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Abstract Intestinal enterocytes contain high concentra-
tions of two cytosolic fatty acid-binding proteins (FABP),
liver FABP (L-FABP) and intestinal FABP (I-FABP), which
are hypothesized to play a role in cellular fatty acid traffick-
ing. The mechanism(s) by which fatty acids move from
membranes to each of these proteins is not known. Here we
demonstrate that fluorescent anthroyloxy fatty acid ana-
logues (AOFA) are transferred from phospholipid vesicles to
L-FABP versus I-FABP by different mechanisms. For L-FABP
a diffusion-mediated transfer process is demonstrated. The
AOFA transfer rate from phosphatidylcholine-containing
vesicles (POPC) to L-FABP is similar to that observed with
another diffusional process, namely inter-membrane AOFA
transfer. Furthermore, the AOFA transfer rate was modu-
lated by buffer ionic strength and AOFA solubility, while the
transfer rate remained relatively unchanged by the presence
of anionic phospholipids in vesicles. In contrast, the data
for I-FABP suggest that a transient collisional interaction of
I-FABP with the phospholipid membrane occurs during AOFA
extraction from the vesicles by the protein. In particular,
the presence of the anionic phospholipid cardiolipin in do-
nor vesicles increased the rate of AOFA transfer to I-FABP
by 15-fold compared with transfer to POPC vesicles. The
effects of ionic strength on transfer suggest that the interac-
tion of I-FABP with cardiolipin-containing vesicles is likely
to contain an electrostatic component. Finally, based on the
regulation of AOFA transfer to I-FABP compared with trans-
fer from I-FABP, it is hypothesized that apo- and holo-I-
FABPs adopt conformations which may differentially promote
I-FABP-membrane interactions.fill In summary, the results
suggest that I-FABP, but not L-FABP, can directly extract
fatty acids from membranes, supporting the concept that I-
FABP may increase the cytosolic flux of fatty acids via inter-
membrane transfer—Thumser, A. E. A., and J. Storch.
Liver and intestinal fatty acid-binding proteins obtain fatty
acids from phospholipid membranes by different mecha-
nisms. J. Lipid Res. 2000. 41: 647-656.
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The amphiphilic nature and low solubility of long-chain
fatty acids, combined with their large metabolic flux in tis-

sues such as the intestine, liver, heart, muscle, and adi-
pose, suggests a requirement for directed transport pro-
cesses both between cells and intracellularly (1, 2).
Cytosolic transport of long-chain fatty acids is thought to
be facilitated by a family of small intracellular proteins
(~15 kDa) which display characteristic tissue distributions
and are collectively referred to as fatty acid-binding pro-
teins (FABP) (1-6). The exact function(s) of FABPs have
yet to be elucidated, but the following roles related to in-
tracellular lipid homeostasis have been proposed: a) pro-
viding a pool of non-esterified long-chain fatty acids which
may be specifically transported and targeted to intracellu-
lar sites of metabolism, b) modulating lipid metabolic en-
zyme activity, ¢) protecting against potential detergent-like
effects of elevated long-chain fatty acid concentrations,
and d) modulating lipid-mediated signal transduction
and, hence, impacting cell growth and differentiation (1,
2,5).

The small intestine is the initial site of dietary fatty acid
uptake and proximal intestinal enterocytes contain two
FABPs, namely liver FABP (L-FABP) and intestinal FABP
(I-FABP), at relatively high concentrations (0.1-0.3 mm)
(1). Though displaying similar tertiary structures (6, 7),
these two FABPs possess overlapping, but different,
ligand binding characteristics (2, 6). L-FABP can bind
two long-chain fatty acids with differing affinities, as well
as other acyl metabolites such as acyl coenzymeA, lyso-
phospholipid, and monoacylglycerol, whereas I-FABP is
more restricted in binding only a single long-chain fatty
acid (2, 6).

The proposed role of the FABPs as intracellular fatty

Abbreviations: FABP, fatty acid-binding protein; I-FABP, intestinal
FABP; L-FABP, liver FABP; SUV, small unilamellar vesicle; AOFA, n-(9-
anthroyloxy) fatty acids; 12-AO, 12-(9-anthroyloxy)-oleic acid; 12-AS,
12-(9-anthroyloxy)-stearic acid; POPC, 1-palmitoyl-2-oleoyl-phosphati-
dylcholine; POPG, 1-palmitoyl-2-oleoyl-phosphatidylglycerol; PS, brain
phosphatidylserine; PE, phosphatidylethanolamine; NBD-PC; 16:0 12:
0-N-(7-nitro2,1,3-benzoxadiazol-4-yl)-phosphatidylcholine.
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acid transporters theoretically requires their direct inter-
action with ligand donor and acceptor membranes (8, 9).
Thus, FABPs may serve not only to deliver long-chain fatty
acids to target organelles, but also to remove membrane-
bound fatty acids, e.g., exogenously derived fatty acids re-
siding in the inner leaflet of the plasma membrane, or en-
dogenous fatty acids residing in intracellular organellar
membranes. Previous studies have suggested that I-FABP
delivers fatty acids to acceptor membranes via direct
protein—-membrane interactions, whereas delivery from L-
FABP is modulated solely by the rate of ligand dissociation
from the protein (10, 11). The reverse reaction, whereby
fatty acids in membranes are transferred to I-FABP and L-
FABP, has not been examined at the mechanistic level.

In this study we have investigated the kinetics of fluores-
cent n-(9-anthroyloxy) fatty acid (AOFA) transfer from
phospholipid vesicles to L-FABP or I-FABP in order to model
the process of fatty acid movement from membranes to
FABP. The results demonstrate that AOFA transfer from
vesicles to L-FABP is mediated by a diffusional intermedi-
ate, whereas a membrane—protein collisional interaction
occurs for transfer to I-FABP. This suggests that, for
I-FABP in particular, both the extraction and delivery of
fatty acids from and/or to membranes occurs via a kinetic
mechanism that is subject to regulation by properties of
both the membrane and the protein. Thus, I-FABP has the
requisite properties to serve as a facilitator and regulator
of intracellular fatty acid transport in the enterocyte (8).

MATERIALS AND METHODS

Materials

The anthroyloxy-labeled fatty acids 12-(9-anthroyloxy)-oleic
acid (12-A0) and 12-(9-anthroyloxy)-stearic acid (12-AS) were
obtained from Molecular Probes (Eugene, OR). Phospholipids
were obtained from Avanti Polar Lipids (Birmingham, AL): 1-
palmitoyl-2-oleoyl-phosphatidylcholine (POPC), 1-palmitoyl-2-
oleoyl-phosphatidylglycerol (POPG), brain phosphatidylserine
(PS), bovine heart cardiolipin, egg phosphatidylethanolamine
(PE), and 1-palmitoyl-2-(lauryl-N-(7-nitro2,1,3-benzoxadiazol-4-yl))-
phosphatidylcholine (NBD-PC). Hydroxyalkoxy dextran type VI
(Lipidex) was purchased from Sigma. All other chemicals were
reagent grade or better.

FABP purification

The pEX-LFABP (liver FABP) and pEX-IFABP (intestinal FABP)
expression vectors were generously provided by Dr. Alan Klein-
feld (12) and transformed into BL21(DE3) bacteria (Novagen,
Madison, WI) using standard techniques (13). The FABPs were
initially purified using a system of gel filtration and ion-exchange
chromatography, as previously reported (10, 14), but subsequent
purifications utilized hydrophobic interaction chromatography,
as follows. Bacterial cells containing the relevant expression plas-
mid were cultured (37°C) in 2 X YT media (I-FABP) or Terrific
Broth (L-FABP) for approximately 4 h before FABP synthesis was
induced by the addition of 0.5 mm IPTG and incubation for a fur-
ther 4 h (13). The cells were collected by centrifugation (4000 g,
20 min), re-suspended in cell lysis buffer (50 mm Tris-HCI, 2 mm
EDTA, 150 mm KClI, 0.1 mm PMSF, pH 8) and ruptured by sonica-
tion. Cellular debris was removed by centrifugation (12 000 g, 30
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min) and the supernatant was processed in two ammonium sul-
fate precipitation steps. Initially 2 m (NH;),SO,4, 50 mm Tris-HCI,
pH 8, was added at a 1:1 ratio (vol:vol) with stirring, followed by
centrifugation (12 000 g, 30 min). The supernatant fraction was
treated with 3 m (NH,),SO,, 50 mm Tris-HCI, pH 8, at a 1:1 ratio
and centrifuged (12,000 g, 30 min). The latter supernatant frac-
tion (approximately 200 mL in 2 m (NH,),SO,4, 50 mm Tris-HCI,
pH 8) was loaded onto a Phenyl Sepharose 6FF (high substitu-
tion) column (10 cm X 5 cm) (Amersham Pharmacia, Piscat-
away) equilibrated at room temperature with 2m (NH,),SO,, 50
mm Tris-HCI, pH 8 (buffer A). The buffer system consisted of two
buffers, i.e., buffer A and buffer B (20 mm Tris-HCI, pH 8). The
column was initially washed with 300 mL buffer A, then a 500 mL
gradient of 100% buffer A—100% buffer B, and finally FABP was
eluted by washing the column with approximately 500 mL buffer
B. The FABP-containing fractions, as monitored using 3H-labeled
oleate, were concentrated using a Miniplate Bioconcentrator sys-
tem (Millipore Intertech, Bedford, MA), loaded onto a Sephadex
G50 gel filtration column (50 cm X 5 cm; 10 mm potassium phos-
phate, 150 mm KCI, pH 7.4) and the purified FABP was re-
concentrated for further use.

The FABPs were delipidated by passage over a Lipidex col-
umn, as previously described (15). Protein purity was assessed to
be >99% by SDS-PAGE (16) and the protein concentration was
determined by the method of Bradford (17), using BSA as stan-
dard. Protein concentrations were corrected by factors of 0.6 for
L-FABP and 0.95 for I-FABP, respectively (18).

Membrane vesicle preparation

Small unilamellar vesicles (SUV) were prepared with 90 mol%
POPC and 10% NBD-PC by sonication and centrifugation in 40
mm Tris-HCI buffer, 150 mm NaCl, 0.1 mm EDTA, pH 7.4 buffer
(19, 20). In cases where anionic phospholipids were included in
membranes (POPG, PS, cardiolipin) their concentration was 25
mol%, with 65 mol% POPC and 10 mol% NBD-PC. \esicle phos-
pholipid concentration was determined by quantitating inor
ganic phosphate (21).

Relative partition coefficients

The partition coefficients (K,) for AOFA partitioning between
FABP and SUVs were determined by measuring AOFA fluores-
cence at a given molar ratio of FABP:SUV after titration of FABP
into a solution containing 25 uM SUVs and 0.5 um AOFA in 40
mm Tris, 0.1 mm EDTA, 150 mm NaCl, pH 7.4 (22, 23).

K, = ([SUV-bound AOFA]/[SUV])/
([FABP-bound AOFA]/[FABPY]).

The increase in AOFA fluorescence upon titration of AOFA-
containing SUVs with FABP was related to K, by the following
equation:

1/AF = (Kp) (1/AF ) ([FABPI/[SUV]) + 1/AF s,

where AF is the difference between the initial fluorescence of
AOFA in SUVs and the AOFA fluorescence at a given FABP:SUV
ratio, and AF,, is the maximum difference in AOFA fluores-
cence. A plot of 1/AF versus (1/AF.) ([FABP]/[SUV]) gives a
slope of K,. The partition coefficients were used to establish
AOFA transfer assay conditions so as to ensure essentially unidi-
rectional transfer, as detailed below (24).

Kinetics of AOFA transfer from vesicles to FABP

A fluorescence resonance energy transfer assay was used to
monitor the rate of AOFA transfer from SUVs to FABP, as previ-
ously described for AOFA transfer from FABP to SUVs (10, 14,
25, 26). The fluorescence emission spectrum of AOFA overlaps
with the excitation spectrum of NBD and therefore energy trans-
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fer occurs when AOFA and NBD are in close proximity, with a re-
sultant quenching of AOFA fluorescence. In the assay system
used here, a stock solution of AOFA in ethanol was added to
membranes containing 10% NBD-PC (final ethanol concentra-
tion <0.5% v/v) such that >98% quenching of AOFA fluores-
cence was achieved. The AOFA-SUV complex was then mixed
with FABP using a Stopped-Flow Spectrofluorimeter DX-17MV
(Applied Photophysics Ltd., UK) and transfer of AOFA from do-
nor SUVs to acceptor FABP monitored as the increase in AOFA
fluorescence intensity. The excitation wavelengths used were 383
nm and 360 nm for 12-AO and 12-AS, respectively, with emission
monitored using a broadband filter (450 = 35 nm).

The donor membranes typically consisted of 25 wm phospho-
lipid and 0.5 pum 12-A0 (L-FABP) or 1 um 12-AS (I-FABP). The
acceptor FABP concentrations were 5 pm L-FABP or 30 um
I-FABP, unless otherwise noted. This disparity in acceptor FABP
concentrations was due to differences in AOFA partitioning be-
tween membranes and these two FABPs, as sufficient acceptor
must be utilized in order to observe unidirectional transfer (10,
25). As shown below, the partitioning data revealed higher rela-
tive partitioning for AOFA binding to L-FABP compared to
I-FABP, in agreement with previous observations (10). Thus, ac-
cording to the equilibrium partition data obtained, all kinetic ex-
periments were performed at =1:1 donor:acceptor ratios, taking
relative AOFA partitioning into account. In addition, for I-FABP
it was necessary to use 1 wm 12-AS as the lower quantum yield for
12-A0O bound to I-FABP made detection difficult. Experiments
with L-FABP gave qualitatively similar results for 12-AS and 12-AO
(see Fig. 1, panel A). Moreover, previous studies of 12-AS and
12-A0 transfer from I-FABP to SUVs also demonstrated similar
results for these two probes (10, 14). Thus, mechanistic compari-
sons between the two FABPs are likely to be valid herein. The
buffer consisted of 40 mm Tris-HCI, 0.1 mm EDTA, and 150 mm
NaCl (pH 7.4), and transfer studies were generally performed
at 25°C.

The data were fitted to a mono-exponential equation using
the software provided with the stopped-flow spectrofluorimeter.
A comparison of data fits to mono-exponential and bi-exponential
equations showed that the latter equation did not improve statis-
tical parameters such as x2 values, residual-sums-squared, or resid-
ual plots (data not shown). Previous studies of intermembrane
AOFA transfer displayed bi-exponential transfer kinetics, indicat-
ing that both outer hemi-leaflet AOFA transfer and AOFA flip-
flop across the phospholipid bilayer were measured (19). In
those studies AOFA were pre-incubated with membrane vesicles
for 45 min to allow equilibration of the probe across the phos-
pholipid bilayer (19). Here AOFA ligands were not co-sonicated
with phospholipids during SUV preparation in order to mini-
mize the trans-bilayer equilibration of AOFA, and instead the
AOFA were pre-incubated with SUVs for only 5 min at room tem-
perature which, as we previously demonstrated, populates prima-
rily the outer hemi-leaflet (19).

Transfer of AOFA between vesicles

Essentially identical conditions were used to measure the rate
of AOFA transfer from SUV-to-SUV, as those discussed above for
SUV-to-FABP transfer, with the exception that 0.5 mm POPC vesi-
cles were used as the acceptor instead of FABP (27).

Thermodynamics of AOFA transfer from vesicles to FABP

AOFA transfer from SUVs to FABP was measured as a function
of temperature and the activation energy (E,) calculated from
the slope of an Arrhenius plot according to the Eyring rate the-
ory (28). The enthalpy of transfer was calculated as AH* = E, —
RT, and the entropy of transfer was calculated as AS* = 2.3R
log(NhX/RT]. R is the molar gas constant, T is the absolute tem-

perature, N is Avogadro’s number, h is Planck’s constant, X =
k/&AH/RT and k is the rate of AOFA transfer from SUVs to FABP
determined experimentally at 25°C. Transfer was measured
using 25 pm donor SUVs and either 5 um L-FABP or 30 um I-FABP
as acceptor.

RESULTS

Partitioning of AOFA between FABP and phospholipid
membranes.

Determinations of relative partition coefficients for 12-
AO between L-FABP and POPC-containing vesicles showed
a preferential partitioning to L-FABP by a factor of ap-
proximately 18:1 (L-FABP:SUV) (Table 1). This value is
somewhat lower than that obtained previously for 12-AO
partitioning between L-FABP and egg PC vesicles, but sim-
ilar to the value obtained for 1,6-diphenyl-1,3,5-hexatriene
propionic acid partitioning (25, 29). The absolute differ-
ences in 12-A0 partition coefficients may reflect differences
between POPC and egg PC, the latter containing a mix-
ture of acyl chain length phospholipids (as per supplier).

The relative partitioning of 12-AS between I-FABP and
POPC vesicles was substantially lower than for 12-AO and
L-FABP (Table 1), reflecting the lower equilibrium bind-
ing affinity of I-FABP (10). As noted above, the use of
12-AS for studies with I-FABP was necessitated by the low
fluorescence quantum yield obtained with 12-AO and I-
FABP. In the presence of the anionic phospholipid cardio-
lipin an increase in the partitioning of 12-AS towards I-
FABP was observed (Table 1), which probably reflects
charge—charge repulsion between the cardiolipin and the
negatively charged AOFA. The observed increase is sim-
ilar to that obtained for the partitioning of 1,6-diphenyl-
1,3,5-hexatriene propionic acid between SUVs and L-
FABP, or heart FABP when the anionic phospholipid PS
was included with PC in vesicles (29).

All further studies were performed under conditions
where the acceptor to donor ratios (FABP:SUV) were
above the determined equilibrium partition coefficients
(Table 1) in order to ensure uniformly unidirectional
transfer in kinetic experiments (10, 25). As described pre-
viously for experiments that examined AOFA transfer
from FABP to SUVs (10), this means that a greater ratio of
SUV:L-FABP as compared with SUV:I-FABP was used when
measuring AOFA transfer from SUVs to FABP.

TABLE 1. Coefficients for the partitioning of AOFA between
L-FABP or I-FABP and phospholipid membranes

Partition
Coefficient
SUvV FABP (FABP:SUV,

Ligand (donor) (acceptor) mol:mol)
12-A0 (0.5 pm) POPC L-FABP 185+ 3.3
12-AS (1 pm) POPC I-FABP 0.8*+0.3
12-AS (1 pm) 25% cardiolipin I-FABP 22=*03

Results are the average of three separate experiments = standard
deviation. The coefficients for AOFA partitioning (K,) between FABP
and SUVs were determined by measuring AOFA fluorescence at a given
molar ratio of FABP:SUVs after titration with FABP (22, 23).
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Fig. 1. Effect of acceptor concentration on the rate of AOFA transfer. The acceptors in (A) and (B) are L-FABP and I-FABP, respectively,
with membrane vesicles acting as AOFA donor. In (C) and (D), L-FABP and I-FABP are the AOFA donors, respectively, with membrane vesi-
cles as acceptor. (A) Transfer of 0.5 um 12-AO (@) or 1 pm 12-AS (m) from 25 pm 90% POPC/10% NBD-PC vesicles. (B) Transfer of 1.0 um
12-AS from 25 pum 90% POPC/10% NBD-PC (A) or 25 um 80% POPC/10% egg PE/10%NBD-PC () vesicles. AOFA transfer from FABP to
90% POPC/10% NBD-PC vesicles was determined with (C) 5 um L-FABP/0.5 um 12-A0 (e) and (D) 30 um I-FABP/1.0 um 12-AS (A). Trans-
fer was measured at 25°C and rate constants (k) were determined by fitting the data to a mono-exponential equation. Data shown for at least
three different experiments *+ standard deviation (panels A and B). Single control experiments are shown in panels C and D.

AOFA transfer from zwitterionic membranes to FABP
Effect of acceptor FABP concentration. The AOFA transfer
rate from POPC-containing donor vesicles to L-FABP was
found to be independent of acceptor L-FABP concentra-
tion, suggesting that AOFA transfer is diffusion-mediated
(Fig. 1, panel A). Also, the 12-A0 transfer rate is similar to
that obtained for diffusion-mediated inter-membrane
transfer utilizing POPC vesicles (Fig. 2, panel A) (27). Al-
though somewhat slower than the rate of 12-AO dissocia-
tion from egg PC SUVs (19), the latter difference in trans-
fer rate can probably be explained by differences in the
phospholipid used (POPC used here vs. egg PC (19)) and
we deduce that we are measuring 12-AO dissociation from
SUVs. The slower transfer rate observed for L-FABP with
12-AS relative to 12-AO (Fig. 1, panel A) mimics that ob-
served for AOFA transfer between membranes and pre-
sumably reflects the difference in aqueous-phase solubility
of these two ligands (19, 27). For I-FABP the rate of 12-AS
transfer from donor SUVs is also independent of acceptor
protein levels. Notably, however, it is 2- to 3-fold higher
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than the rate obtained for 12-AS transfer from SUVs to L-
FABP (Fig. 1, panels A and B).

To directly compare the rate of AOFA transfer from
membranes to FABP with that from FABP to membranes,
i.e., in opposite directions, transfer from 5 um L-FABP
(0.5 um 12-A0) or 30 pm I-FABP (1.0 pm 12-AS) was mea-
sured as a function of increasing SUV concentration (Fig.
1, panels C and D). The rate of AOFA transfer from
L-FABP to SUVs was independent of phospholipid con-
centration, whereas the transfer rate from I-FABP in-
creased proportionally with phospholipid concentration
(Fig. 1, panels C and D), confirming previous results (10).

Effect of ionic strength. The aqueous solubility of ionic
amphiphiles is proportional to the salt concentration, and
decreases (a salting-out effect) with an increase in the
ionic strength of the bulk solvent (30, 31). The rate of
AOFA transfer through the aqueous phase, as facilitated
by an aqueous diffusion-mediated mechanism, would there-
fore be inversely related to the salt concentration. In the
case of AOFA transfer to L-FABP, a logarithmic decrease in
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Fig. 2. Comparison of SUV-to-SUV and SUV-to-FABP transfer rates. Transfer of 1 um AOFA from 25 pm donor vesicles, which contained
either 90% POPC/10% NBD-PC or 25% cardiolipin/65% POPC/10% NBD-PC, to 100% POPC acceptor vesicles (solid bars) or acceptor FABP
(open bars) was measured. Donor vesicles contained (A) 0.5 uwm 12-A0 and the acceptor was either 0.5 mm POPC vesicles or 5 um L-FABP, and
in (B) transfer of 1 wum 12-AS to acceptor vesicles or 30 um I-FABP was measured. Data shown for at least three different experiments = standard
deviation. #P < 0.01 in a comparison of SUV-to-SUV and SUV-to-FABP transfer rates, using the same vesicles as AOFA donor.

the transfer rate is indeed observed (Fig. 3), in agreement
with previous findings for AOFA transfer from L-FABP to
SUVs (10, 32), and supportive of the hypothesis that trans-
fer takes place through an aqueous-phase intermediate.

For 12-AS transfer from SUVs to I-FABP, an increase in
AOFA transfer rate is observed with increasing salt con-
centration (Fig. 3), indicating that a different mechanism
of AOFA transfer may occur with I-FABP as acceptor. A sim-
ilar salt-dependent increase in AOFA transfer rate from
heart FABP to SUVs was suggested to indicate collisional
interactions between heart FABP and SUVs during AOFA
transfer (14, 26, 33). Alternatively, it is possible that the in-
creased transfer rate may be secondary to an alteration
in phospholipid bilayer structure at higher salt concentra-
tions (19), and/or to a subtle change in I-FABP structure,
as was demonstrated with heart FABP (14). It is worth not-
ing that a change in AOFA transfer rate that occurs as a
consequence of altered acceptor I-FABP conformation
would support the hypothesis that transfer occurs during
membrane—protein interactions, as acceptor properties
do not influence diffusion-mediated transfer processes. In
any case, the fact that the AOFA transfer rate varies as a
function of ionic strength in the opposite direction from
that observed with processes dependent on ligand solubil-
ity argues against an aqueous-phase intermediate in AOFA
transfer from zwitterionic SUVs to I-FABP.

Effect of temperature. The transfer of AOFA from POPC
vesicles to both L-FABP and I-FABP was examined at dif-
ferent temperatures from 4°C to 45°C in order to deter-
mine the thermodynamic parameters for AOFA transfer.
The transfer rate increased with temperature (data not

shown) and analysis of the rate constant for AOFA trans-
fer from SUVs to L-FABP or I-FABP demonstrated that the
major thermodynamic contribution to AG* was an enthal-
pic component (Table 2). The decrease in the entropic
component was larger for AOFA transfer to L-FABP than
I-FABP. Because a decrease in entropy (AS¥) is typically in-
terpreted to reflect the ordering of water molecules

0.1 1
g
% 0.01 A
=
[}
(8]
L
3]
~

0.001 .

0 500 1000 1500 2000 2500

[Salt] (mM)

Fig. 3. lonic strength effect on AOFA transfer rate from donor
membrane vesicles to acceptor FABP. Transfer of 0.5 um 12-AO from
25 um 90%POPC/10%NBD-PC vesicles to 5 um L-FABP (@) or 1.0
wm 12-AS from 25 um 90% POPC/10% NBD-PC vesicles to 30 pum I-
FABP (A) was measured as a function of NaCl concentration. Data
shown for at least three different experiments = standard deviation.

Thumser and Storch  Differential fatty acid transfer to L-FABP and I-FABP 651

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

TABLE 2. Thermodynamic parameters for AOFA transfer from phospholipid vesicles to L-FABP or I-FABP

L-FABP I-FABP I-FABP
Ligand 12-A0 (0.5 wm) 12-AS (1 wm) 12-AS (1 pwm)
SUV 90% POPC/10% 90% POPC/ 25% cardiolipin/65%
NBD-PC 10% NBD-PC POPC/10% egg
PE/10% NBD PC
E, (kcal/mol) 13.4 + 0.1 16.7 + 1.52 20.7 * 0.42b
AG* (kcal/mol) 199 +0.1 19.8 0.1 17.8 + 0.1ab
AH? (kcal/mol) 131+ 0.1 16.5 + 1.52 20.1 + 0.42b
TAS* (kcal/mol) -6.8 £0.2 —33*x1.42 2.4 + 0.42b

Results are the average of three separate experiments *+ standard deviation. Transfer was measured using 25
pm donor SUVs and either 5 pum L-FABP or 30 wm I-FABP as acceptor.
a Indicates P < 0.05 when compared to L-FABP, and ? P < 0.05 for transfer from I-FABP comparing POPC- and

cardiolipin-containing vesicles.

brought about by aqueous-phase hydrophobic moieties,
these results provide further support for a diffusional in-
termediate in AOFA transfer to L-FABP. The higher en-
thalpic contribution for AOFA transfer to I-FABP suggests
that conformational changes in I-FABP and/or vesicle
structure may take place during AOFA transfer, possibly in
part as a result of protein—membrane interactions.

AOFA transfer from anionic membrane vesicles
to L-FABP and I-FABP

Effect of vesicle charge. Contrasting results were obtained
for L-FABP and I-FABP when AOFA transfer from vesicles
containing 25% anionic phospholipids was monitored
(Fig. 4). For transfer to L-FABP, no change was observed
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Fig. 4. Effect of donor membrane composition on AOFA transfer
rate from donor membrane vesicles to FABP. Transfer from 25 um
vesicles consisting of 25% anionic phospholipid in 65% POPC/
10% NBD-PC and 0.5 um 12-AO to 5 wm L-FABP (solid bars) or 1.0
wm 12-AS to 30 pm I-FABP (hatched bars) was measured at 25°C in
150 mm NaCl buffer. The results are expressed relative to the rate
constant obtained for transfer from 90% POPC/10% NBD-PC vesi-
cles. Data shown for at least three different experiments *+ standard
deviation. * P < 0.05 and # P < 0.01 compared to data for 90%
POPC/10% NBD-PC vesicles. No data are available for L-FABP and
vesicles containing egg PE.
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with vesicles containing only POPC or POPC with PS or
POPG, and a small increase (approximately 2-fold) in
transfer rate was observed with cardiolipin-containing ves-
icles (Fig. 4). The latter increase in the AOFA transfer rate
observed with cardiolipin-containing SUVs (Fig. 4) may
be explained by electrostatic charge repulsion between
the anionic AOFA and the cardiolipin headgroup in
these vesicles, as clearly demonstrated in studies of inter-
membrane AOFA transfer (Fig. 2, panel A) (27).

In contrast to L-FABP, AOFA transfer to I-FABP in-
creased 2- to 3-fold from PS- and POPG-containing SUVs,
and approximately 15-fold from vesicles containing 25%
cardiolipin, relative to POPC SUVs (Fig. 4). While POPG,
PS and cardiolipin are all negatively charged, at physiolog-
ical pH the net charge on cardiolipin is —2 as compared
to —1 for POPG and PS. Thus, the effects of the anionic
phospholipids are apparently not directly proportional to
the net charge, suggesting that the markedly increased
AOFA transfer rate observed with cardiolipin vesicles and
I-FABP may be due to alterations in phospholipid and/or
vesicle structure, in addition to charge—charge interac-
tions between cardiolipin and I-FABP. Further evidence
for a phospholipid and/or vesicle structure effect on the
transitional interaction between I-FABP and membranes
during the transfer process is that an additional increase
in AOFA transfer rate is observed with vesicles containing
25% cardiolipin plus 10% egg PE, in which net SUV charge
is unchanged (Fig. 4). Presumably, this additional in-
crease in transfer rate is due to the well-known effects of
PE on bilayer lipid order (34). Regulation of AOFA trans-
fer by anionic vesicles must, therefore, reasonably require
a physical interaction between the donor SUVs and the ac-
ceptor I-FABP (10), indicating a collision-based mecha-
nism for AOFA transfer from SUVs to I-FABP.

Effect of acceptor I-FABP concentration. The marked in-
crease in AOFA transfer rate from cardiolipin-containing
donor SUVs to I-FABP (Fig. 4) was further analyzed. In
preliminary studies SUVs containing 25% cardiolipin,
10% NBD-PC, and 65% POPC were used, but these SUVs
appeared somewhat unstable, as judged by wide variability
in transfer rates at temperatures above 30°C (data not
shown). Separate studies showed that the presence of 10%
egg PE helped stabilize these anionic vesicles (F. Herr & J.
Storch, personal communication), and the AOFA transfer
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rates from POPC vesicles to I-FABP in the presence or ab-
sence of egg PE were very similar (Fig. 1, panel B). All fur-
ther experiments were therefore performed with SUVs
containing 10% egg PE in addition to 25% cardiolipin
and POPC.

Transfer of 12-AS from these SUVs was examined as a
function of increasing acceptor I-FABP concentration. As
above (Fig. 4), the transfer rate was markedly faster when
using SUVs containing 25% cardiolipin (Fig. 5). Similar to
results obtained for AOFA transfer from POPC vesicles to
I-FABP (Fig. 1, panel B), however, we did not observe a
proportional increase in transfer rate with increasing con-
centrations of I-FABP (Fig. 5). Nevertheless, the dramatic
increase in transfer rate provides further evidence for a
collisional mechanism of AOFA transfer from cardiolipin-
containing SUVs to I-FABP. Importantly, this effect cannot
be due solely to increased AOFA off-rate from the anionic
SUVs, as the magnitude of these effects is comparatively
small, as observed with AOFA transfer from cardiolipin-
containing SUVs to L-FABP (Fig. 4) or to POPC vesicles
(Fig. 2, panel B).

Effect of ionic strength. Increasing ionic strength caused a
logarithmic decrease in AOFA transfer rate from cardio-
lipin-containing SUVs, and at 500 mm NaCl the rate ob-
served with 25% cardiolipin vesicles was equivalent to that
obtained with POPC vesicles (Fig. 6). As AOFA transfer
from cardiolipin vesicles to I-FABP is proposed to not take
place by a diffusion-mediated process, as demonstrated by
comparison to vesicle-to-vesicle transfer (Fig. 2, panel B), it is
suggested that the increased ionic strength probably masks
electrostatic interactions between I-FABP and cardiolipin.
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Fig. 5. Effect of 25% cardiolipin-containing vesicles on the rate of
AOFA transfer to I-FABP. Transfer of 1 um 12-AS from 25% cardio-
lipin-containing vesicles was measured as a function of I-FABP con-
centration. Data shown for transfer with 25 pum vesicles containing
80%POPC/10% egg PE/10%NBD-PC vesicles (®) or 25% cardio-
lipin/55% POPC/10% egg PE/10% NBD-PC (). Data shown for
at least three different experiments =+ standard deviation.
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Fig. 6. lonic strength effect on the AOFA transfer rate from 25%
cardiolipin-containing vesicles to I-FABP. Transfer of 1 pm 12-AS
from 25 pum vesicles containing 80% POPC/10% egg PE/10%
NBD-PC vesicles (A) or 25% cardiolipin/55% POPC/10% egg PE/
10% NBD-PC () to I-FABP (30 wm) was measured as a function of
NaCl concentration. Data shown for at least three different experi-
ments = standard deviation.

Effect of temperature. The thermodynamic parameters of
AOFA transfer from I-FABP to cardiolipin-containing vesi-
cles were determined by measuring the transfer rate in
the temperature range of 5°C-30°C (Table 2). The enthal-
pic contribution for AOFA transfer from cardiolipin-
containing SUVs to I-FABP was higher than for transfer
from vesicles containing only POPC and NBD-PC. Further,
as described above for POPC vesicles, the major compo-
nent of AG* for AOFA transfer from cardiolipin-containing
SUVs to I-FABP was enthalpic, with considerably smaller
TAS* contributions relative to transfer from POPC SUVs
to L-FABP. Indeed, the small decrease in entropy observed
for transfer from POPC to I-FABP was still further dimin-
ished when the donor SUVs contained cardiolipin (Table
2). These observations provide further indirect evidence
for the absence of a bulk aqueous-phase transfer process
and imply that I-FABP and/or vesicle conformational
changes may occur during transient interactions between
I-FABP and vesicles.

Inter-membrane AOFA transfer. The dramatic increase
in AOFA transfer rate from cardiolipin-containing SUVs
relative to POPC SUVs (Figs. 4—6) supports the collision-
mediated transfer of fatty acid from membranes to I-
FABP. Nevertheless, as relatively modest increases in the
inter-membrane diffusional transfer rate (approximately
1.5-fold) from negatively charged POPG and PA vesicles
were found in earlier studies (27), we could not at this point
exclude a direct effect of cardiolipin on the AOFA dissocia-
tion rate. Therefore we compared AOFA transfer from
POPC or cardiolipin-containing donor vesicles to acceptor
POPC vesicles versus L-FABP or I-FABP as acceptor (Fig.
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2). This allowed us to determine whether the effects ob-
served with cardiolipin-containing donor vesicles were spe-
cific to I-FABP as acceptor (Fig. 4), or whether a similarly
large enhancement of AOFA transfer rate from these do-
nors to POPC acceptors would occur. The vesicle-to-vesicle
transfer of AOFA is diffusional (19, 27) and the rate of 12-
AO transfer from donor POPC or cardiolipin-containing
vesicles was similar for either L-FABP or POPC vesicles as
the acceptor (Fig. 2, panel A), further suggesting that
transfer to L-FABP is also diffusional. The transfer rate
from donor cardiolipin-containing vesicles was approxi-
mately 2-fold higher than from POPC vesicles (Fig. 2, panel
A), an effect which is easily explained by charge-charge
repulsion between the negatively charged AOFA and car-
diolipin, and is consistent with the effect observed previ-
ously for transfer from anionic vesicles (19, 27). In distinct
contrast, when transfer to I-FABP was compared to POPC
vesicles as acceptor (Fig. 2, panel B) the rate of 12-AS
transfer was about 3-fold faster from POPC SUVs and ap-
proximately 47-fold faster from cardiolipin-containing
SUVs for I-FABP as acceptor. As these transfer rates are
markedly different from those obtained for vesicle-to-vesicle
transfer (Fig. 2, panel B) it is clear that a protein-specific
effect is being observed for transfer to I-FABP which can-
not be explained by anomalous behavior of either the ves-
icles and/or AOFA interactions with phospholipids. The
data, therefore, strongly support the hypothesis that AOFA
transfer from both neutral and anionic donor SUVs to
I-FABP occurs by a process that involves protein-membrane
collisional interactions.

DISCUSSION

The suggestion that the FABPs participate in the intra-
cellular transport of long-chain fatty acids (1, 2, 4-6) im-
plies that these proteins may be involved not only in the
delivery of ligand to acceptor sites, but also in the extrac-
tion of fatty acids from donor sites, for instance their re-
moval from the plasma membrane after trans-membrane
transport. In this study we have investigated the mecha-
nism of AOFA transfer from phospholipid membranes to
L-FABP or I-FABP and the data suggest that AOFA transfer
from membrane vesicles to L-FABP occurs by a diffusion-
mediated mechanism, whereas AOFA transfer to I-FABP
takes place through a transient collisional interaction. We
have previously found that AOFA transfer from L-FABP to
membrane vesicles also occurs by a diffusion-mediated pro-
cess (10, 25, 32). Thus, L-FABP may act as an intra-cellular
reservoir for fatty acids, with ligand dissociation into the
aqueous phase regulating rates of transfer between mem-
branes and protein. For movement of fatty acids between
membranes and I-FABP, on the other hand, a collision-
mediated mechanism is hypothesized for transfer from
membranes to proteins, and a comparable transfer mech-
anism was also demonstrated for transfer from I-FABP to
membranes (10). However, the putative I-FABP-mem-
brane collisional complexes that are envisioned to occur
in fatty acid transfer in either direction may have different
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properties, as they would involve membrane contacts with
holo-1-FABP versus apo-I1-FABP. That such differences may
exist is supported, albeit indirectly, by differential kinetic
regulation of AOFA transfer between I-FABP and mem-
branes, when transfer in both directions is compared.

In contrast to the proportional increase in AOFA transfer
rate with increasing acceptor SUV concentration (Fig. 1,
panel D), AOFA transfer from SUVs to I-FABP is not pro-
portional to the concentration of the acceptor I-FABP
(Fig. 1, panel B). The observation that transfer rates do not
increase with acceptor I-FABP level suggests that the forma-
tion of transient collisional complexes between I-FABP and
membranes may not be the rate-limiting step in the pro-
cess of AOFA transfer (35). Rather, it is hypothesized that
a conformational change in I-FABP and/or ligand binding
to I-FABP occurs more slowly than the I-FABP—membrane
interaction, and is consequently rate-limiting for AOFA
transfer from membranes to I-FABP. These processes may
occur at different rates depending upon the nature of the
I-FABP—membrane complex that is formed, and are thereby
modulated by membrane type, but not membrane con-
centration. Thus, formation of the I-FABP-membrane
complex does not decrease the AOFA-NBD energy trans-
fer efficiency, but AOFA movement from its membrane
site to I-FABP will decrease energy transfer and hence in-
crease AOFA fluorescence intensity. A dependence of the
AOFA transfer rate on the binding process, which is second-
ary to the initial I-FABP—-membrane collisional interaction,
could explain the absence of an increase in transfer rate
with increased acceptor I-FABP concentration, as would
otherwise be expected for a collisional transfer process
(35, 36).

For AOFA transfer from membranes to I-FABP, we hy-
pothesize that apo-I-FABP interacts with the phospholipid
membrane surface, causing a conformational change in
I-FABP which thereby facilitates ligand binding. Indeed,
structural analysis of the apo- and holo-I-FABP tertiary
structures by multidimensional NMR spectroscopy re-
vealed a high degree of flexibility and disorder in discrete
regions of apo-I-FABP relative to the holo protein (37,
38). In particular, portions of the «-helical portal domain
of I-FABP, specifically the distal half of the o-11 helix and
the turn between B-strands C and D, were shown to be or-
dered in the presence of bound fatty acid and disordered
in their absence (37, 38). The importance of the I-FABP «-
helical domain in collisional fatty acid transfer from pro-
tein to membrane acceptors, moreover, was recently dem-
onstrated using a helix-less variant of I-FABP (11). Thus,
we suggest that differences in the apo- and holo-I-FABP
structures, particularly in the helical region, are probably
reflected by subtle differences in the regulation of AOFA
transfer from donor I-FABP (10) compared with I-FABP as
AOFA acceptor, as demonstrated in this study.

Theoretical analyses of cellular long-chain fatty acid dif-
fusion in the absence or presence of FABPs have demon-
strated that these proteins can increase the diffusional
flux of ligand under certain conditions (8, 39). One re-
quirement is that there is more protein-bound than un-
bound ligand, and in this respect intracellular FABP con-
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centrations have been estimated at 150 um-300 pm, with
intracellular unbound long-chain fatty acid concentra-
tions maintained at approximately 7 nm by heart FABP,
L-FABP, and I-FABP (40-42). Additionally, for FABPs to play
a key role in intracellular fatty acid transport, the sponta-
neous release of fatty acids from membranes must be slow
and fatty acids must be taken up directly from membranes
by FABP without an aqueous-phase intermediate (8). Sim-
ilarly, the fatty acids must be delivered directly to mem-
branes via protein—-membrane interactions, rather than
by dissociation and aqueous-phase diffusion to acceptor
membrane sites (8, 9). The present studies demonstrate
that I-FABP, but not L-FABP, can “extract” the fatty acid
analogue AOFA directly from model membrane vesicles.
In addition, our previous studies demonstrated that I-FABP
delivers AOFA to membranes via direct collisional interac-
tions (10). Therefore we provide experimental evidence
supporting the concept that I-FABP can increase the cyto-
solic diffusional flux of long-chain fatty acids by transport-
ing these ligands between membranes.

These results indicate that the two FABPs present in in-
testinal enterocytes, L-FABP and I-FABP, may have differ-
ent functions in fatty acid transport and utilization (10). It
is suggested that I-FABP specifically transfers long-chain
fatty acids between membranes to, and from, sites of fatty
acid metabolism. On the other hand, L-FABP may have a
protective role in buffering the adverse effects of high
membrane- or non-protein-bound fatty acid concentra-
tions (10, 25, 32). In addition, for L-FABP, any interac-
tions with biological membranes, as have been reported
(43, 44), may not involve L-FABP interactions with mem-
brane lipids, but rather protein—protein interactions,
whereas for I-FABP both protein-lipid and protein—
protein interactions are possible.fl
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