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ABSTRACT: Transfer of 12-(9-anthroyloxy)stearic acid (1 2AS) was measured between small unilamellar 
vesicles (SUV) and between large unilamellar vesicles (LUV), over a temperature range of 5-50 OC. The 
results of this study clearly establish the biexponential nature of the time dependence of the transfer in a 
variety of vesicle types and confirm our previous results using egg phosphatidylcholine (EPC) SUV at 25 
OC (Storch 8z Kleinfeld, 1986). In our previous study we developed a kinetic model of the transfer process 
and concluded that the observed time dependence of the transfer of long-chain 12-(9-anthroyloxy) fatty 
acids (AOFA) was due to transbilayer flip-flop that was much slower than the rate at which the fatty acids 
(FA) move from the vesicle and into the surrounding aqueous phase (the off step). In the present study, 
experimental and theoretical advances have allowed us to examine, in detail, predictions of the kinetic model 
that critically depend upon the slow rate of flip-flop. The current results verify these predictions and 
demonstrate that slow AOFA flip-flop is rate limiting in a t  least three different vesicle systems and at  all 
temperatures studied. Moreover, both flip-flop and the off rate constants were almost an order of magnitude 
smaller in EPC-LUV than in EPC-SUV. Flip-flop was found to be asymmetric (the rate constant for 
transfer from the inner to outer hemileaflet of the bilayer is approximately twice that from the outer to 
inner hemileaflet) in SUV but virtually symmetric in LUV. The temperature dependence of transfer was 
used to determine the thermodynamic activation potentials for the flip-flop and off rate constants. The 
barriers for these steps were sensitive functions of vesicle size, lipid composition, and bilayer physical state. 
In particular, while enthalpic contributions dominate both the flip-flop and off steps in liquid crystalline 
SUV, entropic factors dominate the activation barriers in LUV and in gel-state SUV. Thus, the hydrophobic 
AOFA molecules transfer across the lipid bilayer slowly, and the interactions which govern their movement 
both across and between lipid vesicles are a complex function of the composition and structure of the bilayer. 

Long-chain fatty acids (FA)',? are essential to many 
important physiological processes. Utilization of FA in these 
processes requires that FA be transported across cell mem- 
branes. Cellular transport studies have resulted in two, quite 
divergent views of the mechanism of transmembrane move- 
ment (flip-flop). In the first, it is thought that FA transport 
occurs through rapid movement across the lipid bilayer phase 
of the membrane by simple diffusion (DeGrella & Light, 1980; 
Daniels et al., 1985; Noy et al., 1986; Cooper et al., 1989). 
The second view is that for the physiologically important long- 
chain FA, transport is directly mediated by a membrane 
transport protein (Shohet et al., 1968;Nunnet al., 1979; Paris, 
et al., 1979; Abumrad et al., 1984; Morand & Aigrot, 1985; 
Potter et al., 1989). These two views make contradictory 
predictions for the rate of FA flip-flop in lipid bilayers (Storch, 
1990). The first mechanism predicts, as expected from the 
conventional view that lipid permeability increases with 
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increasing hydrophobicity, that the rate of transbilayer flip- 
flop of long-chain FA is not rate-limiting. In contrast, the 
second mechanism predicts that the FA flip-flop rate is slower 
than the rate required for cellular FA transport. 

Our own studies as well as others have demonstrated that 
FFA can spontaneously transfer between and through the 
bilayer of pure lipid vesicles (Doody et al., 1980; Storch & 
Kleinfeld, 1986; Gutknecht, 1988). Short-chain FA (IC12) 
appear to undergo extremely rapid transbilayer flip-flop and 
it is likely that the off step (movement of the FFA from the 
bilayer into the aqueous phase) is rate-limiting for this process 
(Doody et al., 1980; Hamilton, 1989). There is, however, 
considerable disagreement as to the rate and mechanism of 
long-chain FA transfer. Transfer of long-chain natural FA 
between small unilamellar vesicles (SUV) and albumin has 
been used to suggest that the off step from SUV is rate- 
limiting and that the rate of flip-flop is extremely fast, >4 s-l 
(Daniels et al., 1985). On the other hand, studies of oleate 
transfer into or out of multilamellar vesicles (MLV) suggest 
that flip-flop, at least in thesevesicles, is relatively slow, perhaps 
<0.0008 s-l (Kleinfeld, 1990). In addition, a very slow flip- 
flop rate of s-l was found in planar bilayers for the 
anionic form of the FA (Gutknecht, 1988). Previous studies 
have demonstrated that the rate of FA transfer increases with 
pH, suggesting that the anionic form is not rate-limiting 
(Doody et al., 1980; Storch & Kleinfeld, 1986) and therefore 
that the flip-flop rate constant of 10" s-l found in planar 
bilayers represents an upper limit. The large differences in 
flip-flop rates inferred from these studies indicate the difficulty 
in determining the flip-flop mechanism of natural FA 
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(Kleinfeld, 1990). Since similar constraints on the movement 
of natural FA probably apply to fluorescent FA analogs, we 
previously investigated the transfer of the n-(9-anthroyloxy) 
FA (AOFA) between egg phosphatidylcholine (EPC) SUV 
(Storch & Kleinfeld, 1986). The fluorescent properties of 
the AOFA allow a detailed determination of thevesicle transfer 
kinetics. We found that the kinetics of long-chain AOFA 
transfer were biexponential, and this indicated that transfer 
of long-chain AOFA involved a slow flip-flop step followed 
by a much faster off rate from the membrane. 

In order to explore further this mechanism of long-chain 
AOFA movement and to begin to define the molecular bases 
of the barriers to the flip-flop and off steps, we have extended 
our previous studies, which were done at a single temperature 
(25 "C) using EPC-SUV (Storch & Kleinfeld, 1986). We 
have now examined 12-(9-anthroyloxy)stearate (12AS) trans- 
fer between EPC-SUV, between DMPC-SUV, and between 
EPC large unilamellar vesicles (LUV) over a temperature 
range of 5-50 O C .  The improved quality of the data and the 
much slower transfer rates obtained with LUV and DMPC- 
SUV have allowed a more rigorous testing of our previously 
described kinetic model (Storch & Kleinfeld, 1986). Together 
with extensions of the kinetic theory for this model, the present 
data demonstrate that slow AOFA flip-flop is a general 
property of transbilayer movement and that the barriers to 
the various steps in intervesicle transfer are extremely sensitive 
to donor vesicle structure and composition. 

MATERIALS AND METHODS 

Materials. Egg phosphatidylcholine (EPC), N-(7-nitro- 
2,1,3-benzoxadiazol-4-yl)phosphatidylethanolamine (NBD- 
PE), and dimyristoylphosphatidylcholine (DMPC) were 
purchased from Avanti Polar Lipids (Birmingham, AL). 12- 
(9-Anthroy1oxy)stearic acid was purchased from Molecular 
Probes (Eugene, OR). The standard buffer was 20 mM Tris 
and 50 mM NaCl at pH 7.6. 

Vesicle Preparation. SUV were prepared essentially by 
the method of Huang and Thompson (1974), as described 
previously (Storch & Kleinfeld, 1986), and LUV were 
prepared essentially by the method of Nozaki et al. (1982) 
also as described previously (Cardoza et al., 1984). Either 
unlabeled lipid alone (donor vesicles) or unlabeled lipid plus 
10 mol '7% NBD-PE (acceptor vesicles) was dried overnight, 
under vacuum, to remove organic solvent. For SUV the dried 
lipid film was hydrated by addition of buffer, the dispersion 
was sonicated at 70 W for 30 min, and the sonicated dispersion 
was centrifuged at 105000g for 45 min to remove titanium 
and lipid debris. Vesicles prepared from EPC were maintained 
at all times during preparation at -4 OC, while DMPC vesicles 
were maintained at about 30 OC. For LUV the dried lipid 
film was dissolved in 100 mM n-octyl b-glucopyranoside and 
the mixture (-5 mL) was dialyzed against 2 L of standard 
buffer and the dialysate was changed each day for 3 days. 
Thin-layer chromatography in chloroform/methanol/acetic 
acid/water (25: 15:4:2) was done to assess integrity of vesicle 
lipid. No degradation of lipid was observed as a consequence 
of vesicle preparation or time of incubation. Several samples 
of NBD-PE, however, exhibited, in addition to the primary 
NBD-PE peak, polar components that did not migrate from 
the origin. These samples were not used in these studies since 
acceptor vesicles prepared with this material displayed an 
additional, very fast, component of quenching. 

Transfer Assay. Transfer of AOFA from donor to acceptor 
vesicles was determined from the time-dependent decrease in 
AOFA fluorescence that occurs after mixing donor and 
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acceptor vesicles. This decrease in fluorescence occurs because 
AOFA moves from the donor vesicle, where it is highly 
fluorescent, to the aqueous phase and then to the NBD-PE- 
labeled acceptor vesicle. In both these locations AOFA 
fluorescence is quenched to greater than 97%. Donor vesicles 
in equilibrium with 12AS were produced by adding 12AS to 
vesicle suspensions from stock solutions in ethanol so that the 
final ethanol concentration was <O. 1% by volume. Typically, 
the lipid concentration of the donor vesicles was 50 pM, 
acceptor vesicles 100-500 pM, and 12AS about 1 pM. In our 
previous study of long-chain AOFA transfer between SUV 
composed of EPC, the decay of donor 12AS fluorescence was 
determined at about 20 discrete times following rapid vortex 
mixing of donor and acceptor vesicles (Storch & Kleinfeld, 
1986). In the present study a Hi-Tech (SFA-11) stopped- 
flow device with a dead time of about 20 ms was used to mix 
donor and acceptor vesicles. The stopped-flow device was 
interfaced with an SLM 8000C fluorometer which allowed 
the accumulation of approximately 1000 intensities, by photon 
counting, per transfer scan. Transfer measurements were 
carried out for times 1 3 / k l ,  where kl is the decay constant 
for a single-exponential fit to the intensities, because this time 
range was found to correctly return decay parameters in fits 
to biexponential intensities simulated with Gaussian noise (data 
not shown). Fluorescence intensities were determined with 
an excitation wavelength of 383 nm, excitation slits of 1 nm, 
emission wavelength of 455 nm, and emission slits of 16 nm. 
Under these conditions and for scan times -3/kl ,  photo- 
bleaching of 12AS was less than OS%/min and did not 
significantly affect the analysis. 

Data Analysis. A minimum of three scans were accumu- 
lated for each experimental condition and each scan was fitted 
to both single- and double-exponential functions: 

where a + C = 1 and af + as + C = 1, as described previously 
(Storch & Kleinfeld, 1986; Kleinfeld, 1990). Fit quality was 
assessed by fit residuals and by the value of x2  normalized to 
the number of degrees of freedom (-1000). Fit residuals 
were evaluated as [F( t )  - Z(t)]/u,  where F(t )  is either eq 1 
or 2 and Z ( t )  is the measured fluorescent intensity determined 
by photon counting (number of photons at time 2 ) .  For each 
intensity, Z(t) ,  thestandarddeviation (u)  was taken as [Z(t)]1/2.  
In virtually all the measurements x2  values were distributed 
about 1.0 (acceptable) for the two-exponential fits, while x2  
values were virtually all > 1.5 (p < 0.05) (unacceptable) for 
fits with eq 1. 

Kinetic Model. We have previously described a kinetic 
model for transfer of FA between identical lipid bilayer vesicles 
(Storch & Kleinfeld, 1986; Kleinfeld, 1990). In this model 
Ci(t) represents the time-dependent concentrations of AOFA 
in the inner and outer hemileaflets of the donor (i = 1,2) and 
acceptor (i = 5,4) bilayers and the aqueous phase separating 
the vesicles (i = 3 ) .  The intrinsic rate constants for transfer 
from inner to outer hemileaflet, from outer to inner hemileaflet, 
from outer hemileaflet into the aqueous phase, and from the 
aqueous phase onto the outer hemileaflet are, respectively, 
k12, kzl, koff, and ken. As described previously (Storch & 
Kleinfeld, 1986), the differential equations that determine 
the Ci(t) are 

dCl(t)ldt = k,lC,(O - kl2Cl(t) (3) 
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FIGURE 1: Kinetics of 12AS transfer between donor vesicles at 30 OC. The upper panels show the fluorescence of 12AS as a function of time 
after stopped-flow mixing of donor vesicles with an excess of acceptor vesicles. (A) EPC-LUV; (B) EPC-SUV; (C) DMPC-SUV. As discussed 
in the text, the fluorescence intensity is directly proportional to the concentration of 12AS remaining in the donor vesicles. Depending upon 
vesicle type and temperature, the fluorescence intensity (here normalized to the intensity at time zero) decays at varying rates to a constant 
value that at equilibrium ( f  = m) is directly proportional to the ratio of donor to total (donor + acceptor) vesicle concentration. In these 
measurements donor vesicles were preincubated for times > 7 half-times of the decay before being mixed with acceptor vesicles. As discussed 
in the text, the average of five neighboring measured intensities is plotted as an open star. The optimal single- (eq 1) and double- (eq 2) 
exponential fits to each decay are shown, respectively, as solid heavy and light curves through the data. The parameters of these fits are shown 
in Table I. In the corresponding bottom panels the fit residuals for both the single- (light lines) and double- (heavy lines) exponential fits 
are plotted in units of the standard deviation of each intensity. In all cases the residuals of the single-exponential fits exceed the vertical scale 
limits, generally by a factor of 2-4, at early times. Vesicle and 12AS concentrations used in these measurements were approximately as follows: 
for both EPC and DMPC-SUV, [donor lipid] = 25 pM, [acceptor lipid] = 250 pM, and [12AS] = 0.5 pM; for EPC-LUV, [donor lipid] = 
25 pM, [acceptor lipid] = 75 pM, and [12AS] = 0.5 pM. 

dC4(t)/dt = ki&(t) + ko,[A]C3(t) - 
k21C4(t) - koffC4(t) (6) 

dC5(t)/dt = k21C4(t) - k12C5( t )  (7) 
in which [TI = [D] + [A] and [D] and [A] are the 
concentrations of the donor and acceptor vesicles, respectively. 

In our first study using this model we showed that the 
observed kinetic parameters could be related to the intrinsic 
rate constants by closed algebraic expressions (Storch & 
Kleinfeld, 1986). More recently we have developed an 
algorithm that allows the three intrinsic rate constants kn, 
k21, and koff to be determined uniquely from the observed 
kinetic parameters (Kleinfeld, 1990). This algorithm uses 
equations A l l  and A12 of Storch and Kleinfeld (1986) to 
express kzl (the rate constant for transfer from outer to inner 
donor bilayer hemileaflet) and koff in terms of k12 (the rate 
constant for inner to outer hemileaflet transfer) and the 
observed rate constants (k ,  and kf) as follows: 

Using these equations, expressions for the amplitudes predicted 
by the model of Storch and Kleinfeld (1 986), equations A1 1, 
A12, A14, and A15 in the appendix of Storch and Kleinfeld 
(1986), are reduced to functions of the single variable k12. 
The value for k12 can then be solved numerically using the 
experimentally determined amplitudes. 

RESULTS 

Kinetics of 12AS Transfer between Lipid Vesicles Is 
Biexponential. Typical time courses of donor vesicle-asso- 
ciated 12AS fluorescence at 30 OC, following rapid mixing 
with excess acceptor vesicles, are shown in Figure 1. The 
figure shows the decay of 12AS fluorescence intensity and the 
one- and two-exponential fits to data for EPC-LUV, EPC- 
SUV, and DMPC-SUV. In each decay, intensities at 
approximately 1000 time points were accumulated. Since it 
is difficult to visually identify some of the features of these 
decays when all - 1000 time points are plotted, we have, in 
these figures, plotted the average of five neighboring intensities 
as a star. Nonlinear fits to each decay were done using eqs 
1 and 2 to the full data set of -1000 intensities, and the 
results are shown as the dark and light solid lines, respectively, 
in the upper panels of Figure 1. The corresponding fit 
parameters are listed in Table I. Inspection of these figures 
reveals that the single-exponential fit fails to describe the 
decay of the fluorescence intensities. This is clearly apparent 
in the corresponding lower panels, where the fit residuals are 
plotted in units of the standard deviation of the observed 
intensities. As these residuals show, the single-exponential 
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Table I: Observed Fit Parameters for the 30 OC 12AS Transfer 
Data of Figure 1" 
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no. of 
vesicle exponentials cys k, (s-l) at kr (s-l) C x 2  

DMPC-SUV 1 0.87 0.0049 0.13 1.90 
DMPC-SUV 2 0.23 0.0024 0.66 0.0075 0.11 0.97 
EPC-SUV 1 0.79 0.0970 0.21 3.40 
EPC-SUV 2 0.31 0.0052 0.54 0.0330 0.15 1.10 
EPC-LUV 1 0.54 0.0011 0.46 3.30 
EPC-LUV 2 0.43 0.0006 0.21 0.0042 0.36 0.97 

" Decays shown in the upper panels of Figure 1 were fit with eq 1 or 
2. The parameters shown in this table are results averaged from 3 decays. 
Uncertainties in the fit parameters for each fit were determined from the 
nonlinear least-squares error matrix. The average of these uncertainties, 
estimated from the analysis of multiple decays, is approximately 20%. 
The equilibrium constant, C, correctly reflects the ratio of donor to acceptor 
vesicle concentrations, which in these measurements was about 1:lO for 
DMPC-SUV and EPC-SUV and about 1:3 for EPC-LUV. 

fit exhibits large and nonuniform excursions from the zero 
value, whereas residuals of the two-exponential fits are, on 
average, considerably smaller than one standard deviation 
and are uniformly distributed about zero. This behavior was 
exhibited in the more than 200 kinetic traces analyzed for 
these three vesicle systems. The quality of fit was also 
evaluated by x2  values. In virtually every case these values 
exceeded 1.5 (p < 0.05) for the single-exponential fit, while 
double-exponential fits had x2  values -1.0 (p - 0.5). 

Effects of Vesicle Loading Time Demonstrate Slow Flip- 
Flop. The above results clearly confirm the requirement for 
two exponentials in the description of the AOFA transfer 
kinetics. We have previously suggested that the origin of this 
behavior is slow transmembrane flip-flop followed by a much 
faster off rate (Storch & Kleinfeld, 1986). To test that flip- 
flop is indeed slow (the critical prediction of this model), 
measurements of AOFA transfer kinetics were carried out as 
a function of vesicle loading time. These studies were done 
by measuring transfer from donor vesicles that were incubated 
with exogenously added 12AS for specific times before transfer 
was initiated by rapid mixing with acceptor vesicles. Incu- 
bation times were chosen to be less than or much greater than 
the overall transfer time. If flip-flop is slow, then 12AS will 
preferentially populate the outer leaflet in short time loaded 
vesicles, but will approach a uniform distribution in both 
hemileaflets in long time loaded vesicles. This distribution 
difference should be apparent from the parameters of the 
transfer curve, since the amplitudeof the fast component would 
be greater in the short time loaded vesicles, but the rate 
constants should not change. If, on the other hand, flip-flop 
were rapid as compared to the off rate, then time of incubation 
should not affect the transfer kinetics. 

In our previous study with EPC-SUV, overall transfer times 
( - 1 min) were quite short compared to the shortest time of 
preincubation that was technically practical, and therefore 
the effects of short time loading were only marginally 
detectable (Storch & Kleinfeld, 1986). As Figures 1 and 2 
show, AOFA transfer from EPC-LUV is approximately an 
order of magnitude slower than that from EPC-SUV. Thus, 
if both off rate and flip-flop are reduced proportionately in 
LUV compared to SUV, the effects of differential loading 
time would be much more apparent in LUV than SUV. As 
the data in Figure 2 demonstrate, this is indeed the case. In 
the upper two decays, LUV were incubated with 12AS for 
either more than 2 h or less than 5 min. The shapes of these 
two curves show that the amplitude of the rapidly transferring 
component is considerably greater from donor vesicles incu- 
bated with 12AS < 5 min as compared to a >2-h incubation. 
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FIGURE 2: Effects on transfer kinetics of 12AS loading time, vesicle 
structure, and vesicle composition. The fluorescence intensity of 
12AS was measured at 25 "C (or 24 "C in the case of DMPC) by 
the same methods and conditions as described in the caption to Figure 
1. In this figure the average of 10 measured intensities was plotted 
as an open box. The solid curves represent the best two-exponential 
fit to the data and the corresponding fit parameters are given in 
Table 11. (A) Transfer from long time loaded (>10kl) EPC-SUV, 
DMPC-SUV, and EPC-LUV. (B) EPC-LUV preincubated with 
12AS for either 2 h (LT) or 5 min (ST) before stopped-flow mixing 
with acceptor vesicles. 

Table 11: 
Data of Figure 2' 

Observed Fit Parameters for the 25 "C 12AS Transfer 

no. of 
vesicle exponentials as ks (s-') at kr(s-') C x 2  

LUV-ST 
LUV-ST 
LUV-LT 
LUV-LT 
DMPC-SUV 
DMPC-SUV 
EPC-SUV 
EPC-SUV 

0.38 5.30 1 0.62 0.0012 
2 0.29 0.0005 0.39 0.0022 0.32 0.87 

0.40 4.50 1 0.60 0.0007 
2 0.45 0.0004 0.23 0.0025 0.32 0.90 

0.14 5.00 1 0.86 0.0023 
2 0.36 0.0013 0.53 0.0043 0.11 0.92 
1 0.77 0.0770 0.23 2.10 
2 0.31 0.0047 0.47 0.0420 0.22 0.89 

Methods are as described in the legend to Table I. Measurements 
done with LUV designated with ST or LT indicate short time (<5 min) 
or long time (>2 h) incubation of donor LUV with 12AS. reswtivelv. 

The observed kinetic parameters for these two curves, shown 
in Table 11, indicate that the shape differences aredue entirely 
to the differences in amplitudes since the observed rate 
constants are virutally unchanged. In particular, the ratio of 
fast to slow amplitudes, af/as, increases from 0.5 for long 
time incubation to 1.3 for short timeincubation, a 260% change 
that is significant since the amplitude uncertainties are -20%. 
Additional processes that might contribute to the biexponential 
character of the decay are those due to vesicle collision or 
effects of AOFAclustering within thedonor vesicle. Although 
neither of these were found to be significant in our previous 
study of 12AS transfer between SUV (Storch & Kleinfeld, 
1986), because the slower transfer times increase the possibility 
that vesicle collision might contribute to AOFA transfer in 
LUV, we also carried out transfer measurements in LUV as 
a function of acceptor and 12AS concentrations. Varying 
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Table 111: Intrinsic Rate Constants for 12AS Transfer at 25 Oca 
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constants reflect the molecular factors that determine the 
kinetic barriers to FA movement. To begin to understand 
these molecular factors we have measured the transfer of 12AS 
in each of the three vesicle systems as a function of temperature, 
and the observed kinetic parameters are plotted in Figure 3. 
The results show that there is substantial admixing of fast and 
slow components in all three vesicle systems; af/a, ranges 
between -0.3 and -4.0. With the exception of DMPC at 
temperatures below 24 OC, theobserved rateconstants increase 
monotonically throughout the temperature range. For DMPC- 
SUV the observed amplitudes (ai) exhibit a substantial 
alteration at around 24 OC, and rate constants are virtually 
independent of temperature below 24 OC. 

Intrinsic rateconstantsdetermined from theobserved kinetic 
parameters of Figure 3 are shown in Figure 4. Solid lines 
through the data are linear fits throughout the entire 
temperature range for EPC vesicles, while for DMPC separate 
fits are shown above and below 24 O C .  In these Arrhenius 
plots, linear behavior is exhibited by both sizes of EPC vesicles, 
whereas a discontinuity occurs at approximately 24 OC for 
DMPC. It is also apparent from Figure 4 that both flip-flop 
rate constants are approximately equal for LUV but differ 
appreciably for both SUV vesicle types. The slopes and 
intercepts of these lines were analyzed using Eyring rate theory 
(Eisenberg & Crothers, 1979) to determine activation po- 
tentials for each of the processes represented by these intrinsic 
rate constants. The results shown in Table IV indicate rather 
remarkable differences among the various vesicle systems, 
suggesting quite different barriers to AOFA movement. For 
vesicles in the liquid crystalline state there are major differences 
between SUV and LUV. For LUV, the barriers for all steps 
and especially for flip-flop are dominated by entropic factors, 
whereas the opposite is generally true for SUV. Below 24 OC 
the barriers for DMPC have virtually no enthalpic component. 

DISCUSSION 

Flip-Flop of Long-chain AOFA Is an Extremely Slow 
Process in L W .  The results of this study extend our previous 
findings and show that long-chain AOFA flip-flop is slower 
than the off step in LUV as well as SUV. The quality of data 
makes it possible to establish the biexponential nature of the 
transfer kinetics with virtual certainty and, as a consequence, 
to examine predictions of the kinetic model in detail. An 
important prediction of the model, which follows directly from 
a slow AOFA flip-flop followed by a much faster off step, is 
that decreasing AOFA loading time increases the proportion 
of the fast component of the observed transfer kinetics. The 
results in LUV (Figure 2 and Table 11) clearly verify this 
prediction. Moreover, by extending the kinetic model to allow 
both flip-flop rateconstants to bedetermined from theobserved 
kinetic parameters, we showed directly that flip-flop is 
asymmetric in SUV and virtually symmetric in LUV, thereby 
lending further support to the model. Thus, the transfer of 
AOFA between bilayer vesicles proceeds by slow flip-flop 
followed by a much faster off step, and both these steps are 
substantially slower in LUV than in SUV (Table 111). 

Trends similar to the decrease in 12AS vesicle transfer rates 
with vesicle size have also been observed using other lipophiles. 
Five-fold slower cholesterol transfer rates were observed in 
EPC/cholesterol LUV as compared to SUV (McLean & 
Phillips, 1984a). Cholesterol transfer kinetics were single- 
exponential, suggesting that the increase in radius of curvature 
principally affected the off rate. Similar effects of vesicle 
size, although of smaller magnitude (a 2-fold difference), were 
observed for the off rate of DMPC from DMPC vesicles 

EPC-LUV 0.00057 0.00054 0.0022 
EPC-SUV 0.00500 0.00230 0.0390 
DMPC-SUV 0.00100 0.00037 0.0033 
Methods are as described in the legend to Table I. Intrinsic rate 

constants were determined from the observed kinetic parameters given 
in Table I1 using the algorithm described in Materials and Methods. 
LUV values are those for long time (>2 h) loading. 

acceptor and 12AS concentrations approximately 10-fold had 
no effect on ki or ai values (data not shown). 

Large Differences between k, and kf Indicate That Flip- 
Flop Is Slower Than the Off Rate. Intrinsic rate constants 
were determined from the observed kinetic parameters for 
the data of Figure 2 using the solutions to eqs 3-7 as described 
in Materials and Methods. These results are shown in Table 
111, where it is seen that AOFA flip-flop and off rate constants 
are approximately equal to k, and kf, respectively. This near 
equality is predicted by the model to occur only when the 
flip-flop and off rate constants differ by more than about 
5-10-fold (Kleinfeld, 1990). Thus for all threevesicles systems 
the flip-flop rate constants are much less than the off rate. 
This result is contrary to the view that very hydrophobic 
molecules display rapid flip-flop in comparison to the off rate 
(Doody et al., 1980; Daniels et al., 1985). 

Transfer Parameters Are Sensitive to Vesicle Radius of 
Curvature and Composition. As seen in Figures 1 and 2 and 
in Tables I and 11, transfer of 12AS is much slower from 
EPC-LUV than from EPC-SUV, and both kf and k, are 
reduced. Since flip-flop and off rates can be resolved, these 
results demonstrate that increasing the radius of curvature 
decreases the flip-flop rate as well as the off rate (see Figure 
4). A comparison of EPC-SUV with results for DMPC-SUV, 
which are also shown in Figures 1 and 2 and Tables I and 11, 
indicate that lipid composition as well as vesicle size plays a 
significant role in the determination of the kinetic parameters. 
The results in Figure 1 were obtained at 30 OC, where all 
three vesicle systems are in the liquid crystalline phase. The 
significantly greater rates in EPC-SUV as compared to 
DMPC-SUV therefore reflect a difference in donor phos- 
pholipid acyl chain composition. 

Flip-Flop Rate Constants Are Symmetric in L W  but 
Asymmetric in S W .  Another feature of the results in Table 
I11 provides important support for the model. The rate 
constant for transfer from the inner to outer hemileaflet (klz) 
is twice the reverse rate (k21) in SUV (k12 - 2k21), whereas 
for LUV these rates are nearly equal (kl2 - k~1). These 
results are predicted if, at equilibrium, the FA concentration 
is equal in both hemileaflets of these vesicles. Since the outer 
hemileaflet area is about twice that of the inner area in SUV, 
and these areas are approximately equal in LUV, equal 
concentrations at equilibrium requires kl2 - 2k21 and klz - 
k21 in SUV and LUV, respectively. 

Temperature Dependence of Transfer Kinetics and the 
Intrinsic Rate Constants. The results presented above provide 
strong confirmation of the kinetic model used to describe FA 
transfer between lipid bilayer vesicles. The solution to this 
model allows the determination of the intrinsic rate constants 
from the observed kinetic  parameter^.^ These intrinsic rate 

3 Since the initial conditions for this solution require a steady-state 
distribution of FA among the inner and outer hemileaflets of the bilayer 
and the aqueous phase at time zero (Storch & Kleinfeld, 1986), this 
solution cannot be used to determine the intrinsic rate constants for short 
time loading conditions. 
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FIGURE4: Eyring rate analysis of the intrinsic rateconstants. Intrinsic 
rate constants were determined from the observed kinetic parameters 
using the methods described in the text. The natural logarithm of 
these values is plotted as a function of the inverse of the absolute 
temperature. Circles represent values of k,n and klz (solid) and k21 
(open) in the liquid crystalline state, squares represent the corre- 
sponding values in the gel state, and the open diamonds represent 
values for DMPC at 24 OC. Parameters of the solid lines, which are 
linear fits through all the EPC data and to regions above and below 
24 OC for DMPC, were used to determine the activation thermo- 
dynamic potentials by Eyring rate theory (Eisenberg & Crothers, 
1979). Thus AH*' =-R[T+d(lnk)/d(l/T)],  TM*O =RTln(k)  
+ AH*' -h(kBT/h) ,  and AG*O = L W * O  - TM*O, where thevalues 
of the rate constants at 24 or 25 OC were used, R is the ideal gas 
constant, kg is Boltzmann's constant, h is Planck's constant, and 
ln(kBT/h) = 29.5 kcal/mol. Values of the activation potentials 
determined from these results are listed in Table IV. 

(Wimley & Thompson, 1990). In contrast to these similar 
trends in off rate behavior, DMPC flip-flop rate constants 
were much greater in LUV than SUV (Wimley & Thompson, 
1990), opposite the current results with 12AS. This difference 

Table IV: Eyring Rate Theory Analysis of Figure 4 Data" 
rate A H ' O  -T"O AG* O 

constants (kcal/mol) (kcal/mol) (kcal/mol) 
EPC-LUV 

kiz 5.2 16.8 22.0 
kz 1 4.4 17.7 22.1 
bff 8.3 13.0 21.2 

k12 13.5 1.3 20.8 
k2 1 11.5 9.1 21.2 
bff 11.1 8.4 19.5 

kiz 12.5 9.3 21.8 
kz 1 10.8 11.3 22.1 
bff 18.9 2.1 21.0 

k12 -1.4 23.1 21.7 
kz 1 -1.3 24.0 22.6 
bff -0.2 21.5 21.2 

(I Methodsareasdescribedin thelegendtoTable1. AG*O and-TA,S*O 
valuw were determined at 25 OC for EPC and extrapolated either above 
or below Tm to 24 OC for DMPC. Uncertainties in these values were 
estimated to be 0.2 kcal/mol, by standard error propagation methods 
using uncertainties in the intrinsic rate constants of 30%. 

EPC-SUV 

DMPC-SUV (T > Tm) 

DMPC-SUV (T < Tm) 

may reflect vesicle composition, since the present comparison 
of SUV and LUV was done using EPC vesicles, or more 
likely, it reflects quite different interactions of 12AS versus 
DMPC with vesicle lipids. 

The LUV bilayer more closely reflects the lipid phase of 
biological membranes than the SUV bilayer. These results, 
therefore, suggest that the rate of flip-flop of the long-chain 
AOFA through the lipid phase of biological membranes should 
be quite slow. Studies of AOFA transport in adipocytes using 
quantitative fluorescence microscopy do in fact confirm this 
prediction (Storch et al., 1991). Moreover, the finding that 
these very hydrophobic molecules (Kp > lo5; Pjura et al., 
1984) undergo extremely slow flip-flop directly contradicts 
the view that lipid bilayer permeability increases with 
increasing hydrophobicity (Gutknecht & Walter, 198 1; Stein, 
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1986). Specifically, transfer of the much less hydrophobic 
short-chain AOFA (I 12 carbons) between lipid vesicles 
proceeds much more rapidly (> 100-fold) than the long-chain 
AOFA (Storch & Kleinfeld, 1986). Since flip-flop is rate- 
limiting for the long-chain AOFA, this indicates that rates of 
flip-flop are much slower for long-chain than for short-chain 
AOFA. 

A solution for the kinetic model is essential to interpret 
correctly the observed decay parameters in terms of the 
intrinsic rate constants. Although the observed fast rate and 
the intrinsic off rate constants are approximately equal in the 
present case of slow flip-flop followed by a faster off step, the 
flip-flop rates are less directly related to k,. Four parameters, 
namely, a,, k,, af, and kf (only three are independent since 
a, + af + c = l) ,  are determined from the observed 
biexponential decay. Each of these parameters is a specific 
function of the three intrinsic rate constants k12, k21, and koff; 
the explicit forms of these functions are the solutions of the 
kinetic model (Storch & Kleinfeld, 1986; Kleinfeld, 1990). 
In general, the determination of the intrinsic rate constants 
and a correct interpretation of the transfer mechanism requires 
the use of the explicit kinetic model solutions and the complete 
set of observed kinetic parameters. For example, the two 
observed rate constants (k, and kf) are clearly insufficient to 
determine the three intrinsic rate constants. As described in 
the Materials and Methods, the additional required infor- 
mation is obtained from the observed amplitudes. In addition, 
the model solution shows that a decay can be well described 
by a single exponential even when flip-flop and off rates are 
very different. For example, when k12 - koff, the amplitude 
of the fast component will be 10.05 and therefore transfer 
kinetics will not be distinguishable from that of a single- 
exponential decay. Even when flip-flop is much faster than 
the off step and the kinetics are well described by a single rate 
constant, the observed single rate constant will not, in general, 
be equal to the off rate. For example, when ki2 = k21 and in 
the limit of kl2 >> koff, the observed rate constant will be equal 
to koff/2 (Kleinfeld, 1990). 

Thermodynamics of the Kinetic Barriers. The present 
results indicate that long-chain AOFA flip-flop and off rates 
are sensitive functions of vesicle radius of curvature, lipid 
physical state, and lipid composition. This sensitivity is 
reflected in the variation of enthalpic and entropic contri- 
butions to the free energy of 12AS transfer in the different 
vesicle systems (Table IV). These energies reflect the 
underlying molecular interactions between 12AS and the lipid 
host. Although a detailed molecular model of AOFA 
movement is premature, it is likely that in order to leave the 
bilayer or to transfer from one hemileaflet to the other, 
interactions between 12AS and the host lipid and interfacial 
regions must be momentarily relaxed. We envision, in much 
the same way as discussed by Wimley and Thompson (1991), 
that the transition state for flip-flop involves the formation of 
a transitory hole or defect within one hemileaflet of the bilayer 
and relaxation of 1 2AS-phospholipid interactions in the other. 
This latter process, together with the formation of a hole in 
the water-lipid interfacial region, is probably required for the 
off step as well. The transition state for the off step itself is 
probably one in which the carboxyl group and part of the acyl 
chain is hydrated, while the terminal portion of the chain 
remains associated with the membrane lipids (Doody et al., 
1980; McLean & Phillips, 1984b). 

D M P C - S W <  Tm. The most dramatic differences in the 
thermodynamic characteristics among the vesicle systems is 
exhibited by gel-state DMPC-SUV. Both the off step and 
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flip-flop of 12AS have essentially zero enthalpy, and therefore, 
the barriers for 12AS desorption and flip-flop are almost 
entirely entropic in the DMPC gel state (Table IV). For the 
off step, the entropic barrier could result from a final state 
of lower entropy than the initial state and/or from a low- 
entropy transition state. Two interactions probably contribute 
toreducing the final and/or transition state entropy: (1) 12AS 
interacting with water reduces entropy because of the 
hydrophobic effect (Tanford, 1973) and (2) the order of the 
gel-state bilayer increases once the perturbing 12AS is 
removed, thereby allowing those DMPC molecules previously 
in contact with 12AS to return to the gel state. These negative 
entropy contributions will be offset to some extent by the 
approximately -10 kcal/mol ( - T N )  resulting from the 
increase in the translational and rotation motion upon FA 
transfer from the two-dimensional bilayer to the three- 
dimensional aqueous phase (McLean & Phillips, 198 1). 
However, because the entropic barriers for 12AS desorption 
from DMPC < Tm is 21 kcal/mol (Table IV) and the entropic 
contribution (-TU) of the hydrophobic effect is probably 
less than about 10 kcal/mol (Tanford, 1973), a negative 
entropy contribution from the bilayer very likely contributes 
to the off step. Thus removal of 12AS, with its bulky 
anthroyloxy group, from the gel-state DMPC bilayer probably 
results in the increased order reflected in the negative entropy 
barrier. The barrier for flip-flop, which is also virtually all 
entropic, probably involves similar events as for desorption. 
The flip-flop barrier most likely involves the formation of a 
low-entropy transition state, since, to a first approximation, 
the initial (AOFA in one hemileaflet of the bilayer) and final 
(AOFA in the other hemileaflet of the bilayer) states in the 
gel-phase SUV are similar. 

The zero enthalpy for desorption of 12AS from gel-state 
DMPC-SUV (Table IV) represents the limit of similar trends 
reported for the short-chain FA 9-(3-pyrenyl)nonanoic acid 
(Doody et al., 1980) and for DMPC (McLean & Phillips, 
1984b). In these previous studies, the enthalpy change for 
the off step was found to be smaller and the entropy differences 
were more negative below than above the phase transition 
temperature of DMPC-SUV. In contrast, the DMPC off 
step from DMPC-LUV was found to be a predominantly 
enthalpic process with a small but positive entropy change 
(Wimley & Thompson, 1990). Wimley and Thompson ( 1990) 
suggested that these differences in DMPC desorption result 
from a more ordered LUV than SUV gel state. As a 
consequence of this more ordered state, DMPC-DMPC 
enthalpic interactions are presumably greater in LUV than 
SUV. Quite the opposite would be expected for 12AS, whose 
perturbing structure would be expected to both reduce DMPC- 
DMPC interactions and have much smaller enthalpic inter- 
actions with DMPC. This is likely the case in SUV, and we 
would predict even greater entropic barriers for 12AS 
desorption in gel-state LUV. 

L W .  Kinetic barriers for LUV are also dominated by 
entropic factors, suggesting similar interactions as in DMPC- 
SUV below Tm. Not surprisingly, the entropy changes in the 
liquid crystalline phase LUV are smaller than for the DMPC 
gel state. Although introduction of 12AS into the liquid 
crystalline phase of the bilayer disorders lipid acyl chains, 
this is likely to be a smaller perturbation than in the gel state, 
and thus the release of this perturbation will have a corre- 
spondingly smaller effect on the reduction of entropy. Unlike 
the DMPC gel state, however, enthalpic contributions are 
significant in both the AOFA flip-flop and the off steps in 
L W .  Ifformation of the transition states involves thecreation 
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of similar defects as for the gel-state DMPC, where enthalpic 
contributions are negligible, then the difference between SUV 
< T, and LUV suggests that the enthalpic interactions between 
12AS and lipid must be sensitive to the phospholipid phase. 
Greater acyl chain flexibility in the liquid crystalline phase 
may allow the formation of favorable 1 2AS-phospholipid 
interactions which are sterically prevented in the gel phase. 
Formation of the LUV transition state would then involve 
breaking of 12AS-phospholipid interactions. Significant 
enthalpic contributions to the 12AS-lipid interactions are 
consistent with the “nonclassical hydrophobic effect” recently 
described by Seelig and Ganz (1991). In these studies 
enthalpic interactions, probably arising from van der Waals 
interactions between the amphiphiles and the hydrophobic 
lipid core, were found to dominate (AH - -9 kcal/mol) the 
equilibrium binding of a variety of amphiphiles to liquid 
crystalline phase lipid bilayers, and we suggest that similar 
interactions occur between 12AS and the hydrophobic lipid 
core. 

SW > Tm. Entropic contributions to all three kinetic 
barriers are considerably smaller in liquid crystalline phase 
SUV than in LUV (Table IV). For flip-flop, these barriers 
probably reflect lower transition-state entropies in SUV than 
in LUV, since to a first approximation initial and final (ground) 
states in both types of vesicles are similar. Moreover, it is 
unlikely that the 12AS-LUV ground state is more disordered 
than the 12AS-SUV ground state since lipid order differences 
in liquid crystalline phase LUV and SUV are relatively small 
and in fact favor slightly more ordered phospholipid acyl chains 
in LUV (Lepore et al., 1992). Thus the defect or hole formed 
by the transition state in SUV is probably more disordered 
than in LUV, analogous to the mechanism suggested for 
DMPC flip-flop in gel-phase vesicles and in DMPC/DMPE 
LUV (Wimley & Thompson, 1990, 1991). 

For the off step as well, the entropic barriers are probably 
due to increased order of the transition state as compared to 
the ground states. As discussed above for LUV, the entropic 
barrier for the off step from SUV probably results from the 
formation of an ordered transition hole or defect. This view 
is also supported by the finding of low equilibrium entropy 
differences for transfer of amphiphiles from water to bilayers 
(Seelig & Ganz, 1991), and therefore only the transition state 
should contribute significantly to the entropic contribution to 
the off step. Moreover, for the reasons given above for flip- 
flop and because there is probably little difference in ground- 
state entropies, the greater entropic barrier for LUV likely 
reflects the formation of more ordered defects in the off step 
transition state. The results for 12AS transfer in gel-state 
DMPC-SUV suggest that enthalpic interactions with water 
should not contribute significant positive free energy to the 
transition state. The large enthalpic contributions found for 
the off step and flip-flop above the T, suggest that van der 
Waals interactions between 12AS and phospholipids occur 
either in the ground or transition state, when phospholipids 
can assume the requisite conformations relative to the 12AS 
surface. That these interactions are greater in SUV than in 
LUV is consistent with the more disordered defect suggested 
for the SUV transition state. 

Larger AGIO values for DMPC as compared to EPC may 
reflect the greater saturation of DMPC acyl chains. As seen 
in Table IV, the entropic components represent the largest 
contributions to the AGIO differences between DMPC and 
EPC. Thus, even in the liquid crystalline phase, formation 
of the transition state in DMPC may lead to a greater degree 
of order than in EPC. The origin of the very small entropic 
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and correspondingly large enthalpic contributions to the off 
step in DMPC is unclear. It is possible, since SUV exhibit 
a broad phase transition, that they are partially gel phase at 
temperatures above 24 OC, resulting in smaller koff values 
than would occur if the vesicle were uniformly liquid Crystalline. 

These studies were done to better understand the mechanism 
of membrane transfer of fatty acids and amphiphiles in general. 
Given the very different behavior of 12AS and DMPC in 
LUV (Wimley & Thompson, 1990), it is difficult to extrapolate 
the present results for FA analogs to amphiphiles in general. 
Nevertheless, the present 12AS results do bear considerable 
similarities to results obtained with cholesterol, pyrenyl FA, 
and even DMPC in SUV. The observed decrease (- 10-fold) 
in transfer rate of 12AS between LUV as compared to SUV 
is similar to the decrease (--5-fold) observed for cholesterol 
transfer between larger as compared to smaller vesicles 
(McLean & Phillips, 1984a). The decrease in 12AS activation 
enthalpy below as compared to above T m  for DMPC-SUV 
( A M s o  = 19 kcal/mol), although greater in magnitude, is 
the same direction trend observed for the transfer of 943- 
pyreny1)nonanoic acid (Doody et al., 1980) ( A M ’ O  = 3.7 
kcal/mol) and DMPC (McLean & Phillips, 1981) ( A M s o  
= 8.6 kcal/mol). These similarities among several quite 
different amphiphiles suggest that while the magnitudes of 
the kinetic barriers are sensitive to amphiphile structure, the 
molecular interactions that determine the barriers may be 
similar. 

Thus, if transfer occurs by a similar mechanism as for 12AS, 
the present studies raise the possibility that natural long- 
chain FA will exhibit rates of flip-flop across lipid bilayers 
that are too slow to achieve physiologically required transport 
rates. In this event, cellular transport of the physiologically 
important FA could require the action of a membrane protein 
to overcome the lipid barrier to membrane permeability. The 
results of our adipocyte studies, indicating membrane protein 
mediated transport of long-chain AOFA, do in fact demon- 
strate competitive inhibition by unlabeled oleic acid, suggesting 
that the unlabeled FA are the natural substrates for this 
transporter (Storch et ai., 1991). Nevertheless, as discussed 
in the introduction, there is considerable controversy associated 
with the problem of unlabeled FA movement across mem- 
branes. This controversy is a consequence of the inability to 
measure movement of aqueous-phase monomers of long-chain 
unlabeled FA from one side of a membrane to the other, 
directly and with sufficient temporal resolution. Recently, a 
fluorescent probe has been developed that should allow such 
measurements (Richieri et al., 1992). Preliminary results 
using this probe to measure oleate movement across red cell 
ghosts indicate that long-chain FA transport is protein- 
mediated (Kleinfeld & Chu, 1993). 
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