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Role of Adenine Nucleotide
Translocator 1 in mtDNA
Maintenance
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Autosomal dominant progressive external ophthalmoplegia is a rare human
disease that shows a Mendelian inheritance pattern, but is characterized by
large-scale mitochondrial DNA (mtDNA) deletions. We have identified two
heterozygous missense mutations in the nuclear gene encoding the heart/
skeletal muscle isoform of the adenine nucleotide translocator (ANT7) in five
families and one sporadic patient. The familial mutation substitutes a proline
for a highly conserved alanine at position 114 in the ANT1 protein. The anal-
ogous mutation in yeast caused a respiratory defect. These results indicate that
ANT has a role in mtDNA maintenance and that a mitochondrial disease can

be caused by a dominant mechanism.

Mitochondrial dysfunction caused by insta-
bility of mtDNA (depletion or multiple dele-
tions) has been associated with a variety of
inherited diseases, as well as with aging and
exposure to the antiviral drug zidovudine
(AZT) (I). Studies of an interesting subgroup
of human mitochondrial disorders have re-
vealed that nuclear mutations can affect the
mtDNA copy number or its integrity. These
diseases include mtDNA depletion syndrome
(2), mitochondrial neurogastrointestinal en-
cephalomyopathy (MNGIE) (3), and recessive
and dominant forms of progressive external
ophthalmoplegia with multiple deletions of
mtDNA (4, 5).

Autosomal dominant progressive exter-
nal ophthalmoplegia (adPEO) with multiple
mtDNA deletions is an adult-onset mitochon-
drial disorder with an incidence of ~1:100,000
in Finland and in Italy. The typical clinical
features are progressive external ophthalmople-
gia, ptosis, and exercise intolerance. Ataxia,
depression, hypogonadism, hearing deficit, pe-
ripheral neuropathy, and cataract are found in
some families (5—8). The skeletal muscle
shows ragged-red fibers and mildly reduced
activities of the respiratory-chain enzymes, as
well as multiple mtDNA deletions (Fig. 1).
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There are three distinct autosomal loci for this
disorder on chromosomes 10q24 (MIM
157640) (9), 3p14-21 (MIM 601226) (10), and
4q34-35 (MIM 601227) (11).

The critical region of the 4g-adPEO locus
includes the gene encoding the heart- and
skeletal muscle—specific isoform of the ade-
nine nucleotide translocator (4NT1). ANT, or
the ADP/ATP translocator, is the most abun-
dant protein in the inner mitochondrial mem-
brane (12). It forms as a homodimer, a gated
channel by which ADP is brought into and
ATP brought out of the mitochondrial matrix.
ANT regulates the adenine nucleotide con-
centrations in the cytoplasm and within the
mitochondria and mediates signals of nucleo-
cytoplasmic energy consumption to the mito-
chondrial respiratory chain. In addition to the
translocase activity, ANT is a core structural
element of the mitochondrial permeability
transition pore (MPTP) (/3) and has an im-
portant role in mitochondrial-mediated apo-
ptosis (/4). Human ANT exists as three iso-
forms: ANT1 is expressed predominantly in
postmitotic cell types in skeletal muscle,
heart, and brain; ANT2 is expressed mainly
in proliferating tissue types; and ANT3 is
expressed ubiquitously (15, 16).

We analyzed the genomic sequence of
ANTI in the 4qg-linked Italian family A (Fig.
2) (17) and identified a heterozygous G—C
transversion in exon 2, codon 114, which
produces an Ala— Pro substitution (Fig. 3A).
The nucleotide change was present in all the
affected family members, but not in 860
Finnish or 150 Italian control individuals.
Al14 and its flanking sequence are strictly
conserved between species, and thus likely to
be functionally significant (Fig. 3, B and C).
Next we analyzed ANTI in patients and
healthy subjects of all the PEO families of
our study material, including those with pre-

vious linkage to other chromosomal loci or
with unknown gene loci (Table 1). The het-
erozygous A114P change was present in four
additional families (B to E), two of which,
surprisingly, had been previously linked to
the chromosome 3 locus (10). We construct-
ed 13.5-cM-long haplotypes with DNA
markers flanking the ANTI locus and identi-
fied a common disease haplotype with iden-
tical marker alleles, shared by patients in the
three Italian families A, B, and C (Fig. 2).
This suggests that there is one founder muta-
tion and common ancestry (Fig. 2), although
this could not be genealogically confirmed.
The A114P mutation segregated with the dis-
ease in all these families, with the exception
of subject A/402 (Fig. 2). In one sporadic
patient with PEO and multiple mtDNA dele-
tions, we identified another missense muta-
tion, a G— A transition in exon 4, codon 289,
which produces a Val—Met substitution
(Fig. 3, A and C, and Table 1). This sequence
change was not present in the patient’s clin-
ically healthy parents [paternity tested (I8)]
or in 156 Italian or 921 Finnish control sub-
jects and was therefore considered a new
mutation.

Because of the previous linkage of fami-
lies B and C to the chromosome 3 locus (/0),
we confirmed the clinical information on the
family members. Upon reexamination, sub-
ject B/308 was found to be healthy, although
he had been previously recorded as an adPEO
patient. Family C was small, and its informa-
tivity in the linkage calculations was low.
After updating of the phenotypic information,
the analyses of the pedigree data with DNA
markers from 3p14-21 failed to show signif-
icant lod (logarithm of the odds ratio for
linkage) scores in this region (highest new
multipoint lod score, 2.85) (19). Further, hap-
lotype analyses did not support the existence
of an adPEO locus on chromosome 3. These
data emphasize the importance of accurate
clinical diagnoses in restricted study samples.

Fig 1. Multiple mtDNA c P
deletions in adPEO

patient muscle. Total

muscle DNA from a

control subject (C)

and an adPEO pa-

tient (P, patient from

family C, Fig. 2) was

digested with Pvu |l

which linearizes the

circular mtDNA. Southern blot analysis was
done as described (5), with total human
mtDNA as the hybridization probe. The 16.6-kb
band indicates the full-size mtDNA, and the
additional bands on the patient’s sample rep-
resent the mutant mtDNA molecules with mul-
tiple deletions of different sizes.The amount of
mutant mtDNA is about 50% of total mtDNA.
MtDNA hybridization signal on each lane was
compared with that of a nuclear 185 rDNA
sequence by densitometry, and no sign of re-
duced total mtDNA was detected (39).
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Human cells could not be used to evaluate
functional consequences of the ANT/ muta-
tion. No disease phenotype has been identi-
fied in cultured cells of adPEO patients (20,
21); ANTI is not expressed in cultured cells,
even in myoblasts (20); and apoptosis is in-
duced when wild-type ANT! is overexpressed
(22). Therefore, we introduced the A114—Pro
mutation into the fully conserved site (A128)
(Fig. 3C) of the major adenine nucleotide
translocator 44C2 gene of the yeast Saccha-
romyces cerevisiae. We transformed two dif-
ferent yeast strains lacking functional AAC2
with constructs encoding wild-type AAC2 or
mutant AAC2, or with the single-copy vector
only (23). On glucose medium, all the trans-
formants grew equally well, because the an-
aerobic energy production is not dependent
on AAC2 function (Fig. 4A). On glycerol
medium, the cells use the respiratory chain
for energy production, and the mutant A128P
transformants showed defective growth, as
did the vector-only control, whereas the wild-
type AAC2 transformants formed single col-
onies with equal efficiency as on glucose
medium (Fig. 4, A and B). This finding indi-
cates that the A128P mutation on AAC2,
corresponding to the A114P mutation in hu-
man ANTI, affects oxidative respiration.
Analysis of the mtDNA in the mutant A128P
transformants showed neither large-scale re-
arrangements nor depletion, suggesting that
the growth defect is caused by an ADP/ATP
transport defect (24) (Fig. 4C).

On the basis of the structural modeling of
the yeast AAC2, A114P is likely to be located
either in the third transmembrane domain of
ANT1 (25, 26), or just adjacent to it, in the
loop joining the second and third transmem-
brane domains in the intermembrane space
(27). The V289M mutation affects the sixth
transmembrane domain (25-27). A simula-
tion analysis of the secondary structure of
human ANT1 suggests that the A—P substi-
tution at position 114 may cause an additional
bend in the polypeptide, disrupting the local
« helix (28). The V289M mutation is also
predicted to modify the o helix. Because
patients with dominant PEO carry one wild-
type and one mutant allele, defective ANT1
dimers would form in two out of three dimer-
ization events.

No defects of the ANT! gene have previous-
ly been reported in humans, although ANTI
deficiency and reduced transcript levels have
been described in a patient with lactic acidosis
and myopathy (29). Mice with targeted inacti-
vation of ANT! show exercise intolerance mim-
icking mitochondrial myopathy, as well as hy-
pertrophic cardiomyopathy (30). The muscle in
these mice exhibits dramatic proliferation of
mitochondria and reduced rates of mitochondri-
al ADP-stimulated respiration (30), and both
muscle and heart DNA exhibit multiple dele-
tions of mtDNA (3/). Although the dominant
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mutation in humans differs from the gene inac-
tivation in mice, the disease phenotypes are
similar, except that humans do not have cardiac
symptoms.

Our results suggest that in yeast the
A128P mutation disrupts ADP/ATP translo-
cation, because no acute instability of
mtDNA was detected. However, in humans

Fig. 2. AdPEO pedigrees and
shared chromosomal regions on
4q34-35. We have previously de-
scribed the clinical features of
families A (77) as well as B and C
(70). The common manifestation
of the disease was chronic pro-
gressive external ophthalmople-
gia, and the age of onset for the
symptoms was <45 years. The
neuromuscular symptoms were
largely confined to eye and facial
muscles in families A, C, D, and F,
whereas patients from families B
and E also had generalized mus-
cle weakness. Peripheral neurop-
athy, endocrinological abnormal-
ities, or symptoms from the cen-
tral nervous system, described in
some adPEO families (5-8), were
not present. Families A to E orig-
inate from Romagna County of
Italy, suggesting that there may
be common ancestry and one
founder mutation. Informed con-
sent was obtained from all fam-
ily members, and total DNA was
extracted from lymphoblasts,
cultured fibroblasts, or 10 to 150
mg of muscle biopsy sample
(40). The individuals with dis-
tinct clinical symptoms "and/or

deletions of mtDNA, detected by i 6 g ‘ g é . " :
Southern blot hybridization, are 201 202 204 208 207|208 W‘imzl 101 ‘102:

Family A

1

FamiyE FamilyF

indicated with black symbols.
The white symbols indicate clin-
ically investigated individuals of
age >45 years with no clinical
symptoms. The individuals marked with question marks have not been clinically investigated or are
<45 years old. Haplotypes of chromosome 4q34-35 adPEO region were constructed as described
(77), with the indicated 49 DNA markers. The allelically identical part of the haplotype, and
consequently the segregation of the A114P mutation, is indicated with a black bar. In families D to
F the individuals of whom DNA samples were available are marked with an asterisk. The A114P
mutation segregated with the disease in families A to E, with the exception of subject A/402, an
asymptomatic carrier of the ANTT mutation (49 years). Because this subject’s muscle sample was
not available, his disease status could not be determined. The only patient in family F had the
V289M mutation.

801 802 201 201

Table 1. PEO family and patient material and controls analyzed for ANTT mutations. We analyzed ANT1
for the presence of the A114P and V289M mutations in Italian adPEO families, in adPEO and recessive
PEO (arPEO) families from other European countries or the United States, and in sporadic Italian PEO
patients with multiple mtDNA deletions. Control samples were Italian or Finnish, either analyzed
individually or from pooled samples of Finnish control subjects. Samples were analyzed by PCR and
subsequent sequencing or solid-phase minisequencing (37). The detected genotypes were as follows: AA,
alanine/alanine; AP, alanine/proline at amino acid position 114; VV, valine/valine; and VM valine/
methionine at amino acid position 289 of ANTT.

Sporadic

AdPEO ArPEO Control
ANH . Nationality families P.E o families subjects
amino acid patients

(n o (n (n
114 AA AP AA AP AA AA
Italian 29 5 13 0 0 150
Other 7 0 0 0 2 860
289 VW VM VW VM vV ‘A%
Italian 34 0 12 1 0 156
Other 7 0 0 0 2 921
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Fig. 3. The heterozygous A114P and V289M mutations and sequence conservation of ANT1. (A)
DNA sequence around codon 114 (left) and 289 (right) in two patients. The heterozygous G—C
and G—A missense mutations are marked with arrows. (B) Conservation of ANT1/AAC2 amino
acid sequence in different species. The mouse ANT1 is 95% identical and AAC2 is 54% identical
with human ANT1. (C) A114 of ANT1 (arrow) is highly conserved, and V289 (arrow) relatively
conserved between species. The sequence between amino acids 113 and 125 of ANT1 is fully
conserved in AAC2, the S. cerevisiae homolog of ANT1. Abbreviations for the amino acid residues
are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N,
Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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Fig. 4. Functional consequences of the A128P mutation of AAC2, S. cerevisiae homolog of ANT1. The
S. cerevisiae haploid yeast strains were as follows: DNY1 (MATa aac1::LEU2 aac2::HIS3 his3-11,15 trp1-1
ura3-1 can1-100 ade2-1 leu2-3,112) (27), and VG 1-5A (MATa ade ura3 trp1 op1) (41). DNY1 is an aac7
aac2 double-deletion strain, and strain VG1-5A has an op7 mutation in AAC2 gene, both resulting in lack
of growth in nonfermentable carbon sources. The aerobic growth defect caused by the double mutation
is similar to that of aac2 mutant only (42). (A) Growth in glucose medium (SCD-Ura) when strains were
transformed with vector control ( pSEYc58) wild-type AAC2 (pSEYC58AAC2) or the mutant AAC2
(PSEYc58aac24128P) construct. All the transformants grew equally well. (B) Growth on glycerol
medium (SCG-Ura). Strains transformed with vector control were unable to grow on glycerol, and
those expressing the mutant AAC2 showed a clear defect in growth on glycerol compared with the
transformants expressing the wild-type AAC2. The growth of the transformants was tested also as
patches first grown on glucose and then replicated onto glycerol. A distinct growth defect was
observed for the AAC24728P muytant compared with the wild-type allele (43). The difference in
growth efficiency on glycerol was apparent on the first day after replication. On the second day the
mutant cells started to grow, but the difference in growth rate was still observed. In transformation
of a haploid wild-type yeast strain with a single-copy AAC2 mutant plasmid, we could not detect
a growth defect (43). (C) MtDNA analysis of vector (V), wild-type AAC2 (W), and mutant AAC2 (M)
transformants. Southern hybridization analysis of Acc | restriction—digested DNA was carried out
with a yeast mtDNA-specific oligonucleotide as a probe (24). MtDNA on each lane was quantified
by densitometry using the hybridization signal of a single-copy nuclear gene, MSO1, as an internal
control (43). Neither large-scale rearrangements nor depletion of mtDNA in the mutant AAC2
transformants was detected.

the ANTI1 defect causes secondary accumu-
lation of mtDNA mutations in postmitotic
cells by a still unknown mechanism. A defect
in the cytoplasmic thymidine phosphorylase
in MNGIE syndrome with multiple mtDNA
deletions suggests that disturbed intramito-
chondrial  deoxynucleoside triphosphate
(dNTP) pools may have a role in mtDNA
deletion formation (32), possibly by increas-
ing the error rate of the mitochondrial y-poly-
merase. In postmitotic cells, the short mutant
mtDNA may have a replicative advantage
over the wild-type mtDNA, possibly result-
ing in accumulation of mutant mtDNA. Cur-
rent knowledge does not support dATP as a
physiological substrate for ANT (/2). How-
ever, mammalian mitochondria contain en-
zymes required to reduce ADP to form
dADP, which is phosphorylated to form
dATP for DNA synthesis (33, 34), so it is
conceivable that ANT regulates intramito-
chondrial dATP concentrations. Several addi-
tional mechanisms may modify the adPEO
pathogenesis caused by ANT1 defect: (i) the
structural defect in ANT1 may affect MPTP
opening; (ii) misfolding of ANTI1 may ex-
pose the protein to oxidative lesions and
cause its premature age-related inactivation
(35); and/or (iii) dysfunction of ANT1 may
increase oxidative stress within mitochondria
3.

The mutant mtDNA is likely to participate
in the pathogenesis of adPEO. The proportion
of mutant mtDNA in patients increases slow-
ly with age and follows the disease severity
(8). In addition, the progression, symptoms,
and mutant mtDNA amount of adPEO resem-
ble closely those associated with sporadic
PEO with single mtDNA deletions, a disease
known to be caused by the mutant mtDNA.

Finally, it is of interest that adPEO is
mediated by a dominant mechanism, in con-
trast to other mitochondrial disorders due to
nuclear gene defects, which are caused by
loss-of-function mutations. Our finding may
provide new insight into the pathogenesis of
mitochondrial disorders and form the basis
for future studies on mtDNA stability and the
function of ANT.
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Involvement of Cellular
Caveolae in Bacterial Entry into
Mast Cells

Jeoung-Sook Shin, Zhimin Gao, Soman N. Abraham*

Caveolae are subcellular structures implicated in the import and transcytosis
of macromolecules and in transmembrane signaling. To date, evidence for the
existence of caveolae in hematopoietic cells has been ambiguous. Caveolae
were detected in the microvilli and intracellular vesicles of cultured mouse bone
marrow—derived mast cells (BMMCs). CD48, a receptor for FimH-expressing
(type 1 fimbriated) Escherichia coli, was specifically localized to plasmalemmal
caveolae in BMMCs. The involvement of caveolae in bacterial entry into BMMCs
was indicated because caveolae-disrupting and -usurping agents specifically
blocked E. coli entry, and markers of caveolae were actively recruited to sites
of bacterial entry. The formation of bacteria-encapsulating caveolar chambers
in BMMCs represents a distinct mechanism of microbial entry into phagocytes.

Originally defined by their cavelike morphol-
ogy (I), caveolae are pleomorphic membrane
structures characterized biochemically by
their buoyant density; resistance to nonionic
detergents; and enrichment in cholesterol,
glycolipids such as the glycosphingolipid
Gyy;»> and a specific protein, caveolin (2-4).
Caveolae participate in the transcytosis of
macromolecules across capillary endothelial
cells (5) and in the concentration of small
molecules internalized by potocytosis (6).
They also serve as conduits for transmem-
brane signaling, containing high concentra-
tions of signaling molecules (7, &). Although
believed to be present in virtually all cell
types, the presence of caveolae in hematopoi-
etic cells has not been clear. Cell lines of
lymphocytes (9) and mast cells (/0) appear to
possess membrane domains consistent with
caveolae but have not been shown to contain
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caveolin. We investigated whether mouse
BMMCs form caveolae. Mast cells play a
crucial role in recruiting neutrophils to sites
of bacterial infection (17, 12). They can also
phagocytose a wide range of bacteria (/3). In
antibody-deficient conditions, however, these
cells and other phagocytes support the entry
and subsequent survival of FimH-expressing
E. coli (14, 15).

Caveolar fractions were isolated from
BMMCs (Fig. 1A). Immunogold microscopy
of cross sections of BMMCs with caveolin-
specific antibody labeled microvilli and intra-
cellular vesicles (Fig. 1D). Thus, although
BMMCs did not appear to form cavelike
caveolae in their plasma membranes, vesicu-
lar and plasmalemmal forms of caveolae
were present. The presence of glycosylphos-
phatidylinositol (GPI)-anchored molecules in
native caveolae is controversial (/6—18).
We determined that CD48, a GPI-anchored
molecule, was associated with caveolae of
BMMC:s (Fig. 1, A and C). Confocal micros-
copy of BMMCs revealed colocalization of
CD48 with caveolin primarily in the plasma
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