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Summary

A rare form of Leber hereditary optic neuropathy
(LHON) that is associated with hereditary spastic dysto-
nia has been studied in a large Dutch family. Neuropa-
thy and ophthalmological lesions were present together
in some family members, whereas only one type of ab-
normality was found in others. mtDNA mutations pre-
viously reported in LHON were not present. Sequence
analysis of the protein-coding mitochondrial genes re-
vealed two previously unreported mtDNA mutations.
A heteroplasmic A—G transition at nucleotide position
11696 in the ND4 gene resulted in the substitution of
an isoleucine for valine at amino acid position 312. A
second mutation, a homoplasmic T—A transition at nu-
cleotide position 14596 in the ND6 gene, resulted in the
substitution of a methionine for the isoleucine at amino
acid residue 26. Biochemical analysis of a muscle biopsy
revealed a severe complex I deficiency, providing a link
between these unique mtDNA mutations and this rare,
complex phenotype including Leber optic neuropathy.

Introduction

Leber hereditary optic neuropathy (LHON) is a mater-
nally inherited form of acute or subacute bilateral adult-
onset blindness with a mean age at onset of 27 years,
but with a wide range of 6-60 years. Central vision is
lost rapidly in both eyes, but peripheral vision is usually
retained. Complete blindness rarely results. There is a
substantial sex bias, with ~85% of affected persons
being males, although in Japan only 60% of the patients

Received April 15, 1994; accepted for publication January 19, 1996.
Address for correspondence and reprints: Dr. Bernard A. van Oost,
Faculty of Veterinary Medicine, Universiteit Utrecht, Department of
Clinical Sciences of Companion Animals, P.O. Box 80.154, NL-3508
TD Utrecht, The Netherlands. E-mail: B.vanoost@ukg.dgk.ruu.nl
© 1996 by The American Society of Human Genetics. All rights reserved.
0002-9297/96/5804-0006$02.00

are males (Newman 1993; Nikoskelainen 1994). As a
general rule, the loss of vision is permanent, but im-
provement in some affected individuals has been re-
ported (Mackey and Howell 1992; Johns et al. 1993).
LHON can be considered as a mitochondrial multisys-
tem disorder (Nikoskelainen 1994), since, in addition
to the impairment of vision, 15 other symptoms, due to
heart conduction defects, peripheral neuropathy, and/or
demyelinating disease, have been reported to be present
in addition to LHON in some patients (Newman et al.
1991; Newman 1993).

A number of mtDNA mutations have been associated
with LHON. Depending on the ethnic background,
~40%-90% of LHON cases are associated with the
11778 mutation (Wallace et al. 1988; Nakamura et al.
1992). The two other, more common primary mutations
are the 3460 mutation and the 14484 mutation, each
of which can be found in 15% of the LHON cases
(Howell et al. 1991a; Huoponen et al. 1991; Johns et
al. 1992; Johns and Neufeld 1993b).

Hereditary spastic dystonia and LHON, manifested
either separately or in combination, have occurred
among 24 individuals over seven generations of a kin-
dred of 549 members in a large Dutch family (Bruyn
and Went 1964; Went 19644, 1964b; Bruyn et al. 1991,
1992). Both the dystonia and LHON show strict mater-
nal inheritance. In this family, 119 males and 123 fe-
males are maternal relatives: 12 of them (10 males and
2 females) had optic atrophy only, 4 (2 males and 2
females) exhibited exclusively the neurological disorder
(1 with unilateral involvement), and 8 presented with
optic atrophy and the neurological disorder; 1 of these
8 had a unilateral neurological deficit. Other pedigrees
with a possibly comparable “dystonia-Leber syn-
drome” have been reported (Marsden et al. 1986; No-
votny et al. 1986; Larsson et al. 1991).

It was found in previous studies that the primary
11778 mutation and the 13708 secondary mutation
were not present in the Dutch LHON-dystonia family
(Bruyn et al. 1992). In view of both the genetic heteroge-
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Figure 1 Partial pedigree of the LHON-dystonia family (Bruyn
and Went 1964; Went 19644, 1964b). The pedigree numbers
(adjacent to the symbols) are identical to those presented in the
complete pedigree by Went (19645b) and Bruyn et al. (1992), with the
exception of VII-54, who was VII-18 in the original publication by
Went (1964b). Squares denote males; and circles denote females; ¥]
= unilateral neurological symptoms; I = bilateral neurological
symptoms; (/@ = LHON; M = LHON + unilateral neurological
symptoms; and /@ = LHON + bilateral neurological symptoms.
The percentages below the symbols are the percentages of the wild-
type sequence at nucleotide 11696 in white-blood-cell DNA.

neity in LHON and the unique combination of the clini-
cal symptoms in this family, we set out to sequence
all protein-coding genes in this family, to elucidate the
molecular basis of hereditary spastic dystonia and
LHON.

Subjects and Methods

Of the complete pedigree, which was published by
Went (1964b) and updated by Bruyn et al. (1992), only
a small part is shown in figure 1, and that presents those
branches with individuals from whom blood was col-
lected (# = 13). Three had optic atrophy and the com-
plete neurological picture, three (including one female)
had optic atrophy only, two had only unilateral neuro-
logical abnormalities (one with optic atrophy), and one
woman had a bilateral neurological deficit only. Four
individuals (two males, of ages 64 and 34 years, and
two females, of ages 63 and 58 years) were clinically
normal.

Clinical Status of Patients

The optic atrophy was typical for LHON: acute bilat-
eral visual loss with pale optic disks, notably on the
temporal side, and variable centrocecal scotomata. Av-
erage age at onset of visual loss was 22 years (range 8-
36 years). In four individuals with a relatively recent
onset of the optic atrophy, fluorescence angiography
performed directly after the onset of the visual loss re-
vealed tortuosity of peripapillary vessels. No cardiologi-
cal abnormalities were observed. The prominent neuro-
logical abnormalities (with an onset of symptoms at age
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5-9 years) were spasticity, rigidity, bradykinesia, dysto-
nia, dysarthria, athetoid dyskinesias, and occasional
amyotrophy (Bruyn and Went 1964). There were no
behavioral abnormalities, and intelligence was normal.
Nuclear magnetic resonance studies revealed putaminal
necrosis (unilateral only in patient VI-2; Bruyn et al.
1991). Neuropathological findings in patient VI-32 re-
vealed complete neuronal depletion in the putamen and
lateral part of the caudate (Bruyn et al. 1992).

Isolation of Genomic DNA

White-blood-cell DNA from family members V-21,
V-22, VI-2, VI-5, VI-12, VI-30, VI-31, VI-33, VI-§§,
VI-57, VII-26, VII-54, and VII-55 and fibroblast DNA
from patient VI-32 (fig. 1) were prepared according to
standard procedures (Miller et al. 1988). Total DNA
was extracted from brain of patient VI-32, as described
by De Vries et al. (1992) for muscle tissue, with the
modification that DNA was concentrated by ethanol
precipitation.

PCR and mtDNA Sequence Analysis

The mitochondrial complex I, complex III, and com-
plex IV genes, as well as the ATPase 6 and ATPase 8
genes, were sequenced as described elsewhere (De Vries
et al. 1993). In brief, synthetic oligonucleotide primers
were used to PCR-amplify fragments spanning protein-
coding genes in the mitochondrial genome. The nucleo-
tide sequences from both strands were analyzed by the
fluorescent dideoxy chain-termination method, on an
Automated DNA fluorescent Sequencer (Applied Biosys-
tems/Perkin-Elmer).

Single-Nucleotide Primer Extension

The detection primers for the single-nucleotide exten-
sion reactions of the ND4/11696 mutation and of the
ND6/14596 mutation were complementary to np
11676~11695 and np 14574-14595, respectively, ter-
minating immediately adjacent to the mutations. For
each subject, the DNA fragment containing the muta-
tion site was amplified by PCR as described above. In
the primer-extension reaction, 0.1-1 pg template DNA
and 25 ng detection primer in a total volume of 10.5
ul, overlaid with mineral oil, were denatured (96°C for
2 min) in a Perkin-Elmer thermal cycler. Subsequently,
after cooling of the samples to 60°C, they were com-
bined with a premix of 1 pl of each of the dideoxy
terminators and 4 pl of 5 X TACS buffer (Perkin-Elmer/
Applied Biosystems) and 0.5 pul AmpliTaq™ DNA poly-
merase (Cetus and Perkin Elmer/Applied Biosystems).
Deionized water was added, to a final volume of 9.5 pl.
For primer A, we modified the premix for the extension
reaction, with 0.5 pl fluorescently labeled dGTP, 2 mM
ddGTP, and 1 pl fluorescently labeled dATP, instead of
with 1 pl of each of the fluorescently labeled dNTPs.
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The samples were amplified through 25-35 cycles and,
after purification by phenol extraction and ethanol pre-
cipitation, were analyzed on a 20% polyacrylamide/bi-

sacrylamide gel with 7 M urea in an automated 370A

DNA sequencer, by use of Genescan-672 software (Per-
kin-Elmer/Applied Biosystems). Quantification of the
degree of heteroplasmy of the ND4 11696 mutation
in tissues was accomplished by constructing a standard
curve of known amounts of cloned wild-type and mu-
tated ND4 template.

Biochemical Analysis

Biopsy was taken, under local analgesia, from the
musculus triceps, which was less atrophic than the other
muscles, by the open procedure. Homogenates from fro-
zen muscle were prepared and assayed as described else-
where (Scholte et al. 1987, 1995). Complex I was as-
sayed at 37°C in triply frozen-thawed 5% homogenate
(20-70 ug protein/ml). The oxidation of 0.1 mM
NADH was measured by dual beam (340 and 432 nm)
spectroscopy, with 25 mM potassium phosphate (pH
7.4), 5 mM MgCl,, 2 mM KCN, 2 pg antimycin/ml, 2.5
mg bovine serum albumin (fatty acid free)/ml, 12.5 uM
horse heart cytochrome ¢, and 65 pM decylubiquinone.
The rotenone-insensitive activity was assayed in another
cuvette, which contained 2 pM rotenone, and was ~5%
of the rotenone-sensitive activity in controls and 20%
of that in the patient. Citrate synthetase was assayed
according to the method of Srere (1969). Mitochondria
were isolated from 508 mg freshly biopsied muscle and
were investigated according to the method described by
Scholte et al. (1987, 1995).

Results

Sequence Analysis of the Protein-Coding
Mitochondrial Genes

The DNA sequence of the protein-coding mitochon-
drial genes of family member VI-12 (fig. 1) was deter-
mined. Compared with the Cambridge sequence (Ander-
son et al. 1981), a total of nine nucleotide changes were
found. Four of the nucleotide substitutions were silent
polymorphisms, three of which (A4769G, G4985A, and
T11335C) had been identified in previous studies and
one of which (C5228G) had not been reported before;
and three common amino acid polymorphisms were
caused by the G9559C, the G13702C, and the G14199T
substitutions (Marzuki et al. 1991; Wallace et al. 1991b;
Lertrit et al. 1994). The remaining two nucleotide substi-
tutions caused previously unidentified missense muta-
tions. At np 11696 in the ND4 gene, an A—G transition
was found that resulted in substitution of an isoleucine
for valine at amino acid position 312, and in the NDé6
gene at np 14596 a T—A transition was found that re-
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sulted in the substitution of methionine for isoleucine at
amino acid position 26.

Patient VI-12 was also. screened for other mtDNA
mutations. Southern blotting of Pvull-restricted mtDNA
from blood did not reveal any deletions or rearrange-
ments. None of the LHON-associated mutations (listed
in table 1) were found in the mitochondrial genome of
this family. The diagnostic tests described for the np
3243 (Goto et al. 1990) and np 4317 (Tanaka et al.
1990) mtDNA mutations that are found in patients with
mitochondrial encephalomyopathy, lactic acidosis, and
strokelike episodes (MELAS); the np 8344 (Zeviani et
al. 1991) mtDNA mutation found in patients with my-
oclonus epilepsy and ragged red fibers (MERRF); and
the np 8356 (Silvestri et al. 1992) mtDNA mutation
found in the MERRF-MELAS syndrome with hyperthy-
roidy were also absent in patient VI-12.

Estimation of Frequency and Heteroplasmy of the
11696 Mutation and the 14596 Mutation and
Correlation with Clinical Phenotype

To discriminate between the mutant and wild-type
sequences, we modified the single-nucleotide primer-ex-
tension technique described by Kuppuswamy et al.
(1991). Both the ND4/11696 substitution and the ND6/
14596 substitution were present in all family members
who were tested. Neither of these mutations was de-
tected in 100 control subjects, in 10 nonrelated Dutch
LHON families, or in 10 complex I-deficient patients
with a mitochondrial myopathy.

The ND4 mutation was heteroplasmic in most of the
family members. To determine the degree of hetero-
plasmy of the ND4/11696 mutation, a standard curve
was constructed with different mixtures of wild-type
A% and mutant G''*%¢ plasmids. Good reproducibility
was obtained in several independent primer-extension
reactions. The extent of heteroplasmy for the ND4/
11696 mutation in blood from the family members is
indicated in figure 1. The extent of heteroplasmy in
white-blood-cell DNA seemed to be correlated, to a cer-
tain extent, with the severity of the disease (fig. 2). For
patient VI-32, who died in a nursing home in 1991 at
the age of 59 years, no blood was available. In his fibro-
blasts, no wild-type mtDNA was found, whereas in optic
nerve 12% wild-type mtDNA was detected. With the
same technique, all family members were found to be
homoplasmic for the ND6/14596 mutation.

Biochemical Characterization of the Complex | Defect

A muscle biopsy was obtained from patient VI-12
(fig. 1) and was processed immediately for biochemical
analysis. The oxidation of substrates measured, the stim-
ulation of the oxygen-uptake rates by ADP, the moles
of high-energy phosphate synthesized divided by 0.5 mol
oxygen consumed, the activities of Mg**-ATPase with
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Table 1

mtDNA Mutations Associated with LHON

Am. J. Hum. Genet. 58:703-711, 1996

Interspecies
Conservation
Nucleotide Amino Acid of Substituted
Gene Substitution Replacement Nucleotide? Homoplasmy® Heteroplasmy® Reference(s)
ND1 T3394C Y-H H ND ND Johns et al. 1992
G3460A° A-T M + - Huoponen et al. 1991,
Howell et al. 19915
T4160C L-P H + - Howell et al. 1991a
T4216C Y-H L + - Johns and Berman 1991
ND2 A4917G D—-N H + - Johns and Berman 1991
GS5244A G-S H - + Wallace et al. 19914, Brown
et al. 19926
COI G7444A Term—K¢ L + - Brown et al. 1992¢
ATP6 T9101C -T M + - Lamminen et al. 1995
ColIL G9438A G-S H + - Johns and Neufeld 19934
G9804A A-T H + - Johns and Neufeld 19934
ND4 A11696G V-l L + + Present study
G11778A¢ R-H H + + Wallace et al. 1998
NDS5 G13708A A-T M + - Johns and Neufeld 1991,
Brown et al. 1992b
NDé6 G14459A A-V M + + Jun et al. 19944
T14484C* M-V M ND ND Johns et al. 1992, Johns and
Neufeld 19936
T14596A M M + - Present study
Cytochrome b G15257A D-N H + - Johns and Neufeld 1991,
Brown et al. 19924, 1992b
G15812A V-M M + - Johns et al. 1992, Johns and

Neufeld 19934

*H = high; M = medium; and L = low.
®ND = not determined.

¢ Established primary LHON mutation.
4Term = termination codon.

and without uncoupler, the radiopalmitate oxidation in
the presence of carnitine, and the activity and latency
of citrate synthethase of the isolated mitochondria were
in the range of those in controls (data not shown), except
for a decreased stimulation of the respiration of pyruvate
plus malate by ADP (1.4 vs. 5.8; range 2.9-9.2 in 10
controls). Another exceptional finding in the isolated
mitochondria was that 3 h after biopsy and 2 h after
isolation of the mitochondria, the pyruvate+malate oxi-
dation had decreased to 50% of its original level. The
activities of the respiratory-chain complexes I, II+III,
and IV in the muscle homogenate were decreased to
21%, 76 %, and 39%, respectively, of the average activi-
ties in controls. The activity of citrate synthetase was
94% of that in controls (table 2). Except for some small
and atrophic fibers, the histological and histochemical
analysis of the muscle was normal, and, in particular,
no ragged red fibers were seen (data not shown).

Discussion

By sequencing the entire region of the mtDNA genes
that encode protein, we have found two unique missense

mutations in a patient afflicted with LHON and dysto-
nia (VI-12; fig. 1). We could exclude all of the previously
reported mutations associated with LHON (table 1). A
heteroplasmic transition at position 11696 in the ND4
gene and a homoplasmic 14596 transition in the NDé6
gene were found. Neither of these two mutations was
found in controls or LHON patients, whereas both were
present in the 12 family members who were analyzed.
In a muscle biopsy of patient VI-12, a defect in the
respiratory chain was found, a result supporting the
pathophysiological role of these mutations in mitochon-
drial complex I genes for the etiology of LHON and
dystonia.

We found evidence for correlation between the degree
of heteroplasmy of the ND4 mutation and the clinical
severity of the disease, considering the most extreme
clinical phenotypes: 11%-15% wild-type mtDNA was
detected in blood from all four nonaffected family mem-
bers, whereas no wild-type mtDNA was found in blood
from the three family members with LHON and bilat-
eral spastic dystonia (fig. 2). For the other clinical pheno-
types, no obvious correlation with the degree of hetero-
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Figure 2 Degree of heteroplasmy for the ND4/11696 mutation,

as a function of the clinical phenotypes. Symbols are as in fig. 1.

plasmy was observed, when either gender or age at onset
is taken into account. In general, the range in the per-
centages of wild-type mtDNA in blood of the family
members, affected or not, is relatively narrow: 0% -
23%. Similar low amounts of wild-type mtDNA have
previously been described for the most prevalent LHON
mutations, at nt 11778 and 3460 (Holt et al. 1989;
Sweeney et al. 1992).

Interestingly, the ND4/A11696G mutation remains
heteroplasmic over at least six generations in this family,
without any remarkable shift in degree of heteroplasmy,
similar to findings described by Howell et al. (1992).
This is unexpected, since rapid shifts of human mtDNA
heteroplasmy in pedigrees with a mitochondrial disease
have been found (Bolhuis et al. 1990; De Vries et al.
1994), and since rapid cellular segregation from the het-
eroplasmic state to the homoplasmic state takes place
in various organisms (Hauswirth and Laipis 1985; King
and Attardi 1988; De Stordeur et al. 1989; Birky et al.
1989; Niki et al. 1989; Koehler et al. 1991). On the
basis of findings in Finland, the Nikoskelainen group
(Villki et al. 1990) has suggested that there might be a
selective advantage in the sustaining of heteroplasmy for
certain mtDNA mutations (Villki et al. 1990), a selection
that might also be operative in our family.

So far, little is known about the tertiary structure of
the ND4 and NDé6 subunits, in which the 11696 and
14596 mutations were found (Walker 1992). The valine
at position 312 in the ND4 protein is located in a pre-
dicted transmembrane region, 28 amino acids amino-
terminal to the R340H LHON mutation (Fearnley and
Walker 1992). Interspecies comparison does not show
significant conservation of this valine, and in most mam-
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mals a threonine residue is found at this position (table
3). The isoleucine at position 26 is located at the edge
of the second predicted membrane-spanning element of

~ the ND6 gene (Fearnley and Walker 1992). This amino

acid residue and the surrounding region are well con-
served among mammals, but not in more diverse taxa
(table 3). Which of the two mtDNA mutations is—or
whether both are—responsible for the clinical pheno-
type cannot be decided at the present time. Given the
possible correlation between the severe phenotype and
the ND4 mutation, it might be that both act synergisti-
cally. Since the ND6/14596 mutation is homoplasmic,
this mutation probably arose before the ND4/11696
mutation. It would be of interest to study in vitro both
mutations separately in the mtDNA-less (rho zero) cell
complementation system (King and Attardi 1989), to
analyze their effect on the complex I activity.

Of the respiratory-enzyme complexes measured, the
complex I activity was decreased most. The much-less-
reduced activities of complex II+III and complex IV are
most likely secondary to the complex I deficiency. In
two other families with LHON and dystonia, mutations
in the mtDNA and complex I deficiency have been re-
ported. Howell et al. (1991b; Howell 1994) found the
14484C primary LHON mutation together with a
4160C mutation in the ND1 gene in the “Queensland
family,” in which a marked complex I deficiency had
been found previously (Parker et al. 1989). Jun et al.
(19944) found a G—A substitution in the codon for an
evolutionary conserved alanine at position 72 in the
NDé6 gene in a five-generation Hispanic family with
LHON and dystonia, which subsequently was found to
have a complex I deficiency (Jun et al. 1994b). Because
a complex I deficiency has been reported in patients
with idiopathic dystonia, for which the gene defect is
unknown (Benecke et al. 1992), it is likely that LHON
and dystonia have a common etiology. It seems that
these complex neurological disorders, all clinically simi-
lar but not identical, have private mtDNA mutations.
Recently, the primary 11778 LHON mutation was
found in a family with LHON and cerebellar ataxia, but
other pathogenic mtDNA mutations were not excluded
(Funakawa et al. 1995).

For LHON, the relation between the defect at the
genetic level and the results of the biochemical analyses
is not straightforward. Whereas in patients harboring
the 3460 mutation a profound complex I deficiency has
been observed (Howell et al. 1991b; Majander et al.
1991; Smith et al. 1994), the results of biochemical stud-
ies in patients harboring the 11778 mutation are more
difficult to reconcile (Larsson et al. 1991; Majander et
al. 1991; Cornelissen et al. 1993; Smith et al. 1994).
Recently, Degli Esposti obtained evidence that the
11778 mutation interfered in the interaction between
the ND4 subunit and the ubiquinone substrate, thereby
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Table 2
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Activities of Respiratory Chain and Citrate Synthetase in Patient VI-12 (Fig. 1) and Controls

Patient Control Mean (Range) [#]
NADH-decylubiquinone oxidoreductase 1.10 5.24 (4.14-8.85) [12]
(umol NADH)
Succinate—cytochrome ¢ oxidoreductase 3.95 5.20 (1.57-11.6) [54)
{umol cytochrome c¢)
Cytochrome ¢ oxidase (first-order rate-constant k) 37 95 (45-161) [49]
(g muslce/min)
Citrate synthetase (umol) 15 16 (8.6-36) [10]

NOTE.—Measurements were made in a fresh muscle homogenate, as described in the Subjects and Methods
section. The activities are expressed in terms of either amount of substrate converted or first-order rate-
constant k. The protein content was in the normal range, whereas total carnitine was slightly below the

lower limit of normal.

providing an explanation for the discrepancy between
normal complex I enzyme activity and decreased elec-
tron flux with complex I-linked substrates in 11778-
mutation patients (Degli Esposti et al. 1994). Further
support for the causal relation between impairment of
the respiratory chain and mtDNA mutations in LHON
comes for mtDNA mutations other than in complex L.
Mutations in cytochrome b and cytochrome oxidase
have been found (see table 1), and, interestingly, Lammi-
nen et al. (1995) found a homoplasmic T9101C muta-
tion causing a threonine-for-isoleucine substitution in
the ATPase 6 subunit gene in a single LHON patient
with a partial complex V deficiency.

In conclusion, five arguments can be formulated in
favor of the functional importance of the mutations pre-
sented here. First, they are the only mutations in the

Table 3

protein-coding sequence of the mtDNA in these patients.
In LHON, mtDNA mutations are found exclusively in
the protein-coding regions. Second, both mutations do
not occur in the normal population, since neither was
found in 100 control subjects. This situation makes the
probability of both mutations present in the same con-
trol individual even more remote. Third, the mutation
in the ND6 gene is close to a very well-conserved region
of the NDé6 gene, in which a different mutation in a
clinically similar patient was found (Jun et al. 1994a).
Fourth, the degree of heteroplasmy of the mutation in
the ND4 gene shows a correlation with the severity of
the clinical phenotype. Last, the activity of complex I in
muscle tissue of the patient analyzed was clearly de-
creased, suggesting a deleterious effect of the mutations
found. As Howell et al. (19914, 1991b) have suggested,

Amino Acid Conservation of Valine at Position 312 in the ND4 Gene and of Isoleucine at Position 26 in the ND 6 Gene

Organism ND4 NDé6 Reference

Human WSFTGAVILMIAH SSKPSPIYGGLVL Anderson et al. 1981
LHON/dystonia . . . . .. . ..... ... M. ..... Present paper

Cow YM. .TA. .. .. ... G . Anderson et al. 1982

Mouse .M. . TM. . . .. AL . ... ... .. G . Bibb et al. 1981

Rat .M. .TM. .. L. AL .. ... ... FG. Gadaleta et al. 1989

Whale YM. . TA. .. .. ... .00 G. Arnason et al. 1991

Seal LLYML UTA L L L s s s e Arnason and Johansson 1992
Chicken ... 80 .M. . .S A.N. .Y. .VVG. Desjardin and Morais 1990
Xenopus KAL.. .M. . NTSD A.N. .F.AA .G. Roe et al. 1985

Lamprey .AWSL .LAM. . . VLS. . . YFSA.G. Lee and Kocher 1995

Sea urchin .GMN. .LM. . V. SL--..Y.SA.G. Jacobs et al. 1988
Drosopbhila .GLC.SVT. .. .. FNMIH.LAL..T. Clary and Wolstenholme 1985
Caenorbabditis elegans S.KISS .M. .L. YINID.MKSSFF. Okimoto et al. 1992

Ascaris suum SGK. .G....L. YINVD . MKSSFF. Okimoto et al. 1992

Sea anemone EGLVA..FM.L.. I .ALN.VHSVFW. Pont-Kingdon et al. 1994
Liverwort LGLN. .ILQ..S. LLNADFVAAAQI. Kochi et al. 1988

NOTE.—Deviations from the human sequence are denoted by one-letter amino acid symbols, and gaps are indicated by a dash.
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LHON is probably a group of related mitochondrial
genetic diseases that share a characteristic pattern of
ophthalmological changes. The data presented here pro-
vide support for a causal relation between the neurologi-
cal abnormalities associated with LHON and different
mitochondrial gene mutations.
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