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Seven of the ~40 subunits of the mammalian respiratory
NADH dehydrogenase (Complex 1) are encoded in
mitochondrial DNA (mtDNA). Their function is almost
completely unknown. In this work, a novel selection
scheme has led to the isolation of a mouse A9 cell
derivative defective in NADH dehydrogenase activity.
This cell line carries a near-homoplasmic frameshift
mutation in the mtDNA gene for the ND6 subunit
resulting in an almost complete absence of this polypep-
tide, while lacking any mutation in the other mtDNA-
encoded subunits of the enzyme complex. Both the
functional defect and the mutation were transferred
with the mutant mitochondria into mtDNA-less (p°)
mouse LL/2-m21 cells, pointing to the pure mitochon-
drial genetic origin of the defect. A detailed biosynthetic
and functional analysis of the original mutant and of
the p° cell transformants revealed that the mutation
causes a loss of assembly of the mtDNA-encoded
subunits of the enzyme and, correspondingly, a reduc-
tion in malate/glutamate-dependent respiration in
digitonin-permeabilized cells by ~90% and a decrease
in NADH:Q ; oxidoreductase activity in mitochondrial
extracts by ~99%. Furthermore, the ND6 cells, in
contrast to the parental cells, completely fail to grow
in a medium containing galactose instead of glucose,
indicating a serious impairment in oxidative phos-
phorylation function. These observations provide the
first evidence of the essential role of the ND6 subunit
in the respiratory function of Complex | and give some
insights into the pathogenic mechanism of the known
disease-causing ND6 gene mutations.

Keywords frameshift mutation/mouse cell line/mtDNA-
less cells/INADH:Q oxidoreductase activity/rotenone
resistance

Introduction

In most eukaryotic cells, the first respiratory enzyme,
NADH dehydrogenase (Complex I), is a multimeric com-
plex, which consists of ~40 subunits in mammalian cells
(Walker, 1992), and of ~30 subunits Neurospora crassa
(Weisset al, 1991). Seven of the subunits of the enzyme
from both mammalian cells and.crassaare encoded in
mitochondrial DNA (mtDNA) (Chomyret al., 1985, 1986;
Weiss et al, 1991). InN.crassa the enzyme has been

membrane and the other arm protruding into the mitochon-
drial matrix (Hofhauset al.,, 1991), and it is very likely
that the same structure applies to the mammalian enzyme.
The membrane arm contains all the mtDNA-encoded
subunits, while the peripheral arm contains most of the
nuclear-encoded subunits and most of the prosthetic groups
involved in the NADH:ubiquinone oxidoreductase reac-
tions. Complex | utilizes the energy produced by these
reactions to pump protons out of the matrix, thereby
generating an electrochemical gradient across the inner
membrane that drives ATP synthesis. The available evid-
ence suggests the involvement of the membrane arm and
of the mtDNA-encoded subunits in proton translocation.

Despite the fact that the sequence of the mtDNA-
encoded subunits was determined some time ago
(Andersonet al, 1981; Chomynet al, 1985, 1986),
nothing is known about the function of these subunits,
with the exception of ND1. In particular, concerning the
latter subunit, it has been shown that it binds rotenone, a
specific inhibitor of Complex | (Earleyet al, 1987),
and interacts with ubiquinone (Friedriakt al, 1990).
Furthermore, it has been reported that the ND1 gene
product binds N,N’-dicyclohexylcarbodiimide (DCCD)
(Yagi and Hatefi, 1988), suggesting that it may be involved
in proton translocation. The observation that the much
simpler bacterial NADH dehydrogenase contains subunits
homologous to the mtDNA-encoded subunits (Weidner
et al, 1993; Yagiet al, 1993) strongly suggests that
these polypeptides have essential roles in the function of
Complex I.

The discovery in the past ten years of a variety of
mutations affecting the ND4, ND1 or ND6 subunits of
NADH dehydrogenase, with resulting Complex | defi-
ciency, in individuals affected by Leber’s hereditary optic
neuropathy (LHON) (Wallacet al, 1988; Johnst al,
1992) or by LHON and dystonia (Howeét al., 1991,
Junet al, 1994) has raised a great interest in the function
of the mtDNA-encoded Complex | subunits. Furthermore,
these findings have made available to the investigators
valuable material for correlating structural and functional
changes in these subunits. A further significant advance
towards the goal of identifying the functional role of these
mitochondrially synthesized polypeptides has been the
development in this laboratory of a novel selection scheme,
based on resistance to rotenone—a specific inhibitor of
Complex |—for isolating from cultured human cells
mutants affected in one or another of the ND subunits
(Hofhaus and Attardi, 1993, 1995). Thus, mutants lacking
completely the ND4 subunit (Hofhaus and Attardi, 1993)
or almost completely the ND5 subunit (Hofhaus and
Attardi, 1995), due to a frameshift mutation in the corres-
ponding gene, have been isolated from the human cell line

shown by electron microscopy to have an overall L-shaped VA,B and characterized molecularly and biochemically.

structure, with one arm buried in the mitochondrial inner
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In the present work, the approach described above has
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Fig. 1. Total respiration rateA) and activities of the enzymes of the mitochondrial respiratory ct&jrin( the original rotenone-resistant clones and
in the parent cell line A9. (A) The total respiration rate was measured ofi65cells. (B) The activities of the various components of the
respiratory chain were determined onxHE¥ cells as respiration dependent on malate/glutamate (filled bars), succinate/G-3-P (open bars) and
TMPD/ascorbate (hatched bars). The error bars indicate two standard errors of the mean.
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been applied to the mouse fibroblast line A9. The analysis of Complex I, and theN,N,N’,N’-tetramethylp-phenyl-

of several rotenone-resistant mutants of this cell line has enediamine (TMPD)/ascorbate-driven respiration, which
led to the identification of a variant almost completely reflects the activity of Complex 1V, were not significantly
lacking the ND6 subunit as a result of a frameshift affected (Figure 1B). These results pointed to a specific
mutation in the corresponding gene, and without any Complex | defect. Furthermore, seven of the ten cell lines
mutation in the other ND genes. Mitochondrial protein exhibited a 14-64% decrease in overall €@nsumption
synthesis and immunoprecipitation experiments, analysis (Figure 1A).

of respiration and growth capacity in medium containing A quantification of the mtDNA content of the cell lines,
galactose instead of glucose, and enzymatic assays havearried out using?P-labeled mouse mtDNA probes, failed
shown that the ND6 subunit is essential for the assembly to reveal any pronounced difference29%) in mtDNA

and function of Complex I. level from the A9 control value, except in clones 4A and
7A. These clones exhibited 51 and 86% increases in
Results MtDNA level, respectively. The_se increases presumably
reflected a compensatory amplification of the mtDNA, a
Isolation of mouse cell mutants defective in phenomenon which was observed previously (Yoneda
Complex I-dependent respiration et al., 1994). In fact, among the cell lines analyzed, Clone

The approach previously described for the isolation of 4A showed the most severe reduction, relative to the
human cell mutants defective in one or another of the parental A9 cells, in both overall respiration (~64%)
mtDNA-encoded subunits of the respiratory NADH de- (Figure 2A) and malate/glutamate-dependent respiration
hydrogenase, which was based on the cell resistance to(~83%) (Figure 2B), while clone 7A had an ~52% reduc-
high concentrations of rotenone (Hofhaus and Attardi, tion in glutamate/malate-dependent respiration. Clone 4A
1993, 1995), was applied for the selection of Complex |- was chosen for further investigation, and its analysis is
deficient variants of the mouse fibroblast cell line A9. described below.
Preliminary experiments indicated that the growth capacity
in mass culture of A9 cells was significantly affected by The Complex I defect of the 4A clone is due to a
rotenone concentrations as low as M, with complete mtDNA mutation, while its rotenone resistance is
inhibition by 1.2 uM. Selection of mutants resistant to nucleus encoded
1.2 uM rotenone was achieved by exposing cells to Because of the dual genetic control, nuclear and mitochon-
increasing concentrations of the drug. After<B¥ A9 drial, of the structure and function of the respiratory
cells were treated with 0.8M rotenone for ~3 weeks, 21 ~ NADH dehydrogenase, mutations in any of the controlling
independent rotenone-resistant clones were picked up, andyenes of either genome can potentially cause enzyme
11 were subjected to step-wise increasing concentrationsdefects. Similarly, rotenone resistance could in principle
of the drug, and were thus adapted to grow in the presencebe associated with either nuclear or mtDNA mutations
of 1.2 uM rotenone. (Endicott and Ling, 1989; Hofhaus and Attardi, 1995). In
An analysis of the respiratory capacity of the 11 A9 order to investigate the genetic origin of the rotenone
rotenone-resistant cell lines revealed that all exhibited a resistance and of the respiratory defect in the isolated A9
43-83% decrease, relative to the A9 level, in malate/ variants and the relationship between the two phenomena,
glutamate-dependent,@onsumption rate, which usually advantage was taken of the mtDNA-leg8)(cell repopu-
reflects the rate-limiting activity of Complex |. By contrast, lation approach originally developed for humaf cells
in the same cell lines, the succinate/glycerol-3-phosphate (King and Attardi, 1989). The° LL/2-m21 cell line had
(G-3-P)-driven respiration, that usually reflects the activity been previously isolated in the laboratory from the mouse

4849



Y.Bai and G.Attardi

6 20

15 I

10

2 consumption (fmol/min/cell)

T T T T ) iT T T
- N N < 0 Q 2 - NN T
>E S>> > O ST T N o R )
< < < < < -9 = <4 < < <
< < < < < :j <+ < < < <
=
a

Respiration rate (glu+mal)
Respiration rate (succ+G-3-P)

Jil |l ErlaTe
a —
23532 cgcgae
-9 £ = £ 2 <
= < <
-
Y

Fig. 2. Total respiration rateX) and activities of the enzymes of the mitochondrial respiratory cH&jrCj in rotenone-resistant clone 4A, parent
cell lines A9 and LL/2 angp®LL/2-m21 cell transformantspPLL/2-A9 and 4AT1 to 4AT5). For details, see legend of Figure 1. (C) shows the
glutamate/malate-driven respiration rates normalized to succinate/G-3-P-driven respiration rates.

LL/2 cell line (as will be described elsewhere). Mitochon- was due to a mutation in a nuclear gene, as previously
dria from A9 parental cells or 4A mutant cells were observed for the rotenone-resistant human cells (Hofhaus
transferred into the mousg® cells by fusion of the  and Attardi, 1993, 1995).
latter with a population of predominantly enucleated cells  As shown in Figure 2A and B, the rates of overall
(cytoplasts) derived from A9 or 4A cells, respectively. respiration and, respectively, of malate/glutamate-depend-
The cybrids and hybrids were selected for in DMEM ent respiration were significantly lower in the A9 than in
medium not supplemented with uridine [a medium in the LL/2 parental cell. That this difference was due to
which pP cells cannot survive (King and Attardi, 1989)], some defect(s) in the A9 cell nuclear genes controlling
and containing HAT medium components (hypoxanthine, the structure and function of Complex | was strongly
aminopterin and thymidine) in order to kill any non- suggested by the observation that the A9-derived mito-
enucleated hypoxanthine/guanine phosphoribosyl trans-chondrial transformant ofpPLL/2-m21 exhibited both
ferase-deficient A9 or 4A cells. overall and malate/glutamate-dependent respiration rates
One transformant was isolated frompdlLL/2 xenA9 comparable with those of LL/2 cells (Figure 2A and B).
fusion @E°LL/2-A9) and 12 transformants, from @CLL/ Accordingly, it seemed appropriate to compare thg O
2xen4A fusion (4AT1 to 4AT12). These transformants consumption rates measured in §Re.L/2 transformants
were expected to contain the A9 and, respectively, the 4A derived from the 4A clone with the rates observed in the
mtDNA, but in thep®LL/2 nuclear background. Karyotype  p°LL/2-A9 transformant. It was found that, in contrast to
analysis of thep®LL/2-A9 transformant and five 4AT  the rotenone resistance, both the decrease in overall
transformants (4AT1-4AT5) revealed a range of chromo- respiratory capacity and the specific Complex | defect of
some numbers (45-48) very similar to those of the LL/2 the 4A clone cells were transferred inpd cells, together
and p® LL/2-m21 cell lines (i.e. ~42), as expected for with their mtDNA (Figure 2A and B). In fact, a preliminary
cybrids. None of the 12 transformants was able to grow screening of the 12 isolated transformants showed a
in the presence of 1.pM rotenone (data not shown). general decrease in overall respiratory capacity to between
These results suggested that the resistance to rotenon&5 and 56% of th@CLL/2-A9 level, as well as a specific
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decrease in malate/glutamate-dependent respiration rate 9 bie . Measurements of NADH:0and NADH:KaFe(CN

between 14 a_nd 29% of thLL/ 2-A9 transformant rate. oiit:jgreducetzssi th?vittiséso in mitocf%n;ial membsrafl(ecs i?olated from
The data for five of these transformants (4AT1-4AT5) are A9, 4A, LL/2 and 4T1 cells

shown in Figure 2A and B. An explanation for the much
lower decrease in theLL/2 4A-derived transformants, Cell  Average nmol/min/nfy
relative to the wild-type LL/2-A9 transformant, in overall

respiratory capacity as compared with the decrease in glﬁolljoﬂégactase Né}?g&&ﬁgggﬁ NAH%Téthl)iN(Q?;ib
malate/glutamate-dependent respiration was provided by 2

the interesting observation that the succinate/G-3-P- ag 10.6 (+ 2.2) 1710 (- 57) 6.2
dependent respiration rate was increased, in all five mutant4A 0.109 (- 0.025) 1425 ¢ 71) 0.076 (~1.2%)
transformants analyzed, relative to tp8LL/2-A9 rate, LL/2 - 143 (x 1.2) 1185 (= 240) 121 .

by between 48 and 115%, while the TMPD/ascorbate- ATl 0.108 ¢ 0.017) 1965 £ 14) 0.055 (~0.5%)

dependent respiration rate was increased by between 6%nzyme activities are expressed in nmol/min/mg protein. The values
and 86%. Consistent with this observation is the finding for NADH:Q, represent the total activity, with-98% being rotenone-
that 52-56% of the overall {consumption in two mutant ~ sensitive. _ _ ,
transformants analyzed was sensitive to rotenone, in Con_aDetermlnatlons were made in duplicate. Values in parentheses are 2
trast to 86-90% in the LL/2 parental line and the wild- bvalues in parentheses represent percentage of normalized NADH:Q
type LL/2-A9 transformant. oxidoreductase activity in 4A relative to A9 and in 4AT1 relative to

An analysis of the mtDNA contents of the transformants LL/2.
showed an increase, relative to the LL/2 level of 77, 12,
90, 67 and 98% in 4AT1, 4AT2, 4AT3, 4AT4 and 4AT5, and Attardi, 1993, 1995). Therefore, this activity was used
respectively. Therefore, it seems plausible that the increaseto correct for differences in mitochondria content among
in succinate-G-3-P- and TMPD/ascorbate-dependent res-the crude mitochondrial membrane preparations from
piration rates reflected a compensatory increase in mtDNA different clones. The corrected activities are shown in Table
content/cell, as has been observed previously (Yonedal. It appears that the normalized NADH; @xidoreductase
et al, 1994). According to this interpretation, the rate of activity was reduced in 4A to 1.2% of the A9 activity and
malate/glutamate-dependent respiration in the five trans-in 4AT1 to ~0.5% of the LL/2 activity.
formant cell lines, normalized to their mtDNA content,
would be 8-15% of th@°LL/2-A9 level. Similarly, after The 4A cell line and derived p° LL/2-m21
normalization to the succinate/G-3-P-dependent respir- transformants harbor a frameshift mutation in the
ation rate, the malate/glutamate-driven respiration rates in mitochondrial ND6 gene

the transformant lines would be 7-19% of bfeL/2-A9 In order to obtain some indication of the possible site of
value (Figure 2C). the mutation responsible for the Complex | defect, the
The transfer of the Complex | defect inp8 cells with mitochondrial translation products were labeled with

mtDNA excluded the possibility of a deficiency in the [3°S]methionine for 20 min in the presence of emetine,
transport of the substrates or in the activity of the corres- to inhibit cytoplasmic protein synthesis. The individual
ponding dehydrogenases as being responsible for the lowmitochondrially synthesized polypeptides were identified
Complex | activity, and pointed strongly to a mutation in by comparison of the electrophoretic pattern of the mouse
one of the genes encoding subunits of NADH dehydro- translation products with the pattern of the human
genase. This interpretation was confirmed by an analysis of(Chomyn et al, 1991) and rat (Loguercio-Polosa and
the activity of Complex | in partially purified mitochondrial ~ Attardi, 1991) mitochondrial protein synthesis products.
membranes, carried out using NADH and a water-soluble As can be seen in Figure 2, in the patterns from both the
ubiquinone analog (@ to circumvent any transport prob-  original mutant 4A (Figure 3A) and the transformant 4AT1
lem. The NADH:KsFe(CN) oxidoreductase activity of  (Figure 3B), the only significant difference from the wild-
the membranes, which is catalyzed by the nucleus-encodedype patterns of A9 and LL/2 cells was the near-complete
flavoprotein fragment of the enzyme (Galante and Hatefi, absence of the polypeptide identified from its electro-
1979) was also measured. phoretic mobility as the ND6 gene product. There were
As shown in Table |, the NADH:Q oxidoreductase  no additional bands in the patterns of the mutant cell lines
activity of the 4A and 4AT1 mitochondrial membranes that could represent truncated or otherwise abnormally
was reduced to ~1 and ~0.8% of the A9 and LL/2 migrating polypeptides.
activity, respectively. By contrast, the NADH;Re(CN) On the basis of these observations, the polymerase
oxidoreductase activity did not appear to be significantly chain reaction (PCR)-amplified ND6 gene was sequenced
affected in either the 4A or the 4AT1 membrane prepar- by the chain termination method (Sang#ral,, 1977) in
ation. It has been shown that, fcrassathe flavoprotein both the wild-type cell lines A9 and LL/2 and the mutant
fragment is assembled independently of the membranecell lines 4A (4AT1 and 4AT2). As shown in Figure 4 for
fragment, which contains the mtDNA-encoded subunits the 4A cell line, an additional C residue, as compared
(Weiss et al, 1991), and the same is probably true in with the A9 sequence, was found in a stretch of six C at
mammalian cells (Hofhaus and Attardi, 1993, 1995). positions 13 879-13 884 within the ND6 gene (Bitial,
Accordingly, it would be expected that the NADH: 1981). The same insertion was found in the ND6 sequence
KsFe(CN) oxidoreductase activity would not be affected of the 4AT1 and 4AT2 transformants, when compared
by a mutation in a mtDNA-encoded Complex | subunit with the LL/2 sequence. The mouse ND6 gene encodes a
gene, as was indeed shown previously for several mtDNA 172 amino acid-long polypeptide. The C insertion intro-
mutations in rotenone-resistant human clones (Hofhausduces a frameshift starting from the 63rd amino acid, and
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Fig. 3. Electrophoretic patterns of newly synthesized mitochondrial
translation products of A9 and 4A celld) and of LL/2 and 4AT1

cells B). The cells were exposed t8°B]methionine for 20 min in the
presence of 10Qig/ml emetine. COI, COIl and COIll: subunits I, Il
and Il of cytochromec oxidase; ND1, ND2, ND3, ND4, ND4L, ND5
and ND6: subunits 1, 2, 3, 4, 4L, 5 and 6 of respiratory chain NADH
dehydrogenase; A6 and A8: subunits 6 and 8 of tHeATPase.

CYTb, apocytochromé.
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Fig. 4. Partial sequence of ND6 gene (non-coding strand) from A9 and
4A cells, showing the insertionf@ C residue in the six-C stretch at
positions 13 879 to 13 884 (Bibét al., 1981). Note the insertion in

the sequence of a relatively small fraction of mtDNA molecules from
4A cells of a second C at position 13 885, which appears as a small
C peak under a major T peak.
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Fig. 5. Quantification of C insertions in the ND6 gene of 4A, 4AT1

and 4AT2 cells. Allele-specific termination of primer extension was
carried out, and the products were separated on a 20%
polyacrylamide—7 M urea sequencing gel. PR, unextended primer; WT,
wild-type product; MT, mutant product with one C insertion; MT*,
mutant product with two C insertions.

cell lines (Figure 3) suggests that this is an unstable
product. In order to exclude the occurrence of any other
mtDNA mutation in the 4A cell line, the genes for all the
other six mtDNA-encoded Complex | subunits (ND1,
ND2, ND3, ND4L, ND4 and ND5) were completely
sequenced and no mutation was found.

In the protein synthesis patterns from the 4A (Figure
3A) and 4AT1 cell lines (Figure 3B), a very light band
can be seen at approximately the position of the ND6
product. However, no evidence of wild-type ND6 gene
was observed in the DNA sequence patterns from the
mutant cell lines (Figure 4 and data not shown). A more
sensitive experiment, involving allele-specific termination
of primer extension (Hofhaus and Attardi, 1995), was
carried out to detect the presence of wild-type mtDNA in
the mutant cell lines. As can be seen in Figure 5, in A9
wild-type cells, there is no detectable mutant mtDNA. In
the five 4A transformants tested (4AT1-4AT5), the muta-
tion appears to be homoplasmic or nearly homoplasmic
(Figure 5 and data not shown). Interestingly, the primer
extension pattern from the original 4A mutant cells
revealed, besides a C insertion present in ~80% of the
MtDNA molecules, a second C insertion in ~20% of the
molecules. This second C insertion is also recognizable
in the 4A DNA sequence pattern of Figure 4 as a small
C peak under the T peak at position 13 885.

The mtDNA-encoded subunits of the 4A and p°
transformant cell lines are not assembled into

Complex |

In order to investigate whether, in the cell lines carrying
a frameshift mutation in ND6, the assembly of the other
mtDNA-encoded subunits is affected, immunoprecipit-
ation experiments were carried out using antibodies against
the cytoplasmically synthesized 49 kDa iron—sulfur sub-
unit, located in the peripheral arm of the bovine Complex I,
which cross-react extensively with the human homologous

creates a stop codon 51-53 base pairs downstream of thesubunit (Cleeter and Ragan, 1985), and antibodies against

C stretch, resulting in a 79 amino acid-long truncated

the C-terminal synthetic heptapeptide of the mtDNA-

polypeptide. The failure to detect the truncated product at encoded subunit ND4L of human Complex I, which is
the expected position (close to A8) in the electrophoretic located in the membrane arm (Mariottiat al, 1986).
patterns of newly synthesized proteins from the mutant Both types of antibodies had previously been shown able
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Fig. 6. Electrophoretic patterns of SDS mitochondrial lysates frét6]methionine pulse-labeled LL/2 cellE) or pulse-chased A9, 4A, LL/2 and

4AT1 cells A andB), and of immunoprecipitates obtained by incubating 0.5% Triton X-100 mitochondrial lysates from pulse—chased cells with
y-globulins from an antiserum against the bovine 49 kDa subunit (lanes 49) or an antiserum against the human NDA4L subunit (lanes ND4L), or from
rabbit normal serum (lanes NS) (B and C). For details, see Materials and methods.

to precipitate the whole human Complex | from a 0.5% patterns. These extra bands represent cytoplasmic proteins
Triton X-100 mitochondrial lysate (Chomyet al,, 1985, labeled during the chase (Chomghal,, 1986). In the 4A
1986). Because of the conservation of the 49 kDa subunit (Figure 6A) and 4AT1 patterns (Figure 6C), the labeled
among mammalian species (Cleeter and Ragan, 1985) andntDNA-encoded subunits of Complex IV (COI, COIll and
the 100% homology between the C-terminal heptapeptidesCOIIl), Complex Il (CYTb) and H-ATPase (A6 and
of the human and the mouse ND4L subunits (Anderson A8) were present in approximately the same amounts as
et al, 1981; Bibbet al, 1981), it was expected that both in the A9 pattern (Figure 6A) and LL/2 pattern (Figure
types of antibodies would precipitate the mouse Complex 6C), whereas the recognizable mtDNA-encoded subunits
I, and thus reveal whether the mtDNA-encoded subunits of NADH dehydrogenase (ND1, ND2 and ND3) were
of the mutant cell lines are assembled into Complex I.  strongly decreased. In view of the evidence presented
For the immunoprecipitation experiments with the anti- above that the rate of labeling of the mtDNA-encoded
49 kDa and anti-ND4L antibodies, 4A and 4AT1 cells, subunits of Complex | is very similar in A9 and 4A cells
which had been grown for 22 h in the presence of and in LL/2 and 4AT1 cells (Figure 3), the above results
40 pg/ml of the mitochondrial protein synthesis inhibitor pointed to a considerably lower stability of these subunits
chloramphenicol, were labeled for 2 h wit$]methion- in mutant cells, resulting possibly from defective assembly.
ine in the presence of 1Q@/ml of the reversible inhibitor More direct evidence indicating the lack of assembly
of cytoplasmic protein synthesis, cycloheximide. Cells of all or most of the mtDNA-encoded subunits of Complex
were then chased for 19 h in complete unlabeled medium| came from the immunoprecipitation experiments. As
in the absence of the inhibitor, in order to allow the shown in Figure 6B, when a 0.5% Triton X-100 mitochon-
incorporation of the labeled mtDNA-encoded subunits drial lysate from A9 cells was incubated wijkglobulins
into the complexes (see Materials and methods for the from an antiserum against the bovine 49 kDa subunit, the
rationale behind the above protocol). antibodies precipitated several mtDNA-encoded subunits,
Figure 6A and C (lanes 6 and 7) show the electrophoretic in particular, clearly recognizable, ND1, ND2 and ND3
patterns of samples of SDS mitochondrial lysates from (ND4 appears as a broad diffuse band overlapping the
pulse—chased A9 and 4A cells and, respectively, LL/2 and sharp non-specific band). By contrast, no clear evidence
4AT1 cells. One can recognize the general mitochondrial of these subunits could be seen in the corresponding
protein synthesis pattern obtained from the short-pulse- immunoprecipitate obtained with normal serynglobu-
labeled cells (compare the pulse—chase patterns with thelins. Furthermore, no mtDNA-encoded subunits were
pulse patterns of Figure 3 and Figure 6C, lane 1), with immunoprecipitated from a 0.5% Triton X-100 mitochon-
some extra bands, especially in the high molecular weight drial lysate from 4A cells by-globulins from the anti-
region, which were more abundant in the A9 and 4A cell 49 kDa subunit antiserum nor by normal sengglobulins
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Fig. 7. Growth curves of A9, 4A, LL/2, 4AT1 and 4AT2 cells in glucose-containing DMEM and in galactose-containing DMEM. Both floating and
attached cells were counted. After 3—4 days, the mutant cells in galactose medium were all floating.

(Figure 6B). Similarly, nearly all recognizable mitochon- (initial DT =15.4 h and 14.2 h, respectively), although
drially synthesized Complex | subunits, i.e. ND1-ND4 they tended to slow down before reaching a concentration
and traces of ND5, could be immunoprecipitated from an of 107 cells/ml, whereas the LL/2 cells grew in the same
LL/2 mitochondrial lysate byy-globulins from an anti- medium with a DT of 10.6 h up to more than1€ells/
serum against the human NDA4L subunit, but not by normal ml. It appeared that the ND6 frameshift mutation-carrying
serumy-globulins, nor from a 4AT1 mitochondrial lysate cells had already become adapted to a predominantly
by anti-NDA4L y-globulins or normal seruny-globulins. glycolytic ATP production during the selection process,
The ND4L band in this electrophoretic run was not so as to be independent of the oxidative phosphorylation
resolved from the A8 band. The greater relative represent-function to a considerable extent (Donnelly and Scheffler,
ation in the control immunoprecipitates of ND1, ND2 and 1976). By contrast, in medium in which glucose was
ND3, as compared with their abundance in the pulse- substituted by galactose, that is not utilized efficiently by
labeling patterns (Figure 3), has been observed beforemammalian cells as a glycolytic substrate and in which
(Hofhaus and Attardi, 1993, 1995), and appears to reflectthese cells are forced to rely almost exclusively on
mainly the relative stability during the chase of the oxidative phosphorylation for ATP production (Cktal,

mtDNA-encoded subunits of Complex I. 1972), the mutant cell lines failed to grow (Figure 7) and

died (after 3—4 days, they were all floating). In contrast,
Growth properties of ND6 gene frameshift the A9 and LL/2 cells showed in this medium a growth
mutation-carrying cells in glucose- or rate only slightly reduced, as compared with that in
galactose-containing medium glucose medium. Interestingly, the LL/2 cells stopped

It has been shown that cells deficient in respiratory growing in the galactose medium when their density
function are severely impaired in their growth capacity in reached ~%10%ml. This behavior, which was observed
medium containing galactose instead of glucose (Hayashiin repeated experiments (data not shown), is suggestive
et al, 1991; Robinsoret al, 1992; Guaret al., 1996). of an apoptotic phenomenon.

Figure 7 compares the growth curves in glucose and

galactose media of the mutant 4A and of its parental . .

line A9, and the growth curves in the same media of Discussion

transformants 4AT1 and 4AT2 and of the LL/2 parent of Genetic basis of mutant isolation

their recipientp? cell line (LL/2-m21). It appears that the In the present work, the application to a cultured mouse
4A cells grew well in glucose-containing medium [initial cell line of the method previously developed for the
doubling time (DT)=24.5 h], although at a slower rate isolation of human cell mutants affected in any of the
than the parental A9 cells (initial D#15.6 h). Similarly, mtDNA-encoded subunits of the respiratory NADH de-
the 4AT1 and 4AT2 cell lines grew well in glucose medium hydrogenase (Hofhaus and Attardi, 1993, 1995) has led
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to the isolation of the first natural mutant cell line affected 1993, 1995), homopolymeric stretches may be hot spots
in the ND6 subunit. The results reported here have fully for nucleotide insertions because of stuttering of the
confirmed the power of this approach, which is based on mitochondrial DNA polymerase. In mouse mtDNA there
the selection of variants resistant to high concentration of are 25 homopolymeric stretches of six or more identical
rotenone, a specific inhibitor of Complex I. Of 11 randomly residues (Biblket al, 1981), and one could predict that a
chosen clones that had been adapted to grow in thesignificant proportion of the Complex I-deficient mutants
presence of 1.2uM rotenone, all showed a specific isolated among the rotenone-resistant mouse clones will
decrease in malate/glutamate-dependent@sumption. turn out to carry frameshift mutations. In fact, in the
As previously shown for the rotenone-resistant human cell previous analysis of the rotenone-resistant human cell
mutants, the rotenone resistance of the mouse mutantsvariants, four of the six Complex I-deficient mutants
was not transferred with mitochondria into mogSecells, investigated exhibited frameshift mutations in their
while their respiratory defect was, clearly indicating the mtDNA, which produced prematurely terminated polypep-
nuclear origin of the mutation responsible for the drug tides (Hofhaus and Attardi, 1993, 1995). It is intriguing,
resistance and the mtDNA origin of the mutation under- in this connection, that no frameshift mutation has so far
lying the putative Complex | deficiency. In particular, as been detected among the mtDNA mutations associated
suggested for the selection mechanism operating in thewith diseases in man. A plausible interpretation of this
isolation of the human cell mutants defective in Complex difference between thim vitro systems investigated pre-
I, it seems very likely that, also in the mouse system viously and in the present work and tirevivo situation
investigated here, the rotenone resistance was due to as that frameshift mutations within protein-coding genes
nuclear gene mutation pre-existing in A9 cells, and pos- are likely to be lethal. It should be mentioned that, in
sibly involving hyperexpression or amplification of the spite of the preferential occurrence of frameshift mutations
genes encoding the P-glycoproteins, the cell membrane-in mtDNA of the cell lines subjected to rotenone selection,
associated energy-dependent drug efflux pumps responsvariants carrying base substitutions have also been detected
ible for the multi-drug resistance phenotype (Endicott and among the rotenone-resistant human cell mutants (Hofhaus
Ling, 1989). Similarly, the Complex | deficiency of and Attardi, 1995) and mouse cell mutants (Y.Bai and
the selected rotenone-resistant mutants could reflect theG.Attardi, unpublished results).
occurrence in these of pre-existing mtDNA mutations
affecting one or the other of the genes coding for subunits Physiological effects of the ND6 frameshift
of the enzyme. As suggested for the human cell mutants, mutation
it is possible that a combination of a replicative advantage The absence of any mutation, other than the C insertion,
of the mutant mtDNA molecules, such as previously in the mtDNA genes of the 4AT1 transformant which
described for mtDNA carrying the mutation associated encode subunits of NADH dehydrogenase and the lack in
with the MELAS encephalomyopathy (Yoneda al, the original clone 4A or in the transformants of any
1992), and of the progressive adaptation to a glycolytic change in the rate or pattern of mitochondrial protein
metabolism accompanying the mutation amplification may synthesis, apart from the strong decrease in the intensity
have led to the selection of cells which the mutation had of the ND6 subunit band, have clearly indicated that the
made Complex I-independent and, therefore, insensitive physiological changes observed in these cell lines are only
to the relatively small amounts of rotenone leaking into due to the ND6 gene frameshift mutation. The trace
the cells. amounts of a band migrating as ND6, which were visible
In view of the fact that most of the mtDNA mutations in some of the protein synthesis patterns, possibly reflected
in protein-coding genes which are associated with diseasesa residual synthesis of this subunit. However, no evidence
in man occur in genes encoding subunits of Complex |, of any residues of wild-type gene was detected by DNA
the successful application to mouse cell lines of the sequencing or by allele-specific termination of primer
rotenone resistance selection scheme for isolation of extension in the mtDNA of clone 4A and of the five
mtDNA mutations affecting one or the other of these analyzed transformants.
subunits introduces a valuable approach towards the goal Polarographic analysis of the five 48° cell trans-
of constructing mouse models of such mutations. formants has revealed a drastic decrease in malate/
An interesting observation in the present work has been glutamate-dependent respiration rate to 8-15% of that
that the mutant mtDNA of the A9 rotenone-resistant measured in the contreP cell transformant@°LL/2-A9),
cell line most severely affected in its malate/glutamate- after normalization for differences in mtDNA content.
dependent respiration (clone 4A) consisted of a mixture More dramatically, enzymatic assays of NADH:Qxido-
of ~80% molecules carrying an insertion of a C residue reductase activity in sonicated mitochondrial membranes
in a row of six C residues and ~20% molecules carrying have detected in 4A and 4AT1 cells only 0.5-1.2% of the
two insertions of a C residue in the same stretch. Both activity measured in the parental lines. It is very likely
insertions created stop codons downstream and caused théhat the observed difference between the decrease in
formation of unstable, prematurely terminated translation enzyme activity and the decrease in €nsumption rate
products. In another rotenone-resistant A9 cell derivative, reflects a difference in sensitivity of the methods used. In
an insertion of an A residue in a stretch of eight A residues any case it is clear that very little, if any, Complex | activity
at positions 9818-9825 in the sequence encoding theis present in cells carrying the ND6 gene frameshifting
variable loop of the tRNAY in ~60% of the mtDNA mutation.
molecules has recently been detected (unpublished observ- As to the mechanism underlying the loss of enzyme
ations). These findings suggest that in mouse mtDNA, as activity caused by this mutation, the Complex | immuno-
previously found in human mtDNA (Hofhaus and Attardi, precipitation tests utilizing antibodies against a Complex
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| subunit (49 kDa) located in the peripheral arm or against mutations, is that it allows the isolation of knock-out
a mitochondrially synthesized subunit of the membrane mutants which may reveal in a more dramatic form the
arm (NDA4L) have clearly indicated a defective assembly functional role of a given subunit of the enzyme (Hofhaus
of the mtDNA-encoded subunits of the enzyme complex. and Attardi, 1993). In this connection, an interesting
The metabolic instability of these subunits, as revealed possibility suggested by the results presented in this work
by the pulse—chase experiments, presumably results fromis that the Complex | deficiencies caused by the pathogenic
their failure to assemble in the absence of ND6. Previously, ND6 mutations result from defective assembly of the
the essential role for the assembly of the membrane armmembrane arm, and that the membrane-spanning domain
of another subunit of the enzyme, the ND4 subunit, has mentioned above plays a crucial role in this assembly.
been demonstrated in human cells (Hofhaus and Attardi,
é993). In contrast, the absence of the ND5 subunit has Materials and methods

een shown not to affect the assembly of the membrane
arm in human cells (Hofhaus and Attardi, 1995) and in cCell lines and media
mouse cells (Y.Bai and G.Attardi, unpublished results).  All the cell lines used in the present work were grown in monolayer

As previously observed in human cells which lacked Sulture. The cell line A9 (ATCC CCL-1.4) is a derivative of the L mouse
the ND4 subunit due to a frameshifting mutation in the fibroblast cell line deficient in hypoxanthine/guanine phosphoribosyl

. . transferase and is thus resistant to 8-azaguanine and 6-thioguanine

corresponding gene, the NADH;Re(CN) oxidoreduct- (Littlefield, 1963) and incapable of growing in HAT medium (Freshney,
ase activity of the mitochondrial membranes was unaffec- 1994). This cell line was grown in Dulbecco’s modified Eagle’s medium
ted in the five transformants analyzed which carried the (02D RRICTEr e Bl o0 ot clone 4A was grown inihe above
ND6 g_ene frameshift m“tat'o!’- This result fully confirms mediugm supplemented with 18V rotenone. The mous% cell line LL/2
the evidence fron\.crassgWeisset al, 1991) and human  gertram and Janik, 1980; ATCC CRL-1642) was grown in DMEM
cells (Hofhaus and Attardi, 1993, 1995), which indicated supplemented with 10% FCS. The mtDNA-lgs5LL/2-m21 cell line,
that the assembly of the flavoprotein fragment is independ- a derivative of LL/2 cells (see below), was grown in DMEM supple-
ent of that of the membrane fragment. Therefore, it seemsMented with 10% FCS and 5@ of uridine per ml.

possible that the entire peripheral arm of the enzyme iS pyitochondria-mediated transformation

assembled in mutant cells. The mtDNA-lessp? LL/2-m21 cell line was isolated by a modification
of a method described earlier (Desjardetsal, 1985; King and Attardi,
Relevance for pathogenic ND6 mutations 1989), which involved treatment of LL/2 cells with high concentrations

; : ; .. of ethidium bromide, as will be reported in detail elsewhe®.cell
Still very little is known about the role of the ND6 subunit transformation by cytoplast fusion was carried out as described (King

in the electron-transfer and proton-pumping activities of 4nq Attardi, 1989), by fusing A9 or 4A mutant cells, which had been

Complex I. Useful information concerning the role of this enucleated by centrifugation in the presence of cytochalasin B, pRith

subunit in the respiratory function of the enzyme is coming LL/2-m21 cells in the presence of 40% polyethylene glycol 1500 (BDH).

from an analysis of the effects of mutations of the ND6 M}f\?‘:ho':j‘_"'a' “a”Sformapts(r‘:"ere 'So't?ed in D'_V'EMt S!Jpp'e(’j“?r:‘ted d"_"'th)
. . . . medium components oxantnine, aminopterin an miaine

gene which are associated with hu,man diseases. Indeed(Freshney, 1994) F;nd 10% %F():S The transforn'rn)ant clones v)\//ere sub-

among the mtDNA-encoded subunits of Complex I, the sequently cultured in DMEM medium with 10% FCS.

ND6 is one of the most frequently affected by primary

mutations associated with LHON. In particular, a mutation Chromosome analysis

at position 14 484 has been found to be associated with 10 distinguish the cybrids from hybrids among tipd LL/2m21
transformants, cells were arrested in metaphase by treatment with

pure LHON (JOhnS_Et al, _1992), or, in conjunc_tion With g 05 pg/ml colchicine for 3 h. Karyotype analysis was carried out as
a 4160 ND1 mutation, with LHON and dystonia (Howell described previously (Mitchell and Attardi, 1978).
et al, 1991). A mutation at position 14 459 has likewise .
been found in families exhibiting LHON and/or dyStonia "I?rfec%nesdlil{rrrfz?'t'hg'i:ﬁulr:égetgtf)e analyzed was changed with fresh
(Jun ?t al, 1.994)' Both _the _14 484 and the 14 4_59 medium (rotenone-free in the case of the original mutant cell lines) 24 h
mutations, which have arisen independently on mUl_“F_)le before the measurements, Gonsumption determination in intact cells
occasions, have been shown to cause Complex | deficien-was carried out as described previously (King and Attardi, 1989).
cies (Oostraet al., 1995; Juret al., 1996), with a resulting For measurements of J&onsumption in digitonin-permeabilized cells

; ; Stitza ; ; (Hofhauset al,, 1996), ~5<10° cells were resuspended in 1 ml of buffer
declrea_se IP 'I:‘TP SyntheSlS (OO L, :!'995)' A kllnetICh (20 mM HEPES pH 7.1, 10 mM Mggl 250 mM sucrose), and then
analysis of the 14 459 mutation-carrying Comp ex | has 100 g of digitonin (1pl of a 10% dimethylsulfoxide solution) in 1 m
revealed a reduction in th¥,, of the enzyme without  buffer was added. After incubation for 1 min at room temperature, the
any change in thé,,. Furthermore, evidence has been cell suspension was diluted with 8 ml buffer. The cells were rapidly
r r ing th he 14 4 m ion m [ter pelleted, and resuspended in respiration buffer (20 mM HEPES pH 7.1,
tﬁgoct)eednzsurggeg-b?néiﬁt tsife of C?ng Ig:(atl O(Jan ?Il alte 250 mM sucrose, 2 mM K-phosphate, 10 mM MgCl1.0 mM ADP).

y . g - p " The measurements were carried out in chambers of a YSI Model 5300
1996). Other_ mutations at positions 14 482, 14 498, 14 568 gjological Oxygen Monitor. The substrates (adjusted to pH ~7.0 with
and 14 596 in the ND6 gene have also been found to beNaOH) and inhibitors were added with Hamilton syringes. The final
associated with LHON (De Vriest al.,, 1996; Wissinger concentrations were as follows: 5 mM malate; 5 mM glutamate; 5 mM

. ; succinate; 5 mM glycerol-3-phosphate; 10 mM ascorbate; 0.2 mM

etal, 199.7’ quellet al, 1998)' I.t is remarkable th"?‘t all TMPD; 100 nM rotenone; 20 nM antimycin; and 1 mM KCN.
the mutations listed above occur in a stretch@&0 amino
acids near the N-terminus of the protein, which is the Enzymatic tests
most conserved portion of the ND6 polypeptide, and The mitochondrial fraction of the desired cell type was isolated from
appear to reside in a single membrane-spanning domain~0.5 ml packed cells as described previously (Storrie and Attardi, 1972),

- resuspended in 8 ml of 50 mM Tris pH 7.5 (4°C), and sonicated with a
(Feamley and Walker, 1992)‘ An advantage of the selection Branson sonifier for 40 s (four 10-s pulses separated by 15-s intervals)

approach ap_plied in this wprk to mouse Cultured cells, as on ice. Mitochondrial membranes were pelleted by centrifugation at
compared with the analysis of available disease-causing39 000 r.p.m. in a Beckman Ty65 fixed angle rotor for 60 min, and
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resuspended in 500 of the above buffer. The oxidoreductase activities
were measured, at a protein concentration ofi§6ml for Q, reduction
and 20pg/ml for K3Fe(CN) reduction, in medium containing 20 mM
Tris pH 7.5 (25°C), 1 mM KCN, 10uM NADH and either 50uM Q1
(Eisai Co., Japan) or 1 mM 4ke(CN). The reaction was monitored
by absorbance measurements at 275 nm for the reduction ;0f Q
(e = 12250 Mcn™?) and at 410 nm for the reduction of;Re(CNJ)

(e = 1000 McnY). The NADH:Q, oxidoreductase activity of the A9
and LL/2 control samples was98% sensitive to 100 nM rotenone.

Growth measurements

Multiple identical samples of 210*-2x10 cells (in different experi-
ments) were grown for 7 days on 10 cm Petri dishes in the appropriate
medium [DMEM, which contains 4.5 mg/ml glucose and 0.11 mg/ml
pyruvate, or DMEM lacking glucose and containing 0.9 mg/ml galactose
and 0.5 mg/ml pyruvate (Hayasét al, 1991), both supplemented with
10% dialyzed FCS], and counted on a daily basis. Both floating and
attached cells were counted.

Mitochondrial protein synthesis analysis

To measure the rate of mitochondrial protein synthesis, pulse-labeling
experiments with3°S]methionine were performed according to Chomyn
(1996). Samples of 210° cells of the desired type were plated on
10 cm Petri dishes, incubated overnight, washed with methionine-free
DMEM, and then incubated for 7 min at 37°C in 4 ml of the same
medium containing 10Qig/ml of the cytoplasmic translational inhibitor
emetine. Thereafter,3{S]methionine [0.2 mCi (1175 Ci/mmol)] was
added, and the cells were incubated for 20-30 min. To test the
stability of the mitochondrial translation products, pulse—chase labeling
experiments were performed (Chomyn, 1996). Samplesxdf(® cells

were plated on 10 cm Petri dishes, and grown for 22 h in the presence
of 40 ug/ml of the mitochondrial translational inhibitor chloramphenicol
(CAP), in order to allow accumulation of the nuclear-encoded subunits
of the OX-PHOS complexes and, therefore, facilitate the incorporation
into these complexes of the mtDNA-encoded subunits synthesized after
the removal of CAP. Labeling was carried out as described above, except
that emetine was replaced with cycloheximide, and incubation time with
[35S]methionine was extended to 2 h; thereafter, the cells were washed
and subjected to a 19 h chase in complete unlabeled medium in the
absence of cycloheximide to allow incorporation of the labeled mtDNA-
encoded subunits into the complexes. The labeled cells were trypsinized,
washed and lysed in 1% sodium dodecyl sulfate (SDS). Samples
containing 30-5Qug of protein were electrophoresed through an SDS—
polyacrylamide gel (15—-20% exponential gradient).

Immunoprecipitation experiments

Approximately 5<107 pulse-chase labeled cells were pelleted, and
mixed with 2<10° unlabeled cells of the same type to yield ~0.5 ml of
packed cells. The mitochondrial fraction was isolated from these cells
by homogenization and differential centrifugation, and lysed with 0.5%
Triton X-100 (Mariottini and Chomyn, 1996). Samples of J&pprotein
were incubated at 4°C with 72y y-globulins from an antiserum against
the bovine 49 kDa subunit (Chomyt al, 1986), or from an antiserum
against the C-terminal heptapeptide of the human mtDNA-encoded
subunit ND4L (Mariottiniet al., 1986), or from a normal rabbit serum.
Immunocomplexes were bound to formaldehyde-fix@&dphylococcus
aureus (Zysorbin; Zymed Laboratories, San Francisco, CA) (Chomyn
et al, 1985), pelleted and washed repeatedly by centrifugation and
resuspension. The protein was eluted from the immunoadsorbent in the
final pellets with 1% SDS, 5 mM Tris—HCI pH 8, 1 mM phenylmethyl-
sulfonyl fluoride, and electrophoresed through a SDS-polyacrylamide
gel (15-20% exponential gradient).

DNA analysis
For mtDNA sequencing, total DNA samples were isolated from cells
with an Applied Biosystems 340A DNA extractor, and then subjected
to PCR amplification of the ND6 gene, using the primers ND&-and
ND6-3-1 (see below). DNA sequencing of the purified product was
carried out by the ABI PRISM™ Dye Terminator Cycle Sequencing Core
(Perkin-Elmer), using the primers ND8-2 and ND6-3-2 (see below).
The mtDNA content of the various cell lines was determined, at the
time of O, consumption measurements, by DNA transfer hybridization
of total cell DNA carried out with a slot-blot apparatus (Yonedal.,
1994). For this purpose, samples ok 20° cells were lysed in PCR
buffer containing 1% NP-40 and 1Q@ proteinase K/ml, incubated for
1 h at 55°C and then for 10 min at 95°C, blotted in triplicate and
hybridized with a mixture of three mouse mtDNA-specific probes

Mouse cell mutant deficient in ND6 subunit of Complex |

[plasmid MumX1.9, containing the mouse mMtDNA sequence from
position 8984 to 10 907, plasmid MumX5.1, containing the mtDNA
sequence from position 10907 to 15973, and plasmid MumX?7.6,
containing the mtDNA sequence from position 953 to 8529 (Ribhl,,
1981)]. In view of the very limited variability in chromosome number
per cell which has been found in tp8LL/2-derived transformant cell
lines analyzed (45-48 ip°LL/2-A9 and fivep®LL/2—4A transformants),

the normalization of the hybridization data to an equal nhumber of cells,
according to the protocol described above, is substantially equivalent to
a normalization to an equal amount of nuclear DNA.

Quantification of the mtDNA frameshifting mutation (a C insertion
in a row of six C residues at positions 13 879-13 884) was carried out
by allele-specific termination of primer extension (Hofhaus and Attardi,
1995). For this purpose, the PCR-amplified fragments were used as
templates, and the’ ®nd32P-labeled ND6PE oligodeoxynucleotide (see
below) was used as a primer in 1:1 molar ratio. Nucleoside triphosphate
concentrations were 10AM for dCTP and 300uM for ddTTP. The
mixtures were heated to 95°C for 3 min, and then cooled to 45°C for
5 min, to 37°C for 10 min, and finally chilled on ice. After addition of
1 pl of 1:8 diluted Sequenase (Amersham), the mixtures were incubated
at 45°C for 5 min. The reaction products were denatured and separated
on a 50 cm-long 20% polyacrylamide—6 M urea gel. Quantification of
the intensity of the bands was done by using a Phosphorimager
(Molecular Dynamics) and the IMAGE-QUANT program. The sequences
of the primers used were:

ND6-5'-1 (positions 13 443-13 466):
CACACAAACATAACCACTTTAACA
ND6-3'-1 (positions 14 202-14 181):
GTAGGTCAATGAATGAGTGGTT
ND6-5'-2 (positions 13 496—13 520):
CTTTATATCATTCCTAATTAACATC
ND6-3'-2 (positions 14 164-14 143):
TGGGTGTGTTTTTCGTATGTTTG
ND6PE (positions 13 855-13 878):
CGTATATCCAAACACAACCAACAT

The sequences of the ND1, ND2, ND3, ND4, ND4L and ND5 genes
were determined by PCR amplification of appropriate overlapping
fragments and sequencing of the purified products. For this purpose, 18-
to 20-nt primers were used, with the starting positions of thprBners
being 2653, 2679, 2951, 3231, 3751, 3851, 4171, 9202, 9312, 9751,
10 124, 10176, 10 451, 10 781, 11 613, 11 785, 12 186, 12 761, 12 968
and 13 381, and the starting positions of thep8imers being 3520,
3796, 3835, 4750, 5030, 5100, 9900, 10 282, 10 351, 11 030, 11 320,
11 610, 11 644, 11917, 12 248, 12 912, 13 556 and 13 609.
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