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ABSTRACT: In order to better characterize the dependence of lipid flip-flop rate and thermodynamics on the
nature of the lipid headgroup, we have studied the kinetics of flip-flop for single-lipid and mixed-lipid bilayers
consisting of 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine (DSPE) as a function of both pressure and temperature. The kinetics of flipping were
studied by sum-frequency vibrational spectroscopy (SFVS), which does not require exogenous chemical
labeling of the lipid species of interest. Additionally, SFVS may be employed to track only a single species
(DSPE or DSPC) within a binary mixture by selective deuteration of the matrix lipid to make it spectro-
scopically inactive. Using this approach, we have found the flip-flop of pure DSPE to be slower than the flip-
flop of pure DSPC by nearly 2 orders of magnitude. The thermodynamics of the pure systems were analyzed in
order to better understand the physical factors underlying their transmembrane dynamics. Headgroup
hydrophobicity and associated solvent effects, as well as lipid packing constraints, appear to play a key role in
determining the rate of flip-flop for these two species. For mixtures of DSPE + DSPC, both components
exhibited similar rates of flip-flop at a given mole fraction of DSPE. The kinetics and thermodynamics of
flip-flop in the mixtures did not vary uniformly with changing composition but were well correlated to changes

in the molecular packing as a function of DSPE content in the bilayer.

Cellular membranes of eukaryotic cells are comprised of a
wide array of phospholipid species. In eukaryotic membranes,
phospholipids containing phosphocholine (PC)' headgroups are
the most common, followed by phosphoethanolamine
(PE) (I—4). Sphingomyelin (SM), phosphatidylserines (PS),
and in some membranes phosphatidylinositol (PI) are present
at lower concentrations (/—4). Among the primary headgroups
mentioned above, there is also a great deal of diversity with
regard to alkyl chain length and degree of saturation (2, J).
Each of these chemically distinct lipids is believed to contribute
a different thermodynamic property to the membrane, allowing
the cell to tailor membrane physical properties such as fluidity
and permeability based on lipid composition and membrane
structure (6—9). However, characterizing the influence of the
chemical properties of each of these lipid types on membrane

TFunding provided by NSF Grant 0515940. Any opinions, findings,
and conclusions or recommendations expressed in this material are
those of the authors and do not necessarily reflect the views of the
National Science Foundation.

*Corresponding author. E-mail: conboy@chem.utah.edu. Phone:
(801) 585-7957. Fax: (801) 587-9919.

! Abbreviations: DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine;
DSPE, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine; PC, phos-
phocholine; PE, phosphoethanolamine; SM, sphingomyelin; PS, phos-
phatidylserine; PI, phosphatidylinositol; ATP, adenosine triphosphate;
ESR, electron spin resonance; NMR, nuclear magnetic resonance;
SANS, small angle neutron scattering; SFVS, sum-frequency vibra-
tional spectroscopy; PSLB, planar-supported lipid bilayer; 7,,, gel to
liquid-crystalline phase transition temperature; DSPE-d, 1,2-distear-
oyl-D70-sn-glycero-3-phosphoethanolamine; LB, Langmuir—Blodgett;
LS, Langmuir—Schaeffer; DSPC-d5, 1,2-distearoyl-D70-sn-glycero-3-
phosphocholine; NBD, (7-nitrobenzo-2-oxa-1,3-diazol-4-yl)aminohexano-
ate; C¢-NBD-PE, 1-palmitoyl-2-(NBD)hexanoyl-PE; POPC, 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine; Cs-NBD-PC, 1-palmitoyl-2-(NBD)-
hexanoyl-PC.

pubs.acs.org/Biochemistry Published on Web 09/11/2009

dynamics is a daunting task. Although the phase behavior and
lateral diffusion of different membrane lipids are reasonably well
understood, characterization of the transmembrane diffusion
(flip-flop) of lipids has proven to be especially challenging.
Lipid flip-flop is an essential process in biological membranes.
Lipids arriving at the plasma membrane from their site of
synthesis must distribute themselves, via flip-flop, across the
inner and outer leaflets in order to maintain mass balance across
the membrane and accommodate uniform growth of the cell (10,
11). Cellular regulation of flip-flop is also essential to the main-
tenance of plasma membrane asymmetry, and loss of asymmetry
via flip-flop can lead to apoptosis (4, 12—16). Unfortunately, the
spontaneous rate of flip-flop for native lipid species is not well
characterized. Much of the effort to date has focused on
elucidating ATP-dependent, protein-driven mechanisms for
flip-flop (17, 18), for which there is much conflicting evidence (11,
17, 19—21). While there has been limited progress toward this
goal (19), it is increasingly clear that enzymatic mechanisms alone
cannot account for all flip-flop activity observed in the cell or for
the disparity in flip-flop rates observed in different membrane
types (10, 11, 20, 22). This has led to renewed interest in the
spontaneous flip-flop of lipids in biological membranes. It is this
spontaneous flipping behavior that we wish to better understand.
Since the first systematic studies of phospholipid flip-flop were
undertaken, a wide variety of techniques have been employed to
describe the rate of phospholipid flipping, including
ESR (23—26), NMR (27), fluorescence (28—35), small angle
neutron scattering (SANS) (36), and sum-frequency vibrational
spectroscopy (SFVS) (37—40). Aside from SANS and SFVS,
these methods rely on lipid—probe molecules. Such techniques
are at a distinct disadvantage, as it is difficult to relate the
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behavior of the probe to the native lipid species due to discre-
pancies in size, charge, polarity, or solubility. Recently, the
disparity between the rate of flip-flop for a saturated phospho-
choline lipid (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) and
a spin-labeled analogue was described (40). The difference in
rates was substantial and exemplifies the pitfalls of using
modified probes to measure flip-flop, as they do not always
represent the behavior of their unmodified analogue. Nakano et
al. have described a method for measuring flip-flop of isotopi-
cally substituted phospholipids using SANS (36). While the use of
isotopically labeled lipids avoids many of the issues of chemical
labeling that are found in fluorescent and spin-labeled techni-
ques (41), the dependence of their method on vesicle solutions still
requires simultancous measurement of transmembrane and
intermembrane lipid transfer and remains an indirect measure-
ment of lipid flip-flop. We have recently demonstrated the utility
of SFVS as a method for directly tracking phospholipid flip-flop
in planar-supported lipid bilayers (PSLBs) which avoids many of
the complications discussed above (39, 40).

SFVS has proven advantageous for its ability to measure flip-
flop kinetics without the use of probe molecules. Our laboratory
has previously characterized the kinetics and thermodynamics of
flip-flop for PC lipids in the gel phase, as a function of chain
length, lateral pressure, and temperature (37, 40). The influence
of small peptides and cholesterol on the dynamics of PC bilayers
has also been investigated, and the body of work performed by
this method is steadily growing (38, 42). However, the majority of
systems in which lipid flip-flop has been measured by SFVS were
comprised of a single class of phospholipid species, namely,
saturated phosphatidylcholines. In order to better understand the
process of spontaneous flip-flop in cellular membranes, it is
necessary to expand the previous work to more relevant and
complex membrane compositions. Our initial steps in this direc-
tion included a systematic study of the dependence of flip-flop
rate on the chain length for a series of homologous saturated PC
species (40).

In this study, we have investigated the influence of headgroup
chemical identity on lipid flip-flop dynamics for both single
component bilayers and binary phospholipid mixtures. 1,2-Dis-
tearoyl-sn-glycero-3-phosphoethanolamine (DSPE) and 1,2-dis-
tearoyl-sn-glycero-3-phosphocholine (DSPC) were chosen as
model lipids for this study. Phosphocholine- and phosphoetha-
nolamine-derived phospholipids are typically the most prevalent
phospholipid types encountered in biological membranes. DSPC
was selected as a model phosphocholine-type lipid because an
abundance of kinetic and thermodynamic data for this lipid
species has already been collected (7, 4, 40). DSPE is an attractive
complement to DSPC as the two are structurally homologous
with respect to their alkyl chains and vary only in the presence
(DSPC) or absence (DSPE) of methyl substituents on the
terminal amine of the headgroup. Although methylation of the
terminal amine of the lipid headgroup is a minor variation on
lipid structure, it is an important chemical modification which
alters the size, hydrogen bonding, and polarity of the molecule.
Specifically, DSPE is capable of acting as both a hydrogen bond
donor via the headgroup amine and a hydrogen bond acceptor
via the phosphate group. DSPC, however, has only the phos-
phate group as a hydrogen bond acceptor and is not capable of
acting as a hydrogen bond donor (6). The capacity for efficient
hydrogen bonding in DSPE has important structural conse-
quences for bilayers composed of that species. Relative to DSPC,
DSPE has a more tightly packed structure and a higher gel to
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liquid-crystalline phase transition temperature (7;,), due to the
smaller headgroup size and greater number of attractive interac-
tions that result from hydrogen bonding between adjacent lipid
molecules (43). In what follows, we present the kinetics and
thermodynamics of flip-flop for DSPE phospholipid bilayers as
well as the dynamics for each component in mixed bilayers of
DSPE and DSPC. In addition to characterizing the role of the
lipid headgroup in determining the kinetic and thermodynamic
behavior of simple lipid membranes and lipid mixtures, this work
will demonstrate the utility of SFVS for interference-free mea-
surement of the dynamics of individual lipid components within a
mixed bilayer system without requiring exogenous chemical
modification of the lipid.

SFVS Spectroscopy of PSLBs. The underlying theory of
SFVS and the specifics of its application to the measurement of
membrane structure and dynamics have been detailed in several
earlier publications (40, 44), and only the salient aspects of the
method will be reviewed here. SFVS is performed by temporally
and spatially overlapping a fixed visible and a tunable IR laser
source at the bilayer interface where they interact with the sample
and produce coherent radiation at the sum of the input frequen-
cies:

w3 = +w; (1)

The intensity at ws is proportional to the square of the second-
order susceptibility (%) of the molecules at the interface:

Ispvs =< [y} (2)

which has both resonant and nonresonant (XNRz) contributions,
expressed as

2 N <Ai M jk> 2
= ;m +XNR (3)
The resonant contribution depends on the number of molecules
at the interface (N), the IR (4;) and Raman (Mj) transition
probabilities, and the line width (I',) of the vibrational transitions
at frequencies (w,) as a function of the input IR radiation (wg).
Animportant aspect of the SFVS process is the dependence of the
intensity upon the relative orientation of the dipoles; mathema-
tically, this is expressed by the bra ({) and ket ()) notation used in
eq 3, indicating the ensemble orientational average of the IR and
Raman transition dipole moments. The transition dipole mo-
ments of oppositely oriented molecules will be out of phase with
one another. Due to the coherent nature of the SFVS process,
these out of phase elements will destructively interfere and no
signal will be observed.

This symmetry constraint allows one to study phospholipid
dynamics in PSLBs using SFVS. PSLBs are inherently symmetric
structures, with well-oriented phospholipid molecules lying along
both the positive and negative axes of the surface normal (44).
Considering the symmetry constraints discussed above, this
should, and does, lead to effective cancellation of the SFVS
signal when both leaflets of the bilayer are composed of the same
lipid (44). However, preparation of a bilayer which is asymmetric
with respect to the vibrational transitions of the component
species in each leaflet removes the cancellation between the two
leaflets and gives rise to considerable SFVS signal. This is best
accomplished by preparing a bilayer with an unmodified (native)
phospholipid in one leaflet and using a perdeuterated analogue of
the same species in the opposite leaflet of the bilayer. These two
phospholipids will be chemically identical, yet the vibrational
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transitions for the deuterated and protiated lipids will lie at
different frequencies, creating the asymmetry necessary to
generate a SFVS signal. This principle is illustrated in Figure 1,
which shows the SFVS spectrum for an asymmetric bilayer
consisting of DSPE in the proximal leaflet and 1,2-distearoyl-
D70-sn-glycero-3-phosphoethanolamine (DSPE-dy) in the distal
leaflet (green), as well as a symmetric bilayer consisting of an
equimolar mixture of DSPE and DSPE-d;, in each leaflet
(pink). The resonances due to DSPE are clearly seen in the
spectrum of the asymmetric bilayer, while the symmetric bilayer
has very little signal due to cancellation of the dipoles in the
opposing leaflets (Figure 1, inset). If an asymmetric bilayer is
allowed to undergo flip-flop, the composition of the bilayer will
become increasingly symmetric due to the movement of lipids
between the leaflets. By tracking the changes in the SFVS signal
over time at a fixed infrared frequency, it is possible to directly
monitor these changes in the bilayer symmetry in real time,
thereby providing a means to measure the rate of phospholipid
flip-flop.

Kinetics of Lipid Flip-Flop Measured by SFVS. The
terminal methyl symmetric stretching vibration (CHjz v,) at
2875 cm ™' from the phospholipid alkyl chains is an excellent
indicator of bilayer symmetry as the dipole moment of this
vibration lies primarily along the bilayer normal (44) and is the
most dominant feature in the SFVS spectrum. The component of
the second-order susceptibility tensor specific for the CHs v of
the lipids in the bilayer may be expressed as

2 Ndlbtd] <ﬁCHW>> Npr:mmal <ﬁCH3VS> (4)

where Ngistar and Nproximar represent the fraction of protlated
lipids in the distal and proximal leaflet, respectively, ﬂ g
is the hyperpolarizability for the CH; v, vibration, and & is the
vacuum permittivity. Equation 4 shows the dependence of the
nonlinear susceptibility on the distribution of lipids in the two
leaflets of the bilayer, where the negative sign describes the
destructive interference that occurs as a consequence of the
opposing orientation for lipids in opposing leaflets. By substitu-
tion of eq 4 into eq 2, it is possible to describe the dependence of
the SFVS signal upon the fraction of protiated lipids in each
leaflet according to

ICH; ( ) (Ndlstdl pr0x1mal ) : (5)

From eq 5 it is possible to derive an integrated rate expression
relating the decay in SFVS intensity to the rate of lipid flipping
(derived elsewhere) (40). Assuming a unimolecular mechanism,
the rate expression for flip-flop is given as (40)

ICH}(I) = maxe_4kt +IO (6)

where k is the rate constant for flip-flop, Icy (¢) is the time-
dependent SFVS intensity, /., is the maximum resonant SFVS
signal, and I, represents the baseline offset due to nonresonant
signal and instrument offset. By measuring the change in SFVS
signal intensity as flip-flop occurs, it is possible to determine the
rate constant (k) for phospholipid flip-flop in PSLBs. Examina-
tion of the dependence of k on the lateral pressure and tempera-
ture of the lipid bilayer may also be used to characterize the
thermodynamic barrier to flip-flop (45).

Thermodynamics of Flip-Flop in PSLBs. Using transition
state theory, the free energy of activation for lipid flip-flop in
PSLBs is determined by measuring the rate of flip-flop over a
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FIGURE 1: SFVS spectra for an asymmetric DSPE:DSPE-d;, bilayer
(green). The peaks are assigned as the CH, symmetric stretch (vg) at
2848 cm ™', the CH5 v at 2875 cm™ !, the CH, Fermi resonance (FR)
at 2905 cm !, the CH; FR at 2938 cm™ ! and the CH; antisymmetric
stretch (v,) at 2967 cm™ "' (40). After complete flip-flop of the bilayer
at elevated temperature and subsequent cooling, the SFVS spectrum
shows no features due to the destructive interference from protiated
lipids in both leaflets (pink). The spectrum of an asymmetric
DSPE:DSPE-d;, bilayer (green) is nearly identical to that for a
DSPC:DSPC-d; bilayer (blue), as both bilayers have the same alkyl
chain structure. The spectra and spectral fits are offset for clarity.
Inset: Illustrations of asymmetric (green) and symmetric bilayers

(pink).

range of temperatures and fitting the observed rate constants (k)
according to

k= kl;_Te—AG*/RT (7)
h

where kg is Boltzman’s constant, 7'is the temperature in kelvin, R
is the gas constant, / is Planck’s constant, and AG* is the free
energy barrier to phospholipid flip-flop (46, 47). Equation 7 can
be expressed in terms of the Arrhenius activation energy E,, the
reversible work required to reach the transition state (TTAa"), and
the entropy of activation (AS™):

kgT
k:376(—Ea/RT)—(HAa*/RT)+(TAS*/RT)+I (8)

The Arrhenius activation energy (E,) and preexponential factor
(A) are determined from the temperature dependence of the rate
of flipping according to the Arrhenius equation, given as
E,
Ink =In 4 RT 9)
Plotting In k for a given lipid as a function of 1/T provides E,
from the slope and 4 from the intercept of the data.

In order to determine IAG* and AS™, one must also determine
the lateral pressure dependence of the rate of flip-flop. These
pressure-dependent kinetic measurements are not readily
achieved with vesicle-based systems, as very large external
pressures (~2 kbar) are required to alter the lateral pressure
within vesicles in solution (48). However, the lateral pressure in
PSLBs may be easily accomplished using LB/LS deposition
techniques. Demonstration of the pressure control afforded by
this technique may be found in previous publications (37, 45).
The activation area (Aa’) is calculated from the dependence of In
k on the lateral pressure of the film (IT) at a given temperature

according to
1
—RT(a “k> = Ad* (10)
T

oIl
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The area of activation, Ad’, represents the area per molecule
expansion required for a phospholipid to reach the transition
state (37). The work required to reach the transition state is given
by the product of the activation area and lateral surface pressure
(TIAGH). Tt should be noted that two-dimensional pressure,
activation area, and work terms are used here in place of their
three-dimensional analogues. The treatment of bilayers as two-
dimensional thermodynamic systems is well established and
reflects the two-dimensional nature of the intermolecular inter-
actions for the species comprising the film (49—52).

Finally, the entropy of activation may be calculated from the
Arrhenius preexponential factor and the work term by

+ Ah MAG*

AS R<In<kBT> + ( RT ) 1) (11)
Accurate calculation of AS therefore requires knowledge of both
the pressure and temperature dependence of the rate of flip-flop

for a given lipid species or mixture.
Given adequate knowledge of the kinetics of flipping, a
straightforward determination of the net free energy barrier
(AG%) and the contributions to the energy barrier due to E,,

TAd*, and AS* is thus possible, where the complete free energy
barrier to flip-flop is given as

AG* = E,—RT +TIAd* —TAS* (12)

Detailed derivation of each of the thermodynamic expressions
used above is presented in greater detail elsewhere (45).

In the work presented here, we describe the preparation and
study of DSPE bilayers and of mixed DSPE—DSPC bilayers.
Careful comparison of the activation thermodynamics for DSPE
and DSPC in these bilayers provides an avenue to relate the
chemical properties of the lipid headgroup to specific energetic
aspects of the flip-flop transition state (entropy, work, or
enthalpy, for instance).

MATERIALS AND METHODS

DSPC, DSPE, 1,2-distearoyl-D70-sn-glycero-3-phosphocho-
line (DSPC-d), and DSPE-d;, were purchased from Avanti
Polar Lipids (Alabaster, AL) and used without further purifica-
tion. Spectral grade chloroform and methanol were obtained
from Mallinckrodt (Phillipsburg, NJ) and Sigma-Aldrich (St.
Louis, MO), respectively, and were used as received. Nanopure
water (Barnstead Thermolyne, Dubuque, IA) with a minimum
resistivity of 18.2 MQ-cm was used for all sample preparation.
D,O was purchased from Cambridge Isotope Laboratories
(Andover, MA) and passed through a 0.20 um syringe filter
prior to use.

Bilayer Preparation. Phospholipid samples were prepared
by dissolving the appropriate lipid in a 65:35:1 ratio mixture of
chloroform:methanol:water to a concentration of 1 mg/mL.
Mixtures of phospholipids were prepared by mixing these solu-
tions at the appropriate ratios.

The PSLB substrates for use in this study were hemicylindri-
cally fused silica prisms (Almatz Optics, Marlton, NJ). Prior to
bilayer formation, the prisms were cleaned using 70%
H,S04—30% H,0,. (Note: This solution is a strong oxidizer
and reacts violently with organic materials. Appropriate safety
precautions such as acid-resistant gloves and proper shielding
should be used during handling.) The substrate prism was then
rinsed with copious amounts of nanopure water. Final cleaning
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of the fused silica prism was accomplished by plasma cleaning in
an argon plasma for 2—5 min.

PSLBs were prepared by the Langmuir—Blodgett (LB)/Lang-
muir—Schaeffer (LS) deposition method using a KSV Instru-
ments minitrough (Helsinki, Finland). The LB trough was filled
with a subphase of nanopure water before submerging the prism.
In some instances, the pH of the subphase required adjustment to
pH = 7.0 + 0.3 using dilute NaOH (Mallinckrodt, Phillipsburg,
NIJ). No significant experimental differences were noted between
samples prepared from the two subphase compositions. After
allowing for stabilization of the Wilhelmy plate balance, the
phospholipid solutions in chloroform were carefully spread at the
air—water interface of the trough, and the solvent was allowed to
evaporate for a minimum of 15 min. The phospholipid mono-
layer was then compressed to the desired pressure by Teflon
barriers and allowed to equilibrate for a minimum of 15 min,
after which the substrate was slowly withdrawn while pressure
was maintained via feedback from the Wilhelmy plate balance to
the barrier motors. Following deposition of the first layer (LB
deposition), the trough was cleaned, and a new phospholipid
solution was spread at the air—water interface of the trough.
Following equilibration and compression of the monolayer as
described previously, the prism with a lipid monolayer deposited
on the surface was transferred through the interface into the
subphase in a horizontal orientation (LS layer deposition). After
the bilayer was deposited onto the substrate, the sample was
transferred to a custom Teflon sample cell while maintaining the
bilayer in an aqueous environment.

DSPE bilayers (DSPE or DSPE-d) were prepared at pres-
sures of 15, 30, and 40 mN/m in order to determine the pressure
dependence of DSPE flip-flop. For all mixed DSPE and DSPC
bilayers, the sample deposition pressure was 30 mN/m. The
choice of pressure in the mixed bilayers is motivated by the fact
that 30 mN/m is thought to be the lateral pressure which best
represents biological membrane systems (57).

Measurement of Lipid Flip-Flop Rates. After assembly of
the prism and bilayer sample into the flow cell, D,O was flushed
through the cell in order to eliminate any spectral interference
between H,O and the phospholipid molecules. The sample cell
was placed into the instrumental setup and aligned for maximum
SFVS signal. The SFVS instrumentation consisted of a custom-
built LaserVision OPO/OPA (Laservision, Bellvue, WA)
pumped by a 10 Hz, nanosecond-pulsed Nd:YAG laser
(Continuum, Santa Clara, CA) with a pulse duration of ~5—7
ns. The laser sources were directed to the silica—water interface in
a total internal reflection geometry, which leads to signal
enhancement at the interface where the bilayer sample is
located (53—355). The SFVS output was spatially separated from
the input beams, and stray laser light was rejected by interference
and bandpass filters prior to detection of the output with a
photomultiplier tube. Data were recorded with Labview software
(National Instruments, Austin, TX) using a gated integrator and
boxcar averager for signal processing and collection.

An initial spectrum was obtained prior to measuring the
kinetics of flip-flop in order to verify bilayer formation. The
spectrum was collected by scanning the IR frequency from 2750
to 3100 cm ™" in 2 cm ™' steps and averaging 30 pulses per step.
After obtaining a spectrum, the spectrometer was tuned to 2875
cm” ' for the measurement of flip-flop kinetics. The rate constant
(k) for flip-flop was determined by elevating the temperature of
the cell and monitoring the change in SFVS signal at 2875 cm ™'
over time and then fitting the observed signal decay using eq 6.
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FIGURE 2: Anillustration of the isolation of the SFVS signal from a single component of a binary lipid mixture. Blue boxes represent DSPE lipid
species, while gray boxes represent DSPC lipids. Shading of the boxes corresponds to the deuterated or protiated analogue of each lipid type. For
each nominal concentration (50% DSPE or 75% DSPE, in this case), a particular combination of deuterated and protiated lipids may be chosen
such that the DSPE or DSPC component is responsible for the SFVS signal.

Temperature control for the sample cell was managed using a
thermoelectric Peltier element incorporated into the rear of the
sample cell and separated from the sample volume by a thin
Teflon divider. The temperature was monitored by means of a
thermistor located in the sample solution volume immediately
adjacent to the sample surface. The thermistor also provided
temperature feedback for control of the thermoelectric heating
unit in order to ensure stable and accurate temperature control.

Flip-Flop Kinetics in Binary Lipid Mixtures. Mixed
bilayers of DSPE and DSPC were also prepared using the LB/
LS method as described above. In order to independently
characterize the behavior of each species in the complex mixture,
it is necessary to prepare bilayers which contain the appropriate
combination of deuterated or protiated phospholipids. This
ensures that the SFVS signal arises from only one component
of the bilayer mixture. As an example, a bilayer consisting of 25%
DSPE:75% DSPC-d in the proximal leaflet and 25% DSPE-
dq0:75% DSPC-d; in the distal leaflet will result in SFVS
signal from only the protiated 25% DSPE component. This
allows for interference-free tracking of the SFVS signal for the
DSPE component in a mixture of DSPE and DSPC. In order to
determine the behavior of the DSPC component of the same
mixture, the proximal leaflet may instead be prepared with 25%
DSPE-d5q and 75% DSPC with the same distal leaflet composi-
tion as before. In this way, the behavior of each component of the
mixture may be individually determined without interference
from the other species. A graphic illustrating this approach
appears in Figure 2. In this figure, the lipid type (PE or PC) is
designated by color (blue or gray respectively), while the isotopic
composition is indicated by shading. The cancellation of signal
occurs when the isotopic composition for a given lipid type is the
same in each leaflet, while the lipid type is “spectroscopically
active” if the isotopic composition varies between the two leaflets.
In the examples provided, bilayers consisting of 3:1 and 1:1
DSPE:DSPC ratios are shown with the isotopic composition
varied such that either the DSPE or DSPC component may be
observed. A similar approach is utilized for other DSPE:DSPC
ratios.

Pressure— Area Isotherms. Pressure—area isotherms were
collected for DSPC, DSPE, and each DSPC + DSPE mixture in
order to determine the packing behavior in these bilayers.
Phospholipid solutions containing DSPE, DSPC, or the
DSPE + DSPC mixtures were carefully spread at the air—water

interface of the LB trough, and the solvent was allowed to
evaporate. Following an appropriate equilibration period, the
sample was compressed by Teflon barriers while a Wilhemy plate
balance was used to measure the pressure, which was recorded by
the control software. A minimum of three isotherms were
collected for each sample. The area per molecule for each sample
was determined by averaging the recorded area per molecule at
30 mN/m from all measured isotherms.

RESULTS

SFVS Spectra of DSPE and DSPE + DSPC Bilayers.
Figure 1 shows the SFVS spectrum for a DSPE—DSPE-d
bilayer in D,O. The SFVS spectrum for a DSPE—DSPE-d+
bilayer is essentially identical to that found for DSPC—DSPC-dy
bilayers (Figure 1). The resonances observed in the spectra
presented in Figure 1 correspond to the CH, symmetric stretch
(v,) (2848 cm™ "), the terminal methyl CHs v, (2875 cm™ "), the
CH, Fermi resonance (FR) (2905 cm™"), the CH; FR (2938
em™ '), and the CH, antisymmetric stretch (v,s) (2960 cm™") (44).
The last two of these resonances appear as a combination band
centered near 2950 cm ™. The SFVS spectra of DSPC and DSPE
are dominated by features arising from the alkyl chains rather
than the headgroup (44). Thus similar spectral results are
expected for DSPE and DSPC due to the identical structure of
the fatty acid chains for each lipid. N—H stretching modes are not
observed in the SFVS spectrum of DSPE due to the rapid
deuterium exchange between the lipid and solvent (56). For
DSPE + DSPC mixtures, the spectra were similar to those for the
pure bilayers, differing only in total intensity according to the
varying number of spectroscopically active species in each mixed
bilayer.

DSPE and DSPE + DSPC Flip-Flop Kinetics. For pure
DSPE bilayers, the kinetics of flip-flop were measured as a
function of both pressure and temperature to determine the
contributions to the flip-flop free energy barrier due to pressure
work, enthalpy, and entropy. Decays were collected for
DSPE—DSPE-d at pressures from 15 to 40 mN/m and tem-
peratures ranging from 51.0 to 70.0 °C. Representative decays
illustrating the pressure dependence of the decay rate at 61 °C are
shown in Figure 3. For each temperature and pressure combina-
tion examined, the rate constant for flip-flop was determined by
fitting the decays using eq 6. A summary of the rate constants for
DSPE flip-flop as a function of pressure and temperature is
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F1GURE 3: SFVS decays for DSPE—DSPE-d;, bilayers at ~61 °C
and 40 mN/m (blue), 30 mN/m (red), and 15 mN/m (cyan). The raw
data are shown in black, and the fit to the data, using eq 6, is shown in
the solid lines. The x-axis is truncated in order to better illustrate the
difference in decay rates, yet all decays were monitored over a
sufficient time period to ensure decay of the SFVS signal to baseline.

presented in Table 1. Table 1 also lists the half-life for decay,
given as

In2
l1/2=§ (13)

The variation in DSPE flip-flop rate as a function of both
temperature and pressure is illustrated in Figure 4, which shows
the Arrhenius plots for DSPE—DSPE-d; bilayers at 15, 30, and
40 mN/m. The large error bars represent variations in pooled
data from replicate measurements whereas single measurements
have an error determined from the kinetic fitting. All errors are
reported to a single standard deviation.

The rate of lipid flip-flop was also measured in mixed DSPE +
DSPC bilayers prepared with DSPE mole fractions (xpspg) of
0.10, 0.25, 0.50, and 0.75. For all mixtures, except xpspg = 0.10,
the kinetics for both DSPE and DSPC were measured by careful
selection of the protiated or deuterated components. Only the
behavior of DSPC was monitored in the xpspg = 0.10 bilayer
(90% DSPC:10% DSPE-d5y) mixtures, due to the low signal for
DSPE in 10% DSPE:90% DSPC-d; bilayers. The kinetics of lipid
flip-flop for DSPC and DSPE in the mixed bilayers followed a
single exponential decay in all cases and were well fit by eq 6.
Representative SFVS decays are shown in Figure 5 for lipid
mixtures at 47.0 °C as a function of DSPE concentration. The rate
constants and half-life of decay for each component of the mixed
bilayers at the various compositions examined are summarized in
Table 2. Unlike the pure DSPE bilayers presented above, the
mixed bilayers were examined only at lateral pressures of 30 mN/
m. Due to the large number of samples to be studied, it was not
practical to examine the temperature dependence of each mixture
at numerous pressures. As noted above, 30 mN/m was chosen for
these mixtures, as this is thought to be the lateral pressure which
best represents biological membrane systems (5/). The range of
temperatures over which the decays were collected varied for each
sample set and was determined by the rates which could be
reasonably measured using our SFVS method. The upper rate
limit is determined by the need to reach a stable temperature prior
to complete decay of the signal, while the lower limit is determined
by the requirement for sufficient sample throughput.

The kinetics of flip-flop in the mixed DSPC + DSPE bilayers
did not vary in a systematic fashion as a function of membrane
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Table 1: Kinetics of DSPE Flip-Flop as a Function of Surface Pressure and

Temperature”

IT (mN/m) temp (°C) k(s % 10° t1/» (min)
40 61.0 1.27 454
63.0 2.07 280
65.0 4.03 143
67.0 5.86 98
30 58.0 1.78 325
60.0 2.99 193
61.1 6.12 94
65.0 13.4 43
68.0 22.0 26
70.0 34.0 17
15 51.0 1.40 412
53.0 2.35 246
55.0 T+4 90 + 50
56.0 6.64 87
58.0 8+3 70+ 30
60.0 16.61 35

“The error in temperature for each experiment is +0.1—0.2 °C and that
for the surface pressure is +0.2 mN/m. The error in the determined rate
constant is typically ~1% for a given determination. Where reported, larger
errors represent the error in pooled data for several decays measured at a
common temperature.
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FiGURE 4: Arrhenius plots for DSPE flip-flop at 15 mN/m (@),
30 mN/m (a), and 40 mN/m (M) prepared from the data listed in
Table 1. The error bars represent the error in pooled data for a given
temperature. For comparison, the Arrhenius behavior for DSPC
flip-flop at 30 mN/m, as determined in a previous study, is also shown

(x) (40).

composition. The rate of DSPC flip-flop in the mixed bilayers
undergoes an initial increase at low mole fractions of DSPE. The
half-life of DSPC flip-flop for bilayers consisting of xpspg = 0.10
is 11.0 £ 0.1 min at 47.0 °C, while ,, = 52 & 6 min for pure
DSPC at the same temperature (45). This initial increase in flip-
flop rate occurs despite the observation that pure DSPE exhibits
a slower rate of flipping than pure DSPC at the same temperature
and pressure. For xpspg = 0.25 at 47.0 °C, the flip-flop
kinetics of both the DSPE and DSPC species are slightly slower
(t12 ~99 min) than the rates found for the pure DSPC system,
reflecting a decrease in the flip-flop rate relative to xpgpg = 0.10.
The rates of flip-flop continue to slow as the DSPE concentration
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increases. Mixed bilayers with high mole fractions of DSPE
(xpspr = 0.75) exhibit kinetic behavior intermediate to the results
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FIGURE 5: Representative DSPC flip-flop decays illustrating the
dependence of flip-flop kinetics on DSPE concentration. The decay
of the CHj3 v, recorded at 47 °C for bilayers prepared at 30 mN/m is
shown for bilayers consisting of 10% DSPE-d7(:90% DSPC (solid
pink), 25% DSPE-d7(:75% DSPC (solid cyan), 25% DSPE:75%
DSPC-d;y (dashed cyan), and 50% DSPE:50% DSPC-d;q (gray).
(All concentrations refer to LB leaflet composition; see text.) The raw
data are presented in black, with colored lines representing the fits to
the data according to eq 6. For comparison, the calculated rates of
decay for pure DSPC (red dash) and pure DSPE bilayers (blue dash)
are also shown.

Anglin and Conboy

obtained for xpspg = 0.50 and xpgpg = 1. The DSPE component
of the mixtures undergoes flip-flop with a rate similar to that of
the DSPC component for xpgpg = 0.25,0.50, and 0.75. Arrhenius
plots for each mixture are presented in Figure 6. The overlap in
the Arrhenius plots for the DSPC and DSPE components of the
mixtures with xpgpg = 0.25, 0.50, and 0.75 illustrates the
common kinetic behavior for each species within the mixture.

Pressure—Area Isotherms for DSPE and DSPE +
DSPC Bilayers. Pressure—area isotherms for DSPE, DSPC,
and mixed DSPE + DSPC LB monolayers were measured in
order to determine the dependence of the lipid packing density
upon membrane composition, as the lipid packing density is
known to affect the flip-flop kinetics and transition state thermo-
dynamics (37, 45, 48). Representative pressure—area isotherms
for these bilayers are presented in Figure 7 as a function of xpgpg.
The mean molecular area for each mixture is determined at
30 mN/m from the isotherm data and is shown graphically in
Figure 7 (inset). Relative to pure DSPC, the lipid packing in the
DSPC + DSPE mixtures undergoes an initial expansion at
xpspe = 0.10, increasing from an initial value of 45.9 £+ 1.4 éz/
molecule for pure DSPC at 30 mN/m to a value of 48.8 + 0.4 A*/
molecule. The area per lipid then decreased monotonically for
xpspe = 0.25, 0.50, 0.75, and 1.0 with measured areas of 45.4 +
1.7, 440 £ 1.0, 424 + 1.8, and 384 + 0.6 Az/molecule,
respectively. Other researchers have also noted deviations from
ideal packing behavior for DSPE—DSPC mixtures, particularly
at DSPE mole fractions of xpgpg = 0.10 (43).

Table 2: Summary of the Temperature-Dependent Flip-Flop Kinetics for Mixed DSPE—DSPC Bilayers at 30 mN/m as a Function of DSPE Concentration”

temp (°C) k(s™h x 10° 11> (min) temp (°C) k(s™h) x 10° 11> (min)
100% DSPE 58.0 1.78 325 10% DSPE-dy, 40.0 271 213
60.0 2.99 193 40.0 5.02 115
61.1 6.12 94 42.0 6.42 90
65.0 13.4 43 44.0 217 27
68.0 22.0 26 44.0 12.5 46
70.0 34.0 17 46.0 39.0 15
46.0 27.5 21
47.0 43.9 13
48.0 52.6 11
25% DSPE 44.0 5.55 104 25% DSPE-d5, 44.0 3.57 162
47.0 8.03 72 47.0 5.83 99
49.0 16.8 34 49.0 11.1 52
50% DSPE 46.8 1.85 313 50% DSPE-dy 46.8 1.01 570
47.0 1.83 315 49.0 2.49 232
48.0 2.12 272 52.5 16.4 35
50.0 3.50 165 53.0 36.3 16
53.0 21.0 27 53.0 21.0 28
54.0 335 17
75% DSPE 51.0 1.85 313 75% DSPE-dy 51.0 1.85 313
53.0 1.76 329 53.0 2.8 254
54.5 12.2 47 55.0 8.27 70
56.0 3.36 172 55.0 13.0 45
57.5 15.7 37 58.5 12.3 47

“For each mixture, the kinetics of both DSPC and DSPE were determined. Where a concentration for DSPE-d5 is noted, the reported kinetics reflect flip-

flop of the DSPC component. The errors in k are approximately 1%.
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FIGURE 6: Arrhenius plots for mixed DSPE—DSPC bilayers. The
nominal concentrations vary by color from 100% DSPC (red) to
10% DSPE (pink), 25% DSPE (cyan), 50% DSPE (gray), 75%
DSPE (green), and 100% DSPE (blue). Open symbols refer to the
kinetics for the DSPE component of mixed bilayers, while closed
symbols refer to the DSPC component of the mixed bilayers. The
Arrhenius data for 100% DSPC bilayers were determined in a
previous SFVS study (40).
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FIGURE 7: Representative pressure area isotherms for mixed
DSPE—DSPC bilayers. The concentrations presented above are for
100% DSPC (solid black), 10% DSPE (long gray dash), 25% DSPE
(gray dash-dot), 50% DSPE (dotted), 75% DSPE (short gray dash),
and 100% DSPE (solid gray). Inset: Variation in mean molecular
area as a function of DSPE concentration.

DISCUSSION

DSPE Flip-Flop Kinetics. The rates of DSPE flip-flop
presented in the Results section above may be compared to those
for pure DSPC in order to describe the influence of the head-
group on the kinetics of lipid exchange. Examination of the rate
data for DSPE reveals that the rate of flip-flop is strongly
dependent on temperature, as was previously observed for a
number of saturated phosphocholines (40, 45). For example, a
half-life of 325 min was measured at 58 °C compared to only 17
min at 70.0 °C for a DSPE bilayer prepared at 30 mN/m.
However, the rate of flip-flop for DSPE is much slower than
the rate previously observed for DSPC flip-flop under similar
conditions, and higher temperatures were required to elicit rapid
flip-flop. For instance, while the half-life for flip-flop of DSPE at
58.0 °C and 30 mN/m was several hours, the rate of flip-flop for
DSPC is too rapid to directly measure under these conditions
(t12(calc) < 100 s) (40). The slower rates of flip-flop for DSPE
can be attributed to the increased affinity between neighboring
DSPE molecules in the bilayer, relative to DSPC. This is due to
the smaller headgroup size, which allows closer packing of the
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lipids and greater van der Waals forces, as well as any hydrogen
bonding which may be present between neighboring DSPE
molecules or between the surrounding solvent and the lipid
headgroup. These attractive interactions are also manifest in
other physical properties of the bilayer, such as an elevated gel to
liquid-crystalline phase transition temperature for DSPE (7, =
74.5 °C) relative to DSPC (T}, = 50.5 °C) (57).

The pressure dependence of the DSPE flip-flop rate provides
insight into the relationship between molecular packing and the
propensity for lipid flip-flop. A slower flip-flop rate is expected at
higher pressure, as this corresponds to higher alkyl chain
densities, increasing the steric penalty for headgroup insertion.
This effect was indeed observed for DSPE. At 60 °C, the half-life
for DSPE flip-flop varies from 35 min at 15 mN/m to 193 min at
30 mN/m (Table 1). The trend to slower rates at higher pressures
is ubiquitous for all of the pure DSPE and DSPC bilayers studied
here. The lipid packing also plays an important role in the flip-
flop of DSPE + DSPC mixtures.

Flip-Flop Kineticsin DSPE+ DSPC Bilayers. The kinetic
results for mixed DSPE + DSPC bilayers produced several inter-
esting findings. For those mixed bilayers where both the DSPE
and DSPC components were characterized (xpspg = 0.25, 0.50,
and 0.75), the kinetics of flip-flop for the two species were found
to be indistinguishable, as determined from the fits to their
Arrhenius plots. The correspondence of the kinetics for each
species in the mixture is somewhat surprising, as it is commonly
thought that each phospholipid in such a mixture will transfer
with its own distinct rate (9, 33). Another interesting observation
can be made in regard to the variation in flip-flop rates as a
function of membrane composition. The kinetics for flip-flop in
bilayers at xpspg = 0.10 are markedly faster than for pure DSPC.
This result is somewhat surprising, as it would be reasonable to
assume the kinetic rates of flip-flop for the mixtures would fall
somewhere between the pure components. As the mole fraction
of DSPE is increased beyond 10%, the flip-flop kinetics for both
DSPC and DSPC became slower as expected.

As noted in the Results section, the mean molecular area for
these mixtures followed the same general trend. It has also been
noted that the kinetics of flip-flop in the case of pure DSPE and
DSPC bilayers is strongly dependent on the packing in the
membrane, as evidenced by their pressure dependence. This
evidence would suggest that the kinetics of flip-flop in these
mixtures are primarily dependent on the packing in the mem-
brane. However, there are a number of other factors which must
be characterized as well if one is to determine the extent to which
packing is responsible for the observed kinetics. These include the
potential role of hydrogen bonding, headgroup polarity, and
headgroup—solvent interaction on the flip-flop of DSPE relative
to DSPC. The effect of each of these types of interactions, as well
as the role of lipid packing, may be assessed using transition state
theory. We first examine the thermodynamics which govern flip-
flop of the pure DSPE and DSPC systems and subsequently
apply these findings to the mixed systems.

Activation Thermodynamics of DSPE Flip-Flop. Com-
parison of the activation thermodynamics of flip-flop for DSPE
and DSPC provides a direct measure of the influence of head-
group chemistry on the thermodynamic barrier to flipping. The
data presented in Table 1 may be used to calculate the activation
thermodynamics for pure DSPE, as has previously been done for
DSPC (45). Using eq 7, we calculate the net free energy barrier
for DSPE flip-flop at 30 mN/m to range from AG*H = 110.5 £
0.4 kJ/mol at 60 °C to 107.0 £ 0.2 kJ/mol at 70.0 °C. Here, and in
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Table 3: Activation Thermodynamics for Flip-Flop of 30 mN/m DSPE Bilayers at Several Temperatures”
temp (°C) E, (kJ/mol) Ad* (A% /molecule) A" (kJ/mol) AH* (kJ/mol) AS* (J/(mol K)) TAS* (kJ/mol) AG* (kJ/mol)
DSPE
50 23149 54+5 9.7+0.9 238+9 328427 123+9 1140 £ 0.4
60 231+9 52+3 94+0.5 238+9 381+27 127+£9 110.5+0.2
70 23149 48 +4 8.7+ 0.8 23749 380 £27 130+9 107.0 £0.2
DSPC
50 228 £28 31+14 5.6+2.5 231+28 400 £ 80 130 £28 102 £ 1

“The activation thermodynamics for flip-flop of DSPC at 30 mN/m is provided for comparison and is taken from previous studies (40, 45).

the sections that follow, we wish to compare the thermodynamics
for DSPE flip-flop to our previous results for DSPC in order to
examine the underlying physical and chemical factors possibly
contributing to the differences in the flip-flop behavior of these
two lipid species. To facilitate that comparison, we have exam-
ined the kinetics and thermodynamics of DPSC and DSPE flip-
flop at a common temperature, 50.0 °C, at which both lipid
species are in the gel state. This choice of temperature requires the
extrapolation of the data for DSPE, as flip-flop of DSPE at
50.0 °C is too slow for practical direct measurement (7, ,(calc)
~1.6 days). When calculated at the lower temperature of 50.0 °C,
the net free energy barrier for DSPE flip-flop is AG* =114.0 +
0.4 kJ/mol, while for DSPC the barrier is AG™ = 102 £ 1 kJ/mol,
a difference of 12 kJ/mol. Taken alone, the total free energy
barrier for DSPE flip-flop does not provide many clues about the
differences in the nature of the transition state for DSPC and
DSPE.

The presence (DSPC) or absence (DSPE) of methyl groups on
the headgroup amine leads to differences in the size, hydrogen-
bonding capacity, and hydrophobicity, and each of those factors
is expected to alter the transition state thermodynamics in a
different manner. For instance, hydrogen-bonding interactions
between lipid groups might stabilize the ground state and increase
the enthalpic barrier to flip-flop, while changes in hydrophobicity
or solvent interaction may instead appear as an altered entropic
barrier to lipid exhange (58). Examination of the energetic
contributions to the net free energy barrier from entropy,
enthalpy, and pressure work provides essential clues about the
nature of the transition state and its dependence upon the
chemical and physical properties of the membrane.

Activation Area and Pressure Work for DSPE Flip-
Flop. The activation area provides a measure of the geometric
constraints acting on a lipid molecule during flip-flop and is used
to determine the pressure work which must be exerted on the
surrounding system to accommodate the change in lipid geome-
try as it proceeds to the transition state. The activation area is
determined by the dependence of the flip-flop rate on lateral
pressure at a fixed temperature. However, the experimental
method places practical limits on the range over which kinetic
data which can be measured, as noted above. Therefore, it was
not practical to measure the rate of flip-flop over the same range
of temperatures for each pressure examined. Instead, the Arr-
henius rate data (see Figure 4) are used to calculate the rates for
each pressure at a common temperature. Using the calculated
rates, the pressure-dependent thermodynamics may be deter-
mined at any temperature, within reason.

The activation area for DSPE is calculated from the data in
Figure 4 by fitting to eq 10, where the fit was weighted for the

error in each data set. The activation area for DSPE varies from
54 4+ 5 A%/molecule at 50 °C to 48 + 4 A*/molecule at 70 °C; the
temperature dependence of Aa* for DSPE is listed in Table 3. The
area per DSPE molecule undergoing flip-flop at 50 °C increases
an average of 54 Az/mqlecule from the area occupied in the
ground state (38.4 + 0.6 A?/molecule), reaching an average total
area of 93 £ 5 A*/molecule in the transition state geometry. A
DSPE molecule undergoing flip-flop occupies more than double
the area in the transition state than it had occupied in the ground
state. This is consistent with, although not indicative of, a
unimolecular mechanism for flip-flop wherein the lipid molecule
is bent back along itself during the transition. Under the same
conditions DSPC has a ground state area of 45.9 + 1.4 A?Y
molecule, an activation area of 301 + 14 Az/molecule, and a total
transition state area of 77 + 14 A%/molecule (45). The transition
state areas differ slightly (at an 89% confidence interval),
indicating that DSPE occupies slightly more space in the
membrane during flip-flop than DSPC, in spite of a higher
packing density in the ground state. Thus the larger activation
area for DSPE most likely arises from both a decrease in the
ground state area per molecule and an increase in the area
occupied at the transition state.

The larger activation area also indicates that more work must
be done on the surrounding lipids in order to achieve this
configuration. For DSPE at 30 mN/m and 50 °C, the reversible
pressure work required to reach the transition state, given as
MAG, is 9.7 £ 1 kJ/mol. The work required for DSPC under
these conditions is slightly smaller, at 5.6 £ 2.5 kJ/mol. This
indicates that more energy is required to create the necessary
space for a lipid to assume the transition state geometry in the
tightly packed DSPE membrane than in a DSPC membrane. It
should be noted that while the difference in the work term for
these two species is 4.1 kJ/mol, less than half of this additional
energy (1.0—1.7 kJ/mol) can be directly attributed to the change
in ground state packing alone. The amount of work attributed to
ground state packing differences was calculated using
HAaq . o Where Aag s the difference in ground state
areas for the two lipid species. For the lipids considered here, this
turns out to be 1.0—1.7 kJ/mol. The remaining difference in the
work term for DSPC and DSPE can be attributed to differences
in the transition state geometry rather than the ground state
geometry, suggesting that DSPE adopts a larger molar transition
state area than DSPC (using the IT—a isotherm data as an
estimate of ground state packing).

Activation Enthalpy for DSPE Flip-Flop. Differences in
the enthalpic barrier to DSPE and DSPC flip-flop may also
provide unique information about the different mechanisms for
flip-flop of these two lipid species. The sources of enthalpy in the
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system arise from hydrogen bonding, electrostatic interactions,
and van der Waals interactions. The enthalpic barrier to flip-flop
arises from the loss of these favorable interactions between lipid
molecules or between lipid and solvent as flip-flop occurs. It is
generally assumed that the identity of the headgroup will
significantly affect the enthalpy barrier by altering these stabili-
zing interactions, while other properties such as alkyl chain length,
structure, and order are more closely related to the entropic
portion of the energy barrier (9, 45). The work term, in conjunc-
tion with the Arrhenius activation energy E,, may be used
to determine the total activation enthalpy barrier for DSPE
flip-flop as

AH* = E, —RT +TIAd* (14)

From the Arrhenius plot shown in Figure 4, E, for DSPE at 30
mN/m was calculated to be 231 + 9 kJ/mol. The Arrhenius
activation energy is within error of that previously determined for
DSPC (228 £ 28 kJ/mol) and its shorter chain analogues (40).
Using E, along with the work term, AH* for DSPE was calculated
to be 238 £ 9 kJ/mol at 50.0 °C. For DSPC under the same
conditions, AH" is calculated to be 231 £ 28 kJ/mol. The net
enthalpy barrier for DSPE flip-flop is indistinguishable from that
for DSPC, given the errors in the measurement.

Based on these data it appears that the chemical differences in
DSPE and DSPC, namely, the ability of DSPE to act as a
hydrogen bond donor, do not significantly alter the enthalpic
penalty for reaching the transition state. This result is somewhat
surprising, as interlipid hydrogen bonding between DSPE mole-
cules should stabilize the lipids in the ground state and increase
the enthalpy required for adopting a transition state geometry.
This effect is observed in the case of desorption of a lipid from
vesicles in solution (59). The energy barrier for desorption of a
short-chained fluorescent lipid probe bearing a phosphoethano-
lamine headgroup (Cs-NBD-PE) from a POPC matrix was found
to be approximately 2.8 kJ/mol higher than that for a related
phosphocholine analogue (Cs-NBD-PC) (59). In pure DSPE
bilayers this effect might be up to twice as large, due to the
capacity for the matrix molecules to act as both hydrogen bond
acceptors and hydrogen bond donors. This process is mechani-
stically different from flip-flop but provides some measure of the
relative differences in intermolecular bonding for phosphoetha-
nolamines and phosphocholines. However, small energetic dif-
ferences such as these (2—4 kJ/mol) are insignificant in relation to
the exceedingly large net activation enthalpy (231 £ 9 kJ/mol)
and the error in their determination. It should be noted that the
measurement errors in AH* for flip-flop are a direct consequence
of the limited temperature range over which these bilayer systems
can be studied.

Activation Entropy for DSPE Flip-Flop. From the kinetic
data presented above, it is also possible to examine the role of
entropy in determining the net free energy barrier to flip-flop. The
activation entropy represents the difference in entropy between a
DSPE lipid in the transition state geometry and the same lipid in
the ground state geometry. Using eq 11, the activation entropy
for DSPE at 50 °C and 30 mN/m was calculated to be 380 £ 27
J/(mol K). These data, along with the calculated activation
entropy for DSPE flip-flop at 60.0 and 70.0 °C, are presented
in Table 3. A positive AS* indicates that the entropy of the system
increases during the flipping event. This result is fairly intuitive as
the ground state for a gel phase lipid is very well ordered with few
gauche defects in the alkyl chain and little penetration of polar
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solvent into the hydrophobic core. The change in geometry
required for flip-flop to occur involves the rearrangement of
the surrounding lipid molecules in order to accommodate the
larger area of the transition state lipid as the polar headgroup is
inserted into the lipid bilayer, all of which are correlated with
positive changes in entropy. Changes in the hydration of the
headgroup during flip-flop or ordering of the solvent due to
exposure of the alkyl chains will also have a significant effect on
the entropy of the system. The activation entropies for DSPE and
DSPC were compared in order to better understand the structur-
al factors underlying the observed thermodynamic behavior.
At 50.0 °C, the activation entropy for DSPC is 400 £ 80 J/mol,
higher than that for DSPE. For DSPE, the entropic portion of
the free energy barrier is TAS® = 123 + 9 kJ/mol. For
comparison, TAS* for DSPC is calculated to be 130 + 28 kJ/
mol under the same conditions. The entropy and enthalpy terms
contribute to the free energy barrier with opposite sign, meaning
that the entropic contribution is favorable and partially com-
pensates for the large enthalpic barrier to flip-flop. In terms of its
effect on the free energy barrier, the favorable entropic contribu-
tion to the barrier is reduced for DSPE relative to DSPC. The
reduced activation entropy for DSPE may be due to either an
increase in the ground state entropy or a decrease in the transition
state entropy relative to DSPC. The pressure—area isotherms
presented above indicate that DSPE is more tightly packed in the
ground state than DSPC. Based on these geometric considera-
tions, the ground state entropy for DSPE bilayers is expected to
be significantly lower than for DSPC if only the contribution
from the lipid molecules is considered and the effect of solvent
molecules is neglected. The larger activation area for DSPE also
indicates that greater rearrangement of the lipid molecules is
required to reach the transition state, which suggests greater
disparity between the order of the lipid alkyl chains in the ground
and transition states for DSPE relative to DSPC. This greater
disparity in order should translate to a higher activation entropy
for DSPE, contrary to our observation. Thus the lipid packing
and lipid chain order alone cannot explain the decrease in
activation entropy associated with the change in headgroup
chemistry. This would suggest that the decreased activation
entropy for DSPE may instead reflect the behavior of the water
associated with the lipids at the interface. This effect can be better
understood by considering the structure of the water molecules
which surround the ethanolamine and choline headgroups,
respectively. For simplicity, only the solvent interactions with
the terminal region of the headgroup are considered, as the
remaining portions of the molecules are essentially identical. For
the choline headgroup, the water molecules arrange in a clath-
rate-like structure in order to minimize their contact with the
hydrophobic methyl groups bound to the nitrogen moiety (60).
The ethanolamine headgroup lacks these methyl groups and is
capable of hydrogen bonding with the solvent and, thus, does not
induce the same degree of solvent rearrangement. One manifesta-
tion of this effect is the difference in the number of water
molecules directly involved in the hydration of the two head-
groups (including phosphate and carbonyl groups etc.) which
ranges from 7—8 molecules to 12—30 molecules for PE and PC,
respectively (6/—63). This effect is most readily understood as a
consequence of the relative hydrophobicity of these two head-
groups. Because a greater number of water molecules are induced
to reorder around the more hydrophobic choline headgroup, this
headgroup will have a greater effect on the solvent entropy than
the smaller and more hydrophilic ethanolamine moiety. The
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impact of headgroup hydrophobicity on the activation thermo-
dynamics for lipid flip-flop is examined in greater detail below.

Influence of Headgroup Hydrophobicity on the Thermo-
dynamics of Flip-Flop. It is possible to estimate how the
hydrophobicity of a lipid headgroup will influence the thermo-
dynamic barrier to flip-flop using available data in the literature.
We can relate the movement of a lipid headgroup from the polar
membrane exterior into the hydrophobic membrane interior to
the partitioning of a polar solute between an aqueous and
hydrocarbon phase. In extensive studies on the thermodynamics
for transfer of various long-chain amphiphiles between water and
various hydrocarbon phases, Tanford observed a dependence of
~3.4 kJ/mol per CH, unit transferred (58). By placing three
methyl units on the amine of the ethanolamine headgroup, the
additional thermodynamic driving force (preference of the head-
group for the hydrocarbon phase) would be approximately 10.3
kJ/mol, accounting for the additional methyl groups as methy-
lene units. A refinement of this approach involves calculation of
the magnitude of the hydrophobic interaction per surface area of
the methyl groups, which is found to be approximately 88 J/(mol
éz) (64). For a choline headgroup with a surface area of 118
A (65) the hydrophobic interaction would be approximately 10.4
kJ/mol, in good agreement with the estimate using the transfer
energies of a single methylene unit.

It is worth restating that the hydrophobic effect involves the
disruption of strong intermolecular interactions between water
molecules due to the introduction of a solute, as well as the
resulting reorganization of the water molecules to minimize this
perturbation (58). If the solute is nonpolar, the water molecules
will reorder in such a way as to minimize their interaction with the
solute and maximize their interaction with other water molecules.
This leads to ordering of the water molecules around the solute,
producing a significant loss of solvent entropy. This is consistent
with the increased activation entropy measured for DSPC
relative to DSPE. The more hydrophobic choline headgroup
induces ordering of the surrounding solvent, as evidenced by the
clathrate-like arrangement of water molecules near the methyl
groups (60). DSPE is able to better satisfy the hydrogen-bonding
requirements of the solvent and does not induce the same degree
of order (60). The importance of solvent entropy is also observed
in other systems involving the hydrophobic effect, such as the
folding of a protein in an aqueous environment (66). Because the
number of solvent molecules involved is so great, minor changes
in solvent entropy can have significant net contributions to the
entropy of the system. This is due to the fact that the total entropy
of the system scales with the number of atoms present (67).

Summary of DSPE Activation Thermodynamics. The
various activation thermodynamic parameters determined here
for DSPE flip-flop are summarized in Table 3. In spite of the
alteration of the lipid headgroup chemistry, the activation
enthalpies for DSPE and DSPC are nearly identical. However,
the contributions to AH" from the activation area and work
terms are larger for DSPE, reflecting the smaller ground state
area occupied by this lipid as a consequence of its smaller
headgroup. The alteration of the headgroup chemistry is also
apparent in the activation entropy for DSPE flip-flop, which is
smaller than the activation entropy for DSPC flip-flop in spite of
the larger geometric rearrangement required for DSPE. The total
difference in the free energy barrier for DSPE and DSPC flip-flop
is 12 kJ/mol. This difference in free energy can be attributed
primarily to differences in the entropy of activation and pressure
work required for flip-flop of DSPE or DSPC, while the
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Table 4: Gibbs Free Energy of Activation for Mixed DSPE—DSPC
Bilayers at Various DSPE Concentrations”

bilayer composition (LB layer) AG* (kJ/mol)
xpsec = 0.90 = xpspe.a, = 0.10 97.4+£0.4
xosec = 0.75 = ypspe-a, = 0.25 103.5+£0.2
xospe = 0.25 = xpspc.a, = 0.75 102.5+0.2
XDSPC — 050 - XDSPE»:IN = 050 1059 :|:02
xpspe = 0.50 = xpspc.a,, = 0.50 105.740.2
XDSPC = 0.25 — XDSPE-d;, = 0.75 109.3+£0.8
xospe = 0.75 = xpspc.a, = 0.25 1083+ 1.1
xpspe = 1.00 114.0 £0.4

“All values were calculated at 30 mN/m and 50 °C using the kinetic data
presented in Table 2.

difference in activation enthalpy was insignificant. Physically,
these thermodynamic differences can be explained in terms of the
decreased hydrophobicity and size of the ethanolamine head-
group, relative to DSPC, which lead to significantly different
membrane packing and interfacial solvent structure for bilayers
of these two lipids. On the basis of the differences in hydro-
phobicity of DSPE and DSPC alone, one would estimate a AAG*
for flip-flop of 10.4 kJ/mol, in reasonable agreement with the
observed difference of 12 kJ/mol. Moreover, the predicted
differences in activation free energy due to the reduced hydro-
phobicity of DSPE would be primarily entropic in nature,
consistent with our findings.

Activation Thermodynamics of Flip-Flop for Mixed
DSPE + DSPC Bilayers. The activation thermodynamic
analysis of DSPE and DSPC in single component membranes
provides significant insight into the factors which govern their
flip-flop in a homogeneous bilayer. We can also characterize the
free energy barrier to flip-flop in binary mixtures of these lipids in
order to understand the complex dependence of flip-flop kinetics
on composition and packing. The free energy of activation for
each mixture was calculated according to eq 7, where the kinetic
data for each mixture were extrapolated to a common tempera-
ture assuming Arrhenius behavior. The calculation of the free
energy barrier at a common temperature is essential for compar-
ison of the data, as AG" is highly dependent on temperature and
lipid phase. The choice of temperature in this case was 50 °C, as
this temperature requires a minimal degree of extrapolation for
the kinetic data collected and facilitates comparison with the pure
bilayer systems discussed above. The free energies of activation
calculated at 50 °C for DSPE + DSPC mixed bilayers are
summarized in Table 4.

The Gibbs free energy barrier, AG", for each component of the
mixed bilayers will be considered in turn, beginning with DSPC.
At xpspe = 0.10, the free energy barrier for DSPC flip-flop is
only 97.4 + 0.4 kJ/mol, which is considerably lower than the
barrier to flip-flop in pure DSPC bilayers (102 & 1 kJ/mol) at the
same temperature. As previously mentioned, the flip-flop of
DSPE in these mixtures could not be determined due to the
low SFVS signal at low lipid densities. As xpgpg increased, the
activation free energy barrier increased with values of 103.5 +
0.2, 106.0 £ 0.21, and 109.3 & 0.8 kJ/mol calculated for DSPC
flip-flop in bilayers containing xpgpg = 0.25, 0.50, and 0.75,
respectively. These data highlight the odd behavior of bilayers
with xpspg = 0.10. The barrier to DSPC flip-flop decreases ~4.6
kJ/mol when DSPE is initially introduced into the bilayer, in spite
of the fact that pure DSPE flip-flop has a free energy barrier that
is 12 kJ/mol greater than DSPC. Similar results are observed
for the DSPE component of the mixed bilayers at 50.0 °C.
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AG* values of 102.5 & 0.3, 105.7 £ 0.2, and 108.3 £ 1.1 kJ/mol
were calculated for DSPE flip-flop in bilayers containing DSPE
mole fractions of 0.25, 0.50, and 0.75, respectively. For compar-
ison, the free energy of activation for DSPC and DSPE flip-flop
in the mixed bilayers is summarized in Table 4.

At those mole fractions where both the DSPE and DSPC
components were characterized, the free energy barrier to DSPE
flip-flop was essentially indistinguishable from that for DSPC,
consistent with the kinetic results presented earlier. (Note: The
difference appears statistically significant at xpgpg = 0.25 DSPE,
but the sample size is small.) This is illustrated in Figure 8, where
the free energy barriers to DSPE and DSPC flip-flop in mixed
DSPE + DSPC bilayers are shown as a function of membrane
composition. The similarity in the free energy barrier for each
component in a given mixture might then suggest that both lipids
have similarAH* , AS* ,and MAd* terms. For the work term, this is
an intuitive result, as mixtures of these lipids are completely
miscible (43), leading to identical local environments for each
lipid molecule. Thus the ground state packing and the work
required to displace neighboring lipids molecules should be
nearly identical for each species. If the work terms are similar,
then the differences in the enthalpic contributions to the energy
barrier, which are already insignificant, would be further re-
duced. The similarity in local packing constraints would also
somewhat minimize the differences in activation entropy between
the two lipid species; however, it would be reasonable to expect
that AS* for DSPE and DSPC should still differ slightly due to
their differing hydrophobicities and headgroup solvation. It is
also possible that the enthalpic barrier to DSPE is reduced in the
presence of DSPC due to the loss of DSPE—DSPE hydrogen
bonding. This effect may compensate for any differences in the
activation entropy barrier for flip-flop of these two lipid species.
However, changes in AH* due to hydrogen bonding would be
concentration dependent and are not consistent with our ob-
servation that both DSPE and DSPC show similar energetic
barriers to one another in their mixtures over a large range of
compositions (see Figure 8).

Based on the miscibility of DSPE + DSPC mixtures and the
strong influence of molecular packing on the similar transition
state thermodynamics of the pure lipid components, similar, if
not identical, free energy barriers can be rationalized for DSPE
and DSPC in the binary mixture. The better than expected
agreement in AG" for these species may be due to a serendipitous
balance of the enthalpy and entropy terms as hydration and
hydrogen bonding change with composition or may reflect
changes in solvent ordering within the mixtures that have yet
to be described in the literature.

At first glance, it would appear that the hydrophobicity of the
lipid headgroup is not as good an indicator of the activation
thermodynamics and flip-flop rates in mixed bilayers as we found
for the pure bilayers. However, it is important to note that the
hydrophobicity of the molecule determines the orientation and
solvent structure of the headgroup and therefore strongly influ-
ences the molecular packing of the lipids in the bilayer (65), a
physical property which is more clearly correlated to the thermo-
dynamic behavior of the mixtures.

The role of lipid packing as a primary determinant of the
thermodynamic behavior for these mixtures can be readily
established based on the seemingly identical trends observed
for the free energy barrier and molecular packing densities of the
mixed bilayers as a function of composition. By graphing the
free energy barrier for flip-flop at 30 mN/m and 50.0 °C in
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FIGURE 8: Free energy of activation for mixed DSPE—DSPC bi-
layers as a function of DSPE concentration. Open squares refer to the
DSPC component of the mixed bilayers while closed triangles refer to
the DSPE component.
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FIGURE 9: Activation free energy for mixed DSPE—DSPC bilayers
as a function of mean molecular area, as determined from the data
presented in Figures 7 and 8. Solid symbols refer to the DSPC
component of mixed bilayers while open symbols refer to the DSPE
component. The concentrations shown are 100% DSPC (0% DSPE)
(circle), 10% DSPE (square), 25% DSPE (triangles down), 50%
DSPE (triangles up), 75% DSPE (diamonds), and 100% DSPE (x).

DSPE + DSPC mixtures as a function of the area per molecule in
those bilayers, the dependence of the free energy barrier on the
membrane packing can be clearly seen (Figure 9). Figure 9 also
illustrates the fact that complex compositional dependence of the
free energy barrier to lipid flip-flop in DSPE + DSPC bilayers
may be fully described in terms of the molecular packing alone.
While it appears that the packing of the lipids in the membrane is
a primary determinant of the energetic barrier to flip-flop for
DSPE + DSPC mixtures, the dependence of the area per lipid
molecule on DSPE concentration is not a simple one. However,
the seemingly anomalous increase in mean molecular area at 10%
DSPE in DSPC has been previously observed for mixed DSPE +
DSPC monolayers at elevated temperatures (35—40 °C),
although this trend was reversed at lower temperatures (25 °C)
(43). As was observed in our present work, those authors noted
an initial expansion of the film near xpgpg = 0.10 and a
subsequent decrease in mean molecular area at higher mole
fractions of DSPE (43). The deviations from ideal packing
behavior were greatest for xpspr = 0.10 and xpgpg = 0.90 (or
xpspc = 0.10, equivalently), where the attractive and repulsive
forces are most imbalanced (43). The authors suggested that the
interplay between hydration forces and dispersion forces was
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primarily responsible for the observed dependence on concentra-
tion and temperature (43). When DSPE is introduced into DSPC
at low concentrations (10%), the electrostatic repulsion may
dominate the interaction between neighboring lipids while the
dispersion interactions (between the acyl chains) resemble that of
pure DSPC films (weaker dispersion forces than DSPE due to
increased separation). This would lead to a net increase in the
area per molecule at low DSPE concentrations that is recovered
as the DSPE concentration increases. It is possible that such a
scenario describes the packing trends observed in the mixed
monolayers considered here or that the effect is more directly
related to the availability of hydrogen bond donors in bilayers
with low DSPE concentration. It should be emphasized that the
variation in molecular area for DSPE + DSPC bilayers of
differing concentrations is not fully understood at this time.
Nonetheless, it is clear from the data shown in Figure 9 that the
free energy barrier to flip-flop is strongly dependent on the
resultant area per molecule.

Review of Factors Governing Flip-Flop in Mixed DSPE
+ DSPC Bilayers. It has long been thought that the chemistry
of the headgroup would determine, in large part, the nature of the
thermodynamic barrier for flip-flop (9, 33). Our findings have
shown that each component of the DSPE—DSPC bilayer under-
goes flipping with a common rate and energetic barrier that is
characteristic of the gross structural properties of the membrane
rather than the identity of the lipid molecule. Specifically, the
data presented in Figure 9 suggest that the thermodynamics of
DSPE + DSPC mixtures are well described by their packing
characteristics alone. This result reflects the miscibility of the
lipid species, as the local environments for each species are
identical. The components in mixed bilayers which are not fully
miscible would be expected to deviate from the behavior observed
here for DSPE + DSPC, likely exhibiting disparate rates and
thermodynamics of flip-flop. Phase-segregated lipid molecules
would experience significantly different local environments, and
their flip-flop activation thermodynamics may reflect that dis-
parity.

Kol et al. studied the dependence of lipid flip-flop rate of a
fluorescently labeled lipid probe on the composition of vesicles
containing small transmembrane peptides, which are known to
facilitate spontaneous flip-flop. The facilitated flip-flop of the
lipid probe was strongly inhibited by the incorporation of
cholesterol into the membrane. The authors attributed this effect
to the ordering effect of cholesterol in liquid phase vesicles and
the increase in local chain packing (68). This is consistent with our
findings that the local packing arrangement of the lipid molecules
in the bilayer will strongly affect the net free energy barrier to flip-
flop.

It should also be noted that it is not yet clear whether a simple
area dependence for the thermodynamics of flip-flop should be
expected for lipid mixtures where greater disparity in headgroup
chemistry is present. For instance, lipids with a serine-derived
headgroup, bearing a net negative charge at neutral pH, may
exhibit entirely different flip-flop behavior from their neutral
counterparts, particularly with respect to the enthalpic barrier to
flip-flop. NMR studies on the interaction of different headgroups
in mixed bilayers have indicated that charged headgroups inter-
act more strongly with zwitterionic lipids (PE or PC) than is
found in the simple PE—PC mixtures (69). Further study of
additional lipid mixtures will be required to characterize the flip-
flop behavior of such species, and preliminary work is underway
in our laboratory to address this possibility.
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CONCLUSIONS

Our findings suggest that the local packing of the lipid
molecules within a bilayer is an important determinant of the
kinetics and thermodynamics of flip-flop. The chemical identity
of the lipid headgroup, either phosphocholine or phosphoetha-
nolamine, is found to profoundly influence the kinetics and
thermodynamics of flip-flop in pure lipid bilayers, primarily by
altering the lipid packing and lipid—solvent interactions within
the bilayer. Specifically, the relative size and hydrophobicity of
the headgroups largely explain the differences in activation
thermodynamics for the two lipids. In mixtures of DSPE and
DSPC, both species undergo exchange at similar rates and
experience similar activation thermodynamic barriers. The ther-
modynamic barrier to flip-flop for these lipids did not, however,
vary smoothly with membrane composition. Instead, the ener-
getic barrier to flip-flop was strongly correlated to the area per
molecule for the mixed bilayers.

We have also shown that SFVS is uniquely capable of
independently describing each component of a complex mixture
by careful selection of the appropriate deuterated or protiated
lipid species. To our knowledge, this study represents the first
such independent determination of the kinetics of different native
lipid species within binary mixtures without the use of chemically
modified probes.

Additional study of the dynamics of lipid mixtures by this
method will provide a unique opportunity to further characterize
the mechanisms for spontaneous lipid flip-flop in PSLBs. It is of
particularly great interest to determine whether the common
behavior of all lipid components within the mixture is a ubiqui-
tous property of bilayers consisting of miscible species or if this is
a unique aspect of the DSPE + DSPC system. Such information
will provide an important window onto the possible mechanisms
involved in the spontaneous flip-flop of lipid molecules within the
bilayer.
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