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ABSTRACT. The mechanism (or mechanisms) whereby fatty acids and other amphipathic compounds are
transported from the plasma membrane to intracellular sites of biotransformation remains poorly defined.
In an attempt to better characterize the role of cytosolic binding proteins in this process, a kinetic model
of intermembrane ligand transport was developed in which diffusional transfer of ligand between membrane
and protein is assumed. The model was tested by utilizing stopped-flow techniques to monitor the transfer
of the fluorescent fatty acid analogue, 12-anthroyloxy stearate (12-AS), between model membrane vesicles.
Studies were conducted in the presence or absence of bovine serum albumin (BSA), liver fatty acid-
binding protein (L-FABP), and intestinal fatty acid-binding protein (I-FABP) in order to determine the
effect of soluble proteins on the rate of intermembrane ligand transfer. As predicted by the model, the
initial velocity of 12-AS arrival at the acceptor membrane increases in an asymptotic manner with the
acceptor concentration. Furthermore, probe transfer velocity was found to decline asymptotically with
increasing concentrations of BSA or L-FABP, proteins that exhibit diffusional transfer kinetics. This
observation was found to hold true independent of whether donor or acceptor vesicles were preequilibrated
with the protein. In contrast, 12-AS transfer velocity exhibited a linear correlation with the concentration
of I-FABP, a protein that is thought to transport fatty acids, at least in part, via a collisional mechanism.
Taken together, these findings validate the derived kinetic model of protein-mediated ligand transport
and further suggest that the mechanism of ligapbtein interaction is a key determinant of the effect

of cytosolic proteins on intracellular ligand diffusion.

The liver cell plays an essential role in the clearance and serum albumin (BSA) and liver fatty acid-binding protein
subsequent metabolism of hydrophobic compounds to more(L-FABP) on the diffusion rate of a model fluorescent ligand,
polar metabolites. While the mechanisms underlying the NBD-stearate, in model cytoplasr®, (10) and in cultured
hepatocellular uptake of a host of molecular species has beertells ©, 11, 12). A strong correlation between protein binding
the subject of intensive investigatiof){( the processes by affinity and diffusion rate was identified, consistent with the
which amphipathic ligands are transported through the proposition that binding proteins enhance diffusive transport
cytoplasm to intracellular sites of biotransformation remain by reducing ligand binding to immobile intracellular mem-
poorly understood. A variety of soluble, low-molecular- branes®). Further support for this hypothesis is derived from
weight proteins capable of binding fatty acidg, (3), the observation that compounds which compete for FABP
cholesterol4), phospholipidsg), and bilirubin @) have been binding impair the cytoplasmic diffusion of NBD-stearate
isolated from liver tissue, and it has been proposed that thesg13) and from the enhanced rates of NBD-stearate diffusion
proteins facilitate the directed transport of their specific in L cell fibroblasts (4, 15) and mouse embryonic stem cells
ligands through the cell cytosol7(8). However, data  (12) transfected with L-FABP, intestinal FABP (I-FABP),
regarding the influence of cytosolic proteins on the intrac- or sterol carrier protein 2. On the other hand, Darimont et
ellular transport of hydrophobic compounds are conflicting. al. (16) found that overexpression of I-FABP in stably

The technique of fluorescence recovery after photobleach-transfected Caco-2 cells inhibited cellular incorporation of

ing (FRAP} has been used to examine the effect of bovine radiolabeled palmitate.
Other investigators have attempted to characterize the role
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grant (DK-51679). effect on the rate of diffusion of amphipathic ligands between
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L Abbreviations: BSA, bovine serum albumin; DHE, dehydroergos- phatidylcholine between donor and acceptor membrats (
tef{olz FﬁBthlfattyhaCId-lﬁlgdAlg% prozelr:_S: ITRfAtlt:’, fluq(;es_ctance recovery 18). Sterol carrier protein 2 also was found to significantly
after photobleaching; I- , intestinal fatty acid-binding protein; ;

L-FABP, Ijver fatty acid-bindi.ng protein; NBD-PH\I-(?-nitro-Z,l,S- er:'hlanie tf:e rat? of mtsrr::egmrane ttranslfelgaf the guolrescem
benzoxadiazol-4-yl)phosphatidylethanolamine; 12-AS, 12-(9-anthroyl- CNOl€Sterol analogue denydroergostero (DHB), @0). n
oxy)stearic acid. contrast, these same investigators demonstrated only minimal
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enhancement of DHE diffusion in the presence of L-FABP
(19, 20). On the basis of the finding that liver cell cytosol

stimulates the intermembrane transfer of cholesterol but not

[-carotene, Gugger and Erdma2il) concluded that caro-
tenoid diffusion is not facilitated by cytosolic proteins. Our
own work indicates that increasing the concentration of

glutathione S-transferase B (the presumed intracellular carrier

protein for bilirubin) causes an asymptotic decline in the rate
of transfer of unconjugated bilirubin between model and
native hepatocyte membrane vesicl2g)(

It has been suggested that the conflicting data regarding

the effect of cytosolic proteins on the diffusion of amphip-
athic compounds are a manifestation of differences in

diffusion distances between the various experimental sys-
tems. This theory holds that vesicle studies generally are

performed under conditions where distances over which
ligand diffusion occurs are relatively minute and that the
effect of binding proteins on ligand diffusion rates is more

pronounced when examined over the larger distances present

within the cell L0). To examine this hypothesis and to better
characterize the role of cytosolic proteins in intracellular
transport, we developed a kinetic model of protein-mediated
intermembrane ligand diffusion in which diffusion distance
and ligand and protein diffusion coefficients are considered.
We subsequently tested the predictions of the model by
analyzing the transfer of the fluorescent fatty acid analogue
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12-anthroyloxy stearate (12-AS) between donor and acceptor

membranes. The results of these studies suggest that th%

mechanism of ligandprotein interaction is an essential
determinant of the effect of soluble binding proteins on the
rate of ligand diffusion.

EXPERIMENTAL PROCEDURES (MATERIALS
AND METHODS)

Materials.Grade 1 egg lecithin (phosphatidylcholine) used
in the preparation of phospholipid vesicles was obtained from
Lipid Products (Surrey, England). The fluorescent stearic acid
probe 12-(9-anthroyloxy)stearic acid (12-AS) was purchased
from Molecular Probes (Eugene, OR)-(7-Nitro-2,1,3-
benzoxadiazol-4-yl)phosphatidylethanolamine (NBD-PE) was
obtained from Avanti Polar Lipids (Birmingham, AL).
Essentially fatty acid-free bovine serum albumin was pur-
chased from Sigma Chemical Co. (St. Louis, MO). Purified
liver and intestinal fatty acid-binding proteins were kindly
donated by Dr. Judith Storch. All glassware was washed in
chloroform prior to use to eliminate potential lipid contami-
nation.

Preparation of Phospholipid VesicleSmall unilamellar

IGURE 1: Kinetic model of protein-mediated intermembrane ligand
iffusion. The upper panel schematically illustrates the experimental
system used for monitoring the spontaneous transfer of the fatty
acid analogue, 12-anthroyloxy stearate (12-AS), from phosphati-
dylcholine @) donor vesicles to acceptor vesicles containing 10
mol % NBD-phosphatidylethanolamine (NBD-RE). At time zero

(to), 12-AS-containing donor vesicles are rapidly mixed with NBD-
labeled acceptor vesicles by stopped-flow techniques. The rate of
diffusion of 12-AS from the donor to the acceptor membrane is
calculated from the time-dependent quenching of anthroyloxy
fluorescence intensity. Experiments are performed in the absence
(upper pathway) and presence (lower pathway) of soluble binding
proteins. The lower panel depicts the kinetic model developed to
describe the diffusion of an amphipathic ligand (L) from a donor
membrane (subscript d) to an acceptor membrane (subscript a). The
model assumes a diffusional transfer mechanism for the free ligand
between the donor and acceptor membranes (upper pathway) and
between the membranes and the carrier protein (lower pathway).
All molecular species and kinetic parameters are defined in Table
1.

vesicles by cosonication in the presence of phosphatidyl-
choline at a molar ratio of 10 mol %. Phospholipid
concentration was quantified by the lipid phosphorus assay
method of Bartlett 25).

Stopped-Flow Analysis of Intermembrane Fatty Acid

vesicles were prepared by sonication according to the methodTransfer.Anthroyloxy-labeled fatty acids exhibit substantial

of DiCorleto and Zilversmit 23), as previously described.
A chloroform solution of egg phosphatidylcholine was

fluorescence when associated with membrane vesicles com-
posed of phosphatidylcholin2€), and it has previously been

evaporated to dryness under argon atmosphere, solubilizedlemonstrated that this fluorescence is efficiently quenched

in diethyl ether, and re-evaporated to form a uniform film.
The lipids were desiccated overnight under vacuum to

by the incorporation of NBD-PE into the lipid bilaye2?).
Therefore, by employing an experimental system originally

remove traces of solvent and then suspended in a standardlescribed by Kleinfeld and Storc2§), the rate of 12-AS

buffer containing 0.1 M NaCl and 40 mM Tris (pH 8.1).

transfer from small unilamellar phosphatidylcholine donor

The lipid suspension was sonicated under argon atmosphereesicles to acceptor vesicles containing 10 mol % NBD-PE

in a bath sonicator (Laboratory Supplies Company, Hicks-
ville, NY) until clear. The mean diameter of vesicles prepared

can be accurately measured by monitoring the time-depend-
ent quenching of anthroyloxy fluorescence intensity (Figure

in this manner was 29 nm, as determined by quasielastic1, upper panel). Since the quantum vyield of free 12-AS is

light scattering 24). NBD-PE was incorporated into acceptor

trivial as compared with that of membrane-bound probe, and
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Table 1: Definition of Terms

term definition
v velocity of ligand arrival at the acceptor membrane (mol/s)
[Ld] free ligand concentration near tdenormembrane (mol/cA)
[Ld free ligand concentration near theceptormembrane (mol/ci)
[Md] concentration oflonormembrane phospholipid (mol/én
M4 concentration oficceptormembrane phospholipid (mol/én
[Mg-Ld] concentration of ligand bound to tld®normembrane (mol/c#)
[MaLg concentration of ligand bound to tleEceptormembrane (mol/cf)
[P] concentration of free binding protein (mol/&m
[P-Ld] concentration of protein-bound ligand near ttenormembrane (mol/c@)
[P-L4] concentration of protein-bound ligand near #eeeptormembrane (mol/cf)
KM, affinity constant of the membrane for the ligand {émol)
KPa affinity constant of the binding protein for the ligand (&mol)
KMo rate constant for the dissociation of ligand from membrane (1/s)
KPoft rate constant for the dissociation of ligand from binding protein (1/s)
kMo rate constant for the association of ligand with membrané/[onol-s)]
KPon rate constant for the association of ligand with binding proteir?[gnol-s)]
d diffusion distance (cm)
o] depth of unstirred water layer (cm) [considered equivalen to
A volume within which diffusion occurs (cth
S membrane surface area @fequivalent toVy/d]
Dy diffusion coefficient of the ligand (cfs)
Dp diffusion coefficient of the binding protein (cis)

since the concentration of free probe is exceedingly low Kinetic Model of Intermembrane Ligand Transporhe
under the conditions utilize®7), changes in probe fluores- case in which intermembrane ligand transfer occurs in the
cence directly reflect 12-AS arrival at the acceptor mem- absenceof binding proteins is first considered (Figure 1,
brane. lower panel). The mathematical derivations are based on the

An Aminco-Bowman Il fluorescence spectrophotometer assumption that all ligand is localized to thg donor (e.g.,
equipped with an SLM-Aminco MilliFlow reactor (mixing Plasma) membrane at the start of the experiment and that
time 20 ms) facilitated the rapid mixing of donor and initial rate conditions prevail, such that the concentration of
acceptor vesicles. Excitation and emission wavelengths were!!9and bound to the acceptor (e.g., endoplasmic reticulum)
383 and 455 nm, respectively, and a standard Samp"ngmembrane, [MLg], equals zero. All terms used in this and

interval of 200 ms was employed in all studies. The use of subgequent derivations are detaﬂgd in Table 1. As it
excitation and emission slits of 2 and 8 nm resulted in previously has been shown that the intermembrane transfer

minimal photobleaching, which had no significant impact of faity acids occurs by aqueous (_1iffusi0n of free faity acid
on the results. As it préviously has been shown that the Mmonomers rather than via collisions between donor and

intermembrane transfer of anthroyloxy fatty acids is best acc;epmlto: membranteﬂ), th; initial velt;)cny @) of Ilgand
described by two exponential27, 29), the time course for arnval at theacceptormembrane can be expressed as

changes in 12-AS fluorescence was analyzed by fitting the d[M,-L]
fluorescence curves to both single- and double-exponential y=—2 & kMoan[M JIL (1)
functions, as previously described4( 30). Quality of fit dt

was assessed by regression analysis, and--test was
applied to determine if the inclusion of an additional term
provided a statistically significant improvement in curve fit.
To facilitate testing of the experimental model, data also are

plotted in terms of the initial velocity of 12-AS arrival, o yicinity of the acceptor membrane. If one further assumes
calculated from the slope of the transfer curve at 2 s. that the concentration of free ligand near thenor mem-

The incorporation of 12-AS into donor vesicles was brane, [Lg], reaches steady state rapidly and remains constant
accomplished by solubilizing the fluorescent probe in ethanol during the initial transfer rate measurements (i.e., rapid
and adding a small aliquot<Q.1 vol %) to the vesicle  equilibrium) @1, 32), then
suspensiond7, 28). For studies of protein-mediated fatty
acid transport, binding proteins were preequilibrated with a d[L ]
suspension of acceptor vesicles prior to stopped-flow mixing, ~ gt
unless otherwise indicated. In a standard experiment, the final SD SD
concentration of 12-AS was /M, and donor and acceptor 5 Lbd + 5 LLd =0 (2)
vesicle phospholipid concentrations were 50 and #Bb0
respectively. Minor variations in rate measurements betweenwhere [My] and [Mg:L4] are the concentrations of donor
experiments were experienced as a result of imprecisions inmembrane and the donor membratigand complex, re-
the measured lipid concentration of independently preparedspectively, kM. is the off-rate constant for the ligand from
stock solutions. In an effort to reduce this type of variability, the donor (or acceptor) membrar&is the external surface
a single stock solution of sonicated donor and acceptor area of the vesicles) is the depth of the unstirred water
vesicles was utilized for each set of experiments. layer 33), andD, is the diffusion coefficient for the ligand.

wherekM,, reflects the on-rate constant for ligand binding
to the acceptor (or donor) membraigjs the volume within
which diffusion occurs, [M is the acceptor membrane
concentration, and [l is the concentration of free ligand in

= kMofde[M ald — kMoan[Ld][M d —



980 Biochemistry, Vol. 40, No. 4, 2001 Zucker

Assuming the affinity of the ligand for the donor membrane the donor membrane over time can be written as
is equivalent to that for the acceptor membrane, then the

quiv 0 é _ 4L
b e ConStan;( aca]n e en e dt_d = Ko VlPIIL ol — Ko V[P-Lyl —
M MLy S . S -
T ML + MJIL 3) 2DP-LJ + SDAP-L] ()

where [PL4 indicates the concentration of ligand-bound
protein near the acceptor membrane &pdrepresents the
L= diffusion coefficient of the protein. Assuming rapid equi-
Ld= o

librium, such that

Solving eq 3 for [lg] and substituting into eq 2 yields

SDM L dLd _dPLd _

dt dt

(4)

KV M JIM J + D KY M + DKM M ]
and expressing the equilibrium affinity constant of the protein

Within the cell, the diffusion distancel), which is equivalent ~ for the ligand as

to V4/S, can reasonably be assumed to be equivalert to - [P-Ly +[PL]

Upon substitution for [L] in eq 1, the inverse velocity of P _ (9)
ligand arrival at the acceptor membrane, in the absence of & [PIIL4 +[PIL.]
binding proteins, is given by
we obtain the following velocity equation:
d’KM M M
0" Da[ Sl [[Mi]]) g v, [Ml-L R | P | M
L K o[ ValM a"k-d v o } D,
off
If the concentration of donor membranes is maintained 2D, DPKPa[P] [Md]\ 1 1
constant, the influence of the acceptor membrane concentra- |1+ —5— D [M } M (VM L
tion on the velocity of intermembrane ligand transfer is dk” o L al IR o VelM L
described by the following general solution to eq 5: (10)
1 Examination of eq 10 reveals that, for a diffusional mech-
VETE (6) anism of ligand-protein interaction, the additional terms
1 4c generated by the presence of a carrier protein (shown in
M, 2 boldface type) can only result in decreasein the initial

velocity of ligand arrival at the acceptor membrane. If donor
whereC; and C, are constant terms. On the basis of this and acceptor membrane concentrations are maintained
equation, it is anticipated that the ligand transfer rate will constant, eq 10 can be simplified to the following general

increase asymptotically with [A solution:

Kinetics of Protein-Mediated Ligand Transpofte case
in which intermembrane ligand transfer occurs in the v -1 (11)
presenceof a soluble binding protein is how considered. CjP]1+C,

Bovine serum albumin has been utilized as a model binding o .
protein in several FRAP studies of intracellular diffusion ( ~ Where Cs and C, are constants comprising the following
10). As it previously has been shown that the transfer of combination of parameters:

fatty acids between membrane vesicles and BSA occurs via p

aqueous diffusion34), a kinetic model of protein-mediated C.= DpK a{l + M} 1 1
intermembrane ligand transport was developed in which a 3 D, \ M\ KM VML

diffusional mechanism of liganéprotein interaction is of

assumed (Figure 1, lower panel). Under these conditions, KM M M]
the time-dependent change in free ligand concentration nearc, = & ¢ 14— 1 >
the donor membrane can be expressed as Dy M \KY
2D
diL ] 1+ P 1
g = KoMl — KVl M - | \VeM L

K onVe[PIIL ] + Ko Ve[P-L gl — ESDL[L d+ ESDL[La] (7) On the basis of eq 11, an asymptotic decline in the velocity
of ligand intermembrane transfer is predicted as the con-

where [P] represents the concentration of free protein, [P Centration of binding protein is increased.
L] reflects the concentration of ligand-bound protein near RESULTS

the donor membrane, ahd,, andk are the on- and off-
rate constants for the ligand from the protein. Similarly, the  In an attempt to validate the derived model of intermem-
change in concentration of the proteiigand complex near  brane ligand transfer (eq 5), we utilized the fluorescent fatty
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[Acceptor] phospholipid (Figure 2, lower panel), consistent with the
proposed model.

Mechanism of 12-AS Transfer betweenviBe Serum
5 uM Albumin and Phospholipid VesicleSince bovine serum
albumin (BSA) has been employed as a model binding
protein in studies of fatty acid diffusior®(10), we sought
to examine the effect of this protein on the kinetics of 12-
AS intermembrane transfer. The outlined model of protein-
25 uM mediated ligand diffusion (eq 10) assumes that ligand transfer
50 pM between membrane and protein occurs via aqueous diffusion.
100 pM While it previously has been shown that the transfer of
myristate between BSA and membrane vesicles occurs by
Time (s) this mechanism34), we sought to validate these findings
for the fluorescent fatty acid analogue (12-AS) used in the
3 present studies. The mechanism of ligand transfer can be
deduced by measuring transfer rates in the presence of
varying donor and/or acceptor concentratioR® (32). For
21 a collisional process, the transfer rate increases in a linear
fashion in conjunction with either the donor or acceptor
concentration. Conversely, the rate of diffusion-mediated
transfer asymptotically approaches the dissociation rate from
the acceptor as the donor:acceptor ratio rises. Since the
guantum yield of 12-AS is markedly enhanced on binding
0 100 200 300 400 500 to bovine serum albumin, the transfer of 12-AS from BSA
to NBD-labeled acceptor vesicles was analyzed by an

Ficure 2: Effect of acceptor vesicle phospholipid concentration approach similar to that employed in the study of 12-AS
on the rate of 12-AS intermembrane diffusion. In the upper panel, mtermembr_ane diffusion (Figure 3, upper_panel). Transfer
the spontaneous transfer of 12-AS{dl) from phosphatidylcholine ~ CUrves again were foun_d to be best described by a double-
donor vesicles (5&M phospholipid) to 10 mol % NBD-labeled  exponential function, with the slow component of transfer
acceptor vesicles is recorded over a range of acceptor concentrationtikely reflecting flip-flop of the probe at theacceptor
(0—250uM phospholipid). Each curve reflects the average of four \nembrane. An asymptotic decline in the rate of 12-AS

stopped-flow injections performed at 2& and is expressed as . .
the ratio of 12-AS fluorescence intensitl)(versus initial fluo- transfer is observed as the molar ratio of donor BSA to

rescence at time OFf). As previously reported2(), curves are acceptor phospholipid increases (Figure 3, lower panel),
best describedp(< 0.0005) by a double-exponential function (solid consistent with a diffusional transfer mechanissg)(

lines). In the lower panel, the 12-AS transfer velocit® & isplotted Effect of B@ine Serum Albumin on the Intermembrane
against the acceptor vesicle phospholipid concentratiorb(D

0 pM

10 uM

Velocity (mol-s™)

[Acceptor Phospholipid] pM

uM). Each point represents the meanSD of three separate sets Transfer of 12-ASTo Qetermlne the effect of bovine serur_n
of stopped-flow injections. The data are fit to eq 6 (solid lipes albumin on the rate of intermembrane ligand transfer, varying
0.0005), producing values for the constaBisandC, of 0.094+ concentrations of BSA were added to a suspension of NBD-

0.007 s/cr and (2.92+ 0.07) x 10f s/mol SE), respectively. labeled acceptor vesicles prior to stopped-flow mixing with
donor vesicles containing 12-AS (Figure 4, upper panel). As
acid probe, 12-anthroyloxy stearate (12-AS), as a representapredicted by eq 11, there is a coincident decline in the rate
tive amphipathic ligand. The upper panel of Figure 2 displays pf 12-AS intermgmbrane transfer as the cpnpentration of BSA
the results of a series of stopped-flow recordings of the is increased (Figure 4, lower panel). Similar results were
spontaneous transfer of 12-AS from small unilamellar obtained when BSA was preequilibrated with the donor,
phosphatidylcholine vesicles to varying concentrations of rather than the acceptor, vesicles (Figure 5). To control for
10% NBD-PE-labeled acceptor vesicles, conducted in the confounding effects arising from potential changes in 12-
absence of binding proteins. The finding that no detectable AfS quore?cencehlnte?]sny V‘I’hﬁ‘”l,bound to BSA, Ithe transfer
transfer signal is observed in the absence of acceptorvesicleg 12-AS rorr(njpl:)) ostp at'%lyff o;nehdqnor ves_lc €s tg BSA
(Figure 2, upper panel) verifies that the contribution of free was examined by stopped-Tiow techniques (Figure 6, upper
12-AS to the overall signal is negligible and can reasonably p?nel). l;nder these cond|t|o_nst,3a Chéiri%e Aréthgzllqgjantlam yledld
. i . .2 of membrane- versus protein-boun -AS will be reflecte
be ignored under the conditions employed in these studies. : :
Thisgfindin is ot surorising in i hrt) ogthe low 24UEOUS by a time-dependent change in anthroyloxy fluorescence. The
nding 1s 1 P 9 gnt quec observation that the fluorescence intensity of 12-AS bound
solubility and highK, for 12-AS binding to phospholipid

! ) - ) to donor vesicles is unaffected by the presence or absence
vesicles 5). Consistent with previous report27% 28), of BSA indicates that the quantum yield is similar for

transfer curves are best described by a double-exponentiainemprane- and protein-bound probe. These findings further
function, with the fast component of transfer reflecting yalidate the experimental system, confirming that quenching
dissociation of the fatty acid probe from the external bilayer of 12-AS fluorescence intensity occurs only in the presence
leaflet and the slow phase representing transbilayer flip-flop of NBD-labeled acceptor vesicles.

(27, 28). When plotted against the acceptor vesicle concen- Influence of Lier and Intestinal Fatty Acid-Binding
tration, the initial velocity of 12-AS transfer increases Proteins on the Kinetics of 12-AS Diffusioiio assess
asymptotically with the concentration of acceptor vesicle whether data obtained with bovine serum albumin are
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Ficure 3: Transfer of 12-AS from BSA to membrane vesicles: FiGure 4: Effect of BSA on the rate of 12-AS diffusion between
influence of the albumin concentration. The upper panel displays membrane vesicles. The upper panel displays a series of fluores-
representative fluorescence recordings of 12-A%N1) transfer cence recordings of 12-AS (iM) transfer from phosphatidylcho-
from varying concentrations {164 uM) of bovine serum albumin line donor vesicles (5@M phospholipid) to a suspension of NBD-
(BSA) to small unilamellar phosphatidylcholine acceptor vesicles labeled acceptor vesicles (18 phospholipid) preincubated with
containing 10% NBD-PE (10@M phospholipid). Tracings repre-  varying concentrations (664 «M) of bovine serum albumin (BSA).
sent the average of four stopped-flow injections performed at 25 Each curve represents the average of four stopped-flow injections
°C and are best described by a double-exponential function (solid performed at 25C and is fit to a double-exponential equation (solid
lines). In the lower panel, a plot of the 12-AS transfer velocity at lines). No time-dependent changes in fluorescence intensity are
2 s versus the molar ratio of BSA to acceptor vesicle phospholipid observed in the absence of acceptor membranes. In the lower panel
exhibits an asymptotic decline, consistent with a diffusional transfer a plot of the transfer velocity#{SD) versus the BSA concentration
mechanism. Data points reflect the me&nSD of three sets of is shown. The solid line reflects the fit to eq Jd€ 0.0005), which
experiments and are fit to a previously described model of produces values fo€; andC, of (3.7 4+ 0.2) x 10 cm?-s/mokF
diffusional transfer 6). and (3.53+ 0.03) x 1 s/mol SE), respectively.

. - . . intermembrane ligand transport. The results of experiments
generghzable to ot.h'er soluple binding protems,'adqmqnal examining the intermembrane transfer of the fluorescent fatty
experiments examining the lnflueng:e O.f fatty acid-binding acid analogue 12-AS in the presence of BSA and L-FABP
proteins on 12".6‘8 intermembrane diffusion were performed. are entirely consistent with the proposed model. Indeed, these
Liver and '”tes“'."a' FAB'.D were selected for analysis b.ecauseﬁndings intuitively make sense in light of the fact that, for
these wo proteins .prevl|ously have bee_n shown to bind ar]dmost amphipathic ligands (e.g., fatty acids, phospholipids),
transport 12.'AS via_different me'chqmsm37.x. Control solvation from the donor particle represents the rate-limiting
studies again demonstrate that binding to liver (Figure 6, step in the transfer proces40-43). A collisional transfer

lower p_anel) or intestinal (data not sh_own) FABP does not mechanism involves direct contact between the protein and
appreciably alter 12-AS fluorescence intensity as comparedthe donor membrane. If the interaction of the protein at the

W'th. Imemt_)trharliel—:tfggd pr:.o?lei Premctjb?utct)n Of. dacc_eptor membrane surface causes a reduction in the energetic barrier
\éifsmles VIV' h ] WSI; ransports 3 ytam S V'? a 1o ligand dissociation, an enhanced rate of transfer should
iusional mec anismag, ) ), causes a mo est, concentra- o q i @3—45). Therefore, proteins that exhibit a collisional
tion-dependent decrease in the rate of 12-AS |ntermembranemechamism (e.g., adipocyte FABP, phosphatidylcholine

'Itransf?r (Ftlgurr]e 72’?23'89()‘;].5 tho resglts (lJbtr?mek;j with hBSA' transfer protein) would be expecteditereasethe rate of
n contrast, when I- » WRICN préviously has DEEN SNOWN o) at the acceptor membrane, as was observed with

to exhibit a collisional transport mechanisBir), is prein- I-FABP. In the case of diffusional transport, there is no direct
cubated with acceptor vesicles, the rate of 12-AS transfer ;o o otion petween membrane and protein; hence, dissocia-
from_ don(_)r to acceptor membran_es Ncreases n a IIneartion of ligand from the donor membrane (or arrival at the
fashion with the protein concentration (Figure 8). acceptor membrane) cannot be facilitated.

Vork et al. @5) developed a computer model of intracel-
lular flux in which the effect of a soluble binding protein on

The outlined model of intermembrane ligand transport (eq ligand translocation from one membrane to another is
9) predicts that soluble proteins that exhibit diffusional considered. On the basis of results of computer simulations,
binding kinetics (e.g., BSA, L-FABP) will slow the rate of these authors proposed that the rate of ligand transfer from

DISCUSSION
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Ficure 5: Effect of preincubating donor vesicles with BSA on  Figure 6: Influence of protein binding on 12-AS fluorescence
the rate of 12-AS intermembrane transfer. In the upper panel, dataintensity. In the upper panel, recordings of 12-AS 4M)

from a series of experiments examining the effect of bovine serum fluorescence when bound to small unilamellar phosphatidylcholine
albumin (BSA) on the rate of transfer of 12-AS between small donor vesicles (5:M phospholipid) were obtained following
unilamellar phosphatidylcholine donor vesicles and 10 mol % NBD- stopped-flow mixing with varying concentrations of NBD-labeled
labeled acceptor vesicles are displayed. The experimental conditionsacceptor vesicles (NBD) and/or bovine serum albumin (BSA).
are identical to those described in Figure 4, with the exception that Fluorescence intensity is expressed in arbitrary units (au). The upper
the BSA (0-644M) was preequilibrated with the 12-AS-containing  two tracings were obtained in the absence of acceptor vesicles and
donor vesicles prior to stopped-flow mixing. In the lower panel, demonstrate that the signal intensity for BSA-bound 12-AS is
the rate of 12-AS transfer#SD) is plotted against the BSA  similar to that for membrane-bound probe. The addition of NBD-

concentrationrf = 3). The data are fit to eq 11 (solid linp, < labeled acceptor vesicles (lower curves) results in a time-dependent
0.0005), withCs = (7.5 0.8) x 10 cm®s/moF andC, = (3.37 decrease in fluorescence signal, due to quenching of 12-AS
4+ 0.08) x 1 s/mol ESE). fluorescence intensity following the spontaneous transfer of the

- ._probe to the acceptor membranes. Fluorescence intensities are
donor to acceptor membrane is linearly related to the protein corrected for inner filter and light-scattering effects of the NBD-

concentration under the condition where collisional interac- labeled vesicles. The lower panel displays the results of similar
tions occur at both membranes. Furthermore, in the situationstudies in which BSA is replaced by liver fatty acid-binding protein
where no collisional interactions were allowed (i.e., diffu- (L-FABP).
sional transport), ligand translocation was found to be solely possibility that two transport mechanisms are simultaneously
determined by the rate of spontaneous dissociation of theoperational, the observed decrease in the rate of intermem-
ligand from the donor membrane. While their model does brane 12-AS transfer with increasing protein concentration
not account for a concentration-dependdatreasen the (Figure 7) supports a predominantly diffusional mechanism
rate of intermembrane ligand transfer when a diffusional of L-FABP-mediated transport of neutral membrane lipids.
transport mechanism is operational, the general conclusionsOur data further indicate that I-FABP transports fatty acids
reached by these investigators are largely consistent with ourvia a mechanism distinct from that for L-FABP and are
findings. consistent with prevailing evidence that this process involves
Previous studies of myristate transfer between unilamellar protein—-membrane collisions3({7, 47). It is notable that
vesicles composed of dimyristoylphosphatidylcholine and enterocytes express both intestinal and liver isoforms of
bovine serum albumin indicate a diffusional mechanism of FABP. The fact that the expression of L- and I-FABP is
fatty acid exchange3d). Our findings with respect to the differentially regulated 48) and that the proteins exhibit
kinetics of 12-AS transfer from BSA to NBD-labeled distinct transport mechanisms suggests a unique cellular
phosphatidylcholine vesicles provide further confirmation of function for these two FABP isoforms7).
these results. Data regarding the mechanism of liver FABP-  Our findings contradict the results of FRAP studies, which
mediated fatty acid transport are more controversial. While have consistently demonstrated that both BSA and L-FABP
a majority of studies support a diffusional mechanism of fatty enhance the rate of fatty acid diffusion in model cytoplasm
acid transfer §7—39), other investigators have shown that (9, 10), as well as in permeabilize®) and intact {1-13,
the binding of L-FABP to anionic lipid vesicles results in  15) cells. In an attempt to explain these discrepant observa-
ligand release4p), consistent with a collisional transport tions, Weisiger 10) has suggested that binding proteins are
mechanism. Although our analyses cannot exclude the not required for the “short” intermembrane transfer distances
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FIGURE7: Effect of liver EABP on the diffusion of 12-AS between 'GURE 8: Influence of intestinal FABP on the kinetics of 12-AS

membrane vesicles. The upper panel displays representaltiVeintermembrane diffusion. The upper panel displays tracings of 12-

. AS intermembrane transfer in the presence of varying concentrations
fluorescence recordings of the transfer of 12-ASu{#l) from ) - o LS !
phosphatidylcholine d(?nor vesicles (68 phospholipid) t2> NBD- (0—2.5uM) of intestinal fatty acid-binding protein (I-FABP), along

' PR with double-exponential fits (solid lines). Conditions are identical
ﬁ;ggg i%cfc%ﬁ[rgﬁﬁﬁéesééfgﬂﬂ)oﬁhﬁ)\l,'gr'd%;ﬂ;hgc?fﬁﬁgfngf to those described in Figure 7. In the lower panel, it is observed
protein (L-FABP). Each curve represents the average of four that the 12-AS transfer velocitySD) increases linearly with the

A i i f I-FABPr(= 4). Since eq 11 is unable to account
stopped-flow injections performed at 26 and is fit to a double- concentration o A ; "
exponential equation (solid line). Again, there is no change in Ig;z;;eplltgeogggisfer rate, the solid line reflects a linear fit of
fluorescence in the absence of acceptor vesicles. In the lower panel, ) )
the 12-AS transfer velocity{SD) is plotted versus the concentra- o ) ) )
tion of L-FABP (n = 3), with the data fit to eq 11 (solid ling, < are maintained constant, an increase in the distance between

0.05). Values obtained for the consta@gandC, are (8% 2) x donor and acceptor membranes will decrease the velocity
10" cm?-s/moF and (6.4+ 0.1) x 10° s/mol (+SE), respectively.  of Jigand arrival at the acceptor membrane (eq 5). Further-
. . i o more, at any given diffusion distance, the addition of a
present in experimental systems in which ligand transfer pinging protein with a diffusional transfer mechanism is
between model or isolated native membrane vesicles ispagicted to impede ligand translocation, an effect that is
examln(_ad. He has further p(_)st_ulated that, fprthe sufficiently independent of protein concentration (eq 9). On the other
large distances present within the cell (i.e., greater thanpang at a specified protein concentration, differences in
/D /KM, ), the diffusion of amphipathic compounds is ligand transfer velocity in the presence or absence of a
greatly enhanced by binding proteirig). In support of this binding protein diminish as the diffusion distance increases
hypothesis, liver FABP has been shown to increase the ratetoward infinity. Unfortunately, it is difficult to test these
of fatty acid transport when donor and acceptor membrane predictions because the only way to modulate the distance
compartments are separated by a filt49, (50). However, between membrane vesicles is by modifying the vesicle
the proposed mathematical model is unable to account forconcentration, which independently affects the ligand transfer
the concentration-dependet¥clinein the rate of intermem-  rate.
brane ligand transfer observed in the present experiments. Thus, we are left with a situation in which robust
While the diffusion distances present in our vesicle transfer experimental data lead to paradoxical conclusions. FRAP
studies £0.9um for 100uM phospholipid) are small relative  analyses unequivocally support that BSA enhances intrac-
to the average diameter20 um) of a hepatocytel(D), one ellular fatty acid diffusion, while vesicle transfer studies
must take into account the fact that cells contain a myriad indicate that this protein inhibits intermembrane fatty acid
of internal membranes. Hence, it is likely that the movement translocation. A possible explanation for these seemingly
of an amphipathic ligand inside the cell consists of a series incongruous observations may reside in the ligand utilized
of “hops” from one intracellular membrane to another, each for study. Both NBD-stearate (employed in FRAP studies)
event involving distances that are well within the range and anthroyloxy stearate (used in the present investigations)
examined in our stopped-flow system. Moreover, the kinetic are fatty acid analogues, and the attached fluorescent group
model of intermembrane ligand transport outlined in Figure potentially may alter the physical properties of the molecule
1 was specifically designed to take into consideration as compared with the corresponding native fatty acid. 12-
diffusion distance, as well as ligand and protein diffusion (9-Anthroyloxy)stearic acid was selected for use in the
coefficients. According to this model, if all other variables present experiments because this probe has previously been
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employed in a number of binding and transfer stud8%& protein is rate-limiting in many circumstances. Indeed, this
39, 51, 52), and a substantial body of information regarding is the likely explanation for the surprising finding that, by
the physical and kinetic properties of this molecule is use of FRAP, an extracellular protein (BSA) appears to be
available 26, 35, 53, 54). Moreover, the partition behavior, more effective than a cytoplasmic protein (L-FABP) in
transfer properties, and intracellular metabolic fate of an- promoting NBD-stearate diffusion both in model cytoplasm
throyloxy fatty acid analogues are similar to those of native and in permeabilized cell®).

fatty acids 65, 56). While much less is known about the From the above discussion, it is apparent that FRAP
physical properties of NBD-labeled fatty acids, there is studies examine a different end point than vesicle transfer
evidence to suggest that the presence of the NBD groupexperiments, and this fact may account, at least in part, for
causes a marked deviation in the orientation of the moleculethe divergent findings obtained by these two methodologies.
in membrane bilayers in comparison with native fatty acids Furthermore, FRAP analyses assume steady-state conditions

(53, 57). On the other hand, although alterations in the
physical properties of a ligand conceivably may cause
guantitative changes in binding affinity and dissociation rate,
it seems less likely to affect the kinetitechanisnunderlying
the ligand-protein interaction.

It must be emphasized that our kinetic model is based on
the fundamental assumptions that (1) all ligand initially is
bound to the donor membrane (i.e., initial rate), (2) the ligand

(i.e., [La) = [L4]), which is not the case for the model outlined
in Figure 1. If one puts this information in the context of a
cell, stopped-flow experiments are most reflective of an initial
ligand bolus, while FRAP studies more closely mimic
equilibrium conditions. These important differences probably
account for the divergent results obtained by these two
methodologies. While it ultimately remains to be determined
how these data pertain to normal cellular physiology, our

destination is a membrane, and (3) a rapid equilibrium is findings validate the derived kinetic model of protein-
reached near the surface of the donor membrane before thenediated ligand transport and provide support for the

concentration of ligand in the donor membrane is signifi-
cantly depleted. It can be argued that each of these assump
tions is generally applicable to conditions inside of the cell.
Ligand first appears at the “donor” membrane as a result of

hypothesis that the mechanism of ligafrotein interaction
is an important determinant of the effect of soluble proteins
on intracellular ligand diffusion.

diffusion through or transport across the plasma membrane, ACKNOWLEDGMENT

and rapid metabolism by membrane-based enzymes can
reasonably be assumed to instantaneously deplete any ligand

arriving at the “acceptor” membrane. Finally, the develop-
ment of rapid equilibrium near the donor membrane has
previously been validated for molecules such as phospho-
lipids (31, 32), which dissociate significantly more slowly
than fatty acids. It is notable that the outlined conditions are
unquestionably fulfilled in our stopped-flow studies of
intervesicle ligand transfer.

While the assumption of rapid equilibrium also is ap-
plicable to FRAP analyses, the other stated conditions do
not hold. For instance, at the initiation of photobleaching,
ligand already is in equilibrium between membranes and
binding proteins, with the proportion of protein-bound ligand
determined by the concentration of protein introduced into
the system. However, this fact alone cannot explain the
increased rate of ligand diffusion observed in FRAP studies,
as we have shown that preincubation of donor vesicles with
BSA still results in adecreasedate of intermembrane 12-
AS transfer (Figure 6). More importantly, in contrast with
intermembrane transfer studies, which monitor ligand arrival
at the acceptor vesicle, most FRAP analyses do not distin-
guish between membrane- and protein-bound ligand. Hence,
a substantial proportion of ligand appearing within the
photobleached region remains associated with the binding
protein, and the velocity of ligand “arrival” is actually

described by the more complex expression (as compared with

eq 1)

VrraP =

dMyLJ | dIPL)
dt dt

It can be argued that protein-bound ligand cannot truly be
considered “delivered” since, in the case of diffusional
transfer, the proteinligand complex is unavailable for

biotransformation, and dissociation of the ligand from the
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