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Summary

Two overlapping cDNA clones (1,991 bp and 736 bp,
respectively) encoding the precursor of human mito-
chondrial very-long-chain acyl-coenzyme A dehydroge-
nase (VLCAD) were cloned and sequenced. The cDNA
inserts of these clones together encompass a region of
2,177 bases, encoding the entire protein of 655 amino
acids, including a 40-amino acid leader peptide and
a 615-amino acid mature polypeptide. PCR-amplified
VLCAD cDNAs were sequenced in cultured fibroblasts
from two VLCAD-deficient patients. In both patients,
a 105-bp deletion encompassing bases 1078-1182 in
VLCAD ¢DNA was identified. The deletion seems to
occur due to exon skipping during processing of VLCAD
pre-mRNA. This is the first demonstration of a mutation
causing VLCAD deficiency. Quantitative cDNA expres-
sion of normal human VLCAD was performed in the
patients’ fibroblasts, using vaccinia viral system, which
demonstrated that the deficiency of the normal VLCAD
protein causes impaired long-chain fatty acid B-oxida-
tion activity in the patients’ fibroblasts. In patient fibro-
blasts, raising VLCAD activity to ~20% of normal con-
trol fibroblast activity raised palmitic acid B-oxidation
flux to the level found in control fibroblasts, which may
offer important information for the rational design of
future somatic gene therapy for VLCAD deficiency.

Introduction

In mammals, fatty acids are oxidized by two major sys-
tems, namely the mitochondrial and peroxisomal B-oxi-
dation systems. The first step in the mitochondrial and
peroxisomal B-oxidation cycle is catalyzed by acyl-coen-
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zyme A (CoA) dehydrogenase and acyl-CoA oxidase
(AOX), respectively. Four distinct acyl-CoA dehydroge-
nases, i.e., short-chain acyl-CoA dehydrogenase (SCAD),
medium-chain acyl-CoA dehydrogenase (MCAD), long-
chain acyl-CoA dehydrogenase (LCAD), and very-long-
chain acyl-CoA dehydrogenase (VLCAD), have been
identified in the mitochondrial B-oxidation system
(Rhead 1991; Coates and Tanaka 19924, 1992b; Engel
1992; Hale and Bennett 1992; Izai et al. 1992). cDNAs
encoding human SCAD and MCAD have been cloned,
and mutation analyses of the two deficiencies, particu-
larly of the latter, have been extensively performed
(Coates et al. 1988; Naito et al. 1990; Yokota et al.
1991; Tanaka et al. 1992; Andresen et al. 1994). On
the other hand, mutations of the LCAD and VLCAD
genes underlying their deficiencies have not yet been
identified for two reasons. First, VLCAD was identified
only 2 years ago (Izai et al. 1992), and the primary
sequence of human VLCAD was hitherto unknown. Sec-
ond, there has been clinical and biochemical uncertainty
concerning the identity of the LCAD and VLCAD defi-
ciencies, because of the overlap of the substrate specific-
ity of the two enzymes (Hale et al. 1985, 19904, 1990b;
Indo et al. 1991a).

In the last two years, several patients with inherited
VLCAD deficiency have been identified by this and other
laboratories (Aoyama et al. 1993; Bertrand et al. 1993).
Also, in three patients previously diagnosed as having
LCAD deficiency on the basis of activity assays, the
LCAD sequence was found to be perfectly normal, while
immunoblot analysis indicated that these patients were
in fact deficient in VLCAD rather than in LCAD (Yama-
guchi et al. 1993). Recently, we reported detailed bio-
chemical and immunochemical studies of seven patients
having VLCAD deficiency (Aoyama et al., in press).

Clinically notable features of these patients were also
summarized: all patients were found to have hepatocel-
lular dysfunction, severe lipid storage in organs, and
cardiac disease; at least four patients presented with hy-
pertrophic cardiomyopathy. Additionally, the cDNA-
encoding rat VLCAD has been cloned, and the im-
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portant role of VLCAD as a rate-limiting enzyme in
long-chain fatty acid B-oxidation system has been dem-
onstrated (Aoyama et al. 1994c¢).

We report here the isolation and sequencing of cDNAs
encoding the entire precursor of human VLCAD, the
first identification of mutations in the VLCAD gene in
two patients with VLCAD deficiency, and the restora-
tion of long-chain fatty acid B-oxidation activity in the
patients’ fibroblasts by means of cDNA-expression of
normal human VLCAD.

Material and Methods

Material

An antibody that reacts with human VLCAD was
prepared using purified human VLCAD protein (Ao-
yama et al., in press). cDNAs encoding rat VLCAD
(Aoyama et al. 1994¢) and human AOX (Aoyama et al.
1994b) were prepared as described, respectively. Human
liver cDNA libraries prepared in the Agt 11 expression
vector were obtained from Dr. Frank J. Gonzalez of the
National Institutes of Health (Aoyama et al. 1989¢).
Reagents used for both DNA sequencing and amino acid
sequencing of proteolytic peptides were purchased from
Applied Biosystems. Vaccinia virus strain WR, pSC 11,
and human TK™ 143 cells were obtained from Dr. Ber-
nard Moss of the National Institutes of Health. CV-1
and hepatoma H4IIEC3 cells were from the American
Type Culture Collection. Electron transfer flavoprotein
(ETF) was prepared from rat liver mitochondria (Furuta
et al. 1981). [1-"*C]Palmitic acid was obtained from
American Radiolabeled Chemicals. Sodium 2-[5-(4-
chlorophenyl)pentyl]-oxirane-2-carboxylate (POCA) was
a generous gift from Byk Gulden Pharmazeutika.

Source of the Cells and Culture Method

The case histories of the two VLCAD-deficient cells,
patient 2 and 3, together with five others (Aoyama et
al., in press), have been reported elsewhere (Aoyama et
al. 1993; Yamaguchi et al. 1993). Skin fibroblasts were
cultured in the medium containing Dulbecco’s modified
Eagle’s medium, 10% (v/v) FCS, 0.1 mM nonessential
amino acids, 1 X antibiotic-antimycotic solution
(GIBCO/BRL Oriental) and 4.5 mg D-glucose/ml.

cDNA Cloning Method

Four-hundred thousand independent plaques from
the human liver cDNA library were screened using the
rat VLCAD cDNA (RVL-57) (Aoyama et al. 1994¢) as
a probe (Maniatis et al. 1982). After positive clones
were obtained, another human liver cDNA library was
screened using the longest cDNA insert in previously
identified positive clones as a probe. Phage DNA of posi-
tive clones was then prepared using the plate-lysate
method (Maniatis et al. 1982). The cDNA insert from
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an EcoRI digest of the phage DNA was subcloned into
pTZ18U plasmid vector (TOYOBO). Plasmid DNA was
isolated in large scale, using DNA preparation kits
(Qiagen).

DNA Sequencing

Serial sequence deletions of the clone were carried
out via exonuclease III digestion, using Kilo-sequence
deletion kits (Takara), on the basis of the method de-
scribed by Henikoff (1984). DNA sequencing was per-
formed directly on the cDNA insert in the plasmid by
the dideoxy-sequencing method (Sanger et al. 1977) us-
ing Dye primer cycle sequencing kits (Applied Biosys-
tems).

RNA Preparation and Northern Blot Analysis

Total RNA was extracted from fibroblasts, using the
guanidinium isothiocyanate procedure (Chomczynski
and Sacchi 1987). Twenty micrograms each of total
RNA were denatured in formaldehyde/formamide and
were electrophoresed in 1% agarose gel containing
formaldehyde, and RNA was transferred to a nylon
membrane (Hybond-N*; Amersham) by capillary blot-
ting (Sambrook et al. 1989). Prehybridization and hy-
bridization were carried out according to Amersham
protocol.

Amplification of cDNA by PCR

Two micrograms of total RNA were reverse-tran-
scribed with Murine leukemia virus reverse transcriptase
and random hexanucleotide primers according to manu-
facturer’s instructions. One twentieth of the cDNA
product was annealed to 1 pmol each of the sense and
antisense primers, and 40 cycles of PCR reaction were
performed using a DNA Thermal Cycler (Idaho Tech-
nology). Each cycle consisted of 5-s denaturation at
94°C, 2-s annealing at 52°C, and 1-min extension at
75°C. The final extension was for 10 min. The PCR
products were purified by electrophoresis using 1%
agarose gel. The purified fragments were directly used
for DNA sequencing.

Amino Acid Sequence Analysis

Native human VLCAD protein (Aoyama et al., in
press) and its proteolytic polypeptides prepared by endo-
proteinase Glu-C or endoproteinase Lys-C (Boehringer
Mannheim) treatment were electrophoresed on 10%
polyacrylamide gel containing sodium dodecyl sulfate
and were transferred to a polyvinylidene difluoride
membrane (Bio-Rad). Amino-terminal sequence was de-
termined using a model 477A gas-phase sequencer (Ap-
plied Biosystems) and an in-line model 120A phenylthio-
hydantoin analyzer.

Vaccinia Viral Expression of VLCAD ¢cDNA

The vaccinia virus system was used to express VLCAD
cDNA. The cDNA insert was first inserted into the re-
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combination plasmid pSC11 (Chakrabarti et al. 1985).
The recombinant plasmid was allowed to integrate into
the vaccinia virus, using methods described by Aoyama
et al. (19894, 1989¢, 1990). Final identification of vac-
cinia virus producing VLCAD protein was carried out
by immunoblotting of cell lysate protein, using a poly-
clonal antibody.

Other Methods

Palmitoyl-CoA dehydrogenation activities by mito-
chondrial acyl-CoA dehydrogenases (Aoyama et al.
1994¢) and by peroxisomal AOX (Aoyama et al. 1994b;
Souri et al. 1994) were measured as described elsewhere,
respectively. Palmitic acid B-oxidation activity in fibro-
blasts was measured as described by Aoyama et al.
(1994¢).

Results

Isolation and Nucleotide Sequence of cDNAs Encoding
Human VLCAD

Approximately 4 X 10° independent recombinants
from a human liver cDNA library were screened using
the rat VLCAD cDNA (Aoyama et al. 1994c¢) as a probe.
After tertiary screening, five positive clones were iso-
lated. One of them (HVL-1), ~2.0 kb in length, was
subcloned into the EcoRI site of pTZ18U plasmid vector
and sequenced. HVL-1 encoded a 604-amino acid pep-
tide, which represented 92% of the entire coding region
of VLCAD, lacking ~150 bases at the 5’ end of the
coding region.

To obtain a full-length clone, we further screened ~2
X 10° recombinants from another human liver cDNA
library, using HVL-1 as a probe, and obtained 55 posi-
tive plaques. Analysis of sizes and restriction maps of
inserts from five of them indicated that one of them
(HVL-2), a 736-bp cDNA, extended further than any
other clones at the 5’ end. HVL-2 was subcloned into the
EcoRlI site of pTZ18U plasmid vector and sequenced. A
fragment of HVL-2 digested with SphI was inserted into
the fragment of pTZ18U containing HVL-1 partially
digested with EcoRI and Sphl to prepare the full-length
clone.

The nucleotide sequence of human VLCAD cDNA is
shown in Figure 1 along with the deduced amino acid
sequence. The nucleotide sequence covered by HVL-1
and HVL-2 encompasses 2,177 bp, including 33 bp in
the 5’-noncoding region, followed by the entire coding
region of 1,965 bp and 179 bp in the 3’-noncoding
region. A short poly (A) tail was present at the end of
the 3'-noncoding region. The size of human VLCAD
clone (2,177 bp) is similar to that (2,117 bp) of rat
VLCAD (Aoyama et al. 1994c¢). As shown in figure 1,
the amino-terminal sequence of native human VLCAD
protein and sequences of six proteolytic polypeptides
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obtained by endoproteinase Glu-C, endoproteinase Lys-
C or elastase digestion (total of 122 amino acid residues)
perfectly match those deduced from the cDNA sequence.
Only Gly-43, deduced from the cDNA sequence, was
a mismatch with Asp-43, determined from the amino-
terminal sequence of the native protein, probably be-
cause of individual differences. These results confirm the
identity of the cDNA clone and the fidelity of the reading
frame. A comparison of the predicted sequence of the
precursor VLCAD to the amino-terminal sequence data
of the purified mature protein showed that Ala-41 is the
amino terminus and that the segment encompassing the
first 40 residues constitutes the leader sequence in the
precursor. When the amino acid sequence of the leader
peptide was compared with that of rat VLCAD (Aoyama
et al. 1994¢), the sequence similarity is fairly high
(68%), and the content of basic residues is similar, as
noted in other mitochondrial enzymes (Hay et al. 1984;
Matsubara et al. 1989). Both the termination residue
(Try-40) of the leader peptide and the characteristic ba-
sic residue (Arg-38) locating 3 residues upstream from
the cleavage site are conserved. Amino acid sequence of
the mature human VLCAD protein was compared with
that of rat VLCAD (Aoyama et al. 1994c); the sequence
similarity is high (86%).

Mutation Analysis in Two Patients

Seven patients with VLCAD deficiency have been
identified using anti-human VLCAD antibody in our
laboratory (Aoyama et al., in press). All of the patients’
fibroblasts exhibited common features, such as very low
content of VLCAD protein, low VLCAD-mediated pal-
mitoyl-CoA dehydrogenation activity, impaired palmitic
acid B-oxidation flux, and poor biosynthesis of VLCAD
protein. In pulse-chase experiments, smaller-size
VLCAD proteins were detected in the fibroblasts from
three patients (patients 2, 3, and 5). Since these three
patients could possibly have a common deletion of the
VLCAD protein, mutation analysis using VLCAD
mRNA was performed, focusing on these three patients.
However, unlike patients 2 and 3, the cDNA sample
from patient 5 was not amplified at all by PCR, indicat-
ing that the mutation in his cells was clearly different
from those in the two others. Patient 5§ was thereby
excluded from the mutation analyses described here.

Ten sense primers, each encompassing (—22)-(—3),
200-219, 402-421, 606-625, 814-833, 1023-1042,
1239-1258, 1456-1475, 1653-1672, and 1842-1861,
and 10 antisense primers, each encompassing 239-220,
441-422, 645-626, 853-834, 1062-1043, 1280-1261,
1495-1476, 1692-1673, 1881-1862, and 1988-1969,
were synthesized on the basis of the sequence data in
figure 1. cDNA samples from control and patients 2 and
3 were, respectively, amplified by PCR using appropriate
combinations of the sense and the antisense primers. As



gctegagecageggegeecggagagattcggag

50
ATGCAGGCGGCTCGGATGGCCGCGAGCTTGGGGCGGCAGCTGCTGAGGCTCGGGGGCGGAAGCTCGCGGCTCACGGCGCTCCTGGGGCAG
M Q A A RMAASLGZ RA QLULUZ RLUGSGU G S S RULTALILGA Q

100 150
CCCCGGCCCGGCCCTGCCCGGCGGCCCTATGCCGGGGGTGCCGCTCAGCTGGCTCTGGACAAGTCAGATTCCCACCCCTCTGACGCTCTG
P R P G P A RRUPYAGGAAAQLAL DI KSD S HUP S D AL

200 A 250
ACCAGGAAAAAACCGGCCAAGGCGGAATCTAAGTCCTTTGCTGTGGGAATGTTCAAAGGCCAGCTCACCACAGATCAGGTGTTCCCATAC
T R K K P A g;ﬁ A E S K S F AV GMF K GAQULTTDQVF P Y

300 3so0
CCGTCCGTGCTCAACGAAGAGCAGACACAGTTTCTTAAAGAGCTGGTGGAGCCTGTGTCCCGTTTCTTCGAGGAAGTGAACGATCCCGCC
P S VLNEJE Z QTAGQFULI KETLVEUZPV SR RTFTFEEUVNDUPA

400 450

AAGAATGACGCTCTGGAGATGGTGGAGGAGACCACTTGGCAGGGCCTCAAGGAGCTGGGGGCCTTTGGTCTGCAAGTGCCCAGTGAGCTG
K ND AL EMVEZETTWAGAQGULI KELGATFGLQV P S E L

500
GGTGGTGTGGGCCTTTGCAACACCCAGTACGCCCGTTTGGTGGAGATCGTGGGCATGCATGACCTTGGCGTGGGCATTACCCTGGGGGCC
G GV GL CNTAQYARLUVETIUVGMHDILGVGITULGA

550 600
CATCAGAGCATCGGTTTCAAAGGCATCCTGCTCTTTGGCACAAAGGCCCAGAAAGAAAAATACCTCCCCAAGCTGGCATCTGGGGAGACT
H Q S I GF KOG IULULVFUGTI KA A QKTEIT KT YULUZPI KLASGET

650 700
GTGGCCGCTTTCTGTCTAACCGAGCCCTCAAGCGGGTCAGATGCAGCCTCCATCCGAACCTCTGCTGTGCCCAGCCCCTGTGGAAAATAC
V A AF CLTEU P SSGSDAA A STIRTSAVPSUPCGEKY
750 800

TATACCCTCAATGGAAGCAAGCTTTGGATCAGTAATGGGGGCCTAGCAGACATCTTCACGGTCTTTGCCAAGACACCAGTTACAGATCCA
Y T L NGBS KL W I S N GGL ADIVF TV FAIKTU®PUVTTUDFP
850 900
GCCACAGGAGCCGTGAAGGAGAAGATCACAGCTTTTGTGGTGGAGAGGGGCTTCGGGGGCATTACCCATGGGCCCCCTGAGAAGAAGATG
A T G A V KE K I TATFVVERGT FUGGTITMHGU?PUPTEIKIKHM

950
GGCATCAAGGCTTCAAACACAGCAGAGGTGTTCTTTGATGGAGTACGGGTGCCATCGGAGAACGTGCTGGGTGAGGTTGGGAGTGGCTTC
G I K A S NTAZEVVFTFUDGVIRUVPSENVILSGTEUVGSGTF

1000 1050
AAGGTTGCCATGCACATCCTCAACAATGGAAGGTTTGGCATGGCTGCGGCCCTGGCAGGTACCATGAGAGGCATCATTGCTAAGGCGGTA
K V A M HILNNUGURTFGMAAALAGTMRGTITIAKA AWV

1100 1150
GATCATGCCACTAATCGTACCCAGTTTGGGGAGAAAATTCACAACTTTGGGCTGATCCAGGAGAAGCTGGCACGGATGGTTATGCTGCAG
D HATNUZRTGQFGEI KTIMHNTFUGLTIAG QEIKILARMMYVMNLAQ
1200 1280
TATGTAACTGAGTCCATGGCTTACATGGTGAGTGCTAACATGGACCAGGGAGCCACGGACTTCCAGATAGAGGCCGCCATCAGCAAAATC
Y VT E S M A Y M V S A NMUDAGQGATUDTFQIEAATI S K 1I
1300 1350
TTTGGCTCGGAGGCAGCCTGGAAGGTGACAGATGAATGCATCCAAATCATGGGGGGTATGGGCTTCATGAAGGAACCTGGAGTAGAGCGT
F G S E A AWKV TDET CTIAQIMGG GMGTFMEKEUPGVER
1400
GTGCTCCGAGATCTTCGCATCTTCCGGATCTTTGAGGGGACAAATGACATTCTTCGGCTGTTTGTGGCTCTGCAGGGCTGTATGGACAAA
V L R DULIZRTIFIRTIVFESGTNDTIULUZRLIFUVALAQGTCMMDK
1450 1500
GGAAAGGAGCTCTCTGGGCTTGGCAGTGCTCTAAAGAATCCCTTTGGGAATGCTGGCCTCCTGCTAGGAGAGGCAGGCAAACAGCTGAGG
G K E L S GL G S ALK KNUPTFUGNAGLULILUGEA AGI KN QLR
1550 1600
CGGCGGGCAGGGCTGGGCAGCGGCCTGAGTCTCAGCGGACTTGTCCACCCGGAGTTGAGTCGGAGTGGCGAGCTGGCAGTACGGGCTCTG
R R A GLGS GULSL S GL V HPEIULSUZ R SUGETLAVTR RAL
1650 1700
GAGCAGTTTGCCACTGTGGTGGAGGCCAAGCTGATAAAACACAAGAAGGGGATTGTCAATGAACAGTTTCTGCTGCAGCGGCTGGCAGAC
E Q F ATV V EAKUL I KHUKIEK GTIUVNEUZ GQFULULAG QRLAD
1750 1800
GGGGCCATCGACCTCTATGCCATGGTGGTGGTTCTCTCGAGGGCCTCAAGATCCCTGAGTGAGGGCCACCCCACGGCCCAGCATGAGAAA
G A I DL Y AMV YV VL S RASUZ RS STIULSEUGHUZPTAAQHEK
1850
ATGCTCTGTGACACCTGGTGTATCGAGGCTGCAGCTCGGATCCGAGAGGGCATGGCCGCCCTGCAGTCTGACCCCTGGCAGCAAGAGCTC
M L C DT WC 1 EAAARTIRETGMAA AL GQSUDUZPUWAQAQEIL
1900 1980
TACCGCAACTTCAAAAGCATCTCCAAGGCCTTGGTGGAGCGGGGTGGTGTGGTCACCAGCAACCCACTTGGCTTCIGAatactcceggee
Y R NF K S I S K ALV ERU GGV VTS SNUPLGTF

agggcctgteccagttatgtgecttoectcaagecaaageegaageeectttecttaaggeectggttigtececcgaaggectagtgttee

cagcactgtgcctgctctcaagagcacttactgcctcgcaaataaaatttctagccagtcaaaaaa

Figure | Nucleotide and deduced amino acid sequences of human VLCAD cDNA. The numbering of nucleotides starts at the first
residue of the coding sequence. Both the initiation and termination codon are boxed. Underlined amino acid sequences matched those obtained
from the four proteolytic peptides of denatured human VLCAD. Double-underlined amino acid sequences, except Gly-43 (indicated with a
blackened triangle [A]), matched those obtained from the amino-terminal and two proteolytic peptides of native human VLCAD.
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Figure 2  Agarose gel electrophoresis of PCR-amplified cDNA
fragments. cDNAs prepared from control and patient 2 and 3 were
amplified using the pair of primers, as described in Methods. The
amplified products were directly applied to 1% agarose gel containing
ethidium bromide. The primers used are: A, 5'-CCCCAAGCTGGC-
ATCTGGGG-3’ (606-625); B, 5'-GCCTCTCATGGTACCTGCCA-
3’ (1062-1043); and C, 5'-GGCTGCCTCCGAGCCAAAGA-3'
(1280-1261). Lane 1, Control (primer A and B). Lane 2, Patient 2 (A
and B). Lane 3, Patient 3 (A and B). Lane 4, DNA molecular weight
standard marker, ADNA-Eco T14I digest. Lane 5, Control (A and C).
Lane 6, Patient 2 (A and C). Lane 7, Patient 3 (A and C).

shown in figure 2, cDNA fragments from control and
patients 2 and 3 amplified using the sense (606-625) and
the antisense (1062-1043) primers were similar in size.
However, both cDNA fragments from patients 2 and 3
amplified using the sense (606-625) and the antisense
(1280-1261) primers were ~100 bp smaller than those
from the control group. There was no difference in size
among cDNA fragments from control and patients 2
and 3 amplified in the regions encompassing nucleotide
(—22)-1062 and 1239-1988, respectively (data not
shown). These data indicate the existence of the dele-
tion(s) in the region bounded by nucleotides 1062-1239.
As described in figure 3, three cDNA fragments were
then synthesized by PCR using cDNA samples from pa-
tients 2 and 3, to determine nucleotide sequence. A 105-
bp deletion at nucleotide position 1078-1182 was found
in both patients 2 and 3. The nucleotide sequence of the
remaining region, excepting the 105-bp deletion, was
identical to that in control. These data suggested homo-
zygosity for the deletion in both patients. Eight sets of
the sense and the antisense primers located around the
nucleotide position 1078-1182 were used for PCR-am-
plification of genomic DNA from both patients and con-
trols, in order to identify the cause of the 105-bp deletion
on the VLCAD gene. However, these attempts were
fruitless, despite changing the PCR conditions, sug-
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gesting the existence of large introns in this region. Ge-
nomic Southern blot analysis was then performed to
characterize the 105-bp deletion. As shown in figure 44,
a cDNA probe encompassing nucleotide position 1078-
1182 strongly hybridized with two genomic DNA frag-
ments, ~4 kb in size, from both patients and control.
Pstl digestion of genomic DNA should have yielded the
two fragments, because the region at nucleotide position
1078-1182 contains a PstI site. The same nylon sheet
was then used for hybridization with a cDNA probe at
nucleotide position 402-591. A single strong band was
observed in each sample (fig. 4B), and the intensity of
the band in each sample figure 4B was roughly propor-
tional to that in figure 4A. These data suggested that the
105-bp deletion occurred due to exon skipping during
processing of VLCAD pre-mRNA.

The content of VLCAD mRNA in fibroblasts from
control and patients 2 and 3 was measured. The relative
contents in control and in patients 2 and 3 were 100,
2, and 14, respectively (fig. 5). In a parallel experiment,
the relative contents of mitochondrial enoyl-CoA hy-
dratase/3-hydroxyacyl-CoA dehydrogenase/3-ketoacyl-
CoA thiolase trifunctional protein large subunit mRNA
(Kamijo et al. 1993, 1994) in them were 100, 18, and
86, respectively (data not shown). The cell line from
patient 2 seems to have an impaired ability to synthesize
both these mRNAs because of its high passage number
(>36), which may make the interpretation ambiguous.
Nevertheless, these data suggest that both patients’ fi-
broblasts contained significantly less VLCAD mRNA
than control fibroblasts, which may reflect the instability
of VLCAD mRNA containing the 105-bp deletion.

cDNA-Expression of VLCAD in Fibroblasts

The full-length human VLCAD cDNA was inserted
into a vaccinia virus vector as outlined in Methods. Skin
fibroblast cells from patients 2 and 3 and from controls
were infected with the recombinant virus particles, and
cell lysates were then analyzed by immunoblotting with
anti-VLCAD antibody. As shown in figure 6, compara-
ble amounts of VLCAD polypeptide appeared in fibro-
blasts from each of two controls and patients 2 and 3
(lanes 1, 2, 3, and 8, respectively) after infection by
VLCAD-recombinant virus alone. The amount of the
expressed VLCAD protein was estimated to be
~0.15%-0.2% of the total cell protein. The size of
the expressed VLCAD was identical to that of purified
human VLCAD, suggesting that most of VLCAD pro-
tein accumulating in fibroblasts lost the leader peptide
(40 amino acid residues) and was localized in mitochon-
dria. To examine the effect of a phased restoration of
VLCAD activity at the cell level, skin fibroblasts from
patient 3 were treated with vaccinia viruses, using a
quantitative cDNA-expression technique (Aoyama et al.
1995). The content of the expressed VLCAD propor-
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ATG TGA
1> -2
3> -4
5> '}

B
Primer Sequence Position

1 5'-CGGCGCCCGGAGAGATTCGG-3'  (-22)-(-3)

2 5'-ACAGAAAGCGGCCACAGTCT-3' 645-626

3 5'-GGGCCTCAAGGAGCTGGGGG-3'  402-421

4 5'-GGCTGCCTCCGAGCCAAAGA-3' 1280-1261

5 §'-GTTTGGCATGGCTGCGGCCC-3' 1023-1042

6 §'"CAGGCCCTGGCCGGGAGTAT-3' 1988-1969

Figure 3

Strategy for PCR amplification. Nucleotide numbers are indicated in fig. 1. A, DNA fragments, synthesized with three pairs

of primers, as described in Methods. B, Sequence of oligonucleotide primers.

A Kb

o a8 -40
—1.8
1 2 3
B
—3.0

R

-1.0

Figure 4  Southern blot analysis of VLCAD gene. Genomic
DNA from fibroblasts was digested with Pstl, electrophoresed in 1%
agarose gel, and transferred to a nylon membrane. Prehybridization
and hybridization were carried out according to the Amersham proto-
col. A, 32P-labeled cDNA probe at nucleotide position 1078-1182.
B, 32P-labeled cDNA probe at nucleotide position 402-591. Lane 1,
Patient 2. Lane 2, Patient 3. Lane 3, Control. X-ray film was exposed
for 7 d at —80°C.

tionally increased according to a change in the ratio
(wild-type virus/lVLCAD-recombinant virus) for the vi-
ral plaque—forming units. Relative contents of the ex-
pressed VLCAD at ratios 100/0, 95/5, 75/25, 50/50, and
0/100 were 0.05, 6, 21, 43, and 100, respectively (lanes
4-8). The content at a wild-type/VLCAD recombinant
ratio of 95/5 was similar to that found in control fibro-
blasts.

Skin fibroblasts from patients 2 and 3 and from two

Figure 5 Northern blot analysis of VLCAD mRNA in fibro-
blasts. Twenty micrograms of total RNA were electrophoresed and
blotted onto a nylon membrane. The nylon membrane was hybridized
with 3?P-labeled insert of human VLCAD (HVL-1). Lane 1, Patient
2. Lane 2, Patient 3. Lane 3, Control. X-ray film was exposed for 14
d at —80°C. An arrow indicates position of VLCAD mRNA.
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Figure 6 cDNA-expression of VLCAD in fibroblasts. Fifty
micrograms of cell lysate were electrophoresed on a 10% gel and
transferred to a nitrocellulose membrane. The membrane was then
developed using anti-human VLCAD antibody and alkaline phospha-
tase-conjugated second antibody. Lane 1, Control 1 infected with the
viruses (wild-type virus/VLCAD-recombinant virus: 0/100). Lane 2,
Control 2 (0/100). Lane 3, Patient 2 (0/100). Lane 4, Patient 3 (100/
0). Lane 5, Patient 3 (95/5). Lane 6, Patient 3 (75/25). Lane 7, Patient 3
(50/50). Lane 8, Patient 3 (0/100). Arrow indicates position of VLCAD
protein.

controls were infected with the viruses and were then
used for the assays of palmitoyl-CoA dehydrogenation
and palmitic acid B-oxidation. On comparing palmitoyl-
CoA dehydrogenation activity after infection with (wild-
type virus/VLCAD-recombinant virus: 100/0) with that
after infection with (0/100), the activity in patients 2
and 3 and in controls 1 and 2 was enhanced 100-,
128-, 15-, and 20-fold, respectively (table 1). Palmitic
acid B-oxidation flux in mitochondria alone in patients
2 and 3 and controls 1 and 2 was also enhanced 9.3-,
7.5-,1.2-, and 1.1-fold, respectively (table 1), indicating
that introducing normal VLCAD into the patients’ fi-
broblasts causes recovery of the B-oxidation flux to the
level seen in control fibroblasts and that, in the control
fibroblasts, the B-oxidation activity increases only
slightly, because of the quantitative restriction resulting
from limiting amounts of the other mitochondrial B-
oxidation enzymes, such as the enoyl-CoA hydratase/3-
hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thio-
lase trifunctional protein.

A phased supplementation of VLCAD activity in fi-
broblasts from patient 3 was done. Palmitoyl-CoA dehy-
drogenation activity proportionally increased, from 0.4
+ 0.2 to 51.3 = 4.7 nmol ETF reduced/min/mg ac-
cording to a change in the wild-type/VLCAD-recombi-
nant virus ratio (table 1), which is compatible with the
results in figure 6. The enhancement of palmitic acid B-
oxidation flux in mitochondria alone was saturated after
a very small amount of the supplementation (ratio: 99/
1), to ~20% of VLCAD activity existing in control fi-
broblasts (table 1). These results are consistent with the
known characteristics of VLCAD, such that it has a 10-
fold higher specific activity than that of LCAD toward
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palmitoyl-CoA as substrate (Izai et al. 1992) and is a
rate-limiting enzyme in long-chain fatty acid B-oxidation
system (Aoyama et al. 1994¢).

Peroxisomal AOX can catalyze palmitoyl-CoA dehy-
drogenation (Hashimoto 1992; Aoyama et al. 19944,
1994b) and therefore might contribute to the recovery
of the impaired B-oxidation ability in VLCAD defi-
ciency. In order to examine this question, the four cell
lines were infected with a recombinant virus containing
human AOX cDNA. A similar level of overexpression
among the four cell lines was achieved, and AOX-depen-
dent palmitoyl-CoA dehydrogenation activity in patients
2 and 3 and in controls 1 and 2 was increased 22-,
19-, 28-, and 20-fold, respectively (table 1). The AOX-
dependent desaturation activity after AOX cDNA ex-
pression was no more than 4%-6% of the VLCAD-
dependent activity after VLCAD cDNA expression, but
it was more than one third of the acyl-CoA dehydroge-
nase—dependent activity in control fibroblasts infected
by wild-type virus. Mitochondrial palmitic acid B-oxida-
tion flux in the four cell lines was not increased at all
by the AOX cDNA-expression, but that in peroxisomes
alone was enhanced 1.3-1.9-fold by its expression (ta-
ble 1). Raising AOX activity in the patients’ fibroblasts
caused poor recovery of the B-oxidation activity, be-
cause of localization of the expressed AOX into peroxi-
somes (Aoyama et al. 19944, 1994b) and the low contri-
bution of peroxisomal B-oxidation system to palmitic
acid B-oxidation activity in fibroblasts.

Discussion

Human VLCAD is orthologous to rat VLCAD (Ao-
yama et al. 1994c¢), because of a high amino acid se-
quence similarity (86%) between them, the existence of
~180 extra amino acid residues at the carboxy terminus
of unknown function, and conservation of several im-
portant amino acid residues. In the previous report
(Aoyama et al. 1994c¢), we pointed out four important
residues in rat VLCAD, on the basis of comparison to
the sequence and x-ray crystallographic model of
MCAD (Kim and Wu 1988; Kim 1991). Glu-462 seems
to be the catalytic residue that abstracts the o-proton
(C,-H) from the substrate; Trp-249 seems to cover the
dimethylbenzene side of the flavin ring where ETF inter-
acts with the dehydrogenase to accept electrons from
the reduced VLCAD; and two residues, consisting of
Thr-217 and Ser-251, are positioned around the flavin
ring, forming hydrogen bonds. As shown in figure 1,
these residues are all conserved in human VLCAD, as
in MCAD and SCAD; therefore, the molecular environ-
ment around the substrate and flavin adenine dinucleo-
tide in human VLCAD is similar to that in rat VLCAD,
human MCAD (Kelly et al. 1987), and human SCAD
(Naito et al. 1989).
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Table |

cDNA Activity of VLCAD and AOX in Skin Fibroblasts

Am. ]. Hum. Genet. 57:273-283, 1995

PALMITIC ACID B-OXIDATION

AcTtiviT
PALMITOYL-CoA (n=23)
DEHYDROGENATION (pmol/h/.1 mg cell protein
TYPE OF VIRUS AcrtiviTY
HosT CELL INFECTED (%) (nmol ETF reduced/min/mg)? —POCA® +POCA®
VLCAD dependent:
Patient 2 ............. {WT (100) Sz 2 220 = 30 106 + 16
VLCAD (100) 50.1 *3.6 982 + 58 124 + 18
WT (100) 4 +0.2 156 = 16 75 £ 12
WT (99)+VLCAD (1) 9 +x 2 878 + 69 108 + 25
WT (97)+VLCAD (3) 26 = .3 932 + 87 97 + 20
Patient 3 ............. WT (95)+VLCAD (5) 35 = 2 897 + 53 102 = 17
WT (75)+VLCAD (25) 106 *1.2 944 + 80 123 + 26
WT (50)+VLCAD (50) 272 =23 995 + 72 104 = 21
VLCAD (100) 513 =47 962 + 76 112 = 19
Control 1 WT (100) 32 04 869 + 77 133 = 16
"""""" VLCAD (100) 469 + 4.1 1006 + 71 108 + 24
Control 2 WT (100) 29 * 5 744 = 53 117 £ 20
"""""" VLCAD (100) 57.0 +=3.3 837 + 65 139 + 16
(nmol/min/mg)°
AOX dependent:
Patient 2 WT (100) .05+ .01 56 + 16 75 + 12
""""""" AOX (100) 1.08 = .15 213 £ 20 137 = 10
Patient 3 WT (100) .07 = .01 220 = 30 106 * 16
""""""" AOX (100) 1.32 + .10 231 + 27 183 = 24
Control 1 WT (100) 05+ .02 869 + 77 133 = 16
"""""" AOX (100) 1.40 = .19 891 + 66 170 = 21
Control 2 WT (100) .06 = .01 774 + 53 117 = 20
"""""" AOX (100) 117+ 23 805 = 50 221 + 19

2 Skin fibroblasts were infected with the indicated vaccinia virus, harvested 24 h later, sonicated, and assayed for VLCAD-dependent activities,
as described by Aoyama et al. (1994¢). Values are means * SD (n = 3).

® B-Oxidation toward long-chain fatty acid is known to be catalyzed by both mitochondrial and peroxisomal enzymes. POCA, a potent
inhibitor of mitochondrial fatty acid B-oxidation, was used to discriminate B-oxidation activity in mitochondria from that in peroxisomes. The
activity without POCA (—POCA) corresponds to that in both mitochondria and peroxisomes and that with POCA (+POCA) to that in
peroxisomes alone. Therefore, the activity of (—POCA) minus that of (+POCA) corresponds to that in mitochondria alone.

© Skin fibroblasts were treated as described above and assayed for AOX-dependent activities as described by Aoyama et al. (1994a) and Souri

et al. (1994). Values are means = SD (n = 4).

A 105-bp deletion encompassing bases 1078-1182 in
VLCAD cDNA has been found both in patients 2 and
3, and the deletion seems to occur due to exon skipping
during processing of VLCAD pre-mRNA. The finding is
the first demonstration of mutations in human VLCAD
deficiency. The deletion predicts the in-frame deletion of
35 amino acids, beginning with Val-360 of the precursor
VLCAD. In this segment of 35 amino acids, VLCAD has
34%, 29%, and 23% sequence similarity with SCAD,
MCAD, and LCAD, respectively (Kelly et al. 1987;
Naito et al. 1989; Indo et al. 1991b). It is interesting
that the segment is in one of the regions exhibiting par-

ticularly high sequence homology among all the acyl-
CoA dehydrogenases (Aoyama et al. 1994¢). Among
MCAD-deficient patients, an A-to-G transition at posi-
tion 985 in the coding region of the gene is a highly
prevalent mutation, found in 89% of all variant MCAD
alleles (Yokota et al. 1991; Tanaka et al. 1992). This
mutation results in a glutamate being substituted for the
normal lysine at position 304 of the mature MCAD.
The variant MCAD is unstable and is undetectable in
patients’ tissues (Coates et al. 1992; Saijo et al. 1994).
It has been shown that the variant MCAD is unable to
form a tetramer because of to disruption of intramito-
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chondrial folding and assembly (Saijo et al. 1994). Leu-
389 in VLCAD corresponds to Lys-304 in MCAD, and
the region from Ile-379 to Met-388 in VLCAD has high
sequence homology (50%) with the corresponding re-
gion in MCAD. The region containing the 11 amino
acids from Ile-379 to Leu-389 is therefore likely to relate
to intramitochondrial folding and assembly. The dele-
tion of 35 amino acids encompassing these 11 amino
acids in patients 2 and 3 would make the protein unsta-
ble, thus accounting for the small amounts of VLCAD
protein in patients’ fibroblasts and the detection of faint
bands migrating faster than the normal VLCAD protein
in pulse-chase experiments (Aoyama et al., in press). In
addition, rather low content of VLCAD mRNA in the
patients’ cells, because of the instability of the variant
VLCAD mRNA (fig. §), may also relate to the low levels
of the smaller VLCAD protein.

The existence of the 105-bp/35—-amino acid deletion
can be readily visualized by the agarose gel electrophore-
sis of PCR-amplified VLCAD cDNA, as shown in figure
2. Since the deletion causes disappearance of a Pst site,
agarose gel electrophoresis of Pstl-digested, PCR-ampli-
fied VLCAD cDNAs also conveniently demonstrates the
existence of this deletion. The development of simple
detection methods using PCR will facilitate rapid diag-
nosis of this disorder, including carrier detection and
prenatal diagnosis.

In fibroblasts from patients 2 and 3, the infection with
the recombinant vaccinia virus caused overexpression
of the precursor VLCAD protein. Most of the precursor
proteins were converted into the mature proteins,
mainly localized in mitochondria, as is the case with rat
VLCAD (Aoyama et al. 1994¢). In patient fibroblasts,
raising VLCAD activity to ~20% of normal control
fibroblast activity raised palmitic acid B-oxidation flux
to the level found in control fibroblasts, directly con-
firming that the greatly reduced level (>80%) of normal
VLCAD protein and activity causes the impaired long-
chain fatty acid B-oxidation flux in the fibroblasts. This
result may offer important information for the rational
design of future somatic gene therapy for VLCAD defi-
ciency. Since vaccinia virus can infect most kinds of
mammalian cells (Aoyama et al. 1989b; Ozaki et al.
1993), including lymphocytes, amniotic cells, and am-
niochorial cells, and can efficiently produce the encoded
protein, a method for rapid diagnosis using the viral
cDNA-expression system and subsequent measurement
of fatty acid B-oxidation activity might be developed in
the future.

Since peroxisomal AOX can catalyze dehydrogena-
tion of long-chain and very-long-chain fatty acyl-CoAs,
as does mitochondrial VLCAD (Hashimoto 1992;
Aoyama et al. 19944, 1994b) and is the rate-limiting
enzyme in the peroxisomal very-long-chain fatty acid -
oxidation system (Aoyama et al. 19944), supplementa-
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tion of AOX to the patients’ fibroblasts might be ex-
pected to cause considerable recovery of palmitic acid
B-oxidation activity as a whole. As expected, the overex-
pression of AOX in the patients’ cells enhanced the per-
oxisomal B-oxidation activity but did not affect the mi-
tochondrial B-oxidation activity at all. This is consistent
with the previous data demonstrating that the expressed
AOX was localized in peroxisomes alone (Aoyama et
al. 19944, 1994b). The small increase in the total B-
oxidation flux in the patients’ cells seems to be due to
the relatively small peroxisomal contribution, which cat-
alyzes <13% of the total B-oxidation flux in control
fibroblasts (table 1). Peroxisomal B-oxidation in hepa-
toma H4IIECS3 cells catalyzes 13% and 27% of the total
B-oxidation of palmitic acid and stearic acid, respec-
tively, and, in hepatoma Hep G2, 34% and 18 %, respec-
tively (Aoyama et al. 1994¢). Although the contribution
of peroxisomal B-oxidation to the total B-oxidation flux
of long-chain fatty acids in human liver or heart is un-
known, it is assumed to be low, judging from our results
at cell level described above. Therefore, the administra-
tion of peroxisome proliferators, such as di-(2-ethyl-
hexyl) phthalate and clofibrate, to patients with VLCAD
deficiency is not expected to cause significant recovery
of the impaired B-oxidation activity. The induction of
mitochondrial LCAD and MCAD in these patients,
which can catalyze palmitoyl-CoA dehydrogenation
(Hashimoto 1992), may be more effective in recovering
this impaired activity. Since detailed knowledge con-
cerning chemical induction of mitochondrial acyl-CoA
dehydrogenases is limited (Izai et al. 1992; Aoyama et
al. 1994c¢), further information will be required to de-
velop this approach as a useful therapy for VLCAD
deficiency.
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