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Fatty acid-binding proteins (FABPs) are involved in transporting hydrophobic fatty acids between various
aqueous compartments of the cell by directly binding ligands inside their f-barrel cavities. Here, we
report the crystal structures of ligand-unbound pFABP4, linoleate-bound pFABP4, and palmitate-bound
pFABP5, obtained from gentoo penguin (Pygoscelis papua), at a resolution of 2.1 A, 2.2 A, and 2.3 A,
respectively. The pFABP4 and pFABP5 proteins have a canonical B-barrel structure with two short a-
helices that form a cap region and fatty acid ligand binding sites in the hydrophobic cavity within the -
barrel structure. Linoleate-bound pFABP4 and palmitate-bound pFABP5 possess different ligand-binding
modes and a unique ligand-binding pocket due to several sequence dissimilarities (A76/L78, T30/M32,
underlining indicates pFABP4 residues) between the two proteins. Structural comparison revealed
significantly different conformational changes in the 3—p4 loop region (residues 57—62) as well as the
flipped Phe60 residue of pFABP5 than that in pFABP4 (the corresponding residue is Phe58). A ligand-
binding study using fluorophore displacement assays shows that pFABP4 has a relatively strong affin-
ity for linoleate as compared to pFABP5. In contrast, pFABP5 exhibits higher affinity for palmitate than
that for pFABP4. In conclusion, our high-resolution structures and ligand-binding studies provide useful
insights into the ligand-binding preferences of pFABPs based on key protein—ligand interactions.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

(heart), FABP4 (adipocytes), FABP5 (epidermis), FABP6 (ileum),
FABP7 (brain), FABP8 (myelin), and FABP9 (testes) [1—3]. However,

Wiater insoluble fatty acids are a major component of the cell
membranes as well as signaling molecules, and are transported
between cellular organelles by selectively binding to fatty acid-
binding proteins (FABPs). Nine types of FABP coding genes have
been identified and named after the human tissue in which they are
predominantly expressed: FABP1 (liver), FABP2 (intestine), FABP3
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recent studies have shown that there is not only significant overlap
in the tissue distribution of some members but these proteins also
share high sequence homology (44—80%). Nevertheless, individual
FABPs have specific ligand preferences and unique ligand-binding
mechanisms [4].

Structures of several FABP proteins from various sources
including human, mouse, chicken, and zebra fish are known [5—9].
Most FABP structures comprise primarily of 10-stranded fB-barrels
and two short a-helixes [1,10]. One end of the B-barrel is blocked by
two short o-helixes, forming a capping structure. Inside the B-
barrel is hydrophobic cavity that contains the fatty acid binding
site. This structure has no channels large enough to allow fatty acids
to enter or exit [11]. This suggests that ligand binding and release
from FABPs would require significant conformational changes.
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Notably, recent studies have shown that the ligand-bound human
FABP5 structure is a domain swapped dimer [7]. This suggests that
ligand binding might induce a conformational transition and
change the oligomerization state from a monomer into a dimer.
However, the binding mechanism and specificity of FABP ligands is
even less well understood. The “flexibility in the portal region
(between @2 helix and the «2-32 linker)” model, proposes that a
conformational change upon ligand binding is the possible driving
force allowing ligands to enter and exit the hydrophobic protein
cavity via a diffusion-based mechanism on the target membrane
[12—-14].

Studies focusing on the ligand-binding stoichiometry of FABP
have shown that most FABPs have one ligand-binding site, except
human FABP1, which is proposed to have two or even three fatty
acid binding sites [15]. Further, the cavity size in FABP1 is specu-
lated to be larger than other members of the FABP family. All FABPs
contain a conserved arginine side chain, water molecules inside
their B-barrel and a conserved fatty acid binding site. An ionic
interaction between the FABP fatty acid binding site and the
carboxyl terminus of the fatty acids appears to be largely respon-
sible for the common positioning of fatty acids in different FABPs
[16]. FABP4 and FABP5 are known to have selective interactions
with nuclear receptors PPARY and PPARB, respectively, and they
transfer the bound fatty acids to their nuclear receptor-binding
partners. The fatty acid-bound PPARs are the active form of these
proteins, and exhibit enhanced transcriptional activity [17—19].

In this study, we determined the three-dimensional structure
and ligand binding properties of ligand unbound-pFABP4, lino-
leate-complexed pFABP4, and palmitate-complexed pFABP5 that
were obtained from gentoo penguin (Pygoscelis papua) [20,21].
These high-resolution structures, together with ligand-binding
studies, provide useful insights into the ligand recognition mech-
anism and ligand-binding preferences of pFABPs.

2. Material and methods
2.1. Cloning, expression, and purification of pFABPs

Full-length genes of pFABP4 (GenBank KR054393) and
pFABP5 (GenBank KR054394) were amplified by polymerase
chain reaction (PCR) using the cDNA template of P. papua. Primers
used for PCR amplification of pFABP4 were: forward primer 5'-
GCCATATGTGCGACCAGTTTGTGGGC-3' and reverse primer 5'-
GTGCTCGAGTCATGCTCTTTCGTAAACT-3'. Primers for PCR amplifi-
cation of PpFABP5 were: forward primer 5'-GCCA-
TATGGCCATCGACGCGTTTTTAG-3' and reverse primer 5'-
GTGCTCGAGTCATGCCTTCTGGTAGACTC-3'. The amplified DNA
fragments were cleaved with Ndel and Xhol restriction enzymes
and ligated into the multi-cloning site (MCS) of the pET-28a vector
(Novagen, Madison, USA). A hexa-histidine tag and a thrombin
protease recognition site were added to the N-terminus of the final
construct. After confirming the sequence, Escherichia coli strain
BL21(DE3) was transformed by the pFABP4 vectors for protein
expression. The cells were grown in 4 L of Luria—Bertani [26] me-
dium supplemented with kanamycin (50 pg/ml) at 37 °C. When
0OD600 approached 0.7, expression was induced with 1.0 mM iso-
propyl-1-thio-B-p-galactopyranoside (IPTG) at 25 °C for 20 h. Cells
were harvested by centrifugation (VS-24SMTi; Vision Scientific,
Bucheon, Republic of Korea) at 7000 rpm and 4 °C for 20 min, and
resuspended it in lysis buffer (50 mM sodium phosphate, 300 mM
NaCl, 5 mM imidazole pH 8.0) with 0.2 mg/ml lysozyme and
0.6 mM phenylmethylsulfonyl fluoride (PMSF). Cells were lysed by
sonication for 30 min on ice. Cell debris was removed by centrifu-
gation of the lysate at 16,000 rpm for 1 h at 4 °C, and the clarified
supernatant was poured into a gravity-flow column pre-packed

with Ni-NTA resin (Qiagen, Hilden, Germany). The unbound pro-
tein flowed through, while the poly-histidine tag-fused pFABP4
remained bound to the Ni-NTA resin. This was followed by washes
with 10 bed column volumes of wash buffer (50 mM sodium
phosphate, 300 mM NacCl, 20 mM imidazole pH 8.0). The pFABP4
proteins were eluted with elution buffer (50 mM sodium phos-
phate, 300 mM NacCl, 300 mM imidazole pH 8.0), and the concen-
tration of pFABP4 was determined using Amicon Ultra Centrifugal
Filters (Ultracel-3K; Millipore, Darmstadt, Germany). The poly-
histidine tag was cleaved with thrombin, incubated overnight at
4 °C, and then applied onto a Superdex 200 column (GE Healthcare,
Piscataway, USA) equilibrated with 20 mM Tris—HCIl (pH 8.0) and
150 mM NaCl. The fractions containing putative pFABP4 were
collected and concentrated to 27.9 mg/ml by ultrafiltration using
Amicon Ultra Centrifugal Filters. The pFABP5 was also expressed
and purified as described above. The final concentration of purified
pFABP5 was 54.1 mg/ml.

2.2. Fatty acid binding assay: using displacement of 8-
anilinonaphthalene-1-sulfonic acid

Binding affinities of pFABPs to seven different fatty acids (DHA:
docosahexaenoic acid; EPA: eicosapentaenoic acid; ALA: a-linolenic
acid, linoleic acid, palmitic acid, oleic acid, and stearic acid) were
determined using a Synergy MX Fluorescence Spectrophotometer
(BioTek) at 293 K. ANS (1-anilino-8-naphthalene sulfonate) and
fatty acids were dissolved in absolute ethanol and serially diluted
with 20 mM Tris—HCI (pH 8.0) and 150 mM NaCl, with a final
ethanol concentration not exceeding 1%. One milliliter of pFABP4
(1 um) was equilibrated with ANS (50 pm) for 1 min. Displacement
of ANS was measured by increasing the concentration of fatty acids.
Fatty acids were added to the pFABPs-ANS complex and incubated
1 min for displacement and binding of ANS to pFABPs was moni-
tored by excitation at 370 nm and emission at 475 nm.

2.3. Crystallization and data collection

Initial crystallization screening of apo-pFAPB4, pFABP4-linoleate
complex, and pFABP5-palmitate complex were performed using
commercially available crystallization solution kits: MCSG I-IV
(Microlytic, Burlington, USA), Wizard Classic I-IV (Emerald Bio,
Seattle, USA), and Classics and Classics Il Suite (Qiagen, Hilden,
Germany) with the sitting-drop vapor-diffusion method at 293 K in
96-well crystallization plates (Emerald Bio, Bainbridge Island, WA).
Prior to crystallization, pFABPs were incubated with five-fold molar
excess of each ligand overnight at 20 °C. Ligand stock solutions had
a final concentration of 10 mM in 100% ethanol. Serially diluted
fatty acids were added to the protein solution, so that the final
concentration of ethanol did not exceed 1%. The crystallization
drops consisted of 0.8 ul of protein with or without ligand solution
and 0.8 ul of crystallization solution. The drop volume was
increased from 0.8 ul to 1 pl using the hanging-drop vapor-diffusion
method in 24-well plates. As a result, the crystal of pFABP4 was a
hexagonal pyramid obtained from a solution of 0.2 M magnesium
chloride, 0.1 M Tris (pH 8.3), and 27% (w/v) PEG 3350 at 293 K. The
crystal of the pFABP4-linoleic acid complex was obtained from
0.1 M CHES (pH 9.5) and 30% (w/v) PEG 3000. The crystal of
pFABP5-palmitate complex was obtained as a square pillar from
0.2 M magnesium chloride, 0.1 M Tris (pH 8.5) and 30% (w/v) PEG
4000. The optimized single crystals were harvested with cryoloop
and protected from liquid-nitrogen gas stream using Paratone-N oil
(Hampton Research, Aliso Viejo, USA). These data were collected
using a BL-7A beam line in the Pohang Accelerator Laboratory (PAL;
Pohang, Korea) and data sets were processed using the HKL-2000
program [27].
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2.4. Structure determination and refinement

A data set of ligand-unbound pFABP4, linoleate-bound pFABP4
and palmitate-bound pFABP4 were collected at 2.1 A, 2.2 A and
2.3 A resolution in space group P6;, P6; and P2; respectively.
Matthews coefficient [28] was used to determine the predicted
number of molecules in the asymmetric unit and the crystal
structure of pFABPs was determined with MOLREP [29] using the
crystal structure of human adipocyte fatty acid binding protein
(hFABP4) (PDB code 3Q6L; unpublished work) as a model. The final
coordinate of the pFABP4 was used for molecular replacement of
linoleate bound pFABP4 form. The coordinates of the human
epidermal fatty acid binding protein (hFABP5)(PDB code 4LKP) [30]
were used as a model for molecular replacement of pFABPS5. Iter-
ative rounds of manual model building and refinement were per-
formed using REFMACS5, and COOT [31]. Data collection and
refinement statistics are presented in Supplementary data, Table S1.

All figures were generated using PyMOL [32] and all coordinates
generated were deposited in the Protein Data Bank with accession
codes 5BVQ, 5BVS and 5BVT, respectively.

3. Results and discussion

3.1. Overall structure of apo-pFABP4, linoleate-complexed pFABP4,
and palmitate-complexed pFABP5

The crystal structure of apo-pFABP4, linoleate-complexed
pFABP4, and palmitate-complexed pFABP5 from gentoo penguin (P.
papua) were determined at 2.1,2.2, and 2.3 Aresolution, respectively
(Fig.1). apo-pFABP4 contains two polypeptide chains and 108 water
molecules arranged as an asymmetric unit and with an overall to-
pology composed of 10 anti-parallel -strands and two a-helices
(Fig. 1A and B). The canonical B-barrel structure is cylindrical in
shape with an internal hydrophobic cavity composed of multiple
nonpolar side chains. Two a-helices, located between f1 and (2,
provide a U-shaped capping structure with a helix-turn-helix
conformation. The U-shaped capping structure can exist both in
an open and closed state and serves as a portal for fatty acid inter-
nalization [22] while also being involved in the protein—protein
interaction between hFABP4 and JAK2 [23]. These results suggest
that the capping region of FABPs is functionally important both for
ligand binding and signal transfer via partner protein binding.

In the pFABP4-linoleate complex structure, one linoleate mole-
cule is located within the cylindrical body (Fig. 1C). In addition to
hydrophobic interactions, the carboxyl group of linoleate also
forms hydrogen bonds with bound water molecule (W1, Fig. 2A and
B). Analysis of the binding site indicates that the first oxygen of the
carboxyl group of bound linoleate forms hydrogen bonds with the
OH group of Y129 as well as with a water molecule (W1), which in
turn forms hydrogen bonds with the NH; group of the R107 side
chain (Fig. 2B). The second oxygen atom of the linoleate head group
also forms hydrogen bonds with the OH group of Y129 and the NE
atom of R127. The ligand-binding site in apo-pFABP4 is partially
blocked by the side chain of Arg127 residue, which swings to
accommodate the ligand in the linoleate-bound form (Fig. 2C).

The crystal structure of palmitate bound pFABP5 was deter-
mined to be very similar to pFABP4 and belongs to the space group
P2, with one complex molecule in an asymmetric unit. The two
proteins share 57% sequence identity with an overall r.m.s. devia-
tion of 1.21 A over 130 Co atoms. By analytical size-exclusion
chromatography, both purified pFABP4 and pFABP5 have shown
apparent molecular weights compatible with that of a monomer
(data not shown). Most FABPs behave as monomers, except hFABP5
that forms a domain-swapped dimer when complexed with a
ligand inhibitor [7] and mouse FABP4 that dimerizes in solution

[24]. These observations suggest that FABPs may have structural
flexibility and undergo structural or oligomeric changes facilitating
entry or exit of hydrophobic ligands.

3.2. Ligand-binding properties of pFABP4 and pFABP5

The ligand-binding specificity of pFABP4 and pFABP5 was
determined by steady-state fluorescence spectroscopy titration.
The binding affinities of seven chemically different fatty acids were
monitored and compared by measuring the changes in the fluo-
rescence of ANS (1-anilinonaphthalene-8-sulfonic acid) (Fig. 3)
[20]. The results indicate that linoleate has the highest binding
affinity to pFABP4, whereas relatively lower affinity to pFABP5
while, DHA shows the strongest affinity to pFABP5 and palmitate
shows affinity for pFABP5. Next, we tried to obtain the structures of
linoleate-complexed pFABP4 and palmitate-complexed pFABP5.

Structural superimposition of pFABP5-palmitate complex on
pFABP4-linoleate complex revealed U-shaped conformation simi-
larity of palmitate with linoleate in pFABP4. The biggest structural
difference is in the f3—p4 loop region, suggesting greater mobility
compared to other regions (Fig. 4A). The Phe57 residue located in
this loop region plays an important role in nuclear import of
mFABP4 [24]. Upon palmitate binding to pFABP5, the $3—p4 loop
moves outwards by 4 A compared to linoleate-complexed pFABP4
structure (Fig. 4A). Notably, the Phe60 residue (Phe58 in pFABP4) in
the B3—p4 loop region has a flipped conformation in linoleate-
complexed pFABP4 structure (Fig. 4B). Moreover, the Leu78 and
Thr30 residues (Ala76 and Met32 in pFABP4) cause structural
changes to bound palmitate in pFABP5 compared to linoleate-
complexed pFABP4. In palmitate-bound pFABP5, the Leu78 res-
idue extends into the hydrophobic core resulting in hydrophobic
interaction with palmitate. In the pFABP4-linoleate complex,
however, the Leu78 is replaced by less bulky Ala76 residue
increasing the volume of the internal hydrophobic cavity.

A comparison of the binding sites revealed that palmitate has a
more extended conformation and is pushed aside from the center of
internal pocket towards the a1-22 capping region as compared to
the bound linoleate in pFABP4 (Fig. 4B). Thus, the palmitate forms
different and weak hydrogen bonds than linoleate around the hy-
drophilic carboxyl head group. In the pFABP5-palmitate complex,
the carboxyl O atoms of the palmitate form water mediated
hydrogen bonds with Tyr132 (Fig. 4C) while, the carboxyl O, atom of
bound linoleate forms two hydrogen bonds with NE atom of Arg127
and OH atom of Tyr129 in pFABP4 (Fig. 4D). The other carboxyl O
atom of linoleate forms water mediated hydrogen bonds with NH;
atom of Arg107 and NE atom of Arg107 in linoleate bound-pFABP4.

Taken together, these results suggest that the ligand-binding
modes and ligand-binding affinities of pFABP4 and pFABP5 are
largely different. Therefore, several non-conserved residues can
induce a significant space change in the ligand-binding site, and
these variations may account for the fatty acid target specificities
described in Fig. 3.

3.3. Comparison of the linoleate binding pocket between pFABP4
and mFABP4

The superimposition of pFABP4-linoleate complex with the
mFABP4-linoleate complex (PDB code 2Q9S) [24] revealed that
while the overall U-shaped structure of the bound linoleate is
similar, the main difference lies in the V41/M40, L24/V23, and T57/
T56 residues (underlining indicates pFABP4 residues)
(Supplementary data, Fig. S1A). The W1 position of the pFABP4-
linoleate complex contains the M40 residue in the mFABP4-
linoleate complex thus, mFABP4 does not exhibit W1 mediated
hydrogen bond interaction. However, mFABP4 still has a conserved
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Fig. 1. Sequence alignment and crystal structure of pFABPs (A) Multiple sequence alignment of pFABPs from gentoo penguin (Pygoscelis papua). The secondary structural elements
in the crystal structure of pFABP4 are represented above the multiple sequence alignment. The Thr30 residue is represented by a black triangle and Ala76 residue is represented by a
filled circle. (B) Schematic representation of the overall structure of ligand-unbound pFABP4. B-strands (81—f10) and o helices (1 and 22) along with numbering of secondary
structure elements are shown. The a-helices are in blue and p-strands are in orange. (C) Ribbon representation of the linoleate-bound pFABP4 structure. The bound linoleate
molecule is shown as a cyan stick model with a 2Fo-Fc electron density map (contoured at 1c). (D) Ribbon representation of the palmitate-bound pFABP5 structure. The bound
palmitate molecule is shown as a magenta stick model with a 2Fo-Fc electron density map (contoured at 1c).

pFABP4 B c

‘) pFABP4+Linoleate

Fig. 2. Structural comparison of ligand-unbound pFABP4 and linoleate-bound pFABP4. (A) Structural superimposition of pFABP4 ligand free-form (orange) and linoleate-bound
form (green). (B) The linoleate-binding site of pFABP4. The side chains of the residues in the vicinity of the bound linoleate are indicated by sticks. Hydrogen bond interactions
between the carboxyl head group of linoleate and pFABP4 are shown with red dashed lines. The carbon tail of linoleate forms hydrophobic interactions with Phe17, Met21, Leu24,
Val26 and Ala76. (C) A magnified view of the ligand-binding pocket with the surrounding residues from the superimposed apo-pFABP4 (orange) and linoleate-bound pFABP4
(green) structures.
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Fig. 3. Ligand-binding properties of pFABP4 and pFABP5. (A) This graph compares the binding affinities of the fatty acid ligands to pFABP4. The percent binding is expressed relative
to the binding of linoleate to pFABP4 (100%). (B) This graph compares the binding affinities of the fatty acid ligands to pFABP5. The percent binding is expressed relative to the
binding of DHA to pFABP5 (100%). (C) Comparison of linoleic acid affinities of pFABP4 and pFABP5. (D) Comparison of palmitic acid affinities of pFABP4 and pFABP5.

polar interaction with the head carboxyl group of linoleate at res-
idues Y128 and R126. The L24 residue in pFABP4 pushes the bound
linoleate molecule in the opposite direction, producing a slightly
different linoleate conformation compared to mFABP4-linoleate
complex. Another major structural difference exists in the loop
region between B3 and 4. The T56 residue in the mFABP4-linoleate
complex has a flipped peptide bond, oriented toward the outside of
the core structure. These differences result in a smaller cavity vol-
ume (about 100 A%) in mFABP4 compared to pFABP4. The calculated
cavity volumes of representative FABPs are listed in Supplementary
data, Table S2. Notably, hFABP1 (PDB code 3STN) has the largest
cavity volume, allowing for multi-ligand binding [25]. In contrast,
pFABP5 has the smallest cavity volume because of the inward
protrusion of L78 residue (Supplementary data, Table S2).

3.4. Comparison of the palmitate binding pocket between pFABP5
and hFABP5

The structural superimposition of the pFABP5-palmitate

complex with the hFABP5-palmitate complex (PDB code 1B56) [26]
shows that while the FABP molecules overlap very well the bound
palmitate has different binding interactions and positions. The
most striking difference is in the binding position of palmitate in
the hydrophobic cavity that exhibits higher number of hydrogen
interactions compared to pFABP5. The carboxyl group of palmitate
migrates deep into the cavity making hydrogen bonds with Arg109,
Arg129 and Tyr131. While, only four residues are different between
the ligand binding pocket of pFABP5 and hFABP5 (Val43/Cys43,
Ser63/Thr63, Leu78/Ala78 and Phe69/Leu60 for pFABP5/hFABP5,
respectively), the major differences in the bound palmitate are due
to Leu78 (corresponding to Ala78 in hFABP5). The side chain of
Leu78 pushes the bound palmitate opposite to the a2-helix direc-
tion contributing to its different conformation (Supplementary
data, Fig. S1B).

In summary, X-ray crystallography and structural comparisons,
combined with a ligand-binding assay, provide important insights
into the mechanism behind the ligand specificities of pFABP4 and
PFABP5.
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Fig. 4. Ligand-binding mode in pFABP4 and pFABPS5. (A) The structural superimposition of linoleate(cyan)-bound pFABP4 and palmitate(blue)-bound pFABP5 (magenta) reveals a
conformational change in the p3—p4 loop region. (B) Stereo view of the superimposed structures of linoleate(cyan)-bound pFABP4 and palmitate(blue)-bound pFABP5 (magenta).
(C) The palmitate binding mode and interacting residues in pFABP5 are shown as a stick model. The hydrogen bonds are shown as red dashes. (D) The linoleate binding mode and
detailed interactions with pFABP4 are shown as a stick model. Color codes are the same as Fig. 2B.
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