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Intestinal fatty acid-binding protein (IFABP) is highly expressed in the intestinal epithelium and it belongs
to the family of soluble lipid binding proteins. These proteins are thought to participate in most aspects of the
biology of lipids, regulating its availability for specific metabolic pathways, targeting and vectorial trafficking of
lipids to specific subcellular compartments. The present study is based on the ability of IFABP to interact with
phospholipid membranes, and we characterized its immersion into the bilayer's hydrophobic central region
occupied by the acyl-chains. We constructed a series of Trp-mutants of IFABP to selectively probe the interaction
of different regions of the protein, particularly the elements forming the portal domain that is proposed to
regulate the exit and entry of ligands to/from the binding cavity. We employed several fluorescent techniques
based on selective quenching induced by soluble or membrane confined agents. The results indicate that the
portal region of IFABP penetrates deeply into the phospholipid bilayer, especially when CL-containing vesicles
are employed. The orientation of the protein and the degree of penetration were highly dependent on the lipid
composition, the superficial net charge and the ionic strength of the medium. These results may be relevant to
understand the mechanism of ligand transfer and the specificity responsible for the unique functions of each
member of the FABP family.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Intestinal fatty acid-binding protein (IFABP) belongs to a family of
intracellular lipid binding proteins of low molecular mass (14–15 kDa)
that bind long-chain fatty acids [1]. These proteins share an almost
identical tertiary structure consisting of 10 antiparallel β-strands (βA
to βJ) that form a β-barrel, which is capped by two short α-helixes
arranged as a helix–turn–helix segment located between βA and βB
(Fig. 1A). It has been postulated that this helical domain is part of
a “dynamic portal” that regulates fatty acid (FA) entry and exit from
the internal binding cavity [2,3]. The precise physiological functions
of these proteins in the cellular metabolism are as yet unclear, but it
is hypothesized that they are important in intracellular transport
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and targeting of FA to specific membranous organelles and metabolic
pathways.

IFABP is confined to enterocytes and, together with liver fatty acid
binding protein (LFABP), represents a high proportion of the total cellular
protein content [4]. Several differences between the two enterocyte
FABPs, including ligand specificity, binding stoichiometry and ligand
transport properties, suggest unique functional properties [1,5,6]. To
deepen the transport function of the FABPs, we have used an in vitro
fluorescence resonance energy transfer assay to examine the rate and
mechanism of transfer of fluorescently tagged fatty acids from FABPs to
phospholipidmembranes. These studies have demonstrated that transfer
of FAs from IFABP tomembranes appears to occur during direct collisional
interactions between the protein and the acceptor membrane [5]. In
contrast, LFABP employs a different FA transfer mechanism, probably
involving an initial release of the ligand to the aqueous milieu prior to
its membrane association [7]. Employing mutant proteins, we have
shown that theα-helical domain of IFABP is responsible for the collisional
mechanism of transfer [2,8] and this involves charge–charge interactions
with acidic domains on the membrane's surface, thereby facilitating
the targeted transport of intracellular FA. Using a helixless variant
of IFABP [9] and employing chimeric proteins generated by exchanging
the helix–turn–helix domains between IFABP and LFABP, we have
demonstrated that the α-helical region of IFABP plays a primary role
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Fig. 1. Design of IFABP Trp mutants. Three positions in IFABP were selected to introduce Trp residues exposed to the aqueous environment spanning the different elements of the portal
region (Magenta): F17W inαI-helix (red spheres), L30W inαII-helix (green spheres) and F55W inβC–βD turn (blue spheres), plus a position in the barrel employed as a control (I114W,
cyan spheres) (A). Thesemutantswere constructed onto an IFABP lacking the two natural Trp residues, Trp6 and Trp82 (light-gray and heavy gray respectively). Panel B shows the Far-UV
CD spectra of single and double mutants of native Trp residues of IFABP, while panel C shows the spectra for the mutants of the portal region and the barrel control. Wild-type IFABP and
W6,82F template are shown in both cases as a reference, suggesting that all mutants fold properly.
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in the collisional transfer of fatty acids from IFABP to membranes [2,8]
and that this domain determines the unique FA transfer mechanism
from LFABP or IFABP to acceptor membranes.

With the aim of establishing FABPs' unique functions, we started
a detailed analysis of the molecular determinants defining IFABP
interaction with membranes. In our first work employing point
mutants of IFABP, where positive charges of the lysine residues
present in the α-helical region were neutralized or reversed, we
demonstrated that electrostatic interactions are a major determinant
of themechanism of FA transfer from IFABP to phospholipidmembranes
[10]. Molecular modeling studies of FABP–membrane interaction
supported this idea and indicated that the α-helical region of IFABP is
energetically favored for its interaction with anionic membranes [11].
Moreover, the interaction of apo- and holo-IFABP with membranes
was also analyzed employing a photoactivable reagent bound to
membranes. These experiments showed that holo-IFABP interacts
more strongly than the apo-form, probably indicating its capacity to
selectively unload its ligand to the membranes, rather than uploading
it from them [12].

As most of the enzymes involved in FA metabolism are membrane-
bound, it is possible that IFABP could modulate lipid metabolic enzyme
activity via direct interactions with membrane lipids and/or membrane
proteins. For this reason, “collisional” FABPs are thought to be specific
agents for targeting of FA selectively towards differential physiologically
relevant targets (mitochondria, ER, lipid droplets, plasma membrane,
etc.) [13]. The structural elements underlying the physical interaction of
IFABP andmembranes could have important physiological consequences,
since they may dictate the FA trafficking pattern within a cell. The
aim of the present work was set to characterize the interaction of
IFABPwithmembranes employing IFABP Trpmutants as intrinsic probes.
With this objective, a series of single Trp mutants spanning specific
domains of the protein were engineered. We first characterized the
degree of exposure of the different domains through the analysis of
the fluorescence spectra of each Trp mutant, to determine the polar
environment of each position; and the analysis of fluorescent quenching
by acrylamide, which depends on solvent accessibility.We evaluated the
Trp insertion into membranes by assessing its quenching by brominated
phospholipids.We observed that the Trp residues from the portal region
are immersed deep into the phospholipid bilayer. This interaction
depended on the membrane composition and on the ionic strength
of the media.

2. Materials and methods

2.1. Materials

12-(9-Anthroyloxy)-oleic acid (12AO) was purchased from
Molecular Probes, Inc. (Eugene, OR). Egg phosphatidylcholine
(EPC), N-(7-nitro-2,1,3-benzoxadiazol-4-yl) phosphatidylcholine
(NBD-PC), bovine heart ardiolipin (CL), and brominated phos-
phatidylcholines (BrPCs) 1-palmitoyl-2-(6,7-dibromo)stearoyl-sn-
glycero-3-phosphocholine (6,7-BrPC), 1-palmitoyl-2-(9,10-dibromo)
stearoyl-sn-glycero-3-phosphocholine (9,10-BrPC) and 1-palmitoyl-2-
(11,12-dibromo)stearoyl-sn-glycero-3-phosphocholine (11,12BrPC)
were obtained from Avanti Polar Lipids (Alabaster, AL). Acrylamide
was purchased from Sigma-Aldrich (St. Louis, MI). Isopropyl-β-D-
thiogalactoside (IPTG) was obtained from Fisher (Fairlawn, NJ).

2.2. Design of single tryptophan IFABP mutants

The plasmid pET11d-rIFABP (carrying the cDNA of IFABP from Rattus
norvegicus) was generously provided by Dr. Alan Kleinfeld and Dr. Ron
Ogata (Medical Biology Institute, La Jolla CA). Since wild-type IFABP
has two Trp residues buried inside of the binding site (W6 and W82),
Phe was selected to replace them because it was assumed to be the
less perturbingmutation froma structural point of view.We substituted
alternatively one and the other Trp for Phe (W6F and W82F mutants),
or both (W6,82F mutant). While the first ones were used as controls,
the latter was used as the template for introducing single Trp residues
at positions 17 (F17W), 30 (L30W), 55 (F55W) and 114 (I114W). The
first three mutants correspond to the three segments involved in the
portal region, namely the αI-helix, the αII-helix and the βC–βD turn;
and the mutant I114W in βI was included as a control of the external
face of the β-barrel. All single mutants were made by PCR megaprimer
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site-specificmutation [14], except forW6F thatwas generated as a single
amplicon containing the full-length cDNA of the mutated protein. The
double mutant W6,82F was prepared by digesting the single mutant
W6F andW82F plasmidswith SalI and XbaI (Promega) and then ligating
the correct fragments. The same external primers were used for all PCR
reactions: 5′-CGGATAACAATTCCCCTCTA-3′ and 5′-TTCCTTTCGGGCTTT
GTTAG-3′. All mutant cDNA sequences were subcloned into pET-11d
using XbaI or NdeI (W6F) and BamHI restriction sites. All mutants
were confirmed by sequence analysis. Table 1 shows the list of internal
primers employed to generate each mutant.

2.3. Protein expression and purification

The recombinant proteins were overexpressed in Escherichia coli,
harboring the pET11d-IFABP or the mutated versions of it, as detailed
elsewhere [2,5]. The wild type and mutant proteins were purified
from E. coli as described before [5]. Delipidation was carried out using
a Lipidex-1000 column (Sigma). Purity was assessed in SDS-PAGE
gels, and pure fractionswere pooled and store at−70°C. Concentration
was determined employing the individual extinction coefficients,
determined according to Gill et al. [15].

2.4. Vesicles preparation

The desired proportions of different phospholipids were mixed in
chloroform, dried under nitrogen and then lyophilized for at least 4 h.
Small unilamellar vesicles (SUVs) containing egg phosphatidylcholine
(EPC)were prepared by sonication and ultracentrifugation as described
previously [16,17]. For 12AO partitioning, 10 mol% of NBD-PC was
incorporated into the mixture of phospholipids, to serve as the
fluorescent quencher of the anthroyloxy moiety. Large unilamellar
vesicles (LUVs) were prepared at a concentration of 0.5 mM total
phospholipid by extrusion through polycarbonate membranes of
100 nm pore diameter (Avestin Inc., Ottawa, Canada) [12]. Vesicles
composed of EPC, BrPC, EPC/BrPC (3:1 mol:mol), EPC/CL (3:1 mol:
mol) or BrPC/CL (3:1 mol:mol) were employed. Unless otherwise
indicated, vesicles were prepared in 40 mM Tris, 100 mM NaCl
buffer (TBS), supplemented with 1mM EDTA in the case of vesicles
containing CL.

2.5. Analysis of wild-type and mutant IFABP variants

The conformation and integrity of the ligand binding site of the
mutant proteins was examined by the following methods.

2.5.1. Circular dichroism (CD)
CD spectra were obtained at 25 °C on a J-810 model spectro-

polarimeter (Jasco) using a 0.1 cm path length quartz cuvette (Hellma).
Spectra of wild-type and mutant proteins were obtained from five scans
between 190 and 260nm of an 18 μM protein concentration solution in
Table 1
List of internal primers employed to generate Trp point mutants of IFABP.

Mutant name Internal primera

IFABP-W6F 5′-TTACCATGGCATTTGATGGCACTTTCAAAGTAGACC-3′
IFABP-W82F 5′-CTCCATGGTAAAGGTCCCAGT-3′
IFABP-F17W 5′-CCCATTTTCTCCATCCACTTTTCATAG-3′
IFABP-L30W 5′-CATGAGCTCCCCACTTCCTCTTCAC-3′
IFABP-F55W 5′-CATCAATGTTTCGCCAGTTGCTTGATTC-3′
IFABP-I114W 5′-GGTAACGAACTATGGCAAACCTACAC-3′

a Underlined sequence indicates the bases mutated to eliminate or generate a Trp
codon.
a 25mM phosphate buffer (pH7.4) [10]. Content of secondary structure
was estimated as percentage of α-helical, β-sheet and random coil with
the online analysis software DichroWeb [18].

2.5.2. Ligands relative affinity
The partition coefficient (Kp) of 12AO between wild type or

mutant IFABP and small unilamellar vesicles (SUVs) was determined
by measuring 12AO fluorescence as a function of the molar ratio of
protein/SUV. Briefly, a solution containing 5 μM protein and 0.5 μM
12AO in 40mM Tris, 100mM NaCl, pH 7.4 (TBS) was titrated at 25 °C
with SUV containing 10% NBD-PC instead an equivalent amount of
EPC [19,20]. Kp is defined as:

Kp ¼
12AO : FABP½ �

FABP½ �
12AO : SUV½ �

SUV½ �
ð1Þ

and was estimated by fitting the equation:

Frel ¼ A� KP

KP þ
SUV½ �
FABP½ �

þ B� SUV½ �
FABP½ � ð2Þ

to the data,where Frel, [SUV], [FABP],A and B are the relativefluorescence
change, the molar concentration of SUVs, the protein concentration, and
the fitting parameters, respectively. The fitting parameter A represents
the specific signal of 12AO bound to IFABP in the absence of vesicles;
and B the correction factor by the optical disturbance due to the presence
of the vesicles.

2.6. Fluorescence spectroscopy

Fluorescence spectra were recorded on a Fluorolog 3 fluorimeter
(Horiba/Jobin Yvon, UK). Trp fluorescence emission spectra were
recorded from 300 to 400 nm, with excitation wavelength set at
295 nm to prevent excitation of the tyrosine residues. The slit width
was set to 5 nm for both the excitation and the emission. The protein
concentration employed was 5.0 μM. For the quenching experiments,
acrylamide was added from a 5.0 M stock solution to the protein
solution from 0 to 400 mM, and LUVs were added from a 0.5 mM
stock. After each addition, the samples were equilibrated for 3 min
at 25 °C before the spectrum was recorded. Fluorescence quenching
experiments were analyzed by the Stern–Volmer plots, and the curves
were used to fit the modified form of the Stern–Volmer equation,

F0
F

¼ 1þ KSV � Q½ � ð3Þ

where F0 is the fluorescence intensity in the absence of quencher, KSV

is the Stern–Volmer constant, [Q] is themolar concentration of quencher
that gives a fluorescence intensity F.

2.7. Estimation of membrane insertion depth of tryptophan residues

Brominated phospholipids, in which bromine atoms are located at
different positions in the acyl chains, have been used as effective Trp
fluorescence quenching agents [21] without a significant perturbation
of the membrane bilayer's properties [22]. The quenching is sensitive
enough to calculate the distance of Trp residues to the center of the
phospholipid bilayer by the distribution analysis method [23] when
they are located within the region of the acyl chains. This method
of analysis has been shown to be more appropriate than the Parallax
calculation [21] for systems where multiple configurations are possible
or complete knowledge of the behavior of the system studied is
not possible. Therefore, to estimate the average Trp insertion depth,
Br-depth depending quenching of Trp fluorescence results were
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employed to fit a Gaussian distribution of Trp distance to the center
of the bilayer (Eq. (4)):

Ln
F0
Fh

� �
¼ S=c

σ
ffiffiffiffiffiffi
2π

p e−
h−hmð Þ2
2σ2 ð4Þ

where F0 and Fh are the fluorescence intensities in the absence and
presence of the quencher at a distance h from the center of the bilayer
after equilibration of the protein–LUV mixtures. The fitting parameters
hm, σ and S correspond to the mean depth of the Trp residue, the
dispersion and the area of the Gaussian function, respectively. The
parameter c corrects the quenching efficiency by the concentration
of the quencher in the phospholipid bilayer.

LUVs of BrPCs were prepared with either 100% 6,7-BrPC, 9,10-BrPC
or 11,12-BrPC, and a 5.0 μM dilution of each IFABP's Trp mutants in
TBS were titrated with increasing concentration of them, from 0 to
42 μM BrPCs. After each addition, the sample was incubated at 25 °C
for 3min to equilibrate before recording the emission spectrum of Trp.
The depth of immersion was calculated using the 6,7- and 9,10-BrPC
and 11,12-BrPC pairs to fit Eq. (4). To analyze the dependence of the
depth penetration on the composition of the vesicles, we repeated the
analysis employing vesicles with 25 mol% of CL (25% CL–75% BrPC
mol/mol). In this case, LUVs composed of 25 mol% of EPC (25% EPC–
75% BrPC) were used as controls. The effect of the ionic strength on
the protein–membrane interaction was assessed by varying the NaCl
concentration from 100 to 1000mM in the TBS during the preparation
of the LUVs.

2.8. Molecular modeling

Atomic coordinates for the membrane were snapshots generated
computationally and equilibrated by molecular dynamics procedures
[24]. As a single component of the neutral membrane, we used POPC
and anionic forms of membranes were developed with a mix of 75%
POPC and 25% CL. Structure of IFABP is based on that previously
reported (PDB ID: 1IFB), and its relative positions were obtained taking
into account experimental data, electrostatic free energy between the
protein and the membrane, and protein structure conservation so that
no deviations from currently available experimental geometries were
induced. Figures were developed with PyMOL Molecular Graphics
System (Schrödinger, LLC) [25].

3. Results

3.1. Structural and ligand properties of IFABP's tryptophan mutants

To examine whether the portal region of IFABP is the membrane
binding domain, we undertook the construction of point mutants
inserting Trp residues in the three different structural elements of
Table 2
Structural controls of Trp mutants of IFABP.

Protein ε280nm

(M-1 cm-1)
CD spectroscopy a

Minimum (nm) % α % β

wtIFABP 16,000 216 10 40
W6F (Trp82) 10,816 215 10 35
W82F (Trp6) 10,816 217 6 42
W6,82F 5120 216 3.5 41
F17W 10,816 216 8 33
L30W 10,817 216 13 38
F55W 10,816 216 6 42
I114W 10,817 216 6 40

a CD calculations of secondary structurewere performed employingDichroWeb online softw
be considered as turns.

b Ksv results are average of at least 3 independent measurements± SEM.
c NA: not applicable.
d ND: not determined.
the portal region: αI-helix, αII-helix and the βC–βD turn [3]. After
eliminating the naturally occurring Trp residues at positions 6 and 82,
Trp residues were introduced separately in the αI-helix (F17W), the
αII-helix (L30W) and the βC–βD turn (F55W) (Fig. 1A). An extra Trp
residue was incorporated at the βI strand (I114W) to serve as a control
of the β-barrel. To control for potential alterations in the overall
folding of the point mutants, CD spectroscopy was used to evaluate
their secondary structure. The far-UV CD spectra of IFABP showed a
maximum at 198–200 nm and a minimum near 215 nm, typical of
proteins with predominant β-structures, and its shape and intensity
agreed with previously published data [6,10,26]. Fig. 1B and C shows
the far-UV CD spectra for all mutants employed in this study plus
the one of IFABP-W6,82F employed as a template for constructing
the single-Trp mutants. Minor changes in the secondary structure
of mutants W6F, W82F and W6,82F can be observed (Fig. 1B). Also,
no significant differences are detectable in the Trp mutants compared
to the wild type IFABP or the W6,82F mutant (Fig. 1C). The α, β and
random-coil content estimations for each variant are presented in
Table 2.

The relative partition coefficient (KP) of 12AO between the IFABP
variants and zwitterionic SUVs (EPC 90%, NBD-PC 10%)was determined
in order to evaluate the integrity and functionality of the ligand binding
site of the Trp mutants. All mutants showed a similar behavior, a
progressive decrease of 12AO fluorescence as a function of increasing
NBD-PC-containing vesicles' concentration, indicating the ability of
each mutant to transfer 12AO to acceptor SUVs vesicles. Furthermore,
the results of KP presented in Table 2 fall within the 95% confidence
that includes the value of the native IFABP and indicate a preferential
partitioning of 12AO to SUVs, also in agreement with previous results
[2,6,10]. These results indicate that the overall folding of the protein
remains intact and that, even though two residues of the hydrophobic
core were mutated (W6F andW82F), the relative affinity of themutant
proteins for fluorescent fatty acid analogs is essentially the same as in
wild-type IFABP.

Altogether, these controls suggest that no major alterations were
induced in the overall conformation or the properties of the binding
site in the Trp-mutants of IFABP compared to the wild-type protein.
Our results agree with previous reports of Trp to Phe mutations that
did not alter the native folding or ANS binding of IFABP [26].

3.2. Analysis of fluorescence spectra of tryptophan residues

The fluorescence emission spectrum of tryptophan reports on its
immediate environment around it. Trp residues in a polar aqueous
environment show an emission maximum near 340–350 nm, whereas
Trp residues in an apolar environment present a blue-shifted emission.
IFABP has two Trp residues located at positions 6 and 82. Trp6

constitutes part of the hydrophobic core that drives the folding of
the protein and is completely hidden from the aqueous environment
Fluorescence maximum (nm) KP ([SUV]/[Protein]) b

% rc

28 329.5 0.13±0.04
32 332 0.06±0.03
27 324.5 0.08±0.03
32 NAc NDd

35 338 0.17±0.09
31 340 0.16±0.04
30 341 0.21±0.05
32 340 0.16±0.07

are. rc: Random coil. The unaccounted content of secondary structure to reach 100% should



Fig. 2. Fluorescence spectra of Trp mutants of IFABP. The fluorescence spectra of wild-type and single Trp mutants of IFABP were recorded for 5 μM suspensions in phosphate buffer.
The addition of the spectra of W6F and W82F reconstitutes the shape of the spectra of the wild-type protein (A). Panel B shows the normalized spectra for the different Trp mutants of
IFABP employed in the following assays.
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while Trp82 is immersed in a distinct environment forming part of the
bottom of the ligand binding site, according to the crystal structure
PDB-ID: 1IFB [27]. The fluorescence spectra of mutants W6F (Trp82)
and W82F (Trp6) indicate that both Trp residues show a maximum
fluorescence emission at wavelengths expected for a Trp located in
apolar environments, but their environments are not equivalent.
Trp6 showed a slightly more shifted spectrum to shorter wavelengths
(λmax = 324 nm) compared to that of Trp82 (λmax = 332 nm) as
shown in Fig. 2A and Table 2. This could be explained by the fact that
Trp6 is surrounded by a more hydrophobic environment; while Trp82

is accessible from the binding cavity and next to Arg106, the anchor
residue that forms a salt bridge with the carboxylic head of the fatty
acids when the ligand is bound to the protein. Furthermore, the binding
cavity may be filled with water located close to Trp82 in the apo-form,
and partially responsible for a more red-shifted spectrum than W82F.
Fig. 3. Acrylamide quenching of IFABP's Trp mutants in absence and presence of LUVs. Trp mu
repeated after equilibration of the protein with 40 μM EPC LUVs, were a clear protection of th
equation (Eq. (3)). Plots represent a representative titration of a total of at least three replicate
Noteworthy, the addition of the fluorescence spectra of mutants W6F
andW82F reconstitutes the spectra of the native IFABP, further proving
that the mutations introduced to neutralize the original Trp residues do
not affect the average folding of the protein in solution, or, particularly
in this case, the immediate environment of the other natural Trp
residue.

The steady-state fluorescence spectra of the portal mutants showed
a red-shifted emission spectrum compared to the wild-type protein,
but with significantly lower quantum yield (not shown), as expected
for water exposed fluorescent probes. The barrel control I114W also
showed a red shifted emission, but the signalwas approximately double
than for the portal region mutants. Mutants L30W, F55W and I114W
showed a maximum emission around 340 nm, while for F17W
the maximum was λmax = 338 nm (Fig. 2B and Table 2). This could
be explained by the orientation of the original Phe17 in the crystal
tants of IFABP (5 μM) were titrated separately with acrylamide (A and C). The assay was
e Trp residues was observed (B and D). Lines represent the fitting to the Sterm–Volmer
s. Final results of KSV constants are presented in Table 3.

image of Fig.�2
image of Fig.�3
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structure, which is not completely exposed to the solvent (unlike Leu30,
Phe55 or Ile114) and also is rather close to two other hydrophobic
residues, Phe117 and Phe119.

3.3. Acrylamide quenching

We analyzed the ability of acrylamide to quench the Trp fluorescence
of the IFABP mutants by titrating them in the presence and absence
of EPC-LUVs. Quenching by acrylamide is mainly a collisional effect and
is thus dependent on the concentration of quencher and the solvent
accessibility of the Trp residue. Fig. 3 shows the Stern–Volmer plots
obtained for the wild-type protein and its mutants. The results of Stern–
Volmer constants derived from the fitting of Eq. (3) to these results
are summarized in Table 3.

The KSV obtained by quenching in aqueous solution show that
the native Trp6 residue of IFABP is considerably more protected from
the environment comparedwith the Trp82 or those inserted in the portal
region, in agreementwith the observed blue-shifted emission. The larger
exposure of the Trp82 compared with the Trp6 is probably due to access
of the soluble quencher to the empty binding cavity. I114W and F17W
Trp mutant were more easily quenched by Acrylamide (KSV = 12.3 ±
1.5 and 12.5 ± 1.3, respectively) than F55W (7.1 ± 0.6) and L30W
(6.9 ± 0.3), correlating largely with the emission maximum (Table 2).
The unexpectedly high exposure of the Trp17 could be explained by
the acrylamide access from the empty binding site. The effect of the
addition of a 1:1 proportion of oleic acid to protein before the titration
with acrylamide was different on F17W and I114W (that were partially
protected) than for L30W and F55W (that were more exposed by the
presence of the ligand). This could be explained by the entry of the ligand
into the binding pocket that also slightly expels residues 30 and 55
towards the aqueous medium. These changes correlate with the subtle
conformational changes between apo- and holo-forms of IFABP [27,28].

We also evaluated the capacity of LUVs in the sample to protect the
Trp residues from the acrylamide quenching. A protection factor was
calculated as the ratio between the KSV obtained for the free in solution
and in the presence ofmembrane or the oleic acid boundproteins forms
(Table 3). Binding to 100% EPC vesicles induces the protection of Trp
residues at positions 82, 17 and 114, a less evident protection was
sensed by the Trp in position 55, whereas Trp at positions 6 and 30 do
not seem to be affected. The protection of Trp at position 114 after
incubationwith vesicles could be explained by a conformational change
of the β-barrel, or by a side interaction of the protein.

3.4. Membrane penetration depth of IFABP portal domain

Depth-dependent fluorescence quenching of IFABP Trp mutants
was studied using LUV prepared with phospholipids dibrominated
at different depths. The degree ofmembrane penetration of Trp residues
located in different regions of IFABP was estimated by analyzing the
relative quenching effect of the different brominated lipids on Trp
Table 3
Acrylamide quenching of native IFABP and single Trp mutants in the presence and absence of

Protein Buffer EPC LUVs

KSV (acrylamide)a KSV

(acrylamide)a
Pr

(K

wtIFABP 4.4± 0.4 4.7± 0.3 0.
W6F (Trp82) 7.7± 1.1 5.1± 1.3 1.
W82F (Trp6) 3.5± 0.3 3.3± 0.5 1.
F17W 12.5± 1.3 7.7± 0.4 1.
L30W 6.9± 0.3 6.7± 0.7 1.
F55W 7.1± 0.6 6.0± 0.7 1.
I114W 12.3± 1.5 8.1± 0.1 1.

a KSV results are average of at least 3 independent measurements± SEM.
b A 1:1 ratio of FABP and fatty acid was employed.
c Only 2 determinations were made in these cases.
fluorescence. Noteworthy, the synthetic brominated PC derivatives
employed for this study, which do not contain double bonds, form
bilayers of equal thickness (49 Å) and similar properties, comparable
to lipids with a single unsaturated bond [29,30].

The results obtained for the different Trp mutants are presented
in Fig. 4. The titration curves clearly deviate from a straight line. Unlike
acrylamide quenching, which is a diffusion-mediated process, in the
case of quenching by brominated phospholipids the plots report
the thermodynamic equilibrium of the protein distributed between the
free and LUV-bound states, instead of the accessibility of the quencher
to the fluorophore.

The incubation of the single mutants with the native Trp residues
with BrPC LUVs showed small changes on Trp fluorescence. Trp82

(W6F), in particular, showed no changes in Trp fluorescence when Br
atoms were at positions 9 or deeper, but for vesicles with Br atoms at
positions 6 and 7 a small but consistent increase in its fluorescence was
actually recorded compared with the fluorescent signal of the protein
free in solution. This unexpected effect could be suggesting that the
protein-complex formation is accompanied by a conformational change
of the ligand binding site and or the hydrophobic core, increasing
the quantum yield of Trp82. On the other hand, Trp6 (W82F) showed
a small, but non-significant, decrease in Trp fluorescence when titrated
with brominated LUVs. Furthermore, no difference was observed
between vesicles with Br atoms located at different heights. In all these
cases, changes were lower than 8% of the initial fluorescence,
compatible with the results expected for residues that are not
close to the membrane's hydrophobic core.

On the other hand, Trpmutants of the portal region of IFABP showed a
distinct behavior depending on the residue and the quencher position. All
Trp residues exposed to the solvent were quenched on a concentration
dependent manner by brominated LUVs, but Trp17 (F17W) and Trp55

(F55W) showed a larger effect when incubated with 6,7-BrPC containing
LUVs than with those with 9,10-BrPC or 11,12-BrPC that were almost
undistinguishable (around 18% at the largest concentration tested,
40 μM). Furthermore, Trp17 suffered a larger quenching effect (−35%)
with 6,7BrPC LUVs than Trp55 (−29%). In the case of Trp30 (L30W), 6,7-
BrPC and 9,10-BrPC LUVs had near equivalent effects (−22%), while
11,12-BrPC LUVs showed a slightly smaller effect (−15%). These results
suggest that the three Trp inserted in the portal region seem to be, at
least transiently, located into the phospholipid membrane's hydrophobic
core, and that Trp30 could be closer to the medium plane of the
bilayer. Finally, the incubation of the control mutant with the Trp
residue incorporated in the outer side of the β-barrel (I114W)
showed equivalent effects with all brominated LUVs and a
quenching effect intermediate between that observed for the portal
region mutants and the native Trp residues (around −15%),
suggesting that it may be closer to the phospholipid interface
than the natural Trp residues, but it did not get close enough to the
hydrophobic core to detect any specific quenching by the Br atoms at
different positions for this type of vesicles.
oleic acid and EPC LUVs.

Oleic Acidb

otection factor KSV

(acrylamide)a
Protection factor

SV ratio, buffer/LUVs) (KSV ratio, buffer/OA)

94 2.5± 0.3 1.72
51 5.5± 0.5 1.40
03 4.9± 0.02c 0.71
62 7.8± 0.8 1.60
03 12.9± 1.9 0.53
19 10.7± 0.3c 0.66
52 9.8± 1.0 1.25



Fig. 4. Trp quenching by binding of IFABP to LUVs of 100% BrPC. The different Trp mutants were titrated with LUVs prepared with either 6,7-BrPC, 9,10-BrPC or 11,12-BrPC. The different
panels represent one of the three independent measurements performed for eachmutant. The curves follow the binding of IFABP to themembranes. The differential quenching between
the different types of vesicles were employed to fit the parameters of Eq. (4) presented in Table 4.
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All together these results suggest that the different components of
the portal region are participating with different degrees of immersion
in the bilayer, while the natural Trp residues of the hydrophobic core
and the control mutant are not in close contact with the membrane.

The distances of the Trp residues to the center of the bilayer were
estimated based on Eq. (4) comparing the differential quenching effect
of the Br atoms located at different positions in the acyl chains of PC.
This method detects lower quenching effects for IFABP, compared to
transmembrane peptides, probably due to the fact that IFABP is a soluble
protein and only is inserted partially and transiently into themembrane.
Therefore, calculations were performed only for the mutants that
showed more than 20% quenching for at least one type of vesicles at
40 μM LUVs. For the other cases, calculated distances were larger than
20 Å, indicating that the Trp residues were distributed mainly outside
the membrane, where the method shows no sensitivity. Thus, it was
not possible for native Trp residues to estimate a distance from the
central plane of themembrane. The samewas true for the Trp at position
114 in the case of 100% Br2-PC LUVs. We also studied the dependency of
Trp insertion on the lipid composition of the vesicles. The results for Trp
of the portal region for all types of vesicles tested are shown in Fig. 5 and
in Table 4. These results show that Trp residues located in the portal
region get in contact with the membrane's hydrophobic core when
incubated with brominated phospholipids. Nevertheless, only L30W
is deeply immersed between the acyl chains, as judged by the narrow
distribution with a maximum at a shorter distance from the center
of the bilayer. Concurrently, F17W and F55W stay between the polar
head-groups and the hydrophobic central portion of the membrane.
This is also confirmed by the wider distributions, observed for residues
17 and 55 compared to L30W, indicating the lower precision in the
estimations of their positions. Trp residues in other positions seem to
be located outside the membrane when incubated with 100% BrPC.

3.5. Modulation of membrane interaction and Trp residues insertion

Previous reports indicated that electrostatic forces between IFABP
and model lipid membranes drive their interaction, and that this is
strongly affected by the surface charge of the vesicles (phospholipid
composition) and the ionic strength of the environment [10–12,31].
Cardiolipin, in particular, seems to be a significant and unique interacting
partner for IFABP, potentially involved in vectorial transfer of its cargo
towards the mitochondria [2,10,12]. Therefore, we analyzed how these
factors modulate Trp residues insertion into the membranes for IFABP's
Trp mutants by BrPC dependent quenching.

BrPC LUVs containing either 25% cardiolipin (CL) (25% CL, 75%
BrPC) or 25% egg phosphatidylcholine (EPC) (25% EPC, 75% BrPC)
were employed to analyze the dependence of Trp insertion on lipid
composition [32]. Results presented in Fig. 5 suggest that the change
in lipid composition for CL allows a deeper insertion of the protein as

image of Fig.�4


Fig. 5. Distribution of Trp location in phospholipid bilayers. Trp residues of mutant IFABP
were titrated with LUVs containing brominated phospholipids at different positions of
their acyl chains. The differential quenching effect of each type of lipid was employed to
calculate the depth of the Trp immersion into the membrane by fitting Eq. (4) to the
data. The different panel show representative results obtained for 100% brominated LUVs
(A), 75% BrPC-25%EPC (B) and 75% BrPC-25%CL (C). Fitted parameters are summarized in
Table 4.
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all Trp are largely quenched already in the presence of 25% natural
zwitterionic lipids (EPC). This is probably due to the presence of
multiple polyunsaturated acyl chains that define amore flexible bilayer.
When 25% CLwas employed instead of the EPC, the distances calculated
indicate an even deeper immersion of all Trp residues of the portal
region. This is consistentwith the idea that the electrostatic interactions
are important for IFABP–membrane approach and interaction, but also
suggests that the protein orientation on the membrane interphase
depends on the charged head-groups and, hence, on the phospholipid
Table 4
Distribution analysis of Trp mutants of IFABP by brominated phospholipid quenching.

Fitting parametersa 100% BrPC 75% BrPC+

hm (Å) σ S hm (Å)

F17W 21.4± 0.7 10.8± 0.5 10.2± 0.2 15.1± 1.0
L30W 9.4±0.1 3.6± 0.8 1.9± 0.3 9.4± 0.2
F55W 19.2± 0.7 10.0± 0.3 9.3± 0.3 10.4± 0.4
I114W NA NA NA 15.7± 1.0

a Eq. (4) was fitted to the quenching of Trp mutants employing the distances of 10.8, 8.3 an
respectively. hm, σ and S correspond to the fitting parameters that represent the average dista
parameter of the Trp fluorescence quenching. Results are mean± SEM, N=3 for all measurem
composition. A significant change in orientation of IFABP in the
membrane complex is required for the β-barrel control (I114W)
to be accommodated inside the bilayer along with the other Trp
mutants when incubated with CL-containing vesicles. Another
possibility, not necessary mutually exclusive, would be that IFABP
may have multiple interaction modes when interacting with these
anionic vesicles.

Finally, we analyzed the effect of increasing ionic strength on IFABP
membrane interaction. IFABP Trpmutantswere titratedwith 100% BrPC
LUVs at different ionic strengths ranging from 100 to 1000 mM NaCl
(Fig. 6). The increase in NaCl concentration dramatically decreased
the quenching effect on Trp Fluorescence by Br atoms, regardless
of the residues position. This can be explained by the masking effect
of charges that weakens electrostatic interactions and reduce IFABP
affinity for LUVs. This further supports the notion that electrostatic
forces are essential for IFABP–membrane interactions. A similar effect
was reported before for the non-collisional LFABP, for which an increase
from 0 to 200 mM NaCl abolished completely its interaction with
anionic vesicles [33].

4. Discussion

The results presented here provide new insights into FABP–
membrane studies thatmay be relevant for understanding their specific
functions and, eventually, for the therapeutic modulation of intestinal
FABP's functions in diabetes and obesity. The acrylamide fluorescence
quenching experiments indicated that IFABP portal region is partially
protected by interaction with the lipid bilayer; while the quenching
efficiency of brominated lipids on IFABP Trp mutants fluorescence
indicate that the protein penetrates partially into the bilayer. Trp
residues located in the portal region would be immersed between the
polar head groups and the middle of the bilayer, in close contact with
its hydrophobic core, depending on the phospholipid composition. In
addition, the natural Trp residues (6 and 82) do not show a significant
quenching by any of the brominated lipids used, which would suggest
that these residues do not interact with the lipid phase, or at least do
not come in close contact with the hydrophobic core of the membrane
during the formation of the protein–membrane complex.

Previous studies, conducted to analyze FABP–membrane interactions
have proved extensively that “collisional” FABPs can interact with
phospholipid model membranes and that electrostatic interactions
have a central role in the initial steps of the interaction [10,30,34].
Simulations have even suggested different modes of interaction for
different FABPs [11] and a possible mechanistic model for the ligand
download to the acceptor membranes starting from a configuration of
IFABP on the surface (outside) of a model membrane [35]. However,
this is the first time, to our knowledge, that the penetration depth
of these soluble proteins into phospholipid membranes is systematically
assessed experimentally, showing that apo-IFABP could penetrate
into the phospholipid bilayer, as originally suggested by hydrophobic
photolabeling experiments [10,12]. The photolabeling experiments
have also shown that the interaction of IFABP with membranes is
composition-dependent and increases with the negative charge of
the membranes [12]. This is compatible with IFABPs proposed ligand
25% EPC 75% BrPC+25% CL

σ S hm (Å) σ S

11.3± 0.1 3.3± 0.4 8.2± 0.1 7.2± 0.4 1.1± 0.1
4.3± 0.3 1.0± 0.2 7.3± 0.1 4.1± 0.2 0.8± 0.1
7.2± 0.4 1.8± 0.3 10.9± 0.5 4.6± 0.5 0.7± 0.1

13.0± 0.3 2.5± 0.3 8.4± 0.1 2.4± 0.1 0.6± 0.1

d 6.3 Å for the average position of 6,7-BrPC, 9,10-BrPC, and 11,12-BrPC quenching groups,
nce (Å) from the center of the bilayer, the dispersion of the distribution and an efficiency
ents, except for I114Wwith 25% EPC LUVs (N=2). NA: Not Applicable.
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Fig. 6. Inhibition of Br-dependent quenching of Trp fluorescence by increasing ionic strength. Trp mutants of IFABP were titrated with BrPC LUVs in the presence of increasing NaCl
concentration (100–1000mM). Panel A and B shows the results for L30Wmutant for two different BrPC lipids with Br atoms at positions 6,7 and 9,10, respectively.
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transfer mechanisms, which is collision-mediated and dependent on the
composition of the phospholipid membranes. This interaction, although
transient, may be critical for the functions of the FABPs in general and
not only for IFABP, since several members of the family are also thought
to effectively interact with membranes [36]. Furthermore, membrane
insertion of the portal region may be associated with minor, but sig-
nificant, conformational local changes in the portal region and the
binding site that may induce and/or facilitate both ligand upload and
release, avoiding the low probable ligand release into the aqueous
medium. Furthermore, the differential protein configuration in the
phospholipid bilayer depending on its lipid composition could be
the key for selective intracellular trafficking of ligands. The models
represented in Fig. 7, based on the distance restrictions estimated
by the distribution analysis (Section 3.5), suggest a significant change
in the orientation of IFABP during membrane interaction between
POPC and CL-containing vesicles. This hypothesis urges to reanalyze by
molecular dynamics the release of fatty acids from IFABP starting from
the different configurations in which the protein is partially immersed
in for each type of membrane.

Similar studies were performed already in other members of the
FABP family, like Liver FABP (LFABP), where membrane association
was observed only under conditions of low ionic strength [33]. In this
case, two portal Trp mutants at positions 28 and 74 (L28W and
M74W) were employed in the analysis. The authors concluded, based
on the selectivity of LFABP, that the large quenching effect observed
(N75%) was due to the insertion of one brominated acyl chain into the
Fig. 7. IFABP different modes of insertion into membranes of different composition. The prese
immerse itself into its hydrophobic central region next to the acyl-chains. The conformation o
and the ionic strength of the medium. The models presented here are based on the distance
dependent quenching of the IFABP's Trp mutants for POPC membranes (A) and POPC + CL (
with the residuesmutated in this work highlighted as solid spheres. Themembrane is in stick re
positions of the Br atoms, and one CL molecule, all in solid spheres representation.
site 2 of the binding cavity, rather than due to the protein immersion
into the membrane.

The membrane interaction of the residues of the portal region
of IFABP is also consistent with previous works in which the centrality
of the α-helical region, particularly αII-helix, has been highlighted
as part of themembrane binding domain and in determining the ligand
transfer mechanism [6,37]. Total removal of the α-helical domain
undoubtedly impaired IFABP interactionwithmembranes and its ligand
transfer capacity [8,12]. Moreover, photocrosslinking experiments
followed by controlled proteolysis showed a markedly enrichment of
the radiolabel in the peptide containing the α-helical region of IFABP
[12]. Compared to previous studies, the present work incorporates
the participation of residues external to the helical region: from the
βC–βD loop, that is also known to participate in the portal domain
that would control ligand entry and exit from the binding cavity [3].
But also a significant immersion of the Trp114 inserted in the βI-sheet
was detected for anionic vesicles containing 25% CL. This possibility
has been previously suggested for “diffusional” FABPs, like LFABP,
LbFABP or CRBP, where the β-barrel presents themost probable domain
for interaction with membranes [11,38].

5. Conclusion

The proposed model of ligand transfer from IFABP to acceptor
vesicles is believed to have different steps [2,3,10]. The initial interaction
between the holo-protein and the membrane would be driven mainly
nt results confirmed the ability of IFABP to interact with phospholipid membranes and to
f the protein and the degree of insertion was highly dependent on the lipid composition
restrictions estimated by the distribution analysis method for brominated phospholipid-
B) model membranes. IFABP is shown as a cartoon representing its secondary structure
presentation, except for a singlemolecule for the brominated lipids indicating the different
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by electrostatic interactions; followed by a conformational transition of
the protein from a closed to an open state. We have demonstrated here
that part of the protein is immersed into the phospholipid membrane
during the formation of the protein-membrane complex, and that
this intermediate configuration may be different according to the lipid
composition, particularly in the case of CL-containing membranes, like
in the mitochondria. The conformational change of IFABP partially
immersed into thephospholipid bilayerwould promote thedissociation
and exit of the fatty acid from the binding cavity to be incorporated
into the membrane or to be taken by enzymes located in it. The
conformational change that would promote the transfer of the ligand
may involve both ionic and hydrophobic interactionswith themembrane
[10,31], but further studies are needed to understand how membrane
interaction and conformational changes in the portal region are being
translated in the exit/entry of the ligand to/from the phospholipid bilayer.
An alternative was suggested by the analysis of LFABP–vesicles inter-
action, where a single acyl chain from a phospholipid of the membrane
is believed to be inserted into the ligand binding cavity via the portal
region, potentially promoting the release/upload of ligands [33].

One must also consider the relevance of the human Ala54Thr
polymorphism of IFABP, present in the βC–βD loop next to Phe55, which
has been correlated with higher risk of developing insulin resistance
and hypercholesterolemia in humans [39,40] and with impaired Δ6-
desaturase activity in obese children [41]. This polymorphism was
reported to show a two-fold difference in affinity compared to the native
protein, due to a new H-bond bridge between the βC–βD loop and α-II
helix that compromised the flexibility of the portal region and the entry
of the fatty acids [42]. Localizing this residue deep in the membrane
during the IFABP–membrane complex opens new possibilities for this
polymorphism to affect the normal function of IFABP thatmust be further
investigated and may account for the clinical observations.
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