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Abstract In recent years, we have developed the obligate aerobic yeast
Y. lipolytica as a model system to analyse respiratory chain complex I (proton
pumping NADH:ubiquinone oxidoreductase). Our studies were aimed at exploring
structural and functional constraints for the reaction mechanism at the catalytic
core of this giant enzyme, defined as the site where ubiquinone reduction couples
to proton translocation. Extensive genomic and proteomic analyses of Y. lipolytica
mitochondria resulted in the discovery of 41 different complex I subunits,
encoded both by the mitochondrial and the nuclear genome. Most of the
subunits of complex V (ATP synthase) and a protein specifically involved in
complex [ iron—sulfur cluster assembly were also described. Novel gel-
electrophoretic separation techniques and analytical methods, especially laser-
induced liquid bead ion desorption (LILBID) mass spectrometry, developed for
these purposes, have great potential as useful tools for obtaining molecular
fingerprints of large protein assemblies.
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1 Introduction

In recent years, the obligate aerobic yeast Yarrowia lipolytica has been firmly
established as a powerful yeast genetic model system for the analysis of respiratory
chain complex I. Due to the intricate composition of this multi-subunit enzyme, this
work was accompanied by large-scale genomic and proteomic analyses of
Y. lipolytica mitochondria. In this chapter, we are going to review these efforts,
with a special emphasis on novel analytical methods that were developed in the
course of these studies.

Many questions on complex I remain unanswered. Only recently the complex
was studied by X-ray crystallography (Hunte et al. 2010; Efremov et al. 2010;
Baradaran et al. 2013), and the reaction mechanism is far from being understood.
This lack of information is untenable in view of the vital position of complex I in
human metabolism, as illustrated by the fact that inherited and acquired complex I
defects cause severe, progressive and often fatal disorders, with Leigh syndrome as
the most typical clinical manifestation (see below).

While Saccharomyces cerevisiae has proven an excellent model system for the
genetic analysis of numerous topics in cell biology, the enzymatic machinery of this
species, as a consequence of its adaptation to the fermentative lifestyle (Lagunas
1986), displays several peculiar features, including the lack of respiratory chain
complex I. The resulting inapplicability of the S. cerevisiae model system certainly
is among the reasons why the analysis of complex I is still lagging behind the work
on other complexes of the respiratory chain.

We therefore set out to establish a yeast model system for the analysis of
complex I. The obligate aerobic yeast Y. lipolytica was chosen since its genetics
are quite well advanced (Barth and Gaillardin 1996), as it combines heterothallism
and two stable mating types with the availability of replicative and integrative
plasmids and several easily scorable metabolic and resistance markers. The geno-
mic sequence of Y. lipolytica has been analysed by the Genolevures consortium
(Dujon et al. 2004).

The most widely accepted reference system for eukaryotic complex I, studied
extensively on the proteomic level, is complex I from bovine heart. Evolutionary
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Fig. 1 Respiratory chain of Y. lipolytica. Schematic representation of the respiratory chain of
Y. lipolytica. Substrate flow is indicated by white and proton pumping by pink arrows. I, 11, 111, IV,
V, respiratory chain complexes I-V; a, a3, heme @ and a3; Alt. Ox., alternative oxidase; b, heme b;
by, by, low and high potential heme b; c, ¢q, heme ¢ and ¢;; Cu,, Cug, copper centre A and B; FeS,
iron—sulfur cluster; Q, ubiquinone; QH,, reduced ubiquinone; NDH2, alternative NADH
dehydrogenase

conserved subunits of Y. lipolytica complex I were thus named after their bovine
heart homologues. In addition, a few yeast-/fungus-specific subunits were found.

2 The Mitochondrial Respiratory Chain of Y. lipolytica

The respiratory chain of Y. lipolytica mitochondria does possess not only complex I
but also all other respiratory chain complexes found in mammals including humans
(Fig. 1), namely, complex II (succinate:ubiquinone oxidoreductase), complex III
(ubiquinol:cytochrome ¢ oxidoreductase), complex IV (cytochrome ¢ oxidase) and
complex V (ATP synthase). The ubiquinone species employed by Y. lipolytica,
termed Qy, has a nine-unit isoprenoid side chain (Kurtzman 1994). This is closer to
Qo_;; found in mammals than to Qg found in S. cerevisiae. Also, the phospholipid
composition of mitochondrial membrane fractions (Arthur and Watson 1976) was
found to be similar to that of mammalian mitochondria.

As in human mitochondria, complexes I, III and IV, by pumping protons into the
intermembrane space, build up a transmembrane proton gradient which is then used
to drive ATP synthesis by complex V. Besides these complexes, the respiratory
chain of Y. lipolytica mitochondria also comprises so-called alternative enzymes, as
typically found in plants and fungi. Alternative NADH dehydrogenase (NDH2)
carries out the same redox reaction as complex I (Kerscher 2000; Melo et al. 2004),
while alternative terminal oxidase (AOX) bypasses complexes III and IV (Joseph-
Horne et al. 2001). Both enzymes consist of a single subunit only and do not pump
protons. NDH2 contains a non-covalently bound FAD molecule as sole redox
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prosthetic group. Alternative NADH dehydrogenases have been found in archae-
and eubacteria, in protists, plants and fungi. As these enzymes can reside on either
the inner or the outer face of the mitochondrial inner membrane, eukaryotic
alternative NADH dehydrogenases can be classified as internal or external. For
example, S. cerevisiae mitochondria possess two external and one internal alterna-
tive enzyme (Marres et al. 1991; Luttik et al. 1998). Only the internal form of
NDH2 confers resistance to complex I inhibitors like DQA and rotenone (Kerscher
et al. 2001b).

AOX which occurs in plants and fungi contains a di-iron active centre and
confers resistance to inhibitors of complexes III and IV. AOX activity is detectable
in Y. lipolytica cells growing in the presence of antimycin A or cyanide. In
Y. lipolytica cultures growing in the absence of such poisons, AOX is expressed
in stationary phase cells but in an inactive form that only becomes activated in
conditions that elevate cellular AMP levels (Medentsev and Akimenko 1999).

Studying the properties of the alternative NADH dehydrogenase of Y. lipolytica
proved to be of vital importance for establishing this yeast as a model system for
complex I research (Kerscher et al. 1999). When we first tried to sporulate diploid
strains heterozygous for a deletion allele for one of the seven nuclear encoded
central subunits of complex I, no viable haploid strains carrying the deletion allele
could be identified among the progeny. We concluded that, in contrast to other
fungi like Neurospora crassa and Aspergillus spec. where complex I null mutants
had been generated before, complex I function was essential for survival of
standard laboratory strains of Y. lipolytica. At that time, it appeared that genetic
analysis of complex I using Y. lipolytica was impossible.

However, a useful hint to a solution for this problem was found when the
alternative NADH dehydrogenase activity of Y. lipolytica was analysed in more
detail. A comparison of intact and permeabilised Y. lipolytica mitochondria clearly
demonstrated that alternative NADH dehydrogenase activity in this yeast was
exclusively due to an external enzyme. Following deletion of the NDH2 gene,
alternative NADH dehydrogenase activity was completely abolished (Kerscher
et al. 1999).

Next, we created a gene fusion in which a truncated NDH2 open reading frame
was fused to the sequence encoding the mitochondrial targeting sequence of the
75-kDa subunit of Y. lipolytica complex 1. The construct was randomly integrated
into the Y. lipolytica genome, and transgenic colonies could be isolated by virtue of
their ability to grow in the presence of the complex I inhibitor DQA. Thus, the
internal version of Y. lipolytica NDH2, termed NDH?2i, was able to substitute for the
NADH dehydrogenase function of complex I (Kerscher et al. 2001b). Its presence
permitted the deletion of nuclear genes for essential subunits of complex I, which
could then be complemented with plasmid-borne site-directed mutant copies of the
respective genes.

It should be noted that a further alternative NADH dehydrogenase gene
(YALIOE05599g) was detected in Y. lipolytica during the course of the genome
project. Its functional significance remains unclear since a catalytic activity
corresponding to the enzyme encoded by this gene has not been reported yet.
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Table 1 Assignment of EPR signals to the iron—sulfur clusters of complex I

EPR signal assignment

Cluster type Subunit name (Bos taurus) Traditional Revised
Fe,S, 24 kDa Nla Nla

FesS4 51 kDa N3 N3

Fe,S, 75 kDa N1b N1b

FeySy 75 kDa N4 N5

Fe,S, 75 kDa N5 Not detectable
Fe,Sy TYKY N6a N4

Fe,S4 TYKY N6b Not detectable
FeyS4 PSST N2 N2

Adapted from Yakovlev et al. (2007) and Roessler et al. (2010)
3 Characteristic Features of Complex I

Among the reasons why mitochondria as endosymbionts are of prime value for their
hosts, their superior capability of ATP production by utilisation of oxygen holds
one of the top ranks. Complex I (NADH:ubiquinone oxidoreductase) in mammals
makes a major contribution (up to 40 %, depending on metabolic conditions) to the
proton gradient across the inner mitochondrial membrane and hence to oxidative
phosphorylation (Brandt 2006). The transfer of two electrons from NADH to
ubiquinone is coupled to the translocation of four protons (Galkin et al. 2001,
2006). Complex I is a huge multiprotein assembly, composed of 45 subunits in
mammals (Carroll et al. 2006) and around 40 subunits in fungi (Morgner et al.
2008), with a total molecular mass in the range of one million Dalton. The enzyme
is L shaped with two arms of similar length and girth, oriented perpendicular to
each other, a hydrophobic arm imbedded in the respiratory membrane and a
hydrophilic peripheral arm protruding into the mitochondrial matrix (Radermacher
et al. 2006). The peripheral arm carries all redox prosthetic groups, namely, one
FMN and eight iron—sulfur clusters, two of which are of the binuclear and six of the
tetranuclear type (Table 1; Sazanov and Hinchliffe 2006); the membrane arm
harbours the proton pump.

Many bacteria, including Escherichia coli, possess a “minimal form” of com-
plex I that is composed of 14 subunits only, with a total molecular mass of about
550 kDa (Friedrich 1998; Yano and Yagi 1999). Seven subunits each make up the
peripheral and the membrane arm, respectively. All of them have homologues in
eukaryotic complex I, termed “central subunits,” since obviously they are sufficient
to carry out the bioenergetic function of complex I. In mammals and fungi, the
seven central subunits of the peripheral arm are nuclear coded, while the seven
central subunits of the membrane arm are mitochondrially coded (Table 2). The
function of the “accessory subunits” of eukaryotic complex I, all of which are
nuclear coded, is largely unknown (see below).

While the subunit composition of bacterial complex I is much simpler and its
molecular mass is markedly lower than that of the eukaryotic enzymes, using the
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fungal enzyme as a model system for mammalian complex I offers a number of
advantages. Fungal complex I is more stable and more easily purified in active
form. Also, it does allow site-directed mutagenesis not only of the nuclear coded
central but also the accessory subunits, including the remodelling and in vitro
analysis of genetic defects in human complex I (see below).

2D and 3D models for the overall shape of complex I have been constructed by
averaging electron microscopic pictures of single particles. While the resolution of
this method is limited, the most detailed three-dimensional pictures by using this
method were obtained using purified Y. lipolytica complex I (Clason et al. 2007).
The two arms of complex I from several bacterial or eukaryotic sources have been
dissociated using detergents or chaotropic reagents and then purified or further split
into subcomplexes. Low-resolution images of fragments corresponding to the
peripheral and the membrane intrinsic arm of N. crassa complex I have been
published as early as 1991 (Hofhaus et al. 1991).

Before of high-resolution structural images of complex I became available, the
X-ray structures of evolutionary-related enzymes, namely, the water-soluble [NiFe]
hydrogenases from several eu- and archaebacterial sources (Montet et al. 1997)
proved to be valuable models for the part of complex I that harbours the catalytic
core of the enzyme, a designation we introduced for the domains immediately
involved in the reduction of the quinone substrate and in coupling this reaction to
proton translocation across the respiratory membrane (Kashani-Poor et al. 2001b).
Bacterial [NiFe] hydrogenases consist of a large and a small subunit. They are
related to the 49-kDa and PSST subunits of complex I, respectively. By generating
a large number of amino acid substitutions in complex I of Y. lipolytica and
assessing their effects on catalytic activity, inhibitor sensitivity and the electron
paramagnetic resonance (EPR) signature of iron—sulfur cluster N2 (Ahlers et al.
2000b; Kashani-Poor et al. 2001b; Grgic et al. 2004; Garofano et al. 2003), we
reached the following conclusions: The overall structure of the complex I catalytic
core, located at the interface between the 49-kDa and PSST subunits, is highly
similar to the corresponding part of bacterial [NiFe] hydrogenases. Iron—sulfur
cluster in the PSST subunit corresponds to the so-called proximal iron—sulfur
cluster in the hydrogenase small subunit, while the quinone-binding site in the
49-kDa subunit corresponds to the hydrogen evolving [NiFe] centre in the hydro-
genase large subunit (Brandt et al. 2005).

A wealth of complex I inhibitors have been identified and several attempts at
classification have been made (Degli Esposti 1998; Friedrich et al. 1994). The fact
that several mutations in the catalytic core region of complex I affected the affinity
for representative inhibitors from classes A (DQA, 2-decyl-4-quinazolinyl amine)
and B (rotenone) provided strong support for the hypothesis that all classes of
complex I inhibitors and the hydrophobic substrate ubiquinone bind to overlapping
domains within a common binding pocket, as proposed in an earlier study using
direct competition assays (Okun et al. 1999).

Later, the X-ray structure of the peripheral arm of Thermus thermophilus
complex I was solved (Sazanov and Hinchliffe 2006). In this structure, the redox
prosthetic groups of complex I appear arranged in a chain starting with the
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non-covalently bound FMN molecule in the 51-kDa subunit that serves as the direct
oxidant of NADH. Electrons are then passed on via an unbranched chain of
iron—sulfur clusters that starts with tetranuclear cluster N3 in the 51-kDa subunit
and terminates with binuclear cluster N2 in the homologue of the PSST subunit of
bovine complex I. Binuclear cluster Nlc, which is found in some bacterial
complexes I only, does not participate in electron transfer reactions and merely
serves a structural role.

It should be noted that there is an ongoing controversy on the assignment of
the intervening clusters to the EPR signals that contribute to the EPR signatures.
The “traditional” assignments, largely based on the work of Ohnishi and co-
workers (Ohnishi 1998; Sazanov and Hinchliffe 2006), was recently challenged
by Hirst and co-workers (Yakovlev et al. 2007; Roessler et al. 2010). While
discussing this issue is beyond the scope of the present article, the “traditional”
and “revised” assignments specific EPR signals to the iron—sulfur cluster bearing
subunits of complex I are presented in Table 1.

The X-ray structure of the peripheral arm of Th. thermophilus complex I
confirmed the notion that there is a high degree of structural similarity between
bacterial [NiFe] hydrogenases and complex I. The interface between the 49-kDa
and the PSST subunits, including the domains that correspond to [NiFe] cluster-
binding site, forms a large cavity at the periphery of the fragment. It is widely
accepted that this part of the enzyme constitutes much of the ubiquinone-binding
pocket, within which the substrate has to interact with its specific binding site for
productive interaction, i.e. reduction, coupled to proton pumping. Further research,
including site-directed mutagenesis in Y. lipolytica, has provided a wealth of
detailed information on this part of complex I (see below).

However, the position and orientation of the peripheral arm fragment and thus of
the ubiquinone-binding pocket with respect to the membrane arm remained unclear.
Also the involvement of the PSST subunits in crystal contacts and the fact that
some sequence stretches within the 49-kDa and PSST subunits could not be
resolved in the structure, left room for speculations on the actual shape and location
of the ubiquinone-binding pocket within the holoenzyme. Meanwhile, the X-ray
structural analysis of both the complete bacterial and mitochondrial complex I
(Hunte et al. 2010; Efremov et al. 2010; Baradaran et al. 2013) revealed that
the immediate electron donor of iron-sulfur cluster N2 resides about 30 A above
the polar headgroups of the membrane surface. This confirmed several lines of
evidence indicating that this distance is at least 30 A (Clason et al. 2007, 2010;
Zickermann et al. 2003). In the structural models derived from these studies, the
orientation of the quinone-binding pocket correctly suggested that it opens to the
bulk phase and that the extremely hydrophobic substrate has to leave the membrane
level at least in part. Clearly, the X-ray structure of the complex I holoenzyme was
required to unambigously elucidate the orientation of the peripheral arm with
respect to the membrane arm.



Mitochondrial Genomics and Proteomics of Yarrowia lipolytica 41
4 A Genetic Approach to Y. lipolytica Complex I

In the following, we report on our efforts to establish Y. lipolytica as a model system
for the genetic and proteomic analysis of complex I. Through long years of
spadework, a wealth of information has been obtained and a number of methodo-
logical approaches have been developed that now allow tackling various aspects of
complex I structure, function and assembly.

All seven nuclear genes encoding the central subunits of the peripheral arm of
complex I, as well as several others, could be cloned by virtue of sequence
similarity with their homologues in fungi like N. crassa and in mammals. Following
completion of the Y. lipolytica genome project, in addition to the seven nuclear
coded central, a total of 27 genes for accessory subunits of Y. lipolytica complex 1
have been identified up to now (Table 2). Evidence that the protein products of
these genes are bona fide subunits of Y. lipolytica complex I has been provided by
proteomic analysis of the purified enzyme. For a subset of genes, including all
seven central nuclear encoded subunits, deletion by homologous recombination
was achieved, which either completely abolished complex I assembly or resulted in
the appearance of subcomplexes that most likely represent relatively stable assem-
bly intermediates (unpublished results).

As discussed above, the generation of strains carrying deletions of individual
genes for complex I subunits was only achieved after genomic integration of the
artificial NDH2i gene, encoding an internal version of alternative NADH dehydro-
genase. Following replacement of the genomic copy of the NUGM gene encoding
the 30-kDa subunit of complex I with a version carrying a C-terminally attached
His-tag, affinity purification of Y. lipolytica complex I could be achieved with high
purity and yield. To our best knowledge, this method holds the record for the largest
multiprotein assembly purified to date using a single affinity tag.

However, strain development is still an ongoing process. For example, it can be
expected that deletions of genes encoding complex I specific assembly factors or
chaperones will yield intermediate phenotypes, i.e. result in an incomplete loss of
complex I function. In such cases, it would be desirable to carry out suppressor or
enhancer screens. This and other approaches will involve classical genetic crosses,
employing truly isogenic strains. Such analyses are plagued with low mating and
sporulation frequencies, low spore viabilities and non-uniform genetic background
of the available Y. lipolytica strains. It has long been speculated that there is a
common reason behind these problems: Multiple genomic rearrangements between
individual “wild-type” isolates might prevent isogenisation by standard inbreeding
programmes. An additional problem is presented by the fact that the frequency of
homologous recombination is comparably low in Y. lipolytica, with the vast
majority of recombinants resulting from random integration events.

Recently, we have put some effort into improving this situation. First, we deleted
the homologue of the N. crassa mus51 gene (YALIOC08701g). In strains lacking
this central component of the non-homologous end joining (NHEJ) system, a strong
prevalence of homologous recombination repair (HRR) was observed following
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transformation: a linear DNA fragment containing a URA3 (gene encoding
orotidine-5'-phosphate decarboxylase) marked deletion of a gene for an accessory
complex I subunit was integrated by homologous recombination with the genomic
locus in 12 out of 12 cases, a figure which is in stark contrast to the 0.25-12.5 % of
homologous recombination events that we achieved in similar gene deletion
projects using standard laboratory strains of Y. lipolytica (unpublished observation).

To generate truly isogenic strains of Y. lipolytica, we have replaced the mating-
type locus from MATA to MATB ina YALIOC08701g deletion strain using pop-in-
pop-out recombination. However, the project has not been finished yet, and mating
and sporulation frequencies of strains isogenised by this “sex-reversal” procedure
are yet unknown.

5 The Mitochondrial Genome of Y. lipolytica

InY. lipolytica, like in mammals, the seven central, highly hydrophobic subunits of
the membrane arm of complex I are encoded by the mitochondrial genome. Cross-
hybridisation of a Podospora anserina mitochondrial DNA (mtDNA) probe with
Y. lipolytica total DNA (Nosek and Fukuhara 1994) was among the first pieces of
evidence for the presence of complex I in this obligate aerobic yeast; the sequence
of a 6.6-kb Y. lipolytica mtDNA fragment containing the ND4 gene was published
shortly afterwards (Matsuoka et al. 1994). The complete sequence of the
Y. lipolytica mitochondrial genome could be determined at an early stage of the
Y. lipolytica genome project by combining sequence information from a total DNA
“shotgun” library and from contigs obtained by cloning of “satellite” DNA purified
using cesium chloride gradient ultracentrifugation (Kerscher et al. 2001a).

Fourteen respiratory chain proteins are encoded by the Y. lipolytica mtDNA
sequence, including the seven hydrophobic subunits (ND1-6 and ND4L) of
the membrane arm of NADH:ubiquinone oxidoreductase (complex I),
apocytochrome b of the cytochrome bc; complex (complex III), three subunits
(COX1, 2, 3) of cytochrome ¢ oxidase (complex IV) and three subunits of
ATP synthase (complex V). N-terminal sequencing of several mitochondrial respi-
ratory chain proteins clearly demonstrated that the Y. lipolytica mitochondrial
genome is translated according to the “mold mitochondrial” translation table.
However, up to date (February 2010), the NCBI database erroneously assigns
“Translation table 3 (Yeast Mitochondrial)” as mitochondrial genetic code of
Y. lipolytica.

The two RNA components of the mitochondrial ribosomes and 27 mitochondrial
tRNAs were also found. The analysis of the Y. lipolytica mtDNA sequence revealed
some unexpected features: the set of mitochondrial tRNAs is incomplete there is no
tRNA able to read GCN codons encoding arginine, and, as a consequence, such
codons are absent from the protein coding genes listed above. A total of 17 introns
were found in the mitochondrial genome of Y. lipolytica. All of them fall into class I
of fungal introns, characterised by a common secondary structure, a unique splicing
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mechanism and the presence (at least in the majority of cases) of intronic open
reading frames encoding endonucleases/maturases which may assist in the splice
process or in “homing” into cognate intronless alleles. In the case of the
Y. lipolytica mitochondrial genome, most of these intronic ORFs must be regarded
as functionless pseudogenes, either because they have accumulated multiple frame-
shift and/or point mutations or because they contain untranslatable CGN codons.

6 A Proteomic Approach to Y. lipolytica Complex I

Mitochondrial membranes and purified complex 1 from Y. lipolytica were
characterised extensively using several types of two-dimensional polyacrylamide
gel electrophoresis (Abdrakhmanova et al. 2004, 2005; Djafarzadeh et al. 2000).
For mitochondrial membranes, a combination of blue native polyacrylamide
electrophoresis (BN-PAGE) and denaturing sodium dodecyl sulfate (SDS-PAGE)
separation was routinely employed for assessing complex I assembly in strains
carrying specific point mutation or gene deletions, as silver staining or Western
blotting of such gels permits the detection of fully assembled complex I and
subcomplexes that may either represent assembly intermediates or degradation
products. Supercomplexes that contain complex I are also detectable but are not
well resolved by this method. Analysis of purified complex I by dSDS-PAGE (in
which the “d” stands for “doubled”), a combination of denaturing electrophoretic
separation in the absence and presence of 16 % urea (Rais et al. 2004), proved
especially useful for disclosing its constituent proteins. Due to the large number of
subunits, a complex pattern of protein spots could be observed. A typical example is
shown in Fig. 2. Separation of protein mixtures by dSDS-PAGE results in a typical
pattern, with hydrophobic proteins running above and highly acidic proteins below
the diagonal that contains the bulk of the proteins. In the case of Y. lipolytica
complex I, six of the seven highly hydrophobic proteins encoded by the mito-
chondrial genome produced clearly visible spots on silver-stained dSDS gels, while
the small ND4L subunit was not detectable. Assignment of individual protein spots
to the corresponding genes was a formidable task that required the extensive
application of various proteomic methods, most notably tandem mass spectrometry.
Also, N-terminal sequences of several subunits of Y. lipolytica complex I were
determined using Edman degradation.

However, dSDS gels do not allow accurate determinations of subunit masses. At
this point, valuable insights could be gained by applying the newly developed
method called laser-induced liquid bead ion desorption (LILBID) mass spectrome-
try (Morgner et al. 2008). This method allows the determination of molecular
masses of undigested proteins and even non-covalent multiprotein complexes. As
a drawback, at least at the current stage of technical development, it provides only
limited mass accuracy, but this is far outweighed by the fact that it works very well
with membrane proteins and can be applied to protein mixtures of which only
minimal amounts are required. LILBID spectrometry of purified Y. lipolytica
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Fig. 2 dSDS-PAGE analysis of affinity-purified Y. lipolytica complex 1. His-tagged complex I
was purified using Ni-NTA Sepharose, followed by gel filtration on a TSK 4000SW column,
separated on dSDS gels and stained with silver. Individual protein spots were cut out and subjected
to tandem mass spectrometry. Hydrophobic, mitochondrially coded central subunits of the mem-
brane arm (running above the diagonal) are labelled in bold face, hydrophilic central subunits of
the peripheral arm in ifalic and accessory subunits of the peripheral arm in standard letters. All
known subunits of Y. lipolytica complex I could be assigned to spots in the gel, with the sole
exception of the small, mitochondrially coded ND4L protein. Two unidentified spots, most likely
corresponding to contaminating proteins, are marked with “question marks”

complex I demonstrated that for seven of the small accessory subunits, peak
positions were inconsistent with the masses deposited in the genome project.
Careful searches for potential splice donor and acceptor sites in the corresponding
genomic regions, followed by direct sequencing of cDNAs obtained by reverse
transcription polymerase chain reaction (RT-PCR), indicated that the respective
gene annotations had to be corrected.

All proteomic data on the 14 central and the 27 accessory subunits of
Y. lipolytica complex I are summarised in Table 2. The roles of individual subunits
in fungal and in mammalian complex I are listed as well—please note that as
indicated part of this information is based on sequence similarities only and has not
been confirmed experimentally. Especially, the function of most of the accessory
subunits is not known. Among them, a group of small accessory subunits, all
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possessing one transmembrane helix flanked by two highly charged domains, is
remarkable. The number of such subunits seems to be highly variable between taxa,
with 9 and 14 group members in Y. lipolytica and in mammals, respectively. Also,
the degree of sequence similarity is rather low between taxa, and while some
subunits can be assigned as homologues, their unifying feature seems to be func-
tional analogy. We have speculated that these proteins, termed STMD (single
transmembrane domain) subunits, function as assembly factors or chaperones but
are retained in the fully assembled complex (Brandt et al. 2005; Zickermann et al.
2010). Interestingly, deletions of several of the corresponding genes (NIAM,
NUNM, NB8M) resulted in similar complex I defects: only a very minor fraction
of the enzyme was fully assembled, but the majority of the subunits, including all
seven central subunits of the peripheral arm, were found within a large, membrane-
associated subcomplex that migrated at an apparent molecular mass of about
700 kDa in BN-PAGE (unpublished results). A similar assembly defect was
observed following deletion of the gene encoding the NUJM subunit, which has
three transmembrane helices (unpublished results). In contrast, the STMD subunit
NEBM seems to play a different role in complex I assembly. Following deletion of
the NEBM gene, a hydrophobic subcomplex with a molecular mass of about
300 kDa was found (unpublished results). These observations support the notion
that the STMD subunits, and the NUJM subunit, are involved in “joining”
precursors of the peripheral and the membrane arm of complex I during assembly.

Although the proteomic analysis of Y. lipolytica complex I is now well
advanced, we cannot be absolutely sure that all subunits have been identified.
Both in the dSDS gel pattern and in the LILBID profile of Y. lipolytica
complex I, a few unassigned features are apparent. These may represent additional,
yet unidentified subunits of complex I or may arise from contaminating proteins,
proteolytic breakdown or similar artefacts. However, by comparison of the subunits
identified in Y. lipolytica with those identified in other fungi, we have reason to
believe that our list is almost complete. For all subunits that were identified in
complex I from N. crassa, the corresponding Y. lipolytica proteins could be
identified, with one exception only: No counterpart for the NURM subunit of
N. crassa (NCBI accession number: X71414) could be found so far in
Y. lipolytica. Conversely, no counterpart of the Y. lipolytica NUNM gene
(Genolevures accession number: YALIOF14003g) could be found in N. crassa.
The fact that both genes encode STMD subunits seems to add further support to the
hypothesis that there is little evolutionary conservation among this class of
subunits.

Most of Y. lipolytica complex I seems to be present in mitochondrial membranes
in monomeric form. Supercomplexes of respiratory chain complexes do occur as
well but appear to be less frequent than in mammalian mitochondria (Niibel et al.
2009). In a careful study aimed at characterising complex I containing
supercomplexes in mitochondrial membranes from Y. lipolytica, 2D BN gels
were employed, using BN-PAGE as described in Wittig et al. (2006) in the first
dimension and BN-PAGE with 0.02 % dodecyl-f-p-maltoside in the cathode buffer
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Table 3 BN-PAGE of Y. lipolytica mitochondrial membranes reveals complex I in monomeric
form or as part of supercomplexes

Band designation Tentative composition Apparent mass in BN-PAGE
I, I, 950
d LI, and L,IV, 1,400
e LIILIV, 1,600
f LIV, 1,800
* LIV, 1,150
. I, 2,000

Adapted from Niibel et al. (2009)

in the second dimension. This analysis led to the identification of six such
complexes, as summarised in Table 3 (Niibel et al. 2009).

A major advantage of the LILBID method is that it works with proteins eluted
from BN-PAGE gels. Thus, LILBID has great potential for analysing the subunit
composition of multiprotein complexes, including supercomplexes that are hard to
purify with good yield and purity. This is illustrated by the fact that Y. lipolytica
complex I prepared by the 2D BN-PAGE strategy described above is suitable for
LILBID analysis (Sokolova et al. 2010). In the first dimension, using standard
BN-PAGE, monomeric complex I is not well separated from dimeric complex
V. In the second dimension, dimeric complex V is dissolved into monomers, and
the complex I band can be excised. LILBID spectra of BN-PAGE bands were
very similar to those obtained with affinity-purified complex I, but a few extra peaks
were present as well which were most likely were due to complex V subunits.
To identify such contaminating proteins more easily, LILBID spectra of dimeric
Y. lipolytica complex V, isolated from BN gels in a similar fashion, were recorded
(Sokolova et al. 2010). LILBID peaks could be assigned to 13 of the 15 complex V
subunits identified by searching the Y. lipolytica genome. Again, in some cases,
the splice pattern deposited in the genome project database had to be revised.
The complex V data are summarised in Table 4.

7 Subunits Specific to Y. lipolytica Complex I

Thiosulfate:cyanide sulfurtransferase, also referred to as rhodanese, is an enzyme
that is able to catalyse in vitro the transfer of a sulfane sulfur atom from thiosulfate
to cyanide yielding thiocyanate and sulfite (Bordo and Bork 2002). While its in vivo
function is still unknown, a number of physiological roles have been suggested,
including involvement in the synthesis or repair of the iron—sulfur clusters of
complex I (Pagani and Galante 1983; Ogata and Volini 1990).

Tandem mass spectrometric analysis demonstrated that rhodanese is present in
Y. lipolytica complex I, purified by His-tag-mediated Ni**-affinity chromatography
and gel filtration. The preparation exhibited a low level of in vitro rhodanese
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activity (Abdrakhmanova et al. 2005). These observations provided the first evi-
dence that rhodanese forms a subunit of respiratory chain complex I. However, it
seems that rhodanese is bound more loosely than other subunits, as it dissociates
from the enzyme during BN-PAGE. Most likely, this interaction is even weaker and
could therefore not be detected in other model systems. A genomic deletion of the
Y. lipolytica rthodanese gene did not result in a detectable complex I defect
(Abdrakhmanova et al. 2005). Activity and assembly of complex I appeared
unchanged with respect to the parental strain, demonstrating that whatever
in vivo function rthodanese may have, it is not essential for survival, at least under
standard laboratory conditions.

Another unexpected finding with Y. lipolytica complex I was the presence of two
subunits that are isoforms of ACPM (Dobrynin et al. 2010), mitochondrial proteins
that exhibit strong sequence similarity to acyl carrier proteins, subunits of the
prokaryotic type fatty acid synthase complex. In contrast, complex I from all
other model systems analysed so far contains one ACPM subunit only (Cronan
et al. 2005; Sackmann et al. 1991).

The function of the ACPM proteins remains elusive. However, homologues of
the full set of enzymes involved in prokaryotic fatty acid synthesis have been
detected in S. cerevisiae mitochondria (Hiltunen et al. 2005; Hiltunen et al.
2008), and several hypotheses regarding their functional roles have been put
forward. These include de novo or repair synthesis of mitochondrial membrane
phospholipids and synthesis of octanoic acid, a precursor of lipoic acid which acts
as a redox prosthetic group in the pyruvate dehydrogenase and a-ketoglutarate
dehydrogenase (Wada et al. 1997) complexes. Deletion of the genes encoding the
two ACPM subunits of Y. lipolytica complex I also gave an unexpected result:
while deletion of ACPM1 (locus name YALIOD14850g) interfered with proper
assembly of complex I, deletion of ACPM2 (locus name YALIOD24629g) was
incompatible with survival, indicating that this subunit, in addition to its function as
a subunit of complex I, has an essential role in Y. lipolytica (Dobrynin et al. 2010).

8 Exploring Human Complex I Defects

Among inherited respiratory chain deficiencies, complex I deficiency is observed in
many cases (Smeitink et al. 2004). A typical clinical presentation is Leigh syn-
drome, a severe, progressive neurodegenerative disease, with characteristic
brainstem defects observed in magnetic resonance tomography (MRT) scans. A
large number of mitochondrial mutations have been observed in Leigh syndrome
patients, but point mutations in nuclear coded complex I subunits have also been
described. In order to analyse their effects on catalytic activity, we have
reconstructed several human complex I mutations using the Y. lipolytica system
(Ahlers et al. 2000a). Mitochondrial membranes from mutant strains were isolated
and their activities tested in vitro. By comparison with the enzyme from the parental
strain, only rather small differences were observed. Even though great care has to
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be applied when data obtained with the same enzyme from different organisms are
to be compared, these results are plausible: Although human Leigh syndrome
mutations have a lethal outcome, the fact that patients may survive for periods of
time ranging from a few days to several years indicates that the resulting complex I
defects are relatively mild. The positions of human Leigh syndrome mutations,
using bacterial [NiFe] hydrogenases or the peripheral arm of Th. thermophilus
complex I as structural models, are consistent with this view. Typically, they are
found at a considerable distance from the catalytic core of complex I, at the
periphery of the PSST and the 49-kDa subunits (Kerscher et al. 2004).

For a rather large fraction of Leigh syndrome patients, no mutations in complex I
subunit genes could be identified, and it has been suspected that they may carry
genetic defects affecting complex I specific assembly factors. Indeed, several such
factors have been identified in recent years, either by the detection of the gene
defects underlying familial Leigh or Leigh-like syndromes or by the identification
of proteins associated with complex I or its assembly intermediates, followed by
gene knockout or knockdown in a variety of model systems (Lazarou et al. 2009).
The latter group constitute valuable candidate genes for elucidating the molecular
defects underlying yet enigmatic cases of familial complex I defects.

Also, the method of evolutionary profiling has proven useful for the identifica-
tion of complex I assembly factors. It is based on a comparison of the genetic
inventories of a large number of organisms, confronting those that do possess
complex I with those that do not. Genes present in most members of the first but
absent in members of the second group may be regarded as candidates for complex I
specific assembly factors. This approach led to the identification of the B17.2L.
protein, a paralogue of the complex I subunit B17.2 as a complex I specific
chaperone, and to the identification of a patient with a progressive encephalopathy
that carried a null mutation in the gene encoding B17.2L (Ogilvie et al. 2005).

A similar approach led to the identification of Indl, a protein specifically
required for the assembly of the iron—sulfur clusters of complex I. Gene deletion
in Y. lipolytica (Bych et al. 2008) and siRNA-based knockdown in HeL a cells led to
similar effects (Sheftel et al. 2009), demonstrating evolutionary conservation of this
factor: In both cases, complex I content was reduced to bout 30 % of the original
level, while other iron—sulfur cluster containing proteins, either residing in
mitochondria or the cytosol, was largely unaffected.

9 Exploring the Reaction Mechanism of Complex I

The reaction mechanism of complex I is far from being understood. Two central
questions have emerged in recent years: (1) how does the hydrophobic substrate
ubiquinone bind and reach the active site and (2) how is electron transfer linked to
proton translocation. These questions may be closely related. As discussed above, it
has been shown that the orientation of the peripheral arm within the holoenzyme is
such that the ubiquinone-binding site of complex I is situated about 30 A above the
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respiratory membrane (Hunte et al. 2010; Efremov et al. 2010; Baradaran et al. 2013).
On the other hand, ubiquinone is a highly hydrophobic molecule that partitions
almost quantitatively into the membrane phase. To reconcile this apparent contrast,
we have postulated early on that a hydrophobic access path or “ramp” connects the
membrane with the ubiquinone reduction site (Zickermann et al. 2003, 2009).

Evidence from our previous mutational analyses in Y. lipolytica, guided by
the [NiFe] hydrogenase model, indicated that reduction of the hydrophobic sub-
strate ubiquinone takes place at the interface between the 49-kDa and PSST
subunits and that several complex I inhibitors bind to the same region (Kerscher
et al. 2001c). This picture could be refined in a further round of mutagenesis, this
time guided by the X-ray structure of the peripheral arm of Th. thermophilus
complex I (Tocilescu et al. 2007; Fendel et al. 2008). In this work, for all amino
acids with surface-exposed side chains in the proposed quinone-binding pocket of
the Th. thermophilus enzyme, substitutions at the corresponding positions were
created in Y. lipolytica complex 1.

This round of mutagenesis yielded a number of interesting insights: The
quinone-binding pocket of complex I has the shape of a funnel with a rather wide
opening that is formed by the 49-kDa and PSST subunits, tapering into a narrow
cleft formed by the interface of the two subunits, and terminates near iron—sulfur
cluster N2 in the PSST subunit and the highly conserved Y144 residue in the
49-kDa subunit. The fact that even the most subtle change affecting the highly
conserved Y 144 residue in the 49-kDa subunit, namely, the Y 144F replacement that
merely removes the hydroxyl group, completely abolishes catalytic activity with
the substrate analogue DBQ (n-decyl-ubiquinone) strongly suggests that this resi-
due plays a key role in the catalytic cycle (Tocilescu et al. 2010). Complex I
assembly and iron—sulfur cluster N2 EPR signals were unaffected by this and
several other mutations at the same position. A more detailed analysis of the effects
of the Y144F exchange became possible when it was discovered that complex I
from this mutant displayed marked activity with the substrate analogues Q; and Q,.
The most likely explanation for this finding is that these molecules still bind to the
ubiquinone reduction site. Although their hydrophobic side chains are shorter, their
isoprene units may provide additional binding interactions allowing productive
binding to the enzyme that is not feasible with the simple aliphatic side chain
of DBQ.

Affinities for DQA and rotenone were dramatically decreased, indicating that
Y144 plays a key role in the binding of inhibitors and the substrate ubiquinone. We
propose that Y144 directly interacts with the headgroup of ubiquinone, most likely
via a hydrogen bond between the aromatic hydroxyl and the ubiquinone carbonyl,
placing the substrate in an ideal distance to its electron donor, iron—sulfur cluster
N2. However, proton pumping still takes place with unchanged stoichiometry in
complex I from the Y 144F mutant, clearly demonstrating that Y 144 is not involved
in proton pumping (Tocilescu et al. 2010).

The nature of the proton pump of complex I is still unknown. Since cluster N2 of
bovine heart complex I displays a marked redox-Bohr effect in the physiological pH
range, it had been postulated that this cluster could be involved in proton
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translocation. This hypothesis, however, was ruled out using the H226M mutation
in the 49-kDa subunit of Y. lipolytica complex I (Zwicker et al. 2006). Mutating this
highly conserved residue abolished the redox-Bohr properties of cluster N2 that
resides in the immediate vicinity of H226. In the Th. thermophilus structure, the
corresponding residue had been shown to form a hydrogen bond to cluster N2.
However, in the H226M mutant, proton pumping was unaffected and occurred with
unchanged stoichiometry, as shown by measurements using purified complex I
reconstituted into proteoliposomes.

These observations led us to conclude that all proton pumping in complex I has
to be coupled to the reduction of ubiquinone, which occurs in two steps, via
formation of a semiquinone. It seems feasible that this highly charged intermediate
has to bind to the active site in a conformation that differs from that in the presence
of the uncharged substrate or product molecules and that an energetic barrier has to
be passed for the required conformational rearrangement to occur at the substrate
binding site (Zickermann et al. 2009). However, the question how this mechanism
triggers proton translocation remains open. While their homology to Na*/H*
antiporters strongly suggests the ND2, ND4 and ND5 subunits of the membrane
arm as constituents of the proton pump (Mathiesen and Hagerhall 2003), it is not
easy to explain how conformational changes at the site of ubiquinone reduction
could be transmitted across such distances. It is tempting to speculate that domains
of several subunits, encoded by both the mitochondrial and the nuclear genomes,
may serve as transmitter and trigger to drive the proton pump of complex I. Thus,
at least some of these domains should be amenable to site-directed mutagenesis in
Y. lipolytica.

Future work, involving a combination of experimental approaches to address
both the number and location of semiquinone species and the conformational
changes within the complex I catalytic cycle, will be required to clarify this matter.
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