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Lateral Pressure Dependence of the Phospholipid Transmembrane
Diffusion Rate in Planar-Supported Lipid Bilayers

Timothy C. Anglin and John C. Conboy
Department of Chemistry, University of Utah, Salt Lake City, Utah

ABSTRACT The dependence of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) flip-flop kinetics on the lateral membrane
pressure in a phospholipid bilayer was investigated by sum-frequency vibrational spectroscopy. Planar-supported lipid bilayers
were prepared on fused silica supports using the Langmuir-Blodgett/Langmuir-Schaeffer technique, which allows precise control
over the lateral surface pressure and packing density of the membrane. The lipid bilayer deposition pressure was varied from 28 to
42 mN/m. The kinetics of lipid flip-flop in these membranes was measured by sum-frequency vibrational spectroscopy at 37°C. An
order-of-magnitude difference in the rate constant for lipid translocation (10.9 x 107*s "t01.08 x 10 * s~ ") was measured for
membranes prepared at 28 mN/m and 42 mN/m, respectively. This change in rate results from only a 7.4% change in the packing
density of the lipids in the bilayer. From the observed kinetics, the area of activation for native phospholipid flip-flop in a protein-free
DPPC planar-supported lipid bilayer was determined to be 73 = 12 A%molecule at 37°C. Significance of the observed activation

area and potential future applications of the technique to the study of phospholipid flip-flop are discussed.

INTRODUCTION

The study of phospholipid membrane dynamics is central to
the understanding of cellular function and regulation. In
particular, the process of transmembrane migration of lipids,
also referred to as flip-flop, is critical to the functioning of the
cell. For instance, the flip-flop of phospholipids has been
implicated with cell apoptosis, and the externalization of cer-
tain phospholipids via transmembrane migration is a known
mechanism of intercellular signaling (1,2). Perhaps more im-
portantly, it is known that phospholipid flip-flop must occur
within cellular membranes to support uniform growth, as
phospholipid synthesis is known to occur only on the cytosolic
side of the membrane (3). Additionally, flip-flop is essential
for the maintenance of phospholipid asymmetry in cellular
membranes (4,5).

In recent years, there have been a plethora of studies aimed
at measuring phospholipid flip-flop kinetics and thermody-
namics by fluorescence, electron-spin resonance (ESR), nu-
clear magnetic resonance, and lipid extraction studies (3—12),
yet there has been little progress toward developing an un-
derstanding of the mechanistic pathways for the transbilayer
migration of lipid species. Most studies have assumed a
protein-dependent flipping mechanism, and relatively few
studies have focused on the intrinsic flip-flop of pure phos-
pholipids since the pioneering study by Kornberg and
McConnell (6). Additionally, the bulk of these studies have
made use of chemically modified lipids, which have been
shown to exhibit altered kinetics and thermodynamics
relative to native lipid species (6-8,13). A more complete
thermodynamic analysis of native lipid translocation is an
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important step toward the elucidation of the mechanism for
lipid flip-flop. Our work aims to address some of the fun-
damental questions regarding the transbilayer migration of
lipids in membranes (3,15). In this article, we present an
investigation of the lateral pressure-dependent kinetics and
thermodynamics of native lipid flip-flop using sum-frequency
vibrational spectroscopy (SFVS), which allows for the direct
study of membrane lipid asymmetry using only the native
lipid species without the need for exogenous fluorescent or
spin-labeled probes.

An examination of available literature regarding phos-
pholipid flip-flop yields numerous examples of temperature-
dependent kinetic studies, with occasional thermodynamic
analysis following Arrhenius activation theory (6,13,16). At
present, only one of these studies provides Arrhenius pa-
rameters for unlabeled lipid species (13). The vast majority
of lipid flip-flop kinetics studies have employed solution
phase vesicles as the model membrane system (4,6—11). To
our knowledge, there has been no data presented to date
which addresses the lateral pressure dependence of the flip-
flop process. This is due, in part, to the difficulty of con-
trolling lateral surface pressure when using vesicles as model
membranes. In vesicles, the final pressure or packing density
of the film cannot be controlled during sample preparation. In
fact, spherical membranes in solution are in a tension free
state due to their geometry, and the effective internal lateral
pressure cannot be directly measured (17,18). The inability to
control the lateral pressure in vesicles has limited the study
of lateral pressure-dependent flip-flop kinetics in model
membrane systems. This is in contrast to monolayer systems
or bilayers prepared by the Langmuir-Blodgett (LB), or
Langmuir-Schaefer (LS) deposition methods, where the
lateral pressure can be precisely controlled (17,18). Studies
of the effects of lateral pressure and packing density on the
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dynamics of LB/LS membrane models make possible a more
meaningful comparison between the various model systems
and in vivo biological membranes (19,20). The combined use
of SFVS and planar-supported lipid bilayer (PSLB) mem-
branes, prepared by the LB and LS methods, allows for the
first direct study of flip-flop kinetics in PSLBs as a function of
lateral surface pressure.

THEORY

Langmuir-Blodgett/Langmuir-Schaeffer
deposition

PSLBs have been chosen as a model for the study of mem-
brane asymmetry and lipid flip-flop. In contrast to liposomal
models, PSLBs have the advantage that there is (in effect) an
infinite radius of curvature, which reduces the forces expe-
rienced in liposomal assays and represents more closely in
vivo cellular membranes. It should be noted that large uni-
lamellar vesicles also satisfy this requirement; however, there
are no methods for creating asymmetric distribution of native
lipid species in these systems. One concern often raised when
using PSLBs in membrane studies is the influence of the
substrate on membrane properties. Fluorescence recovery
after photobleaching and fluorescent correlation studies have
shown that membrane fluidity in the upper and lower leaflets
of PSLBs on a silica surface are identical, within error
(21,22), suggesting that there is no strong coupling of the
bilayer to the substrate. In addition, the efficacy of these
model membrane systems has been well established by a
number of researchers (23—33). PSLBs are typically prepared
by two distinct methods, either by the Langmuir-Blodgett
(LB)/Langmuir-Schaeffer (LS) technique(23,32,34,35) or
vesicle spreading (33,35-38). Vesicle spreading utilizes
solution-phase liposomes which are fused to a solid support,
typically a glass or fused silica substrate, forming a uniform
bilayer-coated surface. Vesicle fusion, by itself, does not
allow for control over the composition of the bilayer with
regard to lipid packing density or the composition of lipids in
the two leaflets of the bilayer. In contrast to vesicle fusion, LB
methods can be used to prepare bilayer assemblies with a
great amount of control over the lipid composition and
structural arrangement of the bilayer. This deposition method
involves spreading a monolayer of lipid at the air-water in-
terface of a LB trough and compressing the film to the desired
surface pressure. A substrate is then slowly withdrawn from
the water subphase through the air/water interface, transfer-
ring a monolayer of lipids onto the substrate (LB deposition).
Throughout the deposition process, the surface pressure is
maintained via feedback between a Wilhelmy plate film
balance and the trough barriers. An example of the control
afforded by the LB method is illustrated in Fig. 1, where 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) monolayers
containing either 0.12, 0.23, or 0.69 mol % of 1-palmitoyl-2-
[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl]-
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FIGURE 1 Relative fluorescence intensity for DPPC monolayers con-

taining either 0.12 (A), 0.23 (B), or 0.69 mol % (C) of an NBD labeled
analog. For each concentration, samples were prepared at 20 mN/m (solid
circles) and 40 mN/m (open circles), with the observed intensities shown as
a function of calculated fluorophore surface density (see Fig. 3 for surface
density/pressure data).

sn-glycero-3-phosphocholine (NBD-DPPC) were prepared
at lateral surface pressures of 20 and 40 mN/m. The fluo-
rescence intensity for each sample was obtained using a
model No. BX4 microscope (Olympus, Melville, NY) with
a 10X objective using epi-illumination and collection. Fig. 1
shows the measured fluorescence intensity for the six sam-
ples examined. A linear correlation between the surface
density of the NBD-DPPC probe, as measured from the
LB trough, and the measured fluorescence intensity is ob-
served for all concentrations of NBD-DPPC prepared at both
20 mN/m and 40 mN/m. These results indicate that the sur-
face density of lipids at the air/water interface is conserved
upon transfer to the solid support. Fig. 1 also nicely dem-
onstrates the precise control of film packing density and lipid
composition which is afforded by the LB method. Our
findings are in agreement with previous quantitative radio-
labeling measurements which established that the amount of
material deposited on the substrate was equal to the surface
coverage at the air-water interface before LB transfer (39).
The control of lipid-packing density is not possible by any
current liposomal bilayer preparation techniques.

To measure the kinetics of flip-flop as a function of lateral
pressure, the combined LB/LS method of bilayer preparation
is used (40). An LB monolayer is prepared as described
above, after which a second monolayer of different compo-
sition can then be prepared at the air/water interface and
transferred to the substrate by pushing the substrate into the
subphase in a horizontal orientation (LS deposition). This
method of bilayer preparation has the distinct advantage of
directly controlling the lateral surface pressure and packing
density of the lipid film throughout the formation of the lipid
bilayer, as illustrated above. The composition of each leaflet
of the bilayer is also readily manipulated by employing the
LB/LS method of bilayer formation. Vesicle fusion methods
require either chemical or physical modification of the lipid
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population in the two leaflets of the membrane after bilayer
formation to produce an asymmetric distribution of lipids in
the bilayer. The LB/LS method may be used to directly form
asymmetric bilayers without the requirement of chemical or
physical modification. Such planar bilayers with asymmetric
composition are readily investigated by SFVS (13,41).

Sum-frequency vibrational spectroscopy

SFVS was used in this study to investigate the kinetics of
phospholipid flip-flop in model membrane films. SFVS is a
coherent second-order nonlinear optical spectroscopy, with
the chemical selectivity of infrared (IR) and Raman spec-
troscopy and is inherently surface-specific in nature (42).
Because of its inherent surface specificity, SFVS provides a
means of investigating the composition of the membrane
without the requirement of using soluble probe molecules or
chemically modified lipids. A number of excellent sources
are available for a detailed review of SFVS theory (42,43).
Briefly, SFVS involves spatially and temporally overlapping
a visible laser source with a tunable infrared laser source at
the sample of interest, yielding photons at the sum of the two
input frequencies (Eq. 1),

Wsym = Wyis + WIR - (1)

The SFVS intensity depends on the square of the geometric
Fresnel coefficients for the sum-frequency fsg, and input
visible and IR beams f,;, and fir, respectively, which describe
the local electric field intensities at the interface, and the
second-order nonlinear susceptibility tensor x‘*, which de-
scribes the response of the system to the input electric fields:

Ispys = (fSFfvistRX @ )2- 2

The nonlinear susceptibility has both a resonant and a non-
resonant contribution, )(](22 ) and XI(\?]){, respectively,

X = X2+ X 3)
NCAM,)
Xe =Y . @)

y Wy, — WR — IFV

The resonant contribution (Eq. 4) describes the interaction of
the tunable input IR field with the molecules that comprise
the interface, and clearly shows the dependence of the SFVS
process on both the IR (A;) and Raman transition probabilities
(Mj), where N is the number of molecules, w, is the
frequency of the vibrational transition, wir is the input IR
frequency, and T’ is the linewidth for the transition. The bra
and ket notation in Eq. 4 denote the ensemble average over
all possible orientations. A SFVS spectrum is obtained by
scanning the input IR frequency wir. An increase in SFVS
signal will be observed for the resonant vibrational frequen-
cies (w,,) of the molecules comprising the interface.

One interesting aspect of SFVS that makes it well suited
for studying interfacial phenomena is the coherent nature of
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the process. The coherence of the sum-frequency output
makes it sensitive to the relative orientation of the transition
dipole moments being probed. Isotropic systems which have
a random distribution of transition dipoles will have little or
no net signal as a result of destructive interference between
transitions with opposing orientations. This aspect of SFVS
is what gives rise to the well-known surface specificity of the
technique for systems where the bulk material is isotropic.
The break in local symmetry at the interface between two
isotropic materials allows for the generation of coherent
SFVS emission. The symmetry constraints on y® also have
important consequences for well-ordered systems such as
lipid bilayer membranes. For instance, it has been demon-
strated that the terminal methyl symmetric stretch (CH; v) at
2876 cm~ ' may be used as an intrinsic probe of membrane
asymmetry (13,41). This is due to the fact that the transition
dipole moments of the terminal methyl groups of the lipid
alkyl chains are oriented perpendicular to the interface (44).
Methyl groups in opposite leaflets of a bilayer have opposing
transition dipole moments, leading to destructive interference
in SFVS and no net signal will be observed (inset, Fig. 2). If
the membrane system is prepared such that an asymmetric
distribution of lipids is found across the leaflets of the bilayer,
complete destructive interference is not possible and con-
siderable SFVS signal is observed (13). The interference of
opposing methyl groups can easily be observed by selec-
tively measuring the normal component of the vibrations,
using an s-polarized sum-frequency, s-polarized visible, and
p-polarized IR polarization combination. This is illustrated in
the SFVS spectrum of an asymmetric bilayer of DPPC and 1,2-
dipalmitoyl-D62-sn-glycero-3-phosphocholine  (DPPC-dj;),
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FIGURE 2 A SFVS spectrum of an asymmetric bilayer of DPPC (prox-
imal layer) and DPPC-dg; (distal layer) at 23°C is shown in blue. Individual
peaks corresponding to the CH, v, (2850 cm™Y), CH; v (2876 cm™ 1), CH,
Fermi resonance (2900 cm ™ "), CH; Fermi resonance (2937 cm '), and CH;
asymmetric stretch (v,s) (2967 cm™Y) are shown in gray, determined by
fitting the spectrum to Eq. 4 (44). A SFVS spectrum of the same bilayer after
heating to 50°C for several minutes and subsequently cooling to 23°C (red).
For comparison, the SFVS spectrum of a symmetric bilayer consisting of 1:1
DPPC/DPPC-dg;, recorded at 23°C (black) is also shown. Spectra are offset
for clarity. (Inset) Illustration of dipole cancellation for opposed methyl
groups in a symmetric lipid bilayer and the absence of dipole cancellation for
an asymmetric bilayer in which one leaflet is deuterated.



Pressure-Dependent Flip-Flop in PSLBs

shown in Fig. 2. The bilayer in question was prepared
by sequential deposition of a monolayer consisting of a pro-
teated lipid species, and an opposing monolayer of its deu-
terated analog. A SFVS spectrum of a symmetric bilayer
consisting of the same lipid species is shown for comparison.
This bilayer was prepared with an equimolar mixture of
proteated and deuterated lipids in each leaflet. Destructive
interference between the two leaflets is clearly demonstrated
for this sample. The cancellation effect demonstrated in
Fig. 2 is the basis by which membrane asymmetry may be
measured using SFVS, and will be discussed in further detail
below.

For the lipid membrane systems investigated, the non-
resonant contribution to the SFVS signal has been found to
be negligible, allowing )(1(\,21){ to be dropped from Eq. 3. For
the case of a phospholipid bilayer system, the two leaflets
will have a relatively narrow distribution of orientations,
and the orientational average may be expressed in terms
of two populations representing the proximal and distal
leaflets of the bilayer, respectively. The susceptibility y®
may then be expressed in terms of the molecular hyper-
polarizability (8) and the orientation averages for the CHj3 vy
vibrational modes in the distal and proximal leaflets of the
bilayer,

X(z) _ M<BCHWS> o Nproximal <,8CH3VS>, (5)
& &
where ¢ is the vacuum permittivity constant, N, 1S the
number of molecules in the distal leaflet, and Npoximal is the
number of molecules in the proximal leaflet (45).

Eq. 5 shows the dependence of the nonlinear susceptibility
on the two populations of lipids in the film (distal and
proximal), where the negative sign describes the destructive
interference that occurs as a consequence of the opposing
orientation of the two populations. It can be clearly seen from
Eq. 5 that an equal population of molecules in each leaflet
will lead to complete destructive interference. However, by
deuterating the lipids in one leaflet of the bilayer, a nonzero
susceptibility will result as the CH; vy and CDj v, have dif-
ferent resonant frequencies and will therefore not interfere
with each other (13,41).

The interference of the CH; v¢ may also be exploited to
examine the time-dependent asymmetry of a lipid bilayer
(41). By preparing a phospholipid bilayer which contains one
leaflet of native phospholipids opposite to a leaflet which has
a deuterated analog of the same phospholipids, the decrease
in the CH; v, intensity over time can be measured as the
two leaflets mix, giving rise to a symmetric system where
destructive interference is observed between the oppositely
oriented dipoles. This principle is illustrated in Fig. 2, where
the SFVS spectrum of an initially asymmetric bilayer is
compared to the spectrum of the same bilayer after complete
lipid translocation has occurred. The relationship between the
time-dependent asymmetry of the bilayer and the observed
SFVS intensity is given by
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Icy, (1) * (Npiga — NProximal)za 6)

where the asymmetry of the bilayer is expressed as the lipid
population difference in the distal (Npjga) and proximal
(Nproximal) leaflets of the bilayer. The kinetics of lipid trans-
location can be determined directly from the time evolution
of the SFVS CHj3; v, intensity using (13,41),

Iew, () = Iywe ™ + 1, @)

where Iy, is the maximum CHj3 v, intensity, k is the rate
constant for flip-flop, ¢ is time in seconds, and /, represents
the baseline offset due to data acquisition equipment (41). By
monitoring the SFVS signal over time and fitting the re-
sponse to Eq. 7, the rate constant for phospholipid flip-flop is
readily obtained.

MATERIALS AND METHODS

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dipalmitoyl-
D62-sn-glycero-3-phosphocholine (DPPC-dg,) (Avanti Polar Lipids, Ala-
baster, AL) were purchased and dissolved to 1 mg/mL in CHCl; (Malinkrodt
Baker Bioscience, Phillipsburg, NJ). Hemicylindrical fused silica prisms
(Almatz Optics, Marlton, NJ) were used as the substrate for the supported
bilayer samples. These prisms were cleaned overnight in a solution of 70%
sulfuric acid and 30% hydrogen peroxide before thorough rinsing and a final
plasma cleaning step where the substrates were exposed to an argon plasma
for ~3 min (Harrick Plasma, Ithaca, NY). Bilayer samples were prepared on
a Minitrough (KSV Instruments, Helsinki, Finland), at the desired surface
pressure. The sample deposition method has been discussed in detail else-
where (13). SFVS experiments were conducted using a custom OPO/OPA
system (LaserVision, Bellevue, WA) pumped by a 7-ns Surelite | NdYAG
laser (Continuum, Santa Clara, CA) at 10 Hz repetition rate. Details of the
laser system and data acquisition have also been detailed elsewhere (13).

RESULTS AND DISCUSSION

Model bilayers were prepared by sequential deposition of
DPPC and DPPC-d; on a hemicylindrical fused silica prism
using the LB/LS method. A surface-pressure/area isotherm
for DPPC at 23°C is shown in Fig. 3. The liquid-condensed
(1) and liquid-expanded (/) phase regions are clearly seen in
Fig. 3, as well as the (/. + I,) phase coexistence region (46).
All samples used in this study were prepared in the /. phase,
with pressures ranging from 28 to 42 mN/m. These surface
pressures correspond to packing densities of 41.1 = 0.1 and
38.3 = 0.1 A*/molecule.

Once the bilayers were prepared they were then mounted
in a Teflon flow cell which was subsequently purged with
D,0 before collecting any SFVS data to avoid spectral
interference between the phospholipid CHj stretching vi-
brational mode and the H,O vibrational modes. The spec-
trometer was then tuned to the terminal methyl symmetric
stretching mode (/g3 vs) of the DPPC lipids in the bilayer.
The temperature of the cell was elevated to 37°C and main-
tained at that temperature using a thermoelectric heating plate
which was incorporated into the cell. The terminal methyl
(CH3 vg) SFVS intensity (at 2876 cmfl) was monitored
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FIGURE 3 A surface pressure/area isotherm for DPPC at 23°C. The liquid-
expanded phase (/.), liquid-condensed phase (/.), and phase-coexistence regions
are highlighted. All samples used in this study were prepared in the /. phase.

versus time after the temperature had reached a stable reading
of 37°C (Fig. 4). The time to reach a stable temperature
reading was typically 300-500 s. Data collected during this
time was not used for determination of the rate constant. After
reaching a stable temperature, the SFVS CHj; v, intensity
decayed exponentially to a limiting value. The intensity de-
cays were then fit using Eq. 7 to determine the rate of lipid
translocation. Decay rates and half-lives as a function of
deposition pressure are summarized in Table 1, where the
half-life for flip-flop is given by ¢, = In(2)/2k. For com-
parison, the measured rate of DPPC flip-flop at 37°C at the
extremes of surface pressure examined, 28 mN/m and 42
mN/m, are 10.9 X 107* s™" and 1.03 X 10™* s~ respec-
tively. The corresponding half-lives are 5.3 min and 56 min,
respectively. It is noted that the rates of flip-flop measured
by SFVS, such as those presented above, are much faster than
the rates measured by ESR (13). The difference in measured
rates has been attributed to the modified headgroup used in
the ESR study (13).

What is most notable about the lateral pressure-dependent
data obtained is the strong dependence of the rate of flip-flop

0 1000 2000 3000 4000
Time (s)

FIGURE 4 Sample pressure-dependent SFVS CHj; v intensity decays mea-
sured at 2876 cm™! for asymmetric DPPC/DPPC-dg, bilayers recorded at 37°C.
Raw data is shown as black points, with the fit to the data shown in a shaded line
for samples prepared at deposition pressures of 28 mN/m (A), 37 mN/m (B), and
40 mN/m (C).
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TABLE 1 Summary of DPPC flip-flop kinetics as a function
of lateral surface pressure (II) measured at 37°C for all
samples studied

IT (mN/m) k(s™hH x 10* In(k) f1/> (min)
28 10.93 * 0.12 —6.82 + 0.07 5.28 = 0.06
31 5.61 = 0.07 —7.49 * 0.09 103 =13
34 7.47 * 0.06 —7.20 = 0.06 7.73 = 0.06
36 2.02 * 0.01 —8.51 = 0.04 287 * 0.6
37 3.22 * 0.02 —8.04 + 0.05 17.9 + 0.1
40 131 = 0.01 —8.94 = 0.07 441+ 03
42 1.03 = 0.01 —9.18 = 0.09 56.0 = 0.5

The error is reported to two standard deviations and was generated from the
fit to the SFVS intensity decays. The error in the lateral surface pressure is
~ 0.2 mN/m.

on the lateral surface pressure of the film. A 7.4% change in
packing density is accompanied by an order-of-magnitude
change in the rate of transbilayer migration at 37°C. It would
be quite interesting to relate the lateral pressure dependence
of the flip-flop rate directly to variations in the internal lateral
pressure in biological cells or even to vesicle systems. Un-
fortunately, direct measurement of the effective lateral sur-
face pressure is not possible in vesicles or in biological cells
in vivo (47). However, recent work by Marsh provides an
estimate of the correspondence between monolayer lateral
surface pressures and the equivalent effective lateral pres-
sure in vesicle bilayer systems (17). This work estimates that
the best correspondence between a lipid monolayer at the
air-water interface and bilayer systems (vesicles) in solution
occurs for lipid monolayers in the relatively narrow surface
pressure range of 30-35 mN/m (17). Interpolation of our
kinetic data yields #(;/,) values from 7 min to 16 min for this
range, with slightly greater than a twofold increase in the
flip-flop rate constant between the limits of 30-35 mN/m
proposed by Marsh (17). This shows a surprising degree
of variability within this relatively narrow range of lateral
pressures.

While there are still a large number of obstacles preventing
a direct comparison of lateral pressure-dependent flip-flop
kinetics to the effects of lateral pressure in vivo, our data does
provide a unique opportunity to measure pressure-dependent
activation thermodynamics in bilayer systems. Presently, the
body of thermodynamic data relating to phospholipid flip-
flop is considerably smaller than the body of kinetic data
available, and much more data is needed to better describe
flip-flop thermodynamics (6,13). Expanding our under-
standing of the thermodynamics of flip-flop is essential to an
understanding of the mechanism and energetics of flip-flop,
and how they relate to membrane asymmetry, growth of the
cell, etc.

Area of activation for DPPC flip-flop

From the kinetic data obtained, the pressure-dependent ther-
modynamics of activation may be determined by applying



Pressure-Dependent Flip-Flop in PSLBs

the concepts of transition state theory (TST) to the process
of flip-flop. This represents the first presentation of lateral
pressure-dependent activation thermodynamics in model
membrane systems, and is an important step toward under-
standing of the flip-flop transition state and possible mech-
anisms for flip-flop.

Transition state theory (T'ST) provides a useful tool for the
thermodynamic analysis of phospholipid flip-flop. In general,
a chemical reaction can be viewed according to TST as
proceeding along a reaction coordinate from reactants to
products (Fig. 5). For the reaction to proceed, the reactants
must acquire sufficient energy to overcome the energetic
barrier to conversion, known as the activation barrier. For the
case of phospholipid flip-flop in a PSLB, lipid molecules on
the proximal leaflet of the bilayer may be thought of as
ground-state reactants which must cross an energetic barrier
via a flip-flop transition state to reach the distal leaflet
(analogous to conversion to products), illustrated in Fig. 5.
Viewed in this fashion, the transition state for the process of
phospholipid flip-flop would most likely represent the phos-
pholipid molecule with its polar headgroup located within the
hydrophobic core, as this unfavorable interaction represents
the greatest energy barrier to flip-flop (Fig. 5). The generality
of TST means that it is very well suited to modeling this
transition across the membrane despite the fact that there is
no breaking or forming of covalent bonds in this process, as
would typically be found for a chemical reaction modeled by
TST. Using this approach, an expression for the area of ac-
tivation for phospholipid flip-flop in PSLBs may be derived.

It is well known that investigation of the pressure depen-
dence of a reaction rate allows one to measure an activation
volume (AV¥) for a reaction according to Eq. 8, where AV*
represents the difference in volume occupied by the reactants

B

.

Reactants Products

Rxn. Coordinate

FIGURE 5 A general reaction coordinate diagram illustrating free energy
as a function of reaction progress. Also shown are a series of illustrations
depicting the translocation of a lipid starting with the initial state (A),
followed by the transition state for phospholipid flip-flop (B), and ending in
the final state after exchange (C). For the case of phospholipid flip-flop,
AG® = AH® —TAS® will reduce to AG® = —TAS?, as there is no enthalpic
driving force for mixing of the phospholipid components. This depiction is
not meant to suggest cooperativity across the leaflets.
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in their ground state and at the transition state, k is the rate
constant for the reaction, T is temperature, P is pressure, and
R is the gas constant (48):

oin(k)\ 4
—RT( 5P >T_ AV*. 8)

This approach is used in the current study to determine an
activation area for the process of phospholipid flip-flop. As
the bilayer film is best thought of as a two-dimensional gas,
the relevant pressure measurement of such a system is the
lateral surface pressure (IT) with dimensions of mN/m. For
such a two-dimensional film, the rate dependence on lateral
surface pressure (two-dimensional) rather than pressure
(three-dimensional) yields an activation area (Aa*), rather
than an activation volume (Eq. 9).

B on(k)\ 4
RT( oIl >T— Aa’. )

The activation area for phospholipid flip-flop represents the
difference in area for a lipid at the transition state, relative to
the reactant ground state. This concept is illustrated in Fig. 6,
for flip-flop of a single lipid molecule. Measurement of the
rate of flip-flop (k) as a function of the lateral surface pressure
(IT) can be used to determine the activation area for phos-
pholipid flip-flop.

The activation area for DPPC flip-flop at 37°C in a planar-
supported lipid bilayer was determined using the data shown
in Table 1. A plot of In(k) versus surface pressure was pre-
pared and fit to Eq. 9 using a linear least-squares regression
(Fig. 7). From the slope of the resulting line, the activation
area for flip-flop of DPPC at 37°C in a PSLB is calculated to
be 73 = 12 A%/molecule. This represents an increase in the
area occupied by a DPPC lipid molecule of 73 A%/molecule
from an initial equilibrium area of ~40 A*/molecule. At the
transition state, the area occupied by the DPPC molecule has
more than doubled to 113 *+ 12 A*molecule. It should be
noted that the calculation of the activation area depends only
on the relative change in lateral membrane pressure and not
the absolute pressure (see Eq. 9). It could be argued that
the pressure of the lipid film measured at the air/water in-
terface is not equal to the pressure of the film upon transfer
to the substrate. However, we have shown in Fig. 1 that there
is a direct correlation between both the concentration of the

A

FIGURE 6 An illustration of the activation area for flip-flop according to
one possible transition-state geometry. The area occupied in the ground state
is shown in purple (A), with the net area at the transition state shown in pink
(B). The difference between the two areas represents the activation area for
phospholipid flip-flop.
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FIGURE 7 A plot of In(k) versus surface pressure (II) for DPPC/DPPC-
dg> bilayers at 37°C. Also shown is the linear least-squares fit to the data
(solid line) and confidence bounds at 95% (shaded dashed line).

fluorescent lipid NBD-DPPC and the packing density at 20
and 40 mN/m. It is true that the pressure in the deposited film
may not be the same as that on the substrate, but the relative
change in packing density (pressure) is conserved (see Fig. 1).
Therefore, changes in the packing density of the lipid film
upon transfer to the solid support will not affect the calculated
activation area. Thus the calculated value for Aa¥ will not be
affected by any minor error in the absolute area per molecule
which may exist, and any error in the absolute area per
molecule stated will only appear as a shift in the total area at
the transition state (ajF = Qipitial T Aa*), where a* is the total
area per molecule at the transition state and @;,, is the initial
area in the ground state. As a final note, the previously
mentioned radionuclide study was able to demonstrate that
the absolute area per molecule of an LB monolayer deposited
onto a silica substrate was nearly identical to the area density
of at the interface before deposition (39). This would suggest
that any discrepancy between the monolayer area density
before, and after, deposition is quite small.

The value for the activation area calculated above can be
compared to theoretical upper and lower bounds to better
understand its significance. A lower bound for the activation
area can be calculated with the assumptions that transfer
across the membrane follows a unimolecular process, and
that the geometry of the lipid molecule can be treated as a
cylinder whose area is equal to the equilibrium area per
molecule of the lipid in the membrane and height of the
cylinder equal to half the bilayer thickness (~22 A) 49). If
the system is idealized as a hexagonal close-packed structure
in the ground state, with an area per molecule of 40 Az, the
area occupied by a lipid molecule bent along itself would
occupy an area equivalent to at least two neighboring sites
plus the excluded space between them. For the system de-
scribed above, this would be a value of 84 A%/molecule. Al-
ternatively, if the cylinder were to turn completely orthogonal
to the lipids comprising the membrane, the occupied area
would instead be ~158 A%/molecule. The net area at the
transition state determined by SFVS falls within the range of
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84-158 A?/molecule, suggesting that the transition state
possesses a geometry intermediate to the two extreme cases
presented above. This is expected, as the lower bound is not
likely to be accomplished due to the large torsional angle the
lipid alkyl chain would have to adopt, and the upper bound
creates a larger packing disturbance and exposes more of the
hydrophobic tail to the bulk aqueous environment. Intuitively
the transition state should be a compromise of these two
energetically unfavorable cases.

It should be noted that Aa¥ is determined from ensemble
kinetic measurements, although reported on a per molecule
basis, and is not indicative of the specific mechanism of flip-
flop with regard to the number of molecules involved in the
transition or the cooperativity across the leaflets of the bi-
layer. Additionally, the treatment of the lipid bilayer as a
hexagonal close-packed structure is an idealization intended
for illustrative purposes. While the data does not provide
details as to the absolute geometry of the transition state, it
does provide useful information about the dependence of
lipid flip-flop on the packing in the bilayer and the expansion
of the neighboring molecules that must occur to accommo-
date transmembrane movement of phospholipids, be this
spread over one lipid molecule or many.

To our knowledge, this is the first report of an activation
area for phospholipid flip-flop. SFVS, in combination with
the LB/LS method of bilayer preparation, shows promise for
the study of lateral pressure-dependent kinetics and thermo-
dynamics in a wide number of model lipid systems. More
complex membrane models which incorporate multiple
phospholipid species, integral membrane proteins, or small
molecules such as cholesterol are being studied to further
expand our knowledge of flip-flop thermodynamics. The
results presented here open the way for a complete thermo-
dynamic description of the transition state for flip-flop in
planar-supported membranes. By extending this treatment to
additional lipid species and membrane compositions, it is our
hope that a general thermodynamic description of phospho-
lipid flip-flop may be achieved.

REFERENCES

1. Adayev, T., R. Estephan, S. Meserole, B. Mazza, E. Yurkow, and P.
Banerjee. 1998. Externalization of phosphatidylserine may not be an early
signal of apoptosis in neuronal cells, but only the phosphatidylserine-
displaying apoptotic cells are phagocytosed by microglia. J. Neuro-
chem. 71:1854—1864.

2. Contreras, F. X., G. Basanez, A. Alonso, A. Herrmann, and F. M.
Goni. 2005. Asymmetric addition of ceramides but not dihydrocer-
amides promotes transbilayer (flip-flop) lipid motion in membranes.
Biophys. J. 88:348-359.

3. Kol, M. A., B. de Kruijff, and A. I. P. M. de Kroon. 2002. Phospho-
lipid flip-flop in biogenic membranes: what is needed to connect
opposite sides. Sem. Cell Develop. Biol. 13:163-170.

4. Mclntyre, J. C., and R. G. Sleight. 1991. Fluorescence assay for
phospholipid membrane asymmetry. Biochemistry. 30:11819-11827.

5. Bishop, D. G., J. A. F. O. D. Kamp, and L. L. M. V. Deenen. 1977.
The distribution of lipids in the protoplast membranes of Bacillus
subtilis. Eur. J. Biochem. 80:381-391.



Pressure-Dependent Flip-Flop in PSLBs

6.

10.

13.

14.
. Raggers, R. J., T. Pomorski, J. C. M. Holthuis, N. Kalin, and G. Van

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

Kornberg, R. D., and H. M. McConnell. 1971. Inside-outside transi-
tions of phospholipids in vesicle membranes. Biochemistry. 10:1111-
1120.

. Roseman, M., B. J. Litman, and T. E. Thompson. 1975. Transbilayer

exchange of phosphatidylethanolamine for phosphatidylcholine and
n-acetimidoylphosphatidylethanolamine in single-walled bilayer vesi-
cles. Biochemistry. 14:4826-4830.

. Roseman, M. A., and T. E. Thompson. 1980. Mechanism of the

spontaneous transfer of phospholipids between bilayers. Biochemistry.
19:439-444.

. Devaux, P. F., P. Fellmann, and P. Herve. 2002. Investigation on lipid

asymmetry using lipid probes, comparison between spin-labeled lipids
and fluorescent lipids. Chem. Phys. Lipids. 116:115-134.

Greenhut, S. F., and M. A. Roseman. 1985. Cytochrome b5 induced
flip-flop of phospholipids in sonicated vesicles. Biochemistry. 24:
1252-1260.

. Cabral, D. J., D. M. Small, H. S. Lilly, and J. A. Hamilton. 1987. Trans-

bilayer movement of bile acids in model membranes. Biochemistry.
26:1801-1804.

. Buton, X., G. Morrot, P. Fellmann, and M. Seigneuret. 1996. Ultrafast

glycerophospholipid-selective transbilayer motion mediated by a pro-
tein in the endoplasmic reticulum membrane. J. Biol. Chem. 271:6651—
6657.

Liu, J., and J. C. Conboy. 2005. 1,2-diacyl-phosphatidylcholine flip-
flop measured directly by sum-frequency vibrational spectroscopy.
Biophys. J. 89:2522-2532.

Reference deleted in proof.

Meer. 2000. Lipid traffic: the ABC of transbilayer movement. Traffic
(Copenhagen). 1:226-234.

John, K., S. Schreiber, J. Kubelt, A. Herrmann, and P. Muller. 2002.
Transbilayer movement of phospholipids at the main phase transition
of lipid membranes: implications for rapid flip-flop in biological
membranes. Biophys. J. 83:3315-3323.

Marsh, D. 1996. Lateral pressure in membranes. Biochim. Biophys.
Acta. Rev. Biomembr. 1286:183-223.

Chattoraj, D. K., and K. S. Birdi. 1984. Adsorption and the Gibbs
Surface Excess. Plenum Press, New York.

. Tamm, L. K., and H. M. McConnell. 1985. Supported phospholipid

bilayers. Biophys. J. 47:105-113.

Diociaiuti, M., F. Bordi, A. Motta, A. Carosi, A. Molinari, G. Arancia,
and C. Coluzza. 2002. Aggregation of gramicidin A in phospholipid
Langmuir-Blodgett monolayers. Biophys. J. 82:3198-3206.

Wagner, M. L., and L. K. Tamm. 2000. Tethered polymer-supported
planar lipid bilayers for reconstitution of integral membrane proteins:
silane-polyethyleneglycol-lipid as a cushion and covalent linker.
Biophys. J. 79:1400-1414.

Bae, S. C., and S. Granick. 2007. Molecular motion at soft and hard
interfaces: from phospholipid bilayers to polymers and lubricants.
Annu. Rev. Phys. Chem. 58:353-374.

McConnell, H. M., T. H. Watts, R. M. Weis, and A. A. Brian. 1986.
Supported planar membranes in studies of cell-cell recognition in the
immune system. Biochim. Biophys. Acta. 864:95-106.

Thompson, N. L., and A. G. Palmer III. 1988. Model cell membranes
on planar substrates. Mol. Cell. Biophys. 5:39-56.

Crane, J. M., and L. K. Tamm. 2004. Role of cholesterol in the
formation and nature of lipid rafts in planar and spherical model
membranes. Biophys. J. 86:2965-2979.

Ottova, A. L., and H. T. Tien. 2003. Supported planar BLMs (lipid
bilayers). Formation, methods of study, and applications. /n Interfacial
Catalysis. Marcel Dekker, NY.

Trojanowicz, M. 2003. Analytical applications of planar bilayers lipid
membranes. Membr. Sci. Tech. Ser. 7:807-845.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

193

Slade, A., J. Luh, S. Ho, and C. M. Yip. 2002. Single molecule imaging
of supported planar lipid bilayer-reconstituted human insulin receptors by
in situ scanning probe microscopy. J. Struct. Biol. 137:283-291.

Conboy, J. C., K. D. McReynolds, J. Gervay-Hague, and S. S.
Saavedra. 2002. Quantitative measurements of recombinant HIV sur-
face glycoprotein 120 binding to several glycosphingolipids expressed
in planar supported lipid bilayers. J. Am. Chem. Soc. 124:968-977.
Ottova, A. L., and H. T. Tien. 2000. Supported planar lipid bilayers
(BLMs) as biosensors. J. Surf. Sci. Tech. 16:115-148.

Dietrich, C., L. A. Bagatolli, Z. N. Volovyk, N. L. Thompson, M. Levi,
K. Jacobson, and E. Gratton. 2001. Lipid rafts reconstituted in model
membranes. Biophys. J. 80:1417-1428.

Plant, A. L. 1999. Supported hybrid bilayer membranes as rugged cell
membrane mimics. Langmuir. 15:5128-5135.

Cremer, P. S., and S. G. Boxer. 1999. Formation and spreading of lipid
bilayers on planar glass supports. J. Phys. Chem. B. 103:2554-2559.

Conboy, J. C., S. Liu, D. F. O’Brien, and S. S. Saavedra. 2003. Planar
supported bilayer polymers formed from bis-diene lipids by Langmuir-
Blodgett deposition and UV irradiation. Biomacromolecules. 4:841—
849.

Starr, T. E., and N. L. Thompson. 2000. Formation and characterization
of planar phospholipid bilayers supported on TiO2 and SrTiO3 single
crystals. Langmuir. 16:10301-10308.

Leonenko, Z. V., A. Carnini, and D. T. Cramb. 2000. Supported planar
bilayer formation by vesicle fusion: the interaction of phospholipid
vesicles with surfaces and the effect of gramicidin on bilayer properties
using atomic force microscopy. Biochim. Biophys. Acta. 1509:131-147.

Nollert, P., H. Kiefer, and F. Jaehnig. 1995. Lipid vesicle adsorption
versus formation of planar bilayers on solid surfaces. Biophys. J. 69:
1447-1455.

Kalb, E., S. Frey, and L. K. Tamm. 1992. Formation of supported
planar bilayers by fusion of vesicles to supported phospholipid mono-
layers. Biochim. Biophys. Acta. 1103:307-316.

Spink, J. A. 1967. The transfer ratio of Langmuir-Blodgett monolayers
for various solids. J. Colloid Interface Sci. 23:9-26.

McConnell, H. M., T. H. Watts, R. M. Weis, and A. A. Brian. 1986.
Supported planar membranes in studies of cell-cell recognition in the
immune system. Biochim. Biophys. Acta. Biomembr. 864:95-106.

Liu, J., and J. C. Conboy. 2004. Direct measurement of the transbilayer
movement of phospholipids by sum-frequency vibrational spectros-
copy. J. Am. Chem. Soc. 126:8376-8377.

Shen, Y. R. 1984. The Principles of Nonlinear Optics. John Wiley and
Sons, New York.

Watry, M. R., M. G. Brown, and G. L. Richmond. 2001. Probing
molecular structure at liquid surfaces with vibrational sum frequency
spectroscopy. Appl. Spectrosc. 55:321A-340A.

Liu, J., and J. C. Conboy. 2005. Structure of a gel phase lipid bilayer
prepared by the Langmuir-Blodgett/Langmuir-Schaefer method charac-
terized by sum-frequency vibrational spectroscopy. Langmuir. 21:9091—
9097.

Liu, J., and J. C. Conboy. 2007. Asymmetric distribution of lipids in a
phase-segregated phospholipid bilayer observed by sum-frequency
vibrational spectroscopy. J. Phys. Chem. C. 1111:8988-8999.

Larios, C., J. J. Minones, I. Haro, M. A. Busquets, and J. M. Trillo.
2006. Study of adsorption and penetration of E2(279-298) peptide into
Langmuir phospholipid monolayers. J. Phys. Chem. B. 110:23292—
23299.

Cevc, G., and D. Marsh. 1987. Phopholipid Bilayers, Physical Princi-
ples and Models. John Wiley and Sons, New York.

Van Eldik, R., T. Asano, and W. J. Le Noble. 1989. Activation and
reaction volumes in solution. Chem. Rev. 89:549-688.

Marsh, D. 1990. CRC Handbook of Lipid Bilayers. CRC Press, Boca
Raton, FL.

Biophysical Journal 95(1) 186-193



