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Is Antiquitin a Mitochondrial Enzyme?
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ABSTRACT

Antiquitin is an aldehyde dehydrogenase involved in the catabolism of lysine. Mutations of antiquitin have been linked with the disease
pyridoxine-dependent seizures. While it is well established that lysine metabolism takes place in the mitochondrial matrix, evidence for the
mitochondrial localization of antiquitin has been lacking. In the present study, the subcellular localization of antiquitin was investigated
using human embryonic kidney HEK293 cells. Three different approaches were used. First, confocal microscopic analysis was carried out on
cells transiently transfected with fusion constructs containing enhanced green fluorescent protein with different lengths of antiquitin based
on the different potential start codons of translation. Second, immunofluorescence staining was used to detect the localization of antiquitin

directly in the cells. Third, subcellular fractionation was carried out and the individual fraction was analyzed for the presence of antiquitin by
Western blot and flow cytometric analyses. All the results showed that antiquitin was present not only in the cytosol but also in the
mitochondria. J. Cell. Biochem. 109: 74-81, 2010. © 2009 Wiley-Liss, Inc.
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A ntiquitin is a member of the aldehyde dehydrogenase
(ALDH) superfamily [Vasiliou and Nebert, 2005; Fong et al.,

2006]. It was first discovered about two decades ago when its
expression was found to be significantly elevated in dehydrated
green garden pea [Guerrero et al.,, 1990]. Since the amino acid
sequence is highly homologous for human and plant antiquitins,
this protein was given the name “antiquitin” to reflect its antique
nature [Lee et al., 1994]. While plant antiquitin is believed to be
involved in the response against oxidative and/or osmotic stress
[Stroeher et al., 1995; Oztur et al., 2002; Kirch et al., 2005; Moulin
et al., 2006], its human counterpart did not show any inducibility
against various types of challenges [Lee et al., 1994; Wong et al.,
2006]. The physiological function of human antiquitin was only
unraveled in 2006 when it was discovered that mutations of
antiquitin are responsible for pyridoxine-dependent seizures [Mills
et al., 2006; Plecko et al., 2007; Striano et al., 2009]. Antiquitin acts
as the enzyme catalyzing the oxidation of «-aminoadipic
semialdehyde (a-AASA) in the lysine catabolic pathway [Mills
et al., 2006]. Mutations of antiquitin lead to a deficiency of enzyme
activity that not only accumulates a-AASA, but also its equilibrium
product A'-piperideine-6-carboxylate. The latter will undergo
Knoevenagel condensation with pyridoxal-5-phosphate, leading
to a deficiency of Vitamin B6 for the neurotransmission process.

Although the physiological role of human antiquitin has been
clarified, relatively little is known about the biochemical properties
of the human protein, except a detail structure obtained by X-ray
crystallography (PDB: 2J6L). On the other hand, more is known
about the enzyme of other vertebrates. Seabream antiquitin has been
purified from the fish liver [Tang et al., 2002], expressed in a
bacterial system [Tang et al., 2005], and kinetically characterized.
Structural analyses have also been performed and the amino acid
residues involved in the substrate binding pocket were identified by
site-directed mutagenesis [Tang et al., 2008]. The seabream enzyme
was believed to be a cytosolic enzyme based on the results of
fluorescent microscopic analysis of cells transiently transfected with
antiquitin fused with enhanced green fluorescent protein (EGFP)
[Tang et al., 2005]. For the human enzyme, a preliminary study by
subcellular fractionation also indicated its cytosolic nature [Chang
et al., 1990].

The cytosolic localization of antiquitin is not consistent with its
presumed physiological role in lysine metabolism which is known to
occur in the mitochondrial matrix [Blemings et al., 1994]. Thus, a re-
evaluation of the subcellular localization of antiquitin is highly
warranted. This is particularly important in view of the fact that
human antiquitin possesses more than one potential start codon.
Utilization of different start codons may result in different
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TABLE I. Nucleotide Sequence of the Forward and Reverse Primers Used for Preparing the Various Constructs of Human Antiquitin

Constructs Forward primer (5’ — 3') Reverse primer (5" — 3') Ampicon size (bp)
FL TgAgCCCTCgAgATETCCACTCTCCTCATC ggCTCAGAATTCECTEAAACTTEATT 1,533
SP TgAgCCCTCgAgATETggCeCCTTCCTCEC ggCTCAGAATTCggAAggCggCAggCCT 84
SPFL TgAgCCCTCgAgATgTggCgCCTTCCTCC ggCTCAGAATTCgCTgAAACTTGATT 1,617

subcellular localization of protein [Claudiani et al., 2005; Rentero
and Puigdomenech, 2006]. In the present investigation, attempts
were made to clarify the subcellular localization of human
antiquitin by three different approaches, viz. confocal microscopy
of cells transfected with different antiquitin-EGFP constructs,
immunofluorescence, and finally, Western blot and flow cytometric
analyses of antiquitin in isolated subcellular fractions.

CELL CULTURE

HEK?293 cells were cultured in Dulbecco’s Modified Eagles’s medium
(DMEM) supplemented with 10% heat-inactivated horse serum (v/v),
1% non-essential amino acid (v/v) and 1% penicillin-streptomycin
(v/v). Cells were cultured at 37°C in a humidified incubator
containing 5% CO,. All the cell culture materials used were
purchased from Invitrogen.

CONFOCAL MICROSCOPY OF CELLS TRANSIENTLY TRANSFECTED
WITH DIFFERENT ANTIQUITIN-EGFP CONSTRUCTS

All the primers used were purchased from Invitrogen, and designed
to have Xhol and EcoRI cutting sites for cloning into the pEGFP.N1/
C3 vectors. A cDNA plasmid of human antiquitin with sequence as
published in the NCBI GenBank in 2003 (NM_001182.1, FL, 1533 bp)
was purchased from Clontech. The signal peptide (SP) sequence
obtained from the NCBI GenBank (NM_001182.3, 193rd-276th
nucleotides, Fig. 1) was purchased from Invitrogen. It was amplified
by PCR using primers in Table 1. All the constructs were verified by
sequencing. HEK293 cells (4 x 10°) were seeded on a 0.4% gelatin
coated confocal dish (MatTek). Transfection of cells was performed
using Lipofectamine (Invitrogen) according to the manufacturer’s
specifications. After 48 h, the transiently transfected cells were
stained with 500 nM of MitoTracker Red CMX-Ros (Invitrogen) for
45min and the nuclei were stained with 1 mM Hoechst33342

New upstream ATG

(Invitrogen) for 15min in the culture medium at 37°C in a
humidified incubator containing 5% CO,. Cells were washed twice
with phosphate-buffered saline (PBS) before visualization under a
Leica SP5 confocal microscope.

IMMUNOFLUORESCENCE STAINING OF ANTIQUITIN IN CELLS
HEK293 cells were cultured on a confocal dish and labeled with
MitoTracker as mentioned. They were then fixed and permeabilized
with ice-cold methanol for 30 min at 4°C. The cells were pre-
incubated with 0.2% bovine serum albumin in a high potassium
buffer (80 mM HEPES, 5 mM EDTA, 2 mM MgCl,, 0.1% Triton X-
100, pH adjusted to 7 by KOH) for 15 min at room temperature to
block any non-specific binding. They were then incubated with the
primary antibody (1:200) against human antiquitin (rabbit antibody
from Epitomics) or cytochrome c oxidase subunit IV (CoxIV) (mouse
antibody from Abcam) in the same buffer for 16h at 4°C. After
rinsing with buffer, the cells were incubated with the corresponding
secondary goat anti-rabbit or anti-mouse IgG conjugated with
fluorescein isothiocyanate (FITC, Invitrogen) or Alexa Fluor 488
(Invitrogen) (1:200) for 4h at room temperature. The cells were
washed with the buffer twice and resuspended in PBS before
visualized under a Leica SP5 confocal microscope.

SUBCELLULAR FRACTIONATION AND WESTERN BLOT ANALYSIS
HEK293 cells were collected, washed once with PBS, resuspended in
RIPA buffer (1% NP-40, 5% sodium deoxycholate, 0.1% SDS, in
PBS), and incubated on ice for 10 min to obtain the whole cell lysate.
Lysates were then centrifuged at 20,000¢ for 7 min. The supernatant
collected was taken as the total protein.

Fractionation to separate particulate and cytosolic proteins was
carried out using the Cytosol/Particulate Rapid Separation Kit
(BioVision) according to the manufacturer’s protocol. Briefly, cells
were collected by centrifugation at 600g for 5 min at 4°C. The cells
were resuspended in cell suspension buffer and were lysed with

181 cccgggctca gtATGtggecg ccttectege gegetgtgtg tgcacgctge

231 aaagaccagc aagctctctqg gaccttggag caggcctgece gocttcATGL

281 ccactctcct catcaatcag ccccagtatg cgtggctgaa agagctgggg

Fig. 1. Location of the SP at the N-terminal of human antiquitin. Nucleotide sequence (GenBank Accession no. NM_001182.3) showed the additional upstream potential
start codon in human antiquitin.

JOURNAL OF CELLULAR BIOCHEMISTRY IS ANTIQUITIN A MITOCHONDRIAL ENZYME? 7 5



cytosol releasing buffer for 30s. The tube was spun at 20,0009 for
1 min. The cytosol and particulate fractions could be physically
separated by the middle oil layer. The cytosol fraction (top layer) was
collected while the particulate layer (bottom layer) was further lysed
with RIPA buffer before analyses. Another separation of the
mitochondrial and cytosolic proteins was carried out according to a
modified procedure of Adrain et al. [2001]. Briefly, cells were
collected, washed with PBS and resuspended in cytosolic lysis buffer
(250 mM sucrose, 70mM KCI, 137 mM NaCl, 4.3 mM Na,HPO,,
1.4mM KH,PO, pH 7.2, 200 pg/ml digitonin, 100 mM PMSF,
protease inhibitor cocktail) for 5 min on ice. Cells were centrifuged
at 1,000g for 5min. The supernatant was kept as the cytosolic
fraction. The pellet was washed in the cytosolic extraction buffer
(200 mM mannitol, 70 mM sucrose, 1 mM EGTA, 10 mM HEPES pH
7.5) and centrifuged at 11,000g for 10 min twice. The washed pellet
was then digested in 50 pg/ml Proteinase K, 10 mM CaCl,, 50 mM
Tris-HCl, pH 8.0 for 15min on ice. The digestion was stopped by
adding 2 mM EDTA, 2 mM EGTA, 1 mg/ml BSA, 100 u.M PMSF in
50 mM Tris-HCI pH 8.0. The sample was centrifuged at 11,000g for
10 min. The digested pellet was resuspended in two volumes of
mitochondrial lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NacCl,
2mM EDTA, 2 mM EGTA, 0.2% Triton X-100, 0.3% NP-40, PMSF,
protease inhibitor cocktail) for 5min on ice. The resulting
suspension was centrifuged at 11,000g for 10 min to obtain the
supernatant as the mitochondrial fraction.

Protein concentration of the preparation was determined by the
bicinchoninic acid method [Smith et al., 1985]. Forty micrograms of
protein samples were analyzed by SDS-polyacrylamide gel
electrophoresis. The separated proteins were blotted onto poly-
vinylidene difluoride membranes (Immobilon, Millipore). The target
proteins were detected by rabbit anti-antiquitin antibody (Epi-
tomics); mouse anti-CoxIV antibody (Abcam), mouse anti-tubulin
antibody (Santa Cruz), rabbit anti-PMP70 (peroxisomal membrane
protein) (Abcam), rat anti-Grp94 (glucose-regulated protein) (Assay
Designs), and rabbit anti-LAMP2B (lysosome-associated membrane
glycoprotein 2 precursor) (Abcam) antibodies, followed by horse-
radish peroxidase-conjugated anti-rabbit (GE Healthcare), anti-
mouse IgG (GE Healthcare) or anti-rat (Invitrogen) IgG secondary
antibody with ECL Western blotting reagents (GE Healthcare).

FLOW CYTOMETRIC ANALYSIS OF ANTIQUITIN IN MITOCHONDRIA
HEK293 cells were trypsinized and centrifuged at 600g for 5 min. They
were washed and counted in ice-cold PBS. Two milliliters of extraction
buffer (10 mM HEPES, 200mM mannitol, 70mM sucrose, 1 mM
EGTA, pH 7.5) with 2 mg/m] BSA was added to 50 million cells. After
incubating on ice for 15min, the cells were homogenized using a

Dounce homogenizer (27 strokes) to get 60% breakage, as estimated by
staining aliquot with trypan blue. The homogenate was centrifuged at
600¢ for 5 min to obtain the supernatant (intact mitochondria) which
was centrifuged again at 11,000¢ for 10 min. The pellet was digested in
the aforementioned buffer containing 50 pg/ml Proteinase K for
15 min onice. The digestion was stopped by adding 2 mM EDTA, 2 mM
EGTA, 1 mg/ml BSA, 100 pM PMSF in 50 mM Tris-HCI pH 8.0. The
sample was centrifuged at 11,000¢ for 10 min. The digested pellet was
resuspended in PBS as the mitochondrial preparation. The integrity of
the isolated mitochondria was checked by JC-1 (Invitrogen) uptake
according to the manufacturer’s protocol. Fifty nanomolar of
valinomycin was included as a positive control. To test for the
presence of antiquitin, aliquots of mitochondria were fixed with ice
cold 70% ethanol overnight at 4°C. They were then incubated
overnight with the different primary antibodies (1:100) in the
aforementioned high potassium buffer at 4°C. After rinsing with
buffer, the preparations were incubated with the corresponding FITC-
conjugated secondary antibody for 2h at 4°C before analyses in a
FACSCanto flow cytometer equipped with an argon laser and a
CellQuest software (Becton Dickinson). Ten thousand events were
acquired from each sample. The populations were identified by their
light-scattering characteristics, enclosed in electronic gates, and
analyzed for the intensity of the fluorescent probe signal.

PRESENCE OF A SIGNAL PEPTIDE AT THE NEWLY IDENTIFIED N-
TERMINAL OF HUMAN ANTIQUITIN

Human antiquitin was once generally believed to be a cytosolic
aldehyde dehydrogenase with 511 amino acids. However, a recent
analysis of the nucleotide sequence of human antiquitin indicates
another upstream potential start codon which, if used in initiating the
translation process, will lead to an additional 28 amino acid peptide
fragment (SP) at the N-terminal of the protein (sequence updated in the
NCBI GenBank, May 2008) (Fig. 1). In silico analysis of SP by WoLF
PSORT (http://wolfpsort.org/) showed that it encoded a mitochondrial
targeting signal. Comparison of SP with the N-terminal of other
mitochondrial proteins, for example, ALDH2, CoxIV and cytochrome
¢, also shows a high sequence consensus (Table II).

EXPERIMENTAL EVIDENCE FOR THE MITOCHONDRIAL TARGETING

PROPERTY OF THE SIGNAL PEPTIDE

Expression of fusion proteins with EGFP was employed to study the
subcellular localization of human antiquitin. Using the pEGFP.N1
vector, antiquitin was fused to the N-terminal of EGFP and
examined under a confocal microscope. As a control, when only the

TABLE II. Sequence Alignment of the Putative Mitochondrial Targeting Signal Peptide of Human Antiquitin (ALDH7A 1) With Those of

Known Mitochondrial Proteins

GenBank accession no. Protein name Position Amino acid sequence
NP_001173.2 ALDH7A1 1-28 MWRLPRALCVHAAKTSKLSGPWSRPAAF
NP_000681.2 ALDH2 precursor 1-17 MLRAAARFGPRLGRRLLS

NP_001852.1 CoxIV 1-30 MLATRVFSLVGKRAISTSVCVRAHESVVKS
NP_061820.1 Cytochrome ¢ 1-30 MGDVEKGKKIFIMKCSQCHTVEKGGKHKTG

The positively charged amino acid residues which might lead to mitochondrial targeting of the protein are shown in bold.
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Fig. 2. Confocal microscopy of HEK293 cells expressing different antiquitin-EGFP fusion constructs. Different constructs were transiently transfected into HEK293 cells using
Lipofectamine for 48 h. (A) pEGFP.N1 vector only, (B) FL-EGFP, (C) SPFL-EGFP, (D) SP-EGFP, (E) pEGFP.C3 vector only, (F) EGFP-FL, (G) EGFP-SPFL, and (H) EGFP-SP. Mitochondria
and nuclei were stained with 500 nM of MitoTracker Red CMX-Ros and 1 mM Hoechst33342, respectively. The fluorescence signals were obtained by confocal microscopy. [Color

figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

vector was transfected, a green fluorescent signal was observed in all
the different compartments of the cells, including cytosol and
nucleus (Fig. 2A). However, when the construct FL-EGFP was used,
the fluorescence signal could only be detected in the cytosol and
failed to show any overlap with that of the MitoTracker (Fig. 2B). The
subcellular localization of antiquitin was different when the
upstream 28 amino acids (signal peptide, SP) were added to FL to
form the construct SPFL-EGFP. The fluorescent signal was found not
only in the cytosol, but also in the mitochondria as the EGFP signal
showed a partial overlap with that of the MitoTracker (Fig. 2C). To
investigate whether SP itself possesses the mitochondrial targeting
signal, the simple SP-EGFP construct was used. Confocal analysis
showed a complete overlap between the fluorescent signals of EGFP
and the MitoTracker (Fig. 2D). In a parallel set of experiments, FL,
SPFL and SP were fused to the C-terminal of EGFP using the
PEGFP.C3 vector. Under such conditions, SP lost its mitochondrial
targeting property (Fig. 2G,H).

PRESENCE OF ANTIQUITIN IN BOTH MITOCHONDRIA AND CYTOSOL
The subcellular localization of human antiquitin was also studied by
direct analysis of the HEK293 cells using an immunofluorescence
technique. The staining pattern of antiquitin was similar to that of
CoxIV, a well known mitochondrial marker protein. Both of them
could overlap with the signal of the MitoTracker. They differ,
however, in that the fluorescence signal could also be detected in the
cytosol for antiquitin, but not for CoxIV (Fig. 3).

HUATQ ConlV

Antibody against
target protein

MitoTracker Red

Owveray

Fig. 3. Immunofluorescence analysis of human antiquitin localization in
HEK293 cells. HEK293 cells were stained with (A) anti-antiquitin antibody,
and (B) anti-CoxIV antibody, followed by the corresponding secondary anti-
body labeled with FITC or Alexa Fluor 488. Mitochondria were stained with
500 nM of MitoTracker Red CMX-Ros. The fluorescence signals were obtained
by confocal microscopy. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Western blot analysis of human antiquitin in different subcellular fractions of HEK293 cells. (A) Total protein, (B) cytosolic and particulate protein obtained by

BioVision Cytosol/Particulate Rapid Separation Kit, and (C) cytosolic and mitochondrial proteins obtained using the modified protocol of Adrain et al. [2001]. The proteins were
resolved by SDS-polyacrylamide gel electrophoresis before Western blot analysis. Tubulin, CoxIV, PMP70, Grp94 and LAMP2B were used as marker proteins for cytosol,

mitochondria, peroxisome, endoplasmic reticulum and lysosome, respectively.

To confirm the presence of antiquitin in both the cytosol as well as
the mitochondria, the two subcellular fractions were isolated by two
different methods for Western blot analyses. The enriched fractions
obtained in both cases were free of cross-contaminations, as the
cytosolic marker protein tubulin could only be detected in the
cytosol, whereas the mitochondria marker protein CoxIV could be
detected only in the particulate/mitochondria fraction (Fig. 4B). For
human antiquitin, intense bands were observed in both the cytosol
as well as the particulate/mitochondria fraction (Fig. 4C). The
mitochondrial preparation was also free of contamination from
other subcellular organelles, as no PMP70, Grp94 and LAMP2B,
markers for peroxisome, endoplasmic reticulum and lysosome
respectively, could be detected upon Western blot analysis (Fig. 4C).

Intact mitochondria were isolated for flow cytometric analysis.
The integrity of the mitochondria preparation was shown by JC-1
staining and membrane depolarization could be observed after
treatment with valinomycin (Fig. 5A). The fluorescent signal
obtained after staining for antiquitin was higher than those for
the peroxisome, endoplasmic reticulum and lysosome markers,
albeit lower than that for CoxIV, the mitochondrial marker (Fig. 5B).

Subcellularlocalization of proteins can be studied by both in silico and
in vitro methods. Sequence analysis of human antiquitin (ALDH7A1)
showed the presence of a large hydrophobic region between amino
acid residues 155 and 208. Such region is also present in its garden pea

counterpart ALDH7B1. This region was once suggested to be a
transmembrane segment of the protein [Lee et al., 1994]. Subsequent
analysis showed that this region can also be found in other members of
the ALDH superfamily. Crystal structures of human antiquitin
(PDB:2J6L), seabream antiquitin [Tang et al., 2008] and others ALDHs
[Steinmetz et al., 1997; Johansson et al., 1998; Moore et al., 1998]
showed that this region is actually part of the NAD"-binding domain.
The hydrophobicity probably contributes towards NAD' binding
rather than serves as a transmembrane segment.

In silico analysis of the entire amino acid sequence can also be
used to study the subcellular localization of a protein. Based on the
sequence alignment with other ALDHs, human antiquitin was once
generally believed to be an enzyme of 511 amino acids. Analysis of
this sequence (FL) by the WoLF PSORT program (http://wolfpsor-
t.org/); [Horton et al., 2007] fails to indicate any significant
subcellular localization signals; instead, it is most likely to be a
cytosolic protein. However, a more detail analysis of the nucleotide
sequence indicates another upstream potential start codon which
might lead to an additional 28 amino acid peptide fragment at the N-
terminal of the protein. It is possible that this peptide (SP) is involved
in subcellular targeting. In silico analysis by WoLF PSORT shows
that SP does encode a targeting signal which could direct the protein
into mitochondria. The mitochondrial targeting signal peptide is
usually found at the N-terminal, and is characterized by enriched
positively charged residues, lack of negatively charged residues, and
ability to form amphiphilic a-helix.

To obtain experimental proof of such prediction, expression of
fusion proteins with EGFP was wused. Consistent with the
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Fig. 5.

Immunostaining and flow cytometric analysis of human antiquitin in isolated mitochondria from HEK293 cells. (A) JC-1 staining of isolated mitochondria before and

after treatment with 50 nM valinomycin. (B) Immunostaining in isolated mitochondria from HEK293 cells. Labeling was carried out using primary antibody against antiquitin,
CoxIV, PMP70, Grp94 or LAMP2B, followed by the corresponding FITC-conjugated secondary antibody. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

computational analysis, SP-EGFP was expressed exclusively in the
mitochondria whereas FL-EGFP was found only in the cytosol. Thus,
the present experimental result indicates that the 28-amino acid SP
does contain a mitochondrial targeting signal which might be
critical for the exact subcellular localization of antiquitin, although
it remains to be solved which start codon is the one actually used in
the translation process. On the other hand, the SPFL-EGFP conjugate
could be found in both mitochondria and cytosol. It remains elusive
whether post-translational modifications, incomplete transporta-
tion of mitochondrial protein or retrograde transport of mitochon-
drial protein back to the cytosol is responsible for the presence of
antiquitin in the cytosol [Regev-Rudzki and Pines, 2007].

Signal peptide can be present at the N- or C-terminal of a protein.
For example, mitochondrial ALDH2 possesses an N-terminal
mitochondrial targeting signal [Wang et al.,, 1989] whereas a
microsomal ALDH is localized in the endoplasmic reticulum by
virtue of a hydrophobic signal peptide of 35 amino acids at its C-
terminus [Masaki et al., 1994]. Removal of this hydrophobic tail
results in the cytosolic localization of the protein. In the present
study, the pEGFP.C3 plasmid was included such that the presence of
EGFP at the N-terminal of the protein will not mask the effect of the
signal peptide at the C-terminal of the protein, if there is any. The
results failed to indicate any specific targeting for all the different
constructs, including EGFP-FL, EGFP-SPFL and EGFP-SP.

Using the EGFP system, seabream antiquitin was previously
suggested to be a cytosolic protein. The FL-EGFP conjugate is found

to be located in the cytosol but not the mitochondria in transiently
transfected cell [Tang et al., 2005]. Similar to the case in the human
enzyme, detail analysis of the 5’ RACE results of seabream antiquitin
[Tang et al., 2005] indicates the presence of an additional potential
start codon located 84 nucleotides upstream of the originally
proposed start codon for FL antiquitin. Our unpublished data show
that this segment codes for a signal peptide and directs the protein
into the mitochondria where it is believed to be processed by certain
peptidase to give a truncated, mature form of the protein. This may
account for the short form of seabream antiquitin purified from the
liver [Tang et al., 2002]. Thus, the original suggestion that seabream
antiquitin is a cytosolic enzyme needs further confirmation.
Conjugation with EGFP is a common method to study the
subcellular localization of protein. However, it is an artificial
method and the results will be questionable when there is more than
one potential start codon for the protein. To tackle this problem, the
site of expression of human antiquitin is studied by the
immunofluorescence method in which the cells were directly
stained with antibody against antiquitin. Another approach used is
the conventional method of physically separating the different
organelles before analyses. The purity of the mitochondrial
preparation was confirmed by using the various subcellular
organelles markers. Using two different separating methods, human
antiquitin was found to be present both in the cytosol and the
mitochondria. In this regard, it is noted that a dual subcellular
localization in the endoplasmic reticulum and peroxisomes has
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TABLE III. Prediction of Subcellular Localization of Antiquitins From Different Species

Protein

Predicted subcellular localization

Animal antiquitins
Homo sapiens

Macaca mulatto

Rattus norvegicus

Mus musculus

NP_001173.2

XP_001111886.1
XP_001111963.1
XP_001095681.1
XP_001096111.1
XP_001096223.1

XP_214535.3

NP_613066.2
NP_001120810.1

Mitochondria, cytosol _mitochondria

Mitochondria, cytosol _mitochondria
Mitochondria, cytosol _mitochondria
Mitochondria, cytosol _mitochondria
Mitochondria, cytosol _mitochondria
Mitochondria, cytosol _mitochondria

Mitochondria, cytosol _mitochondria

Plasma membrane, mitochondria
Plasma membrane, peroxisome

Acanthopagrus schlegelii AAX54912.1 Mitochondria, cytosol _mitochondria
Danio rerio AAI65754.1 Cytosol, cytosol_nucleus
AAH44367.1 Mitochondria, cytosol_mitochondria
Plant antiquitins
Arabidopsis thaliana NP_849807.1 Cytosol, plasma membrane
NP_175812.1 Cytosol, plasma membrane

Oryza sativa (japonica cultivar-group)

NP_001063281.1

Chloroplast, cytosol

Glycine max AAP02957.1 Nucleus, cytosol
Malus x domestica BAA75633.1 Cytoskeleton, cytosol
Pisum sativum CAA38243.1 Cytosol, endoplasmic reticulum

The mRNA sequence of antiquitin from different species was translated by ORF finder (http://www.ncbinlm.nih.gov/projects/gorf/). The subcellular localization was

predicted by using the WoLF PSORT program (http://wolfpsort.org/).

recently been reported for fatty ALDH [Ashibe et al., 2007]. The
subcellular localization of the enzyme is related to its physiological
role. The demonstration of the presence of human antiquitin in
mitochondria is consistent with its proposed physiological role in
the oxidation of a-AASA, an intermediate in the lysine catabolic
pathway, which has been shown to be present in mitochondria or
peroxisomes, but not in the cytosol [Rao et al., 1993]. Proteomic
studies have also demonstrated the presence of human antiquitin in
placenta [Lescuyer et al., 2003] and heart [Gaucher et al., 2004]
mitochondria.

To understand more about the subcellular localization of
antiquitin, the nucleotide sequence of antiquitin from different
species were compared. In view of the existence of possible upstream
inframe translation start site, mRNA sequence of different
antiquitins were translated by ORF finder (http://www.ncbi.nlm.-
nih.gov/projects/gorf/), followed by analyses using the subcellular
localization prediction program WoLF PSORT. The results show that
most animal antiquitins show a dual localization in mitochondria
and cytosol while their plant counterparts are mostly cytosolic
(Table II). A recent study using fluorescent microscopy provided
direct experimental proof that rice antiquitin is a cytosolic enzyme
[Shin et al., 2009]. In general, animal antiquitins differ from plant
antiquitins in having an additional potential start codon upstream of
the FL one. Initiation of translation at this additional start codon will
lead to the synthesis of the signal peptide-bearing form of the
enzyme and direct the protein into the mitochondria. With different
subcellular localization, it is anticipated that antiquitins from the
two kingdoms might not have identical physiological function.

To conclude, the present study, using three different experimental
approaches, demonstrates that human antiquitin is present in both
the mitochondria and cytosol. Human antiquitin is synthesized as a
precursor form with the signal peptide SP which directs the protein

into the mitochondria. At this stage, it is unclear whether the
cytosolic antiquitin observed came from the retrograde transport
[Singh and Gupta, 2006] of the mitochondrial antiquitin, or is
synthesized by using the other start codon [Kozak, 1996]. Never-
theless, the demonstration of the presence of antiquitin in
mitochondria is consistent with its proposed physiological role in
lysine metabolism.

ACKNOWLEDGMENTS

This work was supported by a grant from the Research Grants
Council of the Hong Kong Special Administrative Region (Project
No. 464407).

REFERENCES

Adrain C, Creagh EM, Martin SJ. 2001. Apoptosis-associated release of Smac/
DIABLO from mitochondria requires active caspases and is blocked by Bcl-2.
EMBO J 20:6627-6636.

Ashibe B, Hirai T, Higashi K, Sekimizu K, Motojima K. 2007. Dual subcellular
localization in the endoplasmic reticulum and peroxisomes and a vital role in
protecting against oxidative stress of fatty aldehyde dehydrogenase are
achieved by alternative splicing. J Biol Chem 282:20763-20773.

Blemings KP, Crenshaw TD, Swick RW, Benevenga NJ. 1994. Lysine-alpha-
ketoglutarate reductase and saccharopine dehydrogenase are located only in
the mitochondrial matrix in rat liver. J Nutr 124:1215-1221.

Chang YF, Ghosh P, Rao VV. 1990. L-pipecolic acid metabolism in human
liver: L-alpha-aminoadipate delta-semialdehyde oxidoreductase. Biochim
Biophys Acta 1038:300-305.

Claudiani P, Riano E, Errico A, Andolfi G, Rugarli EI. 2005. Spastin sub-
cellular localization is regulated through usage of different translation start
sites and active export from the nucleus. Exp Cell Res 309:358-369.

80 IS ANTIQUITIN A MITOCHONDRIAL ENZYME?

JOURNAL OF CELLULAR BIOCHEMISTRY



Fong WP, Cheng CH, Tang WK. 2006. Antiquitin, a relatively unexplored
member in the superfamily of aldehyde dehydrogenases with diversified
physiological functions. Cell Mol Life Sci 63:2881-2885.

Gaucher SP, Taylor SW, Fahy E, Zhang B, Warnock DE, Ghosh SS, Gibson
BW. 2004. Expanded coverage of the human heart mitochondrial proteome
using multidimensional liquid chromatography coupled with tandem mass
spectrometry. J Proteome Res 3:495-505.

Guerrero FD, Jones JT, Mullet JE. 1990. Turgor-responsive gene-transcrip-
tion and RNA levels increase rapidly when pea shoots are wilted. Sequence
and expression of three inducible genes. Plant Mol Biol 15:11-26.

Horton P, Park KJ, Obayashi T, Fujita N, Harada H, Adams-Collier CJ, Nakai
K. 2007. WoLF PSORT: Protein localization predictor. Nucleic Acids Res
35:W585-W587.

Johansson K, El-Ahmad M, Ramaswamy S, Hjelmqvist L, Jornvall H, Eklund
H. 1998. Structure of betaine aldehyde dehydrogenase at 2.1 A resolution.
Protein Sci 7:2106-2117.

Kirch HH, Schlingensiepen S, Kotchoni S, Sunkar R, Bartels D. 2005. Detailed
expression analysis of selected genes of the aldehyde dehydrogenase (ALDH)
gene superfamily in Arabidopsis thaliana. Plant Mol Biol 57:315-332.

Kozak M. 1996. Interpreting cDNA sequences: Some insights from studies on
translation. Mamm Genome 7:563-574.

Lee P, Kuhl W, Gelbart T, Kamimura T, West C, Beutler E. 1994. Homology
between a human protein and a protein of the green garden pea. Genomics
21:371-378.

Lescuyer P, Strub JM, Luche S, Diemer H, Martinez P, Van Dorsselaer A,
Lunardi J, Rabilloud T. 2003. Progress in the definition of a reference human
mitochondrial proteome. Proteomics 3:157-167.

Masaki R, Yamamoto A, Tashiro Y. 1994. Microsomal aldehyde dehydro-
genase is localized to the endoplasmic reticulum via its carboxyl-terminal 35
amino acids. J Cell Biol 126:1407-1420.

Mills PB, Struys E, Jakobs C, Plecko B, Baxter P, Baumgartner M, Willemsen
MA, Omran H, Tacke U, Uhlenberg B, Weschke B, Clayton PT. 2006.
Mutations in antiquitin in individuals with pyridoxine-dependent seizures.
Nat Med 12:307-3009.

Moore SA, Baker HM, Blythe TJ, Kitson KE, Kitson TM, Baker EN. 1998. Sheep
liver cytosolic aldehyde dehydrogenase: The structure reveals the basis for the
retinal specificity of class 1 aldehyde dehydrogenases. Structure 6:1541-1551.

Moulin M, Deleu C, Larher F, Bouchereau A. 2006. The lysine-ketoglutarate
reductase-saccharopine dehydrogenase isinvolved in the osmo-induced synth-
esis of pipecolic acid in rapeseed leaf tissues. Plant Physiol Biochem 44:474-
482.

Oztur ZN, Talame V, Deyholos M, Michalowski CB, Galbraith DW, Gozu-
kirmizi N, Tuberosa R, Bohnert HJ. 2002. Monitoring large-scale changes in
transcript abundance in drought- and salt-stressed barley. Plant Mol Biol
48:551-573.

Plecko B, Paul K, Paschke E, Stoeckler-Ipsiroglu S, Struys E, Jakobs C,
Hartmann H, Luecke T, di Capua M, Korenke C, Hikel C, Reutershahn E,
Freilinger M, Baumeister F, Bosch F, Erwa W. 2007. Biochemical and

molecular characterization of 18 patients with pyridoxine-dependent
epilepsy and mutations of the antiquitin (ALDH7A1) gene. Hum Mutat
28:19-26.

Rao VV, Tsai MJ, Pan X, Chang YF. 1993. L-pipecolic acid oxidation in rat:
Subcellular localization and developmental study. Biochim Biophys Acta
1164:29-35.

Regev-Rudzki N, Pines 0. 2007. Eclipsed distribution: A phenomenon of dual
targeting of protein and its significance. Bioessays 29:772-782.

Rentero C, Puigdomenech P. 2006. Specific use of start codons and cellular
localization of splice variants of human phosphodiesterase 9A gene. BMC
Mol Biol 7:39.

Shin JH, Kim SR, An G. 2009. Rice aldehyde dehydrogenase7 is needed for
seed maturation and viability. Plant Physiol 149:905-915.

Singh B, Gupta RS. 2006. Mitochondrial import of human and yeast fumarase
in live mammalian cells: Retrograde translocation of the yeast enzyme is
mainly caused by its poor targeting sequence. Biochem Biophys Res Commun
346:911-918.

Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH, Provenzano MD,
Fujimoto EK, Goeke NM, Olson BJ, Klenk DC. 1985. Measurement of protein
using bicinchoninic acid. Anal Biochem 150:76-85.

Steinmetz CG, Xie P, Weiner H, Hurley TD. 1997. Structure of mitochondrial
aldehyde dehydrogenase: The genetic component of ethanol aversion.
Structure 5:701-711.

Striano P, Battaglia S, Giordano L, Capovilla G, Beccaria F, Struys EA,
Salomons GS, Jakobs C. 2009. Two novel ALDH7A1 (antiquitin) splicing
mutations associated with pyridoxine-dependent seizures. Epilepsia 50:933-
936.

Stroeher VL, Boothe JG, Good AG. 1995. Molecular cloning and expres-
sion of a turgor-responsive gene in Brassica-Napus. Plant Mol Biol
27:541-551.

Tang WK, Cheng CH, Fong WP. 2002. First purification of the antiquitin
protein and demonstration of its enzymatic activity. FEBS Lett 516:183-186.

Tang WK, Chan CB, Cheng CH, Fong WP. 2005. Seabream antiquitin:
Molecular cloning, tissue distribution, subcellular localization and func-
tional expression. FEBS Lett 579:3759-3764.

Tang WK, Wong KB, Lam YM, Cha SS, Cheng CH, Fong WP. 2008. The crystal
structure of seabream antiquitin reveals the structural basis of its substrate
specificity. FEBS Lett 582:3090-3096.

Vasiliou V, Nebert DW. 2005. Analysis and update of the human aldehyde
dehydrogenase (ALDH) gene family. Hum Genomics 2:138-143.

Wang TT, Farres J, Weiner H. 1989. Liver mitochondrial aldehyde dehy-
drogenase: In vitro expression, in vitro import, and effect of alcohols on
import. Arch Biochem Biophys 272:440-449.

Wong WY, Cheng CHK, Fong WP. 2006. Lack of inducibility of antiquitin
(ALDH7A1) in cultured human embryonic kidney (HEK293) cell under
osmotic or oxidative stress. In: Weiner H, Plapp B, Lindahl R, Maser E,
editors. Enzymology and molecular biology of carbonyl metabolism, Vol. 12.
West Lafayette: Purdue University Press. pp. 96-103.

JOURNAL OF CELLULAR BIOCHEMISTRY

IS ANTIQUITIN A MITOCHONDRIAL ENZYME? 8 1



