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Intestinal fatty acid-binding protein (IFABP) is an intracellular lipid-binding protein whose specific functions
within the cell are still uncertain. An abbreviated version of IFABP encompassing residues 29–126, dubbed
Δ98Δ is a stable product of limited proteolysis with clostripain of holo-IFABP. Cumulative evidence shows that
Δ98Δ adopts a stable, monomeric and functional fold, with compact core and loose periphery. In agreement
with previous results, this abridged variant indicates that the helical domain is not necessary to preserve the
general topology of IFABP's β-barrel and that the helix-turn-helix motif is a fundamental element of the portal
region involved in ligand binding and protein–membrane interactions. Results presented here suggest that
Δ98Δ binds fatty acids with affinities lower than the IFABP but higher than those shown by previous helix-less
variants, shows a ‘diffusional’ fatty acid transfer mechanism and it interacts with artificial membranes. This
work highlights the importance of the β-barrel of IFABP for its specific functions.

© 2014 Published by Elsevier B.V.
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E1. Introduction

Intestinal fatty acid-binding protein (IFABP) belongs to a family
of intracellular lipid-binding proteins of low molecular mass (14–
15 kDa) with the putative general function of lipid trafficking [1]. The
precise physiological functions of these proteins are as yet not precise,
but it is hypothesized that they may have a central role in intracellular
transport and targeting of fatty acids (FA) to specific membranous
organelles and metabolic pathways [2]. The IFABP is abundantly
produced in the enterocyte, where a second FABP, liver-type FABP
(LFABP), is also highly expressed [3,4]. A number of differences between
the two enterocyte FABPs have been described, including binding
specificity, stoichiometry, mode of ligand transport and membrane
interaction properties, suggesting unique functional properties [5–8].
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Remarkably, all FABPs share an almost superimposable β-barrel fold
that resembles a clamshell. This β-barrel consists of ten β-strands (A–
J) arranged in two nearly orthogonal β-sheets that enclose the ligand
binding cavity [9,10]. The barrel is capped with a helix-turn-helix
motif located between strands βA and βB. This helical subdomain has
been described as the portal region together with residues from βC-D
and βE-F connecting loops, and it is hypothesized that it may regulate
the entry of FA into the cavity [11]. This characteristic tertiary structure
differs from most globular proteins since its interior is occupied by a
large solvent-filled cavity, while the hydrophobic core is small and
displaced from the protein center. The key to a better understanding
of the unique functions of these FABPs may rely on the structural
characterization and, therefore, on a detailed structure–function analy-
sis of the subdomains found in their fold.

To address the possible binding and transport functions of IFABP at
the structural level, the previous works have focused on a series of
structural variants of this protein and of other members of the FABP
family. Through the years, theseworks have highlighted the importance
of different regions of FABPs involved in functional processes like ligand
binding and transfer of its cargo to artificial membranes. It was the
helix-turn-helix motif that received particular attention regarding
ligand binding and ligand transfer mechanisms to model phospholipid
membranes. Using fast kinetics measurements, it has been demons-
trated that transfer of FA from the IFABP to membranes appears to
occur during direct collisional interactions between the protein and
binding and transfer from Δ98Δ, a functional all-β abridged form of
014.09.022
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the acceptor membrane, while LFABP transfers FA to acceptor mem-
branes in a diffusional manner, involving an initial release of the ligand
to the aqueous milieu prior to its membrane association [5,7,12].

The IFABP is a usefulmodel to study the structure anddynamics ofβ-
sheet proteins. In order to get further knowledge about IFABP folding
process, identify possible nucleation events and determine the impor-
tance of the α-helical region, two consecutive variants of helix-less
IFABP (Δ17-SG and Δ27-GG) were constructed and analyzed, showing
that the helical domain is not necessary to preserve the general topolo-
gy of IFABP [13,14]. Interestingly, these proteins retain the ability to
bind fatty acids, although with a lower affinity than the full-length pro-
tein, indicating that the helical domain contributes to regulate the affin-
ity of the protein for different FA. More recently, a novel abbreviated
helix-less variant of IFABP was obtained as a stable product of limited
proteolysis of this protein with clostripain (Arg-C) in the presence of
oleate as ligand [15]. Remarkably, the main fragment generated after
proteolysis with clostripain of holo-IFABP is highly resistant to further
degradation. It was then postulated that stability to proteolysis of this
11 kDa fragment (dubbed Δ98Δ) is due to its ability to bind the ligand,
a feature that would help it remain structured. Hence, this is the first
helix-less variant not rationally designed, but rather obtained through
a ‘protease selection’ process. Δ98Δ variant lacks the first β-strand
(βA) and most of the helix-turn-helix domain, as well as the last four
residues of βJ (Fig. 1). Structural and binding analyses show that Δ98Δ
folds properly, adopting the classical β-barrel structure, and maintain-
ing ligand binding capacity [15].

In order to get further insight into Δ98Δ functional capabilities, we
extensively studied the binding affinities of this protein for natural
and fluorescent tagged FA and we analyzed the rate and mechanism
of fluorescent tagged FA transfer to membranes of different composi-
tions. On the other hand, we studied the ability of Δ98Δ to physically
interact with membranes employing different approaches. We used an
acrylamide quenching assay, an ultracentrifugation assay and a terbium
leakage experiment. This work demonstrates that Δ98Δ, not only
retains its ability to bind FA, but also interacts with phospholipid mem-
branes although displaying a diffusional FA transfer mechanism. This is
in agreement with the sequential FA transfer mechanism hypothesis
proposed for the IFABP where other regions of the protein would be
able to interact with membranes even in the absence of the leading
helix-turn-helix motif [16].
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Fig. 1. Ribbon structure of IFABP (PDB 2IFB) where the Δ98Δ construct is indicated. The
excised N- and C-termini are shown in pink, Δ98Δ in light blue, and the only W present
in Δ98Δ is shown in red.
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2. Materials and methods

2.1. Materials

Sodium oleate was obtained from Nu-Chek Prep (Elysan, MN).
Anthroyloxy fatty acids (AOFA), 12-(9-anthroyloxy)-oleic acid (12AO)
and 12-(9-anthroyloxy)-stearic acid (12AS), and acrylodated IFABP
(ADIFAB) were purchased from Molecular Probes, Inc. (Eugene, OR).
Egg phosphatidylcholine (EPC), N-(7-nitro-2,1,3-benzoxadiazol-4-yl)
phosphatidylcholine (NBD-PC), and bovine heart cardiolipin (CL) were
obtained from Avanti Polar Lipids (Alabaster, AL). Lipidex-1000, acryl-
amide, Terbium(III) chloride and dipicolinic acid (DPA)were purchased
from Sigma-Aldrich (St. Louis, MI). All other chemicals were reagent
grade or better.

2.2. Protein expression and purification

Rat wild type IFABP (wtIFABP) cDNA, coded in the plasmid pET-11a,
was expressed in Escherichia coli strain BL21(DE3). The structural vari-
ant lacking the α-helical domain (Δ17-SG) was overexpressed in E.
coli harboring pMON-IFABPHL [17]. Both proteins were purified from
E. coli as described previously [5,17]. Purification of recombinant Δ98Δ
was performed as detailed in Curto et al. 2005 [15] with subtle modifi-
cations. Briefly, cells were lysed by sonication. After dissolution of the
inclusion bodies in buffer A (10 mM potassium phosphate, 150 mM
KCl, pH 7.4) supplemented with 5 mM of glycine and 2 M of urea, the
sample was centrifuged (27,000 g for 20 min at 4 °C) and the super-
natant applied to a Sephadex G-50 column (50 cm length by 4.5 cm di-
ameter) equilibrated and eluted with buffer A. Subsequently, fractions
containing Δ98Δ were pooled and sampled onto an anion exchange
column (Whatman DE-52, 2.5 cm length by 3 cm diameter). Elution
was carried out in a single step with buffer A supplemented with
100 mM of NaCl. The eluted protein was dialyzed against buffer A.
Purified proteinwas delipidated by passage through a Lipidex 1000 col-
umn (Sigma, 35 cmby 1 cm) at 37 °C using buffer A. Puritywas assessed
in SDS-PAGE gels. Finally, pooled fractions containing the concentrated
proteins were stored at−80 °C. Protein concentration was assessed by
spectrophotometer measurements at 280 nm with the corresponding
extinction coefficients: ε = 16,900 M−1 cm−1 for the IFABP and Δ17-
SG; and ε = 9153 M−1 cm−1 for Δ98Δ.

2.3. Ligand binding assays

2.3.1. Binding of natural ligands
The binding of oleate was analyzed using the fluorescent probe

ADIFAB employing a competition assay as described before [18]. Briefly,
this assay allows for the direct measurement of unbound FA in equilib-
riumwith the FABP studied and the probe. Protein concentrations were
10 μM of Δ98Δ, 4 μM of wtIFABP or 10 μM of Δ17-SG with 0.2 μM of
ADIFAB. The stock solution used to perform the titration of the protein
samples was 25 mM of sodium oleate in 10 mM of HEPES, 150 mM of
NaCl, 5 mMof KCl, 1 mM of Na2HPO4 and pH 7.4 buffer and it was incu-
bated at 37 °C while performing the assay. Measurements were per-
formed using a Fluorolog-3 Spectrofluorometer (Horiba-Jobin Yvon,
France) employing experimental parameters suggested by the manu-
facturer of the probe (λex = 383 nm; emission scan from 400 to
520 nm). To estimate the KD values, a single-site Scatchard analysis
was employed.

2.3.2. Binding of fluorescent fatty acid analogs
Binding of anthroyloxy-FA (AOFA) to the IFABP, Δ17-SG and Δ98Δ

was assessed by measuring changes in the intensity of fluorescence
emission of the FA analog with increasing concentrations of protein
[19]. Briefly, 0.5 μM of AOFA was incubated at 25 °C for 3 min in
40 mM of Tris–HCl, 100 mM of NaCl, and pH 7.4 buffer (TBS) with
increasing concentrations of IFABP, Δ17-SG or Δ98Δ. The AOFAs
binding and transfer from Δ98Δ, a functional all-β abridged form of
014.09.022
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employed for binding assays were 12-(9-anthroyloxy) stearic acid
(12AS) and 12-(9-anthroyloxy) oleic acid (12AO). Fluorescence emis-
sion at 437 nmwas registered after excitation at 383nm.Measurements
were performed in a Fluorolog 3 Spectrofluorometer. Dissociation
constants (KD) were calculated by employing a single-site Scatchard
analysis.

2.4. Preparation of model membranes

Small Unillamellar Vesicles (SUVs)were prepared by sonication and
ultracentrifugation as described previously [20]. The standard vesicles
were prepared to contain 90 mol% of EPC and 10 mol% of NBD-PC. The
NBD moiety works as a Förster Resonance Energy Transfer (FRET)
acceptor of the anthroyloxy group (donor). To increase the negative
charge density of the acceptor vesicles, 25 mol% of CL was incorporated
into the SUVs in place of an equimolar amount of EPC Vesicles that were
prepared in TBS buffer except for SUVs containing CL, which were pre-
pared in TBS with 1 mM of EDTA.

Large Unilamellar Vesicles (LUVs) were prepared as described
before [21]. Briefly, multilamellar vesicles of 100% EPC or EPC:CL (3:1)
were prepared (0.5 mM of phospholipids) by mixing the lipids in chlo-
roform, drying them under a stream of N2, and resuspending them in
TBS by vortexing. Sucrose (180 mM) was added when preparing LUVs
for the sucrose loaded vesicle-binding assay. For CL containing vesicles,
TBS also had 1 mM of EDTA included. Then lipid suspensions were
incubated at 37 °C for 30 min and passed 11 times through the poly-
carbonate filters using a Liposofast Extruder System (Avestin) to obtain
the LUVs of uniform size of approximately 100 nm.

SUVs for Tb leakage assay were prepared according to themethod of
Wilschut et al. [22].

2.5. Relative partition coefficient measurement

The relative partition coefficient (KP) for AOFA partitioning between
the wtIFABP, Δ17-SG or Δ98Δ and SUVs allows us to obtain a measure-
ment of relative affinity of the different structural variants for their
ligands in the presence of acceptor SUVs. It was determined bymeasur-
ing AOFA fluorescence at a given molar ratio of protein:SUV after titra-
tion of SUVs into a solution containing the preformed complex
(0.5 μM of 12AO with 5 μM of IFABP or 20 μM of Δ17-SG or Δ98Δ in
TBS at 25 °C) [23].

KP ¼ SUVboundAOFA½ �: FABP½ �
SUV½ �: FABPboundAOFA½ � : ð1Þ

The decrease in AOFA fluorescence upon titration with SUVs
containing NBD-PC was related to KP by the following equation:

1
ΔF

¼ 1
KP

� 1
ΔF max

� FABP½ �
SUV½ � þ

1
ΔF max

ð2Þ

where ΔF is the difference between the initial fluorescence of AOFA in
the protein and the AOFA fluorescence at a given protein:SUV ratio,
and ΔFmax is the maximum difference in AOFA fluorescence. A plot of
1 / ΔF versus (1 / ΔFmax) × ([FABP] / [SUV]) gives a slope of 1 / KP.

2.6. Transfer of fluorescently labeled fatty acids from proteins to SUVs

A FRET assaywas employed tomonitor the transfer of 12AO or 12AS
from Δ98Δ to acceptor model membranes as described in detail else-
where [5,17,19]. Briefly, each protein with bound AOFA was mixed at
25 °C with SUVs using a stopped-flow spectrofluorometer RX-2000
(Applied Photophysics Ltd., UK). Upon mixing, the ligand is transferred
to the liposomes and AOFA fluorescence is quenched by the NBD-PC.
Transfer of AOFA from protein to membrane is directly monitored by
the time-dependent decrease in the anthroyloxy group fluorescence.
Please cite this article as: L.R. Sawicki, et al., Characterization of fatty acid
IFABP, Biochim. Biophys. Acta (2014), http://dx.doi.org/10.1016/j.bbalip.2
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Binding constants (KD) and partition coefficients (KP) were
employed to establish AOFA transfer assay conditions so as to ensure a
low level (‹4%) of unbound fatty acid concentration at time zero in the
transfer experiments and an essentially unidirectional transfer from
proteins to membranes. Final transfer assay conditions were 15 μM of
wtIFABP with 1.5 μM of AOFA and 150–600 μM of SUV or 45 μM of
Δ17-SG or Δ98Δwith 0.75 μM of AOFA and 150–1200 μM of SUV. Con-
trols to ensure that photobleachingwas not significant were performed
prior to each experiment [17]. Data were analyzed by averaging at least
5 reproducible consecutive runs and fitting a single exponential decay
model to the resulting data. All curves were well-described by a single
exponential function. For each data point, at least three independent
measurements were performed. Average values ± S.E.M. for three or
more separate experiments are reported.

2.7. Sucrose-loaded vesicle binding assay

We employed sucrose-loaded LUVs to explore binding of FABPs as
described in Smith and Storch [24]. Briefly, reactions of LUVs and
FABPs were prepared in binding buffer (200 μl; 5 mM of MOPS,
pH 7.4, 100 mM of KCl, 2 mM of CaCl2). Tubes were centrifuged at
100,000 g for 90 min at 21 °C, and the supernatant was immediately
transferred to new tubes. Portions of both supernatant and pellet were
resolved by SDS-PAGE.

Gel densitometry was analyzed using the gel analyzer tool of ImageJ
software (http://imagej.nih.gov/ij/).

2.8. Acrylamide quenching

Trp fluorescence emission spectra were recorded from 300 to
400 nm, with excitationwavelength set at 295 nm to prevent excitation
of the tyrosine residues. The excitation slit width was set to 4 nm and
the emission slit width to 8 nm. The protein concentration employed
was 5.0 μM and the LUV concentration was 40 μM. For the quenching
experiments, acrylamide was added from a 4.0 M stock solution to the
protein solution from 0 to 400 mM. After each addition, the samples
were equilibrated for 3 min at 25 °C before the spectrumwas recorded.
Fluorescence quenching experiment datawas analyzed according to the
Stern–Volmer equation:

F0
F

¼ 1þ Ksv: Q½ � ð3Þ

where F0 and F are the integrated emission intensities in the absence
or in the presence of the quencher Q, respectively, and KSV is the
Stern–Volmer constant [25].

2.9. Terbium leakage assay

Stock suspensions of FABP and SUVs, loaded with the Tb/DPA
complex in their internal aqueous spaces, were prepared in 20 mM of
Tris–HCl (pH 8.0), 155 mM of NaCl, and 12.5 mM of EDTA to eliminate
osmotic effects. These working solutions were mixed and the fluores-
cence signal of Tb/DPA complex was monitored, with excitation set at
250 nm and emission at 545 nm. Induced leakage by FABP interaction
with the membranes was monitored as the decrease in Tb fluorescence
since EDTA replaces DPA in the complex. Data were expressed as per-
cent of the total disruption of the vesicles with 0.05% Triton X-100 and
calculated as follows:

%of inducedleakage ¼ 100 � Fb−F
Fb−Ft

ð4Þ

where F and Fb are, respectively, the fluorescence intensity signals for
the sample and for the blank (vesicles mixed with the corresponding
buffer) and Ft is the fluorescence intensity obtained measured for the
addition of the detergent solution to the lipid vesicles [22].
binding and transfer from Δ98Δ, a functional all-β abridged form of
014.09.022
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3. Results

3.1. In vitro binding of fatty acids to Δ98Δ

Δ98Δ is the smallest monomeric variant of IFABP described so far
that maintains a β-barrel-like structure capable of binding FAs [15].
We used the fluorescent probe ADIFAB, an IFABP covalently modified
with an acrylodan fluorophore, to assess the equilibrium-binding affin-
ity ofΔ98Δ for oleate. Binding of FAs to ADIFAB induces a red shift in the
acrylodan emission spectrum. Therefore the ratio of fluorescence inten-
sity emitted at 505 to that at 432 nm reflects the fraction of bound
ADIFAB and this is used to provide a measure of unbound FA in the so-
lution in equilibriumwith the investigated protein. Using the known KD

of ADIFAB for oleic acid [18], one can determine the corresponding KD of
another protein. The KD obtained for the wtIFABP was 0.03 ± 0.02 μM
(see Supplementary data), which is in agreement with the previous re-
ports [16,18]. Data for the structural variants demonstrated that Δ98Δ
and Δ17-SG bind oleate, though with lower affinity than the wtIFABP
(0.57± 0.39 μMand 4.26± 0.23 μM, respectively) (see Supplementary
data). It is important to note thatΔ98Δ presents a higher affinity for ole-
ate than Δ17-SG.

Complementary to the previous assay, we analyzed the binding of
AOFAs: 12AO and 12AS. The spectral properties of anthroyloxy probes
are sensitive to their immediate environment so they can be useful indi-
cators of binding site characteristics. These probes usually show very
low fluorescence intensity in buffer, which becomes dramatically
enhanced upon interaction with the hydrophobic binding subdomain
of a FABP [26]. As shown in Fig. 2, both, 12AO and 12AS, show a large in-
crease in fluorescence emissionwhen bound toΔ98Δ. Fig. 2A shows the
blue shift of the emission spectra of 12AO bound to Δ98Δ. The observed
changes indicate a considerably more constrained environment for the
anthroyloxy moiety when bound to the protein [26], suggesting that
the probe is located in a hydrophobic pocket. The blue shift in the spec-
tra is more important for 12AO than for 12AS, this difference could
be due to a different microenvironment observed by the fluorescent
U
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Fig. 2. Emission spectra of 12AO (A) and 12AS (B) bound toΔ98Δ. Changes in relative fluoresce
isotherms showing changes in relative fluorescence at 440 nm of the complex Δ98Δ-12AO (C)

Please cite this article as: L.R. Sawicki, et al., Characterization of fatty acid
IFABP, Biochim. Biophys. Acta (2014), http://dx.doi.org/10.1016/j.bbalip.2
moiety of the AOFA. Given that the acyl carbon chain of 12AO presents
a double bond that introduces a kink in the acyl chain, the anthroyloxy
group might be accommodated in a different manner within the bind-
ing cavity of Δ98Δ. In both cases (12AO and 12AS) ligands bind to the
protein in a saturable manner (Fig. 2C and D) and with a 1:1 stoichiom-
etry. The KD values obtained using a Scatchard analysis are KD (12AO)=
0.6 ± 0.1 μM and KD (12AS) = 0.9 ± 0.3 μM.
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3.2. Relative partition coefficient measurements

An apparent partition coefficient value was also obtained for each
protein, describing the relative distribution of 12AO and 12AS between
FABP and EPC-SUVs. The partition coefficients obtained are shown in
Table 1. Analysis of these data showed a preferential partitioning of
12AO to SUVs relative to the wtIFABP while the saturated ligand 12AS
partitions toward the protein, in accordance with the previous results
reported [16,27] and with the dissociation constants of natural ligands
that indicate wtIFABP has a higher affinity for stearic over oleic acid
[18].

Δ98Δ showed similar KP values partitioning of both, 12AO and 12AS
ligands. Results obtained showed an almost equivalent distribution of
both AOFAs between protein and membrane meaning that there is no
difference in affinity for both assayed ligands. This is in agreement
with the abovementioned KD values obtained for AOFAs. On the other
hand, the partitioning of both AOFAs between Δ17-SG and vesicles
showed a clear tendency of AOFA to partition toward membranes. In
this case, the KP values were clearly higher than those observed for
the wtIFABP or Δ98Δ. This is in agreement with the observation that
Δ17-SG presents lower affinity for ligands when compared with Δ98Δ
[17].

All further studies were performed under conditions where the
acceptor to donor ratios (FABP:SUV) were above the determined equi-
librium partition coefficients (Table 1) in order to ensure uniformly uni-
directional transfer in kinetic experiments [5].
nce of both AOFAsweremonitored from 400 to 500 nmafter excitation at 383 nm. Binding
and Δ98Δ-12AS (D) were obtained by fluorimetric titration.
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t4:1 Table 1
t4:2 Comparison of partition coefficient of 12AO and 12AS. KP units (μM FABP / μM SUV).

t4:3 KP 12AOa KP 12ASa

t4:4 wtIFABP 8 ± 2 0.53 ± 0.04
t4:5 Δ98Δ 1.03 ± 0.09 1.1 ± 0.1
t4:6 Δ17-SG 11 ± 4 21 ± 6
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3.3. Effect of acceptor membrane concentration on AOFA
transfer from Δ98Δ

The effect of acceptor membrane concentration on rates of ligand
transfer has been used to distinguish between an aqueous diffusion
mechanism, where no effect is observed, and a collision-mediated
mechanism, where the ligand transfer rate would be directly related
to the donor–acceptor collisional frequency and, hence, to the vesicle
concentration [19]. The wtIFABP is a well-characterized example of a
FABP with a collisional ligand transfer mechanism. To investigate
whether the FA transfer mechanism of Δ98Δ was affected, the AOFA
transfer from this variant to model zwitterionic membranes was exam-
ined as a function of increasing SUV concentration, and results com-
pared to those for the wtIFABP. The results in Fig. 3A and B, show that
12AO and 12AS transfer fromΔ98Δ is essentially unaffected by acceptor
vesicle concentration. Conversely, both ligands transfer rate from the
wtIFABP to NBD-EPC SUV increases proportionally as a function of ves-
icle concentration, in accordance with a collisional transfer mechanism.
The previous works have pointed out the centrality of the α-helical
region in determining the ligand transfer mechanism in the so called
“collisional” FABPs [17,19,28]. It now becomes clear that the lack of
the missing (1–28 and 127–131) stretches affects the mechanism of
FA transfer from Δ98Δ to model membranes.
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Fig. 3. Effect of acceptor membrane concentration on the transfer of AOFA from FABP.
(A) Transfer of (●) 1.5 μM 12AO from 15 μM wtIFABP to EPC/NBD-PC SUVs and (▲)
0.75 μM 12AO from 45 μM Δ98Δ to EPC/NBD-PC SUVs. (B) Transfer of (●) 1.5 μM 12AS
from 15 μM wtIFABP to EPC/NBD-PC SUVs and (Δ) 0.75 μM 12AS from 45 μM Δ98Δ to
EPC/NBD-PC SUVs. Average transfer rates from three different experiments ± the
standard deviation are shown in both graphs.
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3.4. Effect of phospholipid charge on AOFA transfer from
FABP to membranes

The hypothesis that FA transfer from thewtIFABP occurs during col-
lisional contact with an acceptor membrane implies that membrane
properties could potentially modulate the rate of transfer. By contrast,
in the case of aqueous diffusion, characteristics of the acceptor mem-
brane would not be expected to regulate the transfer rate, since the
rate-determining step in the transfer process – ligand dissociation
from the protein into the aqueous phase – is a temporally distinct
event from processes involving the acceptor membrane. Fig. 4 shows
that, as expected from the previous studies, the rate of transfer of
12AO from the wtIFABP is substantially increased by incorporation
of 25 mol% CL into NBD-EPC acceptor membranes, whereas transfer of
12AO from Δ17-SG was essentially unaffected by the presence of nega-
tively charged phospholipids [17,19]. The results for Δ98Δ resemble
completely those for Δ17-SG, further implying that the mechanism of
the transfer of FA from Δ98Δ is likely a diffusional process.
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We employed a differential centrifugationmethod to examine inter-
facial membrane binding of FABPs to sucrose-loaded LUVs of different
compositions. Protein–membrane interaction ismonitored by analyzing
the modification in the quantity of unbound protein when LUVs are in-
corporated. Fig. 5A shows a single experiment using the wtIFABP,
wtLFABP and Δ98Δ in their apo-forms; before and after incubation
with 100% EPC LUVs. wtLFABP and Δ98Δ presented a very slight de-
crease in band intensity while the wtIFABP showed almost no change
in the presence of EPC vesicles. According to densitometry quantifica-
tion, Δ98Δ showed the lowest percentage of protein remaining in the
supernatant (see Table 2), suggesting that there are different degrees
of interaction for these proteins. Fig. 5B shows the incubation of the
same set of proteins with 25% CL-containing LUVs. This time a clear de-
crease was observed in the presence of negatively charged vesicles (see
Table 2). Since this assay is performed at equilibrium, these results are
in agreement with transient complexes formed when incubated with
zwitterionic LUVs, as previously reported [16]. Notably, when negative
charges are incorporated into membranes this equilibrium is shifted
toward a more stable protein adsorption to the LUVs. Remarkably,
Δ98Δ interacts with both types of LUVs and this interaction seems to
be markedly enhanced by a negatively charged surface.
Fig. 4. Effect of vesicle charge on transfer of AOFA from FABP. Transfer of 1.5 μM 12AO
from 15 μM wtIFABP to 150 μM EPC/NBD-PC SUVs containing 25 mol% CL, 0.75 μM
12AO from 45 μM Δ98Δ to 150 μM EPC/NBD-PC SUVs containing 25 mol% CL, or
0.75 μM 12AO from 45 μM Δ17-SG to 150 μM EPC/NBD-PC SUVs containing 25 mol% CL.
Results are expressed relative to the rate of transfer of 12AO to EPC/NBD-PC membranes.
Averages from three different experiments± the standard deviation are shown. The letter
a indicates that a single transfer experiment was done.
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Fig. 5. Binding of intestinal FABPs to sucrose-loaded LUVs. The stable binding of apo-FABP
to LUVs of 100% EPC (A) or 25% CL (B) was analyzed by differential ultracentrifugation.
Lines 1, 4 and 8 of each gel are purified wtIFABP, wtLFABP and Δ98Δ, respectively,
incubated in the absence of LUVs. (A) The consecutive two lines after each purified protein
are replicates of the same experiment of unbound protein in the supernatant after
ultracentrifugation in the presence of LUVs. (B) Lines 2 and 3, lines 6 and 7 and lines 9
and 10 are replicates of the same experiment of unbound protein in the supernatant
after ultracentrifugation in the presence of LUVs for wtIFABP, wtLFABP and Δ98Δ
respectively.

t2:1

t2:2

t2:3

t2:4

t2:5

t2:6

t2:7

t3:1Table 3
t3:2Acrylamide quenching of proteins in the presence and absence of LUVs.

t3:3KSV buffer
a KSV LUVs

a

t3:4wtIFABPb 4.3 ± 0.4 4.7 ± 0.3
t3:5Δ98Δ 8.5 ± 0.5 4.4 ± 0.4
t3:6W6Fb 7.7 ± 1.1 5.1 ± 1.3

t3:7a KSV results are average of at least 3 independent measurements ± SEM. Units are
t3:8μM−1.
t3:9b Data already published by our group inDe Geronimo et al. 2014. Experimentswere all
t3:10performed at the same time.
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In order to get further information on Δ98Δ interaction with mem-
branes, changes in Trp fluorescence in the presence or in the absence
of EPC LUVs were analyzed. Quenching by acrylamide is mainly a colli-
sional effect and is thus dependent on the concentration of quencher
and the solvent accessibility of the Trp residue. Δ98Δ preserves only
one Trp and it corresponds to Trp82 of wtIFABP, which is placed at the
bottom of the β-barrel and is part of the hydrophobic core (Fig. 1). Ad-
ditionally, the results presented here were further compared with the
previous reports by our group, on W6F, an IFABP point mutant where
W6 was exchanged for Phe and only W82 remains [25]. The obtained
Stern–Volmer constants (KSV) are summarized in Table 3. In the absence
of LUVs, KSV values for Δ98Δ and W6F are indistinguishable, indicating
that Trp82 may be similarly exposed in both variants. These results
also give evidence for a well-preserved β-barrel for Δ98Δ. A straight-
forward comparison with the wtIFABP is more complicated since Trp6
and Trp82 are both present and contribute to the emission spectra (al-
though the quantum yield of fluorescence emission for Trp6 is signifi-
cantly lower).
Table 2
Binding of FABPs to sucrose-loaded LUVs. Percentage of FABP in the supernatant after
centrifugation.

EPC EPC-CL

wtIFABP 93.5 ± 7.1 23.6 ± 4.7
wtLFABP 74.2 ± 9.7 22.9 ± 4.8
Δ98Δ 58.1 ± 0.1 15.4 ± 2.8
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In the presence of LUVs, KSV values for Δ98Δ and W6F are dimin-
ished, showing a more protected environment for Trp82 in this situa-
tion. These results could be indicating that – although lacking the α-
helical subdomain – Δ98Δ could still be interacting through β-barrel
elements and hence restricting the access of acrylamide to the binding
cavity. wtIFABP KSV value is the weighted average of W6 andW82 con-
tributions in the presence or in the absence of LUVs, and there is no
change observed in the presence of model membranes.

3.7. Terbium leakage assay

The effect of FABPs on membrane structure was assessed by ana-
lyzing the ability of these proteins to induce leakage of the Tb/DPA
fluorescent complex from the internal aqueous space of SUVs. This
methodology has proven to be efficient in protein–membrane interac-
tion analysis [22]. Fig. 6 shows the effect of wtIFABP and two structural
variants in their apo-forms, on EPC LUVs. A 5% leakage was observed
when Δ98Δ was assayed. This value is significantly lower than the
15.7% exerted by the wtIFABP. On the other hand, Δ17-SG was included
as a control and did not induce destabilization of membrane (Fig. 6).
Altogether, these results on leakage induction from vesicles indicate
that the wtIFABP can destabilize phospholipid membranes and so does
Δ98Δ, but to a lesser degree. In agreementwith the previously published
data [25], a relatively deep penetration of wtIFABP segments could be
suggested by the partial leakage of the internal aqueous content. An in-
teresting observation is that 100% leakage is not reached, indicating
that no stable pore is formed in the vesicles with any of the proteins.

4. Discussion

As described previously, Δ98Δ lacks the N-terminal 1–28 stretches
and the lastfive amino acids belonging to the C-terminus, however it re-
tains its β-sheet content, remains monomeric and is capable of binding
FAs [15]. Remarkably, this abridged variant retains all the critical resi-
dues of the hydrophobic core that are assumed to be implicated in the
nucleation event leading to the folded state. But the most striking fea-
ture aboutΔ98Δ is that, unlike Δ17-SG and Δ27-GG, it's not a rationally
designed helix-less variant. Moreover, it has been proposed as a
Fig. 6.Membrane destabilization by wtIFABP and its structural variants. Induced Tb/DPA
complex leakage from SUVs (0.5 mM) of 100% EPC was analyzed upon mixing with
FABPs (10 μM) (apo-forms). The final leakage, expressed as percentage of reference
(0.05% Triton X-100), for wtIFABP, Δ17-SG and Δ98Δ is shown. Statistics was based on
Student t-test (p b 0.05). * indicates significant differences between structural variants
as compared to wtIFABP.
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minimalist model potentially capable of populating discrete intermedi-
ates sparsely represented in the conformational ensemble of the full-
length protein [29]. In this sense, we consider the use of Δ98Δ a more
accurate model to test the role of the different subdomains of IFABP.
In this workwe complement the previous works, focused on the folding
characterizations of this abbreviated variant of IFABP, and present the
functional characterization of Δ98Δ, illustrating its binding properties,
ligand transfer mechanism and interaction with artificial vesicles.

In the experiments presented here it has been shown that Δ98Δ
binds oleic acid and fluorescent analogs of FA with lower affinities
than those observed for the wtIFABP, in agreement with previously
published data [15,29]. In this work, KD values for the wtIFABP, Δ98Δ
and Δ17-SG were determined for oleic acid using the ADIFAB probe.
As expected, the wtIFABP showed the highest affinity for oleic acid by
comparison with both abridged variants. Remarkably, Δ98Δ showed a
considerably lower KD value when compared to Δ17-SG, giving evi-
dence of a higher affinity for the ligand. On the other hand, KD values
for the AOFAs were also measured. Results obtained for both ligands
(0.6 ± 0.1 μM and 0.9 ± 0.3 μM for 12AS and 12AO respectively) are
in the same order of magnitude indicating a similar affinity of Δ98Δ
for both of them. When compared with previously published KD values
of IFABP and Δ17-SG for 12AO (0.16 μM and 1.7 μM, respectively) [17],
Δ98Δ presents an intermediate binding constant supporting the results
obtained for oleic acid. Taken together, these results could rely on the
fact that Δ98Δ was first observed and identified as a proteolytic frag-
ment of holo-IFABP, suggesting that this construct preserves all the crit-
ical interactions with the ligand. The ligand binding event would result
crucial for the stabilization of side-chain contacts leading to an ultimate
readjustment of the tertiary structure and determining affinities com-
parable with those exerted by the IFABP.

The functional characterization of fatty acid-bindingproteins also in-
volves the assessment of their fatty acid transfer mechanism and their
interaction withmembranes. The previous works using an in vitro fluo-
rescence energy transfer assay have determined that some members of
this family show a collisional transfer mechanism and some others a
diffusional one [5]. For the case of Δ98Δ the absence of the 1–28 and
127–131 stretches dramatically alters the regulation of AOFA transfer
from Δ98Δ. As observed in Fig. 3 the response of Δ98Δ to SUV concen-
tration is dampened by approximately 90% when compared with the
wtIFABPwhich shows transfer rates directly proportional to vesicle con-
centration, a central characteristic of collision-mediated transfer pro-
cesses [5,19]. Likewise, the absence of these regions results in the total
loss of sensitivity of Δ98Δ to acceptor-membrane surface charge. In
contrast, and as expected from the previous results, the wtIFABP
demonstrates amarked enhancement of fatty acid transfer rate to acidic
vesicles [5]. These results describe a diffusional FA transfer mechanism
for Δ98Δ; this behavior could be associated with the absence of the
alpha-helical domain which has been postulated as the leading sub-
domain in the collisional FA transfer mechanism [16,17,28]. Further-
more, these results are in full agreement with those observed for the
Δ17-SG variant [17], providing further evidence regarding the impor-
tance of the α-helical region in conducting and determining the mech-
anism of FA transfer. Additionally, this is the first time that FA transfer
rate is measured in the absence of the βA strand of IFABP. The compar-
ison of the transfer behavior of both variants seems to indicate thatβA is
not a determinant for the collisional mechanism of transfer.

Another important aspect of IFABP function is its ability to interact
with membranes. In this work we present a set of experiments – su-
crose-loaded vesicles, acrylamide quenching and terbium leakage as-
says – that were employed to analyze from different perspectives the
binding of the Δ98Δ to model phospholipid membranes. The sedimen-
tation methods and acrylamide quenching assays could be considered
as techniques reporting ‘long-term’ or ‘averaged’ events since the ob-
served results are recorded after reaching equilibrium of the different
components present in the assay. In both kinds of experiments the
formation of a relatively stable protein–membrane complex allowed
Please cite this article as: L.R. Sawicki, et al., Characterization of fatty acid
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us to monitor protein–membrane interactions. In the case of the su-
crose-loaded vesicles assay, all three proteins assayed showed a weak
interaction with EPC membranes. Remarkably, all proteins showed a
clear interactionwith CL-loadedmembranes suggesting that the forma-
tion of these complexes is favored by electrostatic interactions, in agree-
ment with previously published data [7]. Additionally, the acrylamide
quenching experiments showed a protective effect of the vesicles on
the remaining Trp emission, yielding further evidence of the interaction
of Δ98Δwith membranes. As shown in Table 3, the effect of vesicles on
Δ98Δ behavior was similar to that assessed for a single Trp mutant of
IFABP (W6F) which has an intact helix-turn-helix domain. The fact
that these two variants behave similarly gives evidence that changes
observed for Δ98Δ in the presence of vesicles are probably due to phys-
ical interaction with membranes which prevents acrylamide access to
the binding cavity, and not to considerable conformational changes of
Δ98Δ when is interacting with membranes. Additionally, the previous
works prove that the β-barrel of wtIFABP is also involved in the interac-
tion with membranes [7,25], suggesting the existence of key elements
in this subdomain for protein–membrane interaction that could be pre-
served inΔ98Δ. On the other hand, a Tb leakage experiment is a result of
instant and irreversible (‘short-term’) events and, after an incubation
period, we measure a sum of the individual, and possibly transient,
contacts between the protein and the vesicles. Δ98Δ shows a dimin-
ished effect on membrane integrity by comparison with the wtIFABP.
Altogether these results show thatΔ98Δphysically interactswithmem-
branes and that this interaction may be modulated by negatively
charged phospholipids. Noteworthy, Δ17-SG has never shown any in-
teraction with membranes, neither in this work nor in the previous re-
ports when analyzed using different techniques [7,16]. The fact that
Δ98Δ interacts with membranes and Δ17-SG does not, could be ex-
plained on the basis that the former variant resembles a folding inter-
mediate and may retain several of the structural elements that are
involved in the protein function.

As explained before, there is strong evidence suggesting that the α-
helical region of IFABP is critical for themechanismof ligand transfer, de-
fining the collisional or diffusional behavior for both intestinal FABPs, as
well as for the physical interaction with phospholipid membranes [17,
19,28]. The fact that Δ98Δ displays a diffusional FA transfer mechanism
and it also interactswithmembranesmight not seeman intuitive notion.
Nevertheless, in the interpretation of a ‘diffusional’ transfer mechanism,
as assessed for Δ98Δ, protein–membrane interaction should not be ex-
cluded since the rate limiting step could be the release of the ligand to-
ward the aqueous media instead of the actual interaction with the
membrane. It has been recently shown that diffusional proteins like
LFABP are capable to interact physically with membranes and that this
interaction is clearly modulated by the presence of the ligand [7].

In the present work, the behavior of Δ98Δ seems to correlate well
with the proposed function for IFABPα-helical region as the leading in-
teractivemotif in a sequential ligand transfermechanism. Briefly, an ini-
tial 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 toward
the membrane [16]. In this sense, the protein–membrane interaction
results presented here 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, and the relevance of this last step
may be dependent on the lipid composition of the acceptor membrane,
giving room for a molecular mechanism that would explain a directed
fatty acid transport between subcellular structures.
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Supplementary data to this article can be found online at http://dx.
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