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Abstract
Intestinal and liver fatty acid binding proteins (IFABP and LFABP, respectively), are cytosolic
soluble proteins with the capacity to bind and transport hydrophobic ligands between different
sub-cellular compartments. Their functions are still not clear but they are supposed to be involved
in lipid trafficking and metabolism, cell growth, and regulation of several other processes, like cell
differentiation. Here we investigated the interaction of these proteins with different models of
phospholipid membrane vesicles in order to achieve further insight into their specificity within the
enterocyte. A combination of biophysical and biochemical techniques allowed us to determine
affinities of these proteins to membranes, the way phospholipid composition and vesicle size and
curvature modulate such interaction, as well as the effect of protein binding on the integrity of the
membrane structure. We demonstrate here that, beside their apparently opposite ligand transfer
mechanisms, both LFABP and IFABP are able to interact with phospholipid membranes, but the
factors that modulate such interactions are different for each protein, further implying different
roles for IFABP and LFABP in the intracellular context. These results contribute to the proposed
central role of intestinal FABPs in the lipid traffic within enterocytes as well as in the regulation of
more complex cellular processes.
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1. Introduction
The success of many important physiological processes relies on highly specific protein-
protein and protein-membrane interactions. These interactions can lead to a vectorial
delivery and uptake of the carrier proteins’ cargo, determining a one way trafficking
pathway. The amphiphilic nature and low solubility of long-chain fatty acids (FAs),
combined with their large metabolic flux in tissues such as the intestine, liver, heart, muscle,
and adipose tissue, suggests a requirement for directed transport processes both between
cells and intracellularly [1, 2]. Though the exact functions of fatty acid binding proteins
(FABPs) have yet to be elucidated, they are in a favorable position to accomplish this
transport function and facilitate lipid metabolism in different tissues and cell types [3-7].
The FABPs are also thought to participate in intracellular lipid homeostasis, providing a
pool of non-esterified FAs which may then be specifically transported and targeted to
intracellular sites of metabolism. Furthermore, FABPs could also modulate lipid-metabolism
enzymatic activities or lipid-mediated signal transduction and, hence, have an impact on cell
growth and differentiation. In the case of the intestinal epithelia, the FABPs may also protect
against potential detergent-like effects of the high FA concentrations assimilated from the
diet [6].

The small intestine is the initial site of dietary FA uptake and intestinal enterocytes
coexpress two FABPs, namely liver FABP (LFABP or FABP1) and intestinal FABP
(IFABP or FABP2). In humans, LFABP levels are greater than IFABP levels; in rodents,
however, they are comparably expressed [8]. Though displaying almost superimposable
backbone and secondary structure elements [7, 9], recent structural analyses have
demonstrated some differences in the tertiary structure [10, 11] that, along with the different
ligand binding and transfer properties [2, 4, 7], may help elucidate their specific functions.
One of the most notorious differences between the intestinal FABPs is that LFABP contains
two binding sites for FAs with differing affinities and has significant affinity for other acyl
metabolites, such as acyl-coenzyme A, lysophospholipids, and monoacylglycerol. On the
other hand, IFABP only binds a single long chain FA under physiological conditions, with
somewhat lower affinity than LFABP [3].

The proposed role for FABPs as intracellular FAs transporters theoretically requires their
direct interaction with ligand donor and acceptor membranes and/or proteins [12, 13]. Thus,
FABPs may serve not only to deliver FAs to target organelles, but also to remove membrane
bound FAs. In a first attempt to evaluate the potential for functional differences, the FA
transfer mechanism from intestinal FABPs to small unilamellar vesicles (SUVs) was
studied. These kinetic studies suggested that IFABP delivers fluorescent anthroyloxy-
labeled FA (AOFA) to acceptor membranes via transient protein–membrane interactions;
whereas delivery from LFABP is modulated solely by the rate of ligand dissociation from
the protein [14], in accordance with an aqueous-diffusion mediated mechanism. The reverse
reaction, whereby FAs in membranes are transferred to IFABP and LFABP, has also been
examined at the mechanistic level with similar results for both proteins [15].

Many studies have provided substantial evidence demonstrating directly IFABP interaction
with membranes, and have shown that electrostatic and hydrophobic forces modulate these
physical interactions [14, 16-21]. In contrast, LFABP has been classically considered a
“diffusional FABP,” based on FA transfer kinetic studies. Nevertheless, it has been
demonstrated that LFABP can bind to small anionic phospholipid vesicles, albeit only under
conditions of low ionic strength [22-24].

To directly compare the protein-membrane interaction characteristics of IFABP and LFABP,
and determine whether their differences in FA binding properties and transfer mechanism
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are related to dissimilar protein-membrane interaction properties, as suggested by kinetics
experiments, a series of biophysical approaches were employed, providing complementary
information about protein-membrane interactions. The experiments employed could be
grouped according to the kind of effect they are reporting. Tb leakage and hydrophobic
photolabeling are a result of instant and irreversible (“short-term”) events and, after an
incubation period, we see a sum of the individual, and possibly transient, contacts between
the protein and the vesicles. On the other hand, the cytochrome c competition assay and
sedimentation methods could be considered as techniques reporting “long-term” or averaged
events since the results we see come from the equilibrium reached by the different
components during the assay. The results obtained demonstrate that while both LFABP and
IFABP are able to interact with phospholipid membranes, the factors that modulate this
process are different for each protein, implying different roles for IFABP and LFABP in an
intracellular context.

2. Matherial and methods
2.1 Materials

Dansyl-Phosphatidyl Ethanolamine (DPE), Egg Phosphatidyl Choline (EPC), Egg
Phosphatidyl Ethanolamine (EPE), Phosphatidyl Serine (PS) and Cardiolipin (CL) were
purchased from Avanti Polar Lipids. 3H-dipalmytoil Phosphatidyl Choline (3H-DPPC) and
[125I] NaI were from Dupont NEN Products. Terbium (III) chloride, dipicolinic acid (DPA),
cytochrome c, and BNPS-Skatole were purchased from Sigma. All other chemicals were
reagent grade or better.

2.2 Protein expression and purification
The wild-type proteins and the chimeric variant were purified as detailed elsewhere [18].
The IFABP mutant lacking the α-helical domain (IFABP-HL) was overexpressed and
purified as detailed in Córsico et al., 1998 [17].

2.3 Preparation of Photoactivable Reagents
The 125I-TID-PC was prepared by radioiodination of its nonradioactive tin-containing
precursor according to Weber and Brunner [25] and our previous work [20, 21, 26]. The
precursor was generously donated by Prof. J. Brunner from the Swiss Federal Institute of
Technology (Zurich, Switzerland).

2.4 Preparation of Model Membranes
Large unilamellar vesicles (LUVs, ~100-140 nm) of EPC, EPC/PS (3:1, mol/mol), or EPC/
CL (3:1, mol/mol) were prepared by extrusion through polycarbonate membranes of 100 nm
pore diameter (Avestin Inc., Ottawa, Canada) as described previously [20, 21]. For
hydrophobic photolabeling, 125I-TID-PC (200 μCi/mmol of phospholipids) was included in
the lipid chloroform mixture. In the case of sucrose loaded LUVs; vesicles were prepared as
described previously [27] and immediately used. Small Unilamellar Vesicles (SUVs, 20-40
nm) were prepared by sonication and ultracentrifugation as previously described [28, 29].
Vesicles for Tb Leakage assay were prepared according to the method of Wilschut et al.
[30]. Vesicles for cytochrome c competition assay had a specific composition of
EPC:EPE:CL/PS:DPE, 64:10:25:1 and were prepared in 20 mM Tris-HCl, 0.1 mM EDTA,
pH 7.4. The rest of the vesicles were prepared in 30 mM Tris-HCl and 150 mM NaCl pH
7.4. When CL was present in the lipid mixture, buffer also contained 1 mM EDTA to
minimize vesicles fusion. The final phospholipid concentration was determined by inorganic
phosphorus assay [31].
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2.5 Cytochrome c competition assays
The binding of cytochrome c to acidic membranes can be monitored using a FRET assay.
The heme moiety of cytochrome c is a quencher of the dansyl fluorescence of DPE-labeled
SUVs [32]. Competition of FABPs with cytochrome c for binding to SUVs was determined
by the relief of cytochrome c-related quenching of the dansyl fluorescence [17, 33]. An
inhibition of cytochrome c-dependent quenching is interpreted as evidence for FABPs
interaction with the SUVs. Kd values for cytochrome c and FABPs were estimated from a
single and independent binding site model for each protein (see Supplementary Material for
details).

2.6 Sucrose loaded vesicle binding assay
Binding of FABPs to sucrose loaded LUVs was explored based on Smith & Storch (1999)
[33] with some modifications. Briefly, reactions were prepared in 200 μl of binding buffer (5
mM MOPS, pH 7.4, 100 mM KCl, 2 mM CaCl2) with the desired concentration of sucrose-
loaded vesicles and 5 μM protein. Tubes were centrifuged at 100,000 × g 21°C for 90 min,
and the supernatant was immediately transferred to new tubes. The presence of LUVs in
pellet and supernatant was monitored by including 1% 3H-DPPC. Portions of both
supernatant and pellet were analyzed by SDS-PAGE and densitometry. Protein remaining in
the supernatant was plotted versus the total phospholipids present in the binding reaction and
KD values were obtained from a least-squares fit to experimental data to Eq 1 [34, 35]. The
experiment was repeated at least 4 times and the calculated KD values were averaged and
expressed as mean ± SEM.

Eq.1

2.7 Terbium Leakage Assay
Stocks suspensions of FABP and SUVs loaded with the Tb-DPA complex in their internal
aqueous space, were prepared in 20 mM Tris (pH 8.0), 155 mM NaCl 12.5 mM EDTA to
eliminate osmotic effects. These working solutions were mixed and the fluorescence signal
of Tb/DPA complex was monitored, with excitation at 250 nm and emission at 545 nm.
Final conditions were 10 μM protein and 0.5 mM SUVs. Induced leakage by FABPs
interaction with the membranes was monitor as the decrease in Tb fluorescence since EDTA
replaces DPA in the complex. Data were expressed as percent of the total disruption of the
vesicles with 0.05% Triton X-100 and calculated as follows:

Eq. 2

where F and FB are, respectively, the fluorescence intensity registers for the sample and for
a blank (vesicles mixed with the corresponding buffer (30)) and FT is the fluorescence
intensity obtained for the addition of the detergent solution to the lipid vesicles.

2.8 Photo-Crosslinking Analysis of Membrane Interacting Proteins
Experiments were conducted as previously described [26]. In those experiments where
oleate was included, we employed a 10:1 protein/ligand (mol/mol) ratio, and the protein-
ligand complex was formed at least 5 min prior to the incubation with LUVs. After
photoactivation, FABPs were precipitated from the aqueous phase and analyzed by SDS-
PAGE and autoradiography. For the selective proteolysis on blotting membrane; IFABP
photolabeled in the presence of CL-containing LUVs was separated in an SDS-PAGE and
transferred by electroblotting to a PVDF membrane. The PVDF-bound- protein was
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subjected to selective proteolysis with BNPS-Skatole [36]. The proteolysis products were
extracted with stripping buffer (Tris 50 mM, SDS 2.0 %, Triton X-100 1.0 %, pH 9.1) and
analyzed in a Tricine-PAGE gel [36, 37] followed by autoradiography. Images from the
proteolysis product were quantified using the program Image J (National Institutes of
Health).

3. Results
Previous studies have suggested that IFABP may directly interact with membranes and
thereby modulate the rate of FA transfer to phospholipid membranes. On the other hand,
kinetic studies indicated that FA transfer from LFABP seems to be independent of the
protein-membrane complex formation, and it is hypothesized that the rate limiting step is the
liberation of the FA from the protein’s binding site into the aqueous media [14, 16-21]. To
examine whether the difference in FA transfer mechanism showed by the two intestinal
FABPs could be connected to the existence of different mechanisms of interaction of I- and
LFABP with membranes, we undertook a series of experiments to analyze the factors that
modulate the protein-membrane interaction process.

3.1 Competition for binding sites on anionic vesicles between cytochrome-c and FABPs
Cytochrome c is a well-known peripheral membrane protein that interacts with acidic
membranes [38], we determined whether apo-IFABP and apo-LFABP could compete with
cytochrome c for the binding sites on the membranes containing PS or CL, and the
fluorophore dansyl-PE. Figure 1 show that preincubation of PS- or CL-containing vesicles
(panels A and B, respectively) with either IFABP or LFABP were effective in preventing
subsequent cytochrome c binding in a concentration-dependent manner. When IFABP (12
μM) was added to PS- and CL-containing SUVs, the dansyl fluorescence was approximately
recovered in 1.9 and 2.5 times, respectively, in comparison to the presence of cytochrome c
(1 μM) alone. Meanwhile, the effect of LFABP in the same conditions determined an
increase of fluorescence intensity 2 and 3 times, respectively. Both proteins seem to interact
more with CL- compared to PS-containing SUVs at the larger concentration tested (12 μM),
1.37 times for IFABP and 1.47 times LFABP. Furthermore, relief of dansyl quenching from
CL-SUVs above 6 μM FABP are somewhat larger for LFABP than for IFABP (* indicates
p< 0.05).

Calculated KD values for cytochrome c binding to CL and PS containing SUV were
0.034±0.005 μM and 0.085±0.002 μM, respectively (see Supplementary Material). We
estimated the number of phospholipid molecules involved in cytochrome c binding when CL
is present to be approximately 168 (84 for the single outer layer of the SUVs) (see
Supplementary Material). This represents an area much larger than that required for
cytochrome c physical interaction, and is likely attributed to the FRET phenomenon which
can report interaction distances that are larger than the actual physical contact of the
components [39]. The results for IFABP showed a KD of 0.54±0.25 μM and 0.32±0.17 μM
incubated with both CL- or PS-containing vesicles, respectively. On the other hand, LFABP
showed KD values of 0.32±0.06 μM and 0.31±0.08 μM incubated with both CL- or PS-
containing vesicles, respectively. Thus, no significant differences between either vesicle nor
FABP type were found.

3.2 Sucrose loaded vesicle binding assay
We employed a differential centrifugation method to further examine interfacial membrane
binding of FABPs to sucrose loaded LUVs of different compositions. Protein-membrane
interaction is monitored by analyzing the modification of unbound protein as a function of
increasing LUVs concentration. As exampled in Figure 2A, the concentration of both apo-
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FABPs in the supernatant decreased with increasing concentration of CL-containing LUVs.
These results indicate a stable protein adsorption to the membrane interface during the
ultracentrifugation. The protein fractions were quantified by densitometry and the
dissociation constants for apo-IFABP and apo-LFABP were calculated as described in
Material and Methods. The results for a representative experiment are shown in Figures 2B
and 2C, with the fitted model. We found KD values of 23.5 ± 0.6 μM for IFABP and 50 ± 20
μM for LFABP, which are not statistically different (t-test, p>0.05). No stable complexes
were observed when FABPs are incubated with zwitterionic LUVs (Figs. 2B and 2C).
Furthermore, IFABP-HL, used as a control (a non-membrane interactive protein [17],
showed no interaction with CL containing LUVs (Fig. 2B), in agreement with previous
results [16].

3.3 Membrane structure destabilization
The effect of FABPs on membrane structure was assessed by analyzing the ability of FABPs
to induce leakage of the Tb/DPA fluorescent complex from the internal aqueous space of
SUVs. This methodology has proved to be efficient in protein-membrane interaction
analysis [40]. Figure 3 shows the results for native intestinal FABPs and two structural
variants in their apo-forms. A small, but significant, decrease in leakage was observed for
LFABP compared to IFABP for 100% EPC vesicles (p<0.05). The IFABP-HL was again
employed as a control which did not seem to induce destabilization of the membranes, but
even seemed to slightly prevent it. On the other hand, the chimeric protein αLβIFABP
(obtained by exchanging the Nt containing the α-helical region of IFABP for that of
LFABP) seems to be as effective as wild-type IFABP inducing the complex leakage from
zwitterionic vesicles. The comparison of the effects induced by IFABP and IFABP-HL
indicate that the α-helical region of IFABP, but not its β-barrel is important for destabilizing
the membrane structure. Furthermore, comparing the chimeric protein with wild-type
LFABP, and considering that the chimeric protein contains β strand A as well as the whole
α-helical region of LFABP, we conclude that key structural elements of this region could be
important for the interaction of LFABP with zitterionic membranes.

When 25% of CL is present in the membrane composition, a higher energy barrier would
prevent the Tb/DPA complex (Tb/DPA3 -3) to leak out. Therefore, all values of leakage with
these SUVs were lower compared to 100% EPC vesicles. IFABP-HL tendency to protect
SUVs from leaking the fluorescent complex seems to be still present, partially preventing
the membrane from destabilization. It is also worth noting that IFABP and αIβLFABP
showed a significant difference between 100% EPC and 25% CL, but due to the different
energy barrier for the complex to leak out of the vesicles in each condition, this cannot be
directly interpreted as lower destabilizing effect of these proteins on CL-containing SUVs
than on its zwitterionic counterparts.

Altogether, these results on leakage induction from vesicles indicate that both IFABP and
LFABP can destabilize phospholipid membranes. A relatively deep penetration of some
FABP segments could be suggested by the leakage of the internal aqueous content. An
interesting observation is that 100% leakage is not reached, indicating that no stable pore is
formed in the vesicles. Since there is no reason to think that only a portion of the vesicles is
able to leak, a more likely possibility is that the FABP–vesicle interaction would produce the
leakage of only part of the trapped reagent. Thus, the FABP–vesicle interaction could be
producing transient packing defects in the bilayer, which would be rapidly resealed before
the equilibrium between the external and internal media can be reached, within a few
minutes.
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3.4 Photo-crosslinking Analysis of Membrane Interacting Proteins
We analyzed the membrane interaction of the wild-type proteins under different conditions
using the photoactivable probe 125I-TID-PC. This probe allowed us to monitor the physical
interaction of the proteins with the hydrophobic core of the phospholipid membranes. Figure
4 shows the results of representative experiments aimed to evaluate qualitatively the effect
of changes in the lipid composition of the LUVs and the presence of the ligand (oleic acid)
on the interaction. Both IFABP and LFABP showed marked interaction with membranes,
but interestingly under different conditions (Fig. 4A and 4B). IFABP’s interaction with
membranes seems to be more important when the protein is loaded with the FA than the
apo-form (Fig. 4A). Furthermore, an increase in radiolabeling of apo- and holo-IFABP when
anionic phospholipids are incorporated in the vesicles composition suggests a tighter
interaction. Apo-IFABP shows a lower degree of radiolabeling except for CL-containing
LUVs, where a similar degree of interaction is observed compared to holo-IFABP. On the
other hand, the interaction of LFABP with membranes does not seem to be modulated by
phospholipid composition. Nevertheless, a remarkable difference is observed between the
apo and holo forms, being the apo-LFABP more interactive than the holo form, opposing to
what is observed for IFABP. IFABP-HL was included as a negative control and, as
previously observed, showed almost no radiolabeling with CL containing LUVs (Fig. 4B) in
comparison with apo-IFABP and apo-LFABP, indicating the lack of interaction due to the
missing helix-turn-helix motif [20]. This diminished interaction capacity was also observed
with the other lipid compositions tested, EPC 100% and 25% PS (Fig. 4B). Controls for
hydrolysis of the photoactivable probe were performed by TLC, to make sure that the
protein was not extracting radiolabeled hydrolysis products.

3.5 Structural determinants for membrane interaction
We have already presented here indirect evidence that support the idea that the α-helical
region of IFABP is important for the interaction with membranes. With the aim to identify
the structural determinants responsible for FABP-membrane interaction, a chemical
proteolysis of IFABP was conducted using BNPS-Skatole after performing the
photocrosslinking experiment by preincubation of IFABP with CL-containing SUVs. IFABP
has two cleavage sites for this proteolytic agent, W6 and W82, producing two detectable
fragments: peptides 7-82 (9.6 kDa) and 83-126 (5.5 kDa), that correspond to the α-helical
region and the first half of the β-barrel, and the second half of the β-barrel, respectively.
These fragments were resolved in a Tris-Glycine SDS-PAGE as shown in Figure 5. In the
gel stained with Coomasie Blue, both resolved fragments have similar intensities showing a
ratio of 1.1, but fragment 7-82 shows 2.6 times greater intensity of radiolabeling than
fragment 83-126, indicating that the first half of the β-barrel and the α-helical region is much
likely to get in contact with the hydrophobic core of the membrane than the last portion of
the β-barrel. An equivalent analysis for wild-type LFABP was not possible due to the lack of
Trp residues in the wild-type protein.

4. Discussion
Protein-membrane interactions are thought to be responsible for dictating the functions of a
particular protein, in coordination with the rest of the biomolecules that coexist with it at the
cellular level. Since FABPs are proposed to function as cytosolic carriers of hydrophobic
compounds through the aqueous media, it is necessary to analyze the interaction between
FABPs and donor/acceptor membranes to achieve a better understanding of the lipid
metabolism in the intestinal epithelium. The set of experiments presented here allowed us to
analyze the binding of the intestinal FABPs to model phospholipid membranes from
different perspectives, including time reference, phospholipid composition and presence of
the ligand.
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The “short-term” monitoring (Tb leakage and hydrophobic photolabeling assays) of the
FABP-membrane complex indicate that IFABP and LFABP interact with the membrane, at
least transiently, deep enough to come in contact with the hydrophobic layer and to produce
irregularities in the membrane structure that may induce exchange of hydrophilic material
between both sides of the vesicles. From another point of view, “long-term” (cytochrome c
and sucrose loaded vesicles binding assay) monitoring experiments indicate that stable
FABP-membrane complexes can primarily be formed only when PS or CL are present in the
phospholipid composition of the vesicles. A KD was calculated for IFABP and LFABP when
mixed with CL-containing LUVs from the sedimentation assay, and the affinity of these
proteins is lower compared, to the sub-μM affinity calculated from the cytochrome c
competition assay. This could be a consequence of the intrinsic differences of the
methodologies employed. It is also worth noting that vesicles of different curvature were
employed, which could affect the affinity of the protein for the membrane [41]. Previous
studies of adipocyte FABP binding to LUVs employing a sedimentation assay showed one
order of magnitude lower affinity for CL containing vesicles [33]. This may be a sign of
different functional specialization between different members of the FABP family.

As a whole, these results support our previous kinetic observations that IFABP is a
membrane interactive protein and that its α-helical domain is likely to be involved in the
interaction with membranes [16, 17, 20]. The lower interaction of IFABP with PS compared
to CL-containing LUVs also correlates with the results obtained in the kinetic studies [14].
Interestingly, LFABP also interacts with vesicles at physiological ionic strength. This was
not expected considering our previous kinetic fatty acid transfer analysis from LFABP to
membranes, which indicated that the formation of a LFABP-membrane complex does not
seem to be involved in the transfer process. Nevertheless, in the interpretation of a
“diffusional” transfer mechanism, as assessed for LFABP, protein-membrane interaction
should not be excluded since the rate limiting step could be the liberation of the ligand,
towards the aqueous media instead of the interaction with the membrane. It is important to
note that, unlike the kinetic studies, in this work apo-and holo-FABPs were tested; and apo-
LFBP is the one that shows a higher degree of interaction. Previous studies from another
group have demonstrated that LFABP interacts with acidic but not with zwitterionic
membranes, under conditions of low ionic strength [22, 24]. Additionally, apo-LFABP
appears to be more interactive than apo-IFABP regardless of vesicle’s composition as
indicated by the photocrosslinking experiments (Fig. 4B). This result correlates well with the
higher capacity of interaction of LFABP compared to IFABP as seen in the cytochrome c
experiments (Fig. 1A and 1B).

Regarding membrane structure, although apo-LFABP shows a higher labeling compared to
apo-IFABP, its destabilizing effect seems to be lower as observed from the terbium leakage
assay. This could be indicating a difference in the mechanism employed by each protein to
attach itself to the phospholipid membrane. Molecular modeling studies of FABP-membrane
interaction (Costabel et al. unpublished results) indicate that the α-helical region of IFABP is
energetically favored for its interaction with anionic membranes. On the other hand, LFABP
is predicted to interact through the bottom of the binding cavity. This may explain why the
results from LFABP-membrane and transfer kinetic studies appear to be dissociated, and
why the FA transfer step for LFABP may include passage through the aqueous phase [14,
15, 18]. Molecular dynamic simulations of the basic FABP from chicken liver (that shares
the same in vitro diffusional mechanism) also demonstrated that this protein could establish
contacts with membranes through the side of the barrel that is opposite to the portal region;
and conformational changes in the latter occurred simultaneously with the binding to the
membrane, possibly allowing the ligand to be released to the aqueous media [42].
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Previous works already suggested that the α-helical region is critical for the mechanism of
ligand transfer, defining the collisional or diffusional mechanisms for both intestinal FABPs,
as well as for the physical interaction with phospholipid membranes [16-19, 21]. In the
present work, the behavior of the helixless variant of IFABP seems to correlate well with the
proposed function for IFABP’s α-helical region as the leading interactive motif in a
sequential ligand transfer. Briefly, an initial step via electrostatic interaction between the α-
helical region and the membrane would be followed by a conformational change that would
then promote the exit of the ligand from the binding site towards the membrane [17, 20, 21].
In this sense, the selective proteolysis results suggest that, within this model mechanism, the
α-helical region interaction should be further followed by the contact of the β-barrel with the
membrane.

The different methodologies employed here indicate that IFABP and LFABP can both
interact with model membranes. In general, the electrostatic interactions seem to be
responsible for a tighter binding to membranes containing acidic phospholipids, with special
behavior when CL is present. Cardiolipin is a unique phospholipid and an important
component, almost exclusive, of mitochondrial inner membrane, where it is synthesized
[43]. Cardiolipin also has active roles in mitochondrial-dependent apoptosis and in
mitochondrial membrane dynamics and functionality [44-46]. Considering the affinity that
IFABP and LFABP showed for CL in the different experiments, it is tempting to
hypothesize that one of the FABP’s functions could be delivering FA specifically to
mitochondria, where they would be used as energy source. Experiments using cultured cells
[47] and LFABP ablation in knockout (KO) mice demonstrated that absence of LFABP
seems to impair FA catabolism in the enterocytes’ mitochondria [48].

The different behavior of IFABP and LFABP in their apo- and holo-forms, suggests that
these proteins must be carrying out specific functions and allows us to propose different
roles in the FA transport and metabolism. While LFABP may interact strongly with
membranes in its apo-form to upload the ligands; IFABP shows stronger interaction in its
holo-form, probably indicating its capacity to selectively unload them. In this regard, recent
molecular dynamic simulations addressed the question of how FAs exit from IFABP’s
binding site [49] and the authors proposed two possible pathways for unloading its ligand in
the membrane’s interface: 1) a direct, fast and energetically favorable transfer of ligand to
the membrane, and 2) a slower and energetically less favorable exit to the aqueous media;
both involving the portal region of IFABP. However, FABPs interactions with other proteins
which would participate in lipid trafficking should also be considered. This is especially
likely for LFABP, where the fatty acid transfer rates between LFABP and membranes are
not dependent on protein-membrane interactions, in direct contrast to the membrane
collisional mechanisms of fatty acid transfer between IFABP and phospholipid bilayers [14,
15]. Moreover, preliminary results from our laboratory suggest that IFABP and LFABP may
physically interact, as assessed by fatty acid transfer experiments between them (Falomir
Lockhart et al. unpublished data). Finally, recent reports account for significant differences
in the metabolism of FAs and monoacyglycerides in the intestine of IFABP-/- and LFABP-/-

KO mice, finally demonstrating that these proteins play unique roles in the assimilation of
nutrients in the intestinal mucosa [50].

5. Conclusion
The present study demonstrates that, in spite of the different mechanisms employed for FA
transfer, IFABP and LFABP are membrane interactive proteins responding to different
modulators. The results presented here expand the knowledge about the properties of these
proteins in vitro and allow us to propose a more detailed model for the role of intestinal
FABPs in the metabolism of FA; where both, IFABP and LFABP, would be able to interact
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selectively with different subcellular membranous compartments, either to download or
upload its cargo, responding to phospholipid composition and defining the fate of their
ligands. IFABP shows a preferential binding and transfer of ligands to anionic phospholipid
bilayers; the mitochondrial inner membrane, peroxisome membrane or plasma membrane
cytosolic leaflet, are good candidates for such interaction. On the other hand, LFABP shows
less specificity for membrane superficial charge, and it is more interactive in its apo-form.
This may be related to its possible uploading function. Furthermore, FABPs might be in a
central position to modulate several cellular processes dependent on lipid and energy
availability; and interactions with other proteins must be considered to fully understand their
specific roles. Transcription factors and lipid metabolizing enzymes are the most relevant
candidates to coordinate their functions with those of FABPs for sensing FA concentrations
as a substrate for energy, membrane synthesis and cell growth. A complete and
comprehensive understanding of the role of these proteins represent a key step for
developing new therapeutic strategies for pathologies such as diabetes, obesity, X syndrome,
atherosclerosis or cancer.
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Abreviations

FAs long chain fatty acids

FABPs fatty acid-binding proteins

IFABP intestinal fatty acid-binding protein

LFABP liver fatty acid-binding protein

IFABP-HL helixless IFABP

DPA dipicolinic acid

SUVs small unilamellar vesicles

LUVs large unilamellar vesicles

Falomir-Lockhart et al. Page 13

Biochim Biophys Acta. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Research Highligths
We examine the capacity of intestinal and liver FABP to interact with model
membranes> Both proteins interact with phospholipid membranes. > Such interactions
are modulated by different factors.> The observed differences further imply different
roles for intestinal and liver FABP in the intracellular context.
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Figure 1. Intestinal FABPs Competition with Cytochrome c for Binding to Anionic Vesicles of
Different Composition
Binding of Cytochrome c (1 μM) to PS- (Panel A) and CL-containing SUVs (Panel B)
preincubated with increasing concentrations (1-12 μM) of apo-LFABP (grey circles) and
apo-IFABP (black circles). Results show that both intestinal apo-FABPs interact with
similar affinities and compete with cytochrome c for anionic membranes. Results are the
averages ± SD of at least 3 measurements. The line represents the fitted model (see
supplementary material for details). Point to point differences were estimated by Student t-
Test (*p<0.05).
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Figure 2. Binding of intestinal FABPs to sucrose loaded LUVs
The stable binding of apo-FABPs (5 μM) to LUVs (0-2 mM) of 100% EPC or 25% CL was
analyzed by ultracentrifuge sedimentation. Panel A shows, as an example, the decrease of
free IFABP remaining in the supernatant as the total phospholipid concentration increases.
The same was observed for LFABP. The gels were quantified by densitometry and fitted
individually. A representative experiment of four repetitions is shown in panel B: wild type
IFABP (triangles) and IFABP-HL (square). Panel C presents the results for the parallel
analysis of LFABP (circles).
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Figure 3. Membrane destabilization by intestinal FABPs
Induced Tb/DPA complex leakage from SUVs (0.5 mM) of different composition were
analyzed upon mixing with FABPs (10 μM) (apo-forms). The final leakage, expressed as %
of Reference (0.05% Triton X-100), for LFABP, IFABP, IFABP-HL and αLβIFABP are
shown. Statistics was based on Student t-Test (p<0.05), * indicate significant difference
between EPC 100% and CL25% for the same protein; while different letters indicate
differences between proteins for the same SUV type.

Falomir-Lockhart et al. Page 17

Biochim Biophys Acta. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Hydrophobic photolabeling of intestinal FABPs
Physical interaction of native IFABP and LFABP was evidenced by radiolabeling with the
photoactivable probe 125I-TID-PC employing LUVs (0.5 mM) of different compositions:
100% EPC, 25% PS and 25% CL. For each lipid composition, the upper panel shows the
SDS-PAGE stained with Coomasie blue and the bottom panel its autoradiography. Results
are shown here from a representative experiment. (A) shows the native proteins analyzed for
the effect of the presence of oleic acid (apo- vs. holo-forms), (B) shows wild type intestinal
apo-FABPs and IFABP-HL in the apo-form.
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Figure 5. Selective proteolysis of radiolabeled wild type IFABP
After hydrophobic photolabeling with 125I-TID-PC, apo-IFABP was blotted and subjected
to selective proteolisys with BNPS-Skatole. The results showed a preferential radiolabeling
(right panel) of the fragment containing the α-helical region (9.6 kDa) than the one
corresponding to the second half of the β-barrel (5.5 kDa) compared to the coomasie blue
staining (left panel).
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