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Abstract

Background/Aims: The conformation, folding and lipid binding properties of the intestinal
fatty acid binding proteins (IFABP) have been extensively investigated. In contrast, the
functional aspects of these proteins are not understood and matter of debates. In this study,
we aim to address the deleterious effects of FA overload on cellular components, particularly
mitochondria; and how IFABP helps in combating this stress by restoring the mitochondrial
dynamics. Methods: In the present study the functional aspect of IFABP under conditions of
lipid stress was studied by a string of extensive in-cell studies; flow cytometry by fluorescence-
activated cell sorting (FACS), confocal imaging, western blotting and quantitative real time PCR.
We deployed ectopic expression of IFABP in rescuing cells under the condition of lipid stress.
Again in order to unveil the mechanistic insights of functional traits, we arrayed extensive
computational approaches by means of studying centrality calculations along with protein-
protein association and ligand induced cluster dissociation. While addressing its functional
importance, we used FCS and in-silico computational analyses, to show the structural
distribution and the underlying mechanism of IFABP’s action. Results: Ectopic expression of
IFABP in Hela cells has been found to rescue mitochondrial morphological dynamics and
restore membrane potential, partially preventing apoptotic damage induced by the increased
FAs. These findings have been further validated in the functionally relevant intestinal Caco-2
cells, where the native expression of IFABP protects mitochondrial morphology from abrogation
induced by FA overload. However, this native level expression is insufficient to protect against
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apoptotic cell death, which is rescued, at least partially in cells overexpressing IFABP. In addition,
shRNA mediated IFABP knockdown in Caco-2 cells compromises mitochondrial dynamics and
switches on intrinsic apoptotic pathways under FA-induced metabolic stress. Conclusion: To
summarize, the present study implicates functional significance of IFABP in controlling ligand-

: . . . : ; © 2018 The Author(s)
induced damage in mitochondrial dynamics and apoptosis. Published by 5. Karger AG, Basel

Introduction

Fatty acid binding proteins (FABPs) have long been known as classes of intracellular
proteins of varied functions [1-3]. They have been referred to as “lipid chaperones” [4] for
their roles in escorting lipids to different cellular compartments. FABPs are also known
to modulate various metabolic signaling pathways and participate in multiple enzymatic
activities [5, 6]. These are 14-15 kDa protein molecules that bind strongly and reversibly
to hydrophobic ligands [7]. These proteins are armed with conformational switches which
craft the folding landscapes, thereby deciding the functional conformation [8] [9]. Although
the exact biological role and mechanism of actions of FABPs are yet to be known, their
participation in storage, trafficking and metabolism of FA have been explored. There are
approximately nine known classes of FABPs that are expressed differentially in various
tissues engaged in active lipid metabolism [1].

Intestinal fatty acid binding protein (IFABP) is abundantly found in epithelial cells of
small intestine [10, 11]. Among others, liver FABP (L-FABP) is also expressed in the intestine
along with IFABP, though the expression of IFABP is more prevalent than that of LFABP [11].
FABPs are a class of fatty acid transport proteins that ferry ligands to different subcellular
compartments for the FA utilization and metabolism [12-14]. Extensive research has been
devoted to explore the conformational changes and ligand binding affinities in vitro [15, 16].

Although the functional aspects of IFABP have been widely debated and conflicting
results do exist, the role of these proteins in lipid homeostasis has been recognized. The
term homeostasis encompasses the underlying mechanisms by which cells try to maintain
intracellular balance against extrinsic as well as intrinsic challenges. IFABPs, like other FABPs,
receive, import and ferry their lipid ligands to respective metabolic sites [17-19]. IFABP
localizes in the peri-nuclear regions with less diffused cytoplasmic existence in the absence
of its FA ligand [20]. Lipids are essential for
several cellular functions, sources of cellular

energy [21] and can modulate signaling
pathways. However, excess lipids impose ’ 4
stressful effects on cellular machineries ,." N,
[22]. Increased lipids (or, FA) have been o N
reported to initiate apoptosis, cellular ‘ \
insulin resistance and pancreatic [-cell “°’F‘;‘:;"c;t“;‘:;‘:‘;;*'v c":‘:::i‘:;"""
failure in diabetes mellitus [22]. It has also RT PCR/WB

cells with high concentrations of FA elicits
pathological conditions including oxidative
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schematic display of the overall experimental approach in evaluating the molecular basis
of IFABP’s action while protecting ligand-induced stressed cells. To have a comprehensive
understanding of the molecular basis of IFABP we used an ensemble approach in our
investigation. This ranged from studies with cell-lines to in cell spectroscopy and molecular
docking coupled with centrality analysis to unveil residue wise contribution towards internal
dynamics. We have chosen mitochondria for our study for several reasons. Mitochondria are
dynamic intracellular organelle with constant fusion-fission of its membrane. They are the
key sites of lipid metabolism. The healthy mitochondrial networks help in the distribution
of various metabolites, lipids and proteins. Their fission/fusion dynamics have recently
drawn attraction for their close links with energy metabolism, respiration, and impact on
cristae structure and mitochondria linked cellular death [26-29]. Mitochondria is highly
involved in the apoptotic processes where several events interplays, like release of caspase
activators (cytochrome c), changes in electron transport system, impairment of their trans-
membrane potential, changes in cellular oxidation-reduction and participation of pro- and
anti-apoptotic Bcl-2 family proteins. Early changes are marked by altered mitochondrial
trans-membrane potential (Ayym) under cellular oxidative stress [30-34]. Previous report
suggests that a decline in Ayym may also cause oxidative stress, which in turn leads to cellular
apoptosis [31]. All these events are detected at the early stages even before most of the cells
are irreversibly en route to apoptosis suggesting that mitochondria could be a primary target
during apoptosis. FABPs, on the other hand, have been shown to bind their long chain fatty
acid (LCFA) ligands efficiently [35-37]. Taken together, we hypothesized that ectopically
expressed IFABP would help rescue the FA overload induced stressed cells and restore
the mitochondrial network integrity. A treatment of 0.5 mM oleate (FA analogue) would
generate cellular stress marked by loss of mitochondrial membrane potential, fragmentation
of mitochondria and finally apoptosis. Our string of experimental results validated by the in-
silico computational analyses showed that ectopically expressed IFABP restored impaired
mitochondrial dynamics helping in rescuing these stressed cells from apoptosis.

Materials and Methods

Materials

Primers for cloning were obtained from the International DNA Technology (Coralville, IA). All chemicals
for in vitro biophysical studies were purchased from Sigma Chemical Co. (St. Louis, USA). Reagents needed
for cell culture were purchased from Life Technologies (Grand Island, NY), Expression vectors were obtained
from Clontech (Mountain View, CA) and shRNA plasmids were from OriGene Technologies (Rockville, MD,
USA).

Sodium oleate was purchased from Sigma Chemical Co. All primary antibodies were purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Alexa Fluor-tagged secondary antibodies, BODIPY FL C16
and microscopy reagents were purchased from Molecular Probes, Inc. (Eugene, OR). Alkaline phosphatase
conjugated secondary antibodies were procured from Santa Cruz and BCIP-NBT were from Merck
(Darmstadt, Germany). The JC-1 kit was purchased from Cayman Chemicals (Ann Arbor, MI). DAPI, and
CellLight Mitochondria-RFP were obtained from Life Technologies (Grand Island, NY).

Molecular cloning of recombinant IFABP

WT IFABP was kindly gifted by Carl Frieden, Washington University School of Med. (St. Louis). The
GFP-tagged construct of IFABP was prepared by sub-cloning pET21c-IFABP construct into pEGFP-N1
(Clontech Laboratories Inc., Mountain View, CA). Xho I and BamH I (New England BioLabs, Ipswich, MA)
were the 5’ and 3’ restriction enzymes respectively. Primers that were used are listed in Table S1 below. (For
all supplemental material see www.karger.com/10.1159/000495672). shRNA mediated gene silencing was
carried out using pGFP-V-RS vector.
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Cell culture

HeLa and Caco-2 cell lines were acquired from the national cell repository (National Centre for Cell
Science, Pune, India). Cells were maintained in DMEM supplemented with 10% and 20% heat-inactivated
Fetal Bovine Serum (FBS) respectively, 4.5 g/L of glucose, 1.5 g/L sodium bicarbonate, 110 mg/L sodium
pyruvate, 4 mM L-glutamine, 50 units/ml penicillin G, and 50 pg/ml streptomycin in humidified air
containing 5% CO, at 37°C. Sub-culturing was achieved by passaging the cells as per ATCC recommendations
(ATCC, Manassus, VA, USA). Cells were cultured in both serum and antibiotic free culture medium before
each experiment.

Transfection

Cells were transiently transfected with WT or mutant IFABP DNAs using Lipofectamine LTX and Plus
Reagent (Invitrogen, Carlsbad, CA) as per manufacturer’s protocol. 2-2.5 ug of DNA/35mm dish were used
for transfection. Gene expression was assessed after 72-96 hours (for knockdown studies) or after 48 hours
(for all others). Generation of stable cell lines were carried out as described elsewhere [38].

Treatments

Cells were serum starved for 18-24 hours before treatment. Sodium oleate was chosen as the free FA
in all our experiments described here. Sodium oleate was prepared by dissolving in methanol to a final
concentration of 50 mM and was diluted in incomplete medium to a final concentration of 0.3 or 0.5 mM
as and when required for experiments [39]. Oleate treatments were continued for 6-8 hours [39] before
any downstream experiments. In all experiments, desired control groups received comparable volume of
vehicles as treated groups. BODIPY FL C16 was added as 1 pM for 30 mins at 37°C as mentioned elsewhere
[20].

Mitochondrial staining

Cells transfected with wild type IFABP-GFPconstructs were transduced with CellLight Mitochondria-
RFP (Molecular Probes Inc., Eugene, OR, USA) as described elsewhere [40], washed with 1X DPBS and
imaged using the imaging medium (20 mM HEPES, 150 mM NaCl, 5 mM KCl, 1 mM CaCl,, 1 mM MgCl,, pH 7.4
along with 1% glucose) for studying mitochondrial dynamics. For JC-1 staining, cells were stained using the
JC-1 Mitochondrial Membrane Potential Assay Kit according to manufacturer’s protocol (Cayman chemical,
Ann Arbor, MI,).

Western blotting

Cells were lysed using CelLytic MT lysis buffer (Sigma Aldrich) along with the protease and
phosphatase inhibitor cocktail as described elsewhere [41]. Proteins obtained were quantified using BCA
reagent (Pierce). 80-100 ug for HeLa whole cell lysate and 100-120ug for Caco2 whole cell lysate from each
experimental group were loaded into each well of 12.5% SDS-PAGE. Western blot transfer was performed in
a semi-dry transfer apparatus Trans-Blot SD (BIORAD). Western immunoblots were developed using BCIP/
NBT (Merck) substrates against alkaline phosphatase tagged secondary antibodies.

Microscopy

Cells cultured in 35 mm glass bottom dishes (MatTek Corporation, Ashland, MA, USA) were used
for live cell imaging. All live cell imaging were performed by immersing cells in imaging medium (20 mM
HEPES, 150 mM NaCl, 5 mM KCl, ImM CaCl,, 1 mM MgCl,, pH 7.4 along with 1% glucose) [42], which were
kept inside a stage top incubator with CO, control set-up. Cells were imaged with a LSM510 Meta confocal
microscope (Zeiss). For the imaging, Plan-Apochromat 63X/1.40 N.A. oil objective was used for acquiring
images with 512X512 pixel frame size and pinhole aperture size of ~ 1 airy unit. EGFP and its fusion proteins
were excited using the 488-nm line of an argon-ion laser (Lasos, Jena, Germany) and the emission was
detected using a 500-530 nm band pass filter. Mitochondrial dynamics were studied by exciting CellLight
Mito-RFP using the 561-nm DPSS laser and the emission was captured using a 575 nm long pass filter.
Live cell mitochondrial dynamics were imaged as described elsewhere [43]. Time lapse between the frames
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was 10 sec. Mitochondrial membrane potential was imaged by using JC-1 stain according to manufacturer’s
protocol (Cayman Chemical Company, Ann Arbor, MI, USA). All nuclear counter-staining with Hoechst
33342 (for live cells) were imaged by excitation with 405 nm Diode laser and detected using a 420-480 nm
band pass filter. Unidirectional scanning with speed set to 4 or 5 was used. Pixel dimensions and step sizes
were set according to Nyquist sampling criteria for confocal microscopy (Pawley, 2006). Identical detector
gain, offset, pinhole aperture, laser power and stack parameters were standardized for images acquisitions.
Wide field fluorescence microscopy was performed using Olympus BX 51 upright (Olympus, Tokyo, Japan).
Standard DAPI filter set (for imaging fixed cells counter-stained with DAPI) and arc lamp illumination
were used for these measurements. Wide field fluorescence was captured using SONY Color Video Camera
ExwaveHAD.

Quantitative real-time PCR

Total RNA was isolated from cell lines using TRI-reagent (Sigma) following the standard protocol
succeeded by cDNA synthesis from 1 pug RNA using iScript (Fermentas, Cleveland, OH, USA). Q-PCR was
performed with fluorescent Power SYBR Green-l on the ABI 7500 Real-Time PCR system (Applied
Biosystems, Foster City, CA). 18s levels were used as loading control. The primers used were as follows:
human 18s forward 5'-GATTCCGTGGGTGGTGGTGC-3" and reverse 5'-AAGAAGTTGGGGGACGCCGA-3', IFABP
forward - 5ACTGACGATCACACAGGAAGGA-3' and reverse - 5'-GCCGAGTTCAAACACAACATCA-3'.

Flow Cytometry

FITC-Annexin-V staining was used to determine the effect of oleate treatment on HeLa cells with and
without transient IFABP expression by ‘Apoptosis kit’ (Molecular Probes) as per manufacturer’s protocol.
Percentages of cells positive for Annexin-V and PI individually or in combination were detected by flow
cytometry and the dot blot analysis was done using Cell Quest Pro software (BD Biosciences, San Jose, CA,
USA). Effect of oleate treatment was probed for 8hrs. A separate set with transiently IFABP transfected cells
was also subjected to apoptosis assay to investigate any possible impact of transient IFABP expression.

Diffusional dynamics of IFABP as studied by FCS

FCS measurements of the IFABP- transfected HeLa cells were carried out using a Zeiss 510 META
Confocor3 LSM set-up (Carl Zeiss, Evotech, Jena, Germany) in live cells as described elsewhere [44].
C-Apochromat 40X/1.2 N.A. water immersion objective was used for these studies. Briefly, cells were
cultured in Lab-Tek II chambered coverglass (Nunc, Roskilde, Denmark) and imaged by routine CLSM
methods. Specific region of interests (ROIs) were selected according to the experimental needs and FCS
experiments were carried out at the selected ROIs. Typically, 10 acquisitions for 10 seconds each were
carried out at the individual ROIs. 10-15 such sets of measurements were typically used. Autocorrelations
were determined from a collection of three independent sets of experiments. From the fits of the correlation
functions, the values of diffusion time (t,) and diffusion coefficients (D) were obtained (see equations 2,
3 and 5 in Supplementary Materials). For the calculation of w, the diffusion coefficient of free EGFP was
considered. D of EGFP in HeLa cell cytoplasm was found to be D= 24 um? sec! which is similar to what
was previously obtained [45]. Our FCS data were fitted using OriginPro data analysis software and has been
described in details in the Supplementary Materials. Our experimental data sets were typically fitted to
anomalous two diffusion fitting model considering the cellular compartments to be crowded and a single
diffusion fit would not suffice for the free as well as restricted diffusing proteins inside the cell cytoplasm.

Molecular docking

To have a mechanistic insight into the ligand induced cluster dissociation as was evident from our
FCS finding, we resorted to theoretical approaches. We went on to have the docking output by resorting to
molecular docking. The co-ordinate information of IFABP was obtained from the Protein Data Bank (PDB)
(PDB ID: 1IFB). The energy structure of oleate and palmitate was minimized using the Avogadro 1.1.1
molecular editor and the MOL2 format was used as the ligand input for docking analysis. Water molecules
and all bound ligand molecules were removed from the downloaded PDB file of IFABP using the DockPrep
plugin of UCSF Chimera molecular viewer. Polar hydrogen atoms and Gasteiger charges were added to the
IFABP crystal structure before starting the docking process. Protein-ligand docking was carried out with
SwissDock, which relies on the back-end software EADock DSS in CHARMM force field. The lowest binding
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energy was chosen from among the most possible 10 top order docking conformations. The result was
analyzed by DockView plugin of UCSF Chimera.

For the protein-protein docking, tools from ClusPro were used [46]. Homo-multimers of IFABP were
allowed to dock with one another. The topmost docking output defined by centers of highly populated
clusters of low-energy docked structures was highlighted for our subsequent analysis.

Betweenness Centrality Calculation

With the objective to understand the stretches which contribute maximally to the conformational
dynamics of IFABP in case of various FAs like oleate bound, palmitate bound along with the unbound state
we went ahead to generate the centrality plots by an assessment of betweenness centrality of the PDB co-
ordinate inputs. PDB entries 1IFB, 2IFB and 1ICN were used for co-ordinate information of unbound as
well as palmitate and oleate bound [FABP respectively. Calculating network node centrality and suboptimal
paths through the network involves a network analysis of the co-ordinate files.

Node centrality depicts the distribution of the edges in the network. In protein-networks, identification
of nodes with many edges (hubs) as well as the segments with a high number of connections provides an
insight into the internal dynamic coordination of protein regions. Centrality measures can also be deployed
to characterize protein sections showing differences in coupled motions between networks derived from
different states (e.g. ligand bound and unbound etc.).

The betweenness centrality of a node is the number of unique-shortest paths crossing that node. This
measure has the advantage of considering the whole network topology and not only the closest neighbors
in its calculation (as is the case with node degree). The igraph package of Bio3D was used to perform the
calculation of degree, betweenness and closeness. All statistical calculations were done on the R-platform.

Image and data analysis

Images were analyzed using Image] software (NIH, Bethesda, Maryland, USA). Image stacks were
converted into maximum intensity projections and average intensity projections for the display and
quantification processes, respectively.

Statistical analysis

All experiments were performed at least three times and representative data are shown. Statistical
calculations were performed using Origin 8 (OriginLab Corp., Northampton, MA, USA). Experimental values
were expressed as means * SEM of at least three independent measurements unless stated otherwise.
Unpaired, two-tailed Student’s ¢t test was used to compare means and P < 0.05 was considered as statistically
significant.

Results

Fatty acid overload induces cellular toxicity

In our current study, we resorted to two different cell lines viz. human cervical HeLa
cells (surrogate system for the ectopic expression of IFABP) and the human intestinal
epithelial Caco-2 cells (natively expressing IFABP). 0.5 mM oleate has been shown earlier
to upregulate IFABP expression [25]. High oleate concentration has been detrimental to the
cells and 0.6 mM oleate is known to inhibit T-lymphocyte proliferation [34]. We treated our
cells with sodium oleate, which was chosen to be the ligand for IFABP [47, 48]. Treatment
with 0.5 mM concentrations of oleate induced apoptosis in HeLa and Caco-2 cells, as scored
by Hoechst33342 staining for condensed nuclear morphologies (Fig. 2A and 2B). Apoptosis
was induced in HeLa cells at an intermediate concentration as low as 0.3 mM. The response
for the HeLa cells increased significantly in groups treated with 0.5 mM of oleate (Fig. 2A
and 2C) (marked by white arrows in Fig. 2A). On the contrary, we found that the extent of
apoptotic cell death was less in Caco-2 cells (75%) compared to that in HeLa cells (90%) (Fig.
2B and 2D). This can be explained by the fact that HeLa cells do not express IFABP, whereas
the basal level expression of IFABP in wild type Caco-2 cells could combat the adverse effects
of FA levels by neutralizing excess FAs. Positive control groups in this case were treated with

1663


http://dx.doi.org/10.1159%2F000495672

Cellular Phy5|ology Cell Physiol Biochem 2018;51:1658-1678
DO © 2018 The Author(s). Published by S. Karger AG, Basel

- 1Q.1122/000490672
and B|ochem|stry Published online: 30 November 2018 |www.karger.com/cpb

Sarkar-Banerjee et al.: Ameliorating Lipid Induced Cellular Toxicity by the Intestinal Fatty
Acid Binding Protein

A B

Control 0.3mM 0.5 mM Control 0.3 mM oleate 0.5 mM oleate

4 Sy A
o 3 A_ A

¢ D E
I__——-l. Ty 250 = I

o
g 8 Dasd ’
o Liv - 1
§ 20 %o«;a ? 200 ] Oleate concentration
% 8 480 = I Control UM 0.5 mM
c
o 107 L 1004 Beta Actin [;ﬁ_ 49 k0a
S °
=3 S s04
2 &
2, < H il
Control 03mM 0.5mM 2
*vo control
Oleate doses [Oleate], mM

-
0]
L

Caspase 3,
1.24 20 kDa subunit

o

3
o
i

—

Caspase 3

Oleate concentration
Control 0.3mM  0.5mM
Cospasers (W o ww}-2040a
{20 XD subunit)
Apha tubuin [ S 55 K02

N
M

Relative protein levels (Fold)
L
Relative protein levels (Fold)
=]
@

e
=3

o
=3

0 mM 0.3 mM 0.5 mM Control 0.3 mM 0.5 mM

Oleate doses Oleate doses

Fig. 2. Induction of lipid toxicity in HeLa and Caco-2 cells. (A) Induction of apoptosis with increasing dose
of fatty acid (FA) ligand in WT HeLa and (B) Caco-2 cells as observed by fragmented nuclei stained with
Hoechst 33342. The apoptotic nuclei are marked by white arrow. Scale bar 25 pm. (C) and (D) Apoptotic
nuclear count increases as oleate concentration rises. (E) Caspase 3 subunit protein expression by western
blot showed that increasing the dose of FA ligand, apoptosis commences with the release of pro-apoptotic
markers like caspase 3. (F) The expression of Caspase-3 and cleaved Caspase-3 is studied by western blot.
(G and H) the expression of Caspase 3 and its 20 kDa subunit increase showing the onset of apoptosis. It
was observed that the expression of both Caspase 3 and its 20 kDa subunit increased profoundly at 0.5 mM
concentration of FA. Values represent means + SEM of n=3 experiments, **P<0.01, *P<0.05.

salt/ion balanced buffer. With increasing oleate concentration, apoptotic nuclear score
significantly increased over the control (Fig. 2C and 2D). Induction of apoptosis in HeLa cells
was also probed by increased expression of caspase-3, which is known to be a pro-apoptotic
marker (Fig. 2E). Uptake of FAs in CaCo-2 cells was confirmed by treating them with BODIPY
FL- C,,, a fluorescently labeled FA analog (Fig. S1). Apoptotic protein markers like caspase 3
(32 kD) and its subunit (20 kD) were increased in the FA treated CaCo-2 cells (Fig. 2F, 2G and
2H). The results suggested that oleate mediated fatty acid overload induced apoptosis not
only in HeLa cells but also in Caco-2 cells, albeit to a lesser extent with respect to the changes
in their nuclear morphology.
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Fig. 3. Loss of mitochondrial membrane potential and integrity under fatty acid induced cell toxicity. (A)
JC1 staining of WT HeLa cells upon treatment with increasing FA ligand revealed loss of mitochondrial
membrane potential (Aym). This loss in Ayym was visible by reduction in the formation of JC1- aggregates
(red) and deposition of J1 monomers (green). Scale bar 50 um. (B) JC1 staining of Caco-2 cells showing loss
of mitochondrial membrane potential with increase in FA concentrations. Scale bar 50 um. (C) The change
in Aym of HeLa cells was quantified by the marked reduction in red/green channel signal in fluorescence
microscope. With decrease in JC1 aggregates (red in color), the red vs. green ratio decrease, indicating a
loss of membrane potential of mitochondria. (D) The line drawn to show the trend of decrease in red/green
channel for HeLa cells. (E) The ratio of red/green fluorescence for Caco-2 cells decreased with increase in
lipid toxicity. (F) The decrease in mitochondrial membrane potential is a slow process in Caco-2 cells. (G)
Pictorial representation showing inter-conversion of tubular and intermediate mitochondria and formation
of fragmented structures. (H) Live cell confocal microscopy of wild type HeLa cells revealed changes in
mitochondrial morphology with occurrence of fragmented or punctate characteristics in oleate treated cells
over the tubular networks of control cells. Scale bar 10 um. (I and ]) Quantification of change in mitochondrial
morphology across control and oleate treated wild type HeLa cells respectively. Values represent means +
SEM of n=3 experiments, **P<0.01, *P<0.05.

1665


http://dx.doi.org/10.1159%2F000495672

Cellular Physiology Cell Physiol Biochem 2018;51:1658-1678
DOl

© 2018 The Author(s). Published by S. Karger AG, Basel

and B|ochem|stry Published online: 30 November 2018 |www karger.com/cpb

Sarkar-Banerjee et al.: Ameliorating Lipid Induced Cellular Toxicity by the Intestinal Fatty

Acid Binding Protein

Fatty acid overload impairs mitochondrial dynamics

Treatment with 0.5 mM oleate induced apoptotic responses and was used as the
experimental dose in subsequent studies. FA induced changes in mitochondrial membrane
potential was observed by JC1 staining in both HeLa (Fig. 3A) and Caco-2 cells (Fig. 3B).
The ratio between the red and green channels in confocal images of the JC-1 stained HeLa
cells showed a decreasing trend (Fig. 3C and 3D) with increased loss of mitochondrial
membrane potential (Ay_) and abundant deposition of green JC-1 monomers. Similar result
was obtained in Caco-2 cells (Fig. 3E and 3F), although the effect was milder as evidenced
by the gradual decrease in signal in contrast to the sharp decrease in HeLa cells (Fig. 3C and
3D). Changes in the mitochondrial morphology were also studied in HeLa cells under FA
overload, using live cell confocal imaging. Control cells were characterized by the presence
of long, filamentous/ reticulate mitochondria which were in dynamic equilibrium with
their intermediate structures (Fig. 3G), a phenomenon that takes place by the fission-fusion
mechanism (Fig. 3H). Such morphometric phenotypes have been used earlier to differentiate
FA overload induced cells [49].

Tubular mitochondrial network in our control HeLa cells was in sharp contrast to the
increased number of fragmented mitochondria observed for the oleate treated samples (Fig.
31 and 3J). The fusion/fission dynamics in mitochondrial morphology was also evident in the
time lapse imaging of the live cells.

IFABP partially rescues Hela cells from FA overload induced apoptosis and mitochondrial

depotentiation

Oleatetreated cellsshowed up-regulated pro-apoptoticgenebax, whileectopicexpression
of IFABP (both in presence or absence of oleate) down-regulated it with concomitant up-
regulation of the anti-apoptotic gene bcl2 (Fig. 4A). This observation implicates the role of
[FABP in rescuing cells from fatty acid induced cell stress. Cellular apoptosis was quantified
using Annexin-V (FITC-A channel) and propidium iodide, PI (PE Texas Red A channel)
staining in HeLa cells. A decrease in the Annexin-V positive population from 52% (in cells
without transient IFABP expression) to 36% (in cells with transient IFABP expression) was
observed under conditions of oleate treatment (Fig. 4B and 4C). Furthermore, transient
[FABP expression rescued the lipid stressed cells from early apoptosis by 12% as compared
to the cells without IFABP expression. IFABP-transfected cells reflected comparable viable
population with respect to control cells (without transfection). This was also evident from the
reduced apoptotic nuclear count in the HeLa cells ectopically expressing IFABP (Fig. 4D and
4E). Cells ectopically expressing IFABP were also protected from mitochondrial impairment
under FA stress (Fig. 4F). Apart from the above findings, mitochondrial morphology in Caco-
2 cells ectopically expressing IFABP-GFP retained its reticulate structures significantly even
after FA treatment (Fig. 4G) suggesting that IFABP partially helps restoring the morphological
dynamics of mitochondria under FA overload. Apoptotic nuclear count was also considerably
low in these cells (Fig. 4H). As a whole, the above results portray the effectiveness of IFABP
in conserving mitochondrial morphologies and cell viability, at least partially, surpassing the
harsh environment of FAs overload induced apoptosis.

Mitochondrial morphologies were compromised under metabolic stress in IFABP

knockdown Caco-2 cells

To assess the functional relevance of IFABP and to justify its importance in modulating
mitochondrial dynamics, IFABP gene was knocked down in Caco-2 cells (Fig. 5A). These
cells were then treated with 0.5 mM of FA, which resulted in degeneration of mitochondrial
morphology and formation of punctate or fragmented structures (Fig. 5B). Notonly that, Caco2
cells lacking IFABP were less protected from the FA induced stress (Fig. 5C). Thus, absence
of [FABP in Caco-2 cells rendered the cells more vulnerable to oleate induced deformation of
mitochondrial morphologies and onset of apoptosis. These results strengthens I[FABP’s role
as an important candidate in the regulation of cellular health under metabolic stress caused
by FA overload.
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Fig. 4. (A) g-PCR result showing up-regulation of the pro-apoptotic gene bax in cells with lipid stress.
IFABP overexpression on the other hand in lipid stressed state led to its down regulation with concomitant
up-regulation of the anti-apoptotic gene bcl2 (B) FACS readout using Annexin-V (FITC-A channel) and
propidium iodide (PE Texas Red A channel) stained population reflecting early (Q4) and late apoptotic
cell populations (Q2). (C) Histogram depicting a drop in the Annexin- V positive population in cells with
transient IFABP expression under conditions of oleate treatment. (D) Effect of high dose of FA ligand on
the nuclear morphology of IFABP expressing cells over the GFP (or, vehicle) transfected cells, scale bar 20
um. (E) Bar graph representing the effect of excess FAs on the WT IFABP transfected HeLa cells. It was
observed that the WT IFABPs was efficient to reduce the lipotoxic effect on apoptosis. Values represent
means = SEM of n=3 experiments, **P<0.01, *P<0.05. (F) Caco-2 cells transfected with [FABP-GFP was found
to protect the mitochondrial morphology in high FA concentrations in the cells, scale bar 50 pm. (G) Bar
graph representing the effect of excess FAs on the WT IFABP transfected Caco-2 cells. Values represent
means + SEM of n=3 experiments, ***P<0.001, **P<0.01, *P<0.05.
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FA deprivation leads to self-association and cluster formation of IFABP

To address the structure-function relationship of IFABP, we have studied the diffusional
dynamics of IFABP-GFP in live cells using fluorescence correlation spectroscopy (FCS) (Fig.
6A). In absence of FA, the ligand-free unbound IFABPs were found to form self-associated
clusters. These clusters were mostly abundant around the nucleus as well as in the cytoplasm
and were dynamic in nature. Since the protein is synthesized in the ER, shuttles through the
Golgi and ferries FAs to organelles concentrated in the perinuclear space, such localization
pattern was obvious and complies with the general localization pattern of IFABP which is
predominantly cytosolic. Such clusters continuously ferry between the cell membrane and
the juxta-nuclear region. We performed FCS at the marked regions of interest (ROI) (Fig.
6A) to study the diffusional characteristics of both the soluble (position 1) and clustered
(position 2) states of the protein in the absence of ligand. Autocorrelation curves (Fig. 6B)
obtained from FCS measurements at these two different ROIs were fit to two different fitting
models: the cytoplasmic proteins (marked position 1) were fit successfully using a single
component diffusion model. The suitability of the single diffusion component model was
determined using the randomness of the residual distribution (Fig. 6C). Force-fitting the
data to an anomalous diffusion model resulted in a fit with the d  of 2.03, which effectively
means that the use of one component diffusion model is sufficient for the present analysis
[50]. The diffusion coefficient (D) of these free cytoplasmic proteins was found to be around
8.3 £ 0.1 um? sec® (point 1 in Fig. 6B); whereas the clusters were fit to a sum of two diffusion
components and the diffusion coefficients were found to be around 3.3 + 0.3 pm? sec (for
the fast-moving components, point 2 in Fig. 6B) and 0.8 + 1.1 pm? sec™ (for the slow-moving
components, point 2 in Fig. 6B). The goodness of the fits was verified by the randomness of the
residual distribution (Fig. 6C). It was interesting to note that the spatial distribution of these
clusters changed with the availability of lipid ligands and the proteins localized diffusely in
the cell cytoplasm (Fig. 6D). There were no or very low traces of clusters with the availability
ofthe FA ligand (Fig. 6D). Quantification of the number of proteins in the clusters was beyond
our scope of experiment and hence not shown. The high amplitudes from the autocorrelation
data G(0) correlates with low N-number (number of particles) for the protein clusters (Fig.
6B). The inverse relation between G(0) and N has been shown in previous reports (20). This
observation suggested the possibility of the presence of heterogeneous species (possibly
larger oligomers) in the clusters. Fig. 6E represents the variation of intensity across the free
diffused species and the clustered species inside the HeLa cells whereas Fig. 6F and Fig. 6G
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Fig. 6. Different localization pattern of IFABP with availability of fatty acid ligand. (A) Confocal image of wild
type IFABP-EGFP transfected HeLa cell showing the diffused cytoplasmic and perinuclear clusters of IFABP.
Scale bar 10 pm. (B) Autocorrelation functions of the diffused and clustered species of IFABP in HeLa cell;
the solid lines along the scattered plots represent the fit. (C) Residual distributions of the autocorrelation
functions of the diffused and clustered IFABP showing the goodness of the fit. (D) Replenishment of the
HeLa cells with FA shows very few or visibly no cluster formations of IFABP. (E) Intensity color map showing
the distribution of the high density population of IFABP clusters in HeLa cells in the absence of the FA ligand.
(F) The HeLa cell showing the distribution of the higher density oligomers and the free monomers in the
cytosol. (G) The intensity distribution plot of the diffused and clustered IFABP along the drawn line in the
HeLa cells showed that the clusters had higher intensity than the diffused particles.

show the intensity distribution along a line (of identical length) drawn across the clusters
(position 1) and the cytoplasm (position 2). The clusters had relatively brighter intensity
than the free cytosolic species that were shown by our confocal and FCS results (Table S2).

Ligand Induced Dissociation of IFABP clusters as probed by in-silico study

According to SwissDock outputs involving an array of backend analysis and an estimation
of CHARMM energies on a grid, IFABP was observed to have a cleft which accommodates
oleate in several possible orientations (Fig. 7A-D). This analysis can be extremely effective
in terms of ligand binding and the local dynamics associated with the binding [51]. The
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Fig. 7. (A) protein-protein
dimer (IFABP) indicating surface
overlap along with the measure
of distance between residue
120 and residue 55 for both the
chains. (B) Distance between
residue 120 and 45, which has
an impact on ligand binding. (C)
IFABP tetramer assembly. (D)
Oleate-bound IFABP manifests
the oleate is inside the cleft. (E)
Palmitate ligand positioning
inside the same binding cleft in
case of Palmitate-bound IFABP.

Figure here depicts an ensemble average of the top docking conformations. Previous reports
suggest that residues 44, 86 and 110 can be highly decisive in deciding the ligand binding
[52]. Furthermore, as observed in the FCS analysis, the protein-protein docking output
obtained from ClusPro tools also revealed higher order associations of IFABP monomers.
The region of surface-overlaps of the dimeric and tetrameric assemblies was scoured using
the DockView plugin of UCSF chimera. Residues 45 to 60 were found to be decisive in
forming the monomer-monomer interface. It is very likely that owing to its close proximity
to the binding cleft (residue 55 of chain A to binding cleft: 22.1A and residue 55 of chain
B to binding cleft: 21.3A) (Fig. 7A) a local conformational change emanating upon ligand
binding dislodges the bound monomer, thereby disrupting the higher order associations.
Furthermore, the local conformational change induced upon oleate binding stands plausible
as the predominant organization in region flanking the cleft and protein binding interface is
helix and loop (Fig. 7D).

Centrality study unveils switching of residue specific contribution to internal dynamics

Our betweenness centrality plots (Fig. 8) revealed a significant difference in the stretch
positions contributing to the internal dynamics of IFABP under ligand bound and unbound
state. Region 64 to 74 was found to contribute maximally in native IFABP (Fig. 8A). While
upon ligand binding the maximum contribution emanates from 54 to 60 coupled with few
sporadic contributions spanning from residue 90 to 100 (Fig. 8B). On the contrary region 64
to 74 had minimal contribution to internal dynamics under oleate bound state.

In case of formation of a dimeric assembly, the amino acid residues 45 to 60 of both the
chains come closer and interact strongly than other regions (Fig. 8C). Hence for protein-
protein dimer formation, the impact of this region is significant with high centrality value.
In ligand unbound state, this region has diminished centrality value. For the oleate bound
one, centrality value of the region suggests that this stretch is of importance but in lesser
extent. It can be inferred that after binding of oleate those residues may have not so much
contribution in the structural fluctuation to form the binding cavity.

To check if the binding induced dimer dissociation applies to other long chain fatty acids,
we went on to computationally test our hypothesis with palmitate (another long chain fatty
acid ligand for IFABP) (Fig. 7E). Our binding studies with palmitate reveal that palmitate binds
to the same binding cleft as is the one for oleate. Centrality profile of palmitate bound IFABP
reveals that residue 64 to 70 contributes maximally towards the intrinsic dynamics of the
protein as is indicated by a high centrality value (Fig. 8D). Also some sporadic contributions
were observed from the stretches formed of residues 35 to 40, 46 to 51 along with the
contribution from residue 100 to 110 (Fig. 8D). Centrality profile of palmitate bound IFABP
clearly shows that residues significant for the formation of dimeric assembly contribute in
greater extent. It suggests that ligand binding disrupts the propensity of IFABP towards the
formation of higher order assembly.
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Fig. 8. Centrality profiles of (A) unbound IFABP, (B) the IFABP in its dimeric association, (C) oleate bound
IFABP and (D) IFABP having palmitate as candidate ligand.

Discussion

FABPs are typically intracellular proteins known to bind their lipid ligands and help carry
out various crucial functions [53-55] in cells making their ligands available for maintenance
of cellular homeostasis. In the present study, we explored the functions of IFABP in regulating
FA induced loss of mitochondrial dynamics and apoptosis. We chose mitochondria since this
organelle is known for its role in FA oxidation and energy metabolism [56-59]. Mitochondria
exist in healthy cells as a reticulate network with conserved membrane potential, which
is crucial for efficient energy metabolism and dispersal of ATP throughout the cell [60].
The mitochondrial fusion-fission machinery maintains a dynamic balance of this tubular
network, which is vital for energy dispersal and cellular homeostasis [60, 61]. Mitochondrial
membrane potential is compromised in cells undergoing stress and the reticulate networks
are broken into smaller fragments, which also act as a signal for switching on the intrinsic
/ mitochondrial pathways of apoptosis. In our current study, we observed that ectopically
expressed IFABP rescues mitochondria from the morphological impairments and prevents
apoptosis induced by abundance of FA ligand oleate.

HeLa cells, which do not express IFABP, served as a heterologous platform for monitoring
the dynamics of IFABP at single cell resolution. Not only that, adhered cells with their flatter
surfaces make the FCS measurements much easier. Oleate was used at a dose (0.5 mM) that
induced stress response by switching on apoptotic pathways. With gradual increase in the
oleate concentration from 0 mM to 0.5 mM through 0.3 mM, mitochondrial morphologies
changed from long reticulate/tubular networks into fragmented, intermediate/punctate
structures. Previously it was shown that high FA concentration causes intracellular stress
with detrimental effects on downstream signaling cascades inducing oxidative stress, ER
stress, etc [62].. Intracellular organelles like mitochondria were also affected, which in turn
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lead to decline in mitochondrial biogenesis, functions, etc [25, 28, 63, 64].. Our experimental
results showed that the transition of tubular mitochondria to punctate fragments is
concomitant with increased abundance of caspase 3 and apoptotic nuclear morphology.

We were curious to see if IFABP’s interaction with its ligand could help rescue the
FA burden in the cell. It was observed that with ectopic expression of IFABP, FA overload
induced cell death decreased significantly marked with reduced apoptotic nuclear count.
This observation suggested that IFABP had a protective function in cells under metabolic
stress. Not only that, the mitochondrial morphology was also restored even in the presence
of high FA concentrations. Hence our study showed that IFABP could rescue cells from FA
burden-induced neglect.

In order to address the functional significance of IFABP, we chose a second cell-type
in which the protein was expressed endogenously. We monitored the effect of 0.5 mM FA
dose in Caco-2 cells, and observed that apoptosis was induced with increased percentage of
apoptotic nuclear count and expression of caspase 3. The mitochondrial membrane potential
was also compromised. Interestingly, the effect of FA induced metabolic stress was milder in
Caco-2 cells than HeLa cells, both with respect to increased apoptotic nuclear count and the
loss of mitochondrial membrane potential. One possible explanation can be that HeLa cells
do not express IFABP, whereas the basal level expression of IFABP in wild type Caco-2 cells
could help protect the cells by scavenging the excess FAs.

Further experiments were carried out to elucidate the role of IFABP by their ectopic
expressions in Caco-2 cells. We observed that ectopically expressed IFABP provided
significant protection against the increased FA dose, as revealed by conserved mitochondrial
tubular structure after FA treatment. To investigate the importance of this protein in
protecting mitochondrial dynamics under FA induced stress, IFABP was knocked down
in Caco-2 cells. The mitochondrial morphology in the knockdown cells was significantly
fragmented compared to the control cells indicating that the FA treated cells were no longer
able to protect their mitochondrial morphology in the absence of [FABP. Not only that, these
cells also undergone apoptosis.

Does this protein directly bind to its ligand while protecting the cells? We attempted
to find a correlation between the function and structure of IFABP, thus addressing to the
mechanism of its action. The question that followed was if IFABP’s rescue-ability is correlated
to its structure and its sub-cellular existence. Is this an intrinsic property of a carrier protein
or there is more to its underlying structure for its behavior? To answer this, we monitored the
localization of EGFP-tagged IFABP in the HelLa cells and measured the value of D (diffusion
coefficient) using FCS. IFABP was earlier reported to exhibit diffused cytosolic localization
[20]. In the present study, while the FA ligand was unavailable, IFABP was found to be soluble
in the cytoplasm with persistent cluster formation within the cytosol and around the peri-
nuclear region, a condition that was not observed in cells expressing the empty EGFP vector.
As mentioned earlier, such perinuclear abundance of clusters could represent a reserve
pool of the protein. The FAs and lipids form an integral part of the Golgi associated vesicle
trafficking pathways and owing to the structural complexity of the Golgi apparatus and
trans-Golgi network [65], the localization of proteins interacting with FAs and other lipids
may appear condensed in the perinuclear compartment. Also, the pool of mitochondria is
concentrated in the perinuclear compartment [66], thus explaining the relative abundance
of IFABP in the perinuclear compartment. Our FCS measurements showed the presence of
a lower D value for these clusters along with D’s in the similar range as observed in the
diffused cytoplasmic IFABPs. This heterogeneous localization of the protein can be explained
by the structure of the protein itself. IFABP is a known (3-sheet protein with a hydrophobic
domain around the D-E turn [67]. Previously it was assumed that the short alpha helix
present in the protein served as its ligand binding domain [68-70], but later it was found
that in the intracellular environment, the helix-less IFABP (HL-IFABP) could also transfer
its FA ligand [20]. It was also reported that the helix region helped the protein to transfer
its ligand in the perinuclear region whereas the HL-IFABP was left diffused in the cytoplasm
with its FA ligand [20]. Several in vitro works have established that the hydrophobic domain
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Fig. 9. Schematic overview of IFABP’s
role in modulating mitochondrial
dynamics and protecting cells from +IFABP
apoptosis. In the absence of IFABP,
abundant occurrence of fatty acid
ligand (left side) causes loss of
mitochondrial integrity, release of
pro-apoptotic marker like caspase-3
in the cytosol and altered nuclear
morphology, subsequently leading
to apoptosis. The presence of IFABP
(right side) lowers the potential risk
of lipid toxicity and rescues cells from
apoptosis and loss of mitochondrial
integrity by binding to its fatty acid
ligand, thereby protecting cells from
lipid overload induced cellular stress.

O ienee Apoptosis

Apoptosis

present in the protein helps it to fold and attain native structure properly [15, 71]. There
are reports that suggest the roles of the hydrophobic patches of 3-sheet proteins (66-69)
[72-75] as also the alpha helices [76] to modulate the process of oligomerization. Hence, we
hypothesized that during the lack of FA ligand in the cytosol, IFABP tends to form clusters by
self-association (probably by forming non-covalent bonds between the hydrophobic patches
of interacting proteins) and appear as bright dynamic species around the perinuclear region
and within the cytosol. But with increasing availability of its ligand, the FAs would compete
with the protein molecules and occupy the hydrophobic pockets out competing the proteins
from self-association. This self-association v/s oleate binding hypothesis was supported by
the experimental data as there was no or considerably reduced clusters in the presence of
FA (see Fig. 6D).

Some existing reports suggest that IFABP primarily localizes itself in regions around
the vicinity of nucleus when the protein is not bound to ligand i.e. fatty acid [77]. This
perinuclear localization along with some sporadic cytosolic clusters is found to get disrupted
when fatty acid is available. The inherent tendency of IFABP to form perinuclear clusters can
be explained in the light of some previous findings which gives an indication of a probable
role of IFABP as indirect modulators of transcription factors which in turn demands the entry
of IFABP inside cell nucleus [78]. There are reports suggesting that FABPs access the nucleus
under certain conditions, and also target fatty acids (FA) to transcription factors, such as
members of the peroxisome proliferator-activated receptor (PPAR) family [78]. Our in-cell
spectroscopy which was done resorting to in-cell FCS showed an abundance of perinuclear
clustering under conditions of oleate absence. As has been found with our computational
studies, upon ligand binding the monomer-monomer interface gets destabilized owing to its
closer proximity to the ligand binding cleft.

We further investigated the structural and ligand binding diversity using computational
tools. To probe into the ligand induced IFABP cluster dissociation and the interplay of ligand
binding sites and residues responsible for surface-surface interaction of bound IFABP
monomers we resorted to an ensemble computational analysis. Our docking studies revealed
that oleate can bind in multiple orientations and the site responsible for binding is at a close
proximity of the monomer-monomer association span. Our protein-protein docking studies
revealed that IFABP in its unbound state can indeed form higher order associations. The
results are in compliance to the FCS finding. As revealed by our Betweenness Centrality plots,
the residues majorly contributing to the internal dynamics of IFABP in monomeric state
differs from those in the multimeric state. The alteration in the centrality profile in IFABP
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upon higher order association reflects a re-orchestration of residue based contribution to
the internal dynamics. The Centrality profile of IFABP in its ligand bound state was pretty
disparate compared to thatinligand unbound state. This in turn provides a glimpse of residues
chiefly contributing to the internal dynamics of IFABP upon oleate binding. Furthermore, our
docking studies provide a plausible mechanistic insight into ligand binding suggesting that
oleate bound conformational changes can trigger cluster dissociation owing to a relatively
closer spatial proximity.

Our present study thus portrays two important aspects: First, IFABP’s protective role
against the FA overload-induced cellular stress. This protein not only has a protective
function in the cells undergoing FA overload induced apoptotic cell death, but also has the
potential to protect mitochondrial morphology under FA overload. Fig. 9 is the schematic
representation of the functional importance of this protein in cellular environment. Second,
the mechanism of IFABPs action has been addressed by its localization and dynamics in the
cell. When there is a scarcity of the FA ligand in the cell, IFABPs form self-association contacts
and appear as dynamics clusters in the cytoplasm and around the peri-nuclear regions. But
with the availability of the ligand they undergo diffused cytoplasmic localization. FCS has
been a very useful technique used here to measure the diffusion dynamics of the dual state
of IFABP (both clusters and free cytoplasmic fractions). Together, our findings render IFABP
to be a potential candidate for studying lipid induced mitochondrial dysfunction of enteric
cells, which is relevant under fatal pathophysiological conditions.

Although the present study reveals a rescuing role of IFABP when the cells are under
conditions oflipid stress, itisnotexploredifthere can be other components oflipid metabolism
which functions in synergy with IFABP and aids in the rescuing process. This study also could
not address if the apoptotic stress is responsible for the mitochondrial degeneration or
vice versa. However, our study clearly establishes that IFABP can help averting the possible
toxic consequences of lipid stress by delaying the process of apoptotic death. Also future
studies should address how the apoptotic regulation is getting re-orchestrated when IFABP
is rescuing cells from apoptosis. As evidenced by our flow cytometry studies there were
discernible shifts in the non-viable sub-population of cells when IFABP was expressed in
cells under lipid stress in comparison to cells without transfected expression of IFABP. It
would be worth exploring as to how the apoptotic cascade is reorienting itself during the
lipid induced toxic phase and when IFABP is expressed.

Conclusion
Our present study thus portrays that [FABP has a protective function in the cells

undergoing FA overload induced apoptotic cell death. Not only that, IFABP also has the
potential to protect mitochondrial morphology under FA overload.
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