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Here we report the identification of a previously unchar-
acterized human protein as the human monolysocardiolipin
acyltransferase-1 (MLCL AT-1). Pig liver mitochondria
were treated with n-butyl alcohol followed by Q-Sepharose
chromatography, preparative gel electrophoresis, cytidine
diphosphate-1,2-diacyl-su-glycerol-Sepharose chromatogra-
phy, and finally monolysocardiolipin-adriamycin-agarose
affinity chromatography. Elution with either monolysocar-
diolipin or linoleoyl coenzyme A revealed a major band at 74
kDa with high specific activity (2,300 pmol/min/mg) for the
acylation of monolysocardiolipin to cardiolipin using
[1-'*C]linoleoyl coenzyme A as substrate. Matrix-assisted
laser desorption ionization time-of-flight-mass spectrometry
analysis followed by search of the Mascot protein data base
revealed peptide matches consistent with a 59-kDa protein
identified as unknown human protein (GenBank™ protein
accession number AAX93141; nucleotide accession number
AC011742.3). The purified human recombinant MLCL AT-1
protein utilized linoleoyl coenzyme A > oleoyl coenzyme A >
palmitoyl coenzyme A for the specific acylation of monolyso-
cardiolipin to cardiolipin. Expression of MLCL AT-1in HeLa
cells increased mitochondrial monolysocardiolipin acyl-
transferase activity and [1-'*C]linoleic acid incorporated into
cardiolipin, whereas RNA interference knockdown of MLCL
AT-1 in HeLa cells resulted in reduction in enzyme activity
and [1-'*C]linoleic acid incorporated into cardiolipin. In
contrast, expression of MLCL AT-1 in HeLa cells did not alter
[1-'*C]oleic or [1-'*C]palmitate incorporation into cardio-
lipin indicating in vivo specificity for the remodeling of car-
diolipin with linoleate. Finally, expression of MLCL AT-1 in
Barth syndrome lymphoblasts, which exhibit cardiolipin lev-
els 20% that of normal lymphoblasts, increased mitochon-
drial monolysocardiolipin acyltransferase activity, [1-'*C]li-
noleic acid incorporation into cardiolipin, cardiolipin mass,
and succinate dehydrogenase (mitochondrial complex II)
activity compared with mock-transfected Barth syndrome
lymphoblasts. The results identify MLCL AT-1 as a human
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mitochondrial monolysocardiolipin acyltransferase involved
in the remodeling of cardiolipin.

Cardiolipin (CL)? is a major phospholipid found in mamma-
lian mitochondria with a multitude of biological functions
(reviewed in Refs. 1-7). For example, CL is responsible for
modulation of the activity of several mitochondrial enzymes
involved in the generation of ATP (reviewed in Refs. 8, 9). In
fact, it has been suggested that CL is the “glue” that holds the
mitochondrial respiratory complex together (10). The role of
CL in genetic diseases such as Barth syndrome, a rare X-linked
genetic disorder, is beginning to emerge. Barth syndrome is the
only known genetic disease in which the specific biochemical
defect is a reduction in CL and accumulation of monolysocar-
diolipin (MLCL) caused by mutations in the TAZ gene
(reviewed in Refs. 2,7, 11, 12). In addition, the role that CL plays
in apoptosis is now well documented (reviewed in Ref. 13).
Thus, maintenance of the appropriate content and fatty acyl
composition of CL in mitochondria is essential for proper cel-
lular function.

The molecular composition of CL appears to be important
for the biological function of CL. In general, there is a selection
of a particular kind of fatty acid as well as restriction of the
number of fatty acid species (14). The major tetra-acyl molec-
ular species found in rat liver (~57% of total) and bovine heart
(~48% of total) are 18:2 in each of the four fatty acyl positions of
the cardiolipin molecule. Remodeling of CL is essential to
obtain this enrichment of CL with linoleate because CL syn-
thase has no molecular species substrate specificity for cyti-
dine-5'-diphosphate-1,2-diacyl-sn-glycerol (15). In addition,
the species pattern of CL precursors is similar enough to imply
that the enzymes of the CL synthetic pathway are not molecular
species-selective (16). Alterations in the molecular composi-
tion of CL are associated with various disease states, including
diabetes and Barth syndrome (17, 18).

2The abbreviations used are: CL, cardiolipin; MLCL, monolysocardiolipin;
MLCL AT, monolysocardiolipin acyltransferase; TAZ, tafazzin; MALDI-TOF,
matrix activated laser desorption ionization-time of flight; BTHS, Barth syn-
drome; ALCATT, acyllysocardiolipin acyltransferase-1; MLCL AT-1, monoly-
socardiolipin acyltransferase-1; ER, endoplasmic reticulum; RNAi, RNA
interference.
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Remodeling of CL occurs via at least three enzymes. Mito-
chondrial CL was shown to be remodeled by a deacylation-
reacylation cycle in which newly synthesized CL was rapidly
deacylated to MLCL and then reacylated back to CL with lino-
leoyl-CoA (19). A mitochondrial MLCL acyltransferase (MLCL
AT) activity was characterized and purified from pig liver mito-
chondria (20, 21). An acyl-CoA-dependent reacylation of
MLCL to CL was shown to occur in rat liver microsomes (22).
This enzyme was identified as acyllysocardiolipin acyltrans-
ferase-1 (ALCAT1) (23). Recently it was shown that ALCAT1
expression in endothelial and hematopoietic lineages resulted
in elevated hematopoietic and endothelial genes and increased
blast colonies and their progenies (24, 25). The opposite effect
was observed with ALCAT1 small interfering RNA indicating
that ALCAT1 may play arole in the early specification of hema-
topoietic and endothelial cells (24, 25). In addition to these
mitochondrial and microsomal acyltransferase activities, mito-
chondrial CL may be remodeled by a mitochondrial CL
transacylase reaction first described in rat liver (26). The Barth
syndrome gene product tafazzin (TAZ) is a CL transacylase
(27). Although TAZ specifically remodels mitochondrial CL
with linoleic acid, TAZ alone cannot determine the fatty acid
profile of mitochondrial CL (3). In this study, we identify a
human protein, MLCL AT-1, with a linoleoyl coenzyme A-spe-
cific mitochondrial MLCL AT activity.

EXPERIMENTAL PROCEDURES

Materials—[1-"*C]Linoleic acid, [1-'*C]linoleoyl coenzyme
A, [1-*CJoleoyl coenzyme A, [1-'*C]oleic acid, [1-'*C]palmi-
toyl coenzyme A, and [1-'*C]palmitic acid were obtained from
either DuPont or Amersham Biosciences or American Radio-
labeled Chemicals Inc., St. Louis, MO. Dulbecco’s modified
Eagle’s medium and fetal bovine serum were products of
Invitrogen. Lipid standards were obtained from Serdary
Research Laboratories, Englewood Cliffs, NJ. MLCL was
obtained from Avanti Polar Lipids, Alabaster, NY. Thin layer
chromatographic plates (silica gel G, 0.25-mm thickness) were
obtained from Fisher. Ecolite scintillant was obtained from ICN
Biochemicals, Montreal, Quebec, Canada. HeLa cells were
obtained from American Type Culture Collection. Epstein-
Barr virus-transformed BTHS lymphoblasts (patient 596) were
a generous gift from Dr. Richard Kelley, The John Hopkins Uni-
versity. Epstein-Barr virus-transformed age-matched control
lymphoblasts were obtained from Coriell Institute for Medical
Research, Camden, NJ. Western blotting analysis system was
used for protein expression studies and was obtained from
Amersham Biosciences. Kodak X-Omat film was obtained from
Eastman Kodak Co. Qiagen OneStep RT-PCR kit was used for
PCR studies. All other chemicals were certified ACS grade or
better and obtained from Sigma or Fisher.

Extraction of MLCL-AT Activity from Pig Liver Mitochondria—
Three kg of pig liver from the local meat packers were homog-
enized in buffer A (10 mm Tris, 0.25 M sucrose, 2 mM EDTA, and
10 mMm 2-mercaptoethanol) using a Polytron at medium speed
for 5 min. The extract was then centrifuged at 2000 X g for 20
min to remove cell membranes and nuclei. The supernatant
was again centrifuged at 8,500 rpm for 55 min to isolate the
crude mitochondria. One liter of ice-cold buffer A was added
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and kept at 4 °C for 3 days with intermittent stirring at low
speed with a Polytron homogenizer. Thereafter, the extract was
centrifuged at 12,000 X g to produce a clarified mitochondrial
extract (675 ml) that was concentrated to 170 ml by Hollow
Fiber (Amicon) concentration and then freeze-dried. The
freeze-dried extract was treated with 500 ml of butanol with
stirring as described (28). The mitochondrial extract was then
subjected to anion exchange chromatography with a Q-Sepha-
rose column that was washed thoroughly with buffer A contain-
ing 0.2 M NaCl. MLCL AT enzyme activity was eluted from the
column with 0.3 mM acetyl coenzyme A in buffer A containing
0.2 M NaCl. This acetyl coenzyme A fraction was dialyzed,
freeze-dried, and then applied to a preparatory gel electro-
phoresis column containing 5% acrylamide. The proteins were
separated on the gel with 40 mA constant current with buffer A
as the elution buffer. The fractions containing MLCL AT activ-
ity were pooled and then applied to a cytidine diphosphate-1,2-
diacyl-sn-glycerol-Sepharose gel and washed with buffer A
containing 0.2 M NaCl. The fraction containing MLCL AT
activity was eluted with 5 mm CTP and 0.2 M NaCl in buffer A.
The eluted fraction was dialyzed in buffer A and then added to
an MLCL-adriamycin affinity column (see below).

MLCL-Adriamycin Affinity Chromatography—The MLCL-
adriamycin affinity resin was prepared by mixing 30 ml of
REACTI-gel (Pierce) with 1.2 mg of adriamycin in 45 ml of 0.1
M borate buffer at 4 °C. Before addition of the partially pure
MLCL AT, the gel was mixed with 1 mg of MLCL and washed
with 0.1 m borate, pH 8.0. The eluted fraction from above was
applied to the MLCL-adriamycin-agarose and washed thor-
oughly with 0.1 m borate, pH 8.0, until there was no more pro-
tein emerging from the column. Finally the MLCL AT activity
was eluted from the affinity column with borate buffer contain-
ing 1 mMm linoleoyl coenzyme A or 1 mm MLCL. A polyvinyl
difluoride membrane blot was submitted for MALDI-TOE-
mass spectrometry analysis (University of Minnesota). The
peptide sequences obtained were analyzed by searching the
Mascot protein data base for identification of potential homol-
ogies with other known proteins. An NCBI BLAST search for
known proteins that align with the peptide sequences was per-
formed using the Protein Data Bank.

Preparation and Purification of Recombinant Unknown Human
Protein MLCL AT-1, Plasmids for Transfection and RNAi—The
full-length primers for the human 59-kDa unknown protein (Gen-
Bank™ accession number AC011742.3) MLCL AT-1 containing
a His, tag in the reverse primer without stop codon was pre-
pared from Invitrogen (custom primer design) (Table 1). The
His tag was required for binding of the protein to the nickel-
nitrilotriacetic acid affinity resin (see below). The primers were
amplified using 1 ug of HeLa cell RNA. The cDNAs containing
the full-length sequences were inserted into pcDNA 3.1 using
the TOPO cloning reaction with pEXP5-CT/TOPO vector
(Invitrogen). Escherichia coli One Shot® bacteria (Invitrogen)
were transformed with the construct chemically with S.O.C.
medium (Invitrogen) and inoculated onto ampicillin contain-
ing agar for growth overnight. In the morning, the colonies
were inoculated into 5 ml of ampicillin containing LB medium
and cultured at 37 °C in an orbital shaker at 220 rpm overnight.
The plasmid was purified from the E. coli using the MidiPrep kit
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TABLE 1
Primers used for in vitro protein expression and transfection

Recombinant in vitro protein expression

Forward: ATG GGA CTA AAA CCT CCA GAG GAA CGG
Reverse: GAA CTT CTT GTT AGG GCT GTT AGC ATG G

Plasmid transfection

Forward: ATG GGA CTA AAA CCT CCA GAG GAA CGG
Reverse: GTA GAA CTT CTT GTT AGG GCT GTT AGC ATG G

RNAi
Target sequence for Hela cells:
GCAACT TGA CTG GGCAGC TTG ATT A

Target sequences for lymphoblasts:
OFF-1: TAG GAC TGT AAC GGT CCC TCG CTA A
ON-1: TAG CGA GTC TGA AGC TGC CTC CTA A
OFF-2: CCA CTG CCC GTT GAGACGAAT GTTT
ON-2: CCA GTT CCG CCT GGT GACAAGATTT

(Invitrogen). The sequences of the plasmids were verified by
PCR using the specific primers and also by a DNA sequencer
(Manitoba Institute of Cell Biology). The recombinant protein
was expressed using the cell-free E. coli expression system
(Invitrogen). The recombinant protein was purified with a
nickel-nitrilotriacetic acid affinity resin (Fisher) when eluted
with 200 mM imidazole. When high purity proteins were
required, the resin was first of all pre-eluted with high salt (1 m
NaCl) and low imidazole concentration (20 mm).

The c¢cDNA containing the full-length sequence of the
human unknown protein, MLCL AT-1, was inserted into
pcDNA3.1/V5-His TOPO TA expression kit (Invitrogen) and
grown in E. coli, and the plasmid was purified and sequence-
verified as described above. The plasmid was used for transfec-
tion of HeLa cells or BTHS lymphoblasts as described below.
RNAi to human MLCL AT-1 was prepared from Invitrogen
using the BLOCK-iT RNAi Designer program (Table 1). The
RNAi was used for transfection of HeLa cells or lymphoblasts as
described below.

Culture, Radiolabeling, and Harvesting of HeLa Cells and
Barth Syndrome Lymphoblasts—HeLa cells were grown in Dul-
becco’s modified Eagle’s medium containing 10% fetal bovine
serum. To evaluate the effect of the human unknown protein on
CL acylation with different species of fatty acid, 13 ug of MLCL
AT-1 protein plasmid in 23 ul of Lipofectamine (Invitrogen)
were added to HeLa cells at 50% confluence. After 24 h, 1 uCi of
fatty acid ([1-'*C]linoleic acid, [1-'*C]oleic acid, or [1-'*C]-
palmitic acid (bound to bovine serum albumin in a 1:1 molar
ratio) was added and incubation continued for another 24 h.
Cells were then harvested, and radioactivity was incorporated
into CL determined as described previously (28). In other
experiments, 100 nm of RNAi in 23 ul of Lipofectamine
(Invitrogen) were added to HeLa cells at 50% confluence. After
24 h, 1 uCi of [1-'*C]linoleic acid was added and incubation
continued for another 24 h, and radioactivity was incorporated
into CL determined as described above. In some experiments,
cells were washed twice with ice-cold saline and harvested with
2 ml of lysis buffer (10 mm Tris-HCI, pH 7.4, 0.25 m sucrose) and
then homogenized with 30 strokes of a Dounce A homogenizer.
The homogenate was centrifuged at 1,000 X g for 5 min and the
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supernatant centrifuged at 10,000 X g for 15 min. The pellet
was resuspended in 0.5 ml of homogenization buffer and used
for assay of mitochondrial enzyme activities as described below.

BTHS lymphoblasts and age-matched control lymphoblasts
were grown in suspension in RPMI 1640 medium containing
10% fetal bovine serum until reaching a concentration of 10°
cells/ml. Lymphoblasts were pelleted and placed in Opti-MEM
(Invitrogen) (5 X 10° cells/ml) and incubated with 40 ug of
MLCL AT-1 plasmid, and electroporation was performed at
950 microfarads, 250 V, for 23 ms in 800 ul of Opti-MEM using
a BTX Electroporation System Electrocell Manipulator 600.
Cells were then incubated with 1 uCi [1-**C]linoleic acid for
4 h, and radioactivity was incorporated into CL determined as
described above. In other experiments mitochondria from the
above cells were prepared as above, and MLCL AT or succinate
dehydrogenase activities were determined as described below.
In other experiments, 100 nm small interfering RNA was trans-
fected into lymphocytes (5 X 10° cells/ml) by electroporation as
described above. Following electroporation the lymphocytes
were incubated in 10 ml of Opti-MEM for 19 h. Subsequently
the cells were cultured in RPMI 1640 medium containing 10%
fetal bovine serum and 1% each of antimycotic and antibiotic.
Incubation at 37 °C and 5% CO, was continued for an addi-
tional 24 h following which the cells were harvested and the
mitochondria isolated as described previously. In other exper-
iments, BTHS lymphoblasts were incubated as above, and CL
was isolated and a phosphorous mass of CL determined as
described previously (29).

Determination of Enzyme Activities—MLCL AT activity was
determined as described previously (20, 21). Essentially human
recombinant MLCL AT-1 protein (20 ng) or mitochondrial
protein (20 ug) was incubated in 50 mm Tris-HCI buffer, pH
8.0, and incubated with 0.3 mm MLCL and [1-'*C]linoleoyl
coenzyme A (120,000 dpm/nmol) at 37 °C for 1 h or longer for
smaller protein quantities. For some reactions [1-'*C]linoleoyl
coenzyme A was replaced with [1-'*CJoleoyl coenzyme A or
[1-'*C]palmitoyl coenzyme A. The reaction was stopped by the
addition of chloroform/methanol (2:1). The organic fraction
was isolated by centrifuging the mixture after the addition of
0.9% KCI. After an additional washing of the organic fraction
with theoretical upper phase, the chloroform layer was dried
with nitrogen, resuspended in 25 ul of chloroform/methanol
(2:1), and applied to a Whatman silica gel-coated glass thin
layer plate with CL standard. ['*C]CL was isolated by two-di-
mensional chromatography using the following solvent mix-
tures: first dimension (chloroform/methanol/water, 65:25:4, by
volume) and second dimension (chloroform/acetone/metha-
nol/acetic acid/water, 50:20:10:10:5, by volume). CL was visu-
alized with iodine vapor and silica gel corresponding to the CL
spot removed and placed into scintillation vials containing 5 ml
of Ecolite scintillant, and radioactivity was determined in an LS
6500 liquid scintillation counter (Beckman). For kinetic analy-
sis in some experiments MLCL AT activity of the recombinant
human MLCL AT-1 protein was determined in the presence of
a fixed amount of [1-**C]acyl coenzyme A with varying concen-
trations of MLCL and/or a fixed amount of MLCL with varying
concentrations of [1-'*C] acyl coenzyme A, and the reciprocal
velocity versus substrate concentration was plotted. Mitochon-
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drial succinate dehydrogenase activity was determined as
described (30).

Electrophoresis and Western Blot Analysis—Proteins from
the MLCL-adriamycin affinity column eluted with either lino-
leoyl coenzyme A or MLCL as described above were separated
on the Bio-Rad mini gel electrophoresis system using 10% acryl-
amide containing 0.1% SDS. The disruption buffer (1X, Sigma)
included SDS, 2-mercaptoethanol, and bromphenol blue dye.
The electrophoresis was performed using synthetic pre-stained
molecular markers from Bio-Rad. After the electrophoresis, the
proteins were transferred onto polyvinylidene difluoride mem-
branes, using Tris-glycine buffer, pH 8.3, with 20% methanol, at
15V for 1.5 h. The proteins were probed overnight with poly-
clonal pig liver anti-MLCL AT antibody (21). The second anti-
body was anti-rabbit IgG. The protein was visualized on
X-Omat film by chemiluminescence (Amersham Biosciences).
In other experiments, 0.5 or 1 ug of recombinant protein from
the in vitro protein translation or 12 ug of HeLa cell mitochon-
drial protein or 1.2 ug of lymphoblast mitochondrial protein
was separated on a 10% SDS-polyacrylamide gel, blotted onto a
polyvinylidene difluoride membrane, and probed with anti-
MLCL AT-1 antibody as above. The MLCL-AT-1 was visual-
ized by chemiluminescence, and the protein gel was stained
with Coomassie Blue.

Other Determinations—Protein was determined as described
(31). Student’s ¢ test was used for determination of statistical
significance. The level of significance was defined as p < 0.05.

RESULTS

Identification of Human Mitochondrial MLCL AT-1—To
identify the human mitochondrial MLCL AT, a pig liver mito-
chondrial extract was prepared as described under “Experi-
mental Procedures.” Following elution from the cytidine
diphosphate-1,2-diacyl-sn-glycerol-Sepharose gel the MLCL
AT activity containing sample was dialyzed and mixed with
MLCL-adriamycin-agarose and then applied to a column and
extensively washed with 0.2 M NaCl in 0.1 m borate buffer, pH
9.0. MLCL AT enzyme activity was eluted with 1.0 mm MLCL
(Fig. 1A). The specific activity of fraction 10 was 2,306 pmol/
min/mg protein. Western blot analysis of fraction 10 using a
polyclonal antibody to the pig liver MLCL AT demonstrated
the presence of a protein at 74 kDa (Fig. 1B). In addition, the
identical amount of MLCL AT activity could be eluted in frac-
tion 10 with 1.0 mm linoleoyl coenzyme A. Western blot anal-
ysis of fraction 10 eluted by linoleoyl-CoA demonstrated the
presence of a protein at 74 kDa (Fig. 1B). MALDI-TOF-mass
spectrometry analysis of the 74-kDa protein revealed peptide
matches to enoyl-coenzyme A hydratase, NAD-binding protein
containing the Rossmann-fold for NAD(P) binding, and coen-
zyme A dehydrogenase (Table 2). These motifs are consistent
with the 74-kDa pig liver mitochondrial trifunctional protein o
(GenBank™ accession number NP_999127). Further peptide
analysis indicated the presence of motifs for lipid, coenzyme A,
and acyl coenzyme A binding and acyltransferase activity
(Table 3). Alignment of human mitochondrial trifunctional
protein o« (GenBank™ accession number NP_000173)
revealed a match with a 59-kDa human unknown protein (Gen-
Bank™ protein accession number AAX93141; nucleotide
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FIGURE 1. MLCL-adriamycin-agarose affinity chromatography profile
and Western blot analysis. A, 4 ml of partially purified MLCL-AT was loaded
onto 1 ml of adriamycin-agarose affinity gel, which was pre-equilibrated with
0.75 mg of MLCL. The gel was washed with 12 column volumes of 0.1 m borate
buffer, pH 8.0, until no more protein was eluted. Finally, MLCL-AT was eluted
(arrow) by the addition of T mm MLCL or 1 mm linoleoyl coenzyme A. B, West-
ern blot of fraction 10 eluted with MLCL using the polyclonal antibody to
MLCL AT and Western blot of fraction 10 eluted with linoleoyl coenzyme A.
Origin and molecular mass are indicated on the right. Representative blots are
depicted.

accession number AC011742.3) (Fig. 2). AAX93141 is identical
to the C-terminal 59-kDa end of mitochondrial trifunctional
protein. Proteins (GenBank™ accession numbers 3BLN_A;
1B30O_A; 20ME_A; and 1IVH_A) identified from the blast
search were then aligned using the Cobalt multialignment pro-
gram in comparison with the NP_000173 and AAX93141 (Fig.
2). Identical amino acids are highlighted, and the location of the
peptides and amino acid identities are represented in boldface
with the region of agreement underlined (Fig. 2).
Characterization of the MLCL AT Activity of AAX93141—
Because the MLCL AT activity of the mitochondrial 74-kDa
protein had been characterized previously (21), purified human
recombinant 59-kDa mitochondrial trifunctional protein (pro-
tein accession number AAX93141) was prepared as outlined
under “Experimental Procedures” Western blot analysis of the
protein exhibited cross-reaction with the 74-kDa pig liver
MLCL AT polyclonal antibody at 59 kDa (Fig. 3A4). The recom-
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TABLE 2

Trifunctional protein motifs obtained from MALDI-TOF-mass spectrometry and BLAST search protein matches

Peptide sequences obtained from mass spectrometry on purified 74-kDa mitochondrial pig liver linoleoyl-coenzyme A monolysocardiolipin acyltransferase were analyzed
by an NCBI BLAST search (Protein Data Bank) and revealed matches with alignment for the following motifs: enoyl-coenzyme A hydratase, NADB-Rossmann-fold for

NAD(P) binding, and isovaleryl-CoA dehydrogenase. NADB, NAD binding.

Peptide Blast Search Accession Protein Identification
GAWAAEVISDAKEGIQAFF Query 10 DAKEGIQAF 18 2PPY_A, Chain A, Crystal structure of
DAKEG+ AF enoyl-Coenzyme A hydratase
Sbjct 246 DAKEGLSAF 254
VGKGNNLIEVGNNTAK Query 5 NNLIEVGNNT 14 3EI8 A, Chain A, crystal structure of
NN ++V NNT NAD-binding protein
Sbjct 309 NNFVDVLNNT 318 -has Rossmann fold for NAD(P)
binding
HIEHEQQKLPAATLALGHE Query 8 KLPAATLALGHE 19 1IVH_A, Chain A, Structure of Human
K+PAA + LGHE Isovaleryl-CoA Dehydrogenase
Sbjct 230 KIPAANI-LGHE 240 -has acyl Coenzyme A binding region

binant protein was then further purified following elution from
a nickel resin. SDS-PAGE analysis of the purified recombinant
protein revealed the 59-kDa protein as a single band (Fig. 3B).
Thus, only the 59-kDa protein was present following elution
from the nickel resin. Two ug of the purified protein was exam-
ined for the ability to acylate MLCL to CL in the presence of
[1-**C]linoleoyl coenzyme A. The eluate from the nickel resin
prepared from the recombinant protein could acylate MLCL to
CL in the presence of [1-'*C]linoleoyl coenzyme A (Fig. 3C). No
MLCL AT activity was observed in preparations that did not
contain expression vector in the in vitro translation system.
Thus, the 59-kDa human protein exhibits MLCL AT activity
and was termed MLCL AT-1.

Enzyme Kinetics of MLCL AT-1—The MLCL AT enzyme
activity of MLCL AT-1 was determined with varying concen-
trations of acyl coenzyme A in the presence of a constant
amount of MLCL. The following K, values for the acyl-CoAs
examined were as follows: 8 um for linoleoyl coenzyme A, 57
uM for oleoyl coenzyme A, and 72 um for palmitoyl coen-
zyme A (Fig. 4, A, C, and E). The MLCL AT enzyme activity
of MLCL AT-1 was then determined with varying concen-
trations of MLCL in the presence of a constant amount of
acyl coenzyme A. The following K, values for MLCL were
determined to be 27 uM for linoleoyl coenzyme A, 71 uMm for
oleoyl coenzyme A, and 77 um for palmitoyl coenzyme A
(Fig. 4, B, D, and F). MLCL AT activity of MLCL AT-1 was
then determined in the presence of various lysophospholipid
substrates. In the presence of linoleoyl coenzyme A, MLCL
was acylated to CL. In contrast the recombinant protein did
not acylate any other lysophospholipids to CL, including
lysophosphatidylcholine, lysophosphatidylethanolamine, lyso-
phosphatidic acid, and lysophosphatidylglycerol (data not
shown). Thus, the human recombinant MLCL AT-1 exhibited
absolute specificity for MLCL and high specificity for linoleoyl
coenzyme A as substrates.

Expression or Knockdown of MLCL AT-1 Alters in Vitro
MLCL AT Activity and [1-'*C]Linoleate Incorporation into CL
in HeLa Cells—To characterize the role of MLCL AT-1 in
MLCL acylation to CL, HeLa cells were mock-transfected or
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transfected with human MLCL AT-1, and mitochondrial frac-
tions were prepared, and MLCL was AT activity determined.
Mitochondrial MLCL AT activity increased 54% (p < 0.05) in
cells transfected with MLCL AT-1 compared with mock-trans-
fected controls (Fig. 5A4). HeLa cells were then transfected with
MLCL AT-1 and incubated with 0.1 um 1-**C-labeled fatty
acids. Expression of MLCL AT-1 in HeLa cells resulted in a 60%
(p < 0.05) increase in incorporation of [1-'*C]linoleate into CL
but not [1-'*CJoleate or [1-'*C]palmitate incorporation into
CL compared with mock-transfected controls (Fig. 5B). Thus,
MLCL AT-1 exhibits MLCL AT enzyme activity and in vivo
specificity for the acylation of MLCL with [1-'*C]linoleate in
HelLa cells.

HelLa cells were then transfected with MLCL AT-1 RNAj;
mitochondrial fractions were prepared, and MLCL AT-1 pro-
tein expression and MLCL AT activity were determined. Mito-
chondrial MLCL AT-1 protein expression was lower in cells
transfected with MLCL AT-1 RNAi compared with mock-
transfected control (Fig. 5C). Mitochondrial MLCL AT was
decreased 61% (p < 0.05) when cells were transfected with
MLCL AT-1 RNAi compared with mock-transfected control
(Fig. 5D). HeLa cells were then transfected with MLCL AT-1
RNAi and incubated with 0.1 um [1-'*C]linoleate. Expression
of MLCL AT-1 RNAi in HeLa cells resulted in a 25% (p < 0.05)
decrease in incorporation of [1-'*C]linoleate into CL compared
with mock-transfected controls (Fig. 5E). These results further
confirm that MLCL AT-1 exhibits MLCL AT enzyme activity
and is responsible for in vivo resynthesis of CL with [1-**C]li-
noleate in HeLa cells.

Expression of MLCL AT-1in BTHS Lymphoblasts Elevates CL
Formation—BTHS cells exhibit a reduction in CL because of a
mutation in the CL remodeling gene TAZ (reviewed in Refs. 2,
11). We examined if expression of MLCL AT-1 could elevate
CL formation in BTHS cells. BTHS lymphoblasts were mock-
transfected or transfected with human MLCL AT-1 and MLCL
AT protein, and [1-'*C]linoleate incorporation into CL and CL
mass was determined. Transfection with MLCL AT-1 resulted
in an increase in MLCL AT-1 protein expression in both age-
matched control and BTHS lymphoblasts compared with
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TABLE 3

Peptide sequences obtained from MALDI-TOF-mass spectrometry and BLAST search protein matches
Purified pig liver MLCL AT was analyzed by MALDI-TOF-mass spectrometry, and the resultant peptides were subjected to a BLAST search (Protein Data Bank), and

protein matches were identified.

Peptide Blast Search Accession Protein Identification
@ 1)3BLN_A Chain A, Crystal Structure of Acetyltransferase Gnat Family
MNNFGNEEFDCHFLDEGFT
AKD Query 3 NFGNEEFDCHFL 14 |-transfers acetyl groups to amino terminal
NF FDCFL -Gnat Family includes acyl CoA:glycine N-acyltransferase-
Sbjct 60 NF----FDCTFL 67 like protein 1 (Q96913)
2)1B30_A
Query 7 EEFDCHFLDE 16 Chain A, Ternary complex of Human Typeli Inosine
EE DC FL+E Monophosphate dehydrogenase with 6CI-IMP and selenazole
Sbjct 169 EEHDC-FLEE 177 |adenine dinucleotide
-exhibits a TIM-phosphate binding region
(I 20ME_A Chain A,Crystal structure of Human Ctbp2 Dehydrogenase
GMANSPTICQIYVAACLDP complexed with NAD(P)
Query 3 ANSPTICQI 11
A+STICI -contains the Rossmann-fold for NAD(P) binding
Sbjct 107 ADS-TICHI 114
1) 1IVH_A 1IVH_A, Chain A, Structure of Human Isovaleryl-CoA
HIEHEQQKLPAATLALGHE Dehydrogenase
Query 8 KLPAATLALGHE
19 - contains acyl Coenzyme A binding region
K+PAA + LGHE
Sbjct 230 KIPAANI-LGHE 240
(Iv) 2ZGV_A Human Phosphoglycerate kinase
QRNGPVGTVQLAFIK
Query 3 NGPVG 7 - phosphoglycerate binding site
NGPVG
Sbjct 340 NGPVG 344
V) 3B8K A Human, Chain A, Structure Of The Truncated Human
FDVASGKQFK Dihydrolipoyl Acetyltransferase (E2)
Query 1 FDVAS 5
FDVAS
Sbjct 198 FDVAS 202

mock-transfected cells (Fig. 6A). Transfection of BTHS lym-
phoblasts with MLCL AT-1 resulted in a 6-fold (p < 0.05)
increase in [1-'*C]linoleate incorporation into CL compared
with mock-transfected BTHS lymphoblasts (Fig. 6B). Transfec-
tion of BTHS lymphoblasts with MLCL AT-1 resulted in a 4.8-
fold (p < 0.05) increase in CL. mass compared with mock-trans-
fected BTHS lymphoblasts (Fig. 6C). Thus, expression of MLCL
AT-1 elevated the MLCL AT protein, [1-'*C]linoleate incorpo-
ration into CL, and CL mass in BTHS lymphoblasts.

We next examined if alterations in MLCL AT-1 enzyme
activity were associated with corresponding alterations in
mitochondrial function in both age-matched control and
BTHS lymphoblasts. Assay of mitochondrial succinate dehy-
drogenase, a part of the mitochondrial complex II, was used

OCTOBER 30, 2009+VOLUME 284 -NUMBER 44

as a measure of mitochondrial function. Transfection of
MLCL AT-1 RNAi decreased MLCL AT-1 activity 49% (p <
0.05) or 26% (p < 0.05) in age-matched control lymphoblasts
and 85% (p < 0.05) or 42% (p < 0.05) in BTHS lymphoblasts
that were transfected with on-target-1 or on-target-2
sequences, respectively, compared with age-matched con-
trol or BTHS lymphoblasts transfected with either of the
off-target sequences for the MLCL AT-1 RNAi (Fig. 7A).
Transfection of control lymphoblasts with MLCL AT-1
resulted in a 68% (p < 0.05) elevation in MLCL AT-1 activity
compared with mock-transfected cells (Fig. 7A). In contrast,
transfection of BTHS lymphoblasts with MLCL AT-1
resulted in a 3.4-fold (p < 0.05) increase in MLCL AT-1
activity compared with mock-transfected cells (Fig. 7A).
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FIGURE 3. Western blot analysis, SDS-PAGE analysis, and MLCL AT activ-
ity of the human recombinant MLCL AT-1 protein. A, purified human
recombinant MLCL AT-1 was prepared and Western blot analysis performed as
described under “Experimental Procedures.” A representative blot is depicted.
Origin and molecular mass are indicated on the right. B, SDS-PAGE of 1 ug of
bovine serum albumin (BSA) or 0.5 or 1.0 ug of purified human recombinant
MLCL AT-1 following imidazole elution from the nickel column. Molecular mass
markers are indicated on the right. A representative blot is depicted. C, MLCL AT
activity of purified human recombinant MLCL AT-1 eluted from the nickel col-
umn. Data represent the mean = S.D. of three preparations.

Transfection of MLCL AT-1 RNAi decreased mitochondrial
succinate dehydrogenase activity ~30-35% (p < 0.05) in both
age-matched control and BTHS lymphoblasts in cells that were

transfected with either one of the two on-target sequences for
the MLCL AT-1 RNAi compared with transfection with either
of the off-target sequences for the MLCL AT-1 RNAI (Fig. 7B).
Transfection of control lymphoblasts with MLCL AT-1
resulted in a 44% (p < 0.05) elevation in succinate dehydro-
genase activity compared with mock-transfected cells (Fig.
7B). In contrast, transfection of BTHS lymphoblasts with
MLCL AT-1 resulted in a 2.9-fold (p < 0.05) increase in
succinate dehydrogenase activity compared with mock-
transfected cells (Fig. 7B). Thus, expression or knockdown of
MLCL AT-1 activity results in a corresponding alteration in
mitochondrial succinate dehydrogenase activity in age-
matched control and BTHS lymphoblasts.

DISCUSSION

In this study we provide clear evidence that a 59-kDa human
protein, now termed MLCL AT-1, is a human mitochondrial
MLCL AT. The 74-kDa pig liver protein resolved from the
MLCL-adriamycin affinity column with either MLCL or lino-
leoyl coenzyme A upon MALDI-TOF-mass spectrometry anal-
ysis revealed peptide matches consistent with mitochondrial
trifunctional protein and the unknown human protein (protein
accession number AAX93141; nucleotide accession number
AC011742.3). AAX93141 is identical to the C-terminal 59-kDa
end of mitochondrial trifunctional protein. The purified human
recombinant MLCL AT-1 exhibited MLCL AT activity using
MLCL and [1-'*C]fatty acyl coenzyme A as substrates. The
purified human recombinant MLCL AT-1 had in vitro specific-
ity for linoleoyl coenzyme A > oleoyl coenzyme A > palmitoyl
coenzyme A and had absolute specificity for acylation of MLCL.
Expression of human MLCL AT-1 in HeLa cells increased
mitochondrial MLCL AT activity and [1-'*C]linoleic acid
incorporated into CL, whereas RNAi knockdown of human
MLCL AT-1 in HeLa cells resulted in reduction in mitochon-
drial MLCL AT-1 protein, MLCL AT activity, and [1-'*C]lino-
leic acid incorporated into CL. In contrast, expression of
human MLCL AT-1 in HeLa cells did not alter [1-'*C]oleic or
[1-**C]palmitate incorporation into CL indicating in vivo spec-
ificity for CL remodeling with [1-'*C]linoleate. Expression of
human recombinant MLCL AT-1 in BTHS lymphoblasts
increased mitochondrial MLCL AT activity, [1-'*C]linoleate
incorporation into CL and CL mass. Finally, expression or
knockdown of MLCL AT-1 in age-matched control or BTHS
lymphoblasts resulted in corresponding alterations in MLCL
AT and mitochondrial succinate dehydrogenase activities. The
results clearly identify the 59-kDa unknown human protein
(accession number AAX93141), now termed MLCL AT-1, as a
mitochondrial MLCL AT specific for the remodeling of CL.

There are at least three ways in which CL may be remodeled
with linoleate (reviewed in Ref. 11). An endoplasmic reticulum
(ER) lysocardiolipin acyltransferase (ALCAT1) was identified
that transferred fatty acid from fatty acyl coenzyme A to MLCL
to produce CL (23). The enzyme activity utilized both MLCL

FIGURE 2. Sequence alignment of AAX93141 with proteins identified through peptide matches. Proteins (3BLN_A, 1B30_A, 20ME_A, and 1IVH_A)
obtained from the BLAST search of the peptides and human trifunctional protein (NP_000173) were analyzed by the Cobalt multialignment program. The
amino acid residues of the known proteins are highlighted (gray) relative to their alignment with the human MLCL AT-1 (AAX93141) and NP_000173. Matching
amino acid sequences from peptides | to V from Table 3 are indicated in boldface. Protein accession number is indicated on the /eft.
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TAZ mRNA expression was unal-
tered in the hearts of these mice.Ina
recent study from our laboratory,
tafazzin enzymatic activity was low
(<1.0 pmol/min/mg protein) and
its mRNA expression was unaltered
in the surviving population of H9¢2
cells subjected to 2-deoxyglucose-
mediated apoptosis (37). In these
cells, ER ALCATI1 activity was
reduced, whereas mitochondrial
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FIGURE 4. MLCL AT activity of human recombinant MLCL AT-1 in the presence of various concentrations
of MLCL or acyl-CoAs. MLCL AT enzyme activity of MLCL AT-1 was determined with varying concentrations of
linoleoyl coenzyme A (A) or oleoyl coenzyme A (C) or palmitoyl coenzyme A (E) in the presence of a constant
amount of MLCL or determined with varying concentrations of MLCL in the presence of a constant amount of
linoleoyl coenzyme A (B) or oleoyl coenzyme A (D) or palmitoyl coenzyme A (F) as described under “Experi-
mental Procedures.” Reciprocal plots are depicted. Data represent the mean of two experiments. The results

between samples differed by less than 10%.

and dilysocardiolipin substrates and exhibited specificity for
unsaturated long chain fatty acyl-CoAs. In addition, this
enzyme catalyzed the acylation of a host of monoionic lyso-
phospholipids (32, 33). This enzyme is likely identical to the
acyltransferase first described in rat liver ER (22). Given that CL
is localized to mitochondria the function of ALCAT1 is cur-
rently an area of active investigation. Regions of contact zones
exist between ER and mitochondria (reviewed in Ref. 34). It is
possible that ALCAT1 may serve as a link between CL remod-
eling in the ER and mitochondria at these sites. Indeed,
ALCAT]1 activities and mRNA expression have been shown to
be altered in models of apoptosis and diabetes, conditions in
which CL metabolism may be altered (35-37). In addition to
the ER ALCAT1, our laboratory previously identified and puri-
fied from pig liver mitochondria a 74-kDa protein that could
catalyze the acylation of MLCL with fatty acyl-CoAs (20, 21). In
addition to the above two acyltransferase activities, evidence
clearly supports that CL may be remodeled by a CL transacylase
now identified as the Barth syndrome gene (TAZ) product taf-

30368 JOURNAL OF BIOLOGICAL CHEMISTRY
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MLCL AT activity was elevated and
accompanied the increase in mito-
chondrial phospholipase A, activity
likely to maintain the CL fatty acyl
composition that was unaltered. In
addition, the presence of two
patients with BTHS with exon 5
mutation in TAZ but with normal
CL levels® highlight the fact that
TAZ alone may not be responsible for all mitochondrial CL
remodeling. Because expression of MLCL AT-1 in BTHS lym-
phoblasts elevated mitochondrial MLCL AT protein activity
and [1-'*C]linoleic acid incorporation into CL and CL mass, it
is likely that both TAZ and MLCL AT-1 are responsible for the
in vivo mitochondrial remodeling of CL with linoleate. More-
over, because BTHS lymphoblasts exhibit ~20% of CL levels
compared with normal lymphoblasts (38), it is possible that
MLCL AT-1 may be responsible for up to 20% of mitochondrial
CL remodeling. However, it should be noted that de novo bio-
synthesis of CL could contribute significantly to this CL pool.
Interestingly, basal protein expression of MLCL AT-1 appeared
higher in BTHS lymphoblasts compared with aged-matched
control lymphoblasts (Fig. 6A). It is possible that MLCL AT-1
expression is elevated as a compensatory response to the
absence of a functional TAZ in BTHS cells. However, basal

3 M. Schlame, personnel communication.
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FIGURE 5. MLCT AT activity and 1-'*C-labeled fatty acid incorporation
into CL in Hela cells expressing human recombinant MLCL AT-1 and
MLCT AT-1 protein, activity, and 1-'?C-labeled fatty acid incorporation
into CL in Hela cells transfected with MLCL AT-1 RNAI. A, Hela cells were
mock-transfected (CTRL) or transfected with human recombinant MLCL AT-1
(Plasmid) mitochondrial fractions prepared, and MLCL AT activity was deter-
mined as described under “Experimental Procedures.” B, HelLa cells were
transfected as in A and incubated with 0.1 um [1-"*CJlinoleate or [1-'*CJoleate
or [1-"*C]palmitate (Palm), and radioactivity incorporated into CL was deter-
mined. CTRL, control. C, HelLa cells were mock-transfected (Mock) or trans-
fected with MLCL AT-1 RNAi (RNAI), and Western blot analysis was performed
as described under “Experimental Procedures.” A representative blot is
shown for MLCL AT-1 and B-actin. D, HelLa cells were mock-transfected (CTRL)
with or transfected with MLCL AT-1 RNAi (RNAI), and mitochondrial frac-
tions were prepared, and MLCL AT activity was determined as described
under “Experimental Procedures.” E, Hela cells were transfected as in D
and then incubated with 0.1 um [1-'*CJlinoleate, and radioactivity incor-
porated into CL was determined. Data represent the mean = S.D. of three
experiments. *, p < 0.05.
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FIGURE 6. MLCT AT-1 protein expression and [1-'*C]linoleate incorpora-
tion into CL and CL mass in Barth syndrome lymphoblasts expressing
human recombinant MLCL AT-1. A, age-matched control and BTHS lym-
phoblasts were mock-transfected (Mock) or transfected with human recom-
binant MLCL AT-1 plasmid (Plasmid), and Western blot analysis of MLCL AT-1
protein was determined as described under “Experimental Procedures.” A
representative blot is shown for MLCL AT-1 and B-actin. BTHS lympho-
blasts were mock-transfected (CTRL) or transfected with human recombi-
nant MLCL AT-1 (Plasmid), and [1-"*C]linoleate incorporation into CL (B)
and CL mass (C) was determined. Data represent the mean = S.D. of three
experiments. *, p < 0.05.

MLCL AT activity appeared lower in BTHS lymphoblasts com-
pared with aged-matched control lymphoblasts (Fig. 7A).
These data suggest that there may be other factors involved in
the regulation of MLCL AT enzyme activity in these cells.

Expression or knockdown of MLCL AT-1 in age-matched
control or BTHS lymphoblasts produced corresponding
alterations in mitochondrial succinate dehydrogenase (a
part of the mitochondrial complex II) activity. In addition,
succinate dehydrogenase activity appeared lower in mock-
transfected BTHS lymphoblasts compared with mock-trans-
fected age-matched control lymphoblasts (Fig. 7B). A previ-
ous study had shown that mitochondrial respiratory chain
supercomplexes are destabilized in BTHS patients (39). CL is
required for assembly of these mitochondrial respiratory
chain complexes (2, 7, 11, 12). Thus the lower succinate
dehydrogenase activity observed in BTHS lymphoblasts in
comparison with control cells was not surprising because
BTHS lymphoblasts exhibit lower CL levels. Because expres-
sion of MLCL AT-1 in BTHS lymphoblasts greatly elevated
both CL levels and succinate dehydrogenase activity, eleva-
tion of MLCL AT-1 protein expression might serve as a
potential therapeutic target in BTHS patients.
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59-kDa MLCL AT-1 was 12.5-fold
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tional protein (21) suggests that
the 59-kDa MLCL AT-1 protein is
likely the in vivo human linoleoyl-
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In summary, we have identified a
59-kDa human protein, MLCL
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experiments. *, p < 0.05.

Surprisingly, MLCL AT-1 does not contain conserved motifs
observed in classical 1-acylglycerophosphate acyltransferases
(40). Rather it exhibits structural identity to trifunctional pro-
tein (41, 42). The alignment with inosine monophosphate
dehydrogenase, which contains a phosphate binding region,
indicates a potential binding domain for the MLCL (43). The
alignment with the isovaleryl-coenzyme A dehydrogenase
with the acyl-coenzyme A binding region supports a poten-
tial binding region for linoleoyl coenzyme A (44). The gly-
cine N-acyltransferase-like protein 1, a Gnat-related family
member, transfers acyl groups to a variety of amino acid
acceptors (45). This is consistent with the reaction mecha-
nism proposed for the purified pig liver enzyme, i.e. forma-
tion of an enzyme-linoleate intermediate (21). The align-
ment with Ctbp2 dehydrogenase verifies the presence of the
Rossmann-fold, observed in trifunctional protein (46).
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Control

FIGURE 7. MLCL AT-1 and succinate dehydrogenase activities in Barth syndrome lymphoblasts express-
ing human recombinant MLCL AT-1 or MLCL AT-1 RNAi. Control and BTHS lymphoblasts were transfected
with OFF-1 or OFF-2 or ON-1 or ON-2 MLCL AT-1 RNAI plasmids or were mock-transfected (Mock) or transfected
with human recombinant MLCL AT-1 plasmid (Plasmid) and MLCL AT (A) or succinate dehydrogenase (B)
activities determined as described under “Experimental Procedures.” Data represent the mean = S.D. of three

AT-1 as a mitochondrial MLCL AT
specific for the resynthesis of CL
from MLCL and acyl coenzyme A.
The existence of MLCL AT-1 in
mitochondria may explain the dis-
crepancies previously observed for
tafazzin serving as the sole CL
remodeling enzyme in human mitochondria. In addition,
MLCL AT-1 might serve as a potential therapeutic target in
BTHS patients.
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