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ABSTRACT: The mammalian brown fat inducible thioesterase variant 2 (BFIT2),
also known as ACOT11, is a multimodular protein containing two consecutive
hotdog-fold domains and a C-terminal steroidogenic acute regulatory protein-related
lipid transfer domain (StarD14). In this study, we demonstrate that the N-terminal
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HUMAN BFIT2: DOUBLE HOTDOG THIOESTERASE

region of human BFIT2 (hBFIT2) constitutes a mitochondrial location signal

sequence, which undergoes mitochondrion-dependent posttranslational cleavage. The mature hBFIT2 is shown to be located in
the mitochondrial matrix, whereas the paralog “cytoplasmic acetyl-CoA hydrolase” (CACH, also known as ACOT12) was found
in the cytoplasm. In vitro activity analysis of full-length hBFIT?2 isolated from stably transfected HEK293 cells demonstrates
selective thioesterase activity directed toward long chain fatty acyl-CoA thioesters, thus distinguishing the catalytic function of
BFIT2 from that of CACH. The results from a protein—lipid overlay test indicate that the hBFIT2 StarD14 domain binds

phosphatidylinositol 4-phosphate.

ody heat production triggered by low temperatures or a

high-fat diet is known as adaptive thermogenesis."* In
brown fat adipose tissue (BAT), thermogenesis is associated
with the decoupling of energy metabolism and ATP synthesis
via the action of the mitochondrial transmembrane protein
UCP1.>~? UCPI allows the protons that have been pumped
into the mitochondrial intermembrane space by the electron
transport system to be transported to the mitochondrial matrix,
thus sidestepping the membrane ATP synthase. The energy
potential intended to drive ATP synthesis is instead released as
heat. Because fatty acid oxidation feeds the electron transport
system, the observation that thermogenesis is accompanied by
an increased level of expression of genes encoding proteins for
de novo fatty acid synthesis, fatty acid f-oxidation, and
lipogenesis is not surprising.'”'' Among these upregulated
genes is the gene that encodes the brown fat inducible
thioesterase (BFIT).

Human BFIT exists in two splice forms, hBFIT1 and
hBFIT?2, whereas in mice, a single splice form that corresponds
to hBFIT2 exists. In mice and in human infants, brown adipose
tissue (BAT) mediates nonshivering thermogenesis. In a very
recent study, it was observed that mBFIT gene-knockout mice
are resistant to diet-induced obesity despite greater food
consumption.'” The mice displayed an array of physiological
and metabolic changes, which included but were not limited to
increased O, consumption, heat production, and p-fatty acid
oxidation, improved glucose homeostasis, and attenuated
endoplasmic reticulum stress response. These changes were
posited to be BAT-mediated responses. In human adults, where
the amount of BAT is comparatively small, > it is thought
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that BFIT may perform a more generalized function as a
regulator of energy homeostasis.'> Notably, BFIT is ubig-
uitously expressed in human tissues. hBFIT1 is predominant in
skeletal muscle, liver, testis, stomach, spleen, lung, and brain,
whereas hBFIT?2 is predominant in kidney, uterus, hibernoma,
and white adipose tissue.'> Both variants are expressed equally
in heart tissue."?

On the basis of its amino acid sequence, BFIT is predicted to
be a large modular protein comprised of two consecutive
hotdog-fold units followed by a steroidogenic acute regulatory
protein-related lipid transfer (START) domain'®"’ (Figure
1A). The hotdog fold defines the tertiary structure of a large
family of functionally diverse enzymes.'®>* Among the
chemical function subfamilies is the thioesterase subfamily.”*~>'

Although as named, BFIT is presumed to be a thioesterase,
there are no published activity data to support this subfamily
assignment.*>* The biological unit of the typical hotdog-fold
enzyme is a dimer of a small @,f-folding subunit that is best
described as a long a-helix (“sausage”) wrapped by a twisted,
5—6 strand f-sheet (“bun”). In a small but significant fraction
of the hotdog-fold proteins, the two subunits of the dimer are
connected to form the “double” hotdog fold, as is predicted for
BFIT. To illustrate this fold, a representative structure, that of
the engineered double hotdog-fold domain of the sequence
homologue cytoplasmic acetyl-CoA hydrolase (CACH, also
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Figure 1. (A) Diagram of the domain organization in human BFIT2 and the two human BFIT2 gene constructs that were used in this work. N-term
corresponds to the MLS, HD-THIO to the hotdog-fold domain, and START to the StarD14 domain. (B) One subunit of the trimeric human CACH
(ACOT12) double hotdog-fold unit (PDB entry 3B7K). The first hotdog-fold domain is colored pale yellow and the second hotdog domain pale
cyan. Residues 151—180, which form the domain—domain linker, are disordered and are therefore not shown in the structure. Residues 150 and 181
are colored magenta. A CoA ligand, bound to one of the two active sites, is shown as sticks with carbon atoms colored green, nitrogen atoms blue,
oxygen atoms red, and the sulfur atom yellow. The posited catalytic residues Gly202 and Asp36 are colored red. (C) BFIT2 START domain StarD14
(PDB entry 3FOS). The conserved a-helices are colored. Gatekeeper helix a4 is colored pale green.

known as ACOT12), is shown in Figure 1B. The enzyme
functions that have been identified for double hotdog-fold
proteins include thioesterase,>> clehy«;lratase,34 decarboxylase,35
hydratase,®® and p-ketoacyl transferase.”” In humans, the
thioesterase and dehydratase activities are required for lipid
metabolism.

Members of the START family are stand-alone proteins or
domains within a larger modular protein, as exemplified by
BFIT."” The physiological ligands of only a fraction of the
members of this family [viz., StarD1,**° StarD2 (PC-TP),*
StarD3 (MLN64),*"** StarD7,** and StarD11 (CERT)*]
have been identified. Known START ligands include
cholesterol (StarD1, -3, -4, -5, and -6), ceramides (Stard11),
phosphatidylethanolamine (StarD10), and/or phosphatidylcho-
line (StarD2 and -7). The X-ray structure of the hBFIT2
START domain (StarD14) is shown in Figure 1C.* 1t, like
other START protein X-ray structures, possesses the character-
istic curved p-sheet that is gripped by four a-helices
(highlighted in Figure 1C).* Helix a4 (colored green in
Figure 1C) acts as a lid over the ligand binding sites of the
START domains. To allow the ligand access to the binding site,
helix @4 must presumably move out of the way. The identity of
the StarD14 physiological ligand has not been demonstrated,
although on the basis of the X-ray crystal structure, which was
modeled with a solvent polyethylene glycol (PEG) molecule at
the putative binding site, it has been suggested that it might be
a fatty acid.*®
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As part of our program to define structure, function, and
mechanism in human hotdog-fold thioesterases,"”*° we have
targeted hBFIT?2 for study. Our first objective was to determine
its cellular compartmentalization and biochemical activity.
Herein, we report our findings that show that recombinant
hBFIT2 produced in human HEK293 cells is translocated to
the mitochondrial matrix and that the purified protein targets
long chain fatty acyl-CoA thioesters for catalyzed hydrolysis. In
addition, we report the preliminary results from a protein—lipid
overlay assay, which suggest that the StarD14 domain binds
phosphatidylinositol 4-phosphate.

B MATERIALS AND METHODS

Reagents. The HEK293T/17 cell line, Dulbecco’s modified
Eagle’s medium, fetal bovine serum, and the trypsin-EDTA
reagent were purchased from the American Type Culture
Collection (ATCC, Manassas, VA). Transfection and stable cell
line selection reagents OptiMEM, Zeocin, Lipofectamine 2000,
and phosphate-buffered saline (PBS) were purchased from
Invitrogen (Carlsbad, CA). The mitochondrion isolation kit for
cultured cells and the direct immunoprecipitation kit were
purchased from Pierce (Rockford, IL). Mammalian expression
vectors, including pcDNA4 HisMAX TOPO, pcDNA3.1 CT-
GFP TOPO, and pcDNA3.1 NT-GFP TOPO, were purchased
from Invitrogen. The anti-hBFIT2 antibody was purchased
from Abcam (Cambridge, MA), and anti-mouse mHSP70 and
anti-mouse AIF antibodies were purchased from Thermo
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Scientific (Waltham, MA). Other antibodies, including mouse
anti-Xpress, anti-HisG, anti-a-tubulin, and anti-mouse HRP,
were purchased from Invitrogen. The nuclear extraction kit was
purchased from Active Motif (Carlsbad, CA). Cellular
compartment dyes mitotracker Red CMXRos, WGA/Alexa
Fluor 594 conjugate, and Hoechst 33342 were purchased from
Invitrogen. All other reagents were purchased from Sigma-
Aldrich unless otherwise indicated.

Expression Vectors and Transfection of HEK293T/17
Cells. A PCR-based strategy was used to amplify the cDNA
region encoding full-length hBFIT2 (Openbiosystem), AN-
terminal MLS hBFIT2 (without amino acid residues 1—34), or
the hBFIT2 N-terminal MLS (amino acids 1—42). Following
the addition of the 3’-end adenine hangover using platinum
Taq polymerase (Invitrogen), the respective PCR products
were cloned into TOPO expression vectors. The resulting
plasmids, including hBFIT2/pcDNA4 HisMAX, hBFIT2 (AN
34)/pcDNA4 HisMAX, hBFIT2/pcDNA3.1 NT-GFP, hBFIT2/
pcDNA3.1 CT-GFP, and hBFIT2 (N 1—42)/pcDNA3.1 CT-
GFP, were used to transfect HEK293T/17 cells. For transient
transfection, HEK293T/17 cell lines were plated in 24-well or
six-well plates and transfected the following day at 80%
confluency according to the manufacturer’s instructions. For
hBFIT2/pcDNA4 HisMAX stably transfected cell lines,
selections were made in culture medium containing 500 ug/
mL Zeocin.

Immunoblot Analysis. Extracts from the lysates of
transfected or untransfected HEK293T/17 cells were prepared
by using a nuclear extraction kit or an immunoprecipitation
lysis/wash buffer (Pierce) according to the manufacturer’s
instructions. The total protein concentration was measured by
using the Bradford assay. The proteins were separated by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS—PAGE) using 12% polyacrylamide gels and then
transferred to nitrocellulose membranes. Next, the membranes
were treated with a primary antibody for ~15 h at 4 °C. After
being extensively washed, the membrane was treated with anti-
mouse HRP. Finally, imaging was conducted using enhanced
chemical luminescent reagents (Perkin-Elmer).

Immunoprecipitation of hBFIT2. Anti-Xpress or anti-
HisG antibody covalently immobilized agarose beads were
prepared following the manufacturer’s instructions. In brief,
10—50 ug of primary antibody was incubated with 20—100 uL
of an agarose bead slurry in the presence of NaCNBH; at room
temperature for 2—3 h. Uncoupled antibody was removed by
extensive washing with lysis/wash buffer [25 mM Tris (pH
7.4), 0.15 M NaCl, 0.001 M EDTA, 1% NP-40, and 5%
glycerol], and uncoupled reaction sites on the agarose beads
were quenched with quench buffer (1 M Tris) and NaCNBH,,
The lysate of hBFIT2/pcDNA4 HisMAX stably transfected
HEK cells was incubated with antibody-immobilized agarose
beads at 4 °C for ~15 h. Unbound proteins were removed by
washing the beads with lysis/washing buffer. Finally, hBFIT2
was eluted from the beads with 10 mM Tris and 100 mM
glycine (pH 7.4).

Confocal Imaging of GFP Fusion Protein. HEK293T/17
cells were cultured on a coverslip and transfected with GFP
fusion expression plasmids. Twelve to twenty-four hours
posttransfection, the cells were fixed using 4% polyformalde-
hyde in PBS buffer at 37 °C for 15 min. Subsequently, the fixed
cells were incubated with 1 M Hoechst 33342 and either 50
uM Mitotracker Red CMXRox or 5 yug/mL WGA/Alexa Fluor
594 conjugate at room temperature for 20 min. Finally, the
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coverslip was rinsed with PBS, mounted onto slides, and
subjected to confocal microscope analysis (Cancer Center
Fluorescence Microscopy Facility, University of New Mexico
School of Medicine, Albuquerque, NM).

Mitochondrial Fraction lIsolation from HEK293T/17
Cells. Mitochondrial isolation was performed with a Thermo
Scientific mitochondrial isolation kit by following the
manufacturer’s instructions. In brief, ~2 X 107 untransfected
or hBFIT2/pcDNA4 HisMAX stably transfected HEK293T/17
cells were harvested by centrifugation and then resuspended in
mitochondria isolation reagent A. Cells were lysed by using a
Dounce tissue grinder. Mitochondrion isolation reagent C was
added to the cell lysate. Cytosolic and mitochondrial fractions
were separated by centrifugation. The pelleted mitochondria
were washed once with reagent C and then resuspended in a
suitable buffer for downstream processing.

In Vitro Processing and Importing of hBFIT2 by
Freshly Isolated Mitochondria from Untransfected
HEK293T/17 Cells. Precursor (full-length) hBFIT2 was
isolated by immunoprecipitation. A posttranslational processing
assay was performed in the following manner. Six milligrams of
freshly isolated mitochondria were resuspended in 150 uL of
2X mannitol buffer (450 mM mannitol, S0 mM sucrose, 20
mM Tris, 0.2 mM EDTA, 100 mM ATP, 10 mM MgCl,, 160
mM KCl, 0.2 mM pyruvate, and 360 mM malate). After the
addition of 0.6 ug of hBFIT2 in a volume of 150 uL and
incubation at room temperature for 10 min, the temperature
was increased to 37 °C. Aliquots (80 uL) were removed after S,
30, and 60 min, heated in boiling water bath for 10 min, and
then chromatographed on a SDS—PAGE gel. The protein was
transferred from the gel to a nitrocellulose membrane, which in
turn was subjected to western blot analysis.

For the in vitro mitochondrial import assay, hBFIT2 was
incubated with mitochondria as described above. Aliquots of
the reaction mixture were removed after 5, 30, and 60 min. The
supernatant and pellet (mitochondria) were separated and then
subjected to western blot analysis.

In Silico Analysis of the N-Terminal Region of hBFIT2.
An EMBOSS pepwheel helical wheel plot (http://150.185.138.
86/cgi—bin/emboss/pepwheel) was utilized to investigate the
amphipathicity of the N-terminal region (amino acid residues
1—42) of hBFIT2. The sequence alignment was generated by
using ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/
). The tertiary structure prediction of the N-terminal region of
hBFIT2 was conducted with the Protein homology/analogy
recognition engine PHYRE2 (http:/ /www.sbg.bio.ic.ac.uk/
phyre2/html/page.cgi?id=index).

Matrix-Assisted Laser Desorption lonization Time-of-
Flight (MALDI-TOF) Mass Spectrometry Analysis of
BFIT2. A sample of hBFIT2 for mass spectral analysis was
obtained by immunoprecipitation from hBFIT2/pcDNA4
HisMAX stably transfected HEK293T/17 cells by using anti-
Xpress antibody. Following SDS—PAGE chromatography, the
protein sample was subjected to trypsin digestion and
subsequent MALDI-TOF mass spectrometry analysis. Signa-
ture peptides were searched against those in the PDB by using
the MASCOT server for protein identity confirmation (Protein
Analysis Facilities, Skirball Institute at the New York University
School of Medicine, New York, NY).

Digitonin Treatment of a Mitochondrial Fraction
Freshly Obtained from BFIT2 Stably Transfected
HEK293T/17 Cells. Mitochondrial fractions of hBFIT2 in
stably transfected HEK293T/17 cells were isolated using the
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method described previously (vide supra). The fractions,
resuspended in mannitol buffer at 1 mg/mL (w/v), were
treated with digitonin in the concentration range of 0—0.6 mg/
mL at 4 °C for 45 min. The pellet (mitochondria) fraction
obtained by centrifugation at 20000g was subjected to Western
blot analysis using anti-mHSP70, anti-AIF, and anti-Xpress (for
hBFIT2 detection) antibodies.

Scale-Up Culture of a hBFIT2/pcDNA 4 HisMAX or
hCACH/pcDNA4 HisMAX Stably Transfected HEK293T/
17 Cell Line and Purification of hBFIT2 and hCACH.
Plasmids hBFIT2/pcDNA4 HisMAX and hCACH/pcDNA4
HisMAX were separately used to transiently transfect
HEK293T/17 cells. Selection of stably transfected
HEK293T/17 cell colonies was performed using the antibiotic
Zeocin at a concentration of 300 pg/mL. A cell stock was
prepared from a single stably transfected HEK cell by culturing
in a single well of a six-well plate in the presence of 100 pg/mL
Zeocin until the confluency reached 90%. The cells were then
detached by trypsin treatment and passed into four 150 mm
plates. Two more passages with a ratio of 1:4 were performed
when the cell cultures achieved 90% confluency. The HEK cells
from 64 plates (150 mm) were collected by being scraped and
then stored at —80 °C. After the cells had been treated with two
freeze—thaw cycles, the mixture was centrifuged and the
resulting supernatant was collected for purification. Immuno-
precipitation was conducted as described above. The
recombinant protein was eluted from the antibody-coated
beads with elution buffer [1 M Tris (pH 7.5)]. hBFIT2 was
dialyzed overnight at 4 °C against storage buffer [S0 mM Tris
and 50 mM NaCl (pH 7.5)]. When Ni-NTA affinity
purification was used to isolate the recombinant protein, the
supernatant was gradually loaded onto a 3 mL Ni-NTA column.
After the column had been extensively washed with 50 mM
imidazole, the recombinant protein was eluted with 250 mM
imidazole. The eluted recombinant protein was dialyzed
overnight at 4 °C against storage buffer. The recombinant
protein concentration was determined by measuring the
nanodrop absorbance at 280 nm (70820 M~' cm™' for
hBFIT2 and 71390 M~ cm™" for hCACH). The homogeneity
of the recombinant protein was confirmed by ES-MS and by
SDS—PAGE chromatography followed by transfer to a
nitrocellulose membrane, which in turn was subjected to
western blot analysis and Coomassie Blue staining.

Cloning and Expression of the ybdB Thioesterase
Gene and Purification of the Protein Product. The gene
encoding Escherichia coli ypdB*” was cloned into the pcDNA4
HisMAX TOPO vector, and the resulting ybdB/pcDNA4
HisMAX plasmid was used as template in the PCR
amplification of the ybdB gene fused at the first codon to the
codons encoding the Xpress and HisG tags (herein termed tag-
ybdB). After gene cleaning, digestion treatment, and ligation,
the tag-ybdB/pET23a plasmid was prepared and utilized in the
transformation of competent E. coli BL21(DE3) cells. The
recombinant protein was expressed in high yield and purified to
homogeneity by Ni-NTA affinity column chromatography.

Protein—Lipid Overlay Assay. Each Membrane Lipid
Strip (Echelon Bioscience Inc.) was treated with PBS
containing 0.1% Tween 20 (PBS-T) and 3% BSA for at least
1 h prior to incubation with 0.5 pg/mL hBFIT2, 0.1 pug/mL
hCACH, or 6 ug/mL ybdB in PBS-T with 3% BSA for 1.5 h.
After the strip had been washed three times with PBS-T bufter,
it was incubated at room temperature with a 1:2000 primary
antibody (anti-HisG) for 1 h and then with a 1:2000 secondary
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antibody (anti-mouse IgG) for 1 h. Visualization of the lipid—
protein complex was achieved by using the Western Lightning
Chemiluminescent Reagent Plus kit (PerkinElmer) in con-
junction with X-ray autoradiography.

HPLC Analysis of Thioesterase Activities of BFIT2
toward Acyl-CoA Thioesters. Commercial palmitoyl-,
myristoyl-, lauroyl-, and butyryl-CoA thioesters were tested as
substrates for hBFIT2. The 200 uL reaction solution initially
containing 50 mM HEPES (pH 7.5), S50 mM NaCl, S0 uM
acyl-CoA thioester, and 0.34 uM BFIT2 was incubated at 37
°C. Aliquots (50 uL) were removed at 30 and 60 min and
passed through an Amicon YM-10 (Millipore) filter. The
control sample (no hBFIT2) was incubated at 37 °C for 2 h.
The filtrates were analyzed by reversed-phase HPLC (UV
detection wavelength of 260 nm) using a C18 reversed-phase
column (S ym, 4.6 mm X 25 cm) and a linear gradient of 0 to
65% acetonitrile in 20 mM (NH,),HPO, buffer (pH 6.7).

B RESULTS AND DISCUSSION

BFIT2 Cellular Localization. The hBFIT2/pcDNA4
HisMAX-transfected HEK293T/17 cells synthesized recombi-
nant hBFIT?2 possessing the N-terminal epitopes HisG (H¢G)
and Xpress (DLYDDDDK). These “tags” were added to
facilitate protein purification and immunoblot detection.
Immunoblot analysis of the transfected cell lysates conducted
with anti-Xpress or anti-HisG antibodies revealed a single
protein with an approximate mass of 71 kDa (hereafter termed
precursor hBFIT2) (Figure 2), which matches the predicted
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Figure 2. Immunoblot of untransfected (middle or left lane) and
hBFIT2/pcDNA4-transfected HEK293T/17 cell lysates (right lane)
using anti-Xpress antibody (A), anti-HisG antibody (B), and anti-
BFIT?2 antibody (C).

value of recombinant full-length hBFIT2. The use of the anti-
hBFIT2 antibody, on the other hand, uncovered an additional
protein with an approximate mass of 66 kDa (hereafter termed
mature hBFIT2) (Figure 2), which we suspected to be a
truncated form of the precursor hBFIT2. The identity and
sequence integrity of the recombinant precursor hBFIT2 were
examined by first isolating the full-length protein by
immunoprecipitation using anti-Xpress antibody-immobilized
agarose beads (immunoblot shown in Figure SI1 of the
Supporting Information). Proteolytic digestion of the protein
sample yielded 25 fingerprint peptides, covering 33% of the
total hBFIT2 sequence. These include the intact N-terminal
region following the Xpress epitope, parts of the internal
sequence, and the C-terminal region (Table SI1 of the
Supporting Information).
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Figure 3. (A) Predicted tertiary structure of the hBFIT2 N-terminal region (residues 1—42). (B) Electrostatic vacuum surface of the central a-helix
(hBFIT2 residues 9—24). (C) EMBOSS pepwheel diagram of hBFIT2 residues S—24. (D) Sequence alignment and estimated pI value of the N-

terminal regions of BFIT2 from various mammalian species.

Having verified the identity of the precursor hBFIT2, we
turned our attention to characterization of the mature hBFIT2.
Because the mature form escaped detection by the antibodies
directed against the N-terminal epitopes, it was evident that the
N-terminal region of the precursor hBFIT2 had been cleaved.
Indeed, the N-terminal region was predicted with 0.97
probability by the server MitoProt II (http:/ /ihg.gsf.de/ihg/
mitoprot.html) to contain a mitochondrial localization
sequence (MLS). The putative cleavage site is located at
residue 25. Tertiary structure prediction of the N-terminal
region (residues 1—42) indicated a turn—coil—helix—turn—coil
conformation (Figure 3A). The central a-helix, together with
its adjacent coil (residues 9—24), is amphipathic: one face is
exclusively hydrophilic and positively charged, and the opposite
face is mainly nonpolar and hydrophobic (Figure 3B). The
EMBOSS pepwheel diagram of the central a-helix also shows
the concentration of nonpolar residues on one face and the
polar residues on the opposite face (Figure 3C). An alignment
of N-terminal sequences of hBFIT2 from various mammalian
species indicates a high degree of conservation across species
(Figure 3D). Specifically, residues with positive charge,
including ArglO, Argll, Arg20, Arg23, and Lys24, are
stringently conserved. Furthermore, this region is also enriched
with conserved hydroxyl group-carrying residues, including
Serl5, Ser18, Thr21, Ser22, and Ser2S. The preponderance of
positively charged and hydroxyl group-carrying residues is
characteristic of a MLS. Notably, the putative MLS is not
present in the human sequence homologue CACH (“cytoplas-
mic acetyl-CoA hydrolase” also known as ACOT12)* (see
Figure SI2 of the Supporting Information for the pairwise
sequence alignment).

Proteins carrying a MLS are imported into mitochondria via
mitochondrial translocases and subsequently processed by the
matrix-processing peptidase.*”~>' To demonstrate that hBFIT2
possesses a functional MLS at the N-terminal region, the
encoding gene was engineered for expression of the HisG-
tagged N-terminal truncate AN-34 hBFIT2 (residues 1—34).
Immunoblot analysis of the transfected cell lysate using either
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anti-Xpress or anti-hBFIT2 antibody detected only one protein
with a molecular mass of ~68 kDa, close to the predicted value
of AN-34 hBFIT2, indicating the abolishment of the
posttranslational process (Figure SI2 of the Supporting
Information). Next, the hBFIT2 N(1—42)/pcDNA 3.1 CT-
GFP construct was prepared for expression of the BFIT2 N-
terminal region (residues 1—42) in fusion with the green
fluorescent protein (GFP). Transfected cells were fixed and
stained for analysis with a confocal microscope. Whereas the
GFP alone displayed distributive localization in the cell (Figure
4), the hBFIT2 N(1-42)—GFP fusion protein exhibited
patterned punctuate localization that coincides with the
locations of the Mitotracker Red CMXRos-stained mitochon-
dria (Figure 4). Attempts to image the hBFIT2—GFP fusion
protein failed because of the formation of inclusion bodies. The
CACH-GFP construct was, on the other hand, well behaved,
and consistent with the prediction of the absence of a MLS, the
CACH fusion protein displayed distributive localization in the
cell (Figure 4).

Having verified the hBFIT2 MLS, we next demonstrated that
hBFIT?2 is translocated from the cytoplasm to the mitochon-
dria. First, affinity-purified precursor hBFIT2 was treated at 37
°C with mitochondria that were freshly isolated from
HEK293T/17 cells and freed of the cytoplasmic fraction
(Figure SA). Immunoblot analysis of an aliquot of the
incubation mixture revealed the formation of mature hBFIT2
(Figure SB). Second, the remainder of the incubation mixture
was separated into the mitochondrial fraction and supernatant
fraction. Immunoblot analysis of the two fractions revealed the
presence of hBFIT?2 in the mitochondrial fraction only (Figure
SC). Taken together, these results show that precursor hBFIT2
is translocated to the mitochondria where the MLS is removed
by the action of the matrix-processing peptidase.

To determine if hBFIT2 localizes within the mitochondrial
matrix or remains in the intermembrane space, we treated
mitochondria isolated from hBFIT2 stably transfected
HEK293T/17 cells with digitonin. A low concentration
(0.05—0.20 mg/mL) of digitonin permeates the outer
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Figure 4. Confocal imaging of the GFP and the BFIT2 N(1—42)—GFP fusion protein in transfected HEK 293T/17 cells (top). Close-up of the
fluorescence from the BFIT2 N(1—42)—GFP fusion protein and the mitochondria dyed with Mitotracker CMXRos (middle). Confocal imaging of
the CACH—GFP fusion protein showing distributive localization in the transfected HEK 293T/17 cells (bottom). The nuclei were stained with

Hoechst 33342.

membrane of mitochondria and releases protein localized in the
intermembrane space, whereas a higher concentration (0.4—
0.60 mg/ mL) of digitonin is needed to release matrix proteins.
AIF and mHSP70 were used as protein markers for release of
intermembrane proteins and matrix proteins, respectively.
Figure 6 shows that the majority of the AIF was released at
0.20 mg/mL digitonin, whereas the majority of the hBFIT2 and
mHSP70 remained at 0.6 mg/mL digitonin. We concluded that
mature hBFIT2 is likely to reside in the mitochondrial matrix
protein barring posttranslational modification that might direct
it to the nucleus or that might silence the MLS, thus confining
the precursor hBFIT2 to the cytoplasm. Notably, when queried
with the BFIT2 amino acid sequence, the search engine
SUMOplot (http://www.abgent.com/tools/sumoplot) did not
detect a sumoylation site whereas the search engine NetPhos
2.0 (http://www.cbs.dtu.dk/services/NetPhos/) predicted
MLS Ser22 and Ser2S as kinase phosphorylation sites with a
high score of 0.997. If the MLS Ser residues are in fact subject
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to protein kinase phosphorylation and/or phosphatase
dephosphorylation, it follows that the location of hBFIT2
(cytoplasm vs mitochondrial matrix) is subject to regulation via
phosphorylation.>

Enzymatic Activity. Having identified the likely cellular
location of native hBFIT2 (viz., precursor form, cytoplasm, and
mature form, mitochondrial matrix),” we next characterized its
enzymatic activity. The closest homologue of hBFIT2 is CACH
(ACOT12). The rat ACOTI2 ortholog was previously shown
to specifically catalyze the hydrolysis of acetyl-CoA.*®>* We
used the X-ray structure of the double hotdog-fold domain of
human ACOT12 (PDB entry 3B7K) to generate a model of the
corresponding hBFIT2 domain (60% identical sequence) to
compare active site residues. The model shows that hBFIT2
conserves the ACOT12 catalytic motif residues (Figure 7). The
BFIT2 residues are the a-helix N-terminal residues Gly67
(active site 1) and Gly239 (active site 2) and the central a-helix
carboxylate residues Asp74 (active site 1) and Glu247 (active

dx.doi.org/10.1021/bi3008824 | Biochemistry 2012, 51, 6990—6999
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Figure S. In vitro mitochondrial processing and importing of precursor
hBFIT2. (A) Immunoblot of the mitochondrial fraction of HEK/293
cells using the anti-mHSP70 antibody and the anti-a-tubulin antibody.
mHSP70 (71 kDa) is the mitochondrial marker, and a-tubulin (50
kDa) is the cytosolic marker. The mitochondrial fraction is free of
cytosolic contamination. (B) Immunoblot of precursor hBFIT2
treated with the mitochondria in mannitol buffer for 5, 30, and 60
min. The anti-hBFIT?2 antibody was used to detect the precursor (top
band) and mature (bottom band) forms of hBFIT2. (C) Immunoblot
of the mitochondrial and supernatant fractions derived from
centrifugation of the reaction mixtures from panel B. The anti-
hBFIT2 antibody was used to detect the precursor (top band) and
mature (bottom band) forms of hBFIT2. The precursor hBFIT2 was
taken up by the mitochondria and processed to the mature form.
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Figure 6. Immunoblot analysis of the digitonin-induced release of the
mitochondrial intermembrane compartment marker protein AIF (with
anti-AIF antibody), the mitochondrial matrix marker protein mHSP70
(with anti-mHSP70 antibody), and hBFIT2 (with anti-Xpress
antibody) from mitochondria isolated from hBFIT2/ 'pcDNA4-trans-
fected HEK293T/17 cells.

site 2). The backbone amide NH group of the a-helix N-
terminal residue is known to function in hotdog-fold
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Figure 7. Snapshot of the two active sites of the double hotdog-fold
unit of hBFIT2 modeled in PHYRE2 using the double hotdog-fold
unit of CACH (ACOTI12) (PDB entry 3B7K), which shares 60%
sequence identity, as the template. The thiol end of the superimposed
CACH CoA ligand is shown at the bottom of the figure as sticks using
the same coloring pattern used in Figure 1B. The putative hBFIT2
catalytic residues are shown as sticks with carbon atoms colored cyan,
oxygen atoms red, and nitrogen atoms blue. The corresponding
residues of the superimposed CACH (carbon atoms colored yellow)
are coincident.

thioesterases to form a hydrogen bond with the substrate
thioester carbonyl oxygen atom, thereby activating the carbonyl
carbon atom for nucleophilic attack.”® The a-helix carboxylate
residue is, on the other hand, known to function in
nucleophilic*® or base catalysis.*’

Building on the hypothesis that hBFIT2 is a thioesterase, we
focused the catalytic activity tests on the hydrolysis of fatty acyl-
CoA thioesters, the substrates for mitochondrial fatty acid f-
oxidation. To execute the activity assays, we needed the purified
hBFIT2. However, all attempts to use E. coli or yeast as a
platform for hBFIT2 production failed, and therefore, we opted
to grow numerous batches of the stably transfected HEK293T/
17 cells to provide a limited supply of the pure recombinant
protein for testing against a prioritized panel of fatty acyl-CoA
thioesters.

The activity of hBFIT2 (0.34 uM) toward SO uM butyryl-
CoA, lauroyl-CoA, myristoyl-CoA, and palmitoyl-CoA (C4,
C12, C14, and C16, respectively) was measured at pH 7.5 and
37 °C. Palmitic acid and myristic acid, activated as CoA
thioesters, are the principle substrates for the mitochondrial f-
oxidation pathway, and thus, these were chosen for activity
testing. Butyryl-CoA and lauroyl-CoA were also tested to
evaluate discrimination against shorter chain acyl-CoA
thioesters and thus the divergence of specificity from that of
the paralog CACH.

A reversed-phase HPLC-based assay was employed so that
the consumption of the substrate and formation of the CoA
product could be simultaneously and directly monitored. The
chromatographies of the reaction solutions, quenched at 30 and
60 min, were monitored at 260 nm, the wavelength at which
the adenine chromophore absorbs maximally. The HPLC
chromatograms are shown in Figure 8 along with the
chromatograms measured for the control reactions (lacking
hBFIT2) sampled at 2 h. At 30 min, the catalyzed hydrolysis of
palmitoyl-CoA was complete, and thus, the calculated turnover
rate of this substrate is greater than § min™". At 30 min, 36 uM
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Figure 8. Reversed-phase HPLC chromatograms of reaction mixtures
initially containing 0.34 yM purified recombinant hBFIT2 and 50 uM
fatty acyl-CoA substrate in SO mM HEPES buffer (pH 7.5, 37 °C).
Aliquots were removed at 30 and 60 min incubation periods for
analysis. The control reaction mixtures, which lacked hBFIT2, were
incubated for 2 h. See Materials and Methods for details.

of the 50 uM myristoyl-CoA had been hydrolyzed, therefore
setting the turnover rate equal to or slightly greater than 3.5
min~". Lauroyl-CoA (24 #M consumed at 30 min) and butyryl-
CoA (13 uM consumed at 60 min) displayed slower turnover
rates of 2.3 and 0.2 min~", respectively. On the basis of the
relative rates of hydrolysis, we conclude that hBFIT2 is
targeting long chain fatty acyl-CoA thioesters. This substrate
preference contrasts that of the CACH, which has been
reported to be most active with acetyl-CoA.*

START Domain. The hBFIT2 StarD14 domain (Figure 1C)
and the hCACH StarD15 domain share 43% sequence identity.
In contrast, the sequences of these domains are less than 15%
identical with those of the other human START proteins. In
this study, we used a protein—lipid overlay assay to test lipid
binding with hBFIT2 (0.5 pug/mL) and hCACH (0.1 pug/mL).
As a control, we used the hotdog-fold thioesterase ybdB (6 g/
mL) from E. coli, which was selected in part because BFIT2 and
ybdB belong to the same clade of hotdog-fold thioesterases and
in part because ybdB is a promiscuous thioesterase; included
among its in vitro substrates are fatty acyl-CoA thioesters.*’
Both hBFIT2 and hCACH displayed specific binding with the
phosphatidylinositol 4-phosphate sample (Figure 9). The
stronger signal observed for hBFIT?2 is likely caused by its S-
fold higher concentration. The ybdB, which was used at a 60-
fold higher concentration, revealed little to no binding
interaction. These results indicate that in the cell, the
StarD14 and StarD1S domains might associate with phospha-
tidylinositol 4-phosphate or, perhaps, just with the inositol 4-
phosphate headgroup. To test the feasibility of phosphatidyli-
nositol 4-phosphate binding, we modeled its polar headgroup
into the binding site of the StarD14 domain using COOT>* and
found that several polar binding interactions are possible
(Figure SI4 of the Supporting Information). However, it would
be premature to reach any firm conclusions. Future work,
which includes in vitro titration with the phosphatidylinositol 4-
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Figure 9. Protein—lipid overlay assays in which Membrane Lipid
Strips (Echelon Bioscience Inc.) were separately treated with 0.5 ug/
mL hBFIT2 (purified as described above), 0.1 ug/mL hCACH, or 6
ug/mL HisG and Xpress-tagged ybdB in PBS-T and then imaged. See
Materials and Methods. The lipid positions are identified in the key.

phosphate, must be first conducted to measure the binding
curve and thereby determine the actual binding constant.

Conclusions. The assignment of the biological functions of
the human thioesterases presents a challenge that must be met
to improve our understanding of the regulation of lipid
metabolism and its role in lipid-related diseases. The majority
of the human thioesterases belong to the hotdog-fold family.
Our earlier focus on the structure—function relationships
among bacterial hotdog-fold thioesterases has provided us
with a platform for tackling the complexities associated with
human thioesterase function assignment. On the basis of our
own work, and the work of numerous other investigators, it has
become clear that the hotdog-fold thioesterases are limited to
CoA or holo-acyl carrier protein (ACP) thioester substrates
because of the topology of the substrate binding site that is set
by the conserved fold. Briefly, this fold accommodates the
nucleotide or ACP unit on the protein surface at the entrance
of a long, narrow tunnel that ultimately leads to the catalytic
site. The pantetheine arm threads through the tunnel wherein a
combination of desolvation and electrostatic interactions
provide a significant fraction of the substrate binding energy.
Consequently, some thioesterases are able to hydrolyze both
CoA and holoACP thioesters. The pantetheine binding tunnel
opens to the catalgfric site, which can be enclosed for specific
substrate targeting>> or open to allow substrates with variously
sized acyl or aroyl groups to bind.*"*° In our study, we showed
that hBFIT? catalyzes the in vitro hydrolysis of fatty acyl-CoA
thioesters with a preference for long chains (C14—C16) over
shorter chains.

The demonstration of hBFIT2 fatty acyl-CoA thioesterase
activity and its localization to the mitochondrial matrix are only
the first steps in assigning biological function. Notably, hBFIT2
is not the only thioesterase present in the matrix.’**" The
presence of the StarD14 domain in hBFIT suggests that the
thioesterase activity is subject to a unique form of regulation, or
alternatively that hBFIT performs a biochemical function that
extends beyond that of a thioesterase.

dx.doi.org/10.1021/bi3008824 | Biochemistry 2012, 51, 6990—6999
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Bl ADDITIONAL NOTES

“The reference cited for the demonstration of BFIT
thioesterase activity is ref 32. In this paper, the following
statement appears in the discussion section: “The thioesterase
domain structure of BFIT, coupled to its protein sequence
homology with a broad range of acyl-CoA thioesters (see
Results), suggested that this enzyme catalyses hydrolytic
thioester cleavage, thus yielding non-esterified fatty acids
(NEFAs) and CoA. Consistent with this, initial assays using
partially purified Escherichia coli-generated recombinant hBFIT
proteins displayed acyl-CoA thioesterase activity towards a
medium (C,,-CoA) and a long-chain (C,¢-CoA) fatty acyl-CoA
substrate (S. H. Adams, R. Vandlen, and D. Yansura,
unpublished work).” To the best of our knowledge, this
unpublished work has not been published.

®The conversion of the recombinant hBFIT2 from the
precursor form to the mature form in the mitochondria did
not go to completion, which we attribute to the N-terminal tags
and/or the artificial environment associated with the in vitro
assay. The native hBFIT2 is expected to be completely
processed by the mitochondria in the cell.
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