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ABSTRACT Fatty acids (FA) are important nutrients that the body uses to regulate the storage and use of energy resources.
The predominant mechanism by which long-chain fatty acids enter cells is still debated widely as it is unclear whether long-
chain fatty acids require protein transporters to catalyze their transmembrane movement. We use stopped-flow fluorescence
(millisecond time resolution) with three fluorescent probes to monitor different aspects of FA binding to phospholipid vesicles. In
addition to acrylodan-labeled fatty acid binding protein, a probe that detects unbound FA in equilibrium with the lipid bilayer, and
cis-parinaric acid, which detects the insertion of the FA acyl chain into the membrane, we introduce fluorescein-labeled
phosphatidylethanolamine as a new probe to measure the binding of FA anions to the outer membrane leaflet. We combined
these three approaches with measurement of intravesicular pH to show very fast FA binding and translocation in the same
experiment. We validated quantitative predictions of our flip-flop model by measuring the number of H1 delivered across the
membrane by a single dose of FA with the probe 6-methoxy-N-(3-sulfopropyl) quinolinium. These studies provide a framework
and basis for evaluation of the potential roles of proteins in binding and transport of FA in biological membranes.

INTRODUCTION

Long-chain fatty acids (LCFA) move in and out of cells

continuously, but the movements of these small molecules

are difficult to follow, both in model membranes and in cell

membranes. One has to take into account their amphipathic

properties of having an ionizable headgroup and hydropho-

bic tail, and their low solubility in water. These properties

contrast markedly with those of glucose and make it more

difficult to predict the mechanism of transport of LCFA

through a membrane (1). Questions about whether the steps

of membrane transport in cells can be described mechanis-

tically as diffusion, or whether proteins facilitate LCFA

transport across a lipid bilayer have persisted for decades.

The proposals range from non-energy-dependent diffusion

through the lipid bilayer to transport by putative transporters

such as fatty acid transport protein (FATP), fatty acid trans-

locase (FAT)/CD36, or caveolin-1 (2–16).

The controversies over LCFA transport in the plasma

membraneof cells are fueledbydisagreements about numerous

issues, including: i), theoretical models of transport in protein-

free phospholipid bilayers, such as whether the energy barrier

for translocation of aLCFAacross the bilayer is lower or higher

than the barrier for its dissociation from the bilayer into the

water phase (2,3); ii), methodologies for measuring LCFA

transport, such as whether derivatized LCFA are reliable

models for natural LCFA, or whether some methods of adding

LCFA tomembranes produce artifactual results (4–6); and iii),

whether methods clearly distinguish membrane transport pro-

cesses from intracellular metabolism of LCFA (7).

All models of transport of LCFA through membranes must

take into account the fundamental properties of LCFA in

phospholipid bilayers, which comprise the major portion of

the surface area of biomembranes. The postulate of the re-

quirement of a specific protein to catalyze the transmembrane

movement of LCFA (as proposed for the FATP family and

for CD36 (8–11)) is predicated on the hypothesis that the

lipid bilayer is impermeable or poorly permeable to LCFA. A

low permeability could be a result of a low affinity of LCFA

for a membrane or slow kinetics of adsorption, translocation,

and possibly dissociation (12).

To test such an assumption, we measured the transmem-

brane movement of LCFA by monitoring the pH inside

protein-free phospholipid vesicles after addition of oleic acid

(OA) to the external buffer (13). We argued that the rapid

decrease in pH was a direct consequence of the rapid inward

flux of LCFA in the un-ionized form. This supported our

hypotheses that 50% of the LCFA in the outer leaflet of the

membrane becomes ionized on binding and that the energy

barrier for translocation of the uncharged LCFA is lower than

that of the charged species (13). Although our results support

the notion that model membranes are permeable to LCFA

(12), our pH assay provides only an indirect measurement of

adsorption of the LCFA to the outer membrane leaflet, and

relies on the assumption that binding is as fast as or faster

than flip-flop. Moreover, direct measurements of the kinetics

of binding of LCFA to model membranes are lacking.
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We use three fluorescent probes to monitor binding of OA

to the outer leaflet of phospholipid vesicles by stopped-flow

fluorescence to achieve a higher time resolution (millisec-

onds) than typical on-line fluorescence studies. One probe is

attached to the headgroup of a phospholipid fluorescein-

labeled phosphatidylethanolamine (FPE) intercalated into the

outer membrane leaflet and measures the arrival of the

charged carboxyl headgroup of LCFA at the aqueous polar

interface of the bilayer. A second probe is an intrinsic fluo-

rophore in a natural LCFA, cis-parinaric acid, which detects

the insertion of the fatty acyl chain. A third probe (ADIFAB,

an acrylodan-labeled fatty acid binding protein), when added

to the external buffer, detects the depletion of LCFA from the

buffer as they adsorb to the bilayer without providing infor-

mation about how the LCFA binds. We combined each of the

three approaches with measurement of intravesicular pH to

monitor binding and translocation in the same experiment.

We also used the probe SPQ, which provides an accurate

quantitation of H1 in the intravesicular volume, to test our

quantitative prediction of the flux of H1 associated with

LCFA flip-flop (13,14).

Our new data support our previous hypothesis that mem-

brane association and flip-flop are very fast processes in model

membranes. Additionally, our derivations of permeability co-

efficients for OA are supported by our direct measurements

showing that adsorption is faster than transmembrane move-

ment or desorption of LCFA, as we had assumed in our cal-

culations (12).

MATERIALS AND METHODS

Materials

29,79-Bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein) (BCECF) acid,

fluorescein DHPE or N-(fluorescein-5-thiocarbamoyl)-1,2,dihexadecanoyl-

sn-glycero-3-phosphoethanolamine, tri-ethylammonium salt (FPE), 6-me-

thoxy-N-(3-sulfopropyl) quinolinium (SPQ), calcein, and cis-parinaric acid

were purchased fromMolecular Probes/Invitrogen (Carlsbad, CA). Pyranine

(8-hydroxypyrene-1,3,6-trisulfonic acid, tri-sodium salt) was purchased

from Eastman Kodak (Rochester, NY). ADIFAB1 was purchased from FFA

Sciences (San Diego, CA). N-tris(hydroxymethyl) methyl-2-aminoethane

sulfonic acid (TES), TEA (tetraethylammonium), calcein, Triton X-100,

fatty acids (99% pure), nigericin, and BSA (essentially fatty acid-free) were

obtained from Sigma (St. Louis, MO). Phosphatidylcholine (PC) isolated

from chicken egg was obtained from Avanti Polar Lipids (Alabaster, AL).

Sephadex G-25 was purchased from Amersham Biosciences/GE Healthcare

(Piscataway, NJ).

Fluorescence instrumentation

On-line fluorescence measurements were made with a Spex Fluoromax-2

from Jobin Yvon (Edison, NJ) equippedwith a temperature-controlled stirred

cuvette. Stopped-flow experiments were done with a stopped-flow apparatus

(Hi-Tech Scientific, Salisbury, UK) comprised of a pressure-driven pneu-

matic drive unit and two glass syringes with a 400 ml total sample mixing

volume. Sample temperaturewasmaintained by an externalwater bath (22�C)
that delivered a continuous flow of water to warm a small metal plate located

beneath the cuvette. The sample holder was also equipped with a magnetic

stirrer to facilitate rapid sample mixing during on-line measurements.

LCFA addition to vesicles

The addition of LCFA in on-line fluorescence experiments in this study uses

a protocol (12) in which an aliquot (2–5 ml) of a concentrated LCFA stock

solution (10 mM K1-salt or dissolved at higher concentrations in DMSO) is

added to a stirred cuvette containing vesicles (phospholipid concentration of

100 mM to 1 mM). Preparation of the K1-salt of LCFA has been described

previously (12,15). Aliquots of LCFA were added to specific final concen-

trations in on-line experiments. With mixing, the LCFA are assumed to

become diluted rapidly before binding to the lipid bilayer. In contrast, initial

concentrations (2X) were used to prepare solutions of LCFA for stopped-

flow studies. LCFA in the stopped-flow experiments became twofold diluted

after mixing, thereby exposing vesicles to concentrations that were below the

solubility limit of the LCFA used in these measurements.

Pyranine and BCECF to measure OA
transmembrane movement (flip-flop)

Small unilamellar vesicles (SUV) were prepared from PC by sonication in

Hepes/KOH buffer (pH 7.4) as before (13). Large unilamellar vesicles (LUV)

were made of PC by extrusion in Hepes/KOH buffer (pH 7.4) as described

previously (16). In experiments using a pH probe (0.2–1 mM BCECF acid or

0.1 mM pyranine) trapped inside the vesicles, untrapped probe was removed

by gel filtration in a 50 ml column (Sephadex G-25). This procedure removes

all of the untrapped pH fluorophore (13–15). As shown by addition of pH

fluorophore to vesicles prepared in this manner, traces of probe in the external

buffer, if present, would not interfere with the measurement of pH in the small

volume inside vesicles due to the strongly-buffered, large extravesicular vol-

ume (data not shown). The exact PC concentration in the eluted vesicle sus-

pension was determined from an aliquot of the sample used for fluorescence

measurements by using the Bartlett method to assay total phosphorus (17).

BCECF fluorescence was measured as a ratio of two excitation wave-

lengths (R ¼ 505 nm/439 nm) using a bandpass of 3 nm (BCECF emits at

535 nm). Pyranine was excited at 455 nm, and emission was measured at

509 nm using a bandpass of 3 nm. On-line fluorescence experiments were

carried out by adding vesicles to 2.5–3.0 ml of Hepes/KOH buffer (;500

mM final [PC]) and by measuring pyranine or BCECF fluorescence with

time. LCFA was delivered into the suspension through the injection port

above the cuvette with continuous stirring by a mini stir bar. When moni-

toring the fluorescence of a single probe, changes in fluorescence (DF) can be

resolved to within 2 s. When two probes are combined for dual fluorescence

measurements, the instrumentation switches between frequencies, and the

time resolution is.2 s depending on which probes are being used (2–3 s for

the probes used in these studies).

Our stopped-flow measurements begin after a 10 ms delay for mixing

(dead time) and data are sampled with a time resolution of 1 ms. The rela-

tionship between fluorescence and pHin was calibrated by measuring fluo-

rescence emission after permeabilizing the vesicles with 1 mg nigericin and

varying external pH through addition of small aliquots of H2SO4 andKOH as

described elsewhere (13).

SPQ to quantitate H1 flux across the membrane

Wemeasured the molar amount of transmembrane H1 flux across the bilayer

(@nH1) using a method published previously for the probe SPQ (14). SPQ

(2 mM) was trapped in the internal volume of LUV with buffer (pH 7.4)

consisting of 25 mM TES (TEA-salt) and 50 mM K2SO4. External SPQ was

removed by gel filtration as described above for pH probes. SPQ fluorescence

was measured by exciting at 347 nm and measuring fluorescence emission at

442 nmwith a bandpass of 8 nm. OAwas delivered to rapidly stirred cuvettes

as described above.

The intravesicular volume of LUV was measured by comparing the fluo-

rescence of a 5-ml aliquot of vesicles before and after the gel filtration step

and correcting for dilution after elution from the column. With knowledge of

the internal volume (1.85 ml/mg PC), addition of H2SO4 to permeabilized
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vesicles (nigericin) permitted the calibration of @nH1 with changes in SPQ

fluorescence, which result from changes in the TES anion concentration

(TES anions quench SPQ fluorescence) (14). On-line fluorescence experi-

ments (22�C) were carried out by adding vesicles containing SPQ to 2.5–3.0

mL of TES-TEA/K2SO4 buffer (;500 mM final [PC]).

ADIFAB, cis-parinaric acid and FPE to measure
OA adsorption

OA binding to vesicles was monitored by both on-line and stopped-flow

fluorescence using three different fluorophores: ADIFAB, cis-parinaric acid,

and FPE. For dual fluorescence on-line measurements, the fluorescence of

the binding probe and the entrapped pH probe were measured continuously

with time. OA was delivered to the external buffer of suspensions of vesicles

in rapidly stirred cuvettes as described above. The fluorescence of both

probes was sampled in rapid sequencewith a time resolution of 2–3 s (i.e., the

time required for the emission monochromator to switch between emission

wavelengths of the particular probes used).

ADIFAB (0.2 mM) was added to the external buffer of a suspension of

SUV with entrapped pyranine. SUV were prepared in ‘‘Measuring Buffer’’

at pH 7.4 (20 mMHepes/KOH, 150 mMNaCl, 5 mMKCl, 1 mMNa2HPO4)

(18,19). ADIFAB is excited at 386 nm and fluorescence was measured as a

ratio of two emission wavelengths (R ¼ 505 nm/432 nm), using a bandpass

of 5 nm. ADIFAB measures the unbound LCFA ([OA]u) remaining in so-

lution after OA partitions into the membrane (1). The unbound concentration

of OA in suspension with ADIFAB is calculated as follows in Eq. 1:

½OA�u ¼ Kd 3Q3 ðR� R0Þ=ðRmax � RÞ; (1)

where Kd is the equilibrium binding constant for a specific OA to ADIFAB,

Q is the ratio of fluorescence emission (at 432 nm) in the absence and in the

presence of saturating concentrations of OA (18). R0 and Rmax correspond to

the ADIFAB emission ratios in the presence of zero and saturating concen-

trations of OA, respectively.

The partitioning of OA into model membrane vesicles is calculated from

Eq. 2 after the ADIFAB fluorescence reaches equilibrium:

Kp ¼ ½OA�m=½OA�u ¼ ðð½OA�t � ½OA�uÞ=½OA�uÞ=ðVm=VwÞ;
(2)

where [OA]t is the total amount of added OA, [OA]m is the concentration of

OA in a membrane with volume (Vm) and [OA]u is the concentration of un-

bound OA in a vesicle suspension with a total volume (Vw). Vm/Vw has been

reported previously to be 10�3 /mmol/l phospholipid (1).

The arrival of the anionic LCFA carboxyl group at the membrane-water

interface was detected by FPE bound to the outer leaflet of SUV with en-

trapped pyranine. FPE was excited at 490 nm, and emission was measured at

520 nm with a bandpass of 3 nm. A stock solution of FPE was prepared as

described previously (20). Briefly, FPE dissolved in a 5:1 (v/v) mixture of

chloroform:methanol was dried under N2 gas, lyophilized for 1 h and re-

dissolved in an equivalent volume of 100% DMSO. FPE (0.2 mol % relative

to PC) was then added to the eluted SUV suspension (after sonication and gel

filtration) and incubated in the dark for 1 h at 22�C to allow the fluorescent-

labeled phospholipid to adsorb into the outer leaflet of the vesicles.

Insertion of the LCFA acyl chain into the membrane was measured by

adding cis-parinaric acid (PA) dissolved in Hepes buffer to a suspension of

SUV with entrapped pyranine. The fluorescence of PA was measured by ex-

citing at 324 nm and measuring emission at 416 nm with a bandpass of 3 nm.

Stopped-flow fluorescence measurements of
LCFA adsorption and transmembrane
movement (flip-flop)

For dual fluorescence stopped-flow experiments, equal volumes of a sus-

pension of SUV containing pyranine were placed in one syringe and 6, 12,

and 18mMPA or 3 and 6mMOA (dissolved in the sameHepes/KOH buffer)

were placed in the other syringe of the stopped-flow apparatus. The final PC

concentration after mixing was ;700 mM PC. Because it is not possible for

the instrument to switch between wavelengths in the fast time resolution

(1 ms) of stopped-flow experiments, the fluorescence of each probe was

monitored separately on rapid mixing of the LCFA and vesicle solutions (dead

time ¼ 10 ms). Each experiment was carried out for a one probe and then

repeated for the second probe. A bandpass of 3 nm was used for all stopped-

flow measurements except in the case of measuring PA fluorescence, which

required a 5 nm bandpass.

Vesicle permeabilization assay

PC (8 mg) was hydrated in a buffer (pH 7.4) containing 70 mM calcein,

50 mM KCl, and 20 mM sodium phosphate and was sonicated subsequently

to clarity as described above. External calcein was removed by a Sephadex

75 column, eluting with 100 mM KCl, 20 mM sodium phosphate (pH 7.4).

For the fluorescence measurement, OA was added to a stirred cuvette with

2.5 mL of the same buffer containing SUV with entrapped calcein (100 mM

final PC concentration), and calcein fluorescence was measured with time at

22�C. The probe was excited at 490 nm and emission was measured at

520 nm. Maximum permeabilization was measured by adding 2.5 ml of 20%

Triton X-100.

RESULTS

Measurement of pHin by different probes and
quantitation of H1 flux associated with
OA diffusion

The measurement of pHin in LUV by three different fluo-

rescent probes (pyranine, BCECF, and SPQ) after the addi-

tion of the same amount (10 nmol) of OA is shown in Fig.

1 A, B, and C. In previous studies of phospholipid vesicles,

we chose to use pyranine because: i), it is water-soluble and

does not interact with phospholipids or LCFA; ii), its fluo-

rescence is linearly related to changes in pH in the range 6.8–

8.2; and iii), it has a high quantum yield. However, pyranine

cannot be introduced into live cells, whereas BCECF is a suit-

able pH fluorophore for such applications (7,21,22). BCECF

(Fig. 1 B) shows a rapid decrease in fluorescence (t1/2 , 2 s)

that is similar to pyranine (Fig. 1 A) but with significantly lower
signal/noise as a result of its lower quantum yield. Similar to

pyranine, the fluorescence ratio of BCECF is linear in the pH

range of 6.4–7.6 and its reliability to detect pH changes is not

altered by its entrapment within lipid vesicles (Fig. 1 D).
Neither pyranine nor BCECF permits rigorous quantita-

tion of the H1 flux across the membrane that is associated

with LCFA flip-flop. For this purpose, we used the probe

SPQ to test the predictions made by the LCFA flip-flop model

(13). OA added to a suspension of LUV with entrapped SPQ

causes an immediate increase in fluorescence on delivery of

H1 into the intravesicular volume, as predicted (1,13,15,16),

but with lower sensitivity than with both pyranine and

BCECF (Fig. 1 C). Sequential additions of OA (3.3 mM; 10

nmol) were used to generate data to calculate the influx of H1

(as described in Materials and Methods). The y axis of Fig.
1C shows the calculated nmol of H1 (@nH1) delivered to the

intravesicular volume.
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The first addition of 10 nmol of OA to the external buffer

resulted in an instantaneous influx (t1/2 , 2 s) of ;2.5 nmol

of H1, exactly as predicted by our model of LCFA flip-flop

(i.e., 1 H1 for every 4 LCFA molecules added to the outer

leaflet) (13). Subsequent additions of 10 nmol of OA resulted

in progressively smaller influxes of H1. This result was also

predicted by our model of interfacial ionization and flip-flop:

as pHin decreases, the ionization of LCFA at the inner leaflet

is suppressed and the delivery of H1 (and their subsequent

detection by SPQ) is reduced. Addition of albumin to the

external buffer (1 mol of BSA per 2.8 mol of added OA; 40

total nmol of OA) results in an instantaneous and equally rapid

efflux of H1 (t1/2 , 2 s). The reversal of the OA-induced

decreases in pHin by BSA reflects the outward movement of

OA, which would require the flip-flop of un-ionized OA to the

outer leaflet and, thus, a reverse flux of H1 (13). The results

with SPQ validate this interpretation of the effect of albumin

on pHin.

Simultaneous measurements of adsorption and
flip-flop of LCFA

The major goal of this study was to provide novel informa-

tion about the kinetics of LCFA binding (adsorption) to

protein-free phospholipid bilayers on a fast timescale. We

used three fluorescence probes that each report on a different

physical aspect of binding, including a novel fluorophore for

detecting LCFA binding to outer membrane leaflet, FPE (Fig.

2). The second goal was to compare the kinetics of LCFA

adsorption with the kinetics of the pH changes inside the

vesicle that we have attributed to flip-flop. Fortuitously, for

each of the chosen probes, the excitation and emission fre-

quencies are well separated, and it was feasible to measure

the adsorption of LCFA and the intravesicular pH simulta-

neously in the same vesicle sample by on-line fluorescence.

The faster timescale (milliseconds) of the stopped-flow

studies does not permit switching of wavelengths to both

probes in the same sample. Therefore, measurements were

made for one probe and then repeated for the second probe

under otherwise identical conditions.

The pH changes shown in Fig. 1 reflect the presence of un-

ionized OA in the phospholipid bilayer that have diffused

across the bilayer and released a proton but do not provide

direct evidence for the presence of the OA anion. To test our

hypothesis that the LCFA anion is also present (because

LCFA have a pKa of;7.5 at the water-membrane interface)

(1,13,24), we used the membrane surface potential probe

FPE, a fluorescein-labeled phospholipid molecule with a pKa

of ;7.3. Its fluorescence changes with the protonation state

of the fluorescein moiety and in a well-buffered solution, as

in our assays, is sensitive to charged molecules that alter the

surface potential of the membrane (20,25–28) (Fig. 2). Fur-

thermore, FPE is a probe specifically for the outer leaflet of

the bilayer when added to preformed vesicles because the

charged headgroup prevents flip-flop to the inner leaflet.

Stopped-flow fluorescence measurements were carried out

to measure the response of FPE-labeled vesicles (SUV) to the

addition of OA. Fig. 3 A shows that the FPE fluorescence

FIGURE 1 Measuring the flip-flop of fatty acids to the

inner membrane leaflet using pH-sensitive fluorophores.

LUV were prepared containing entrapped pyranine (A),

BCECF acid (B), and SPQ (C). Vesicles were suspended in

buffer (pH 7.4) to a final PC concentration of 500 mM.

Single or multiple doses of oleic acid (10 nmol) caused the

fluorescence of each probe to change rapidly with a t1/2, 2 s,

indicating rapid diffusion of OA to the inner leaflet. The final

concentration of OA after each addition was below the

solubility limit (3.3 mM per dose). In C, SPQ fluorescence

showed the instantaneous influx of 2.5 nmol H1 per 10.0

nmol of added OA. The subsequent addition of BSA (2.8

mol BSA per 1 mol OA) resulted in extraction of OA from

the LUV and an instantaneous efflux of H1 (t1/2 , 2 s). (D)

Shows that the fluorescence titration of trapped and un-

trapped BCECF is not significantly different.
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decreased and was .90% complete within the mixing dead

time (10 ms). In parallel experiments with the same con-

centration of OA, very fast decreases in pyranine fluores-

cence were observed (Fig. 3 B). The t1/2 for this data and

subsequent data from stopped-flow experiments was not

calculated because the drop from the initial value (repre-

sented by: the control experiment � mixing vesicles with

only buffer) is almost complete before the first time point is

measured.

In on-line fluorescence experiments, the binding and

transmembrane movement of LCFA can be monitored si-

multaneously using identical experimental conditions (Ma-

terials and Methods). Fig. 3 C and D show that addition of

LCFA with chain lengths of 8–18 carbons to a vesicle sus-

pension resulted in a rapid decrease in FPE fluorescence

(t1/2 , 2 s in this on-line measurement). Additionally, the

magnitude of the FPE response was smaller for fatty acids

with 8–12 carbon acyl chains (octanoate, C8:0; decanoate,

C10:0; laurate, C12:0), whereas FPE responded similarly to

all LCFA with 14–18 carbons (myristate, C14:0; palmitate,

C16:0; oleate, C18:1; linoleate, C18:2). The simultaneous

measurement of pyranine fluorescence showed changes that

correlated closely with the FPE responses. The differences in

the magnitude of fluorescence changes for medium and

LCFA can therefore be explained by the physical–chemical

properties of the different fatty acids, specifically the de-

creasing partition coefficient (Kp ) with decreasing acyl chain

length and the very high affinity for LCFA with more than 12

carbons (12).

Although the common dietary LCFA lack fluorescent

properties, cis-parinaric acid (PA) contains multiple conjugated

double bonds that give rise to intrinsic fluorescence. As a

second approach to monitor adsorption of LCFA to the phos-

pholipid interface, we used PA to monitor directly the insertion

of the acyl chain into the bilayer core. Because the membrane

environment monitored by PA is the same in both membrane

leaflets, the fluorescence changes of this probe will not report

directly on the transmembrane movement of the LCFA. There-

fore, the dual fluorescence approach with entrapped pyranine

was used to monitor both events in the same vesicles. Fig. 4 A

FIGURE 2 Schematic diagram of the fluorescence probes

and assays used to discriminate FA binding and flip-flop in

membranes. (A). ADIFAB, FPE, and cis-parinaric acid are

used to monitor LCFA binding to the outer leaflet. ADIFAB

measures the concentration of unbound LCFA in equilibrium

with the membrane and cis-parinaric acid, the insertion of the

acyl chain into the hydrophobic bilayer. FPE detects the

arrival of the charged LCFA carboxyl at the membrane

surface. These charged FAmolecules shift the pKa of FPE in

the membrane and induce a decrease in its fluorescence

emission intensity. Most LCFA are ionized in solution but

become 50% un-ionized on binding to membranes due a shift

in their pKa to ;7.5. (B). Un-ionized LCFA rapidly diffuse

to the inner leaflet, reach ionization equilibrium, and release

H1 to the internal volume that can be detected by entrapped

pH-sensitive fluorophores such as pyranine, BCECF, and

SPQ. It is important to note that entrapped probes measure

the combined steps of binding and flip-flop. In addition to

sensing pH changes, SPQ can also be used to quantitate H1

flux across the membrane in response to the addition of

LCFA to the external buffer. Adapted from (43).
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shows that the fluorescence of PA increased rapidly onmixing

with SUV and is nearly complete within the 10 ms mixing

dead time. Fig. 4 B shows that the flip-flop of PA to the inner

leaflet was also extremely fast, though slightly slower than the

adsorption.

In on-line fluorescence experiments we studied the se-

quential addition of PA to higher concentrations than that

used in the stopped-flow experiments. In contrast to stopped-

flow, on-line experiments use small aliquots of LCFA added

to a large volume of vesicles in suspension, and sequential

aliquots of LCFA can be added to the same vesicle sample. In

Fig. 4 C, sequential additions of 50 nmol of PA (20 mM) to a

suspension of SUV resulted in a rapid increase in PA fluo-

rescence (t1/2 , 3 s). The fluorescence response of PA in-

creased in a dose-dependent manner until the fluorescence

changes appear to ‘saturate’ as the cumulative amount of

added PA increases. This is the result of the self-quenching of

PA in membranes that has been reported elsewhere (21). Fig.

4 D shows that the intravesicular pH changes rapidly and

simultaneously with PA fluorescence (t1/2 , 2 s).

A third way of monitoring LCFA adsorption is to use the

engineered acrylodan-labeled fatty acid binding protein,

FIGURE 3 Partitioning of different chain length fatty acids

into SUV using the surface potential probe FPE. For the

stopped flow measurements (A and B), a suspension of SUV
(containing 0.1 mM pyranine) in 20 mM Hepes buffer at pH

7.4 was mixed rapidly with increasing amounts of OA (1.5

and 3.0 mM final concentration) in the same buffer. To

minimize potential complications from the precipitation of

OA, the initial concentration of OA (before mixing) was

below the its estimated solubility limit of 5–6 mM at pH

7.4 (19). Vesicles were mixed with only buffer as a mixing

control. The final PC concentration aftermixingwas 700mM.

Separatemeasurements were carried outwhilemonitoring the

fluorescence of FPE (A) and pyranine (B). All fluorescence

traces are the average of 4–6 measurements. On-line FPE

experiments were carried out by delivering a single dose of

fatty acid (20mM; arrow) to SUV (500mM) labeled with 0.2

mol % FPE (containing 0.1 mM pyranine) in 50 mM Hepes

buffer at pH 7.4. The fatty acids used were octanoate (C8:0),

decanoate (C10:0), laurate (C12:0), myristate (C14:0), pal-

mitate (C16:0), oleate (C18:1), and linoleate (C18:2). FPE (C)

and pyranine (D) were monitored simultaneously and the

fluorescence of each probe changed rapidly with t1/2 , 2 s.

The magnitude of the fluorescence change reflects increased

partitioning of LCFA into the membrane.

FIGURE 4 Dual fluorescence measurement of fatty acid

binding and flip-flop using a pH-sensitive fluorophore and

cis-parinaric acid. For the stopped flow measurements (A

and B), a suspension of SUV (containing 0.1 mM pyranine)

in 20 mM Hepes buffer at pH 7.4 was rapidly mixed with

increasing amounts of PA (3, 6, 9 mM final concentration)

in the same buffer. Vesicles were mixed with only buffer as

a mixing control. The final PC concentration after mixing

was 700 mM. Separate measurements were carried out

while monitoring the fluorescence of PA (A) and pyranine

(B). All fluorescence traces are the average of 4–6 mea-

surements. Parallel on-line experiments were carried out by

delivering sequentially three equal doses of PA (20 mMPA;

arrows) to a cuvette containing a suspension of SUV

(500 mM) containing entrapped 0.2 mM BCECF in

100 mM Hepes buffer at pH 7.4. PA (C) and BCECF (D)
were monitored simultaneously and the fluorescence of

each probe changed rapidly with t1/2 , 3 s. The calibration

of BCECF fluorescence with pHin is described in the

Materials and Methods.
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ADIFAB, which measures the depletion of LCFA from the

buffer as they adsorb to the lipid bilayer. An advantage of

ADIFAB is that the partition coefficient of LCFA into

membranes can be calculated readily. In our experimental

protocol, ADIFAB was added to the external buffer of a

suspension of SUV after entrapment of pyranine and before

addition of OA. The measurement of pHin and external un-

bound OA by stopped-flow is illustrated in Fig. 5 A and B.
With each addition of OA, the ADIFAB fluorescence in-

creased within a few milliseconds to a maximal value that

reflects the concentration of unbound OA ([OA]u) in equi-

librium with the vesicles. The maximal fluorescence, but not

the kinetics, of ADIFAB was dose-dependent. Whereas the

ADIFAB fluorescence does not provide any direct informa-

tion about the precise localization of OA in the bilayer, the

pyranine fluorescence reporting intravesicular pH detects the

arrival of the OA carboxyl headgroup at the inner leaflet (13).

Fig. 5 B shows that the pH decreased rapidly to an equilibrium

value, as shown previously for OA (16). As a control experi-

ment vesicles were mixed with buffer alone, and no fluores-

cence changes were observed (Fig. 5 A, bottom and B, top).
Fig. 5 C and D show an on-line fluorescence experiment in

which each addition of OA (10 nmol) corresponded to a final

concentration of 3.3 mM. As expected from the stopped-flow

results, the changes in bothADIFABfluorescence and BCECF

fluorescence occur rapidly and simultaneously (t1/2 , 3 s).

Thus, as expected, binding and flip-flop seem to be simulta-

neous events on this slower timescale (1,13,15).

The ADIFAB data provide information about thermody-

namics as well as kinetics. Most importantly, the partition

coefficient can be derived to assess the affinity of the LCFA

for the vesicle bilayer. Fig. 5 E shows a plot of [OA]u (cal-
culated as described in the Materials and Methods) versus the

total amount of OA added to the vesicle suspension ([OA]t).
The linear fit of these data yield a single equilibrium constant

corresponding to the partitioning coefficient (Kp) of OA. The

partition coefficient obtained from our data (Kp ¼ 0.63 106)

is in good agreement with previous determinations of Kp for

OA (7,19,29). It should be noted that in our experiments, the

initial baseline fluorescence of ADIFAB in the absence of

any LCFA is typically between 0.2–0.3 a.u.; therefore our

plot did not extrapolate to zero.

Vesicle permeability to calcein

The preceding results show no indication of membrane dis-

ruption when using our typical methods of LCFA addition to

vesicles. To further assure that our methods of LCFA addi-

tion do not disrupt the vesicles, we carried out a per-

meabilization assay by trapping 70 mM calcein inside SUV.

FIGURE 5 Dual fluorescence measurement of fatty acid

binding and flip-flop using a pyranine and ADIFAB. For

the stopped flow measurements (A and B), a suspension of

ADIFAB and SUV (containing pyranine) in 20 mM Hepes

buffer at pH 7.4 was rapidly mixed with increasing amounts

of OA in the same buffer (1.5 and 3.0 mM final concentra-

tion). Vesicles were mixed with only buffer as a mixing

control. The final PC concentration after mixing was

700 mM. Separate measurements were carried out while

monitoring the fluorescence of ADIFAB (A) and pyranine

(B). All fluorescence traces are the average of 4–6 mea-

surements. Parallel on-line experiments were carried out by

delivering five equal doses of OA (10 nmol OA; arrows)
sequentially to a cuvette containing a suspension of ADIFAB

(0.2 mM) and SUV containing BCECF (500 mM) in

‘‘Measuring Buffer’’ at pH 7.4 (20 mM Hepes/KOH,

150 mM NaCl, 5 mM KCl, 1 mM Na2HPO4). ADIFAB

(C) and BCECF (D) were monitored simultaneously and

the fluorescence of each probe changed rapidly with t1/2 ,
3 s. The concentration of unbound OA per total amount of

added OAwas plotted (E). A linear fit of these data yield the

partitioning coefficient (Kp) of OA into PC membranes. The

calibration of ADIFAB and BCECF fluorescence with

unbound OA and pHin, respectively, is described in the

Materials and Methods.
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At this concentration, calcein fluorescence is completely

quenched. However, if a small amount of calcein leaks out of

the vesicle, the dilution of calcein entering the external buffer

will result in a strong fluorescence increase. Addition of OA

or palmitate at an even higher concentration than that used in

this study (10 mol % LCFA relative to PC) did not cause any

disruption of the vesicles (data not shown).

DISCUSSION

The mechanism of LCFA transport across membranes, i.e.,

transport of the unbound LCFA dissolved in the two aqueous

phases on each side, involves a minimum of three steps that

can be characterized thermodynamically and kinetically

(13,30). Quantitative characterization of each step in a simple

model membrane (a protein-free phospholipid bilayer) pro-

vides the foundation for evaluating the contribution of the

lipid phase of membranes to LCFA transport. If any of these

steps is slow, proteinsmight be required to facilitate diffusion.

We present results from three fluorescence assays for

measuring adsorption of LCFA to a vesicle bilayer, each of

which monitors a different physical aspect of adsorption (Fig.

2). With the soluble fluorescent-labeled LCFA binding pro-

tein (ADIFAB) placed in the external medium, thermody-

namic (partition between membrane-bound LCFA and

unbound LCFA) and kinetic data are obtained. This method

does not give direct information about the precise mechanism

of binding. The naturally fluorescent LCFA, cis-parinaric
acid (PA), provides kinetic data reflecting insertion of the

LCFA tail into the phospholipid bilayer. Finally, the fluo-

rescent-labeled phospholipid (FPE) senses the insertion of

the anionic group of the LCFA molecule into the water–lipid

interface. A key assumption of our model of LCFA flip-flop

is that in the membrane interface LCFA is present in both un-

ionized and ionized forms; the FPE results provide a direct

validation of the presence of ionized LCFA. Subsequently,

information about translocation of the LCFA across the lipid

bilayer was addressed with pH measurements of the internal

volume in vesicles.

An important advantage of these fluorescence methods is

that real-time measurements can be made without separation

procedures. The three probes also can be used in combination

with our original assay that measures intravesicular pH with

a fluorescent pH probe, pyranine or BCECF (Fig. 1). When

LCFA is added in the external buffer, these pH probes

measure the combined steps of adsorption and translocation.

Validation of the LCFA diffusion model from
measurements of adsorption and
transmembrane movement

All fluorescence measurements showed very rapid binding of

LCFA to the lipid membrane of phospholipids vesicles, with

larger changes in fluorescence occurring as the concentration

of the added LCFA was increased. Because of their hydro-

phobic nature, it is generally assumed (but not directly

measured) that adsorption of LCFA to vesicles is extremely

fast, limited only by the mixing conditions. In this study, all

samples were mixed rapidly, using either a pressure-driven

stopped-flow apparatus or a rapidly spinning mini stir bar. In

the case of LCFA, the adsorption step might also be limited

by the dissolution of aggregates of LCFA that form above the

solubility limit in the particular experimental conditions. In

the studies shown, OA was added at concentrations below its

estimated solubility limit at pH 7.4. To minimize potential

artifacts from osmotic changes (6), we typically used Hepes

buffer (without added salts) to prepare both the vesicles and

OA stock solutions used for stopped-flow measurements.

Therefore, we conclude that the fluorescence changes for all

three measurements show reliably that adsorption is .90%

complete within at least a few milliseconds.

The PA results show that the acyl chain inserts into the

hydrocarbon core of the bilayer, where its fluorescence is

much higher compared to the aqueous phase. The results with

FPE show that headgroup inserts into the bilayer equally

rapidly. The ADIFAB data also show rapid binding. The

calculated partition coefficient (Kp) for OA derived from the

concentration-dependent changes in ADIFAB (0.6 3 106) is

typical for the affinity of the poorly water-soluble LCFA for

phospholipid bilayers. Interestingly, the Kp is very similar to

that calculated from similar experiments with intact adipo-

cytes and plasma membrane vesicles (isolated from adipo-

cytes), which we interpreted as evidence for OA binding

primarily to the membrane lipids (7).

The stopped-flow fluorescence traces for adsorption of

LCFA to vesicles did not show a slow component that might

be indicative of slow translocation across the bilayer. The PA

experiment is not expected to give any information about the

transmembrane movement, as the microscopic environment

at the end of the acyl chain (where the fluorescent region is

located) would be the same on each leaflet. FPE could in

principle give indirect information about the transmembrane

movement. For example, if LCFA flip-flop were slow after

their fast adsorption, the amount of LCFA (anions) in the

outer leaflet in proximity to the probe would decrease enough

to yield a fluorescence increase.

However, assumptions about the sensitivity of these probes

to translocation of LCFA are not necessary. Measurements of

flip-flopweremade in parallel experiments using stopped-flow

and in simultaneous experiments with on-line fluorescence

using the established pH assay. On a timescale ofmilliseconds,

all three measurements of adsorption showed kinetics that

were as fast as or faster than the pH changes. This validates our

attribution of the pH changes inside vesicles to the adsorption

of LCFA to the outer leaflet followed by translocation of un-

ionized LCFA to the inner leaflet as proposed in (13). Had the

translocation step occurred on a significantly slower timescale

than the adsorption step, either our hypothesis or our experi-

mental procedure could be questioned. Although the possi-

bility of bilayer disruption using some of our protocols with
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LCFA has been raised by one research group (4), this and

previous studies from our group and others (6,31) show no

evidence for any unexpected or artifactual perturbation of the

phospholipid bilayer with the addition of low mM concentra-

tions of OA.

Validation of the LCFA diffusion model using
FPE to detect ionized LCFA

We proposed previously that the kinetics of transbilayer

movement of LCFA in phospholipid bilayers can be mea-

sured by a pH dye trapped inside model membranes (phos-

pholipid vesicles). In simple PC vesicles, the apparent pKa

measured by NMR of OA and other saturated fatty acids

ranging from 8–26 carbons is ;7.5 (24). Under our initial

experimental conditions, pHin ¼ pHout ¼ 7.4, the LCFA will

be ;50% ionized when present at the phospholipid-water

interface. Indeed, our pH assay provided evidence for the

ionization of LCFA on the inner leaflet after flip-flop of

the un-ionized LCFA. FPE allowed us to show directly the

presence of the LCFA anion in the outer leaflet by observing

the predicted change (decrease) in fluorescence intensity

when LCFA was added to vesicles labeled with FPE. We

further showed the sensitivity of this probe to the partitioning

of LCFA from the aqueous phase into the phospholipids bi-

layer by the greater changes in fluorescence caused by longer-

chain fatty acids. The correspondence between LCFA ad-

sorption to the phospholipid vesicles and flip-flop was shown

by the simultaneous measurements of FPE and pyranine

fluorescence as a function of fatty acid chain length.

Validation of the LCFA diffusion model by
quantitating H1 flux using SPQ

The hypothesis of flip-flop (13), as discussed briefly above,

has a quantitative correlate that equilibration of LCFA across

the bilayer by diffusion will result in the donation of ;1 H1

to the intravesicular volume for every four molecules of

LCFA that bind to the external leaflet (13). Our previous

studies compared the predicted decrease in pH with the ob-

served pH decrease (13,15,16). The theoretical pH change

was based on the flip-flop model, the buffering strength, and

the calculated volume of the vesicle. We found excellent

agreement between the theoretical and the measured pH

change, but this approach was limited because it does not

directly quantitate the number of protons transported.

In this study, SPQ was used to measure directly the flux of

H1 across the membrane. The addition of 10 nmol of OA

resulted in an instantaneous influx of ;2.5 nmol of H1,

exactly the number of protons predicted by our model of

LCFA flip-flop. Furthermore, the addition of BSA removed

nearly all of the delivered H1 from the inner volume, and

pHin was restored to its initial value, validating our earlier

hypothesis that the restoration of pHin in vesicles after the

addition of BSA reflects the reverse ‘‘flop’’ of un-ionized

LCFA to the outer membrane leaflet (13). Lastly, changes in

SPQ fluorescence also occurred with a t1/2, 2 s, as observed

with other probes such as pyranine and BCECF.

Another research group has reported much lower fluxes of

H1 after addition of LCFA to vesicles, which seems to con-

tradict the quantitative predictions of ourmodel. For example,

100 nmol of palmitate added to a suspension of LUV resulted

in release of only 3.3 nmolH1 in one study (32). However, the

high concentration (50 mM) of palmitate likely resulted in

precipitation of most of the added LCFA, and only a small

portion might have adsorbed to the bilayer. To avoid such

possible complications in our experiments, each addition of

OA yielded final concentrations up to 3.0mM,which is below

the estimated solubility limit of OA (;5–6 mM) (19) and

amounts to 0.6 mol % LCFA relative to PC in our protocol.

Our assay of adding unbound OA also avoids the com-

plication of using a donor such as albumin, which adds an

extra kinetic step of dissociation of the LCFA from the donor.

Published values for the half-time of LCFA dissociation from

albumin span a wide range, from hundreds of milliseconds

(33) to seconds (31,34), all of which are much slower than

adsorption, as we show in this study. Thus, using albumin as

a delivery vehicle would preclude the accurate measurement

of the kinetics of the adsorption or translocation steps of

LCFA transport in membranes. At the same time, the use of

unbound OA as the only method to deliver LCFA will not

resolve the question of whether the mechanism of transport of

LCFA in cell membranes is fundamentally different when

cells are exposed to lower concentrations in equilibrium with

albumin or other donor vehicles (35). The adsorption kinetics

measured in this study are essential for evaluation of kinetics

with various types of donors in studies of both model mem-

branes and cells.

Relevance to biological systems

The main focus of our research on LCFA transport into cells

has been to decipher mechanistic details by use of fluores-

cence approaches. In this study, we evaluated the pH probes

BCECF and SPQ for the detection of flip-flop in vesicles.

Pyranine has the greatest sensitivity but cannot be incorpo-

rated into the cytosol of living cells. Although SPQ was

important for validation of our model of flip-flop, it also

cannot be incorporated into cells. On the other hand, BCECF

can be incorporated into the cytoplasm of living cells by

using the methyl ester derivative, BCECF-AM, which is then

hydrolyzed to the fluorescent free acid. BCECF should pro-

vide an accurate and reliable measure of intracellular pH, as

illustrated in Fig. 1. To date, changes in intracellular pH as

monitored by BCECF have been reported for adipocytes (7),

pancreatic b cells (36), cardiomyocytes (37), Jurkat T-cells

(38), HEK293 cells (22), and HepG2 cells (21) in response to

addition of LCFA to the external buffer.

The use of fluorescence probes to measure adsorption of

LCFA to cells has had rather limited applications to date
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(ADIFAB and BCECF in adipocytes (7,39) and HEK cells

(22), and PA and BCECF in adipocytes (40) and HepG2 cells

(21)). The detailed investigations with simple model mem-

branes herein provide a basis for their use in the more com-

plex membranes in biological systems, and show that the

fluorescent probes can be used under experimental conditions

without artifacts, except for the self-quenching of PA as it

accumulates in the lipid membranes (Fig. 4 and (21)).

However, the very fast kinetics of adsorption, if they occur in

cells, cannot be measured by stopped flow because of rapid

mixing and instrumental limitations, but there may be other

impediments to the access of LCFA to the phospholipid

bilayer that appreciably slow the adsorption of LCFA. The

probes described would then provide an opportunity to

monitor slower steps of LCFA transport into cells, as well as

depletion of the plasma membrane supply of LCFA during

intracellular metabolism. In our most recent studies of cells

overexpressing caveolin-1 using ADIFAB in the external

buffer and BCECF in the cytoplasm, we found fast adsorp-

tion and translocation of LCFA (seconds) that was followed

by a slower step (min) that was dependent on the over-

expression of caveolin-1. The results suggested that caveolin-

1 did not affect adsorption of LCFA to the extracellular leaflet

of the plasma membrane or the fast translocation after ad-

sorption, but did affect intracellular ‘‘trafficking,’’ consistent

with the observation that caveolin-1 can localize to the cy-

tosolic leaflet of the plasma membrane (22). Further studies

are in progress with extracellular and intracellular probes to

delineate i), whether proteins can enhance adsorption of

LCFA to membranes; ii), whether this occurs with or without

enhanced movement of the LCFA across the membrane by

FAT/CD36; and iii), what step of membrane transport is af-

fected by ‘‘inhibitors’’ of LCFA transport (41,42).

In summary, our experimental protocols provide simple

and direct measurements of LCFA adsorption to membranes.

They do not depend on theoretical models, deconvolution of

multi-exponential fluorescence traces, or assumptions about

the delivery of LCFA from donors. Our results show fast

adsorption to protein-free bilayers, and validate our hypoth-

esis-based measurements of pH inside vesicles for monitor-

ing the kinetics of flip-flop. They provide a framework and

basis for evaluation the potential roles of proteins in binding

and transport of LCFA in biological membranes.

We would like to thank Kellen Fontanini for designing and producing Fig.

2 of this publication.
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