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Liver-fatty acid binding protein (L-FABP) is found in high levels in enterocytes and is involved in
cytosolic solubilization of fatty acids. In addition, L-FABP has been shown to bind endogenous and
exogenous lipophilic compounds, suggesting that it may also play a role in modulating their absorption
and disposition within enterocytes. Previously, we have described binding of L-FABP to a range of
drugs, including a series of fibrates. In the present study, we have generated structural models of
L-FABP-fibrate complexes and undertaken thermodynamic analysis of the binding of fibrates
containing either a carboxylic acid or ester functionality. Analysis of the current data reveals that both
the location and the energetics of binding are different for fibrates that contain a carboxylate compared
to those that do not. As such, the data presented in this study suggest potential mechanisms that
underpin molecular recognition and dictate specificity in the interaction between fibrates and L-FABP.

Introduction

Liver fatty acid bindingprotein (L-FABPa) is amember of a
family of phylogenetically related low molecular weight pro-
teins knownas intracellular lipid binding proteins (iLBP). The
iLBP family comprises of several classes, including sterol
carrier proteins, retinol binding proteins, and cytosolic fatty
acid binding proteins (FABPs).1,2 Although various functions
have been proposed for these proteins, it is widely accepted
that iLBPs enhance the effective aqueous solubility of lipo-
philicmolecules and thereby facilitate their intracellular trans-
port.3,4 Across the iLBP family, however, there are differences
in ligand specificity, binding affinity, and orientation of the
ligand within the binding cavity. These differences in ligand
binding have been utilized to classify iLBPs into various
subgroups.1,2,4

FABPs are generally themost abundant proteins in the cells
where they are expressed3,5 and they exhibit tissue-specific
distribution.6,7 There are nine different human FABP pro-
teins, namely: liver (L), intestinal (I), muscle and heart (H),
adipocyte (A), epidermal (E), ileal (Il), brain (B), myelin (M),
and testis (T).3,5 Although the nomenclature refers to the
tissue in which the FABP was first identified, FABP subtypes
may be expressed in more than one tissue. For example, in
addition to expression in the liver, L-FABP is expressed at
high levels in enterocytes.3,5 FABPs possess similar tertiary
structures and are composed of 10 antiparallel β-strands,
which form a barrel with a clamshell-like structure. The barrel

is capped by a pair ofR-helices, which enclose a cavity that has
been shown to be the FABPs lipid-binding site.1-5 Amechan-
ism for ligand binding, termed the “portal hypothesis”,8 has
been proposed where the natural ligand (FA) enters the
protein through a dynamic area, consisting of the second
R-helix and the turns between β-strands βC-βD (Tyr54-
Gly55 in L-FABP) and βE-βF (Glu72-Thr73 in L-FABP),
before binding inside the cavity.8 The dynamic area through
which entry occurs is described as the “portal region”.8

Although the sequence conservation between FABPs is not
high in the portal region (Supporting Information Table 1), it
has been shown that mutating the bulky portal residues of
murineA-FABP to glycine has a dramatic effect on the rate of
binding and dissociation without altering ligand affinity or
selectivity.8

Overall, human FABPs display a 38-70% sequence iden-
tity,9 while rat FABPs display 15-64% sequence identity
(Supporting Information Table 1). The need for proteins with
a high degree of similarity, yet distinct differences in tissue
distribution and ligand binding selectivity, suggests the
potentially specialized function of these individual proteins.4

Furthermore, comparison of the FABPs from different
species indicates that significant sequence similarity exists
between the same FABPs of different mammalian species.9

For instance, rat and human L-FABP display sequence
identity of 82% with many amino acid differences being
conservative substitutions10 (Supporting Information Ta-
ble 1). Consequently, studies of rat L-FABP (rL-FABP) can
potentially provide information relating to the function of
L-FABP in humans.
Although structurally similar toothermembers of theFABP

family, L-FABP is distinct because of its larger binding cavity,
which has a solvent accessible surface area of 610 Å2.11,12 In
comparison, other members of the FABP family have cavities
ranging from 334-510 Å2.11 X-ray crystallography studies
of rL-FABP in complex with oleic acid12 demonstrated that
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rL-FABP binds oleic acid at a stoichiometric ratio of 1:2,
whereas other iLBPs typically bind with a stoichiometry of
1:1. The first FA molecule, which binds at a higher affinity
(∼9-200 nM13-15), is fully enclosed within the β-barrel
structure of the protein in a bent conformation where the
carboxylate group forms a hydrogen bonding network within
the binding pocket (Figure 1). Hydrogen bonds are formed
between the side chain of Arg122, the side chain of Ser39, and a
single oxygen of the fatty acid molecule. Ser124, Arg122, and
oleic acid form hydrogen bonds to three structured water
molecules such that Ser124 interacts with the fatty acid mole-
cule indirectly (Figure 1B). The second FA, which binds with
lower affinity (0.9-2.9 μM13-15), binds “tail first” with the
carboxylate group protruding from the protein (Figure 1D).12

The second FA consequently binds mainly via hydrophobic
forces. While L-FABP is known to bind FA with high affi-
nity, it has also been found to bind a range of other
compounds, including bile salts, bilirubin, lysophospholipids,
cyclopentenone, and other hydrophobic compounds, includ-
ing a range of lipophilic drugs with reported affinities ranging

fromhigh nM to lowmM.3,13,16 The ability to bind to a diverse
rangeof lipophilicmoleculeswas initially thought tobedictated
by the presence of the second “lipophilic” binding pocket,
where lipophilicmolecules could bind in a relatively nonspecific
mannerwithin the low affinity FAbinding site.3,13,16 However,
we have recently shown that rL-FABP has the ability to bind
drug molecules at both FA binding sites and that a car-
boxylate is not required for high-affinity binding at the
internal site.13

In the present study, we have examined the binding
interactions between rL-FABP and a series of fibrates.
Clinically, the fibrates are used to lower serum lipid levels
(hypolipidemic agents) and appear to act via interaction with
the nuclear receptor peroxisome proliferator activated recep-
tor R (PPARR).16 Previous studies have suggested that fibrate
binding to FABP may provide for both cytoplasmic solubili-
zation and a mechanism by which poorly water-soluble drugs
are shuttled to their target receptor (PPAR).17

Fibrate binding to rL-FABP was assessed initially by
employing nuclear magnetic resonance (NMR) chemical shift

Figure 1. Crystal structure of rat L-FABP in complex with two oleates (1LFO) (A) Ribbon representation of L-FABP with two bound oleates
shown in sphere representation. Elements of secondary structure are labeled from N-C terminus. Residues involved in forming the hydrogen
bonding network with the carboxylate headgroup of the oleate at high affinity (internal) site are shown in stick representation. Structured water
molecules also involved in hydrogen binding are shown as red spheres. Oleates are shown in CPK representation. The oleate bound at the high
affinity site is colored orange and that at the low affinity site is colored purple. (B) Hydrogen bonding network at the high affinity binding site. rL-
FABP residues involved in H-bonds are annotated and shown in green stick representation. Structured water molecules are shown as red spheres
and annotated 179-181. (C) Oleate bound at the high affinity binding site and (C) oleate bound at the low affinity binding site of L-FABP.
Residues within 4.5 Å are shown as in green stick representation and labeled. This illustration was prepared with the use of PyMol v0.99.
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perturbation (CSP) experiments. These data were utilized to
analyze modes of binding at each site of rL-FABP as assessed
by molecular modeling studies. Thermodynamic parameters
for the two most structurally similar fibrates, fenofibric acid
and fenofibrate, as well as a second ester clofibrate, were
derived from the temperature dependence of the binding
affinities determined by equilibrium fluorescence measure-
ments. These data were used to dissect the driving forces for
binding interactions at the two sites and for ligands that
contain or lack the terminal carboxylate that is present in
the natural ligand (FA). The investigation has provided new
insights into how rL-FABP accommodates two fibrate mole-
cules and, in particular, proposes a mechanism by which
compounds lacking a carboxylate may bind with high affinity
to rL-FABP.

Results

Choice of Test Compounds. The compounds employed in
this studywere a series of fibrateswhich have previously been
shown to bind to rL-FABP.13 The fibrates contain a common
isopropyl (or isohexyl in the case of gemfibrozil) phenyl ether
structural element and either a carboxylate terminus (feno-
fibric acid, gemfibrozil, bezafibrate, and ciprofibrate) or an
ester terminus (fenofibrate and clofibrate). While structu-
rally similar, the series of fibrates examined have different
physicochemical properties. CalculatedLogP (octanol:water
partition coefficient) values for the molecules ranged
between 2.9-4.8. However, calculated LogD (apparent
octanol:water distribution coefficient) at the experimental
pH showed a broader range between 0.69-4.8 (Table 1).
This is reflected in significant differences in the calculated
aqueous solubility of the fibrates tested (Table 1).Despite the
general similarity of the test compounds, they have binding
affinities for rL-FABP that span more than an order of
magnitude (Table 1). Previous data have shown that com-
pounds with greater lipophilicity generally have higher affi-
nity for L-FABP,15 but this is not the case for this series of
fibrates. As such, their binding to rL-FABP appears to be
driven by specific interactions within the binding cavity.

Chemical Shift Perturbations and Analysis. Fibrate bind-
ing was examined via CSP studies by measuring changes in
the 13CR and

13Cβ chemical shifts of rL-FABP in CBCA(CO)
NH experiments upon saturation with drug (Supporting
Information Table 2). CSPs for amide protons and nitrogens
are usually readily measured from 1H-15N HSQC spectra,
but in the current studies, titration of rL-FABP with several
of the fibrates resulted in significant line broadening
although the spectra of both the apoprotein and the fully
saturated protein were of good quality for each of the test
compounds (Supporting Information Figure 1). As a con-
sequence, it was not possible to track the perturbations by
recordingHSQC spectra at different rL-FABP:drug ratios as
we have reported previously.13,18 Rather, assignments were
generated for apo- and drug-saturated rL-FABP by record-
ing standard triple resonance NMR spectra for each fibrate
complex. This approach enabled the generation of sequence-
specific assignments of H, N CR and Cβ resonances for each
complex. CSPs for amide protons and nitrogens can often
result due to indirect structural perturbations, which can
complicate interpretation of the data to identify binding site
location. In contrast, changes in CR and Cβ shifts have been
shown to be more specific19 and thus these were utilized
to provide a greater degree of discrimination of binding

interactions. Although indirect structural perturbations are
also observed for 13C resonances, presumably as a result
of the conformational changes that occur upon ligand bind-
ing,12,20we have previously demonstrated that upon titration
of rat I-FABP with palmitic acid, the largest perturbations
are observed for residues that are adjacent to the ligand
binding site identified in the structure of the complex.19

Initial studies compared the chemical shift perturbations
of fenofibrate and fenofibric acid. These were the most
structurally similar compounds examined, differing only in
the presence of an isopropyl ester group in fenofibrate,
compared to a terminal carboxylate in fenofibric acid. The
chemical shift perturbations observed upon formation of the
fibrate:rL-FABP complex are mapped onto the crystal
structure of holo-rL-FABP (1LFO) (Figure 2). It is evident
that different subsets of peaks were perturbed upon binding
of fenofibric acid compared to fenofibrate. There were 12
residues whose chemical shifts were perturbed by more than
one standard deviation above the mean upon titration of
rL-FABP with 3 mol equiv of fenofibric acid. The perturbed
residues are mapped onto the structure of rL-FABP (1LFO)
(Figure 2C). The residues whose 13CR and 13Cβ resonances
experienced the greatest CSPs upon binding include Ser124,
Thr110, Leu50, and Val38. These residues are all adjacent to
the triad of residues Ser124, Ser39, andArg122, which form the
hydrogen bonding network for the carboxylate headgroupof
FA12. These perturbations suggest that a similar ionic inter-
action may be present in the complex with fenofibric acid.
Other perturbed residues include Glu62, Glu72, and Ile98,
which are also in the vicinity of the high affinity site in the
complex with oleic acid and have been shown previously to
interact with the hydrophobic tail of the fatty acid12. Met22,
Lys36, Thr73, Thr75, and Tyr120 were also significantly per-
turbed. These residues are located either within the helical
element (Met22), the portal region (Thr73, Thr75), or close to
the region where the helices connect to the barrel (Lys36 and
Tyr120) and are closer to the low affinity FA binding site in
the structure of rL-FABP.
Upon addition of 3 mol equiv of fenofibrate to rL-FABP,

there were also 12 residues that exhibited CSPs greater than
one standard deviation above the mean change. However,
the pattern of perturbations was significantly different
(Figure 2B). Thus, in the vicinity of the high-affinity site,
although a number of polar residues were perturbed includ-
ing Lys49, Thr51, Asn61, and Ser100 residues adjacent to the
carboxylate binding site were not as significantly perturbed
as was the case with fenofibric acid. The hydrophobic
residues, Tyr7, Met91, and Val92, which are located toward
the base of the β-barrel, were also significantly perturbed
upon binding of fenofibrate, as were residues Leu50 and
Val101, which are located at the center of the β-sheets. Of
the 12 residues that experienced the largest CSPs, only three
were in the vicinity of the low affinity binding site. On the
secondR-helixMet19 andMet22 were perturbed, while Thr53,
which is adjacent to the portal region, was also perturbed.
Comparing the CSPs upon addition of fenofibric acid and

fenofibrate, distinct differences were observed. For fenofib-
ric acid, large CR and Cβ CSPs were observed for residues
that span the central portion of the β-sheets. Conversely,
the cluster of perturbed residues observed upon fenofibrate
binding were buried deeper within the β-barrel.
Furthermore, residues previously associated with carboxy-
late binding at the high affinity site were perturbed by
fenofibric acid but not by fenofibrate. These differences in
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perturbations suggest that binding of fenofibrate and feno-
fibric acid is mediated via different specific interactions. In
the low affinity binding site, a greater number of polar
residues were perturbed upon addition of fenofibric acid
compared to fenofibrate.
The differences in binding observed at the high affinity

site most likely reflect the different chemical moieties

(i.e., carboxylate or ester) present in the two molecules.
To assessmore broadly the impact onbinding of the presence
of a carboxylate or ester functionality within the molecule,
chemical shift perturbation maps were obtained for bezafi-
brate, ciprofibrate, and gemfibrozil, which possess a
terminal carboxylate group, and clofibrate, which is an ethyl
ester. The binding profiles of the carboxylate fibrates

Table 1. Physiochemical Properties of Ligandsa

a *Obtained from ref 13. †,# Calculated usingACD software v6.00 (ACD/Laboratories, Toronto, Canada). ∧Calculated using ChemBioDrawUltra v.11
(CambridgeSoft, USA).
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(bezafibrate, ciprofibrate, and gemfibrozil in Figure 2)
showed a similar general trend to fenofibric acid where
residues perturbed spanned the β-barrel and the polar re-
gions. The three residues that form the hydrogen bonding
network to the carboxylate of FA in the high affinity site
(Ser39, Arg122, and Ser124) consistently exhibited significant
perturbation or peak broadening beyond the limit of detec-
tion for all the carboxylate containing fibrates. The similarity
observed in the patterns of perturbations for these fibrates is
consistent with the formation of a similar network of inter-
actions in the binding cavity, as seen previously for oleic acid
in the crystal structure. Conversely, a similar cluster of
residues were perturbed in both fenofibrate and clofibrate
(Figure 2), which were distinct from those perturbed by the
carboxylates, namely Met91, Ser100, Leu50, Thr51, and Asn61

located centrally in the β-barrel. In addition, the esters
caused far less perturbation of Ser39, Arg122, and Ser124. This
suggests that the esters may be stabilized via similar interac-
tions to one another but via a different mechanism to that
observed with carboxylate-containing compounds. Binding
at the low affinity binding site showed significant variation in
the pattern of perturbed residues for each of the different
fibrates. Thismay reflect the greater structural variation that
is present within the “lipophilic” portion of the fibrate
structures and is consistent with this lipophilic portion of
fibrate molecules binding in a similar manner to FA in the
low affinity binding site of rL-FABP.

Docking Studies. To characterize the potentially different
modes of binding, docking studies were carried out in which
each of the fibrates was docked into the FA-binding sites of
L-FABP. Such docking calculations generate numerous
different binding orientations or “poses”, which can be
grouped into “clusters” of similar poses. Clusters observed
for each of the fibrates were compared with perturbations
measured in the NMR data in an attempt to identify the
closest matching binding orientation. The following scoring
system was used to determine the cluster that best matched
the perturbation data.Residueswere given an arbitrary score
of 1 if they were within the clusters and also displayed
significant CSPs in theNMRdata, 0.5 if a CSPwas observed
for a residue adjacent to one of the residues in the docking
cluster, and 0 for residues in the docking clusters that were
not observed or not assigned in the spectra of the complex
due to peak broadening. Residues within the docking clus-
ters, which were assigned but not perturbed, were given a
score of -1. The highest scoring docking solutions for
each of the fibrates are shown in Figures 3 and 4. The
interactions formed between each of the drugs and rL-FABP
in the highest scoring pose are summarized schematically in
Figure 5.
A single docking cluster was found for fenofibric acid in the

high affinity site (Figure 3A-C). In the docking solution, the
carboxylate of fenofibric acid formed hydrogen bonds
with Arg122 and Ser39. Hydrophobic interactions between

Figure 2. Measured 13CR and
13Cβ chemical shift perturbations upon addition of fenofibric acid (A) and fenofibrate (C). Residues with CSPs

greater than one standard deviation above themean are labeled. (C-H) rL-FABP is depicted as a variable width ribbon, where the width of the
ribbon is dictated by the extent of the CSP observed upon addition of (B) fenofibric acid or (D) fenofibrate. The two views are rotated by
90� about the y axis. The ribbon is colored on a color ramp from red to blue, where red represents no CSP and blue represents the largest CSP
observed for the data set. Residues for which no assignments could be made in the NMR spectra are colored black. The oleate molecule bound
at the high affinity site of rL-FABP is shown in CPK. Similar ribbon diagrams are shown depicting CSPs observed upon addition of (E)
bezafibrate, (F) ciprofibrate, (G) gemfibrozil, and (H) clofibrate. For each compound that contains a carboxylic acid (C, E, F, G), significant
perturbations are observed around the location of the carboxylate in the crystal structure of the complex with oleate. In contrast, the esters
(D, H) do not significantly perturb the residues around the carboxylate in the complex with oleate.
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fenofibric acid and rL-FABP involved residues Ile109, Met113,
Phe95, Leu71, Ile52, and Leu50. Figure 3C demonstrates that
several of the residues whose chemical shifts are most sig-
nificantly perturbed upon addition of fenofibric acid orwhose
peaks exhibit significant broadening in the NMR spectra
either interact directly with the ligand in the docking cluster
or are adjacent to residues that are making interactions with
the ligand. There is therefore a good correlation between the
recorded chemical shift perturbations and the orientation of
binding identified by docking.
Fenofibrate, on the other hand, was found to have two

docking clusters, one comprised of four docking poses and
the other comprised of one. The first cluster (Figure 3D-F)
displayed the better correlationwithNMRdata.A hydrogen
bondwas present betweenThr102 and the carbonyl oxygen of
the ester. Other contacts along the length of the fenofibrate
molecule (Met91, Val83, Val48, Leu50, Ile52, Ile59, Met74,
Phe95, and Leu71) were hydrophobic in nature. As observed
with fenofibric acid, many of the residues that made inter-
actions with the ligand in the docked structure were either
those whose CR and Cβ resonances were most significantly
perturbed upon addition of fenofibrate, exhibited peak
broadening, or were adjacent to such residues (Figure 3F).
To assess the role of the isopropyl group of fenofibrate on the
binding orientations observed in the docking, a second
docking experiment was performed with the methyl ester of
fenofibric acid. For the methyl ester, the clusters with the
highest docking scores matched very closely the orientations
observed in the docking clusters of fenofibrate (Supporting
Information Figure 2). The similar mode of binding ob-
served for the methyl and isopropyl esters suggests that the

nature of the small aliphatic ester group is not a dominating
factor in dictating the binding orientation.
Comparing the docking solutions and the perturbations of

fenofibric acid and fenofibrate, it can be seen that the binding
sites of the two molecules are significantly different as
depicted in Figure 3. The carboxylate terminus of fenofibric
acid is bound in a similarmanner to the carboxylate group of
oleic acid in the crystal structure (Figure 1B), with a hydro-
gen bonding network involving Arg122 and Ser39. The pre-
sence of a strong interaction between the carboxylate and
Arg122 may contribute to the observation of only a single
docking pose for fenofibrate at this site. The remainder of the
fenofibric acid forms a number of hydrophobic interactions
and occupies a similar position to the midregion of the
methylene tail of oleic acid in the crystal structure. In
contrast, the complex with fenofibrate has a hydrogen bond
between Thr102 and the carbonyl oxygen of the ester group,
while the remainder of the fenofibrate forms hydrophobic
interactions within the cavity. Fenofibrate is not interacting
with Arg122 and Ser39 as seen with fenofibric acid and oleic
acid, although the hydrophobic contacts are consistent with
the location of the terminal portion of the methylene tail of
oleic acid (Figure 1C).
For the remaining carboxylate-containing fibrates, beza-

fibrate and ciprofibrate were both found to have four dock-
ing clusters, while gemfibrozil had two. The highest scoring
clusters in each case showed the carboxylate forming a
hydrogen bond with at least one of Arg122, Ser124, and
Ser39 (Figures 4 and 5). The use of the CSPs to refine docking
clusters suggest that the binding of all four carboxylates in
the high affinity site is anchored via a similar hydrogen

Figure 3. Docking solutions for (A-C) fenofibric acid and (D-F) fenofibrate binding at the high affinity site of rL-FABP. The protein is
depicted as a variable width ribbon and colored as in Figure 2. Residues involved in the H-bond network in the complex with oleate (S39, R122,
S124) are shown in stick representation and labeled as are the portal residues (Y54,K57) that play a role in oleate binding at the low affinity site of
rL-FABP. (A-B) The optimal docking solution for fenofibric acid at the high affinity site is shown in blue sphere representation and at the low
affinity site in gold sphere representation. (C) Residues within 3 Å of the docked structure of fenofibric acid are shown in stick representation
and colored by the extent of observed CSP as described. Several of the most significantly perturbed residues (blue) or residues for which no
assignments could be obtained cluster at the docked location of fenofibric acid. (D-E) Optimal docking solutions for fenofibrate at the high
(yellow) and low (coral) affinity sites, respectively. (F) Residues within 3 Å of the docked structure of fenofibrate are shown in stick
representation and colored by the extent of observed CSP as described.
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bonding network to that observed in the oleic acid crystal
structure. Examination of clofibrate docking revealed only
one docked cluster (Figure 4D), which also showed hydrogen
bonding from the carbonyl oxygen of the ester to Thr102, the
chemical shifts of which were significantly perturbed upon
addition of clofibrate. Docking solutions of the ester com-
pounds, fenofibrate, and clofibrate in the high affinity bind-
ing site showed van der Waals (vdW) contacts to Leu50,
Leu71, and Met91, which either exhibited significantly per-
turbed CR and Cβ resonances or were adjacent to residues
with significantly perturbed resonances.
The docking clusters that were observed for fenofibric acid

in the low affinity binding site, differed in buried depth
within the binding cavity. The higher scoring docking cluster
was buried deeper within the barrel cavity and formed a
polar interaction with Leu28. Among the residues that parti-
cipated in hydrophobic interactions in the docking cluster,
many displayed significant CSPs (Tyr120), exhibited peak
broadening (Gly32, Ile52, Lys57, Met74) or were adjacent to
residues which did (Arg122) (Figure 3). The CSP-refined
docking solutions are consistent with fenofibric acid occupy-
ing a similar orientation to oleic acid in the low affinity
binding site of the crystal structure (1LFO).
Docking of fenofibrate to the low affinity binding site

generated seven docking clusters. The clusters displayed a
mix of orientations (Supporting Information Figure 3), with
the ester terminus located either buried within the barrel or
protruding from the β-barrel. For the highest scoring cluster,
the ester terminus was protruding from the β-barrel (Fig-
ure 3). No hydrogen bonding was identified in this cluster.
The interactions observed in the docked complex were
entirely hydrophobic (Figure 5) and located at either the
R-helical region (Met19, Leu28, Lys31, Gly32) or at the portal
region (Tyr54, Lys57, Met74). Several of these residues dis-
played significantly perturbed CR and Cβ resonances in the
NMR spectra (Met19) were adjacent to such residues (Tyr54)
or exhibited peak broadening (Lys31, Gly32, and Met74)
(Figure 3). Analysis of the remaining six docking clusters
resulted in a similar number of correlations between the
docking clusters and perturbed residues, differing primarily
in the depth to which the molecule was buried within the
β-barrel. However, residues that both exhibited significant
CSPs and matched the docking clusters were generally
located at the portal region, indicating that fenofibrate was
likely to reside within the area specified by the docking
clusters.
At the low affinity site of rL-FABP, fenofibric acid and

fenofibrate were observed to interact with residues that
formed the binding site for oleic acid in both the crystal
structure12 and a recent NMR structure.20 The docking
solutions for fenofibrate and fenofibric acid at the low
affinity site consisted of similar hydrophobic contacts, how-
ever, in both cases, fewer residues displayed significant CSPs
than what was observed at the high affinity site.
Analysis of the docking clusters for the remaining fibrates

revealed similar binding orientations to fenofibrate and
fenofibric acid, with clusters differing largely in the depth
to which the molecule was buried in the β-barrel. However,
for all the fibrates, Lys57 and Tyr54 exhibited significant
perturbation or peak broadening or were adjacent to resi-
dues which did (Figures 3 and 4). These residues are located
at the portal region, which suggests that all the fibrates bind
in a similar locality, albeit with lower specificity than was
observed at the high affinity site. Thus theCSPdata provided

Figure 4. Docking solutions for (A) bezafibrate, (B) ciprofibrate, (C)
gemfibrozil, and (D) clofibrate. Optimal docking solutions are depicted
for each drug at the high and low affinity sites, respectively. Residues
involved in the H-bond network in the complex with oleate (S39, R122,
S124) are shown in stick representation. (A-C) In the optimal docking
solution for each of the fibrates containing a carboxylate, the carbox-
ylate group is docked in a position where similar interactions to those
observed with oleate in the crystal structure of the complex could be
formed. SignificantCSPs are observed in each case for residues involved
in or adjacent to the H-bond network with oleate. In contrast, with
clofibrate (D), the ester is docked at a different location and smaller
CSPs are observed for the residues involved in theH-bondnetwork.The
protein is depicted as a variablewidth ribbon and colored as in Figure 2.
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less discrimination between the different docking clusters at
the low affinity site. However, the CSPs that were observed
are consistent with the fibrates binding at the low affinity site
in a similar location to oleic acid in the crystal structure.
Neither the NMR nor the docking data exclude the possibi-
lity that there is more than one mode of binding for some or
all of these compounds at the low affinity site. It is possible,
therefore, that the low affinity site of L-FABP supports
binding of lipophilic molecules in a relatively nonspecific
manner as has been suggested previously.11,12 In this regard,
it is perhaps noteworthy that rank order of affinity for the
fibrates at the low affinity site tracks with the cLogP values
for the fibrates. This is not the case for binding at the high
affinity site where more specific interactions can be identi-
fied between the fibrates and rat L-FABP in the docking
solutions.

Thermodynamics of Fenofibric Acid and Fenofibrate Bind-

ing to L-FABP. To determine the energetic contributions of
binding to rL-FABP, the free energy (ΔG�), enthalpy (ΔH�),
and entropy (TΔS�) changes for the binding of fenofibric acid,
fenofibrate, and clofibrate were calculated. Van’t Hoff en-
thalpies were determined from analysis of drug binding

affinities measured at several temperatures (Figure 6, Sup-
porting InformationTable 3). The temperature dependence of
the data for each compound was linear, suggesting that there
were minimal changes in heat capacity over the temperature
range used. The corresponding van’t Hoff thermodynamic
parameters are reported in Table 2.
The thermodynamic analysis revealed that fenofibric acid

binding to the high affinity site was predominantly enthalpy
driven with a small unfavorable entropic component,
consistent with ligand binding being dominated by short-
range forces such as vdW contacts, ionic interactions, and
hydrogen bonds. The data were also consistent with thermo-
dynamic parameters reported for oleic acid binding to this
site as measured by the ADIFAB method21 and with the
docking solution, which suggests that fenofibric acid binds in
a similar fashion to oleic acid. In contrast, for fenofibrate,
the free energy of binding at the high affinity site possessed a
significantly greater entropic component than fenofibric acid
and a smaller enthalpic component (Table 2; Figure 6). The
less favorable enthalpy change observed upon fenofibrate
binding at the high affinity site is consistent with the absence
of the carboxylate functional group. In the structures of the

Figure 5. Ligplot representations of highest scoring docking clusters are shown for the high affinity and low affinity sites in the left and
right panels, respectively. Fibrates shown are (A) fenofibric acid, (B) fenofibrate, (C) bezafibrate, (D) ciprofibrate, (E) gemfibrozil, and
(F) clofibrate.

D
ow

nl
oa

de
d 

by
 T

A
T

A
 I

N
ST

 O
F 

FU
N

D
A

M
E

N
T

A
L

 R
E

S 
on

 O
ct

ob
er

 1
1,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 A

ug
us

t 7
, 2

00
9 

| d
oi

: 1
0.

10
21

/jm
80

13
49

e



5352 Journal of Medicinal Chemistry, 2009, Vol. 52, No. 17 Chuang et al.

oleic acid complex and in the docking model for fenofibric
acid, the carboxylate forms an extensive hydrogen bonding
network involving Arg122 and Ser39 of rL-FABP, which
would be expected to provide a large enthalpic contribution
to binding. Conversely, the entropic contribution to binding
was greater for fenofibrate than either fenofibric acid or oleic
acid. The thermodynamic parameters for binding of the
second ester in the study, clofibrate, appear to be consistent
with this view. Clofibrate binding to rat L-FABP is char-
acterized by a large favorable entropy term similar to that
observed with fenofibrate and a smaller enthalpic term. The
experimental values calculated for the binding enthalpies are
consistent with the scoring functions for the docking models
derived from Glide. Thus, fenofibric acid binding was ac-
companied by a large favorable Coulombic term in the
docking;consistent with the large favorable enthalpy cal-
culated from the fluorescence data. In contrast, the esters
had favorable H-bonding terms, which are consistent with
the mode of interaction observed in the docking model, and
the greater affinity of fenofibrate over clofibrate is predicted
by themodel due to amore favorable lipophilic term and van
der Waals interaction energy for fenofibrate.
At the low affinity site, fenofibric acid binding showed a

marginally higher entropic component compared to the
enthalpic contribution. Fenofibrate binding to both sites is
driven by almost equal entropic and enthalpic components.
Collectively, the thermodynamic parameters for the lower

affinity site indicate that the net free energy change for ligand
binding to this site is driven by comparable entropic and
enthalpic components and is consistent with the similar
modes of binding observed in the docking models. No
binding was detected for clofibrate at the low affinity site.

Discussion

L-FABP has previously been found to bind to a variety of
hydrophobic molecules.3,13,16 The broad binding specificity
has been suggested to arise due to the presence of a single
promiscuous binding site that corresponds to the low affinity
binding site for oleic acid.12 Binding at this site was suggested
to occur solely via hydrophobic interactions.11,12 However,
more recent studies have demonstrated specific binding of
structurally diverse ligands to two siteswithin rL-FABPunder
conditions where binding affinity appears not to be directly
correlated with lipophilicity.3,13,16 These data suggest that
specific interactionsdictatebinding.Binding interactionshave
been detailed previously by X-ray crystallography12 and
NMR spectroscopy20 for the interaction of rL-FABP with
two molecules of oleic acid, however, the structural determi-
nants of rL-FABP binding to other ligands have not been
described. In the current study, we have utilized NMR CSP
studies, in conjunction with molecular docking and steady
state fluorescence measurements, to probe the specificity of
rL-FABP binding. We have employed a series of fibrates,
which are lipid lowering agents that share a common scaffold
but which differ in their affinity for L-FABP bymore than an
order of magnitude in order to examine more completely the
determinants of rL-FABP binding to non-FA ligands.
A recently published NMR solution structure of L-FABP

bound to oleic acid has suggested that at the low affinity site,
Tyr54 and Lys57 are important contributors to ligand bind-
ing,20 consistent with the previously published crystal struc-
ture.12 The CSP and docking data describing rL-FABP
binding to the range of fibrates examined here is consistent
with this suggestion and indicates that the fibrates appear to
bind in a similar location to FA. Previous reviews of L-FABP
binding patterns have suggested that the low affinity binding
site is less discriminating and typically the site of binding for
ligands with bulky head groups.3,11,22 The current data are
also consistent with this suggestion and confirm that the low
affinity binding site is capable of accommodating a diverse
range of ligands.
Importantly, the current studies support the finding that

non-FA ligands are capable of binding in the high affinity
(internal) site of rL-FABP and confirm that a terminal
carboxylate is not a prerequisite for binding. FA binding to
rL-FABPat the high affinity site has been shownpreviously to
involve an ionic interaction between the FA carboxylate
headgroup and the guanidinium of Arg122 as well as a series
of hydrophobic interactions between the aliphatic tail and the
binding pocket.12 While it has been demonstrated previously
that noncarboxylate containing drugmolecules are capable of
high affinity binding to rL-FABP,13 to our knowledge, the
current study provides the first structural explanation for this
observation.
Thus, the CSP-guided docking data suggests that the

carboxylate-containing fibrates bind in a similar manner to
oleic acid in complex with L-FABP. CSPs were observed that
were consistent with the presence of a similar hydrogen
bonding network in both cases. In contrast, the two (non-
carboxylate) fibrate esters generated different CSPs in the

Figure 6. Thermodynamic parameters for the binding of fenofibric
acid and fenofibrate to rat L-FABP. (A) Van’t Hoff plots for the
binding interactions for fenofibric acid at the high (1) and low ([)
affinity sites, respectively; fenofibrate at the high (b) and low (9)
affinity sites, respectively; and clofibrate (2). The solid lines show a
linear fit of the data sets, (correlation coefficients ranged from 0.95
to 0.98). Data points are the mean of three replicate experiments.

Table 2. Van’t Hoff Thermodynamic Parameters for Fenofibric Acid
and Fenofibrate Binding to Rat L-FABP

ligand ΔG� (kcal/mol) ΔH� (kcal/mol) TΔS� (kcal/mol)

High Affinity Site

fenofibric acid -8.8 -9.1 -0.3

fenofibrate -10.2 -6.2 4.0

clofibrate -6.9 -3.2 3.7

Low Affinity Site

fenofibric acid -6.3 -2.6 3.7

fenofibrate -9.0 -5.0 4.0

clofibrate nd nd nd

Binding affinities were determined for temperatures between 5�C
and 42�C and enthalpy values (ΔH�) were obtained from van’t Hoff
plots. The free energy of binding (ΔG�) values was determined from
Kd values measured at 25�C. Entropy values (TΔS�) was calculated
from ΔG�-ΔH�.
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region around Arg122, suggesting that they form a differing
hydrogen bonding network. However, CSPs were observed
that were consistent with the “hydrophobic tail” of the two
esters forming hydrophobic interactions similar to those
observed with the methylene tail of oleic acid in the crystal
structure of its complex with rL-FABP. These observations
suggest that while ionic interactions with Arg122 may play a
role in ligandbinding to rL-FABP, this is not a prerequisite for
high affinity binding at the internal site. Thermodynamic
analysis revealed that binding of the carboxylate-containing
fenofibric acid was predominantly driven by favorable en-
thalpy, whereas binding of the esters fenofibrate and clofi-
brate involved a larger entropic contribution, supporting the
conclusion that the ionic interaction is not a prerequisite for
high affinity binding. This is consistent with previous site-
directed mutagenesis data, where an Arg122fGln mutation
in rL-FABP resulted in only a small reduction in binding
affinity for 11-(5-dimethylaminonaphthalenesuphonylamino)
undecanoic acid (DAUDA) or oleic acid.23 The mutagenesis
data was subsequently extended to show that while Arg122

appeared to play a role in specificity and binding affinity for
carboxylate-containing ligands, it was not a dominating
factor in binding.24

A related studywith rat intestinalFABP (rI-FABP)binding
to FA provides additional insights into the potential mechan-
ismbywhich removal of a charge-charge interactiondoes not
adversely affect binding affinity.25 Thus, crystal structures of
rI-FABP have previously shown that Arg106 forms an ionic
interaction in its complexwithFA26 and that anArg106 f Ala
substitution does not reduce binding affinity. Rather, an
increase of up to 28-fold in the affinity of fatty acid binding
to the mutant when compared to wild-type was reported.25

Examination of the thermodynamics of the binding subse-
quently showed that while there was a loss of enthalpy upon
mutation of Arg106 f Ala, consistent with the loss of attrac-
tive electrostatic interactions, there was a significant compen-
satory increase in binding entropy due to a rearrangement of
hydrophobic interactions.25 This was confirmed by a crystal
structure of oleic acid binding to a rI-FABP Arg106 f Gln
mutant, where the binding orientation of the C-5 to C-18
portion of oleic acid hydrocarbon chain was shown to have a
similar orientation to oleic acid bound to wild-type FABP,
whereas the C-1 to C-4 section of the oleic acid tail displayed
greater disorder when bound to the mutant in comparison to
wild type, presumably in response to the reduced charge-
charge interactions.27 Similar findings have been reported in
other systems where structurally related ligands bind to their
target proteins with similar affinities but the enthalpic and
entropic contributions to their binding affinities are quite
different, suggesting differences in the mechanism of bind-
ing.28 The entropic compensation for the loss of ionic inter-
action previously observed for FA binding to mutants of
I-FABP may provide an explanation for the equal or higher
binding affinity of the noncarboxylate fibrate esters for
L-FABP in the current studies. Thus the CSP and modeling
data for fenofibric acid (and the other carboxylate-containing
molecules) are consistent with the presence of an ionic inter-
action with Arg122 of L-FABP, and this is supported by
predominantly enthalpic binding. Such an interaction is not
possible with the ester fenofibrate (or with clofibrate), but in
this case a different mode of binding is observed. Thus the
enthalpic contribution to binding is reduced (presumably due
to loss of the ionic interaction), but this is more than compen-
sated for by a more favorable entropy, such that fenofibrate

binds with higher affinity than fenofibric acid. This notion is
supported by the CSP andmodeling data which show that the
esters, fenofibrate and clofibrate, occupy a slightly different
location to the carboxylate-containing fibrates while main-
taining a similar general mode of binding.
Hypolipidemic drugs such as bezafibrate and fenofibrate

target the nuclear receptor PPARR to initiate expression of
lipidmetabolism enzymes.17,29Clofibrate is known to increase
L-FABP expression in hepatocytes,30 and examination of the
role of L-FABP in bezafibrate transport within hepatocytes
suggests a positive correlationbetweenPPARR activationand
intracellular L-FABP concentrations.17 Previous studies have
also shown that L-FABP interacts directly with PPARR and
PPARγ and have hypothesized that L-FABP has a role as a
“cytosolic receptor” for lipids and lipid lowering drugs,
shuttling the ligands to the nucleus for PPAR activation.17,31

L-FABP therefore plays a role in the uptake and cellular
disposition of fatty acids, and the current studies are indicative
of a potential role in the cellular disposition of amuchbroader
range of ligands. In the current study, we have provided a
structural rationale for the observation that ligands that do
not contain a terminal carboxylate are capable of binding to
L-FABPwith high affinity and suggest that thismay reflect an
enthalpy-entropy compensation effect. Enthalpy-entropy
compensation arises due to a correlation between then en-
thalpy of binding and translational and rotational entropy of
binding.32,33 Thus, more exothermic reactions are correlated
with a greater translational and rotational entropic cost of
binding. The greater entropic cost is often related to the
residual mobility of the ligand in the complex.32,33 Although
these general principles are established and have been demon-
strated in a range of systems,28,34,35 the mechanistic basis of
enthalpy-entropy compensation and its role in protein-
ligand interactions remains poorly understood.36 Notwith-
standing, the current data indicates the potential of high
affinity binding to L-FABP for a much broader range of
ligands as a terminal carboxylate is not absolutely required.
Indeed, the current data suggests that substitution of the
terminal carboxylate with a hydrophobic moiety enhances
overall binding affinity because the beneficial contribution to
the free energy of binding of the interaction of the hydro-
phobic tail is greater than the enthalpically favorable electro-
static interactionof the terminal carboxylatewithArg122 in the
carboxylate binding site. The consequence of binding to
rL-FABP on the cellular disposition of lipophilic drugs is
subject to ongoing investigations.

Experimental Procedures

Materials.Compounds used in this study are shown inTable 1
and were obtained from Sigma-Aldrich (Sydney, NSW,
Australia). Purity was determined by elemental analysis, which
revealed that all test compounds were g95% pure. Isopropyl
β-D-thiogalactopyranoside was purchased fromMerck (Victoria,
Australia). Escherichia coli strain BL21 Codon Plus (DE3)-RIL
was purchased fromStratagene (La Jolla, CA).All other reagents
were of the highest purity available commercially.

Expression and Purification of Rat L-FABP. Recombinant
rL-FABP was expressed in BL21(DE3)/pTrc99A host/vector
expression system using minor modifications of our previously
described procedure.37 The pTrc99-rL-FABP expression plas-
mid is available from the Addgene Plasmid Repository (http://
addgene.org) under the plasmid identification code 13577.
Briefly, the cells were grown in 15N-13C-labeled minimal med-
ia38 containing ampicillin (100 μg/mL) before induction with
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1 mM IPTG. Cells were harvested by centrifugation (4000g for
30 min at 4 �C) 4 h post induction. The pellets were resuspended
in buffer A (50 mM Tris-HCl, pH 8.0, 150 mM, NaCl, 1 mM
DTT, 0.5 mM EDTA) and lysed by sonication. The resulting
homogenate was clarified by centrifugation (12000g for 30 min
at 4 �C). Ammonium sulfate was added to the supernatant to
60% saturation, and the soluble fraction was recovered by
centrifugation (20000g for 20 min at 4 �C). The soluble fraction
was resolved by application to a Phenyl Sepharose HP 16/10
column (GE Health Care, Sydney, NSW, Australia). rL-FABP
was eluted with a linear gradient from 100 to 0% 1.0 M
(NH4)2SO4 over 1 column volume and fractions containing
L-FABP identified by SDS-PAGE. Nucleic acids were removed
by centrifugation (20000g for 30 min) following addition of
protamine sulfate (0.1% w/v). Protein solution was buffer
exchanged into buffer A and applied to a MonoQ HR 10/10
column (GEHealth Care, Sydney, NSW, Australia) in the same
buffer. rL-FABP was eluted in the unbound fraction. rL-FABP
containing fractions were exchanged into buffer B (50 mMTris-
HCl, pH 8.0, 1.0 M (NH4)2SO4, 1 mM DTT, 0.5 mM EDTA)
and applied to a Phenyl Sepharose HP 16/10 column as a final
polishing step and eluted as described above. Fractions contain-
ing rL-FABP were pooled and buffer exchanged into NMR
buffer (20 mM MES pH 5.5, 150 mM NaCl, 1.0 mM DTT,
0.5 mM EDTA, 10%D2O) and concentrated by ultrafiltration.
Homogeneity of the purified protein was assessed by SDS-
PAGE (silver staining) and by electrospray ionization mass
spectrometry on a Micromass Platform II liquid chromatogra-
phy/quadrupole mass spectrometry system (Manchester, UK).
Protein concentration was determined by UV-visible spectro-
photometry using a molar extinction coefficient at 280 nm of
6400 (cm M)-1.

NMR Spectroscopy. NMR experiments were carried out on
VarianUnity 600MHz spectrometer equipped with a single axis
gradient triple resonance cryoprobe. Standard triple-reso-
nance experiments were employed to obtain assignments for
rL-FABP. Data were processed using NMRPipe39 and were
analyzed using the program SPARKY.40 Titrations were per-
formed by adding microliter amounts of each test compound
to a final concentration of 3 mol equiv to 15N-13C labeled
rL-FABP (300 μM). The physicochemical properties of the
ligands, as well as Ki values obtained in previous studies13 are
listed in Table 1. The predicted percentage of binding at each
binding site employing theseKi values is reported in Supporting
Information Table 3. The sample was mixed and allowed to
equilibrate prior to data collection. Test compounds were pre-
pared in DMSO. Titration of up to 10% (v/v) DMSO into the
protein produced no significant chemical shift perturbations.

Overall weighted average chemical shift changes (Δavg) were
calculated for all residues using the equation:41

Δavg ¼ ððδCRÞ2þ ðδCβÞ2Þ0:5 ð1Þ
where δCR and δCβ denote the changes in chemical shift between
apo and holo proteins for CR and Cβ resonances, respectively.
Residues which underwent the greatest changes in chemical shift
were mapped onto the crystal structure of L-FABP (1LFO).12

Significant changes were defined as more than one standard
deviation greater than the mean change.

Molecular Docking. Docking calculations were performed
usingGlideV4.042 as implementedbyMaestroV7.5 (Schrodinger
LLC, New York). The crystal structure of oleic acid bound-L-
FABP (1LFO) and ligands used for docking were prepared
following the recommended protocol within Glide. Bound oleic
acids and structured water molecules were ignored during dock-
ing in the high affinity binding site; however, the oleic acid in the
high affinity site of the crystal structurewas retained for docking
into the low affinity binding site as ligands docked into the first
binding site occupied similar orientations to the oleic acid. The
center of the docking grid was defined by the center of the bound

ligands as described in the original PDBentry, and the volumeof
the grid was set to 10 Å3. No further modifications were applied
to the default settings (no scaling factor for the vdW radii of
nonpolar protein atoms, 0.8 scaling for nonpolar ligand atoms).
The GlideScore scoring function was used to select up to
30 poses for each ligand.

Poses obtained fromGlidewere grouped into clusters of poses
within 2 Å of each other using a simple cluster subroutine. A
representative structure from each cluster was output to pdb
format. Schematic diagrams of protein-ligand interactions
were produced using Ligplot.43

Fluorimetric Binding Affinity Measurements and the Determi-
nation of van’t Hoff Enthalpies. Fibrate binding affinity was
measured fluorimetrically by monitoring the displacement of
the fluorescent binding cavity probe 1-anilino-8-naphthalene
sulfonic acid (ANS) as previously described.13 Briefly, fluori-
metric measurements were performed under steady-state con-
ditions on a Cary Eclipse fluorescence spectrophotometer
(Varian, Mulgrave, Victoria, Australia) in 20 mM MES pH
5.5, 50mMNaCl, 1.0mMDTT, 0.5mMEDTAbuffer. Fibrates
were dissolved in DMSO and titrated directly into the protein
solution. The decrease in ANS fluorescence upon addition of
competing ligandwasmonitored and plotted as a function of the
concentration of free ligand. The data were fitted by nonlinear
regression to a two-site competition model from which EC50

values were derived and used to calculate the inhibition constant
(Ki) for ligand binding to each site.13

Enthalpies for the binding of fenofibric acid, fenofibrate and
clofibrate were determined bymeasuringKi values for each drug
at several different temperatures (Supporting Information Ta-
ble 3) and van’t Hoff plots (eq 2) of ln(Ki) versus 1/T (which is a
straight line if the heat capacity is independent of temperature),
from which ΔH� is determined from the slope. The Gibbs free
energy change (ΔG�) for each drug-I-FABP binding reaction
was calculated from the equilibrium dissociation constant at
25 �CasΔG�=-RT ln(Ki) and entropies (ΔS�) were determined
from ΔG�- ΔH�.

The nonintegrated linear form (y= a+ bx) of the van’t Hoff
equation:

lnðKdÞ ¼ ðΔH�=RTÞ-ΔS�=R ð2Þ
A plot of y=ln(Kd) versus x=1/T yields a straight line with a
slope b=ΔH�/R and a y-intercept, a=-ΔS�/R, where R is the
universal gas constant, 1.987 cal/(mol K).
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