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Murine bubblegum orthologue is a microsomal very long-chain
acyl-CoA synthetase
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It has been suggested that a gene termed bubblegum (Bgm),
encoding an acyl-CoA synthetase, could be involved in the patho-
genesis of the inherited neurodegenerative disorder X-ALD
(X-linked adrenoleukodystrophy). The precise function of the
ALDP (ALD protein) still remains unclear. Aldp deficiency in
mammals and Bgm deficiency in Drosophila led to accumulation
of VLCFAs (very long-chain fatty acids). As a first step towards
studying this interaction in wild-type versus Aldp-deficient mice,
we analysed the expression pattern of the murine orthologue of
the Bgm gene. In contrast with the ubiquitously expressed Ald
gene, Bgm expression is restricted to the tissues that are affected
by X-ALD such as brain, testis and adrenals. During mouse brain
development, Bgm mRNA was first detected by Northern-blot
analysis on embryonic day 18 and increased steadily towards
adulthood, whereas the highest level of Ald mRNA was found
on embryonic day 12 and decreased gradually during differ-

entiation. Protein fractionation and confocal laser imaging of
Bgm–green fluorescent protein fusion proteins revealed a micro-
somal localization that was different from peroxisomes (where
Aldp is detected), endoplasmic reticulum and Golgi. Mouse Bgm
showed acyl-CoA synthetase activity towards a VLCFA substrate
in addition to LCFAs, and this activity was enriched in the
microsomal compartment. Speculating that Bgm expression could
be regulated by Ald deficiency, we compared the abundance of
Bgm mRNA in wild-type and Ald knockout mice but observed no
difference. Although mouse Bgm is capable of activating VLCFA,
we conclude that a direct interaction between the mouse Bgm and
the Aldp seems unlikely.

Key words: ABCD1 (ATP-binding cassette, sub-family D), acyl-
CoA synthetase, bubblegum, lipidosin, very long-chain fatty acid,
X-linked adrenoleukodystrophy.

INTRODUCTION

X-ALD (X-linked adrenoleukodystrophy) is a progressive neuro-
degenerative disorder inherited via a single gene defect located
on the X chromosome [1]. Mutations in the ABCD1 (ALD) gene
encoding the ALDP (ALD protein), a peroxisomal half ATP-bind-
ing-cassette transporter, result in many phenotypic variants
differing in age of onset, symptoms, rate of progression and
severity of neurological degeneration [1,2]. Although the precise
molecular function of the protein has still not been demonstrated
clearly, the binding and hydrolysis of ATP via ALDP has been
shown recently [3,4]. The mutated protein causes, in all male
patients, an accumulation of straight-chain saturated VLCFAs
(very long-chain fatty acids: 22 or more carbons) in their plasma
and tissues [1]. Clinically, X-ALD affects mainly the cerebral
white matter, spinal cord, peripheral nerves, adrenal cortex and
testes [1], although the ALD gene is widely expressed among
various tissues. This observation has led to the hypothesis that
a secondary factor mediates the function of ALDP in a tissue-
specific manner.

Biochemically, the accumulation of VLCFA is associated with
decreased fatty acid degradation as it was demonstrated that
[1-14C]lignoceric acid (C24:0) cannot be efficiently degraded
via peroxisomal β-oxidation in fibroblasts of X-ALD patients,
whereas preactivated substrate, [1-14C]lignoceroyl-CoA, under-
goes normal β-oxidation [5]. The activation of VLCFA is cata-
lysed by VLCSs (very long-chain acyl-CoA synthetases). An
enzyme with VLCS activity was initially isolated from rat liver
peroxisomes, and meanwhile a number of VLCS genes have been

Abbreviations used: ACS, acyl-CoA synthetase; Aldp/ALDP, adrenoleukodystrophy protein; EGFP, enhanced green fluorescent protein; ER, endo-
plasmic reticulum; EST, expressed sequence tag; HRP, horseradish peroxidase; LCFA, long-chain fatty acid; ORF, open reading frame; PDI, protein
disulphide isomerase; PTS, peroxisomal targeting signal; RT, reverse transcriptase; uORF, upstream ORF; UTR, untranslated region; VLCFA, very LCFA;
VLCS, very long-chain acyl-CoA synthetase; X-ALD, X-linked adrenoleukodystrophy.

1 To whom correspondence should be addressed (e-mail johannes.berger@univie.ac.at).

described from other species [6–8]. All these enzymes have been
localized to microsomal compartments within the cell and are
capable of activating a variety of fatty acids including VLCFA.
So far, all described VLCS enzymes preferentially activate LCFAs
and only to a minor extent VLCFAs. Since impaired peroxisomal
VLCS activity is the only known enzymic deficiency in X-ALD,
we searched for an ACS (acyl-CoA synthetase), which could
be functionally related to ALDP in terms of enzymic acitivity
towards VLCFA and with a tissue distribution reflecting the
affected organs. The first murine VLCS enzyme that we cloned
was expressed only in trace amounts in brain [8], the most severely
affected tissue in X-ALD. A second VLCS-related gene, cloned
by sequence homology, was also not expressed in brain [9]. The
first enzyme turned out to activate VLCFA [10] and for the second
enzyme, activity mainly on bile acids was shown [11].

Interestingly, Min and Benzer [12] reported the characterization
of a gene in Drosophila melanogaster, which they termed
bubblegum (Bgm), whose recessive mutation led to neurode-
generation. As can be observed in X-ALD, the mutant fly showed
increased levels of VLCFA. Analysis of the gene, using the
BLAST algorithm to find similarities to other genes, indicated a
strong similarity with the ACS family. Recently [13–15], the hu-
man and rodent orthologues of the Drosophila Bgm gene were
cloned and were reported to be expressed mainly in the target
tissues of X-ALD, and it was clearly demonstrated that the mam-
malian Bgm protein is an ACS. The ability to activate VLCFA
has been attributed only to the human protein [13]; for the mouse
and rat orthologues, no activity on VLCFA has been reported so
far [14,15]. Investigations of the subcellular localization of the
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human and the rat protein indicated the presence of Bgm mainly
in the cytoplasm [13,15].

In the present study, we extend the current knowledge about
mouse Bgm at the level of genomic organization, computer-
predicted and experimental analyses of the protein structure, sub-
cellular distribution and functional analyses, distribution of the
Bgm mRNA in adult tissues and during mouse brain development.
Since in the Drosophila Bgm mutant a role in VLCFA metabolism
was demonstrated, we looked for a spatial and temporal cor-
relation between the Bgm synthetase and the Aldp. In addition,
the level of Bgm mRNA expression in the brain of wild-type and
Ald knockout mice was compared.

MATERIALS AND METHODS

Materials

COS-7 cells were obtained from A.T.C.C. DNA sequencing was
performed by MWG-Biotech (Ebersberg, Germany). Compu-
tational analysis of mouse Bgm was done using the PSORT II
program (http://psort.ims.u-tokyo.ac.jp) and transmembrane pre-
diction was obtained using the TopPred program (http://bioweb.
pasteur.fr/seqanal/interfaces/toppred.html). Unless otherwise out-
lined, all PCRs were performed using Pyrococcus furiosus poly-
merase (Promega, Madison, WI, U.S.A.) to minimize ampli-
fication errors. Mouse anti-PDI (protein disulphide isomerase)
antibody was purchased from StressGen Biotechnologies
(Victoria, BC, Canada), anti-human ALDP antibody from
Euromedex (Mundolsheim Cedex, France), mouse anti-GRP78
antibody from Transduction Laboratories (Lexington, KY,
U.S.A.), goat anti-rabbit HRP (horseradish peroxidase)-conju-
gated antibody from Bio-Rad (Hercules, CA, U.S.A.), and goat
anti-mouse HRP-conjugated antibody from Dako (Glostrup,
Denmark). Rabbit anti-EGFP (enhanced green fluorescent
protein) antibody was a gift provided by Professor W. Sieghart
(Brain Research Institute, Vienna University Medical School,
Austria). Ald-deficient mice [16] and wild-type littermates were
from our in-house breeding colony. Protein standard was pur-
chased from MBI Fermentas (Vilnius, Lithuania).

Cloning of mouse Bgm cDNA and generation of expression
constructs

We searched the dbEST (non-redundant database of
GenBank® + EMBL-DDBJ EST Divison; [17]) with the partial
human Bgm sequence (KIAA 0631) and identified several murine
EST (expressed sequence tag) clones. Two clones from Mus
musculus strain C57BL/6, MNCb-1139 (accession no.
AA111606) and MNCb-6286 (accession no. AU035394), con-
taining an entire ORF (open reading frame), were made available
by the Japanese Collection of Research Bioresources (National
Institute of Infectious Diseases, Tokyo, Japan). The insert of
clone MNCb-6286 was released from the vector pME18S-FL3
(K. Maruyama and S. Sugano, IMAGE consortium; http://image.
llnl.gov) by restriction digest with EcoRI and XbaI and ligated into
pCDNA 3.1+ (Invitrogen, Breda, The Netherlands) resulting
in pCDNA3.1:Bgm. To remove the 5′-UTR (untranslated region)
and to generate a 5′-EcoRI restriction site for the construction
of fusion proteins, the mouse Bgm ORF was amplified via
PCR using primers 550 (5′-AAAGAATTCCAGCAGATGCCA-
CGC-3′) and 551 (5′-GCTCTAGATGACTACTGTTTTTG-3′)
from the template pCDNA3.1:Bgm. The resulting fragment was
cloned into pCR3.1 (Invitrogen) to generate plasmid pCR3.1:Bgm

(p409). To place the mouse Bgm sequence behind the EGFP
ORF, the pEGFP-C1 vector (BD Bioscience, Palo Alto, CA,
U.S.A.) was modified to obtain the correct ORF resulting in
an EGFP–mouse Bgm fusion construct. Therefore pEGFP-C1
was restricted with HindIII and overlapping ends were refilled
using Klenow enzyme and re-ligated, which resulted in an NheI
restriction site. For insertion of the mouse Bgm cDNA, the
modified pEGFP-C1 vector was cut with EcoRI–SmaI. For mouse
Bgm fragment isolation, pCR3.1:Bgm was restricted using XbaI
(which was end-filled to result in a blunt end) and EcoRI. The
resulting construct is referred to as pEGFP:Bgm. To position
the mouse Bgm ORF in front of the EGFP ORF, the pEGFP-
N1 vector (BD Bioscience) was used. To generate an in-frame
restriction site at the 3′-end of the Bgm ORF a PCR was performed
using the primers 609 (5′-CCTCTAGACCCGCGGCTGTTTTT-
GCT-3′) and 550, and plasmid pCR3.1:Bgm as a template to obtain
the entire Bgm ORF carrying a SacII restriction site at its 3′-end.
Fragment insertion was achieved via EcoRI–SacII restriction of
pEGFP-N1; this construct is referred to as pBgm:EGFP. All
constructs were fully sequenced. Genomic analysis of the mouse
Bgm gene was performed in silico using the BLAST mouse
genomic algorithm available under http://www.ncbi.nlm.nih.gov/
genome/seq/MmBlast.html.

Northern-blot analysis

Fresh mouse tissues (C57BL/6 or hybrid strains back-crossed to
C57BL/6) were dissected and snap-frozen for the preparation
of total cellular RNA. Tissues were homogenized in 5 ml of
guanidine isothiocyanate solution using a Polytron PT3100 homo-
genizer (Kinematica, Littau, Switzerland) and centrifuged for
10 min at 12 000 g in an SS34 Sorvall rotor. The supernatant
and approx. 1.25 g of CsCl was placed on top of a 5.7 M
CsCl solution, after centrifugation at 100 000 g for 24 h at
22 ◦C in a Beckman Optima Ultracentrifuge (Fullerton, CA,
U.S.A.). The pellet was dissolved in diethyl pyrocarbonate-
treated double-distilled water and the RNA precipitated using
LiCl and ethanol. The resulting pellets were again dissolved
in diethyl pyrocarbonate double-distilled water and the yield of
RNA determined by photometric measurement. For Northern-
blot analysis, 15 µg of total RNA and a size marker (RNA
ladder; BRL, Grand Island, NY, U.S.A.) were fractionated on
a 1.2 % (w/v) agarose-formaldehyde gel [18] and transferred
to Biodyne B membranes (Pall Corporation, Ann Arbor, MI,
U.S.A.). As a control for equal loading and transfer, the blot
was probed with a probe of the ubiquitously expressed chicken
β-actin mRNA. An 837 bp mBgm cDNA fragment (position
1361–2198; accession no. AU035394) was used for detection
of the Bgm mRNA, after radioactive labelling by random
priming using [α-32P]dCTP (Hartmann Analytic, Braunschweig,
Germany). All blots were hybridized using Express Hyb solution
(BD Bioscience) at 68 ◦C overnight and washed to high stringency
[68 ◦C, 0.2 × SSC (30 mM NaCl/3 mM sodium citrate)/0.2 %
SDS] before autoradiographic exposure to the Molecular Imager
FX System (Bio-Rad). For the developmental analysis and the
comparison of Ald-deficient versus wild-type brain, total RNA
was isolated and 1–2 µg of polyadenylated RNA, oligo(dT)
selected fraction from 100 µg of total RNA samples and a size
marker (RNA ladder; BRL) were fractionated on 1.2 % agarose-
formaldehyde gels [18] and transferred to the membrane. As
a control of equal loading and transfer, the blot was probed with a
mouse cDNA [19] of the ubiquitously expressed cyclophilin [20]
or β-actin mRNA. The detection of the mouse Bgm transcript was
performed as described above.
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RT (reverse transcriptase)–PCR analysis

Approx. 2 µg of total cellular RNA (extracted as described
above) was reverse-transcribed and PCR-amplified using the
PerkinElmer RT–PCR system with oligonucleotides 432 (5′-AC-
CCCCTCCAAAGAAGATGGC-3′) and 433 (5′-CGGATCTGC-
AAAGCAGACCTG-3′). The primer combination was sel-
ected such that a 345 bp mBgm-specific product was amplified
from the cDNA, but intron 9 in the mouse Bgm gene (see Figure 2)
discriminates products arising from DNA potentially contaminat-
ing the RNA extracts. RT–PCR was performed under conditions
not allowing quantitative analysis. As a positive control, RT–
PCR of a 680 bp size fragment of the ubiquitously expressed
glyceraldehyde-3-phosphate dehydrogenase mRNA, using the
primers 420 (5′-ACTGGCGTCTTCACCACCAT-3′) and 421
(5′-TCCACCACCCTGTTGCTGTA-3′), was performed on the
same RNA preparations.

Western-blot analysis

For Western-blot analysis, 20 µg of pEGFP-N1, pEGFP:Bgm or
pBgm:EGFP was transfected into approx. 2 × 106 COS-7 cells at
220 V and 950 µF by electroporation using the Gene Pulser II
System (Bio-Rad). Cells were harvested 72 h after transfection,
washed twice in 1 × PBS and lysed by addition of RIPA buffer
(500 mM NaCl/50 mM Tris/HCl, pH 7.5/0.1 % SDS/0.5 % so-
dium deoxycholate/1 % Nonidet P40) and protease inhibitors
(1 µg/ml each of leupeptin, pepstatin, aprotinin and 1 mM
PMSF). Protein contents were measured using the Bradford
assay [21] and approx. 15 µg were separated on an 8 %
(v/v) polyacrylamide gel, blotted on to nitrocellulose membrane
(Schleicher and Schuell, Einbeck, Germany). For immunodetec-
tion, the membrane was blocked with 5 % (w/v) dry milk powder
in 1 × TBS solution (150 mM NaCl/25 mM Tris/HCl, pH 7.5) for
1 h at room temperature before adding the following specific anti-
bodies: rabbit anti-EGFP antibody (diluted 1:10 000 in blocking
solution), mouse anti-GRP78 antibody (diluted 1:250 in block-
ing solution) or mouse anti-ALDP antibody [diluted 1:1000 in
1 × TBST (150 mM NaCl/25 mM Tris/HCl 0.05 % (v/v) Tween
20, pH 7.5)] at 4 ◦C overnight, and with goat anti-rabbit-HRP-
conjugated antibody (diluted 1:10 000 in 1 × TBS) or goat anti-
mouse HRP-conjugated antibody (diluted 1:20 000 in 1 × TBS)
for 2 h at room temperature. Turnover of chemoluminescent
substrate was detected using the SuperSignal West Pico
Chemiluminescent Substrate kit (Pierce, Rockford, IL, U.S.A.)
and Kodak Biomax ML film (Kodak-Eastman, Rochester, NY,
U.S.A.).

Indirect immunofluorescence microscopy

Following transfection with pEGFP-N1, pEGFP:Bgm or
pBgm:EGFP, COS-7 cells were plated on glass coverslips. After
48 h, cells were fixed for 20 min using a 3 % paraformaldehyde
solution at room temperature and later permeabilized with
1 % Triton X-100 for 5 min at room temperature. The primary
antibodies (anti-PDI antibody; StressGen Biotechnologies),
diluted 1:100 in PBS or a 1:500 dilution of an anti-ALDP antibody
(Euromedex), were added for 1 h at room temperature. After
washing with PBS several times, the cells were incubated with
a secondary anti-mouse biotinylated IgG (1:100 dilution in 1 ×
PBS) and incubated for 1 h at room temperature. For visualization
of the antibody complex, a Cy3-labelled streptavidin molecule
(Jackson, West Grove, PA, U.S.A.) was used (1:100 in PBS)
and incubated for 1 h at room temperature. After washing the

coverslips extensively, the cells were examined using a Zeiss
confocal microscope.

Subcellular fractionation

For subcellular fractionation, COS-7 cells were transiently
transfected with 20 µg of plasmid pEGFP-N1, pBgm:EGFP,
pEGFP:Bgm or hs (homo sapiens) ALDP in pCDNA 3.1 (p118)
by electroporation at 220 V and 950 µF. Cells were harvested
72 h after electroporation by trypsinization and washed twice with
PBS. For ALDP fractionation from HeLa cells, cells were grown
to confluency, harvested by trypsinization and washed twice with
1 × PBS. The cell pellets were resuspended in STE buffer (10 mM
Tris/HCl, 1 M NaCl/1 mM EDTA, pH 8), supplemented with a
mixture of protease inhibitors (see Western-blot analysis section
above) and homogenized by 15 strokes of a glass–Teflon Potter–
Elvehjem homogenizer. The suspension was centrifuged at 600 g
for 5 min at 4 ◦C for preparation of a post-nuclear supernatant,
which was centrifuged again at 10 300 g for 10 min at 4 ◦C to
obtain a crude mitochondrial fraction. The remaining supernatant
was used for centrifugation at 100 000 g for 1 h at 4 ◦C in a
Beckman Optima ultracentrifuge to separate microsomes and
cytoplasm. Protein content was determined using the BioRad
protein assay [21].

Acyl-CoA activity assay

Electroporated cells were harvested 3 days after transfection
and subcellular fractions were prepared as described above
and stored at − 80 ◦C before assay. [1-14C]Palmitic acid (C16:0),
[1-14C]linoleic acid (C18:2n−6) and [1-14C]lignoceric acid (C24:0)
were solubilized by brief sonication and incubation at 37 ◦C
in 10 mM Tris/HCl (pH 8) containing 10 mg/ml α-cyclodextrin.
Assay of activation of 1-14C-labelled fatty acids was performed
as described elsewhere [22].

RESULTS

Cloning and characterization of the murine Bgm cDNA

To obtain cDNA clones of the murine Bgm orthologue, we
screened the GenBank® non-redundant database for EST clones
with a high similarity to the human KIAA0631 protein, an
incomplete ORF consisting of 634 amino acids, encoded by the
human BG gene [13]. We identified two murine cDNA clones
(MNCb-1139 and MNCb-6286) with 89.4% nucleotide sequence
identity to the human sequence. Both clones contained a complete
ORF. These clones were obtained from the Japanese Collection
of Research Bioresources GenBank® (Japan) and sequenced
entirely, revealing slight differences in sequence composition.
Clone MNCb-6286 (accession no. AU035394), whose sequence
was identical with the GenBank® entry NM_053178 [14], was
chosen for further analysis. The entire cDNA structure, including
the 5′- and 3′-UTRs, predicted ORF and protein features are shown
in Figure 1(A). Detailed analysis of the 5′-UTR revealed three stop
codons at positions −159, −140 and −16 and three additional
potential translation initiation codons at positions −124, −80 and
−13. The first ATG (−124) forms an upstream ORF (uORF) with
the stop codon at position −16. uORFs regulate the amount of
protein made by minimizing the initiation events at the main start
codon (+ 1 ATG) [23–25]. This finding could imply a possible
regulatory mechanism at the level of translational initiation for the
mouse Bgm gene. Topographical analysis of the protein, encoded
by the major ORF (721 amino acids), using the TopPred 2
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Figure 1 Specific features of the mouse Bgm cDNA and protein

(A) Schematic representation of murine Bgm cDNA. Dark grey box marks the uORF, grey
box the ORF, including the translation start site indicated by + 1. ∗ , AMP-binding domain;
∗∗ , conserved Bgm motif (by the method of Steinberg et al. [13]). (B) Hydrophobicity plot of
mouse Bgm protein. Predicted transmembrane sequence of the murine Bgm based on analysis
of the amino acid sequence with TopPred. Values > 1 denote hydrophobic regions that tend to
be buried inside the molecule or within the hydrophobic membrane environment.

program identified a single membrane-spanning domain in the
N-terminal part of the protein starting at position 167 and
ending at 187 (Figure 1B). These results could be confirmed

Figure 2 Schematic comparison of the mouse (mm) Bgm, rat (rn) Bgm, human (hs) BG and the Drosophila (dm) Bgm gene structures

Exons are shown as rectangles with the coding region filled (in grey) and the UTRs being empty. Above each exon its size in bp is indicated. The arrow marks the start of the coding region. The
number of exons, beginning with the first identified exon, are indicated within the exon rectangles.

by using other transmembrane-predicting programs such as
TMpred and HMMTOP (http://www.ch.embnet.org/software/
TMPRED_form.html; http://www.enzim.hu/hmmtop). Sequence
motifs found in all ACSs (AMP-binding sites) and a motif specific
for the Bgm synthetase family [13] are indicated in Figure 1(A).
Analysis in silico of the genomic structure of mammalian Bgm
genes (Figure 2) revealed an organization of 14 exons and 13
introns (see the Discussion section for further details). The mouse
Bgm gene is located on chromosome 9B.

Tissue distribution of mouse Bgm mRNA

The size and tissue distribution of the mouse Bgm mRNA
was determined by Northern-blot analysis. A single transcript
corresponding to a 2.9 kb mRNA species was detected in brain,
testis and adrenals (Figure 3A), but not in skeletal muscle, heart,
lung, spleen and kidney. The abundance of the detected transcript
was similar for the three tissues when normalized to the β-act-
in mRNA used as a control for loading and transfer. Using a more
sensitive assay, reverse-transcription-coupled PCR (RT–PCR),
a strong amplification product indicative of mouse Bgm mRNA
expression, was obtained from brain, testis and adrenals and
additionally weak amplicons from liver, kidney and lung (results
not shown). Although the RT–PCR was not performed in a
quantitative manner, only weak bands were obtained in these
tissues indicating that the mouse Bgm mRNA is only present in
very small amounts here.

Expression profile of mouse Bgm during mouse brain development

To evaluate the possibility of a co-ordinated temporal regulation
of the Ald and Bgm genes during mouse brain differentiation,
the developmental time course of mouse Bgm mRNA expression
was investigated. By Northern-blot hybridization, the 2.9 kb Bgm
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Figure 3 Northern-blot analysis of the mouse Bgm transcript

(A) Northern-blot analysis of Bgm mRNA expression in murine (mm) tissues. Total RNA (15 µg),
pooled from two male animals, was hybridized with a 32P-labelled mouse Bgm cDNA probe.
Approximate sizes of the detected bands are shown on the right. A control hybridization with
a β-actin probe is shown in the lower panel. (B) Northern-blot analysis of mouse (mm) Bgm
mRNA distribution during brain development. Polyadenylated RNA (1–2 µg/lane) was extracted
from dissected brain or whole head (lanes E12 and E14) at the indicated developmental stages and
hybridized with 32P-labelled cDNA probes. Upper panel, mouse Bgm; lower panel, cyclophilin
(cyph) as loading control. The approximate sizes of the transcripts are shown on the right. The
lanes are labelled as follows: E12–E18, 12.5–18.5 days of gestation; P2–P30, days of postnatal
development; Ad, adult brain.

transcript was first detected in the central nervous system at the
late embryonic stage (E18, embryonic day), increasing in constant
amount towards adulthood (Figure 3B). Interestingly, the Bgm
expression pattern shows a typical post-synaptic neuron-enriched
profile. This is in contrast with the Ald mRNA, whose expression
is the highest in the immature mouse brain and gradually decreases
during differentiation [26].

Expression of mouse Bgm in wild-type and Ald-deficient
mouse brain

Based on the observation that the D. melanogaster mutant
Bgm showed accumulation of VLCFA and a neurodegenerative
phenotype, suggesting an involvement of Bgm in X-ALD, we
examined if the Bgm mRNA level is affected by Ald deficiency
in mice. By Northern-blot analysis, the steady-state level of the
mouse Bgm mRNA is similar in brain of adult wild-type and Ald
knockout mice (Figure 4). This is clearly illustrated when normal-
izing the signal intensity to the β-actin control for loading and
transfer (lower panel). Two different animals of each phenotype
were analysed, increasing the significance of this experiment.

Subcellular distribution

A computational analysis of the hypothetical protein, resulting
from the mouse Bgm gene, with the PSORT II algorithm
revealed a putative PTS-2 (peroxisomal targeting signal 2) [27]
(KIWKDLPHL), starting at amino acid 218. This position within
the protein is not a typical localization of a PTS-2 signal.
Furthermore, two potential ER (endoplasmic reticulum) retention
signals were predicted by PSORTII: the first is located at the very
N-terminus of the protein at position 2 (PRGS) and resembles an

Figure 4 Northern-blot analysis of mouse Bgm mRNA levels in wild-type
versus Ald-deficient brain

Polyadenylated RNA (1–2 µg/lane) was extracted from the brain of adult wild-type and Ald
knockout mice and hybridized with 32P-labelled cDNA probes. Upper panel, mouse (mm) Bgm;
lower panel, β-actin as control for loading and transfer. The approximate sizes of the transcripts
are shown on the right.

XXRR-like motif; the second shows similarity with a KKXX-like
retention motif at the C-terminus (QEQK) at amino acid position
717. No other targeting signals could be found.

For investigating the subcellular distribution of the mouse Bgm
protein, a construct encoding a mouse Bgm–EGFP fusion protein
was generated. To rule out the possibility that the fusion of the
EGFP protein to the mouse Bgm protein changes its distribu-
tional behaviour within the cell, we performed an N-terminal
(pEGFP:Bgm) as well as a C-terminal (pBgm:EGFP) EGFP
fusion. The specificity and expression of the pEGFP:Bgm and
pBgm:EGFP products were assessed by Western-blot analysis
of total cellular extracts (results not shown). A single band
corresponding to approx. 110 kDa was detected in transfected
COS-7 cells for both pEGFP:Bgm and pEGFP:Bgm fusion
constructs, whereas a 30 kDa EGFP band was detected only in
pEGFP-N1-transfected COS-7 cells, which served as a control
for the antibody specificity. To establish the distribution within
the cells, COS-7 cells were electroporated with pEGFP:Bgm,
pBgm:EGFP or pEGFP-N1 constructs and subcellular fractions
were prepared. The quality of the fractions was analysed by
Western-blot detection using EGFP as a marker for the cytoplas-
mic fraction [28], GRP78 as a marker for the ER [29,30] (but
see [30a]) and the ALDP as a peroxisomal marker [31]. As can
be seen in Figure 5(A, lane 2), most of the EGFP resides in
the cytoplasmic fraction. The GRP78 protein could be detec-
ted in mitochondrial and microsomal fractions only (Figure 5B,
lanes 1, 3, 4, 6, 7, 9), which are the fractions where ER proteins
are typically detected [32]. In addition, the ALDP appears only in
the microsomal fraction (Figure 5C, lanes 3 and 6), which in this
fractionation protocol contains the peroxisomes. This is the case
for both transiently transfected ALDP in COS-7 cells and nat-
urally residing ALDP in HeLa cells (Figure 5C, lanes 1–3 and
4–6 respectively). The EGFP antibody detected most of the Bgm
fusion proteins in the microsomal fraction (Figure 5A, lanes 6
and 9). Smaller amounts could also be found in the cytoplas-
mic (Figure 5A, lanes 5 and 8) and in the mitochondrial
fractions (Figure 5A, lane 4). Both the N- and C-terminal fusion
proteins showed a similar distribution within the mitochondrial,
cytoplasmic and microsomal fractions (Figure 5A, lanes 4–9).
These results clearly demonstrate that most of the fusion
proteins can be found in membrane fractions, which confirms
the computational predictions.

Subcellular localization

On the basis of the results that we obtained from the subcellular
fractionation experiments, we performed confocal microscopy
on our N- and C-terminal EGFP fusion constructs. As the largest
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Figure 5 Subcellular fractionation of mouse Bgm–EGFP fusion constructs

(A, B) COS-7 cells were electroporated with pEGFP-N1 (lanes 1–3), pEGFP:Bgm (lanes 4–6)
or pBgm:EGFP (lanes 7–9) and harvested 72 h after transfection. Cells were homogenized and
subcellular fractions separated by centrifugation resulting in a mitochondrial fraction (lanes 1,
4 and 7), a cytoplasmic fraction (lanes 2, 5 and 8) and a microsomal fraction (lanes 3, 6 and 9).
(A) Distribution within the subcellular fractions of the mouse Bgm fusion protein using an anti-
EGFP antibody for detection. (B) Distribution of the ER marker GRP78. (C) HeLa cells were grown
to confluence and harvested for detection of endogenous ALDP (lanes 1–3). COS-7 cells were
electroporated with p118 (hs ALDP in pCDNA 3.1) and harvested 72 h post-transfection (lanes 4–
6). Cells were homogenized and subcellular fractions obtained by centrifugation resulting in a
mitochondrial fraction (lanes 1 and 4), a cytoplasmic fraction (lanes 2 and 5) and a microsomal
fraction (lanes 3 and 6). Position of the ALDP signal is indicated by an arrow. Masses (kDa) of
the protein standards used are indicated on the left-hand side of the blots.

amounts of the proteins could be found in the microsomal fraction
(Figure 5A, lanes 6 and 9), we used the ER marker protein
disulphide isomerase (PDI) [33] and the peroxisomal membrane
protein ALDP for co-localization experiments. As expected for a
microsomal localization, the results showed a punctated staining
in COS-7 cells (Figures 6a, 6d and 6g) for both Bgm fusion
constructs. In addition, we observed a slight background signal
throughout the cell (Figures 6a, 6d and 6g), which could be due
to the presence of some fusion molecules in the cytoplasmic
compartment (Figure 5A, lanes 5 and 8), probably due to the
hydrophilic properties of the EGFP domain within the fusion
proteins or to the level of overexpression. However, the ER marker
(Figures 6c and 6f) showed no significant co-localization, which
would have been seen as a yellow colouring in the overlay view.
Also the ALDP protein, which is situated in the peroxisomal
membrane, revealed no significant co-localization with the Bgm–
EGFP fusion protein, although occasional signals seemed to
overlap (Figures 6h and 6i). Also immunofluorescence using an
anti-Golgi marker (GM130) showed no co-localization (results
not shown). These results indicate that our Bgm fusion proteins

reside in a microsomal compartment, other than the ER, Golgi or
peroxisomes.

ACS activity

The various fractions containing the fusion protein pEGFP:Bgm
(Figure 5, lanes 4–6) were assayed for ACS acitivity. As shown
in Table 1, only the microsomal fraction showed significant
activity towards palmitic acid (C16:0) and lignoceric acid (C24:0).
Mitochondrial and cytoplasmic fractions showed no significant
activation of palmitic acid and lignoceric acid, but showed a
significant activity towards linoleic acid (C18:2n−6). The amount
of ACS activity was generally lower in the cytoplasmic fraction
when compared with the microsomal fraction. The mitochondrial
fraction showed intermediate levels. However, comparison of
numeric values is not possible because these results were obtained
from independent experiments. Basically, the Bgm-expressing
fractions showed much more activity for the two LCFAs (long-
chain fatty acids) than for VLCFA. As the results from the pEGFP-
N1-transfected controls illustrate and as expected [34–36], most
of the ACS activity is located in microsomes. Similar results
were obtained when analysing the native mouse Bgm protein
expressed under the same conditions as the fusion proteins (results
not shown). These results show that mouse Bgm is capable of
activating VLCFA but exhibits higher activity for LCFA.

DISCUSSION

In the present study, we have investigated the mouse orthologue
of the D. melanogaster gene Bgm, also termed lipidosin [14].
For this purpose, we searched the databases for murine Bgm
candidates and obtained a suitable cDNA clone containing an
entire ORF, which gives rise to a deduced protein sequence of
721 amino acids. This protein contains several features charac-
teristic for an ACS [37,38], such as an AMP-binding domain and
a motif conserved within the Bgm family, which exhibits slight
similarities to known VLCS motifs [13]. Homology comparisons
of the primary amino acid sequence resulted in 92% similarity
to the human BG protein and 99% to the rat orthologue but only
61% similarity to D. melanogaster Bgm. Recently, these cDNAs
have been cloned and characterized [12,13,15]. The Drosophila
Bgm gene was identified in a screen for mutations leading to severe
neurodegeneration. This observation turned out to be of particular
interest in the context of X-ALD as the mutant flies showed
increased levels of VLCFA [12]. To explore a possible structural
and functional relationship between the mammalian genes, we
analysed the genomic organization of human, mouse and rat genes
(Figure 2). The three genes seem to have a common origin since
the genomic organization shares several features: all three genes
consist of 14 exons, 13 introns and similar exon/intron boundaries,
and show similarities in exon lengths and exon cluster formation.
In contrast, the Drosophila gene consists of only two exons,
separated by a small intron. Yet another Bgm orthologue has
been described for the insect Anopheles gambiae (accession no.
EAA10184), with a completely different organization of the gene
(http://www.ncbi.nlm.nih.gov/LocusLink). This could imply a
different origin of the genes from insects and mammals. Never-
theless, the resulting proteins might be functionally comparable,
which we think is the case for the mammalian Bgm family.

Functional analyses of our EGFP:Bgm and Bgm:EGFP fusion
proteins clearly show that most of the proteins reside in the
microsomal fraction with smaller amounts of the proteins detect-
able in the cytosolic and mitochondrial fractions, whereas most
of the EGFP protein, which serves as a control, could be found
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Figure 6 Subcellular localization of mouse Bgm in transfected COS-7 cells by confocal microscopy

For confocal analysis of the Bgm–EGFP fusion constructs, pEGFP:Bgm or pBgm:EGFP alone (a–f) or together with human (hs) ALDP (g–i) were transfected into COS-7 cells, fixed and permeabilized
and then incubated with mouse anti-PDI or mouse anti-ALDP antibodies. Anti-mouse biotinylated antibody and streptavidin Cy3 fragment were used to detect PDI (b, c, e, f) or hs ALDP (h, i).
(a) pBgm:EGFP, (b) anti-PDI staining of the same cell, (c) overlay of both pictures, (d) pEGFP:Bgm, (e) anti-PDI staining of the same cell, (f) overlay of both pictures, (g) pBgm:EGFP, (h) anti-hs
ALDP staining of the same cell, and (i) overlay of both pictures. White size bars correspond to 50 µm.

Table 1 Fatty acid activation in cell extracts from COS-7 cells expressing
EGFP–Bgm fusion proteins

COS-7 cells expressing pEGFP:Bgm or pEGFP-N1 vector alone were fractionated by differential
centrifugation of homogenates. The results are expressed as the means +− S.D. for three
independent experiments.

Activty (nmol · 20 min−1 · mg of protein−1)

Fatty acid substrate . . . C16:0 C18:2 C24:0

Microsomal fraction
pEGFP-N1 85.0 +− 6.7 91.9 +− 5.8 2.5 +− 0.2
pEGFP:mmBG 124.7 +− 9.9* 107.1 +− 10.2 4.0 +− 0.5*

Cytosolic fraction
pEGFP-N1 3.4 +− 0.5 6.1 +− 1.3 0.1 +− 0.1
pEGFP:mmBG 7.1 +− 2.3 10.3 +− 2.1* 0.4 +− 0.3

Mitochondrial fraction†
pEGFP-N1 20.4 +− 3.5 24.0 +− 7.6 0.8 +− 0.3
pEGFP:mmBG 23.8 +− 7.2 34.7 +− 5.3* 1.85 +− 0.9

* P < 0.05.
† Independent experiment.

in the cytosolic fraction. The purity of the microsomal fraction
is illustrated by the fact that the peroxisomal ALDP could be
detected exclusively within this light particle fraction. However,

some of the fusion proteins are evident in the mitochondrial
fraction (Figure 5A, lane 4). This could be due to a possible
localization of the fusion protein within a cellular compartment
termed mitochondrial-associated membrane, described by
Rusinol et al. [42], since no distinct mitochondrial localization
could be observed in confocal microscopy (Figure 6). Localization
of the fusion proteins within the cytoplasmic fraction is considered
to originate not from a distinct targeting of the proteins, but to
result from experimental circumstances, such as misguiding of
the fusion protein owing to its hydrophilic EGFP-domain or
by destruction of cellular compartments during the fractionation
procedure.

Further evidence for the localization of the mouse Bgm fusion
constructs in microsomes is from the observation that the largest
increase in ACS activity of Bgm-transfected cells resides in this
fraction (Table 1). Besides, mitochondrial and cytosolic fractions
showed a slight increase in activtity, especially towards linoleic
acid, which is consistent with the finding of some protein in these
fractions (Figure 5A, lanes 4 and 5). Analysis of the activation
of different fatty acid substrates shows that Bgm has its highest
activity for the LCFA C16:0 (Table 1). However, the Bgm fusion
protein was also capable of significantly activating lignoceric
acid (C24:0) to its acyl-CoA derivative (Table 1). In addition, a
polyunsaturated LCFA, linoleic acid (C18:2n−6), could be used as
a substrate for esterification. Linoleic acid is the predominant
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plant-derived polyunsaturated LCFA and is a precursor for
arachidonic acid (C20:4n−6) and eicosanoids [39], implying that
Bgm plays a role in the anabolism of these molecules. Also, for the
rat orthologue, activation of arachidonic acid and eicosapentanoic
acid (C20:5n−6) was clearly demonstrated [15]. Interestingly, the
mitochondrial and cytoplasmic fractions showed a significant
increase in linoleic acid activation. As reviewed by Coleman et
al. [41], ACS exhibits different substrate specificities depending
on their localization within the cell. This could be a possible
explanation for our observation that the fusion protein seems to
be targeted to two major compartments, the microsomal and mito-
chondrial, possibly mitochondrial-associated membrane, similar
to that described for ACS4 [35]. For the cytoplasmic localization
of the protein, we argue that the protein found in this fraction
originates from either mistargeting or impurity of this fraction by
preparation artifacts, similar to the presence of the EGFP protein
in the mitochondrial fraction (Figure 5A, lane 1). This explanation
is confirmed by the fact that confocal microscopy analysis local-
izes our fusion proteins exclusively to microsomal-like struc-
tures within the cell (Figures 6a, 6d and 6g). Results of the present
study for the mouse Bgm protein are in good agreement with the
observations made on the human Bgm orthologue [13]. In contrast
with our findings, in the initial report of the mouse Bgm gene [14],
the authors were not able to detect activity for VLCFA. Also the
results presented on the rat Bgm orthologue revealed no activity
on VLCFA but activity on polyunsaturated fatty acid was quite
high [15]. Owing to the high similarity of mouse, human and rat
genes a similar substrate specificity seems probable. Generally,
all three proteins exhibit activity on LCFA, but in the previous
studies only the human protein was capable of activating VLCFA.
This discrepancy could be due to the fact that different fatty acid
activity assays were used in these studies.

Results from the subcellular localization analyses confirm the
computer predictions of the protein structure, which detected a
single membrane-spanning domain in the N-terminal third of the
protein. In addition, a putative peroxisomal PTS-2 localization
signal and two putative ER retention signals could guide the pro-
tein to microsomal compartments. We also used confocal micro-
scopy to investigate whether our Bgm fusion proteins co-
localize with ER or peroxisomal proteins, as they were detected
in the same fractions by Western-blot analysis (Figure 5).
Both fusion constructs showed a clear punctated staining within
the cell (Figures 6a, 6d and 6g). However, the signal did not
co-localize with any of the markers we used for the subcellu-
lar localization experiments (Figures 6c, 6f and 6i). These obser-
vations suggest that the Bgm proteins are localized to microsomal
structures within the cell, although we were not able to discri-
minate a distinct compartment. Taken together, these results show
that the mouse Bgm protein is an ACS which resides mainly in
microsomes and/or microsomal-like structures and is capable of
activating VLCFA.

A VLC–acyl-CoA synthetase has long been suspected to play a
putative role in X-ALD [12,40], but no enzyme with this activity
showed the appropriate tissue distribution. The expression profile
of Bgm, being enriched in brain, adrenals and testis, the target
tissues of X-ALD, prompted us to investigate further the ab-
undance of its mRNA during brain development. However, the
temporal expression of the Bgm mRNA increases postnatally
(Figure 3C) and thus differs from the Ald mRNA, which is
detectable at midgestation of mouse embryonic development
and decreases during postnatal development [26]. The distinctly
different expression profiles during mouse brain development
indicate that these two proteins act independently of each other.
This observation is strengthened further by the fact that ALDP
and the Bgm fusion protein do not show substantial subcellular

co-localization (Figure 6i). In addition, we could not observe any
difference in the amount of Bgm mRNA present in the brain
of wild-type and Ald knockout mice (Figure 4). The lack of
co-ordinated regulation and co-localization suggest that in the
mouse the Ald and Bgm proteins are not functionally related.
Thus the results do not support the model that was based on the
Drosophila Bgm phenotype, implicating Bgm in fatty acid-related
pathogenesis of X-ALD [12]. A phenotype comparable with the
one seen in Drosophila [12] seems unlikely in a mammalian
knockout of the Bgm gene. Further studies revealing the precise
localization of the bubblegum protein and its distinct function
within the cell will be needed to establish its role in fatty acid
metabolism.
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