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Abstract

Two different members of the fatty acid-binding protein (FABP) family are

found in enterocyte cells of the gastrointestinal system, namely liver-type and

intestinal fatty acid-binding proteins (LFABP and IFABP, also called FABP1

and FABP2, respectively). Striking phenotypic differences have been observed

in knockout mice for either protein, for example, high fat-fed IFABP-null mice

remained lean, whereas LFABP-null mice were obese, correlating with differ-

ences in food intake. This finding prompted us to investigate the role each pro-

tein plays in directing the specificity of binding to ligands involved in appetite

regulation, such as fatty acid ethanolamides and related endocannabinoids.

We determined the binding affinities for nine structurally related ligands using

a fluorescence competition assay, revealing tighter binding to IFABP than

LFABP for all ligands tested. We found that the head group of the ligand had

more impact on binding affinity than the alkyl chain, with the strongest binding

observed for the carboxyl group, followed by the amide, and then the glycerol

ester. These trends were confirmed using two-dimensional 1H–15N nuclear mag-

netic resonance (NMR) to monitor chemical shift perturbation of the protein

backbone resonances upon titration with ligand. Interestingly, the NMR data rev-

ealed that different residues of IFABP were involved in the coordination of endo-

cannabinoids than those implicated for fatty acids, whereas the same residues of

LFABP were involved for both classes of ligand. In addition, we identified residues

that are uniquely affected by binding of all types of ligand to IFABP, suggesting a

rationale for its tighter binding affinity compared with LFABP.
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1 | INTRODUCTION

Fatty acids are the precursors of lipids that make up
cellular membranes and play significant roles in mamma-
lian signal transduction pathways.1 Their transport
within the cytoplasm is thought to be facilitated by fatty
acid-binding proteins (FABPs).2–4 The FABP family con-
sists of more than ten different structurally similar pro-
teins that have tissue-specific distributions.5 The
common structural characteristics of this superfamily of
proteins are a barrel-like, central cavity formed by net-
works of β-strands and a cap-like helical portal struc-
ture.3,5 The interior of the barrel contains structured
water molecules but is also lined with hydrophobic
amino acid sidechains that can accommodate hydropho-
bic ligands such as fatty acids. The features that distin-
guish different members within this family are the
breadth and volume of the binding cavity, as well as the
positioning and amino acid sequence of the cap. Indeed,
differences in the helical cap domain have been shown to
impart striking differences in the mechanism of ligand
transfer to and from membranes.6–10 Variations in the
FABP structures are thought to modulate the stoichiome-
try of ligand binding as well as the ligand specificity.

Two different FABPs are expressed in enterocytes, the
absorptive epithelial cells in the small intestine: intestinal
FABP (IFABP; FABP2) and liver-type FABP (LFABP;
LFABP1). Comparisons of the structural features of IFABP
and LFABP have been described in detail previously.11–15

Briefly, whereas both proteins have the characteristic FABP
family β-barrel architecture that is capped by a helix-turn-
helix hinged region and display conformational dynamics
that may facilitate ligand entry,16,17 one distinguishing fea-
ture of LFABP is a broader cavity due to the formation of an
additional beta strand that results from nontraditional
hydrogen bonding patterns.14 The wider cavity accommo-
dates two ligand molecules, with one molecule situated at
the base of the cavity, forming aU-shaped structure referred
to as the primary binding site.14,15 Once this molecule is
bound, it creates a more hydrophobic binding pocket and
the second ligand binds in a roughly perpendicular orienta-
tion to it, with the alkyl chain inserted into the curve of the
U-formation and the headgroup near the portal region.14,15

IFABP binds a single molecule of fatty acid oriented simi-
larly to the first LFABP ligand. Some of the amino acid side
chains that are potentially involved in binding different
ligands have been identified using NMR and x-ray crystal-
lography, for instance as seen for LFABP with oleate14,15,18

and IFABPwith palmitate.19

In order to determine if IFABP and LFABP have dif-
ferent functions within the small intestine, we previously
examined mice with either one or the other gene ablated
and found a striking phenotypic divergence: after feeding

with a high fat diet, the IFABP−/− mice exhibited a lean
phenotype whereas the LFABP−/− mice exhibited an
obese phenotype.20 Of note, there was no difference in
fecal fat content between the knockout mice and wild
type, suggesting no specific alterations in intestinal lipid
absorption21; their appetites, as measured by food intake,
corresponded to their respective phenotypes.20

Appetite has been shown to be regulated by stimulation
of cannabinoid receptors, which bind to both cannabinoids
(exogenous) and endocannabinoids (EC, endogenous). The
latter class is exemplified by the arachidonic acid-derived
compounds 2-arachidonoylglycerol (2-AG) and anandamide
(AEA).22,23 Endocannabinoid ligands are hydrophobic and
require a cytosolic protein to bind and carry them to intra-
cellular locations; this property is illustrated by our previous
report demonstrating high affinity interactions between
LFABP and 2-monoacylgylcerols.24 The role of LFABP in
cytosolic transport of ECs was initially indicated by elevated
mucosal levels of 2-AG in LFABP null mice.20 AEA and
2-AG levels were also increased in the brain of LFABP
knockout mice.25 These findings provided further support
for the critical function of LFABP in EC homeostasis. 2-AG
has been shown to be related to stimulation of appetite,26

and thus the higher levels of 2-AG in LFABP null mice are
consistent with their increased food intake and relative
weight gain.20 In contrast, IFABP null mice had lower levels
of mucosal 2-AG, consistent with their reduced appetite
and leaner phenotype.

In order to better understand the molecular interac-
tions of endocannabinoid neurotransmitters with their
transport partners, we adopted a biochemical and bio-
physical approach. To this end, we characterized the
interactions between IFABP and LFABP and a panel of
EC (AEA and 2-AG) and EC-like ligands (OEA, PEA,
2-OG, 2-PG) that varied in head group or alkyl chain
(Figure 1). We determined the binding affinities of each
ligand using a fluorescence displacement assay, and their
respective molecular regions of contact with the two
transport proteins using solution-state NMR. The results
demonstrate distinctive binding affinities and sites of
protein-ligand interaction, which likely underlie their dif-
ferential functions at the cellular and systemic levels.

2 | RESULTS

2.1 | Ligand binding affinities differ
for IFABP and LFABP

In order to relate the phenotypic differences seen in
IFABP−/− versus LFABP−/− mice to interactions between
the proteins and ligand, we determined the binding affin-
ities of purified recombinant IFABP and LFABP proteins
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for the panel of ligands shown in Figure 1. Structurally,
each ligand can be divided into two domains. Domain A
represents the head group, which was either a carboxyl,
amide, or glycerol ester. Domain B is the alkyl chain,
which varies in saturation and length: 20:4 (arachidonyl),
18:1 (oleoyl), or 16:0 (palmitoyl).

To determine binding affinities, we chose to use a
modification of the 11-(dansylamino)undecanoic acid
(DAUDA) displacement assay,27–31 in which we deter-
mined the effect of ligand concentration on Kd(DAUDA)

in order to calculate Kd(LIGAND), similar to calculating
binding affinity in other systems.32 The value for Kd

(LIGAND) that we calculated is a binding constant and is
theoretically the same regardless of the fluorescent fatty
acid used for displacement (e.g., anilinonaphthalene-
1-sulfonic acid, ANS). A complete description of the
derivation of Kd(LIGAND) by this method and representa-
tive data can be found in Supporting Information
(Figure S1). We note that because the binding affinities
we determine by this method inherently incorporate the
saturation of binding by ligand, the resulting value
reflects a global binding event and does not distinguish
between the two sites within LFABP.

Notably, the Kd(LIGAND) values were lower for IFABP
than LFABP for all ligands tested (Table 1). For fatty acid
and monoacylglycerol ligands, this preference is reversed
from what was previously reported using other assays. In
retrospect, this finding is not surprising given the inher-
ent limitations of these assays (Section 3).33–35 Also, as
noted above, the current method describes total, overall
binding affinity of LFABP, and does not distinguish

binding to its high affinity site, as defined using other
methods.

Interestingly, Domain A, the head group, had more
impact on Kd(LIGAND) than the alkyl chain. For example,
ligands with carboxylate head groups have the lowest
values of Kd(LIGAND) (~0.9–21.6 μM), followed by ligands
with ethanolamide head groups (Kd(LIGAND) ~23–585 μM),
and finally ligands with glycerol ester head groups had the
highest values of Kd(LIGAND) (~106–1,536 μM). These
results paralleled our determinations using isothermal
titration calorimetry (ITC, see Figure S2). Previous reports
have indicated that positively charged residues inside the
ligand binding pocket (e.g., the Arg122 of rat LFABP)
are in position to interact with the carboxyl group of
oleate,14,36 and thus the lower Kd(LIGAND) (i.e., tighter
binding) we determined for ligands with carboxyl head
groups are consistent with charged amino acids
directing the binding of fatty acids. The values we report
here for Kd(LIGAND) are within the range of values
reported previously for fatty acids such as oleate,
arachidonate, and palmitate.37–43

We also used 2D 1H−15N heteronuclear single quan-
tum coherence (HSQC) NMR to assess the interactions of
the proteins with ligand. NMR spectra were obtained in
the presence of increasing concentrations of ligand in
order to calculate binding affinities by probing the amide
NH groups of amino acid residues that are perturbed by
ligand-induced changes in their respective magnetic envi-
ronments. The determination of binding affinity by NMR
requires detection of changes in chemical shift (Δδ) for a
range of ligand concentrations that approximate the

FIGURE 1 Structural features of

ligands used in this study. (a) Using the

20:4 aliphatic chain as a model, shown

are the two structural domains that

were varied systematically. Domain A is

the head group that can be carboxyl,

amide, or glycerol ester. Domain B is

the alkyl group that was varied as 20:4,

18:1, or 16:0. (b) From left to right are

comparisons of ligands with different

Domain A (functional head groups).

From top to bottom are comparisons of

ligands with different Domain B

(saturation and length of the alkyl

chain)
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value of Kd. Ligands that bind very tightly (Kd < μM) will
likely have bound and unbound forms of the protein in
slow exchange (kex < Δδ) and require lower concentra-
tions of each partner than are feasible to detect by
NMR.44–46 Conversely, ligands that have a high Kd

(>100 μM), will typically exhibit fast exchange between
the bound and unbound forms (kex > Δδ), yielding pro-
tein chemical shifts that are weighted averages of the
two. However, these latter measurements can often
require ligand and/or protein concentrations that are
problematic in terms of solubility or aggregation. Thus, it
was not possible to monitor the chemical shift changes
needed to calculate Kd(LIGAND) for ligands with carboxyl
head groups that are in slow exchange on the NMR time-
scale, nor for ligands with glycerol ester head groups that
had limited solubility and binding affinities that were too
weak. However, we were successful in measuring NMR
spectra as a function of concentration for those endo-
cannabinoid ligands with ethanolamide head groups. Of
the ethanolamides, we focused our detailed analysis on
AEA owing to the considerable physiological effects of
this acylethanolamide, and because the spectra with OEA
and PEA were complicated by significant line broadening
(kex ~ Δδ) (data not shown).

As an example, Figure 2a shows changes in the con-
tour plots of 2D 1H–15N HSQC NMR spectra of IFABP
and LFABP upon binding AEA under a single saturating
condition (ratio of AEA:protein of 3:1). Binding affini-
ties were calculated after titrating in ligand at the indi-
cated molar ratios (Figure 2b). The effect of ligand

concentration on the average chemical shift perturba-
tions (CSPs) for those residues exhibiting fast exchange
behavior between bound and unbound states was
graphed in order to determine Kd(LIGAND) (Figure 2c).
The data were fit to an allosteric model of binding, indi-
cating a binding stoichiometry greater than 1:1, for both
IFABP and LFABP. However, we note that this calcula-
tion is based on an average of specific residues in each
protein: residues I58, D59, F68, I76, E77, F93, V96,
L102, I103, and R106 were used to determine the Kd

(LIGAND) for IFABP, whereas residues D34, I35, E40, I41,
H43, E44, N111, and R122 were used for LFABP; thus,
an individual residue with a particularly high affinity
would artificially introduce an appearance of non-
stoichiometric binding to the entire curve.

The trend in binding affinities determined by this
method (6.4 ± 0.4 μM for IFABP-AEA; 20 ± 1.1 μM for
LFABP-AEA) was consistent with the results of our fluo-
rescence displacement assays (21.2 ± 1.2 μM for IFABP-
AEA and 202.4 ± 9.4 μM for LFABP-AEA); however,
the actual affinities were 3–10 times higher, most likely
due to differences in the method used. Specifically, for
the NMR analyses, the value of Kd(LIGAND) is derived
from the individual sites chosen for their variations in Δδ
with ligand concentration; thus, the value is based on
binding to a defined set of residues which are, by defini-
tion, involved in interacting with ligand. In contrast, the
values determined from the fluorescence displacement
assay are based on the measurement of whole-molecule
binding, and thus reflect the binding affinity of the whole
protein rather than just selected residues.

The interaction of anandamide with FABP5 (skin
FABP) and FABP7 (brain FABP) has been reported rela-
tively recently, but detailed binding affinities were not
included in those studies.47,48 In those studies, nitro-
benzoxadiazole (NBD)-fluorescently conjugated AEA was
used to determine the binding affinity for AEA binding
to LFABP, but only one molecule of the fluorescent
ligand was bound49 and it is unclear if the mode of bind-
ing was affected by the bulky, polar fluorescent label.

2.2 | The head group directs interactions
between protein and ligand

Analysis of the IFABP and LFABP CSPs for each back-
bone residue was conducted at a saturating concentration
of each ligand of our nine-member panel. Calculation of
CSPs from 2D 1H–15N HSQC NMR spectra was based on
previously described methods.45 CSPs were considered
significant if they exceeded the sum of the average CSP
and its SD. This significance threshold was determined
after eliminating CSPs that were greater than 3 SDs

TABLE 1 Equilibrium dissociation constants (Kd(LIGAND)) for

ligands in this studya

Fatty acids
Fatty acid
amides Glycerol esters

ARA AEA 2-AG

IFABP 4.3 ± 3.1 23.0 ± 2.7 183.8 ± 14.5

LFABP 18.9 ± 10.8 239.7 ± 46.6 475.4 ± 52.7

OLA OEA 2-OG

IFABP 0.9 ± 0.4 48.4 ± 11.4 160.4 ± 25.7

LFABP 7.7 ± 5.5 168.9 ± 27.1 333.9 ± 51.7

PAL PEA 2-PG

IFABP 3.3 ± 2.0 150.8 ± 16.6 106.0 ± 25.9

LFABP 21.6 ± 10.6 585.1 ± 9.7 1,536.5 ± 131.5

Note: In order to calculate Kd(LIGAND), entire binding curves were
performed in duplicate and then were repeated on at least two dif-
ferent days, for a minimum of four measurements. Calculation of
Kd(LIGAND) is dependent on mathematical curve fitting which can
result in high values for SEM. The defined trends in affinity are
within the limits of the reported error.
aValues are given as μM ± SEM.
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above the mean value, in order to avoid artificial skewing
of the mean by large outliers that would result in the
omission of some perturbed residues. Complete CSP pro-
files are shown in Figures S3 and S4. For clarity, each res-
idue that displayed a significant perturbation is
represented with a dash in Figure 3; broadened residues
that indicated intermediate exchange with bound states
were also scored as significant and plotted accordingly.

Note that the binding of hydrophobic ligands within the
core of FABP is expected to involve nonspecific as well as
specific interactions, so that instead of analyzing the
CSPs quantitatively, we evaluated the significant CSPs
qualitatively.

In Figure 3, we represent those residues with signifi-
cant CSPs with dashes that are color-coded and grouped
according to head group, with fatty acids as red-brown,
ethanolamides as blue, and glycerol esters as green.
When we group the residues this way, we see strikingly
similar patterns of perturbation and a noticeable period-
icity that is common to both proteins and for ligands that
have a given head group. However, when we group the
CSPs according to alkyl chain (Figure S5), the profiles are
more disparate. These comparisons indicate that the head
group (Domain A) has a more substantial impact on
interactions with the protein than the alkyl chain
(Domain B), and that the chain does not direct binding of
ligand within the pocket. This trend is consistent with

FIGURE 2 NMR-based determination of Kd(ligand).

(a) 1H–15N HSQC NMR contour plots for IFABP and LFABP in the

absence of ligand (in red) superimposed on AEA-bound FABP

(blue). Ligand was freshly made and added immediately prior to

data acquisition. The final molar ratio of FABP to AEA in the

ligand-bound spectra is 1:3. (b) Resonances of IFABP and LFABP

exhibited fast exchange on the NMR timescale during titration of

AEA. A subset of residues with titratable chemical shifts is shown

at protein:ligand ratios of 1:n, where n has values of 0 (in red), 0.13,

0.25, 0.55, 0.73, 1.1, 1.5, or 3.0 (blue, highest tested).

(c) Dependence of chemical shift perturbation (CSP) on

concentration of ligand. The CSPs from several residues were

averaged and plotted against ligand concentration in order to

calculate Kd(LIGAND). Kd(LIGAND) values are given as ±SEM

FIGURE 3 Residues with significant chemical shift

perturbations (CSPs). Fatty acids are shown in red-brown,

ethanolamides in blue, and glycerol esters in green. Patterns in

binding appear when ligands are grouped according to head group;

specifically, the periodicity in significant CSPs, a gap in CSPs

between residues 80–110 for fatty acids with IFABP, and additional

significant CSPs between residues 66–70 for all the ligands with

IFABP

1610 LAI ET AL.



our determinations of equilibrium dissociation constants
described above.

Note that addition of PEA and 2-PG resulted in no
observable CSPs with LFABP, most likely because the
ligand concentrations needed to saturate the protein were
unachievable due to limited ligand solubility. Similarly,
the high Kd(LIGAND) of 2-OG with IFABP made it prob-
lematic to retain solubility of this ligand at the concentra-
tions needed to obtain saturation of the protein. Thus, we
did not pursue investigation of these ligands further.

2.3 | Fatty acids are coordinated
differently from endocannabinoids

Most strikingly, IFABP exhibits a noticeable gap in signif-
icant CSPs spanning residues 80–110 upon binding of the
fatty acids, whereas this is not the case when it binds ECs
(Figure 3). Thus, the 80–110 region of IFABP is more
engaged in binding ECs than fatty acids. By contrast, the
analogous region in LFABP displayed significant CSPs for
all types of ligands studied, indicative of differences in the
mode of binding for the two proteins (Figure 5). The known
co-crystal structure of IFABP with palmitate (PDB 2IFB12)
shows the potential for electrostatic interactions between
Arg106 and the carboxylate head group of the ligand.
Although we detected a slight change in the chemical shift
of Arg106 (IFABP) that was marginally above the average
CSP in the presence of each fatty acid, it did not meet our
cutoff for significance as described above. Notably, a different
arginine (Arg122), located outside of this region, was identi-
fied previously as being important for binding fatty acid
to LFABP. Interestingly, mutation of Arg122 does not
completely inhibit binding of fatty acid; instead the double
mutation T102Q/R122Q is required.41 In the alignment of
residues 80–110 shown in Figure 4, Thr102 of LFABP

corresponds to Arg106 of IFABP, indicating that these resi-
dues may serve parallel functions in coordinating fatty acids.

Of note, LFABP has 5 threonine residues in this region
(residues 80–110), whereas IFABP has only 2 (Figure 4).
The importance of a specific threonine residue (Thr54) in
binding fatty acid by IFABP has been noted previously.51 It

FIGURE 4 Alignment of the region defined by residues

80–110 of IFABP and LFABP. Alignment was generated by Clustal

Omega.50 Lines indicate a fully conserved residue, colon indicates

residues with strongly similar properties, period indicates residues

with weakly similar properties. Arrows indicate the alignment of

Arg106 of IFABP, which is thought to be responsible for binding

the carboxylate of the ligand, to Thr102 of LFABP which was

shown to have a significant role in binding fatty acid. Strikingly,

LFABP has five threonine residues within this region, whereas

IFABP has only two. Threonines are indicated in red

FIGURE 5 Ligand binding to IFABP involves unique residues

that are not used for binding to LFABP. (a) Significant chemical

shift perturbations (CSPs) are indicated with a dash for IFABP

bound to the indicated ligand. Residues in this region of LFABP

were not significantly perturbed. (b) Amino acids 66–70 of the co-

crystal of IFABP with palmitate (PDB 2IFB) are shown. Residues

69 and 70 are involved in binding fatty acid, and all five residues

are involved in binding ECs
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is likely that the threonines in this region of LFABP create a
local polar environment that is responsible for binding fatty
acids to LFABP, and that the lack of analogous threonine
residues in IFABP is the major factor accounting for the dif-
ference in CSPs in this region. Unexpectedly, in our global
determination, LFABP displays a higher dissociation con-
stant (i.e., binds fatty acids less tightly) than IFABP despite
LFABP having these additional contacts; thus, it is possible
that the conformational changes required to accommodate
ligand in LFABP may actually impose an energy barrier to
binding.

2.4 | IFABP has additional interactions
with ECs compared to LFABP

Significant CSPs for all categories of ligands were identi-
fied in a region of IFABP defined by five amino acids,
specifically residues 66–70 (Figure 5a), whereas the anal-
ogous residues in LFABP were not involved in binding
any of the tested ligands.

For IFABP, binding of ligand involved the entire five-
residue region: residue 70 was perturbed in the presence
of all three fatty acids, whereas the presence of PAL
perturbed both residues 69 and 70. Presence of ECs
resulted in perturbation of all five residues (66–70) in
IFABP, specifically AEA perturbed residues 66, 68, and
69, while 2-AG perturbed residues 67 and 70. The EC-like
ligands OEA and PEA perturbed residues in this region
as well: for OEA, residues 67, 69, 70; and for PEA, resi-
dues 68 and 70. These additional contacts with IFABP
that are not found in ligand-bound LFABP may contrib-
ute to the tighter binding affinity of all ligands for IFABP.

Focusing on just these residues in the previously
solved co-crystal of IFABP with palmitate (PDB 2IFB12)
(Figure 5b), we see that residue 70 in IFABP is a tyrosine
that could be involved in hydrogen bonding with the
fatty acid head group to enhance binding. Residues that
are involved in EC binding but not fatty acid binding
(residues 66–68) are located deeper within the binding
cavity and are primarily hydrophobic.

3 | DISCUSSION

We found several differences in the interactions of IFABP
and LFABP with physiologically important hydrophobic
ligands. First, IFABP displayed a smaller binding dissoci-
ation constant (tighter binding) than LFABP for all of the
tested ligands. This trend indicates that within the
enterocyte, where both proteins are found, IFABP is
more likely to be fully saturated with ligand than LFABP.
Notably, LFABP has two binding sites, with occupancy of

the first site required to form the second binding site.52

This two-step binding scheme may then contribute to the
overall binding affinity we measure in our assays for
LFABP, and is likely responsible for the different relative
affinities that we find herein, relative to prior reports
that indicated higher affinity binding of LFABP com-
pared to IFABP for some ligands, such as long-chain fatty
acids.24,37,53,54

Further, the discrepancy between these results and
the previously reported findings can also be attributed to
the variety of methods used to determine their value. In
choosing the most suitable assay for our purpose, we con-
sidered the following: (a) The acrylodan-labeled intesti-
nal fatty acid binding protein (ADIFAB) has been used as
a fluorescent reporter of unbound fatty acid concentra-
tion. This method, however, is inherently dependent on
binding of ligand to the modified IFABP, and so accuracy
is diminished for ligands that do not bind to ADIFABP
with higher affinity than to the protein being tested.55

(b) Another method uses ligands that are anthroyloxy- or
nitrobenzoxadiazole (NBD)-labeled in order to measure
changes in fluorescence upon binding. However, NBD-
labeled ligand bound to LFABP in an atypical manner,
with only one molecule in the binding cavity instead of
two, suggesting that the large fluorophore may limit the
association of ligand within the binding cavity.34 (c) The
lipophilic Lipidex 1000 resin has been used to separate
bound from unbound radioactively labeled ligand; how-
ever, affinity for Lipidex has been shown to be dependent
on the type of lipid.56 In addition, it was demonstrated
that this method is complicated by technical issues, such
as lipid and FABP binding to the tubes.57 It is also possible
that the protein associates with resin, resulting in an over-
estimation of unbound ligand. (d) An additional method
measures relative binding affinities by the displacement of
fluorescent fatty acid (either ANS or DAUDA)28–31 at a
single saturating concentration of the reporter. However,
these values are dependent on the binding affinity of the
fluorescent reporter and therefore do not reflect an intrin-
sic binding constant. Overall, after extensive review of the
literature, we identified the current work as the first report
in which this full panel of ligands was studied consistently
using the same assay and experimental conditions to
determine binding affinities.

For both proteins, the head group had more effect on
binding affinity than the alkyl chain, with the preference
for head group as follows: carboxylate > amide > glycerol
ester. The patterns of chemical shift changes measured
from 2D 1H–15N HSQC NMR profiles for both proteins
upon ligand binding revealed a similar dependence on
head group, confirming that identity of the head group
had more impact on protein interactions than the alkyl
chain.
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It is important to note that a lower binding constant
may not directly correlate with the number of residues
perturbed upon binding; rather, the residues involved in
binding need to be analyzed to determine the nature of
the binding interaction. Residues that form tight bonds
may contribute to lower Kd(LIGAND), whereas more global
conformational changes may increase binding energy
and therefore result in higher Kd(LIGAND). The NMR anal-
ysis revealed several key molecular features that could
direct how these ligands interact with their protein
chaperones.

3.1 | Binding of ECs involves all regions
of the proteins, in contrast to the
coordination of fatty acids

Perturbations were extensively distributed throughout
the whole protein for both IFABP and LFABP when they
were bound to ECs, whereas the points of contact were
more discrete and localized when bound to fatty acids.
The CSP patterns associated with EC binding indicate
global protein conformational changes rather than the
more defined binding interface observed for FA ligands.
It is likely that the specific contacts with FAs contribute
stronger interactions, in turn producing tighter binding
than for ECs that must overcome more energetically
unfavorable conformational changes to accommodate a
ligand.

3.2 | Fatty acids are coordinated
differently in IFABP with respect to
LFABP

The difference in how fatty acids are coordinated was
particularly noticeable with IFABP, which showed a
large region (residues 80–110) that was not significantly
perturbed in the presence of fatty acid (Figure 6a). In
contrast, the analogous region of LFABP exhibited dis-
crete interactions with fatty acids (Figure 6b).

3.3 | IFABP has additional contacts with
ECs that are not seen in LFABP

We identified a region defined by five amino acid resi-
dues (66–70) that is involved in binding ligand only for
IFABP (Figure 6b). These additional interactions with
ligand that are not found with LFABP may be responsible
for the tighter binding to IFABP.

The binding results described here are in line with
reports that LFABP knockout mice exhibit higher cyto-
solic levels of ECs. The most striking phenotypic differ-
ence in these mice was their body mass after eating a
high-fat diet. IFABP null mice were lean, whereas
LFABP null mice were obese, and this trend correlated to
their food intake and apparent appetite. Appetite has
been attributed to fatty acid ethanolamides (FAEs) and
related endocannabinoids.22,23,58,59 LFABP has been

FIGURE 6 Structural

representation of unique regions that

interact with ligand. IFABP (pdb 2IFB)

is shown with a green ribbon structure,

and LFABP (pdb 1lfo) is shown with a

yellow backbone. Residues that are

significantly perturbed in the presence

of ligand are shown in blue for FAs

(OLA, ARA, PAL) and purple for ECs

(AEA, 2-AG). The residues of region

80–110 that are not significantly
perturbed in the presence of ligand are

shown in tan. (a) Shows that this region

has no interactions with FAs for IFABP.

IFABP has fewer threonine residues in

this region than LFABP (shown with

dot representations). (a, b) Also, the

presence of ligand resulted in significant

perturbations of IFABP in the region

defined by residues 66–70, but the
analogous region in LFABP was not

involved in binding ligand (c, d)
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implicated in the regulation of levels of these signaling
molecules by transporting them to their downstream
metabolic fates including enzymatic degradation by fatty
acid amide hydrolase (FAAH) or monoacylglycerol lipase
(MAGL),60–63 or through activation of nuclear receptors
such as PPARα.64,65 In this way, LFABP may mark the
ligand for processing or degradation, consistent with the
observation that the absence of LFABP results in elevated
levels of cytosolic 2-AG.20,25

The results presented here indicate that IFABP has a
higher affinity relative to LFABP, suggesting that ligand
will be bound preferentially to IFABP, which in turn indi-
cates that the presence of IFABP will lower the access of
ligand to LFABP and may limit downstream processing,
depending upon the absolute level of unbound ligand
available. This proposal is supported by the increased
levels of AEA and 2-AG in LFABP knockout mice.20,25

Conversely, the absence of IFABP will make more ligand
accessible for LFABP-mediated degradation. This latter
scheme is supported by the decreased levels of 2-AG in
IFABP knockout mice.20,25 These studies have enhanced
our understanding of the different roles of IFABP and
LFABP in intestinal enterocytes, supporting their func-
tions as nutrient sensors which contribute to the regula-
tion of systemic energy homeostasis.

4 | MATERIALS AND METHODS

4.1 | Expression and purification of
IFABP and LFABP

Expression of cleavable his-tagged rat IFABP and LFABP
from a Gateway® pDEST17expression vector in BL21
(AI) cells was achieved after induction with arabinose
(0.2%) in M9 medium; for uniformly labeled protein,
ammonium chloride salt (1 g/L) was added as the sole
source of 15N. The cell paste was resuspended in 50 ml of
chilled lysis buffer (20 mM Tris–HCl, 300 mM NaCl,
1 mM PMSF, 0.5 mg of DNase, 50 μM of MgSO4, pH 8)
and sonicated for 30 min in an ice bath. Upon sonication,
the lysate was clarified by ultracentrifugation at ~30,000g
(16,000 rpm in a Beckman JA25.5 rotor) at 4�C for
30 min. The lysate was then loaded onto a 5 ml HiTrap
HP Ni column at 1 ml/min and washed extensively with
buffer (20 mM Tris–HCl, 300 mM NaCl, 25 mM imidaz-
ole, pH 8). Bound protein was then treated with TEV pro-
tease to remove the His-tag: 1.5 mg of TEV protease was
added to the bound protein on the column and circulated
at a low flow rate (~0.1 ml/min) at room temperature for
24–48 hr. Cleaved protein eluted in the unbound frac-
tions. Both IFABP and LFABP proteins were purified
using the same procedure.

4.2 | Delipidation of IFABP and LFABP

For subsequent ligand binding assays, it is essential
to ensure complete removal of lipids that may have
co-purified with the protein. Delipidation of IFABP was
achieved by incubating the protein twice with pre-
swelled HAP-Dextran at a 5:1 ratio as described previ-
ously.66 Each incubation was carried out at 37�C for 3 hr,
with shaking at 225 rpm. After each incubation, the
protein–resin mixture was poured into an empty Gravity
Kontes FlexColumn and lipid-free protein was eluted
with buffer. The protein was concentrated to ~300 μM
using an Amicon Ultra-15 Centrifugal Filter Unit with a
10 kDa molecular weight cutoff (cat. No. UFC901024).

We used organic extraction for the delipidation of
LFABP. In this protocol, 1/3 volume of n-butanol was
added to the protein, mixed thoroughly, and allowed to
agitate for 15 min. This mixture was then centrifuged to
achieve phase separation and the aqueous protein-
containing phase was removed. This procedure was
repeated at least three times to ensure complete lipid
extraction. The sample was washed extensively using an
Amicon Ultra-0.5 ml Centrifugal Filter Unit with 3 kDa
molecular weight cutoff (cat. No. UFC500396) to remove
any residual n-butanol. HSQC NMR spectra were
acquired for the delipidated proteins to confirm the apo
state by reference to published spectra.15

4.3 | Ligand competition binding assay

A modification of a standard displacement assay41 was used
to determine binding affinities of FABP for a panel of
ligands. Binding affinity of ligand was calculated based on
the effect of the ligand on the binding affinity of the fluores-
cent fatty acid, DAUDA. DAUDA fluorescence at 500 nm is
greatly enhanced when bound to protein, so that increasing
concentrations of added ligand produce decreases in fluo-
rescence intensity as the ligand displaces the DAUDA. The
effect of increasing concentrations of ligand (0–50 μM) on a
standard binding curve for DAUDA was measured, and the
binding affinity of ligand was derived as described in
Supporting Information. In order to achieve similar maxi-
mum fluorescence values for DAUDA, we used 1 μM
LFABP and 2 μM IFABP. IFABP required twofold higher
concentrations of protein to reach a similar maximum fluo-
rescence as LFABP, most likely because the binding cavity
of LFABP can accommodate two molecules of ligand.

Controls containing only ligand and DAUDA in the
absence of protein were run in parallel and did not signifi-
cantly contribute to the observed fluorescence; these readings
were subtracted as background. It is important to note that all
ligands were present at concentrations below those that
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would contribute to protein-independent background fluores-
cence, a phenomenon that has been shown previously to
interfere with interpreting results from these types of assays.38

4.4 | Preparation of ligand solutions

Sodium palmitate and sodium oleate (cat Nos. P9767 and
O7501) were purchased from Sigma-Aldrich. Sodium
arachidonic acid (cat No. 10006607), AEA (cat No. 90050),
OEA (cat No. 90265), PEA (cat No. 90350), 2-AG
(cat No. 62160), 2-OG (cat No. 16537), 2-PG (cat No. 17882),
and DAUDA (cat No. 10005188) were purchased from Cay-
man Chemical. The ligands were dissolved in HPLC-grade
ethanol or methanol to prepare stock solutions ranging from
10 to 15 mM.

4.5 | Solution-state NMR spectroscopy

The two-dimensional NMR experiments were performed
on Bruker Avance I or III spectrometers operating at 1H fre-
quencies of 600 or 800 MHz, each equipped with a 5-mm
TCI cryoprobe. The spectra for IFABP were acquired at
30�C, whereas the spectra for LFABP were obtained at
25�C. The resulting data were processed using NMRPipe
software67 and analyzed by NMRViewJ software.68

Combined CSPs were calculated using the following
equation45:

Δppm=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔδHNð Þ2 + ΔδN ×

1
6

� �2
s

NMR experiments with [U-15N]-labeled apo-IFABP
were performed in NMR buffer A (20 mM phosphate
buffer, 50 mM KCl, 5% D2O, pH 7.2), whereas NMR
experiments with [U-15N]-apo-LFABP were performed in
NMR buffer B (20 mM phosphate buffer, 50 mM KCl, 5%
D2O, pH 7.0). Residue assignments were based on previ-
ously published data for both LFABP15 and IFABP.19

For NMR titration experiments, we prepared 20 μM
[U-15N]-apo-IFABP in NMR buffer A and 20 μM [U-15N]-
apo-LFABP in NMR buffer B, respectively. We then
mixed 5 μl of serially diluted AEA solutions with 495 μl
of the protein solutions and transferred each of the
resulting samples to clean NMR tubes. The serially
diluted AEA solutions were derived from a 6 mM AEA
stock solution and prepared as twofold serial dilutions
using ethanol. The final molar equivalents of AEA were
0, 0.13, 0.25, 0.55, 0.73, 1.1, 1.5, and 3.0 times the concen-
tration of FABP. All samples contained the same percent-
age of ethanol, which was no more than 1%.

For 1H–15N NMR experiments to determine chemical
shifts at saturating ligand levels, we mixed 5 μl of stock
ligand solution (20–26 mM) with 495 μl of protein solu-
tion (100 μM). The final concentration of organic solvent,
ethanol or acetonitrile was no more than 1% in these
samples.
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