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ABSTRACT: Although the human liver fatty acid binding
protein (L-FABP) T94A variant arises from the most
commonly occurring single-nucleotide polymorphism in the
entire FABP family, there is a complete lack of understanding
regarding the role of this polymorphism in human disease. It
has been hypothesized that the T94A substitution results in
the complete loss of ligand binding ability and function
analogous to that seen with L-FABP gene ablation. This
possibility was addressed using the recombinant human wild-
type (WT) T94T and T94A variant L-FABP and cultured
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primary human hepatocytes. Nonconservative replacement of the medium-sized, polar, uncharged T residue with a smaller,
nonpolar, aliphatic A residue at position 94 of the human L-FABP significantly increased the L-FABP a-helical structure content
at the expense of f-sheet content and concomitantly decreased the thermal stability. T94A did not alter the binding affinities for
peroxisome proliferator-activated receptor @ (PPAR) agonist ligands (phytanic acid, fenofibrate, and fenofibric acid). While
T94A did not alter the impact of phytanic acid and only slightly altered that of fenofibrate on the human L-FABP secondary
structure, the active metabolite fenofibric acid altered the T94A secondary structure much more than that of the WT T94T L-
FABP. Finally, in cultured primary human hepatocytes, the T94A variant exhibited a significantly reduced extent of fibrate-
mediated induction of PPARa-regulated proteins such as L-FABP, FATPS, and PPAR« itself. Thus, while the T94A substitution
did not alter the affinity of the human L-FABP for PPAR«a agonist ligands, it significantly altered the human L-FABP structure,

stability, and conformational and functional response to fibrate.

iver fatty acid binding protein (L-FABP or FABP1) is the
first member of the large FABP family to be discovered
and arguably the most unique.'~* Unlike other family members,
L-FABPs from a variety of species (e.g, rat, bovine, and
human) have a much larger ligand binding cavity that
accommodates two ligands instead of one.*”'* The L-FABP
has broader specificity for binding not only straight-chain
LCFA but also more potent peroxisome proliferator-activated
receptor @ (PPAR«) agonists such as the naturally occurring
branched-chain LCFA phytanic acid'*~"7 and less toxic
xenobiotic fibrates®”'"'>'%* and phthalates.”® An intriguing
result of structural,">*"** in vitro,”> cultured cell,** > and
primary mouse hepatocyte studies”® > was the discovery that
the L-FABP provides a signaling pathway for both natural (ie.,
very long-chain polyunsaturated fatty acids) and xenobiotic
(fibrates) ligands to the nucleus. In this pathway, the L-FABP
binds ligands (LCFA, fatty acid synthesis inhibitors, and
fibrates)’~>'"'93%37 in the cytosol for cotransport into
nuclei*”> ™ and targets®>*******” bound ligands to nuclear
PPAR« to activate transcription of genes involved in LCFA
uptake, transport, and metabolism.****~*!
X-ray and nuclear magnetic resonance (NMR) demonstrated
that the human liver L-FABP has an even larger binding cavity

-4 ACS Publications  © 2013 American Chemical Society 9347

than any other mammalian L-FABP, suggesting that results
from other species’ L-FABPs may not necessarily be
straightforwardly extrapolated to the human L-
FABP.">7'*%*™% The recent discovery of a SNP in the
human L-FABP coding sequence that resulted in a single-
amino acid substitution, T94A, has added further complexity to
this issue.*>** This is especially important because the human
L-FABP T94A variant is very common (26—38% minor allele
frequency; 8.3 + 1.9% homozygous; MAF for 1000 genomes in
the NCBI dbSNP database; ALFRED database) and is the most
prevalent polymorphism in the FABP family.”*~>° Further,
the L-FABP T94A variant has been associated with elevated
plasma triglycerides levels,"** increased LDL cholesterol
levels,*>*° atherothrombotic cerebral infarction,*’ and non-
alcoholic fatty liver disease (NAFLD).*” The L-FABP ligand
fenofibrate (most commonly prescribed fibrate activator of
PPARa in the United States and Canada®') is less effective in
lowering elevated plasma triglyceride levels to basal levels in L-
FABP T94A variant subjects.** Resolving the molecular basis
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for this difference is important for future therapeutic studies
whereby newer fibrates might be better targeted by the L-FABP
or T94A variant L-FABP to activate PPAR in the nucleus.
On the basis of the findings described above, we re-examined
the literature to determine whether earlier structural studies
were performed with recombinant human L-FABP-derived WT
T94T L-FABP or T94A variant coding cDNAs. Fortuitously, all
previously cloned human L-FABPs were derived from human
WT T94T L-FABP cDNA.>*">* Thus, all studies characterizing
the ligand specificity,”'>*>*° structure,"*'***** and mode of
ligand binding'>~"* of the human L-FABP were performed with
the WT T94T L-FABP, or the phenotype of the human L-
FABP was not reported.*"** While it has been suggested that
the T94A substitution abolished binding of ligand to the human
L-FABP,*® there have been no reports actually examining the
structure or ligand binding specificity of the human L-FABP
T94A variant protein. To begin to resolve these issues, studies
with purified recombinant human WT and T94A variant L-
FABPs were initiated. As shown by CD and UV spectroscopy
as well as fluorescence displacement assays, the human T94A
variant L-FABP differed significantly in secondary structure,
thermal stability, and structural response to fenofibric acid
binding from the human WT T94T L-FABP. Finally, T94A
weakened fenofibrate-mediated induction of PPAR« transcrip-
tional activity in human hepatocytes. Such dissimilarities may
contribute to the impaired therapeutic response of human
T94A variant L-FABP-expressing subjects to fenofibrate.**

B EXPERIMENTAL PROCEDURES

Materials. Luria-Bertani (LB) broth and LB agar were
purchased from Becton, Dickinson Co. (Sparks, MD).
Fenofibrate and fenofibric acid were obtained from Santa
Cruz Biotechnology (Dallas, TX). ANS (1-anilinonaphthalene-
8-sulfonic acid) was purchased from Life Technologies (Grand
Island, NY). Phytanic acid, ampicillin (sodium salt), isopropyl
p-p-galactoside (IPTG), ammonium sulfate, protamine sulfate,
dithiothreitol (DTT), and all other common laboratory
chemicals were obtained from Sigma-Aldrich (St. Louis,
MO). Mini-PROTEAN TGX any kD precast polyacrylamide
gels and Precision Plus Protein Dual Xtra Standards were
purchased from Bio-Rad (Hercules, CA). SimplyBlue SafeStain
was from Invitrogen (Carlsbad, CA). All reagents and solvents
were of the highest grade available.

Recombinant L-FABP Expression in Escherichia coli.
The recombinant rat L-FABP was expressed in E. coli as
described previously.®>” The c¢DNA for human L-FABP
(NM_001443) was purchased from OriGene Technologies
(Rockville, MD). The full-length human L-FABP was amplified
using primers 5'-CAGCCATATGAGTTTCTCCGGCAAGT-
AC-3’ and 5'-GGTGCTCGAGTTAAATTCTCTTGCTGAT-
TCTC-3" with restriction sites BamHI and HindIIl, respec-
tively, and was cloned into the pQE9-His vector (Qiagen,
Valencia, CA). The cDNA purchased from OriGene was
determined to be the human L-FABP T94A mutant (ie.,
nucleotide 280 was guanine instead of adenine, resulting in a
substitution of alanine for threonine). The mutation was
established by sequencing at the Research Technology Support
Facility (RTSF, Michigan State University). To obtain the
T94T wild-type (WT) human L-FABP, site-directed muta-
genesis was performed with primers 5-CAATAAACTGGTG-
ACAACTTTCAAAAACATCAAG-3' and §'-CTTGATGTTT-
TTGAAAGTTGTCACCAGTTTATTG-3' utilizing PfuTurbo
DNA polymerase (Agilent Technologies, Santa Clara, CA).
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The final WT T94T and T94A mutant constructs were
transformed into E. coli C43 (Lucigen Corp., Middleton, WI)
for protein expression.

Recombinant L-FABP Purification. The recombinant rat
L-FABP was purified as described previously.>>” Briefly,
transformed E. coli (expressing the WT T94T L-FABP or
T94A) were streaked onto LB agar plates containing ampicillin
(50 pug/mL). Plates were incubated overnight at 37 °C, and
individual colonies were picked and inoculated into 100 mL of
LB/ampicillin (50 pg/mL) and incubated overnight at 37 °C in
a shaking incubator (250 rpm). Ten milliliters of the overnight
culture were added to 1 L of LB/ampicillin (S0 ug/mL) and
incubated at 37 °C in a shaking incubator (250 rpm) until the
optical density (OD) at 600 nm reached 0.6 absorbance unit
(4=S h for E. coli C43). Protein expression was induced by
adding IPTG (final concentration of 1 mM) to each 1 L
culture. The cultures were incubated for 12 h at 37 °C in a
shaking incubator (250 rpm). Bacterial cells were harvested by
centrifugation in a Beckman Avanti J-25 centrifuge (JA-14
rotor, 10000g, 15 min, 4 °C). Each cell pellet was resuspended
in ice-cold NPND buffer [20 mM sodium phosphate (pH 7.4),
100 mM NaCl, and 1 mM dithiothreitol] containing protease
inhibitor cocktail (without EDTA, Sigma-Aldrich product no.
$8830) at a concentration of 0.35 g of cell pellet/mL of buffer.

Bacterial cell lysis was achieved by homogenization utilizing a
French pressure cell press (SLM Aminco FA-078, high ratio,
gage pressure of 1260) and a French pressure cell (Thermo FA-
032, 1 in. piston diameter, cell pressure of 20000 psi). Each
25—30 mL batch of bacterial cell suspension was processed
twice. Additional cell lysis was accomplished by sonication on
ice utilizing a Fisher Scientific Sonic Dismembrator 550
equipped with a microtip (Fisher Scientific, Pittsburgh, PA).
The sonication conditions were as follows: setting 4, total
processing time of 15 min, on time of 15.0 s, and off time of
15.0 s. Insoluble cell debris was removed by centrifugation (JA-
25.50 rotor, 40000g, 20 min, 4 °C). The supernatant was slowly
brought to 65% saturation by being stirred at 4 °C using solid
ammonium sulfate. After addition of all the ammonium sulfate,
the protein suspension was stirred slowly at 4 °C for 12 h.
Insoluble material was removed by centrifugation (JA2S.50
rotor, 40000g, 20 min, 4 °C). The supernatant was desalted at 4
°C by chromatography through a Sephadex G-25 (GE
Healthcare, Piscataway, NJ) column using NPND buffer (pH
7.4) as the mobile phase. DNA was precipitated from the
desalted protein solution using protamine sulfate [0.1% (w/v)].
The protamine sulfate was added slowly while the mixture was
being stirred at 4 °C, and this mixture was allowed to stir slowly
at 4 °C for 12 h. Insoluble material was removed by
centrifugation as described above. The supernatant was
concentrated by ultrafiltration utilizing an Amicon stirred cell
(model 402) at 4 °C (Millipore Ultrafiltration Membrane,
Regenerated Cellulose, 76 mm diameter, NMWL of 1000 Da).

The concentrated protein solutions were buffer-exchanged
into HisTrap binding buffer [20 mM sodium phosphate (pH
74), 0.5 M NaCl, and 30 mM imidazole] utilizing PD
MidiTrap G-25 columns (GE Healthcare) as per the
manufacturer’s directions. The buffer-exchanged protein
mixture was loaded onto a HisTrap FF (GE Healthcare)
column at 25 °C pre-equilibrated with HisTrap binding buffer.
The column was washed extensively with HisTrap binding
buffer; the column was eluted with HisTrap elution buffer [20
mM sodium phosphate (pH 7.4), 0.5 M NaCl, and 0.5 M
imidazole]. The HisTrap-eluted protein was buffer-exchanged
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into S0 mM sodium phosphate (pH 7.0) and 1.0 M ammonium
sulfate with PD MidiTrap G-2S columns as described above
and loaded onto a pre-equilibrated hydrophobic interaction
column (HiTrap Phenyl HP, GE Healthcare) at 25 °C. Protein
delipidation was achieved by eluting the protein from the
HiTrap Phenyl HP column utilizing a linear buffer gradient
from S0 mM sodium phosphate (pH 7.0) and 1.0 M
ammonium sulfate to 50 mM sodium phosphate (pH 7.0).
Delipidated protein was buffer-exchanged (PD MidiTrap G-25)
into 20 mM sodium phosphate (pH 7.4) and 150 mM NaCl
prior to His tag removal utilizing the TAGZyme Kit (Qiagen)
according to the manufacturer’s directions. The protein was
buffer-exchanged (PD MidiTrap G-25) into HisTrap binding
buffer as described above prior to being loaded onto the
HisTrap FF column as described above. The column wash
(unbound) and the column eluate were examined by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—
PAGE). All L-FABP was found in the column wash material
(data not shown), indicating complete His tag removal. The
purified L-FABP (~1.5 mg/L of culture) was buffer-exchanged
(PD MidiTrap G-25) into 10 mM potassium phosphate (pH
7.4) and 1 mM dithiothreitol, aliquoted, and stored at —80 °C.

Purity and Identity of the Recombinant L-FABP
Determined by Amino Acid Analysis and Mass Spec-
troscopy. Aliquots of the purified rat L-FABP as well as
human WT T94T and T94A mutant L-FABPs were analyzed
by amino acid analysis and matrix-assisted laser desorption
time-of-flight (MALDI-TOF) mass spectrometry (L. Dangott,
Protein Chemistry Laboratory, Texas A&M University) to
determine protein purity (>98%), concentration, and molecular
weight. Mass spectrometry was performed utilizing a
Shimadzu/Kratos Axima CFR MALDI-TOF mass spectrometer
in reflectron mode. The matrix used was a-cyano-4-
hydroxycinnamic acid (Sigma-Aldrich), and the instrument
was calibrated using cytochrome c.

Fluorescence Spectra for Recombinant Proteins. L-
FABP tyrosine fluorescence emission spectra were recorded at
24 °C using a Varian Cary Eclipse Fluorescence Spectropho-
tometer (Varian, Inc., Palo Alto, CA), by scanning from 295 to
420 nm, with an excitation wavelength of 280 nm. Rat L-FABP
and human L-FABP have three tyrosines and one tyrosine per
protein molecule, respectively. To obtain emission at equivalent
quantities of tyrosine, protein concentrations of 200 nM for the
rat L-FABP and 600 nM for WT T94T and T94A were used.

Circular Dichroism Spectroscopy To Determine
Recombinant Protein Secondary Structure. All CD
spectroscopy experiments were performed utilizing a JASCO
J-815 CD spectrometer (JASCO, Easton, MD) equipped with a
model PFD-425S Peltier type FDCD attachment for temper-
ature regulation. All experiments (temperature and ligand
interaction) were conducted at a final protein concentration of
0.5 #M as determined by amino acid analysis (see above) in a
buffer containing 10 mM potassium phosphate (pH 7.4) with
or without 1% ethanol. The presence of ethanol was
determined to have no effect on ligand binding, protein CD
spectra, or resulting secondary structure determinations (data
not shown). Each protein sample was incubated while being
stirred (250 rpm) at 25 °C for 10 min prior to being scanned.
The sample was scanned 10 times from 185 to 250 nm. The
final CD spectrum obtained represented an average of 10 scans;
the spectrum was background-subtracted, and the spectrum was
mathematically smoothed using the Means-Movement method
with a convolution width of 5. CD spectra of each protein can
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be found at http://pcddb.cryst.bbk.ac.uk (PCDDB ID
CD000413200—PCDDB ID CD000413400). Secondary struc-
ture analysis was performed utilizing the analysis software
supplied with the CD spectrometer. SDP (soluble and
denatured protein) 48 was used as the reference set. Spectra
were analyzed with CONTIN, CDSSTR, and SELCON 3.
CONTIN consistently produced the lowest root-mean-square
deviation (rmsd) of these algorithms (data not shown). The
percent change in secondary structure between two protein
samples was calculated using the following formula: [(%
secondary structureg e 2 — % secondary structure e 1)/ (%
secondary structure el D] X 100%.

Stability of the Recombinant Protein to Thermal
Denaturation Determined by CD Spectroscopy. Temper-
ature CD studies of rat and human L-FABPs were performed as
follows. Each sample containing 0.5 yM protein in 10 mM
potassium phosphate (pH 7.4) was incubated while being
stirred at 25 °C for 10 min in the FDCD attachment, and then
CD spectra were obtained as described above. The sample
temperature was increased by 10 °C at a rate of 1 °C/min
followed by a 10 min incubation prior to obtaining the CD
spectrum. This procedure was repeated until the final sample
analysis was performed as described at 95 °C. Upon completion
of the temperature scans, all spectra were analyzed, and
secondary structure determinations were performed as
described above.

Ligand Binding As Assessed by the ANS Fluorescence
Displacement Assay. ANS is very weakly fluorescent in
buffer, but its fluorescence increases upon binding to the L-
FABP. Therefore, ANS was excited at 380 nm, and emission
spectra were recorded by scanning from 410 to 600 nm. Two
types of titrations were performed. First, the L-FABP (500 nM)
was titrated with ANS (0—48 uM, forward titration). Second,
ANS (100 nM) was titrated with increasing amounts of the L-
FABP (0—4 uM, reverse titration). The fluorescence intensity
of ANS (per nanomolar) when it was fully bound to the L-
FABP was calculated by curve fitting the reverse titration curve.
This parameter was then used in forward titration to calculate
the fractional saturation and free ANS concentration. Ky and
B, were determined from the binding curve of fractional
saturation (Y) versus free ANS concentration (X).

The binding affinity of the ligand (phytanic acid, fenofibrate,
and fenofibric acid) for the L-FABP was determined by the
ANS displacement assay. A solution of the L-FABP (500 nM)
and ANS (35 M) was titrated with phytanic acid (0—6.4 uM)
or fenofibrate (0—6 uM for the rat L-FABP and 0—4 uM for
the human L-FABP) or fenofibric acid (0—300 uM for the rat
L-FABP and 0—48 uM for the human L-FABP). EC, was
obtained from the displacement curve. K; was calculated from
the equation ECs,/[ANS] = K/K,.

Impact of Ligand Binding on Recombinant Protein
Secondary Structure Determined by CD. Each sample
contained 0.5 #M protein in 10 mM potassium phosphate (pH
7.4). Ligand (phytanic acid, fenofibrate, or fenofibric acid) was
added from a stock solution of 500 uM ligand in ethanol such
that the final ligand concentration was 5 yM and the final
ethanol concentration was 1%. The protein/ligand sample was
incubated while being stirred at 25 °C for 10 min in the FDCD
attachment prior to obtaining the CD spectrum. Again, the final
CD spectrum was an average of 10 scans and was background-
subtracted (buffer/ligand/ethanol) and mathematically
smoothed, and the secondary structure content was determined
as described above. The percent change in secondary structure
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between two protein samples was calculated using the following
formula: [(% secondary structurey, ..., — % secondary
structure,npe 1)/ (% secondary structure,npe D] x 100%.

Fenofibrate-Mediated Induction of Transcription of
PPARa-Regulated Proteins in Cultured Primary Human
Hepatocytes As Assessed by Quantitative Real-Time
Polymerase Chain Reaction. Cryopreserved primary human
hepatocytes from female (S0 + 3 years old) Caucasian donors
were from Life Technologies. Hepatocytes were genotyped to
determine WT T94T (TT), heterozygous (TC), or T94A
(CC) variant expression as described in refs 45 and 46, thawed,
plated, and cultured overnight according to the supplier’s
protocol (Life Technologies). Human hepatocytes were then
incubated with 40 uM BSA (fatty acid free) or 40 uM BSA—
fenofibrate (1:1, mol/mol) complex for 24 h in medium
prepared by adding 6 mM glucose, 100 nM insulin, and 10 nM
dexamethasone to glucose free William’s E medium (US
Biological, Salem, MA). Total mRNA was obtained with the
RN-easy kit from Qiagen and the RN-ase free DNase set from
Qiagen GmbH (Hilden, Germany). TagMan, One-Step RT-
PCR Master Mix reagents, and TagMan Gene Expression
Assays for human mRNAs were from Applied Biosystems (by
Life Technologies): liver fatty acid binding protein (L-FABP),
fatty acid transport protein-S (FATPS), and peroxisome
proliferator activated receptor a (PPAR-a). Messenger RNA
levels were determined according to the procedures provided
by the manufacturer.

Statistics. Statistical analysis was performed by one-way
analysis of variance (ANOVA) combined with the Newman—
Keuls multiple-comparison post test (GraphPad Prism version
3.03, GraphPad, San Diego, CA). Unless otherwise noted, data
are expressed as means + the standard error of the mean (n =
4—6) and P is indicated as described in the figure legends.
Graphical analysis was accomplished using SigmaPlot 2002 for
Windows version 8.02 (SPSS, Chicago, IL).

B RESULTS

Amino Acid Sequence Homology among Rat, Human
WT T94T, and Human T94A Variant L-FABPs. Human and
murine L-FABPs mediate ligand signaling to their respective
PPARas.'>*"?%*4*73% However, mRNA profiling of rodent (rat
and mouse) and human hepatocytes revealed significant
differences in responses to fibrates.”” %" While this was
attributed primarily to species differences in PPARa, species
differences in L-FABPs must also be considered. While rat'®®>
and human'*'* L-FABPs share significant overall secondary
structure, each having a 10-3-sheet fB-barrel along with two a-
helices and turns between them, differences in their 127-amino
acid sequence suggest significant influences on secondary
structures. The human WT L-FABP contains 13 (T94T in both
rat and human WT L-FABPs) nonconservative (Figure 1, red)
and 9 conservative (Figure 1, green) substitutions such that it is
only 82.7% identical and 89.8% similar to the rat L-FABP.%®
Consequently, human L-FABPs have three fewer basic
(positively charged) amino acids than the rat L- FABP and
the resultant pl, calculated as described previously,” for the
human WT T94T L-FABP is 6.60, considerably more acidic
than that of the rat L-FABP (pI of 7.79). While the human L-
FABP T94A variant also has a pI of 6.60, this substitution
results in replacement of a medium-sized, polar, uncharged T
residue with a smaller, nonpolar, aliphatic A residue (Figure 1,
asterisk). The consequences of these differences with respect to
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Figure 1. Amino acid sequence alignment of rat, human WT T94T,
and human T94A variant L-FABPs. Multiple-sequence alignment was
performed utilizing Clustal W (http: //embnet.vital-it.ch/software/
ClustalW.html). Additional evaluation of amino acid substitutions was
performed utilizing information from ref 63. Protein secondary
structural elements are pictured above the aligned sequences; a-
helices oI and oIl designated by cylindrical cones and f-sheets SA—f]
designated by arrows. Conservative amino acid substitutions are
highlighted in green. Nonconservative amino acid substitutions are
highlighted in red. The T94A amino acid substitution in the human L-
FABP is denoted with an asterisk.

the human L-FABP structure, stability, ligand binding, and
function are detailed in the following sections.

Purification of Recombinant Human WT T94T and
T94A Variant L-FABPs. Because all previously described
human L-FABP c¢DNAs were of the human WT T94T L-
FABP,*>"** it was necessary to prepare the T94A variant L-
FABP as well as the WT T94T L-FABPs. Sequencing of a
commercially available ¢cDNA encoding the human L-FABP
revealed that it encoded the T94A variant L-FABP. Therefore,
the WT T94T L-FABP was obtained by site-directed
mutagenesis of T94A L-FABP variant cDNA as described in
Experimental Procedures. Respective cDNAs were inserted into
a bacterial expression vector for protein expression and
purification (Figure 2A) also as detailed in Experimental
Procedures. Purified WT T94T and T94A variant L-FABPs
were detected as single bands on SDS—PAGE gels (Figure
2B,D, lane 11). MALDI-TOF analysis of the final, the His tag
free human WT T94T L-FABP and T94A L-FABP variant
detected main mass peaks at 14208.5 Da (Figure 2C) and
14178.39 Da (Figure 2E), respectively, consistent with
molecular masses based on amino acid sequence (Figure 1).
Increasing the amount of the L-FABP loaded on the SDS—
PAGE gel did not reveal significant additional bands (Figure
2F). Thus, these proteins were sufficiently pure (>98%) for
structural and functional characterization.

Tyrosine Fluorescence Spectroscopy of Rat and
Human L-FABPs. The human WT T94T L-FABP has a
single Tyr residue at Y7, located in A (part of the f-barrel
ligand binding structure, N-terminal to the a-helical cap),10 but
it is not known if the T94A substitution altered the polarity of
the microenvironment wherein this Tyr residue resides.
Although both WT T94T and T94A L-FABPs had maximal
fluorescence emission at 305 nm, the fluorescence efficiency of
Tyr in both human L-FABPs was ~4-fold lower than that of
Tyr in the rat L-FABP (not shown). While this suggested
significant differences between rat and human L-FABP Tyr
microenvironments, the T94A substitution did not alter this
microenvironment.
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Figure 2. Purification flowchart, SDS—PAGE analysis, and mass
spectra of human WT T94T and T94A variant L-FABPs. (A) Outline
of the human L-FABP purification procedure. Aliquots of the human
WT T94T L-FABP (B and C) and the T94A variant L-FABP (D and
E) were examined by SDS—PAGE and mass spectrometry as described
in Experimental Procedures. (B) SDS—PAGE analysis of the WT
T94T human L-FABP: lane 1, molecular mass markers; lane 3, cell
homogenate; lane S, cell homogenate supernatant; lane 7, ammonium
sulfate/protamine sulfate supernatant; lane 9, HisTrap FF column
wash (unbound); lane 11, HisTrap FF column eluate. (C) MALDI-
TOF analysis of the human WT T94T L-FABP after delipidation and
His tag removal. (D) SDS—PAGE analysis of the human T94A variant
L-FABP: lane 1, molecular mass markers; lane 7, ammonium sulfate/
protamine sulfate supernatant; lane 9, HisTrap FF column wash
(unbound); lanes 11a-h, HisTrap FF column elution fractions. (E)
MALDI-TOF analysis of the human L-FABP T94A variant after
delipidation and His tag removal. (F) SDS—PAGE analysis of the
purified WT T94T L-FABP (lane 2, 1 ug of protein; lane 4, 2 ug of
protein; lane 6, 5 g of protein) and T94A variant L-FABP (lane 9, 1
ug of protein; lane 11, 2 g of protein; lane 13, S ug of protein). Lanes
1, 8, and 15 contained molecular mass markers.

Secondary Structure of Rat and Human L-FABPs. CD
spectra of rat and human L-FABPs (Figure 3A) all displayed
maxima and minima near 195 and 220 nm. As shown by T94T
minus rat L-FABP difference spectra, however, the human WT
T94T L-FABP had less positive molar ellipticity at the 195 nm
maximum and less negative molar ellipticity at the 220 nm
minimum (Figure 3B). By quantitative analysis, the human WT
T94T L-FABP had less a-helix of all types but more S-sheet of
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Figure 3. CD spectra and secondary structures of rat and human L-
FABPs. Rat and human L-FABPs were examined by CD spectroscopy,
and secondary structures were determined as described in Exper-
imental Procedures. (A) Representative CD spectra of 0.5 uM rat,
human WT T94T, and human T94A variant L-FABPs at 25 °C. (B)
Difference CD spectrum (human WT T94T minus rat). (C) Percent
change in secondary structure (human WT T94T minus rat). (D)
Difference CD spectrum (T94A variant minus WT T94T). (E)
Percent change in secondary structure (T94A variant minus WT
T94T). *P < 0.05 for human T94T vs rat secondary structure. ***P <
0.001 for human T94T vs rat secondary structure. #P < 0.05 for T94A
vs T94T secondary structure.

all types and more unordered structure than the rat L-FABP
(Figure 3C). In contrast, human T94A minus T94T difference
spectra had more positive molar ellipticity at the 195 nm
maximum and more negative molar ellipticity at the 220 nm
minimum (Figure 3D). Quantitative analysis showed that the
human T94A variant L-FABP had significantly more a-helix of
all types but less regular f-sheet and unordered structures than
the human WT T94T L-FABP (Figure 3E). The extent to
which these differences impacted the L-FABP stability, ligand
binding, and conformational response to ligands is addressed
below.

Secondary Structure Stability of Rat and Human L-
FABPs. Murine and human L-FABPs bind their respective
PPARas to induce structural alterations that alter coregulator
recruitment and induce PPARa activation.'>*"*>**3% It is not
known how differences between the rat and human WT T94T
L-FABP and T94A variant impact folding stability that may be
required for ligand transfer to and/or activation of PPARa. Rat
L-FABP secondary structures were relatively stable to
increasing temperature up to ~65 °C (Figure 4A,C,E,G). The
human WT T94T L-FABP was more stable to unfolding, which
did not occur until 85 °C [Figure 4B,D,F,H (@)]. As compared
to the human WT T94T L-FABP, the T94A variant was more
rapidly unfolded beginning at 65 °C [Figure 4B,D,F,H (O)].
On the basis of the thermally induced increase in the unordered
structure content, the stability of the three L-FABPs decreased
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Figure 4. Sensitivity of rat and human L-FABP secondary structure to
temperature-induced unfolding. CD spectra and secondary structure
analysis of rat and human L-FABPs were determined as a function of
sample temperature as described in Experimental Procedures. Panels
A, C, E, and G show the amount of rat L-FABP total a-helix, total -
sheet, turn, and unordered secondary structure, respectively, as a
percentage of the total secondary structure. Panels B, D, F, and H
show the amount of human WT T94T L-FABP (®) or human T94A
variant L-FABP (O) total a-helix, total S-sheet, turn, and unordered
secondary structure, respectively, as a percentage of the total secondary
structure. *P < 0.05 for T94A vs T94T. ***P < 0.001 for T94A vs
T94T.

in the following order: human WT T94T [Figure 4H (@)] >
rat (Figure 4G) > human T94A [Figure 4H (O)]. These
findings with human and rat L-FABPs may contribute, in part,
to the species differences in PPAR« transcriptional regulation.®!

Ligand Binding Specificity of Rat, Human WT T94T,
and Human T94A Variant L-FABPs Determined by ANS
Fluorescence Displacement. While the T94A substitution
has been hypothesized to abolish binding of ligand to the
human L-FABP, this has not been shown.>® Phytanic acid, a
naturally occurring branched-chain fatty acid from which less
toxic fibrate analogues were subsequently developed,®*®®
displaced ANS from all three L-FABPs (Figure SA) with
similar K, values (Table 1). Fenofibrate and fenofibric acid are
the most commonly prescribed fibrates in the United States and
Canada.’! However, fibrate binding differed markedly among
the three L-FABPs (Figure SB,C and Table 1). (i) The rat L-
FABP bound fenofibrate and fenofibric acid nearly 3- and 150-
fold more weakly, respectively, than phytanic acid. (ii) The
human WT T94T L-FABP and T94A variant bound fenofibrate
20-fold more strongly than fenofibric acid. (iii) The human WT
T94T L-FABP and T94A bound fenofibrate with 7-fold higher
affinity than rat L-FABP. (iv) The human WT T94T L-FABP
and T94A variant bound fenofibric acid more strongly with
>20-fold higher affinity than rat L-FABP. Thus, the T94A form
did not abolish or alter binding of phytanic acid, fenofibrate, or
fenofibric acid, all potent PPAR« agonists.lé’“_69 Further, rat
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Figure S. Binding of ligand to rat and human L-FABPs determined by
ANS displacement. Displacement curves of phytanic acid (A),
fenofibrate (B), and fenofibric acid (C) of L-FABP-bound ANS
were obtained as described in Experimental Procedures (L-FABP, 500
nM; ANS, 35 uM): (®) rat L-FABP, (O) human WT T94T L-FABP,
and (V) human T94A variant L-FABP. All data are means =+ the
standard error (n = 4 or S).

Table 1. Comparison of ANS Displacement Coefficients of
Phytanic Acid and Fibrates from Murine and Human L-
FABPs“

ANS displacement K; (uM)”

ligand rat L-FABP To4T T94A
phytanic acid 0.037 + 0.002  0.035 + 0.003 0.038 + 0.02
fenofibrate 0.10 + 0019 0015 + 0.001°?  0.015 + 0.0015¢
fenofibric acid 5.8 + 0.5%¢ 0.25 + 0.035%¢ 0.31 + 0.035%¢

“K; values were obtained by analysis of multiple ANS displacement
curves similar to those in Figure 5 as described in Experimental
Procedures. “Values represent means = the standard error (n = 3—5).
P < 0.05 vs rat L-FABP. “P < 0.05 vs phytanic acid. °P < 0.05 vs
fenofibrate.

and human L-FABPs differed significantly in their ability to
bind these ligands.
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Ligand Binding Differentially Altered the Rat, Human
WT T94T, and Human T94A Variant L-FABP Secondary
Structure. Ligand-induced conformational changes in the L-
FABP may significantly impact the oa-helical portal region,
interaction with PPARq, and possibly transfer of activating
ligand to PPARa."” However, the impact of ligand binding on
rat L-FABP secondary structure was modest (5—10% change)
and highly specific for each ligand. For example, phytanic acid
stabilized the regular a-helical region of the rat L-FABP (Figure
6A), while fenofibrate and its active metabolite fenofibric acid
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Figure 6. Changes in rat L-FABP secondary structure upon interaction
with phytanic acid, fenofibrate, or fenofibric acid. The rat L-FABP (0.5
uM), with or without S 4M ligand, was examined by CD spectroscopy
and subsequent secondary structure analysis as described in
Experimental Procedures. Panels A (a-helix), B (f-sheet), and C
(turn and unordered) show the percent change in secondary structure
(L-FABP/ligand minus L-FABP only) induced by the interaction of
phytanic acid with the rat L-FABP. Panels D (a-helix), E (f-sheet),
and F (turn and unordered) show the percent change in secondary
structure (L-FABP/ligand minus L-FABP only) induced by the
interaction of fenofibrate with the rat L-FABP. Panels G (a-helix), H
(p-sheet), and I (turn and unordered) show the percent change in
secondary structure (L-FABP/ligand minus L-FABP only) induced by
the interaction of fenofibric acid with rat L-FABP. *P < 0.05 for L-
FABP/ligand secondary structure vs L-FABP only secondary structure.
**P < 0.01 for L-FABP/ligand secondary structure vs L-FABP only
secondary structure.

did not (Figure 6D,G). Consistent with this finding, phytanic
acid (Figure 6C) but not fenofibrate or fenofibric acid (Figure
6F,I) decreased the proportion of unordered structure in the rat
L-FABP. However, all three ligands similarly altered rat L-FABP
[-sheet structures (Figure 6B,E,H).

In contrast, these ligands more dramatically (10—35%) and
differentially altered human WT T94T and T94A variant L-
FABP secondary structures. Phytanic acid binding similarly
altered the secondary structure of the human WT T94T and
T94A variant L-FABP (Figure 7A—C). In contrast, the fibrate
ligands differentially altered human WT T94T L-FABP
secondary structure, quantitatively and with regard to fibrate
specificity (Figure 7, black bars). For example, fenofibrate had
little, if any, effect on the proportion of a-helix in the human
WT T94T L-FABP (Figure 7D), modestly increased the
proportion of f-sheet (Figure 7E) and turn (Figure 7F), and
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Figure 7. Impact of the T94A substitution on the secondary structural
response of the human L-FABP to phytanic acid, fenofibrate, or
fenofibric acid. Human WT T94T and T94A variant L-FABPs (0.5
uM) were examined by CD spectroscopy and subsequent secondary
structure analysis in the absence or presence of 5 M phytanic acid,
fenofibrate, or fenofibric acid as described in Experimental Procedures.
Panels A (a-helix), B (f-sheet), and C (turn and unordered) show the
percent change in secondary structure (L-FABP/ligand minus L-FABP
only) upon the interaction of phytanic acid with the human L-FABP.
Panels D (a-helix), E (f-sheet), and F (turn and unordered) show the
percent change in secondary structure (L-FABP/ligand minus L-FABP
only) upon the interaction of fenofibrate with the human L-FABP.
Panels G (a-helix), H (f-sheet), and I (turn and unordered) show the
percent change in secondary structure (L-FABP/ligand minus L-FABP
only) upon the interaction of fenofibric acid with the human L-FABP.
*P < 0.05 for T94A L-FABP/ligand secondary structure vs T94T L-
FABP/ligand secondary structure. **P < 0.01 for T94A L-FABP/
ligand secondary structure vs T94T L-FABP/ligand secondary
structure.

decreased significantly the proportion of unordered (Figure 7F)
structure. In contrast, the active metabolite fenofibric acid
markedly increased the proportion of a-helix (Figure 7G) and
turns (Figure 7I), modestly decreased the proportion of f-sheet
(Figure 7H), and significantly decreased the proportion of
unordered (Figure 71) structure.

The T94A substitution in the human T94A variant L-FABP
significantly altered the ability of fenofibrate and fenofibric acid
to impact secondary structure. As compared to its effect on the
human WT T94T L-FABP, fenofibrate modestly increased
proportions of a-helix (Figure 7D) and f-sheet (Figure 7E)
while somewhat decreasing the proportion of unordered
structure (Figure 7F). The human T94A substitution weakened
the ability of fenofibric acid to affect the proportion of a-helical
structure (Figure 7G), increased the proportion of f-sheet
(Figure 7H), and decreased the proportion of unordered
structure (Figure 71).

T94A Expression Impaired Fenofibrate-Mediated
Transcription of PPARa-Regulated Proteins in Primary
Human Hepatocytes. The human T94A variant L-FABP
exhibited an altered conformational response to fenofibric acid,
the active metabolite of fenofibrate (Figure 7). Therefore, the
functional impact of fenofibrate was examined in cultured
primary human hepatocytes that had been genotyped and
segregated into homozygous WT T94T L-FABP (TT),
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heterozygous T94T/T94A (TC), and homozygous T94A
variant (CC) L-FABP expressors as described in Experimental
Procedures. T94A-expressing hepatocytes exhibited an im-
paired response to fenofibrate-mediated transcription of
PPARa-regulated proteins: PPARa itself, L-FABP, and
FATPS (Figure 8). Taken together, these findings indicated
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Figure 8. Effect of T94A on ligand-induced transcription of PPARa-
regulated proteins. Primary human hepatocytes were treated as
described in Experimental Procedures and then incubated for 24 h
with fatty acid free BSA (Alb) or a BSA/fenofibrate mixture (40 uM,
FF) in 6 mM glucose-containing medium as described previously.>*>!
Quantitative real-time (rt) PCR for human PPARq, L-FABP, and
FATPS determined mRNA levels that were normalized to an internal
control (18S RNA). Values show the fold change induced by the FF/
alb complex relative to albumin only. All data are means + the
standard error (n = 8—10 in each group). *P < 0.05 for homozygous
(CC) or heterozygous (TC) T94A variants vs WT T94T (TT).

that the T94A substitution not only altered the structure and
structural response to fibrate binding but also weakened its
ability to function in mediating fibrate signaling to PPARa.

B DISCUSSION

Although both murine and human liver fatty acid binding
proteins (L-FABPs) were cloned nearly 30 years ago,
subsequent progress focused primarily on resolving the
structure' 126270 and function (reviewed in refs 2 and 3)
of the murine L-FABP. More recent studies have begun to
examine the tertiary structure'*3*3%*147172 and xenobiotic
ligand (fibrate, phthalates, and phenoxy herbicides) binding
specificity'** of the human WT T94T L-FABP. Although a
highly common SNP in the human L-FABP coding sequence
results in a single-amino acid substitution, T94A, almost
nothing is known about its impact on the structure, ligand
binding affinity, or function.*** Studies herein provide new
insights.

First, rat and human WT T94T L-FABPs differed
significantly in secondary structure, structural stability, fibrate
binding affinity and specificity, and conformational response.
Furthermore, the human L-FABPs exhibited much greater
affinity for fibrates than the rat L-FABP. In contrast, there was
no difference in affinities for phytanic acid, the naturally
occurring fatty acid from which less toxic fibrate analogues were
first developed.®*®> Transcriptional profiling studies also
demonstrated significant species differences in the induction
of mRNA by PPARa agonists in cultured rat, mouse, and
human primary hepatocytes.**"®" These findings underscore
the need for structure—activity studies with human and rat L-
FABPs.
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Second, the T94A substitution in the human L-FABP
significantly altered the secondary structure and decreased its
stability with respect to unfolding. CD spectral analysis is less
sensitive to f-sheet structure and therefore overestimates the
proportion of a-helix in the human L-FABP [~20% (Figure 4)]
as compared to that determined by NMR or X-ray
(~12%)."*#%%7> Nevertheless, there are clear differences
between the human WT T94T L-FABP and T94A variant L-
FABPs. The T94A substitution increased the proportion of a-
helical structure and concomitantly decreased the thermal
stability of the human L-FABP by nearly 10 °C (from 85 to
65—75 °C). Interestingly, an earlier infrared spectroscopic
study of the native human L-FABP isolated from liver of an
unknown phenotype showed that above 65—75 °C the
proportion of a-helix and f-sheet significantly decreased.”®
This suggests that the latter native human L-FABP may have
been isolated from an individual expressing the T94A variant L-
FABP. Structural differences can impact the interaction of the
L-FABP with other proteins as evidenced by L-FABP
conformers differentially enhancing bound LCFA-CoA utiliza-
tion by microsomal glycerol-3-phosphate acyltransferase
(GPAT).”*7® Likewise, while single-amino acid substitutions
in the cytosolic domain of carnitine palmitoyl acyltransferase-
1A (CPT1A, the rate-limiting enzyme in fatty acid f-oxidation)
do not alter ligand binding affinity, they significantly alter the
secondary structure and inhibit binding of the L-FABP to
thereby inhibit mitochondrial fatty acid f-oxidation.””

Third, although the T94A substitution in the human L-FABP
did not alter the affinity for potent PPAR« agonists (phytanic
acid, fenofibrate, and fenofibric acid), the T94A substitution
weakened the ability of fibrate ligands (especially fenofibric
acid) to alter the secondary structure of the human L-FABP.

Fourth, T94A expression in cultured primary human
hepatocytes significantly impaired fenofibrate-mediated tran-
scription of PPARa-regulated proteins such as FATPS. The L-
FABP directly interacts with FATPS at the mouse hepatocyte
plasma membrane, suggesting that this interaction may facilitate
ligand uptake.”® Indeed, L-FABP overexpression enhances the
uptake of phytanic acid and other fatty acids, while L-FABP
gene ablation inhibits uptake in cultured cells, in mouse
hepatocytes, and in vivo.*>’®*° Whether the T94A substitution
impacts fenofibrate uptake is unknown, but fenofibrate has
been reported to be less effective in lowering elevated plasma
triglyceride levels to basal levels in L-FABP T94A variant
human subjects.

In summary, the T94A substitution in the human L-FABP
significantly altered the secondary structure, stability, conforma-
tional response to fibrate binding, and fenofibrate activation of
PPARq transcriptional activity in human hepatocytes. Fibrate
binding induces the redistribution of the L-FABP into nuclei for
interaction with and activation of PPARa in mouse primary
hepatocytes.® Within the nucleus, the L-FABP binds
PPARq,'>*"?? likely to facilitate ligand transfer,'” and induces
PPARa transcription of multiple proteins in fatty acid
metabolism in mouse primary hepatocytes.”***7>"*! The net
effect of these actions is to lower plasma triglyceride
levels,*”®*™% primarily by inducing hepatic PPARa tran-
scription of proteins in 10n§-chain fatty acid (LCFA)
uptake®”%***°! and f-oxidation®”%*** as well as extrahepatic
PPARa-regulated proteins in plasma VLDL triglyceride
hydrolysis.”°*> While the impact of the human L-FABP
T94A substitution on these pathways remains to be resolved,
our findings of altered conformation and conformational
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response to fibrate binding suggest a significant influence.
Finally, the data presented herein indicate that the human L-
FABP T94A variant represents an altered-function rather than
abolition-of-function mutation. In contrast, L-FABP gene
ablation completely abolishes the contribution of L-FABP to
ligand binding as well as the ability of fibrates (fenofibrate and
bezafibrate) to induce PPAR« transcriptional activity only in
murine hepatocytes.>
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