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ABSTRACT



The Leber’s Hereditary Optic Neuropathy (LHON) is a rare mitochondrial disorder
characterized by the loss of retinal ganglion cells (RGCs), which are responsible for the
conduction of the visual information to the cerebral cortex. This loss leads to the degeneration
of the optic nerve resulting in a sudden loss of vision.

The major confirmed genetic causes of this disorder are mitochondrial DNA (mtDNA)
mutations in genes encoding subunits belonging to the complex | of the mitochondrial
respiratory chain (MRC), namely MT-ND1 (m.3460G>A), MT-ND4 (m.11778G>A) and MT-ND6
(m.14484T>C). The presence of these mutations do not totally explain the disease phenotype,
since the existence of individuals carrying homoplasmic mtDNA mutations without disease
manifestation have been reported.

There are several factors including nuclear genetic modifiers that have been suggested
to be influencers of the phenotype manifestation.

The presence of nuclear gene variants in subunits and proteins involved in the
mitochondrial protein import and processing of imported precursor proteins may contribute as
genetic modifiers in LHON. To assess this possibility, a search for the mentioned genetic variants
in whole-exome sequencing data was performed and the prediction of functional impact of the
relevant variants was evaluated using bioinformatics’ tools. This analysis resulted in the
identification of the promising c.280C>T and c.170delA/c.172_176delGGCAC variants from
MIPEP and TOMM_20L gene, respectively, in a LHON individual with the m.14484T>C mutation.
These variants were confirmed using two additional methods, namely Sanger sequencing and
PCR-RFLP.

The implications at the protein level have been investigated in a preliminary study.
Limitations at the level of tissue specificity of Tom20L protein expression did not allow the
evaluation of the impact of the genetic variants identified in the protein expression. Further
experimental validation of the genetic variants is required for the clarification of its
pathogenicity, but the results suggest that the alteration c.280C>T of MIPEP gene may have an

additional effect on the pathogenicity of the variant m.14484T>C.

Keywords: LHON; nuclear gene variants; mitochondrial protein import; precursor processing;

MIPEP; TOMM20L

XXVII



RESUMO



A Neuropatia Otica Hereditaria de Leber (LHON) é uma doenca mitocondrial rara
caracterizada pela perda de células ganglionares da retina, responsaveis pelo envio da
informacao visual para o cértex cerebral. A perda destas células resulta na degenerescéncia do
nervo Gtico e, consequentemente, na perda subita da visao.

As causas genéticas que comprovam a presenga desta doenga sdo mutagdes em genes
mitocondriais que codificam subunidades do complexo | da cadeia respiratdria mitocondrial,
nomeadamente MT-ND1 (m.3460G>A), MT-ND4 (m.11778G>A) e MT-ND6 (m.14484T>C). A
presenca destas mutagdes ndo explica totalmente o fendtipo da doenga, visto que a existéncia
de individuos portadores de mutagdes do mtDNA homoplasmicas, sem manifestacao da doenga
tem sido reportada.

Existem varios fatores incluindo fatores genéticos nucleares, que tém sido sugeridos
como moduladores da manifesta¢do da doenga.

Um destes fatores genéticos podera ser a presenga de variantes em genes nucleares,
que codificam subunidades e proteinas envolvidas na importacdo de proteinas para a
mitocéndria e no processamento pods-traducdo e importagdo. No sentido de avaliar esta
possibilidade, foi realizada a pesquisa destas variantes em dados de sequenciacdo de exoma
total e foi avaliada a previsdo do impacto funcional das variantes relevantes. A andlise resultou
na identificacgdo de 3 variantes promissoras: c.170delA e c.172_176delGGCAC no gene
TOMMZ20L e c.280C>T no gene MIPEP, num doente afetado com LHON portador da mutac¢do
patogénica m.14484T>C. As variantes identificadas foram confirmadas por dois métodos
adicionais, sequenciacdo de Sanger e PCR-RFLP. As implica¢des das variantes genéticas ao nivel
da proteina foram investigadas num estudo preliminar. Limitagdes ao nivel da especificidade da
expressao tecidular da proteina Tom20L ndo permitiram avaliar o impacto das variantes
genéticas identificadas ao nivel da expressao da proteina. A validacdo funcional e experimental
adicional das variantes genéticas identificadas serd necessaria para clarificar a sua
patogenicidade, mas os resultados sugerem que a alteracao ¢.280C>T do gene MIPEP poderd ter

um efeito potenciador da patogenicidade da variante m.14484T>C.

Palavras-chave: LHON; variantes genéticas nucleares; importacdo de proteinas mitocondriais;

processamento de precursores; MIPEP; TOMM20L
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1.INTRODUCTION



1.1. Mitochondria — structure and function

The mitochondria are essential organelles of eukaryotic cells involved in many processes
required for the normal function of cells. The mitochondrial content varies among cell types,
according to the energy demands. Mitochondria have double membrane systems composed by
the mitochondrial outer membrane (MOM), which delimits the mitochondrial intermembrane
space (IMS) and the mitochondrial inner membrane (MIM), which delimits the mitochondrial
matrix. The MIM has invaginations called cristae where the several sets of five complexes of the
mitochondrial respiratory chain (MRC) are located and catalyze the oxidative phosphorylation
(OXPHOS) for ATP production'?. The IMS is a hydrophilic compartment where molecules
required for the mitochondrial metabolism are localized, including regulators of programmed
cell death (apoptosis) and components for energy conversion®?, Essential molecules are located
in the matrix, specifically enzymes required for biosynthesis of metabolites, including
tricarboxylic acid cycle (TCA), and ribosomes, required for translation of mitochondrial DNA
(mtDNA), the mtDNA and matrix granules®?.

In addition to the energy production, this dynamic organelle has a strong involvement
in apoptosis, metabolism of amino acids, lipids, ketone bodies, biosynthesis of heme and iron-

sulfur clusters and it is also involved in the responses to cellular stress>.

1.2. Nuclear-encoded proteins requiring mitochondrial import

Mitochondria contains more than 1,000 proteins that are encoded by two genomes,
mtDNA and nuclear DNA (nDNA). Despite the fact that mitochondria contain their own DNA, it
only codes for 13 peptides (in humans) that are part of the MRC complexes representing
approximately 1 % of all proteins. The other proteins encoded by nDNA are synthesized in
cytosolic ribosomes, in their precursor form. Therefore, the existence of protein import systems
that recognize mitochondrial precursor proteins are mandatory for ensuring their efficient
transport to the diverse compartments of mitochondria and consequently guaranteeing their
functions. The proteins are mainly imported after translation®>. However, several reports
pointed to the presence of an additional co-translational protein import mechanism into

mitochondria®°.



1.3.  Precursor targeting for the diverse mitochondrial subcompartments

The precursor proteins have targeting signals that allows the import to the diverse
subcompartments®. Approximately two-thirds of nuclear-encoded mitochondrial proteins have
N-terminal targeting signals allowing their targeting into mitochondrial matrix, namely
presequences, which are cleaved off after translocation into the matrix®%. The presequences
vary in length with approximately 15-50 residues long and form amphipathic a-helices with a
positive net charge®!!. Some precursor proteins contain an additional hydrophobic sorting signal
that is located after the matrix-targeting signal®*. This signal arrests translocation through the
MIM and the precursors are released laterally into the membrane®!!. Other precursor proteins
have internal targeting signals within the mature protein sequence®*?. The internal signals direct
the precursor proteins to all mitochondrial subcompartments!?. The precursor proteins
containing a C-terminal B-barrel signal consisting of a large polar amino acid (lysine or
glutamine), an invariant glycine and two hydrophobic amino acids target these proteins to the
MOM?®. In addition, multi-spanning proteins are also targeted to this membrane. The proteins
containing the characteristic CxsC and CxsC motifs are targeted to the IMS'*!3. Hydrophobic
metabolite carrier proteins of the MIM containing six or four transmembrane helices connected

by short, matrix exposed loops have internal signals targeting them to the MIM4-%6,

1.4 Mitochondrial protein import machineries

Many types of machinery are involved in the transportation of proteins to the diverse
mitochondrial subcompartments: outer membrane translocase (TOM complex), presequence
translocase of the MIM (TIM23 complex), carrier translocase (TIM22 complex), mitochondrial
intermembrane space import and assembly machinery (MIA complex), sorting and assembly
(SAM) complex. In MIM, another machinery system is present, denominated mitochondrial
contact site and cristae organizing system (MICOS), that is not involved in protein transportation
but interacts with some subunits of SAM complex, leading to the formation of mitochondrial
intermembrane space bridging complex (MIB)*"~1°, Studies focused in import using a diversity of
precursor proteins and analysis of molecular interaction between the various translocases
revealed an wide cooperation of protein machineries involved in mitochondrial protein
sorting®3.

These mitochondrial import machineries (Figure 1) comprise many components (Table 1)

and have been studied at more extent in fungal systems, like Saccharomyces cerevisiae and



Neurospora crassa®®. The basic processes needed to the import of proteins into mitochondria

seem to be conserved from fungi to mammals but differences in structure and complexity are

rather evident in higher eukaryotes®.

Cytosol
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Figure 1. Human mitochondrial systems responsible for import of diverse precursor proteins into the diverse
mitochondrial sub compartments. MOM, mitochondrial outer membrane; IMS, intermembrane space; MIM, mitochondrial
inner membrane; TOM, outer membrane translocase; TIM23 complex, inner membrane presequence translocase; PAM,
presequence translocase—associated motor; TIM22 complex, carrier translocase; SAM complex, sorting and assembly
complex; MIA complex, mitochondrial intermembrane space import and assembly machinery.
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Table 1: Human a
Gene symbol

d yeast compo
Proteins/subunits

itochondrial protein import systems

Function Local. Ref.
Human human | yeast
TOM complex
TOMM20 Tom20 . “
Receptor for precursors with a presequence MOM
TOMM20L Tom20L 22
TOMM22 Tom22 Receptor, organizer of TOM MOM 23
TOMM?70 Tom70 Receptor for hydrophobic precursors MOM 24
1?-:1\’/1”1\’/\7:;_ Tom40 Forms a translocation channel MOM 2
TOMMS5 Toms Transfer of precursors from receptors to channel, assembly of MOM 2%
TOM
TOMM6 Tomé6 Assembly (in yeast) and disassembly (in humans) of TOM MOM 26
TOMM7 Tom? Disassembly (in yeast), assembly (in humans) and dynamics of MOM 2
TOM
TOMM34 Tom34 -
HSPAS8 Hsc70 Hsp70 Transport precursors across cytosol for delivery to TOM complex Cytosol 27
HSP90AA1 Hsp90
TIM23 complex
TIMM23 Tim23 Forms a translocation channel MIM 28
TIMM23B
TIMM17A Tim17a
— 761 Tim17 Involved in lateral sorting of precursors MIM 28
Tim17b2
TIMM50 Tim50 Receptor, gating of Tim23 channel MIM 29
TIMM21 Tim21 interacts with the IMS domain of Tom22 MIM 30
PAM
Hsp70
HSPA9 member 9/ mtHsp70 ATP-dependent protein transport MIM 31
Mortalin
TIMMA44 Timd44 Membrane anchor for PAM subunits MIM 32
PAM16 Magmas -L;n;}fé controls Pam18/DnalC19/15 activity MIM 33
DNAIC19 D”ajcz';p“o .
im14/ stimulates ATPase activity of mtHsp70/mortalin MIM 33
DNAJCIS Dnal Hsp40 Pam18
C15
PAM17 - Pam17 Integrity of Pam18-Pam16 module, binds to Tim23 MIM 34
ggzﬁ; g:EE ::EZ ; Mgel Mitochondrial nucleotide-exchange factor for mtHsp70/Mortalin MIM 35
TIM22 complex
TIMM22 Tim22 Forms a double channel MIM 36
TIMM29 - Tim29 assembly and stability of TIM22 complex MIM 37
- - Tim54 Binds Tim9-Tim10-Tim12 complex MIM 38
- - Tim18 Involved in assembly of TIM22 complex MIM 38
TIMM9 Tim9 Tim9 IMS 3
TIMM10 Tim10a Tim10 Transport of precursors through IMS IMS
TIMM10B Tim10b Tim12 IMS
MIA complex
CHCHD4 Miad0 Mediates oxidation of precursors through disulfide bonds IMS 40
GFER ALR Ervl Oxidation of and cooperation with Mia40 in transfer of disulfide IMS 41,42
bonds
- - Hot13 Promotes oxidation of Mia40 by Erv1, binding of zinc ions IMS 43
Nucleus
AIF1 AIF - Involved in the import of human Mia40 Cytosol 27
IMS




Table 1 (continuation)

SAM complex
SAMMS50 Sam50 Forms a channel for insertion MOM a4
MTX2 Metaxin 2 Sam35 Binding of B signal, partner of Sam50 MOM 45
MTX1 Metaxin 1 Sam37 Promotes release of precursors MOM 45
TIMM9 Tim9 Tim9
TIMM10 Tim10a Tim10 IMS 39
TIMMEA T.|m8a Tim8 Acceptance and transport of precursors through IMS
TIMMSB Tim8b
TIMM13 Tim13 Tim13
MOM, mitochondrial outer membrane; IMS, intermembrane space; MIM, mitochondrial inner membrane; Ref, reference; Local, Localization.
Gene symbols searched in NCBI and MitoProteome databases.

Almost all precursor proteins are initially imported into the mitochondria by TOM
complex; then, it cooperates with other protein complexes for sorting into the diverse
mitochondrial subcompartments (Figure 1)'34®, Precursor proteins containing B-barrel signals
and multi-membrane-spanning proteins directed to the MOM are passed on to SAM complex
and IMS proteins require the MIA complex'®3, Insertion of precursor proteins into the MIM is
mediated by TIM22 or TIM23, whereas the translocation of precursor proteins into the matrix is
only mediated by TIM23 31246 The precursor proteins are handed to TIM23 complex by TOM

complex and then they can be imported into the matrix or inserted in the MIM lipid bilayer'>*.

Hydrophobic metabolite carrier proteins of the MIM are imported by TIM22 complex'*-26,

1.4.1 TOM complex

As in yeast, the human TOM complex (Figure 2) is the main entry gate to mitochondria
and it consists of three membrane-integral receptor subunits Tom20, Tom22 and Tom70, the
channel-forming subunit Tom40 and three small Tom proteins Tom5, Tom6 and
Tom71213:21.2527.48 = A|l  homologous components were identified in humans?%?1232649
demonstrating that this complex is highly conserved and consequently highlighting its
importance?®. The Tom20 acts as the initial recognition site for precursors with presequences
interacting with their hydrophobic surface and transfers the precursors to the central receptor
Tom?22122450-52 Additionally, it may interact with chaperones that bind to precursors, preventing
their aggregation and targeting them to TOM?!. In human cells, the precursors with
presequences delivered to Tom20 are transported by Hsc70 and another cytosolic factor,

arylhydrocarbon receptor interacting protein (AIP)*”3, This delivery by cytosolic chaperones to

Tom?20 does not occur in yeast®.
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Figure 2. The majority of precursor proteins are initially imported through the TOM complex. MOM, mitochondrial outer
membrane; IMS, intermembrane space; MIM, mitochondrial inner membrane; TOM, outer membrane translocase; Tom20,
outer membrane translocase subunit 20; Tom22, outer membrane translocase subunit 22; Tom70, outer membrane
translocase subunit 70; Tom40, outer membrane translocase subunit 40; Tom5, outer membrane translocase subunit 5;
Tom6, outer membrane translocase subunit 6; Tom7, outer membrane translocase subunit 7; Hsc70, Heat shock cognate
71 kDa protein; AIP, arylhydrocarbon receptor interacting protein; Tom34, Mitochondrial import receptor subunit 34;Hsp90,
Heat shock protein 90-alpha

The existence and characterization of a novel isoform of Tom20 in animals, including
humans, rats and mice, was reported by Likic and colleagues (2005), that was designated type |
Tom20 (also called Tom20-like/Tom20L) since the isoform structurally and functionally
characterized at the time was designated as type Il Tom20%2. In mammalian cells, Tom20L is
located in the mitochondria?***. The presence of this isoform is also reported in other organisms,
including some fish and invertebrates (Drosophila melanogaster and Caenorhabditis
elegans)**>*. The study of the Tom20 isoforms in mice and rats reveled clear differences
between Tom20 and Tom20L?%. In mice, the isoforms presented a sequence identity of 34.9%
with various conservative substitutions while in rats, they presented 60.3% of sequence identity
and similarity?2. The analysis of the 3D structure was also made using the rat Tom20 NMR
structure. Furthermore, the interaction of mouse Tom20L with a presequence peptide was also

achieved using the rat Tom20-presequence peptide complex as template ?2. The comparison of



these interactions was made for trying to understand if Tom20L was also capable of recognition
of precursors and if the interaction was similar?. This analysis revealed obvious differences
between the isoforms?2. From the predicted presequence-interacting residues, the majority of
different residues maintained their proprieties allowing the assumption that the binding
between receptor-substrate is not disturbed??. Some residues changes led to a charge alteration,
which could cause to a possible binding?2. Even though there is this possibility, the use of a
representative peptide of a precursor presequence does not accurately represent the real
interaction, because in a native substrate, the region with charge modification would be located
distantly from the N-terminal of the precursor??.

Furthermore, the functional characterization of Tom20L was also performed. Analysis of
the Tom20 isoforms expression in mouse revealed a differential expression of Tom20L with
testis specificity unlike Tom20 that was ubiquitously expressed. A similar expression pattern was
reveled in D. melanogaster’. The specificity of Tom20L was demonstrated before in this
specimen being only present in male germline specifically in early spermiogenesis®*. Other
studies focused on the clarification of expression patterns of the totality of human genes
demonstrated a clear testis preference for the expression of TOMM20L>>>%. The second tissue
with a higher expression of TOMMZ20L was the cerebral cortex and it was expressed in other

t>>°¢ Function loss experiments performed in C. elegans

tissues, but in a reduced exten
demonstrated that Tom20L cannot replace Tom?20, but it is functional??.

The Tom22 connects Tom20 to Tom40 and may assist Tom20 in the binding and
unfolding of precursor proteins*. In addition, as in yeast, human Tom22 is also a crucial player
in the integrity of the TOM complex®'#?’. The Tom70 recognizes hydrophobic precursors that
contain internal targeting signals®?. In humans, this subunit also interacts with three cytosolic
chaperones (Hsc70,Hsp90 and Tom34) while in yeast it only interacts with Hsp70'*3?7, The
Tom34 is absent in yeast, being exclusively present in mammalian cells, and its function remains
indefinable?’. While a report has proposed that this protein interacts with the mature portion
of some precursor proteins, maintaining them in an unfolded state for import®’, another report
suggested that the mitochondrial import was not disturbed by Tom34 depletion in mice®®, and
consequently, further studies are needed for the assessment of the role played by Tom34°%,
After recognition, Tom70 transfers the precursor to Tom22>!2, Afterwards, the precursors are
inserted into the Tom40 channel. The Tom40, a B-barrel protein, allows the passage of proteins
across MOM®® and a recently described conserved polar groove, uniquely present in this B-barrel
protein, was suggested to interact with the presequence of precursors*®°. The small Tom
proteins are involved in the assembly, dynamics and stability of TOM complex®. The Tom5

promotes the assembly of the TOM complex and participates in precursor protein transfer from
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Tom22 to the Tom40 channel®®?®, The Tom6 and Tom7 play antagonistic roles?®*®. Moreover,
the function of the individual proteins is not conserved between yeast and human
mitochondria?®?’. While yeast Tom6 stabilizes the large TOM complex and yeast Tom7 favors its
disassembly, these roles seem to be inverted in humans*?>%¢, The small Tom proteins seem to
be essential to TOM as a group, since the loss of individual small TOM proteins causes merely
reduced effects and their simultaneous depletion is lethal*?.

The expression of the human genes encoding the receptor subunits of TOM complex,
namely Tom20 and Tom70, seem to be positively regulated via GA-binding protein (GABP) which
is a transcription factor involved in the regulation of genes encoding a variety of molecules which
have roles in multiple functions of mitochondria®%2,

In yeast, the TOM complex is regulated by cytosolic kinases which phosphorylate the
complex in response to different growth conditions and to the cell cycle®. This regulation
influence the assembly of the TOM complex and therefore the availability of functional

complexes!®3,

1.4.2 TIM23 complex

The TIM23 complex (Figure 3) is composed by the essential subunits, Tim23, Tim17 and
Tim50, and a non-essential subunit, Tim21'28, All homologous components of the yeast
complex have been identified in humans and presented high similarity demonstrating a
structural and functional conservation®?2%%8 The Tim23 and Tim17 form a channel for
translocation of precursors, which is dependent on the membrane potential; in addition, Tim17
also regulates the channel and it is responsible for the differential sorting>!%3%65%¢_ Moreover,
the Tim23 cooperates with Tim50 in the recognition of the presequences'?!*®’. In humans,
Tim23 is represented by three variants: Tim23, Tim23b1 and Tim23b2, being the latter two
proteins encoded by the same gene, TIMM23B%. The expression of TIMM23 and TIMM23B is
regulated by two different transcription factors, namely GABP and nuclear respiratory factor 1
(NRF1) having activating and repressing activity, respectively®®. The human Tim17 is also
represented by three variants: Tim17B1, Tim17B2 and Tim17A3%%° These variants are
integrated in three distinct forms of human TIM23 complex, human translocase B1, human
translocase B2, and human translocase A, respectively?®®. Even though Tim17 and Tim23
present three variants, the integration with different complexes is only reported in Tim17%. The
Tim50 cooperates with Tim23 for recognition of precursors®. In contrast with yeast Tim50, the
human Tim50 presents phosphatase activity and its role is still elusive?”%°. The TIM23 complex

interacts transiently with TOM complex through the subunits Tim50, Tim23 and Tim21, thus
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assisting in the translocation of the precursor from the MOM to the MIM?*3. Apart from being a
receptor of presequences in the IMS3, the regulation of permeability of the translocation
channel is also a task for Tim50%. The Tim21 also forms part of the mitochondrial translation
regulation assembly intermediate of cytochrome c oxidase (MITRAC) being crucial for the
assembly of subunits into the mature complex IV!*%4 Additionally, it is needed for the transfer
of precursor respiratory chain subunits containing presequences from the TIM23 complex?/48%4,
The Tim21 might also regulate the association of the import motor with the subunits from the
membrane belonging to the TIM23 complex!?.

Translocation mediated by the TIM23 complex is energetically driven by the membrane
potential (A) across the MIM and the hydrolysis of ATP>12257072 The membrane region of the
TIM23 complex can transfer only the targeting signal of precursor proteins and insert laterally
in the lipid phase of MIM3!22>72 Then, the presequence translocase-associated motor (PAM)

has to take over?. The PAM is responsible for completing the protein translocation across the

MIM in a process that depends of energy obtained from ATP hydrolysis®2.
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Figure 3. Cooperation between TOM and TIM23 complexes and import motor is necessary for translocation and insertion of
precursors. MOM, mitochondrial outer membrane; IMS, intermembrane space; MIM, mitochondrial inner membrane; Ay,
electrochemical potential of the inner mitochondrial membrane; TOM, outer membrane translocase; Tom20, outer membrane
translocase subunit 20; Tom22, outer membrane translocase subunit 22; Tom70, outer membrane translocase subunit 70; Tom40,
outer membrane translocase subunit 40; Tom5, outer membrane translocase subunit 5; Tom6, outer membrane translocase subunit
6; Tom7, outer membrane translocase subunit 7; TIM23, presequence translocase; Tim17A/B, presequence translocase subunit
17A/B; Tim23, presequence translocase subunit 23; Tim50, presequence translocase subunit 50; Tim44, presequence translocase
subunit 44; Tim21, presequence translocase subunit 21; PAM, presequence translocase-associated motor; GrpE, GrpE protein
homolog 1, mitochondrial; DnaJC19/15, Dnal homolog subfamily C member 19/15; MITRAC, mitochondrial translation regulation
assembly intermediate of cytochrome c oxidase;Tim21, Mitochondrial import inner membrane translocase subunit 21
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1.4.2.1 Import motor associated to TIM23 complex

In yeast, this motor consists of molecular chaperone heat shock protein 70 (mtHsp70),
which represents the central subunit, Tim44, two subunits with Dnal-like structures
Tim16/Pam16 and Tim14/Pam18, Pam17, and nucleotide exchange factor Mge1%. In humans,
all homologous components (Figure 3) were identified, except Pam17 with high functional

evolutionary conservation39%31:333473

. Mortalin, the human equivalent of yeast mtHsp70 is
responsible for the ATP-dependent transport of the mature part of the precursor proteins into
the mitochondrial matrix*?. The activity of Mortalin during precursor transport is controlled by
co-chaperones®?, including GrpE (human Mgel), Magmas (human Pam16 orthologue)’,
DnalC15 (also known as MCJ) and DnaJC19%%7>, A recent study suggests that two GrpE
orthologous are present in human cells, namely GrpEL1 and GrpEL2%*. The Tim44, a hydrophilic
matrix protein is partially attached to the inner membrane'?. The Tim44 is in the proximity of
precursor proteins and may bring PAM subunits to their surroundings and therefore promoting
the translocation'?. Beyond the formation of a docking platform, the Tim44 also binds to the
precursor being the first PAM component to make contact with the precursor transiting through
the Tim23 channel*'2. The Pam18 human orthologues, DnaJC15 and DnalC19, contains a J
domain that stimulates the ATPase activity of Mortalin’2. As human Tim17, DnaJC15 and
DnalC19 assemble into different TIM23 complexes, with DnaJC15 associating with translocase

2278 In terms of

containing Tim17A, whereas DnalC19 associates with Tim17B1 or B
functionality, these orthologues are not similar, since only DnaJC15 is capable of complementing
Pam18-depleted yeast cells’>’®. The DnaJC15/19 binds to hTim17A/B1/B2, and in yeast Pam17
binds to the Tim23 being a player in the organization of PAM-TIM23 complex*?’. The Magmas
are J-related proteins that form a stable complex with DnaJC15/19 and control its activity?. The
GrpE promotes the release of ADP from Mortalin and thus stimulates a new round of ATP binding
and precursor translocation?.

Depending on the precursor to be imported, the TIM23 complex couples with PAM or
remains in its free form (Figure 3). If the proteins carry a hydrophobic sorting/stop transfer signal
behind the matrix-targeting signal, it is only needed the free form for the lateral release into the
lipid phase of MIM**277_If precursors are directed to the mitochondrial matrix, the association
with PAM is crucial. When the precursor is translocated through the TOM channel, the Tim50
binds directly to the precursor and promotes its binding to the IMS domain of Tom22378%9 Then,
the Tim21 binds transiently to Tom22 inducing release of the presequence, which then attaches

to the Tim23 channel®’®8, The Ay activates the Tim23 channel and generates an

electrophoretic force on the presequence®*7!, The association of the TIM23 with complexes IlI
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(bcl-complex) and IV (cytochrome c oxidase) supports the Ay-dependent insertion of
preproteins®7882-84,

As mentioned before, if the precursor has a hydrophobic sorting signal behind the
matrix-targeting signal, the translocation stops and lateral release occurs. Otherwise, precursors
are imported completely into the matrix and for the occurrence of that process, the import
motor needs to associate with TIM233. For complete import, Magmas and DnaJC15/19 associate
with the TIM23 complex while it is still bound to the precursor®*®74, In yeast, the Pam17 also
assembles at an early stage and it is released when the precursor emerges on the matrix side>.
The assembly of Tim44-Mortalin activates the motor inducing the binding to the precursor in
translocation and drives it to the matrix>®. The mitochondrial processing peptidase (MPP)
removes the presequence during or after translocation into the matrix and protein achieves its
active, folded form3.

There are cases in which the precursors that contain tightly folded domains are laterally
sorted into the MIM, but the import motor for unfolding these domains is also required. Here,
the precursor depends on lateral sorting and motor activities and thus requires the association
of TIM23 and PAM for a correct import>.

As in TIM23 complex, PAM has a role in the assembly of the cytochrome c oxidase,
namely through the association with specific factors for promoting the biogenesis of the

complex [V138687,

143 TIM22 complex

The TIM22 complex has been extensively studied in Saccharomyces cerevisiae but the
same cannot be affirmed about the mammalian TIM22 complex. Taking into account the
information obtained for the diverse translocases of the different organisms, one can assume
that the TIM22 complex is significantly different between lower and higher eukaryotes®.

In yeast, this complex consists of the following central subunits: Tim22, Tim54, Tim18
and Sdh3363888%0  Additionally, there is an association with small Tim proteins, namely Tim9,
Tim10 and Tim12!215394791°94 |n humans, only Tim22 and small Tim proteins (Figure 4) are
present?®3%489 The gene encoding hTim22 presents ~40% similarity with the yeast gene. There
no evidences for the existence of clear homologous of Tim54 or Tim18 and that Sdh3
homologous (SDHC) interacts with the TIM22 complex*>39%. Concerning to the small Tim
proteins, the yeast Tim10 presents two human homologous proteins, Timl10a and the

Tim10b!*3%9,
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Figure 4. Import of hydrophobic metabolite carrier proteins of the inner membrane mediated by TOM and TIM22 complexes.
MOM, mitochondrial outer membrane; IMS, intermembrane space; MIM, mitochondrial inner membrane; A, electrochemical
potential of the inner mitochondrial membrane; TOM, outer membrane translocase; Tom20, outer membrane translocase
subunit 20; Tom22, outer membrane translocase subunit 22; Tom70, outer membrane translocase subunit 70; Tom40, outer
membrane translocase subunit 40; Tom5, outer membrane translocase subunit 5; Tom6, outer membrane translocase subunit
6; Tom7, outer membrane translocase subunit 7; TIM22, carrier translocase; Tim22, carrier translocase subunit 22; Tim29,
mitochondrial import inner membrane translocase subunit 29; Tim9, mitochondrial import inner membrane translocase
subunit 9; Tim10a, mitochondrial import inner membrane translocase subunit 10a; Tim10b, mitochondrial import inner
membrane translocase subunit 10b.

The Tim22 is the channel-forming subunit being the major component of the TIM22
complex and it is structurally related to Tim17 and Tim23 suggesting that both TIM complexes
have evolved from a common ancestor®*#, The Tim54 appears to be required for the stability
of Tim22 but it may not interact directly with the precursor in translocation®. The Tim18 is
structurally related to the subunit IV of the succinate dehydrogenase (complex Il of the MRC)
and it might be involved in the assembly and stability of the TIM22 complex3°. The small Tim
proteins participate in the transport of metabolite carriers into the MIM, maintaining the
precursor in a conformation that favors the import®*%>. In humans, a complex formed by Tim9
and Tim10A associates with the precursor within the TOM complex through the binding to
hydrophobic segments >2°. When the precursor is totally apart from TOM complex, it is
delivered to another complex where Tim10B also associates with the complex 3%, Afterwards,
the precursor is inserted into the translocase channel formed by Tim22 for the lateral insertion

into the MIM lipid bilayer®3. This insertion depends on the existence of the A%,
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An additional human subunit has been identified, Tim29, which is an integral MIM
protein and plays a role in the assembly of Tim22, leading to the stabilization of the TIM22

complex'>¥. Furthermore, the Tim29 connects the TIM22 complex to the TOM complex®>*’.

144 MIA complex

The MIA complex (Figure 5) consists of a central component, Mia40* and Erv1*:%8, A
IMS protein, Hot13, also interacts with this complex®. In humans, Mia40 and Ervl have been
identified as CHCH4 and ALR, respectively***. The oxidoredutase Mia40 binds to the small IMS
precursor proteins containing repetitive cysteine motifs, promoting their translocation through
the MOM and the following assembly to the mature forms in the IMS >*%%, The sulfhydryl
oxidase Ervl interacts with Mia40 allowing the biogenesis of the small IMS proteins mentioned
before>*%8, The Hot13 binds zinc ions used for oxidation of precursors maintaining Mia40 free
of these ions and, therefore, allowing the re-oxidation of Mia40 through Erv134>%, The main
differences between yeast and human are the structure of Miad0/CHCH4 and the
existence/absence of Hot13 and AIF*. The AlIF is involved in the import of CHCH4. Therefore, it
allows the correct function of the MIA complex!®. In contrast with yeast form, the CHCH4 is not
anchored to the MIM, being in a soluble form***, This change does not have a functional impact
in CHCH4, maintaining the same abilities of the yeast form %*#¢, The human sulfhydryl oxidase
ALR is similar to its yeast homologous®®. The subunits from this complex act as a disulfide relay
system*’ (Figure 5). The Mia40/CHCH4 forms transient intermolecular disulfide bonds with the
precursor by using a redox-active CPC (cysteine—proline—cysteine), which is essential for its
function and interacts with specific motifs of the precursor, when it emerges from the TOM
complex>#810L102  Then, Mia40/CHCH4 promotes the formation of internal disulfide bonds
within the precursor, leading to the removal of electrons and, consequently, the oxidation and
release of the later into the IMS and reduction of cysteine residues in Mia40/CHCH43*. For the
re-oxidation of cysteines of Mia40/CHCH4, it cooperates with Ervl/ALR that accepts electrons
from Mia40/CHCH4 and transfers them via cytochrome c oxidase complex to the MRC and hence
to 0,*°. Alternatively, the Ervl can also use O, directly, resulting in the production of hydrogen
peroxide®. The active form of Ervl is a homodimer, and an exchange of electrons between the
two monomers has been identified as a central aspect of the reaction mechanism®. An
alternative mechanism has been suggested for the protein oxidative folding. Here, Mia40, Erv1
and the precursor form a ternary complex, occurring, a direct cooperation between them>®4>103,
In humans, the involvement of these mechanisms, independently or in cooperation, still needs

confirmation?’.
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Figure 5. Import of precursors containing cysteine motifs is mediated by TOM and disulfide relay system. MOM, mitochondrial
outer membrane; IMS, intermembrane space; MIM, mitochondrial inner membrane; e, electron; TOM, outer membrane
translocase; Tom20, outer membrane translocase subunit 20; Tom22, outer membrane translocase subunit 22; Tom70, outer
membrane translocase subunit 70; Tom40, outer membrane translocase subunit 40; Tom5, outer membrane translocase subunit
5; Tom6, outer membrane translocase subunit 6; Tom7, outer membrane translocase subunit 7; MIA, IMS import and assembly;
Miad0, IMS import and assembly subunit 40; ALR, sulfhydryl oxidase; IV, cytochrome c oxidase; Cyt.c, cytochrome c; AlF,
Apoptosis-inducing factor.

1.4.5 SAM complex

In yeast, the SAM complex consists of two essential proteins, Sam50 and Sam35%4104,
The complex also includes a third subunit (Sam37), which is not essential to cell viability®>*.
These proteins are conserved from bacteria to eukaryotes and the homologous protein of
Sam50 has been identified in human mitochondria®®. For Sam35 and 37, Metaxin 2 and Metaxin
1/3 have been suggested to be their functional substitutes, respectively, since they appear to be
required for the biogenesis of B-barrel proteins in human cells?’. Although a functional homology
can be assumed, the direct sequence homology between metaxins and Sam35/Sam37 is still
absent!®?’. The Sam50, a B-barrel protein, represents the core of the SAM complex, forming a
channel; its activity is induced by the internal targeting signal of the B-barrel precursor
proteins®>*°, The Sam35 (Metaxin 2, in humans) assists Sam50 in the specific response to the B-
signal, recognizing this signal and inducing the opening of the channel®****, The Sam37 (Metaxin
1/3, in humans) is involved in the release of precursor proteins from the SAM complex with the

assistance of Sam50°°. Kutik and colleagues (2008) proposed the following mechanism for the
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translocation of B-barrel proteins: binding of the precursor B-signal to the hydrophilic, a-helice
region of Sam35 located in the proximity of B-barrel domains of Sam50. This binding induces a
conformational alteration, leading to the opening of the channel and the insertion of the B-
strands. Then, the precursor is laterally released into the lipid phase of the MOM>*°.

The interaction between Sam50, Metaxin 2, Metaxin 3 and MICOS has been
reported?’181951% The association of SAM complex subunits with MICOS leads to the formation
of the MIB complex, which extend across the MIM and the MOM?. The MIB complex has
important roles specifically in the maintenance of cristae structure and respiratory chain
biogenesis®®1%7,

Initially, the translocation of the precursors of B-barrel proteins is mediated by TOM
complex and, therefore, enter into the IMS (Figure 6)3. In yeast, the small TIM proteins bind to
the precursor and transport it to the surroundings of SAM complex®. In human mitochondria,
the delivery to SAM complex by these small proteins was not reported?’. In fact, it is still

unknown if the precursors are delivered to the complex from the IMS?’. The B-barrel precursors

are inserted into the channel formed by Sam50 and, afterwards, released into the MOM?®.
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Figure 6. Insertion of B-barrel proteins into MOM is mediated by SAM complex. MOM, mitochondrial outer membrane; IMS,
intermembrane space; MIM, mitochondrial inner membrane; TOM, outer membrane translocase; Tom20, outer membrane translocase
subunit 20; Tom22, outer membrane translocase subunit 22; Tom70, outer membrane translocase subunit 70; Tom40, outer membrane
translocase subunit 40; Tom5, outer membrane translocase subunit 5; Tom6, outer membrane translocase subunit 6; Tom7, outer
membrane translocase subunit 7; SAM, sorting and assembly complex; 50, SAM subunit 50; 2, Metaxin 2; 1/3, Metaxin 1/3; Tim9,
mitochondrial import inner membrane translocase subunit 9; Tim10a, mitochondrial import inner membrane translocase subunit 10a;

Tim10b, mitochondrial import inner membrane translocase subunit 10b.
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1.5 Post-translational modification of mitochondrial precursor proteins

Mitochondrial proteins are imported into the mitochondria in their precursor form that
is the inactive form. For their maturation and consequent functional activation, the signals that
allowed the targeting to the diverse subcompartments must be detached by proteolytic action
and, in some cases, the precursors have to be folded. This processing is accomplished by
mitochondrial peptidases. These enzymes are involved not only in proteolytic processing, but
also in other biochemical processes essential for the mitochondrial function, including the
maintenance of protein quality. This control consists of degrading damaged proteins and the
regulation of mitochondrial gene expression and biogenesis by processing key components of
the pathways'®'%, In addition, these proteases regulate mitochondrial dynamics, mitophagy
and apoptosis'®. Here, the role of the mitochondrial peptidases involved in precursor processing
is addressed.

Upon import into the matrix, most presequences are removed by proteolytic activity of
MPP313, The MPP is a heterodimer localized in the mitochondrial matrix and it is composed by
two homologous subunits: mitochondrial-processing peptidase subunit-a (a-MPP, PMPCA in
humans) and mitochondrial-processing peptidase subunit-B (B-MPP, PMPCB in humans)31%108,
Both subunits are highly conserved and essential’®® but only PMPCB has cleavage activity and it
is a metallo, intrinsic protease'®. The PMPCA recognizes and binds the presequences of
precursors whereas PMPCB cleaves the mitochondrial import signal®®,

In proteins targeted to MIM, which have the hydrophobic sorting signal located after
the matrix-targeting signal, the hydrophobic signal is usually responsible for the attachment of
the mature protein to the membrane and, consequently, the cleavage does not occur?.

For several IMS proteins, the hydrophobic sorting signal is cleaved off by an integral-
MIM protease, the inner membrane peptidase (IMP), which contains the catalytic domain in the
IMS, and thus, the mature protein is released into the IMS*'%, The IMP is an intrinsic, hetero-
oligomeric, serinic protease that consists of two catalytic subunits, Imp1 and Imp2, and the
auxiliary protein Som11%, In human mitochondria, IMMP1L and IMMP2L are the homologous of
Imp1 and Imp2, respectively!®. The IMP can cleave presequences, independent of MPP, but
often after processing by MPP%,

Some mitochondrial matrix and MIM proteins require additional cleavage events for
total maturation and stabilization. These events only take place after the MPP processing. The
mitochondrial intermediate peptidase MIP (Oct1, in yeast) and X-Pro aminopeptidase (XPNPEP3,
Icp55 in yeast), which are intrinsic, and metallo proteases, remove an additional octapeptide

sequence and one amino acid from the N-terminal, respectively®!%1%° These enzymes only
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recognize and cleave their substrate after the removal of presequences®'%. The analysis of the
N-terminal of mature proteins in yeast and plants using proteomic studies has shown an
increasing number of substrates of these proteases, and also allowed the study of their cleavage
Sitesllo_llz.

The human MIP is encoded by MIPEP that is differently expressed in human tissues being

highly expressed in heart, skeletal, muscle and pancreatic tissues'

and, predominantly, in
tissues with high oxygen consumption and energy demand!*. The expression of this gene is
potentially regulated by nuclear factor kappa-B (NF-kB) and activated by protein-1 (AP-1), which
responds to redox cell state, since the promoter regions contain binding sites for these
factors'*. The promoter regions of this gene also contain specific sequences called Mt1, 3 and
4, which are present in nuclear genes involved in the oxidative metabolism and are also present
in the region responsible for the mtDNA control'*. The genomic region where the gene is
located, has been associated with a form of muscular dystrophy, pancreatic carcinoma and
deafness. More recently, a genome-wide association study (GWAS) in Han Chinese population
identified a lung cancer susceptibility region where MIPEP is located'®. Finally, Eldomery and
colleagues (2016) demonstrated, for the first time, the involvement of MIP in human disease*®.
Using Whole-Exome Sequencing (WES), recessive variants of MIPEP were found in patients with
left ventricular non-compaction, a disorder characterized by a failure in the development of a
compact myocardium??®,

The human MIP is capable of performing efficiently as substitute of the yeast MIP (Oct1),
revealing a conserved function of this protein between yeast and human'**,

The substrates of MIP and their roles are quite diverse. These substrates are involved in
MRC, TCA cycle, the urea cycle, genome preservation and translation, protein folding and stress
response’'’. In human mitochondria, the cytochrome c oxidase subunit 4 and the ornithine
transcarbamylase are reported subtrates and more recently, the processing by this protease has
been suggested to be required for total functional activation of sirtuin 3, which is responsible
for the regulation of acetylation levels of metabolic enzymes!*®1'°, Evidences also suggest that
MIP may have a role in the regulation of the mechanism of action of Notch, which determinates
the cell fate as a result of certain cellular signals!®®. Notch and gamma-secretase can also
regulate mitochondrial proteins, including MIP that reveals a mutual regulation!®. This
regulation requires further studies to elucidate the molecular mechanisms involved and its
impact in the cellular fate!?®. The second processing by MIP takes place when, after the MPP
processing, the proteins have a phenylalanine, leucine or tyrosine residue in their N-terminal'!2,
The destabilization of these proteins, which is caused by bulkiness of the mentioned amino acid

residues and explained by the N-end rule of the protein degradation, makes this processing
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necessary!1#117.121122 The N-end rule demonstrate that the amino acid residue of the amino
terminal of proteins determine their in vivo half-life span'?®. In summary, the Oct1/MIP removes
destabilizing residues from the N-terminal of precursors leading to the formation of mature
proteins with a stable N-terminal and, therefore, acting as a quality control component of
precursors undergoing double processing!!%117:124,

In addition to the protein processing, an interaction between MIP and frataxin has been

suggested and, consequently, a role in iron usage!*.
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1.6  Leber’s Hereditary Optic Neuropathy (LHON)

1.6.1 Clinical presentation

Leber’s hereditary optic neuropathy (LHON) is a rare maternally inherited disorder,
although it is one of the most common mitochondrial diseases'®>*?®, It is characterized by loss
of retinal ganglion cells (RGCs) and degeneration of the optic nerve!?, leading to sudden and

1267128 The first symptom is blurred or clouded vision in

painless loss of central or total vision
both eyes or, typically, in one eye and in the next few weeks or months, the second eye is also
affected. Normally, LHON presents in males during adolescence or young adulthood but cases
in which both genders’ patients present a diverse range of ages of onset have been
reported!?®1%129 The disease is characterized by a rapid progression with small probability of
partial visual recovery?”-*?8, Typically, vision loss is the only clinical presentation. However, other
anomalies can appear in LHON patients, namely cardiac and neurologic manifestations, and

those cases are defined as LHON-p/us*?®1%,

1.6.2 Genetic context

1.6.2.1. mtDNA

About 90% of LHON cases with genetic cause identified are due to one of three primary
mtDNA point mutations in genes affecting mitochondrial complex | subunit (NADH
dehydrogenase) of the MRC, as follows: MT-ND1 (m.3460G>A), MT-ND4 (m.11778G>A), or MT-
ND6 (m.14484T>C)130-132 Additionally, other 16 rare primary mtDNA mutations affecting the
same genes were identified as genetic causes of LHON. Other 19 mtDNA mutations present in
genes encoding complex | subunits, ATP synthase 6, cytochrome c oxidase, cytochrome b and
ATP synthase 8 have been suggested as candidate genetic variants being found in one individual

or family (https://www.mitomap.org/foswiki/bin/view/MITOMAP/MutationsLHON#21)

(Bacalhau, M. et al., unpublished data). Spontaneous visual recovery is more common in patients
with the mutation m.14484T>C, with a partial recovery rate of 37%-58%, intermediate in the
mutation m.3460G>A, with~20% partial recovery rate; the mutation m.11778G>A has the lowest
partial recovery rate of 4%'%. Nevertheless, the majority of patients with characteristic clinical

symptoms remain without a genetic cause identified.
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1.6.2.2. nDNA

The mtDNA mutations identified as genetic causes of LHON cannot fully explain the
pathogenicity of the disease. Since the mitochondrial function is highly dependent of nuclear
encoded-proteins, nuclear gene factors have been suggested to be involved in this
pathogenicity.

The higher prevalence of LHON in males suggested an influence of chromosome X genes
in the disease. This influence was suggested in several genetic linkage studies revealing the
involvement of modifier locus located in certain regions from this chromosome, in the
manifestation of LHON phenotype®** 3¢, Additionally, the inactivation of X chromosome could
led the reduced prevalence of the disease in female since the LHON X-linked locus could be
inactivated®®*.

Additionally, polymorphisms in EPHX1 and p53 gene may be related with an earlier age
onset of LHON patients with m.11778G>A mutation'®’. The EPHX1 gene encodes a protein
responsible for the hydrolysis of epoxides formed from the oxidative metabolism of endogenous
or exogenous components, such as tobacco smoke components'®’. The reduced activity of the
altered protein can compromise the processing of epoxides and their presence in the cell may
cause the oxidative damage of neurons®’. The p53 protein is involved in the apoptosis pathway
in mitochondria and polymorphic gene variants affecting this protein potentiated cell apoptosis.
Moreover, in a genome-wide linkage study of Thai LHON individuals, presenilins-associated
rhomboid-like (PARL) gene was suggested to act as a potential nuclear modifier in LHON
pathogenicity'®. This association could not be proven in Chinese LHON patients*°. The protein
encoded by this gene is involved in apoptotic events and activate the proteolysis of proapoptotic
proteins accumulated in the MOM*3%,

A downregulation of OPA1 was reported in LHON patients with m.11778G>A mutation
suggesting a role in the disease pathogenicity'®®. The OPA1 encoded protein is involved in the
regulation of mitochondria shape, which is essential for the mitochondrial fusion**.

The YARS2 gene encoding the mitochondrial tyrosyl-tRNA synthetase was also
suggested as a susceptibility gene in LHON individuals with the m.11778G>A mutation*2. A
€.572G>T variant in YARS2 gene, causing an amino acid alteration in a conserved catalytic
domain, was identified'*’. The presence of the mutated YARS2 protein compromised the

mitochondrial translation in lymphoblastoid cell lines derived from patients 4,
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1.6.3 Biochemical context

Takinginto account that the primary mtDNA mutations occur in genes encoding subunits
from the complex | of the MRC, one can assume that an impairment of the function in this
complex could exist and, thus, a defective cell metabolism and failure in ATP production??,
However, the biochemical phenotypes are variable according to the mutation present!®. The
presence of m.3460G>A primary mutation resulted in a substantial reduction of the complex |
activity!?144145 Several studies revealed the absence of a significant decrease of the activity of
complex | when the m.11778G>A and m.14484T>C were present!?!%5, Other studies also
reported the existence of complex | deficiencies in patients with the three primary mutations
mentioned!*®. The phenotypic variability observed may be explained by its evaluation using
different parameters, biological samples and analysis methods, since they may influence the

results obtained¥’.

1.6.4 “Incomplete penetrance” in LHON

Several cases show that individuals carrying a LHON mutation do not always present the
disease. This is designated as “incomplete penetrance” and only ~50% of male and ~10% of

126131 Even when the pathogenic LHON

female mutation carriers develop the symptoms
mutations are homoplasmic (100% of mutant mtDNA) in all maternally-related individuals, only
some individuals will express the disease phenotype'®2. Although the mtDNA mutation is a
requirement to cause LHON, one can assume that it is not sufficient to cause the disease, leading
to variation of disease “penetrance” in different families with the same mutation, and even
within the same family®3%1814%  Evidences suggest that mtDNA content and mitochondrial
biogenesis are associated with the “incomplete penetrance” in LHON families™°. The presence
of modifier genes in nDNA and environmental causes may also contribute to the “incomplete
penetrance” observed in LHON#, The vision loss in carriers can be related with smoking and
alcohol consumption habits'*!. The female hormones, in particular estrogens, could also have a
neuroprotective effect on RGCs function, and this feature could account, at least partly, for the

relative protection of female LHON carriers against visual loss®!. The presence of these

hormones in females can contribute to the gender bias observed in LHON®Z,
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2. AIMS OF THE STUDY



The aim of this study was the identification of genetic variants present in genes encoding
subunits and proteins involved in the protein import into human mitochondria and in the post
import processing of precursor proteins, which may contribute to the “incomplete penetrance”
verified in mtDNA mutations associated with LHON. The search of these variants in whole-exome
sequencing (WES) data was performed and the functional impact prediction of the relevant
variants was evaluated. The most promising variants were confirmed using two additional

methods and the impact at the protein level was evaluated.
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3. MATERIALS AND METHODS



3.1. Samples and controls

Total DNA from 29 samples (six samples from LHON patients with one of the primary
mtDNA mutations, eight samples from patients without mtDNA mutation identified and fifteen
samples from carriers of one mtDNA mutation) was previously extracted at the Laboratory of
Mitochondrial Biomedicine and Theranostics (BioMiT lab) (previously known as Laboratory of
Biochemical Genetics (LBG)).

Lymphocytes from control individuals and LHON patient were previously prepared at
BioMIiT lab. Skin fibroblasts from human control were also prepared.

Total lysates from mouse cortex and testis were kindly provided by Master Catarina
Neves, Coimbra Institute for Clinical and Biomedical Research (iCBR), Faculty of Medicine,
University of Coimbra, Coimbra, Portugal.

Total lysate from WIDR cells was kindly provided by researcher Salomé Pires PhD,

Biophysics Institute, CNC.IBILI, Faculty of Medicine, University of Coimbra, Coimbra, Portugal.

3.2.  Whole exome sequencing (WES)

The WES is a next generation sequencing (NGS) technique for analysis of the protein
encoding regions and the exonic-intronic boundaries. The presence of alterations in these
regions may influence the maturation of pre-mRNA. The sequencing, and following comparison
with a human genome reference sequence, allows the identification of exonic and splice-site
variants and also distinguish between common and rare, possible pathogenic variants.

The WES analysis was performed by an external service provided by ®STABVIDA, Lda. Briefly, the
DNA integrity was assessed via electrophoresis in agarose gel (1%) in TBE buffer and the DNA
was quantified by fluorometry. Then, the Illumina Nextera rapid capture exome kit v1.2 was
used for the library construction and exome enrichment. The libraries were sequenced using a
HiseqPE (100) cluster kit v4 in the platform Illumina Hiseq2500. After sequencing, the results
obtained were analyzed using CLC Genomics workbench v9.0.1 with the following bioinformatics
pipeline: alignment with a human genome reference GRCh38; variant calling taking into account
its quality; variant filtering against 1000 genomes, phase 3 and ClinVar (v07-07-2016) databases;

in silico predictive algorithms (amino acid changes and splice site effect).
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3.3. Search of nuclear gene variants

The search for variants was focused in 46 genes encoding proteins involved in the
nuclear-encoded mitochondrial proteins import systems and post-translation processing of
precursor proteins (Table 2). The genomic location of the various genes was searched in NCBI

and the variants located in these regions were selected.

Table 2. Human genes encoding the various subunits and proteins of mitochondrial proteins
import systems and post-translation processing of precursor proteins

TOM TIM23 PAM TIM22 MIA SAM PROTEASES
TOMM20 TIMM23 HSPA9 TIMM22 CHCHD4 SAMMS50 PMPCB
TOMM20L TIMM23B TIMM44 TIMM29 GFER MTX2 IMMP2L
TOMM22 TIMM17A PAM16 TIMM9 AlF1 MTX1 PMPCA
TOMM?70 TIMM178B DNAJC19 TIMM10 TIMM9 IMMP1L
TOMM40 TIMM50 DNAJC15 | TIMM10B TIMM10 MIPEP
TOMMA40L TIMM21 GRPEL1 TIMMSA XPNPEP3
TOMM5 GRPEL2 TIMMS8B
TOMM6 TIMM13
TOMM7
TOMM34
HSPAS8
HSP90AA1

3.4. Insilico analysis

The Mutalyser® nomenclature checker was used to determine if the variants correspond
to an intronic or exonic region, in order to know which variants can be analysed for the
prediction of functional changes. The variants found were analyzed using a set of bioinformatics
tools that allows the prediction of variant pathogenicity, namely PolyPhen-2®, PROVEAN®, SIFT®,
MutationAssessor®, Mutation Taster® and NNSplice®*213, PolyPhen-2® prediction is based in
the amino acid sequences and protein tridimensional structure. The variants are classified as
“benign”, “possible damaging” and “probably damaging”®**. This tool uses two prediction
models, HumVar and HumDiv. In this study, HumDiv was used because it is the most appropriate
model for the study of rare alleles involved in complex phenotypes, which is the case of LHON.
The PROVEAN® tool predicts the functional impact of substitutions, insertions, deletions and
multiple substitutions considering the conservation, substitution frequency and the variant

neighborhood classifying the variants as “neutral” or “deleterious”*>>!¢, The SIFT® prediction is
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based on the sequence homology and the variants are classified as “tolerated” or
“deleterious”*>’. The Mutation Assessor® predicts the functional impact of a genetic alteration
taking into account patterns of evolutionary conservation derived from families and subfamilies
of homologous sequences and classifies the variants as “neutral”, “low”, “medium” or “high
impact”1*®1% The Mutation Taster® allows a rapid evaluation of the disease-causing potential
of DNA sequence alterations considering evolutionary conservation, splice-site changes, loss of
protein features and changes that might affect the amount of mRNA and classifies the variant
as “polymorphism” or “disease-causing”®®. The NNSplice® predicts the donor and acceptor
splicing sites (5’ and 3’, respectively) in the exon-intron boundaries of protein encoding-genes
with a score that reflects the probability of occurring splicing upon the sequence variation
occurrence®!,

For the variants detected in coding regions, the first analysis for functional impact
prediction was made using PROVEAN® and SIFT® (J.Craig Venter®). In addition, these tools also
give information about the amino acid sequence changes, the protein ID, codon and strand of
DNA (sense or antisense), the length of the protein, the position and the amino acid change and
also the annotation from dbSNP database.

The variants identified as non-synonymous were analyzed by other tools. The PolyPhen-
2°® prediction was performed, using the protein Uniprot ID, the position of the altered amino
acid, the reference amino acid (A1) and the altered amino acid (A2). Then, in order to proceed
with the analysis using Mutation Assessor®, the version of the human genome, chromosome
and position of the variant, reference nucleotide and altered nucleotide were required. The
prediction can also be made using the protein Uniprot ID, the position of the amino acid
sequence, the reference and the altered amino acid.

At last, it is necessary to enter the gene name, Ensembl transcript ID, the altered position
and the new base or the positions of the bases before and after the alteration and the inserted
bases, for the Mutation Taster® prediction.

According to the prediction, the variants classified as having a functional impact at
PROVEAN® (deleterious — score<-2.5), SIFT® (damaging — score<0.05), PolyPhen-2®
(possibly/probably damaging), MutationAssessor® (medium/high impact) and MutationTaster®
(Disease-causing) were retained for further analysis.

For variants detected in intronic regions, in the proximity of exon-intron boundaries, the
splicing effect analysis was performed using NNSplice. From the variants with possible splicing
effect, those presenting gain or loss of a donor or acceptor site and/or score alteration were also

retained for a more detailed study.

33



Afterwards, the assigned variants with a predicted functional impact by all or in the
majority of the bioinformatics tools were selected. Then, the minor allele frequency (MAF) was
searched in Exome Aggregation Consortium (ExAc) browser, and together with the functional
impact prediction, contributed for the selection of the promising variants, namely those with a

low MAF (<0.05).

3.5. Identification of variants with functional impact using the ExomelLoupe®
software

In addition to the manual identification of the gene variants with potential functional
impact, the identification was also performed for the sample containing the promising variants
using the genetic variants prioritization software, ExomeLoupe® developed by the Genoinseq

(http://genocinseq.com/pt/home/servicossequenciacaoservicos/servicos/).  This  software

performs the in silico analysis of exome sequencing data using the bioinformatics tools for the
prediction of variant functional impact, and presents numerous informations related to all the
variants identified, namely the name of the gene where the variants are located, chromosomic
location, reference and the altered allele and variant genotype (homo or heterozygous). The
software also presents the transcript where the variant has the uppermost impact, the predicted
amino acid change and the degree of functional impact (low, medium, high). Additionally, it
presents the reference cluster ID (rs), allele frequencies in the ESP and 1000 Genomes project,
clinical significance and diseases associated with the variants.

For the identification of variants from genes encoding the mitochondrial protein import
systems and precursor protein processing, the following filters were applied: a list with the name
of the genes under evaluation, variants with a medium or high impact and genotype of the
variants (hetero or homozygosity). The most promising variants were additionally validated

using PCR-RFLP and Sanger sequencing.

3.6. Polymerase chain reaction-restriction fragment length polymorphism (PCR-
RFLP)

The polymerase-chain reaction (PCR) is a molecular technique developed by Kary Mullis
in the 1980s%2. It allows the amplification of a specific DNA sequence from various sources since
simple prokaryotes to higher organisms, as humans. The PCR allows the amplification of the

desired DNA in an exponential manner, starting with a small amount of DNA, which is a valuable
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advantage since it enables the yield of an elevated number of DNA copies and therefore,
allowing the performance of a myriad of additional techniques, such as sequencing, Restriction
Fragment Length Polymorphism (RFLP) and many others'®?%4 The combination of PCR and RFLP
is widely used to search for DNA variants. Besides being a sensitive method, PCR-RFLP is also
simple for the detection of variants!®®. The fragment with the alteration is amplified via PCR,
enzimatically digested using a suitable endonuclease and, then, separated by agarose gel

electrophoresis.

3.6.1. PCR

The amplification via PCR consists in three steps: denaturation, annealing and extension,
which are repeated in each PCR cycle'®®. An additional step of denaturation and extension is
used in the beginning and at the ending of PCR, respectively'®. Each step occurs in a different
temperature, which leads to a specific outcome. First, the initial denaturation ensures the total
separation of the double-stranded template for proper amplification. Then, the cycling starts
with the denaturation allowing the separation of the double strand of DNA template via the
breakdown of hydrogen bonds between the complementary nucleotides of each strand. Then,
the annealing step occurs with the binding of each primer to each single stranded DNA template.
The primers must be designed considering several characteristics using, for example, the

software Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/)*%"-1%° After the primers annealing, the

DNA polymerase is able to start the extension of the new DNA strand only in the presence of a
double stranded template. The extension occurs by the addition of deoxyribonucleotides
triphosphate (dNTPs) to the growing strand.

To amplify the fragments of interest, the PCR was optimized to maximize the
amplification of the desired products. Since the PCR specificity and yield are deeply dependent
on the annealing temperature, the optimization of this parameter was critical’’>'’2, When the
annealing temperature is too low, the appearance of unspecific products is highly probable’*172,
On the other hand, when the temperature is too high, the reaction yield can be reduced or even
inexistent!’*1”2, The annealing temperature is closely related with the primers used, namely the
length and composition of the primer sequence and its concentration®®’. In order to determine
the optimal temperature, a gradient of temperatures was used in the C1000™ Thermal Cycler
(Bio-Rad). Even in the presence of the optimal temperature, the unspecific products may still be
present and/or the reaction yield insufficient. To address this situation, the PCR cycling

conditions, as the initial denaturation, were optimized. Here, the time and temperature were

extended and increased, respectively!’®. These variations allowed the total denaturation of the
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template, which enhanced the binding of primers to the correct sites within the template and,
therefore, it reduced the unspecific binding and formation of primer dimmers, increasing the
reaction specificity. The fragment from TOMMZ20L (one of the genes in study) presents an
elevated percentage of GC content (260%); thus, an additive, dimethylsulfoxide (DMSO), was
added to the reaction®’*. Increasing percentages of DMSO (0-10%) were added to the reaction
mix to determine the optimal percentage to use. The DMSO acts in the base pairing of the
template leading to its disruption 17275,

The fragments were amplified by PCR in a final volume of 20uL containing 20-50ng of
genomic DNA, 1x PCR reaction buffer (with 1.5mM MgCl,) (GE Healthcare), 50uM of forward
and reverse primers (Invitrogen) (Table 3), 2mM of deoxyribonucleotide triphosphates (dNTPs)
(GE Healthcare), 1 U of Taq Polymerase (GE Healthcare) and 10% DMSO (Sigma) that was only
used for the for TOMMZ20L fragment amplification. The cycling conditions are described in Table
4.

Table 3. Primer sequences (designed using the Primer3 software) for amplification of
fragments from MIPEP and TOMM20L

Gene Primer sequence

Forward Reverse

MIPEP | 5’-TGT GGA GTG ATA TGG GGA GTA-3’ 5’-CCC AAT GGA TCT CAG TTT CAG A-3’

TOMM20L 5-GAC AGT GAG TGG GAC CGA G-3' 5’-GTG AGA GGA GAG TGA CTG GG-3'

Table 4. Cycling conditions for amplification of MIPEP and TOMMZ20L fragments

Steps Temperature Time Cycles

95°C 5 min 1
Denaturation 95°C 1 min

Annealing 60°C (MIPEP) 63.5°C (TOMM20L) 30 sec 35
Extension 72°C 30 sec

Final extension 72°C 10 min 1

3.6.2. Agarose gel electrophoresis

For the evaluation of the PCR amplification, namely the presence of the desired DNA
fragments in a considerable amount and the presence of unspecific products, the samples were
run in a 2% agarose gel by electrophoresis. This type of electrophoresis is an effective and
efficient method for the identification of the PCR-amplified DNA fragment'’®. In the presence of

an electric field, the DNA fragments migrate to the positive electrode and they are separated



according to their size, since the mass and charge are in the same proportion’’. The gel may be
prepared in various percentages of agarose depending on the expected product. This
percentage reflects the size of the pores within the agarose matrix. The increase of agarose
concentration reduces the size of the pores, and consequently, it promotes a better separation
of fragments of DNA. To detect the DNA fragments, ethidium bromide (1mg/mL) was used. This
chemical agent intercalates within the base pairs from the DNA double strand and it fluoresces
when it is exposed to UV light*’®, The detection and analysis of the gel were performed using

ChemiDoc™ XRS+ System (Bio-Rad).

3.6.3. RFLP

For the enzymatic digestion, a proper enzyme must be chosen. The creation or removal
of a restriction site as a result of the variant occurrence in a different band pattern after
digestion, allowing the identification in the agarose gel electrophoresis. In addition, the
fragments obtained from the restriction analysis must have different sizes for a good separation
and identification. The choice of the endonuclease was made using software available online,

namely the PCR-RFLP simulator (http://insilico.ehu.es/restriction/main/) and NEBcutter

(http://nc2.neb.com/NEBcutter2/). Whereas the simulator compares the normal and altered

sequence presenting the restriction enzymes that digest the sequences and lead to a different
restriction pattern, the NEB cutter only indicates the restriction enzymes and the patterns for
each of the sequences. So, in this case, the user has to identify the best restriction enzyme. The
resulting band pattern corresponds to the two alleles and therefore, the zygosity of the variant
has to be taken into account. When the variant is present in heterozygosity, the modification of
the band pattern is only caused by one of the alleles, so the bands’ pattern observed is the sum
of both mutant and wild-type patterns.

The resulting fragments from MIPEP and TOMMZ20L were digested using Avall and BrsBlI,
respectively (New England Biolabs, USA). The digestions were performed in a final volume of
20uL containing 15uL of PCR products, 1x buffer and 1U or 5U of BrsBI and Avall, respectively.
After overnight incubation at 37°C, with agitation, the samples were submitted to
electrophoresis in a 3% agarose gel, stained with ethidium bromide. The RFLP pattern was then
evaluated under UV light. The sequences recognized by the enzymes and the expected bands’

patterns are described in Table 5.
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Table 5. Restriction enzymes and expected band patterns.

MIPEP (475 bp)

Restriction enzyme

Recognition sequence

Band pattern

GG (Wild-type) GA (heterozygous) AA (mutated homozygous)
, 475 bp
Avall G'GWC_C
- ;;11 Ep 221 bp 475 bp
P 254 bp

TOMM20L (429 bp)

Restriction enzyme Recognition sequence Band pattern

AA (Wild-type) | A/delA (heterozygous) | delA/delA (mutated homozygous)

, 429 bp
BrsBl CCG'CTC
429 bp 240 bp igg Ep
188 bp P

3.7. Sanger sequencing

The Sanger sequencing, also known as chain termination method is a DNA sequence
determination method that was developed by Frederick Sanger and his colleagues in 19777°.
Nowadays, the majority of the sequencing steps are performed using automated sequencers*®°,

Initially, the amplification of the interest fragments were performed using PCR with the
previously optimized conditions. Subsequently, amplification was confirmed using a 2 % agarose
gel electrophoresis. Then, the PCR product was treated with the addition of ExoSAP-IT®, an
enzymatic cocktail that inactivate the unincorporated dNTPs and primers though
dephosphorylation and degradation, respectively'®'. This treatment was performed with the
incubation of PCR product with ExoSAP-IT® at 37°C for 30 minutes and then at 80°C for 15
minutes to inactivate the enzymes. This incubation was carried out using the C1000™
ThermalCycler (Bio-rad).

Afterward, the PCR product is amplified using a sequencing PCR, which is similar to the
conventional one but with some important differences. Firstly, the primers are used separately
with the forward and reverse primer in independent reaction. Secondly, in addition to the
dNTPs, dideoxynucleotides (ddNTPs) are also added to the reaction®. The ddNTPs do not have
the free hydroxyl group at the 3’carbon and consequently, when are added to the DNA growing
strand, the reaction is terminated. The ddNTPs are added to the reaction in a certain proportion
that allows the formation of fragments with all lengths, between the length of primer and the
complete DNA fragment®®?, Each ddNTP (ddATP, ddTTP, ddCTP and ddGTP) is bound to a
different fluorophore that allows the identification of the ddNTP incorporated in the DNA
strand'®%82, The cycle sequencing was performed using the BigDye™ Terminator Cycle

Sequencing v3.1 kit (Applied Biosystems), in a final volume of 10uL containing 2uL of PCR
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product, 1x BigDye sequencing buffer, 0.32uM of forward or reverse primer and 1x BigDye™
Terminator Cycle Sequencing v3.1 premix. The used cycling conditions are presented in Table 6.
The PCR product was purified using a Sephadex column, which allowed the separation of the
fragments from the fluorescent dye-terminators by molecular exclusion, meaning that the
smaller components are trapped in the porous beads of the column whereas the fragments can
pass them and, consequently, they are isolated from the other reaction components. The
columns were prepared by the addition of a resin of lllustra Sephadex™ G-50 Fine Grade to the
Illustra™ Autoseq™ G-50 columns (GE healthcare) and then the columns were centrifuged at
2,000xg for 1 min. Subsequently, the samples were added to the columns and then, they were

centrifuged again.

Table 6. Cycling conditions used in sequencing PCR

Steps (25 cycles) Temperature
Denaturation 96°C 10s
Annealing 50°C 5s 25
Extension 60°C 4min

Afterward, the fragments were sequenced using the automated sequencer 3130
Genetic Analyzer (Applied Biosystems). The sequencer performs a high-resolution capillary
electrophoresis where the fragments are separated by size allowing the distinction between

fragments with a single nucleotide difference®°

. When the fluorescently labeled fragments pass
the detection region, the fluorophore is excited by a laser and emits fluorescence at one of the
four different wavelengths, which allows the identification of the ddNTP and therefore, the
nucleotide at the end of the fragment!®. The combination of the separation by length of the
fragments and the order of detection of the ddNTPs allows the identification of the DNA
sequence, since the ddNTPs are detected by the order of appearance in the DNA sequence. The

purified sequencing PCR products were diluted in a 96-well plate by adding 1-3uL of product to
17-19uL of H,0 miliQ and then sequenced.

3.8. Western Blot

Western Blot is molecular method first described in 1979 and it is widely used for
detection and analysis of proteins using antibodies!’’. The proteins are separated through an
electrophoresis with denaturing conditions (SDS-PAGE) and then transferred to a membrane.

This membrane is incubated with a primary antibody, which binds to the antigen (protein) and
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after it is incubated with a secondary antibody containing an enzyme attached. This enzyme
cleaves a chemiluminescent molecule leading to emission of light that is detected.

Lymphocytes (total lysate) from control individuals and patient were previously
prepared. Skin fibroblasts (mitochondrial-enriched fractions) and WiDr cells (total lysate) from
human, as well as cortex and testis (total lysate) from mouse were used as controls to verify the
tissue specificity of Tom20L protein expression. The total lysates were centrifuged for separation
of the total cellular protein from lipids that can difficult the identification of the desired bands.
The samples were quantified using the Bradford method, which uses a reagent containing
Comassie Brilliant Blue G-250 Blue that shifts the maximum absorbance from 465 to 595nm
when protein is present'®8, This shift leads to the appearance of color, which intensity is
proportional to the quantity of protein. The determination of the protein concentration was
accomplished using a standard curve made with bovine serum albumin (BSA) standards with
increasing final concentrations between 0 and 2mg/mL. The assay was performed in triplicate
with final volume of 200puL for each standard and sample containing 78uL of H,O miliQ, 1pL of
BSA standard or sample, 1uL of sample buffer and 120uL of Bradford reagent. An incubation at
room temperature was made and then, the absorbance was measured at 595nm using the
SpectraMax® Plus 384 Microplate spectrophotometer and the total protein concentration was
calculated. Volumes were adjusted according to the total protein concentration of each sample,
loading buffer (Tris 1M, pH 6.8, 20% SDS (w/v), 40% glycerol (w/v), 0.02% bromophenol blue
(w/v), 15% B-mercaptoethanol (v/v)) was added to the sample in a ratio of 1:1 (% loading 4x and
% sample) and afterwards, the samples were denaturated.

Next, the size-based electrophoresis was performed. First, a gel (Mini-Protean® TGX™
Precast gel, Bio-Rad) was assemble with the electrophoresis cell (Mini-PROTEAN®
electrophoresis cell, Bio-Rad) and the assembly was filled with running buffer (Tris-glycine 1x,
0.1% SDS (w/v), pH=~8.25). The molecular marker Precision Plus Protein™ Dual Xtra Standards
and 30-40 pg of total protein for each sample were loaded into the gel. The electrophoresis was
performed at 30V at the beginning, and then at 120V for approximately 1h-1h30min. The gel
was then removed and placed in transfer buffer (Tris-glycine 1x, 20% methanol (v/v)). Next, a
PVDF membrane (Hybond P 0.5uM, Amersham) was activated in methanol, washed and
equilibrate in transfer buffer. The transfer sandwich was assembled and placed in the
transference module (Mini PROTEAN® tetra cell system, Bio-Rad) and the latter was filled with
transfer buffer. The transference was performed at 4°C, 100V for, approximately, 1h30min-
1h45min.

After the transfer, the membrane was blocked to prevent unspecific bond of antibody,

for 1h at room temperature with a saline solution buffered with Tris (50mM Tris and 150mM
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NaCl) containing 0.1% Tween 20 (v/v) (TBS-T 1x) and 5% skimmed milk. The blocking was
followed by incubation overnight at 4°C, with rabbit polyclonal anti-human Tom20L at 1:300, or
rabbit polyclonal anti-human MIPEP (Abcam) at 1:500, or rabbit monoclonal anti-human citrate
synthase (CS, ab129095, Abcam) at 1:5,000, or mouse monoclonal anti-human actin (Santa Cruz
Biotechnology) at 1:200, or mouse monoclonal anti-COX IV (ab14744, Abcam) at 1:5,000.
Subsequently, the membrane was washed in TBS-T and incubated at room temperature for 1h-
1h30min with a solution containing TBS-T 1x, 2.5% skimmed milk and the appropriate HRP-
conjugated secondary antibody (Bio-Rad) at 1:5,000. After the incubations, the membrane was
washed in TBS-T to remove the unbound antibody. Afterward, the membrane was incubated
with a chemiluminescence substrate (Clarity Western ECL Substrate, Bio-rad) and the detection
was carried out using the ChemiDoc™ XRS+ System (Bio-Rad). The membrane and,
consequently, the bands were observed and quantified using the Quantity One® 1-D software

(Bio-Rad).
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4. RESULTS



4.1. Identification of genetic variants and in silico analysis for prediction of
pathogenicity

The search of variants located in genes encoding the mitochondrial protein import
machineries and proteases responsible for precursor protein processing after import, resulted
in the identification of 87 relevant variants, on average, 54 variants in heterozygosity and 33
homozygous. On average, 64 variants are intronic, six variants are located in UTR sequences,
specifically four in 3'UTR and two in 5'UTR, 11 variants are synonymous and six variants are

nonsynonymous (Figure 7).

A.

W Heterozygous

B Homozygous

H Intronic B Intronic

m3UTR B3UTR

H5'UTR m5' UTR
Synonymous Synonymous

B Non synonymous B Non synonymous

Figure 7. Genetic variants located in genes encoding proteins involved in the mitochondrial protein import and processing.

A. Zygosity of the total variants identified. B. Type of variants in heterozygosity. C. Type of variants found in homozygosity.
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The analysis of the variants identified, using bioinformatics tools, allowed the
identification of seven variants with a possible functional impact (Table 7). The variants that
demonstrated a higher probability of being pathogenic were localized in HSPA9, MIPEP and
TOMM20L encoding PAM subunit Mortalin, Mitochondrial intermediate peptidase (MIP) and
TOM complex subunit Tom20L, respectively. Moreover, these variants are rare since they
present a low MAF. Although these variants are heterozygous, they are present in the same
patient (MIPEP and TOMMZ20L in sample 22) and are predicted to have a pathogenic effect. In
addition, the MIP and Tom20L proteins encoded by the altered gene may have a negative
functional influence in the respective proteins encoded by the normal copy of the gene. Taking
these observations into account, these variants were chosen for further studies. The sample 22
belongs to a male individual, with clinical and molecular (m.14484T>C) diagnosis of LHON with
age onset at 35 years old. The biochemical analysis using lymphocytes demonstrated a decrease
of activity in the complex IV (56.4%) with higher values for complex Il (128.3%), complex Il

(70.1%) and segment I+l (96.0%). Complexes | and V were not evaluated.

4.2. Identification of variants with functional impact using the ExomeLoupe®

The analysis of the sample belonging to the LHON patient with the promising variants
revealed an additional important variant localized in the TOMMZ20L gene, namely a multiple
deletion of five nucleotides (c.172_176delGGCAC), in heterozygosity. The variant present a low
MAF (0.0003/32). This variant is located two nucleotides downstream of the c.170delA variant.
The Exomeloupe® analysis also identified the c.280C>T variant in MIPEP gene, previously

identified by the manual analysis (Table 7).

4.3. Comparison of Tom20L sequences in the presence of the different variants

The variant localized in TOMMZ20L gene could have multiple effects in the protein
sequence. Since the variants were present in heterozygosity, they could be localized in the same
allele or in different alleles. These possible locations could distinctly influence the sequence of

the protein leading to different outcomes as follows (Figure 8).
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Figure 8. Possible effects of TOMMZ20L gene variants in the protein sequence. A — Wild-type protein sequence; B — protein
sequence resulting from the presence of the variants in different alleles; C— protein sequence resulting from the presence

of the variants in the same allele.

If the variants were present in different alleles (Figure 8. B), both alleles would encode
a truncated protein with a different amino acid sequence after the positon 57. The allele
containing the c.172_176delGGCAC would encode a smaller protein than the allele containing
the c.170delA. If the variants were present in the same allele (Figure 8C), the c.170delA variant
would cause a change of the glutamine (Q) residue to an arginine (R) residue, at the position 57.
The ¢.172_176delGGCAC would led to the elimination of the glutamine (G) and threonine (T)

residues and then, the rest of protein sequence would be unchanged (underlined sequence).
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Variant

(GRCh38)

1,201957275,T,G
Tim17A:
c.27-6T>G

5,138 561 689,A,G
Mortalin:
¢.10737T>C

6,31615535,G,A
AIF:
c.40G>A

10,45982847,G,A
NOVEL
Tim23:
€.261G>A

13,23886416,G,A
MIP:
c.280C>T

14,58396331,delA
Tom20L:
c.170delA

19,7928074,T,C
Tim44:
c.1128+3A>G

Sample

1,5,7,9
11, 16-18,
21,23
29

2,27,28

58,9
24,25

25

22

1,10-12,
14, 16,
25,29

Zygosity

Heterozygous

Heterozygous

Heterozygous

Heterozygous

Heterozygous

Heterozygous

Heterozygous

TIMM17A

HSPA9

AlF1

TIMM23
(NOTE:
transcript
absent in
version
38)

MIPEP

TOMM20L

TIMMA44

PROVEAN
(cut-off=-
2.5)

Protein
sequence
alteration

p.L358P De;:fg.r;gus
p.G14R De;:f;r(i)c;us
Synonymous Neutral
$=0
p.R94C D:':f;r;:us
p.Q57Rfs*46 Frameshift

SIFT
(cut-
off=0.05)

Damaging
S=0

Tolerated
$=0.056

Tolerated
S=0

DETVETAT
$=0.002

MUTATION
ASSESSOR

High
impact
$=4.27

Medium
Impact
$=2.175

POLYPHEN-

2

Probably
Damaging
S=1

Probably
Damaging
$=0.945

Possibly
Damaging
$=0.932

MUTATION
TASTER

Polymorphism

Disease
causing

Polymorphism

Disease
causing

Disease
causing

Disease
causing

Polymorphism

dbSNP

rs61821487
ClinVar: NA

rs2736182
ClinVar: NA

rs147048880
ClinVar: NA

rs752079244
ClinVar: NA

rs34425383
Clinvar:
Benign

S — score; NA — not available; MAF —minor allele frequency; L — leucine; P — proline; G —glycine; R — arginine; C — cysteine; Q — glutamine;

Table 7. Variants with a predictive functional impact identified in genes encoding proteins belonging to mitochondrial import systems and processing of precursors.

NNSplice

Acceptor site

loss 1770 -1810

(5=0.88)

Acceptor site
10373-
10413
Score

diminished
from 0.52 to
0.42

Donor site loss
1345-1359
$=0.41

0.07963

0.00004118

0.0554

0.0004367

0.0002762
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Table 8. Variants present in MIPEP and TOMMZ20L identified in sample 22 using the ExomelLoupe® software.
Impact Polyphen-2

Chr Start A dbSNP (rs ID) Impact

. Gene aa change Genotype
Severity & Pred. P
Possibly
13 24460554 24460555 G A rs147048880 Missense MEDIUM MIPEP R/C 0.462 deleterious 0 G/A
Damaging
14 58863047 58863049 CA C rs752079244 Frameshift HIGH TOMM20L Q/X - None - none CA/C
14 58863049 58863055 GGGCAC G rs760772539 Frameshift HIGH TOMM20L GT/X - none - none GGGCAC/G

Chr, chromosome; R, reference nucleotide; A, altered nucleotide; aa, amino acid residue; Pred, Prediction; S, Score; R, arginine; C, cysteine; G, glycine; T, Threonine
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4.4. Validation of the presence of the MIPEP and TOMMZ20L variants

‘The validation of the 170delA and ¢.280G>A variants from TOMM20L and MIPEP gene
was performed by two additional methods, namely PCR-RFLP and Sanger sequencing. The
observation of the bands’ patterns resulted from the digestion of TOMM20L and MIPEP
fragments using Bsrl (figure 9A) and Avall (figure 9B), respectively, confirmed the presence of
the variants in the patient (P). The absence of the variants were verified in 200 controls, being

the controls 1, 2 and 3, representative of the results.

A. B.

429 bp
— 475bp
188 bp
254bp
221 bp

Figure 9. Bands’ patterns from RFLP. A - Restriction digestion of TOMMZ20L fragment containing the c.280G>A variant using
Bsrl. B - Restriction digestion of MIPEP fragment containing the c.280G>A variant using Avall. M, pUC19 DNA/Mspl marker,

23; 1, 2, 3 — Controls from healthy individuals; P — Patient sample; C — Non- digested control

The presence of the variants in the LHON patient was also demonstrated in the
electropherograms, which resulted from the Sanger sequencing (Figure 10). The heterozygous
character of the variants was also clear since the wild-type and the deleted or altered nucleotide
are both present. The comparison of the TOMM20L forward sequences from the control
(figure10B.b) and patient (figure10B.a) led to the identification of the c.170delA variant, while
the reverse sequences (figurel0B.c, d) led to the identification of the c.172_176delGGCAC.
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Figure 10. Electropherograms comparing the fragments sequences in a control individual and the LHON patient. A
—Sequence from the MIPEP fragment containing the ¢.280C>T variant, (a) patient, (b) control individual; B— Sequence
from the TOMM20L fragment containing the c.170delA and c.172_176delGGCAC, (a) patient forward sequence, (b)

control individual forward sequence, (c) control individual reverse sequence, (d) patient reverse sequence.
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4.5. Detection and analysis of the proteins affected by the variants

The analysis of the impact of the amino acid modifications caused by the deletions and

single nucleotide variant in the presence and quantity of the MIP and Tom20L proteins was

archived by using immunodetection (Figure 11). The tissue specificity of the expression of

Tom20L protein was also assessed using mouse tissues (Figure 11B). The positive control for

anti-Tom20L used was the cell lysate of WiDr cell line. The Tom20L protein was absent in control

and patient’s lymphocytes, as well as in control fibroblasts demonstrating that the protein is not

expressed in these cells or the quantity of protein is vestigial being undetected by Western Blot.

Additionally, the Tom20L protein was absent in mouse cerebral cortex and present in mouse

testis. The level of MIP protein was highly reduced (80%) in the patient’s lymphocytes in

comparison to the control, while the level of cytochrome c oxidase subunit 4 (COX4) was normal.

The statistical significance was not assessed, since the blot was only performed once.
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Figure 11. Assessment of the presence and/or quantity of MIP, COX4 and Tom20L proteins from human and mouse cells. Resulting
blot (n=1) after immunodetection of (A) MIP protein and (B) COX4 protein from control (C) and patient (P) lymphocytes and (C) Tom20L
protein (predicted size: 18kDa) from various human and mouse cells. The WiDr cell lysate (8) was used as positive control for anti-

Tom20L. 1, 5 - Precision Plus Protein™ Dual Xtra Standards; 2 —human control lymphocytes; 3 — Patient lymphocytes; 4 —human control

fibroblasts; 6 — mouse cortex; 7 — mouse testis; 8 — WiDr cells. MIP protein levels were normalized to actin.
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5. DISCUSSION



Variants in genes encoding the mitochondrial protein import machineries and post
import processing have been reported to have a role in mitochondrial disorders
pathology?”*%1% MIPEP compound heterozygous and homozygous variants have been reported
in individuals with combined oxidative phosphorylation deficiency-31 being the first report of
disease caused by variants in this gene'!®. Variants in other genes from mitochondrial protein
import, namely TIMM50 (TIM23 complex), TIMMB8A (SAM complex) and AGK (TIM22 complex)
have been reported in mitochondrial epileptic encephalopathy, 3-methylglutaconic aciduria and
variable complex V deficiency, Mohr-Tranebjaerg disease and Sengers syndrome,
respectively8-188,

The next-generation sequencing techniques, which includes the WES, had
revolutionized the sequencing and analysis of the human genome, allowing the identification of
genetic variants in whole genome. Consequently, it has allowed the finding of more genetic

causes associated with disease!®%

. In particular, WES is the preferred approach for the
identification of rare and de novo variants with a possible functional impact, since the majority
of the causative variants are present in coding regions and exon-intron boundaries'****2, This
approach already allowed the identification of genetic factors with a role in LHON
pathogenicity'*2. These sequencing techniques produce an enormous quantity of data that must
be processed using bioinformatics tools, so the relevant information must be further analyzed.

In this study, the sequencing and the initial data filtering was performed by an external
service provided by ®STABVIDA. This filtering resulted in a list of the total variants localized in
whole exome, where the positions of the variants within the chromosomic regions were
presented, but not the gene, leading to the need of the identification of the variants of interest
using the chromosomic regions. This type of identification is time-consuming, which makes the
process of identification of relevant genetic variants difficult. The use of a software as the
Exomeloupe®, facilitates this process in a great extent, since it produces a huge amount of
information about the variants, such as the name of the genes containing the variants identified
in the analyzed sample, by applying a filter containing the genes’ names. Additionally, the
software presents the type of the variants and the in silico analyze results, allowing the rapid
identification of the promising variants. In contrast, in the manual identification, this analysis
has to be made for each variant, separately. The software also presents the rs ID associated to
each variant allowing the access to important information, as clinical significance and MAF. In
addition, the use of the ExoumelLoupe® allowed the identification of other relevant variants,
namely the multiple deletion present in TOMMZ20L gene that was not identified by manual
search of the variants of interest. This difference is caused by the application of the genomic

localization filter that excluded the multiple nucleotide deletions and insertions. For this type of
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variants, the chromosomic region was presented with the position of the first nucleotide altered
and the position of last nucleotide separated by two dots. When the interval of the first and last
position of the gene in the chromosomic region was used as a filter, the latter variants were
excluded. The search for this type of variants was also performed to ensure that other relevant
variants were not missed. The in silico analysis performed manually or using the software
allowed the exclusion of variants without functional impact reducing the number of variants,
which would require further studies for the evaluation of their pathogenic effect®.

Considering the obtained results using the manual and software identification of
relevant variants, three promising variants were further studied, namely c.172_176delGGCAC
and c.170delA variants from TOMMZ20L gene and ¢.280C>T from MIPEP gene. The deletions are
present in heterozygosity and they can be present in the same allele or in different alleles. The
possible way to know in which allele the variants are present would be the study of the patient’s
parents or the offspring (if present). If each parent/offspring had one of the variants, the
alterations would be in different alleles, whereas variants would be in the same allele if one of
the parents/offspring had both variants, since the progeny only inherit one allele from each
parent. In the first case, the functional impact would be higher, since each variant in separate
leads to a truncated protein and all the synthesized protein amount would be truncated, which
likely lead to lack of functional protein. In the second case, the protein would have an amino
acid residue exchange and the elimination of the following two amino acids, glycine and
threonine. Then, the remaining sequence of the protein would be maintained, possibly leading
to a slightly different protein. The functional impact is unknown. The protein structure is often
unaffected by this type of alteration (in frame deletions)!¥*'%, Indeed, a study reported several
individuals with in frame deletions in the dystrophin gene without or with reduced phenotypical
manifestation!®>. However, a single amino acid residue deletion can cause disease, as in cystic
fibrosis'®®. Another consideration should be taken into account, related to the presence of de
novo variants in the patient. The family studies would allow the clarification of this point, but
the samples of family members were not available for analysis.

Even though the WES has been allowing the identification of disease-causing variants,
the identified alterations must be confirmed by a second method because of the WES
limitations, such as the low coverage of GC-regions, a reduced quality of read extremities,
difficulties in detection of variants in repetitive regions and sequencing errors that could lead to
a false variant identification'%'9772%_Since this information is used for the diagnosis of genetic
disorders, the presence of the variant should be ensured. Here, the PCR-RFLP and Sanger
sequencing were performed since both methods can be used for the validation of the presence

201,202

of variants Both methods confirmed the presence of the promising variants identified
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using the WES analysis. Concerning the confirmation of deletions affecting the TOMMZ20L gene,
a consideration related to the restriction enzyme Avall must be taken into consideration. The
presence of c.170delA variant or the combination of c.170delA and c.172_176delGGCAC variants
would lead to the same restriction digestion result. Thus, the band pattern would be similar,
with the exception of the second fragment that would be five nucleotides shorter, resulting from
the deletion of these nucleotides. This small difference would not be perceived in the agarose
gel, therefore the presence of the multiple deletion would remain unnoticed. This evidence
reveals the lack of specificity of restriction enzymes. It means that different variants can create
fragments that result in the same target sequence for restriction enzymes, originating in the
same bands’ patterns and that not be distinguished. The combination of PCR-RFLP and Sanger
sequencing would be a good way to overcome the latter limitation since it would allow the
identification of the distinct variants.

The impact of variants in the 3D structure of the proteins could be evaluated using the
PyMol® Molecular Graphics Sytem, Version 2.0 Schroddinger, LLC. This software allows the
visualization of the 3D structure of proteins when the structure experimentally
obtained/structural model from the pretended protein or a protein presenting a high sequence
identity are available in protein databases such Protein Data Bank (PDB) and Model Portal?%372%,
The alterations of interest within the protein structure could be analyzed and the altered and
wild type proteins could be compared. This comparison would allow the observation of
structural and conformational modifications and their possible implications on the protein
function?°®, Since the 3D structure of Tom20L and MIP, or similar proteins, are not available this
comparison could not be performed.

After the genetic study and confirmation of the promising variants, the molecular study
of the altered proteins was performed for the evaluation of the impact of the variants on the
expression and quantity of the Tom20L and MIP.

It was possible to observe that the Tom20L protein is absent in the control
lymphocytes/fibroblasts and the patient lymphocytes. This absence can be explained by a tissue
differential expression. Studies for the mapping of the total human proteome using RNA
sequencing demonstrated a testis expression specificity of Tom20L with a mild expression in the
cerebral cortex>>°®, This expression pattern was also reported in mouse and D. melanogaster®?.
Even though the specificity of expression could not be evaluated using patient’s cells, cortex and
testis from mouse were used. Undeniably, the difficult access to samples from patients is one of
the limitations of studies with human tissues. Another limitation is the high frequency of variant
detection in one individual or one family with LHON. Furthermore, the study of the family is

often difficult and the possibility of finding another patient with the same variations is small.
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The specificity was assessed using Western Blot allowing the complementation of the evidences
from transcript sequencing?**>°®, Indeed, the Tom20L protein was expressed in mouse testis
corroborating the specificity of expression reported in expression databases, specifically in the

Expression Atlas (https://www.ebi.ac.uk/gxa/about.html) and Human Protein Atlas project

(https://www.proteinatlas.org/). Even though the expression of Tom20L protein was absent in

the cerebral cortex, the actin band (control protein) was considerably weak, suggesting that
more extract should be added to the gel for the detection of the protein. If the protein would
be absent, even with an increase of the protein added, the Tom20L mRNA detected from
transcript quantification may not be translated and the protein would be absent. Since the
Tom20L was only expressed in testis, specifically in primary spermatocytes and early spermatids,
it could have a particularly important role in this tissue®*. Although the role remain uncertain,
some suggestions have been made. The Tom20L could reinforce the recognition of precursors
made by Tom20 and, consequently reinforce the protein import to accomplish the extensive
mitochondrial biogenesis or it could be incorporated into TOM complex to favor the import of
specific proteins during different stages of spermatogenesis®***.

Concerning the Tom20L protein, functional validation of the variants was not possible
due to the specificity of tissue expression of this protein. As previously discussed, the patient
cells available for the study (lymphocytes) do not express the Tom20L protein and its presence
is necessary for the validation.

The MIP protein from the patient’s lymphocytes was clearly reduced in comparison to
the control lymphocytes and consequently, the processing of substrates may be diminished
leading to an increase of unprocessed and unstable proteins. This protease cleave the
octapeptide from proteins belonging to the MRC system, specifically the COX48, As well as the
other MRC complexes, the complex IV is composed by various subunits, which associate to each
other forming various subassemblies leading to the formation of the complete holoenzyme?’.
The processing of mitochondrial proteins encoded by nDNA is essential for their assembly and
function!®!® The initial complex subassembly seems to include the COX4 being essential for
the association of the other subunits and, consequently for the complete assemble of the
holoenzyme?®. When the octapeptide is not cleaved, only a small quantity of the mature
protein may be available. Accordingly, the number of assembled complex IV units may also be
reduced, leading to depletion of activity. Indeed, the evaluation of the patient MRC activity for
diagnosis purposes was previously made, revealing a 50% decrease of complex IV activity. The
immunodetection of this protein was also performed, in order to determine levels from the
COX4. Although the levels of COX4 in the patient’s lymphocytes were normal relatively to the

control, the protein could be not functional. For the evaluation of the assembly of complex IV
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and consequent clarification of which type of COX4 (intermediate or mature) is present in the
patient’s lymphocytes, the Blue Native Polyacrylamide Gel Electrophoresis (BN-PAGE) may be
performed. Furthermore, this technique would allow the in vitro functional validation, which is
one of the strongest type of study for validation of variant pathogenicity?°>?1°, The functional
studies are also important to avoid false pathogenicity prediction by the computational
algorithms used on the in silico analysis tools?!212 The BN-PAGE would evaluate the assembly
of the complex IV and consequently, reveal the presence of defects in the MRC, since the

t 213, Evidences suggest that the assembled

functions of the complexes are interdependen
complex IV helps to maintain the activity of complex 12'4. Since defects in complex | are hallmarks
of LHON disease, the reduction of assembled complex IV may aggravate the defect caused by

the mtDNA mutations.
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6. CONCLUSIONS AND FUTURE PERSPECTIVES



This study allowed the identification of additional gene sequence variants in a LHON
patient, namely alterations in nuclear genes encoding the Tom20L and MIP proteins, which are
involved in the mitochondrial protein import and processing of precursor proteins imported into
the mitochondrial matrix, respectively, in a LHON patient.

The influence of the gene sequence variants present in Tom20L could not be elucidated
due to specificity of the protein tissue expression, but considering the possible roles of this
protein, one can assume that these variants would have a negative impact on the
spermatogenesis.

The genetic variant present in the MIPEP gene led to a reduction of levels of MIP protein
in patient’s lymphocytes. This decrease may compromise the processing of COX4 and
consequently, the assembly of complex IV, which is compatible with the activity reduction
observed in the patient cells. Additionally, the reduction of assembled complex IV may worsen
the defect caused by the m.14448T>C present in the LHON patient, since the complex IV may be
involved in the stabilization and activity of the complex I. This possible effect must be clarified
though further functional studies, namely BN-PAGE using the patient’s lymphocytes to evaluate
if the complex VI is properly assembled or if it is compromised by the possible reduction of the
COX4 processing.

Although this study is still preliminary, it reinforces the role of the nuclear gene factors
in mitochondrial disorders specially, LHON. The nuclear gene variants reported in LHON affect
proteins involved in many mitochondrial functions, specifically oxidative metabolism, apoptosis,
mitochondrial translation and fusion37:13%140.142 The jdentification of promising variants in genes
encoding the mitochondrial protein import machineries and post import processing in a LHON
individual was first accomplished in this study, representing a significant contribution for the

field and opening new perspectives in LHON research.
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