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ABSTRACT: The mechanism of transport of free fatty acids (FFA) across lipid bilayer membranes remains a
subject of debate. The debate is whether the rate-limiting step for transport is flip-flop across themembrane or
dissociation into the aqueous phase. Recently, a newmethod for assessing dissociation was described in which
fluorescein phosphatidylethanolamine (FPE) introduced into the outer leaflet of lipid vesicles was used to
monitor FFA dissociation. Transport of FFA into vesicles containing both FPE in the outer leaflet and
pyranine trapped in the inside aqueous phase revealed identical rate constants for quenching of FPE and
pyranine fluorescence. Because no difference was observed in the time for FFA binding to the outer surface
and flip-flop across the bilayer, it was concluded that dissociation was slower than flip-flop. Here, we used
FPE and BSA to assess dissociation of oleate from lipid vesicles. In separate pyranine- or ADIFAB-
containing vesicles, we assessed flip-flop. We found that the FPE and BSA transfer methods yielded
equivalent rate constants for dissociation, which were 3-10-fold faster than that of flip-flop.We found that in
vesicles containing both FPE and pyranine, pyranine fluorescence cannot be separated from FPE
fluorescence. The identical rate constants for FPE and pyranine observed with vesicles containing both
fluorophores reflected the dominance (20-fold) of FPE fluorescence at pyranine excitation and emission
wavelengths. Because the dissociation rate constants are 3-10 times faster than the rate constants for flip-
flop, flip-flop must be the rate-limiting step for the transport of FFA across lipid vesicles.

Circulating free fatty acids (FFA)1 play a central role in
physiologic homeostasis. FFA are a major source of energy,
are components ofmore complexmolecules, and aremediators of
cell signaling. Maintenance of these functions requires regulation
of circulating FFA levels, which in turn depends upon the rates of
transport of FFA into and out of the cells that store and
metabolize FFA. There is considerable interest in the mechanism
of membrane transport of FFA because of the possibility that
transport might be regulated at the level of the cell membrane.
The central issue, for which there is currently no consensus, is
whether FFA translocation occurs as rapid diffusion through the
lipid phase or whether it requires facilitation by membrane
proteins (1-3). Evidence of extremely rapid diffusion through
the lipid phase of membranes is supported by studies reporting
that transport of FFA across pure lipid membranes is limited by
the rate of dissociation from the lipid bilayer rather than flip-flop,
the rate of crossing from one hemileaflet to the other (1, 4-8). In
contrast, our laboratory has reported that flip-flop is rate-limit-
ing and has activation thermodynamic characteristics distinctly
different from those of dissociation (9-13).

Whether flip-flop or dissociation is rate-limiting for transport
of long chain FFA across lipid bilayer vesicles was reexamined
recently using a newmethod to detect the presence of FFA in the
outer hemileaflet of lipid vesicles (14). In that study, the change in
fluorescence of fluorescein-labeled phosphatidylethanolamine
(FPE) was used to detect the presence of FFA in the outer leaflet
of lipid vesicles. FPE fluorescence was quenched upon binding of
FFA to the vesicles, and conversely, FPE fluorescence increased
upon dissociation of FFA from the outer leaflet. Dissociation
and flip-flop were monitored in small (SUV) and large (LUV)
unilamellar vesicles prepared with pyranine trapped in the inside
aqueous phase and with FPE present in the outer leaflet of these
vesicles (14). Movement of FFA from the outer leaflet to the
inner leaflet of the vesicles results in quenchingof the fluorescence
of the trapped pyranine. Conversely, dequenching of the pyra-
nine fluorescence occurs as FFA move from the inner to outer
leaflet as described previously (6, 7, 12).

Using these FPE/pyranine vesicles as acceptor vesicles, Simard
et al. (14) assessed the transfer of FFA from donor (nonfluore-
scent) vesicles by monitoring the time courses of the quenching of
FPE and pyranine fluorescence. The results for SUV revealed
identical rate constants of 7.2 s-1 for oleate (OA) quenching of
both FPE in the outer leaflet and pyranine inside the SUV. This
suggests that there is virtually no lag in time between binding of
OA to the outer leaflet and flip-flop of OA from the outer to inner
leaflet and would indicate that the rate constant for flip-flop is
much faster than 7.2 s-1. These results would seem to provide
strong support for dissociation of OA from the donor vesicles,
rather than flip-flop, being the rate-limiting step for transport of
FFA across lipid vesicles.

To resolve the discrepancy with our previous results, we
conducted studies similar to those of Simard et al. (14) by
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investigating FFA transport using FPE-labeled and pyranine-
containing lipid vesicles. We find, in agreement with Simard
et al. (14), thatmonitoringFPE fluorescence provides an accurate
measure of the dissociation rate of FFA. However, we demons-
trated that pyranine fluorescence cannot be separated from FPE
fluorescence in vesicles containing both fluorophores. In contrast
to those of Simard et al., our results, using separate FPE- and
pyranine-containing lipid vesicles to assess dissociation and flip-
flop, respectively, demonstrate that flip-flop is rate-limiting and
∼3-10-fold slower than dissociation.

EXPERIMENTAL PROCEDURES

Materials. Egg phosphatidylcholine (EPC) was purchased
from Avanti Polar Lipids, Inc. (Alabaster, AL). Sodium salts of
oleate (OA) were purchased from NuChek Prep (Elysian, MN),
and stock solutions were prepared in water containing 4 mM
NaOH (pH 11) and 50 μM butylated hydroxytoluene. Fluore-
scein-labeled dihexadecanoylphosphoethanolamine (FPE) and
pyranine (8-hydroxypyrene-1,3,6-trisulfonic acid) were pur-
chased from Invitrogen. Acrylodan-labeled rat intestinal fatty
acid binding protein (ADIFAB) was prepared as described
previously (15) and is available from FFA Sciences LLC (San
Diego, CA). Fatty acid free BSA was purchased from Sigma-
Aldrich (St. Louis, MO). The buffer used in FFA transport
experiments contained 20 mMHepes, 140 mMNaCl, and 5 mM
KCl (pH 7.4) (buffer A), and both the OA-BSA complexes and
the vesicles were prepared in this buffer.
Vesicle Preparation. Vesicles composed of EPC were pre-

pared as described previously (12). Small unilamellar vesicles
(SUV) were prepared by sonication in buffer A in the presence
or absence of 0.1 and 2 mM pyranine. Large unilamellar vesicles
(LUV) were prepared by extrusion also in buffer A, with or
without 2 mM trapped pyranine or 400 μM ADIFAB. We
prepared FPE vesicles by incubating them at 22 �C with 1 mol %
FPE for 1 h while rocking them as described by Simard et al. (14).
Vesicles were chromatographed through Sephacryl S-1000 to
separate free and trapped pyranine and unincorporated FPE.
Free ADIFAB was removed by dialysis. The vesicle phospholipid
concentration was determined from total inorganic phosphate as
described previously (12). Vesicle concentrations used in the
stopped-flow experiments were 50 μM. All stopped-flow concen-
trations refer to values in the mixing chamber, not in the syringe.
OA-BSA Complexes and Buffering of Unbound FFA.

Complexes of OA and BSA (OA-BSA) were prepared so that
unbound OA (OAu) concentrations were buffered at defined
values as described previously (12). We prepared OA-BSA
complexes by mixing aliquots of NaOA, from a 50 mM stock
solution inwater with 4mMNaOH, at 37 �C,with a 600 μMBSA
solution in bufferA, also at 37 �C.The concentration of unbound
OA ([OAu]) was monitored using ADIFAB (16). For all influx
measurements, [OAu] was 49 nM and [BSA] was 12.5 μM, in the
stopped-flow mixing chamber. The OA-BSA complex at 49 nM
OAu was prepared using an OA:BSA ratio of approximately
3.5:1. For transfer experiments, the donor vesicles were loaded
withOAbetween 2 and 10mol%EPC.Vesicles were loadedwith
OA via addition of aliquots of OA from a 0.5 mM OA/4 mM
NaOH stock to vesicles stirred at 37 �C. The acceptor BSA
concentration was between 2.5 and 5 μM.
Fluorescence. Steady state fluorescence measurements were

performed using a Spex Fluorolog-3 fluorometer (JY Horiba).
ADIFAB fluorescence was excited at 386 nm, and emission was

measured at 432 and 505 nm. Excitation and emission spectra for
FPE and pyranine were recorded with excitation and emission
slits set at 3 nm. The kinetics of FFAmovement were monitored
by stopped-flow mixing using a SF-2004 Kintek Instrument
(State College, PA) with a resolution of <2 ms in which equal
volumes of 0.04 mL reactants were mixed at flow rates of 8 mL/s
as described previously (12). All concentrations refer to the value
in the temperature-controlled mixing chamber. Tryptophan,
ADIFAB, pyranine, and FPE fluorescence intensities were
monitored by excitation at 290, 386, 455, and 490 nm, respec-
tively, and observation of emission through 20 nm bandwidth
filters at 343, 435, 505, and 523 nm, respectively.

Changes in fluorescence intensities of each of the four fluoro-
phores, tryptophan, ADIFAB, pyranine, and FPE, were used to
monitor the transfer ofOAbetween different aqueous and vesicle
bilayer phases. Quenching of BSA tryptophan fluorescence,
caused by binding of OA to BSA, was used to monitor the
transfer of OA from vesicles to BSA as described previously (12).
The change in the fluorescence ratio, upon binding of OA to
ADIFAB trapped in the inner aqueous phase of the vesicles, was
used tomonitor the change in [OAu] in the inner aqueous phase of
the vesicles (12). The increase or decrease in fluorescence of FPE-
labeled vesicles monitored the decrease or increase, respectively,
in the level of OA in the outer hemileaflet of the vesicles, as
described by Simard et al. (14). The decrease in the fluorescence
of pyranine trapped in the inner aqueous phase of the vesicles was
used to monitor the decrease in pH as protonated OA flipped
from the outer to inner hemileaflet of the vesicles, as described
previously (6, 12).
Kinetic Models of Transport of FFA across Lipid Vesi-

cles. Differences in the interpretation of experimental observa-
tions play a central role in the disagreement concerning the rate-
limiting steps in transport of FFA across lipid vesicles. To gain an
accurate understanding of the transport steps underlying the
measured time courses, a careful analysis of applicable kinetic
models of the transport processes is required.We have previously
conducted such analyses for several experimental FFA transport
studies (9-12, 17). Here we describe the models appropriate for
transport between donor and acceptor vesicles and between
FFA-BSA complexes and vesicles. The models are represented
by eqs 1-6 and are illustrated by the reaction schemes inFigure 1.

d½FFAi�D,A
dt

¼ koff ½FAmi�D,A - kon½V�½FFAi�D,A ð1Þ

d½FAmi�D,A
dt

¼ kffð½FAmo�D,A - ½FAmi�D,AÞ

þ kon½V�½FFAi�D,A - koff ½FAmi�D,A ð2Þ
d½FAmo�D,A

dt
¼ kffð½FAmi�D,A - ½FAmo�D,AÞ

þ kon½V�½FFAo� - koff ½FAmo�D,A ð3Þ
d½FFAo�

dt
¼ koff ½FAmo�D,A - kon2½V�½FFAo� ð4Þ

d½BSAb�
dt

¼ konBSAð½BSAT�- ½BSAb�Þ½FFAo�- koffBSA½BSAb� ð5Þ

d½FFAo�
dt

¼ koff ½FAmo� þ koffBSA½BSAb�- kon½V�½FFAo�
- konBSAð½BSAT�- ½BSAb�Þ½FFAo� ð6Þ
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The model appropriate for vesicle to vesicle transport is specified
by eqs 1-4 and Figure 1A. The solutions to eqs 1-4 yield the time-
dependent FFA concentrations in the internal ([FFAi]) and external
([FFAo]) aqueous phases and in the inner ([FAmi]) and outer
([FAmo]) hemileaflets of the donor and acceptor vesicle bilayers.
For the sake of simplicity, we modeled vesicles with equal lipid
concentrations ([V]) and therefore equal areas in each hemileaflet of
the bilayer. All concentrations are referenced to the total sample
volume. The superscripts D,A indicate that there are two sets of eqs
1-4, one each for the donor and acceptor vesicles, respectively. All
eight equations must be solved simultaneously to obtain the time
dependence of the FFA concentrations in each distinct compartment
of Figure 1A. Although we assume, for the sake of simplicity, equal
flip-flop rate constants (kff) for inward and outward FFA transloca-
tion, the model can be extended to asymmetric flip-flop and vesicle
dimensions (SUV), as we described previously (9). Solutions were
obtainedbynumerical solutionusingMLAB(Civilized Software) for
specific rate constants, vesicle and FFA concentrations, and initial
conditions. Initial conditions were determined from equilibrium
conditions, for example, using the partition coefficientKp to calculate
[FAm] and kon, as described previously (11, 12, 17).

The model for transport of FFA between BSA and vesicles is
represented by eqs 1-3, 5, and 6, where either acceptor or donor
vesicles are used, and the model is illustrated by Figure 1B. Total
and bound BSA concentrations are [BSAT] and [BSAb], respec-
tively, and the binding and dissociation rate constants for
BSA are denoted with the subscript BSA.We have demonstrated
previously that binding of FFA to BSA is described well by six or
seven binding sites with equal affinities (18) and that koff for BSA
is independent of the FFA:BSA ratio (19). It follows that kon is
also independent of the FFA:BSA ratio. In eqs 5 and 6, [BSAT]
and [BSAb] are equivalent to the concentrations of FFA binding
sites and bound FFA, respectively.

Relationship between Model and Observable Rate Con-
stants. In the experiments performed in this and previous
studies, we directly measured the time courses corresponding to
[FFAi], from the change in ADIFAB and pyranine fluorescence.
We alsomeasured the change in [FAmo], from the change in FPE
and BSA fluorescence, and BSAb, from the BSA fluorescence.
The rate constants determined from thesemeasured time courses,
kin, kout, and koff, may not be equal to model rate constants
kff and koff. In general, each of the measured rate constants is a
function of both kff and koff. Because there is no general analytic
solution to the models of eqs 1-6, we have solved for kff and koff
by using MLAB to numerically fit the models to the measured
time courses (12) or by comparing experiment to fits of expo-
nential functions to solutions of eqs 1-6.
Determination of Rate Constants from the Measured

Time Courses. The time course for dissociation of OA from
vesicles was monitored (1) by the increase in FPE fluorescence
after mixing OA-loaded FPE-labeled SUV with unlabeled accep-
tor SUV, (2) by the decrease in FPE fluorescence after mixing
OA-loaded unlabeled SUV with FPE-labeled acceptor SUV, and
(3) by the quenching of BSA tryptophan fluorescence after mixing
BSA with OA-loaded SUV or LUV. For SUV, the time courses
were monitored over 500 ms and were described well by a single-
exponential function whose rate constants were approximately
equal to themodel dissociation rate constants (koff). For LUV, the
time course for BSA tryptophan quenching was monitored over
10 s and was fitted well by a two-exponential function, but
significantly less well (by χ2) by a single-exponential function.
As discussed previously, the fast component of the two-exponen-
tial function is consistent with koff and the slow component with
flip-flop (12).

Influx rate constants (kin) were determined by monitoring the
time course of the quenching of pyranine fluorescence after
mixing either OA-BSA complexes or donor vesicles loaded with
OAwith vesicles containing trapped pyranine. For LUV contain-
ing ADIFAB, we monitored the influx time course, and deter-
mined kin, by the increase in the ratio of the ADIFAB emission
intensities at 505 nm to 435 nm using OA-BSA complexes to
deliver OA. We also used OA-loaded LUV containing ADIFAB
to monitor OA efflux, and determined kout, as OA transferred
from these LUV to fatty acid free BSA. All influx or efflux time
courses were fitted well with a single-exponential function from
which rate constants kin and kout were determined. For LUV, we
also determined kout from the slow component of the BSA
tryptophan time course as OA transferred from donor LUV to
acceptor BSA.

RESULTS

Pyranine Cannot Be Distinguished from FPE Fluores-
cence in Lipid Vesicles Containing Both Fluorophores. The
conclusion that flip-flop of FFA is faster than dissociation
(desorption), in the lipid vesicle study of Simard et al. (14), requires
that the fluorescence of pyranine and FPE be separable in vesicles
containing both fluorophores. In the experiment of Simard
et al. (14), FPE was incorporated into the outer leaflet of SUV
containing trapped pyranine. The transfer ofOA fromdonor SUV
to the FPEwith pyranine SUVacceptors resulted in the quenching
of FPE fluorescence (excitation at 490 nm and emission at 520 nm)
and the quenching of pyranine fluorescence (excitation at 455 nm
and emission at 509 nm). Both quenching time courses revealed
identical rate constants of 7.2 s-1 (Figure 2 of ref 14). This

FIGURE 1: Reaction schemes for transport of FFA in lipid vesicles.
These models illustrate the distinct FFA compartments and kinetic
steps involved in transport ofFFAbetweenvesicles andbetweenBSA
and vesicles. The concentrations of FFA in the different compart-
ments are as follows: [FFAi], inside aqueous; [FFAmi], inner hemi-
leaflet; [FFAmo], outer hemileaflet; [FFAo], outside aqueous; and
[BSAb], bound to BSA. The model rate constants corresponding to
the reaction steps are as follows: kon, binding from water to vesicle;
koff, dissociation from vesicle to water; kff, flip-flop between hemi-
leaflets of the vesicle; BSA kon, binding fromwater to BSA; and BSA
koff, dissociation from BSA to water. (A) Transport of FFA from
donor to acceptor vesicles. (B) Transport of FFA from FFA-BSA
complexes to acceptor vesicles.
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suggested that as soon as FPE detected OA in the outer leaflet of
the SUV, pyranine detected OA in the inner leaflet. This finding
led to the conclusion that flip-flopwasmuch faster (>69 s-1) than
desorption of OA from the donor vesicle (Table 1 of ref 14).

For this interpretation to be valid, the fluorescence of pyranine
and FPE must be distinguishable in vesicles that contain both
fluorophores. However, the fluorescence of FPE and pyranine
overlaps at the excitation (455 nm) and emission (509 nm)
wavelengths used for pyranine (Figure 2). We prepared SUV
either with 1mol%FPEorwith 0.1mMpyranine, the conditions
described in ref 14, and found that the FPE fluorescence was
more than 20-fold larger than the pyranine fluorescence at the
pyranine wavelengths (Figure 2). The lower pyranine intensity
relative to that of FPE is consistent with SUV dimensions (20),
which predict a pyranine:FPEmolar ratio of 0.006 for the SUVof
ref 14. Therefore, the finding of identical rate constants for FPE
and pyranine by Simard et al. (14) was likely a consequence of the
inability to distinguish FPE and pyranine fluorescence in vesicles
containing both fluorophores.
Determination of the Rate Constants for Dissociation of

Oleate from Lipid Vesicles. Simard et al. (14) demonstrated
how FPE could be used to monitor dissociation of FFA from
lipid vesicles. However, the rate constants for dissociation from
SUV reported by Simard et al. (14) are∼2-fold slower than those
reported previously by Massey et al. (21) and our laboratory
(12, 13). In this study, we used both FPE and a method similar to
that ofMassey et al. (21), as in our previous studies, to determine
the rate constants for dissociation ofOA fromSUVandLUV.To
assess dissociation from SUV, we measured the transfer of
OA from donor FPE SUV to acceptor SUV, transfer of OA
from donor SUV to BSA (Figure 3), and transfer of OA from
donor SUV to acceptor FPE SUV (Figure 1S of the Support-
ing Information). Dissociation of OA from FPE-labeled donor
SUV produced an increase in FPE fluorescence; dissociation
from donor and transfer to FPE-labeled acceptor SUV quenched
FPE fluorescence, and transfer of OA from donor SUV to
BSA quenched BSA tryptophan fluorescence. For all three
systems, the time courses, at 25 �C, were described well by

single-exponential functions, yielding rate constants of 15.7 ( 1
s-1 for FPE and 12.6 ( 0.2 s-1 for BSA fluorescence (Table 1).
Dissociation of OA from LUV was assessed by measuring
transfer from LUV donors to BSA (Figure 4). Quenching of
BSA tryptophan was described well by a biexponential function
over the 10 s measurement period, with rate constants of 6.2 (
0.3 and 0.6 ( 0.1 s-1 and similar amplitudes for both com-
ponents. Tables 1 and 2 summarize the flip-flop and dissociation
rate constants for SUV and LUVmeasured by different methods
at 20 and 25 �C, in this study.
Influx Rate Constants (flip-flop) for SUV and LUV Are

Slower Than Dissociation Constants. In a previous study, we
found that the rate constant for OA influx (kin), determined by
mixing uncomplexed OA with pyranine-containing vesicles,
increased with vesicle concentration (12). Because flip-flop is a
unimolecular reaction, it cannot depend on vesicle concentration,
and therefore, the rate constants measured with uncomplexed
FFA cannot be rate constants for flip-flop. In contrast, delivering
OA (or other long chain FFA) to vesicles using complexes of
FFAwithBSA yielded kin values that were independent of vesicle
concentration, and therefore, as we argued, such measurements

FIGURE 2: Fluorescence intensities from FPE-labeled SUV or from
pyranine-containing SUV. (A) SUVwere prepared either with 1mol%
FPE or with 0.1 mM pyranine. Emission spectra, obtained using the
pyranine excitation wavelength of 455 nm, were collected from both
types of SUV with equal EPC concentrations of 25 μM. The measured
spectrum for SUV containing 0.1 mMpyranine is shown as a solid line,
and the dotted line is the 0.1 mM spectrum multiplied by a factor of
20 and is virtually identical to the magnitude obtained with vesicles
preparedwith 2mMpyranine. SUV labeledwith 1%FPE and contain-
ing 0.1 mM pyranine were those used in ref 14.

FIGURE 3: Dissociation ofOA fromSUV. The rate of dissociation of
OA fromSUVwas determined bymeasuring, at 25 �C, the dequench-
ing of FPE fluorescence as OA transferred from OA-loaded FPE-
labeled SUV to SUV acceptors and by measuring the quenching of
BSA tryptophan fluorescence as OA transferred from OA-loaded
SUV to BSA. The concentration of the SUV was 50 μM and that of
FPE 1 mol %; donor SUV were loaded with 5 μMOA, and the BSA
concentration was 2.5 μM (all concentrations are in the mixing
chamber of the stopped-flow instrument). The time courses
(average of more than seven scans) were fitted (solid lines through
the data) with single-exponential functions and yielded rate constants
of 12.7 ( 0.2 s-1 for transfer to BSA and 15.2 ( 0.4 s-1 for transfer
from FPE-labeled SUV.

Table 1: Rate Constants for OA Transport in SUVa

temp (�C) kin(OA-BSA) kin(SUV donor) koff(FPE) koff(BSA)

20 4.2( 0.4b 4.0( 0.1 12.1 ( 0.5 11.4( 0.2

25 6.4( 0.1 4.8 ( 0.3 15.7( 1.0 12.6( 0.2

aRate constants are in units of s-1. Influx rate constants (kin) were
determined using either OA-BSA complexes [kin(OA-BSA)] or OA-
loaded donor SUV [kin(SUV donor)] to deliver OA to acceptor SUV
containing pyranine. Dissociation rate constants (koff) were determined
using FPE-labeled donor SUV [koff(FPE)] and FPE-labeled acceptor SUV
or by measuring transfer from donor SUV to BSA [koff(BSA)]. bValues are
averages ( standard deviations of at least three separate measurements,
each measurement being an average of at least four separate stopped-flow
time courses.
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of kin yielded accurate values for flip-flop rate constants (12, 13).
Simard et al., however, argued that the rate constants observed
using OA-BSA complexes reflected slow dissociation from BSA
rather than flip-flop (Figure 1 of ref 14), although as we explained
in refs 2, 12, and 13, dissociation from BSA is unlikely to be rate-
limiting in such measurements.

Because dissociation from SUV is significantly faster
[approximately 14 s-1 (Table 1)] than from BSA, we have
compared OA influx using OA-loaded vesicles and OA-BSA
complexes as OA donors to address directly whether slow flip-
flop observed with FFA-BSA complexes reflects dissociation
from BSA. These measurements of influx of OA into pyranine-
containing SUV and LUV were performed, using donor vesicles
and the OA-BSA complexes to deliver OA to SUV and LUV.
For SUV, we observed similar time courses and influx rate
constants for either method of delivery; for OA delivered by an
OA-BSA complex for which [OAu] was 49 nM, kin was 6.3 (
0.1 s-1, and forOAdelivered by donor SUV loadedwith 2mol%
OA, kin was 5.0( 0.1 s-1 (Figure 5). Similarly for LUV, virtually
identical rate constants were observed for either method of OA

delivery; kin was 0.63( 0.01 s-1 for the [OAu] of 49 nM delivered
by theOA-BSA complex and 0.60( 0.01 s-1 delivered by donor
LUV loaded with 2 mol % OA (Figure 6). These results
demonstrate that (1) kin values measured with OA donated from
BSA complexes are similar to those obtained using donor
vesicles, (2) using the same OA-BSA complexes yields kin values
for SUV that are approximately 10-fold faster than those for
LUV, and (3) kin values measured by either method are, at 25 �C,
approximately 3 and 10 times slower than those for dissociation
from SUV and LUV, respectively. We also determined the (flip-
flop) efflux rate constants (kout) for LUV from measurements of
transfer from donor LUV to BSA (Figure 4). These values (0.6
s-1 at 25 �C) are virtually identical to kin and provide additional
evidence for slow flip-flop.
LUV Influx and Efflux Rate Constants Monitored with

ADIFAB. Oleate influx rate constants were determined using
OA-BSA complexes, for which [OAu] = 49 nM, to deliver OA
toLUV containing trappedADIFAB (Figure 7). The time course
of the change in the ADIFAB fluorescence ratio for OA influx
yielded a kin rate constant of 0.79 s-1. The ADIFAB-trapped
LUV were also used to monitor OA efflux by mixing OA-loaded
LUV with fatty acid free BSA (Figure 7). The ADIFAB-
monitored ratio reveals a time course with a kout rate constant
of 0.78 s-1. Thus, as we found previously with pyranine-contain-
ing vesicles (12, 13), kin ≈ kout for LUV. Because efflux does not

FIGURE 4: Dissociation ofOA fromLUV.The rate of dissociation of
OAfromLUVwasdeterminedbymeasuring, at 25 �C, the quenching
of BSA tryptophan fluorescence as OA transferred from OA-loaded
LUV to BSA. The concentration of the LUV was 50 μM; the donor
LUV were loaded with 5 μM OA, and the BSA concentration was
2.5 μM (all concentrations are in the mixing chamber of the stopped-
flow instrument). The time courses (average of more than seven
scans) were fitted (solid lines through the data) with a two-exponen-
tial function (fits with a single-exponential function yielded χ2 values
3.5-fold larger than for the two-exponential function, and the single
fit yielded substantially larger residuals than the double fit) and
yielded rate constants of 6.2 ( 0.3 and 0.59 ( 0.13 s-1, with similar
pre-exponential amplitudes for both components (0.16 and 0.12,
respectively).

Table 2: Rate Constants for OA Transport in LUVa

temp (�C) kin(OA-BSA) kin(LUV donor) kin(ADIFAB) kout(ADIFAB) kout(pyranine) koff(BSA)

20 0.45( 0.01b 0.46( 0.01 0.57( 0.2 5.5( 0.2

25 0.63( 0.01 0.64( 0.02 0.79( 0.01 0.80 ( 0.01 0.72( 0.01 6.1( 1

aRate constants are in units of s-1. Influx rate constants (kin) were determined using either OA-BSA complexes [kin(OA-BSA)] or OA-loaded donor LUV
[kin(LUV donor)] to deliver OA to acceptor LUV containing pyranine or OA-BSA complexes to deliver OA to ADIFAB-containing LUV [kin(ADIFAB)].
Efflux rate constants (kout) were determined by measuring transfer to BSA from either donor LUV containing ADIFAB [kout(ADIFAB)] or pyrainine
[kout(pyranine)]. Dissociation rate constants (koff) were determined by measuring transfer from donor LUV to BSA [koff(BSA)]. bValues are averages (
standard deviations of at least three separate measurements, each measurement being an average of at least four separate stopped-flow time courses.

FIGURE 5: OA influx measured with pyranine-containing SUV. In-
flux ofOA into pyranine-containing SUV [2mMpyranine (Pyr)] was
monitored, at 25 �C, using either (A) an OA-BSA complex with
an [OAu] of 49 nM (corresponding to [BSA]= 12.5 μMand [OAt]∼
50 μM, within the stopped-flow mixing chamber) as the OA donor
and SUV (50 μM) containing pyranine as the acceptors or (B) 50 μM
SUV loaded with 1 μM OA as donors to 50 μM SUV acceptors.
Influx rate constants (kin) obtained from fitting the stopped-flow time
courses (average of more than seven traces) with single-exponential
functions were (A) 6.3 ( 0.1 and (B) 5.0 ( 0.1 s-1.
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involve dissociation from BSA and because kin and kout are
virtually identical, these results indicate that influxmeasuredwith
FFA-BSA complexes is independent of dissociation from BSA.
Moreover, kin valuesmeasuredwith pyranine andADIFAByield
similar rate constants, 0.6 and 0.8 s-1, respectively (Table 2 and
Figures 6 and 7). This provides additional evidence that the rate
of dissociation must be faster than kin because detection of OA,
byADIFAB trapped inside the LUV, requires dissociation ofOA
from the inside bilayer leaflet before binding to ADIFAB.

KineticModelingProvides Important Constraints for the
Accurate Interpretation of Measurements of FFA Trans-
port. Simard et al. (14) measured transfer of OA fromOA-BSA
complexes to pyranine-containing vesicles and interpreted the
observed slow rate of quenching of pyranine as being due to the
slow dissociation of OA fromBSA (BSA koff in Figure 1B) rather
than slow flip-flop. We assessed the validity of this interpretation
by using the kinetic model (eqs 1-5) to calculate time courses
for transfer of FFA from FFA-BSA complexes to vesicles
(Figure 8). The results indicated that binding to the outer
(FAmo) and inner (FAmi, not shown) hemileaflets and FFA
transported into the inside aqueous volume (FFAi) of the vesicles
are independent of the rate constant for dissociation from BSA,
for koff(BSA) values that range from 10-fold less to 10-fold larger
than the measured rate constant of 1.1 s-1 for BSA (19). As we
demonstrated previously, for FFA-BSA complexes that buffer
[FFAu] (as in the present case), binding of FFA to vesicles is
limited by the vesicle, not the BSAdissociation rate constant (12).
Thus, contrary to the interpretation of Simard et al. (14), their
measurements demonstrated slow flip-flop rather than slow
dissociation from BSA.

The kinetic model (eqs 1-6) was also used to compare time
courses predicted for slow and fast flip-flop for transport of FFA
between donor and acceptor vesicles (Figure 2SA of the Support-
ing Information). The simulations revealed that for slow flip-flop
(kff = 0.6 s-1) and rapid dissociation (koff = 6 s-1), the time
course in the outer hemileaflet (FAmo) was described well by a
two-exponential function with rate constants of 6.7 and 0.53 s-1.
Time courses for the FAmi and FFAi compartments of the vesicle
were both described well by a single exponential with a rate
constant of 0.51 s-1. In contrast, vesicles in which transport is

FIGURE 6: OA influx measured with pyranine-containing LUV.
Influx of OA into pyranine-containing LUV [2 mM pyranine (Pyr)]
was monitored, at 25 �C, using either (A) anOA-BSA complex with
an [OAu] of 49 nM (corresponding to [BSA]= 12.5 μMand [OAt]∼
50 μM, within the stopped-flow mixing chamber) as the OA donor
and LUV (50 μM) containing pyranine as the acceptors or (B) 50 μM
LUV loaded with 1 μM OA as donors to 50 μM LUV acceptors.
Influx rate constants (kin) obtained from fitting the stopped-flow time
courses (average of more than seven traces) with single-exponential
functions were (A) 0.63 ( 0.01 and (B) 0.60 ( 0.01 s-1.

FIGURE 7: Oleate influx and effluxmeasured inADIFAB-containing
LUV. Influx of OA into ADIFAB-containing LUV was monitored
by the increase in the ratio of the 505 nm to 435 nm ADIFAB
fluorescence, at 25 �C, using an OA-BSA complex with an [OAu] of
49 nM (corresponding to [BSA] = 12.5 μM and [OAt] ∼ 50 μM,
within the stopped-flowmixing chamber) as the OA donor and LUV
(50 μM) containing ADIFAB (400 μM ADIFAB) as the acceptor.
Efflux of OA from the ADIFAB-containing LUV (50 μM), loaded
with 1 μM OA, was monitored by the decrease in the ratio of
ADIFAB fluorescence as OA transferred to BSA (2.5 μM within
the stopped-flowmixing chamber) donors to 50 μMLUV acceptors.
Influx (kin) and efflux (kout) rate constants were obtained from fitting
the stopped-flow time courses (average of more than seven traces)
with single-exponential functions and yielded values of 0.79 ( 0.02
and 0.78 ( 0.01 s-1 for kin and kout, respectively.

FIGURE 8: Transfer from FFA-BSA complexes to vesicles is inde-
pendent of the rate constant for dissociation ofFFA fromBSA.Time
courses for transport of FFA from OA-BSA complexes to LUV
acceptors were calculated using the kineticmodel defined by eqs 1-3,
5, and 6). Results are shown for filling the outer hemileaflet ([FAmo])
and transport into the inside aqueous compartment (10�[FFAi]), for
BSA dissociation rate constants (BSA koff) between 0.11 and 11.0 s

-1

which are 10 times smaller and larger, respectively, than themeasured
value of 1.1 s-1 at 22 �C.As is apparent, the time courses for this 100-
fold difference in BSA koff values are virtually identical. Also shown
are the rate constants obtained by fits of single-exponential ([FFAi])
and double-exponential (FAmo]) functions to these time courses,
which correspond to themeasured rate constants for kin, and koff plus
kout, respectively. The following parameters were used for these
calculations: [LUV]=100 μM, [BSAT]=50 μM(350 μMOAbinding
sites), kff=0.6 s-1, koff=6.0 s-1, Kp=4 � 105, and Kd(BSA)=6 nM
[single class of seven sites (18)]. The initial conditions were as follows:
[BSAb(0)] = 313 μM, [FFAo(0)] = 50 nM, and [FFAmo(0)] =
[FFAmi(0)]=[FFAi(0)]=0.



Article Biochemistry, Vol. 48, No. 43, 2009 10443

governed by fast flip-flop (kff= 6 or 20 s-1) and slowdissociation
(koff = 0.6 or 6 s-1) reveal the same single-exponential rate
constants of 0.29 and 2.7 s-1, respectively, in all three of the
vesicle’s compartments (Figure 2SB,C of the Supporting Infor-
mation). As discussed previously, the model predicts that in the
limit of large kff/koff values, all observed rate constants (kin, kout,
and koff) approach koff/2 (12). For vesicles in which kff > koff, the
value for kin measured with pyranine would be much faster than
that measured with ADIFAB, because pyranine quenching
reflects dissociation of Hþ while ADIFAB which detects FFA
directly would be limited by dissociation of FFA. Our measure-
ments reveal virtually identical rate constants for pyranine and
ADIFAB (Figures 6 and 7), thereby providing additional evi-
dence that flip-flop is slower than dissociation. The simulations
of Figure 2S also indicate that the measured rate constants kin
and kout are similar to the model rate constants for vesicles in
which flip-flop that is slower than dissociation.

DISCUSSION

Flip-Flop Is Slower Than Dissociation. These results
demonstrate that transport of FFA across lipid vesicle mem-
branes is limited by the slow rate of flip-flop. These results agree
well with those obtained in our previous studies (12, 13) but are
opposite those of Simard et al., who concluded that dissociation
was rate-limiting and more than 9-fold slower than flip-flop (14).
There are several reasons for this discrepancy. First, the evidence
provided by Simard et al. (14), that flip-flop is significantly faster
than dissociation, was the observation of identical rate constants
for FFA dissociation and flip-flop when measured in vesicles
containing both FPE and pyranine (Figure 2A,B of ref 14).
However, these vesicles, as we have now demonstrated, do not
allow flip-flop to be distinguished from dissociation because the
fluorescence of FPE obscures pyranine fluorescence (Figure 2).
Therefore, suchmeasurements do not provide information about
flip-flop.

Second, Simard et al. (14) describe experiments (Figure 1 of
ref 14) suggesting that the time course of FFA influx, measured
when using FFA-BSA complexes to deliver FFA to acceptor
vesicles, reflects the rate of dissociation of FFA from BSA rather
than FFA flip-flop. However, as the experiments illustrated in
Figures 5 and 6 demonstrate, the rates of OA influx (kin) are
virtually identical when measured using OA-BSA complexes or
OA-loaded donor vesicles to deliver OA to pyranine-containing
acceptor vesicles. For both SUV and LUV, the rate constants for
OA transferred from these vesicles (koff) to acceptor SUV and
LUV are significantly faster (for example, 3-10-fold at 25 �C)
than the influx rate constants (kin) (Tables 1 and 2).Anadditional
indication that the flip-flop rate constants (kin), measured with
OA-BSA complexes, are independent of the rate of dissociation
of OA from BSA, are the approximately 10-fold slower flip-flop
rate constants obtained for LUV as compared to SUV, using the
sameOA-BSA complexes (Tables 1 and 2). The issue of whether
dissociation from BSA is rate-limiting was also addressed by
demonstrating that transfer of OA fromOA-BSA complexes to
ADIFAB is complete in less than 200ms (17). In addition, kinetic
model calculations reveal that transfer of FFA from BSA to
vesicles is not rate-limited by the BSA dissociation rate constant
(Figure 8 and ref 12).

Third, Simard et al. (14) assert that FFA flip-flop should be
determined by delivering FFA unbound rather than complexed
with BSA, as reported previously by this group (6). However, as

we demonstrated previously, influxmeasured using uncomplexed
FFA yields rate constants that increase linearly with vesicle
concentration (Figure 6 of ref 12). Therefore, rate constants
measured by such methods cannot be identified as flip-flop rate
constants because flip-flop is unimolecular andmust therefore be
independent of vesicle concentration. In contrast, kin values
measured by delivering FFA as complexes with BSA are in-
dependent of vesicle concentration (12, 13). Moreover, we found
that influx rate constants increased with increasing unbound OA
concentration for [OAu] > 50 nM (Figure 2 of ref 12). This
indicates that elevated unbound FFA perturb the vesicle bilayer.
Accurately determining flip-flop rate constants (kin) requires low
FFAu (50 nM for OAu) concentrations, and FFA-BSA com-
plexes allow one to deliver such low concentrations reliably. In
our influx measurements using donor vesicles to deliver OA, the
donor vesicles were loaded with 2% OA, for which the [OAu] in
equilibrium with the vesicles was 50 nM. Perturbation of the
acceptor vesicles was observed when the donor vesicles were
loaded with a larger mole percentage of OA (data not shown).
The issue of a vesicle concentration dependence of kin was not
addressed by Simard et al. (14).
Rate Constants for Dissociation Are Faster Than Con-

stants for Flip-Flop. In this study, we measured dissociation of
OA from SUV by two different methods: monitoring the transfer
of OA between FPE-labeled and unlabeled SUV and the transfer
of OA from donor SUV to BSA (Table 1). Results of both
methods were equivalent, yielding an average value at 25 �C of
14.2 s-1. This is in excellent agreement with the values of 13 (
2 s-1 at 22 �C and 14 s-1 at 25 �C we obtained previously by
monitoring transfer from SUV to BSA (12, 13). Moreover, these
results are virtually identical to the value of 13.5 s-1 at 25 �C
obtained by Massey et al. (21) from measurements of transfer of
OA from SUV to anthraniloyl-labeled HSA (using a rate
constant at 37 �C and an Ea from Table 4 of ref 21). In contrast,
the value reported by Simard et al. (14) (7.2 ( 0.8 s-1) is
approximately half that obtained by ourselves and Massey
et al. (21). Althoughwe have no explanation for this discrepancy,
even the value of 7.2 ( 0.8 s-1 and certainly the consensus value
of 13 s-1 are faster than the flip-flop rate constant (5-6 s-1)
(Table 1). Similarly, LUV reveal faster OA dissociation than flip-
flop in which LUV dissociation was monitored by the transfer
from donor LUV to BSA (Table 2). The koff value of 6.2 s-1 at
25 �C and our previous result of 5 s-1 at 20 �C (13) are clearly
faster than the flip-flop rate constants of 0.6 s-1 fromTable 2 and
ref 13. Dissociation that is faster than flip-flop is also demon-
strated by the similar kin values found for pyranine- and
ADIFAB-containing LUV (Figure 7 and Table 2) and for
vesicles prepared by detergent dialysis (GUV) containing pyra-
nine and ADIFAB (Figure 4 of ref 12).
Slow Flip-Flop Is Consistent with ProposedMechanisms

of Bilayer Permeability. In a previous study, we investigated
the FFA size and temperature dependence of transport of FFA
through lipid vesicles (13). We found that the measured rate
constants, kin, kout, and koff, decreased exponentially with FFA
size and that kin and kout, but not koff, were strongly temperature
dependent. Earlier studies by Lieb and Stein revealed that the
rate-limiting barrier to the permeability of solutes across red cell
membranes decreased exponentially with the molecular volume
of the solute (22). Lieb and Stein proposed that the rate of
formation of a free volume large enough to accommodate a given
solute was the rate-limiting barrier to the permeability of the
nonelectrolyte solutes they investigated. This free volume model,
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we suggested, was consistent with the exponential dependence on
FFA size we observed, and because kin and kout were for all FFA
less than koff, we proposed that the barrier toFFA flip-flop across
lipid vesicles was the rate of formation of a sufficiently large free
volume. Moreover, we found, from the temperature dependence,
that the activation free energy barrier to flip-flop, but not
dissociation, was almost entirely enthalpic, suggesting that free
volume formation involves specific chemical bonds. In contrast,
the barrier to FFA dissociation was found to be largely entropic
and was consistent with aqueous solvation of the FFA. These
results provide amechanistic basis for the slowFFA flip-flop that
is the rate-limiting step for transport across the relatively simple
lipid vesicle membranes of this study.
Relationship of Transport of FFA across Lipid Vesicles

to Transport across Cellular Membranes. Characteristics of
transport of FFA across lipid vesicles are significantly different
than those of transport across cell membranes.Rates of transport
across lipid vesicles are ∼100 times faster than rates of cellular
transport. For example, kff for transport of oleate across LUV at
37 �C is ∼2 s-1 (Table 2 of ref 13), while kin for adipocytes and
preadipocytes is ∼0.02 s-1 (23). The initial rate of transport of
FFA across cell membranes saturates with increasing extracel-
lular [FFAu] (23). For lipid vesicles, in contrast, kin increases with
an increase in [FFAu] (Figure 2 of ref 12). Cellular transport is
asymmetric with kout being approximately twice kin (23), whereas
for lipid vesicles, kin g kout (13). The saturable characteristics of
cellular transport indicate that FFA are transported into the cells
by a single pathway (23, 24). FFA transported into the cells by
this pathway are pumped up a concentration gradient, which is
abolished by ATP depletion (23, 24). These as well as other
characteristics of cellular transport are not compatible with
transport through a lipid bilayer phase of the plasma membrane
and in fact are consistent with a lipid phase that is refractory to
FFA transport. This suggests that the composition and/or
structure of the lipid bilayer phase of cell membranes creates a
barrier to flip-flop that is significantly larger than that in EPC
vesicles.

SUMMARY

In this study, we have shown that FPE and pyranine fluore-
scence cannot be resolved in vesicles containing both fluoro-
phores, and therefore, the evidence for rapid flip-flop from such
studies is invalid. We have also provided additional experimental
as well as kinetic model evidence that FFA flip-flop is signifi-
cantly slower than dissociation of FFA from lipid vesicles.
Together with the results of our previous studies demonstrating
that earlier evidence for rapid flip-flop was also invalid (12), we
conclude that the rate-limiting step for transport of long chain
FFA across lipid vesicles is flip-flop.
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SUPPORTING INFORMATION AVAILABLE

Results of measurements of dissociation of OA from SUV and
vesicle to vesicle FFA transport time courses calculated using the
kinetic model of eqs 1-4 are given. Rapid dissociation (15.7 s-1)
was revealed by monitoring transfer of OA from donor SUV to

FPE-labeled acceptor SUV (Figure 1S). Kinetic model predic-
tions for slow and rapid flip-flop reveal that the slow flip-flop
predictions are consistent with our measurements (Figure 2SA).
The calculations for rapid flip-flop reveal the surprising predic-
tion that the rate constants for all compartments approach koff/2
in the limit of very large kff values and therefore that rapid flip-
flop cannot be observed directly by the pyranine or ADIFAB
methods (Figure 2SB,C). This material is available free of charge
via the Internet at http://pubs.acs.org.
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