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ABSTRACT: The R and β subunits of the human mitochondrial trifunctional protein (TFP), the multienzyme
complex involved in fatty acid β-oxidation, were coexpressed in Escherichia coli and purified to homogeneity
by nickel affinity chromatography. The resulting R/His-β construct was analyzed by gel filtration,
sedimentation velocity, and electron microscopy, indicating a predominance of R2β2 and R4β4 complexes,
with higher order oligomers. Electron microscopy indicated that the elementary species R2β2 had overall
structural similarity with its bacterial homologue. As shown by cosedimentation and surface plasmon
resonance analyses, recombinant TFP interacted strongly with cardiolipin and phosphatidylcholine,
suggesting that the natural complex associates with the inner mitochondrial membrane through direct
interactions with phospholipids. Recombinant TFP displayed 2-enoyl-CoA hydratase (ECH), L-3-hydro-
xyacyl-CoA dehydrogenase (HACD), and 3-ketoacyl-CoA thiolase (KACT) activities, and ECH and HACD
each reached equilibrium when the downstream enzymes (HACD and KACT, respectively) were made
inactive, indicating feed-back inhibition. The KACT activity was optimal at pH 9.5, sensitive to ionic
strength, and inhibited at concentrations of its substrate 3-ketohexadecanoyl-CoA >5 μM. Its kinetic
constants (kcat= 169 s-1,Km=4 μM)were consistent with those determined previously on a purified porcine
TFP preparation. Using different assays, trimetazidine, an efficient antiaginal agent, had no significant
inhibitory effect on any of the three enzymatic activities of the recombinant TFP preparation, in contrast with
other reports. This study provides the first detailed structural and functional characterization of a
recombinant human TFP preparation and opens the way to in-depth analyses through site-directed
mutagenesis.

Fatty acid β-oxidation is amajor source of energy in organisms
ranging from bacteria to higher eukaryotes, involving four
successive reactions that repetitively remove acetyl-coenzyme A
(acetyl-CoA)1 segments from fatty-acyl-CoA derivatives (1).
Mammals possess both peroxisomal and mitochondrial β-oxida-
tion systems, the latter comprising soluble enzymes in the matrix
and a multienzyme complex designated trifunctional protein
(TFP), bound to the inner mitochondrial membrane and specific
for long-chain fatty acids (2-6). The β-oxidation spiral involves
four enzymatic activities, acyl-CoAdehydrogenase, 2-enoyl-CoA
hydratase (ECH), L-3-hydroxyacyl-CoA dehydrogenase (HACD),
and 3-ketoacyl-CoA thiolase (KACT), the last three being cata-
lyzed by TFP (Figure 1). The mammalian TFP complex and its
bacterial homologue termed fatty acid β-oxidation multienzyme
(FOM) each comprise two types of subunits: R, which holds
the ECH and HACD activities, and β, harboring the KACT
activity (4, 6-8). The three-dimensional structure of the Pseudo-
monas fragi FOM complex has been solved by X-ray crystallo-

graphy (9), revealing an R2β2 heterotetramer with an uneven ring
architecture, the ECH, HACD, and KACT catalytic sites each
facing a central cavity exposed to the solvent. From this structure, a
detailed channelling mechanism was inferred, where the fatty acid
tail pivots sequentially from the ECH to the HACD and KACT
active sites (9).

As judged from kinetic analyses (10), it is likely that mamma-
lian TFP complexes also operate by means of a channelling
mechanism. Based on the sequence similarity with the P. fragi
FOM, an R2β2 homology model of the human TFP complex has
been derived (9). Nevertheless, it is unclear from analyses
performed on human and rat TFP complexes whether these have
an R2β2 or R4β4 stoichiometry (4, 5, 10, 11). In addition, com-
pared to their bacterial counterparts, mammalian TFP com-
plexes exhibit significant sequence insertions in both the R and β
subunits, and the structural and functional implications of these
insertions remain to be determined. Another unsolved question
lies in the nature of the interaction(s) that allow(s) mammalian
TFP complexes to associate with the inner mitochondrial mem-
brane. Finally, it is unclear from previous reports whether
trimetazidine, an effective antiaginal drug, exerts its beneficial
effects by inhibiting theKACT component of TFP (12, 13) or has
no effect on this enzyme (14).

The objective of this study was to provide answers to these
questions and to yield further insights into the structure and func-
tion of human TFP, with particular attention to its KACT activity.
For this purpose, a rapid and reliable method for expression
of human TFP in Escherichia coli has been established, and the

†This workwas supported by theCommissariat �a l’EnergieAtomique,
the Centre National de la Recherche Scientifique, and the Universit�e
Joseph Fourier, Grenoble.
*Corresponding author. Phone: 33 4 38 78 49 81. Fax: 33 4 38 78 54 94.

E-mail: gerard.arlaud@ibs.fr.
1Abbreviations: CL, cardiolipin; CoA, coenzyme A; ECH, 2-enoyl-

CoAhydratase; FOM, fatty acid β-oxidationmultienzyme;HACD, L-3-
hydroxyacyl-CoA dehydrogenase; KACT, 3-ketoacyl-CoA thiolase;
NAD, β-nicotinamide adenine dinucleotide; trimetazidine, 1-(2,3,4-
trimethoxybenzyl)piperazine; PC, phosphatidylcholine; TFP, trifunc-
tional protein.



Article Biochemistry, Vol. 49, No. 39, 2010 8609

recombinant complex has been characterized using a variety of
physicochemical and functional methods.

EXPERIMENTAL PROCEDURES

Reagents and Proteins. Restriction enzymes, VentR poly-
merase, and alkaline phosphatase were obtained from New
England Biolabs (Beverly, MA). The rapid DNA ligation kit
was purchased from Roche. Antibiotics were obtained from
Sigma-Aldrich andEuromedex. The pET-Duet expression vector
and the E. coli strain Rosetta-2 (DE3) were obtained from
Novagen. The DH5R E. coli strain was from Invitrogen. The
His-select HF nickel affinity gel was purchased from Sigma-
Aldrich.

3-Ketohexadecanoyl-CoA was obtained by chemical synthesis
(Diverchim, Montataire, France). Briefly, (3-ketohexadecanoyl-
sulfanyl)acetic acid was dissolved in 50mM sodium tetraborate-
HCl, pH 8.5, containing 50% tert-butyl alcohol and stirred under
nitrogen for 4 h at 30 �C in the presence of 1.1 equiv of CoA
trilithium salt. After decreasing the pH to 4.0 using perchloric
acid, the reaction mixture was dried under vacuum. The residual
white material was suspended in 1 volume of nitrogen-saturated
water, adjusted to pH 1.0, mixed vigorously with 3 volumes of
diethyl ether, cooled to 0 �C for 20min to allow phase separation,
and then centrifuged at 4000 rpm for 10 min at 4 �C. The white
pellet was recovered, and the previous procedure was repeated
five times to achieve complete elimination of residual reactants
and byproduct. The purified 3-ketohexadecanoyl-CoAwas freeze-
dried and stored at -80 �C. Purity was typically >98%, as
assessed by reverse-phase HPLC, using a method similar to that
used for measuring KACT enzymatic activity. Identification was
performed by ESI-TOF mass spectrometry, and quantification
was done by weighing the freeze-dried compound.

2-Hexadecenoyl-CoA was synthesized enzymatically from
hexadecanoyl-CoA using acyl-CoA oxidase and purified as de-
scribed previously (15, 16). Acyl-CoA oxidase from Arthrobacter
sp., hexadecanoyl-CoA, β-nicotinamide adenine dinucleotide
(NAD), coenzymeA, and tetradecanoyl-CoAwere obtained from
Sigma-Aldrich. Beef heart cardiolipin, egg yolk L-R-phosphatidyl-
choline type XVI, isopropyl 1-thio-β-D-galactopyranoside, and
1-(2,3,4-trimethoxybenzyl)piperazine (trimetazidine) were from
Sigma-Aldrich. Octyl β-glucoside and all other detergents were
obtained from Anatrace, and imidazole was from Fluka.

The concentrations of purified recombinant proteins were
determined using absorption coefficients (A1%,1cm) at 280 nm
estimated by the method of Edelhoch (17) andmolecular weights
calculated from the amino acid sequence as follows: TFP R, 0.4
and 79010; TFP His-β, 0.6 and 49309.

Construction of TFP R- and β-Containing Expression
Plasmids. The following primers were obtained from Euro-
gentec (Seraing, Belgium) and used to amplify the desired human
TFP sequences using VentR polymerase, according to established
procedures: CTAGTCATGAGCCATCACCATCACCAT-
CACGAAAATCTGTATTTTCAGGGCACCAGAACCCAT-
ATTAAC (sense for His-R); TTTTCCTTTTGCGGCCGC-
TCACTGGTAGAACTTCTTGTTAGGGC (antisense for
His-R); AGTCATTAATGCATCACCATCACCATCACGA-
AAATCTGTATTTTCAGGGCGCTGCCCCAGCTGTCC
(sense for His-β); CCGCTCGAGTTATTTTGGATAAGCT-
TCC (antisense for His-β). The underlined sequences represent
cleavage sites for BspHI, NotI, AseI, and XhoI, respectively. The
amplified His-R DNA (2.2 kbp) encoding the mature R subunit
fused C-terminally to a hexahistidine tag and a TEV cleavage site
was initially cloned into the pET-Duet multiple cloning site 1,
between the BspHI and NotI sites. The corresponding His-β
DNA (1.3 kbp) was then subsequently cloned into the multiple
cloning site 2 of the vector, between the AseI and XhoI sites, to
yield the pET-Duet/His-R, His-β construct.

Deletion of the hexahistidine tag and TEV cleavage site on the
N-terminal side ofR to generate the pET-Duet/R, His-β construct
was performed by PCR using the QuikChange XL site-directed
mutagenesis kit (Stratagene, La Jolla, CA). The primer AAG-
GAGATATACCATGACCAGAACCCATATTAAC and its
complementary sequence were used.
Deletion Mutants. The deletion mutants were generated by

PCR using the QuikChange XL site-directed mutagenesis kit.
The following primers and their complementary sequences were
used: CCAACTGGTGGAACCCCTGGGATACCTAGAA-
GAAGTTGCAATTAC (mutant ΔR1); CTGTATTTTCAG-
GGCAAACCCAATATAAGGAATGTTGTGGTGGTGG
(mutant Δβ1); GTTGATGTCCGATGTGAGCATGATG-
CACGGTGTCGACCCTGCGGTTTCTG (mutant Δβ2); GG-
CAAATTTTAAAGCCATGGATTTGAGATTGCCTCCTG-
AGAAGTTTAATAACTGGGG (mutant Δβ3). All constructs
were characterized by restriction mapping and checked by
double-stranded DNA sequencing (Cogenics, Meylan, France).
Protein Production and Purification. The pET-Duet/R,

His-β construct was integrated into the E. coli host strain
Rosetta-2 (DE3). A 2 L culture was grown at 37 �C to an absor-
bance at 600 nmof 0.7-0.8. Protein productionwas then induced
by addition of 0.1 mM isopropyl 1-thio-β-D-galactopyranoside
and the culture incubated overnight at 23 �C. Cells were isolated
by centrifugation and stored at-20 �C. After thawing, cells were
suspended in 100 mM Tris-HCl, pH 8, and lysed by sonication
for 6 min on ice, and the lysate was centrifuged at 22000g for
40 min. The supernatant was supplemented with 10 mM imid-
azole and 0.8% octyl β-glucoside and then loaded on a 5mLHis-
select HF nickel affinity column. The column was washed
with 100 mM Tris-HCl, 20 mM imidazole, and 0.8% octyl
β-glucoside, pH 8.0, until the absorbance at 280 nm decreased
below 0.05. The recombinant material was eluted using a linear
20-150 mM imidazole gradient, and the protein content was
monitored by absorbance at 280 nm and SDS-PAGE analysis.
Chemical Analysis of the Recombinant Proteins. N-

Terminal sequence analyses were performed after SDS-PAGE
analysis and electrotransfer, using an Applied Biosystems model
477A protein sequencer as described previously (18). The electro-
spray ionization technique was used for mass spectrometry
analysis of recombinant TFP, using anAgilent 1100 series HPLC
coupled with an LC/MSD TOF mass spectrometer (Agilent).

FIGURE 1: Schematic representation of the β-oxidation spiral. ACD,
acyl-CoA dehydrogenase.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100742w&iName=master.img-000.jpg&w=229&h=125
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All solvents were of HPLC grade. Protein samples were desalted
with 0.03% formic acid in 66.5%acetonitrile using aMacro Trap
cartridge (Michrom).
Gel Filtration Analysis. The recombinant TFP preparation

was analyzed on a Superose 6 10/300 GL column (GE
Healthcare), in 0.6% octyl β-glucoside and 100 mM Tris-HCl,
pH 8.0, at a flow rate of 0.4 mL/min. E. coli β-galactosidase,
rabbit muscle pyruvate kinase and lactate dehydrogenase, and
horseradish peroxidase (Sigma-Aldrich) were used as molecular
weight markers.
Analytical Ultracentrifugation. Sedimentation velocity

analyses were performed using a Beckman XL-I analytical
ultracentrifuge and an AN-60 TI rotor (Beckman Instruments,
Fullerton, CA). Experiments were conducted at 10 �C in 100mM
Tris-HCl and 0.8% (w/v) octyl β-glucoside, pH 8.0. Samples
(400 μL) were loaded into 12 mm path-length double-sector cells
and centrifuged overnight at 42000 rpm. Absorbance at 280 nm
was recorded. The sedimentation coefficients (s) were derived
from the sedimentation velocity profiles using the Sedfitbeta
program V11.72f (http://www.analyticalultracentrifugation.
com), and the continuous distribution of sedimentation coeffi-
cients was obtained considering globular proteins. The solvent
density and viscosity were measured at 1.005 g/mL and 1.332 cP,
respectively. Partial specific volumes were estimated from the
amino acid composition at 0.74 mL/g (R, R2β2, and R4β4) and
0.73 mL/g (β) using the Sednterp program (www.bbri.org/
RASMB/rasmb.html).
Electron Microscopy. Recombinant TFP samples (10-100

μg/mL) were loaded on the clean side of carbon onmica (carbon/
mica interface), negatively stained with 2% (w/v) sodium silico-
tungstate (pH 7.4), and air-dried. Micrographs were taken under
low-dose conditions using a CM12 electron microscope (FEI,
Eindhoven) operating at 120 kV. Images were collected with a
SC1000 ORIUS TEM CCD camera (Gatan) with a pixel size of
1.5 Å. A total of 576 R2β2 particles and 574 R4β4 particles
collected from nine images were selected for analysis using the
X3D program (19). Raw images were filtered at 25 Å in order to
enhance the contrast and then subjected to classification and
averaging by means of the SPIDER software (20), using initially
46 projections of the FOM X-ray structure filtered at 25 Å as
reference images. The resulting averaged images were next used
to generate amodel, and 46 projections of thismodel were used as
new reference images for the alignment and classification process.
A round of 20 similar cycles was performed to yield the final
averaged images.
Cosedimentation Analyses. Large unilamellar vesicles con-

taining phosphatidylcholine, cardiolipin, or a 10:1 molar ratio
phosphatidylcholine:cardiolipin mixture were generated in
100 mM Tris-HCl, pH 8.0, at 10 mg/mL using a miniextruder
(Avanti Polar Lipids) and a 0.1 μm polycarbonate membrane,
according to the manufacturer’s instructions (http://www.
avantilipids.com). TFP samples (25-50 μg in 200 μL of 100 mM
Tris-HCl, 0.2% octyl β-glucoside, pH 8.0) were incubated with
each liposome (150 μg) for 30 min at 22 �C. Samples were
centrifuged at 225000g for 30 min at 4 �C using a Beckman
TLA-100.1 ultracentrifuge, allowing separation of the supernatant
from the liposome-containing pellet. The protein contents of the
supernatant and pellet fractions were determined by SDS-PAGE
analysis followed by Coomassie blue staining.
Surface PlasmonResonance Spectroscopy.Analyses were

performed using a BIAcore X instrument (GE Healthcare).
Cardiolipin vesicles were prepared as described above and loaded

on an HPA sensor chip (GEHealthcare) as recommended by the
manufacturer. The phospholipid-coated sensor chip was blocked
with 0.1 mg/mL lipid-free bovine serum albumin. Binding of
recombinant TFP (20-120 nM) was measured over 3500 reso-
nance units of immobilized PC at a flow rate of 20 μL/min in
100 mM Tris-HCl, 50 mM NaCl, and 0.16% octyl β-glucoside,
pH 8.0. Regeneration of the sensor chip surface was achieved by
injection of 20 μL of 6 M guanidinium chloride.
Enzyme Assays. The 3-ketoacyl-CoA thiolase (KACT)

activity of recombinant TFP was determined routinely from
conversion of 3-ketohexadecanoyl-CoA to tetradecanoyl-CoA.
The assay mixture contained 5 μM 3-ketohexadecanoyl-CoA,
1 mM CoA, and recombinant TFP in 100 mM Tris-HCl and
150 mM NaCl, pH 9.0. After incubation for 10 min at 37 �C,
the reaction was stopped by addition of 33% acetonitrile. The
mixturewas analyzed by reverse-phaseHPLC on a 3.9� 150mm
Nova-Pak C18 column (Waters) by means of an Agilent series
1100 HPLC system, using a 14-56% linear acetonitrile gradient
in 10 mM sodium tetraborate, pH 9.3, and detection at 259 nm.
For determination of the kinetic constants of TFP, the concen-
trations of 3-ketohexadecanoyl-CoA ranged from 0.5 to 50 μM.
The sameHPLC-based assaywas used to isolate the intermediate
products of the β-oxidation reaction, using specific conditions as
described in the legend to Figure 7.

Where indicated, the KACT activity was determined spectro-
photometrically by monitoring the decrease in absorbance at
303 nm corresponding to the disappearance of the enolate form
of 3-ketohexadecanoyl-CoA (21). The reaction mixture con-
tained 10 μM 3-ketohexadecanoyl-CoA, 1 mM CoA, and
recombinant TFP in 100 mM Tris-HCl, 50 mM KCl, and
25 mM MgCl2, pH 8.0.

The combined 2-enoyl-CoAhydratase (ECH) and L-3-hydroxy-
acyl-CoA dehydrogenase (HACD) activities of TFP were mea-
sured by monitoring the conversion of NAD to NADH, as
described by Fong and Schulz (22). The reaction mixture con-
tained 30 μM 2-hexadecenoyl-CoA, 120 μMNAD, and recombi-
nant TFP in 100 mM Tris-HCl, 100 mM KCl, and 0.1 mg/mL
bovine serum albumin, pH 9.0, and the reaction was followed by
the increase in absorbance at 340 nm.
Other Methods. SDS-PAGE and Western blot analyses

were performed as described previously (18, 23). Protein bands
were revealed using antibodies raised against the human TFP R
and β subunits expressed separately in E. coli.

RESULTS

Preliminary trials to separately express the R and β subunits
of human TFP using a baculovirus/insect cells system resulted
in the production of aggregated material carrying abnormal
N-glycosylation(s) and devoid of KACT activity due to disulfide
bridge formation in β, presumably between the Cys105 andCys425

catalytic residues. Separate expression of the TFP subunits was
then attempted using E. coli BL21(DE3)pLysS (Novagen),
allowing production of R in a soluble form. In contrast, β was
found to be poorly soluble, associated with the GroEL chaper-
one, and displayed only weak KACT specific activity (data not
shown).
Expression and Purification of Recombinant TFP. In

light of the above observations,we chose to perform coexpression
of R and β in E. coli. For this purpose, both mature sequences
fused to an N-terminal His tag were cloned into the pET-Duet
vector. Of the various bacterial strains tested, Rosetta-2 (DE3)
gave the highest yield and was therefore selected for protein
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production. After comparative trials at varying temperatures and
using different induction methods, optimal production of the
recombinant proteins in a soluble form was achieved by induc-
tion with 0.1 mM isopropyl 1-thio-β-D-galactopyranoside and
subsequent incubation overnight at 23 �C.

Purification of the recombinant His-R/His-β material was
performed using a His-select HF nickel affinity column. The
presence of a nonionic detergent such as octyl β-glucoside,
Tween-20, Triton X-100, or Nonidet-P40 during the purification
step was found to be necessary to achieve optimal protein
recovery, and 0.8% octyl β-glucoside gave the best results in terms
of purity. Nevertheless, preliminary analyses revealed that the
purified material contained a large excess of R relative to β (data
not shown). This led us to delete the His tag on R to allow
purification of the R/β complex solely through the tag on β. Using
the protocol described under Experimental Procedures, the aver-
age amount of purified material obtained in this way was about
2 mg/L of bacterial culture. As judged from SDS-PAGE analysis
(Figure 2), this material was essentially pure and contained
roughly equimolar amounts of R and His-β, with apparent
molecular masses of 80 and 54 kDa, respectively. This provided
a first indication of the ability of the recombinant R and His-β
proteins to associate as a complex with a 1:1 stoichiometry. Both
chains had identical electrophoretic mobilities under reducing and
nonreducing conditions, indicative of the absence of disulfide
bridges. The purifiedR/His-β complex could be concentrated up to
12mg/mL in the presence of 0.8% octyl β-glucoside and remained
stable for several weeks when stored at 0 �C.
Physicochemical Characterization of the Recombinant

TFP Complex. N-Terminal sequence analysis of the recombi-
nant TFP subunits after separation by SDS-PAGE yielded the
following sequences: Thr-Arg-Thr-His-Ile-Asn-Tyr-Gly-Val-Lys-
Gly-Asp-Val-Ala-Val... (R) and Met-His-His-His-His-His-His-
Glu-Asn-Leu-Tyr-Gln-Gly-Ala-Ala-Pro... (His-β). The N-termi-
nal residue of R is Thr37 of the nonmature sequence (24). The
His-β sequence comprises the expected 6-His tag and the TEV
cleavage site followed by the Ala-Ala-Pro sequence (positions
34-36 of the nonmature sequence), and is preceded by an extra
Met residue arising from abnormal processing. Analysis by mass

spectrometry yielded two sharp peaks with mass values of
79014( 40 Da (R) and 49291 ( 25 Da (His-β), in full agreement
with the values of 79010 and 49309 Da calculated from the amino
acid sequences. It was clear from the above analyses that both R
and His-β had the expected primary sequences and exhibited
no posttranslational modification.

The purified R/His-β complex was submitted to gel filtration
analysis on a Superose 6 column in the presence of 0.6% octyl
β-glucoside. As illustrated in Figure 3, most of the material was
contained in a relatively sharp peak eluting in fractions 17-19,
followed by a shoulder. Whereas no detectable protein was
present in the following peaks as judged from SDS-PAGE
analysis, thismajor species contained theR andHis-β subunits, in
a ratio of about 1.2:1, as determined by gel scanning, similar to
the value determined for the starting material (Figure 3). Based
on the relative elution positions of protein markers (see Experi-
mental Procedures), the molecular mass of the complex con-
tained in thismajor peakwas estimated at about 460 kDa, a value
in agreement with that determined for native TFP isolated from
rat liver (4) and consistent with anR4β4 complex (calculatedmass
512 kDa). As judged from its elution position relative to protein
markers, it appeared likely that the late eluting part of the
major peak contained an R2β2 species.

Analysis of theR/His-β complex by sedimentation velocity was
performed as described under Experimental Procedures, yielding
three major peaks 1-3 with sedimentation coefficients (s20,w) of
10.4 ( 0.1, 15.6 ( 1, and 22.7 ( 1 S (Figure 4), and molecular
masses calculated from S andD of 260( 10, 475( 75, and 820(
75 kDa, respectively. The first two values are fully compatible
with R2β2 and R4β4 complexes, respectively, in good agreement
with the gel filtration analysis. In contrast, the mass value of the
third peak appears consistent with a larger species with an R6β6
stoichiometry. This species was not observed by gel filtration
analysis, suggesting that it was lost on the column.

Negative staining electron microscopy was next used to
visualize the recombinant R/His-β material. As illustrated in
Figure 5A, observation of the fraction contained in the major gel
filtration peak revealed the presence of two types of particles
differing in size and shape: (i) particles with an average diameter

FIGURE 2: Purification of the recombinant TFP subunits. SDS-PAGE
analysis: lane 1, whole bacterial lysate applied to the His-select HF
nickel affinity column; lane 2, flow-through fraction; lane 3, fraction
washed with 20 mM imidazole; lane 4, purified material eluted by
the 20-150 mM imidazole gradient; lane 5, concentrated material.
Analyses were performed under reducing conditions. The positions
of the standard proteins are indicated.

FIGURE 3: Gel filtration analysis of the recombinant TFP complex.
The recombinant R/His-β complex was loaded on a Superose 6
column equilibrated in 0.6% octyl β-glucoside and 100 mM Tris-
HCl, pH 8.0, at a flow rate of 0.4 mL/min. Fractions of 0.8 mL were
collected. The elution positions of β-galactosidase (1), pyruvate
kinase (2), lactate dehydrogenase (3), and peroxidase (4) are indi-
cated. Insert: SDS-PAGE analysis under reducing conditions of the
sample applied to the column (S) and fractions 16-22.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100742w&iName=master.img-001.jpg&w=187&h=174
http://pubs.acs.org/action/showImage?doi=10.1021/bi100742w&iName=master.img-002.jpg&w=239&h=162
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of about 12 nm, a size consistent with R2β2 complexes, as judged
from the P. fragi FOM X-ray structure (9), and (ii) larger
particles (diameter 18 nm) likely corresponding, at least for the
most part, to R4β4 complexes.

From the images of the whole recombinant material, particles
corresponding to theR2β2 complexwere selected and classified by
means of the SPIDER software (19) (see Experimental Proce-
dures).As filtered images ofR2β2 (Figure 5B1) were similar in size
and shape to the FOMX-ray structure, projections of this struc-
ture (Figure 5B3) were initially used as reference images to
perform this analysis. The final averaged images obtained after
20 iterative cycles (Figure 5B2) displayed high similarity to the
FOMstructure. The same procedure was also applied to the larger
particles, yielding averaged images showing regularly shaped
molecules comprising several domains, with overall dimensions
consistent with an R4β4 oligomeric state (Figure 5C).
Interaction with Phospholipids.Although the TFP complex

is known to interactwith the inner side of the innermitochondrial
membrane (2, 3), the nature of this interaction remains to be
elucidated. To investigate its ability to bind to phospholipids, the
recombinant TFP complex was incubated with liposomes pre-
pared from phosphatidylcholine, cardiolipin, or a phosphatidyl-
choline:cardiolipin mixture in a 10:1 molar ratio, mimicking the
composition of the inner mitochondrial membrane (25). Inter-
action was assessed by cosedimentation analysis, from the relative
amount of TFP associated with the vesicles in the ultracentrifu-
gation pellet. As illustrated in Figure 6A, a large proportion of
the TFP molecules bound to PC and PC/CL liposomes, and
nearly complete binding was observed using liposomes contain-
ing pure CL. As judged from its ability to catalyze L-3-hydro-
xyacyl-CoA dehydrogenase activity (data not shown), the TFP
complex remained fully functional in the presence of each
liposome.

Further characterization of the TFP/CL interaction was
achieved by surface plasmon resonance, using CL immobilized
on an HPA sensor chip and recombinant TFP as the soluble
ligand. The use of anHPAhydrophobic surface allows formation
of a flat phospholipid monolayer with the polar groups oriented
toward the fluid phase (26). As illustrated in Figure 6B, the TFP
complex readily bound to CLmonolayers, yielding curves with a
very slow dissociation, indicative of a highly stable interaction.
Indeed, efficient regeneration of the surface between two analyses
could only be achieved using 6 M guanidinium chloride.
Unfortunately, this treatment also detached a fraction of the

immobilized CL, precluding accurate determination of the kinetic
parameters of the interaction due to the lack of proportionality of
the binding curves obtained at increasing TFP concentrations.
Because of these technical problems, analysis of the interaction
with PC monolayers was not attempted.
Recombinant TFP Displays ECH, HACD, and KACT

Activities. Evidence that recombinant TFP exhibited both the
ECH and HACD activities borne by the R subunit was obtained
by monitoring conversion of NAD to NADH, using 2-hexa-
decenoyl-CoA as a substrate (data not shown). Based onNADH
production, only about 40% of the product (3-ketohexadeca-
noyl-CoA) was formed in the absence of CoA, whereas addition
of 1mMCoAallowed the reaction to go to completion. Thus, full
activity of the two enzymes characteristic of R could only be
observed when the third enzyme, KACT, was functional.

The ability of recombinant TFP to catalyze β-oxidation of
2-hexadecenoyl-CoA was further dissected using reverse-phase
HPLC (Figure 7), under conditions allowing the reactions to
reach equilibrium. In the absence of both NAD and CoA, only
the ECH activity was functional, leading to partial conversion of

FIGURE 4: Sedimentation velocity analysis of the recombinant TFP
complex. Analysis was performed as described under Experimental
Procedures. Proteins were detected by monitoring absorbance at
280 nm. The continuous distribution of sedimentation coefficients is
shown.

FIGURE 5: Negative-staining electron micrographs of the recombi-
nant TFP complex. (A) Overall view of the fraction contained in the
major gel filtration peak (Figure 3), highlighting the location of R2β2
(squared) and R4β4 (circled) particles. (B) Selected images of the R2β2
particles: B1, raw images filtered at 25 Å resolution; B2, averaged
images after alignment of the raw images against a set of reference
images corresponding to different projections of the FOM X-ray
structure (9) (PDB code 1WDK) (the number of raw particles in each
class is indicated); B3, corresponding projections of the FOM X-ray
structure filtered at 25 Å resolution. The scale bar represents 15 nm.
(C) Selected images of the R4β4 particles: C1-C4, four classes of raw
images filtered at 25 Å. The average image corresponding to each
class is shown on the right. The scale bar represents 21 nm.
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2-hexadecenoyl-CoA to 3-hydroxyhexadecanoyl-CoA (Figure 7B).
In the presence of NAD only, both the ECH andHACD activities
were operative, leading to further consumption of 2-hexadece-
noyl-CoA and 3-hydroxyhexadecanoyl-CoA and production of
3-ketohexadecanoyl-CoA (Figure 7C). Addition of both NAD
and CoA enabled the whole β-oxidation spiral to be functional,
allowing production of tetradecanoyl-CoA byKACT and result-
ing in almost complete consumption of the substrate and the
intermediate products (Figure 7D). These observations provided
clear evidence that recombinant TFP was enzymatically active
and indicated that full ECH and HACD activities required
the downstream enzyme (HACD and KACT, respectively) to
be functional.
Characterization of the KACT Activity. The KACT

activity of recombinant TFP was further characterized by means
of the reverse-phase HPLC assay, using 3-ketohexadecanoyl-
CoA as a substrate. As illustrated in Figure 8A, the enzyme
activity was very weak at neutral pH and markedly increased
above pH 7.5 to reach an optimal value at pH about 9.5. The
influence of ionic strength was also investigated, showing that the
KACT activity reached a plateau at 150 mMNaCl and progres-
sively decreased at lower NaCl concentrations to reach about
30% of the optimal value in the absence of NaCl. Similar results
were obtained using KCl.

To determine the kinetic constants for the KACT activity of
recombinant TFP, the enzyme activity was assayed at 3-keto-
hexadecanoyl-CoA concentrations ranging from 0.5 to 50 μM.

As best illustrated in the double-reciprocal representation
(Figure 8B), increasing the substrate concentration above 5 μM
resulted in progressive inhibition of theKACTactivity, indicative
of inhibition by excess substrate. The kinetic constants deter-
mined for the KACT activity of recombinant TFP are listed in
Table 1. Although the kcat is at first sight much higher than that
reported for a native porcine TFP preparation (10), this latter
value was derived from assays performed at pH 7.6 and in the
absence of salt. Based on our own data, it is therefore likely to be
greatly (about 20-fold) underestimated. In contrast, our kcat and
Km values are both strikingly different from those reported byLiu
et al. (12) for recombinant rat TFP.
Effect of Trimetazidine. To investigate its effect on the

enzymatic activity of TFP, 50 or 100 μM trimetazidine was
initially incubated with recombinant TFP for 30 min at room

FIGURE 6: Interaction of recombinant TFP with phospholipids. (A)
Cosedimentation analysis. TFP samples were incubated with differ-
ent phospholipid vesicles and submitted to ultracentrifugation, and
interaction was assessed by SDS-PAGE analysis of the supernatant
and pellet fractions as described under Experimental Procedures.
Key: C, negative control in the absence of vesicles; PC, CL, and PC/
CL, vesicles containing PCalone,CLalone, or a 10:1PC:CLmixture;
P, pellet; S, supernatant. (B) Surface plasmon resonance analysis of
the interaction between the recombinant TFP complex (20-120 nM)
and immobilized PC (3500 resonance units).

FIGURE 7: Reverse-phase HPLC analysis of the β-oxidation of
2-hexadecenoyl-CoA catalyzed by recombinant TFP. All samples
contained 30μM2-hexadecenoyl-CoA in100mMTris-HCl, 100mM
KCl, and 0.1 mg/mL bovine serum albumin, pH 9.0, and were
incubated for 10 min at 37 �C. (A) Control sample lacking TFP.
(B) Sample containing 1.3 μg of TFP. (C) Sample containing TFPþ
120 μM NAD. (D) Sample containing TFP þ NAD þ 1 mM CoA.
Reactionswere stoppedbyadditionof 33%acetonitrile, and analyses
were carried out by reverse-phase HPLC using the solvent system
described under Experimental Procedures for determination of the
KACT activity. Key: S, 2-hexadecenoyl-CoA; I1, 3-hydroxyhexa-
decanoyl-CoA; I2, 3-ketohexadecanoyl-CoA; P, tetradecanoyl-CoA.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100742w&iName=master.img-005.jpg&w=235&h=287
http://pubs.acs.org/action/showImage?doi=10.1021/bi100742w&iName=master.img-006.jpg&w=239&h=404


8614 Biochemistry, Vol. 49, No. 39, 2010 Fould et al.

temperature, and the residual KACT activity was determined using
the reverse-phaseHPLC assay. As shown in Figure 9, trimetazidine
had no detectable inhibitory effect under these conditions, in
contrast to iodoacetamide, a known inhibitor of thiolases (27).
Identical results were obtained after overnight incubation at 4 �C
(data not shown). Further analyses were conducted under strictly
the same experimental conditions as usedpreviously byLiu et al. (12),

including the spectrophotometric assay described under Experi-
mental Procedures (21). Again, no inhibition of the KACT activity
was detected upon incubation at room temperature or at 37 �C in
the presence of 50 or 100 μM trimetazidine (data not shown). We
also tested the effect of trimetazidine on the ECH and HACD
activities harbored by the R subunit, using the spectrophotometric
assay based on the conversion of NAD to NADH. Again, no
inhibitory effect could be detected, indicating that the three enzymic
activities of TFP were insensitive to trimetazidine.
Expression and Characterization of Deletion Mutants.

To investigate the role of the four sequence insertions of TFP
relative to its P. fragi FOM homologue, each of these insertions
was individually deleted by PCR. The boundaries of the deleted
segments were designed on a 3-D structural basis, taking into
account the structural constraints imposed by the FOM struc-
ture (9), the derived TFP homology model (9), and the structures
of homologous monofunctional enzymes, such as the human
peroxisomal thiolase (E. Papagrigoriou et al., unpublished results;
PDB code 2IIK). The single insertion of R (R1) was deleted by
removing the 227Pro-Thr236 segment (nonmature sequence
numbering), thereby directly connecting Gly226 to Ile237. The
N-terminal extension of β (β1) was removed by excising the
segment extending fromAla34 to Ala48, thereby creating a new
N-terminus Lys49. In the case of β2, the large TFP segment
extending from Val171 to Leu211 was replaced by the corre-
sponding stretch 128Val-Ser-Met-Met-His-Gly-Val-Asp135 from
the FOM sequence. As for β3, the TFP segment 395Ser-Leu414

was deleted and replaced by the shorter loop 360Leu-Arg-Leu-
Pro-Pro364 from the human peroxisomal thiolase.

Variants of the R/His-β construct carrying a single deletion in
either R or β were produced recombinantly, and their overall
expression levels as well as their solubility were compared to that
of the wild-type construct (Figure 10). Deletion ΔR1 did not
significantly modify expression of R but greatly decreased its
solubility. Interestingly, this also resulted in a decreased solubility
of β, providing direct evidence that interactionwithR is necessary
to achieve full stability of this subunit. Deletions Δβ1 and Δβ2
each heavily decreased expression of β but had no impact on the
expression and solubility of R, demonstrating that, in contrast to

FIGURE 8: Characterization of the KACT activity of recombinant
TFP: pH dependence and inhibition by excess substrate. (A) Varia-
tion of the KACT activity as a function of pH. Recombinant TFP
was incubated for 10 min at 37 �C in the presence of 5 μM
3-ketohexadecanoyl-CoA, 1 mM CoA, and 50 mM KCl in a buffer
containing 20 mM glycine and 30 mM acetic acid (pH adjusted to
6.0-10.0 by addition of Tris). (B) Double-reciprocal plot of the
KACT activity as a function of substrate concentration. Recombi-
nant TFP was incubated for 10 min at 37 �C in the presence of 0.5-
50 μM 3-ketohexadecanoyl-CoA, 1 mM CoA, 150 mM NaCl, and
100 mM Tris-HCl, pH 9.0. The enzymic activity was determined in
both cases using the reverse-phase HPLC assay as described under
Experimental Procedures. The data shown represent the mean( SD
of three measurements.

Table 1: Catalytic Constants of the KACT Activity of Recombinant

Human TFP

preparation kcat (s
-1) Km (μM)

kcat/Km

(106 s-1
3M

-1)

human TFP (recombinant)a 169 ( 26 4 ( 0.9 45 ( 12

porcine TFP (purified)b 8c 8.4 1

rat TFP (recombinant)d 641 ( 128e 51 ( 11 13 ( 4e

aThis study. bFromYao and Schulz (10). cValue underestimated due to
the nonoptimal assay conditions used. dFrom Liu et al. (12). eValues
expressed relative to R2β2.

FIGURE 9: Effect of trimetazidine on the KACT activity of recombi-
nant TFP. Recombinant TFP (4 ng) was incubated for 30 min at
room temperature in the presence of 50 or 100 μMtrimetazidine, and
residual KACT activity was determined using the reverse-phase
HPLC assay as described under Experimental Procedures. Key: C,
control sample incubated in the absence of trimetazidine; iodoacet-
amide, negative control incubated with 5 mM iodoacetamide. The
data shown represent the mean( SD of three measurements.
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β, R is fully stable and soluble in the absence of β. In contrast,
deletionΔβ3 had no effect on the expression level of β but greatly
diminished its solubility. Since Rwas produced in a soluble form,
this provided indirect evidence for an implication of loop β3 in
the R/β interaction. Consistent with this hypothesis, purification
of theR/Δβ3 construct on the nickel affinity column allowed us to
recover low amounts of β but showed no evidence for the
presence of R (data not shown). Further analysis of the variants
carrying the ΔR1, Δβ1, and Δβ2 mutations could not be
performed due to the low amounts of soluble material available.

DISCUSSION

We have used coexpression in E. coli Rosetta-2 (DE3) to
produce the recombinant R and His-β subunits of the human
TFP complex. The single His tag fused to β allowed both
recombinant proteins to bind to a nickel affinity column,
providing evidence of their ability to associate to each other
and allowing us to purify the R/His-β complex to homogeneity.
In contrast, preliminary attempts to separately express the TFP
subunits inE. coli did not allow production ofβ in a soluble form.
Indeed, subsequent analysis of the solubility of R/His-β variants
carrying deletions on R or β (see Figure 10) provided additional
evidence that, whereas R is stable and soluble in the absence of β,
β itself only acquires full stability upon interaction with R, hence
the requirement for coexpressing the two subunits. These findings
are in line with a previous report on the P. fragi FOM complex
expressed in E. coli (28) indicating that, whereas the isolated R
subunit exhibits both the ECH and HACD activities, β alone
lacks KACT activity. In sharp contrast with the above observa-
tions, the β subunit of rat TFP expressed alone in E. coli as a
fusion with Mistic, a bacterial integral membrane protein used
for membrane protein expression (29, 30), was reported to retain
KACT activity (12). However, it seems likely that, owing to its
large size (13 kDa), the Mistic fusion protein possibly conceals
hydrophobic areas of β, thereby improving its solubility and/or
stability in the absence of R. Our preliminary observation that β
expressed alone inE. coli is associated with theGroEL chaperone
appears to be consistent with this hypothesis.

As judged from the gel filtration, sedimentation velocity, and
electron microscopy analyses performed in this study, the re-
combinant R/His-β complex is present in two major forms, R2β2
and R4β4, with lower amounts of a larger species possibly
corresponding to a higher oligomer R6β6. As shown by the

electron microscopy images, the heterotetrameric R2β2 complex
has an overall architecture homologous to that determined by
X-ray crystallography for the P. fragi FOM complex (9), in-
dicating that R and β have similar folds and associate in similar
ways in both cases. The key issue is to determine whether the
native TFP complex found in its natural context corresponds to
this species R2β2 or to one of the higher oligomers observed in the
present study. On one hand, given its structural similarity with its
bacterial homologue, the elementary R2β2 TFP species is ex-
pected to be functional, and therefore the need for a higher
oligomeric species appears to be questionable. These species
could therefore represent artifactual assemblies of the R2β2
complex formed in vitro, possibly due to the lack of interaction
with the inner mitochondrial membrane. Such a tendency to
oligomerize in vitro would reconcile previous conflicting studies
reporting that the purified human and rat TFP complexes have
R2β2 and R4β4 stoichiometries, respectively (4, 5). On the other
hand, it should be emphasized that the larger R4β4 particles seen
in the electron microscopy images (Figure 5A) appear to be
structured and regularly shaped, suggesting that they do not
result from random aggregation. In addition, the fact that the R
and β subunits of humanTFP exhibit sequence insertions relative
to their bacterial counterparts raises the possibility that some of
them could mediate interactions between the elementary R2β2
species. Thus, the possibility that the native form of human TFP
is an oligomer of the elementary unit R2β2 cannot be excluded,
and further investigations at the cellular level are required to
resolve this issue.

Analyses by cosedimentation and surface plasmon resonance
provide conclusive evidence that the recombinant TFP complex
interacts with phosphatidylcholine and cardiolipin, two phos-
pholipids characteristic of the inner mitochondrial membrane.
Although the kinetic constants of the interaction with immobi-
lized cardiolipin monolayers could not be accurately determined,
the KD was roughly estimated to be in the low nanomolar range,
indicating very strong interaction. This suggests that TFP could
associate with the inner mitochondrial membrane through direct
interactions with phosphatidylcholine or cardiolipin, or both,
without the implication of a posttranslational modification,
considering that both the R and His-β subunits expressed in this
study have the predicted mass. Nevertheless, it cannot be
excluded that binding to cardiolipin allows TFP to form a
supercomplex with a putative protein partner, as shown for
complexes III and IV of themitochondrial respiratory chain (31).
The very long chain acyl-CoA dehydrogenase, the enzyme that
catalyzes the initial step of the β-oxidation spiral, would be a
good candidate for this purpose. That one or more of the extra
loops of R and/or βmediate interactions with the phospholipids,
in a manner similar to that described for the sarcomeric mito-
chondrial creatine kinase (25) or the very long chain acyl-CoA
dehydrogenase (32), appears likely.

The various enzymatic assays performed in this study provide
clear evidence of the ability of the recombinant TFP material to
perform the last three reactions of the β-oxidation spiral. As
stated above, the kinetic constants measured for the KACT
activity appear to be consistent with those determined by Yao
and Schulz (10) on a purified porcine TFP preparation, taking
into account that these authors did not use optimal assay
conditions. In contrast, our values are strikingly different from
those reported by Liu et al. (12) for recombinant rat TFP.
Although this discrepancy remains to be explained, this could
arise in part from the fact that different assays were used to

FIGURE 10: Expression and solubility of deletion mutants of TFP.
The wild-type R/His-β construct and variants carrying mutations
ΔR1, Δβ1, Δβ2, or Δβ3 were produced. Cells were lysed in 100 mM
Tris-HCl and 250 mM NaCl, pH 8, and the soluble fraction was
recovered by centrifugation for 15 min at 10000g, as described (38).
Key: T, total amount ofmaterial present in each cell lysate; S, soluble
fraction recovered after centrifugation (samples were analyzed by
SDS-PAGE under reducing conditions, followed by Western blot
analysis using antibodies directed against R and β); wt, wild-type R/
His-β construct; ΔR1/β, R/Δβ1, R/Δβ2, and R/Δβ3, R/His-β con-
structs carrying deletion of insertions R1, β1, β2, or β3, respectively.
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measure KACT activity. Alternatively, this could reflect species
differences, despite the high sequence analogy between the rat
and human proteins (24, 33).

The basic optimal pHdetermined for theKACTactivity of our
recombinant TFP preparation is in line with the value of 9.0
reported for the combined ECH/HACD activities of purified
human TFP (16). Nevertheless, given that the matrix pH of a
respiring mitochondria is about 8 (34), this would imply that the
KACT activity of TFP is not optimal in its natural environment.
The fact that slight pH changes on either side of this value result
in considerable variations of activity (Figure 8A) suggests a
possible pH-dependent regulation. From a general standpoint, it
should be emphasized that, due the amphiphilic nature of
3-ketohexadecanoyl-CoA, both pH and ionic strength are
expected to modify its critical micelle concentration (35). Thus,
the variations of KACT activity observed in each case are likely
to result from effects on both the enzyme and the substrate.

Whereas all three enzymatic activities of recombinant TFP
went to completion when both NAD and CoA were present,
ECH and HACD each reached equilibrium when the down-
stream enzyme in the β-oxidation spiral (HACD and KACT,
respectively) was made inactive through the lack of its cofactor
(Figure 7). It is tempting to hypothesize that this effect arises
from the channeling mechanism itself (9). In this hypothesis,
however, the ECH and HACD reactions would be blocked at a
very early stage, given the very low amount of TFP used (about
5 pM) relative to the substrate concentration (30 μM). An alter-
native explanation is that both enzymes are subject to a negative
feedback by their respective reaction product. This hypothesis
appears likely, considering that comparable competitive inhibitions
by the reaction products have been described for homologous
monofunctional enzymes ECH (36) and HACD (37).

The inhibition ofKACT activity observed at concentrations of
its substrate 3-ketohexadecanoyl-CoA above 5 μM may be a
consequence of the formation of micelles (34), hampering proper
accommodation of the substrate in the active site. However, this
effect could also be inherent in the channeling mechanism,
considering that the substrate for KACT is expected to be
transferred from HACD in a stepwise manner, not to be made
available to the enzyme active site at high concentration (9).

In view of the conflicting reports on the effect of trimetazidine
on the KACT activity of TFP (12-14), we have carefully
investigated this question using different enzymatic assays, and
these all concur in the conclusion that trimetazidine has no
significant inhibitory effect on any of the three enzymatic
activities of recombinant TFP, including KACT. This finding
was unexpected, particularly in view of the recent report that
trimetazidine irreversibly inhibits the KACT activity of recombi-
nant ratTFPexpressed inE. coli (12).Wehaveno clear explanation
for this discrepancy, considering that, in our hands, negative results
were obtained in all cases, including when using strictly the same
experimental conditions as described by these authors.

This study provides a rapid and appropriate method to
produce the recombinant human TFP complex in a stable and
fully active form, allowing the first thorough investigation of its
structural and functional characteristics and opening the way to
further in-depth analyses through the generation of site-directed
point mutants.
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