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Abstract
Human mitochondria contain a circular genome called mitochondrial DNA (mtDNA). It encodes
subunits of the respiratory chain enzymes involved in energy conservation in oxidative
phosphorylation and the necessary RNA needed for their expression. Errors in these genes have been
shown to cause diseases, called mitochondrial diseases, which mainly affect tissues with high energydemand, such as brain, heart, and skeletal muscle, or to lead to the production of harmful by-products
in the form of reactive oxygen species (ROS) during cellular respiration. ROS damage lipids,
proteins, and DNA, especially mtDNA. Accumulation of mtDNA mutations has also been associated
with aging.
Mitochondrial complex I is located in the inner mitochondrial membrane and catalyzes NADHubiquinone oxidoreduction coupled to the translocation of four protons from the inside of the
mitochondrion to the intermembranous space. Bacteria contain a homologous but simpler enzyme,
NDH-1, with the same catalytic mechanism and which is therefore considered the catalytical core of
mitochondrial complex I. Seven of the conserved membranous subunits in complex I are encoded in
the mtDNA and are targets for mutations causing mitochondrial diseases, like MELAS syndrome or
Leber hereditary optic neuropathy (LHON).
We used Paracoccus denitrificans and Escherichia coli NDH-1 enzymes to reveal the role of
selected conserved charged residues and MELAS or LHON amino acid substitutions in enzyme
catalysis. The growth phenotypes and NDH-1-dependent activities in mutant bacterial membranes
were characterized, in addition to the sensitivity to selected complex I inhibitors. In order to enable
ROS production measurements in the bacterial model of human mitochondrial diseases, we evaluated
the reliability of two superoxide detecting probes, lucigenin and coelenterazine.
Elimination of the acidic residue in ND1 (position E228) previously found to cause MELAS, was
found detrimental for NDH-1 assembly and activity. Also, elimination of the acidic residue at
position E36 in ND4L resulted in an inactive enzyme. ND1-E216A, ND4L-E72Q and -E36Q/I39D/
A69D/E72Q substitutions decreased NDH-1 activity somewhat (normal activity in the last mutant),
but displayed a negative growth phenotype under NDH-1 dependent conditions, suggestive of
impaired energy conservation in these mutants. ND1-Y229, whose substitution causes MELAS,
charged residues in loop five of ND1, and ND1-E157, whose substitution causes LHON, were also
found important for the enzyme activity.
Coelenterazine was found a reliable probe for quantitative superoxide production measurement in
mitochondrial or bacterial membranes, and its sensitivity is not affected by the reduction level of the
respiratory chain. Therefore, coelenterazine is suitable for quantitative superoxide production
measurements.

Keywords: chemiluminescent measurements, Leber hereditary optic neuropathy, MELAS,
NADH dehydrogenase (quinone), site-directed mutagenesis, superoxide, ubiquinone
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1 Introduction
According to the second principle of thermodynamics, every system endeavours towards
a less organized state; in other words, entropy tends to increase. Therefore, every living
organism needs to use energy to maintain its organized state. In addition, active transport,
biosynthesis, and mechanical work consume energy that the organism has to collect from
its surroundings.
Organisms can be divided into two categories on the basis of whether or not they have
to rely on other organisms for their energy production. Autotrophic organisms are capable
of collecting energy from their surroundings in order to assemble inorganic precursors
into the required array of organic macromolecules. Most autotrophs use sunlight as their
energy source. Heterotrophic organisms, like human beings, liberate the necessary energy
from organic molecules originally produced by autotrophic organisms.
The “invention” of photosynthetic energy production in cyanobacteria initiated the
accumulation of oxygen in the earth’s atmosphere as a metabolic by-product some 2300
million years ago. Oxygen was recruited into the energy metabolism of early aerobic
organisms because more energy could be conserved when oxygen is used as the terminal
electron acceptor in the oxidation of organic molecules than with less effective oxidants
such as nitrogen oxide. An early heterotrophic anaerobic organism, either an
archaebacterium or a nucleus-containing eukaryote, acquired the oxygen consumption
capability by fusion with an aerobic α-proteobacterium, the progenitor of the present-day
mitochondrion. Almost all the genes responsible for mitochondrial biogenesis and
function have been transferred into the eukaryote cell nucleus, leaving only thirteen genes
responsible for the synthesis of hydrophobic subunits in the energy conserving machinery
(also called the respiratory chain) within the present day mitochondrion, and the
necessary genes for the RNA required in the translation of these structural genes. This
residual circularly arranged genetic information is called the mitochondrial DNA
(mtDNA).
The present day mitochondrial respiratory chain in the animal kingdom is organized
into five enzyme complexes (called complexes I to V), bound to the inner mitochondrial
membrane. Three of them, complexes I, III, and IV, contribute to the build-up of
electrochemical potential across the mitochondrial inner membrane by translocating
protons from inside the mitochondrion (matrix) to the intermembrane space. The

electrochemical charge generated can be utilized by complex V to drive a chemical
reaction, which conserves energy in the form of a high-energy bond between phosphate
groups in adenosine triphophate (ATP), the energy currency of the cell.
The prevailing principle of mitochondrial energy conservation was originally proposed
by Peter Mitchell in 1961, when he published the chemiosmotic theory (Mitchell P.
1961). The original proposition about respiratory chain function stated that respiratory
enzymes form a series of redox loops, where electrons are transferred from the outside to
the inside of the membrane and are then co-transported back across the membrane by
hydrogen carriers like flavins and quinols, with concomitant consumption of protons on
the matrix side and release of them on the outer side. Because there is an apparent
disproportion in the numbers of available electron and hydrogen carriers, the theory had
to be modified. Still, the general principle of chemiosmosis has stood subsequent testing.
Even the Q-cycle mechanism of function of complex III is a brainchild of Peter Mitchell
(Mitchell 1975). The problems in explaining energy conservation by complex IV were
solved by Mårten Wikström’s discovery of proton pumping by cytochrome oxidase
(Wikström 1977), a concept which Mitchell did not initially accept (Moyle & Mitchell
1978). In contrast to the other mitochondrial energy conserving sites, the exact
mechanism of complex I function has remained enigmatic in many ways.

2 Review of the literature
2.1 Mitochondrial genome
2.1.1 Organization of the human mitochondrial genome
Human mitochondrial DNA (mtDNA) is a circular, double-stranded 16.6 thousand basepair molecule located in the mitochondrial matrix and contains 37 genes (Anderson et al.
1981). Thirteen genes encode polypeptides: seven subunits of complex I, one subunit of
complex III, three subunits of complex IV, and two subunits of complex V (Fig. 1). Other
genes encode RNA needed for protein expression, namely two ribosomal RNA genes and
22 transfer RNA genes. There are also two non-coding regions in mtDNA, namely the
1.1-kb displacement loop (D-loop), also called the control region, containing the main
transcription and replication control sites, the origin of replication for the heavy strand,
and promoter regions for both the heavy and light strands. The second non-coding region
is located between 5744-5763 and contains the origin of replication for the light strand.
See for a review (Fernandez-Silva et al. 2003).

2.1.2 Mitochondrial genetics
Contrary to the nuclear genome, the human mitochondrial genome is inherited strictly
from the maternal line (Hutchison, III et al. 1974), whereas the paternal mtDNA entering
the oocyte is selectively and actively eliminated by a ubiquitin-dependent mechanism
(Sutovsky et al. 1999). One exception to this rule has been found recently in a patient
with mitochondrial myopathy, who harbored paternal mtDNA in muscle tissue (Schwartz
& Vissing 2002).
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Fig. 1. Human mitochondrial DNA (16.6 kb) and disease associated mutations affecting the
subunit genes of complex I. The two most common MELAS mutations (A3243G and T3271C)
are also included. Confirmed pathogenic mutations are highlighted (Mitomap,
www.mitomap.org, February 2006). Complex I genes are named ND’s. Genes for the subunits
of other complexes are labeled as: COX, cytochrome c oxidase (complex IV); ATP, ATP
synthase (complex V); CYT, cytochrome bc1 oxidoreductase (complex III). Abbreviations:
AD, Alzheimer’s disease; CPEO, chronic progressive external ophthalmoplegia; ESOC,
epilepsy, strokes, optic atrophy, and cognitive decline; LDYT, Leber hereditary optic
neuropathy and dystonia; LHON, Leber hereditary optic neuropathy; MELAS,
mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes; NCR, non-coding
region (including the origin of replication for the light strand); PD, Parkinson’s disease;
SNHL, sensorineural hearing loss.
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All human cells contain a dynamic reticulum of mitochondria with abundant
mitochondrial genomes, yielding 500-100 000 mtDNA molecules per cell (Satoh &
Kuroiwa 1991). Mutated mtDNA often co-exists with wild-type molecules, a condition
known as heteroplasmy, and can be found at the organelle, tissue, or organ level. There
are limits to the mutation load a tissue can tolerate without the expression of biochemical
defects leading to clinical manifestation, a phenomenon termed the threshold effect. For
example, when the ratio of mtDNAs carrying the MELAS (see section 2.4.1.1) or
MERRF (Myoclonic Epilepsy and Ragged Red Muscle Fibers) mutations to wild-type
mtDNAs exceeds 85 %, a phenotypic expression is typically seen (Kobayashi et al. 1991,
Boulet et al. 1992). Certain tissues that are highly dependent on oxidative
phosphorylation, like the brain, heart, and skeletal muscle, have a lower threshold level,
which makes these tissues particularly vulnerable to mitochondrial disease, for a review
see (DiMauro & Schon 2003).
A human oocyte contains approximately one hundred thousand mtDNA molecules
which constitute the potential genetic pool that will segregate to the daughter cells (Chen
et al. 1995). However, the mtDNA population is reduced significantly at some early stage
of ontogenesis (possibly in premigratory primordial germ cells) to a relatively small
number of genomes, which are used for further replication (Hauswirth & Laipis 1982).
The size of the replicating population has been estimated to be between one and two
hundred molecules, depending on the mathematical model used in calculation, see a
review in (Poulton et al. 1998). This apparently random genetic drift (Brown et al. 2001,
Jenuth et al. 1996), due to the active or passive selection of replicating molecules, leads
to the rapid segregation of mtDNA between generations and tissues. It is known as the
genetic bottleneck. There is also evidence that the tissue distribution and segregation of
mtDNA molecules might not always be random (Chinnery et al. 1999, Battersby &
Shoubridge 2001).
The mitochondrial genome has been reported to accumulate mutations ten times faster
than the nuclear genome (Brown et al. 1979, Wallace et al. 1987). Three explanations for
the high mutation rate have been put forward: (1) mtDNA lacks protective histone
proteins, (2) DNA repair mechanisms are imperfect, and (3) the physical vicinity of
mtDNA to the reactive oxygen species (ROS)-generating respiratory chain predisposes it
to damage. However, mitochondrial DNA has been found to be organized in protein
complexes in yeast (Miyakawa et al. 1984), in higher eukaryotes (review in Bogenhagen
et al. (2003)), and also in humans (Lehtinen et al. 2000, Jacobs et al. 2000). Also,
evidence for the existence of mitochondrial DNA repair mechanisms has been obtained
(Dianov et al. 2001). Although base excision repair, mismatch repair, double-strand break
repair, and recombination activity have been observed, the nucleotide excision repair
activity appears to be missing in mitochondria (Clayton et al. 1974, Bogenhagen 1999,
Coffey et al. 1999). This leaves the ROS-induced damage as the most probable reason
behind the high mutation rate.
The high mutation rate and the practically absent recombination makes mitochondrial
DNA variation a very convenient tool for human evolution and migration studies
(Johnson et al. 1983, Cann et al. 1987, Horai et al. 1995, Quintana-Murci et al. 1999,
Caramelli et al. 2003). Any two human individuals can be distinguished from each other
by an average of a 60-nucleotide pair wise sequence difference (Ingman et al. 2000).
Ancient polymorphisms can be used to determine continent-specific mtDNA lineages,
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also called haplogroups. Most of these variations are thought to be neutral or nearly
neutral according to the neutral theory of molecular evolution (Kimura 1968).

2.2 Mitochondrial disease
Before the discovery of the respiratory chain defects behind the mitochondrial diseases, a
phenotypic classification of mitochondrial encephalomyopathies was used. Due to
significant efforts in bioenergetics and mitochondrial genomics, the knowledge about the
respiratory chain enzymes and their genes has increased significantly. The enzyme
proteins in the respiratory chain are encoded by the genes in mtDNA, supplemented by
the more than 70 subunit genes encoded in the nuclear genome, whose products are
imported into the mitochondrion through the protein import complexes, a review in
(Chacinska & Rehling 2004). The mitochondrial respiratory chain can be affected by
mutations in either the mitochondrial genome or the nuclear genome alone, reviews can
be found in (Sue & Schon 2000, DiMauro & Andreu 2000), or as a result from defects in
intergenomic communication, for a review see (Hirano & Vu 2000). Mitochondrial
diseases as a whole include defects in all mitochondrial functions, such as β-oxidation,
pyruvate or carnithine metabolism, the Krebs cycle, the urea cycle, and mitochondrial
iron metabolism, in addition to the classical mitochondrial disease affecting the
respiratory chain. Here, I focus on the mitochondrial diseases that result from mtDNA
defects.

2.2.1 Mutations in mtDNA
The first two pathological mtDNA mutations, resulting in two distinct mitochondrial
disorders, were found in 1988 (Wallace et al. 1988, Holt et al. 1988). Since then, the
number of known pathological mtDNA mutations has been ever increasing.
To be considered pathogenic, the observed mtDNA nucleotide change should meet the
following criteria (DiMauro & Schon 2001, McFarland et al. 2004):
1. The mutation must not be a known neutral polymorphism;
2. The base change must affect an evolutionally conserved and functionally important
site;
3. Deleterious mutations are usually heteroplasmic (although several exceptions exist);
4. The degree of heteroplasmy should be in agreement with
a) the clinical severity of symptoms between maternal relatives,
b) the clinical symptoms in the involved tissue, and
c) the segregation of the biochemical defect.
Pathogenic mutations in mtDNA can be classified into two groups (DiMauro & Schon
2003): mutations in the protein-coding genes and mutations affecting mitochondrial
protein synthesis (i.e. transfer-RNA or ribosomal-RNA genes). The mutations range from
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large-scale deletions to single base pair substitutions. Despite the vast amount of
information about mtDNA genotype changes associated with different human
pathological conditions, the mechanistic details in the production of the wide spectrum of
phenotypes are only fragmentarily understood.

2.2.2 Polymorphisms in mtDNA as a risk factor
In addition to apparently pathogenic mtDNA mutations and neutral polymorphisms, there
are mutations that fall in between these two groups. These slightly deleterious mutations
are not sufficient alone to produce a clinical phenotype and might be considered a risk
factor for disease. There are observations about an increased occurrence of rare mtDNA
polymorphisms in certain disease groups compared to age-matched controls. The
accumulation of mildly deleterious mutations may be considered as a risk factor in
developing, for example, sensorineural hearing impairment (Lehtonen et al. 2003),
bipolar affective disorder (Kirk et al. 1999), or type 2 diabetes mellitus (Sherratt et al.
1999). Sun and co-workers in a pedigree study estimated that 55 % of hypertension
patients might have a disorder that involves mtDNA mutations; the corresponding value
for type 2 diabetes was estimated to be 22 % (Sun et al. 2003). However, functional
evidence about this involvement is still missing.

2.2.3 Impact of reactive oxygen species and mitochondria on aging
The first link between metabolism and life span has been proposed by Pearl in the 1920s,
when he presented the “rate of living” hypothesis that linked the metabolic rate of an
organism to its longevity (Pearl 1928). Later, aging and degenerative diseases have been
associated with the deleterious effects of free radicals on cell components in the “free
radical theory” of aging (Harman 1956). The first evidence of cellular free radical
production was obtained when the enzyme superoxide dismutase (SOD) was discovered
(McCord & Fridovich 1969).
Reactive oxygen species (ROS), superoxide (O2•-), and hydrogen peroxide (H2O2) are
the most prominent harmful by-products of cellular respiration in mitochondria (Loschen
et al. 1971, Boveris & Cadenas 1975). Superoxide has a short life and is rapidly
converted into hydrogen peroxide by the superoxide dismutase enzyme or by
spontaneous disproportionation. Hydrogen peroxide can react further with transition
metals (such as Fe2+ or Cu+) in a Fenton reaction and give rise to the most aggressive
ROS, the hydroxyl radical. In a mouse model, the relevance of ROS production in
mitochondria to an organism’s vitality has been shown with mitochondrial SOD-2 and
glutathione peroxidase knock-outs, which result in lethal phenotype at two weeks of age
and growth retardation, respectively (Melov et al. 1999, Esposito et al. 2000). ROS
damage lipids, proteins, and nucleotides in mitochondria. The defects in mtDNA lead to
the synthesis of functionally impaired respiratory chain subunits, which is proposed to
increase ROS production and lead to a vicious cycle of exponentially increasing damage
to mtDNA (Harman 1972).
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Transgenic mouse experiments with a proofreading-deficient mtDNA polymerase have
recently shown that elevated levels of mtDNA mutations appear to promote premature
aging and cardiomyopathy, apparently via an apoptotic mechanism that does not, in the
present light, include increased oxidative stress (Zhang et al. 2003, Trifunovic et al. 2004,
Mott et al. 2004, Kujoth et al. 2005, Trifunovic et al. 2005). These findings, in other
words, disagree with the vicious cycle hypothesis.

2.2.4 Detection of respiratory chain-produced superoxide
The direct measurement of superoxide production is challenging because of its shortlived nature, for a review see (Fridovich 1974). Lucigenin chemiluminescence has been
widely used for O2•- detection because of its high sensitivity, although the molecule needs
to be reduced with one electron before the detection of O2•- can occur (a review in
(Faulkner & Fridovich 1993)), and enzymatic systems have been shown to do the
reduction much more efficiently than another molecule of superoxide (Li et al. 1999).
Lucigenin has also been claimed to directly produce O2•- by redox cycling (Spasojevic et
al. 2000), although the relevance of this phenomenon has been challenged by others
(Rembish & Trush 1994, Afanas'ev et al. 1999).
Major sites of superoxide production in the mitochondrial respiratory chain are
complexes I and III (Cadenas et al. 1977). The exact site for electron leakage within
complex I is still under debate. The primary candidates for the electron donor to oxygen
are the iron-sulphur cluster N2 (Genova et al. 2001), ubisemiquinone binding region
(Lambert & Brand 2004), and FMN (Galkin & Brandt 2005), or more precisely, a second
nucleotide binding site proposed to be operating in reverse electron flow (like succinatesupported NAD+ reduction) (Vinogradov & Grivennikova 2005). Increased ROS
production has been shown in LHON mutation-carrying cybrid cells (Wong et al. 2002).
The site of O2•- production within complex I harboring human pathogenic mutations has
not been studied thus far.

2.2.5 Role of Complex I in mitochondrial pathologies
2.2.5.1 MELAS
Mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes syndrome
(MELAS, OMIM #540000) has been first described by Pavlakis and colleagues in 1984
(Pavlakis et al. 1984). The syndrome was initially defined as consisting of episodic
vomiting, seizure, encephalopathy, migraine-type headache, and recurrent stroke-like
episodes causing hemiparesis, hemianopsia, or cortical blindness. The patients had
normal early development, displayed short stature and lactic acidemia, and muscle biopsy
samples contained ragged red fibers. (Goto et al. 1992, Ciafaloni et al. 1992, Hirano &
Pavlakis 1994) Later, the phenotypic spectrum has been found to be wider, as also
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ophthalmoplegia, optic atrophy, pigmentary retinopathy, diabetes mellitus, heart block,
myoclonus, and sensory neuropathy are associated with MELAS (Manouvrier et al. 1995,
Latkany et al. 1999, Latvala et al. 2002). In addition, several overlap syndromes have
been described (Pulkes et al. 1999, Liolitsa et al. 2003, Crimi et al. 2003, Kirby et al.
2003, Blakely et al. 2005, Abu-Amero et al. 2005).
The A3243G mutation in the tRNALeu(UUR)-gene has been found to be responsible for
MELAS by Goto and co-workers in 1990 (Goto et al. 1990). This mutation is the most
common MELAS mutation, found in 80 % of patients (Goto et al. 1990, Hammans et al.
1991), with the next being the T3271C mutation accounting for 10 % of patients (Goto et
al. 1991). Several other tRNA mutations have been found responsible for MELAS, but
the tRNALeu(UUR)-gene harbors the most (seven out of the total eleven tRNA mutations
[www.mitomap.org, February 2006]). Surprisingly, mutations in subunit genes of the
respiratory chain enzymes have also been found to cause MELAS, the affected subunits
in complex I being ND1, ND4, ND5, and ND6 (see Fig. 1) (Lertrit et al. 1992, Ravn et
al. 2001, Liolitsa et al. 2003, Kirby et al. 2004, Blakely et al. 2005).
The activities of complexes I and IV have been shown to inversely correlate with the
percentage of A3243G mutations in patient muscle samples and osteosarcoma-derived
cybrid cells, with a larger decrease in complex I than in complex IV activity (King et al.
1992, Koga et al. 1993, Mariotti et al. 1995, Dunbar et al. 1996). The pathogenic
mechanism for the common A3243G mutation has been hypothesized to involve
abnormal processing steps of the mutated pre-tRNALeu(UUR) leading to reduced levels of
functional transfer-RNA that participates in mitochondrial protein synthesis (Rossmanith
& Karwan 1998, Levinger et al. 2003). Also, the post-transcriptional base modification of
the anticodon wobble position in tRNALeu(UUR) in A3243G and T3271C mutations has
been found defective, possibly resulting in defective codon-anticodon recognition or
decreased rate of mitochondrial protein synthesis (Yasukawa et al. 2000). King and coworkers suggested that the disproportional complex I deficiency results from inaccurately
processed mRNA due to the common A3243G mutation (the tRNALeu gene resides next
to the ND1 gene) leading to an N-terminally truncated ND1 subunit (King et al. 1992),
but this could not be verified by mRNA analysis (Koga et al. 1993). After all, the
hypothesis providing the most solid ground at the moment appears to be the defective
codon-anticodon recognition proposed by Yasukawa et al. (2000), because the lack of
taurine modification at the wobble position of the UUR-anticodon produced similar
translation defect as the MELAS or MERRF mutations (Kirino et al. 2004).
Kirby and co-workers (2004) found mutations G3946A and T3949C in the human
ND1 subunit gene to cause MELAS. These mutations alter highly conserved amino acids
within a conserved loop facing mitochondrial matrix. A specific deficiency of complex I
activity was shown in both skeletal muscle and cultured fibroblasts. They also showed
that the level of assembled complex I was significantly reduced in mitochondria isolated
from fibroblasts cultured from patients carrying these mutations. Patient tissues were 3793 % heteroplasmic for the mutation in question, with the lowest mutation load in blood
and the highest in muscle tissue. The T3949C mutation had constantly higher mutation
load when compared to the G3946A mutation.
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2.2.5.2 LHON
Leber hereditary optic neuropathy (LHON, OMIM #535000) is characterized by acute to
subacute bilateral painless loss of central vision in young adults, with male
predominance, and defined as a clinical entity by Leber (Leber 1871). The onset of the
LHON acute phase is characterized by circumpapillary telangiectatic microangiopathy
and swelling of the nerve fiber layer without leakage on fluorescein angiography (Smith
et al. 1973, Nikoskelainen et al. 1983, Nikoskelainen et al. 1984). Optic nerve atrophy
and centrocecal absolute scotoma develop usually within weeks in one eye, followed by
the other eye after a mean interval of 2 months (Nikoskelainen 1994). A relative sparing
of the pupillary light response is seen (Wakakura & Yokoe 1995). The final visual
outcome varies and occasionally patients experience a marked visual recovery after the
acute phase, and both are dependent on the genotype (Mackey & Howell 1992, Oostra et
al. 1994, Riordan-Eva et al. 1995, Nikoskelainen et al. 1996).
LHON is maternally inherited via the mitochondrial genome, and the G11778A
primary mutation was the first reported mitochondrial point mutation associated with
human disease (Wallace et al. 1988). The three common mutations, G3460A/ND1-A52T,
G11778A/ND4-R340H, and T14484C/ND6-M64V, account for 96 % of the diagnosed
patients, as reviewed in (Man et al. 2002) and result in amino acid substitutions in the
membrane domain of the mitochondrial complex I enzyme. Several other replacement
mutations have been found in association with LHON, most in the ND genes of complex
I, but mutations affecting subunits of complexes III and IV and F1Fo-ATP-synthase have
also been reported (Johns & Berman 1991, Brown et al. 1992a, Brown et al. 1992b,
Johns & Neufeld 1993, Johns et al. 1993, Huoponen et al. 1993). The ND1 and ND6
genes are the hot spots for LHON mutations (Chinnery et al. 2001, Valentino et al. 2004),
carrying 10 and 7 gene positions, respectively, associated with LHON
(www.mitomap.org, May 2005).
Hypotheses of the primary cause for the disease include complex I-dependent
impairment of mitochondrial respiration, as found with the ND1-A52T and ND4-R340H
mutations (Majander et al. 1991, Smith et al. 1994, Majander et al. 1996), impairment of
proton pumping and/or ATP production, shown in transmitochondrial hybrid cell lines
carrying each of the common mutations, but to a lesser degree with the ND4-R340R
mutation (Guy et al. 2002, Baracca et al. 2005), and increased ROS production (or
increased sensitivity to oxidative stress), as found in the ND1-A52T and ND4-R340H
mutant neuronal cybrid cell model (Wong et al. 2002). Cell death appears to occur by an
apoptotic mechanism (Danielson et al. 2002, Ghelli et al. 2003).
Members from two non-related families have recently been reported to fulfill the
clinical criteria for LHON and to harbor a homoplasmic G→A transition in the nucleotide
position 3733, which has never been published in human populations (Valentino et al.
2004). This mutation changes a strictly conserved glutamate-143 into lysine in the ND1
subunit of human enzyme and was considered pathogenic by the authors. Half of the
affected eyes showed evidence of visual recovery. The penetrance of the G3733A
mutation was approximately 50 % in the homoplasmic individuals. The non-affected
members of the families who were homoplasmic or heteroplasmic for the mutation did
not show any ophthalmological abnormalities, including the absence of microangiopathy.
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In contrast to the common G3460A, G11778A, and T14484C mutations (Man et al.
2002), the male to female ratio of patients in these families is equal. (Valentino et al.
2004)
Biochemical evaluation revealed that the assembly-normalized complex I activity is
normal in platelet submitochondrial particles derived from G3733A mutation carrying
patients. However, the mutant enzyme shows lower affinity to rotenone compared to
controls. Also, the post-exercise resynthesis of phosphocreatinine was found to be slower
in the calf muscle of four patients than in the reference. (Valentino et al. 2004)

2.3 Complex I
Mitochondrial complex I is located in the inner mitochondrial membrane and catalyzes
NADH-ubiquinone oxidoreduction coupled to the translocation of four protons from the
inside of the mitochondrion to the intermembranous space. Bacteria contain a
homologous but simpler enzyme, NDH-1, with the same catalytic mechanism.

2.3.1 Subunits
Mammalian mitochondrial complex I consists of 46 subunits (Carroll et al.
2003),(Fearnley & Walker 1992) while bacterial complex I has been shown to contain
only 14 subunits in Paracoccus denitrificans and Rhodobacter capsulatus, and 13 due to
gene fusion in Escherichia coli, see reviews in (Yagi et al. 1993, Weidner et al. 1993,
Dupuis et al. 1995, Finel 1998). The bacterial enzyme subunits show homology to the 14
conserved subunits of mitochondrial complex I, and these subunits are considered to form
the catalytic core of the enzyme (Yagi et al. 1993, Dupuis et al. 1995, Leif et al. 1995).
The exact roles of the accessory subunits in mitochondrial complex I are not known.
Some of them display homology to proteins with a totally different function, like the 10kD subunit homologous to the acyl carrier protein (Sackmann et al. 1991, Runswick et al.
1991) or the NAD(P)H binding motif-containing 40-kD subunit showing similarity to βhydroxysteroid dehydrogenases, reviews in (Fearnley & Walker 1992, Friedrich et al.
1995). The role of the residual accessory subunits is currently unknown, but there is some
evidence that they might have a chaperone-like function in assembly and/or a stabilizing
role for the enzyme (Marques et al. 2005, Brandt et al. 2005, Sazanov & Hinchliffe
2006). Also, a role in insulating the electron transfer pathway(s) from the surrounding
medium and oxygen in order to prevent the formation of deleterious free oxygen radicals
like superoxide or hydrogen peroxide has been proposed (Friedrich & Weiss 1997).
The 14 core subunits can be evenly grouped into two classes, hydrophilic and
hydrophobic subunits. This classification is also considered to apply to the localization
within the enzyme complex into the promontory arm (fractions FP and IP) or the
membrane arm (HP, see Table 1). The seven membranous core domain subunits (ND1-6
and ND4L) in mitochondrial complex I are encoded in the mitochondrial genome. For
clarity, bovine nomenclature for the subunits will be used below unless otherwise
indicated.
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Table 1. Complex I core subunits in mitochondria and bacteria.
Fraction1
FP
IP

HP

1

Bovine

E. coli
3

P. denitrificans

Properties2

51 kD

NuoF (49.5)

Nqo1

NADH binding site, FMN, N3

24 kD

NuoE (18.6)

Nqo2

N1a

75 kD

NuoG (100.5)

Nqo3

N1b, N4, N5, N7

30 kD

NuoC4

Nqo5

49 kD

NuoD4 (67.9)

Nqo4

PSST

NuoB (25.1)

Nqo6

N2

TYKY

NuoI (20.6)

Nqo9

N6a, N6b

ND1

NuoH (36.5)

Nqo8

8 TMH, ubiquinone/inhibitor binding?

ND2

NuoN (46.1)

Nqo14

12 TMH

ND3

NuoA (16.3)

Nqo7

3 TMH, proton channel?

ND4

NuoM (56.7)

Nqo13

12 TMH

ND4L

NuoK (11.4)

Nqo11

3 TMH

ND5

NuoL (66.3)

Nqo12

14 TMH

ND6

NuoJ (19.9)

Nqo10

5 TMH

According to Finel et al. (1992). FP, flavoprotein fragment; IP, iron-sulphur protein fragment; HP,

hydrophobic protein fragment.(Sazanov et al. 2000)
2

Prosthetic groups according to Hinchliffe & Sazanov (2005) and transmembrane helices (TMH) according to

Di Bernardo et al. (2000), Roth & Hägerhäll (2001), Mathiesen & Hägerhäll (2002), Kao et al. (2002), Kao et
al. (2003))
3

Calculated molecular weight in parenthesis (in kD)

4

Fused together in E. coli

2.3.1.1 ND1 subunit
The human ND1 subunit is a hydrophobic 35.7-kD protein, whose homolog are called
NuoH or NQO8 in bacterial NDH-1, NAD1 in plant mitochondrial complex I, and NdhA
in chloroplast NADPH:plastoquinone oxidoreductase. The subunit has been shown to
penetrate the membrane eight times (Roth & Hägerhäll 2001). The conserved segments
can be found in the intramitochondrial (or bacterial cytosolic) loops (Fig. 2). Also, the
human pathogenic mutations are concentrated within these loops (Fig. 3) and
interestingly, these ND1 mutations cover 26 % of the reported complex I missense
mutations (Mitomap, www.mitomap.org, February 2006).
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Fig. 2. Sequence alignment of ND1 subunit homologs in bacteria (first three sequences),
mitochondria (seven sequences), and chloroplast (the last sequence). Transmembrane helices
are marked according to Roth & Hägerhäll (2001) with minor modifications. The residues
mutated in this work are marked with asterisks. Accession numbers for the sequences are (in
order of appearance): NP 416785.1, P29920, AAA97945.1, P03886, P03887, NP 007562.1, NP
006955.1, CAC28089.2, Q37556, YP 271938.1 and CAA60353.1; the T. thermophilus sequence
was cut from position 361 onwards.
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Human mutations in the ND1 subunit causing Leber hereditary optic neuropathy have
been shown to slightly alter complex I affinity to ubiquinone and rotenone when
measured in human mitochondria (Majander et al. 1996, Cock et al. 1999) or in a
bacterial model (Zickermann et al. 1998). ND1 has also been shown to be labeled with
[3H]dihydrorotenone (Earley et al. 1987) and [14C]DCCD (Yagi & Hatefi 1988). The
PSST subunit is considered to accommodate the iron-sulphur cluster N2 (Ohnishi 1998)
and on the basis of experiments on piericidin-resistant mutants (Darrouzet et al. 1998,
Kashani-Poor et al. 2001), pyridaben analog binding (Schuler et al. 1999), and structural
evidence (Hinchliffe & Sazanov 2005), to contribute to a ubiquinone binding site together
with the 49-kD subunit. The ND1 subunit has been later identified as the low affinity
binding site for a pyridaben derivative, with functional coupling to the PSST binding site
(Schuler & Casida 2001). All the observations mentioned above point towards a close
proximity of the ND1 subunit to the ubiquinone reduction site and coupling or overlap
between them.

Fig. 3. Schematic presentation of the membrane topology of the E. coli ND1 subunit. The
positions of human disease associated mutations and the corresponding amino acid changes
(human ND1 numbering) are shown. The residues that were mutated in this work are
encircled in boldface. Abbreviations: LHON(sec), Leber hereditary optic neuropathy
(secondary mutation); MELAS, mitochondrial encephalomyopathy, lactic acidosis, and
stroke-like episodes; IE, infantile encephalopathy. The human mutations are published in
Johns & Berman (1991), Huoponen et al. (1991), Howell et al. (1991), Nakagawa et al. (1995),
Cock et al. (1999), Kim et al. (2002), Simon et al. (2003), Valentino et al. (2004), Kirby et al.
(2004), Blakely et al. (2005).
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Based on sequence comparison (Friedrich et al. 1990) and inhibitor binding (Friedrich et
al. 1994), the ND1 subunit and bacterial glucose dehydrogenase have been proposed to
accommodate a similar ubiquinone binding domain. However, this sequence similarity
has been considered to be too weak by others (Fearnley & Walker 1992), and further
studies on complex I inhibitors and ubiquinone binding to these two enzymes could not
confirm the similarity (Sakamoto et al. 1996).
The evolutionary history of complex I gives implications to the possible roles of the
ND1 subunit (see also section 2.3.3). The presence of only two membranous subunits in
some membrane-bound hydrogenases, one of them being the ND1-homologous subunit,
suggests that the ND1 subunit probably interacts with the hydrophilic domain of complex
I and serves as a membrane anchor. Roth and Hägerhäll have suggested that the
conservation of ND1 implies a more important role than a mere membrane anchor and
suggested that the subunit and its evolutionary ancestor provided the enzyme with a lipidsoluble electron carrier cofactor binding site (Roth & Hägerhäll 2001).

2.3.1.2 ND4L subunit
ND4L is the smallest of the membrane domain subunits of the 13-14 subunit catalytic
core of complex I. Genetic disruption of the corresponding nuoK gene in R. capsulatus
has been shown to inactivate the NDH-1 enzyme (Dupuis et al. 1998). The ND4L subunit
is homologous to the C-terminal part of subunit HyfE of E. coli membrane-bound
hydrogenase-4 (Finel 1998) and a subunit in a certain type of multisubunit antiporters
(Mathiesen & Hägerhäll 2003).
The transmembrane topology of the ND4L subunit counterpart Nqo11 has been
studied in P. denitrificans (Kao et al. 2002). The results suggested that this subunit
contains three transmembrane segments that place two almost fully conserved glutamate
residues in the middle of transmembrane helices two and three (Fig. 4, see also Fig.1 in
I). A mutagenesis study indicates that these glutamates are essential for NDH-1 enzyme
activity (Kao et al. 2005b).
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Fig. 4. Schematic presentation of the membrane topology of the E. coli ND4L subunit. The
transmembrane segments are presented according to Kao et al. (2002) and the residues that
were mutated in this work are encircled in boldface. The position of the human Leber
hereditary optic atrophy-associated mutation and the corresponding amino acid change
(human ND4L numbering) is shown. The human mutation is published in Brown et al. (2002).
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Fig. 5. Sequence alignment of ND6 subunit homologs in bacteria (three), mitochondria
(seven), and chloroplast (one, in order of appearance). The transmembrane segments are
according to Kao et al. (2003) with minor modifications.

2.3.1.3 ND6 subunit
The ND6 subunit is one of the least conserved mitochondrially encoded proteins in
complex I and provides the only exception to the rule that proteins are encoded in the
mtDNA heavy strand. However, it is a recognized hotspot for LHON mutations
(Chinnery et al. 2001), and most of these mutations concentrate in the conserved third
transmembrane helix, as do the mutations in this subunit causing dystonia, Leigh disease,
and MELAS (Figs. 5 and 6). The LHON/dystonia/Leigh mutation A72V has been found
to induce a marked substrate inhibition with decylubiquinone and also product inhibition
by decylubiquinol in cybrid submitochondrial particles (Jun et al. 1996), and the LHONM64V mutations sensitize complex I to inhibition by myxothiazol and nonylbenzoquinol
in patient-derived platelet submitochondrial particles (Carelli et al. 1999). This evidence
implies that the ND6 subunit is involved in a ubiquinone binding site.
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The topology of the ND6 subunit homologue in P. denitrificans (Nqo10) has been
recently determined, and five transmembrane segments have been identified (Kao et al.
2003). A series of site-directed mutants has been generated by Kao and co-workers in the
conserved segment of the TM-3 in E. coli, and the NDH-1 activities have been analyzed
(Kao et al. 2005a). The NuoJ-V65G mutant displayed only 12 % activity compared with
the control sample activity and Y59F or G61V approximately 50 %; other mutations in
positions 64, 67, and 80 had smaller effects. The effects of LHON mutations in positions
59, 64, and 72 on enzyme kinetics were more thoroughly analyzed in Pätsi et al. (2006).
Mutations in positions 64 and 72 were found to decrease enzyme affinity towards
decylubiquinone (DB), and position 59 mutants induced a marked substrate inhibition at
higher DB concentrations.

Fig. 6. Schematic presentation of the E. coli ND6 subunit with human pathogenic mutation
positions and the corresponding amino acid changes (human ND6 numbering) are shown.
The human mutations are published in Johns et al. (1992), Jun et al. (1994), Leo-Kottler et al.
(1996), De Vries et al. (1996), Wissinger et al. (1997), Chinnery et al. (2001), Ravn et al. (2001),
Valentino et al. (2002), Howell et al. (2003), Ugalde et al. (2003), Solano et al. (2003), Lebon et
al. (2003), Zhadanov et al. 2005).

2.3.1.4 ND3 subunit
The approximate transmembrane topology of the ND3 subunit has been studied in P.
denitrificans using antibodies recognizing the N- and C-terminal peptide sequences of the
subunit and [3H]N-ethylmaleimide binding to the SH-group in the native cysteine residue
(Di Bernardo et al. 2000). The authors concluded that the ND3 subunit probably contains
three transmembranous segments. The proximity of the ND3 subunit to other core
subunits has been studied in P. denitrificans using the cross-linking reagent mmaleimidobenzoyl-N-hydrosuccinimide ester and the zero-length cross-linking
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reagent 1-ethyl-3-[3-(dimethylamino)propyl]-carbodiimide, and proximity to the
PSST and 49-kD subunits was shown (Di Bernardo & Yagi 2001, Kao et al. 2004b).
Mutagenesis of conserved acidic residues in the proposed transmembrane helices has
shown that NDH-1 activity in E. coli diminishes 90 % when both D79 and E81 are
substituted with their respective amides simultaneously, while the effect is smaller when
either of these residues is changed separately. Additionally, E81Q and, to a smaller extent,
E81A are somewhat resistant towards DCCD inhibition. Also, the E51A mutation in the
first periplasmic loop decreases NDH-1 activity by 70 %. (Kao et al. 2004a)

2.3.1.5 ND2, ND4, and ND5 subunits
The ND2, ND4, and ND5 subunits show similarity to each other (Fearnley & Walker
1992) and to a particular type of monovalent cation/H+ antiporter (Friedrich & Weiss
1997) and are therefore considered to play a role in proton translocation in complex I.
The transmembrane topology of the R. capsulatus ND5 subunit homolog NuoL was
determined with alkaline phosphatase fusion at various points of the subunit and was
found to contain 14 transmembranous segments (Mathiesen & Hägerhäll 2002). The ND2
and ND4 subunits were concluded to contain 12 transmembrane segments, as deduced
from the NuoL data on the basis of homology to ND5 (Mathiesen & Hägerhäll 2002).
Labeling of E. coli NDH-1 with [3H]azido-Q reveals one binding site in the ND4
subunit equivalent, indicating that a ubiquinone binding site exists in this subunit, and
this binding is not markedly diminished by type A or C inhibitors (piericidin A,
pyridaben, rolliniastatin-1, fenazaquin, and dihydrocapsaicin, see section 2.3.5 for more
information on the complex I inhibitors) tested at concentrations high enough to fully
inhibit NDH-1 activity (Gong et al. 2003). On the other hand, the ND5 subunit has been
found to be the binding site of the inhibitor fenpyroximate in bovine submitochondrial
particles, and this labeling is prevented by type A, B, and C inhibitors (Nakamaru-Ogiso
et al. 2003). Also, the ND2 subunit equivalent has been found to interact with
ubiquinone. Mutagenesis of two conserved residues (H228K and K158C substitutions) in
E. coli NDH-1 resulted in a marked inhibition of deamino-NADH oxidase activity by DB
even at low concentrations (Amarneh & Vik 2003).

2.3.2 Structural information
Even though the existence of mitochondrial NADH dehydrogenase has been known for
decades, atomic level structural information of this complicated enzyme is quite limited
compared to that available for the other respiratory chain enzymes. Much of this is
attributable to the notorious fragility of this large enzyme complex. Nevertheless, there
are several structural clues as to the organization of the 14 conserved subunits forming
the backbone of the enzyme.
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2.3.2.1 Cross structure analysis
Single particle imaging of Complex I with electron microscope has yielded 20 to 30 Å
resolution structures from several organisms (Hofhaus et al. 1991, Guenebaut et al. 1997,
Guenebaut et al. 1998, Grigorieff 1998, Djafarzadeh et al. 2000, Zickermann et al. 2003,
Peng et al. 2003). Also a projection map from bovine enzyme two-dimensional crystals at
13 Å resolution has been obtained (Sazanov & Walker 2000). They all show a consistent
L-shaped conformation (see Fig. 7) with the hydrophobic arm residing in the membrane
and the hydrophilic arm protruding into the mitochondrial matrix or prokaryote
cytoplasm (Hofhaus et al. 1991, Guenebaut et al. 1997, Guenebaut et al. 1998, Grigorieff
1998, Sazanov & Walker 2000, Djafarzadeh et al. 2000, Zickermann et al. 2003, Peng et
al. 2003). The E. coli enzyme has been shown to adopt, in addition to the L-shape, also a
horseshoe-like conformation at low ionic strength (Böttcher et al. 2002).

Fig. 7. Outline of bacterial NDH-1 with the positions of [FeS]-clusters and subunit
distribution in its modules. Panel A depicts the positions of [FeS]-clusters and hypothetical
positions of FMN and the ubiquinone binding site in the peripheral domain (white fill) of
Thermus thermophilus NDH-1, redrawn from Hinchliffe & Sazanov (2005). The membrane
domain outline of E. coli (dark fill) is redrawn from Guenebaut et al. (1998). Panel B depicts
the main fragments obtained with detergent disruption and the subunits involved (ND6
omitted due to lack of information about its association with a specific subcomplex, see text
for details). For clarity, the bovine nomenclature is used.

2.3.2.2 Disruption experiments
A controlled breakdown of purified complex I by chaotropes or detergents yields
information about the mutual proximity of different subunits (see also Table 1 and Fig. 7).
Treatment of bovine complex I with N,N-dimethyldodecylamine N-oxide dissociates the
enzyme into subcomplexes Iα, Iβ, and Iγ (Finel et al. 1992, Sazanov et al. 2000), where
the first one consists of approximately 23 mostly hydrophilic subunits, harbors all the
known redox centers, and displays NADH:ferricyanide activity, while the Iβ ~13-subunit
constellation has neither prosthetic groups nor biochemical activity and contains mainly
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membrane arm hydrophobic subunits (Finel et al. 1992). The third subcomplex was
found by Sazanov and co-workers and consists of hydrophobic subunits, including the
conserved ND1, ND2, ND3, and ND4L (Sazanov et al. 2000). Disruption of the E. coli
enzyme with different detergents has revealed a consistent structural arrangement of the
conserved subunits to the bovine enzyme (Leif et al. 1995, Holt et al. 2003). The
peripheral arm can be further resolved into smaller fragments, namely the flavoprotein
fraction (FP) and the iron-sulphur protein fraction (IP) (Galante & Hatefi 1979, Leif et al.
1995).

2.3.2.3 Structure of the hydrophilic domain
Recently, Hinchliffe and Sazanov obtained from the hydrophilic domain of the T.
thermophilus complex I three-dimensional crystals, which yielded atomic resolution
diffraction. The domain was found to adopt a Y-shaped conformation, and the locations of
the [FeS]-clusters and FMN could be resolved within the protein. (Hinchliffe & Sazanov
2005). Seven subunits could be modeled in the electron density map (Fig. 8).
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Fig. 8. Structure of the T. thermophilus complex I hydrophilic domain, Protein Data Bank
accession code 2FUG (Sazanov & Hinchliffe 2006). Electron transfer components (FMN and
iron sulphur clusters N1-N6, spacefill) and seven subunits (ribbons, TYKY in purple strands)
are shown. An additional protein Nqo15 is also shown (yellow strands). The view is
approximately in the plane of the membrane from the “backside” of the enzyme in Fig. 7A.
Outlined area in Fig. 9.
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Table 2. Properties of selected catalytical core mutants in Y. lipolytica and the
corresponding residue in T. themophilus. See also sections 2.3.4 and 2.3.5.
PSST (Yl)

Nqo6 (Tt)

Activity/assembly1

Affinities2
Q

E89Q

E49

88 %

↑ (1.5x)

Reference

DQA

Rotenone

↑

↔

(Ahlers et al. 2000b)

(1.9x)
D99N/E/G

D59

D115N/E/G

D76 (red)

< 5 % / 90-95 %

(Garofano et al. 2003)

< 6 % / 101-105 %

(Garofano et al. 2003)

V119M

V80

50 %

↑ (2x)

↑ (2x)

↓ (1.4x)

(Ahlers et al. 2000a)

D136N

E97 (green)

17 %

↔

↓

↑ (6x)

(Ahlers et al. 2000b)

E140Q

D101 (green)

47 %

↔

↑ (4x)

(Ahlers et al. 2000b)

(2.5x)
↓
(2.5x)
D174N

D134

108 %

↓ (1.5x)

↔

↔

(Garofano et al. 2003)

E185Q

E145 (yellow)

32 %

↓ (2x)

↔

↔

(Garofano et al. 2003)

49 kD (Yl)

Nqo4 (Tt)

H91A/M/R

H34

< 5 % / 80-120 %

H95A/M/R

H38 (red)

< 5 % / 100-130 %

R141K

R84 (blue)

45 %

Y144H3

Y87 (red)

< 5 % / 70%

(Grgic et al. 2004)
(Grgic et al. 2004)
↔

↓ (4x)

↓ (3x)

(Grgic et al. 2004)
(Kashani-Poor et al.
2001)

H226Q/C/M4 H169 (grey)

43-80 %

↑ (C:2x)

R231E

R174

74 %

↓

S416A

S359

86 %

↓ (2x)

D458A

D401 (cyan)

28 %

↔

↑ (M:2x)

↔

↓ (2x)

↓

↓ (8.5x)

(30x)
V460M

V403 (blue)

28 %

R466H

R409 (yellow)

85 %

(Grgic et al. 2004)
(Kerscher et al. 2004)
(Kerscher et al. 2004)
(Kashani-Poor et al.
2001)

↓ (3x)

↔

↓ (3x)

↓ (1.5x)

(Kashani-Poor et al.
2001)

1

↓ (2x)

(Grgic et al. 2004)

Assembly-normalized complex I activity compared to the control. In mutants with low activity, the assembly

level in comparison to the control is also shown.
2

Increase (↑), no significant change (↔) or decrease (↓) in affinity towards substrate ubiquinone or inhibitors.

The magnitude of affinity change compared to the control is given in parenthesis.
3

The N2 electron paramagnetic resonance signal is altered in the mutant.

4

H226M mutation removes the N2-associated redox-Bohr group (Brandt et al. 2005)
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Fig. 9. Interface of PSST and 49 kD subunits in the crystal structure of the hydrophilic
domain in T. thermophilus 2FUG (Sazanov & Hinchliffe 2006). The view is a close-up from of
the area outlined in Fig. 8, in approximately the same orientation. Selected mutant positions
affecting ubiquinone or inhibitor binding in Y. lipolytica complex I are shown (see Table 2 for
references). Q marks the putative ubiquinone binding site. The colors represent: red, inactive
but assembled enzyme; yellow, decreased affinity for ubiquinone; cyan, D401 position with
marked insensitivity to type A and B inhibitors; blue, decreased affinity for type A and/or
type B inhibitors; green, decreased affinity for type A inhibitors and hypersensitivity to
rotenone; grey, removal of the N2-associated redox-Bohr group.

2.3.3 Evolutionary aspects
Modular evolution of enzymes from pre-existing components is widely accepted,
although its exact mechanisms are under debate, for reviews see (Baron et al. 1991, Bork
& Doolittle 1992, Doolittle 1994). Several ancestral modules for complex I have been
proposed. The origin of the building blocks gives crucial information about their probable
role in enzyme function. Currently, three major building blocks have been described: the
electron input module, hydrogenase module, and antiporter module.

2.3.3.1 The electron input unit
The NADH dehydrogenase fragment (or flavoprotein fragment) consisting of subunits 24
kD, 51 kD, and 75 kD, is homologous to the diaphorase dimer in soluble NAD(P)+-
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reducing hydrogenases present in the purple bacteria Alcaligenes eutrophus (Tran-Betcke
et al. 1990) and Desulfovibrio fructosovorans (Malki et al. 1995), and in the
cyanobacteria Anabaena variables and Anacystis nidulans (Pilkington et al. 1991,
Friedrich & Weiss 1997). The diaphorase dimer (α and γ subunits) in A. eutrophus and A.
variabilis enzymes participates in NAD+ reduction and contains non-covalently bound
FMN and several [FeS]-clusters (Friedrich & Schwartz 1993) similar to the homologous
subunits 24 kD, 51 kD, and 75 kD in complex I (Pilkington et al. 1991, Weiss et al. 1991,
Walker J.E. 1992). Evolutionary analysis of the homologous subunits in these two
enzymes indicates that the NADH dehydrogenase part of complex I and the diaphorase
part of NAD+-reducing hydrogenase have emerged from a common ancestor (Friedrich &
Weiss 1997). The 51-kD subunit harbors binding motifs for NADH and FMN (Walker
J.E. 1992) and thus catalyzes the oxidation of NADH and the two-electron reduction of
FMN.

2.3.3.2 Connecting fragment
From the NADH dehydrogenase module, electrons are channeled into the so-called
connecting fragment (of the iron sulphur protein fragment) via iron sulphur clusters in the
flavoprotein fragment (Hinchliffe & Sazanov 2005). The connecting fragment subunits
show homology to two-subunit [NiFe]-hydrogenases. In the present-day bacterial
complex I, this fragment contains four subunits: NuoB (PSST), NuoC/D (30 and 49 kD),
and NuoI (TYKY). The NuoD (bovine 49kD) subunit is homologous to the large subunit
of [NiFe]-hydrogenases (Albracht 1993), which harbours the [NiFe]-center and catalyzes
the reversible reaction H2 ↔ 2H+ + 2e- (Dole et al. 1997). In complex I, point mutations
in this subunit have been found to alter the binding properties of inhibitory quinone
analogues to the enzyme, which has been taken as evidence for the presence of a binding
site for ubiquinone (Darrouzet et al. 1998, Kashani-Poor et al. 2001) and is therefore
proposed to comprise the catalytical core of complex I, as reviewed in (Kerscher et al.
2001). The NuoB subunit (human PSST) shows homology to the small subunit of [NiFe]hydrogenase (Albracht 1993). Both subunits coordinate one [4Fe4S]-cluster, while the
NuoB subunit lacks the [3Fe4S]-cluster and another [4Fe4S]-cluster present in the
[NiFe]-hydrogenase small subunit (Hinchliffe & Sazanov 2005).

2.3.3.3 Membrane-bound, six-subunit hydrogenase module
A group of membrane-bound multisubunit hydrogenases, including E. coli hydrogenase-3
(Bohm et al. 1990, Sauter et al. 1992), CO-induced hydrogenase from Rhodospirillum
rubrum and Carboxydothermus hydrogenoformans (Fox et al. 1996, Soboh et al. 2002),
Mbh hydrogenase from Pyrococcus furiosus (Sapra et al. 2000, Silva et al. 2000), Eha
and Ehb hydrogenases from Methanothermobacter species (Tersteegen & Hedderich
1999), and Ech hydrogenase from Methanosarcina barkeri (Kunkel et al. 1998, Meuer et
al. 1999), contain subunits that are homologous to the complex I subunits 30 kD, TYKY,
ND1, and ND5, in addition to the subunits homologous to the small and large subunit of
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[NiFe]-hydrogenases (Friedrich & Weiss 1997), reviews in (Friedrich & Scheide 2000,
Albracht & Hedderich 2000, Yano & Ohnishi 2001). This module probably represents a
functional domain rather than the connecting fragment obtained by the disruption
analysis (see above) and is called the hydrogenase module of complex I. From growth
characteristics of R. rubrum and cell-suspension experiments with M. barkeri, it can be
concluded that the [NiFe]-hydrogenases in these organisms probably pump protons (or
sodium ions) (Bott & Thauer 1989, Kerby et al. 1995). This is probably the minimal core
domain of complex I that is capable of proton-pumping, but probably at a lower
stoichiometry.

2.3.3.4 Antiporter module
The third component in the present-day complex I is the so-called antiporter module.
There are three subunits (ND5, ND4, and ND2) in complex I that show homology to a
certain type of antiporter (Fearnley & Walker 1992). Previously, these three subunits were
thought to have arisen from a common ancestor by gene triplication (Kikuno & Miyata
1985). However, recent phylogenetic analysis of genuine antiporters and antiporter-like
subunits of membrane bound [NiFe]-hydrogenases and complex I implies that two
antiporter-like subunits (ND5-like and ND4/2-like) have both been “recruited” into a
complex I ancestor, followed by duplication of ND4 in order to form ND2, or vice versa
(Mathiesen & Hägerhäll 2002). The two antiporter subunits, called MrpA and MrpD, can
be found in a gene cluster in Methanococci, Rhizobiales, Actinobacterea, and Deinococci,
which also encodes the MrpC subunit that was found to be homologous to the complex I
ND4L subunit (Seto et al. 1995, Mathiesen & Hägerhäll 2003). This led the latter authors
to suggest a revised version of the evolutionary scheme for complex I, where NuoEFG
(24-51-75 kD subunits) forms the NADH dehydrogenase module, NuoKLMN (ND4L-54-2) represents the antiporter module, only NuoB (PSST) and D (49 kD) represent the
hydrogenase module, and NuoHI (ND1-TYKY) forms a distinct module called the
“electron donor unit” (Mathiesen & Hägerhäll 2003). Multiplication of the antiporter-type
subunits might have provided complex I with a higher proton-pumping stoichiometry or
other, yet unknown, functions like a genuine antiporter.

2.3.4 Binding of substrates
2.3.4.1 NADH binding site
The purified flavoprotein fragment of bovine complex I has been shown to retain the
NADH dehydrogenase activity (Hatefi & Stempel 1967). Photoaffinity analogs of NAD+
react with the 51-kD subunit of the bovine FP fragment or homologous subunits in
bacteria (Chen & Guillory 1981, Deng et al. 1990, Yagi & Dinh 1990). The 51 kD
subunit bears a conserved motif for binding of NADH in addition to the primary electron
acceptor FMN binding motif (Walker J.E. 1992).
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2.3.4.2 Ubiquinone binding site(s)
The number of ubiquinone binding sites in complex I is ambiguous. Numbers varying
between one and three have been proposed (Brandt 1997, Degli Esposti 1998, Ohnishi
1998, Ohnishi et al. 1999, Schuler et al. 1999, Lummen 1999, Brandt 1999, Okun et al.
1999a, Okun et al. 1999b). The discrepancy arises from the complex kinetics displayed
by the enzyme towards ubiquinone homologs in the presence of different inhibitors (see
below). Also, the data on ubiquinone binding in samples derived from patients or cell
cultures with mitochondrial gene mutations affecting complex I subunits on one hand and
mutagenized bacterial enzymes on the other are rather confusing as almost all membrane
core domain subunits have been associated with ubiquinone binding in literature (see
section 2.3.1). How many of them represent true associations with ubiquinone binding
remains to be seen.
Because the physiological ubiquinone with its long hydrophobic isoprenyl side-chain
is very insoluble in water, shorter-chained ubiquinones replace Q8-10 in routine kinetic
analysis. This has proven problematic in the interpretation of some findings. Hydrophilic
Q1 accepts electrons from complex I with fast reaction rates (Oettmeier et al. 1992,
Estornell et al. 1993, Degli Esposti et al. 1996) and high affinity (Fato et al. 1996),(Lenaz
1998, Tormo & Estornell 2000) but is considered to react incompletely with the enzyme
(Degli Esposti et al. 1996, Helfenbaum et al. 1997). Although the more hydrophobic DB
with a saturated side-chain reacts with complex I at a much lower maximal rate, the
reaction is considered more complete and closer to the physiological reaction with Q10
(Degli Esposti et al. 1996, Helfenbaum et al. 1997). Q2, with a two-isoprenyl unit sidechain, behaves more physiologically than the previous ones, but is reported to display
marked product inhibition by the reduced form (Q2H2) due to slow product release
(Sakamoto et al. 1998, Ohshima et al. 1998).
Site-directed mutagenesis of Y. lipolytica subunits 45 kD and PSST have shown the
role of these polypeptides in inhibitor binding (see below). There are also some changes
in ubiquinone binding. The following mutants show decreased affinity for the ubiquinone
substrate (the observation organism in parenthesis, with numbering according to the
respective organism): PSST-D174N and E185Q (Y. lipolytica) (Garofano et al. 2003), 49
kD-R466H, R231E, and S416A (Y. lipolytica) (Kerscher et al. 2004, Grgic et al. 2004),
and ND1-A65T (P. denitrificans) (Zickermann et al. 1998). On the other hand, Y.
lipolytica mutants 49 kD-H226C and PSST-E89Q display a higher apparent affinity to
ubiquinone (Ahlers et al. 2000b, Grgic et al. 2004) as well as P. denitrificans mutants
ND1-Q60E and K67A (Zickermann et al. 1998).

2.3.5 Complex I inhibitors
Complex I is probably the enzyme for which the greatest number of inhibitors is known,
with over sixty known families of inhibitory compounds (Degli Esposti 1998). Most of
these bind to the hydrophobic segment of the enzyme. Nevertheless, there are some
hydrophilic inhibitors like ADP-ribose, NADH-OH, and DPI that bind to the hydrophilic
domain. These either compete for binding with NADH (ADP-ribose, NADH-OH) or
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block electron transfer between FMN and [FeS]-clusters (DPI). (Ragan & Bloxham 1977,
Majander et al. 1994, Zharova & Vinogradov 1997, Kotlyar et al. 2005) Inhibitors can be
used to provide information about the location and nature of the substrate binding sites
within the enzyme, and about the partial catalytic reactions taking place before the
inhibitor binding sites.

Fig. 10. Schematic presentation of a common binding domain for three classes of hydrophobic
complex I inhibitors, according to Okun et al. (1999a). See section 2.3.5.1 for details.

2.3.5.1 Classification of hydrophobic inhibitors
Complex I binds a variety of hydrophobic inhibitors of astonishingly different chemical
natures. Among these, the “rotenone-like” inhibitors that inhibit electron transfer between
[FeS]-clusters and the electron accepting ubiquinone(s) (Degli Esposti 1998, Ohnishi
1998, Lummen 1999) are probably the most interesting when the mechanism of complex
I turnover is concerned. They can be divided into two classes (Friedrich et al. 1994) or
three types (Degli Esposti 1998, Okun et al. 1999a) according to their behavior in kinetic
and displacement studies (see Fig. 10 and Table 3).
1. A-type (Class I): Inhibitors with a ubiquinone-like structure, which compete for
binding with other A-type inhibitors (Okun et al. 1999a, Schuler & Casida 2001) and
B-type inhibitors, but not with C-type inhibitors (Okun et al. 1999a). The inhibition is
partially competitive towards Q2 (Friedrich et al. 1994).
2. B-type (Class II): Inhibitors compete with A-type inhibitors (Okun et al. 1999a,
Schuler & Casida 2001), other B-type inhibitors, and C-type inhibitors for binding
(Okun et al. 1999a). The inhibition is non-competitive towards Q2 (Friedrich et al.
1994).
3. C-type: Inhibitors compete with B-type inhibitors for binding (Okun et al. 1999a). The
inhibition pattern with capsaicin is complicated, as the inhibition of (deamino-)
NADH:Q1 reductase activity appears non-competitive at a lower concentration range
of Q1 and competitive at higher concentrations in E. coli, P. denitrificans, and bovine
complex I. Also, NADH:DB reductase activity in bovine submitochondrial particles
behaves similarly. (Yagi 1990)
The binding saturation for inhibitors 2-decyl-4-quinazolinyl amine (DQA),
aminopyrimidine AE F119209, and dihydrorotenone involves a single inhibitor molecule
per complex I molecule. This and the mutual inhibitor displacement pattern suggest a
common binding domain for all three classes of inhibitors. (Okun et al. 1999a)
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Table 3. Representative compounds in the three classes of hydrophobic mitochondrial
complex I inhibitors, according to the classifications in Friedrich et al. (1994) and Degli
Esposti (1998).
A/I

B/II

C

piericidin A

Rotenone

capsaicin

DQA

dihydrorotenone

CC 44

rolliniastatin-1

5´-β-epirotenone

VNA

rolliniastatin-2
AE F119209

2.3.5.2 Binding domain for hydrophobic inhibitors
Pathogenic human mutations in the ND1 and ND4 subunits causing LHON have been
shown to slightly alter complex I affinity towards ubiquinone and rotenone (Degli Esposti
et al. 1994, Majander et al. 1996, Zickermann et al. 1998, Cock et al. 1999). ND1 was
also shown to be labeled with [3H]dihydrorotenone (Earley et al. 1987) and [14C]DCCD
(Yagi & Hatefi 1988) (see also below). These findings suggested that the ubiquinone
binding site would be located within or at the interface of these subunits.
Piericidin A-resistant mutants were generated in R. capsulatus and these mutants were
also found resistant to rotenone but not to rolliniastatin-2 (Darrouzet & Dupuis 1997).
This resistance was shown to be mediated by a single missense mutation (V407M) in the
49-kD subunit (Darrouzet et al. 1998). Site-directed mutations in the neighboring
conserved residues G409 and D412 decrease complex I activity by 81 % and 50 %,
respectively, and also confer resistance to piericidin A and rotenone, and even more
pronounced resistance towards pyridaben (Prieur et al. 2001). The largest decrease in
affinity towards complex I inhibitors has been found in the Y. lipolytica 49-kD subunit
mutant D458A, with IC50 values up to 30-fold and 10-fold higher than in controls with
DQA and rotenone, respectively (see also Fig. 9 and Table 2). This mutation results in a
70 % decrease in complex I activity, but the EPR spectrum of N2 remains normal
(Kashani-Poor et al. 2001). Also, the R141K mutation (Y. lipolytica numbering) decreases
affinity for DQA and rotenone, but to a smaller degree (Grgic et al. 2004). Human
pathogenic mutations R228Q and S413P (Loeffen et al. 2001), modeled as R231Q/E and
S416P/A in Y. lipolytica, decrease affinity towards rotenone, while mutation F87L
decreases affinity towards DQA (Kerscher et al. 2004). These findings strongly point to
the 49-kD subunit as the ubiquinone binding subunit instead or in addition to the ND1
and ND4 subunits.
Evidence for PSST subunit involvement in the formation of the inhibitor binding
pocket in the interface of 49-kD and PSST subunits has been obtained from labeling
studies with the photoreactive inhibitor (trifluoromethyl)diazirinyl[3H]pyridaben
([3H]TDP). This inhibitor is bound at a specific site with high affinity in the PSST subunit
of bovine, P. denitrificans, and T. thermophilus complex I, and this binding is completely
prevented by the inhibitors pyridaben, rotenone, piericidin A, bullatacin, and
rolliniastatin-1 (Schuler et al. 1999). [3H]TDP also binds to a low affinity site located in
subunit ND1, and this binding is not prevented by the aforementioned inhibitors.
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Nevertheless, [ H]TDP binding to the ND1 subunit is increased by inhibitors MPP+ and
stigmatellin, which concomitantly decrease PSST binding; this has been taken as
evidence for the functional coupling of the PSST and ND1 subunits. (Schuler et al. 1999,
Schuler & Casida 2001)
The pathogenic mutation V122M in the PSST subunit, which causes Leigh syndrome
(Triepels et al. 1999), was recently modelled in Y. lipolytica. This mutation (V119M in Y.
lipolytica numbering) caused a 50 % decrease in complex I activity and a moderate
hypersensitivity to DQA (Ahlers et al. 2000a). Mutations in the neighboring residues,
namely D136N and E140Q (Y. lipolytica numbering), also moderately decreased the
complex I turnover rate, and the mutants displayed hypersensitivity to rotenone and a
slight decrease in affinity towards DQA (Garofano et al. 2003).
Taken together, several complex I subunits appear to be involved in the binding of
hydrophobic inhibitors. The current information point to a single inhibitor binding site
(and ubiquinone binding site, see above) consisting of a large binding pocket with
partially overlapping binding sites for different classes of inhibitors (Okun et al. 1999a).
This site might reside as a “quinone head” subsite at the interface between the 49-kD and
PSST subunits and the “quinone tail” subsite on ND1 subunit, as suggested by Prieur et
al. (2001). How ND4 subunit is involved in ubiquinone binding, can not be deduced with
the current information.

2.3.5.3 Dicyclohexylcarbodiimide
The lipophilic carboxyl group-reactive agent dicyclohexylcarbodiimide (DCCD) deserves
special attention when considering proton pumping by redox enzymes and its inhibition.
It reacts with protein carboxyl groups in hydrophobic environments, often involved in
proton translocation events, in a reaction involving first the formation of a protonated Oacyl isourea product, then its slow rearrangement to form a stable N-acyl isourea product
(Khorana 1953, Hoare & Koshland, Jr. 1967). DCCD has been shown to inhibit a variety
of enzymes involved in proton translocation across biological membranes and is therefore
considered to be a useful probe to reveal mechanisms of proton translocation. The ATP
synthase complexes of mitochondria, chloroplasts, and bacterial membranes are sensitive
to inhibition by DCCD (Beechey et al. 1966, McCarty & Racker 1967, Evans 1970). This
inhibition has been shown to be associated with [14C]DCCD binding to a conserved
glutamic (or aspartic) acid residue in the middle of a transmembrane segment in subunit c
(Cattell et al. 1971, Fillingame 1976, Sebald et al. 1979, Sebald et al. 1980). The proton
translocation activities in mitochondrial complexes III and IV have also been found
susceptible to inhibition by DCCD (Casey et al. 1980, Beattie & Villalobo 1982, Esposti
et al. 1982). (For a review, see Hassinen & Vuokila (1993))
Complex I has also been shown to be inhibited by DCCD treatment in bovine heart
and rat liver mitochondria, and in bacteria (Honkakoski & Hassinen 1986, Yagi 1987,
Vuokila & Hassinen 1988). In kinetic experiments with rat liver mitochondria, proton
translocation has been found to be more inhibited than electron transfer (Honkakoski &
Hassinen 1986), but the difference in inhibition was not confirmed by experiments on
bovine heart submitochondrial particles (Yagi 1987, Vuokila & Hassinen 1989). A recent
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study on purified E. coli complex I reconstituted in proteoliposomes confirmed the
previous findings about the electron transfer and proton pumping inhibition by DCCD,
but unfortunately did not compare the extent of inhibition of these two activities (Stolpe
& Friedrich 2004).
The inhibition of electron transfer has been found to correlate with proportional
binding of [14C]DCCD to the enzyme, but data about the identity of the subunit giving
rise to the inhibition vary (Vuokila & Hassinen 1988, Yagi & Hatefi 1988). Vuokila and
Hassinen found two polypeptides co-purifying with Complex I that were labeled by
[14C]DCCD in submitochondrial particles, with apparent molecular masses of 21.5 kD
and 13.7 kD, and these peptides were also labeled when purified Complex I was treated
with [14C]DCCD, in addition to binding to numerous other subunits (Vuokila & Hassinen
1988). These polypeptides were later identified as the ASHI-subunit (this subunit has a
glutamate residue in the middle of a transmembrane helix but has no bacterial homolog; a
21.5-kD labeling product) and the 9.5-kD subunit of Complex III (a 13.7-kD labeling
product) by partial amino-acid sequencing (Vuokila & Hassinen, unpublished). In
[14C]DCCD labeling experiments by Yagi, two labeled polypeptides were found with
apparent molecular masses of 29 and 49 kD, and the time-course of the electron transfer
inhibition followed the labeling time-course of the 29-kD polypeptide (Yagi 1987). This
labeling product was identified as the ND1 subunit (NuoH in E. coli) by partial aminoacid sequencing (Yagi & Hatefi 1988). Site-directed mutagenesis of the E. coli complex I
provided further information on the possible DCCD binding subunits, since ND3 (or
NuoA in E. coli nomenclature) mutants E81A and E81Q displayed partial resistance to
electron transfer inhibition by DCCD (Kao et al. 2004a).
The mechanism of complex I inhibition by DCCD is unknown. Electron transfer has
been shown to be inhibited between the [FeS]-clusters and ubiquinone, similar to the
effect of the classical inhibitor rotenone (see above) (Beyer et al. 1972, Yagi 1987,
Krishnamoorthy & Hinkle 1988). A study using the fluorescent probes erythrosine-5’iodoacetamide and 3,3’-diethyloxadicarbocyanine, which compete with DB for binding
to the enzyme, revealed that DCCD affects the binding of these fluorescent probes. The
authors proposed that DCCD delimits the segmental mobility in the ubiquinone binding
region of the enzyme that is needed for the proton pumping activity. This would suggest
that the protonation/deprotonation of the DCCD-binding residue is influencing the
binding properties of ubiquinone or vice versa, which further suggests conformational
coupling of the proton-pumping to the ubiquinone reduction reaction. (Ahmed &
Krishnamoorthy 1994)

2.3.6 Catalytic information
2.3.6.1 Electron transfer
All the known prosthetic groups of complex I reside in the peripheral arm of the enzyme.
They include the primary electron acceptor FMN in the 51-kD subunit (Walker J.E. 1992)
and eight or nine iron sulphur clusters in the 24-kD (N1a), 51-kD (N3), 75-kD (N1b, N4,
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N5, N7), TYKY (N6a, N6b), and PSST (N2) subunits (Yano et al. 1994, Ohnishi 1998,
Rasmussen et al. 2001, Duarte et al. 2002, Nakamaru-Ogiso et al. 2005). They form a
serial array, an electron transfer wire, apart from the N7 cluster (present only in some
bacterial enzymes), delivering electrons from NADH to ubiquinone through the N2
cluster (Hinchliffe & Sazanov 2005) (see Figure 7A). The electron transfer sequence is
NADH-FMN-N3-N1b-N4-N5-N6a-N6b-N2-quinone and N7 is too far from the other
clusters to accept electrons effectively, based on structural information (Sazanov &
Hinchliffe 2006). An antioxidative role for N1a has been proposed (Sazanov & Hinchliffe
2006). Besides conveying electrons to ubiquinone, the electron transfer components are
able to reduce artificial electron acceptors, like ferricyanide and hexammineruthenium
(HAR) (Singer 1974, Sled & Vinogradov 1993). These activities can be used to estimate
the amount of the dehydrogenase domain of the enzyme in the membrane (see original
communications I-III). The reduction of ferricyanide has been shown to differ between
bacterial and mitochondrial complex I (Zickermann et al. 2000).

2.3.6.2 Proton pumping
The presently known redox-driven membrane-bound proton pumps utilize two primary
mechanisms in providing a unidirectional proton flow across a proton impermeable
membrane. The first is a redox loop mechanism with alternating electron and diffusible
hydrogen carriers, where an electron (or possibly two as in the case of ubiquinone) is
accepted by the carrier close to one side of the membrane, associated with protonation,
diffusion of the carrier to the other side, and oxidation, followed by deprotonation. This
mechanism requires the electron donor/acceptor compound to reside close to the proton
translocation event. The second alternative is a proton pump, consisting of proton-transfer
pathways composed of protonatable residues or water molecules, and a switch
mechanism providing a unidirectional proton flow. The proton pump must be coupled
energetically to the driving reaction (for example, light excitation or redox reaction), but
the coupling can span over a long distance by a conformational change. (Mitchell P.
1961, Jormakka et al. 2003, Wikström et al. 2003, Brzezinski 2004)
The consensus value of the proton pumping stoichiometry in the complex I segment of
the respiratory chain in the mitochondrial and bacterial enzyme is 2 H+/e- (Wikström
1984, Brown & Brand 1988, Hinkle et al. 1991, Bogachev et al. 1996, Galkin et al.
2001). Complexes I in Klebsiella pneumoniae and E. coli have been claimed to use
sodium as the coupling ion instead of a proton (Krebs et al. 1999, Steuber et al. 2000,
Gemperli et al. 2002). However, it was recently shown that the primary coupling ion in E.
coli complex I is a proton, and the enzyme might be capable of secondary sodium
translocation (Stolpe & Friedrich 2004).
Several hypotheses of the mechanism of proton pumping have been put forward over
the years (Brandt 1997). The main features of the current hypotheses for proton pumping
are a) iron sulphur cluster N2 as a part of a direct proton pump, based on the pH
dependency of its midpoint potential (Brandt 1997, Brandt 1999, Magnitsky et al. 2002),
although introduction of an 49kD-H228M-mutation into the Y. lipolytica enzyme
removed the N2-associated redox-Bohr effect without changes in proton pumping
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(Brandt et al. 2005), b) a Q-cycle type of mechanism in reverse, inspired by the
observation of several different semiquinone species (Brandt 1997),(Dutton et al. 1998,
Ohnishi et al. 1999, Ohnishi & Salerno 2005) or c) conformational change-induced
proton pumping, suggested by the redox-induced changes in susceptibility to tryptic
digestion and cross-linking (Belogrudov & Hatefi 1994, Yamaguchi et al. 1998,
Mamedova et al. 2004).

2.3.6.3 Semiquinones
Electron paramagnetic studies on tightly coupled bovine submitochondrial particles have
revealed three distinct ubisemiquinone species associated with complex I (Vinogradov et
al. 1995, Magnitsky et al. 2002), but the belonging of the extremely slowly relaxing
species to the intrinsic components of complex I has been later called into question
(Ohnishi et al. 2005). The fast-relaxing ubisemiquinone species (SQNf) is sensitive to the
proton electrochemical potential (ΔμH+) and shows spin-spin interaction with N2 at a
center-to-center distance of 12 Å, suggestive of involvement in proton pumping (Yano et
al. 2005). Contrary to SQNf, the slowly relaxing ubisemiquinone (SQNs) is not sensitive to
ΔμH+ (Ohnishi et al. 2005) and is located ≥ 30 Å away from cluster N2 (Vinogradov et al.
1995, Magnitsky et al. 2002). The SQNf was proposed to catalyze a single electron
transfer between N2 and SQNs , while the latter acts as an n=1 ↔ n=2 converter in the
electron transfer pathway and is in equilibrium with the Q-pool in the membrane
(Ohnishi et al. 2005). The previous findings were interpreted in a conformation-driven
and semiquinone-gated proton-pump hypothesis, where QNf oscillates between Q•-/QH2
and accepts protons from the negative side of the membrane in conformation A and
donates protons to an output channel in conformation B, resulting in a 4H+/2estoichiometry without additional proton pumps (Ohnishi & Salerno 2005).

2.3.6.4 Redox-linked conformational changes
Treatment of bovine complex I with cross-linking reagents in the presence or absence of
NADH or NADPH substrates results in different cross-linking patterns (Belogrudov &
Hatefi 1994). Also, the fragmentation of subunits with trypsin is altered by reduction with
NADH or NADPH, and these results were interpreted as significant redox-induced
conformational changes, possibly involved in energy transduction (Yamaguchi et al.
1998). Similar changes in proteolysis and cross-linking pattern were also observed when
the E. coli NDH-1 enzyme was reduced with NADH or NADPH, but not when reduced
with dithionite, and single particle electron microscopy revealed a more “open”
conformation upon NAD(P)H-induced reduction (Mamedova et al. 2004).

3 Aims of the present research
The purpose of this work was to investigate the catalytic mechanisms and the amino acids
involved in catalysis within the membranous core domain of bacterial complex I,
including the possible mechanisms in human pathological conditions.
The specific aims were:
1. To find out whether the selected charged residues within the bacterial counterparts of
subunits ND1 and ND4L are involved in proton-pumping or ubiquinone binding;
2. To establish a method to model human pathogenic mitochondrial mutations in a
bacterial model and reveal the nature of the respiratory defect due to these amino acid
substitutions;
3. To establish a method for superoxide detection in the mitochondrial and bacterial
membranes, enabling the comparison of superoxide production in mutated or wildtype bacterial complex I.

4 Materials and methods
4.1 Reagents
Ubiquinone-1 (Q1) was a generous gift from Hofmann-La Roche, Basel, Switzerland;
ubiquinone-2 (Q2) and ubiquinone-3 (Q3) were generous gifts from Eisai, Tokyo, Japan.
The annonin mixture was purchased from Dr. Y. K. Gupta, Varanasi, India. Antimycin A,
carbonylcyanide m-chlorophenylhydrazine (CCCP), decylubiquinone (DB), deaminoNADH, lucigenin, DL-malate, MES, NADH, soy bean phospholipids, superoxide
dismutases (Cu,Zn-SOD from bovine erythrocytes and Mn-SOD from Escherichia coli),
N-vanillylnonanamide (VNA), and xanthine oxidase (XO, from buttermilk) were
purchased from Sigma or Sigma-Aldrich, HAR and rotenone were from Aldrich,
disodium succinate and tetramethylpiperidine-N-oxyl (TEMPO) were from Fluka,
NADH and sodiumpyruvate were from Boehringer Mannheim, HEPES and MES from
AppliChem, and KCN and PMSF from Merck. The BCA protein determination kit was
from Pierce. The coelenterazine derivatives were purchased from Molecular Probes
Europe. DIA900 anti-His-tag antibodies were from Dianova, and goat anti-mouse IgG
HRP-conjugated antibodies were from BioRad. Oligonucleotides were obtained from
Gibco or Sigma-Genosys. The QuikChange XL mutagenesis kit was from Stratagene and
Phusion DNA polymerase from Finnzymes. Vent polymerase was from New England
Biolabs. Restriction endonucleases were purchased from Pharmacia, Amersham
Pharmacia, or New England Biolabs.
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Fig. 11. NADH-dependent aerobic respiratory chain of wild-type Paracoccus denitrificans
(Panel A) and Escherichia coli (Panel B) in comparison to the equivalent mammalian
mitochondrial respiratory chain (Panel C). Alternatively, ubiquinone can be reduced in
mitochondria by succinate dehydrogenase (complex II, not shown), which also has
homologous enzymes in P. denitrificans and E. coli.

4.2 Bacteria
4.2.1 Paracoccus denitrificans
The NADH-oxidizing aerobic respiratory chain of wild-type P. denitrificans consists of a
complex I-homologous NDH-1 enzyme, complex III-homologous cytochrome bc1complex, a quinol oxidase, cytochrome ba3, and two alternative cytochrome c oxidases,
cytochrome aa3 and cbb3 (Fig. 11 A). Paracoccus denitrificans strain 9220 (de Gier et al.
1994) or its derivative 92-223 (Finel 1996) were used in experiments described in
original articles I and IV. The 9220 derivative of P. denitrificans is devoid of both genes
encoding the subunit COI in the cytochrome aa3 enzyme complex (de Gier et al. 1994).
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The 92-223 derivative was obtained from 9220 by deleting the nqo8-9 segment from the
NDH-1 enzyme-encoding operon and replacing the genes with the ndh-gene of E. coli,
encoding the alternative NADH dehydrogenase NDH-2 (Finel 1996). Reintroduction of
the nqo8-9 genes (wild-type or mutated) was accomplished with a system allowing a
conditional inactivation of the ndh-gene (Zickermann et al. 1998).

4.2.2 Escherichia coli
Escherichia coli strains XL-1, DH5α, NM522, and SDM2 were used as cloning hosts.
Strains SM10 or S17 were used in P. denitrificans conjugations in the original paper I.
Strains GV102 (lacking the proton-pumping bo3-type oxidase) and GO103 (lacking bdtype oxidase) were used as the parent strains in original communications II and III (see
the original paper II, Table 1 for genotypes). The wild-type E. coli aerobic respiratory
chain (Fig. 11 B) contains two alternative NADH dehydrogenases (NDH-1 and -2) and
two ubiquinol oxidases (bo3 and bd). (Oden et al. 1990, Unden & Bongaerts 1997)

4.3 Mitochondria
Mitochondria were obtained from bovine heart or male Sprague-Dawley rat liver
preparates. The mammalian NADH-oxidizing mitochondrial respiratory chain is shown
in Fig. 11, panel C.
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4.4 Plasmids
A summary of plasmids used in this work is shown in Table 4.
Table 4. Plasmids used in original communications I-III and their relevant properties.
Plasmid

Relevant properties

Derivative of and/or reference

P. denitrificans
pE2F1
pSUP202-mp15

Flanks for reintroduction of nqo8-9

pUC19, (Zickermann et al. 1998), I,

(+/- ndh), Smr

III

Suicide plasmid, lacZ, Kmr

pSUP202, (Zickermann et al. 1998),
I, III

E. coli
p3SULF

1 kb UF -Smr - 1 kb LF (nuoJK::Smr)

p3ZULF

1 kb UF -Zeor - 1 kb LF (nuoJK::Zeor) pKO3, II

pKO3-nuoH(UF+LF)Sm

1 kb UF -Smr - 1 kb LF (nuoH::Smr)

pKO3, III

pKO3-nuoH(UF+LF)Zeo

1 kb UF -Zeor - 1 kb LF (nuoH::Zeor)

pKO3, unpublished

pET15-K

nuoK, N-term his-tag, Ampr

pET-15b, unpublished

pBK

nuoK, C-term his-tag, Ampr

pBADMycHisB, unpublished

pBJK

nuoJK, K-C-term his-tag, Ampr

pBADMycHisB, II

pJK

nuoJK-MycHis fragment of pBJK,

pETBlue-2 (template for

pJKwt

pKO3 (Link et al. 1997), II

Ampr

mutagenesis), II

pJK with the original nuoK stop-

pETBlue-2, II

codon, Ampr
pQDDQ

K-E36Q/I39D/E72Q/A69D mutations

pJK, II

pB2K

nuoK, C-term his-tag, Ampr

pETBlue-2, unpublished

pB2IJK

nuoIJK, K-C-term his-tag, Ampr

pETBlue-2, unpublished

pHN3

ndh gene, Ampr

pQE-31 (Björklöf et al. 2000)

pHwt

nuoH gene, Ampr

pETBlue-2 (template for

pH(his)

nuoH, C-term his-tag, Ampr

pETBlue-2, unpublished

mutagenesis), III
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4.5 Methods
A summary of the preparative and analytical methods used in the thesis is shown in Table
5. They have been described in detail in the original publications (I-IV).
Table 5. The methods used in the original communications (I-IV).
Methods

Used in

Reference

Deletion by homologous recombination

II, III

Modified from Link et al. (1997)

Homologous recombination

I, III

(Zickermann et al. 1998)

In trans expression from plasmid

II, III

Developed in this work

M13 phage amplification method

I, III

(Vandeyar et al. 1988)

QuikChange®

II, III

Stratagene instructions

P. denitrificans membranes

I, III, IV

(Zickermann et al. 1998)

E. coli membranes

II, III

Developed in this work

Submitochondrial particles

I, IV

(Finel et al. 1992, Kielley & Bronk 1958)
(Lowry et al. 1951) or Pierce BCA kit instructions

Complementation of the gene of interest:

Site directed mutagenesis:

Sample preparation:

Analytical procedures:
Protein determination

I-IV

SDS-PAGE

II

(Schagger & von Jagow 1987)

Immunoblot

II

Developed in this work

Growth phenotype analysis

II, III

Developed in this work

Enzyme activities

I-IV

Ubiquinone binding affinity

I, III

(Zickermann et al. 1998) and developed in this

Inhibitor binding affinity

I, III

Developed in this work

IV

Developed in this work

work
Superoxide production

5 Results
5.1 Phenotypic characterization of Escherichia coli
NDH-1 mutants (II, III)
Deletion of the nuoJ+K region (equivalent to ND6 and ND4L) from the genome of the E.
coli GV102 strain, lacking the proton-pumping bo3-type oxidase, resulted unexpectedly
in the inability to use malate or succinate as the main carbon source for growth (II, Fig.
3A,B). This incapability was not reversed by the introduction of a 6-fold higher
NADH:Q2 oxidoreduction capacity with NDH-2 over expression from pHN3 (II, Fig.
3A). However, the nuoJK deletion strain was capable of using pyruvate or glycerol as the
main carbon source. Restoration of the nuoJ + nuoK genes in trans within a pETBlue-2
expression plasmid restored the growth on malate and succinate (II, Fig. 3A,B), in
addition to the NDH-1 activity (II, Table 3).
To better understand these observations, we generated the same nuoJ + nuoK deletion
in another strain, GO103. An important difference (although not the only one) between
GO103 and GV102 is the type of terminal oxidase in the respiratory chain. In GO103, it
is the proton-translocating enzyme cytochrome bo3, while in GV102, it is the non protontranslocating enzyme cytochrome bd. It was thus interesting to observe that although the
growth pattern of the resulting GOnuoJK strain appeared to be somewhat different from
that of its parent strain GO103, it did grow to high densities on malate-containing
medium (II, Fig. 4).
Deletion of the entire nuoH gene (ND1 equivalent) from the GV102 strain genome
resulted also in a malate growth-negative phenotype as previously described for the
nuoJK double-deletion strain (III, Table 1). Identically, the positive growth phenotype and
NDH-1-dependent activities could be restored by expressing the wild-type NuoH from an
expression plasmid (III, Table 1 and Fig. 3). The same nuoH deletion was introduced into
the GO103 strain and the resulting strain was capable of growing to high densities on the
malate minimal medium (Fig. 12), similar to GOnuoJK.
The ability to grow on malate (or succinate) as the main carbon source appears to rely
on the functional NDH-1 enzyme and subsequently turned out to be a useful and simple
way of screening the new NDH-1 mutants.
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Fig. 12. Growth of the GO103 (filled circles) and its nuoH-deletion derivative GOnuoH
(empty circles) strains in malate-YE medium.

5.2 Role of selected conserved acidic residues within
transmembranous segments
5.2.1 Glutamates within the hydrophobic segment of
the ND1 subunit (I)
The quinone reductase activity of mitochondrial and bacterial complex I is sensitive to
DCCD, which has been shown to bind to acidic residues in hydrophobic environment
involved in proton translocation, for example in F1Fo-ATPase (Beechey et al. 1966).
Therefore, the binding site is probably of functional significance to the enzyme and
possibly involved in proton translocation. In bovine complex I, the inhibition by DCCD
correlated with the binding of labeled inhibitor to the ND1 subunit (see section 2.3.5.3).
However, the specific amino acid that binds DCCD in this subunit has not been
identified. We looked for conserved acidic residues within the hydrophobic segment, and
it appeared that in the ND1 subunit counterpart of Paracoccus denitrificans, the E158,
E212, and E247 residues, corresponding to positions 157, 206, and 241 in E. coli,
respectively, are situated within relatively hydrophobic stretches of the protein (Figs. 2
and 3) and are thus potential targets for DCCD. GenBank searches reveal that E158 is
strictly conserved in the ND1 of complex I. E247 is fully conserved in animal and
bacterial complex I, but in the ND1 homolog encoded by chloroplast DNA and in
cyanobacteria, it is replaced by Ser (Fig. 2). E212 is conserved in most species, including
plants, but in E. coli, Salmonella typhimurium, and Klebsiella pneumoniae NuoH, it is
replaced by Val (Fig. 2).
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Table 6. Summary of mutants.
Subunit
ND1

ND4L

Mutant1
E157D (Pd)
E157Q (Pd)
E206D (Pd)
E206Q (Pd)
E206V (Pd)
V206E (Ec)
R209K (Ec)
R209H (Ec)
R209F (Ec)
H210T (Ec)
H210F (Ec)
D213E (Ec)
D213N (Ec)
E216A (Ec)
E228D (Pd)
E228Q (Pd)
E228D (Ec)
E228Q (Ec)
E228K (Ec)
Y229H (Ec)
E241D (Pd)
E241Q (Pd)

Human
disease2
LHONE143K

MELASE214K

MELAS

Phenotype3
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

Assembly4
+
+
+
+
+
+
+
+
+/+
+
+
+
+
+
+
+/+/+
+
+

NDH-1
Activity 5
Q-affinity6
68 %
Normal
55 %
Decreased?
66 %
Normal
44 %
Decreased
78 %
Increased
90 %
Normal
67 %
58 %
57 %
Normal
64 %
Normal
69 %
64 %
Normal
72 %
Normal
69 %
Normal
93 %
Normal
na7
N/A
48 %
Normal
3.5 %
N/A
2.3 %
N/A
74 %
Normal
66 %
Decreased?
62 %
Increased

Other

Activation

Activation

E36D (Ec)
+
+
+
E36Q (Ec)
+
I39D (Ec)
+
+
+
A69D (Ec)
+
+
+
E72D (Ec)
+
+
+
E72Q (Ec)
+
+/E36Q/E72Q (Ec)
+
E36Q/I39D (Ec)
+
E36Q/A69D (Ec)
+
+
+
E72Q/G34D (Ec)
+
+/E72Q/I39D (Ec)
+
+
+
E72Q/A69D (Ec)
+
+/QDDQ (Ec)
+
+
1
The mutations introduced into P. denitrificans (Pd) and E. coli (Ec); the corresponding E. coli amino acid
numbering is used for all mutants to facilitate comparison.
2
Human disease-associated mutations with the corresponding amino acid change in the human ND1 subunit.
The disease mutation equivalent to the E. coli Y229H is Y215H.
3
Positive phenotypes are colonies without an active NDH-2 enzyme in P. denitrificans mutants and positive
malate growth in E. coli mutants (final A600 above 0.2 after 1 d).
4
Virtually absent HAR reductase activity is marked negative, decreased HAR reductase activity compared to
the control is marked plus/minus. In ND4L mutants, only plus or minus is used.
5
Assembly-normalized d-NADH:ubiquinone reductase activity compared to controls. In ND4L mutants
deletion-level activity is marked as minus and decreased activity compared to the control is marked as
plus/minus.
6
Apparent ubiquinone affinities in the analyzed mutants. Affinity for Q1 and Q2 in P. denitrificans mutants and
for DB in E. coli mutants.
7
N/A, not applicable.
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We used site-specific mutagenesis in order to find out whether the three conserved
glutamate residues in NQO8, the P. denitrificans homolog of ND1, are involved in
DCCD binding. The E. coli amino acid numbers are used below for consistency in the
discussion. The P. denitrificans position is given in parentheses. Each of these residues
was changed to either aspartate or glutamine, and E206 (E212 in P. denitrificans) was
also changed to valine since this is the amino acid found at this position in the E. coli
counterpart of ND1, i.e. V206 of NuoH. None of these studied residues appeared
essential for Q1 reductase activity. But interestingly, among the two E157 (E158) mutants
there was not a single colony without an active NDH-2 (I, Table 2). E206D/Q/V
substitutions decreased NDH-1 activity 22-56 % and, interestingly, the E→V substitution
was better tolerated in this position than the more conservative change E→D. Also, the
E241Q (E247Q) mutant was dependent on NDH-2 activity (I, Table 2).
Because DCCD probably binds to an acidic residue and the protonation state
influences the binding, the sensitivity of the mutants for DCCD inhibition was examined
at two different pH values, pH 7 and 8. The results showed that, within the experimental
error, the sensitivity of the Q1 reductase activity in these mutant enzymes was similar to
the control, negating the direct involvement of residues E157, E206, and E241 in the
DCCD-induced inhibition of the P. denitrificans NDH-1 enzyme (I, Table 3; some data
not shown).
The binding of substrate ubiquinones was studied in order to reveal whether the
lowered Q1/HAR ratio of activities in the mutants was due to altered electron acceptor
binding. None of the E157, E206, or E241 position mutants showed substrate inhibition
with Q2 (I, Fig. 3). Only the E206Q mutant showed a consistent decrease in affinity
towards both Q1 and Q2 (I, Table 4). However, the small changes in the Km values for
ubiquinones do not explain the lowered Q1/HAR ratio of activities, as the Vmax values
were similarly low (50-57 % of control in E206Q). The E206V mutant was also
examined for rotenone sensitivity, but the inhibition curve with varying rotenone
concentrations was found unchanged compared to the control (I).

5.2.2 Glutamates within the transmembrane segments of the ND4L
subunit (II)
The ND4L subunit (bovine nomenclature used below for clarity, the equivalent is NuoK
in E. coli) of complex I contains two highly conserved glutamates in hydrophobic regions
of the primary sequence. One of these is strictly conserved, while the other is almost fully
conserved, the only exceptions are nematodes with serine in this position. The topology
study by Kao and co-workers placed these residues approximately in the middle of
transmembrane helices two and three (Kao et al. 2002). To find out whether these two
residues are involved in enzyme catalysis, they were individually mutated into non-acidic
glutamine or acidic aspartate in E. coli enzyme. In both positions, glutamine substitution
(ND4L-mutants E36Q, E72Q) resulted in a negative malate and succinate growth
phenotype, while aspartate in these positions (E36D, E72D) gave a positive growth
phenotype for the mutants (II, Fig. 3B and II, Table 4). Nevertheless, the growth of all
these four mutants on pyruvate was good and practically identical (II, Fig. 3C). The
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NDH-1 activity of the ND4L-E36Q mutant was practically absent, but the E72Q-mutant
enzyme presented some activity (II, Table 4). However, the more conservative mutations
E36D and E72D yielded NDH-1 activity that was at the control level, perfectly in line
with the growth results above. Removal of both acidic residues (i.e. mutant E36Q/E72Q)
resulted in the E36Q mutant enzyme phenotype and activity.
It was noticed earlier that the hydrogenase-4 enzyme in E. coli bears a subunit, called
HyfE, which shows homology to the ND4L subunit of complex I in its C-terminal part
(Finel 1998). Sequence alignment of HyfE and ND4L also reveals that HyfE has two
putative membrane-embedded acidic residues, E159 and D184, but they are shifted with
respect to E36 and E72 of ND4L (II, Fig. 1). E159 of HyfE is shifted three places toward
the C-terminus, and D184 is shifted three places toward the N-terminus, maintaining the
relative distance in three-dimensional structure between them.
On the basis of this homology, we suspected that the normal function of NDH-1 and
further the malate-growth phenotype could be rescued by moving the acidic residues
within ND4L to the hydrogenase-equivalent positions, because these positions are
functional in the hydrogenase enzyme. We did this by introducing additional acidic
groups into the E36Q and/or E72Q mutation-carrying subunits. The I39D and A69D
mutations in the wild-type background were well-tolerated, as these mutants had a
positive malate-growth phenotype and NDH-1 activity comparable to the control (II,
Table 4). Replacement of the acidic group within the same helix three residues to the
periplasmic direction, with the original acidic residue in the other helix, (i.e. mutants
E36Q/I39D and E72Q/A69D) did not restore the malate growth or NDH-1 activity to a
significant extent. However, when the acidic residue was moved to the opposite helix in
the hydrogenase-equivalent position (mutants E36Q/A69D and E72Q/I39D), the malategrowth and NDH-1 activities were unexpectedly restored (II, Table 4). Displacement of
the acidic residue of helix 3 to the opposite side of the transmembrane helix 2 (mutant
E72Q/G34D) did not restore growth or NDH-1 activity, strengthening the view that the
exact position of the acidic groups is important.
The hydrogenase-like placement of these two acidic groups, i.e. the quadruple mutant
E36Q/I39D/E72Q/A69D (also called QDDQ), provided another surprise. Even though
this mutant had a wild-type or even slightly higher NDH-1 activity in the membrane, we
found the malate-growth phenotype negative (II, Table 4). We studied whether the
QDDQ-mutant subunit is toxic to the host and thus induces negative malate-growth. The
parent strain GV102 was transformed with the control pJK plasmid or with the pQDDQ
plasmid. The succinate- and malate-dependent growth phenotypes were analyzed in these
transformants. There was no significant difference between the growth curves in the
presence of these two plasmids (II, Fig. 6), and the small difference can be explained by
the incorporation of some of the mutant subunits into the NDH-1 in GV102pQDDQ cells,
thus reducing their energy transduction efficiency (see below). It may also be noted that
the QDDQ-complemented mutant grew well on pyruvate (II, Fig. 3), further supporting
the notion that the QDDQ mutant subunit itself does not exert a toxic effect.
The expression of the E36Q- and E72Q-mutant ND4L subunits within the membrane
was verified by SDS-PAGE followed by immunoblot using anti-his-tag antibodies. In
order to show that the mutant enzymes were assembled in the membrane, we tested the
deamino-NADH:HAR reductase activity in the membranes, giving an estimate of the
amount of the membrane-attached NADH dehydrogenase domain. The deletion strain,
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GVnuoJK, exhibited considerable deamino-NADH:HAR reductase activity, but
significantly less than in the parent strain GV102 (II, Table 5). All the mutant strains
studied, including those that did not grow on malate or succinate, exhibited at least twice
the rate of HAR reduction that was found in the deletion strain GVnuoJK (II, Table 5).
Furthermore, some mutants that failed to grow to high densities on malate (e.g. E36Q and
QDDQ (II, Table 4)) exhibited higher specific HAR reductase activity than GV102 or the
mutants E72Q/I39D and E36Q/A69D, which did grow in the malate-YE medium (II,
Table 5). Hence, a low assembly level of NDH-1 to the membrane can be ruled out as the
major reason for the growth and activity pattern observed.

5.3 Role of the fifth loop in ND1 (III)
5.3.1 Charged residues in the amino-terminal part of the loop
The ND1 equivalent gene (nuoH) was deleted from the E. coli GV102 strain genome and
replaced in trans with a ND1 gene-containing expression plasmid (see section 5.1). In
order to exclude changes in enzyme activity due to the genetic manipulations introduced,
the NDH-1 activities of the complemented (control) strain and the parent strain GV102
were compared. The assembly level-normalized maximal turnover velocities and
decylubiquinone and inhibitor affinities were identical in these two strains (III, Table 2).
The effects of different mutations were compared against this control strain with an
identical genetic background.
The ND1 subunit in E. coli lacks the conserved glutamate residue at the end of the
fifth transmembrane helix, which is present in all but the E. coli, S. typhimurium, and K.
pneumoniae NDH-1 enzymes (III, Fig. 2). The E. coli residue (Val) was introduced
previously into the P. denitrificans enzyme (I), and here we introduced the V206E
mutation into the E. coli enzyme. This change was found to be better tolerated, as the
assembly-normalized DB reductase activity was reduced only by 10 % compared to the
control (III, Fig. 3), and contrary to the P. denitrificans enzyme, the Km for DB remained
unchanged (III, Table 2). The R209-, H210-, D213N-, and E216A-mutants displayed
reduced assembly-normalized DB reductase activities (28-43 % decrease from the
control; III, Fig. 3). Selected mutants were analyzed further, and an unchanged affinity
towards DB and reduced maximal turnover velocities were found (III, Table 2). None of
the mutants analyzed here showed signs of substrate inhibition, and the d-NADH:DB
oxidoreduction was 73-84 % sensitive to inhibition with 400 µM VNA in all preparations,
except in the HK18 deletion strain, where the small residual activity was essentially
insensitive to VNA. Every preparation of the D213E-mutant enzyme displayed marked
activation for the first two minutes of DB reductase reaction (III, Fig. 4, trace 2). The
activity increased at least by 133 %, which probably is an underestimation, as the exact
initial rate is difficult to measure by conventional spectrophotometry. The activation
could not be fully eliminated by preincubation of the enzyme with the DB substrate (in
the presence of KCN) for 0 to 15 min before the d-NADH addition. The activation
decreased from 133 % to 44 %, when the enzyme was allowed to turn over initially with
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20 µM d-NADH, which was followed immediately after its consumption by the
conventional addition of 80 µM d-NADH for activity measurement. In addition, the
activation was seen with the D213E-mutant in d-NADH oxidase activity with oxygen as
the terminal electron acceptor and not in the control.
Malate growth phenotypes were analyzed in the mutants. Only the V206E mutation
resulted in a positive growth phenotype. All the other mutants displayed an intermediate
growth phenotype at best. All the E216A mutant colonies displayed negative growth,
although the (assembly-normalized or absolute-specific) NDH-1 and d-NADH oxidation
activities were on similar levels or higher than in the V206E mutant, which displayed
positive growth, thus reminiscent of the effect of the ND4L-QDDQ quadruple mutation.

5.3.2 MELAS mutations in the carboxy-terminal part of the loop
G3946A/E214K and T3949C/Y215H human MELAS mutations in ND1 (E228K and
Y229H in the E. coli NuoH subunit, respectively) were modeled in the E. coli enzyme.
Both mutant enzymes were assembled in the membrane, as indicated by the increased
HAR reductase activities compared to the deletion strain. Interestingly, the lowest HAR
reductase activities were found in the E228-position mutant membranes, which did not
show any d-NADH oxidase or DB reductase activities at all (III, Table 1 and Fig. 3), and
likewise all colonies displayed a negative malate-growth phenotype (III, Table 1). The
Y229H mutation appeared to be less severe, as the assembly-normalized d-NADH
oxidase activity and the DB reductase activity were both 72 % of the control and most of
the colonies displayed positive malate growth. Nevertheless, the NDH-1 turnover rate
demonstrated autoactivation during the reaction with DB, but to a lesser degree than the
D213E mutant (III, Fig. 4, trace 4).
In order to better define the effect of the E228K mutation, we introduced two
additional mutations into this position. An E228Q mutation removes the acidic group
without changing the amino acid chain length and results in an inactive enzyme (III, Fig.
3). The conservative mutation E228D, which results only in the shortening of the amino
acid side chain, reduced the activity by 50 % (III, Fig. 3).
We studied the MELAS-G3946A/E214K mutation position also in the P. denitrificans
NDH-1 enzyme, which is a closer relative to the mammalian mitochondrial complex I.
The equivalent E234 residue was substituted with glutamine or aspartate in the same
system that was used in the original communication I. The conservative change E234D
did not cause major changes in NDH-1 activity, and congruently three out of five
colonies analyzed were able to grow without active NDH-2 (III, Table 3). Neither did the
affinity towards Q1 change markedly (not shown). On the other hand, none of the E234Q
colonies was negative for NDH-2 activity, and the membranes of this mutant presented
negligible d-NADH:Q1 activity (III, Table 3). This low activity was explained by the very
low HAR reductase activity in this mutant (III, Table 3), indicating this mutation leads to
severely hampered assembly of the enzyme (or rapid degradation).
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5.4 Superoxide detection in mitochondrial and bacterial
membranes (IV)
5.4.1 Suitability of lucigenin and coelenterazine for superoxide
detection
Lucigenin (bis-N-methylacridinium nitrate) is widely used as a chemiluminescent probe
for detecting superoxide formation in biological systems. Before reacting with
superoxide, leading to photon emission, lucigenin must first be reduced by one electron
to produce a cationic radical (Faulkner & Fridovich 1993). This radical has been claimed
to undergo autoxidation, producing superoxide itself (Spasojevic et al. 2000). In search of
a suitable probe for superoxide detection in mitochondrial and bacterial membranes, we
investigated the properties of lucigenin in comparison with coelenterazine, the luciferin
of aequorin, the calcium-sensitive bioluminescent protein of some marine animals
(Teranishi & Shimomura 1997, Rees et al. 1998).
Coelenterazine was found to produce a 15-times higher chemiluminescence compared
to lucigenin during the same rate of superoxide production in a hypoxanthine-xanthine
oxidase (XO) system (IV, Fig. 1). However, a higher chemiluminescent signal was
observed with lucigenin than with coelenterazine in bacterial membranes oxidizing
NADH under the same conditions without added XO (IV, Fig. 1, the difference between
filled and open symbols at zero superoxide production by XO). Apparently the sensitivity
of the probes varies in these two systems (XO/hypoxanthine and bacterial
membrane/NADH).
Whether the reduction of the detection probe affects superoxide detection was first
examined in a system where different amounts of superoxide was produced with
XO/hypoxanthine, and the situations with or without added P. denitrificans membranes in
the presence of NADH were compared (IV, Fig. 1). Here, the possible reduction effect
should be seen as altered sensitivity to the XO/hypoxanthine produced superoxide, i.e.
the slope should change. This was actually seen with lucigenin but not with
coelenterazine, indicating that the membrane contributes to the sensitivity of lucigenin to
superoxide. SMP addition, in the presence of NADH, also increased chemiluminescence
under XO/hypoxanthine superoxide production with lucigenin but not with
coelenterazine.
When NADH was replaced with succinate in the same setup with P. denitrificans
membranes, no sensitization of lucigenin to hypoxanthine-XO-produced superoxide was
seen (IV, Fig. 2). Likewise, no sensitization of lucigenin was seen in the presence of
NADH, when P. denitrificans 9220 membranes were replaced with strain 92-223
membranes lacking functional NDH-1 but containing an active E. coli NDH-2 enzyme
(IV, Fig. 2). In the case of coelenterazine, the addition of membranes had no effect on the
sensitivity of detection of XO-produced superoxide with either respiratory chain substrate
(IV, Fig. 2). In conclusion from the results described above, it appears that NDH-1 (and
complex I) is responsible for the sensitization of lucigenin for superoxide detection.
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The effects of inhibitors on the chemiluminescence in membrane preparations provide
more information on the nature of lucigenin sensitization. KCN increased the signal
approximately three times more with lucigenin than with coelenterazine. Also, rotenone
had a similar but smaller effect, pointing to the role of the respiratory chain reduction
level on lucigenin chemiluminescence. The rate of NADH oxidation in P. denitrificans
membranes in the presence of rotenone increased 1.6-fold upon lucigenin addition,
denoting a direct one-electron reduction of lucigenin by the NADH-reduced respiratory
chain. (IV)
Coelenterazine chemiluminescence in the presence of P. denitrificans membranes
respiring either with NADH or with succinate was fully sensitive to 5 U/ml superoxide
dismutase, in the absence or presence of KCN. Lucigenin chemiluminescence under the
same conditions was only partially sensitive to SOD and remained above the baseline
even after the addition of 75 U/ml SOD (IV, Fig. 3). The residual signal was, however,
sensitive to the membrane-permeant SOD mimetic TEMPO. The sensitivity of lucigenin
chemiluminescence to SOD was also improved by the addition of 0.1 % ndodecylmaltoside, indicating that there might be differences in the permeability of these
two probes through membranes or sensitivity differences between inside and outside of
the membrane vesicles for one of the probes. A similar observation was made with SMP,
although only 0.01 % n-dodecylmaltoside could be used so as not to affect the NADHinduced signal. By replacing coelenterazine with the more membrane-permeant probe
coelenterazine f, the full SOD sensitivity of the signal during NADH respiration in the
presence or absence of KCN was retained. Addition of antimycin A to the P. denitrificans
membranes respiring on NADH decreased the SOD sensitivity of the coelenterazine
chemiluminescence to 87 %, indicating increased superoxide production within the
membrane vesicles. This intravesicular detection and the lack of enhancement of the
NADH-induced chemiluminescence in bacterial membranes after a prolonged incubation
with coelenterazine in 30 °C imply that coelenterazine permeability through membranes
does not significantly limit superoxide detection in the present case. (IV)
Also, some drawbacks for coelenterazine use were detected. The addition of ndodecylmaltoside or Triton X-100 to the measurement buffer in the presence of
coelenterazine caused very high chemiluminescence, apparently due to interaction of the
detergent with coelenterazine. A similar artifactual signal was also seen upon the addition
of sonicated soybean phospholipids. The baseline luminescence of coelenterazine was
significantly higher when stored under an oxygen atmosphere than under nitrogen. Also,
the sensitivity of coelenterazine to superoxide was reduced during storage under O2. (IV)

5.4.2 Superoxide production in P. denitrificans membranes
Coelenterazine was used to measure superoxide production in bacterial membranes. The
membrane preparation-induced signal was proportionated to the signal of known
superoxide production by the hypoxanthine-XO system, which was calibrated against the
rate of cytochrome c reduction under the same conditions. The superoxide production in
P. denitrificans 9220 membranes during succinate respiration was found negligible (IV).
NADH respiration clearly produced more superoxide, the NDH-2-containing 92-223
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strain five times more than the NDH-1-containing 9220 strain (IV). But this difference
was in proportion to the respiration activity in these two strains.

6 Discussion
6.1 E. coli growth on malate or succinate is dependent on the energy
conservation capacity of the respiratory chain
Growth of bacteria employing oxidative phosphorylation in the presence of succinate as
the main carbon and energy source has been used previously to determine the proton
translocation efficiency of E. coli F1Fo-ATPase, for example in Miller et al. (1990). It is
surprising that ATPase-deficient E. coli strains cannot grow on malate or succinate as the
main carbon source, although malate can be converted into pyruvate, which can in turn be
converted either through the TCA cycle to carbon dioxide or to acetate. In fact, pyruvate
is quite a good substrate for growth of the ATPase deletion mutant. The link between
ATPase deficiency and low growth under these conditions has been shown to be the
depression of dicarboxylate transporter (DctA) transcription due to the low level of
cellular ATP, leading to insufficient transport capacity for malate and succinate (Boogerd
et al. 1998).
We observed that the nuoJ + nuoK (ND6 and ND4L equivalents, respectively) and
nuoH (ND1 equivalent) deletion strains, GVnuoJK and GVnuoH, in a genetic
background also lacking active proton-pumping cytochrome bo3 but harboring normal
NDH-2, were similarly unable to grow on malate or succinate. We also showed that the
impaired growth of GVnuoJK on malate was not due to insufficient NADH oxidation
capacity, as expression of NDH-2 from the pHN3 plasmid in GVnuoJK did not change
malate growth yield. These growth results imply that a similar phenomenon might be
taking place in nuo deletion mutants in the absence of active cytochrome bo3 as in the
ATPase-deficient strain described above. In other words, without the proton-pumping
NDH-1 and cytochrome bo3, the E. coli cell is suffering from a lack of ATP and
consequently DctA transcription is depressed, leading to insufficient malate or succinate
import to support growth.
Another possibility for negative growth on malate and succinate is the dependence of
their import on the prevailing proton motive force. Gutowski and Rosenberg showed that
succinate and malate uptake is coupled to the uptake of two protons for every substrate
molecule (Gutowski & Rosenberg 1975). Therefore, lowered proton motive force across
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the cytoplasmic membrane depresses the uptake of these substrates. When the proton
translocation efficiency is compromised and this is not compensated by increased
respiration rate, the proton motive force across the cytoplasmic membrane decreases and
impairs substrate import either directly or via decreased levels of ATP.
Strong support for a defect in the energy conservation capacity behind the impaired
growth capability in the above mentioned nuo mutants is provided by the growth results
obtained with the second set of nuo deletion mutants, GOnuoJK and GOnuoH. The
malate growth was positive in these strains (II, Fig. 4 and Fig. 12). This time the GO103
strain was used, which differs from GV102, the parent strain for GVnuoJK and GVnuoH,
in the type of active terminal quinol oxidase in the respiratory chain. In GO103, this
oxidase is cytochrome bo3, the energy conservation efficiency of which is twice as large
as that of cytochrome bd, the terminal oxidase in GV102 and its derivatives (Puustinen et
al. 1989, Puustinen et al. 1991). It thus appears that the lack of proton-pumping NDH-1
is tolerated under malate or succinate growth conditions, when there is a proton-pumping
quinol oxidase present, and that the scalar proton translocating reaction of the
cytochrome bd oxidase is not enough to support malate (or succinate) growth without the
proton-pumping NDH-1.
It may be postulated that although the effective proton translocation stoichiometry is
altered by the deletions or mutations in the respiratory chain components, the
electrochemical potential across the cytoplasmic membrane would not be affected
because of the compensatory increase in oxygen consumption rate, called the respiratory
control phenomenon. There might be crucial differences, however, when we compare
respiratory control in isolated mitochondria and in intact bacterial cells because in the
former case, a constant thermodynamic force at which the electrons are fed into the
respiratory chain is provided by substrate-level regulation of metabolism, but the redox
pressure in bacterial cells might vary as a consequence of the prevailing metabolic flow,
as has been postulated by Jensen and co-workers (Jensen et al. 1993). A decrease in the
proton pumping rate by the respiratory chain may have the following consequences: A) a
decrease in the electrochemical membrane potential may directly slow down succinate
and malate import, which is energized by the ΔμH+ (Gutowski & Rosenberg 1975); B) a
decrease in the proton-pumping rate by the respiratory chain slows down ATP
production, leading to the depression of DctA transcription and further insufficient import
capacity. Both scenarios result in carbon limitation and thus decrease the redox pressure
driving the respiratory chain.
Reintroduction of the deleted subunit genes in an expression plasmid partially restored
growth ability in malate or succinate medium, as the final A600 was approximately half of
the value obtained in the parent strain. Lowered growth yield compared to the parent
strain is explained by the lower NDH-1 activity in these strains, represented by the
substantially lower d-NADH oxidation activity in the malate-grown GVcJK membranes
compared to GV102 (II, Table 3) or low HAR reductase activity in GVnuoH control
complementation membranes (III, Tables 1 and 2). The observed difference is probably
due to the uncontrolled expression (and possibly uncontrolled assembly) of the subunits
expressed from the chromosomal operon and the expression plasmid. In line with the
discussion above, it is assumed that the poor growth of the new NDH-1 mutants on either
malate or succinate media reflects low energy conservation efficiency for the mutant in
question. It is thus suggested that all the NDH-1 mutants that failed to grow to an optical
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density higher than 0.2 at 600 nm in the malate-YE medium suffered from insufficient
energy conversion within the span from NADH to molecular oxygen. One possible
reason for the low energy yield of the respiratory chain of the NDH-1 mutants could be a
poor enzyme turnover rate; thus, even if the proton-translocation stoichiometry of the
enzyme was unaffected, the proton pumping rate would be too slow to maintain the
electrochemical gradient across the membrane that is needed for ATP synthesis (kinetic
effect). Another possible reason is uncoupling or decoupling of the ubiquinone reductase
activity of the enzyme from proton translocation, or low H+/e- stoichiometry. The kinetic
effect may explain the low ATP production in the mutants that exhibit low rates of
ubiquinone reduction by NDH-1-specific substrates such as deamino-NADH, or at least
such an explanation cannot be ruled out. However, in the case of mutants, which did not
grow in the malate-YE medium but exhibited high rates of ubiquinone reductase activity,
there seems to be a direct effect on the energy conservation efficiency of the enzyme
rather than on its turnover rate.

6.2 Role of conserved charged residues
Conserved acidic groups in nine positions within subunits ND1 and ND4L were
eliminated by site-directed mutagenesis, and the effects on the NDH-1 enzyme properties
were evaluated by the growth phenotype of the bacterial strain harboring the mutation
(II), by the dependency of P. denitrificans on the active NDH-2 enzyme in a facultative
complementation system (Zickermann et al. 1998), and by enzyme activity
measurements. E. coli amino acid residue numbers are used below in order to facilitate
comparison between the two bacteria, and the original P. denitrificans mutation is given
in parentheses. A summary of all the mutants is given in Table 6.

6.2.1 Subunit ND1
Structural evidence and inhibitor binding studies show that there is a ubiquinone-binding
site in the interface of the PSST and 49-kD subunits (see sections 2.3.2 and 2.3.5). This
site is located very close to the membranous domain of the enzyme. ND1 has been
proposed to be involved in ubiquinone binding and to reside close to the “catalytical
core” (Darrouzet et al. 1998, Schuler et al. 1999, Schuler & Casida 2001). This view is
strengthened by the high conservation within the inside loops of the ND1 subunit facing
towards the hydrophilic domain (Fig. 2). Based on growth characteristics of the organism,
the Ech hydrogenase of M. barkeri is proposed to pump protons (Bott & Thauer 1989).
This hydrogenase contains only two membrane subunits, which are homologous to
subunits ND1 and ND2/4/5, rendering it possible that ND1 is also involved in proton
pumping. Interestingly, ND1 was found to bind the carboxyl group reactant DCCD with
concomitant inhibition of electron transfer to ubiquinone (Yagi & Hatefi 1988). DCCD
has previously been shown to react with acidic residues involved in proton pumping
within various enzymes (Hassinen & Vuokila 1993).
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Three candidate glutamates for DCCD binding were mutagenized in P. denitrificans
into glutamine or aspartate (positions E157, E206, and E241; see Table 6). None of the
mutants showed decreased inhibition by DCCD, indicating that these residues were not
responsible for the DCCD inhibition. Electron transfer activity in all these mutants was
decreased. An interesting finding in E157-position mutants (mutants E158D/Q in P.
denitrificans) and E241Q (E247Q) was that all the studied colonies in these mutants
presented an active NDH-2 enzyme, although the NDH-1 activity in the membranes was
very similar to the control or the E241D mutant (E247D), having three out of four
colonies without active NDH-2. The E157D mutant in particular had high Q1 reductase
activity, and yet all the six colonies studied were positive for NDH-2. The dependency of
these mutants on NDH-2 activity might indicate that, although these residues are not the
target of DCCD binding, the turnover capacity of NDH-1 in these mutants under higher
proton motive force might be compromised.
Affinities for added ubiquinone were calculated from the concentration dependency of
the quinone reduction rate in these mutants. Small changes in ubiquinone binding affinity
were noticed in all positions E157, E206, and E241, but the most consistent changes were
observed in the E206Q-mutant (Pd-E212Q). The E. coli enzyme deviates from other
complex I homologous enzymes in this position, having valine in the place of glutamate.
Introduction of this valine into P. denitrificans (mutant E212V) increased the apparent
affinity for Q1 and Q2, but the rotenone binding affinity was found unchanged in this
mutant.
Because the results above suggested that this residue might either interact directly with
the substrate ubiquinone or be located close to the binding site, this position was also
mutagenized in the E. coli enzyme in addition to the conserved segment in the beginning
of the following inside loop, as the ubiquinone binding site has been proposed to localize
at the interface of the PSST, 49-kD, and ND1 subunits (Darrouzet et al. 1998, Schuler et
al. 1999, Schuler & Casida 2001). However, no significant changes in binding affinities
of ubiquinone or the C-type inhibitor VNA were seen in any of the studied mutants.
Therefore, this segment of ND1 subunit is probably not directly involved in ubiquinone
binding, but might interact with the binding site over a longer distance. This region was
nevertheless very sensitive to structural changes based on the decreased NDH-1 activities
in the mutants, also in the non-conserved H210 position.
A new feature for bacterial NDH-1 enzymes was noticed, namely a strong
autoactivation in the D213E-mutant during enzyme turnover with either endogenous
ubiquinone or added decylubiquinone, indicating that the phenomenon was independent
of the hydrophobic tail structure present in the used ubiquinone. Based on the neglible
effect of the preincubation period and the nature of the electron acceptor, it was
concluded that the activation phenomenon was an intrinsic property of the mutant
enzyme itself, rather that arising from, for example, inadequate experimental conditions.
The reason for this behavior is currently unknown. Neither is it known whether this has
something to do with the active/de-active transition observed in mitochondrial complex I
(Vinogradov 1998).
Despite the relatively high d-NADH oxidation rate and assembly-normalized NDH-1
activity in the ND1-E216A mutant membranes of E. coli, all the colonies that were
analyzed for malate growth had a negative growth phenotype (III, Tables 1 and 2).
Although the assembly level in this series of mutants was low, the E216A mutant had the
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highest NDH-1-related activities of all the mutants, including the ones with a positive
malate growth phenotype. Including the observations about the NDH-2 dependency of P.
denitrificans mutants in positions E157 (E158D/Q) and E241 (E247Q), the conserved
glutamates in this subunit appear, in the light of present information, to have a role in the
electron and/or proton transfer efficiency of NDH-1 during the growth of these two
bacteria.

6.2.2 Subunit ND4L
In the hydrophobic environment of transmembrane helices in integral membrane proteins,
acidic residues are rare, and when found they are often highly conserved (Jones et al.
1994, Arkin & Brunger 1998). Such residues have been found to be involved in vectorial
proton movements in proton translocation events across the membrane, as in the case of
the c subunit (proteolipid) in ATP synthase, subunit I of cytochrome c oxidase, or in
other members of the heme-copper oxidase family (Hoppe et al. 1980, Thomas et al.
1993, Fetter et al. 1995, Verkhovskaya et al. 1997, Adelroth et al. 1997). ND4L contains
two highly conserved glutamates, which are deeply buried in the membrane, namely
glutamate-36 and glutamate-72. An acidic residue in both of these positions, either
glutamate or aspartate, was needed for proper NDH-1 function, estimated by the malate
growth phenotype. The E36Q-mutant NDH-1 enzyme was essentially inactive, but the
E72Q-mutant was partially active. This finding has recently been repeated by Kao et al.
(2005b). Based on the present data, it is not known whether a higher assembly level in the
E72Q mutant would restore the positive malate growth phenotype.
There was some spatial freedom in the position of these acidic residues. Replacement
of these acidic groups individually into the E. coli membrane-bound hydrogenase-4
equivalent positions in the opposite helix was tolerated by the enzyme, as the malate
growth phenotype was positive and the NDH-1 activity restored in the double mutants
E36Q/A69D and E72Q/I39D. Conversely, changing the position within the same helix
was not tolerated. As long as the structure of this subunit is not known, the explanations
for this finding can be regarded as hypothetical. However, assuming these transmembrane
helices adopt a structure resembling an ideal α-helix, this result can be explained by the
localization of these four positions on opposite sides of the interhelical surface between
transmembrane helices two and three (Fig. 13).
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Fig. 13. Hypothetical interface between NuoK helices two and three. Optional positions for
acidic residues one and two resulting in active NDH-1 are shown. Residues with > 90 %
conservation are highlighted.

The mutual proximity of the acidic residues in homologous regions within these two
different enzymes suggests an important structural or functional value for the pair of
acidic residues. A special interest for this similarity is aroused by the observation that
some hydrogenases may be able to translocate protons (Bott & Thauer 1989, Kerby et al.
1995).
The transfer of both acidic residues to another position simultaneously (i.e. the
“quadruple” mutant QDDQ) yielded an active NDH-1 enzyme, but the malate growth
phenotype was nevertheless negative. We concluded that the normal function of NDH-1
must be compromised in this mutant. Based on the previous observations on the ATPasedeficient strain and various nuo deletion mutants (see discussion above), it was regarded
likely that the energy conservation capacity of this mutant is compromised. Because only
the repositioning of both residues simultaneously was detrimental to the enzyme, these
glutamates are probably functioning co-operatively in the wild-type enzyme.

6.3 Bacterial complex I as a model for human mitochondrial disease
The introduction of targeted mutations within the mitochondrial genes has been
considered practically impossible due to the location of the genome within the
mitochondrial matrix, the number of mitochondrial genomes, and because of a deviating
genetic code. Despite these obstacles, introduction of genes into the mitochondria of the
yeast Saccharomyces cerevisiae has been found possible by a “biological ballistics”
method, where cells are bombarded with DNA-coated microprojectiles (Johnston et al.
1988), whereafter the genes can be maintained stably either by a homologous
recombination event or in a plasmid (Fox et al. 1988). Unfortunately, most yeasts that
have been used in studies concerning other mitochondrial respiratory chain enzymes lack
the complex I-homologous enzyme altogether. An exception to this rule is Y. lipolytica,
but no mtDNA manipulations have been introduced to this yeast thus far.
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Because of the lack of a suitable eukaryote model, we chose the bacterial complex I as
the model system for mitochondrial disease. Bacterial proton-pumping NADHubiquinone oxidoreductases have a similar L-shaped structure as the mitochondrial
complex I (Guenebaut et al. 1998, Grigorieff 1998, Peng et al. 2003). Also, the cofactor
content is similar (Yagi & Matsuno-Yagi 2003). Mitochondrial complex I contains 46
subunits, while the bacterial complex I has only 14 subunits and a combined molecular
mass of approximately half its mitochondrial counterpart (Yagi 1991, Carroll et al. 2003).
All of the bacterial enzyme subunits have homologous counterparts in the mitochondrial
enzyme (Walker J.E. 1992). A consensus value for proton pumping stoichiometry is
2H+/e- both in the mitochondrial and bacterial enzyme (Wikström 1984, Brown & Brand
1988, Hinkle et al. 1991, Bogachev et al. 1996, Galkin et al. 2001). Therefore, the
bacterial NDH-1 is considered a “minimal model” of mitochondrial complex I with the
same catalytic mechanisms. In conclusion, there are apparent similarities between the
bacterial and mitochondrial complex I. However, considering the differences, there are a
large number of additional subunits in the mitochondrial enzyme, and some bacterial
enzymes contain an additional [FeS]-cluster N7 (Nakamaru-Ogiso et al. 2005), which is
considered to be an evolutionary remnant on the basis of structural information (Sazanov
& Hinchliffe 2006).
Bacterial models for human mtDNA defects in various diseases have been successfully
used, for example in ATPase 6 gene mutations T8993G or T9176G causing maternally
inherited neurogenic muscle weakness, ataxia, and retinitis pigmentosa or subacute
necrotizing encephalopathy or Leigh’s disease (Hartzog & Cain 1993, Carrozzo et al.
2000), and in a multitude of mutations in cytochrome c oxidase genes (Bratton et al.
2003). Also, the G3460A-mutation in the ND1 subunit of complex I causing LHON has
been studied in P. denitrificans (Zickermann et al. 1998).
All the mtDNA-encoded subunits of the respiratory chain are evolutionary conserved
and can also be found in bacterial respiratory chains. There are obvious advantages and
disadvantages in the use of bacterial models, and some of them would also apply to the
yeast model (Table 7). Bacteria grow fast and there is a multitude of methods for genetic
manipulations, especially for E. coli. When introducing site-directed mutations into the
target gene, only the effect of the studied mutation is seen and also the possible
confounding effect of heteroplasmy is avoided. Structural divergences between the
human mitochondrial and bacterial complex I can lead to false conclusions about the
effect, or the lack of it, in patient mitochondria. When the mutation affects a catalytically
active region of the protein, this region is often highly conserved and a similar effect is
seen in the bacterial enzyme, although the magnitude of the change may vary. If the
mutation is situated more peripherally from the catalytically active region and it has some
other effect than catalytic on the human enzyme, like regulatory or structural, no effect is
seen in the bacterial enzyme. However, based on the criterions in DiMauro & Schon
(2001) and McFarland et al. (2004), human pathogenic mutations should affect a
conserved region of the protein, and therefore the region is also often conserved in
bacteria.
In conclusion, a bacterial model of human disease affecting the catalytic core of
complex I is a very efficient way to demonstrate the biochemical defects in detail.
However, if the mutation lies outside the region that is involved in the catalytic reaction,
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the observed negative results are difficult or impossible to interpret correctly in the
framework of the human enzyme.
Table 7. Bacterial complex I in mitochondrial disease modeling.
Advantages

Disadvantages

Efficient way to introduce mutations

Structural variation to the mitochondrial enzyme

Neutral background

Lacks the additional subunits

No heteroplasmy
High and fast yield of research material
Lower variation in comparison to patient samples

6.3.1 MELAS mutations in positions E228 and Y229 detract from
enzyme assembly and lower the catalytic activity
Elimination of an acidic group in the 228-position (E234Q mutant) resulted in negligible
assembly of the P. denitrificans NDH-1 enzyme. Also in the case of E. coli, the assembly
level was significantly lower in the E228Q and E228K mutants, although higher than in
P. denitrificans. The assembly level in the E. coli E228D mutant was normal. The
E228K-equivalent mutation in the human ND1 subunit has been shown to cause MELAS
(Kirby et al. 2004). Kirby and co-workers also showed that the level of assembled
complex I was significantly reduced in mitochondria isolated from fibroblasts cultured
from a patient carrying this mutation. Summarizing the results from the three distinct
enzymes, it can be concluded that an acidic residue in this position is needed for proper
assembly of the enzyme.
Why does E. coli appear less sensitive than the human mitochondrion or P.
denitrificans to the replacement of E288? Based on the current information and lacking a
high-resolution structure of this region, there are two possible explanations. The first one
is a structural deviation of the E. coli enzyme in this region. There actually is an
additional aspartate residue in this loop (D223) in the E. coli enzyme that is lacking from
the human and P. denitrificans enzymes and might contribute to an alternative folding of
the loop. As the structure of this loop is very sensitive to alterations (see below), the
alternatively assembled enzyme is probably inactive, as seen in the E228Q and E228K
mutants. The second explanation, or a supporting feature for the first hypothesis, is based
on the over-expression of the NuoH subunit, providing simply more material or possibly
more alternative conformations for the assembly process. If there is variation in the loop
structure between separately expressed subunit molecules, docking with other subunits in
a certain favorable conformation might drive the assembly process more efficiently when
there are more “candidates” of the NuoH subunit for docking, i.e. the over-expression
situation.
Support for the second explanation is provided by the Y229H-mutant, which is
assembled in the same level as the control strain. Also this mutation has been reported to
cause MELAS, with similar levels of complex I assembly (12 % of control) and activity
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(13 %) as the E228K mutant (Kirby et al. 2004). It thus appears that the in trans
complementation leads to the underestimation of the assembly failure, or the E. coli
enzyme deviates from the human complex I (and P. denitrificans enzyme) in this region –
an explanation that is unlikely due to the high conservation of this loop between complex
I homologous enzymes (Fig. 2).
Replacement of E228 with aspartate decreased NDH-1 activity by 50 % without
significant changes in DB or VNA binding affinities (III, Table 2). Contrary to E228,
Y229 is not strictly conserved among complex I homologs. Nematodes have
phenylalanine in this position (Fig. 2). Compared to the E228K mutation, the Y229H
mutation affected NDH-1 activity surprisingly little. The assembly-normalized DB
reductase activity was as high as 74 % of the control. This mutant displayed
autoactivation during turnover. The reason for this phenomenon is currently unknown.
Considering the pathogenity of the Y229H mutation, it probably is the assembly failure
shown by Kirby et al. (2004) that is responsible for the human disease, rather than the
kinetic effect behind the autoactivation phenomenon.

6.3.2 Mutations in LHON position E157 lower the enzyme activity but
do not affect ubiquinone binding
The equivalent position to the G3733A/ND1 E143K-mutation in patients suffering from
LHON was mutagenized in P. denitrificans (I). The introduction of glutamine or aspartate
in this position (i.e. E157Q and E157D mutants) reduced the assembly-normalized
ubiquinone reductase activity to 55-68 % of the control activity in the P. denitrificans
enzyme, but no consistent effect on ubiquinone binding affinity was seen (see Table 6).
Nevertheless, both mutants were dependent on the presence of an active NDH-2 enzyme,
suggesting an impaired function of the mutant enzyme. In addition to P. denitrificans
NDH-1, we have also introduced the pathogenic mutation in the E. coli enzyme, i.e.
E157K-mutant (Pätsi, Silakka, Kervinen, and Hassinen, unpublished results). The
assembly-normalized ubiquinone reductase activity was decreased 26 % in this mutant,
and the ubiquinone binding affinity was normal without signs of substrate inhibition.
Apparently, substitutions in this position decrease the complex I catalytic turnover rate,
which might be pronounced in high proton motive force conditions, although this was not
demonstrated in patient samples (Valentino et al. 2004).
Altered ubiquinone binding to complex I has been previously shown in the presence of
several LHON-causing mutations. Decreased affinities for ubiquinone or the complex I
inhibitor rotenone have been shown in the G3460A/ND1-A52T and G11778A/ND4R340H mutations (Majander et al. 1996, Ghelli et al. 1997, Zickermann et al. 1998,
Valentino et al. 2004). Substrate inhibition at higher concentrations of ubiquinone has
previously been observed in the mitochondrial membrane preparations from Ebstein-Barr
virus-transformed cell lines carrying the G3460A/ND1-A52T or G14459A/ND6-A72V
mutations (Majander et al. 1996, Jun et al. 1996). In congruence with these results, we
recently observed probable substrate inhibition in the E. coli NDH-1 mutant M64T
mimicking the G3460A mutation (Pätsi, Silakka, Kervinen, and Hassinen, unpublished
results) and, in addition to the lowered affinities for ubiquinone in the G14459A and
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T14484C LHON-mutations-mimicking E. coli enzymes, a previously unreported
substrate inhibition pattern with ubiquinone in the T14498C/ND6-Y59C-LHON-mutant
was noticed (Pätsi et al. 2006).
In light of the present information, it appears that the G3733A/ND1-E143K mutant
might deviate from the above-mentioned LHON-mutants in the biochemical defect, as no
changes in ubiquinone binding were observed.

6.4 Use of lucigenin and coelenterazine in superoxide detection
We compared two chemiluminescent superoxide-detecting probes, lucigenin and
coelenterazine. The suitability of lucigenin for reliable measurement of superoxide
production has been questioned (Liochev & Fridovich 1997, Janiszewski et al. 2002). We
observed sensitization of lucigenin for superoxide by the reduced respiratory chain
components upstream of the rotenone inhibition site and an electron transfer between
complex I and lucigenin. The sensitivity of superoxide detection with coelenterazine was
not dependent on reduction by the respiratory chain, enabling quantitative superoxide
production measurements calibrated with the known rate of superoxide production in the
XO/hypoxanthine system.
Superoxide production was measured in P. denitrificans 9220 membranes with
coelenterazine as the detecting compound. The NDH-1 enzyme was found to be the main
superoxide producer. Even higher superoxide production was observed in the P.
denitrificans 92-223 strain lacking NDH-1 and containing the E. coli NDH-2 enzyme
instead, showing that both NADH dehydrogenases leak electrons to oxygen also in the
absence of respiratory chain inhibitors.
It is generally accepted that superoxide permeation through phospholipid membranes
is slow compared to its spontaneous disproportionation (Gus'kova et al. 1984). SOD is
membrane impermeable, but coelenterazine has been shown to permeate at least the
plasma membrane in eggs of the killifish Fundulus grandis (Shimomura 1997). We did
not find evidence that the permeation of coelenterazine through the membrane vesicles
limits the superoxide detection. Therefore, the SOD-sensitivity of the coelenterazine
signal should report the sidedness of the superoxide signal with respect to the membrane
in sealed vesicles. The NADH oxidation-induced signal in Pd 9220 strain membranes
was found fully sensitive to SOD. This is in agreement with the observation of NDH-1 as
the main superoxide producer under these conditions, because the NADH binding site in
active vesicles has to reside on the outside face of the vesicle, if the vesicle is
impermeable to NADH. Also, all the known redox cofactors reside on the same side of
the membrane, as they are the potential donors of electrons to oxygen molecules.
Contradictory results about the orientation of the bacterial membrane vesicles or
sidedness of the superoxide production were obtained in the SOD sensitivity of the
antimycin A-induced production of superoxide, which is derived from the Qo site within
complex III and is released to the outside of the membrane in intact mitochondria (de
Vries 1986, Han et al. 2001). In inside-out bacterial vesicles, the antimycin A-induced
production of superoxide should occur inside the vesicle and should thus be insensitive to
SOD. However, as high as 87 % SOD-sensitivity with coelenterazine and 95 % with
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coelenterazine f were observed in Pd 9220 membrane preparations in the presence of
antimycin A, although 41 % and 62 % sensitivities were expected for coelenterazine and
coelenterazine f, respectively, based on the 2.6- and 1.6-fold superoxide production rates
compared to the rate in the absence of the inhibitor. This leaves two options for the
physical properties of the vesicles. Either the majority of the bacterial membrane vesicles
do not seal and are therefore permeable to SOD or the vesicles preserve the outside-out
orientation and are still permeable to NADH. The latter option leads to the conclusion
that the NDH-1-produced superoxide would be released to the outside of the vesicle, i.e.
to the opposite side of all the known redox centers. Therefore, the latter option is
considered unlikely.
The NADH-induced lucigenin chemiluminescence in SMP or Pd 9220 membrane
preparations was only partially sensitive to SOD (IV, Fig. 3). However, the signal was
sensitive to the membrane-permeant SOD mimetic tetramethylpiperidine-N-oxyl and the
sensitivity to SOD was increased by the addition of detergent, implying there are
permeability barriers limiting the quenching of the lucigenin signal by SOD that are not
limiting the quenching of the coelenterazine signal. The accumulation of lucigenin within
the membrane vesicles in the presence of proton motive force due to its positive charge
(Li et al. 1999) was excluded by the negligible effect of protonophore carbonylcyanide
m-chlorophenylhydrazine on the lucigenin signal and its sensitivity to SOD. Considering
the polarity of the vesicles (see above), the permeability barrier of the lucigenin signal to
SOD cannot be fully explained.
Increased oxygen radical production has been proposed to be involved in a number of
human pathological conditions, including mitochondrial diseases. Hard evidence about
the nature of the superoxide production increase in these conditions is lacking, especially
concerning the site where the electron leak occurs. Coelenterazine is suitable for such
studies in bacterial models of human mitochondrial disease.

7 Conclusions
Means for assignment of newly-found mtDNA mutations as truly pathogenic mutations
or as neutral polymorphisms are much needed. The methods that we have generated to
manipulate in bacteria the genes equivalent to the human ND1, ND4L and ND6 genes,
enable studying the function of these gene products in complex I catalysis, and further,
the possible roles of mtDNA mutations in human pathogenesis.
This study provided means to analyze the adequacy of bacterial complex I activity on
the basis of the growth phenotype of Escherichia coli. It enables rapid screening for
deleterious mutants that can be used to select interesting gene variants for example in the
random mutagenesis method. The reason behind this negative growth phenotype was
putatively assigned to a lowered proton-pumping stoichiometry of the respiratory chain in
these mutants. If this proves to be correct, it provides rapid means to assess the protonpumping stoichiometry changes in mutants, when combined with the activity
measurements in the bacterial membranes, as the conventional proton-pumping
stoichiometry measurement methods are rather troublesome to build up and to run
reliably.
Production of reactive oxygen species is considered to be an important factor in aging
and human pathogenesis. Despite the fundamental importance of this issue, reliable
methods to measure the reactive oxygen species generation in complex I carrying human
pathogenic mtDNA mutations is missing. We built a coelenterazine-based method to
quantitatively measure superoxide production in the mitochondrial or bacterial
membranes, which can be used to compare superoxide production in complex I with
wild-type or pathogenic mutations carrying subunits.
Although the catalytic mechanism of complex I is still at the mere speculative
hypothesis level, the membranous domain of this enzyme must at least contain the entry
sites for the lipophilic ubiquinone molecule and the proton pathways or the protonpumping mechanisms. In a search for domains involved in these functions, we generated
several series of site-directed mutants in subunits ND1 and ND4L, concentrating on the
conserved charged residues. Two of these, namely ND1-E228 (also affected by the
MELAS mutation G3946A) and ND4L-E36, were found essential for the assembled and
functional complex I. ND1-E216A, ND4L-E72Q, and ND4L-E36Q/I39D/A69D/E72Q
substitutions produced active enzyme, but the growth phenotype of these mutants
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suggested impaired proton-pumping function. Substitutions in the ND1-Y229- (affected
by the MELAS-T3949C mutation) and ND1-E157-positions (affected by the LHONG3733A mutation), and the charged residues in the loop five of the ND1 subunit were
found important for the enzyme, as their substitutions resulted in an impaired activity of
the enzyme. No conclusive evidence about the direct involvement of the studied regions
in the binding of ubiquinone was found, but the ND1-E206-position might be located
close by.
Mitochondrial complex I enzyme has proven hard to approach on biochemical ground,
when compared to the other respiratory chain complexes. Structural knowledge is still
fragmentary, although recently a high resolution structure of the hydrophilic domain has
been obtained. Hopefully, the high-resolution structure of mitochondrial complex I will
become available soon, enabling more detailed conclusions even of the mechanisms by
which the pathogenic mutations affect the enzyme activity, and, enable more firm basis to
link structure with function of this large and complex enzyme.
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