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Acyl coenzyme A (acyl-CoA) thioesterases hydrolyze thioester bonds in acyl-CoA metabolites. The majority of mammalian thio-
esterases are a/3-hydrolases and have been studied extensively. A second class of Hotdog-fold enzymes has been less well de-
scribed. Here, we present a structural and functional analysis of a new mammalian mitochondrial thioesterase, Them5. Them5
and its paralog, Them4, adopt the classical Hotdog-fold structure and form homodimers in crystals. In vitro, Them5 shows
strong thioesterase activity with long-chain acyl-CoAs. Loss of Them5 specifically alters the remodeling process of the mitochon-

drial phospholipid cardiolipin. Them5~'~

mice show deregulation of lipid metabolism and the development of fatty liver, exac-

erbated by a high-fat diet. Consequently, mitochondrial morphology is affected, and functions such as respiration and (3-oxida-
tion are impaired. The novel mitochondrial acyl-CoA thioesterase Them5 has a critical and specific role in the cardiolipin
remodeling process, connecting it to the development of fatty liver and related conditions.

hioesterases participate in lipid metabolism by hydrolyzing

thioester bonds in a variety of substrates, including fatty acid-
coenzyme A (CoA) esters and palmitoylated proteins (17, 19).
Based on structural folds and the catalytic reaction mechanism,
thioesterases are subdivided into o/B-hydrolases and Hotdog-
fold thioesterases. The majority of mammalian thioesterases are
the well-studied o/B-hydrolases; the second class of Hotdog-fold
enzymes has been described to a lesser extent (19). Of the eight
Hotdog-fold proteins identified thus far in mammals, only a few
participate in biological processes involving hydrolysis of acyl-
CoAs (5). These are cytoplasmic Acot7 involved in eicosanoid
metabolism, Acotll and Acotl2, which have a START domain,
and cytoplasmic/mitochondrial Them2, which is induced by per-
oxisome proliferator-activated receptor a (PPAR«a) and has been
recently shown to regulate hepatic metabolism (5, 8, 16, 18). The
mammalian Hotdog thioesterases identified thus far have tetra-
meric or hexameric arrangements (26).

Themb5 is part of the mitochondrial proteome and is predicted
to be a member of the Hotdog-fold family (5, 24). We show here
that Them5, a novel thioesterase with strong specificity for long
and unsaturated fatty acid-CoA esters, has the classical Hotdog-
fold with six 3-sheets wrapped around a central a-helix. Them4
and Them5 form independent homodimers in crystals, suggesting
that they represent a new group of mammalian hotdog thioes-
terases.

Them5~'~ mice exhibit an increase in monolysocardiolipin,
one of the specific metabolites of cardiolipin (CL). CL is a mito-
chondrion-specific phospholipid characterized by three to four
linoleic acid chains (C,g,) in its mature forms, particularly in
mammals. Proper synthesis and remodeling (i.e., maintenance of
the right acyl composition) of these highly unsaturated CL mole-
cules is crucial for mitochondrial physiology, since CL interacts
with many mitochondrial proteins. In the Barth syndrome, a CL-
associated disorder in humans, the levels of CL are dramatically
decreased (31). Moreover, changes in CL remodeling that are as-
sociated with fat-rich diets result in mitochondrial dysfunction,
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thereby implicating CL in metabolic disorders (7, 20). We show
that Themb5 has a strong substrate preference for C, ¢ polyunsatu-
rated fatty acids. This specificity correlates with the in vivo profile
of fatty acids in Them5-deficient mitochondria and strongly sug-
gests a role for this novel thioesterase in CL remodeling and lipid
metabolism. Indeed, Them5 knockout mice develop fatty liver, as
well as altered mitochondrial morphology and function.

Given the importance of cardiolipin synthesis and remodeling
pathways in mitochondrial function, our work has not only un-
covered a new biochemical pathway, but the results also suggest
that Themb5 is involved in human diseases such as metabolic syn-
drome, diet-induced obesity, and diabetes.

MATERIALS AND METHODS

Crystallization, X-ray data collection, and structure determination.
Crystals of A36Them4 were obtained via the vapor diffusion method by
mixing 100 nl of protein solution [A36Them4 (4.3 mg/ml), 50 mM CHES
(pH 9.5), 200 mM NaCl, 5 mM Tris(2-carboxyethyl)phosphine hydro-
chloride (TCEP)] with 100 nl of reservoir solution containing 100 mM
Tris (pH 7.0), 200 mM NaCl, and 30% polyethylene glycol (PEG) 3000.
Crystals were cryoprotected with 20% ethylene glycol and frozen in liquid
nitrogen before data collection at the Swiss Light Source (SLS) synchro-
tron (Villigen, Switzerland). The structures of A36Them4 and A34Them5
were solved by the molecular replacement method using PHASER (21). A
homology model of the conserved thioesterase Hotdog-fold was con-
structed with the MODELLER software and used as a search model (29).
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Clear solutions for four molecules per asymmetric unit forming together
two homodimers of the thioesterase fold were obtained. Phases calculated
from this initial model were used for automated model building of the full
molecule in PHENIX (2).

Crystals of A34Them5 were obtained by mixing 100 nl of protein
solution (A34Them5 [4.0 mg/ml], 20 mM Tris [pH 7.5], 200 mM NaCl, 5
mM TCEP) with 100 nl of reservoir solution (100 mM phosphate-citrate
[pH 4.2], 10% PEG 3000, 200 mM NaCl). Crystals were cryoprotected
with 30% ethylene glycol and frozen in liquid nitrogen before data collec-
tion at the SLS. The structure of A34Them5 was solved by the molecular
replacement method using PHASER with the structure of A36Them4 as a
search model (21). One Them5 chain per asymmetric unit was found
representing half of the homodimeric thioesterase molecule. Phases from
this solution were calculated and used for automatic model building with
PHENIX (2). Them4 and Them5 models were further improved by the
crystallographic simulated annealing routine followed by individual B-
factor refinement in PHENIX (2). All structures were refined by several
rounds of manual rebuilding in COOT (14), followed by refinement in
PHENIX (2). Final structures were validated using the molprobity server
(http://molprobity.biochem.duke.edu/) and COOT (14). The structural
images for the figures were prepared with PyMOL (http://pymol
.sourceforge.net/).

Analytical gel filtration studies. Human THEM4 (amino acids 37 to
240) and THEMS5 (amino acids 35 to 247) proteins were expressed with
C-terminal Hisg tags using a pOPINE vector and Escherichia coli Rosetta2
DES3 cells (4). The target proteins were purified on nickel-nitrilotriacetic
acid beads (Qiagen), followed by gel filtration on a HiLoad 16/60 Super-
dex 200 column (GE Healthcare) and concentrated to 6 mg/ml in gel
filtration buffer (50 mM Tris [pH 8.5], 200 mM NaCl, 10 mM TCEP,
0.02% NaNj). Analytical gel filtration runs were performed in the same
buffer on a Tricorn Superdex 200 10/300 GL (GE Healthcare) column,
previously calibrated with molecular mass standards (ferritin, 440 kDa;
catalase, 232 kDa; aldolase, 158 kDa; albumin, 67 kDa; ovalbumin, 43
kDa; chymotrypsinogen A, 25 kDa; RNase A, 13.7 kDa). A total volume of
100 pl containing THEM proteins (at a final concentration of 0.9 mg/ml)
was injected onto the Superdex 200 10/300 column and separated at a flow
rate of 0.75 ml/min.

Sequences. The sequences were as follows: human THEM4 37-240
(24,252.2 Da), MSSEEVILKDCSVPNPSWNKDLRLLFDQFMKKCEDG
SWKRLPSYKRTPTEWIQDFKTHFLDPKLMKEEQMSQAQLFTRSFDD
GLGFEYVMFYNDIEKRMVCLFQGGPYLEGPPGFIHGGAIATMIDAT
VGMCAMMAGGIVMTANLNINYKRPIPLCSVVMINSQLDKVEGRKF
FVSCNVQSVDEKTLYSEATSLFIKLNPAKSLTKHHHHHH; and human
THEMS5 35-247 (24,894.5 Da), MGSSTDSMFSRFLPEKTDLKDYALPNA
SWCSDMLSLYQEFLEKTKSSGWIKLPSFKSNRDHIRGLKLPSGLAVSS
DKGDCRIFTRCIQVEGQGFEYVIFFQPTQKKSVCLFQPGSYLEGPPG
FAHGGSLAAMMDETFSKTAFLAGEGLFTLSLNIRFKNLPVDSLVVM
DVEVDKIEDQKLYMSCIAHSRDQQTVYAKSSGVFLQLQLEEESPQK
HHHHHH.

Data collection and refinement statistics. Data collection and refine-
ment statistics are given in Table 1.

Thioesterase activity assay. The reaction mixture contained recom-
binant protein, fatty acyl-CoA substrate (Avanti-Polar Lipids., Inc.) at
concentrations of 1 to 200 M, 50 mM HEPES, 50 mM KCl, and 0.5 mM
DTNB [5,5'-dithiobis(2-nitrobenzoic acid)] in 1 ml of total volume. Re-
actions were observed spectrophotometrically at 412 nm (€ = 13.6 mM
cm ') at 37°C using a UV1800 spectrophotometer controlled by
UVPro2.33 software (Shimadzu Schweiz GmbH).

Lipid extraction and MS analysis. Phospholipids were extracted from
purified mitochondria and analyzed by electrospray mass spectrometry
(MS) as described previously (15, 22).

RNA extraction, reverse transcription reaction, and qRT-PCR anal-
ysis. Total RNA was extracted from tissues or cells using TRIzol reagent
(Invitrogen/Life Technologies) according to the manufacturer’s protocol.
A 2-pg portion of RNA was used for the reverse transcription reaction.
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TABLE 1 Data collection and refinement statistics

Data collection or refinement

statistics Them4 Them5*
Data collection
Space group P1 C222,
Cell constants
a,b,c(A) 50.5, 58.2, 69.7 454, 88.6, 105.3
o, B,y (°) 90.0, 71.1, 64.6 90.0, 90.0, 90.0
N (A) 0.96 1.00
Resolution range (A) 30.0-1.6 (1.66-1.60) 30.0-1.45 (1.49-1.45)
No. of unique reflections 83,501 70,847
Completeness (%) 93.9 (84.0) 96.8 (96.7)
Multiplicity 1.9 2.1
Ry (%)" 4.8 (21.6) 2.8 (37.3)
I/o(I) 22.7 (3.2) 17.1(2.1)
Refinement
Resolution range (A) 30.0-1.6 30.0-1.45
No. of reflections used 83,488 70,483
R-factor (%) 18.5 14.0
Ryyee (%) 223 17.1
RMS* bond length (A) 0.006 0.005
RMS bond angle (°) 1.02 1.02
Wilson B-factor (A?) 15.0 16.1
Mean B-factor (A%) 20.0 25.5
Ramachandran plot regions 98.9, 1.1 98.4,1.6

(favored, allowed) (%)

“ Friedel pairs were kept separate for Them5.

® Ry = S 2Lt — G120 2, piar where (T, is the average of the intensity
I over j = 1,.. ., N observations of symmetry equivalent reflections hkl. Numbers in
parentheses refer to values in thehighest-resolution shell.

¢ RMS, root mean square.

Quantitative reverse transcription-PCR (qQRT-PCR) was performed using
an Applied Biosystems ABI7000 sequence detection system. Primer se-
quences are available upon request. Mitochondrial DNA (mtDNA) con-
tent is presented as the ratio of qRT-PCR assessed levels of single-copy
mitochondrial genes (ND1 and COX1) to nuclear gene GAPDH (glycer-
aldehyde-3-phosphate dehydrogenase).

Subcellular fractionation. Subcellular fractionation of cells was per-
formed according to procedures described elsewhere (9, 25).

Immuno-EM. Immuno-electron microscopy (immuno-EM) was
performed according to the protocol described elsewhere, with slight
modifications (32). Immunolabeling was carried out with anti-hThem5 at
a dilution of 1/50 and antihemagglutinin (anti-HA) at 1/200 (Clontech,
catalog no. 631207); 10-nm protein A-gold (UMC-Utrecht University,
Utrecht, Netherlands) was used at a 1:50 dilution.

EM. Samples were prepared according to standard procedures. Briefly,
tissues or cells were fixed in 2.0% paraformaldehyde—2.5% glutaraldehyde
in 0.1 M sodium cacodylate buffer, washed in 0.1 M cacodylate buffer (pH
7.4), subsequently postfixed in 1% OsO,—1.5% KFeCN and then in 1%
0s0, in cacodylate buffer, rinsed in ddH,O, stained with 1% uranyl ace-
tate in water for 20 min, rinsed in water, gradually dehydrated in ethanol
(50 to 100%), and embedded in Durcupan resin. Serial block-face scan-
ning EM was performed using the 3View SBFSEM system (Gatan, Inc.)
under low-vacuum conditions. Images were captured at a resolution of
4,096 X 4,096 pixels with 50-nm slices, all controlled by DigitalMicro-
graph software (Gatan, Inc.), and then processed using Imaris software.
For mitochondrial volume quantification, a minimum of 15 mitochon-
dria per cell were reconstructed in a minimum of three cells per mouse per
genotype.

Imaging. For the analysis of mitochondrial morphology, the images
were 0.5 wm by 0.5 wm by 0.2 wm and were deconvolved afterward with
the Huygens software (Scientific Volume Imaging B.V.) using a Hygens
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remote manager. Image analysis was performed with the Imaris software
(Bitplane, Zurich, Switzerland). For live-cell imaging, Olympus IX81
spinning-disk with Yokogawa CSU-X1 scanhead microscope equipped
with piezo stage was used. Fixed cells were analyzed with a Zeiss LSM700
microscope.

Free fatty acid measurement. The levels of free fatty acids (FFA) in the
plasma of Them5 '~ and wild-type mice were measured using a ZenBio
serum/plasma fatty acid detection kit (ZenBio, Inc.).

Ketone body measurement. Levels of 3-hydroxybutyrate (3-HB)
were determined with the Autokit 3-HB test for quantitative determina-
tion of 3-HB in serum or plasma (Wako).

Cellular fatty acid oxidation. Isolated hepatocytes were incubated for
1 h in scintillation vials in Krebs Ringer buffer with 3% fatty acid-free
bovine serum albumin with 1 mM [1-'*C]palmitic acid with a specific
activity 1 mCi/mmol (Hartmann Analytic GmbH). Radiolabeled CO, was
collected in center wells with Whatman no. 1 filter paper and 200 pl of 1 M
methylbenzethonium hydroxide in methanol. At the end of the incuba-
tion, 300 pl of 5M H,SO, was added to volatilize the remaining CO,, and
the solution was incubated for another 30 min. The center wells were then
placed in other scintillation vials, 8 ml of scintillation liquid was added,
and the vials were counted using a 3-counter.

Preparation and culture of primary MEFs. Mouse embryonic fibro-
blasts (MEFs) were derived from embryonic day 13.5 embryos. Cells were
cultured in Dulbecco modified Eagle medium containing 10% fetal calf
serum under low-oxygen conditions (3%) at 37°C (33). All experiments
were performed with primary MEFs (passages 3 to 15).

Respirometry analysis. Respirometry analysis was performed with
Seahorse XF24 analyzer (Seahorse Bioscience, Billerica, MA). Mitochon-
dria were isolated from liver of Them5 wild-type (WT) and knockout
(KO) mice, protein was quantified using BCA (Pierce), and 5 pg of pro-
tein per well was plated on polyethyleneimine-treated plates (1:15,000
dilution from a 50% solution from Sigma-Aldrich). For the coupling as-
say, an initial mix contained succinate and rotenone (10 mM and 2 pM,
respectively). After an oxygen consumption rate (OCR) baseline mea-
surement, ADP, oligomycin, carbonyl cyanide 4-(trifluoromethoxy)-
phenylhydrazone (FCCP), and antimycin A were sequentially added to
each well to final concentrations of 4 mM, 2.5 pug/ml, 4 M, and 4 pM,
respectively, and changes in the OCR were analyzed. For the electron
transfer assay, the initial mix contained malate, pyruvate, and FCCP (2
mM, 10 mM, and 4 uM final concentrations, respectively). After the ini-
tial OCR measurement, subsequent injections of rotenone, succinate, an-
timycin A, and ascorbate-N|,N;,N|,N,-tetramethyl-1,4-phenylene di-
amine (TMPD) at 2 pM, 10 mM, 4 uM, and 10 mM/100 pM final
concentrations, respectively, were performed, and changes in the OCR
were analyzed. The measurement was performed accordingly to the pro-
tocol provided by manufacturer.

Mice. Mice were housed in groups of 3 with 12-h dark/light cycles and
free access to food and water in accordance with the Swiss Animal Protec-
tion Ordinance. All procedures were performed with the approval of the
appropriate authorities. All experiments were performed with males of
mixed backgrounds (C57BL/6 and 129/Ola). For all fasting experiments,
mice were fasted overnight.

Statistical analysis. Data are provided as means = the standard errors
of the mean, where 7 is the number of independent experiments. All data
were subjected to one-way analysis of variance, Student ¢ test, or Mann-
Whitney test, where applicable. Significance is indicated by asterisks as
follows: ***, P < 0.001; **, P < 0.01; and *, P < 0.05.

Protein structure accession numbers. The coordinates and structure
factors have been deposited in the Protein Data Bank (PDB) with entry
codes 4AE7 (THEMS5) and 4AE8 (THEM4).

RESULTS

Them5 is a mitochondrial protein. Bioinformatic analysis of
Themb5 revealed a mitochondrial targeting sequence in the N-ter-
minal part of the human Them5 protein and in its orthologs in
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other species (see Fig. S1 in the supplemental material). Immuno-
fluorescence analysis showed an overlap of protein staining with
the mitochondrial marker TOM20 (Fig. 1A). Like the majority of
nucleus-encoded mitochondrial proteins, the mitochondrial tar-
geting signal of Them5 is cleaved by mitochondrial proteases
upon protein import into the mitochondria. However, the con-
served consensus motif for mitochondrial processing peptidase
cleavage [RXX(X)SX] is missing in Them5 (data not shown). Im-
munoblotting with anti-Them5 antibodies detected the processed
(faster-migrating band) and nonprocessed forms of the Them5
protein (Fig. 1B, left). Overexpressed full-length Them5 resides
specifically in the mitochondria (Fig. 1C), whereas a mutant lack-
ing the first 37 N-terminal amino acids (AMTS) was excluded
from mitochondria (Fig. 1D). In contrast to Them4, two-dimen-
sional EM (2D-EM) analysis and mitochondrial fractionation
(Fig. 1E, and B, right) showed Themb5 to be localized in the matrix
of mitochondria (25).

Them4/5 are dimers of a Hotdog-fold. Protein sequence anal-
ysis suggested that Them5 belongs to the Hotdog-fold thioesterase
family of proteins. The Hotdog-fold enzymes are found in all or-
ganisms, with Them4 orthologs present in lower eukaryotes, in-
cluding yeasts, but Them5 orthologs only in mammals (see Fig.
S1B in the supplemental material). Them4 and Them5 genes are
located on chromosome 1 in humans (chromosome 3 in mice)
and share an exon-intron structure and protein domain organiza-
tion (see Fig. S1A in the supplemental material).

We determined the crystal structures of human A34Them5
and A36Them4 to resolutions of 1.45 and 1.6 A, respectively (the
data collection and refinement statistics are given in Table 1). The
crystal structures (typical of thioesterases) confirmed both pro-
teins as members of the Hotdog superfamily, namely, a core struc-
ture encompassing residues 119 to 231 and residues 125 to 237 of
A36Them4 and A34Themb5, respectively, and consisting of a long
central a-helix surrounded by a six-stranded curved antiparallel
B-sheet (Fig. 2A; see also Fig. S2C in the supplemental material).
In both proteins, two of the core domains form a stable ho-
modimer related by a 2-fold symmetry axis, thereby extending the
two monomer 3-sheets to a continuous antiparallel 12-stranded
B-sheet. Furthermore, in both molecules, ~120 N-terminal resi-
dues are mostly in a coiled conformation, with the exception of
extended a-helixes formed by residues 55 to 68 (A36Them4) and
residues 64 to 79 (A34Them5) that are tightly attached to the
convex side of the curved B-sheet via hydrophobic interactions
with the first and second strands. Them4 and Them5 proteins
contain a highly variable sequence stretch (ca. residues 83 to 109
and ca. residues 91 to 114 for Them4 and Themb5, respectively)
that is partially disordered in both crystal structures.

As in previous studies, we found that A36Them4 elutes as a
dimer in size-exclusion chromatography, with a minor fraction
present as a homotetramer (36). A34Themb5, in contrast, elutes as
ahomodimer (Fig. 3B). A further strong argument for the dimeric
state of Them4/5 in their native forms is the fact that they always
appear as independent homodimers, irrespective of the crystal
packing and the number of molecules in the asymmetric unit
(a.u.) (Fig. 3A). However, it is still possible that Them4/5 can form
higher-order oligomers in the specific environment in the mito-
chondria, interacting with membranes or proteins or binding sub-
strates.

Them5 is an acyl-CoA thioesterase with unusual substrate
specificity. We analyzed the protein sequences of the Them4 and
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FIG 1 Themb5 is a mitochondrial protein. (A) Mitochondrial localization of hThem5 in U20S cells. TOM20 was used for mitochondria visualization. (B)
Mitochondrial localization of h Them5 in HEK293 cells, transfected with full-length (FL) hThem5. (Left) The upper double band indicates FL Them5 and Them5
without a mitochondrial targeting sequence (AMTS). The lower band in the M fraction (*) suggests further Them5 processing in mitochondria. T, total; M,
mitochondrial fraction; C, cytoplasmic fraction. (Right) Mitochondria were incubated in isolation buffer alone or treated with proteinase K (100 pug/ml) in the
isolation buffer, in 20 mM HEPES, or in 1% Triton X-100. Portions (50 ng) of proteins were separated by SDS-PAGE and immunoblotted with the indicated
antibodies. (Cand D) Overexpressed in U20S cells FL Themb5 are localized in the mitochondria (C), whereas the AMTS Them5-HA mutant is excluded from the
mitochondria (D). (E) Immunogold-EM staining of U20S cells transfected with HA-tagged hThem5. To detect endogenous protein, sections of nontransfected
cells were probed with anti-hThem5 antibodies (right). Staining was detected mainly in mitochondria; some background was present in other cellular compart-

ments for both endogenous and transfected proteins.

Them5 remote homologs in a search for conserved sequence mo-
tifs (see Fig. S2A in the supplemental material). Despite the low
conservation of amino acid sequence between Hotdog thioes-
terases, their folding is conserved, as is the catalytic machinery
(37). We identified a highly conserved HGG. . .D motif that was
reported earlier to be an important consensus sequence motif in
bacterial and mammalian Hotdog thioesterases (26). Both
A36Them4 and A34Themb5 crystal structures have two active sites
per homodimer, located at the end of each Hotdog helix, with
residues from both subunits contributing to catalysis. The main
catalytic residues for A36Them4 and A34ThemS5, respectively, are
indeed the HGG motif from residues 152 to 154 and from residues
158 to 160 on one subunit and Aspl61/Thr177 and Aspl67/
Thr183 on the other subunit (Fig. 2C and see Fig. S2D in the
supplemental material). These residues are proposed to bind and
hydrolyze the thioester moiety of the acyl-CoA substrate, as de-
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scribed for a number of other Hotdog thioesterases (8, 26). They
arelocated in the middle of along L-shaped channel that is limited
in length by a stretch of residues from the N-terminal part (resi-
dues 74 to 79 in A36Them4 and residues 83 to 88 in A34Them5),
which likely defines the length of the CoA-coupled fatty acids
accepted for turnover. This channel is less deep and less open in
Themb5 than in Them4, where the Them4 residues Alal62 and
Metl66 are positionally exchanged with Glul68 and Lys172,
which together with Asn91 form an extended hydrogen bond net-
work.

Mapping of conserved residues onto the surface of the Them5
crystal structure (Fig. 2B) showed full conservation of the catalytic
machinery; a comparison with related structures revealed Asp161
(Them4) and Asp167 (Themb5) to be critically important (16).

We next confirmed that recombinant Themb5 is an active thio-
esterase in vitro (Fig. 2D to F). Like Them4 (12), Them5 was par-
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FIG 2 Them5 is a Hotdog-fold dimer. (A) Diagram of the A34Them5 crystal structure. (B) Surface representations of the A34Them5 crystal structure.
Surface-exposed residues conserved in both Them4 and Them5 (see Fig. S2A in the supplemental material) are highlighted in red and orange. A black circle
indicates the putative binding site of the CoA-linked acyl chain, an asterisk marks the catalytic center, and an arrow points to Them5 residues Glu168 and Lys172,
which interrupt the long open channel present in the Them4 structure. A blue circle shows the conserved residues on the surface of the central B-sheet that are
likely to be involved in binding the CoA phospho-ADP module. Residues 89 to 101 and residues 238 to 247 are not displayed to make the image clearer. (C)
Stylized representation of the putative A34ThemS5 active site. Homodimer subunits are shown in blue and orange, and residues expected to be involved in
catalysis and substrate recognition are displayed as sticks (atom colors). (D and E) Saturation curves of reaction rates for acyl-CoA substrates obtained for
wild-type hThem5 (D) and the D167A hThem5 mutant (E) at 37°C. Lines indicate fitting of the experimental data to the Michaelis-Menten equation. (F) Them5
hydrolyzes long-chain acyl-CoA esters. Steady-state kinetic constants for hThem5-catalyzed hydrolysis of selected acyl-CoAs obtained at 37°C (pH 7.5).

ticularly active on medium-chain (e.g., C, ,.,) and long-chain acyl-
CoA esters (Fig. 2F). However, Them5 displayed a distinctive
specificity for linoleyl-CoA among the long-chain fatty acid esters
(Fig. 2F). This difference in substrate affinities may be related to
the structural differences we observed in the substrate-binding
channels of Them4 and Themb5. In Them5, the side chains of
Glul68 and Lys172 form a polar, barrier-like elevation in the mid-
dle of this channel, restricting binding to the conserved residues
(Ser87, Thr117, Argl18, and Tyr129) that form a cavity (Fig. 2B
and C).

According to our crystallographic model of the active centers
of Them4 and Them5 (Fig. 2C and see Fig. S2D in the supplemen-
tal material) and previously published structures of Hotdog thio-
esterases, we propose that D167 in ThemS5 is the key catalytic res-
idue. Consistent with this hypothesis, an alanine-substituted
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Them5 mutant (D167A) no longer displayed catalytic activity
(Fig. 2E and F). Additional mutations of the predicted active-site
residues further confirmed their critical role in catalysis (see Fig.
S2E in the supplemental material).

Themb5 ablation modifies the metabolism of cardiolipin. To
investigate the biological role of Them5, we generated mice defi-
cient in the Them5 protein (see Fig. S3 in the supplemental mate-
rial). In view of the mitochondrial localization of Them5 and its
acyl-CoA thioesterase activity, we carried out a detailed MS anal-
ysis of mitochondrial lipids from Them5 '~ and control mice.
There were very specific changes in the lipid profile of cardiolipin
(CL) and its metabolites in the Them5 knockout mice, but no
changes in phospholipids synthesized outside mitochondria (Fig.
4A; see also Fig. S4 in the supplemental material). Loss of Them5
led to a 2-fold increase in major species of monolysocardiolipin
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(MLCL) (Fig. 4B), which act as upstream metabolites in the re-
modeling cycle of the inner mitochondrial membrane CL (15).
Intriguingly, loss of only one allele of Them5 (in heterozygous
mice [HET]) produced a stronger increase in these MLCL species
and a more significant alteration in the profile of CL species than
complete loss of the Them5 gene (see Fig. S4 in the supplemental
material). However, in both KO and HET mitochondria, the com-
mon effect of Them5 on cardiolipin was altered ratios of major
species of CL and MLCL (see Fig. S4C in the supplemental mate-
rial), analogous to the phenotypic changes in Barth syndrome (8).
Subsequently, we focused on characterization of the complete
Them5 knockout.

We propose that Them5 specifically regulates upstream re-
modeling of mitochondrial CL by maintaining, in particular, the
pool of linoleyl groups used to reacetylate one metabolic interme-
diate of cardiolipin, namely, SP2-MLCL (stearoyl-dipalmitoyl-
monolysocardiolipin) (Fig. 4). Consequently, it is likely that the
mitochondrial accumulation of SP2-MLCL and other palmitoyl-
containing MLCL species reflects an early impairment in the re-
modeling cycle of CL, which progressively adds linoleyl (and, to a
lesser extent, other unsaturated fatty acids) to the saturated pre-
cursors, producing mature forms enriched in linoleyl (30). In ad-
dition, Themb5 loss resulted in an ~2-fold decrease in free fatty
acids detected by MS in mitochondria, with a particularly marked
decrease in linoleic and linolenic acids in the KO samples (Fig. 4D
and E). The substrate preference of Them5 shown by a 4- to 5-fold
higher k_,, for linoleyl-CoA (C,5.,) over either C 4.5 or Cg.; ex-
plains the observed changes in free fatty acids and the remodeling
of mitochondrial CL metabolites after Them5 ablation (Fig. 2F).
Thus, combination of the MS analysis and the data on enzyme
properties strongly suggests that Themb5 is a thioesterase with a
distinct specificity for C,5 polyunsaturated fatty acids, which are
essential metabolites for mammalian CL remodeling via acyl-
CoA-dependent transferases (6).

Them5~'~ mice develop fatty liver. The decrease in free fatty
acids inside mitochondria after Them5 ablation (Fig. 4D) inter-
feres with the formation and recycling of acyl-CoA molecules,
particularly those essential for CL remodeling with linoleyl-CoA,
and leads to age-dependent fatty liver disease (Fig. 5A and B; see
also Fig. S5A and B in the supplemental material) and the inhibi-
tion of B-oxidation and ketone body formation (Fig. 5C and D).
Free fatty acids are exported from Them5 '~ mitochondria by the
carnitine transport system (Fig. 5E) and accumulate in the cytosol,
leading to the development of fatty liver.

The levels of FFA in plasma also increased significantly in
Them5~'~ mice upon fasting (Fig. 5F). Whereas the fatty acid
synthase (FASN) mRNA levels were similar in fasted mutant and

Crystal Structures and Biology of Them4/5

control mice, these levels were not stimulated in Them5 /" ani-
mals by refeeding (Fig. 5G). Since the induction of FASN normally
occurs in response to elevated levels of acetyl-CoA, a B-oxidation
product, and is negatively regulated by FA, the impaired 3-oxida-
tion, i.e., reduced production of acetyl-CoA, and steatosis may be
explained by the failure of FASN induction. In line with hypoke-
tosis and reduced oxidation of [**C]palmitic acid, the levels of
CPT1 did not respond to fasting (Fig. 5E). In addition, UCP2
expression was considerably increased in Them5 '~ mice (Fig.
5H), most probably as a result of lipid accumulation. Indeed, a
high-fat diet exacerbated fatty liver development. The reduced
ability of Them5 '~ animals to cope with an increased FA load
resulted in increased body weight, pronounced lipid accumula-
tion, and inflammatory infiltration (Fig. 5I to M).

Loss of thioesterase activity of Them5 leads to changes in
mitochondrial morphology and function. Loss of mitochondrial
proteins often affects function and, as a consequence, may alter
the morphology of these organelles. To assess possible changes in
mitochondrial morphology upon Themb5 loss, we performed se-
rial block-face scanning EM analysis of hepatocytes. 2D-EM im-
ages showed elongated, filamentous mitochondria in Them5 mu-
tant mice (Fig. 6A, upper). Subsequent 3D reconstruction
indicated a 2-fold increase in mitochondria volume and the for-
mation of a highly interconnected network in Them5 '~ mice,
which was dramatically different from that in WT mitochondria
(Fig. 6A, lower, and B; see also Fig. S5C and D in the supplemental
material).

A similar phenotype was observed upon overexpression of the
D167A Them5 mutant. Mitochondria showed a significant in-
crease in volume (45%) and length (35%) compared to WT pro-
tein transfected cells (Fig. 6D), indicating the importance of
Them5 enzymatic activity in the maintenance of mitochondrial
morphology (Fig. 5E and F). The plasticity and dynamics of mi-
tochondria are both dependent on the content of CL and other
lipids and on the balance between CL and MLCL (1, 3, 13). Thus,
the apparent importance of the thioesterase activity of Them5 for
mitochondrial morphology may be explained by the observed
>2-fold increase in major MLCL relative to CL species (Fig. 4 and
6; see also Fig. S4C in the supplemental material).

There were no significant changes in the mRNA levels of ND1,
COX1, or TFAM, suggesting that the mtDNA copy number was
not affected (Fig. 6C). However, fluorescence-activated cell sort-
ing (FACS) analysis of MitoTracker green-labeled cells showed a
30% increase in the mitochondrial mass in Them5 mutant cells
(Fig. 7D), possibly due to a compensatory mechanism for the
reduced respiratory capacity of mitochondria. Indeed, we ob-
served a reduction in the Them5 '~ cells of the colocalization of

species (15.22 ml, 45.80 kDa, 48.50 kDa) and a tetrameric species (dimer of homodimers, 13.68 ml, 105.01 kDa, 97.01 kDa), whereas A34Them5 elutes as a
homodimer only (15.23 ml, 45.56 kDa, 49.79 kDa). Elution volumes, approximate molecular masses, and expected molecular masses are given in parentheses,
respectively. (C) Detailed view of Them5 mutation sites created to disrupt the homodimer. Sites are located at the homodimer interface and mapped onto the
A34Themb5 crystal structure (side view, left upper panel; top view, left bottom). The Them5 subunits are shown as diagrams (blue and gray); mutated residues
are shown as sticks and colored in red (Ile188), orange (Gly160), and cyan (Alal63). The most C-terminal a-strand of both subunits is not shown in the bottom
view for clarity reasons. (D) Coimmunoprecipitation experiments with AMTS-Them5 wild type and mutants with HA and myc-RFP tags. HEK293cells were
transfected with the corresponding cDNAs 24 h after lysis, and the proteins were precipitated with anti-myc antibodies and then probed with the indicated
antibodies. Mutations were introduced in the central helix, leading to instability of a dimer due to the electrostatic repulsion or steric hindrance (G160W/E,
A163W/E); another mutation was made in order to disturb antiparallel B-sheet formation (I188R). Double 160E163E and 160W163W mutants have very low
levels of expression but can still be coprecipitated with wild-type Them5 (lanes 5 and 6). However, cotransfection of two differently tagged mutants greatly
diminishes their expression levels and abolishes interaction or coprecipitation (lanes 9 and 10). These results confirm that Them5 does indeed form dimers and
cannot exist as a monomer in solution.
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FIG 4 Themb5 is a new player in cardiolipin remodeling. (A) MS profiles of liver mitochondrial lipids from Them5KO and WT in the MLCL region. P, palmitoyl;
S, stearoyl; O, oleoyl; L, lineaoyl; A, arachidoyl. (B) Increase in major monolysocardiolipin (MLCL) over cardiolipin (CL) levels upon ThemS5 ablation. (C) Fatty
acids are imported into mitochondria from the cytosol via CPT transporters (step 1). Acyl-CoAs are hydrolyzed by Them5 (step 2), releasing acyl chains used for
reacylation of the CL precursor, SP2-MLCL, by ALCAT1 or MLCLAT1 (20) (step 3). The other steps of CL remodeling are mediated by transacylase Taz (step 4).
Normally, strearoyl and palmitoyl acyls are re-esterified and can be used in -oxidation and, subsequently, the TCA cycle (step 5). The final product acetyl-CoA
is exported to the cytosol (step 6) and is used in fatty acid synthesis (steps 7 and 8). CL, cardiolipin; LPC, lysophosphatidylcholine; MLCL, monolysocardiolipin;
CPT, carnitine-palmitoyl transferase; CoA, coenzyme A; ALCAT1, monolyso-acyl-CoA:lysocardiolipin acyltransferase 1; TCA cycle, tricarboxylic acid cycle. (D)
Quantification of total mitochondrial content of FFA. (E) Detailed composition of FFA from Them5 WT and KO liver mitochondria. Note the strong decrease
in linolenic acid in Them5~'~ samples compared to the WT. This fatty acid has the fastest turnover in mitochondria but does not contribute much to CL
remodeling.
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FIG 5 Loss of Them5 deregulates lipid metabolism. (A) Increased liver weight in Them5 '~ animals but no changes in body weight (1 = 8 to 11). (B)
Age-dependent accumulation of lipids in liver. Oil Red O staining of liver sections from 6-month-old mice (left). Phase-contrast images (middle) and ORO
staining (right) of primary hepatocytes from 9-month-old mice are shown. (C and D) Decreased serum levels of 3-hydroxybutyrate in Them5 '~ (fasted, 12
months old, n = 5 to 6) (C) and lower rates of [1-'*C]palmitic acid oxidation by primary hepatocytes (D). (E) Them5 '~ mice show increases in basal levels of
liver CPT1 but fail to induce it upon fasting (6 to 7 months old, 7 = 3 to 4). (F) Increase in total levels of plasma FFA in Them5 '~ mice (fasted, 6 to 7 months
old, n = 5). (G) Absence of fatty acid synthase induction in liver of Them5 '~ mice after refeeding (6 to 7 months old, n = 3 to 4). (H) Increase in UCP2 mRNA
in Them5~'~ liver (6 to 7 months old, n = 4). (I to M) Mice (males, n = 6 to 8) were kept on a high-fat diet for 15 weeks and analyzed afterward. (I) Increase in
liver and body weights. (J) Increased lipid accumulation (green arrows) and lymphocytic infiltration (black arrows) in Them5~'~ liver sections compared to
Them5™/* after 15 weeks of a high-fat diet. (K) BODIPY 493/503 staining of liver sections. Quantification of lipid-positive staining (right side) shows an ~2-fold
increase in Them5 ™'~ samples. (L and M) RNA was extracted from the livers of randomly fed Them5 '~ and Them5"/" mice after 15 weeks of high-fat diet, and

the interleukin-6 mRNA (L) and UCP2 (M) expression levels were measured by real-time PCR.

MitoTracker Green and MitoTracker Red, which responds to the
membrane potential of mitochondria (Fig. 7E).

Analysis of Them5™'~ mitochondria revealed a significant de-
crease in state 3 and state 4 respiration (Fig. 6G). The respiratory
control ratio was lower in both Them5~'~ liver mitochondria and
MEFs (Fig. 6H and Fig. 7F and G), indicating increased uncou-
pling in knockout mitochondria, potentially due to elevated
UCP2 expression (Fig. 5H). In studying the respiratory capacity of
mitochondria functionally dissected with specific inhibitors of
complex I and ITI, we found a decrease in the coupling efficiency at
both site I (pyruvate + malate) and site II (succinate) (Fig. 6I).
These results are consistent with the MitoTracker Red staining
pattern (Fig. 7E). The rates of electron transfer were also reduced
in Them5 '~ mice (Fig. 61). The previously documented impair-
ment in B-oxidation and tricarboxylic acid (TCA) cycle could be

July 2012 Volume 32 Number 14

partially responsible for the observed decrease (almost 50%) in
maximal respiratory rates with endogenous substrates, which
mainly derives from intramitochondrial metabolites and im-
ported pyruvate (Fig. 5C and D and Fig. 6G and I).

DISCUSSION

We show here that Them5 is a novel mitochondrial acyl-CoA
thioesterase most likely involved in the metabolism of cardiolipin
(CL), specifically in remodeling steps requiring linoleyl-CoA spe-
cies. This new evidence provides a chemical and metabolic expla-
nation for the mitochondrial phenotype observed after the genetic
ablation of Them5 and also throws light on the biological function
of Them4. Them5 seems to be a result of gene duplication, and
thus Them4 and 5 may be paralogs. We show here that human
Them4 and Them5 are both homodimers of the Hotdog-fold,
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FIG 6 Loss of the enzymatic activity of Them5 protein affects mitochondrial morphology and functions. (A) Electron micrographs of liver cells (upper) and
subsequent 3D reconstruction of mitochondria (lower) (3 months old, fed). (B) Increased mitochondrial volume in Them5~ '~ hepatocytes from fed mice
compared to WT controls. (C) mtDNA copy number as assessed by qPCR of single-copy mitochondrial genes ND1 and COX1, and mitochondrial transcription
factor TFAM (n = 3). (D) Changes in morphology of mitochondria upon transfection of the D167A-Them5 mutant compared to WT Them5 or vector control
animals; mitochondria were visualized with anti-TOM20 staining. (E and F) Increase in the length (E) and volume (F) of 3D reconstructed mitochondria in cells
expressing D167A-Them5 compared to WT Themb5 or vector control (a minimum of 10 cells per experiment were analyzed, n = 3). (G) Decreased oxygen
consumption rates in Them5 ™' liver mitochondria, as assayed using Seahorse XF analyzer. (n = 10). For a similar analysis in MEFs, see Fig 7. (H) Decrease in
the respiratory control ratio (RCR) of Them5~'~ liver mitochondria compared to WT controls (n = 8 to 10). (I) Reduced electron transfer abilities in isolated

Them5 ' liver mitochondria (n = 10; TMPD, N,N,N’,N’-tetramethyl-p-phenylenediamine).

supporting the hypothesis that these proteins are a distinct group
of mammalian thioesterases (5). They seem to be most related to
the homodimer subclass of the PAAI family, members of which
are present as homodimers only (hypothetical proteins with PDB
code 11Xl in P. horikoshii or PDB code 20V9 in Rhodococcus sp.).
The catalytic machinery of Them4/5 is conserved and comprises
the HGG motif and Asp/Thr residues. The main sequence differ-
ences map onto the partially disordered loop covering the active-
site cleft and onto the bottom of the cleft, which is the putative
binding site for the CoA-linked fatty acid alkyl chain. This may
provide a structural explanation for the different substrate prefer-
ences of Them4 and Them5. Considering the late appearance of
Them4 in evolution and the even later appearance of Them5, these

2694 mcb.asm.org

proteins may have evolved specific and nonoverlapping activities
in mitochondria.

Indeed, our data indicate that ThemS5 loss induces the accumu-
lation of major species of MLCL. Together with the kinetics anal-
ysis, these results indicate that Themb5 is a linoleyl-CoA-specific
thioesterase. We propose that Them5 thioesterase activity regu-
lates upstream remodeling of CL by maintaining the pool of acyl
groups, specifically linoleyl, which in particular reacylate stearoyl-
and palmitoyl-containing MLCL species lying upstream in the CL
remodeling cycle (Fig. 4 and see Fig. S4 in the supplemental ma-
terial) (15, 30). Several enzymes involved in CL biosynthesis are
known, but no specific thioesterases providing acyls for CL re-
modeling have been identified (23). To our knowledge, Them5 is
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FIG 7 Them5 KO and HET liver cells and MEFs show changed mitochondrial morphology and decreased respiratory capacity. (A) Primary MEFs from
Them5~'~ and wild-type controls (gender-matched siblings) were stained with anti-mouse Them5 antibodies and visualized with LSM700 microscope. (B)
Primary MEFs were costained with anti-mouse Them5 and anti-Grp75 (mortallin) antibodies. Images were taken with a LSM700 microscope. The staining
pattern shows colocalization of Them5 and Grp75. (C) Primary MEFs from Them5'~, Them5™'~, and wild-type control animals were fixed and stained with
anti-TOM20 antibodies. Confocal images were taken with the LSM700 microscope, and mitochondria were reconstructed and their lengths were quantified using
Imaris software (Bitplane). A minimum of three experiments were performed, with at least 10 cells in each analyzed. (D) Increased mitochondrial mass in Them5
KO and HET MEFs, as analyzed by FACS. Live cells were stained with MitoTracker Green FM, and the ratio between fluorescence intensity (FL1-H) and forward
scatter (FSC-H, corresponding to the cell size) was determined and normalized to WT values. A total of five to six independent MEF lines (gender matched) for
each genotype, using two to three independent sets of experiments, with 10,000 events for each sample, were analyzed. (E) Representative confocal images of live
MEFs stained with MitoTracker Red and MitoTracker Green FM (left panel). Confocal images with 200-nm steps in z-stacks were taken using piezo motor-driven
stage. Images were deconvolved and analyzed (quantification of colocalization, right side) with Imaris software. (F) Oxygen consumption rates were measured
for Them5~'~, Them5*'~, and Them5™’" primary MEFs using a Seahorse XF24 analyzer. (n = 10 for each genotype). (G) Quantification of the integral
maximum respiration rate presented as the area under curve (AUC) shows a 35% decrease for both HET and KO samples compared to WT. (H) RCR, as
determined by the ratio of OCR between state 3 and state 4, shows 25 and 30% decrease in Them5 " and Them5~'~ MEFs compared to the wild-type control,
respectively.

tochondrial bioenergetics and dynamics. This has been clearly
shown in the example of ALCAT1, an acyltransferase involved in
the remodeling of CL (6, 20). Upregulation of ALCAT1 on a high-
fat diet, aggravated by its lack of acyl-chain substrate specificity,

the first C,4 polyunsaturated specific thioesterase to have been
defined and, given its location and substrate preference, it may
firmly be considered to be involved in CL metabolism. Remodel-
ing is essential for CL functions, namely, in the regulation of mi-
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leads to alteration of the “normal” CL acyl profile due to changes
in the substrates provided. This results further in the exaggeration
of oxidative stress. Loss of tafazzin, another CL remodeling enzyme, is
associated with the Barth syndrome and involves changes in mito-
chondrial morphology that are much more dramatic than those ob-
served here in Them5 '~ mice (11, 31). Clearly, interference with
either chain selection during CL remodeling or CL synthesis itself
leads to anumber of mitochondrion-associated metabolic conditions
(10). Hence, our work, together with the recent identification of
PTPMT1 as a novel CL biosynthetic enzyme, prompts further studies
on CL involvement in human diseases (34, 35).

We show that loss of Them5 decreases the pool of FFA in mi-
tochondria, resulting in age-dependent progression of fatty liver
in Them5 '~ mice, compounded by hypoketosis and decreased
B-oxidation. This resembles results from a previous study, where
loss of the acyl-CoA binding protein altered the supply of acyl-
CoA metabolites and thus modified CL remodeling in yeasts (28).
CoA is then trapped in long acyl-CoA molecules (stearoyl- and
palmitoyl-CoA) that are not normally used in CL remodeling. The
absence of Them5 increases the MLCL/CL ratio and causes an
imbalance in CL homeostasis. This results in the reduction of
respiratory rates and impairment of electron transfer between the
respiratory complexes. OXPHOS complexes are known to require
normal levels of CL and its metabolites for their function; how-
ever, the documented respiratory defects have not been linked
previously to thioesterases (10, 12). The observed patterns of
phospholipid composition in Them5™*’~ and Them5™'~ mice sug-
gest that further enzymes are involved in the rewiring of CL syn-
thesis/remodeling, which warrants further analysis. Given that
Them5 '~ animals develop even stronger lipid accumulation than
Them5™*’~ animals, it is possible that Them5 interferes with other
signaling pathways. For example, the observed increase in C,,,
levels could affect BDNF/TrkB-dependent signaling in a context-
dependent manner (27). Given the unusual specificity of Them5
enzymatic activity, it would be reasonable to investigate possible
mutations and/or polymorphisms involving catalytic residues or
dimerization motifs present in humans that may affect its sub-
strate preference.

Considering the importance of cardiolipin synthesis and re-
modeling pathways in mitochondrial function and generally in
physiology, our results indicate the possible involvement of
Them5 in human pathologies, such as fatty liver disease, obesity,
and related disorders.
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