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INTRODUCTION

1. INTRODUCTION

1.1 Mitochodrial respiratory chain

The mitochondrial electron transport chain (ETC) is a part of the oxidative phosphorylation
(OXPHOS) metabolic pathway. Its components catalyze the transfer of electrons from
nicotinamide adenine dinucleotide (NADH) or succinate produced in catabolic pathways
onto molecular oxygen. The key constituents of the pathway (Figure 1.1) include four multi-
subunit protein complexes embedded in the inner mitochondrial membrane (IMM):

e NADH:ubiquinone oxidoreductase (complex 1),
e succinate:ubiquinone oxidoreductase (complex I1),
e ubiquinol:cytochrome c oxidoreductase (complex I1l),

e cytochrome c oxidase (complex V),
and the mobile electron carriers

e ubiquinone (Q),

e cytochrome c.

Most electrons enter the ETC through complex I, which oxidizes NADH. The electrons
travel then over a number of redox centers such as iron-sulfur clusters (in complexes I, 1l and
I11), hemes (in complexes I, 11l and V) and flavins (flavin mononucleotide (FMN) or flavin
adenine dinucleotide (FAD) in complexes | and II). An alternative electron entry side is
constituted by the succinate:ubiquinone oxidoreductase or complex II, which is a member of
both, the ETC and the citric acid cycle. The electron transfer is coupled to a vectorial proton
translocation across the inner mitochondrial membrane performed by complex I, 11l and IV.
The proton translocation creates a chemiosmotic potential, which is utilized by the F1Fo-ATP
synthase (complex V) for the regeneration of ATP from adenosine diphosphate (ADP) [1].

Mitochondria from different organisms contain up to four alternative dehydrogenases

[2] and a non-heme alternative oxidase [3;4] in addition to the main components of the ETC.


http://en.wikipedia.org/wiki/Citric_acid_cycle

These simple enzymes catalyze the same redox reaction as their multi-subunit counterparts
complex I and IV, respectively, though they are not able to pump protons.

A fraction of the electrons travelling through the ETC never manage to reduce
molecular oxygen to water at complex IV. Instead, about 1% of the electrons escape at the
level of complexes I and 11l reducing oxygen incompletely [5;6] thereby yielding reactive
oxygen species (ROS) such as the superoxide anion (O;"). These highly reactive molecules
play an important role in cellular signaling; however, its excessive production leads to

oxidative stress and eventually to the cell damage.
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Figure 1.1 Schematic representation of the mitochondrial electron transfer chain

A representation of the three dimensional structures of respiratory chain complexes I-1V embedded in the IMM
is shown. Complex | is the only member of the ETC for which only the structure of the hydrophilic part is
available. Substrates and products of the enzymatic reactions are shown in grey; inhibitors of the enzymes in
blue. The black arrows indicate pathways of the quinone accepting electrons from complex | or Il and
delivering them to complex I1l. Violet arrows show the electron transfer pathways inside of the complexes and
the solid red arrows indicate sites of the reactive oxygen species production at complexes | and Ill. Reprinted

from [7]

The knowledge of three-dimensional structures, catalytic and regulatory properties of
the respiratory chain complexes are of medical significance, since they are involved in the
development of numerous human pathologies [8;9]. The detailed crystal structures for
complex 1l [10], complex 11l [11;12] and complex IV [13;14] have already been obtained,


http://en.wikipedia.org/wiki/Cell_signaling
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whereas the structure of complex V [15] is only partially available. Although complex | was
first purified from bovine heart mitochondria almost 50 years ago [16], its detailed molecular
structure is just partially emerging [17], and its mechanism is still elusive.

In the IMM the respiratory chain complexes are organized into larger assemblies
called supercomplexes or respirasomes (Figure 1.2A) [18]. General functional advantages of
respirasomes are catalytic enhancement, substrate channelling, sequestration of reactive
intermediates, and structural stabilization of the individual complexes. These
supercomplexes, formed by complexes I, 111 and 1V, seem to interact with each other to form
even larger supramolecular structures (Figure 1.2B) named "respiratory strings™ [19].
Likewise, complex V monomers form dimers (Figure 1.2C) and assemble into a network of
oligomeric ATP synthase that has been shown to stabilise and crucially modulate the tubular
cristae morphology (Figure 1.2D) [20;21].

/ Nucleation 3‘,’;?;;
Pumps
~<afpmermen

Figure 1.2 Supramolecular molecular structures of the respiratory chain complexes

The respiratory supercomplexes composed of complexes I, 11l and IV (A) seem to interact with each other to
form larger assemblies called ‘respiratory strings’ (B). Adapted from [22]; ATPase synthase dimers (C),
reprinted from [23], oligomerise and take part in the modulation of the mitochondrial cristae morphology (D).
Reprinted from [24].



1.2 NADH:ubiquinone oxidoreductase

Complex | (NADH:ubiquinone oxidoreductase, EC 1.6.5.3), the first electron transferring
protein complex of the mitochondrial respiratory chain, is one of the largest and most
complicated membrane bound protein complexes known [25]. It catalyses the transfer of two
electrons from NADH to ubiquinone, which is coupled to the translocation of four protons
across the inner mitochondrial membrane [26]. The redox reaction can be summarized as
follows: NADH + ubiquinone + 5H"warix — NAD™ + ubiquinol + 4H" intermembrane space-

Almost all organisms possess complex 1, however, in the fermenting yeasts
Saccharomyces and Kluyveromyces complex | is absent [27-29] and alternative
mitochondrial NADH:Q oxidoreductases [30] are the only enzymes feeding reducing
equivalents from NADH into the electron transport chain. Moreover, a number of organisms
like plants and some protists contain both complex | and alternative dehydrogenase [31;32].
Many mutations are known in complex | subunit genes that are associated with heritable
diseases, including Parkinson’s disease, Leber’s hereditary optic neuropathy (LHON) and
Leigh Syndrome [33;34].

Depending on the organism, eukaryotic complex | contains up to 45 subunits as in the
first studied and still best characterised enzyme from bovine heart mitochondria [35],
resulting in a total molecular mass of ~ 1,000 kDa [35;36]. Other eukaryotic model
organisms used for complex | studies include the yeast Y. lipolytica [37], the fungus N.
crassa [38], the green alga Chlamydomonas reinhardtii [39], and the plants Arabidopsis
thaliana and Sativa oryza [40]. A simpler form of the proton-pumping NADH:ubiquinone
oxidoreductase exhibiting a molecular mass of about 550 kDa exists in bacteria. 14 genes
organized in a single nuo or nqo operon' [41] encode the hydrophilic and hydrophobic
subunits of bacterial complex | [42] (Table 9.18, appendix). Recently, an additional subunit
(Ngo15) was shown to co-purify with the bacterial core enzyme from Thermus thermophilus.
This subunit is not encoded in the same operon and seems to be only present in the closest

relatives of T. thermophilus [43].

Homologues of the bacterial subunits make up the core of mitochondrial complex |

from mammals and fungi (Table 9.18, appendix) and are sufficient to perform all
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bioenergetic functions. Sequence analysis reveals that these 14 ‘central’ subunits fall into two
categories. Seven subunits ND1-6 and NDL4 are highly hydrophobic and are predicted to
contain 57 transmembrane helices embedded in the IMM. Except for some plants, algae, and
protists, they are encoded by the mitochondrial genome in most eukaryotes. The remaining
seven hydrophilic peptides (75-kDa 51-kDa, 49-kDa, 30-kDa, 24-kDa, TYKY, PSST) are
nuclear coded and contain binding motifs for all known redox prosthetic groups: NADH,
flavin mononucleotide (FMN) and iron-sulfur clusters. This part of the complex is
responsible for the dehydrogenase and ubiquinone reduction activity [44]. One FMN is non-
covalently bound to the 51-kDa subunit and is the entry point for electron transfer from
NADH via several iron-sulfur clusters [45;46] to ubiquinone. Results from different studies
suggest the presence of eight to nine iron-sulfur clusters (6-7 [4Fe-4S] and 2 [2Fe-2S]) in
complex I (Figure 1.3).

Fe

[2Fe-2S] C \/
[4Fe-48]

Figure 1.3 Schematic representation of a binuclear and a tetranuclear iron-sulfur cluster

Typically, iron-sulfur clusters are co-ordinated by sulfur atoms from four liganding cysteine residues (yellow).
Acid-labile sulfur atoms are shown as orange spheres. Iron atoms are shown as red spheres. Figure adapted
from [47].

! nqgo for NADH:quinone oxidoreductase and nuo for NADH:ubiquinone oxidoreductase.



In the recently released bacterial X-ray structure of the peripheral arm of complex |
from T. thermophilus (Figure 1.4A) [17] nine clusters designated N1a, N1b, N2, N3, N4, N5,
N6a, N6b, N7 were present (Figure 1.4B). Similarly, all nine clusters were identified in
Escherichia coli complex | [48]. Eukaryotic complex | possesses usually eight iron-sulfur
clusters, but only six of them N1a, N1b, N2, N3, N4, N5 were detectable in bovine heart
complex I [49] and only four clusters N1-N4 in Neurospora crassa [50]. The assignment of
the EPR signals to particular clusters is still a matter of debate [51;52].
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Figure 1.4 Structure of the hydrophilic domain of complex I from T. thermophilus and
electron microscopic reconstruction of Y. lipolytica enzyme

The orientation of the X-ray structure of the peripheral domain from T. thermophilus (A) with respect to the
membrane arm is a matter of current discussion. In the orientation proposed by [17] (A) the subunit Nqo4 (49-
kDa) reaches the membrane arm and the H1 helix of the PSST subunit extends in the direction of the membrane
distal part of the enzyme. In this orientation, arrangement of iron-sulfur clusters in the peripheral arm is
perpendicular to the mebrane (B) [17]. Nevertheless, increasing amount of evidence favors the orientation of the
peripheral arm with iron-sulfur clusters arranged more parallel to the mitochondrial membrane [53] and H1
helix extending towards the membrane arm. Fitting of the bacterial X-ray structure (A) into the 3D
reconstruction of complex | from Y. lipolytica in the orientation proposed by [53] is shown in (C).

The hydrophilic subunits of the peripheral part of the complex stand more or less
perpendicular on one end of the intrinsic membrane arm and point toward the matrix side in
mitochondria and to the cytoplasm in bacteria. This orientation results in an L-shaped particle
[54-58] as revealed by electron microscopy studies from different eukaryotic and prokaryotic

sources. A 3D-reconstruction of complex | from Y. lipolytica [53] represents this
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characteristic complex | shape (Figure 1.4C), here fitted with the atomic structure of the
hydrophilic part of the bacterial enzyme homologue from T. thermophilus (Figure 1.4A).
Phylogenetic studies of the central complex | subunits revealed similarity to different
types of hydrogenases [59;60] and three functional modules of complex | were defined: the N
module, comprising the electron entry site, the Q module or electron output module and the P
module, responsible for proton translocation across the inner mitochondrial membrane. The
N module comprises the 75-kDa, 51-kDa and 24-kDa, which are related to the a and y
subunits of NAD"-reducing hydrogenases [61]. These subunits contain redox cofactors,
which transfer electrons from NADH via FMN to a wire of iron sulfur-clusters [45;46]. The
Q module is composed of the 49-kDa, 30-kDa, PSST and TYKY subunits and mediates the
transfer of electrons from the N module, via three further iron-sulfur clusters to ubiquinone.
The 49-kDa subunit and the PSST subunits display homology to the large and small subunits,
respectively, of water-soluble [NiFe] hydrogenases [62;63]. In E. coli, the 30-kDa subunit is
fused to the 49-kDa subunit [42]. The P module is composed of seven, mitochondrially
encoded and membrane-embedded subunits, ND1-ND6 and NDL4. Homology studies have
shown that subunits ND2/ND4/ND5 are members of a family of proteins also comprising the
mrp (multiple resistance and pH adaptation) type Na*/H" antiporters known for Bacillus
subtilis and other bacteria [64;65]. These antiporters are commonly found in bacteria. It
seems likely that the ion translocation functions of the mrp proteins were retained by
homologous complex | subunits embedded in the membrane. Despite of the availability of
the bacterial X-ray structure of the peripheral arm (Figure 1.4A) [17], the topology of
membrane arm proton-pumping elements is still for the most part unclear [66]. Thus, the
mechanism of coupling between electron transport and proton-pumping activity remains still

elusive.

1.3 Accessory subunits

Over the course of evolution the minimal set of 14 ‘central’ subunits that make up the
prokaryotic complex | was extended significantly by nuclear coded accessory subunits in

eukaryotes. The function of accessory subunits is largely unknown, however certain insights



to the role of the subunits and their assignment to different parts of complex | has been
achieved by analysing subcomplexes (Figure 1.5).

Purified bovine complex | was shown to dissociate upon treatment with non-
denaturing detergents and chaotropes [67;68]. Using the detergent lauryldimethylamine oxide
(LDAO), followed by ion-exchange chromatography, the bovine complex | was resolved into
subcomplexes Ia and I (Figure 1.5) [67;69]. Subcomplex IP represents the major portion of
the membrane part of complex I. Upon prolonged incubation in LDAO, fraction Ia releases
the predominantly hydrophilic subcomplex IA [70], which together with If is known as the
hydrophobic protein (HP) [71]. The subcomplex IA can be further subdivided into the
soluble, catalytically active flavoprotein subcomplex (FP) (Figure 1.5) comprising the FMN
molecule, the NADH binding site, one [2Fe-2S] and one [4Fe-4S] cluster [72-74]. Also, a
subcomplex referred to as the iron-protein (IP) composed of the 75-kDa, 49-kDa, 30-kDa,
TYKY and PSST subunits was isolated [75].
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Figure 1.5 Subcomplexes and subunits of bovine heart complex |

Flavoprotein (FP) is a component of 1L (light yellow), and la essentially is a combination of IX and Iy (yellow).
IB (blue gray) forms the major part of the membrane integral arm of complex I. Central subunits are in blue,
accessory subunits found in all eukaryotic complexes are in red, and Metazoa specific subunits are in purple.
Subunits marked with an asterisk are predicted to contain a single transmembrane domain [35]. Reprinted from

[25].
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Analysis of the subcomplexes by gel electrophoresis, Edman degradation and mass
spectrometry [36] provided further information about the subunits. Some of them exhibit
remarkable sequence similarities to other proteins. Depending on the organism the number of
accessory subunits can be as high as 31 in bovine complex | (Figure 1.5) [35]; 18 accessory
subints have clear orthologs in mitochondria from all other lineages studied. With the
exception of the fermenting yeast S. cerevisiae, which lacks not only the mitochondrial but
also all nuclear genes of complex I [27] with the notable exception of the orthologue of
mitochondrial acyl-carrier protein (SDAP). The type and number of the remaining up to 13
accessory subunits varies among species. The plant-specific subunits include isoforms of vy-
type carbonic anhydrase [76]. These proteins form a distinct domain attached to the
membrane arm, which confers an additional catalytic function to complex I [77].

Four accessory subunits contain several conserved cysteines (Table 9.18, appendix),
thus it was proposed that these proteins may be involved in iron-sulfur cluster assembly
[39;78]. Moreover, the NMR structure of the human subunit B8 revealed a Fe,S; ferredoxin
fold similar to the one found in thioredoxin [79]. Subunit B14.7 exhibits some homology to
components of the translocase of the inner membrane [69;80] and is therefore considered a
member of the TIM17/22 family [69]. cAMP-dependent phosphorylation of several
accessory subunits including ESSS, MWFE [81], 42-kDa subunit [82] and other post-
translational modifications of complex | were observed. The 42-kDa subunit has some
homology to bacterial deoxyribonucleotide kinase [83]. Subunit B16.6 [84] in mammals is
identical to GRIM-19 (gene associated with retinoid-interferon induced mortality), an
apoptosis-inducing factor [85;86]. GRIM-19 knockout mice are deficient for complex |
assembly [87], but it remains unclear whether the presence of this protein in complex 1 is
directly related to its proapoptotic function. It should be noted that subunit B16.6, but not its
characteristic “death domain” of GRIM-19, is also conserved in fungi. Subunit B17.2 was
first identified as DAP13 (a differentiation-associated protein) by an expression screen in
proliferating human erythroid cells [88], but the link to complex | function is unclear.
Subunit B17.2 is one of three accessory (Table 9.18, appendix) and two central complex |
subunits (49 kDa and TYKY) that form tyrosine nitrates when mitochondria are incubated

with peroxynitrite [89]. NADPH, which does not participate in the redox chemistry of



complex I is tightly bound as a cofactor to the 39-kDa subunit [90;91]. The sequence of this
protein exhibits homologies to the family of short-chain dehydrogenases and contains a
conserved NADPH-binding motif [64;92]. Some insight into functional characteristics of
several accessory subunits has been obtained, but the significance of most of these findings is

still unclear.

1.4 Biogenesis of complex |

The eukaryotic complex | biogenesis is a complicated process, which requires a coordinated
expression of nuclear and mitochondrial genomes. Nuclear-coded subunits destined for the
mitochondria are synthesized in the cytosol and are directed to the matrix by the N-terminal
presequence, which is subsequently cleaved off [93]. As for other respiratory chain
complexes, it has been speculated that several accessory subunits are involved in
organization of complex | assembly. This process has been the subject of several studies
carried out on eukaryotic organisms like N. crassa and the green algae C. reinhardtii [94-96].
In N. crassa it has been shown that the peripheral arm and the membrane arm are formed
independently [97]. Mutants lacking one of the nuclear encoded subunits of the peripheral
arm were unable to assemble the hydrophilic arm but accumulated the membrane part of the
enzyme. The absence of only the acyl carrier protein of complex | affected assembly of the
membrane arm [98]. Similarly, the absence of mitochondrially encoded subunits of the
membrane part did not prevent assembly of the hydrophilic arm. Both parts of the enzyme
were shown to be assembly intermediates. In N. crassa the 49-kDa, 30-kDa, TYKY and
PSST subunits are essential for association of the hydrophilic part [99]. For assembly of the
membrane arm, subunits ND1-ND4, ND4L and ND6 are required and, interestingly, ND5 is
not [99].

In bovine complex I, 14 subunits are classified as single transmembrane domain
(STMD) proteins (Table 9.18, appendix). By readily inserting into the mitochondrial inner
membrane, these proteins could promote and organize assembly of the mitochondrially
encoded subunits by interacting with their highly hydrophobic transmembrane segments and
then remain attached to the complex [37]. It is known that the hydrophobic arm is formed by

association of two assembly intermediates which contain complex I-specific assembly
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factors, called CIA30 and CIA84. These proteins are not components of mature complex |,
but are essential for assembly of the membrane arm in N. crassa [100]. In human cells only a
homolog of CIA30 could be found [101], but also another possible complex I chaperone,
namely prohibitin, was identified [102].

Several findings suggest distinct assembly pathways of complex | in different
organisms. In N. crassa, the AQDQ homologue is not essential for complex | assembly
[103], whereas in human cells, mutations in the gene encoding this protein (NDUFS4) did
affect complex | assembly [104]. It may be speculated that the biogenesis of complex I in
different species occurs in different ways and may depend on its specific subunit
composition. Despite of some progress made in complex | biogenesis studies, the picture

emerging is still rather incomplete and not yet consistent.

1.5 Complex I from Yarrowia lipolytica

Y. lipolytica is a greatly advantageous model system for the structural and functional analysis
of mitochondrial complex | [3]. The respiratory chain of this fast growing, non-pathogenic,
obligate aerobic Ascomycetes yeast [105;106] is more similar to the respiratory chain in
mammals than to that in fermentative yeasts like S. cerevisiae. In contrast to S. cerevisiae
that does not contain complex 1, Y. lipolytica features a permanently high content of
mitochondria with constitutive expression of stable complex I. The completely sequenced
genome of Y. lipolytica and a comprehensive set of well-developed genetic tools [3] made it
possible to efficiently create mutations in complex | subunit genes. The generation of an
internal version of the alternative dehydrogenase (NDHZ2i) [107-109] allowed for the survival
of complex | deletion strains.

So far, 14 central and 26 accessory subunits have been identified in Y. lipolytica
complex | (Figure 1.6), (Table 9.18, appendix), adding up a total mass of about 950 kDa
[37;110]. All redox prosthetic groups NADH, FMN and eight iron-sulfur clusters (6 [4Fe-4S]
and 2 [2Fe-2S]) are present, although only five, N1-N5 can be detected by EPR spectroscopy
[58;111]. Three accessory subunits exhibit similarities to enzymes known from fatty acid
metabolism and carry cofactors not involved in complex I electron transfer activity. The 39-

kDa subunit possesses a tightly bound NADPH cofactor proposed to be involved in
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stabilization of the multiprotein complex [91]. Moreover, Y. lipolytica complex | contains
two pantetheine-4’phosphate cofactors bound to two different mitochondrial acyl carrier
proteins (ACPMs).

Y
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Figure 1.6 The dSDS-PAGE of purified complex I from Y. lipolytica

Silver-stained doubled sodium dodecylsulfate-polyacrylamide gel electrophoresis (dSDS-PAGE) of a complex |
crystal. The seven central, nuclear-coded subunits are labelled in black using bovine nomenclature and five of
the seven central, mitochondrially coded subunits in red. Spots that could be assigned to the individual
accessory subunits by mass spectrometry are labelled in green using the Y. lipolytica nomenclature.

1.6 Acyl carrier proteins

Acyl carrier proteins (ACPs) are small (~10 kDa) acidic proteins that play a central role in
fatty acid synthesis (FAS) (Figure 1.7). These abundant proteins are essential cofactors

shuttling fatty acid chain intermediates along components of the FAS pathway. More than

12



INTRODUCTION

300 different ACP structures are available in the Protein Data Bank, of which the best
characterized remains the Escherichia coli ACP [112]. ACPs are composed of a common
four a-helical bundle with a right-handed twist and a long structured loop connecting helices
ol and a2 (Figure 1.7A).

The apo-ACP is inactive and is post-translationally converted to an active holo form

by holo-(ACP) synthase (AcpS) that transfers the pantetheine-4"-phosphate (PP) group from
coenzyme A (CoA) to a highly conserved serine residue situated at the beginning of helix a2
[113] (Figure 1.7A). This group is attached to ACP through a phosphodiester bond and
serves as a platform for sulfhydryl bound acyl intermediates during fatty acid synthesis
(Figure 1.8). NMR studies showed that a PP moiety lacking the acyl chain does not interact
with the protein and is exposed to the solvent [114;115]. As soon as poorly water-soluble
acyl chain is anchored to the PP cofactor, the acyl rest is accommodated in a plastic,
hydrophobic cleft located in the vicinity of phosphopantethylated serine and flanked by
helices 02 and a3 (Figure 1.7C). The reactive part of the growing fatty acyl chain including
the thioester bond and groups at positions 1 to 3 is shielded by the ACP protein moiety. Since
exposed fatty acids can be recognised by enzymes not belonging to the FAS and can be
diverted for instance to fatty acid degradation (B oxidation) or regulatory signalling
pathways, clearly protection is required for efficient progress of the fatty acid biosynthesis
[116].
ACPs possess well conserved amino acid sequences (Table 1.1, Figure 9.4, appendix),
especially in the vicinity of the PP-binding serine, as well as a highly conserved cluster of
negatively charged residues on helix a2 (Figure 1.7B). The so called ‘universal recognition
helix’ is thought to be responsible for specific interactions with other FAS enzymes [117-
122], which induces conformational changes in the ACP structure. Consequently, a protected
fatty acid is released to the active site of a partner enzyme (Figure 1.7D) and finally, the
modified substrate is reburied in the hydrophobic fold of the ACP. An interaction of E. coli
ACP with the FASII enoyl reductase (Fab I) was captured in a 3D x-ray crystallographic
structure [112].
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Species, enzyme, NCBI accession

Y. lipolytica ACPM1

Y. lipolytica ACPM2

Similarity  Identity  Similarity  Identity ~ Subcellular location
(%) (%) (%) (%)
Y. lipolytica ACPM1 (Q6c926) (100) (100) 81 63 Complex |
H. influenzae ACP (Q4qp33) 82 58 Cytoplasm
Y. lipolytica ACPM2 (Q6c7x2) 81 63 (100) (100) Complex |
S. pombe ACP1 (Q10217) 80 68 66 48 Complex |
E. coli ACP (P0a6a8) 80 58 65 47 Cytoplasm
H. pylori ACP (QZ1ctw?7) 79 54 Cytoplasm
A. thaliana mtACP2 (080800) 77 50 79 48 Matrix [123]
T. guttata ACP (B5GOKS6) 77 44 70 43 Complex |
N. crassa ACPM (P11943) 76 64 68 53 Complex |
A. thaliana mtACP1 (P53665) 75 55 60 39 Matrix [123],
Complex |
C. reinhardtii ACP1 (132151) 75 55 Mitochondria
T. thermophilus ACP (Q5SL79) 72 46 Cytoplasm
S. cerevisiae ACP1 (P32463) 70 52 69 43 Cytoplasm
S. salar ACPM (B5RI61) 70 46 55 34 Complex |
H. sapiens NDUFAB1 69 42 60 36 Complex |
A. thaliana mtACP3 (Q9fgj4) 68 45 Mitochondria
O. sativa ACP (03g0352800) 64 47 Mitochondria
M. musculus ACPM (Q9cr21) 64 41 72 44 Complex |
B. taurus SDAP (P52505) 64 41 59 39 Complex I, Matrix
[124]
D. discoideum AB1 (Q54e22) 62 40 61 36 Complex |
D. melanogaster ACPM (Q94519) 69 43 Complex |
M. capsulatus ACP (Q60616) 67 52 Cytoplasm
P. troglodytes ACP (Q0mqc3) 60 36 Complex |
G. gorilla ACP (Q0mqc2) 60 36 Complex |
P. abelii ACP (Q0Omqcl) 60 36 Complex |

See next page for description.

2 no significant similarity found.
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Table 1.1. Similarity and identity scores for pairwise comparisons between Y. lipolytica
ACPM1 or ACPM2 and ACP from other organisms
(previous page) The alignments were created using the GAP programme from the HUSAR (genius.embnet.dkfz

-heidelberg.de) program package in standard mode. The probability of mitochondrial import was calculated
using MitoProt 11 software (http://ihg.gsf.de/ihg/mitoprot.html).

A loop PP-binding serine B universal 'recognition helix a2’

Ser

Figure 1.7 The acyl carrier protein structure

(A) The ribbon diagram of the rat FAS ACP domain (2PNG), colored blue to red, corresponding to N to C
termini [117;125]. The post-translationally modified serine residue on helix a2 is shown; (B) The surface
electrostatic potential colored from red (negative) to blue (positive). Red-colored area running vertically in the
structure comprise the universal ‘recognition helix’; (C) The x-ray crystallographic structure of ACP-decanoyl
thioester buried in the hydrophobic pocket. The pantetheine-4’-phosphate moiety is shown in red and the
decanoyl moiety in green; (A, B, C) Adapted from [126]; (D) The conformation adopted by the butyryl-ACP
after delivering the substrate into the active site of a partner enzyme. The phosphopantetheine-binding serine-36
(E. coli nomenclature) and the thioester bond is shown in orange. Adapted from [112].
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Figure 1.8 Structural formula for the pantetheine-4"-phosphate-ACP

The pantetheine-4"-phosphate (PP) group is composed of the pantoic acid, pB-alanine and -
mercaptoethylamine. The PP is covalently bound from the side of pantoic acid to the conserved serine residue
of the ACP protein over the phosphodiester bond (highlighted in blue) and on the side of B-mercaptoethylamine
to the acyl chain over the thioester bond (highlighted in yellow). The alkyl group of the acyl chain is denoted
with —(CH,),-CHj; and is highlighted in green. Adapted from [116].

1.6.1 Fatty acid synthesis

Fatty acid synthesis is a central metabolic pathway that entails the iterative elongation of
fatty acid chains through a set of chemical reactions conserved in all kingdoms of life
(Figure 1.9). Despite the conserved reaction pathway, where ACP plays a central role, the
molecular architectures of FAS systems differ considerably. Whereas in most plants, bacteria
and organelles of bacterial origin (plant chloroplasts and mitochondria) synthesis is carried
out by sets of individual enzymes known as the FAS type Il [127-129], eukaryotes have
evolved large, architecturally diverse, multifunctional synthases referred to as FAS type |
[130;131]. The FAS type | complex is present in the cytosol of eukaryotes [132;133] and is
composed of one or two giant polypeptides [134] containing all necessary enzymes for fatty
acid synthesis (Figure 1.9). In this type of FAS the ACP-like domain is bound to other
enzymes by means of two flexible protein linkers (Figure 1.10B). All enzymes of FAS are
nuclear coded, with the exception of two ACPs from Cryptomonas algae and a B-Keto-Acyl-

ACP-synthase from red algae, which are encoded by the plastidal genome [135;136].
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Figure 1.9 Reaction sequence in fatty acid synthesis

All catalytic domains necessary for de novo fatty acid synthesis are found on one multidomain polypeptide
chains in mammals or on two in fungi. FAS involves the transfer of activated acetyl and malonyl substrates
from coenzyme A (CoA) to the pantetheine-4’-phosphate prosthetic group of acyl carrier protein (ACP) via
acetyl transferase (AT) and malonyl/palmitoyl transferase (MPT). Ketoacyl synthase (KS) condenses them by
malonyl decarboxylation to acetoacetyl-ACP, which is further modified at the B-carbon position by ketoacyl
reductase (KR), dehydratase (DH), and enoyl reductase (ER) to yield butyryl-ACP. These reactions are repeated
six times, resulting in the sequential incorporation of seven two-carbon units. In fungi, the palmitoyl end
product is transferred back from ACP to CoA by MPT [137], whereas in the mammalian system, the fatty acid
is released from ACP by a thioesterase [131].

The fungal and mammalian FAS, although both are classified as type | are
structurally highly diverse. Fungal FAS is a huge, barrel-shaped, 2.6-megadalton ogPs
heterododecameric complex (Figure 1.10A) [138] with two reaction chambers, each
containing three full sets of active sites (Figure 1.10B). In contrast, mammalian fatty acid
synthase is a 540 kDa x-shaped o2 homodimer containing a full set of catalytic sites present
in each of two semicircular reaction chambers on both sides of the molecule [131;139]
(Figure 1.10C).
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Figure 1.10 Structure of type | fatty acid synthase complexes

(A) Overall structure of fungal FAS | contain six complete sets of active sites distributed on 6o and 6 chains:
KR (yellow), KS (orange), ER (dark green), AT (magenta), DH (light green), PTT (red). Reprinted from [138];
(B) Cross section of a reaction chamber of the fungal FAS | complex. ACP (cyan) guided by elastic protein
linkers (yellow) is channelled into circular path, which increases the concentration of the ACP in the area where
active sites (red) are distributed. Reprinted from [140]; (C) Homodimer structure of mammalian FAS |
complex. White stars indicate the suggested attachment regions for ACP and thioesterase (TE). Reprinted from
[139];

FAS | is usually considered to be a more efficient biosynthetic machine because the
enzymatic activities are fused into a single polypeptide template and the intermediates do not
diffuse away from the complex. However, FAS | can only synthesize a narrow spectrum of
fatty acids, predominantly palmitate, destined for membrane biogenesis and energy storage
[130]. In contrast, FAS Il is capable of producing a diversity of products for cellular
metabolism. Not only different chain lengths are produced, but also unsaturated fatty acids,
iso- and anteisobranched-chain fatty acids, and hydroxyl fatty acids. This enormous diversity
of products is possible because the ACP intermediates in the pathway are diffusible entities

that can be diverted into other biosynthetic pathways [128].
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1.6.2 Significance of ACPs in biosynthetic pathways other than FAS

In addition to fatty acid synthesis, ACPs are also involved in many other reactions that
require acyl transfer steps such as synthesis of polyketide [141] and peptide antibiotics
[142;143], biotin precursor [144], membrane-derived oligosaccharides [145], acyl transfer to
glycerol-3-phosphate and monoacylglycerol-3-phosphate [146], acylation of toxins [147].
ACPs also function as essential cofactor in the lipoylation of pyruvate and B-ketoglutarate
dehydrogenase complexes [148].

Moreover, ACP from Mycobacterium tuberculosis (Figure 1.11A) is able to produce
mycolic acids that are extremely long-chain (C70 - C90) a-alkyl, B-hydroxy fatty acids
[149](Figure 1.11B). This bacterium has developed an ACP with a unique C-terminal
extension consisting of more than 50% of hydrophobic residues, which can fold and guide

very long-chain acyl intermediates during biosynthesis [149].
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Figure 1.11 Superimposed NMR structures of ACP from Mycobacterium tuberculosis

(A) M. tuberculosis ACP shuttles very long-chain hydrophobic substrates, which are stabilised during the
synthesis and transport by an unfolded C-terminal protein extension (grey). M. tuberculosis possesses such an
extension in addition to the typical ACP four-helix core structure (blue and green). Adapted from [128]; (B) An
example of a long-chain a-mycolic acid - a structural component of the cell wall of the bacterium M.

tuberculosis. Adapted from [149].
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1.6.3 Mitochondrial acyl carrier proteins

One or several ACPs of the bacterial FAS type Il have been found in mitochondria of several
species, including N. crassa [150;151], bovine heart [152] and A. thaliana [153]. These
proteins are denoted ACPM for “Acyl Carrier Protein, Mitochondrial”. Mitochondria of N.
crassa were found to contain a protein which was labelled with [**C] pantothenic acid and
carried an acyl group [150]. Evidence for a covalently attached pantetheine-4"-phosphate in
bovine ACPM [152] was obtained by electrospray mass spectrometry, before and after
incubation of the protein at alkaline pH conditions. So far, only two ACPM structures,
structurally highly related to their bacterial counterparts are available: The human structure
solved by NMR [154] (Figure 1.12A) and a structure from parasitic protozoan Toxoplasma
gondii solved by x-ray crystallography [155] (Figure 1.12B).

Figure 1.12 Structures of the mitochondrial acyl carrier proteins

Mitochondrial ACPs are highly related to the known bacterial structures. (A) NMR structure of human ACPM
colored blue to red, corresponding to N to C termini [154]. This figure was prepared using the PDB Protein
Workshop 3.4 software [156]; (B) An x-ray structure of the apo-ACPM from Toxoplasma gondii (blue) by
[155] superimposed with bacterial apo-ACP x-ray structure of E. coli (red) [157]. T. gondii does not contain the
highly conserved pantetheine-4’phosphate-binding serine residue, which is located at the beginning of the helix
a2 in most organisms including E. coli (green). Instead, T. gondii ACPM possesses two directly neighboring
serines (cyan) situated on the loop connecting helixes al and a2. Structures were superimposed using CCP4
Molecular Graphics software [158].
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1.6.4 Mitochondrial fatty acid synthesis

Following discovery and identification of ACPMs, further studies showed that mitochondria
contain all necessary enzymes for fatty acid biosynthesis and that they are able to synthesize
short-chain fatty acids [159;160] (9.4.4, appendix). Yeast deletion mutants lacking one of the
mitochondrial FAS components: ACPM, B-Ketoacyl-ACP synthase or mitochondrial -
Ketoacyl-ACP reductase develop a pleiotropic respiratory deficient phonotype. These
mutants are unable to grow on non-fermentable carbon sources, such as glycerol or lactate
and switch from respiration to fermentation [98;161]. An explanation was provided by
postulating that ACPM is involved in the synthesis of octanoic acid as a precursor for lipoic
acid synthesis (Figure 1.13) in pea [162], A. thaliana [163], N. crassa [164;165] and S.
cerevisiae [166]. Lipoic acid is an important sulfur containing prosthetic group of some
mitochondrial enzymes such as the pyruvate dehydrogenase (PDH) and o-ketoglutarate
dehydrogenase (KGDH) complexes [148;167].

0
MB octanoic acid
HO
o) v
ACPM\ /”\/\/\f/\g octanoyl-ACP
S
o I lipA
ACPM
6
S 8 lipoyl-ACP

Figure 1.13 Reaction sequence of lipoic acid synthesis in mitochondria

The ACPM was postulated to be involved in the synthesis of octanoic acid, which is further modified by lipoyl
synthase (lipA) by inserting sulfur atoms at unactivated carbons at position 6 and 8 in the lipoic acid synthesis.
Subsequently, the lipB and IplA lipoyl ligases transfer lipoyl groups to the E2 subunits of the pyruvate
dehydrogenase (PDH) and o-ketoglutarate dehydrogenase (KGDH) complexes [168;169]. The scheme is
adapted from a model proposed for the endogenous lipoic acid biosynthesis pathways operating in E. coli [170].
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Moreover, there is evidence for synthesis of longer fatty acids in mitochondria
[162;163]. It was speculated that this activity plays a vital role, most likely for repair of
mitochondrial lipids [159].

Recently, two distinct links between mitochondrial FAS and RNA processing have
been discovered in vertebrates and yeast, respectively. In vertebrates, the mitochondrial 3-
hydroxyacyl-ACP dehydratase and the RPP14 subunit of RNase P are encoded by the same
bicistronic transcript in an evolutionarily conserved arrangement that is unusual for
eukaryotes [171]. In yeast, defects in mitochondrial FAS result in inefficient RNase P
cleavage in the organelle [172]. Hypothetically, the intersection of mitochondrial FAS and
RNA processing has been maintained throughout evolution as a means to regulate
mitochondrial function relative to the nutritional state of the cell [173].

1.6.5 Mitochondrial acyl carrier protein as complex | subunit

Several groups demonstrated that mitochondrial ACP is tightly associated with complex I in
some species [152;174], whereas in others, it is found as a free, soluble protein [123].
Furthermore, mitochondrial ACP appears to be essential for structural and functional
integrity of complex | [175]. The number of mitochondrial acyl carrier proteins in eucaryotes
ranges from one to three. Typically however two isoforms are found [175].
In N. crassa, one ACPM has been found that is a subunit of complex | [151]. Its disruption
results in a defect in assembly of the peripheral arm and improper assembly of the membrane
part, but no effects on complexes Il or IV were observed [98]. The lysophospholipid content
of mitochondrial membranes was increased. In contrast, the yeast S. cerevisiae lacks complex
| and its ACPM is located in the mitochondrial matrix. In this yeast, deletion of ACPM leads
to loss of lipoic acid synthesis and eventually to a pleiotropic respiratory deficient phenotype
[98].

Similarly, depletion of ACPM by RNAI in Trypanosoma brucei and in human cell
lines lead to defect in mitochondrial fatty acid and lipoic acid synthesis [176], which
consequently caused reduction of activity of PDH and KGDH complexes. Concomitantly, the

ACPM depletion lead to a drastic decrease in complex | activity and membrane potential, as
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well as to changes in mitochondrial morphology [4]. Furthermore, decreased amounts of
phosphatidylinositol and phosphatidylethanolamine were reported.

Of the ACPM from bovine heart mitochondria identified originally as complex |
subunit SDAP [152] only a small fraction is associated with complex 1. Most of the ACPM is
found as a soluble (matrix) protein and is therefore available to carry the intermediates of
type Il fatty acid synthesis [124]. In A. thaliana, which expresses three mitochondrial ACPs
[123], no significant amount of ACPM is found in complex | as determined by BN-PAGE,
instead, as in bovine mitochondria, the proteins appear to exist predominantly as soluble
matrix proteins.
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1.7 Thiosulfate sulfurtransferase (rhodanese)

Sulfurtransferases are ubiquitous enzymes found in all living organisms, from bacteria to
man [177]. In mammals, two closely related enzymes are present, namely thiosulfate:cyanide
sulfurtransferase (TST, EC 2.8.1.1), also referred to as rhodanese, and 3-
mercaptopyruvate:cyanide sulfurtransferase (MST, EC 2.8.1.2). Both are located
predominantly in mitochondria [178]. In vitro, thiosulfate sulfurtransferase (TST) catalyses
the transfer of a sulfane sulfur atom from thiosulfate to cyanide yielding thiocyanate and
sulfite (Figure 1.14).

Rhod 80 Rhod-S SO;

Rhod-S CN™ Rhod SCN™

Figure 1.14 Scheme representing the sulfur-transfer reaction catalyzed by rhodanese

The thiosulfate sulfurtransferase (TST) catalyses the transfer of a sulfane sulfur atom from thiosulfate to
cyanide yielding thiocyanate and sulfite. The catalysis occurs via a double displacement mechanism involving
the transient formation of a persulfide-containing intermediate (Rhod-S), in which the transferring sulfur is
bound to the invariant catalytic cystein residue. Reprinted from [177].

3-Mercaptopyruvate sulfurtransferase (MST) is able to catalyse the same reaction but
shows higher affinity for 3-mercaptopyruvate as sulfur donor [179]. Substrate specificities
seem to correlate with characteristic active site loop motifs: the five amino acids immediately
downstream of the active site cysteine comprise one or two positively charged residues in
TSTs, but not in MSTs [177]. Sulfur transfer occurs by a double displacement mechanism
that involves formation of a persulfide containing intermediate with an invariant catalytic
cysteine residue [177].

X-ray structures have been solved for TST from bovine liver [180] and Azotobacter

vinelandii (Figure 1.15) [181]. Comparative studies have revealed a large superfamily that
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includes proteins with a single rhodanese domain (e.g., many bacterial and plant enzymes),
proteins with tandem repeats of rhodanese domains where only the C-terminal domain is
catalytically active (e.g. A. vinelandii and mammalian TST and MST) and proteins in which
a rhodanese domain, typically lacking the active site cysteine, is fused to other domains (e.g.,
the dual specific phosphatase Cdc25) [177] (Figure 9.6 and Figure 9.7, appendix). While it is
generally assumed that tandem domain repeat enzymes make the most significant
contribution to cellular sulfurtransferase activity, it has been demonstrated that GIpE from E.
coli, a representative of the single domain enzymes, is active in vitro [182;183]. Multiple
copies of sulfurtransferase are found in the genome of some archaebacteria, eubacteria, plants
and vertebrates, including mammals and birds. Only a subset of them is predicted to be
targeted to mitochondria using the MitoProtll [184] algorithm (Table 3.3, results).

Figure 1.15 Overall structure of A. vinelandii rhodanese

Ribbon representation of RhdA. The N- and C-terminal domains (brown and green, respectively), the linker
peptide (blue). The secondary structure elements of each domain are labelled with letters following the scheme
proposed for bovine rhodanese [180]. A single quote indicates elements of the C-terminal domains. The active-
site loop is shown in red; the catalytic residue, Cys230, is represented in ball and stick. The drawings were

prepared with the programs MOLSCRIPT [185] and Raster3D [186]. Reprinted from [181].
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The biological roles of TST and MST are largely speculative, because their in vivo
substrates remain unknown. Proposed functions include cyanide detoxification [187],
maintenance of the sulfane pool [188], selenium metabolism [189] and thiamine biosynthesis
[190]. Due to its ability to transfer sulfur atoms and its mitochondrial localization it has also
been suggested that rhodanese may be involved in the formation of iron-sulfur clusters [191].
It has been reported that rhodanese can form complexes through disulfide bonds with
membrane-bound enzymes and it was speculated that rhodanese may regulate mitochondrial
oxidative phosphorylation by controlling the status of iron-sulfur clusters of respiratory chain
enzymes [191]. In vitro, rhodanese has been shown to catalyse sulfur transfer to bovine
kidney succinate dehydrogenase [192], to spinach ferredoxin [193] and to the iron-sulfur
protein fragment of bovine heart complex I, thereby promoting its NADH dehydrogenase
activity [194]. The activity of bovine rhodanese may be regulated by protein
kinases/phosphatases [195]. According to this model, phosphorylation leads to loss of
rhodanese activity and converts the enzyme into a protein sulfurase, which may extract

‘labile’ sulfur from iron-sulfur clusters of the respiratory chain.
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INTRODUCTION

1.8 Goals of the study

NADH:ubiquinone oxidoreductase (complex I) from Y. lipolytica contains at least 26
“accessory” subunits however the significance of most of them remains unknown. The aim of
this study was to characterize the role of three accessory subunits of complex | recently
identified: two mitochondrial acyl carrier proteins, ACPM1 and ACPM2 and a
sulfurtransferase (st1) subunit.

Significance of both ACPMs in the structural integrity and activity of complex | was
evaluated. In order to distinguish whether the activity of ACPMs or their presence as
structural components of complex I is important for proper complex | assembly and function,
the phosphopantetheine-binding serine residues of ACPMs were mutated. Furthermore,
effects of the deletion and the point mutation on the respiratory chain complexes assembly
and activity were checked. Since ACPMs has been postulated to take part in the
mitochondrial fatty acid synthesis, mitochondrial lipid composition of the strain lacking the
pantetheine-4’-phosphate cofactor and completely deprived of ACPM was determined.
Previous reports suggested localization of ACPMs in the mitochondrial matrix, which
triggered the idea of verification of the submitochondrial distribution of ACPMs in Y.
lipolytica.

A protein exhibiting rhodanese (thiosulfate:cyanide sulfurtransferase) activity
associated with a homogeneous complex | preparation was suspected to play a role in the
iron-sulfur cluster assembly. Complex | assembly and activity, whereas assembly of its iron-

sulfur clusters in Y. lipolytica strain deprived of rhodanese was assayed.
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MATERIALS AND METHODS

2 MATERIALS AND METHODS

2.1 Materials
2.1.1 Chemicals

Chemiluminescent Peroxidase Substrate-1 (Sigma), Ethanol (J.T. Baker, Deventer-
Netherlands); bovine serum albumin (BSA) (Biolabs, New England); n-dodecyl-B-D-
maltoside (Biomol Feinchemikalien GmbH, Hamburg- Germany); DEAE Bio-Gel A Agarose
(Biorad Laboratories GmbH, Minchen- Germany); Chelating Sepharose (Pharmacia Biotech
AB, Uppsala-Sweden); Agar; bactoPTMP yeast extract, Trypton, selected peptone 140
(Gibco BRL Life Technologies, Paisley-United Kingdom); YNB (Difco Laboratories,
Sparks, MD, USA); boric acid, phenol, developer, fixing and developing solutions and X-ray
films (Kodak BioMax MR, Rochester, New York); acetone, ammonium peroxosulfate,
chloroform acetic acid, Folin-Ciocalteus-Phenol reagent, isoamyl alcohol, isopropanol, HCI,
trichlorine acetic acid (Merck, Darmstadt-Germany); ammonium sulphate, EDTA, glas perls
(0.25 — 0.5 mm), KCI, KOH, KH,POy4, sodium acetate, sodium citrate, NaCl, NaOH, NiSQy,,
NaH,PO,, saccharose, nucleotides, Ni-NTA Fast Flow Sepharose (Pharmacia); acrylamide,
bisacrylamide, Coomassie-Blue G-250, urea, polyethylene glycol (PEG) 4000,
dodecylsulphate Na-salt (SDS), Tricine, agarose, amino caproic acid, amino acids,
ampicilline, DMSO, ethidium bromide, glucose, glycerol (Pharmacia); hexaammine
ruthenuim(I1l) chloride (HAR), Hepes, KCN, lithium acetate, mercaptoethanol, Mops,
methanol, d-NADH, NADH, NaNs, nystatine, PMSF, Tag DNA polymerase, TEMED, Tris,
asolectin, oligonucleotides (Sigma Chemie GmbH, Deisenhofen- Germany), Bio-Beads SM-
2 (Bio-Rad), asolectin (Fluka); oligonucleotides (ARK Scientific GmbH Biosystems,
Darmstadt-Germany) or (MWG-Biotech Ebersberg- Germany), potassium thiosulfate,
potassium, thiosulfate cyanide, nitroblue tertazolium (Sigma), zymolyase 20T (ICN

Biomedicals), bovine rhodanese (Sigma).
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2.1.2 Phospholipid standards (Sigma)

1,1°,2,2’-tetraoleoyl cardiolipin (CL)
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (PE)
L-a-phosphatidylinositol (soy bean) (P1)
1,2-dipalmitoyl-sn -glycero-3-phosphocholine (PC)
1,2-dipalmitoyl-sn-glycero-3-phosphate (PA)
L-a-lysophosphatidylethanolamine (egg, chicken) (LPE)
L-a-lysophosphatidylinositol (soy bean) (LPI)
1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (LPC)
1-palmitoyl-2-hydroxy-sn-glycero-3-phosphate (LPA)

2.1.3 Inhibitors

2-decyl-4-quinazolinyl amine (DQA) was a generous gift from Aventis CropScience,
Biochemical Research, Frankfurt am Main, Germany; rotenone was purchased from Sigma

Chemie GmbH, Deisenhofen, Germany.

2.1.4 Media and solutions

Media for Escherichia coli:

LB-media: 1 % NaCl, 0.5 % Yeast Extract, 1 % Bactotryptone, pH 7.5 (1.5 % agar for plates)

SOC-media: 0.5 % Yeast Extract, 2 % Bactotryptone, 10 mM NaCl, 2.5 mM KCI, 10 mM
MgCl,, 10 mM MgSO,, 20 mM glucose

Media for Yarrowia lipolytica:

Sporulation (minimal) medium (CSM): 0.7 % Yeast Nitrogen Base w/o (NH,4),SO, and
amino acids, 0.5 % (NH,4)2SO4, 50 mM sodium citrate
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MATERIALS AND METHODS

YPD-complete medium: 2 % Bacto™Pepton, 1 % Yeast Extract, 2 % glucose

Permanent culture medium: YPD-media + 40 % glycerol

Minimal synthetic defined medium (S): 1.7 % Yeast Nitrogen Base w/o (NH4),SO, and
amino acids, 5 % (NH4),SO,4, pH 5.0 were prepared as a 10 X stock solution and sterile
filtrated. Carbon source (0.4 % acetate or 2 % glucose) were prepared as 2 X stock solution,
autoclaved and added to 10 X S-media. Depending on the type of selection one or several of
the following components were added: 130 uM histidine, 200 uM lysine, 460 uM leucine,
180 uM uracil.

Buffers and solutions:

10 X TAE-buffer: 400 mM Tris / acetate, 10 mM EDTA, pH 8.3

TE: 10 mM Tris/ HCI, 1 mM EDTA, pH 8.0

20 X SSC-buffer: 3 M NaCl. 0.3 M sodium citrate, pH 7.0

One step buffer (freshly prepared): 45 % PEG4000, 0.1 M lithium acetate pH 6.0, 100 mM

dithiothreitol, 250 pug/ml salmon sperm DNA as carrier

IPG buffer (Sigma)

Rehydratation buffer: 8 M urea, 1.5 % Triton X-100, 10 mg/ml DTE 0.5 % IPG Buffer and a

trace of bromphenol blue

SDS equilibration buffer: containing 50 mM Tris-HCI pH 8.8, 6M urea, 30 % glycerol, 4 %
SDS, 10 mg/ml DTE and a trace of bromphenol blue

Molybdenum Blue Spray Reagent (Sigma)
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2.1.5 Strains

Escherichia coli competent cells

Strain Genotype
recAl endAlyrA96 thi-1 hsdR17 supE44
XL1-Blue
relAl lac [F’proAB lacl’ZAM15 Tn10 (Tet")]
recAl endAl gyrA96 thi-1 hsdR17 supE44
XL10-Gold

relAl lac [F’proAB laclZ4AM15 Tn10 (Tet")]

Yarrowia lipolytica

Strain Genotype

PIPO 30Htg pop-in-pop-out MatA, ura3-302, leu2-270, lys11-23

GB10 30Htg2 MatB NDH2i ura3-302 leu2-270 lys11-23

GB14 NUCM-Htg2, NDH2i, ura3-302, leu2-270, lys11-23/+, hisl/+
acpmia, 30Htg2 MatA ndh2i acpm1:URA3-302, pACPM1-stepl|
acpmilA,

pACPM1-stepll
acpm2A,acpm?2
A,
pACPM2-flag

acpmlA

acpm2A

32

leu2-270 lys11-23

30Htg2 MatB ndh2i acpm2:URA3-302, pACPM2-flag leu2-270 lys11-23

lethal

30Htg2 MatB ndh2i acpm2:URA3-302 leu2-270 lys11-23



MATERIALS AND METHODS

acpmlA,
acpmlA,
pACPM1
acpm2A,acpm?2
A,
PACPM2
acpmlA,
acpmlA,
PACPM1-S66A
acpm2A,acpm?2
A, pACPM2-
S88A

St1A,pstl-strepll

St1A

St1A, st1A, pstl

nubmA

E129

30Htg2 MatA ndh2i acpm1:URA3-302, pACPML1 leu2-270 lys11-23

30Htg2 MatB ndh2i acpm2:URA3-302, pACPM2 leu2-270 lys11-23

lethal

30Htg2 MatA ndh2i acpom2:URA3-302, pACPM2-S88A

leu2-270 lys11-23

30Htg2 MatB ndh2i st1:URA3-302,pstl-strepll leu2-270 lys11-23

30Htg2 MatB ndh2i st1:URA3-302 leu2-270 lys11-23

30Htg2 MatA ndh2i st1:URA3-302,pstl leu2-270 lys11-23

30Htg2 MatB ndh2i nubm:URA3-302 leu2-270 lys11-23

MatA, URA3-302, leu2-270, lys11-23
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2.1.6 Plasmids

Bsulsl 23
lHindlII %
EcoRl, Xapl 4359 | Eco32! 185

Ratil 4284

BamHl 375

pBluescript Il SK/KS (-
2961 bp

! \,\mc 17

Bst11071 2244/ \Espal 2122
BsaAl 22251 |Psyl 2217 Al (3860)
Apol Nod (53)
Zral EcoRI 5 ’
aatlll | Clal Sspl (3742) EcdR1 (60)

Sspl || | HindIII
P! il

\ W Cld (86)
A\
- Yy Pl HindIII (91)

Xmnl T o _Sapl Amp resistanc
N\ Afil
/ pUC19A Pail
2265 5p pUB44
}‘ Amp\resistance 3860 bp
‘ HygB resistance
Fspl \\ /
Bgll /
Bl P AlwNI
Ahdl T

HindIII (1686)

Clal
BeoR] | Hindit_EcoRV
~ __— Nhel
AMER, BamHI
\ _ 4xUASI
Ncol
HygR

Ndel

8004 bp Sall

ARS68/CEN
Bglll

EcoRV

See next page for description.
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MATERIALS AND METHODS

Figure 2.1 Maps of plasmids

(previous page) The pUC19A vector was constructed by replacing the Aatll/Hindlll fragment of pBluescript
SK- (marked in green) with the Aatll/Hindlll fragment of pBR322 (magenta), thereby replacing the polylinker
with region that contains the unique EcoRI and Clal sites of pUC19A. Vector pUB44 was constructed by
cloning the hygromycin B resistance gene into the HindlIl site (marked in red) of pUC19A, and introducing a
Notl site by site-directed mutagenesis, immediately adjacent to the EcoRlI site. The pUB4 vector was derived
from the pINA443 vector [105] as described in [196]. The representations of vectors pUB4 and pUB44 were
prepared by Dr. Stefan Kerscher using software VectorNTI Advance 9.0; pUC19A using Clone Manager
Professional 9.0; pCR2.1 was adapted from Invitrogen (Groningen, The Netherlands); pBR322 and
pBluescriptSK- were reprinted from Fermentas Life Sciences (St. Leon-Rot, Germany). Indicated locations of
genes: ampicilin (Ap®), hygromycin (Hyg®) kanamycin, tetracycline (Tc®) resistance genes, origin of replication
(ori, rep), lac promoter (Plac), B-galactosidase encoding fragment used for blue-white screening (lacZe),
multiple cloning site (MCS), the autonomous replication sequence (ARS68/CEN), the upstream activating
sequence (4xUAS1) and gene coding for the Rop protein promoting conversion of the unstable RNA | - RNA 11
complex to a stable complex and serving to decrease copy number (rop). Recognition sites of restriction
enzymes are indicated on most plasmids. Additionally, a Pstl restriction site was introduced into plasmid
pCR2.1 by site-directed mutagenesis.

2.1.7 Enzymes

Taq DNA polymerase (Sigma), Phusion DNA polymerase (Finnzymes), T4-ligase

(Invitrogen), restriction enzymes (New England BioL abs)
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2.1.8 Antibodies

Primary antibodies

antibody Specificity provenience
30C10 G1 NUBM (51-kDa)
Dr. Volker
NUCM (49-kDa), internal epitop .
42A10 G1 Zickermann
31 PIPSGALGQKVPHYV 45
Frankfurt am
NUEM (39-kDa), internal epito .
37G12 G1 (39-kDa) briop Main
263 VRHIELPKALYQAYTKATQAI 284
Germany
30C12 G1 NESM
Monoclonal ANTI- :
o 1 DYKDDDDK 8 Sigma
FLAG™ M2 Germany
Monoclonal
Qlexpress® Strep- 1 SAWSHPQFEK 10 QIAGEN,
® Germany
tag
StrepMAB-Classic
conjugated to
) 1 SAWSHPQFEK 10
horseradish IBA, Germany
peroxidase
AcolC-3 . Prof. Dr_.I IRoland
o yeast aconitase Lill,
rabbit antiserum Marburg,
Germany

a-hexokinase rabbit

antiserum

SRKGSMADVPRDLLC

Sigma-Genosys,
USA

Secondary antibody

Anti-Maus 1gG (Fc Specific) Peroxidase conjugate developed in goat (Sigma, Germany)

36



MATERIALS AND METHODS

2.1.9 Instruments

Centrifuges:
Heraeus Biofuge A (Osterode, Germany)

Heraeus Labofuge 400 (Osterode, Germany)

Heraeus Minifuge GL (Osterode, Germany)

Heraeus Cryofuge 8500i (Osterode, Germany)

Heraeus Megafuge 1.0 RS (Osterode, Germany)

Cooled centrifuge J2-21, Beckman Instruments GmbH (Munchen, Germany)

Ultracentrifuge L7-65 and L8-70M, Beckman Instruments GmbH (Germany)
Spectrophotometer:

UV 300 Shimadzu (Dusseldorf, Germany)

U-3210 Hitachi (Dusseldorf, Germany)

MultiSpec-1501, Shimadzu (Dusseldorf, Germany)

SPECTRAmax PLUS®** Molecular Devices GmbH (Ismaning, Germany)

Thermocycler:
DNA Thermal Cycler 480, Perkin Elmer (Weiterstadt, Germany)
GeneAmp® PCR System 2400, Perkin Elmer (Weiterstadt, Germany)

cyclone® gradient, Peglab, Biotechnologie GmbH (Erlangen, Germany)

Electroporation:

E. coli Pulser Bio-Rad (Hercules, USA)
DNA Sequencer:

ABI PRISM™ 310 Genetic Analyzer, Perkin-Elmer (Weiterstadt, Germany)

Sonifier:

B 15 Sonifier / Cell Disrupter, Branson (Danbury, UK)
EPR-Spectrometer:

ESP 300 E, Bruker (Germany) with continuous flow cryostat ESR 900,
Tubney Woods Abingdon (Oxon, UK)
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EPR-tubes:

Quartz glass Nr: 707-SQ-250M (length: 250 mm, diameter: 4 mm), Rototec Spintec

(Biebesheim, Germany)

Phospholipid HPLC system:

Inline solvent degasser L-7612,VWR International GmbH (Darmstadt, Germany)
pump L-7100 (with low pressure dosing unit), VWR

high pressure active mixer for L-7100, VWR

autosampler L-7200 (100 pL loop; 500 puL syringe), VWR

column oven L-7360 (coolable), VWR

diode array detector L-7455, VWR

evaporative light scattering detector Sedex 75, Sedere (Alfortville, France)
fraction collector SF-3120 Advantec, (Dublin, USA)

controlling interface D-7000 VWR

controlling software D-7000 HSM VWR

Protein HPLC system:

119UV/UV-Vis Detector, L-4000/L-4200 eguipped with Intellligent Inert Pump L-
6210 and D-2500 Chromato-Integrator, Merck, Germany.

Columns

TSKgel G 4000 SW filtration column (210.5 mm x 600 mm), TosoHaas GmbH (Stuttgart,

Germany)

TSKgel 3000 SW filtration column (75 mm x 600 mm), TosoHaas GmbH (Stuttgart,

Germany)

RP-HPLC column: Hibar RT 250-4, LiChospher 100, RP 18 (5 um), with pre-column
LiChrospher 100 RP-18 (5um), (Merck, Germany)
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MATERIALS AND METHODS

Other instruments:

10 | Fermenter, Biostat E; Braun (Melsungen, Germany)

Bead-Beater glass pearls mill, Biospec (Bartlesville, USA)
Cell-Desintegrator-C, Bernd Euler (Frankfurt/Main, Germany)

BioLogic HR Workstation, Bio-Rad Laboratories GmbH (Miinchen, Germany)
Photo camera MP4 land camera, Polaroid

Hybridisations oven HB-1D, Techne (Wertheim, Germany)

Microscope, Leitz (Wetzlar, Germany)

Membrane, Millipore GmbH (Eschborn, Germany)

Rotary concentrator Rotavapor-R (Biichi Glasapparatefabrik, Flawil, Switzerland)
ChemiDoc XRS System, Bio-rad labolatories (Milan, Ityly)

MALDI-TOF mass spectrometer VVoyager De Pro (Applied Biosystems, USA)

Isoelectric focussing Rotofor® System, Bio-Rad Laboratories GmbH (Germany)

2.1.10 Software

DNA and protein analysis software:
Mac Vector 3.5, IBI
VectorNTI Advance 9.0 (InfosMax, USA)
Clone Manager Professional 9.0 (Scientific & Educational Software, USA)
HIBIO DNASIS™ for Windows® Version 2, Hitachi Software Engineering Co., Ltd
Husar (DKFZ, Heidelberg, Germany)
CLUSTALW (EMBL-EBI, Heidelberg, Germany)
MitoProt 11 (http://ihg2.helmholtz-muenchen.de/ihg/mitoprot.html)

Hydrophobicity plots, Molecular toolkit, Colorado State University, USA
(http://www.vivo.colostate.edu/molkit/hydropathy/index.html)

Transmembrane helices prediction software HMMTOP (http://www.enzim.hu/
hmmtop/) and TMHMM (http://www.cbs.dtu.dk/servicess/TMHMMY/).
Sequence Navigator (Applied Biosystems, USA)

Sequencing Analysis (Applied Biosystems, USA)
BCM Search Launcher (Baylor College of Medicine, USA)
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Mascot (Matrix Science Ltd., London)

Protein Prospector (Mirrors at UCL-Ludwig, UK / Ludwig Institute Melbourne
(Australia))

PROWL (ProteoMetrics, USA)

SOFTmax PRO, Molecular Devices GmbH (Ismaning, Germany)

Other software:

Microsoft Office Package
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MATERIALS AND METHODS

2.2 Methods of Molecular Biology

2.2.1 Deletion strains

The haploid deletion strains of the st1 and ACPM subunits of complex | from Y. lipolytica
were generated using the one-step transformation method as described in [197]. The open
reading frame (ORF) of the gene was replaced by URAS3 reporter gene. A fragment of the
gene in which the ORF had been replaced by URA3 gene was transformed into the haploid
GB strain. Subsequently a strain carrying the appropriate markers on minimal media plates
was selected. Finally, the selected clones were checked by PCR and Southern Blotting.

2.2.2 DNA gel electrophoresis

The DNA was separated according to standard procedures [198] in the presence of 0.5 pg/ml
ethiduim bromide. Depending on the expected DNA fragment length agarose concentrations
from 0.6 — 2.0 % in 1xTAE buffer were used. If the DNA fragments were extracted from the
gel, TEA buffer with extra additive was used (UV-safe TAE, MWG-Biotech, Ebersberg).
DNA molecular weight standards: 1 kb Ladder, 100 bp Ladder plus (MBI Fermentas, St.
Leon-Rot).

2.2.3 Fill-in reaction of 5 -overhang

The DNA blunt-ends were made with large fragments of E. coli DNA-polymerase |
(Klenow-polymerase, New England Biolabs GmbH, Schwalbach/Taunus) as described in
[198].

2.2.4 DNA-vector dephosphorylation

To avoid self-ligation of empty vectors the DNA ends were dephosphorylated with SAP

(Shrimp Alkaline Phosphatase, Boeringer Mannheim, Mannheim).
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2.2.5 Phosphorylation of PCR-products

To allow for ligation of PCR products it was necessary that both fragment ends were
phosphorylated. For this puprpose T4 polynucleotide kinase (New England Biolabs) as
described by Ausubel [199]. Alternatively, primers rather than DNA fragments were
phosphorylated before PCR.

2.2.6 DNA extraction from agarose gels

The DNA extractions from agarose gels were performed using the “Easy Pure Kit” (Biozym

Diagnostic GmbH, Hess. Oldendorf) or the QIAprep® Gel Extraction Kit (Qiagen).

2.2.7 Ligation

The T4 DNA-ligase (Gibco BRL Life Technologies) was used in the provided buffer to ligate

DNA fragments. Usually ligation was carried out over night at 14°C.

2.2.8 Preparation of electro-competent Escherichia coli cells

The electro-competent E. coli cells were made according the procedure described in “Current
Protocols in Molecular Biology” [199]. Transformation efficiency was up to 7x10°

colonies/ug DNA.

2.2.9 Transformation into Escherichia coli (electro-competent cells)

The transformation of plasmids (with Amp® gene) into E. coli electro competent cells took
place in an E. coli Pulser (Biorad) as described in “Current protocols in Molecular Biology”
[199]. Transformants were then streaked out and grown over night on LB solid medium in

the presence of ampicillin (50 pg/ml).

2.2.10 Preparation of plasmid-DNA from Escherichia coli

The plasmid-DNA was prepared according to [200] from a small volume of over night
cultures (1.5-3 ml). Plasmid DNA for sequencing was prepared using the QlAprep® Spin
Miniprep Kit (Qiagen).
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2.2.11 DNA sequencing

The double-strand DNA was used as template for sequencing. The sequencing reaction was
run using the “ABI Prism dye terminator cycle sequencing kit” (Perkin Elmer, Weiterstadt).

Sequencing was performed with an ABI Prism Automated Sequencer type ABI 310.

2.2.12 Polymerase chain reaction (PCR)

10 ng of plasmid-DNA resp. 100 ng of genomic DNA, 5 pl of both oligonucleotides (5 puM),
5 pl of 10X reaction buffer provided by the manufacturer were combined in a total reaction
volume of 50 pl. To avoid dimerisation of oligonucleotides as well as non-specific binding of
oliogonucleotides to matrix DNA manual “hot-start” was applied. Used polymerases were:
Taq DNA polymerase, Tag2000TM DNA polymerase, Pfu DNA polymerase and
PfuTurboTM DNA polymerase from Stratagene (Heidelberg) as well as Tag DNA

polymerase from Sigma Chemie GmbH (Deisenhofen).

2.2.13 Generation of point mutations

The shuttle-vector pUB4 (Figure 2.1) carrying a 4.91 kb insert coding for the NUEM gene
was used as template for site directed mutagenesis. Point mutation was introduced by PCR
with the “QuikChange™ site-directed mutagenesis kit” (Stratagene, Heidelberg). After
amplification of the insert-containing plasmid using phosphorylated primers the reaction
mixture was digested with Dpnl to eliminate methylated template plasmid. Phosphorylated
PCR products were ligated and transformed into electro-competent cells. To check the
presence of the desired mutation and the absence of inadvertent sequence changes, the

complete ORF of the mutagenised gene was sequenced and compared to the wild type ORF.

2.2.14 Southern blot

The digested DNA (genomic DNA: 500 ng; plasmid DNA: 50 ng) was separated using
agarose gel electrophoresis (1 %). The DNA was transferred over night onto Hybond N*-
membrane (Amersham, Braunschweig). Covalent crosslink of DNA to the membrane was

achieved by UV-light irradiation (Stratalinker, Stratagene, Heidelberg).
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2.2.15 %P DNA labelling

The DNA fragments were labelled with [o-**P] dCTP (25 pCi for 25 ng DNA) using the
“Random primer labelling — Prime-It®II” Kit (Stratagene, Heidelberg). The rate of
radioactive labelling was checked by pipetting 3 pl of 1:100 diluted reaction mixtures onto
two filter sheets (Whatman DE 81 ion exchange paper, Whatman International Ltd.,
Maidstone, England). One of the filters was washed two times for 5 minutes with 2 x SSC
buffer and subsequently washed for 5 minutes in cold ethanol. To estimate incorporation of
the radioactive label, count rates of both filters were controlled after drying using a Geiger

counter.

2.2.16 Hybridisation of radio actively labelled DNA probes

The hybridisation took place in a rotating glass tube using a thermostatted hybridisation oven
(HB-1D, Techne). The membranes were pre-hybridised for 15 minutes at 68°C followed by a
main hybridisation period of 60 min at 68°C in “QuikHyb® hybridisation solution
(Stratagene, Heidelberg). For the main hybridisation, 3*P-labelled DNA fragment was added
together with 100 pl (10 mg/ml) salmon sperm DNA. Subsequently, blots were washed four
times (2 x 15 min with 2 x SSC, 0.1 % SDS; 2 x 15 min with 0.1 x SSC, 0.1 % SDS) to
remove non-specifically bound radioactive probe. Blots were exposed to Kodak X-Omat AR

films with an amplifier-sheet over night at —-80°C.

2.2.17 Transformation of Y. lipolytica

The Y. lipolytica cells were transformed according to the method of [197]. A single colony
was taken from a fresh plate. Alternatively, cells from 0.5 ml of an over night culture in
complete medium were spun down. The cells were dispersed by vortexing for 1 min in 100
pl of freshly prepared one step buffer (45 % PEG4000, 0.1 M lithium acetate pH 6.0, 100
mM dithiothreitol, 250 pg/ml salmon sperm DNA as carrier). Subsequently the mixture was
incubated for 1 h at 39°C and was spread on well dried selection plates. Transformants could

be observed after 3 days incubation at 28°C.
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MATERIALS AND METHODS

2.2.18 Isolation of total DNA of Y. lipolytica

The total DNA isolation was performed according to the “rapid isolation of yeast
chromosomal DNA” protocol described in “Current Protocols in Molecular Biology” [199].
Plasmid DNA was obtained by transformation of 100 ng of total DNA into E. coli competent

cells.

2.2.19 Sporulation

The cells were grown in the minimal synthetic medium (2.1.4) complemented with leucine
and lysine for 4 days at 23°C. Isolated spores were treated with nystatin (1 mg/ml);
subsequently, selection of haploid organisms was carried out. Finally, obtained clones were
checked by PCR.
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2.3 Methods of Protein Chemistry

2.3.1 Growth of Y. lipolytica

The Y. lipolytica parental strains were grown in YPD medium at 28°C in rotatory flasks. One
colony of Y. lipolytica from an agarose YPD plate was taken for a 1 | pre-culture and shaken
in a flask for 18 - 24 hours. Subsequently, the pre-culture was used to inoculate a 10 |
fermenter (Biostat E; Braun, Melsungen). The fermentation lasted 14 - 18 hours. The yield
was up to 90 g cells / I | (wet weight).

The mutant strains were grown by fermentation in 10 | of YPD medium. The medium of the
pre-culture depended on the plasmid. In the case of pUB4 YPD containing 100 mg/l
hygromycin B was used. The fermentation was inoculated in a 10 | fermenter with 1 | of pre-
culture. The pre-cultures were shaken in flask for 24 hours and fermentation took another 24
hours. Even in the absence of selective pressure during fermentation, no substantial loss of

plasmid was observed.

2.3.2 Preparation of intact mitochondria

The intact mitochondria from Y. lipolytica were prepared essentially by the enzymatic
digestion method described in [201]. Y. lipolytica cells were harvested at early logarithmic
stage (OD~3-4), washed twice in ice cold water, resuspended (0.1 g wet cells/ml) at room
temperature in 50 mM Tris-HCI buffer (pH 8.6) supplemented with 5 mM dithiothreitol and
incubated for 10 min, diluted with water and washed twice again. After the last centrifugation
the weakened cells were resuspended (0.1 g wet cells/ml) in 1.2 M sorbitol and 10 mM
Hepes-KOH, pH 7.5 and 3-4 mg/ml zymolyase 20T (from Arthrobacter luteus, ICN
Biomedicals) was added to digest the cell wall. The formation of spheroplasts was monitored
spectrophotometrically and usually 10-15 min of incubation at 30°C was enough to complete
the digestion. After that, 0.2 mM Pefablock SC was added, the spheroblast suspension was
rapidly cooled, centrifuged at 500-600 g for 10 min and the pellet was resuspended and
washed twice in the same buffer containing 4 mg/ml fatty acid free BSA. The pellet of the

last centrifugation was resuspended in grinding buffer (20 mM Tris-HCI, pH 7.3, 0.4 M
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mannitol, 0.5 mM EDTA and 4 mg/ml BSA, fatty acid free). Spheroblasts were disrupted by
20 gentle strokes in a loosely fitting Dounce homogenizer. The suspension was diluted twice
with isolation buffer (20 mM Tris-HCI, pH 7.3, 0.6 M mannitol, 0.5 mM EDTA and 4 mg/ml
BSA) and centrifuged at 2000g for 10 min. The supernatant was collected and centrifuged
once more at 7000g for 20 min, the pellet was resuspended with a smaller volume of
isolation buffer and centrifuged again. The mitochondria were resuspended in 500-700 ul of
isolation buffer.

2.3.3 Preparation of mitochondrial membranes in small amounts

The freshly harvested cells (4 - 8 g) were used at a 1:1:1 cells to buffer to glass beads ratio
(same as in 2.3.2). Cell breakage was achieved by vortexing in a Falcon tube for 10 x 1 min
and intermittent cooling in ice for one minute. Centrifugations and further steps were the

same as in 2.3.2.

2.3.4 Protein quantification

The protein determination was done according to the procedure in [202], as modified in

[203]. Calibration was carried out with 0.1 — 2.0 mg/ml bovine serum albumin (BSA).

2.3.5 Mitochondrial fractionation

The intact mitochondria corresponding to 500 pg of protein determined according to a
standard protocol [202] were suspended in 170 pl 1 mM EDTA, 20 mM Na*/Mops pH 7.2,
subjected to 3 cycles of freezing and thawing using liquid nitrogen and centrifuged for 1 h at
100,000 g. The supernatant was transferred to another tube and 80 ul of gel loading buffer |
(0.03 % Serva Blue G, freshly added 6 % 2-mercaptoethanol, 30 % glycerol, 12 % SDS, 150
mM Tris-Cl pH 7.0) was added. The pellet was resuspended in 250 pl gel loading buffer 1/3
(buffer I diluted 3 times in water). The final protein concentration of the supernatant and
pellet samples was 2 mg/ml. Also a sample of total mitochondria with the same protein

concentration was prepared.
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2.3.6 Localization of ACPM1-strepll and ACPM2-flag in mitochondria by

western blot analysis

To investigate protein expression and localization of ACPMs, solubilized fractions of soluble
and membranous parts of mitochondria were resolved on a Tricine-SDS-PAGE [204]. A
semidry immunoblotting procedure was applied using polyvinylidendifluoride membranes
(Immobilon TMP, Millipore). Gel-blotting paper was incubated in blotting-buffer (cathode
buffer: 300 mM 6-aminocaproic acid, 30 mM Tris, pH 9.2; anode buffer: 300 mM Tris, 100
mM Tricine, pH 8.7). Gels were blotted over night at 50 mA and 20 V. After blotting,
membranes were incubated for 30 minutes in PBS buffer containing 0.5% (w/v) Tween20.
After washing in PBS (270 mM NaCl, 5 mM KCI, 15 mM Na;HPO4, 3 mM KH,PO,, pH
7.5) with 0.1% (w/v) Tween20 buffer once for 15 minutes and twice for 5 minutes,
membranes were incubated with antiserum diluted in PBS buffer with 0.1% (w/v) TweenZ20.
For ACPML1-strepll protein detection membrane was probed for 40 min with mouse
monoclonal strepll-tag antibody (Qiagen) diluted 1:5,000. Secondary antibodies anti-mouse
IgG peroxidase conjugated were diluted 1:500,000 and incubated for 30 min; ACPM2-flag
was detected with anti-flag polyclonal antibodies. All secondary antibodies subsequently
used were anti-rabbit 1gG peroxidase conjugated, diluted 1:500,000 and incubated for 30
min. Antiserum against aconitase was diluted 1:4,000 and incubated for 2.5 hours;
hexokinase antiserum was diluted 1:10,000 and incubated for 20 h; NESM antiserum was
diluted 1:15 and incubated for 20 min. All antibodies were purchased from Sigma unless
indicated otherwise. Proteins were detected by enhanced chemiluminescent peroxidase
substrate (ECL) from Sigma. The washed membrane was incubated for 1 minute with a 1:1,
(v/v) mixture of ECL-1 solution, containing 2.5 mM luminol, 450 uM coumaric acid, and
ECL-2 solution, containing 0.03% hydrogen peroxide. The peroxidase oxidises luminol in
the presence of hydrogen peroxide. Light emission occurring during luminol oxidation was

detected by placing the blot in contact with an X-ray film (Kodak BioMax MR Film).

2.3.7 Strepll-tag detection with streptavidin

The transfer of proteins from the polyacrylamide gel to the blotting membrane was carried

out according to the procedure described in 2.3.6. After blotting, membranes were incubated
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for 60 minutes in room temperature in PBS buffer containing 0.5% (w/v) Tween20 and 2
ug/ml avidin. After washing in PBS (270 mM NaCl, 5 mM KCI, 15 mM Na;HPO,4, 3 mM
KH,PO4, pH 7.5) with 0.1% (w/v) Tween20 buffer once for 15 minutes and twice for 5
minutes, membranes were incubated for 60 min at room temperature with streptavidin
conjugated with alkaline phosphatase diluted 1:1000 in PBS buffer with 0.1% (w/v)
Tween20. After another three 5 min washing cycles in PBS with 0.1% (w/v) Tween20 buffer
membranes were rinsed with water and developed in a solution of one tablet of 5-bromo-4-
chloro-3-indolyl phosphate/ nitro blue tetrazolium (BCIP/ NBT) freshly dissolved in 10 mi
water. Membranes were incubated until bands were visible and the reaction was stopped
either with water or 100 mM EDTA pH 7.2. Avidin, streptavidin and BCIP/ NBT tablets
were purchased at Sigma.

2.3.8 Doubled SDS-polyacrylamide gel electrophoresis (dSDS-PAGE)

Tricine dSDS-PAGE was used to separate the subunits of complex I from Y. lipolytica and
was performed as described [205]. Briefly, lanes from 1D-gels (10% polyacrylamide, 6M
urea) were incubated in acidic solution containing 100 mM Tris, 150 mM HCI, pH 2 for 30
min and analysed by SDS-PAGE as a second dimension using 16% polyacrylamide. The 2D-

gels were stained with Coomassie blue G 250 or silver.

2.3.9 Two-dimensional blue-native SDS polyacrylamide gel electrophoresis (2D-
BN/SDS PAGE)

Native protein complexes were separated in the first dimension using BN-PAGE [206]. 500
pg of total protein was solubilised with 3 g/g digitonin and 500 mM amino caproic acid. The
resulting solubilised mitochondrial membranes were put on 4-13% gradient gels. Gel stripes
containing proteins were excised and incubated in 1% SDS solution for 30 min. Proteins

were separated in the second dimension using 16% polyacrylamide SDS-PAGE.

2.3.10 Silver-staining of 2D-SDS gels

After electrophoresis the gel was incubated for 15 minutes in fixation solution, which

consisted of 50% methanol and 10% acetic acid. Subsequently the gel was incubated in
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0,005% sodiumthiosulfate-pentahydrate. The gel was washed in H,O and incubated in 0.1%
silver nitrate (w/v) for 30 minutes. Subsequently the gel was briefly washed in H,O and
developed in freshly prepared developer: 2% (w/v) sodium bicarbonate in 100 ml H,O plus
100 pL 36.5% formaldehyde. The development reaction was stopped by adding 100 ml of 50
mM EDTA solution.

2.3.11 Staining with nitro blue tetrazolium (NBT)

NBT-staining was used to detect the NADH activity of complex | in BN-PAGE. The non-
fixed gel was incubated in a solution containing 3 mM NBT and 120 uM NADH for 5
minutes. In order to stop the reaction, the gel was incubated in 50 % methanol and 10 %
acetic acid.

2.3.12 Measurement of NADH:HAR oxidoreductase activity

Detergent- and inhibitor-insensitive  NADH:HAR [HAR: hexa-ammine-ruthenium(lll)
chloride] oxidoreductase activity was measured using a Shimadzu MultiSpec-1501 or a
Molecular Devices SPECTRAmax PLUS®* spectrophotometer by following NADH-
oxidation at 340 minus 400 nm (=6.22 mM™cm™). Assays were performed in the presence
of 200 uM NADH and 2 mM HAR, in 20 mM Na'/Hepes, pH 8.0, 2 mM NaNj3 at 30°C
[207]. This activity depends only on the presence of FMN and probably FeS cluster N3
[208]. The reaction was started by the addition of 50 pg (total protein) of unsealed

mitochondrial membranes.

2.3.13 Measurement of complex | catalytic activity

For measurement of complex | activity, dNADH was used as electron donor, and the
ubiquinone analogue DBQ was used as electron acceptor. dANADH:DBQ oxidoreductase
activity at 60 uM DBQ and 100 uM dNADH was measured using a Shimadzu MultiSpec-
1501 or a Molecular Devices SPECTRAmax PLUS*** spectrophotometer by following
dNADH-oxidation at 340 minus 400 nm (¢=6.22 mM™cm™) at 30°C in 20 mM Na-MOPS
pH 7.2 buffer containing 50 mM NaCl and 2 mM KCN. The reaction was started by adding

mitochondrial membranes equivalent to a final concentration of 30 to 50 pg of protein/ml.
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2.3.14 Measurement of rhodanese activity

Rhodanese activity was assayed according to the procedure reported by Sérbo [209;209] and
Westley [210;210], with minor modifications. The reaction mixture contained 50 mM KCN,
50 mM sodium thiosulfate, 50mM Bis/Tris buffer, pH 7.0 and 1 pg/pl of purified complex |I.
An equal amount of enzyme inactivated by addition of 15% formaldehyde was used as blank.
The reaction was followed for up to 70 min at 25°C. 70 pl aliquots of the reaction mixture
were taken every 10 min and stopped by the addition of 32,5 ul 15% formaldehyde and 97,5
pl ferric nitrate, Fe(NO3)s. The final volume was 200 ul. The resulting thiocyanate complex
was measured at 460 nm using a Molecular Devices SPECTRAmax PLUS®*
spectrophotometer. One unit of rhodanese was defined as the amount of enzyme that
catalyses transfer of one micromole sulfur from cyanide onto thiocyanate per minute under
these conditions. Specific activity (mU/mg) was calculated using an g4g0 0f 1600 6.22 mM"

tem™ per mole of SCN'.

2.3.15 Purification of complex |

Complex I was purified from isolated mitochondrial membranes that were solubilised with n-
dodecyl-B-D-maltoside as described [211] with slight modifications. Purification was
achieved by Ni**-affinity chromatography with a modest reduction of the imidazole
concentration from 60 mM to 55 mM in the equilibration and washing buffer and subsequent

gel filtration using a TSK4000 column.

2.3.16 Reactivation of purified complex |

In its natural environment, complex | is embedded in a lipid bilayer. Most of these lipids are
lost during protein purification, resulting in significant loss of catalytic activity. To reactivate
dNADH:DBQ oxidoreductase activity of complex I, asolectin was added (total soy bean
extract with 20 % lecithin) in a 1:1 (w/w) protein-to-lipid ratio. The asolectin solution was 10
mg/ml solubilised by 1.6 % OG in 1 mM KP;and 25 mM K,SO,4 pH 7.2.
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2.3.17 EPR-spectra

Low temperature EPR spectra were obtained with a Bruker ESP 300E spectrometer equipped
with a liquid helium continuous flow cryostat, ESR 900 from Oxford Instruments. Samples
were mixed with NADH in the EPR tube and frozen in liquid nitrogen after 30 seconds
reaction time. Spectra were recorded at 12 K or at 40 K with the following instrument
settings: microwave frequency 9.475 GHz, microwave power 1 mW, modulation amplitude
0.64 mT. Under these conditions spectra show contributions from clusters N1, N2, N3 and

N4. Spectra were recorded and analyzed by Dr. Klaus Zwicker.

2.3.18 Protein analysis with the matrix assisted laser desorption ionization time
of flight mass spectrometry (MALDI-TOF-MS)

Stained protein spots were excised from dSDS polyacrylamide gels and treated
following the protocol of [212]. The proteins were cleaved with trypsin (12.5 ng/pl) in
digestion buffer containing 25 mM ammonium hydrogen carbonate, 5 mM CaCl, at 37°C
over night.

Spectra were recorded in the positive ion mode with a VVoyager De Pro MALDI-TOF
mass spectrometer (Applied Biosystems, Germany). The samples were deposited on
preparative plates by the fast evaporation method. DHB (2,5-dihydroxybenzoic acid) or
HCCA (4-hydroxy-a-cyano-cinnamic acid) from Sigma were used as a matrix. Spectra were
calibrated internally using bovine trypsin autolysis products (m/z 805.4167 and 2163.0567)
or, if necessary, externally using a reference peptide mixture of bradykinin, angiotensin I,
insulin (oxidized B chain), adrenocorticotropic hormone (ProteoMass Peptide MALDI-MS
Calibration Kit, Sigma) covering the m/z 757.3997-3494.6513 range. MALDI spectra were
analysed by the Mascot software package (Matrix Science Ltd., London), Prowl software
package (ProteoMetrics, LLC, New York, USA). Mass spectrometric analysis of the proteins
was performed by Dr. Albina Abdrakhmanova.
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2.3.19 Sequence analysis

DNA and protein sequences were analyzed using the Vector NT1 (Informax) software.
Homology searches of mammalian and fungal databases were done using the BLAST server
at http://www.ncbi.nlm.nih.gov/BLAST/. Alignments of fungal and mammalian proteins
were generated using the program CLUSTALW at http://www.ebi.ac.uk/clustalw/index.html.
Searches of the NCBI conserved domains database [213] were performed at the NCBI server

(www.nchi.nlm.nih.gov/ structure/cdd/wrpsb.cai).

2.4 The phospholipid composition of mitochondria

Mitochondrial lipids were analyzed using thin layer chromatography (TLC) and high
performance liquid chromatography (HPLC) and subsequently identified with mass
spectrometry (MALDI-TOF). The HPLC and MALDI-TOF phospholipid analysis was

performed by Sebastian Richers, Max-Planck-Institute for Biophysics, Frankfurt am Main.

2.4.1 Extraction of phospholipids for the TLC analysis

Mitochondrial membrane (prepared as described in 2.3.3) extracts from strain GB10, acpm2A
and acpm2A::pS88A were used for TLC analysis. Extraction was carried out according to the
method of [214]. An equivalent of 100 ug protein was mixed with 2.5 ml methanol and 1.25
ml chloroform in a glass tube, vortexed for 2 min and incubated on ice for 15 min.
Following, 1.25 ml chloroform and 1.25 ml water was added and mixed. The organic (lower)
and water (upper) phase separate and precipitated proteins and nucleic acids gather between
the phases. To accelerate the separation process, centrifugation at 1000 rpm for 10 min in
Heraeus Megafuge 1.0 RS (Osterode, Germany) was applied. The organic phase, containing
extracted phospholipids, was transferred to another glass tube and removed on a rotary
concentrator Rotavapor-R (Buchi Glasapparatefabrik, Flawil, Switzerland) under reduced
pressure at 30°C. After evaporation the total lipid sample was taken up in a small volume of

approx. 100 ul chloroform-methanol 2 : 1.
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2.4.2 Thin layer chromatography (TLC)

Extracted phospholipids (25 ul) were applied to the TLC sheets covered with silica gel 60
Fas4 (Merck, Darmstadt, Germany) step wise 5 x 5 pl dried in between steps. TLC sheets
were developed with a liquid phase containing 190 ml chloroform, 70 ml methanol, 18 ml
water, 20 ml acetic acid, 80 ml acetone and visualised either with Molybdenum Blue Spray
Reagent (Sigma) or by means of Typhoon 9400 Variable Mode Imager (Amersham
Biosciences, Little Chalfont, UK). Images of the TLC sheets containing fluorescent dye Fs4
were recorded in the fluorescent mode PMT 300V, at normal sensitivity 520 BP40 in the blue
laser light at 488 nm.

2.4.3 Extraction of phospholipids for HPLC analysis

For the phospholipids extraction four different starting materials: Y. lipolytica cells,
mitochondrial membranes, intact mitochondria and sucrose gradient purified intact
mitochondria [215] from strains GB10, acpm2A and acpm2A::pS88A and the nubmA were
used. Phospholipid composition of extracted samples was determined using a High
Performance Liquid Chromatography (HPLC) analysis lipids were extracted according to the
method of [216] with two modifications. After mixing the 50 ul sample with 950 pl
chloroform/methanol (2/1, v/v), the phase separation was induced by the addition of 200 pl
HClug (0.1 M) instead of the original recommended salt solutions. Furthermore two
additional cycles of washing of the aqueous phase with the organic phase increased the yield.

The combined organic phases were dried and redissolved in chloroform/methanol (4/1, v/v).

2.4.4 Phospholipid analysis of acpm2A and acpm2A::pS88A with HPLC

The phospholipids were separated by normal phase chromatography with a solvent system of
chloroform/methanol/water/ammonia based on the method described by [217]. An
evaporative light scattering detector Sedex 75 (Sedere, France) supplied with 3.3 bar nitrogen
and heated to 80 °C detected the phospholipids. Phospholipids were quantified by external
calibration with commercially available standards: 1,1°,2,2’-tetraoleoyl cardiolipin (CL); 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine (PE); L-a-phosphatidylinositol (PI), (soy
bean);  1,2-dipalmitoyl-sn-glycero-3-phosphate  (PA);  1,2-dipalmitoyl-sn-glycero-3-
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phosphocholine (PC); L-a-lysophosphatidylethanolamine (egg, chicken), (LPE); L-a-
lysophosphatidylinositol (soy bean), (LPI); 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphate
(LPA); 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (LPC), (all from Sigma).

2.4.5 Mass spectrometry of phospholipids

Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry
was used to identify the type of phospholipid headgroup and the fatty acid composition.
Samples of phospholipid extracts were used directly, while the collected HPLC fractions
were dried in a speed vac and redissolved in 4 uL 19:1 (v/v) chloroform-methanol solution to
change the solvent and increase the concentration. About 2 pL of the sample were slowly
added to MALDI target spots. The fast evaporation of the organic solution under the air
stream of the fume hood allowed the addition of this relative large volume compared to the
spot size. Despite the chloroform content of the solutions, plastic tips were used with a
Gilson pipette to avoid scratching the target with glass. After the samples had dried
completely, 0.3 uL of matrix solution (0.5 M 2,5-dihydroxybenzoic acid in methanol with
2% (v/v) formic acid) were added to the spots. The dried target was inserted into the
MALDI-TOF mass spectrometer and samples were analyzed in the range of 0-2000 m/z.
Using the negative charged mode greatly simplifies the spectrum and allows the detection of
other phospholipids even in the presence of phosphatidyl choline. Detectability of
phospholipids and quality of spectra was largely depending on the laser energy which was
optimal at around 55 %. Typically the resulting spectra of 200 laser shots were acquired and
summed up. Phospholipid mixtures containing Dipalmitoyl-Glycero-Phosphate and
Tetraoleoyl-Cardiolipin 0.1 g/L were used as external calibration standards in close vicinity
to the sample spots. The monoisotopic masses of their single deprotonated ions containing
over all a single negative charge were used for linear calibration. The [M-H+]— masses are

647.47 m/z for Dipalmitoyl-Glycero-Phosphate and 1456.03 m/z for Tetraoleoyl-Cardiolipin.
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RESULTS

3 RESULTS

3.1 Acyl carrier proteins

3.1.1 Generation of ACPM deletion strains

Using the sequences from the Genolevures website (http://cbi.labri.fr/Genolevures/
index.php), the ACPM homologues YALIOD14850g (ACPM1) and YALIOD24629g
(ACPM2) were identified. 2.70 kb of genomic DNA comprising the complete ACPML1 open
reading frame (two exons) and 0.97 kb of 5° and 0.96 kb of 3” flanking DNA was amplified
with primers® acpmi1f and acpmir (Figure 3.1a). 3.60 kb of genomic DNA, comprising the
complete ACPM2 open reading frame (three exons) and 1.20 kb of 5’ and 0.66 kb of 3’
flanking DNA, was amplified using primers acom2f and acpm2r (Figure 3.1b). Both PCR
products were made using Taq DNA polymerase and genomic DNA from Y. lipolytica strain®
E129 and cloned into plasmid® pCR2.1 (Figure 3.1a). Deletion strains for the ACPM
subunits of complex I from Y. lipolytica were generated by homologous recombination using
the one-step transformation method as described [197]. Deletion alleles in which the ACPM
OREFs are replaced with the URA3 marker gene were created as follows: First, ggnomic DNA
fragments were transferred into the single EcoRlI site of vector pUC19A (Figure 3.1d, e).
Then, the ACPM1 construct was gapped by PCR, using primers acpmlSall and
acpmlBamHI, thereby removing the ORF together with 143 bp of 5’ flanking sequence and
22 bp of 3’ flanking sequence. Similarly, the ACPM2 construct was gapped by PCR, using
primers acpm2Sall and acpm2BamH]I, thereby removing the ORF together with 16 bp of 5°
flanking sequence and 4 bp of 3’ flanking sequence. The PCR products were digested with
BamHI and Sall and ligated with the Y. lipolytica URA3 marker gene as a 1.7 kb BamHI/ Sall
fragment, such that the orientation of the marker was opposite to the original ORFs (Figure
3.1c, f, g). Then, the hygromycin B resistance gene was cloned into the Hindlll site and the

Notl site, immediately adjacent to the EcoRI site was introduced by site-directed mutagenesis

% For gene maps see 9.1.2 and 9.1.3, appendix and for the list of primers see 9.2.2 and 9.2.3, appendix.
* Genotypes of all strains are listed in 2.1.5, materials and methods.

® See maps of plasmids in 2.1.6, materials and methods.
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in both vectors (Figure 3.1i, j). Thereby, vectors pUB44 containing deletion constructs of

each ACPM gene were created.

2.3kb 2.3 kb

Figure 3.1 Generation of ACPM deletion constructs

() The pCR2.1 vector of 3.9 kb containing the acpm1 insert of 2.7 kb digested with EcoRI restriction enzyme.
(b) The acpm2 fragment of 3.6 kb produced by PCR using primers acpm2f and acpm2r. (c) The URA3 ORF
insert of 1.7 kb excised from pBlueScript SK- vector of 2.7 kb using BamHI and Sall restriction enzymes. (d)
The empty pUC19A vector of 2.3 kb containing (€) the acpm1l insert of 2.7 kb, (f) the acpm1 deletion construct
(acpml::URA3) of 3.4 kb and (g) the acpm2 deletion construct (acpm2::URA3) of 3.5 kb, all digested with
EcoRlI. (h) The empty pUB44 vector of 3.9 kb digested with Hindl11 into hygromicin B resistance gene (HygB¥)
of 1.6 kb and 2.3 kb fragment. (i) The pUB44 vector of 3.9 kb containing an acpml deletion construct
(acpm1::URAB3) of 3.4 kb digested with Hindlll yielding HygB® of 1.6 kb and 5.8 kb restriction fragment. (j)
The pUB44 vector of 3.9 kb containing an acpm2 deletion construct (acpm1::URA3) of 3.5 kb cut with HindlII
yielding HygB® of 1.6 kb and fragment of 5.9 kb. Size of the fragments of the molecular weight marker (M) is
indicated on the left side of the figure in kilobase pairs (kb).

To exclude ligation of multiple inserts and assure proper orientation of cloned
fragments, plasmids were test digested with a number of restriction enzymes. The resulting
final constructs were linearized with Notl and transformed into the diploid Y. lipolytica strain
GB14 (Figure 3.2). Heterozygous deletion strains in which one of the chromosomal copies of
either ACPM1 or ACPM2 had been replaced with the URA3 marker by double homologous
recombination were selected for their ability to grow in the absence of uracil and their

inability to grow in the presence of hygromycin B. Sporulation, followed by random spore

selection was performed both in the presence and absence of 10 pg/ml lipoic acid (see 2.2.19,
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materials and methods). Deletion strains transformed with a functional copy of the respective
ACPM genes on replicative plasmid pUB4 [196] were used as controls and will be referred to

as parental strains here.

acpmif acpm1Sall acpmiBamHI acpmifr
—» <+ - <+
Y/ 1 URA3 NE S B EH H N
acpmdi .. ’ X ‘ uCc192
5 o ”5 flank| S | 3' flank | T I p A = I
construc 79 0.97 1.7 0.96 1.6 23 [kb]
acmeL’ 4_ac:meSaIl acmeBamlﬂ’ 4_arcmeIr
NE S B EH H N
Yl acom2 :: URA3 5' flank 3' flank ) pUC19A
truct (7.4 kb) URA3 HygB" ‘ AP*
cons 1.20 1.7 0.66 1.6 23 [kb]

Y.lipolytica >< ><

genomic DNA —

Figure 3.2 Deletion strategy for ACPMs

A Notl linearized construct containing the URA3-marked ACPM deletion allele (orange), the hygromycin B
resistance gene (HygB®), grey and the rest of the pUC19A plasmid with ampicillin resistance gene (APR), yellow
used for deletion of ACPM genes by double homologous recombination (indicated by crosses). The ACPM
deletion (ACPM/acpmA) strains were selected for their ability to grow in the absence of uracil and their inability
to grow in the presence of hygromycin B. Protein coding regions are represented by thick arrows, flanking
DNA from the Y. lipolytica ACPM locus by green lines. The location of primers is indicated by black thin
arrows above the construct. The following restriction sites are shown: E, EcoRl; H, HindllI; N, Notl; S, Sall; B,
BamHI.

To ensure proper integration of the deletion constructs into genomic locus of ACPM
genes, Y. lipolytica transformants were tested in a PCR reaction using primers: acpmckf/
acpmchkr that bind to the chromosomal gene locus outside of the ACPM gene; ura3ds2/
ura3us2 binding to the deletion construct and acpmseq3/acpmseg4 binding to the ACPM gene
(Figure 3.3).

Proper integration of the acpm14 construct into the chromosomal locus of the acpml1
gene was confirmed using primer pairs acpmlchkf/ura3ds2 and acpmlchkr/ ura3us2, since
products of 1.080 kb and 1.075 kb, respectively were obtained. This indicated presence of the
URAS3 gene on the chromosome in the genomic locus of ACPM1 in the acpmlA strain
(Figure 3.3a, b). In case of acpm24 strain presence of the ACPM2 gene was excluded in a

PCR reaction using primers acpm2seq3/ acpm2seqg4, in which no product was formed
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(Figure 3.3c). Presence of the URA3 gene in the acpm2A4 strain was confirmed using primers
acpm2chkr/ura3us2, which resulted in a product of 1.050 kb (Figure 3.3f).

As control strains, carrying wild-type copies of the ACPM2 gene, GB14 and a diploid
acpm24 strain, complemented with the plasmid version of a functional copy of the ACPM2
gene (2n acpm24/ ACPM2) were used. Presence of the ACPM2 gene in the GB14 and the
acpm24/ ACPM2 was confirmed in a PCR reaction using primers acpm2seq3/acpm2seq4,
which yielded a product of 1.000 kb in both strains (Figure 3.3d, €). Absence of the URA3
gene in the acpm24/ ACPM2 strain was confirmed using primers acpm2chkf/ ura3ds2, since
no product was obtained (Figure 3.3g). Presence of the URA3 gene in the acpom24/ ACPM2
strain was confirmed using primers acpm2chkr/ura3us2, since a 1.050 kb band was observed
(Figure 3.3h).

Primers localization

acpm::URA3 ¢ ura3ds2 ura3us2

=»
acpmchkf = 1 acpmchkr
EcoRI EcoRI
1.000 1.000
acpm gene seq(f> seq4

Figure 3.3 The PCR test for the deletion of ACPM genes

The localization of primers in the deletion construct (acpm::URA3) and in the genomic locus of the ACPM gene
are indicated with arrows (left panel). The transformants carrying a properly integrated URA3 gene into the
chromosome of the diploid GB14 strain of Y. lipolytica were isolated and checked by PCR (right panel). The
acpmlA strain was tested using primers acpmlchkf/ ura3ds2 (magenta) and acpmilchkr/ ura3us2 (green) that
yielded products of (a) 1.080 kb and (b) 1.075 kb, respectively, which confirmed presence of the URA3 gene in
this strain. The acpm24 strain was verified using primers (c) acpm2seq3/ acpm2seg4 (black) that yielded no
product thus excluded presence of the ACPM2 gene and (f) acpom2chkr/ ura3us2 (green) that yielded a product
of 1.050 kb, which confirmed presence of the URA3 gene in acpm24. (d) The GB14 and (e) the acpm24/
ACPM2 strains were both checked using primers acpm2seq3/ acpm2seg4 (black). In both strains, the PCR
reaction yielded a product of 1.000 kb, which confirmed presence of ACPM2 in both strains. (g) The GB14
strain was also confirmed to lack the URA3 gene using primers acpm2chkf/ ura3ds2 (magenta), since no PCR
product was obtained. (h) The acpm24/ ACPM2 strain was confirmed to contain the URA3 gene using primers
acpm2chkr/ ura3us2 (green) since a 1.050 kb band was observed. Size of the fragments of the molecular weight
marker (M) is indicated on the left side of the agarose gel in kilobase pairs (kb).
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3.1.2 Generation of strains with exchanged serines binding the phosphopantethein

moiety

Open reading frames (ORFs) together with flanking regions of ACPM genes were amplified
in the pCR2.1 vector as described in 3.1.1 and cloned into the EcoRlI site of the vector pUB4
(Figure 3.4A). Mutations leading to the exchange of the phosphopantethein binding serines
for alanines were carried out by PCR using primer pairs acpm1S66Af/ acpm1S66Ar,
acpm2S88Af/ acpm2S88Ar for ACPM1-S66A and ACPM2-S88A, respectively. The
resulting products were test digested with EcoRI restriction enzyme (Figure 3.4B) and
sequenced on an Applied Biosystems 310 genetic analyzer (Figure 3.5). Plasmids pUB4
carrying the mutated genes were transformed into ACPM1/ acpml1A and acpm2A strains,

respectively and checked by PCR (Figure 3.6).

A AcpmSNNAr AcpmSNNAf B

kb

8.0 kb 8.0 kb

Ul - e @&

w s~ O

N

Figure 3.4 Plasmid pUB4 containing mutated versions of ACPMs

(A) The localization of mutagenesis primers (violet arrows) used for exchange of serines to alanines in ACPM1-
S66A and ACPM2-S88A proteins indicated on the ACPM protein coding region (orange). The ACPM ORFs
were cloned, including their flanking DNA (green lines), into the EcoRlI site of the pUB4 vector (black). NN
denotes in primer names position of the serine, 66 in case of ACPM1 and 88 in case of ACPM2. The following
restriction sites are shown: E, EcoRl; S, Sall; B, BamHI. (B) EcoRI restriction cut of (a) an empty pUB4
plasmid, (b) the plasmid containing a 2.7 kb insert of ACPM1-S66A and (c) a 3.6 kb insert of ACPM2-S88A.
Size of the fragments of the molecular weight marker (M) is indicated on the left side of the agarose gel in
kilobase pairs (kb).
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Figure 3.5 Sections of DNA sequence pherogramms from ACPM point mutants

Mutations leading to the exchange of the phosphopantethein binding serines for alanines in (A)
acpmlA,pACPM1-S66A and (B) acpm2A4,pACPM2-S88A strains were verified by sequencing using primers
acpmlseql and acpm2seql, respectively on an Applied Biosystems 310 genetic analyzer.

While the acpm24,pACPM2-S88A strain could be generated no acpmlA4,pACPM1-
S66A spores were obtained. The acpm24,pACPM2-S88A transformants and three control
strains, the GB 14, the acpm24 and a diploid acpm2A4 strain, complemented with the plasmid
version of a functional copy of the ACPM2 gene (2n acpm24,pACPM2) were checked by
PCR using two primer pairs acpm2chkflacpm2S88Ar and acpm2f/acpm2S88Ar, here
referred to as (1) and (2), respectively. Localisation of the primers is indicated in (Figure 3.6,
left panel). The acpm2chkf primer binds outside of the ACPM2 gene, acpm2f binds on the
flanking DNA of ACPM2 gene and acpm2S88Ar binds on the ORF of the ACPM2. The
diploid GB14 strain was confirmed in a PCR reaction using primer pairs (1) and (2) to carry
two alleles of ACPM2 gene, since products of 1.48 kb (magenta) and 1.46 kb (green)
respectively, were obtained (Figure 3.6a). The diploid acpm24,pACPM2 was confirmed to
lack a chromosomal copy of the ACPM2, since no product with primers (1) could be
generated, and it was shown to contain a plasmid-borne copy of the ACPM2, since a product
of 1.46 kb (green) was obtained with primers (2) (Figure 3.6b). The acpm2A strain was
proven to lack both chromosomal and plasmid versions of the ACPM2 gene using primer
pairs (1) and (2), since no PCR products could be obtained (Figure 3.6¢). Finally, the

acpm2A4,pS88A strain was confirmed to lack the chromosomal copy of the ACPM2 gene,
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since no product with primers (1) were formed and it was proved to carry a plasmid-borne
copy of the ACPM2-S88A gene, since a product of 1.46 kb (green) was obtained with primers
(2) (Figure 3.6d).

acpm2S88Ar

(a) GB14 acpm2S88Ar
acpm2chkf acpm2f =
e ——>——
EcoRI EcoRI
(b) acpm2A,pACPM2 N acpm2S88Ar
EcoRI EcoRI
(c) acpm2A
acpm2f
EcoRI EcoRI
m2A A acpm2S88Ar
(d) agp ,pS88. s 3P
EcoR/ EcoRI

Figure 3.6 PCR test for presence of ACPM2-S88A gene

In the PCR test for the presence of the ACPM2-S88A gene using two primer pairs: (1) acpm2chkf/ acpm2S88Ar
(magenta) and (2) acpm2f/ acpm2S88Ar (green) strains (a) GB14, (b) acpm24,pACPM2, (c) acpm2A4 and (d)
acpm2A4,pS88A were checked. In these PCR reactions using primers (1) and (2) the following products were
obtained, respectively: (a) 1.48 kb and 1.46 kb; (b) no product, 1.46 kb; (c) no product for both primer pairs; (d)
no product, 1.46 kb. Size of the fragments of the molecular weight marker (M) is indicated on the left side of
the agarose gel in kilobase pairs (kb).

3.1.3 The tagged versions of ACPMs

Open reading frames (ORFs) of ACPM genes together with flanking regions were amplified
in the pCR2.1 vector as described in 3.1.1 and cloned into the EcoRI site of the vector
pUC19A. For generation of the ACPM1-strepll and ACPM2-flag strains primer pairs
acpmlstrepllf/ acpmilstrepllr and acpm2flagf/ acpm2flagr, respectively were used. As a
result ACPM ORFs were extended by 8 amino acids at the C-termini: ACPM1 by
WSHPQFEK and ACPM2 by DYKDDDDK. Tagged versions of ACPM genes were
transferred to the EcoRI site of the pUB4 vector and checked by test digestion with
restriction enzymes EcoRlI, and following with Nhel and Ndel to assure cloning of only one
insert of tagged ACPM gene (Figure 3.7). Subsequently, plasmids were confirmed by
sequencing (Figure 3.8) and transformed into diploid strains carrying one wild-type (ACPM)
and one acpm::URAS3 allele (ACPM/ acpmA) (Figure 3.7). Complemented haploid deletion
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strains were obtained by sporulation and random spore selection (2.2.19, materials and

methods).

Nhel Nde/l
45kb 6.2kb45kb 4.7kb 6.0kb 5.1kb

e
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35kb 45kb 3.7kb 3.3kb 4.7kb 4.7 kb
3.6 kb

Figure 3.7 Test digest of pUB4 plasmid containing tagged versions of ACPMs

The 8.0 kb pUB4 plasmid digested with EcoRI containing (a) a 3.6 kb ACPM1-strepll insert and (b) a 2.7 kb
ACPM2-flag insert. To assure presence of only one copy of ACPM insert per pUB4 plasmid (c, f) the empty
plasmid and (d, g) the plasmid containing the ACPM1-strepll and (e, h) the ACPM2-flag insert was digested
with Nhel and Ndel, respectively resulting in two restriction fragments each. The only exception is (€) the pUB4
vector containing the ACPM2-S88A insert, which harbours an additional Nhel site in the ACPM2-S88A
fragment. As a result, three restriction fragments (3.6, 3.7 and 4.5 kb) are formed, although on the gel 3.5 kb
and 3.6 kb are visible as one thick band. Size of the fragments of the molecular weight marker (M) is indicated
on the left side of the agarose gel in kilobase pairs (kb).
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Figure 3.8 Sections of DNA sequence pherogramms from ACPM tagged versions

ACPM ORFs were extended by 8 amino acids at the C-termini: (A) ACPM1 by WSHPQFEK (StreplI-tag) and
(B) ACPM2 by DYKDDDDK (Flag-tag) as verified by sequencing using primers (A) acpmlseq4 and (B)
acpm2seq4, respectively. For localization of primers see 9.1, appendix.
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3.1.4 Consequence of the deletion of ACPM1 and ACPM2 genes

In order to investigate the function of the ACPMs the two homologues of the S. cerevisiae
gene for the mitochondrial acyl carrier protein (YKL192c) that had been identified in the Y.
lipolytica genome as YALI0D14850g (ACPM1) and YALI0D24629g (ACPM2) were deleted
as described in 3.1.1. To minimize the risk of selection for second site repressors during
homologous recombination, the linearized deletion constructs were transformed into the
diploid Y. lipolytica strain GB14 (Figure 3.2). In the case of ACPM2, the desired diploid
strain that was confirmed to be heterozygous for the deletion allele could be sporulated to
yield the desired haploid acpm2::URA3 deletion strain.

While a diploid ACPM1/ acpml1::URA3 deletion strain was successfully generated,
subsequent extensive sporulation attempts failed to generate haploid strains carrying the
ACPM1 deletion allele. However, when a plasmid-borne, functional copy of the ACPM1
gene was introduced into the ACPM1/ acpm1::URAS3 strain prior to the sporulation, haploid
acpmlA4,pACPML1 strains could be isolated. This demonstrated successful complementation
of the deletion allele and excluded that second-site genetic defects in the diploid
heterozygous deletion strain had prevented formation of viable haploid deletion spores. This
experiment indicates that ACPM1 is an essential gene in Y. lipolytica. To discriminate
whether the ACPML protein as a whole or just its functional group was required for survival
serine-66 of ACPML1 with alanine was exchanged. This serine is conserved in all acyl-carrier
proteins and known to bind the phosphopantethein moiety. A plasmid-borne copy of
ACPM1-S66A was transformed into the heterozygous ACPM1/ acpml::URA3 strain, but in
contrast to the wild-type copy it failed to complement the deletion phenotype and no
acpmlA,pACPM1-S66A spores were obtained. Thus the single amino acid exchange seemed
to have the same effect as complete removal of the ACPM1 gene.

In contrast, ACPM2 was found to be not essential in a strain carrying NDH2i to
complement for complex | deficiency and a haploid ACPM2 deletion strain (acpm2A4) was
obtained. To test whether complex | was affected by deletion of the ACPM2 gene, first its
activities in mitochondrial membranes prepared from the deletion strain were measured and

compared to the parental strain (Table 3.1).
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parental acpm24  acpm24,pS88A  ACPM1-strepll ACPM2-flag

pmol min*mg™

Mitochondrial membranes

NADH:HAR oxidoreductase 0.75 0.18 0.17 0.81 0.77
dNADH:DBQ
oxidoreductase 0.27 <0.1 <0.1 0.31 0.30

Purified complex |

NADH:HAR oxidoreductase 45.2 n.d® n.d 495 48.0
dNADH:DBQ
oxidoreductase 3.4 n.d n.d 3.1 3.0

Table 3.1 Catalytic activities of mitochondrial membranes and complex |

Specific inhibitor sensitive dNADH:DBQ oxidoreductase activity was lost
completely. A strong decrease in dANADH:HAR oxidoreductase activity down almost to a
level typically observed with other complex | deficient strains suggested that the loss of
complex I activity was due to a very low content of complex I. Remarkably, essentially the
same loss in activity was observed when a mutated copy of the ACPM2 gene was introduced
on a plasmid in which the phosphopantethein binding serine-88 was replaced by alanine. The
loss of complex | was confirmed when mitochondrial membranes from the acpm2A strain
and the parental strain were analyzed by two-dimensional BN/SDS-PAGE (Figure 3.9A, B).
In contrast to the parental strain no complex | could be detected by silver staining in the
ACPM2 deletion strain (Figure 3.9B). The same result was obtained with the mutant version
lacking serine-88 (Figure 3.9C). The pattern of the other respiratory chain complexes Vp,
Vm, I, 1V, 11 and the presence of small amounts of subcomplex F1, corresponding to the

matrix part of complex V [218] were not affected by the deletion (Figure 3.9).

® Not determined
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Figure 3.9 2D-BN/SDS PAGE analysis of Y. lipolytica mitochondrial membranes

Protein complexes were resolved by BN-PAGE in the first and by 16 % SDS-PAGE in the second dimension. (A) A typical pattern of the parental strain
respiratory chain complexes visible from left to right with decreasing molecular weight: ATP synthase dimer (Vp), complex I, complex V monomer (Vy),
complex 11, complex 1V and complex Il. (B) acpm24 strain and (C) acpm24,pACPM2-S88A strain exhibit lack of complex | assembly. Other respiratory
complexes appear to assemble normally.



For higher sensitivity and to detect low amounts of possible subcomplexes of complex |
mitochondrial membranes from the acpm24 strain were further analyzed by Western blotting
of two dimensional (Blue Native/SDS) gels with different antibodies directed against
subunits of complex | (Figure 3.10). In membranes from the parental strain fully assembled
complex | was found to be the dominant form. In addition, several supercomplexes
containing complex | together with complexes Il and/or complex IV were detected as
described recently [219]. Most likely these are (from left to right with decreasing molecular
weight): complex | dimer; 111121V2, L1V, L, 111V, 111V, Some disintegration of
complex I into subcomplexes was also observed with monoclonal antibodies directed against
the 51-kDa and 49-kDa subunits of the peripheral arm and the accessory NESM subunit of
the membrane arm. With mitochondria from the ACPM2 deletion and the S88A mutant strain
a very small amount of fully assembled complex | was detected with all three antibodies.
However, only with the antibody directed against the NESM subunit pronounced signals of
two putative subcomplexes were observed. These subcomplexes migrated in a similar
position as the disintegration products observed with the parental strain at about 700 (marked
with 1@) and 300 kDa (marked with 2@), but the fact that they were not detectable by the
anti-51-kDa and anti-49-kDa antibodies in the ACPM2-mutant strains suggested a different
composition. Rather, the antibodies directed against the 51-kDa and 49-kDa subunits gave
strong signals over a broad range of molecular masses that were even more pronounced in
the ACPM2-mutants. These signals probably reflected the individual subunits and/or small
subcomplexes (up to about 100 kDa in size) containing the respective subunits.
Unfortunately, due to the very small amounts available, it was not possible to analyze the

subunit composition of the subcomplexes any further.

68



RESULTS

o-NESM
parental

acpm2A

acpm2A,pS88A

o-49-kDa
parental

acpm2A

acpm2A,pS88A

o-51-kDa
parental

acpm2A

acpm2A,pS88A

e

front

Figure 3.10 Complex | subcomplexes in acpom24 and the acpm24,pACPM2-S88A strains

Western Blot analysis of mitochondrial membranes from the parental strain and strains acpm24 and acpm24,
pACPM2-S88A is shown. Subcomplexes were detected at positions marked above the picture with 1@ and 2 @
by antibodies against the 51-kDa, the 49-kDa and the NESM subunit in the parental strain. In strains acpm24
and pACPM2-S88A only the antibody against the membrane arm subunit NESM indicated subcomplexes in
these positions suggesting that different subcomplexes of similar size but different composition were detected.
In strains acpm24 and pACPM2-S88A the majority of the 49-kDa and 51-kDa subunits of the peripheral arm
were detected close to the front of the gel and only minute amounts of fully assembled complex | denoted with
(1) were identified. Several supercomplexes (S) of complex | associated with complex 111 and complex IV as
described recently in [219] were detected as indicated (S). Positions of the respiratory chain complexes are
denoted from left to right with decreasing molecular weight: ATP synthase dimer (Vp), complex VV monomer
(Vw), complex I11,, complex 1V and complex I1.

69



3.1.5 The mitochondrial lipid composition analysed by thin layer chromatography

To see whether deletion and mutagenesis of ACPM2 had affected the lipid composition, the
phospholipid content of extracts (2.4.1, materials and methods) from intact mitochondria of
parental, acom24 and acpm24,pACPM2-S88A strains were analyzed by the thin layer
chromatography (TLC), (2.4.2, materials and methods). Phospholipids separated in the
chromatography run were visualized either by molybdenum dye staining or by scanning the
TLC sheets containing fluorescent dye F,s4 with Typhoon Imager. Regardless of the staining
method only limited number of phospholipids, phosphatidyl-choline (PC) and phosphatidyl-
ethanolamine (PE) (Figure 3.11A) or PC, PE and cardiolipin (CL) (Figure 3.11B) could be
identified, respectively. Also, no difference in the phospholipid composition could be

observed among the analyzed strains.

CL PC PE 1 2 3 CL PC PE 1 2 3
gy ¥ s - PE
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Figure 3.11 Thin layer chromatography (TLC) of lipids extracted from intact
mitochondria

The TLC analysis of mitochondrial lipids extracted from the (1) parental, (2) acpm2A and (3) acpm2A::pS88A
strains. The following reference phospholipids were used: CL, cardiolipin; PC, phosphatidyl-choline and PE,
phosphatidyl-ethanolamine. (A) Two bands corresponding to phospholipids PE and PC, as well as one
unidentified band were detected by visualisation of the TLC sheet with Molybdenum Blue Spray Reagent; (B)
Bands corresponding to all reference phospholipids CL, PC and PE, as well as several unidentified bands were
detected in the TLC sheet containing a fluorescent dye F,s, scanned with Typhoon Imager in the blue laser light
at 488 nm. No difference in the lipid composition among analysed strains both in (A) and (B) could be
observed.
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3.1.6 The mitochondrial lipid composition analysed by HPLC

The analysis was performed by Dr. Sebastian Richers.
In order to detect and compare greater spectrum of mitochondrial phospholipids, extracts
(2.4.3, materials and methods) from intact, sucrose gradient-purified mitochondria of
parental, acpm24, acpm24,pACPM2-S88A and the nubmA strains were analyzed by HPLC.
The nubma strain carrying a deletion of the central 51-kDa subunit of complex | was
included as additional control because of its severe complex | assembly defect [220]. In
addition to phospholipids identified in the TLC (3.1.5), phosphatidyl-inositol (PI), lyso-
phosphatidyl-ethanolamine (LPE) and lyso-phosphatidyl-choline (LPC) were identified in the
HPLC by comparison to the commercially available standards (Figure 3.12). All lipids were
detected at very similar ratios in mitochondria from all strains, such that PC constituted
almost a half, PE and CL roughly 20% each, whereas PI, LPE and LPC less than 10 % each
(Figure 3.13). Also the protein to phospholipid ratio was nearly identical in mitochondria
from all strains (Figure 3.14). In addition, the analysis was performed with whole cells,

mitochondrial membranes and crude intact mitochondria yielding very similar results.

Figure 3.12 HPLC profiles of phospholipids extracted from Y. lipolytica mitochondria

(See the next page) The extracts from intact, sucrose gradient-purified mitochondria (0.5 mg/ml) of the parental,
acpm24, acpm24,pACPM2-S88A and nubmA strains were analyzed. No significant difference in phospholipid
composition among analysed strains was found. Two different HPLC profiles for two different analyzed batches
are shown. (A) Profile of a lower magnification. (B) Chromatogram of another extract shown in higher
magnification revealed additional unidentified peaks (*), though their amounts did not vary among analyzed
samples. The first prominent peak, which elutes after approximately 2 minutes contains the pass through.
Abbreviations used: CL, cardiolipin; PE, phosphatidyl-ethanolamine; PI, phosphatidyl-inositol; LPE, lyso-
phosphatidyl-ethanolamine; LPI, lyso-phosphatidyl-inositol; PA, phosphatidic acid; LPA, lyso-phosphatidic
acid; PC, phosphatidyl-choline; LPC, lyso-phosphatidyl-choline.
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RESULTS

HCL
M PE
Pl
M LPE
M PC
M LPC
strain CL PE Pl LPE PA PC LPC Total
%
parental 18 19 9 10 0 43 5 100
acpm2A 18 19 10 10 0 43 4 100
acpm2A pS88A 18 21 10 8 0 43 4 100
nubmA 19 20 11 9 0 42 3 100

Figure 3.13 The phospholipid composition of purified intact mitochondria

The relative amount (w/w) of individual phospholipids to the total mass of all phospholipids isolated from the
intact, sucrose gradient-purified mitochondria of the parental, acpm24, acpm24,pS88A and the nubmA strains
were determined by HPLC analysis. The detected phospholipids are: CL, cardiolipin; PE, phosphatidyl-
ethanolamine; PI, phosphatidyl-inositol; LPE, lyso-phosphatidyl-ethanolamine; PC, phosphatidyl-choline; LPC,

lyso-phosphatidyl-choline.
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parental acpm2A M acpm2A,pS88A W nubmA
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CL PE Pl LPE PC LPC Total
strain CL PE PI LPE PA PC LPC Total
pg/mg
parental 19 11 13 28 0 49 8 119
acpm2A 17 13 12 24 0 47 11 113
acpm2A,pS88A 17 15 13 20 0 45 5 106
nubmA 19 15 17 20 0 50 3 121

Figure 3.14 The phospholipid to protein ratio in intact mitochondria

The concentration of individual phospholipids relative to the protein concentration in intact mitochondria is
nearly constant as determined in the HPLC analysis. The detected phospholipids are: CL, cardiolipin; PE,
phosphatidyl-ethanolamine; PI, phosphatidyl-inositol; LPE, lyso-phosphatidyl-ethanolamine; PC, phosphatidyl-
choline; LPC, lyso-phosphatidyl-choline.

3.1.7 Identification of mitochondrial phospholipids with MALDI-TOF-MS

The analysis was performed by Dr. Sebastian Richers.
Phospholipids extracted from intact, sucrose gradient-purified mitochondria of Y. lipolytica
strains were separated on the HPLC column using the standard run as described in 2.4.4,
materials and methods. Fractions were collected every 30 seconds beginning with time 0

seconds and were analysed with the matrix-assisted laser desorption ionization time-of-flight
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mass spectrometry (MALDI-TOF-MS) (2.4.5, materials and methods). All prominent peaks
of the HPLC chromatogram (Figure 3.13) were identified using MS (for spectra see 9.5,
appendix). It has been shown that CL was found to be present in fraction (fr) 18 (Figure 9.14,
appendix) and fr 19 (Figure 9.15, appendix), PE in fr 24 (Figure 9.16, appendix), Pl in fr 28
(Figure 9.17, appendix), LPE in fr 28 (Figure 3.15), phosphatidic acid (PA) in fr 30 (Figure
9.18, appendix), LPC in fr 52 (Figure 9.19, appendix). It should be noted that the peak for
LPE was found at a mass of 454.33 Da indicating substitution with a palmitoyl-chain (16:0;
theoretical mass 454.29 Da) rather than an unsaturated acyl-chain (Figure 3.15). All
phospholipids were measured in the negative charged mode with an exception of LPE and
LPC, which were measured in the positive mode.
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Figure 3.15 The MALDI-MS spectrum of lyso-phosphatidyl-ethanolamine identified in
fraction 28

Phospholipids isolated from intact mitochondria and separated with HPLC (fraction 28) were identified using
MALDI-MS. The peak corresponding to LPE obtained in the positive charged mode was found at a mass of
454.33 Da indicating substitution with a palmitoyl-chain (16:0; theoretical mass 454.29 Da) rather than an
unsaturated acyl-chain. Masses of the phospholipids determined experimentally are indicated above the spectra
in black, whereas the theoretical values in violet. Numbers in brackets separated by a colon indicate the number
of carbon atoms in the acyl-chains (first number) and the number of carbon atoms involved in the double bond
formation in unsaturated chains (second number).

75



3.1.8 ACPM1 and ACPM2 are bona fide subunits of Y. lipolytica complex |

The next addressed question was whether one or both of the ACPM-proteins in Y. lipolytica
were bound to complex | as accessory subunits. In a previous proteomic approach aimed at
the identification of the accessory subunits of Y. lipolytica complex | ACPM1 had already
been identified as a component of the purified enzyme by MALDI-TOF mass spectrometry
[37]. However, the almost complete loss of fully assembled complex I caused by the deletion
of the ACPM2-gene suggested a tight link between complex | and ACPM2 as well. Indeed,
thorough analysis of the double-spot in dSDS-PAGE that had previously been shown to
contain ACPML1 (Figure 3.17A) allowed the unambiguous identification of both ACPM1 and
ACPM2 by MALDI-MS/MS sequencing of peptides from both proteins (Figure 3.16).

To confirm this assignment we introduced tagged versions of the two proteins into the
ACPM deletion strains. Both constructs appeared to be functional, since ACPM1-strepll per-
mitted survival of strain acpm1A (Figure 3.17A) and ACPM2-flag restored normal assembly
of complex 1 (Figure 3.17C). Also NADH:HAR oxidoreductase and dNADH:DBQ
oxidoreductase activities of mitochondrial membranes from both complemented strains were
restored to parental strain levels (Table 3.1). Moreover, also the purified complexes from
both tagged strains exhibited wild-type catalytic activities indicating normal stability of the
multiprotein complex. This allowed dSDS-PAGE analysis of the tagged complexes.
Molecular mass shifts of ACPM1-strepll (Figure 3.17B, red arrow) and ACPM2-flag (Figure
3.17C, blue arrow) subunits as compared to the untagged parental strain (Figure 3.17A)
confirmed the assignment of the two proteins that thus have both to be considered bona fide

subunits of complex | from Y. lipolytica.
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Figure 3.16 Mass Spectra of ACPM subunits

MALDI-post-source decay spectra of peptides identified by using y- and b-ions. ldentification of (A) the C-
terminal peptide (position 94-109) SVNQAVEYILAQPDAK (MH+ 1745.907) of the ACPML1 protein (Mascot
Score 42) and (B) the peptide (position 59-73) IVALLESFDKVNDAK (MH+ 1661.911) of the ACPMZ2 protein
(Mascot Score 76).
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Figure 3.17 Analysis of tagged versions of ACPMs in dSDS-PAGE
Both ACPM genes were deleted and replaced with plasmid-borne copies encoding tagged versions of the two proteins. Molecular mass shifts as compared to the
parental strain (A) are visible in dSDS-PAGE in (B) ACPM1-strepll (red arrow) and (C) ACPM2-flag (blue arrow) complex I.



RESULTS

3.1.9 Sub-mitochondrial localization of ACPM1 and ACPM2

The next open question was whether the two ACPMs were exclusively present as
complex | subunits in Y. lipolytica mitochondria. To answer this question intact
mitochondria from the Y. lipolytica strains containing the tagged versions of ACPM1 and
ACPM2 were isolated and soluble and membrane fractions were analyzed by Western
blotting (Figure 3.18). As controls for the identity and purity of the individual fractions
aconitase for the mitochondrial matrix, hexokinase for the cytosol and the complex |
subunit NESM for the mitochondrial membranes were used. Both ACPMs were
exclusively detectable in the membrane fraction but absent in the soluble fraction of
mitochondria and the cytosolic fraction (PMS). This strongly suggested that all ACPM1
and ACPM2 in mitochondria were completely bound to complex | in the inner
mitochondrial membrane of Y. lipolytica.

—— Fraction ——
Cl m;, m, m PMS
ACPM1-strepll  wm “
Aconitase A- - —
Hexokinase -

NESM (complex |)  oump — -

ACPM2-flag = e -
Aconitase — —
Hexokinase —

NESM (complex |) (illp e

Figure 3.18 Localization of tagged versions of ACPM in mitochondrial fractions

Intact mitochondria were fractionated into soluble (ms) and membrane (my,) part and analyzed for ACPM
presence with antibodies specific to strepll- and flag-tags. Neither of them could be detected in the soluble
fraction of mitochondria nor in the cytosolic (PMS) fraction. Both ACPMs were detectable in the
membrane fraction. Purified complex | (Cl) and whole mitochondria (m;) were used as controls. Antiserum
specific to representative proteins of each fraction were used: aconitase (soluble fraction), hexokinase
(cytosol) and NESM (complex I, membrane fraction).
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RESULTS

3.2 Exploration of the stl subunit of complex | from Y. lipolytica
3.2.1 Identification of a rhodanese-like protein in purified complex |

Upon gel filtration chromatography, His-tagged Y. lipolytica complex I, as Ni**-affinity
purified from n-dodecyl-p-D-maltoside solubilised mitochondrial membranes, elutes as a
single, symmetrical peak, indicating excellent purity and homogeneity (Figure 3.19A). A
protein with an apparent molecular mass of 34.6 kDa (Figure 3.19B) previously not

detected in complex | from other sources was found to be consistently present even in the

purest preparations.
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Figure 3.19 Gel filtration purified complex I contains rhodanese-like protein

(A) Elution profile of Y. lipolytica complex | purified by Ni** affinity chromatography. The elution profile
of a TSK4000 column run with purified complex | was monitored by measuring A280 for protein (upper
trace) and A415 for flavine mononucleotide and iron-sulfur clusters (lower trace). Experimental details
were as described in [221]. (B) SDS-PAGE of purified Y. lipolytica complex |. Coomassie stained 16%
tricine-SDS gel with 30 pg of complex | from the parental and the sulfurtransferase deletion (st1A) strains.
The band corresponding to the sulfurtransferase protein is marked with an arrow. The sulfurtransferase
seems to be present in substoichiometric amounts in the parental strain and is clearly absent in the deletion
strain.
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Figure 3.20 MALDI-TOF mass spectrum of in-gel digested 34.6 kDa protein of Y.
lipolytica complex |

The protein spot was excised from a dSDS gel and digested with trypsin. The peptide mixture was analyzed

by MALDI-TOF mass spectrometry using peptide mass fingerprinting (PMF). Sequence coverage was 38%

using 50 ppm error margin. Tryptic peptides identified by MALDI-TOF MS are marked with asterisks. The

analysis was performed by Dr. Albina Abdrakhmanova.

Pe_ptide7 Expected mass® Observed Sequence
residues (MH-) mass
4-12 941.5666 941.5909 LISPAELAK
21-36 1792.9268 1792.9731 IFDATWYLPTPANVGK
37— 44 1018.4298 1018.4766 NAYDNYMK
81-102 2280.1506 2280.2307 LGVSSDSPIVVYDTQGVFSGPR
103 - 108 793.4607 793.4671 LVWTFK
150 — 158 1015.5094 1015.4961 IDPADPPYK
169 - 179 1249.6674 1249.7283 SFEDVLAIVEK
211 -234 2458.2248 2458.2461 AELSSGHVPGAYSIAFPEVVENGK
282 - 297 1898.8303 1898.9119 DTNAVYDGSWTEWAQR

Table 3.2 Tryptic peptides of the 34.6 kDa protein identified by MALDI-TOF MS

Its content relative to other complex | proteins seemed variable and appeared
substoichiometric in most preparations. Using dSDS-PAGE [205], followed by MALDI-
TOF mass spectroscopic analysis (Figure 3.20) of tryptic fragments (Table 3.2) enabled
identification of this protein.

" residue numbers refer to the mature amino acid sequence
& the monoisotopic single protonated mass of the peptides is shown.
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RESULTS

Probability of
Species, enzyme, NCBI accession  Similarity (%)  lIdentity (%)  mitochondrial import

(%)
E. coli MST (JX0320) 47 39 not applicable
A. vinelandii MST (ZP_00415650) 45 35 not applicable
A. vinelandii TST (S62187) 35 26 not applicable
S. tokodaii TST1 (BAB66874) 38 31 not applicable
S. tokodaii TST2 (BAB67675) 38 30 not applicable
Y. lipolytica MST (CAG78604) (100) (100) 27
S. cerevisiae MST (NP_014894) 48 37 5
N. crassa MST (XP_325872) 50 38 99
P. anserina MST (CAD60606) 54 42 100
T. aestivum MST (AAK64575) 48 39 1
A. thaliana MST1 (AAC17062) 46 37 99
A. thaliana MST2 (AAM61125) 46 39 1
C. elegans MST (NP_501461) 38 28 17
D. rerio MST (AAH74047) 51 35 91
G. gallus MST (XP_416283) 53 41 60
G. gallus TST (XP_416284) 51 42 86
B. taurus TST (NP_803455) 53 36 83
B. taurus MST (NP_001029463) 52 34 75
H. sapiens TST (Q16762) 54 36 82
H. sapiens MST (P25325) 50 37 75

Table 3.3. Similarity and identity scores for pairwise comparisons between Y. lipolytica
sulfurtransferase and tandem rhodanese domain repeat enzymes from other
organisms

The alignments were created using the GAP programme from the HUSAR (genius.embnet.dkfz-

heidelberg.de) program package in standard mode. The probability of mitochondrial import was calculated
using MitoProt Il software (http://ihg.gsf.de/ihg/mitoprot.html).

The recently identified protein corresponds to NCBI protein data base entry CAG78604,
TrEMBL entry Q6COL9_YARLI and to open reading frame YALIOF23551g in the Y.
lipolytica genomic  sequence as deposited at the Genolevures site

(http://cbi.labri.fr/Genolevures/index.php). Sequence coverage was 38% using a 50 ppm

error margin. Predicted protein CAG78604 exhibits no homology to any other known

subunit of complex | from other organisms but shows up to about 50% sequence
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similarity and 40% sequence identity to members of the sulfurtransferase family, in
particular to tandem rhodanese domain repeat enzymes like thiosulfate:cyanide
sulfurtransferases (TSTs) and 3-mercaptopyruvate: cyanide sulfurtransferases (MSTS)
from various sources (Table 3.3).

3.2.2 Generation of the stl deletion strain (st1A4)

To determine role of the sulfurtransferase (st1) associated with Y. lipolytica complex | the
corresponding gene was deleted. The intronless open reading frame (ORF) encoding a
protein of 315 amino acids, together with its flanking DNA was replaced by homologous
recombination with URA3-marked deletion allele (Figure 3.23).

First, the region encompassing the entire ORF and roughly 1100 bp of upstream
and 600 bp of downstream sequence was amplified in the PCR reaction with Tag DNA
polymerase using primers stlf/ stlr. Subsequently, the fragment was cloned into the
pCR2.1 vector (Figure 3.21a, b), amplified in E. coli cells and transferred to EcoRl site of
the pUC19A vector.

27kb 27kb

Figure 3.21 Steps of st1A4 strain generation

(@) A 2.7 kb fragment composed of st1 gene ORF with its flanking regions produced by PCR using primer
pair st1f/ stlr; (b) A 3.9 kb pCR2.1 plasmid containing the stl insert excised with EcoRI restriction enzyme;
(c) A construct of 3.9 kb composed of the plasmid pUC19A and flanking regions of the st1 gene generated
by PCR using primers stl1Sall/ stiBamHI; (d) A 2.7 kb pUC19A plasmid containing a 1.7 kb URA3
fragment excised with BamHI and Sall enzymes; Size of the fragments of the molecular weight marker (M)
is indicated on the left side of the agarose gel in kilobase pairs (kb).
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For generation of genetically marked stl deletion allele a gap comprising the
entire open reading frame and 55 bp of upstream sequence was created by PCR using
primers stl1Sall/ stiBamHI (Figure 3.21c). The resulting product was digested with Sall
and BamHI and ligated with a 1.7 kb Sall/ BamHI fragment containing the Y. lipolytica
URAS gene, which had been generated by PCR using primers ura3f/ ura3r (Figure 3.21d),
In the deletion construct, orientation the URA3 was opposite to the orientation of st1 gene.

In order to improve selection efficiency, in addition to URA3 gene, another
selection marker, the hygromycin B resistance gene (HygB®) was cloned into the Hindll|
site of the deletion construct (pUCL9A, st1::URA3), (Figure 3.23). To assure
incorporation of a single HygB® insert, length of the constructed vector was checked by
linearization with BamHI (Figure 3.22). The final construct was sequenced and
transformed into haploid Y. lipolytica GB10 cells. Subsequently, strains were selected on
minimal plates for their ability to grow in the absence of uracil and their inability to grow
in the presence of hygromycin B.

kb

3 88kb 104 12.0

Figure 3.22 Test digest for the number of hygromycin B inserts

In order to assure incorporation of only one hygromycin B resistance gene (HygB®) into the HindllI site of
the st1 deletion construct (pUC194, st1::URA3, HygB®), the vector was linearized with BamHI enzyme. A
strain carrying (a) single copy of HygB® gene was verified by sequencing and transformed into GB10 cells.
Plasmids that incorporated multiple copies of HygB® genes: (b) 2, (c) 3 and (d) 4 were discarded. Size of the
fragments of the molecular weight marker (M) is indicated on the left side of the agarose gel in kilobase
pairs (kb).
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To ensure proper integration of the deletion constructs into genomic locus of stl
gene, transformants were tested by PCR using primers: st1f and stlr, which bind to the
flanking DNA upstream and downstream to stl ORF, respectively; ura3ds2, ura3us2
binding to the deletion construct and stlseq2, stlseg5 binding to the ORF of stl gene
(Figure 3.24). The GB10 strain carrying a wild-type copy of the st1 gene was used as a
control. Presence of the st1 gene in the GB10 was confirmed in a PCR reaction using
primer pairs st1f/ stlr and stlseq2/ stlseg5, which yielded products of 2.8 kb and 0.7 kb,
respectively (Figure 3.24a, d). Absence of the URA3 gene in the GB10 strain was
confirmed using primers stlf/ ura3ds, ura3us/ stlr, since no product with any of the
primers was obtained (Figure 3.24b, c).

Proper integration of the stlA construct into the chromosomal locus of the stl
gene was confirmed using primer pairs st1f/ stlr, st1f/ ura3ds, ura3us/ stlr and stlseq2/
stlseq5, since products of 3.4 kb, 1.2 kb, 0.8 kb and no product, respectively were
obtained. This indicated presence of the URA3 gene on the chromosome in the genomic
locus of stl in the stlA strain (Figure 3.24e, f, g) and confirmed absence of the st1 gene
(Figure 3.24h).

ura3ds2 ura3us2
-« —
1.1 kb 0.65 kb
Construct st1::URA3, HygB* I -
(4.4 kb) _ _
EcoRI Sall BamH| Hindlll Hindlll  EcoRI
>< st1seq2 st1seq5 ><
_> <_
St1 genomic locus | 1.1 kb 0.65 kb
in Y. lipolytica GB10 cells |
(2.7 kb) EcoRl Sall BamHI EcoRI
_> <—

st1f stir

Figure 3.23 Strategy for generation of the st14 strain

A EcoRlI linearized construct containing the URA3-marked stl deletion allele and the hygromycin B
resistance gene (HygB®) used for deletion of st1 gene by double homologous recombination (indicated by
crosses). The stl deletion (st1A) strains were selected for their ability to grow in the absence of uracil and
their inability to grow in the presence of hygromycin B. The location of PCR primers is indicated by violet
arrows.
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0.7kb 3.4kb1.2kb 0.8kb -

Figure 3.24 PCR test for deletion of the st1 gene

PCR test for proper integration of the URA3-marked deletion construct into the genomic locus of the stl
gene. Genomic DNA isolated from Y. lipolytica GB10 and st14 strains was verified in the PCR reaction
using primers (a, e) stif/ stlr; (b, f) st1f/ ura3ds; (c, g) ura3us/ stlr and (d, h) stlseq2/ stlseq5. In case of
GB10 strain containing the st1 gene fragments of (a) 2.8 kb and (d) 0.7 kb were created, whereas in (b) and
(c) no products were obtained. The st14 strain, containing an integrated URA3 gene replacing the st1 gene
resulted in PCR products of (€) 3.4 kb, (f) 1.2kb and (g) 0.8 kb, whereas no product in (h) was obtained. For
localization of primers see Figure 3.23 and 9.1.1, appendix. Size of the fragments of the molecular weight
marker (M) is indicated on the left side of the agarose gel in kilobase pairs (kb).

3.2.3 Complementation of st1A strain with a plasmid carrying stl-strepll

The st14 strain complemented with a plasmid-borne strepll-tagged version of the stl gene
(stla,pstl-strepll) was generated by PCR amplification of the st1 ORF with flanking
regions (see Figure 3.23) integrated in the pCR2.1 vector using primers stlstreplif/
stlstrepllr. As a result the st1 ORF was extended by 8 amino acids WSHPQFEK at the C-
terminus. The stl-strepll gene was cloned into the EcoRlI site of the replicative plasmid
pUB4 [196] and the orientation and number of incorporated inserts was checked by test
digestion with EcoRI, Nhel and Ndel restriction enzymes (Figure 3.25). Verified vector
was sequenced (Figure 3.26) and transformed into Y. lipolytica st14 cells. Strains were
selected on minimal plates for their ability to grow in the absence of uracil and their
inability to grow in the presence of hygromycin B. Furthermore, st14 strain transformed
with a functional copy of the stl gene on plasmid pUB4 (stlA,pstl) was generated and

will be referred to as parental strain here.
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Figure 3.25 Test digest of the pUB4 plasmid containing the stl1-strepll insert

The test digest of the pUB4 plasmid carrying the st1-strepll gene with (a) EcoRlI results in fragments of 8.0
kb and 2.7 kb. To assure integration of a single st1-strepll insert the pUB4 plasmids were test digested with
Nhel and Ndel enzymes. The Nhel digestion of (b) an empty pUB4 plasmid and (c) the plasmid containing
the st1-strepll insert, results in (a) 3.5, 4.5 kb and (b) 4.5, 6.2 kb fragments, respectively. Whereas, the Ndel
digestion of (d) an empty pUB4 plasmid and (e) the plasmid carrying the st1-strepll insert, results in (d)
3.3, 4.7 kb and (e) 4.7, 6.0 kb fragments, respectively. See also map of pUB4 plasmid in

See next page for description.

Figure 2.1, materials and methods. Size of the fragments of the molecular weight marker (M) is indicated
on the left side of the agarose gel in kilobase pairs (kb).
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Figure 3.26 Section of DNA sequence pherogramm from the st1-strepll strain

The st1 ORF was extended by 8 amino acids WSHPQFEK (strepll-tag) at the C-terminus as verified by
sequencing using primer stlseg6. For localization of the primers see 9.1.1, appendix.
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3.2.4 Purified Y. lipolytica complex I displays rhodanese activity

To find out whether the rhodanese-homologue present in the complex | preparation was
functional thiosulfate: cyanide sulfurtransferase activity was measured. A specific
rhodanese activity of 12.1 nmol min™ mg™ was measured for complex | purified from V.
lipolytica strain GB10 (Table 3.4). Assuming that each molecule of Y. lipolytica complex
| with a molecular mass of around 900 kDa is associated with 0.5 molecules of the
sulfurtransferase subunit a turnover number of ~27 min™ was estimated for the rhodanese
activity associated with complex I. Negligible rates of thiocyanate formation (<0.1 nmol
min™® mg™) were observed when complex | was replaced by bovine serum albumin. Also,
no rhodanese activity (<0.1 nmol min™ mg™) was detected with purified complex | from
bovine heart mitochondria [222]. This is consistent with the fact that no sulfurtransferase
orthologue was found to be associated with the purified mammalian enzyme [35]. Thus,
although the observed rate is rather low as compared to rhodanese from bovine heart

[210], it was clearly specific for the newly identified protein.

3.2.5 The rhodanese deletion strain

To test whether the sulfurtransferase activity of the newly identified protein was required
for complex | biogenesis or the synthesis of its iron-sulfur clusters, the entire open
reading frame of the corresponding gene was deleted from the Y. lipolytica genome by
homologous recombination replacing it by the URA3 marker gene. The st1A strain was
fully viable, moreover yielded considerably higher cell mass than the GB10 wild-type
strain, regardless whether grown in minimal- or YPD complete-medium (Figure 3.27) .
The growth rate difference was more pronounce as cells were grown in the complete

medium (for composition of media see 2.1.4, materials and methods).
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Figure 3.27 Growth curves of the st1A4 strain of Y. lipolytica

Y. lipolytica strain deprived of rhodanese — st1A (red trace) yielded considerably higher cell mass than the
GB10 wild-type strain (green trace) regardless whether grown in (A) minimal synthetic- or (B) YPD-
medium, both supplemented with 2% glucose as carbon source. The growth rate difference is more
pronounce as cells were grown in the YPD, full medium.

Mitochondrial membranes of the st1A strain contained fully assembled complex |
at near wild type expression levels, as judged by BN-PAGE (Figure 3.28). NADH:HAR
oxidoreductase activities of the membranes also indicated that the deletion did not reduce
complex | expression (Table 3.4). In fact, we observed a slight tendency for increased
complex I contents in membranes from the st1A strain, but further studies will be required

to test whether this difference is significant.
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Figure 3.28 BN-PAGE of mitochondrial membranes from stl1A4 strain

Mitochondrial membranes isolated from GB10 and st14 strains were solubilised with 1.6 gram n-dodecyl-
B-D-maltoside per 1 gram of protein (1.6 g/g DDM) and 3 g/g digitonin and visualized in BN-PAGE. (a)
GB10 1.6 g/g DDM, (b) stla1.6g/g DDM, (c) GB10 3 g/g digitonin, (d) stla 3 g/g digitonin.
Mitochondrial membranes of the stlA strain contained fully assembled complex | at near wild type
expression levels. This result could be confirmed regardless of the detergent used for solubilisation of the
membranes.

Except for the 34.6 kDa band that was missing in the deletion strain, complex |
purified from the st1A strain exhibited the same subunit pattern in standard tricine SDS-
PAGE as the parental strain (Figure 3.19B). More detailed analysis of the subunit
composition by dSDS-PAGE [205] confirmed this finding suggesting that the stability of
complex I was not significantly affected.

Although, upon gel filtration chromatography st1 subunit remained bound to
complex | (Figure 3.19A), association of the subunit to complex I is not strong enough to
resist BN-PAGE. St1 subunit dissociated from complex | even if the mild detergent
digitonin was used for mitochondrial membrane solubilisation, as demonstrated using the
tagged version of the protein (stl-strepll) specifically detected with alkaline phosphatase-

conjugated streptavidin (Figure 3.29).

91



BN st1-strepll

—>
%)
3
n

v - 3 g/g digitonin

- 0.8 g/g DDM
\
Ve | v, vV Il front

Figure 3.29 St1 subunit dissociates from complex I in BN-PAGE

Mitochondrial membranes isolated from the st1-strepll strain were solubilised with 3 g/g digitonin or 0.8
g/g n-dodecyl-p-D-maltoside (DDM) and resolved in two dimensional BN-SDS PAGE (2.3.9, materials and
methods). After transferring proteins to a polyvinylidendifluoride membrane and probing with alkaline
phosphatise-conjugated streptavidin (2.3.7, materials and methods) the st1-strepll protein was detected at
the front of BN-PAGE indicating migration of dissociated protein.

As expected if the deleted gene coded for the sulfurtransferase associated with
complex I, rhodanese activity was not detectable in purified complex from the deletion
strain (Table 3.4). Inhibitor sensitive dNADH:DBQ activities in mitochondrial
membranes and purified, lipid-reactivated complex | were very similar for the parental
and the deletion strain (Table 3.4) and were within the range of typical variations between

preparations.

NADH:HAR oxidoreductase dNADH:DBQ oxidoreductase Rhodanese activity
(umol min™mg™) (umol min*mg™?) (nmol min™mg™)

Parental strain

Mitochondrial membranes 1.1 0.4 See text

Purified complex | 45 35 12.1

stlA strain

Mitochondrial membranes 1.0 0.4 See text

Purified complex | 53 3.2 <0.1

Table 3.4 Activities of mitochondrial membranes and purified complex | from Y.
lipolytica
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EPR spectra of iron sulfur clusters N1, N2, N3 and N4 of purified complex |
revealed that neither the signal intensities nor the positions of characteristic g values
differed between the parental and the deletion strain (Figure 3.30). EPR spectra were
recorded by Dr. Klaus Zwicker.

N1 - N4

parental

st1A

Lovo v bwvon o v by bwvw o v by gl

215 210 205 200 195 190 1.85 180
g value

Figure 3.30 EPR spectra of complex | from the parental and the deletion strains
Complex | was reduced with NADH and spectra were recorded under the following conditions: microwave
frequency 9.47 GHz, modulation amplitude 0.64 mT, microwave power 1 mW, sample temperature 12 K.
Spectra show contributions from clusters N1, N2, N3 and N4 [58]. No changes could be observed in EPR
spectra of the mutant in comparison with the parental strain enzyme.

To test for the presence of other sulfurtransferases in Y. lipolytica, also rhodanese
activities in mitochondrial membranes were measured. Activities were found to vary
considerably between 3 and 9 nmol min™ mg™ between different batches of membranes
from both the parental and the deletion strain. By comparing the increase from
membranes to purified complex |1 in NADH:HAR oxidoreductase and rhodanese specific
activities, it can be estimated that the sulfurtransferase associated with complex |
contributed no more than about 5% of the total rhodanese activity present in

mitochondrial membranes.
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DISCUSSION

4 DISCUSSION

4.1 Acyl carrier proteins

Individual deletion of the genes for the two mitochondrial acyl-carrier protein
homologues ACPM1 and ACPM2 revealed that both proteins serve important functions
in Y. lipolytica. While in the absence of ACPM2 only trace amounts of fully assembled
complex | could be detected in mitochondrial membranes, ACPM1 even seems to be
indispensable for survival. This clear difference is quite remarkable considering that the
mature forms of the two proteins are of very similar size [110] and exhibit a sequence
similarity of 81% with 63% identical amino acids (Figure 4.1). Also, predicted 3D-
structures of both proteins are almost identical (Figure 4.2). Despite of this similarity, no
or only partial cross-complementation between the two genes was observed. The fact that
ACPM1 turned out to be essential for survival of Y. lipolytica indicated an important role
for viability that could not be compensated by ACPM2. In return the role of ACPM2 in
assembly and stability of mitochondrial complex I could not be taken over by ACPM1.
Two scenarios could accommodate these findings. On one hand it could be envisioned
that the two mitochondrial acyl-carrier proteins have entirely different and independent
functions. However, this seems unlikely considering their very high similarity and the fact

that neither of the proteins seems to contain functional domains not present in the other.

v
YL ACPM1 MLR-NVSRLALRSNFARQA——=—=——=—=———o———o——— TMGQRFYS----VARPDAEKRIA 37
YL ACPM2 MLRQOSVLRLS-RAAVARPALSRSFVTAVARPOLVRAAPVSFIRHYSSAHVLTKDMIQERIV 60
- * % % »* **: *:::**_k *_** LR ::‘k*_
YL ACPM1 AVLESFDKISNPAAITPTASFAKDLNLDSLDTVEVVVAIEEEFGIEIPDKEADEIKSVNQA 98
YL ACPM2 ALLESFDKVNDAKNITATANLTSDLGLDSLDVVEVVMAIEEEFGLEIPDHDADEIKTVQQA 121
- ‘k:******:':_ **»**'::'*‘k_*****'****:*******:****::*****:*:**
YL_ACPM1 VEYILAQPDAK 109

YL_ACPM2 IDYVSAQPAAV 132

ok o hkk *

Figure 4.1 Sequence alignment of ACPM1 and ACPM2 from Y. lipolytica

The protein sequences were aligned using the CLUSTALW software (http://www.ebi.ac.uk/clustalw/
index.html) and adjusted manually in the presequence region to reduce the number of large gaps. * -
identical amino acids; : - conservative substitutions; . - semi-conservative substitutions. Small and
hydrophobic amino acids are represented in red, acidic residues in blue, basic residues in magenta; hydroxyl
and basic residues in green. The mitochondrial presequences predicted with the MitoProt Il software
(http://ihg2.helmholtz-muenchen.de/ ihg/mitoprot.ntml) are underlined and the site of processing is
indicated by a black triangle.
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Alternatively, the two proteins could operate together e.g. by forming a
heterodimer responsible for both functions. In this case, one would have to postulate that
in the deletion strains a homodimer of ACPM1 but not of ACPM2 could be formed to
take over the function essential for survival and that on the other hand, both proteins
would be necessary for complex | assembly and stability. In agreement with a similar
function for ACPM1 and ACPM2, we also found that removal of the conserved
phosphopantethein carrying serines in either of the two proteins had the same effect as
deletion of the complete reading frame. It should be noted here that it has been shown in a
previous study using laser induced liquid beam ion desorption mass spectrometry
(LILBID-MS) that both proteins carry an additional mass of about 560 Da consistent with
the binding of phosphopantetheine-hydroxy-tetradecanoate [110].

Before LILBID-MS was used to prove the post-translational modification of
ACPMs, a modification could be suspected from anomalous migration of both ACPMs in
the dSDS-PAGE, namely all hydrophilic subunits localize on the diagonal of the dSDS
gel, whereas ACPMs were always present slightly underneath it (Figure 4.4A).
Tetradecanoate has been previously detected on N. crassa ACPM [150], moreover the
same acyl intermediate has been reported to confer a post-translational modification to
ND5 subunit of complex | from this organism. Thus, ACPM was postulated to be
involved in the synthesis or delivery of myristic acid [223], which could enhance proper
assembly of complex | by anchoring the ND5 subunit to the membrane and thus
stabilizing its interaction with the rest of the complex I. This hypothesis seems to be
supported by the fact that deletion of ACPM from N. crassa indeed results in
destabilization of complex | [98]. Although, no myristoyl post-translational modification
of ND5 subunit in Y. lipolytica complex | could be predicted9, lack of the ACPM2
subunit had even more severe effects on the complex assembly, since mostly
subcomplexes and only trace amounts of fully assembled complex | could be detected
(Figure 3.10, results). Another reason for detection of 3-hydroxytetradecanoate
modification bound to the ACPM in mass spectrometric analysis could be the fact that
this particular modification is one of the most stable intermediates of the fatty acid

synthetic pathway.

° N-terminal myristoylation sites could not be predicted with the Expasy Tool Myristoyl CoA:Protein N-
myristoyltransferase
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In addition to the phosphopantetheine-binding domain both proteins contain a
region, which is similar to the calcium-binding domain, however, it turned out to that it is

not capable of ion binding.

Figure 4.2 Predicted structures of ACPMs from Y. lipolytica

The ribbon representation of mature ACPML1 (red) superimposed with mature ACPM2 subunit (blue). The
phosphopantetheine-binding serines are represented in sphere models, the Ser66 of ACPML1 (green) and the
Ser88 of ACPMZ2 (cyan) in Y. lipolytica nomenclature. Both structures were predicted by comparison to the
Toxoplasma gondii apicoplastal ACP, which exhibited 39% sequence identity to the ACPML1 and 27% to
the ACPM2. Models were prepared using QuickPhyre software [224] and superimposed with CCP4
Molecular graphics software [158].

The observation that the residue binding the phosphopantethein moiety is of critical
importance was in line with the postulated role of the ACPMs in the lipid metabolism of
mitochondria. Indeed, it has been reported that disruption of the ACPM subunit of
complex | from N. crassa results in a four-fold increase of lysophospholipids in
mitochondrial membranes [98]. However, in the ACPM2 deletion strain of Y. lipolytica
no changes in the phospholipid composition of the mitochondria could be observed
(Figure 3.12 and Figure 3.13, results).

In Y. lipolytica both ACPMs were found to be tightly and exclusively associated
with complex | and no protein was detected in any mitochondrial compartment other than
the mitochondrial membranes (Figure 3.18, results). This in striking contrast to the
situation in other organisms analyzed so far. In mammalian mitochondria, where the
ACPM protein was first identified as the SDAP subunit of complex | [152], the major
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portion of this protein is detectable in the mitochondrial matrix [124]. In Arabidopsis

none of the three ACPM isoforms seems to bind tightly to complex | [123].

A

Figure 4.3 Hydropathy plots of ACPM subunits

The hydrophobicity plots of (A) the ACPM1 and (B) the ACPM2 subunits were simulated using the
Software  Hydrophobicity Plots (Molecular  Toolkit, Colorado State  University, USA;
http://www.vivo.colostate.edu/ molkit/ hydropathy/index.html). The y-axis represents the Kyte-Doolittle
hydrophobicity scale, where the positive values represent hydrophobic, whereas negative hydrophilic
character of the amino acids. On the x-axis the amino acid number is indicated. The window size, which is
the number of amino acids examined at a time to determine the point of hydrophobic character, was set to 7.

This suggests that the functionality of the ACPMs is independent of their location,
i.e. whether they are bound as subunits to complex | or reside in the mitochondrial matrix.
Notably, ACPM is also found in S. cerevisiae which does not contain mitochondrial
complex I and is devoid of all other complex I genes [83].

While ACPM1 seems to be an essential gene in Y. lipolytica, N. crassa carrying a
disrupted acp-1 gene - the only gene coding for an ACPM protein in this organism [225] -
is viable. The functional basis of this observation remains unclear. With respect to

assembly of complex | the effects are similar in both organisms. Disruption of the acp-1
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gene in N. crassa results in lack of assembly of the peripheral arm and improper assembly
of the membrane part [98] and deletion of the ACPM2 gene in Y. lipolytica results in a
severe assembly defect of complex | and generation of subcomplexes (Figure 3.30,
results). In line with a role in the stabilization of complex 1, evidence exists that ACPM1
and ACPM2 seem to be located at the interface between the peripheral and the membrane
arm of complex I, because both proteins were not found in either of these fragments that
can be prepared by treating purified complex I with the chaotropic detergent lauryl-
dimethylamine-oxide [37]. Furthermore, when incubated with this detergent also bovine
heart complex | splits into subcomplexes la and If (Figure 1.5, introduction) that both
contain the ACPM homologous subunit SDAP [35]. Additional evidence indicating that
ACPMs reside on two different subcomplexes is provided by an experiment, where
complex I from Y. lipolytica was deprived of the NUJM subunit. This deletion resulted in
generation of two subcomplexes roughly corresponding to I3 —a 300 kDa large distal part
of the membrane arm and oo —a 700 kDa large remaining part of the complex (Kaiser,
Krack et al, unpublished). Purified Io analyzed with dSDS was shown to contain
ACPM1, however, it lacked among others the ACPM2 subunit (Figure 4.4). If the
assumption that ACPMs form a dimer is correct, one has to conclude that the interaction
between these two proteins is not strong enough to hold both subcomplexes together.
Moreover, lack of predicted transmembrane helices'® in ACPMs (for hydrophaty
plots see Figure 4.3), as well as the fact that assembly of complex | was not affected by
attaching C-terminal affinity-tags to ACPMs (Figure 3.17, results) may suggest

localization of these proteins close to the surface of the complex.

19 predicted using servers http://www.enzim.hu/hmmtop/ and http://www.cbs.dtu.dk/services/ TMHMM/
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Figure 4.4 Deletion of the NUJM complex | subunit leads to formation of
subcomplexes

Doubled SDS-PAGE of Y. lipolytica complex | isolated from (A) wild-type and (B) nujmA strain. Deletion
of single transmembrane domain subunits (STDs) — NUIM or NIAM (not shown) results in destabilisation
of complex | and formation of subcomplexes of approximately 300 kDa and 700 kDa. The larger
subcomplex is composed of complex | lacking the distal part of the membrane embedded arm, whereas the
smaller constitute two central hydrophobic core subunits ND4 and ND5 and several neighbouring
accessory subunits NIAM (STD), NESM (STD), NIDM, NI2M, NB8M and ACPM2. Subunits belonging to
the 700 kDa complex are denoted in black, to the 300 kDa in red and the NUJM subunit in green (Figure
provided by Silke Kaiser, unpublished).
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Following the assumption that ACPMs are involved in the synthesis of octanoic
acid as a precursor for lipoic acid, sporulation of the ACPM1/acpm1::URAS3 strain was
performed in the presence of 10 pg/ml lipoic acid, but again, no viable acpml1A spores
could be isolated. However, the significance of this result is unclear since it has been
reported that N. crassa mitochondria are not able to take up exogenously added lipoic
acid [166].

The reason of ACPM association with complex 1 is not clear, however, many other
accessory subunits are also involved in various metabolic pathways. It is possible that
some of the enzymatic activities are associated to complex | because the corresponding
proteins use the complex as a tether to the inner membrane. One may speculate that the
immobilisation of a soluble FAS component could confer an evolutionary intermediate
stage of the FAS type | complex, where all enzymatic activities reside on one or two
polypeptide chains in multi-domain biosynthetic machinery.

Further studies will be required to better understand why the deletion of the ACPM1
gene is essential for survival and why the highly similar ACPM2 gene is not. Differences
between species seem to suggest that the exact role of ACPMs in mitochondrial fatty acid

metabolism and complex | assembly may vary among species.
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4.2 Rhodanese

A protein associated with Y. lipolytica complex | has been identified as a functional
sulfurtransferase. The additional protein was not only present in complex | purified by Ni*
affinity chromatography, but a protein band of the same molecular mass had also been
detected before in Y. lipolytica complex | purified by ion exchange chromatography [58].
This suggests that although the protein was usually found in substoichiometric amounts, it
may be considered as a bona fide subunit of Y. lipolytica complex I. Specific interaction with
complex 1 is also suggested by the fact that some mutants of the 39 kDa subunit of Y.
lipolytica complex I significantly affect sulfurtransferase levels in purified complex | [226],
(Figure 4.5). Moreover, partial loss of subunits upon purification has also been observed for
the 42 kDa subunit of bovine complex I [35]. In mammals and probably also in complex |
from other species that were subjected to proteomic analysis [38;39], a sulfurtransferase
subunit was not identified so far. This may suggest that in these organisms the interaction is
too weak to detect the protein in the purified complex.

Deletion of the gene encoding the sulfurtransferase associated with complex | from
the Y. lipolytica genome had no effect on complex | assembly, catalytic activity and its EPR
detectable iron-sulfur clusters. This indicated that it is not essential for complex |
biosynthesis.

The relatively low sulfurtransferase activity of the stl subunit of Y. lipolytica complex
| (Table 3.4, results), can be explained by comparison of its active site-loop sequence to the
typical active-site of TSTs and MSTs enzymes (Figure 4.6), (Figure 9.6, appendix). The stl
subunit sequence exhibits a classic MST active-site loop, whereas the sulfurtransferase
activity of the stl subunit was assayed using thiosulfate as substrate, against which the

enzyme could have had lower affinity.
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Figure 4.5 Doubled SDS-PAGE of complex I isolated from 39kDa subunit mutant strains

Coomassie stained dSDS-gels with 70-80ug complex | isolated from 39kDa subunit mutant strains. All complex
I subunits, with the exception of stl, are present in stoichiometric amounts. Variations in the amount of the stl
subunit from normal in the parental strain to completely missing subunit in the R65D strain are indicated with
red arrows. Reprinted form [227].

TST CRX GX[R/T]
MST CGI[SITIGV T
ST1 CGS GVT

Figure 4.6 Sequence comparison of the st1 active-site loop with typical TST and MST
loops

The stl subunit represents a typical 3-mercaptopyruvate:cyanide sulfurtransferase (MST) active-site loop.

Typical MSTs are able to catalyse the same reaction as thiosulfate:cyanide sulfurtransferases (TSTs) but show

higher affinity for 3-mercaptopyruvate as sulfur donor. Small and hydrophobic amino acids are represented in
red; acidic in blue; basic in magenta; hydroxyl, amine and basic in green.
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Other sulfurtransferase activities were detectable in mitochondrial membranes from Y.
lipolytica and may have complemented the loss of the enzyme associated with complex I. No
second tandem rhodanese domain-type sulfurtransferase (Figure 4.6) could be identified in
the Y. lipolytica or the genomes of other yeasts or fungi suggesting that the additional activity
was due to the presence of single rhodanese domain-type enzymes of which two candidate
open reading frames (CAG82611.1 and CAG78833), referred here as to st2 and st3,
respectively, could be identified in the Y. lipolytica genome (Figure 9.6, appendix). An
alternative explanation for the absence of a deletion phenotype for the complex | associated
sulfurtransferase may be the fact that rather than being involved in iron-sulfur biosynthesis,
this enzyme may be important for the repair, regulation or quality control [191] of the iron-
sulfur proteins of complex I.

It is tempting to speculate that st1 subunit functions as a sort of ‘molecular break’ of
the cell growth rate since a strain deprived of the protein yields higher cell mass then the GB
10 wild-type strain (Figure 3.27, results). On the other hand, the stlA strain possess the
URAS3 gene encoding orotidine 5-phosphate decarboxylase, an enzyme involved in the
synthesis of uracil, which replaced the st1 gene by homologous recombination in the deletion
strategy. The more feasible explanation for the increased growth rate seems to be the fact that
URAS selection marker allows the st1A strain to reach higher OD values, whereas the GB10
wild-type strain ceases to grow at the time point where all the uracil available in the growth
medium is expended. Verification of the growth curves by supplementation of the media with
sufficient amount of uracil or comparing growth rates of the st1A strain and the st1A strain

complemented with a plasmid version of the st1 gene is to be assayed.
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Figure 4.7 Predicted structure of the stl sulfurtransferase from Y. lipolytica

(A) Predicted structure of the stl subunit of Y. lipolytica complex | was predicted by comparison to the x-ray
structure of 3-mercaptopyruvate sulfotransferase from E. coli that share 35% sequence identity. In this ribbon
representation N- and C-terminal domains are represented in grey and purple, respectively; the linker peptide in
blue; the active-site loop in red; the catalytic residue, Cys260 (Y. lipolytica nomenclature) is represented in
sphere model (yellow); (B) The predicted structure of the stl subunit of Y. lipolytica complex | (orange)
superimposed with an x-ray structure of sulfurtransferase RhdA from A. vinelandii (grey). Y. lipolytica active-
site loop and the catalytic cysteine residue is shown in red (sphere model). The catalytic cysteine residue of A.
vinelandii is represented in sphere model (dark blue). The structure prediction was performed with QuickPhyre
[224] and models were superimposed using CCP4 Molecular graphics [158].

Although st1 was predicted to lack transmembrane helices, its exact position in
complex I is not known (for the hydropathy plot of the stl see Figure 4.8). Weak association
of the st1 subunit with complex | was shown not only by investigation of the 39kDa subunit
mutants (Figure 4.5), but also stl is known to dissociate from the complex in BN-PAGE
even if the mild detergent digitonin is used for mitochondrial membrane solubilisation

(Figure 3.29, results).

! Predicted using servers http://www.enzim.hu/hmmtop/ and http://www.cbs.dtu.dk/services/ TMHMM/.
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Figure 4.8 Hydropathy plots of st1 and ND6 subunits

The hydrophobicity plots of (A) the stl subunit and (B) the ND6 subunit, the most hydrophobic of all complex |
subunits were simulated using the Software Hydrophobicity Plots (Molecular Toolkit, Colorado State
University, USA; http://www.vivo.colostate.edu/ molkit/ hydropathy/index.html). The y-axis represents the
Kyte-Doolittle hydrophobicity scale, where the positive values represent hydrophobic, whereas negative
hydrophilic character of the amino acids. On the x-axis the amino acid number is indicated. The window size,
which is the number of amino acids examined at a time to determine the point of hydrophobic character, was set
to7.

4.3 Biosynthetic module of complex I - link between ACPMs and st1 subunit

It is tempting to speculate that one or both ACPM subunits operate together with the stl
sulfurtransferase in a functional biosynthetic domain. Also, the 39 kDa subunit of complex I,

a member of the short-chain dehydrogenase/ reductase (SDR) family was postulated to be a
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part of the same biosynthetic module [35]. Furthermore, two homologes of the SDR family
the enoyl-acyl carrier protein reductase (MENR1 and mENR2) closely related to
mitochondrial FASII component the trans-2-enoyl-CoA, were recently identified in addition
to the ACPM as complex I subunits in Trypanosoma brucei [228].

ACPMs from several organisms are known to provide octanoic acid as a precursor for
the lipoic acid synthesis. Although, it is known that in octanoic acid synthesis pathway the
sulfur insertion is usually catalyzed by lipoic acid synthase it cannot be ruled out that the st1
subunit could take over or support this function, especially, as sulfurtransferase has been
shown to bind lipoate at its active site [229]. Therefore, lipoic acid levels of the parental,
acpm2A and the acpm2A,pS88A and stl1A strains were determined in a turbidimetric assay
using suspensions of lipoic acid-deficient E. coli strain [230]. Unfortunately, it was not
possible to assess significance of these enzymes in the lipoic acid synthetic pathway due to
the high variability in the measured values (data not shown).

Possibly, the biosynthetic module could also play a regulatory role within the
respiratory chain by managing the production of specialized fatty acids, as well as managing
sulfur supply for iron-sulfur and lipoic acid biosynthesis, as well as control of the lipoylation
status of Krebs cycle enzymes. The possible localization of the biosynthetic module in
complex | is the speculated localization of ACPMs, which is the interface between domains
lae and IB. The stl protein is predicted to lack transmembrane helices (Figure 4.7, Figure 4.8)
and is known to dissociate from the complex I, if the 39-kDa (NUEM) subunit is absent,
therefore one could speculate that these two subunits remain in contact in complex I.

Modules associated with complex | that are organism specific and confer certain
functions were described before. A plant complex | contains additional subunits y-carbonic
anhydrases, associated with specific plant function of reversible interconversion of CO; and
HCO; [76;77]. The theoretical biosynthetic module of Y. lipolytica may be functionally
linked to certain specialized function of Yarrowia in a similar way, for instance with unusual
lipid metabolism [3]. Further studies will be needed to elucidate possible interactions among

sulfurtransferase and ACPMs associated with Y. lipolytica complex 1.
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5 SUMMARY

The nicotinamide-adenine-dinucleotide (NADH):ubiquinone oxidoreductase (complex 1)
from the strictly aerobic yeast Y. lipolytica contains at least 26 “accessory” subunits however
the significance of most of them remains unknown. The aim of this study was to characterize
the role of three accessory subunits of complex I, recently identified: two mitochondrial acyl
carrier proteins, ACPM1 and ACPM2 and a sulfurtransferase (st1) subunit.

ACPMs are small (approx. 10 kDa) acidic proteins that are homologous to the
corresponding central components of prokaryotic fatty acid synthase complexes. Genomic
deletions of the two genes ACPM1 and ACPM2 resulted in strains that were not viable or
retained only trace amounts of assembled mitochondrial complex 1, respectively, as assessed
using two-dimensional blue native/sodium dodecyl sulfate polyacrylamide gel
electrophoresis (BN/SDS) PAGE. This suggested different functions for the two proteins
that despite high similarity could not be complemented by the respective other homolog still
expressed in the deletion strains. To test whether complex | was affected by deletion of the
ACPM2 gene, its activities in mitochondrial membranes were measured. Consequently,
specific inhibitor sensitive dANADH: decylubiquinone (DBQ) oxidoreductase activity was lost
completely and a strong decrease in dNADH: hexa-ammine-ruthenium (HAR)

oxidoreductase activity was measured.

Remarkably, the same phenotypes were observed if just the conserved serine carrying
the phosphopantethein moiety was exchanged with alanine. Although this suggested a
functional link to the lipid metabolism of mitochondria, using HPLC chromatography no
changes in the lipid composition of the organelles were found. Proteomic analysis revealed
that both ACPMs were tightly bound to purified mitochondrial complex I. Western blot
analysis revealed that the affinity tagged ACPM1 and ACPM2 proteins were exclusively
detectable in mitochondrial membranes but not in the mitochondrial matrix as reported for
other organisms. Hence it has been concluded that the ACPMs can serve all their possible
functions in mitochondrial lipid metabolism and complex | assembly and stabilization as

subunits bound to complex I.
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A protein exhibiting rhodanese (thiosulfate:cyanide sulfurtransferase) activity was
found to be associated with homogenous preparation of complex I. From a rhodanese
deletion strain, functional complex | that lacked the additional protein but was fully
assembled and displayed no functional defects or changes in EPR signature was purified. In
contrast to previous suggestions, this indicated that the sulfurtransferase associated with Y.
lipolytica complex I is not required for assembly of its iron—sulfur clusters.
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OUTLOOK

6 OUTLOOK

In the future, it is expected that the tagged versions of ACPMs will facilitate their isolation
from purified complex I and analysis of the acyl rests attached to them, thus providing better
insight to the role of ACPMs. Mutagenesis studies of regions with significant differences in
the amino acid sequence between ACPM1 and ACPM2 can indicate regions responsible for
specific functions (Figure 4.1, discussion), for instance dimerization regions, the ACP-
binding motif, which was shown to interact strongly and specifically to allow using it as a
bait in the affinity purification of partner FAS components [118]. Moreover, a strategy has
been developed to swap larger fragments of the ACPM proteins and to assign specific parts
of the protein sequence to their functions. The most notable difference between ACPMs of Y.
lipolytica is with the organelle targeting sequences. Although both presequences direct these
proteins to mitochondria, the ACPM1' presequence is considerably shorter (Figure 4.1,
discussion) and it is predicted to direct the protein also to other cellular compartments, where
ACPM1 might confer additional functions. Performed Western-blot analysis does not support
the view that the tagged versions of ACPMs are present in other compartments than in the
inner mitochondrial membrane (Figure 3.18, results). However, concentration of the strepll-
tagged version of ACPML in fractions used for analysis could have been below the antibody
detection sensitivity, therefore isolation of individual cellular compartments will be required
to confirm this statement.

It is already known that the ACPM2 cannot complement the function of the ACPML1.
A remaining open question is whether the presequence of ACPM1 fused with the ACPM2
protein can rescue the vital function of ACPML. Potentially interesting effects on complex |
might be observed with a double deletion mutant deprived of both ACPM1 and ACPM2.
Since ACPMs were postulated to be an important link in the lipoic acid biosynthetic
pathway, it would be important to perform activity assays of Krebs cycle enzymes (pyruvate
and o-ketoglutarate dehydrogenase), which utilise lipoate as a cofactor.

Tagged versions of ACPMs and stl subunit make it possible to label these subunits

by immuno-gold and localize them using electron microscopy. Alternatively, an immune-
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fluorescent-dye labelling can be applied to determine distances among these subunits by
means of the FRET method. Complex | deprived of ACPM2 subunit dissociates into
subcomplexes, whose composition could be analysed using the newly developed and highly
sensitive LILBID mass spectrometry [110].

Rhodanese activity of the stl subunit has been measured with the thiosulfate as a
sulfur donor. It would be interesting to check if st1, which possesses a typical MST catalytic
loop, exhibits higher sulfurtransferase activity, when 3-mercaptopyruvate is used as
substrate.

! The protein is recognized as a secretory protein, which might be directed to Endoplasmic reticulum or
microsomes
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AUSFUHRLICHE DEUTSCHSPRACHIGE ZUSAMMENFASSUNG

7 AUSFUHRLICHE DEUTSCHSPRACHIGE ZUSAMMEN-
FASSUNG

7.1 Komplex I

Komplex 1 (NADH: Ubichinon Oxidoreduktase) ist der erste elektronentransferierende
Proteinkomplex der mitochondralen Atmungskette, und stellt einen der gréften und
kompliziertesten membrangebundenen Proteinkomplexe dar [25]. Das L-férmige Molekiil
besteht aus einem Segment, das sich in der Lipiddoppelschicht der inneren Membran
befindet, sowie einem peripheren Teil, der in den Matrix-Raum hineinragt und alle bekannten
Resdoxzentren enthélt. Die atomare Struktur des hydrophilen Teils des homologen Enzyms
aus Thermus thermophilus wurde gel6st [17]. Der genaue, katalytische Mechanismus von
Komplex I ist jedoch noch nicht verstanden. Komplex | katalysiert die Ubertragung von zwei
Elektronen von reduziertem Nicotinamidadenindinucleotid (NADH) {ber Flavin
mononucleotid (FMN) und acht Eisen-Schwefel-Cluster auf Ubichinon. An diesen Transfer
ist die Translokation von vier Protonen Uber die innere mitochondrielle Membran gekoppelt.
Die minimale Anzahl von 14 zentralen Untereinheiten, aus denen sich das prokaryotische
Enzym zusammensetzt, ist in Eukaryonten um bis zu 31 akzessorische Untereinheiten

erweitert, was sich auf eine Masse von 1 MDa summiert [35;36].

7.2 Acyl-Carrier-Proteine

Acyl-Carrier-Proteine (ACPs) sind kleine (~10 kDa), saure Proteine mit hochkonservierten
Sequenzbereichen. Sie sind zentrale Bestandteile der prokaryotischen und mitochondrialen
sowie der Chloroplasten-Fettsdure-Synthase (FAS 11) Komplexe. ACPs enthalten ein zentral
lokalisiertes, an Serin gebundenes Pantethein-4'-Phosphat als prosthetische Gruppe, die post-
translational angefiigt wird und als Plattform fir die Acyl Zwischenprodukte wéhrend der
Fettsdure-Synthese dient. Zusatzlich wird fur die bakteriellen ACPs eine Beteiligung an der
Synthese von Polyketiden [141], von Peptid-Antibiotika [143] und der Acylierung von
Toxinen [147] postuliert. In der Regel werden ein oder mehrere ACPs vom Typ Il FAS in

den Mitochondrien verschiedener Spezies gefunden, und aufgrund ihrer Lokalisation als
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ACPM (M=Mitochondrial) bezeichnet. Seit der Entdeckung und Identifizierung von ACPMs
haben weitere Studien angedeutet, dass Mitochondrien alle notwendigen Enzyme flr die
Fettsadure-Biosynthese enthalten. Sie sind in der Lage, kurze [159;160] und moglicherweise
sogar langkettige [162;163] Fettséuren zu synthetisieren. Es wird ihnen aullerdem eine Rolle
bei der Herstellung von Oktansédure zugeschrieben, einem Vorlaufer der Liponséure. Letzere
ist die prosthetische Gruppe einiger mitochondrialer Enzyme, die an wichtigen zelluléren
Prozessen beteiligt sind [162];[163];[164;165]; [166];[176], wie die Pyruvat-Dehydrogenase-
und 2-Oxoglutarat-Dehydrogenase-Komplexe [148;167]. Es wurde auch spekuliert, dass die
Aktivitat der ACPMs eine wesentliche Rolle bei der Reparatur von mitochondrialen Lipiden
spielt [159].

7.3 Rhodanese (Thiosulfat:Cyanid Sulfurtransferase)

Sulfurtransferasen sind ubiquitdre Enzyme, die in allen lebenden Organismen gefunden
wurden, von Bakterien bis zum Menschen [177]. Bei Saugetieren sind dies zwei eng
miteinander verwandte Enzyme, die Thiosulfat: Cyanid Sulfurtransferase, auch bezeichnet
als Rhodanese, und die 3-Mercaptopyruvat: Cyanid Sulfurtransferase. Beide sind vorwiegend
in den Mitochondrien lokalisiert [178]. In vitro katalysiert Thiosulfatsulfurtransferase (TST)
die Ubertragung eines Sulfan-Schwefelatoms von Thiosulfat auf Cyanid, wodurch
Thiocyanat und Sulfit entstehen. 3-Mercaptopyruvat Sulfurtransferase (MST) ist in der Lage,
die gleiche Reaktion zu katalysieren, zeigt aber eine hohere Affinitat fir 3-Mercaptopyruvat
als Schwefeldonor [179]. Der Schwefel-Transfer findet durch einen doppelten
Verdrangungsmechanismus statt, der die Bildung eines persulfidhaltigen Zwischenproduktes
mit einem invarianten katalytischen Cystein beinhaltet [177]. Die tatsachliche biologische
Rolle von TST und MST ist allerdings weitgehend unklar, da ihre in vivo Substrate immer
noch nicht bekannt sind. Vorgeschlagene Funktionen beinhalten die Cyanid-Entgiftung
[187], die Erhaltung des Sulfan Pools [188], den Selen-Stoffwechsel [189] und die Thiamin-
Biosynthese [190]. Aufgrund ihrer Eigenschaft, Schwefelatome zu Ubertragen, und ihrer
mitochondrialen Lokalisation wurde vorgeschlagen, dass die Rhodanese die Bildung von

Eisen-Schwefel-Zentren katalysieren kdnnte.
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7.4 Zielsetzungen

Das Ziel dieser Studie war es, die Funktion von drei kurzlich charakterisierten
akzessorischen Untereinheiten von Komplex | der strikt aeroben Hefe Yarrowia lipolytica zu
charakterisieren. Es handelt sich um zwei mitochondriale Acyl-Carrier-Proteine, ACPM1
und ACPM2, sowie um die Sulfurtransferase (St1) Untereinheit.

Die Bedeutung der beiden ACPMs fur die strukturelle Integritat und die Aktivitat von
Komplex | wurde untersucht. Der Phosphopantetheine-bindende Serin-Rest der ACPMs
wurde mutiert, um feststellen zu koénnen, ob die Bedeutung der ACPMs in ihrer
enzymatischen Aktivitat begriindet ist oder ob ihre Anwesenheit als strukturelle Komponente
von Komplex | von Bedeutung ist. AuBerdem wurden die Auswirkungen der ACPM-
Deletion und des Serinaustauschs auf die Atmungsketten-Komplex Assemblierung und
Aktivitat Gberprift. Da postuliert wird, dass ACPMs an der mitochondriellen Fettsdure-
Synthese beteiligt sind, wurde die mitochondriale Lipid-Zusammensetzung der Yarrowia
Stamme, in denen der Pantethein-4'-Phosphat-Kofaktor fehlte bzw. in dem das Acyl Carrier
Protein komplett entfernt worden war, bestimmt. Da ACPMs in anderen Organismen sowohl
in der Mitochondrien-Matrix als auch assembliert mit Komplex | nachgewiesen wurden,
wurde die submitochondriale Verteilung der ACPMs in Y. lipolytica Uberprift.

Einem Protein, das Rhodanese -(Thiosulfat: Cyanid Sulfurtransferase) Aktivitat
aufwies und mit einer homogenen Komplex | Préparation assoziiert war, wurde eine
maogliche Rolle in der Eisen-Schwefel-Zentren Assemblierung zugesprochen. Daher wurde in
einem Rhodanese-negativen Y. lipolytica Stamm sowohl die Assemblierung und Aktivitat

von Komplex | als auch die Assemblierung der Eisen-Schwefel-Cluster untersucht.

7.5 Ergebnisse

Neueste massenspektrometrische Analysen von Y. lipolytica Komplex | hatten die
Anwesenheit von zwei mitochondrialen Acylcarrierproteinen, ACPM1 und ACPM2, gezeigt.
Um die Funktion der ACPMs zu untersuchen, wurden die entsprechenden Gene durch
homologe Rekombination deletiert.

Die Deletion des als ACPML1 bezeichneten Gens in einem diploiden Stamm

(ACPM1/acpm1::URA3) und die anschlielende Sporulation ergab keine haploiden Deletions-
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Stamme. Wurde jedoch eine Plasmid-kodierte, funktionsfahige Kopie des ACPM1 Gens in
den ACPM1/acpm1::URA3 Stamm eingefiihrt, konnten haploide acpm14, pACPM1 Stdmme
isoliert werden. Somit wurde festgestellt, dass es sich bei ACPM1 um ein essentielles Gen in
Y. lipolytica handelt. Um zu unterscheiden, ob das ACPML1 Protein als Ganzes oder nur seine
funktionelle Gruppe fiir das Uberleben erforderlich sind, wurde das Serin-66 von ACPM1
durch Alanin ausgetauscht. Dieses konservierte Serin ist in allen Acyl-Carrier-Proteinen
enthalten und bindet kovalent die prosthetische Gruppe, das Phosphopantethein. Im
Unterschied zur wildtypischen ACPM1 Kopie konnte diese mutierte Version des ACPM1
Gens den Deletions-Phénotyp nicht komplementieren. Folgerichtig konnten keine
acpmlA4,pACPM1-S66A Sporen erhalten werden. Somit scheint der Austausch einer einzigen
Aminoséure die gleiche Wirkung zu haben wie die vollstandige Entfernung des ACPM1
Gens.

Im Gegensatz dazu ist das zweite ACPM2 Protein, ACPM2, nicht essentiell fur das
Uberleben, da haploide ACPM2 Deletions-Stamme (acpm2A4) mit derselben Strategie wie fiir
ACPM1 angewandt hergestellt werden konnten. Um zu Uberprifen, ob Komplex | von der
Deletion des ACPM2 Gens beeintrachtigt wird, wurde zuerst die Aktivitat in mitochondrialen
Membranen aus Deletions-Stammen gemessen und mit den Werten des Wildtyps verglichen.
Die spezifische, Inhibitor-sensitive dNADH:DBQ Oxidoreduktase Aktivitat war vollig
verschwunden. Ein starker Riickgang der dANADH:HAR Oxidoreduktase Aktivitat auf ein
Niveau, das haufig bei anderen Komplex I-defizienten Stammen beobachtet wurde, lief3
darauf schliel3en, dass der Verlust der Komplex I-Aktivitat auf einen sehr geringen Anteil an
intaktem Komplex | zuriickzufihren ist. Bemerkenswert ist, dass é&hnlich reduzierte
Aktivitdten beobachtet wurden, wenn ein Plasmid mit mutiertem ACPM2 in die Zellen
eingefihrt worden war. Dieses ACPM2 enthielt eine Mutation, durch die das
Phosphopantethein-bindende Serin-88 im ACPM2 durch Alanin ersetzt wurde. Der Verlust
von Komplex | wurde durch zwei-dimensionale BN/SDS-PAGE bestétigt, in der
mitochondriale Membranen aus dem acpm2A4 Stamm und dem Wildtyp-Stamm analysiert
wurden. Im Gegensatz zum Wildtyp konnte im ACPM2 Deletions-Stamm kein Komplex |
durch Silberfarbung nachgewiesen. Das gleiche Ergebnis wurde mit dem Stamm erzielt, der
die mutierte Version von ACPM2 exprimierte, in der Serin-88 durch Alanin ersetzt worden

war.
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Mitochondriale Membranen aus dem acpm2A4 Stamm wurden durch Western Blot
Analyse von nativen Gelen untersucht, um etwaige geringe Mengen von Komplex I-
Subkomplexen zu detektieren. Wahrend in den Membranen aus dem parentalen Stamm
komplett assemblierter Komplex | als die vorherrschende Form gefunden wurde, war in den
Mitochondrien der acpm24 und S88A Mutanten nur eine sehr kleine Menge an vollstandig
assembliertem Komplex | zu finden. Stattdessen wurden zwei Subkomplexe von etwa 700
und 300 kDa erkannt. die leider aufgrund der sehr geringen verfugbaren Menge an
Probenmaterial nicht weiter beziglich ihrer Untereinheiten-Zusammensetzung analysiert
werden konnten.

Um zu sehen, ob die Deletion bzw. die Mutagenese von ACPM2 die Lipid-
Zusammensetzung der mitochondriellen  Membranen  beeinflusst hatte, wurden
mitochondriale Membranen des Wildtyp Stammes und der Stimme acpm2A4 sowie acpm24,
pACPM2-S88A auf ihren Phospholipidgehalt untersucht. Alle Lipide waren in sehr ahnliche
Verhaltnissen in den intakten, mittels Saccharose Gradient gereinigten Mitochondrien aus
allen Stdammen vorhanden. Prominente Peaks wurden mittels MALDI-MS als Cardiolipin,
Phosphatidyl-Ethanolamin, Phosphatidyl-Inositol, Lyso-Phosphatidyl-Ethanolamin, und
Phosphatidyl-Cholin identifiziert.

In friheren Berichten wurde eine Lokalisierung der ACPMs in der mitochondrialen
Matrix vorgeschlagen. Um die submitochondriale Verteilung der ACPMs in Y. lipolytica zu
untersuchen, wurden die lésliche und die Membran-Fraktion der Mitochondrien analysiert.
Die Fraktionierung wurde mit Yarrowia Stammen durchgefuhrt, die die getaggten Versionen
der ACPMs, ACPM1-strepll und ACPM2-flag, exprimierten, um sie nach der SDS-PAGE im
Western-Blot nachweisen zu konnen. Beide ACPMs waren ausschlielich in der
mitochondrialen Membran-Fraktion nachweisbar und fehlten sowohl in der l6slichen
Fraktion der Mitochondrien als auch in der cytosolischen Fraktion.

Ein Rhodanese-&hnliches Protein mit einer molekularen Masse von ca. 34,6 kDa war
auch in den reinsten Praparationen aus Y. lipolytica dauerhaft vorhanden. Das Protein wies
Thiosulfat:Cyanid Sulfurtransferase Aktivitat auf, die zuvor nie in Komplex | aus anderen
Quellen aufgetreten war. Der Gehalt des St1 benannten Proteins schien im Vergleich zu
anderen Komplex | Proteinen variabel zu sein und tauchte substdchiometrisch in den meisten

Komplex I-Praparationen auf. Um zu testen, ob die Sulfurtransferase Aktivitat von St1 fur
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die Komplex | Biogenese oder die Synthese von Eisen-Schwefel-Zentren erforderlich ist,
wurde das Gen durch homologe Rekombination entfernt. Der Stl1A Stamm war voll
lebensfahig, und durch BN-PAGE konnte nachgewiesen werden, dass seine mitochondrialen
Membranen vollstandig assemblierten Komplex | mit ahnlichem Expressionsmuster wie im
Wildtyp enthalten

Die NADH:HAR Oxidoreduktase-Aktivitaten der mitochondrialen St1A Membranen
deuten ebenfalls daraufhin, dass die Deletion die Komplex | Aktivitdt nicht reduzierte.
Abgesehen von der 34,6 kDa Bande, die in dem Deletions-Stamm fehlte, zeigte der
gereinigte Komplex | aus dem Stl1A Stamm das gleiche Untereinheiten Muster wie der
Wildtyp unter Standard Tricin-SDS-PAGE Bedingungen. Dies deutet darauf hin, dass die
Stabilitat von Komplex | nicht wesentlich beeintréchtigt wurde. Die Inhibitor-sensitiven
dNADH:DBQ Aktivitdten von mitochondrialen Membranen und gereinigtem Komplex |
waren sehr dhnlich im Wildtyp und dem Stl1A Stamm. Die EPR-Spektren der Eisen-
Schwefel-Cluster N1, N2, N3 und N4 des gereinigten Komplex | zeigten, dass sich weder die
Signalintensitaten noch die Positionen der charakteristischen g-Werte zwischen dem

parentalen und dem Deletions-Stamm unterschieden.
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7.6 Fazit

Die genomischen Deletionen der beiden Gene ACPM1 and ACPMZ2 in Y. lipolytica fuhrten
zu Stammen, die entweder, wie im Fall von acpm1A, nicht lebensfahig waren oder, wie beim
acpm2A Stamm, nur Spuren von assembliertem mitochondriellen Komplex | enthalten. Dies
deutete auf unterschiedliche Funktionen der beiden ACPMs hin. Denn trotz ihrer hohen
Sequenz-Ahnlichkeit konnten die Funktionen des jeweiligen deletierten ACPMs nicht durch
das andere ACPM-Homolog, das ja noch in den Deletions-Stdammen exprimiert wurde,
ubernommen werden.

Bemerkenswert ist, dass der gleiche Phanotyp beobachtet wurde, wenn nur das
konservierte Serin, das die Phosphopantethein-Gruppe tragt, gegen Alanin ausgetauscht
wurde. Obwohl dies eine funktionale Querverbindung zum Lipidstoffwechsel der
Mitochondrien andeutete, wurden keine Veranderungen in der Lipid-Zusammensetzung der
Organellen gefunden. Die Proteomanalyse ergab, dass die beiden ACPMs eng mit dem
gereinigten mitochondrialen Komplex | verbunden waren. Die Western-Blot Analyse zeigte,
dass die affinitatsmarkierten Versionen der ACPM1 und ACPM2 Proteine ausschliel3lich in
der mitochondrialen Membran nachweisbar waren und nicht in der mitochondrialen Matrix
wie bei einigen anderen Organismen. Daraus wurde gefolgert, dass die ACPMs ihre
maoglichen Funktionen wie z.B. im mitochondrialen Lipidstoffwechsel und in der Komplex |
Assemblierung und Stabilisierung, gebunden als Untereinheiten von Komplex | austiben
konnen.

Der Rhodanese-Deletions Stamm (AStl) enthielt vollstandig assemblierten,
funktionsfahigen Komplex I, und zeigte keine funktionellen Defekte oder Veranderungen in
der EPR Signatur. Im Gegensatz zu friiheren Vorschlagen, dass Stl fur die Assemblierung
der Eisen-Schwefel-Zentren des Komplex | erforderlich ist, lassen die Ergebnisse mit dem
Deletionsstamm darauf schliefen, dass dies fur die mit Komplex | assoziierte

Sulfurtransferase in Y. lipolytica nicht gilt.
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7.7 Ausblick

Es ist vorstellbar, dass die affinitdtsmarkierten Versionen der ACPMs ihre Isolierung aus
gereinigtem Komplex | erméglichen. Hierdurch wirde die Analyse der mit ihnen verbunden
Acyl Reste erleichtert werden, um einen besseren Einblick in die Rolle der ACPMs zu
bekommen.

Es ist bereits bekannt, dass ACPM2 die Funktion des ACPM1 nicht ibernehmen
kann, obwohl die reifen Proteine eine hohe Sequenzahnlichkeit aufweisen. Eine verbleibende
offene Frage ist, ob die durch die Prasequenz der ACPMs vermittelte Lokalisation eine Rolle
fur die Funktion spielt, da hier die grofiten Unterschiede zwischen beiden Proteinen bestehen.
Daher konnte die ACPM1 Présequenz mit der Sequenz des reifen ACPM2 Proteins fusioniert
werden, um zu uberpriifen, ob ACPM2 anschlielend die lebensnotwendige Funktion des
ACPM1 ibernehmen kann.

Da angenommen wird, dass mitochondriale Acyl Carrier Proteine eventuell eine
wichtige Rolle in der Liponsdure Biosynthese spielen, ware es wichtig, Aktivitats-Tests von
Krebs-Zyklus Enzymen (Pyruvat- und a-Ketoglutarat-Dehydrogenase) durchzufiihren, die
Lipoat als Cofaktor benétigen.

Die Rhodanese Aktivitdt der Stl Untereinheit wurde mit Thiosulfat als
Schwefelspender gemessen. Es ware interessant zu uberprifen, ob St1, das eine fir MST
Enzyme typische katalytische Schleife besitzt, eine hohere Sulfurtransferase-Aktivitat

aufweist, wenn 3-Mercaptopyruvat als Substrat verwendet wird.
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APPENDIX

9 APPENDIX

9.1 Gene maps

The names and direction of primers used are marked in blue; sequences of the primers are

highlighted in yellow. The capital letters in the primer sequence denote unchanged

nucleotides; small letters represent mutated nucleotides. The translated exons are shown in

green capital letters below the genomic sequence.

9.1.1 The stl gene encoding the rhodanese, locus CAG78604, ACC No.

YALIOF23551g, 1D 2908766

stickf »
G GCAATCGAGG CGATATATG

1 gggttggact ctaagagaat gatatggagy geaatcgagy cgatatatga gagggaatac ttttgtgtgt
cccaacctga gattctcoctta ctatacctcc cgttagctcce gotatatact ctocceccttatg aaaacacaca

stif »
CGA CGATACCGAT GCTAGAG

101 ggtgtggagt ggcgectgoga cgataccgat gotagagatc cgtttgttta goecctcaaga tatcacattt
ccacacctca CCgogacget gotatggota cgatctetag goaaacasat cgggagttct atagtgtaaa

201 atgcacgctc aagtaaggga tggatagtag agtattaage atgattgttt tatgtccggg gagtcgtcca
tacgtgcgag ttcattccct acctatcatc tcataattcg tactaacaaa atacaggccc ctcagcaggt

301 ggatttggct tctttcaggy ctatgaggtt tttoggotga acagtagage caatggeagy taggagugyy
cctaaaccga agaaagtcocc gatactccaa aaagocgact tgtcatctog gttaccgtco atcotoocce

401 caatgcattt tccgggtaaa tgtattaatt cagcatatct caggagcgaa atgasagggt ttgtgtgtga
gttacgtaaa aggcoccattt acataattaa gtcgtataga gtcoctcgott tactttccca aacacacact

501 tatattgaac ttctacgaat cacagogcat tgagtcggot tatatagact cgagatgatt agoatgtgec
atataacttg aagatgctta gtgtcgocgta actcagocga atatatctga gotctactaa tcogtacacgg

601 ttgcacactg tttatgagag gtgaacgggt cattaaaagt ccgatcgeott gtgttagatc tcggatctgt
aacgtgtgac aaatactctc cacttgccca gtaattttca ggctagecgaa cacaatctag agectagaca

stiseql >
CACTTCGC TGACTCAGAA TG

701 gtgatatacc cgactgtaat caccttacta atcacttcgec tgactcagaa tgoacgttta agttgttgaa
cactatatgyg goctgacatta gtggaatgat tagtgaageg actgagtctt acgtgoaaat tcaacaactt

801 ctttgogaaa gtcgaaccca cgagatcatc gottctacat tgtgtactca cccattgaga tgggttgcty
gaaacgcttt cagottgggt gotctagtag cgaagatgta acacatgagt gggtaactct acccaacgac

901 ggggttgeta gagaacagcg tgtcgttcaa actacagcaa ttggagcaat attcaccaaa aaaactgttt
ccccaacgat ctcttgtcge acagcaagtt tgatgtcgtt aacctcgtta taagtggttt ttttgacaaa

1001 agacagattc cccogcocaatc aaacttgttc aaactcatat ttteccctege totcattggt ttcacttgtt
tctgtotaag gggcggttag tttgaacaag tttgagtata aaagggagecy agagtaacca aagtgaacaa

4 stisall
CG TCCTAGTAGT AGCAGcagct gaa

1101 tgcataggge gtcccaacca acttcacagc aggatcatca tcgtcatctt tacaccttga tattggtcaa
acgtatcccy Cagggttggt tgaagtgtcg tcctagtagt agoagtagaa atgtggaact ataaccagtt

stiseq2
AG ATCTTCGATG

1201 atgtcgaaac tcatttcccc tgocgaattg gocaagcgac tttcottccaa ggaaaccaag atcttogatg
tacagcttty agtaaagggy acggottaac Cggttcgoty aaagaaggtt cotttggttc tagaagotac

1301 ttggtaagaa cgcottacgac aattacatga agaagoggat tcccggeget ctotacttty acatcgatge
aaccattctt gogaatgetg ttaatgtact tocttcgocta agggccgcga gagatgaaac tgtagctacy

DecvesessessescssesssvssccsccssessvessevssscvssescsssseeStl.,
G K N X TP N Y M K K R I P

atgaaaggac
tactttecty

acgtttataa
tgcaaatatt

tatcgggrct
atagcccaga

atctgaattt
tagacttaaa

tttcatagee
aaagtatcgy

aagaggaagt
ttctoottea

caaatatgca
grttatacgt

agacacgtgt
tctgtgeaca

ccgataatge
ggctattacy

catatcaaaa
gtatagtttt

tegtttaage
agcaaattcg

ttgatacact
aactatgtga

>
CTACCTGG

ctacctggta
gatggaccat

cgtcaacacc
geagttgtgy

catgataata
gtactattat

gcataatcaa
cgtattagtt

cgaccgacte
getggetgag

gatatgtaag
ctatacattc

tccaactact
aggttgatga

agctgeagta
tcgacgteat

gtcttattat
cagaataata

ctcecatctgt
gaggtagaca

gtatggactg
catacctgac

r.aaaatacgc
attttatgeg

tccacagaca
aggtgtotge

acaggacaca
tgtcctgtgt

tcttoccace
agaagugtgy

cccoctecaagt
gggaggttca

aaatttatca
tttaaatagt

cgaatgctca
gettacgagt

tccgecocgroe
aggcggcaay

cgacatgtgt
gectgtacaca

tctacaggea
agatgtccgt

gctcacacac
cgagtgtgty

tcatatatcg
agtatatagc

ctegaatgac
gagcttacty

ctgectgage
gacggactcg

ttagtcatac
aatcagtatg

tacttttagt
atgaaaatca

aaaacacaac
ttttgtgtty

cctgeccaacy
ggacggttge

tcocecacat
agggggtgta
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1401

1501

1601

1701

1801

15901

2001

2101

140

« stiseqd
GAAGAGGCCT
gottocctet cotcagacct ttgaaaacga goetcacgaag Ctgggtgttt cotctgactc teccatcgty gtctacgaca cacaaggegt cttotecgga
cgaagggaga ggagroctgga aacttttgct cgagtgcttc gacccacaaa ggagactgag agggtagoac cagatgotgt grgttccgea gaagaggect
I o NI RIS MR P K PRI SO SR S M et . LA KRR ML SN R PRt N A e S S P o

2 L P8 P QT F EN XL TEK L ¥ 8 8P 3P I ¥ ¥ITD T Q6 %W F 8§ ¢

stiseqd
GGAGCTGAAC
coctogactty tgtggacctt taaggtcttt ggocatgaca acgtccagtt coctcaatgge tttgaggott acacccageot coctggtatc cocagoagac
ggagctgaac acacctggaa attccagaaa ccggtactgt tgocaggtcaa ggagttaccy aaactccgaa tgtgggtcga gggaccatag gggtcgtoty
>

P

cggatgoccta cacctgggge atctgggaca cacaagttcc tggtaagatc gatcccgocg atcctcccta caaggtgacte aaggcccgac cocgagetggt
goctacggat gtggacccog tagaccctgt gtgttcaagg accattctag ctagggegge taggagggat gttcocactgg ttecgggety ggotogacca

D S S S S L -3 S S R S RIS 4

P P A& B T 8 & T WEHR T OV P & EKEI B P E DEP®P TEVYVE K458 9P KL

stiseqs »
GAG GTCACCTTCA TTGATGC

caagtccttt gaagacgtgc tggeccatcgt cgagaaacac aacggtgacy gagoccaagat tcgaaacgag gtcaccttea ttgatgoccyg acccaacgga

gttcaggaaa cttctgcacy accggtagoa gotctttgtyg ttgocactge ctoggttota agetttgotc cagtggaagt aactacggge tgggttgoct

D cesssssssssssssesaasaas esssssscssesssceeBCtlicacns cesnans cessssssesssessssssssasennnn cessssssaeee

vV K 8§ F E D V L A I ¥ EK =R N G D & 5 B I & B B e e I D A R P N G

cgattcacag goaaggacgc tgaacctcga gocgagotgt cotcgggeca tgttoccgga gottactcoca tCgocttcce Ccgaggtggtc gagaatggaa
gctaagtgte cgttcctgeog acttggaget cggotcgaca ggageccggt acaagggect cgaatgaggt agecggaaggy gotccaccag ctottacctt

4 stiseqS
TACACA CCTAGGCCAC AGTG
aattcaaatc tccotgaggag ctcaaggeotc tgtttgottc caagggeatt gatggotcota ageccatcat ctocatgtgt ggatcoggtyg tcactgocty
ttaagtttag aggactcctc gagttccgag acaaacgaag gttococgtaa ctaccgagat togggtagta gaggtacaca ccotaggocac agtgacggac

D T Y sssssesssssesssssscsssssssscsscssBLleuisscsceccsscsssssessssssssesssssssessssssssssssssss

K F K S P E E L K A L F A 2 K@ I D ¢ 8 K P I I 8 1B ¢C ¢ & 9 A S

tgtcattgac ctggotctgyg agattgeccgg cattggttct cgagacacca atgetgteta cgatggatct tggaccgagt gggcccageg agotcccaca
acagtaactyg gaccgagacc tctaacggec gtaaccaaga gotctgtggt tacgacagat gotacctaga acctggotca cococgggtcge togagggtgr
- . T, e R . IRRRTRMIE. - " 0 W 00 WA g e D

cC v I D L 4 L E I A ¢ I @B R D T N A V YD & 8 v T E W A Q R £ P T

4 stistrepllr
CTTG CTCCGGTTGG CCCGAAccag agtagga
stistrepIIf »
caatttg aaaaaTAGAT AGAATCATAC TGTAG
stiBamHI »
GGAGGA tccCTTGAAC GAGGCCAACC
aagtacatty tcaaggagga gaacttgaac gaggocaacc gggcttagat agaatcatac tgtagatcaa tgaaaccatyg aaattagaca aagggaggga
ttcatgtaac agttcctcoct cttgaacttg ctocggttgy cocgaatcta tottagtatg acatctagtt actttggtac tttaatctgt ttocctocct
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2201

2301

2401

2501

2601

2701

2801

2901

3001

3101

3201

3301

ggaaaagttt
ccttttcaaa

tttagtatgt
aaatcataca

tgctaggeac
acgatccgty

tacccttcect
atgggaagga

tattcaatca
ataagttagt

tctacagtaa
agatgtcatt

stir
ACGGACACTT
tgeotgtgaa
acggacactt

gcagcatget
cgtegtacga

ttgatattgy
aactataacc

tgaacccgge
acttgggccy

gatatctteg
ctatagaagc

gogttgogga
cgcaacgect

taagtgggat
attcacccta

aaatcgcact
tttagcegtga

gattagaata
ctaatcttat

atcttaaata
tagaatttat

tattaaatgt
ataatttaca

atcttggaga
tagaacctct

acaggagtac
tgteccteaty

gaatatccac
cttataggty

tettgoecagt
agaacggtca

tagaccattt
atctggtaaa

tcagectgat
agtcggacta

aatacgaccqg
ttatgetgge

aatttgtgea
ttaaacacgt

aatagtacaa
ttatcatgtt

caagaaatty
gttctttaac

atcatgtgag
tagtacactc

agttttgtty
tcaaaacaac

acaacaacat
tgttgttgta

ttgtactgty
aacatgacac

tcttettaac
agaagaattg

cttgatattg
gaactataac

tcatctgecece
agtagacggy

cccgeaacte
gggcgttgag

ggtcacggee
ccagtgccgy

aatctgtrac
ttagacaatg

tgtttcagee
acaaagtcgy

tatacaccgt
atatgtggea

agataatatc
tctattatag

gecaatatgg
cggttatacc

gectetgtga
cggagacact

tagtgtaaag
atcacattte

atcgectteg
tagcggaage

gagtggatct
ctcacctaga

attttoggge
taaaagcccy

ccccagecac
ggggrcggty

cgaaaatgct
gecttttacga

atttgagtgt
taaactcaca

cacgtctact
gtgcagatga

ccaatattte
ggttataaag

acattcgeag
tgtaagegte

attatatatc
taatatatag

ttaagcaact
aattcgttga

GTGAC

tattgcacty
ataacgtgac

tccaaattca
aggtttaagt

tctgagecac
agactcggty

ttccteageco
aaggagtcgy

atttgoacgt
taaacgtgca

cetgece
ggacggy

accccgtact
tggggcatga

e

TGAACGTC
atacttgcag
tatgaacgte

attctctgte
taagagacaa

aagtgtttgt
ttcacaaaca

acagtgaaga
tgtcacttct

tgaccagtga
actggtcact

A stickr
CAGCGTACCA

gtogeatgge

cagcgtacca

gectgetgage
cgacgactoy

ccgetgatac
ggcgactaty

tccacctgac
aggtggacty

tggcaaacgt
accgtttgea

tettgtacge
agaacatgceg

stiseqh
TCTCTAGGAA

agagatcctt
tctoctaggaa

aagataacty
ttctattgac

tgaaaccagy
actttggtce

gtctetgact
cagagactga

agatgaatat
tctacttata

GTATT

cataaattct
gtatttaaga

tcctocagta
aggaggteat

gcctctagta
cggagatcat

gecgotocaac
cgogaggtty

cttggggcge
gaacccegey

Figure 9.1 The fragment of st1 gene encoding rhodanese

agaagaatat
tcttottata

GG
cocgeteatgy
ggcgagtace

tttccactta
aaaggtgaat

ttcaagaacy
aagttcttge

taaaaagcac
atttttegty

ctaattacag
gattaatgtc

atatacacgt
tatatgtgea

gtcgttgeac
cagcaacgty

cctggtctee
ggaccagagy

gtccgtetty
caggcagaac

gtgatatcgt
cactatagca

atagaatacc
tatcttatgy

ggcocotgtte
ccgggacaaa

cccottttaca
gggaaaatgt

agtatcttge
tcatagaacy

acccagttct
tgggtcaaga

tatatcagtt
atatagtcaa

ttecggaccte
aagcctggag

gaactccata
cttgaggtat

tgtettgget
acagaaccga

ttgcecacca
aacgggrggr

agaccagcaa
totggteget

ggtatatatg
ccatatatac

aagacttcct
ttctgaagga

acagctacag
tgtcgatgte

gettttgtag
cgaaaacatc

acatttcgcece
tgtaaagcgy

« stir
GACATCTCC
gertgtagagy
cgacatctcc

tacctcgcta
atggagcgat

tctottatca
agagaatagt

gacgtttcaa
ctgcaaagtt

gcatgatgat
cgtactacta

geageccgea
cgtegggegt

Primers for generation of the st1 deletion strain, stl-strepll tagged version, BamHI and Sall enzyme cleavage
sites, PCR check primers and sequencing primers are shown.
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9.1.2 The ACPM1 gene, locus CAG81024.1, ACC. No. YALI0D14850g, ID
2911329.

1 caacaggagc gggacctcac ccgacgactc cgtcaggage aggaggaggc ctacgagega togotcgecc aggatcgage cogagaccaa caacgagecc

acpmichkf »
AAGCCGAG CGACACAAGG AG
101 gggaacggga ggcagtggoc gaagocgaac gtgoggroage cgaagocgag cgacacaagg agotccagge ccaaaaacgt cagcagtgga tcaaatggog

acpmif »
TA CTCGGCTGAA CTGCAAG
201 ggctggaaag atcaaggaga agaaggaaga tgatgoctcc acccctactyg cocgagtggy tattogtgtg cottocggta ctoggoetgaa ctgoaagtte

301 cccgoctatt cgactctgga ggatctctac goctatgtgg agtgtcacga gotgttgaac ggcgatgacy acttttogga cgtggagaaa cocgaagact
401 acgaccatga gtactccttt gagotggttt cacccatgoc cogaaaggty atcaagecgyg tgacggatgt gactgttcag gaggagoctg coatttggec
501 caacggagca ttgaacgtgy aggtggttga cgaggaagag gactaagaga cagocaacatc caatactttg aagaagotga caatctagtg tactgtacct
601 gatgtgtctc aaagtcgcaa gtacatcttt gggtgttcce gtggoaggag ctcacggtge tettcgotaa caggtacatyg tgtgtatatyg cgcatgegeg
701 tattgtatcyg taaagtactt tcaaatatta aagactgtat atataatgaa gtatacggea gttcttgeaa ggtgtgtagt ggecattcaag cgttgactet
801 aagttgaatc tctcaagoat tgttgecgggt tcaagttttt gtotttggac gtcatcgttyg tagaaatgge atcgaacaat cattctaaty tgotttgagg
901 tgtctagaat ggcaatattt gagaaaagtc atgatttttg Ctgttttttt atcgocggaag tttcgatttt ttacatcatg tataagocca aaaaactcaa

4 acpmisall
CAA GCTTAGGACA
acpmiseql &
GTTAGCT GTCAGGCAGT GG
1001 aaaatatctt ccgtcccggt ggocgagtgyg ttaaggogtt gocctgotaa tttgttaget gtoaggeagt gggttttgoc cgogoaggtt cgaatcctgt

acpmisall
GGCACaGCTg aa

1101 ccgtgacgat tttttgotgy atttcgggat tttaagcttc cotacttgag ggttacccgg ccgaacactt ccaacaattt goctttacca atgaaagttg

1201 acaatattac acacttgtaa ggaacacaac cccacacagt acctgacaat gottcgaaac gtttcccgac tegotetgeg atccaacttt goccgacagy

4 acpmi_1-2r1
GCT ACGGCTCTTC GCTTA
acpmi_2-1f1 »
CGAATTGCTG CTGTTCTCG
1301 ccaccatggg ccagocgattc tactcggtcg ctcgacccoga tgocgagaag cgaattgetg ctgttctoga gtcttttgac aaggtgagtt ttgaccaaga

1401 caagctggat gaggatgatt cagagagaga gocgacattga ggatgtegea gtgatagoga tgaacgaatg gacttgtgat tgagageaat cacgacagag

acpmiseq2
GATCCACAG

1501 aagacctccg goecgtgtgtt tggttgtgge tttggttgag ggcggtatca ttactggtat gtotgaatgt ctgaagaagy caccactttc cgatccacad

4 acpmiseq3
CGTAAGTGGA CACCGTAAG
acpmiseq2 P
ACGCACAATG
1601 acgcacaatg tctctgocat ctatccacge aggtcgatgt Cggttgottt gtocgotgttyg agotcotcatt goattcacct gtggoattca atagoactga

1701 ggggtcttty ccacccaccyg tgccacccac cgtgccacce accgtgoccac cocacaaagtt atgttactgt cgtttgotcea gatcaaacgyg gtgtacagte
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APPENDIX

acpm1S66AF
gcCT TAGACACCGT
4 acpm1SE6Ar
GGTT CCTGGAGTTG GAGCTG
< acpm1_1-2r2
GTTGGGGCG ACGGTAGTGG
acpmi1_2-1f2 »
CATCACC CCCACCGCTT CC
1801 ccccccaget tcacctacta acctagatct cocaaccccge tgocatCacc Cocaccgett cocttogecaa ggacctcaac ctcgacagot tagacaccgt
I L L R R E R R RN > {-) < i B I
I S N P i &k L T B S F & K D L N L D 8 LD T

4 acpmi1_1-2r3
CTCAA GCCGTAGCTC TAG
acpm1_2-1F3 »
GAG ATCCCCGACA AGGAG
acpm1S66AF B
CGAGGTTG
1901 cgaggttgtt gttgccatcy aggaggagtt cggecatcgag atccccgaca aggaggotga cgagatcaag tcotgtcaace aggocgtcga gtacattctce
b R R R R R cesssans PIIPIPIINS 3 { « ) < ¥ R I T T T I I I S S S &
V E V V Y & I E E E P & & E I P D K E & > B T K S VN Q A V E ® T 8
acpmiBamHI P
atgga tccAGCGTTA AGGCCACAG
4 acpmistrepllr
GGTCGGGC TACGATTTAc cagagtagga
acpmistrepIIf »

caatl ttgaaAAATA AGCAAGCTGT ATATAATAG
2001 geccagoccg atgctaaata agoaagetgt atataataga ttgagogtta aggocacaga ttggtggatg agtttgtaac cgtgtttocac tgoacgaget
PeesesseEXON2 . 0000 d>>

k g P D A K -
< acpmiseqd
GAAC CTCGAGATCC ATCCG
2101 gaagtggagc ctttgataga agotgtcagt acctgetcag accgacatgt gggageotcta ggagoccttg gagoetctagyg taggoccocca aggtggetgrt

2201 acggcggeac ggatacaata ctaaaagtag acgocgtctc tatacggact gecagagatga ataatctctg ctcgacatag tacccaccgy gocaaggotg

2301 gtgcatttct ggtctcgota aactgtccgt tttcotgoctt atcagocaccy coctccagetyg tcagatcaga agggeccgtat cggaagatgt cacgottgec

2401 ctacctgaca ccccagggec atggggggag tgotcgogag catctgggtt ccaggggega ac a aaac acatgttcgy asacttggag
2501 gaagtcgatt cccgaaagcc gatcoccaca gogotctgtc toaggagaca gtcaagoggy caacttgaaa catgoaccgyg goactggttc acaatgtgot
2601 atacgagggc ggccgasacy agogtcaggt gaactacyggy cggactcagy ggtgecatggt gtcagagaaa aaagtacgga taaaagoaat totgaaactc
2701 gagatctttt cctccacace coagttggtt ggtctetget tottggacaa gggggggtca gaggogtaty aagagaagga atcaggocat ggcggaacgg

2801 tttcagtttg ggggtagttc acgtcaaact atCacctccc caacaaacag tttttctact tgtagacgat acaccggact tatatctgtt grtaccaagtce

4 acpmichkr
GAG
4 acpmir
G CAACACTTCG GCACTCTA

2901 cggagttata acaaacaagg gtttggecgga gaagggtgtc tttcocgtgga gatatcagac gttgtgaage cgtgagataa gtgatagtta tcotttatcte
acpmichkr
AGACCGACAC TGACCGA
3001 tCctggetgty actggetgty ttogaatgga gattcacaag acgattcgac gocttgtaga cattgtgtaa gagocagggrtt tottcagget actgotgtac

3101 agtacatgtc tgcagtctec cgtccactaa tagoatgtct aatagtttta gtaccagttc caccatcatc aacagttaac tagagocctt ctgggtetag

3201 tgecccgtgeg agtctcaagt tggacccacy aatgtctcat gttcagotct catggtcggt ttaggaaagec agacgttggyg ctgaaacgge aaagcgaaag

Figure 9.2 The ACPML1 gene used for generating the mutants

Primers for generation of the ACPML1 deletion strain, ACPM1-strepll tagged version, for the swap strategy, for
generation of BamHI and Sall enzyme cleavage sites, PCR check primers and sequencing primers are shown.
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9.1.3 The ACPM2 gene, locus CAG81441.2, fusion of loci YALI0D24629g and

101

201
401
501
601
701
801
901

1001

1101

1201

1301

1401

1501

1601
1701
1801

1901

144

YALI0D24643g, ACC. No. YALI0D24629¢g, ID 2910510.

acpm2f >
CACGCACCAG TTACTCTGTC
cacgeaccag ttactctgtc catttaaaca actcttagta gacaatacat agtattggge cggtgttgag aaggacgtca catttgacaa gocggtaatg

ggcgtttity tgttgtggga agacaattgt gecaactcaca tgcaagactc tgtactttga ggaaccagta gtccgecaggt ctoctcatct cttegggtgr
tccotetegte gtgtggacca gggtctcctt tocagoccta gotcgggagt cotgaggtaa ttettttcag ggoaatccat gacgactgtt atcggogaca
ggaggagtta ggttggecggy gectggagat gtccacacta gactgggegy gotccttctc cagoggtcca actcagogag gottccatca tcotcotcattt
tggcggettt tgggtctote accatcageyg gtaactgttg acaatgtctc aatcttacta tgtgggtcat tggtggtatc aatcaaacat caatcaaaca

acpm2fnew »
GTA CAGAAGTGTC GGCGCAG
agtaatctgt acagtatgta ctgtacagta cagaagtgtc ggogoagatt toggoaaagt tgotggttge tttcaattaa aatgatgaaa tgaatgtgag

agaagcgaac aacgggttca gttgtcggeg tagatcagec acttggtcac tgtaacagog gogagagact cttacggega ctgtacctgg attggtgaca
agaagacgag gaacgaagat aactaaaggt aaatgaggat gataagacca agtattgtaa gtgottgaga ctcacttata tactttgget ttogtgtetyg
tgtaacatgt ggactatggt tggocatgea agtgattaga agtgaagtat tgtagoaatc agcttgagta aaaagtgagc attactttga tctgocagttt
amagtattcc asaattcaag aaatttattt ggaatgtcaa tcagctcaaa atcggtcatt ataagatctc caacggogtc agggocgagy tcacaataaa

acpm2seql W
CTGAGCA ATATCTCCGC ACC
acatctgggt atattttatt ccaccaagtc tcccgaatcc aatgatacca accacttcce gaactgageca atatCtccgc acctttgote tegtccccaa

4 acpm2Sall
GGTG TGGTAGGAGG TGTGAcagct gaa
acctctcaca gttagtaatc acaattaaag ttcaacctcoc caaccagtaa aaagacggcea atatatccac accatcctcoc acactacaca tttcoctggaaa

atgctocgac agtccgttct cogtctttcet cgagocgocy ttgoccggec cgotctgteg cgatcgttcg tgaccgocgt cgeccgacce cagotogtge

4 acpm2_2-1r1
GT ACTAAGTCCT CGCTTA
acpm2_1-2f1 »
GAATCGTG GCTCTTCTGG
gagccgecce cgtgtcgttc atccgacact actcctcgge ccacgtgotg accaaggaca tgattcagga gogaatcgtg gotcttoctgg agtcgtttga

D 5 < ¢ P P P S 4

R A4 A F ¥ 3 ® I R K Y 8 8 A H V L T K D H I Q E R I V X L B - A 4

acpm2S88Af »
geTTTG GATGTCGTCG AGGTG
4 acpm2S88Ar
GAAGGC TGGAACCAGA CCTG
4 acpm2_2-1r2

CTGCGGTTCT TGTAGTGG
caaggtcaat gacgccaaga acatcaccge caccgocaac ctgacttocg accttggtct ggacagtttg gatgtogtog aggtggteat ggocattgag
b T T T T T T T T T T T T T 23 = )+ b S PR 4
D K V N D A K N I T C O Sl T L T 8 D L G L D 8 L D Vv V E Vv V B & I E

T acpm2seq2 P

GTA CTAGTGACTG ACCGAAG
gaggtgagta ctagtgactg accgaagatc aggttcoggac cctgacgogg ccactgtcoge tgtcoggttyg gaaacagact geoatatgtga cotgaatcgt
>>> Exonl
E

ggcagaatat cgcggcagaa tatcgtggoa gaatctcgtg attgtatcta tacagtttac gatgggetge atcagataga ctgocgegac ctaagotgta
ccgeccagte tgatcagatg aggtatgage tcaggttggy agtagatgac agttggtgag gaccgogtgg tgccctgaty gagtacgtga atgactcaag
gacagacaga cccactgaaa ctaatttttc tgottgaagt cagecacttga togacccact gagtcttaga cacgtcttcc tgectcacct ttatgtotca

aaacgtggga agtagotctg gogatcattt caccagttge aattgtgegt cocatgcttt cagacaacgc attactctac tgtttottea aacattctac


http://www.dkfz.de/menu/cgi-bin/srs/wgetz?-id+1umBf1ZT79n+((%5blibs_EQ_%7bembl_SP_genbank%7d-ProteinID:CAG81441%5d)%3eparent)+-e
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&term=2910510
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2001

2101

2201

2301

2401

2501

2601

2701

2801

2901

3001

3101

3201

3301

3401

3501

3601

3701

3801

3901

4001

4101

4201

4301

agtctatcaa

tgagcaccca

caagaccgte

acgaaaaaga

taaccctcta

aagatagctt

ttaccccaca

atgccrtatc

gagtcatgac

cagacatgtg

cagcggeraa

agagcrtggy

agccgatggt

tggoccacgy

cgcgaccgaa

atgcoagtcott

acpmar
TCGCTC
agcgagetgt

cttttttage

gaaaaaatcqy

tgaaaattct
acttttaaga

catctttgga
gtagaaacct

agcagacage
togtetgteg

gtccacacgt
caggtgtgca

atgctgatca
tacgactagt

ctotottggr
gagagaacca

actgtctgot acagttgote

gttocggetta cocgocgactt

cagcaggeoa ttgactacgt

cgogataaca geatgagaadg

caccatgaca ctggcaagat

tatcacaccc actgtgttca

gcctacagec catctttace

gtgtgaactt tagataccgce

taaaaaacta tgtgcgatgg

G

tcgettgote tegecgttoco

<4 acpm2seqd
GAAGACGCAG

cttctgegte

GTAGAG
attgcatcte
ccggaatagc aacgtactgt
aacacttctyg ggocacgtga
cacatatctc ccttttogga
tctacagtge cttotgagtt

ttttttttac cggtgecaaaa

gggggcggtt agagactgte

cgetgteggt
gcgacageca

ttttttggee
aaaaaaccyy

ttattatccg
aataataggce

ccagcocagaa
ggtcggtett

accacaaaca
tggtgtttgt

agtatttgceg
tcataaacge

agacggcaga
tctgoegtet

caagtagaca
gttcatctgt

ccacacaacc
ggtgtgttgg

tcattatgga
agtaatacct

aggacgaaaa
tcctgetttt

gggaacggty
ccettgecac

gtgttteate
cacaaagtag

accggattca
tggoctaagt

tggtcaacta

gectgeatcot

ctetgeceag

atagcgtaaa

tcacggtggr

tttacccgeco

gaatggggca

crtoggtgggy

gtcottatee

gatga

acpm2seq3

GAGTCTGCAT
gagtctgeat

tagcogettta

ccocgeaggty

caccacgaca

tgggggargy

actagtaccc

tcttagtgeg

ggtttggtot

ttatccttat

aa

ACAGTCTGAG
acagtctgag ccatgtttaa

ctaacccagyg aatttggoct

b

E F G
agtatgagag atataagaat
ggacaagaac cgataacaca
cagtgacgga aagggcgaca
cagcccctea tggatgoaca
actggccgeg taccccacag
ttggggtgtt atatgaageg
cgccaggety agtcatgact

acpm2BamHI >
ggatCCTCAA ACAGACTAAA

acpm2fiagf »

tgataaaTAA

4 acpm2flagr

GATGATTGGG
ctactaaccc

CAGC
gtcgtotett

accatgtact

ccgggecgact

gtcctaacte

gaggtttagt

tgaaaaaccy

ttggggggat

cggogtttaa

gocgoaaatt

cttttcaacy
gaaaagttge

gacgacagge
ctgetgtecy

accaccagaa
tggtggtcte

cacaatcttc
gtgttagaag

ctgcttecee
gacgaagggy

cagcagccac
gtcgteggty

TCGGCAActa

agccgtttaa
>>Exon3>>
A VvV -

atctgtcgte

gtaacccacy

ggcagaccgy

tgacgtctaa

geggtttgag

acttaaagat

ggacccgtgt

TCAACCTCAA ACAGAC

atgtttctg

tcaacctcaa acagactaaa

ttcatagagt tgactggcoge

cacagtggcea gagaagcegea
gcgactgaca ggocgagoag
aatcgacgta aaatcgacgt
gttttgatge cgottgtgty

tttgaaattt gggtttgegy

Ctgggggtty taaggagect

4 acpm2chkr

CAAGGTAGGA
gttccatcct
caaggtagga

ggacatggec
cctgtaccgy

ggccgacaac
ccggotgtty

gaccatacga
ctggtatget

ctecgatcegy
gagctaggec

aacccacctc
ttgggtggag

ctccaacgac
gaggttgcty

CGGTTCACGC
gccaagtgey
cggttecacge

ttatcttggt
aatagaacca

tggagactga
acctctgact

gacgctgaga
ctgcgactet

agacaagcag
tctgtregee

acgacagaca
tgotgtotgt

ccattcgaac
ggtaagetty

atccacacgt
taggtgtgca

aatacatccc
trtatgtaggy

gggaacggtc
ccecttgecag

gtcgecaaac
cagoggttty

gacccgotea
ctgggcgagt

Figure 9.3 The ACPM2 gene used for generating the mutants

ttaccaageot gtttecgete gacctatgag

cgagatccce gaccacgatyg ctgacgagat
eecseesEXONZ2 cevervcrcsscsancnne>
L E I P D H D A D E

cattgggaag acgccatgag gtgoagtcac

tggcccaget tgacacaget tgacccagec

caagttagtyg atgtgotatt tttotggtag

cgotatctoe attccgotag ctecgtttte

cacgtgtctyg acgtcgatgg acatccgect

gtcttgtgtt gttatcctta tcgtcoatget

gaaaactgtyg ttgcagatgy gttgtccget

GCCCT

gccctgtaca taaaaataca tctccaccca

agaaagtatc gtgtagagct actaatcgat

tcagcatgtyg cattgattge gacagtcgat

ggcgecaacac ctgttggtca ccgtotcttyg

aamsatcgacyg taaacctacc cttcotgegea

agggtaaaaa aaaagtttgy ccaaaaaaat

4 acpm2r
CTCA TGCCGCAATC

ctaattttgy agtggggagt acggogttag

ggtttatgtt tgcagagetc atttgggget

tttaactcaa
aaattgagtt

cccatgaaat
gggtacttta

agtgctgggt
tcacgaccca

ctogaccggy
gagctggecce

atttcattgy
taaagtaacc

cgaccacaga
gotggtgtet

agcagacgge
tecgtotgecy

cgacaagcag
getgttegee

acggccgaca
tgocggetgr

acttccacac
tgaaggtgty

ccacacttce
ggtgtgaagy

acacgtccac
tgtgcaggty

gacagcatga
ctgtcgtact

cgacgactcg
gctgetgage

caaatcatcg
gtttagtage

ctctggeaca
gagaccgtgt

aatggrtcgty
ttaccagcac

gagcagaaaa
ctogtetttt

Primers for generation of the ACPM2 deletion strain, ACPM2-flag tagged version, BamHI and Sall enzyme
cleavage sites, PCR check primers and sequencing primers are shown.
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9.2 Oligonucleotides

The capital letters in the primer sequence denote unchanged nucleotides; small letters
represent mutated nucleotides. Recognition sites of the restriction enzymes are underlined.
Nucleotides coding for mutated serine are bold.

9.2.1 Oligonucleotides for the stl gene

name sequence binding site
st1f 5’-CGACGATACCGATGCTAGAG-3’ 118-137
st1BamHI 5’-GGAGGALtccCTTGAACGAGGCCAACC-3’ 2115-2140
st1Sall 5’-aagtcgacGACGATGATGATCCTGC-3’ 1153-1129
stlr 5’-TTCACAGGCACCTCTACAGC-3’ 2810-2792

Table 9.1 Oligonucleotides for generation of the stl deletion strain

name sequence binding site
stlckf 5’-GGCAATCGAGGCGATATATG-3’ 30-49
stlckr 5’-TTATGACCATGCGACCAGTG-3’ 2865-2846

Table 9.2 Oligonucleotides for checking of the deletion via PCR

name sequence binding site
stistreplIf 5’-caatttgaaaaaTAGATAGAATCATACTGTAG-3’ 2134-2165
stlstreplir 5’-aggatgagaccCAAGCCCGGTTGGCCTCGTTC-3’ 2157-2127

Table 9.3 Oligonucleotides for creating the strepll-tagged version of st1 gene

name sequence binding site
stlseql 5’-CACTTCGCTGACTCAGAATG-3’ 733-752
stlseq2 5’-AGATCTTCGATGCTACCTGG-3’ 1259-1278
stlseq3 5’-GAGGTCACCTTCATTGATGC-3’ 1768-1787
stlseqd 5’-CAAGTCGAGGTCCGGAGAAG-3’ 1510-1491
stlseq5 5’-GTGACACCGGATCCACACAT-3’ 1994-1975

Table 9.4 Oligonucleotides for sequencing of the stl gene
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9.2.2 Oligonucleotides for ACPM1 gene

name sequence binding site
acpmif 5’-TACTCGGCTGAACTGCAAG- 3’ 279-297
acpm1BamHI 5’-atggatccAGCGTTAAGGCCACAG-3’ 2036-2059
acpmlr 5’-ATCTCACGGCTTCACAACG-3’ 2978-2960
acpm1Sall 5’-aagTCGaCACGGACAGGATTCGAAC-3’ 1112-1088

Table 9.5 Oligonucleotides for generation of the ACPML1 deletion strain

name sequence binding site
acpmlchkf 5’-AAGCCGAGCGACACAAGGAG-3’ 143-162
acpmlchkr 5’-AGCCAGTCACAGCCAGAGAG-3’ 3017-2998

Table 9.6 Oligonucleotides for checking of the deletion via PCR

name sequence binding site
acpm1istreplIf 5’-caatttgaaAAATAAGCAAGCTGTATATAATAG-3’ 2007-2039
acpmlstreplir 5’-aggatgagacCATTTAGCATCGGGCTGG-3’ 2030-2003

Table 9.7 Oligonucleotides for creating the strepll-tagged version of ACPM1 gene

name sequence binding site
acpmlseql 5’-GTTAGCTGTCAGGCAGTGG-3’ 1054-1072
acpmlseq2 5’-GATCCACAGACGCACAATG-3’ 1592-1610
acpmlseq3 5’- GAATGCCACAGGTGAATGC-3’ 1689-1671
acpmlseq4 5’- GCCTACCTAGAGCTCCAAG-3’ 2185-2165

Table 9.8 Oligonucleotides for sequencing of the ACPM1 gene

name sequence binding site
acpm1S66Af 5’-gcCTTAGACACCGTCGAGGTTG-3’ 1887-1907
acpm1S66Ar 5’-GTCGAGGTTGAGGTCCTTGG-3’ 1886-1867

Table 9.9 Oligonucleotides for mutating the phosphopantetheine-binding serine (S66A)
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9.2.3 Oligonucleotides for the ACPM2 gene

name sequence binding site
acpm2fnew 5’-GTACAGAAGTGTCGGCGCAG-3’ 528-547
acpm2BamHI 5’-aaggatCCTCAAACAGACTAAAGCCCT-3’ 2949-2975
acpm2Sall 5’-aagTCGacAGTGTGGAGGATGGTGTGG-3’ 1193-1167
acpm2r 5’-CTCGCTCTAACGCCGTACTC-3’ 3606-3587

Table 9.10 Oligonucleotides for generation of the ACPM2 deletion strain

name sequence binding site
acpm2f 5’-CACGCACCAGTTACTCTGTC-3 1-20
acpm2chkr 5’-CGCACTTGGCAGGATGGAAC-3’ 3760-3741

Table 9.11 Oligonucleotides for checking of the deletion via PCR

name sequence binding site
acpm2flagf 5’-gatgatgataaaTAATCAACCTCAAACAGAC-3’ 2939-2966
acpm2flagr 5’-gtctttgtaatt AACGGCTGGGTTAGTAGG-3’ 2959-2930

Table 9.12 Oligonucleotides for creating the flag-tagged version of ACPM2 gene

name sequence binding site
acpm2seql 5’-CTGAGCAATATCTCCGCACC-3’ 1064-1083
acpm2seq2 5’>-GTACTAGTGACTGACCGAAG-3’ 1508-1527
acpm2seq3 5’-GAGTCTGCATACAGTCTGAG-3’ 2041-2060
acpm2seq4 5’-CGACGACGCAGAAGGAGATG-3’ 3034-3015

Table 9.13 Oligonucleotides for sequencing of the ACPM2 gene

name sequence binding site
acpm2S88Af 5’-gcTTTGGATGTCGTCGAGGTG-3’ 1465-1485
acpm2S88Ar 5’-GTCCAGACCAAGGTCGGAAG-3’ 1464-1445

Table 9.14 Oligonucleotides for mutating the phosphopantetheine-binding serine (S88A)
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9.2.4 Oligonucleotides for ACPM1 and ACPM2 genes swap strategy

name sequence binding site
acpml_2-1f1 5’-CGAATTGCTGCTGTTCTCG-3’ 1351-1369
acpml_2-1f2 5’-CATCACCCCCACCGCTTCC-3’ 1844-1862
acpml_2-1f3 5’-GAGATCCCCGACAAGGAG-3’ 1938-1955
acpml_1-2r1 5’-ATTCGCTTCTCGGCATCG-3’ 1355-1338
acpml_1-2r2 5’-GGTGATGGCAGCGGGGTTG-3’ 1850-1832
acpml_1-2r3 5’-GATCTCGATGCCGAACTC-3’ 1943-1926
Table 9.15 Oligonucleotides for swap strategy of ACPM1 gene
name sequence binding site
acpm2_1-2f1 5’-GAATCGTGGCTCTTCTGG-3’ 1373-1390
acpm2_1-2f2 5’-GTAGTGGCGGTGGCGGTTGG-3’ 1422-1441
acpm2_2-1rl 5’-ATTCGCTCCTGAATCATG-3’ 1376-1359
acpm2_2-1r2 5’-GGTGATGTTCTTGGCGTC-3’ 1428-1411
Table 9.16 Oligonucleotides for swap strategy of ACPM2 gene
9.2.5 Oligonucleotides for URA3 gene
name sequence binding site
ura3f 5’-GTCGACAAAGGCCTGTTTC-3’ outside of the gene
ura3r 5’-GAGGATCCGTCTGACTCGTCATTGC-3’ outside of the gene
ura3us2 5’-CACAGCCTCCAACGAAGAATG-3’ 105-86
ura3ds2 5’-CCTGGAGGCAGAAGAACTTG-3’ 1587-1606

Table 9.17 Oligonucleotides for URA3 gene
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9.3 Complex I subunits of Yarrowia lipolytica

Procaryotes Eucaryotes
P. denitrificans
E. coli Y. lipolytica B. taurus
T. thermophilus
. . Remark

Subunit  Subunit ) emarks
Subunit Mr'[Da]  TMDs®  Subunit M, /modification/

NUO NQO [kDa] Cofactor®
Central nuclear coded

G 3 NUAM 75,198.7 0/0 75-kDa  77.0  A1-23/[2Fe-

2S],2x[4Fe-S]
F 1 NUBM 51,660.0  0/0 51-kDa 485 A 1-20/[4Fe-4S],
FMN

D* 4 NUCM 49,9450  0/0 49-kDa 492 A 1-33/[4Fe-49]

ct 5 NUGM 30,476.2°  0/0 30-kDa 264 A1-38

E 2 NUHM 24,068.6  0/0 24-kDa 23.8 A 1-32/[2Fe-2S]

| 9 NUIM 22,321.3 1/0 TYKY 20.1 A 1-36/2x[4Fe-4S]

B 6 NUKM 20,425.6 0/0 psST 202 A1-37/[4Fe-4S]
Central mitochondrially coded

H 8 NU1M 38,347.7 10/10 ND1 36

N 14 NU2M 53,331.9 14/13 ND2 39

A 7 NU3M 14,470.5 3/3 ND3 13

M 13 NU4M 54,481.2 13/12 ND4 52

L 12 NU5M 73,705.4 18/16 ND5 67

J 10 NU6M 20,758.3 5/5 ND6 19

K 11 NULM 9810.9 22 ND4L 11
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Accessory nuclear coded

NUEM

ST1
NESM

NUIM

NUZM
NUPM

NUXM
N7BM
NUYM
NUFM
NIAM
NB4M
NUMM
NB6M

NUNM
NI2M
NB8M

NIDM

NB5M

ACPM2’
NIPM

NIMM

ACPM1’

40,434.0

34,621.2
23,438.1

20,827.6

19,749.6
19,196.0

18,565.2
16,153.2
15,939.9
15,572.7
14,642.3
14,626.7
14,257.0
13,960.2

13,300.9
12,879.8
11,067.8

10,890.1

10,347.7
9526.7
10,018.6

9662.1

9071.2

0/0

0/0
1/0

212

0/0
0/0

3/2
0/0
0/0
0/0
11
0/0
0/0
11

11
0/0
0/0

0/0

11

0/0
0/0

11

0/0

39-kDa

ESSS

B14.7

PGIV

B17.2
AQDQ
B13
ASHI
B14
13-kDa
B16.6

B22
B18

PDSW

B15

SDAP
PFFD

MWFE

SDAP

39.1

14.5

14.8

20.0

17.1
15.3
13.2
18.7
15.0
10.5
16.6

21.7
16.5

20.8

15.1

10.7
12.5

10.7

Short-chain
dehydrogenase,
NADPH

STMD®,
phosphorylation
TIM17/22 family, -
Met +Ac

Cystein-rich motif, -
Met

+Ac, nitration
Phosphorylation
-Met+Ac

STMD, A1-28

-Met+Ac, nitration
Al1-28

STMD, proapoptotic
factor, -Met+Ac

-Met+Ac

Cystein-rich motif -
Met +Myr
Cystein-rich motif, -
Met

STMD, -Met+Ac

Phosphopantetheine®
Cystein-rich motif, -
Met

STMD,
phosphorylation
Phosphopantetheine®
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NISM 9472.8 0/0 B8 11.0  Thioredoxin fold, -

Met +Ac
NI9M 7704.8 1/1 B9 9.3 STMD, -Met+Ac
NB2M 6804.7 1/1 B12 111 STMD, -Met+Ac
(partial)

NEBM® 7900 1/1

Mammal specific subunits
KEYI 5.8 STMD, A1-27

MNLL 7.0 STMD, -Met
AGGG 85 STMD, A1-36
MLRQ 93 STMD

10-kDa 84 A1-34

B14.5a 12.6 -Met+Ac

B145b 14.1  STMD, +Ac(partial)
SGDH 16.7 STMD, A1-46

B17 154  STMD, -Met+Ac

42-kDa 36.7  A1-23,
phosphorylation

Table 9.18 Central and accessory subunits of Yarrowia lipolytica complex |

Nomenclature for subunits NESM (formerly called NUWM), NB5M (formerly called NUVM) and NUNM
(newly identified, with no significant homology to proteins from other organisms) was introduced in [71].
Information to bovine complex | was adapted from [35]. Abbreviations: n.p: not present; - Met: N-terminal
methionine is removed post-translationally; + Ac: N-terminal residue is acetylated; + Myr: N-terminal residue is
myristoylated. Aa — b: known mitochondrial import sequence (residues a to b) are removed.

! Average molecular masses of mature proteins, excluding cofactors, calculated using the “compute pI/Mw”
tool at http://www.expasy.ch/tools/pi_tool.html.

2 Predicted using servers http://www.enzim.hu/hmmtop/ and http://www.cbs.dtu.dk/services/ TMHMM/.

% V. lipolytica posses the same composition of FeS clusters, a FMN, NADPH and phosphopantetheine as bovine
complex |

*NuoC and NuoD are fused in a single subunit in E. coli

® Including hexa-histidine tag and hexa-alanine spacer

® Single transmembrane domain (STMD)

" Including phosphopantheteine and hydroxy-tetradecanoate

& By means of LILBID spectrometry, a phosphopantetheine-hydroxy-tetradecanoate modification to both acyl
carrier proteins of Y. lipolytica complex | was identified.

° Niibel et al, unpublished. Exact mass of the subunit has not been determined yet.
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9.4 Protein alignments

The protein  sequences were aligned using the CLUSTALW  software
(http://www.ebi.ac.uk/clustalw/index.ntml). * - conserved amino acids; : - conserved
substitutions; * - semi-conserved substitutions. Small and hydrophobic amino acids are
represented in red, acidic in blue, basic in magenta; hydroxyl + amine + basic in green. The
mitochondrial presequences predicted with the MitoProt Il software (http://ihg2.helmholtz-
muenchen.de/ihg/mitoprot.html) are underlined.

9.4.1 Alignment of ACPs from different species

——————————————————— MAARGAMLRYLRV-NVNPTIQNPRECVLPFSILLRRFSEEV 40
——————————————————— MLRN-=---=----=-VSRLAL---------RSNFARQATMG- 21

——————————————————— MLRQSVLRLSRAA-VARPALSRSFVTAVARPOLVRAAPVSF 40

——————————————————— MFRTAALTAAR---VARPAVASAVRAGVARPAFVQAVPKVA 38

——————————————————— MFRSVCRISSR---VAP----SAYRTIMGRSVMSNTI---- 30

MAVRVLCACVRRLPTAFAPLPRLPTLAAARPLSTTLFAAETRTRPGAPLPALVLAQVPGR 60
MASRVLSAYVSRLPAAFAPLPRVRMLAVARPLSTALCSAGTQTRLGTLQPALVLAQVPGR 60

ACP_E.coli

ACPM2 A.thaliana
ACPM1 Y.lipolytica
ACPM2 Y.lipolytica
ACPM N.crassa
ACP_S.cerevisiae
ACPM_B.taurus

ACPM H.sapiens

¢ ol
10 20 30
ACP_E.coli  —mmmmmmm——————— MSTIEERVKKIIGEQLGVKQE-—---- EVTNNASFVEDLGAD@LDT 40
ACPM2 A.thaliana R-——=====—- GSFLDKSEVTDRVLSVVKNFQKVDPS—---- KVTPKANFQONDLGLDE@LDS 86
ACPM1 Y.lipolytica ----QRFYS----VARPDAEKRIAAVLESFDKISNP----AAITPTASFAKDLNLD@LDT 69
ACPM2 Y.lipolytica ----IRHYSSAHVLTKDMIQERIVALLESFDKVNDA----KNITATANLTSDLGLD@LDV 92
ACPM N.crassa AFQAVRFYSAGGHLKKDEVFSRIAQVLSGFDKVNDP----KNITETAHFANDLGLD@LDT 94
ACP_S.cerevisiae --LAQRFYSAN--LSKDQVSQRVIDVIKAFDK-NSPNIANKQISSDTQFHKDLGLD@LDT 85
ACPM B.taurus VTQLCRQYSDAPPLTLEGIKDRVLYVLKLYDKIDPE-—--- KLSVNSHFMKDLGLD@LDQ 115
ACPM H.sapiens VTQLCRQYSDMPPLTLEGIQDRVLYVLKLYDKIDPE-——--- KLSVNSHFMKDLGLDLDQ 115
K. .. .. . * x * Kk Kk ok
50 60 70

ACP E.coli

ACPM2 A.thaliana
ACPM1 Y.lipolytica
ACPM2 Y.lipolytica
ACPM N.crassa
ACP_S.cerevisiae
ACPM B.taurus

ACPM H.sapiens

VELVMALEEEFDTEIPDEEAEKITTVQAAIDYINGH-QA-- 78

VEVVMALEEEFGFEIPDNEADKIQSIDLAVDFIASHPQAK- 126
VEVVVAIEEEFGIEIPDKEADEIKSVNQAVEYILAQPDAK- 109
VEVVMAIEEEFGLEIPDHDADEIKTVQQAIDYVSAQPAAV- 132
VEVVMAIEEEFSIEIPDKDADQIHSVDKAVEYILSQPDAN- 134
VELLVAIEEEFDIEIPDKVADELRSVGETVDYIASNPDAN- 125
VEIIMAMEDEFGFEIPDIDAEKLMCPQEIVDYIADKKDVYE 156

VEIIMAMEDEFGFEIPDIDAEKLMCPQEIVDYIADKKDVYE 156
*koookokokk kkkk koo HEE :

Figure 9.4 Alignment of ACPM1 and ACPM2 subunits with acyl carrier proteins from
other species

Four a—helices (al-1V) denoted in red and positions of amino acids according to E. coli nomenclature are
indicated above the sequence alignment. The phosphopantetheine-binding serine residue conserved among
different species is highlighted in red.
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9.4.2 Alignment of ACPM1 and ACPM2 subunits from Y. lipolytica

YL_ACPMl MLRN-=-=—————— VSRLAL-———————— RSNFARQATMG-QRFYS——---VARPDAEKRIA 37
YL ACPM2 MLRQSVLRLSRAAVARPALSRSFVTAVARPQLVRAAPVSFIRHYSSAHVLTKDMIQERIV 60
- ‘k** * ‘k * * REIE * ‘k.: *.*k‘k H **.
YL_ACPMl AVLESFDKISNPAAITPTASFAKDLNLD LDTVEVVVAIEEEFGIEIPDKEADEIKSVNQ 97
YL_ACPMZ ALLESFDKVNDAKNITATANLTSDLGLDELDVVEVVMAIEEEFGLEIPDHDADEIKTVQQ

120
*:******:.:‘ **.**'::.**.*****‘****:*‘k‘k****:****::*****:*:*
§ Helixod

YL_ACPMl AVEYILAQPDAK 109

YL_ACPM2 AIDYVSAQPAAV 132

Figure 9.5 Alignment of Y. lipolytica ACPM1 and ACPM2 subunits

The pantetheine-4’-phosphate-binding serine residue is highlighted in red. Localisation of four a—helices (al-
IV) is denoted in red above the aligned sequences.

9.4.3 Alignment of the stl subunit

MST P.anserina =  ——————————————-—————————— o MASLFILRPLRVSLPRSGSQQLRQP 25
MST N.crassa = ——=——————————-— oo MARVGVISPLRAS——-————— MRST 17
MST S.cerevisiae  ——=————————----———-———————————————— MPLEDLISP-————m———m e e 9
Stl Y.lipolytica  —=—=—=—===—————————mmm MSKLISP-—————m——m——— e 7
MST E.COll s
MST1 A.thaliana MASTLFSRTFLAASHRLITPSLPQKIFNPATFLSRSLHSQLGSASTAYKSTTWARRAMAS 60
MST2 A.thaliana ~ =—=======——————— MAS 3
MST T.aeStivum = === == m e m oo
MST B.LAULUS — oo e e e
MST H.sapiens =  —————m——mm oo
MST G.gallus ==
MST D.rerio = —o— oo m oo~
TST H.Saplens = ocmm oo
TST B.LaULUS —m oo e
TST _G.gallus = —ommmmmmmmmmmmmm
TST1 S.tokodaii W —=—======—————————
TST2_S.tokodaii W ————————m——mm o
MST A.vinelandii  ——==mmmmm oo
TST A.vinelandil  —=————mmm oo
St2 Y.lipolytica  ——==——==——————mmm
St3 Y.lipolytica  ——==——==——m———mm
MST C.elegans === =
MST P.anserina AAKAAGVRRSFEFSSYLVTPQELAEALKKAPPSPISSEPRVIPLCASWFLPNDPEGRT-GID 84
MST N.crassa AAKTGAVR-CFSSYLVTPKELHEALKKAPPSPISSEPRVIPLCASWFLPNDPQKRT-GLD 75
MST S.cerevisiae - -———————-————————————-—- KAFVKLVAS--EKVHRIVPVDATWYLPS-WKLDN-KVD 43
Stl Y.lipolytica  ——-—=------——————————-——-— AELAKRLSS——---- KETKIFDATWYLPTPANVGKNAYD 40
MST E.COll s
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MST T.aestivum = —==—==—==--—- MAQDDPVVSAQWLOQHLGQ---—-PDIKILDASWYMPHESRDAW---Q 40
MST B.taurus = -—-—-——-—-—- MASKQLFRALVSAQWVAEATLRAPQAGQPLRLLDASWYLAKLGRDAR---R 47
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TST B.taurus —-——-VDLTKPLIATERKGVTACHIALAAYLCG---KPDVAIYDGSWFEWFHRAPPETWVSQ 291
TST:G.gallus —-——VDLSKPLTATERKGVTACHIALAAYLCG---KPDVAVYDGSWSEWFHRAPPQYKVTE 288
TST1 S.tokodaii ———INKDKEIVVY@RTGARASAVWYVLKEVLS--YKNVRLYDGSWVEYGNLVGVPIER-- 267
TST2:S.tokodaii —-——ISQDKEIITYRRIGERAAHTWFVLKYLLG--YPAVRVYDGSWAEWGNIVGAPVKKGN 291
MST A.vinelandii -—-—-ERPVERLVAY@GSGVTACHNLFALSLAG---YPLAPLYAGSWSEWLTDRSRPVATGD 284
TST:A.vinelandii —-——-ITPDKEIVTHEOTHHRSGLTYLIAKALG---YPRVKGYAGSWGEWGNHPDTPVEL-- 271
St2 Y.lipolytica —-——PSKNMHVVEYMOSGVRARMAEKQGEQCG---YENRGIYLGSWKEWSQYETEVGQC—-- 143
St3:Y.lipolytica -——PDINDELVEY@OAGIRSAKAESLAETCG—--YQLRANYPGSYNDWLAHQK-=-===-- 194
MST_C.elegans -——IKVGDTVVIGEGIGLSASAIWLAAARSG----IVAKLYNGGVHELAYKAPQHLNTKG 300
* *  * .

MST P.anserina TVEQHSE-- 346

MST N.crassa KAE------ 333

MST S.cerevisiae NRD-==-—-- 304

Stl Y.lipolytica ENLNEANRA 315
MST E.coli = —====----

MST1 A.thaliana VESSS---- 379
MST2 A.thaliana SSS———-—--— 318
MST T.aestivum STGS—--—--— 307
MST B.taurus GRGKIH--- 297
MST H.sapiens GRGKTH--- 297
MST G.gallus GKGKTV--= 297
MST D.rerio GKGKQP--- 296
TST H.sapiens GKSEKA--- 297
TST B.taurus GKGGKA--- 297
TST G.gallus LKRNKG--- 294
TST1 S.tokodaii W --—-------

TST2_S.tokodaii EP-————-- 293

MST A.vinelandii - ---------
TST A.vinelandii  ---------
St2 Y.lipolytica  —---------
St3 Y.lipolytica  ---------
MST C.elegans = —-———-——-—--

Figure 9.6 Alignment of the st1 subunit with tandem rhodanese domain repeat enzymes
from other organisms

Y. lipolytica stl subunit exibits the highest similarity to a sulfurtransferase of another Ascomycota fungus
Podospora anserina. The 3-mercaptopyruvate:cyanide sulfurtransferase (MST) catalytic modules containing
six-amino-acid active-site loop are highlighted in grey; the conserved cysteine residue is highlighted in red; the
thiosulfate:cyanide sulfurtransferase (TST) active sites are highlighted in blue; the active site of the st1 subunit
is highlighted in green; the active site of single rhodanese domain-type enzymes of which two candidate open
reading frames CAG82611.1 (st2 - theoretical protein) and CAG78833 (st3 - theoretical protein) were identified
in the Y. lipolytica genomic sequence are highlighted in yellow. For the cladogram of tandem rhodanese domain
repeat enzymes see Figure 9.7
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Figure 9.7 The cladogram of tandem rhodanese domain repeat enzymes aligned in 9.4.3
The cladogram was predicted with the CLUSTALW software (EMBL-EBI, Heidelberg, Germany).

9.4.4 Alignment of S. cerevisiae and Y. lipolytica mitochondrial FASII enzymes

The protein sequences of the mitochondrial fatty acid synthase type Il enzymes from Y.

lipolytica were obtained using BLAST search in Genolevures database http://www.geno
levures.org. by comparison to the S. cerevisiae (Sc) FASII enzymes. Y. lipolytica (YAL)
protein sequences are denoted with the accession number.
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Figure 9.8 Mitochondrial beta-keto-acyl synthase (CEM1)

Cem1 posses possible role in fatty acid synthesis and is required for mitochondrial respiration.
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Figure 9.9 2-enoyl thioester reductase (ETR1)

The ETR1 is the member of the medium chain dehydrogenase/reductase family. It is localized into the
mitochondria, where it has a probable role in fatty acid synthesis. Two different ETR1 homologues are present

in Y. lipolytica
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Figure 9.10 Mitochondrial acetyl-coenzyme A carboxylase (HFAL)

HFAL catalyzes the production of malonyl-CoA in mitochondrial fatty acid biosynthesis.
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Figure 9.11 Mitochondrial 3-hydroxyacyl-thioester dehydratase (HTD2)

HTD?2 is involved in the fatty acid biosynthesis and is required for respiratory growth and normal mitochondrial

morphology
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Figure 9.12 Predicted malonyl-CoA:ACP transferase (MCT1)

MCT1 is a putative component of a type-11 mitochondrial fatty acid synthase, which produces intermediates for
phospholipid remodelling.
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Figure 9.13 Mitochondrial 3-oxoacyl-[acyl-carrier-protein] reductase (OAR1)
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There are two homologues of OAR1, which are components of the type Il mitochondrial fatty acid synthase of

Y. lipolytica
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9.5 The mass spectrometric analysis of mitochondrial phospholipids

Masses of phospholipids determined experimentally are indicated above the spectra in black,
whereas the theoretical values in violet. Numbers in brackets separated by a colon indicate
the number of carbon atoms in the acyl-chains (first number) and the number of carbon

atoms involved in the double bond formation in unsaturated chains (second number).
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Figure 9.14 The MALDI-MS spectrum of cardiolipin identified in fraction 18

Identification of cardiolipin species substituted with unsaturated acyl-chains containing from 1 to 4 double
bonds [72:2-8].
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Figure 9.15 The MALDI-MS spectrum of cardiolipin identified in fraction 19

Identification of several cardiolipin species substituted with unsaturated acyl-chains.
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Figure 9.16 The MALDI-MS spectrum of phosphatidylethanolamine identified in
fraction 24

Identification of several species of phosphatidylethanolamine substituted with unsaturated acyl-chains.
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Figure 9.17 The MALDI-MS spectrum of phosphatidylinositol identified in fraction 28

Identification of several species of phosphatidylinositol substituted with unsaturated acyl-chains.
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Figure 9.18 The MALDI-MS spectrum of phosphatidic acid identified in fraction 30

Identification of several species of phosphatidic acid substituted with unsaturated acyl-chains.
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Figure 9.19 The MALDI-MS spectrum of lyso-phosphatidylcholine identified in
fraction 52

Identification of several species of lyso-phosphatidylcholine (LPC) substituted with saturated and unsaturated
acyl-chains in positive mode. The peak for LPC found at a mass of 496.35 indicates substitution with a
palmitoyl-chain (16:0; theoretical mass 496.34 Da), wheareas at the mass range 518.35 - 524.39 indicates
substitution with different species of stearoyl-chains. Also a peak corresponding to the sodium salt of the stearic
acid at a mass of 544.37 was found. This same peak value corresponds to the detected [20:4] acyl-chain
(theoretical mass 544.34 Da).
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9.6 Chemical Structures

9.6.1 Complex I Inhibitors

9.6.1.1 Rotenone

9.6.1.2 2-decyl-4-quinazolinyl amine
(DQA)

CHs

CHa

9.6.2 Fatty Acid Synthase Inhibitor

9.6.2.1 Cerulenin

®) =
W/\/\CH3

NH, O

9.6.3 Phospholipids

R — hydrocarbon chain

9.6.3.1 Cardiolipin (CL)

o} o}
I I
LT Ly
R 6} O R
T T
9.6.3.2 Phosphatidylinositol (PI)
OH
&)
O P//o
OH OH _/ ™0

o]
o}
O)J\R
o} 0
\[%

R

9.6.3.3 Phosphatidylethanolamine (PE)

NH,"

2,0
A
/og\(\o O_

O 0]
R @)

R

169



9.6.3.4 Phosphatidylcholine (PC), 9.6.4.3 Flavin-mononucleotide (FMN)
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9.6.4.7 n-decylubiquinone (DBQ)

9.6.4.8 Ubiquinone
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H.C..
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9.6.5 Other Structures

9.6.5.1 Myristic Acid

WOH

9.6.5.2 Phenylmethylsulfonyl Flouride
(PMSF)

SO,F

9.6.5.3 Sodium-dodecylsulfate (SDS)

9.6.5.4 Tetramethylethylenediamine
(TEMED)
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10 ABBREVIATIONS

(M)DNA

2D BN/SDS

PAGE
ACC. No.
ACP

ACPM

AT
ATP
ADP
BN-PAGE
bp

BSA
CoA
DBQ
DH
dNADH
DQA

dSDS-PAGE

EPR

ER
ESI-MS
ETC
FAD
FADH;

(mitochondrial) deoxy ribonucleic acid

two dimensional blue native/sodium dodecyl sulfate polyacrylamide gel
electrophoresis

accession number
acyl carrier protein

mitochondrial acyl carrier protein

acyl transferase

adenosine triphosphate

adenosine diphosphate

blue-native polyacrylamide gel electrophoresis

base pair

bovine serum albumin

coenzyme A

n-decylubiguinone

dehydratase

deamino-nicotinamide-adenine-dinucleotide (reduced form)
2-decyl-4-quinazolinyl amine

doubled sodium dodecylsulfate-polyacrylamide gel electrophoresis
electron paramagnetic resonance

enoylreductase

electrospray ionization mass spectrometry

electron transport chain

flavin adenine dinucleotide

flavin adenine dinucleotide (reduced form)
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FAS
FeS
FMN
FP
HAR
HP
IMM

kb
KGDH
KR

KS

LHON

MALDI-TOF-

MS
MAT
MPT
MST
NAD*
NADH
NDH-2(i)
ORF
OXPHOS
PCR
PDH
PMSF

174

fatty acid synthase
iron-sulphur cluster

flavin mononucleotide
flavo-protein
hexa-ammine-ruthenium(lll)-chloride
hydrophobic protein

inner mitochondrial membrane
iron-protein

kilobase

o-ketoglutarate dehydrogenase
B -ketoreductase
[B-ketosynthase

Leber's hereditary optic neuropathy

matrix-assisted laser desorption/ionization-time of flight mass spectrometry

malonyl-coA-/acetyl-coA-ACP transacylase

malonyl/palmitoyl transferase

3-mercaptopyruvate sulfurtransferase

nicotinamide-adenine-dinucleotide (oxidised form)
nicotinamide-adenine-dinucleotide (reduced form)

external alternative NADH Dehydrogenase (internal)

open reading frame
oxidative phosphorylation
polymerase chain reaction
pyruvate dehydrogenase

phenylmethylsulfonyl flouride



ABBREVIATIONS

PP
PT

Q

Q1

QH;
ROS
RP-HPLC
SDS
STMD
TE
TMD
TST

Vb

pantetheine-4"-phosphate
phosphopantetheine transferase
ubiquinone

quinone with 1 isoprenyl side chain
ubihydroquionone (Ubiquinol)
reactive oxygen species
reversed-phase high performance liquid chromatography
dodecylsulfate Na-salt

single transmembrane domain
thioesterase

transmembrane domain

thiosulfate sulfurtransferase

ATP-ase synthase dimer
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