in the liquid crystalline state. Biophys. J.
67:197-207.

Lin, H., and C. Huang. 1988. Eutectic phase behavior of 1-stearoyl-2-
caprylphosphatidylcholine and dimyristoylphosphatidylcholine mix-
tures. Biochim. Biophys. Acta. 946:178-184.

Macedo, P. B., and T. A. Litovitz. 1965. On the relative roles of free
volume and activation energy in the viscosity of liquids. J. Chem. Phys.
41:245-256.

Mason, J. T. 1994. Properties of phosphatidylcholine bilayers as revealed
by mixed-acyl phospholipid fluorescent probes containing n-(9-
anthroyloxy) fatty acids. Biochim. Biophys. Acta. 1194:99-108.

Mclntosh, T. J., S. A. Simon, J. C. Ellington, and N. A. Porter. 1984, New
structural model for mixed-chain phosphatidylcholine bilayers. Bio-
chemistry. 23:4038-4044.

Pearson, R. H., and I. Pascher. 1979. The molecular structure of lecithin
dihydrate. Nature. 281:499-501.

Slater, J. L., and C. Huang. 1988. Interdigitated bilayer membranes. Prog.
Lip. Res. 27:325-359.

Tardieu, A., V. Luzzati, and F. C. Reman. 1973. Structure and polymor-
phism of the hydrocarbon chains of lipids: a study of lecithin-water
phases. J. Mol. Biol. 75:711-733.

Vaz, W. L. C,, R. M. Clegg, and D. Hallmann. 1985a. Translational
diffusion of lipids in liquid crystalline phase phosphatidylcholine
multibilayers. A comparison of experiment with theory. Biochemistry.
24:781-786.

Vaz, W. L. C,, F. Goodsaid-Zalduondo, and K. Jacobson. 1984. Lateral
diffusion of lipids and proteins in bilayer membranes. FEBS Lett. 174:
199-207.

Vaz, W. L. C,, D. Hallmann, R. M. Clegg, A. Gambacorta, and M. De
Rosa. 1985b. A comparison of the translational diffusion of a normal and
a membrane-spanning lipid in Lo phase 1-palmitoyl-2-oleolylphosphati-
dylcholine bilayers. Eur. Biophys. J. 12:19-24.

Zhu, T., and M. Caffrey. 1993. Thermodynamic, thermomechanical and

structural properties of a hydrated asymmetric phosphatidylcholine. Bio-
phys. J. 65:939-954,



