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Thioesterase superfamily member 2 (THEM2) is an essential protein for mammalian cell proliferation. It
belongs to the hotdog-fold thioesterase superfamily and catalyzes hydrolysis of thioester bonds of acyl-
CoA in vitro, while its in vivo function remains unrevealed. In this study, Zebra fish was selected as a
model organism to facilitate the investigations on THEMZ2. First, we solved the crystal structure of re-
combinant fTHEM2 at the resolution of 1.80 A, which displayed a similar scaffolding as hTHEM2. Second,
functional studies demonstrated that fTHEM?2 is capable of hydrolyzing palmitoyl-CoA in vitro. In addi-
tion, injection of morpholino against fTHEM2 at one-cell stage resulted in distorted early embryo
development, including delayed cell division, retarded development and increased death rate. The above
findings validated our hypothesis that fTHEM2 could serve as an ideal surrogate for studying the
physiological functions of THEM2.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Thioesterase superfamily member 2 (THEM2), also known as
acyl-CoA thioesterase 13 (ACOT13), is considered essential for
proliferation of mammalian cells [1]. THEM2, which consists of a
single a hotdog domain, catalyzes hydrolysis of the thioester bond
in a variety of acyl-CoA compounds in vitro. When catalyzing hy-
drolysis of fatty-acyl-CoA's, THEM2 displays relatively high cata-
lytic efficiency towards medium-to-long-chain substrates, such as
palmitoyl-CoA [2,3]. The thioesterase activity of THEM2 requires
the formation of a homotetramer, in which a series of highly
conserved residues from three monomers comprise the catalytic
center. In both solution and crystals, THEM2 form a stable tetramer
in a back-to-back mode [4].

In contrast to the elucidated atomic structures [3,4], only a few
functional studies of THEM2 have been reported. THEM2 was
implicated in hepatic metabolism via its interaction with
phosphatidylcholine-transfer protein (PC-TP) [5,6]. Recent studies
discovered both an increase of fatty-acyl-CoA concentration and a
decrease of free fatty acid concentration in the liver of THEM2
knock-down mice, associated with reduced activation of peroxi-
some proliferator-activated receptor. The reduced level of THEM2
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in mice also diminished hepatic glucose production when hepa-
tocyte nuclear factor 4a(HNF4a) expression was reduced [7]. Be-
sides liver, Cheng et al. reported the presence of THEM2 in other
organs, which is highly expressed in kidney, and moderately
expressed in brain, large intestine, and small intestine [1]. In
addition, small interference RNA silencing in cell line HCT116
demonstrated the essential role of THEM2 for sustained cell pro-
liferation [1].

Although the three-dimensional structure of human THEM2
(hTHEMZ2), in complex with its substrate analog, sheds considerable
light on the catalytic mechanisms of THEM2 and its in vitro sub-
strate preference [3], the detailed mechanisms underlying the
physiological role of THEM2 in cell proliferation and embryonic
development remains elusive. In addition, previous results showed
that hTHEM?2 is co-localized with microtubules [1], while the bio-
logical consequence of such co-localization has been little under-
stood. Regarding the investigation on cellular and developmental
functions, zebra fish is a well-established model organism, and
contains a functional homolog of hTHEM2 in its genome. Therefore,
the fish THEM2 (fTHEM2) may serve as an ideal surrogate for
elucidating the physiological function of THEM2.

The primary structure of fTHEM2 (residues 1—141) resembles
that of hTHEM2 (roughly 70% identical in sequence). However, the
N-terminal region (residues 1—35) of fTHEM2 differs considerably
from its counterpart in hTHEM2 (with a sequence identity of only
34%). It thus remains to be examined whether fTHEM2, with such
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sequence difference from hTHEM2 in the N-terminal region, has
comparable molecular and cellular functions. In light of this ques-
tion, we seek to obtain structural information of fTHEM2 and to lay
a solid foundation for the study of its biological function in
embryogenesis. In this study, we report the expression, purifica-
tion, crystallization and structural analysis of fTHEM2. Combined
with the following cellular studies of fTHEM2 in embryonic
development, our data demonstrated the important role of THEM2
in early development of embryo, and proved that fTHEM?2 is ideal
for future studies on physiological functions of THEM2.

2. Materials and methods
2.1. Ethics statement

All animal studies in this report were approved by the Institu-
tional Review Board of the Institute of Genetics and Developmental
Biology, Chinese Academy of Sciences.

2.2. fTHEM?2 purification, crystallization and structure
determination

fTHEM?2 gene was amplified and cloned into pET22b vector be-
tween the restriction sites of Ndel and Xhol. The recombinant
fTHEM2 protein was overexpressed in Escherichia coli BL21(DE3)
and purified according to the purification procedure of hTHEM?2
protein, which was described previously [4]. The dynamic light
scattering analysis was performed using Dynapro Nano Star
(Wyatt) in 20 mM Tris—HCI pH 7.5, 200 mM NaCl buffer at 25 °C.
The purified fTHEM2 was crystallized by the sitting drop vapor
diffusion method at 289 K. The drops were set up by mixing 1 pL of
sample solution containing 10 mg/mL fTHEM2, in 50 mM Tris-Cl pH
7.5, 50 mM NaCl and 5 mM DTT and 1 pL of reservoir solution
containing 0.1 M Ammonium Acetate, 0.1 M Bis-Tris pH 5.5 and 17%
w/v PEG 10,000. One diffraction data set, at resolution of 1.8 A, was
collected at the Beamline 17U, Shanghai Synchrotron Radiation
Facility (SSRF). The data set was processed with HKL2000 [6].
Molecular replacement was performed by MOLREP [8], using the
monomeric hTHEM2 structure (chain A, PDB accession ID 2F0X) as
the search model. After manual adjustment in Coot [9], the struc-
ture was further refined in the REFMAC5 [10]. The stereochemical
quality of the final model was examined by PROCHECK [11]. The

Table 1
Data collection and structure refinement statistics.

Data collection

Space group (o2}

Unit cell parameter a=771A,b=744A,c=96.6 A B =937
Resolution range (A)* 50-1.80 (1.86—1.80)

No. of total reflections 193,229 (18,737)

No. of unique reflections 50707 (5064)

Average redundancy 3.8(3.7)
Completeness (%) 99.8 (100.0)
I/o 15.5 (2.5)
Renerge” 0.087 (0.588)
Structure refinement

Rwork/Rfree (%)C 193/225
RMSD bond length (A) 0.007

RMSD bond angle (°) 1.1

¢ Data for the highest resolution bin is in parentheses.

b Rmerge = >_|li — Im|/>"Ii, where [i is the intensity of the measured reflection and
Im is the mean intensity of all symmetry-related reflections.

€ Rwork = Y| |Fobs| — [Fcalc| |/>"|Fobs|, where Fobs and Fcalc are observed and
calculated structure factors, respectively. Rgee = > 1| |Fobs| — |Fcalc| |/> t|Fobs|,
where T denotes a test data set of about 5% of the total reflections randomly chosen
and set aside prior to refinement.

4 RMSD = root-mean-square deviation.

statistics of data collection and structure refinement were listed in
Table 1. The structure of fTHEM2 has been deposited to the Protein
Data Bank with an accession code 40RD.

2.3. Enzyme activity measurement

Hydrolysis of palmitoyl-CoA was measured in a 50 pL cuvette,
containing 50 mM KCl, 10 mM Hepes (pH 7.5), 0.3 mM DTNB [5, 5'-
dithiobis-(2-nitrobenzoic acid)] (Sigma), and 50 puM substrate.
fTHEM2 was added to initiate the reaction. The cuvette was
immediately loaded into a temperature-controlled spectropho-
tometer and absorbance at 412 nm was monitored at 1 min in-
tervals for up to 30 min at 37 °C. For the measurement of fTHEM2
steady-state kinetic constants, the datasets of initial velocities,
measured as a function of substrate concentrations, were analyzed
using the Michaelis—Menten equation, V = Vmax|S]/([S] + Kmn);
and K¢ = Vmax/[E], where [E] is the total enzyme concentration
and all measurements were repeated in triplicate.

2.4. them2 expression in zebra fish

To perform RT-PCR, mRNA was isolated from different stages of
zebra fish embryos using TRIzol reagent (Invitrogen), and the total
cDNA was synthesized using iScriptcDNA synthesis kit (Bio-Rad).
The sequence of primers used to amplify fthem2 cDNA were
fTHEM2 up: 5-ATGGCTTCATTAACGCTGAATAC-3’' and fTHEM2
down: 5-TTAGCTGCCGAGGTGTTTTGTG-3'. For the control ampli-
fication of ornithine decarboxylase (ODC) cDNA, we used the
following primers: ODC-BD up: 5'-CACTGGCGGTCAACATCATC-3'
ODC-BD down: 5-GGTTCGGTCATTGGACACATC-3'.

2.5. them2 knockdown in zebra fish

Morpholino (5'-CAAAACACAGAGAAGGACAAGTTCAC-3’) was
designed to target the 5’ UTR of fthem2 mRNA. The morpholino was
injected into embryos at different doses and a standard control
morpholino (Gene Tools) was used as the negative control. In the
following development, live embryos were observed for pheno-
types in a Leica microscope and the dead embryos were counted.
For morpholino specificity assay, fthem2 cDNA covering the UTR
site were amplified with following primers up: 5'-CGGGATCCG-
TATAACTTGGGCCAGCTTTC-3' down: 5'-GCTCTA-
GAGCTGCCGAGGTGTTTTGTGTG-3' and cloned in frame with four
flag tag into pCS2 vector. The efficacy of the morpholino was tested
by western blot. First, the fthem2 mRNA covering the UTR site was
transcribed with RiboMAX Large Scale RNA Production Systems-
SP6 and T7 (Promega) and injected into oocyte of Xenopus with
or without fTHEM2 morpholino. After cultured for 24 h, oocytes
were lysed and subjected to western blot probed with anti-flag
antibody and anti-B-tubulin antibody.

3. Results and discussion
3.1. Protein purification and characterization

The fthem2 gene was cloned and overexpressed in E. coli. The
recombinant fTHEM2 protein was purified to homogeneity by af-
finity chromatography. The His-tagged fTHEM2 contained 149
residues with a theoretical molecular mass of 16.1 kDa. In order to
examine the oligomeric state of fTHEM?2 in solution, dynamic light
scattering analysis was performed and two peaks were demon-
strated (Fig. 1A). The major species was characterized with a mo-
lecular weight of 65 kDa, confirming that fTHEM2 exists as
homotetramer in solution. The other species displayed measurable
scattering intensity due to large physical size, but accounted only
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Fig. 1. Biochemical characterization of fTHEM2. (A) Dynamic light scattering analysis of fTHEM2. The properties of major scattering species are listed in the inserted table. (B)
Palmitoyl-CoA can be hydrolyzed by varying concentrations of fTHEM2. (C) Calculation of enzymatic constants (K, and k) of fTHEM2. The double reciprocal plot (1/V vs. 1/[S]) is
used to extrapolate the enzymatic constants, while the error bars represent standard deviations from three independent measurements.

trace amount in terms of mass percentage, which was most likely to
be an experimental artifact or contaminant.

3.2. Three-dimensional structure

The structure of fTHEM2 was solved by molecular replacement,
using a search model of the monomeric hTHEM2 structure (chain A,
PDB accession ID 2F0X). Although four fTHEM2 molecules were
identified per asymmetric unit, they do not belong to the same
protein tetramer. Following the crystallographic symmetry, the
fTHEM2 homotetramer could be successfully established and was
used in the subsequent analysis.

The monomer of fTHEM2 clearly displays a hotdog fold (Fig. 2A),
with six B-strands surrounding a long ¢-helix and an additional a-
helix flanking the B1-strand. fTHEM2 dimerizes via a stable anti-
parallel B-sheet formed at residues Ser84—Tyr91 on B3-strand
from each monomer (Fig. 2B). The dimer is additionally stabilized
by hydrogen bonds between the two central a-helices. Further-
more, two fTHEM2 dimers stack into a tetramer in a back-to-back
mode (Fig. 2C), with two extended 12-strand anti-parallel B-
sheets (Fig. 2B) from each dimer to form the tetrameric interface.
The key residues involved in the tetramerization of fTHEM2 include
Asn88, Asp86, Thr136, Met92, and Phe116.

Fig. 2. The structures of fTHEM2. (A) The structure of fTHEM2 monomer. The secondary structural elements are denoted as labels, and colored as magenta (helix), green (stand) and
yellow (loop), respectively. (B) The structure of fTHEM2 dimer. (C) The structure of fTHEM?2 tetramer. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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The above mentioned monomeric, dimeric and tetrameric
structures of fTHEM2 are highly similar to those of hTHEM2. In
order to make better comparison, the structures of fTHEMZ2,
hTHEM2, and hTHEM2 complexed with a substrate analog (unde-
can-2-one-CoA) were superimposed and carefully analyzed. First of
all, almost identical subunit assembly and polypeptide folding was
observed in these three structures (Fig. 3A). The quantitative
analysis on the alpha carbons of fTHEM2 and hTHEM2 resulted
a r.m.s.d value of 0.73 A. In addition, the r.m.s.d values were also
calculated for fTHEM2/hTHEM2-analog and hTHEM2/hTHEM2-
analog, as 0.68 A and 0.45 A respectively. All the r.m.s.d values are
lower than 1 A, indicating very little positional shifts between the
backbones of these three structures.

When tracing through the backbones of fTHEM2 and hTHEM?2,
some structural variation was detected. Besides direct observation
on the 3D models (Fig. 3A), such variation could be easily identified
at two regions on the plot of distances between superimposed
backbone Ca's vs. residue positions (Fig. 3B). One is around the N-
terminal a1 helix (residues 1—18) and the other is located at the C-
terminus of the a2 helix (residues 73—77). Based on the multiple
sequence alignment of THEM2 homologs from different vertebrate
species, these two regions are also of high diversity. Although the
overall structures of fTHEM2 and hTHEM2 are similar, these
sequential and structural variations might enable some species-
specific interaction networks.

3.3. Active site and thioesterase activity

The active site of hTHEM2 has been validated by both
biochemical and structural characterization, and the key residues
have been identified [3,4]. As above analyzed, fTHEM2 and hTHEM2
share similar architecture with many identical key residues. Such
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conservation in both sequence and structure allowed identification
of the putative fTHEM2 active site, which is located at the subunit
interface formed by three adjacent protomers (Fig. 3C). The binding
pocket consists of many conserved residues, including Asp23,
Asp66, Met67, Thr70, Met71, Pro81, Val83, Ser84, His135, and
Lys137 from protomer I, Asn51, His57, Gly58, Tyr91, Met92, Asn93,
and Ala94 from protomer II and Lys109, Gly111, Arg14, Thr113, and
Leul14 from protomer IIl. Within these residues, Asn51, His57,
Gly58, Asp66, Thr70, Ser84 are directly involved in catalysis [3] and
mostly conserved (Fig. 3D).

The conserved binding pocket and catalytic residues in fTHEM2
indicated a conserved mechanism in substrate recognition and
catalysis. In order to validate such hypothesis, in vitro enzymatic
assays were conducted for fTHEM2 and the steady-state constants
were calculated (Fig. 1C). Unsurprisingly, fTHEM2 exhibited similar
enzymatic activities as hTHEM2. fTHEM2 could readily hydrolyze
long-chain fatty-acyl-CoA compounds, such as palmitoyl-CoA
(Fig. 1B)  with  Kn(fTHEM2) 198 uM  and
keatfTHEM2) = 2.26 x 1072 s~ (Fig. 1C), which are comparable to
the Michaelis—Menten constants of hTHEM2
(Km(hTHEM2) = 9 puM, keaf(hTHEM2) = 1.70 x 1025 1) [3].

3.4. Disrupted embryo development by fTHEMZ2 knockdown

THEM?2 is conserved in vertebrates (Fig. 3C) and has a single
ortholog in zebra fish (fTHEM2). The embryonic expression pattern
of fthem2 was examined by means of RT-PCR with whole-mount
mRNA. fthem2 could be detected throughout the investigated
stages (from 1-cell to 48 h), indicating that them2 is a host gene and
supplied both maternally and zygotically (Fig. 4A). To examine the
consequence of fthem2 disruption, the morpholino targeting the 5’
untranslated region of fthem2 was prepared. The injection of
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Fig. 3. Structural and sequence alignment of THEM2. (A) Structural alignment of fTHEM2 (magenta), hTHEM2 (green), and hTHEM2 complexed with undecan-2-one-CoA (blue). (B)
Quantitation of backbone variation between fTHEM2 and hTHEM2 (apo) structures. Distances between Co's in the two superimposed structures are plotted according to their
positions in paired polypeptide chains. In panel A and B, V1 and V2 represent two regions with relatively high variation in backbones. (C) Multiple sequence alignment of THEM2
homologs from diverse vertebrate species. The conserved residues are labeled with red box, while the residues involved in tetramerization and active site are labeled as triangles
and asterisks, respectively. (D) The putative active site of fTHEM2. The structures of fTHEM2 and hTHEM2/undecan-2-one-CoA complex are superimposed, with the polypeptide
chains represented as ribbons (magenta for fTHEM2 and blue for hTHEM2) and the substrate analog represented as sticks. The active site is formed by three adjacent protomers (I, Il
and III), and the conserved residues involved in catalysis are labeled as in the figure. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 4. hTHEM?2 is required for normal embryonic development in zebra fish. (A) fTHEM2 expression patterns during embryonic development were analyzed by RT-PCR with whole-
mount mRNA. (B) The efficacy of fTHEM2 morpholino. Xenopus cell lysates were analyzed by western blot probed with either flag antibody (top panel) or anti-p-tubulin antibody
(bottom panel). (C) Control WT embryos and embryos injected with control morpholino or fTHEM2 morpholino were observed live. The regions with distorted cell division are
labeled by arrows. (D) Histogram quantifying the death rates of injected embryo. The error bars represent standard deviations from three independent experiments.

fthem2 morpholino and fthem2 mRNA covering 5’ untranslated
region into oocytes of Xenopus resulted in a significant reduction in
the expression level of fTHEM2 as determined by western blotting,
which clearly demonstrated the efficacy of such morpholino to
inhibit the in vivo expression of fthem2 (Fig. 4B) Concurrent to the
diminished fTHEM2 level, severe developmental defects emerged.
First, the depletion of fTHEM2 significantly retarded embryonic
development compared to the control embryos (wild type and/or
those injected with standard morpholino controls). Failure of di-
vision was clearly observed in some cells at the edge of embryos
(Fig. 4C). Second, the treated embryos exhibited a death rate of 40%
at the 20-h stage, as opposed to the much lower death rate of 10% in
the embryos injected with control morpholino (Fig. 4D).

The above mentioned observations obviously suggested a crit-
ical role that THEM2 played in early embryonic development, the
disruption of which could make fatal consequences in zebra fishes.
Interestingly, such increased death rate was apparently correlated
with the retarded cell division. The importance of THEM2 in cell
division and proliferation was previously demonstrated [1], based
on the inhibited cell growth following hthem2 silencing. Combined
with our observation, these results appeared to indicate that
THEM2 might be involved in some critical events during cell cycle.
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