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Abstract

Although expression of the human liver fatty acid binding protein (FABP1) T94A variant alters
serum lipoprotein cholesterol levels in human subjects, nothing is known whereby the variant
elicits these effects. This issue was addressed by in vitro cholesterol binding assays using purified
recombinant wild-type (WT) FABP1 T94T and T94A variant proteins and in cultured primary
human hepatocytes expressing the FABP1 T94T (genotyped as TT) or T94A (genotyped as CC)
proteins. The human FABP1 T94A variant protein had 3-fold higher cholesterol-binding affinity
than the WT FABP1 T94T as shown by NBD-cholesterol fluorescence binding assays and by
cholesterol isothermal titration microcalorimetry (ITC) binding assays. CC variant hepatocytes
also exhibited 30% higher total FABP1 protein. HDL- and LDL- mediated NBD-cholesterol
uptake was faster in CC variant than TT WT human hepatocytes. VLDL- mediated uptake of
NBD-cholesterol did not differ between CC and TT human hepatocytes. The increased HDL- and
LDL- mediated NBD-cholesterol uptake was not associated with any significant change in mRNA
levels of SCARB1, LDLR, CETP, and LCAT encoding the key proteins in lipoprotein cholesterol
uptake. Thus, the increased HDL- and LDL- mediated NBD-cholesterol uptake by CC hepatocytes
may be associated with higher affinity of T94A protein for cholesterol and/or increased total T94A
protein level.
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1. INTRODUCTION

Cholesterol is a very hydrophobic, poorly aqueous soluble molecule as indicated by critical
micellar concentrations near 30 nM [1]. High density lipoprotein (HDL) transports
cholesterol from peripheral sites through the vasculature to the liver for biliary elimination
[2-5]. A major gap in our knowledge of this reverse-cholesterol-transport (RCT) is the role
of intracellular factors mediating the rapid intracellular transport of HDL- cholesterol for
biliary excretion [3-5].

Increasing evidence, primarily with murine liver fatty acid binding protein (FABP1),
suggests that FABP1 may contribute to this function. FABP1 is present at high levels in
murine (2-6% of cytosol protein; 200-400 uM) and human (7-10% of cytosolic protein;
700-1000 pM) [6,7]. Murine FABP1 binds cholesterol and oxidized lipids as well as fatty
acids in vitro [6,8-13]. Furthermore, murine FABP1 enhances in vitro cholesterol transfer
between the plasma membrane and microsomes to stimulate cholesterol esterification by
acyl-CoA cholesterol acyltransferase in vitro [8,14-16] and in cultured fibroblasts
overexpressing FABP1 [17]. Finally, murine FABP1 significantly colocalizes with and is in
close proximity (10 angstroms) of the plasma membrane HDL receptor (scavenger receptor
B1, SRB1) as shown by double immunogold electron microscopy colocalization [18].
Although human FABP1 differs significantly from murine FABP1 with respect to amino
acid sequence and structure as well as ligand binding cavity size and affinity for fatty acid
and fibrates, almost nothing is known about human FABP1’s ability to interact with
cholesterol [13,19-22].

Human genetic variations in FABP1 and sexual dimorphism in FABP1 expression are
associated with significant changes in serum lipoprotein cholesterol and hepatic lipid
metabolism. In humans, FABP1 expression is sexually dimorphic with females expressing
higher levels of FABP1 [23-26]. Furthermore, the human FABP1 T94A variant is one of the
most frequently occurring polymorphism in the FABP protein family, with a 26—-38% minor
allele frequency in all populations examined to date: Northern Europeans, Non-Hispanic
White Americans, Hispanic Americans, African Americans, Africans, Japanese, Han
Chinese, and others (MAF for 1000 genomes in NCBI dbSNP database; ALFRED
database). In these groups, the homozygous variant occurs with a mean frequency of
8.3+1.9% (range 1-17%). Plasma lipoproteins are significantly altered in FABP1 T94A
variant expressing subjects: i) Plasma low-density lipoprotein (LDL) cholesterol is elevated
in T94A variants [27,28]; ii) Although plasma total HDL cholesterol is unaltered, FABP1
T94A variants have increased plasma triglycerides [28,29], which are known to elicit HDL
remodeling and HDL subfraction redistribution (HDL2 vs 3) to impact HDL function in
RCT [30-32]. The importance of altered HDL composition is underscored by the fact that
singularly raising total HDL level genetically or therapeutically does not necessarily alter
RCT or CVD [2-5]. The human FABP1 T94A variant is associated with increased CVD
[28,29], atherothrombotic cerebral infarction [33], and non-alcohol fatty liver disease
(NAFLD) [27]. Expression of the human FABP1 T94A variant, but not the WT human
FABP1 T94T, increased cholesterol accumulation in cultured primary human hepatocytes
and in cultured ‘Chang’ liver cells [34,35].
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It is not known whether either the WT or T94A variant human FABP1 binds cholesterol and
whether the T94A variant impacts cholesterol uptake from HDL and/or other serum
lipoproteins. These issues were addressed using human FABP1 WT and T94T variant
recombinant proteins and cultured primary human hepatocytes expressing these proteins.
Data showed for the first time that human FABP1 bound cholesterol, the T94A substitution
increased FABP1’s affinity for cholesterol, T94A expression increased total FABP1 protein,
and selectively increased uptake of cholesterol from HDL and LDL, but not very low-
density lipoprotein (VLDL).

2. MATERIALS AND METHODS

2.1. Materials

NBD-cholesterol [22-(N-(7-nitrobenz-2-oxa-1, 3-diazol-4-yl)-amino)-23, 24-bisnor-5-
cholen-3B-ol] was purchased from Life Technologies (Grand Island, NY). Purified human
HDL, LDL, and VLDL were obtained from EMD Biosciences (San Diego, CA). Williams’
Medium E (1x, no phenol red), Cryopreserved Hepatocytes Recovery Medium (CHRM®),
Hepatocyte Plating Supplement Pack (Serum-containing), and Hepatocyte Maintenance
Supplement Pack (Serum-free) were purchased from Life Technologies (Grand Island, NY).
Nunc LabTek chambered coverglass used in confocal imaging was purchased from VWR
(Radnor, PA). BD Gentest™ High Viability CryoHepatocyte Recovery Medium and BD
Gentest™ CryoHepatocyte Plating Medium were purchased from BD Biosciences (San Jose,
CA). RNEasy® kit and RNase-Free DNase® set were from Qiagen Sciences (Maryland,
USA) and Qiagen GmbH (Hilden, Germany), respectively. TagMan®, One-Step RT-PCR
Master Mix reagents, TagMan® Gene Expression Assays for mMRNAs encoding the
following human proteins were purchased from Life Technologies (Grand Island, NY):
peroxisome proliferator activated receptor-a (PPARa), (PPARA, Hs00947539), CCAAT/
enhancer-binding protein o (C/EBPa), (CEBPA, Hs00269972_s1), Scavenger receptor class
B member 1 (SRB1), (SCARB1, Hs00969821_m1), LDL Receptor, (LDLR,
Hs00181192_m1), Cholesteryl ester transfer protein (CETP), (CEPT, Hs00163942_m1),
Lecithin-Cholesterol Acyltransferase (LCAT), (LCAT, Hs01068069 _m1). Rabbit polyclonal
antibody against carnitine palmitoyl transferase 1A (CPT1A), carnitine palmitoyl-CoA
transferase 2 (CPT2), fatty acid transport protein-4 (FATP4), hepatic lipase, and lipoprotein
lipase (LPL) were from Santa Cruz Biotechnology, Inc, (Dallas, TX). Antibodies against
fatty acid transport protein-2 (FATP2) and fatty acid transport protein-5 (FATP5) were from
Abcam plc (Cambridge, MA). Rabbit polyclonal antibodies against mitochondrial glutamate
oxaloacetate transaminase (GOT), SCP-2, and rat WT FABP1 were made in this lab [36].
Antibodies against housekeeping proteins glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, from skeletal rabbit muscle, host species — mouse, Millipore, Billerica, MA), and
B-actin (mouse monoclonal antibody raised against gizzard actin of avian origin. Santa Cruz
Biotechnology, Dallas, TX).

2.2. Recombinant human FABP1 T94T and human T94A and rat FABP1 proteins

The cDNA encoding the human FABP1 was purchased from OriGene (Rockville, MD).
Sequencing of this cDNA (Research Technology Support Facility, Michigan State
University, East Lansing, MI) revealed it to code for the human FABP1 T94A. Recombinant
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human FABP1 T94A variant protein was prepared from this cDNA using a standard
procedure in our labs [9,37]. Standard mutagenesis procedures were used to create cDNA
coding for the human WT FABP1 T94T and the recombinant protein was prepared [9,37].
Recombinant rat FABP1 was obtained as described earlier[19]. Identity, purity and
concentration of the recombinant proteins were determined by amino acid analysis and mass
spectrometry (Protein Chemistry Laboratory, Texas A&M University) [19,20].

2.3. FABP1 NBD-cholesterol fluorescence binding assay

Since murine FABP1 [9] as well as human intracellular cholesterol binding proteins such as
SCP-2 and NPC1 bind NBD-cholesterol similar to cholesterol [9,38-41], the fluorescent
NBD-cholesterol binding assay was applied to determine the affinity of the human WT
FABP1 T94T and T94A variant proteins for cholesterol. The binding of rat FABP1 was
carried out for comparison with the human proteins. Briefly, NBD-cholesterol binding was
performed by holding the NBD-cholesterol at low concentration (20nM) below the critical
micellar concentration similarly as described previously [1,9,42] modified as follows: NBD-
cholesterol fluorescence intensity was recorded in the presence of increasing amount of
human FABP1 (0-3.6 uM) using a Varian Cary Eclipse Fluorescence Spectrophotometer
(Varian, Inc., Palo Alto, CA). NBD-cholesterol was excited at 490 nm and fluorescence
emission spectra were recorded between 515 and 600 nm at 24°C with a circulating water
bath. Bmax and Kd were determined by curve fitting the binding curve to hyperbola equation
as described [9].

2.4. Isothermal titration calorimetry (ITC) analysis of cholesterol binding to FABP1

Equilibrium dissociation constant (Kg), binding stoichiometry (n), and thermodynamic
parameters (AH, TAS, AG) of cholesterol binding to either rat FABP1 or human WT or
T94A variant FABP1 were determined by ITC utilizing an iTC 200 microcalorimeter
(MicroCal, Northampton, MA) essentially as described [9]. Briefly, cholesterol (Avanti
Polar Lipids, Alabaster, AL) at a final concentration of 300 uM was prepared in a buffer
containing 20 mM Tris-HCI (pH 8.0), 20% glycerol, and 4.5% (2-hydroxypropyl)-p-
cyclodextrin (Sigma, St. Louis, MO). The cholesterol ligand solution was titrated (2.0 uL
per injection) into FABP1 [20 M protein in 20 mM Tris-HCI (pH 8.0)/20% glycerol] at 25
°C and the amount of heat released or absorbed upon ligand interaction with protein was
measured. Control injections of cholesterol into buffer or buffer into protein were performed
and these values were subtracted from the experimental value. Each protein/ligand
experiment was repeated five times (n = 5). The binding data were analyzed utilizing Origin
7 SR4 as supplied with the iTC 200 microcalorimeter. Statistical analysis was performed by
the unpaired t-test utilizing SigmaPlot (Systat Software, San Jose, CA). Data are expressed
as the mean = SEM (n =5).

2.5. Human hepatocyte culture and genotyping

Cryopreserved plateable primary human hepatocytes from 30 different lots were purchased
from Life Technologies (Grand Island, NY) and BD Biosciences (San Jose, CA). The
hepatocytes were shipped with cryo shippers containing adsorbed liquid nitrogen. The
hepatocytes were immediately stored in a —135°C freezer upon arrival until ready to use.
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The purchased lots of cryopreserved hepatocytes were isolated from livers of female
Caucasian subjects (49.5 + 2.7 yr) according to the information provided by companies. All
personnel working with the human hepatocytes received BL1 and BL2 training and
certification for work with human cells in our approved laboratory (Institutional Biosafety
Committee, Office of Research Compliance and Biosafety, Division of Research, Texas
A&M University). Hepatocytes were cultured and genotyped as described earlier [34] to
determine which lots were from carriers of FABP1 T > C single nucleotide polymorphism
(SNP) alleles. Out of the total 30 lots from individual donors, 13 lots (representing 13
different individuals) were shown to be carriers of the FABP1 TT alleles (n=13), and 3 lots
(representing 3 different individuals) to be carriers of CC SNP alleles (n=3).

2.6. Lipoprotein mediated NBD-cholesterol uptake by human hepatocytes

2.6.1. Preparation of NBD-cholesterol containing lipoproteins—Both in vitro and
in vivo findings have shown NBD-cholesterol to be useful as a fluorescent probe for real-
time imaging of lipoprotein-mediated cholesterol uptake because NBD-cholesterol is: i)
readily incorporated similarly as cholesterol into lipoproteins (HDL, LDL, VLDL) without
significantly altering their lipid class composition and functional properties [18,43-46]; ii)
an established fluorescent probe for examining lipoprotein-mediated cholesterol uptake and
efflux by living murine cultured cells and primary hepatocytes [18,44-47]; iii) taken up and
effluxed from HDL-NBD-cholesterol via the murine scavenger receptor B1 (SRB1) similar
to HDL-cholesterol [18,46,47]; iv) absorbed and esterified in vivo and in vitro similar to
cholesterol [44,45,48]. Therefore, human lipoprotein-mediated NBD-cholesterol uptake by
cultured primary human hepatocytes was measured by first incorporating NBD-cholesterol
into human HDL, LDL, and VLDL similarly as previously described [18,43-46].
Lipoprotein protein level was quantitated with Bio-Rad protein assays, and the amount of
NBD-cholesterol incorporated into the respective lipoproteins was determined by measuring
the fluorescence intensity in ethanol and comparison to NBD-cholesterol standard in
ethanol.

2.6.2. Lipoprotein mediated NBD-cholesterol uptake using 96-well microplate
reader—Cryopreserved human hepatocytes were genotyped as described in Section 2.5.,
TT (n=13), CC (n=3). Hepatocytes were cultured at 6000 cells/well in collagen-coated 96-
well microplates (replicates = 6) and cultured over night as described above. For dose
response experiments, cultured primary human hepatocytes were incubated with NBD-
cholesterol-labeled human HDL (10, 20, 50, 100mg), LDL (2, 5, 10, 25mg), or VLDL (2, 5,
10, 25mg) in PBS for 2 hours in the 37°C incubator. Then NBD-cholesterol fluorescence
intensities were read with a microplate reader. To obtain the NBD-cholesterol uptake curves,
fluorescence intensity measurements were started immediately after addition of NBD-
cholesterol-labeled HDL (10ug), LDL (2ug), or VLDL (2 pg) to human hepatocytes.
Fluorescence intensity was recorded at 37°C every 2min for 2 hours. Because LDL and
VLDL are much more lipid-rich, less LDL and VLDL protein were added as compared to
HDL protein to avoid overloading the hepatocytes with NBD-cholesterol or saturating the
photomultipliers detecting NBD-cholesterol fluorescence. On each microplate, hepatocytes
with PBS only were used as controls for light scatter and hepatocyte autofluorescence, while
empty wells with NBD-cholesterol-labeled HDL, LDL, or VLDL were used as controls for
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NBD-cholesterol background fluorescence and photo bleaching. After all the corrections,
the uptake curves were fitted to Y= a(1-e™PY), therefore the initial rate IR=ab, and half time
t12 = In2/b. A Synergy 2 microplate reader (BioTek Instruments, Inc. Winooski, Vermont)
was used to record NBD-cholesterol fluorescence intensity using 460/40 excitation filter,
540/35 emission filter, bottom optics position, and tungsten as the light source.

2.6.3. Confocal imaging study of Lipoprotein-mediated NBD-cholesterol
uptake in cultured primary human hepatocytes—Lipoprotein-mediated uptake of
NBD-cholesterol by cultured primary human hepatocytes was similar as described for
murine fibroblasts, pre-adipocytes, and primary hepatocytes [18,44-47]. Briefly, genotyped
human hepatocytes (described in section 2.5.) were plated at a density of 1.5 x 10° cells per
well on collagen-coated two-chamber cover glasses (Nalge Nunc Lab-Tek). After overnight
incubation with maintenance media, cells were washed twice with warm (37°C) PBS,
incubated for 15 min in PBS at 37°C under 5% CO,, and transferred to a 37°C heated
microscope stage for confocal time course image acquisition as described earlier for primary
mouse hepatocytes [18,46]. Metamorph 4.0 (Molecular Devices, Sunnyvale, CA) was used
to quantify the fluorescence intensities of individual cells throughout each time course.
Excel (Microsoft, Redmond, WA) and SigmaPlot were used to calculate the average relative
intensity of NBD fluorescence at each time point and to graph the resulting values,
respectively. Each cell type and treatments were repeated 3 times and the average + SE was
plotted.

2.7. RNA isolation and gene expression analysis by quantitative real time PCR

Genotyped primary human hepatocytes (described in section 2.5.) were cultured in
triplicates, total MRNA collected, and mRNA levels of PPARA, CEBPA, SCARB1, LDLR,
CEPT, and LCAT determined by quantitative real time PCR (QRT-PCR) as described earlier
[34].

2.8. Western blotting

Genotyped primary human hepatocytes (described in Section 2.5.) were cultured overnight
in triplicates, homogenized, and protein was determined using a Bio-Rad Protein Assay
(Bio-Rad laboratories, Inc., Hercules, CA) as described previously [49,50]. Each was then
subjected to SDS-PAGE gel electrophoresis and Western blotting with rabbit anti-human
carnitine palmitoyl transferase I1A (CPT1A, dilution factor 1/250), carnitine palmitoyl-CoA
transferase 2 (CPT2, 1/250), fatty acid transport protein-5 (FATP5, 1/500), fatty acid
transport protein-4 (FATP4, 1/250), fatty acid transport protein-2 (FATP2, 1/250),
mitochondrial glutamate oxaloacetate transaminase (GOT, 1/2000), and sterol carrier
protein-2 (SCP-2, 1/250), FABP1 (1/500), hepatic lipase (1/250), lipoprotein lipase (LPL,
1/250), and against either of the housekeeping proteins GAPDH (1/4000) or -actin (1/1000)
as described previously [49,50].

2.9. Statistics

Statistical analysis was performed by one-way ANOVA combined with the Newman-Keuls
multiple-comparisons test (GraphPad Prism, San Diego, CA) unless otherwise specified. P <
0.05 was chosen as threshold for statistical significance.
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3. RESULTS
3.1. NBD-cholesterol binding to FABP1

Since murine FABP1 binds NBD-cholesterol similarly as cholesterol [9], this probe was
used to examine cholesterol binding to human WT FABP1 T94T, T94A variant and rat
FABP1. While NBD-cholesterol fluoresces only weakly in aqueous buffer (Fig 1A dotted
line), fluorescence intensity is significantly increased when bound to the recombinant human
WT FABP1 T94T and T94A variant proteins (Fig 1A, solid and dashed lines respectively).
When normalized, the emission maximum of WT FABP1 bound NBD-cholesterol is blue-
shifted nearly 21 nm versus NBD-cholesterol in aqueous buffer (Fig. 1B, solid versus dotted
line) while that of NBD-cholesterol bound to the T94A variant appeared red-shifted versus
NBD-cholesterol bound to WT FABP1 T94T (Fig 1B dashed versus solid line). Quantitative
analysis of multiple spectra shows that the maximum emission of NBD-cholesterol bound to
the T94A variant is shifted 5 nm as compared to the WT FABP1 T94T protein i.e. from 544
in the WT FABP1 T94T protein to 549 nm in T94A variant (Table 1). While both the
recombinant human WT FABP1 T94T and T94A variant proteins bound NBD-cholesterol,
they also differed significantly in maximal fluorescence intensity upon NBD-cholesterol
binding. Both proteins displayed saturation binding curves for NBD-cholesterol, but that for
the T94A variant protein rose more rapidly and leveled off at lower intensity (Fig 1C, open
circles). Quantitative analysis of multiple binding curves showed that the maximal
fluorescence intensity of NBD-cholesterol bound to the T94A variant protein was nearly
40% lower than when bound to the WT FABP1 T94T protein (Table 1). This was consistent
with NBD-cholesterol exhibiting a lower quantum yield when fully bound to T94A variant
than when fully bound to WT T94T. Finally, human WT FABP1 T94T and T94A variant
proteins bound NBD-cholesterol with different affinities. Both fit a single exponential
binding curve, consistent with each having a single NBD-cholesterol binding site. Analysis
of multiple binding curves showed that WT FABP1 T94T protein bound NBD-cholesterol
with moderate affinity as evidenced by a Kq of 1.77 uM (Table 1). However, the T94A
variant bound NBD-cholesterol with much higher affinity as shown by 3.5-fold lower K4
(Table 1). Finally, human FABP1 T94A variant had very similar NBD-cholesterol binding
affinity as the rat FABP1, while human WT FABP1 had significantly lower NBD-
cholesterol binding affinity (higher Ky) (Table 1) than rat FABP1.

In summary, while both the human WT FABP1 T94T and T94A variant proteins appeared to
bind NBD-cholesterol at a single binding site, the T94A variant bound NBD-cholesterol
with higher affinity with the NBD-cholesterol localized therein in a slightly different
orientation, or the variant protein was folded differently upon NBD-cholesterol binding.

3.2. Thermodynamic Binding Parameters of Cholesterol to human WT FABP1 and T94A

variant

In order to confirm that binding of NBD-cholesterol was not simply due to presence of the
NBD fluorophore, ITC measured cholesterol binding and in addition resolved the enthalpic
and entropic contributions to cholesterol. Human WT FABP1 and T94A variant bound
approximately one mole of cholesterol per mole of protein with high affinity, 1.3+0.4 and
0.5+0.1 uM (Table 2). Cholesterol binding to both WT FABP1 and T94A variant was
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energetically favorable as shown by the negative Gibbs free energy changes (AG, Table 2).
Cholesterol binding to T94A variant was significantly more favorable enthalpically than the
binding of cholesterol to WT FABP1 (AH, Table 2). However, the binding of cholesterol to
WT FABP1 was not significantly different entropically than the binding of cholesterol to
T94A variant (AS, Table 2). The net result of these contributions to ligand binding was
Gibbs free energy change for the cholesterol/T94A variant interaction trended more
negative, even though it was not statistically significant, than was observed for the
cholesterol/WT FABP1 interaction (AG, Table 2).

In summary, ITC binding assay confirmed the higher cholesterol binding affinity of human
T94A variant protein as compared to human WT FABP1 T94T.

3.3. Expression of FABP1 and Stability of Primary Human Hepatocytes in Culture

FABP1 protein levels of human hepatocyte (genotyped TT and CC) were quantitated by
western blot analysis on day 0 and day 2 in primary culture. CC hepatocytes expressed 30%
more FABP1 on both day 0 and day 2 (Table 3). 2-way ANOVA statistical analysis showed
significant differences between CC and TT (P = 0.03), but no significant differences
between day 0 and day 2 (P= 0.08). FABP1 expression levels of CC hepatocytes on day 0
and day 2 are shown in Fig 2J. Human hepatocytes maintained stable expression of multiple
markers for up to 2 days in culture as determined by mRNA levels of CEBPA and PPARA
not being significantly different between day 0 and day 2 (Fig 2A,B). Western analysis also
showed that protein levels of CPT1A, CPT2, FATP2, FATP5, FATP4, GOT, SCP-2, and
FABP1 were not significantly different between day 0 and day 2 (Fig 2C-J). Thus, all
studies were performed with primary human hepatocytes maintained in culture <2 days.

3.4. Lipoprotein mediated NBD-cholesterol uptake by human hepatocytes expressing WT
FABP1 (TT) and T94A variant (CC)

3.4.1. HDL mediated NBD-cholesterol uptake—The finding that human WT FABP1
T94T protein bound NBD-cholesterol and this binding affinity was significantly increased in
the T94A variant suggested a potential role in lipoprotein-mediated cholesterol uptake in
human hepatocytes. Therefore, the impact of the FABP1 T94A variant on HDL-mediated
cholesterol uptake was examined by both a fluorescence microplate assay of a large number
of hepatocytes and confirmed by confocal imaging of a smaller number of hepatocytes.

NBD-cholesterol uptake experiments with 96-well plates made it possible to perform
experiments with different cell types, blanks, controls, and different treatments on the same
plate at the same time, therefore greatly reduced the time variations. Furthermore, the uptake
curves obtained from preliminary HDL mediated NBD-cholesterol uptake experiments with
TT hepatocytes at the beginning and the end of the day showed no significant differences
(data not shown).

First, in both TT and CC hepatocytes the HDL-mediated uptake of NBD-cholesterol
examined using a fluorescence microplate assay (6,000 hepatocytes/well) increased nearly
linearly with increasing HDL concentration up to 100 ug HDL protein/ml culture medium
(Fig 3A). Although HDL mediated uptake of NBD-cholesterol was not saturated even at the
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highest HDL protein concentration tested in either genotype, all subsequent studies were
performed using a lower dose (10pug/ml) of NBD-cholesterol labeled HDL.

Second, the T94A variant significantly increased HDL-mediated NBD-cholesterol uptake.
HDL-mediated uptake of NBD-cholesterol by WT TT primary human hepatocytes was
rapid, increasing linearly for the first 5 min and slowing thereafter without reaching a
maximum even after 2 h (Fig 3B, solid circles). Quantitative analysis of NBD-cholesterol
fluorescence in multiple wells in the microplate assay showed that the initial rate of HDL-
mediated uptake by CC hepatocytes was significantly faster than by TT hepatocytes, 1.1
versus 0.8 arbitrary fluorescence units (AU)/min (Table 4). Consequently, the half-time of
HDL-mediated uptake by CC hepatocytes was significantly shorter than by TT hepatocytes,
22 versus 26 min (Table 4).

Confocal imaging of a much smaller number of individual hepatocytes’ HDL-mediated
uptake of NBD-cholesterol suggested a slower, more delayed uptake by both genotypes (Fig
4), as compared to that in the fluorescence microplate assay (Fig 3B). Imaging method also
allowed the monitoring of cell morphology, which showed the cells did not swell or change
volume during the 2 hr period that uptake experiments were taking place (data not shown).
Slower uptake in the confocal imaging assay was likely due to slower mixing after addition
of the NBD-cholesterol-labeled HDL than in the microplate assay. Regardless, however, the
confocal imaging assay also confirmed that the CC hepatocytes took up NBD-cholesterol
from HDL more rapidly than did the WT TT hepatocytes (Fig 4).

Taken together these findings showed that the CC human hepatocytes exhibited faster and
higher HDL-mediated uptake of NBD-cholesterol than TT hepatocytes.

3.4.2. LDL-mediated NBD-cholesterol uptake—The dose response curve for LDL-
mediated NBD-cholesterol uptake by both WT TT and CC variant expressing hepatocytes
was linear only at low concentrations (i.e. less than 5 ug LDL protein/ml culture medium),
slowly approaching saturation thereafter (Fig 5A). At =5 ug LDL protein/ml culture
medium, the CC variant hepatocytes were more readily saturated by LDL-mediated NBD-
cholesterol uptake (Fig 5A). Therefore, all subsequent LDL-mediated NBD-cholesterol
uptake experiments were performed with 2 pg LDL protein/ml culture medium. T94A
variant expression significantly increased LDL-mediated NBD-cholesterol uptake (Fig 5B).
Quantitative analysis of NBD-cholesterol fluorescence in multiple wells in the microplate
assay showed that the initial rate of LDL-mediated uptake by CC hepatocytes was again
significantly faster than by TT hepatocytes, 0.9 versus 0.6 arbitrary fluorescence units
(AU)/min (Table 4). However, due to higher maximal uptake the half-time of LDL-mediated
uptake of NBD-cholesterol by CC and TT hepatocytes did not significantly differ (Table 4).

In summary, LDL-mediated uptake of NBD-cholesterol by WT TT primary human
hepatocytes was only slightly slower and exhibited longer half-time than that of NBD-
cholesterol uptake from HDL. Expression of the T94A variant significantly increased the
LDL-mediated uptake of NBD-cholesterol, primarily the initial rate.
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3.4.3. VLDL mediated NBD-cholesterol uptake—VLDL-mediated NBD-cholesterol
uptake by both WT TT and CC variant expressing hepatocytes was linear from 0 — 25 pg/ml
(Fig 6A). However, all subsequent VLDL-mediated NBD-cholesterol uptake experiments
were performed with 2 pg LDL protein/ml culture medium. Expression of the T94A variant
modestly but significantly increased VLDL-mediated NBD-cholesterol uptake (Fig 6B).
Quantitative analysis of multiple uptake curves showed that the initial rate of VLDL-
mediated NBD-cholesterol uptake by CC variant hepatocytes was significantly faster than
by WT TT hepatocytes, 0.8 versus 0.7 arbitrary fluorescence units (AU)/min (Table 4).
However, due to higher saturation the half-times of VLDL-mediated uptake of NBD-
cholesterol by CC hepatocytes were not significantly altered as compared to that by TT
hepatocytes (Table 4).

Thus, the initial rate of VLDL-mediated NBD-cholesterol uptake in WT TT hepatocytes was
intermediate between that of HDL- and LDL-mediated uptake. While CC hepatocytes had
increased initial rate of VLDL-mediated NBD-cholesterol uptake, the magnitude of increase
was smaller than that mediated by HDL and LDL. Consequently, the initial rate of NBD-
cholesterol mediated by VLDL was slower than that by LDL and even slower than that
mediated by HDL.

3.4.4. Impact of FABP1 T94A expression on specificity of lipoprotein mediated
NBD-cholesterol uptake by cultured primary human hepatocytes—The
measured NBD-cholesterol content in the respective lipoproteins, i.e. 0.04, 2.0, and 1.5
pumol/mg protein for NBD-cholesterol-labeled HDL, LDL, and VLDL, respectively,
generally reflected that of the free cholesterol content/mg protein of these lipoproteins [18].
Therefore, for direct comparisons of the specificity of lipoprotein-mediated uptake of NBD-
cholesterol, uptake curves were normalized based on protein and cholesterol content. When
expressed on the basis of protein content, maximal lipoprotein-mediated NBD-cholesterol
uptake by WT TT genotype human hepatocytes appeared slightly faster and to a greater
extent for HDL than for LDL and VLDL which were similar to each other (Fig 7A). In
contrast, when normalized for NBD-cholesterol content the WT TT genotype hepatocytes
preferentially took up NBD-cholesterol in the order HDL > VLDL > LDL (Fig 7B). T94A
variant significantly altered the specificity of lipoprotein-mediated NBD-cholesterol uptake,
when expressed on the basis of both protein and NBD-cholesterol contents. Based on protein
content, maximal lipoprotein-mediated NBD-cholesterol uptake by CC variant genotype
human hepatocytes appeared in the order: HDL, LDL > VVLDL (Fig 7C). When uptake was
normalized for NBD-cholesterol content such that CC variant genotype hepatocytes
preferentially took up NBD-cholesterol in the order HDL > LDL, VLDL. (Fig 7D).

Thus, based on NBD-cholesterol content the uptake was fastest and most extensively
facilitated by HDL, consistent with the known role of HDL in reverse cholesterol transport
(RCT). Regardless of whether expressed on the basis of protein or NBD-cholesterol content,
the T94A variant increased HDL-mediated NBD-cholesterol uptake. However, when
normalized to NBD-cholesterol content, expression of the FABP1 T94A variant subtly
abolished the difference in specificity of LDL vs VLDL mediated NBD-cholesterol uptake.
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3.5. Hepatic expression of proteins involved in lipoprotein-mediated
cholesterol uptake (SCARBL1, LDLR), lipoprotein cholesterol esterification/
transfer (CETP, LCAT), and lipoprotein TG hydrolysis (hepatic lipase, LPL)—
Since expression of the T94A variant increased lipoprotein-mediated uptake of NBD-
cholesterol by cultured primary human hepatocytes, it was important to determine if this was
associated with concomitant upregulation of key proteins involved in lipoprotein cholesterol
uptake and esterification/transfer. The mRNA level of key receptors for HDL and LDL
mediated cholesterol uptake was not significantly altered in CC hepatocytes. The mMRNA
level of the scavenger receptor B1 (SCARBL1) instead tended to decrease, albeit not
significantly in CC hepatocytes (Fig 8A). Likewise, mRNA level of the LDL receptor
(LDLR) tended to decrease, again not significantly, in CC hepatocytes (Fig 8B). Expression
of the VLDL receptor was not examined because, unlike SCARB1 and LDLR, the VLDL
receptor is a peripheral tissue receptor barely detectable in liver [51]. The mRNA level of
proteins involved in lipoprotein cholesterol esterification and transfer was not altered in CC
hepatocytes. The mRNA levels of cholesterol ester transfer protein, CETP (Fig 8C), and
lecithin cholesterol acyltransferase, LCAT (Fig 8D) were not significantly altered in CC
hepatocytes as compared to their WT TT counterparts. Hepatocyte protein level of hepatic
lipase (hydrolyzes TG in HDL but not VLDL or LDL) was significantly higher (Fig 8E) in
CC hepatocytes as compared to their WT TT counterparts. In contrast, hepatocyte level of
LPL (hydrolyzes TG in VLDL) was significantly lower in CC hepatocytes (Fig 8F).

Thus, the increased lipoprotein-mediated uptake of NBD-cholesterol by CC hepatocytes was
not due to: i) upregulation of SRB1 or LDL receptor; ii) upregulation of the two key proteins
involved in cholesterol conversion to cholesteryl ester and cholesteryl ester transfer between
lipoproteins (CETP, LCAT); iii) increased levels of lipase that hydrolyzes VLDL since LPL
was decreased.

4. DISCUSSION

While low level and reduced function of HDL correlate with increased risk of cardiovascular
disease (CVD), some genetic and therapeutic mechanisms that raise HDL cholesterol do not
appear to stimulate reverse cholesterol transport (RCT) nor lower risk of CVD [2-5]. Not
only altered HDL composition, but also yet poorly understood intracellular factors, impact
HDL cholesterol clearance [3-5]. Recent intriguing clinical studies of the human FABP1
T94A variant suggest a potential role for the human FABP1 T94A variant [27-29,33].
Despite the limited scope of this investigation, the results presented herein provide the
following new insights regarding potential mechanism(s) whereby the human FABP1 T94A
variant elicits these clinical abnormalities:

First, the T94A substitution significantly alters the polarity of the NBD-cholesterol binding
site in the human FABP1. The NBD fluorophore is highly sensitive to the polarity of the
surrounding microenvironment [52]. The maximal emission wavelength of NBD-cholesterol
bound to the human FABP1 T94A variant was red shifted 5 nm and its intensity was lower
as compared to that in the WT FABP1 T94T protein, suggesting increased polarity of the
binding site. The T94A substitution occurs at position 94 of the f-barrel comprising the
ligand binding cavity and results in the replacement of a medium-sized, polar, uncharged
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threonine (T) residue with a smaller, nonpolar, aliphatic alanine (A) residue [20]. Since
alanine is less polar and could potentially make the binding site less polar locally, the
increased polarity is likely the result of the significantly altered secondary structure of the
T94A protein [19,20]. Furthermore, the altered secondary structure of the T94A protein
significantly alters this variant’s conformational stability as well as impairs its ability to
facilitate ligand activation of PPARa in cultured primary human hepatocytes [19,20].

Second, the human FABP1 T94A variant has more than 3-fold higher affinity for NBD-
cholesterol than WT. The increased ability to bind cholesterol (confirmed by ITC) appears
highly specific for this ligand since the human WT FABP1 and T94A variant proteins do not
or only very little differ in affinity for the fluorescent NBD-stearic acid and other lipidic
ligands [19,20].

Third, the human FABP1 T94A variant increased HDL-mediated uptake of NBD-cholesterol
in cultured primary human hepatocytes. The increased uptake by CC hepatocytes was
associated with a three-fold higher binding affinity of the T94A protein for cholesterol, 30%
increased total FABPL1 protein, and increased protein level of hepatic lipase, a lipase specific
for TG in HDL (but not VLDL or LDL) [53,54]. In vivo alterations in hydrolysis of VLDL
triglycerides cannot be ruled out since the hydrolysis of VLDL triglycerides also occurs in
peripheral tissue. However, these findings are consistent with clinical studies showing that,
while the T94A variant does not alter total HDL cholesterol, nevertheless expression of the
T94A variant increases plasma triglycerides [28,29]. Increased plasma triglyceride level is
known to induce HDL remodeling and thereby impact HDL function in RCT [30-32].

Fourth, the human FABP1 T94A variant increased LDL-mediated uptake of NBD-
cholesterol in cultured primary human hepatocytes. This increased LDL-mediated NBD-
cholesterol uptake was not due to concomitant upregulation of human LDL receptor LDLR,
LCAT, CETP, or LPL (actually decreased) in CC variant human hepatocytes. It is important
to note, however, that additional factors not measured herein may also contribute to the
increased LDL-mediated NBD-cholesterol uptake including altered expression of proteins
involved in cholesterol efflux to serum (e.g. ABCA1 and ABCG1) and excretion into bile
(e.g. ABCG5 and ABCGS8). Importantly, functional and clinical studies support a role for the
FABP1 T94A variant in altered LDL cholesterol metabolism. For example, Chang liver cells
overexpressing the human FABP1 T94A variant accumulated more cholesterol than did WT
human FABP1 overexpressors [35]. Clinical studies show that the human FABP1 T94A
mutation is associated with elevated plasma TG and LDL cholesterol [27,28].

Fifth, expression of the FABP1 T94A variant significantly altered the specificity of
lipoprotein-mediated NBD-cholesterol uptake. On the basis of lipoprotein NBD-cholesterol
content, WT TT hepatocytes took up NBD-cholesterol from HDL > VLDL > LDL,
reflecting HDL’s primary role in RCT [18]. The order of specificity was also consistent with
the specificity of the SRB1 receptor which binds not only HDL but also LDL and VLDL
with Kgs of 2-35, 5-20, and 0.7 pg/ml, respectively [55-60]. Furthermore, SRB1 mediates
selective uptake of cholesterol not only from HDL but also LDL and VLDL, albeit less
efficiently [55,56,61-63]. SRB1 binding affinities for these lipoproteins were in the similar
range with Kgs of 10-19 nM (LDL) [56]. Finally, T94A expression increased human
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hepatocyte secretion of apoB and cholesteryl ester, indicating that T94A also increased
secretion of nascent VLDL [34].

In summary, the increased cholesterol binding affinity of the human FABP1 T94A variant

protein provides possible new insights whereby expression of this variant may impact
lipoprotein mediated cholesterol uptake and accumulation in hepatic cells. Analogous

studies of genetic polymorphisms in other FABPs [FABP2 and FABP4 (adipocyte fatty acid
binding protein)]—also linked to dyslipidemias, type 2 diabetes, and CVD—have spurred
creation of new types of anti-diabetic and lipid-lowering drugs, such as small molecule
inhibitors of FABP4 [64] and SCP-2 [65,66]. While small molecule activators/inhibitors of
FABP1 have not yet been reported, the proceeding studies suggest the potential for such an
approach. Finally, the studies presented herein contribute new concepts whereby

intracellular cholesterol binding proteins may facilitate the uptake and/or intracellular

disposition of cholesterol derived from plasma lipoproteins.
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SRB1 Scavenger receptor class B member 1
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Figure 1. Interaction of human FABP1 with NBD-cholesterol: fluorescence emission spectra and

binding curves

Panel A, representative fluorescence emission spectra of NBD-cholesterol (20nM) in buffer
and when bound to human WT FABP1 T94T or T94A variant protein (3.6 uM). Panel B,
normalized NBD-cholesterol fluorescence emission spectra. Panel C, maximal fluorescence
emission intensity of NBD-cholesterol, presented as Mean + SE (n=3-5), titrated with
increasing amount of human FABP1 (T94T and T94A). Panels A-C, WT FABP1 T94T:
solid line and dark circles; FABP1 T94A Variant: dashed line and open circles; Buffer:

dotted lines.
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Figure 2. Markers of primary human hepatocyte stability in culture
Primary human hepatocytes, genotyped as CC (n=3) were cultured in triplicates in 6-well

plates. MRNA and protein levels of marker proteins at day 0 and day 2 were determined as
described in MATERIALS AND METHODS. mRNA levels of CEBPA (A) and PPARA (B)
were determined by qRT-PCR. Protein levels of CPT1A (C), CPT2 (D), FATP2 (E), FATP5
(F), FATP4 (G), GOT (H), SCP-2 (1), and FABP1 (J) were determined by western analysis
relative to housekeeping proteins GAPDH or 3-actin. Each inset shows a representative blot
of the respective protein (upper band) and housekeeping protein (lower band). Data were
presented as Mean + SE.
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Figure 3. Effect of human FABP1 T94A variant expression on HDL-mediated cholesterol
uptake: fluorescence microplate assay

Human hepatocytes (genotyped as TT and CC) from Table 3 were cultured in 96 well plates,
NBD-cholesterol labeled HDL was added to cells and fluorescence intensity determined in a
microplate reader at 37°C. Panel A: Dose response of HDL-mediated NBD-Cholesterol
uptake by human hepatocytes over the range of 10-100ug HDL protein/ml. The
fluorescence intensities were measured at the end of 2 hour incubation. Panel B: Time curve
of HDL-mediated NBD-cholesterol uptake (10ug HDL protein/ml) by cultured primary
human hepatocytes. Data shown were from a representative donor of each genotype (TT and
CC), presented as Mean + SE (replicate = 6), and were corrected for hepatocyte
autofluorescence, photo-bleaching, scatter, and NBD-cholesterol fluorescence in buffer
(section 2.6.2.).
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Figure 4. Effect of human FABP1 T94A variant expression on HDL-mediated cholesterol
uptake: confocal imaging

Genotyped human hepatocytes (TT and CC) from Table 3 were cultured in triplicate in 2
chamber coverglasses, treated with NBD-cholesterol labeled HDL (10 pg HDL protein/ml),
and fluorescence increase of 5-8 cells per field was monitored by confocal fluorescence
imaging as described in Section 2.6.3. Imaging analysis was done with Metamorph software.
Data shown were from a representative donor of each genotype (TT and CC), presented as
Mean + SE (replicate = 3).
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Figure 5. Effect of human FABP1 T94A variant expression on LDL-mediated cholesterol

uptake: fluorescence microplate assay

LDL-mediated uptake of NBD-cholesterol was determined in genotyped human hepatocytes
(TT and CC) cultured in 96 well plates. Panel A: Dose response of LDL-mediated NBD-
Cholesterol uptake by human hepatocytes over the range of 2-25 pg LDL protein/ml. Panel
B: Time curve of LDL-mediated NBD-cholesterol uptake (2 ug LDL protein/ml) by cultured
primary human hepatocytes. Data shown were from a representative donor of each genotype
(TT and CC), presented as Mean + SE (replicate = 6).
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Figure 6. Effect of human FABP1 T94A variant expression on VVLDL-mediated cholesterol
uptake: fluorescence microplate assay

VLDL-mediated uptake of NBD-cholesterol was determined in genotyped human
hepatocytes (TT and CC) that were cultured in 96 well plates. Panel A: Dose response of
VLDL-mediated NBD-Cholesterol uptake by human hepatocytes over the range of 2-25 g
VLDL protein/ml. Panel B: Time curve of VLDL-mediated NBD-cholesterol uptake (2 g
VLDL protein/ml) by cultured primary human hepatocytes. Data shown were from a
representative donor of each genotype (TT and CC), presented as Mean + SE (replicate = 6).
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Figure 7. Impact of FABP1 T94A variant expression on specificity of lipoprotein mediated NBD-

Cholesterol uptake
Panels A and C: NBD-cholesterol uptake curves from Figures 3B, 5B, and 6B were

normalized for lipoprotein protein content. Panels B and D: NBD-cholesterol uptake curves
from Figures 3B, 5B, and 6B were normalized for lipoprotein NBD-cholesterol content.

Data represent the Mean + SE (replicates = 6).
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Figure 8. Effect of human FABP1 T94A variant expression on levels of lipoprotein receptors and

cholesterol esterification/transfer proteins, and lipases

Primary human hepatocytes genotyped as TT (n=13) and CC (n=3) from Table 3 were
cultured in triplicate and mRNA levels of SCARBL1 (panel A), LDLR (panel B), CETP (panel
C), and LCAT (panel D) were determined by qRT-PCR as described in Section 2.7. The data
are presented as mean value of CC relative to TT (set as 1) with error bars showing the
upper and lower range. Protein levels of hepatic lipase (panel E) and LPL (panel F) were
determined by western blots as described in Section 2.8. The data are presented as Mean +
SE, relative to TT (set as 100).
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Table 1
Binding constants of FABP1 with NBD-cholesterol 2.

Rat WT T94A

Emission max ? (nm)  540.7+0.7 5439+05d 5489+10d€

Bmax (A.U.) € 682+7.1  724+77  434+330.¢€

K (um) € 048+0.12 177+0439 0510158

a
Data are presented as Mean + SE, (n=3-5).
Emission maxima were determined from spectral analysis using the instrument software.

CDissociation constant (Kd) and fluorescence intensity at saturation (Bmax) were calculated by fitting the binding curves to hyperbola equation as
described in section 2.3.

dP < 0.05, significantly different from rat FABP1.

eP < 0.05, significantly different from WT FABP1.
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Thermodynamic parameters of cholesterol binding to rat or human FABP1 &,

Table 2

Parameter Rat WT

T94A

Ko Umol/L  0.6+0.2 1304

05+0.1

n, mol/mol 09+0.1 08+%0.2

0.7+0.2

AH, kJ/mol -15+1 -17+2

—23+4b

TAS, kd/mol 25+3 21+2

22+1

AG, kd/mol -41+2 -38+3

-45+3

Page 29

a‘I'hermodynamic parameters of cholesterol binding to either rat FABP1 or human WT or T94A variant FABP1 were determined by ITC as
described in Materials and Methods, section 2.4. K, binding dissociation constant; n, binding stoichiometry; AH, enthalpy change; AS, entropy

change; AG, Gibbs free energy change. Values represent the means + SEM (n = 5).

b

P < 0.05 for T94A vs Rat.
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Table 3
FABP1 protein expression levels of human hepatocytes (TT and CC).

FABP1 protein expression level

TT cC CC/TT ratio
Day0 1.00+0.06 1.33+0.30 1.33
Day2 0.81+0.08 1.06+0.15 131

Total 30 lots of cryopreserved human hepatocytes from Life Technologies and BD Biosciences were genotyped, TT (n=13) and CC (n=3), as
described in section 2.5. The hepatocytes were cultured in 6-well plates in triplicates and FABP1 protein levels were determined by western blots
(see Section 2.8.). Data are normalized to TT day 0 as 1, and are presented as mean + SE. The statistical analysis with two-way ANOVA showed
significant differences between TT and CC (P = 0.03), but no significant differences between day 0 and day 2 (P = 0.08).
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Table 4

HDL, LDL, and VLDL mediated uptake of NBD-Cholesterol by human hepatocytes (genotyped as TT and
CcQo)a

Initial rate (A.U./min) Half time (ty;) (min)

TT CcC TT ccC

HDL 0.79+005 108+009b 257+04 223+060

LDL 063+002 094+002D0 285+07 27304

VLDL 0714001 081+001P 235+04 225x04

aGenotyped human hepatocytes from Table 3 were cultured in 96-well plates (replicates = 6).

Data are presented as Mean + SE.

bP < 0.05, CC significantly different from TT.
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