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ABSTRACT Peroxisomes in human liver contain two dis-
tinct acyl-CoA oxidases with different substrate specificities: (7)
palmitoyl-CoA oxidase, oxidizing very long straight-chain fatty
acids and eicosanoids, and (ii) a branched-chain acyl-CoA oxi-
dase (hBRCACox), involved in the degradation of long branched
fatty acids and bile acid intermediates. The accumulation of
branched fatty acids and bile acid intermediates leads to severe
mental retardation and death of the diseased children. In this
study, we report the molecular characterization of the hBRCA-
Cox, a prerequisite for studying mutations in patients with a
single enzyme deficiency. The composite cDNA sequence of
hBRCACox, derived from overlapping clones isolated via immu-
noscreening and hybridization of human liver cDNA expression
libraries, consisted of 2225 bases and contained an open reading
frame of 2046 bases, encoding a protein of 681 amino acids with
a calculated molecular mass of 76,739 Da. The C-terminal
tripeptide of the protein is SKL, a known peroxisome targeting
signal. Sequence comparison with the other acyl-CoA oxidases
and evolutionary analysis revealed that, despite its broader
substrate specificity, the hBRCACox is the human homolog of rat
trihydroxycoprostanoyl-CoA oxidase (rTHCCox) and that sep-
arate gene duplication events led to the occurrence in mammals
of acyl-CoA oxidases with different substrate specificities. North-
ern blot analysis demonstrated that—in contrast to the rTHC-
Cox gene—the hBRCACox gene is transcribed also in extrahe-
patic tissues such as heart, kidney, skeletal muscle, and pan-
creas. The highest levels of the 2.6-kb mRNA were found in heart,
followed by liver. The enzyme is encoded by a single-copy gene,
which was assigned to chromosome 3p14.3 by fluorescent in situ
hybridization. It was absent from livers of Zellweger patients as
shown by immunoblot analysis and immunocytochemistry.

In mammals, more than half of the enzymes present in
peroxisomes is associated intimately with lipid metabolism
(1-3). Thus, peroxisomes are involved in the B-oxidation of
very long straight-chain fatty acids and branched-chain fatty
acids, dicarboxylic fatty acids, and eicosanoids. They are also
responsible for the B-oxidation of the side chain of the bile acid
intermediates di- and trihydroxycoprostanic acids, resulting in
the formation of the primary bile acids (chenodeoxycholic and
cholic acid, respectively). Most likely, the different substrates
are degraded by distinct B-oxidation pathways (1). In the
human, the first and rate-limiting step of these pathways is
carried out by (at least) two acyl-CoA oxidases (4, 5): (i)
palmitoyl-CoA oxidase (hPALMCox),** oxidizing the CoA es-
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ters of straight-chain fatty acids, dicarboxylic acids, and eico-
sanoids and (i) a branched-chain acyl-CoA oxidase (hBRCA-
Cox), oxidizing the CoA esters of 2-methyl-branched fatty acids
(e.g., pristanic acid) and of the bile acid intermediates di- and
trihydroxycoprostanic acids, which also possess a 2-methyl sub-
stitution in their side chain. In the rat, branched fatty acids and
bile acid intermediates appear to be oxidized by two separate
enzymes, pristanoyl-CoA oxidase (rPRISCox) and trihydroxyco-
prostanoyl-CoA oxidase (rTHCCox), respectively (11-13). The
former enzyme is expressed in liver and extrahepatic tissues,
whereas the latter one is found only in liver and to a very low
extent in kidney (11-15). The hBRCACox, which appears to
combine the function of the two rat enzymes, is expressed in liver
and kidney, the only tissues examined thus far (5).

Patients, with single enzyme defects, apparently affecting
one of the two B-oxidation pathways (1), exhibit elevated
serum levels of either very long straight-chain fatty acids or
long branched fatty acids and unusual bile acid intermediates
(e.g., di- and trihydroxycoprostanic acids) (16, 17). The pri-
mary structure of hPALMCox and its corresponding gene has
been described recently (8, 9, 18). However, no information is
available concerning the molecular nature of the hBRCACox.
Molecular characterization of the enzyme and chromosomal
mapping of its corresponding gene are prerequisites—as has been
shown for mitochondrial B-oxidation defects (19) and the
hPALMCox defects in pseudoneonatal adrenoleukodystrophy
(8)—to elucidate and prove the nature of hBRCACox deficien-
cies. Presumably this deficiency is associated with severe mental
retardation and early death during childhood (17). In this paper
we describe the molecular cloning and further characterization of
the hBRCACox, an enzyme consisting of most probably two
identical subunits of approximately 70 kDa (4, 5).

EXPERIMENTAL PROCEDURES

Tissue Samples. Human liver, kidney, and heart tissue was
kindly provided by F. Penninckx and R. Aerts, L. Baert and H.

Abbreviations: hBRCACox, human branched-chain acyl-CoA oxi-

dase; hPALMCox, human palmitoyl-CoA oxidase; rPALMCox, rat

palmitoyl-CoA oxidase; rPRISCox, rat pristanoyl-CoA oxidase;
rTHCCox, rat trihydroxycoprostanoyl-CoA oxidase.

Data deposition: The sequence reported in this paper has been

deposited in the GenBank data base (accession no. X95190).

ITo whom reprint requests should be addressed at: Katholieke Uni-

versiteit Leuven—Campus Gasthuisberg, Afdeling Farmacologie,

Herestraat 49, B-3000 Leuven, Belgium.

**In man, as in rat (6, 7), two mRNAs for palmitoyl-CoA oxidase have
been described which are derived from a common gene via differ-
ential splicing (8). The corresponding oxidases have not been
purified to homogeneity, but the one derived from the type l mRNA
has been produced in expression systems (9, 10).
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Van Poppel, and W. Flameng (all at the Universitair Zieken-
huis, Gasthuisberg, Leuven, Belgium), respectively. Liver sam-
ples from patients with peroxisomal disorders were provided
by R. J. A. Wanders (Academisch Ziekenhuis, Amsterdam).
Approval was granted by the Institutional Ethics Committee.

Isolation of Acyl-CoA Oxidases and Generation of Poly-
clonal Antibodies. Isolation of the hBRCACox (5) and the
other acyl-CoA oxidases (15, 20) and preparation of antibodies
against hHBRCACox (21), rat palmitoyl-CoA oxidase (rPALM-
Cox) subunits B and C (14), rPRISCox (14), rTHCCox (15,
20), and peptides containing a C-terminal SKL sequence (22)
have been described. The antibody against the A subunit of
rPALMCox was kindly provided by A. Volkl (University of
Heidelberg, Heidelberg).

Amino Acid Sequencing of hBRCACox Peptides. The pro-
teins present in the peak fractions from the hydroxylapatite
column (see above) were precipitated with trichloroacetic acid
and subjected to SDS/PAGE (23). Bands of interest were
excised, and material was eluted and concentrated in an
agarose gel (24). Trypsin digestion was carried out in the
molten gel at 40°C and the agarose was subsequently removed
by precipitation (24). Peptides present in the supernatant were
separated on a Cys reverse-phase column (Vydac, 250 X 4.6
mm, 300 A; 5 um) by using a linear gradient of acetonitrile
(0-70%) containing 0.1% trifluoroacetic acid, generated over
a 70-min period (1 ml/min). Aliquots of the peptides were
taken for analysis by matrix-assisted-laser-desorption-
ionization time-of-flight mass spectrometry (Bruker Bioflex
instrument, Bruker, Billerica, MA). Some of the peptides with
aunique mass were selected for automated gas-phase or pulsed
liquid-phase sequencing (Applied Biosystems 470A and 477A
sequencers).

Immunoblot Analysis. Human liver, kidney, and heart tissue
was homogenized in 4 vol of 0.25 M sucrose/1 mM EDTA, pH
7.2/0.1% ethanol. Aliquots of the homogenates corresponding
to 25 pg of protein (or 200 ng of purified enzyme) were applied
to ready-to-use gradient gels (ExcelGel SDS, 8-18%, Phar-
macia). After electrophoresis and semi-dry blotting (25), acyl-
CoA oxidase-specific bands were detected with different ox-
idase antisera and visualized via chemoluminescence (ECL,
Amersham).

Isolation of the cDNAs for the Human Acyl-CoA Oxidases.
The cDNA for hBRCACox was isolated by immunoscreening
of 1 X 10° plaque-forming units of a A-UniZap human liver
cDNA library [oligo(dT)-primed, Stratagene]. Fusion proteins
were expressed overnight by overlaying the plates with isopro-
pyl B-D-thiogalactoside-soaked nitrocellulose membranes. The
plaques of interest were detected with the polyclonal rabbit
antibody against the hBRCACox, followed by incubation with
an alkaline phosphatase-labeled sheep anti-rabbit IgG and
color detection with nitro blue tetrazolium/5-bromo-4-chloro-
3-indolyl phosphate. The cDNAs of six strongly cross-reactive
clones were sequenced from their 5’ ends with vector-specific
primers (26). Computer alignment of the cDNA-deduced
amino acid sequences with that of hPALMCox (8, 10) revealed
that the longest clone (1.9-kb insert) in the 5" direction started
at residue 71 of hPALMCox. To obtain the complete open
reading frame, 5 X 10° plaque-forming units of a 5'-stretch
A-gtll human liver cDNA library [random- and oligo(dT)-
primed, CLONTECH] were screened by hybridization with a
radioactively labeled 5’ PCR fragment of the longest clone
(bases 266—428). Twenty intensely cross-hybridizing clones
were purified, the phage DNA was isolated (Lambdaprep,
Pharmacia), and further characterized by PCR with oxidase-
specific primers and a A-gt11 primer in the opposite direction.
Three clones with the largest extensions in the 5’ direction
were used for further studies. Sequencing was done according
to Sanger et al. (26) by using cycle sequencing kits (Perkin—
Elmer or Pharmacia). The complete cDNA was sequenced at
least once in both directions.
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A partial cDNA encoding hPALMCox, containing 2098
bases of the hPALMCox cDNA sequence (from base 82 in the
open reading frame to base 2180) was isolated as described
(15). Plasmid DNA from this clone was used for all hybrid-
ization experiments.

Expression of the hBRCACox ¢DNA. Since no compatible
restriction sites were present in the different cDNA clones for
ligation into the expression vector (pTrxFus; Invitrogen), the
full-length cDNA was generated by fusion PCR. In the first
reaction, separate 5’ (bases —4 to 1064) and 3’ (bases 492 to
2077) fragments were amplified from two different clones by
using hBRCACox-specific primers. After a short clean-up to
remove the primers, both fragments were annealed with each
other and the single-stranded 5’ overhangs were filled up with
Taq polymerase (Perkin—Elmer). The full-length construct was
amplified in a second PCR with primers from both ends. The
resulting 2081-bp fragment was intermediately subcloned by
“TA” cloning into pPGEMT (Promega). A recombinant clone
with insert orientation in sense direction was cut with BamHI
(modified restriction site in 5’ primer) and Sa/l (in pPGEMT)
and the fragment was ligated into pTrxFus. After controlling
the reading frame by sequencing, hBRCACox was overex-
pressed in Escherichia coli G1698 or GI1724 by addition of 100
uM tryptophan to the growth medium. To visualize the
expressed oxidase, bacterial lysates (20 pg of protein) were
separated on homogeneous SDS/10% gels and transferred to
nitrocellulose by semi-dry blotting (25). The thioredoxin—
hBRCACox fusion protein was detected with anti-hBRCACox
or anti-thioredoxin (Invitrogen) antibodies.

Northern Blot Hybridization. Human multiple tissue North-
ern blots (CLONTECH) were hybridized according to the
manufacturer’s instructions except that 1.5% SDS instead of
2% was present in the hybridization solution and that more
stringent washing conditions were used [up to 0.1X standard
saline citrate (SSC)/0.5% SDS, 68°C] to prevent cross-
hybridization of the different oxidases. As probe, the complete
hBRCACox cDNA (combined from different clones), labeled
with 3P (ReadyToGo dCTP labeling kit; Pharmacia), was
used. After stripping, the membrane was reprobed with 32P-
labeled hPALMCox cDNA, followed by a human B-actin
probe (CLONTECH). Blots were exposed to Kodak X-Omat
films or to an imaging plate that was scanned with a
PhosphorImager (Molecular Dynamics).

Fluorescent in Situ Hybridization of Metaphase Spreads.
Biotinylated probes of the complete h(BRCACox and hPALM-
Cox cDNAs were generated by incorporation of biotin-16-
dUTP during nick translation (GIBCO/BRL kit). The prep-
aration of metaphase spreads of white blood cells and subse-
quent treatment with proteases prior to hybridization was done
according to ref. 27. Denaturation of the metaphases was
carried out in 70% formamide/2X SSC for 3 min, followed by
dehydration of the preparations in a series of ice-cold graded
(70-100%) ethanol. After denaturation (5 min at 75°C) of the
specific probe [10 ul containing 30 ng of biotin-labeled oxidase
¢DNA in 50% formamide/2X SSC/50 mM NazPO,/10%
dextran sulfate/salmon sperm DNA (5 ug/ul)/Cotl DNA (4
pg/ul)], hybridization was carried out overnight at 37°C. After
several washing steps and blocking of the nonspecific protein
binding sites, the hybridized cDNA was visualized with avidin-
coupled fluorescein isothiocyanate (FITC) and signal ampli-
fication was obtained by using biotinylated anti-avidin fol-
lowed by avidin-FITC (27). The preparations were stained
with 4',6-diamidino-2-phenylindole and examined in a Leica
fluorescence microscope equipped with a cooled charge-
coupled device camera. The collected signals were analyzed
with SMARTCAPTURE software (Vysis, Stuttgart, Germany).

Postembedding Immunocytochemistry with the Protein A-
Gold Technique. Tissue samples were cut into small blocks and
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immersed overnight at 4°C with a fixative containing 4%
paraformaldehyde, 0.05% glutaraldehyde, and 2% sucrose in
0.1 M cacodylate buffer (pH 7.4). After preparation of 100-
pm-thick sections with a microslicer (Dosaka, Kyoto, Japan)
and a short rinse in 0.1 M cacodylate buffer, the sections were
embedded in LR white according to standard protocols (28).
Ultrathin sections (50-70 nm) were cut on Formvar-coated
nickel grids. After blocking of the nonspecific binding sites
with 4% BSA in TBS, hBRCACox and hPALMCox were
detected with the appropriate primary antibodies and protein
A-gold (15 nm) labeling (29). After contrasting with uranyl
acetate and lead citrate, the sections were inspected in a Philips
301 electron microscope.

RESULTS AND DISCUSSION

The hBRCACox c¢DNA. After consecutive screening of a
A-UniZap human liver cDNA expression library and a A-gt11
human liver cDNA library, the sequence of a cDNA encoding
hBRCACox was obtained. The composite cDNA sequence
contained 2225 bases: 92 bases of the 5’ leader sequence, an
open reading frame of 2046 bases, and 87 bases of the 3’ trailer
sequence ending at an adenine-rich region (no “AATAAA”
polyadenylylation signal was detected in the 3’ trailer) (Fig. 1).
The open reading frame encodes a protein of 681 amino acids,
with a nominal molecular mass of 76,739 Da. The protein’s
C-terminal tripeptide is SKL (see also Fig. 2), which serves as
a peroxisome targeting signal (PTSI) (30).

The identity of the cloned cDNA was confirmed by aligning
the peptide sequences with the deduced amino acid sequence
(Fig. 1). All peptide sequences (six in total), which were
distributed along the whole protein, matched exactly. In ad-
dition, four peptides, the mass of which was obtained by
matrix-assisted, laser desorption-ionization time-of-flight
mass spectrometry, could also be positioned (Fig. 1). Two
methionines (the second ATG at bases 52-54) were present in
the same reading frame near the translation start site, with the
second methionine at the same position as the hPALMCox
start site. The first methionine, however, was defined as the
start codon, since its flanking nucleotides fitted the Kozak rule
(31) (adenine at position —3 and guanine at position +4) and

-92 BETTCTTTGCACT

~79 GACCAATGCTGAGASCAGACCCTCGGAGCAGCCEEETTGRAAGTETCTCTC

1 ATG 66C AGC CCA GTE CAC CBA 6TG TCA TTG 666 GAT ACC T6G AGC AG6 CAA ATE CAC CCC
1 Met Gly Ser Pro Val His Arg Yal Ser Leu &1 Ser Arg €1n Met His Pro

61 GAC ATA GAG AGC GAG AGG TAT ATG CAG TCC TTT GAC GTG GAA CGG CTC ACC AAC ATC CTT
21 Asp Ile Glu Ser Glu Arg Tyr Met Gln Ser Phe Asp Val Glu Arg Leu Thr Asn I1e Leu

r
121 GAT 6BA 66T 6CC CAG ACT 6CA CTC CGC AGG AMA GTT BAG AGC ATC ATC CAC AGT TAC
a

AC

41 Asp 61y Gly Ala 61n Asn Thr Ala Leu Arg Arg Lys Val 6lu Ser Ile Ile His Ser Tyr

181 CCG GAG TIT ASC TET MG GAC AT TAT TTC ATG ACC CAS AT 646 CGT TAT MG 6T EcC

61 Pro Glu Phe Ser Cys Lys Asp Asn Tyr Phe Met Thr G1n Asn Glu Arg Tyr Lys Ala Ala
261 ATG 066 AGG GCA TIC CAC ATC GG TTG ATA GCT GG CGC CTG GGT GG TTA Gk eaT

1 Met Arg Arg Ala Phe His T1e Arg Leu Ile Ala Arg Arg Leu Gly Trp Leu Glu Asp &

66C TAC 6CT TAC AGA 6CC CTT TCT 664 GAC 6T6 GCC TTA AT ATA CAC ABA

Tyr Ala Tyr Arg Ala Leu Ser Gly Asp Val Ala Leu Asn Ile His Arg

361 6TC TTI G AGA 6CC CTC ABE AGC CTG 66C TCA \TT 6CC AM TGE GAC CCA

Arg
301 CGT GAA TTA
101 Arg 6lu Leu 61y
ol [ TCA 646 6AG CAG Al
121 Val Phe Val Arg Ala Leu Arg Ser Leu Gly Ser Glu Glu GIn e Ala Lys Trp Asp Pro
AT
il

421 CTC TGC AMA AAC ATC CAG ATC ATC GCA ACG TAT GCA CAG ACA GAG TTG BGA CAT GGG ACA
141 Leu Cys Lys Asn Ile 6in Ile Ile Ala Thr Tyr Ala 61n Thr Glu Leu Gly Kis 61y Thr

481 TAT CTT CAG 66C CT6 GAG ACT GAA GCC ACC TAT GAC 6CA GCC ACC CAG 6AG TTT 6TG Al
181 T0F Cou o 61y Leu G Tor Gha Als Thr Tor Ady A1a ATa T Ghn Ghe Pha Va1 Tie

CAC AGC CCC ACG CTE ACT BCC ACC AMA T66 T66 CCT GGA GAC TTG GGA CG6 TCA 6CC ACC
T4 WS 2% e The Cou T me v Lys Trp Trp Pro €1y Asp Leu Gly Arg Ser Ala Thr
601 CAT 6CC CTG GTC CAG GCC CAG CTG ATC T6C TCA GBA 6CC AGS CG& 66C ATG CAC 6CT TTT
201 His Ala Leu Val 61n Ala G1n Leu I1e Cys Ser Gly Ala Arg Arg 61y Met His Ala Phe

661 ATT 676 CCA ATC C66 AGT CTT CAG GAC CAC ACC CCA CTG CCA GGA ATC ATC Al
221 Ile ¥al Pro Ile Arg Ser Leu Gln Asp His Thr Pro Leu Pro Gly Ile Ile ne s\y Asp

721 ATC 6GA CCC AAE ATG GAC TTT GAT CAA ACA GAC AAT GGC TTC CTG CAG CTG AAC CAT 6T6
241 Tie Gly Pro Lys Het Asp Phe Asp 61n Thr Asp Asn Gly Phe Leu 61n Leu Asn His Val

781 €66 GTC CCC MGG GAG AAC AT CTG AGT CGC TTT GCA CAG GTC TG COA BAT G6C ACC TAC
261 Arg Yal Pro Arg Glu Asn Met Leu Ser Arg Phe Ala Ein Yal Lew Fro Asp €y Thr Tyr

841 GTC AMA CTI GCA CAS ASC AAC TAC CTT CCC ATG 6T6 6T6 6T6 (66 6TC BAS CT6
281 vat LE Leu ily Thr Ala 61n Ser Asn Tyr Leu Pro Met ¥al Yal ¥al Arg ¥al Glu Leu

901 CTG TCA GBE 646 ATC CTC CCT ATA CTG CAG AAG GCC T6T 6TC ATC 6CC ATG C6C TAC TCE
301 Lew Ser Gly 61u I1e Leu Pro Ile Leu GIn Lys Ala Cys Yal Ile Ala Met Arg Tyr Ser

961 GTC ATC CGC CGC CAA TCC CGG CTC CGG CCC AGT GAC CCA GAG GCA AAG 6TC CT6 GAC TAC
321 Va1 1€ Arg Arg G1n Ser Arg Leu Arg Pro Ser Asp Pro Glu Ala Lys Yal Lea Asp Tyr

FiG. 1.
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Fic. 2. Relationship between the different acyl-CoA oxidases
visualized in Western blots. Aliquots of bacterial lysate (20 ug of
protein), containing thioredoxin—-hBRCACox fusion protein (theo-
retical molecular mass, 91 kDa), were analyzed for cross-reactivity
with different antisera. (¢) Anti-thioredoxin. (b) Anti-hBRCACox. (¢)
Anti-rTHCCox. (d) Anti-SKL. (¢) Anti-rPALMCox (B subunit). (f)
Anti-rPALMCox (C subunit). (g) Anti-rPRISCox. Lanes 1 and 2
represent a noninduced culture and an induced culture, respectively.
Migration of molecular weight markers (expressed in kDa) is indicated
at the left.

a tryptic peptide of the hBRCACox could be mapped to amino
acids 8-14.

The BRCACox Is the Human Counterpart of rTHCCox.
Computer alignment of all cloned mammalian acyl-CoA oxi-
dases revealed that hABRCACox shares 74% overall amino acid
identity (76% homology) with rTHCCox (15). Two stretches of
low amino acid identity were present at amino acids 58-126
(45% identity) and 466526 (51% identity) of the two proteins.
The remaining part of the two proteins was 80% identical. The
amino acid identity of the hBRCACox with the h- and rPA-
LMCox was 45% and 43%, respectively, whereas the identity
with rPRISCox (32) was only 21%, a value that is comparable
to the identities of the hBRCACox and the yeast acyl-CoA
oxidases (20-25%) (data not shown). This relationship be-
tween the distinct acyl-CoA oxidases is also reflected by the
cross-reactivity of the different oxidase antibodies with the
overexpressed hBRCACox fusion protein. Whereas hBRCA-
Cox was recognized equally well by the anti-hBRCACox
antibody and the anti-rTHCCox antibody, only a weak cross-

T6 SCC ATC AGT TAT 6CC TTC CAT TTC CT6
Tle Ser Tyr Ala Phe His Phe Leu

1081 CC TAC ACT GCC ATT CTG AAC CAA GAC TTC
361 Ala Vll Ser Leu Leu G'Iu Phe Phe Gin er Tyr Thr Ala Ile Leu Asn GIn Asp Phe

1141 A6C TTC CTG CCT 6AG CTC G AGC ACG GBC ATE AAG GCC ATG ATE TCA GAA TTC
381 Ser Phe Leu Pro Glu Leu H's Ala Le« Ser Thr Gly Met Lys Ala Met Met Ser Glu Phe

GGC GBA CAT 6GC TAC TCA AAG (T6
1y Gly Kis Gly Tyr Ser Lys Leu

6
TCC T6C ACC TAC 6A6 GET 6AG AAC
Ser Cys Thr Tyr Glu Gly &1u Asn

1201 T6C ACC CAG GGA GCT GAG ATG TGC CGC AGE 6CC
401 Cys Thr G1n Gly Ala Glu et Cys Arg Arg Al

1261 AGT 66C CTG CCA TCA CTE GTC ACC AM TTG TC6
421 Ser Gly Leu Pro Ser Leu Val Thr Lys Leu Ser Ala
1321 ACA 6T6 CTC TAC CT6 CAG 676 6CC AGG TT GT6 AAG AGC TAC CTE CAG ACT CAG AT6
441 Thr Va) Leu Tyr Leu &1n Val A'IlArnP&l.ﬂ'll Lys Ser Tyr Leu Gin Thr Gln Net

1381 TCC CCT G6C TCC ACE CCA CAG AGA TCT CTC TCT CCA TCT GTC GCA TAT CTC ACC 6CA CCT
461 s:»mﬂ;nrmm:l-ns-r Leu Ser Pro Ser Val Ala Tyr Leu Thr Ala Pro

1441 GAC CTG 6CC ASG TGT CCA 6CC CAG AGE GCA 6CC GAC TTC CTC TGC CCG GA6 CTC TAC
481 Asp Leu Ala Arg Cys Pro Ala 61n Arg Ala Ala Asp Phe Leu Cys Pro Glu Leu Tyr Tl|r

1501 ACE BCC T66 SCA CAT TG GCA GTA AGG CTC ATA AAG GAC TCA GTG CAG CAT TTA CAG ACC
501 Thr Ala Trp Ala His Val Ala ¥al Arg Leu Ile Lys Asp Ser Val Gln His Leu GIn Thr

1561 CTG AC CAA TCC 6GA 6CT GAC CAS CAC GAG GCT TG AAC CAG ACC ACT €TC ATA CAC CTC
521 Leu Thr €1n Ser 61y Ala Asp Gln His Glu Ala Trp Asn GIn Thr Thr ¥al Ile His Leu

1 CAG 6CT 6CT AAG 6T6 CAC TGC TAC TAT GTC GT6 AAG GGT TTT ACA GM G6CT CTG GAG
5‘1 61n Ala Ala Lys ¥al His Cys Tyr Tyr Val an ¥al Lys Gly Phe Thr €lu Ala Leu Gl

1681 AAA CTA GAA AAT GAA CCA GCG ATT CAG CAS 6T6 CTC AAG CGC CTC TGT GAC CTC CAT GCC
561 Lys Leu G1u Asn &lu Pro Ala Ile Gin GIn Yal Leu Lys Arg Leu Cys Asp Leu His Ala

1741 ATA CAT GGA ATC TTE ACT AAC TCG GGT GAC TTT CTC CAT GAC GCC TTC CT€ TCT 66T 6CC
581 Ile His Gly Ile Leu Thr Asn Ser Gly Asp Phe Leu His Asp Ala Phe Leu Ser Gly Ala

1801 CAA GT6 GAC ATG GCA AGA ACA GCC TAC CTG BAC CT6 CTC CGC CT6 ATC 066 AAG GAT GCC
601 61n Val Asp Met Ala Arg Thr Ala Tyr Leu Asp Leu Leu Arg Leu Ile Arg Lys Asp Ala

1861 ATC CT6 TTA ACT GAT GCT TTT GAC TTC ACC GAT CAG T6T TTA AAT TCA GCC CTT 6GC TGT
621 Ile Leu Leu Thr Asp Ala Phe Asp Phe Thr Asp GIn Cys Leu Asn Ser Ala Le 61y Cys

1921 TAT GAT GGA AR GTC TAC GAA CGC CTG TTC CAG T66 GCT CAG AAG TCA CCA ACC AAT ACT
641 Tyr Asp Gly Asn Val Tyr Glu Arg Leu Phe Gin Trp Ala GIn Lys Ser Pro Thr Asn Thr

1981 CAG 646 AAC CCT GCC TAT GAG GAA TAT ATA AGA CCA CTT TTA CAA AGT T66 AGA TCC AAG
661 Gln Clu Asa Pro Ala Tyr 6lu 6lu Tyr Ile Arg Pro Leu Leu Gln Ser Trp Arg Ser Lys

2041 CTA TGA AATAACCAACAGTATTCAAGAAGCAACCAGCACCATC
681 Leu **+

8 33

TATGECATATATGCAACAT

2118 TAMATTTTAMTTAG

Nucleotide and deduced amino acid sequence of hBRCACox. The nucleotide sequence shown is derived from overlapping clones of

two different libraries and numbered in 5’ — 3’ direction. Numbers on the left of the sequences indicate the appropriate nucleotide or amino acid
position. Nucleotides in the 5’ leader sequence are indicated by negative numbers. The position of the stop codon is indicated by ##+. The amino
acid sequences of tryptic peptides are underlined. Their experimentally determined masses agreed with their calculated masses. In addition, some
other peptides could be positioned according to their mass [measured and calculated mass (M+H)* given within parentheses]: amino acids 102-108
(871.2; 871.9), 109-120 (1265.2; 1266.4), 395-409 (1697.9; 1696), and 544552 (1111.2; 1112.3).
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reactivity was detectable with an antiserum against the B subunit
of rPALMCox. No reaction was visible with antibodies against
rPRISCox or against the C subunit of rPALMCox (Fig. 2).

Interestingly, the first region of low hBRCACox/rTHCCox
identity (see above) partly overlaps (20 amino acids) the
differentially spliced exon 3; and 3;; sequences of PALMCox
(7, 8) (amino acids 90-144 corresponding to hBRCACox
amino acids 107-159). The second region of low identity is also
not conserved between hBRCACox and hPALMCox or rTH-
CCox and rPALMCox and overlaps the cleavage site of the
rPALMCox (6) (Gln—-Val-468 and Ala-469-Val). It should be
noted that the hABRCACox and rTHCCox are not cleaved into
subunits. Overall, the comparison of the amino acid sequences
of the different oxidases clearly shows that the hBRCACox,
which combines the function of rTHCCox and rPRISCox, is
much more closely related to -THCCox than to rPRISCox and
is in fact the human homolog of rTHCCox. This is also
reflected by the N-ethylmaleimide sensitivity (4, 11) and the
substrate spectrumit of the hBRCACox and rTHCCox, and
the evolutionary analysis, shown in Fig. 3, where the enzymes
cluster in the same branch of the phylogenetic tree.

The Acyl-CoA Oxidases and Acyl-CoA Dehydrogenases
Originate from a Common Ancestor Gene. Based on the
sequences of TPALMCox and Candida tropicalis acyl-CoA
oxidases, Tanaka and Ido (39) suggested that these peroxiso-
mal enzymes and their mitochondrial counterparts, the acyl-
CoA dehydrogenases, originated from a common ancestral
gene. Multiple alignment of all available acyl-CoA oxidase
sequences, including the recently cloned rPRISCox (32) and
rTHCCox (15) and hBRCACox, and evolutionary analysis,
depicted in Fig. 3, further strengthens this idea and provides
additional information on this superfamily. rPRISCox (32)
does not share a larger amino acid identity with the other
mammalian oxidases than with the yeast oxidases, suggesting
that the divergence of the rPRISCox gene was an early event
in evolution. This notion is substantiated by the fact that the
Caenorhabditis elegans acyl-CoA oxidase is closer to the other
mammalian oxidases than rPRISCox is. Interestingly, like the
yeast acyl-CoA oxidases, TPRISCox is a homooctamer (14),
whereas the other mammalian acyl-CoA oxidases appear to be
homodimers. The much larger amino acid identity between the
PALMCoxs and rTHCCox/hBRCACox points to a second
duplication of a common PALMCox and rTHCCox/
hBRCACox ancestor gene later in evolution. The exon dupli-
cation leading to PALMCox I and II (not shown in Fig. 3)
clearly occurred after the divergence of the PALMCox and
rTHCCox/hBRCACox genes.

The hBRCACox Gene Is Transcribed in Extrahepatic Tis-
sues. Whereas rTHCCox is a hepatic enzyme, hBRCACox,
although being the counterpart of rTHCCox, is present not
only in liver but also in kidney (5). To investigate whether the
hBRCACox gene is transcribed in extrahepatic tissues other
than kidney, we hybridized a multiple-tissue Northern blot
with the radioactively labeled hBRCACox cDNA probe and
for the sake of comparison with the hPALMCox cDNA probe.
The Northern blot analysis revealed that the size of the
hBRCACox mRNA is approximately 2.6 kb (Fig. 4a), similar
to that of the -THCCox mRNA (15). The size of the hPALM-
Cox mRNA (3.7 kb) was also identical to that of its rat
counterpart (Fig. 4b). However, three additional bands, esti-
mated at 8, 6, and 5 kb were present in the human tissues.
Similar bands have been described also by Varanasi et al. (18)
and were explained as differently spliced precursors of the
hPALMCox mRNA. In contrast to their results, however, the

T7The major reported difference between the two oxidases was the
recognition of straight chain acyl-CoAs by the hBRCACox (5, 13).
Under certain assay conditions, we have now been able to show an
N-ethylmaleimide-sensitive desaturation of straight chain acyl-CoA
esters by purified rTHCCox (33).
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F1G. 3. Evolutionary analysis of acyl-CoA oxidases and acyl-CoA
dehydrogenases. Multiple sequence alignment of the protein se-
quences was performed using the PILEUP program (34) from the GCG
package as well as with cLusTAL w (35). The phylogenetic tree was
constructed according to the neighbor-joining method (36), as imple-
mented in the NEIGHBOR program while the distance matrices needed
were calculated with PROTDIST, both from the pHYLIP package (37).
The reliability of the tree was assessed by bootstrap analysis. Bootstrap
values were in general higher than 80%. Whereas all known acyl-CoA
oxidases were aligned, a selection of acyl-CoA dehydrogenases, pos-
sessing distinct substrate specificities, was made (data bank accession
numbers are also given) as follows: hBRCACox/rTHCCox, X95189;
h/rPALMCox I, X71440 and P07872; rPRISCox, X95188; CeACox
(Caenorhabditis elegans acyl-CoA oxidase), P34355; ScPXP1 (S. cer-
evisine POX1 protein), P13711; CtPXP2/4/5 (Candida tropicalis
POX2/4/5 proteins), P06598, P11356, and P08790; CmPXP4 (Can-
dida maltosa POX4 protein), P05335; mACDG (mouse glutaryl-CoA
dehydrogenase), U18992; h/rACDS (human and rat short-chain acyl-
CoA dehydrogenases), P16219 and P15651; hACDB (human short
branched-chain acyl-CoA dehydrogenase), P45954; h/rACDM (hu-
man and rat medium-chain acyl-CoA dehydrogenases), P11310 and
P08503; h/rACDL (human and rat long-chain acyl-CoA dehydroge-
nases), P28330 and P15650; rACDV (rat very-long-chain acyl-CoA
dehydrogenase), P45953; Ce/h/rIVD (C. elegans, human, and rat
isovaleryl-CoA dehydrogenases), P34275, P26440, and P12007. The
h/rPALMCoxs II are not shown since the exon duplication, giving rise
to the type I and II mRNAs, is a recent event and the branches are
hardly visible. Similar topologies were seen in trees obtained by other
programs, the tree-construction option in CLUSTAL W (35) or the
quartet puzzling method (38) (data not shown).

specific 3.7-kb band for hPALMCox could be visualized also
in extrahepatic tissues. The relative abundance of the precur-
sor forms seems to vary between the different tissues, which
might indicate a distinct mRNA processing.

More importantly, the Northern blot analysis revealed that
the hBRCACox gene is transcribed not only in liver and
kidney, as had been suggested by enzyme activity measure-
ments, but also in all other tissues studied (Fig. 4a). Because
of the proposed function of the hBRCACox in the oxidation
of 2-methyl-branched fatty acids, this observation was not
unexpected. Surprising, however, were the high hBRCACox
mRNA levels in heart, suggesting that the enzyme may have an
important function in cardiac muscle. In agreement with this
contention, BRCACox activity appeared to be as high as
PALMCox activity in human heart (E.B., G.P.M., and
P.P.V.V,, unpublished data).

The hBRCACox Gene Is Present in a Single Copy on
Chromosome 3pl4.3. Southern blot analysis of human
genomic DNA revealed single bands in several lanes of the blot
after hybridization with distinct hBRCACox probes generated
by PCR from different regions of the cDNA (data not shown).
The presence of a single gene encoding BRCACox in the
human genome was verified by fluorescence in situ hybridiza-
tion. The hBRCACox gene was assigned to chromosome
3p14.3 (Fig. 5a). No cross-reactivity with the hPALMCox gene
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F1G. 4. Northern blot analysis of BRCACox in human tissues. A
human multiple tissue blot (CLONTECH) containing ~1 pg of
purified mRNA of different tissues was analyzed for the presence of
hBRCACox mRNA (a). Lanes: 1, heart; 2, brain; 3, placenta; 4, lung;
5, liver; 6, skeletal muscle; 7, kidney; 8, pancreas. After longer
exposures, signals corresponding to BRCACox mRNA became also
visible in lanes 2-4 (data not shown). For comparison, in b, the signals
obtained for hPALMCox mRNA are shown, while the amount of
B-actin mRNA is shown in c. Despite the stringent washing conditions,
a very slight cross-reactivity between the mRNAs for hBRCACox and
hPALMCox was noticed (marked by solid arrowheads). This is prob-
ably due to a stretch of bases with high homology in the middle portion
of the mRNA sequences. The migration of standards (expressed in kb)
are indicated on both sides (a and b). The values at the right of ¢
correspond to the length (in kb) of the mRNAs for the distinct B-actin
isoforms.

(Fig. 5b), which in agreement with the data of Varanasi et al.
(18) was assigned to chromosome 17q25.1, was detected.
The hBRCACox Is Not Detectable in the Liver of Zellweger
Patients. Generalized peroxisomal disorders such as the Zell-
weger syndrome are the consequence of a deficiency of the
import of peroxisomal matrix proteins (40, 41). These proteins
are synthesized at their normal rates in the cytosol but not
imported into peroxisomes. Some of the proteins including
PALMCox and other B-oxidation proteins are rapidly de-
graded in the cytosol, so that they become hardly detectable on
immunoblot analysis. To verify whether the same would hold
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Fic. 5. Chromosomal assignment of the hBRCACox gene. The
chromosomal mapping of the hBRCACox gene was investigated by
means of fluorescent in situ hybridization of metaphase spreads of
white blood cells with biotinylated probes. Labeling was confined to
chromosome 3p14.3 (a) and no cross-reactivity of the cDNA probe
with the hPALMCox gene was found. In agreement with earlier
reports (18), the latter gene was assigned to chromosome 17q25.1 (b).
The signals, associated with the alleles of the oxidase genes on
chromosomes 3 and 17 of the metaphase spreads are indicated by open
arrows. The inserts at the right side show several examples of chro-
mosomes 3 (a) and 17 (b) at a higher magnification, demonstrating
specific hybridization of the probes with both alleles.
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FiG. 6. Western blot analysis of hBRCACox in liver of control
subjects and Zellweger patients. Aliquots of liver homogenates (25 ug
of protein) from different Zellweger patients (lanes 1-3) and healthy
individuals (lanes 4-6) were subjected to SDS/PAGE followed by
blotting (in triplicate). The blots were incubated with anti-hBRCACox
(@), anti-rPALMCox (B subunit) (b), or anti-rPALMCox (A subunit)
(c). Lane P in ¢ represents 200 ng of purified rPALMCox. No specific
signals for either h(BRCACox or PALMCox protein were detectable in
Zellweger patients. The small arrows at the left of a refer to the
position of the 70-kDa hBRCACox subunit band, of b to the positions
of the 70- and 51-kDa subunits of hPALMCox, and of ¢ to the position
of the 70-, 51-, and 23-kDa subunits of hPALMCox. Migration of the
molecular mass standards (expressed in kDa) is indicated only at the
right of c.

for the BRCACox, we performed an immunoblot analysis of
control livers and livers from Zellweger patients with antibod-
ies raised against the hBRCACox and with antibodies raised
against the subunits of IPALMCox. As can be seen from Fig.
6, the hABRCACox was immunologically not detectable in livers
from Zellweger patients, as was the case for hPALMCox.
These findings are in agreement with the previously reported
enzyme deficiencies in Zellweger liver (4, 5). The biochemical
results were corroborated by postembedding immunoelectron
microscopy. In Zellweger patients, no specific signals for
hBRCACox and hPALMCox were found, whereas even in
autolytic samples of human control livers both acyl-CoA
oxidases were present (Fig. 7).

hBRCACox -r 'hPALMCox

r GLYW&V

Fi6. 7. Immunocytochemical localization of BRCACox in human
liver peroxisomes. Pieces of human liver were processed for immuno-
electron microscopy and stained for h(BRCACox (a) and hPALMCox
(b). Peroxisomes (marked with arrowheads) are specifically labeled
with gold particles depicting the different acyl-CoA oxidase antigens.
Other cell organelles such as mitochondria (MITO), endoplasmic
reticulum (ER), lysosomes, or nuclei were not labeled. Peroxisomes in
this sample are often associated with glycogen deposits (GLY). The
sample was derived from a ruptured and, therefore, nontransplanted
liver lobe of a liver prepared for transplantation. Due to delay between
excision of the liver and fixation, the sections show signs of autolysis.
In contrast to the positive results (despite the autolysis) obtained with
the liver of the healthy individual, no specific labeling was obtained in
sections of a well-preserved liver biopsy of a Zellweger patient, either
with antibodies against hBRCACox or with the different antibodies
against rPALMCox (data not shown).
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Conclusions. The data reported in this paper show that the
BRCACox is actually the human counterpart of rTHCCox. In
contrast to the rat enzyme, which is expressed only in liver (and
to a very small extent in kidney) (11, 15), the hBRCACox is
expressed also in extrahepatic tissues. This multiple-tissue
expression is not surprising since the human enzyme is re-
sponsible not only for the degradation of the side chain of
cholesterol but also for the degradation of 2-methyl-branched
fatty acids and since PRISCox, the enzyme responsible for the
degradation of branched-chain fatty acids in the rat, is appar-
ently not expressed in the human (14, 32). As is the case for
other peroxisomal B-oxidation enzymes, the hBRCACox is
severely deficient in livers from Zellweger patients.

Evolutionary analysis, after comparison of the different
deduced amino acid sequences of the mammalian and yeast
acyl-CoA oxidases, indicates that the PRISCox gene diverged
early in evolution from a common ancestral gene followed later
by a divergence of the PALMCox and rTHCCox/hBRCACox
genes.
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