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Morphological and functional characterization of Surfl gene post-
transcriptional silencing in Drosophila melanogaster

Leigh Syndrome (LS) is an early onset progressive mitochondrial encephalopathy usually
leading to death within the first decade of life (Leigh 1951). The single most prevalent
cause of LS are mutations in the Surfl gene. LS patients with mutations in the Surfl gene
show a marked and specific decrease in the activity of mitochondrial respiratory chain
complex IV (cytochrome c oxidase, COX), the terminal enzyme in the respiratory chain.
which encodes a protein located in the inner membrane of mitochondria which is thought
to be involved in cytochrome c oxidase assembly, (Tiranti et al.1999, Dell’agnello et al.
2007). Since, the molecular mechanism leading to COX deficiency and the pathogenesis
of neurodegeneration in human LS are still poorly understood, we had set up a
Drosophila melanogaster model of this disease based on the post-transcriptional silencing
of dSurfl (CG9943, the Drosophila homolog of hSurfl), via transgenic double-stranded
RNA interference (Zordan et al. 2006). We used this Drosophila Surfl-IR strain to better
understand the function(s) of SURF1 since the knockdown model shows wide
concordances with the human LS Surf1™ phenotype. Tissue-specific knock down of Surfl
was produced by exploiting the yeast UAS/GAL4 binary system (Brand and Perrimon
1993). In particular we employed an RU486-sensitive driver to silence Surfl specifically
in the adult fly, since silencing of Surfl during early development generally led to late
larval lethality. We thus performed biochemical assays to measure COX activity in these
knockdown flies. In addition, we also characterized, from the biochemical point of view,
a transgenically “rescued” line in which it is possible to induce the simultaneous
activation of dSurfl-synonymous expression and dsRNAI silencing of the endogenous
Surfl gene. The functional characterization of such “rescued” flies shows a complete
reversion of biochemical, behavioural and electrophysiological abnormalities which were
present in the original knockdown individuals.
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1.1 The human Surfl gene

Human Surfl gene, located on chromosome 9 (9934.2), is 4696 bp long, and consists of 9
exons encoding for a single 1029 bp transcript which is ubiquitously expressed (figure 1),
(Yao & Shoubridge, 1999).

The human Surfl gene (GenBank BC071685) encodes a 31 kDa protein located in the
inner mitochondrial membrane (Zhu et al. 1998, Tiranti et al. 1998). SURF1 protein is
highly conserved from recent prokaryotes to humans (Poyau et al. 1999) and it is
characterized by an N-terminal mitochondrial targeting sequence and by two trans-
membrane domains (Tiranti et al. 1998, Yao et al. 1999). Most human Surfl mutations
are of the nonsense type which are predicted to lead to the expression of a prematurely
truncated and/or aberrant protein (Pequignot et al. 2001) and are involved in the
determination of Leigh syndrome (LS, OMIM 256000). Mammalian Surfl belongs to the
surfeit locus, which comprises a cluster of six non homologous housekeeping genes
(Surf1-6) (Colombo et al. 1996), showing a strong conservation from birds to mammals,
the function of which is relatively little known. Surfl is ubiquitously expressed in human
tissues, in particular in aerobic tissues such as heart, skeletal muscle, and kidney (Yao and
Shoubridge 1999). The SURF1 protein, which is highly conserved from recent
prokaryotes to humans (Poyau et al. 1999) is characterized by an N-terminal
mitochondrial targeting sequence, by two transmembrane domains and it is actively
imported into mitochondria, where it localizes to the inner membrane (Tiranti et al.
1999a, Yao and Shoubridge 1999). More than 50 mutations of human Surfl have been
reported, most of which are nonsense mutations which are predicted to lead to the
expression of a prematurely truncated and/or aberrant protein (Pequignot et al. 2001).

chromosome: 9; Location: 9q34 .2 See SURF1 in MapViewer
Chromosome 9 - NC_000009.11
[136215069 p [ 136242970 p
RPL7R'L SURF2
SNORD3GA SURF4
SNORD36GC
SURF] e

Figure 1.1. The human Surfl gene. The Surfl gene, (red), belongs to the Surfeit locus, which comprise
other five Surf genes (Surf2-6), in grey. Surfl is formed of 9 exons and codes for a single transcript of more
or less 1Kb. Its non-coding regions are indicated in blue. http://www.ncbi.nlm.nih.gov.
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1.2 The Drosophila Surfl gene

The Drosophila melanogaster Surfl homolog (CG9943-PA; Surfl) maps to chromosome
3L 65D4, and while the vertebrate homolog is part of the surfeit gene cluster, Drosophila
Surf genes are dispersed throughout the genome (Zordan et al. 2006). The Surfl gene
spans 1200 bp, and the 900-bp coding sequence consists of 4 exons. The inferred 300-aa
protein features a 4l1-aa N-terminal mitochondrial targeting sequence and two
transmembrane domains (included between amino acids 62-80 and 296-314,
respectively). Following Surfl PTS, our findings show that this gene plays a fundamental
role in the completion of the pupal-to-adult molt during development as well as in the
accomplishment of oculomotor and sensori-neural functions in the adult fly (Zordan et al.
2006).

Gene Span
CG99458 Surfl
[

[ > g
CG10075 sgl
Transcript
CG9948-RA Surf1-RA
CG10075-RA sgl-RA
g e g B
CDS
CG9945-PA CG10075-PA Surfi-PA sgl-PA
T T4 - EESSSS

Figure 1.2. The Drosophila Surfl gene. Surfl Drosophila gene maps to chromosome 3L spans, it spans
1200 bp, and the 900-bp coding sequence consists of 4 exons. (Figure modified by http://flybase.org).

1.3 Leigh Syndrome

In humans, mutations in mitochondrial or nuclear genes encoding mitochondrial
components are associated with a wide range of multisystem disorders affecting tissues
highly dependent on mitochondrial energy, such as brain, muscle, heart, and the sensori-
neural epithelia (Fadic and Johns 1996). An example of such a disorder is Leigh
syndrome (LS, OMIM 256000), a progressive mitochondrial encephalopathy
characterized by the presence of symmetric necrotizing lesions in subcortical areas of the
central nervous system (CNS), including brain stem, cerebellum, diencephalon, and
corpus striatum (Leigh 1951, Farina et al. 2002). The disease onset is in infancy,
generally after a symptom-free interval of several months. By and large, neurological
signs are correlated to the functional anatomy of the brain structures involved in the
lesions and include generalized hypotonia, dystonia, ataxia, oculomotor abnormalities,
disturbances of swallowing, breathing, and other brain-stem-related neurological
functions and less frequently seizures, sensori-neural deafness, and optic atrophy
(DiMauro and Schon 2003). The syndrome has a relentlessly progressive course, with
death usually occurring within the first decade of life, although protracted cases are
known (Tiranti et al. 1998).

30



PART | Introduction

The single most prevalent cause of LS are mutations in the Surfl gene, which encodes a
31-kDa protein located in the inner membrane of mitochondria (Tiranti et al. 1998, Zhu et
al. 1998). Most human Surfl mutations are of the nonsense type which are predicted to
lead to the expression of a prematurely truncated and/or aberrant protein (Pequignot et al.
2001).

The biochemical hallmark of LS Surfl mutant patients is a marked decrease in the activity
of mitochondrial respiratory chain complex IV (COX) (Tiranti et al.1999b). COX is the
terminal enzyme in both the eukaryotic and prokaryotic respiratory chain, catalyzing the
reduction of molecular oxygen to water with concomitant proton pumping from the
matrix to the intermembrane space. Studies in human cells (Tiranti et al. 1999a), mice
(Agostino et al. 2003) and yeast (Nijtmans et al. 2001) indicate that SURF1 is involved in
COX assembly (Coenen et al. 1999, Tiranti et al. 1999a, Hanson et al. 2001).

Cytochrome c oxidase (COX), the terminal enzyme of the mitochondrial respiratory chain
(MRC), catalyzes the transfer of electrons from reduced cytochrome ¢ to molecular
oxygen (Zhu et al. 1998). COX is composed of 13 protein subunits, the three largest being
encoded by mtDNA genes, and the remaining ten are encoded by nuclear DNA genes
(Leigh 1951). A number of accessory factors are necessary for the formation of an active
holoenzyme complex (Yao et al. 1999), including those involved in synthesis of heme a,
incorporation of copper atoms and assembly of the protein backbone (Poyau et al. 1999).
One of these factors, SURF1, is a 30 kDa hydrophobic protein embedded in the inner
membrane of mitochondria. The absence, or malfunctioning, of SURF1 determines the
accumulation of COX assembly intermediates, and a drastic reduction in the amount of
fully assembled enzyme, in both yeast (Pequignot et al. 2001) and humans (Farina et al.
2002). As a consequence, profound COX deficiency (Leigh 1951) in multiple tissues of
Surfl mutant patients (Tiranti et al. 1999a) leads to the development of Leigh syndrome,
LS9% (Agostino et al. 2001).

Mutations in Surfl impair the incorporation of subunit Il, resulting in a buildup of an
early COX assembly intermediate, decrease in other COX subunits and a decrease in
COX activity (Tiranti et al, 1999a). COX deficiency may also be complicated by cardiac
pathology, including hypertrophic and dilated cardiomyopathies (Marin-Garcia et al.
1999, Holmgren et al. 2003) and conduction defects (DiMauro et al. 1988).

1.3.1 Murine model for LS

In vertebrates Surfl is part of the very tight and highly conserved surfeit gene cluster,
which includes six genes (Surfl-6) (Agostino et al. 2003). The reason for long-
standing maintenance of such a compact physical organization is obscure, since the
corresponding SURF proteins are neither functionally nor structurally related to each
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other. The precise function of the SURF1 gene product itself remains unknown,
although the results of several studies in yeast and mammals suggest a role for
SURF1 protein as an auxiliary chaperone like factor, involved in the early assembly
steps of the COX protein backbone (Leigh 1951, Coenen et al. 1999, Tiranti et al.
1999a, Hanson et al. 2001).

To better understand the role of SURF1 and the pathogenesis of LS“°%, a constitutive
knockout (KO) mouse model was created (Agostino et al. 2003), in which exons 5-7
of the Surfl gene were replaced by a neomycin-resistance (NEO) cassette (Nijtmans
et al. 2001). Approximately 90% of the Surf1"=° -/~ mice died at embryonic stages.
The few animals that reached birth partially recapitulated, although to a lesser extent,
the biochemical findings, but failed to display the clinical and neuro-pathological
features of human LS“?* (Agostino et al. 2003).

A second Surfl KO model, based on the insertion of a loxP sequence in exon 7 of the
murine Surfl gene (Surf1'®"), lead to an aberrant, prematurely truncated and highly
unstable protein. The +/+, +/- and —/- genotypes in newborn animals were in
agreement with the mendelian distribution, indicating that, rather than to the ablation
of Surfl itself, the high embryonic lethality observed in the previous SurflNE°—/—
model was due to a spurious effect of the NEO cassette on the expression of
neighboring genes. Similar to the previous Surfl"=° /- mice, the Surf1'™® —/- mice
displayed mild reduction of COX activity in all tissues, but no lesion resembling
LS“%* encephalopathy was ever observed. However, when the sensitivity to Ca®*
dependent excitotoxicity, induced by exposure to high doses of kainic acid (a
glutamatergic epileptogenic agonist), was tested in both Surf1'™® —/- brains and
neuronal cell cultures, a virtually complete protection from in vivo neurodegeneration
was observed. In addition, Surf1'™® —/— mice showed a marked increase in longevity,
compared to heterozygous or homozygous wild-type (wt) littermates. These data
suggest a role for SURF1 in intracellular Ca®* homeostasis and mitochondrial control
of aging which may be independent, at least in part, from those on COX assembly
and mitochondrial bioenergetics (Dell’agnello et al. 2007).

1.3.2 Drosophila model for LS

Since, the molecular mechanism leading to COX deficiency and the pathogenesis of
neurodegeneration which characterize human Leigh Syndrome are still poorly
understood, a Drosophila melanogaster model was set up through the generation of
functional knockdown (KD) lines for dSurfl (CG9943) (Zordan et al. 2006).

Transgenic double-stranded RNA interference was produced by post-transcriptional
silencing employing a transgene encoding a dsRNA fragment of the dSurfl, activated
by the UAS transcriptional activator. The GAL4-UAS binary yeast system (Brand et
al. 1993) was exploited to drive the post-transcriptional silencing (PTS) of the target
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gene transcript under the control of two alternative promoters: Actin5C, an early-
expressed housekeeping gene, or elav, an early-expressed neuron-specific gene (Yao
and White 1994). These drivers, ActinsC-GAL4 or elav—GAL4, were used to induce
silencing ubiquitously or pan-neuronally, respectively.

The main phenotypic features following ubiquitous Actin5C-GAL4 driven dSurfl KD
were severe impairment of larval development and reduced locomotion, which were
likely caused by a generalized defect in respiration and ATP synthesis determined by
dSurfl silencing. On the other hand, nervous system-wide silencing of dSurfl
allowed to bypass late larval lethality observed with the ubiquitous driver. Not only
did such individuals survive to adulthood, but they showed a strikingly enhanced
survival with respect to controls. The larval stages of elav-GAL4 dSurfl PTS
individuals were morphologically comparable to controls although they presented
slight impairment in locomotor activity and photobehaviour which is reminiscent of
the widespread nervous system involvement observed in human mitochondria-related
encephalomyopathies. A direct effect of dSurfl silencing on mitochondrial
respiration was demonstrated by the significant reduction in the histochemical
reaction to COX observed in the CNS of the elav-GAL4 KD adult flies, paralleled by
a strong increase in the SDH levels measured in the same tissues, which suggests a
compensatory increase in mitochondrial mass. Furthermore, electron microscopic
observation showed that in Actin5C-GAL4 PTS individuals, mitochondria were much
larger than normal, with evident morphological alterations, in particular regarding the
organization of the internal membranes (Zordan et al. 2006).

Following Surfl PTS, these findings show that this gene plays a fundamental role in
the completion of the pupal-to-adult molt during development as well as in the
accomplishment of oculomotor and sensori-neural functions in the adult fly. The data
are also indicative of important functions for SURF1, specifically related to COX
activity, suggesting a crucial role of mitochondrial energy pathways in organogenesis
and CNS development and function.

Altogether, the above results strongly support the involvement of respiratory
deficiency in determining the developmental and functional impairments observed
following dSurfl PTS in Drosophila individuals. In fact, it has recently been shown
that the lethal effects of ubiquitous dSurfl PTS in Drosophila could be rescued by the
concomitant expression of a Ciona intestinalis alternative oxidase (AOX) under the
control of an inducible promoter (Fernandez-Ayala et al. 2009). Similarly to COX,
AOX is a mitochondrial enzyme which is able to reduce molecular oxygen to water
using hydrogen atoms, but differently to COX, this activity is not coupled to proton
pumping. To further prove the specificity of dSurfl PTS we designed and
implemented a rescue construct consisting in a synonymous copy of the dSurfl gene
in which all the codons were altered so as to escape PTS induced by dsRNA targeting
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of the wild type gene. Furthermore, we report of the extreme sensitivity of
Drosophila adult flies to the lethal effects of acute PTS-mediated depletion of dSurfl
during adulthood.
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3.1 Post transcriptional silencing of dSurfl gene

We generated three independent Drosophila transgenic lines, 23.4, 79.10, and 79.1. For
each line obtained, the insert map position is given in parentheses: 23.4 (2R, 54BC), 79.1
(3R, 88D) and 79.10 (2R, 50C). Each line carried a single UAS-Surfl inverted repeat
(IR) autosomal insertion, which allowed the post-transcriptional gene silencing of Surfl
via dsSRNA interference (dsRNAI), following activation by GAL4.

The post transcriptional silencing of dSurfl was driven first of all ubiquitously, by
crossing the IR line with the Actin5C-GAL4 driver. In this way, KD produced 100% egg-
to-adult lethality. The biochemical profile of these ActinsC KD larvae showed a
significant decrease in the activity of all five respiratory complexes (CI-CV).

In order to obtain further information on the tissue specificity of the effects resulting from
the KD of dSurfl, we set up genetic crosses which would lead to the silencing of dSurfl
in all the mesodermal derivates. In this case, post-transcriptional silencing of dSurfl is
driven by the how?®-GAL4 driver. Surfl(how*?) KD individuals do not develop to
adulthood and die during the early steps of pupal metamorphosis (PM) or, sometimes, at
slightly later stages. Confocal analysis of GFP-tagged larval muscles revealed the
presence of defects in the morphology of the muscle cell nuclei.

Surprisingly dSurfl KD limited to the nervous system, by using the pan-neuronal elav-
GALA4 driver, did not cause lethality (Zordan et al., 2006). Contrariwise, such individuals
develop to adulthood and additionally live longer than controls, although COX enzymatic
activity measured in mitochondrial extracts obtained from the heads of these KD animals
is specifically and markedly decreased.

We also performed experiments to silence dSurfl in the posterior compartment of the
eye-antennal disc, using the specific GMR-GAL4 driver. In this case we were unable to
detect any morphological abnormalities in eye development nor were there any signs of
alterations in the developmentally programmed pattern of apoptosis in this compartment.
Finally we employed the Switch-Act-GAL4 (RU-486 sensitive promoter) driver to induce
the ubiquitous silencing of dSurfl in a temporally controlled manner, with the objective
of specifically silencing dSurfl in fully developed adult flies.

3.1.1 Ubiquitous KD of Surfl

The Actin5C (Act-GAL4) driver was used for early, ubiquitous expression of
dsRNAi-mediated KD.

Northern blot analysis on the Act-GAL4 KD larvae showed the presence of an
approximately 2-kb band corresponding to the RNAI dSurfl transcript, as well as a
smear starting from 0.9 kb, the expected size of the dSurfl transcript (clearly visible
in the controls on the left in Figure 3.1.A), corresponding to degradation products
originating from the post-transcriptional silencing of the dSurfl gene transcript
(Figure 3.1.A). Controls were larvae and adults from strain w***®, which was used to
generate the UAS-Surfl IR transgenic lines. The same 2—kb band was visualized by
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rehybridization of the blot with a probe complementary to the GFP spacer used in the
RNAI dSurfl construct (data not shown). Real-time PCR-based quantitative analysis
confirmed a drastic reduction of dSurfl mRNA (Figure 3.1.B), which corresponded
to the virtual absence of dSURF1 protein, as demonstrated by Western blot analysis
(Figure 3.1.C).

A positive controls Surf1(Act)K.D. B 100
adults larvae larvae
250 500 251950 234 79.1 79.10 80
60
a0 R
20
Surf1 .' - ™ 900bp 0 I |
234 791 79.10

Surf1(Act)K.D. larvae
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Figure 3.1. Expression analysis in ActinsC-GAL4 Surfl KD larvae. (A) Northern blot analysis
using as a probe the complete cDNA of the Surfl gene. The 2-kb band is relative to the transcription
of the hairpin construct while the intense smear, below the band at 0.9 kb (which corresponds to the
Surfl transcript), is indicative of degradation products resulting specifically from dsRNAi. This
pattern of degradation is not seen when the Northern blots are hybridized with a probe against the
heterologous GFP spacer which separates the two arms of the IR (data not shown). Signs of very slight
a specific mRNA degradation (probably artifactual) are also visible below the 2-kb band, as well as
below the rp49 band in the samples collected from larvae, but not in those from adults. Positive
controls consisted in MRNA extracted from larvae of the w'*® strain, which was used to generate the
UAS-Surfl inverted repeat transgenic lines, for which two different quantities of mRNA (25 and 50
mg) were loaded on the gels. The experiments with the KD individuals were done using 50 mg of
MRNA. In each case a housekeeping gene, i.e., rp49 (which encodes for Drosophila ribosomal protein
49), served as an external reference. (B) Real-time PCR estimate of the relative percentage of Surfl
mRNA in KD individuals from each of the three lines analyzed compared to those of the respective
parental lines bearing only the UAS-Surfl-inverted repeat (controls). In each case controls are
assigned an arbitrary value of 100%. Histograms represent the mean of two independent experiments.
Values obtained for each independent experiment were: 32 and 43 for Act-GAL4 KD 79.1, 12.5 and
36 for Act-GAL4 KD 79.10, 7.5 and 12.2 for Act-GAL4 KD 23.4. (C) Western blot analysis on KD
and control (see B) individuals. The 70-kDa band corresponds to an unknown protein, which was used
as a reference signal for the quantization of the SURF1 signal. Controls consisted of mitochondrial
protein extracts from larvae, pupae or adults of the w***® strain (Zordan et al. 2006).

All individuals derived from the three transgenic lines in which KD was activted
using the Act-GAL4 driver showed 100% egg-to-adult lethality (Figure 3.2). Most
individuals died as larvae, which were very sluggish and showed impaired
development. In all three strains, the 7 day old KD larvae appeared smaller than age
matched controls, with undersized optic lobes. The Act-GAL4 KD 23.4 and Act-
GAL4 KD 79.10 individuals had the typical cuticular features of third-stage larvae
while in Act-GAL4 KD 79.1 larvae the morphological features were typical of the
second instar stage. Only a few larvae, in particular from the Act-GAL4 KD 23.4 and
Act-GAL4 KD 79.10 crosses, reached the pupal stage but they did not progress any
further in development. Figure 3.2 shows the relative survival percentages of the
three different transgenic KD lines and successively Figure 3.3 gives an idea of the
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dimensions reached by the Act-GAL4 KD 79.1 larvae, in fact this KD line shows the
most severe phenotype.

In particular, starting from individuals of line 79.1, we genetically introduced into
their background a publicly available UAS-GFP transgene by recombining it onto the
same chromosome already bearing the interference construct, in order to produce
flies having the GFP marker in association with the dsRNAI construct (i.e. following
recombination their genotype was: UAS-GFP; 79.1 Surfl IR/III), in this manner the
KD larvae were distinguishable by their green fluorescence.
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Line 79.1 Line 79.10
100 100

801 80
601 €0

401 40

Relative % survival

20 20

Relative % survival
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Figure 3.2. Relative percentage of egg-to-adult viability. Percentages were calculated at each of
four developmental stages, i.e., eggs, larvae, pupae and adults, in controls (black) and Actin5C-GAL4-
driven Surfl knockdown flies (white). For each line, the control consisted of individuals from the line
bearing the non-activated UAS-Surfl inverted repeat. CS, Canton S, a reference wild-type strain
(Zordan et al. 2006).

Figure 3.3. Morphology of larvae following ubiquitous knock down of dSurfl. Ubiquitous KD
organisms were produced by crossing virgin homozygous UAS-GFP; 79.1Surfl female flies with
homozygous ActinsC-GAL4 male flies. Larvae in which the gene was knocked down (blue star:
UAS-GFP/Act5C-GAL4; 79.1 Surfl IR/III) were easily recognisable because they expressed GFP
ubiquitously as well as being sluggish and small. ActinsC—-GAL4 knock down produced 100% egg-to
adult lethality with death occurring at the larval stages. The bigger larvae (red star: UAS-GFP/CyO;
79.1 SurfLIR /111), the ones which are not fluorescence are used as controls.
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Biochemical assays were then performed to check the state of the mitochondrial
respiratory chain in control larvae and in the Act-GAL4; GFP-79.1 KD individuals
(distinguishable by their green fluorescence as shown in Figure 3.3). The enzymatic
activities of Complexes 1-V and Citrate Synthase were determined as described in
(Autore et al., anno) (and see materials and methods). Complexes |-V activities in
the larvae tissues are normalized to the activity of Citrate Synthase (CS), both
expressed as nmol min* mg™ and then expressed as a percentage relative to the

PART |

concurrent wild type controls with the highest activity.

The Act-GAL4; GFP-79.1 larvae showed a decrease in Complex IV activity
comparable to that of Complexes I, 1l and 111 (i.e. an approximately 40% decrease)

(Figure 3.4).
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Figure 3.4. Mitochondrial respiratory chain enzymatic activities of control and Act-GAL4; GFP-
79.1 KD larvae. Complexes |-V activities (all expressed as nmol min mg™) normalized to the
activity of Citrate Synthase (CS), are all expressed as percentage of enzymatic activity where WTALA
strain’s activity is considered as 100%. We measured enzymatic activity in three different wild type
lines: Canton S, WT ALA, w''*® in the two parental lines: UAS-GFP; 79.1 Surfl IR/III, Actin5C-
GAL4 and in the KD larvae (obtained by crossing between them the two parental strains). The graphs
clearly show that the enzymatic activites in the KD individuals are in all cases markedly lower than
the respective controls.

This result is at variance with what is observed in humans with Surfl deficiency—
related Leigh syndrome (Zhu et al. 1998, Tiranti et al. 1998, Yao and Shoubridge
1999) and in the corresponding mouse model. Both these cases are characterized, at
the biochemical level, by an isolated CIV deficiency (Dell’agnello et al. 2007). If the
function of Surfl is related exclusively to its role as a chaperone in the assembly of
respiratory Complex 1V, the KD of dSurfl is not expected to have direct effects on
the activity of the other respiratory complexes. It should however be pointed out that,
as already noted by (Fernandez-Ayala et al. 2009), the lack of Surfl leads to a variety
of phenotypes in different organisms. In particular, evidence from yeast (Barrientos
et al. 2002) and from mouse models suggests that Surfl may not only be involved in
COX assembly, but may play a more general role in organization of the respiratory
chain complexes and/or that it could also have as yet undescribed functions. Thus, it
is possible that in Drosophila larvae, the decrease seen might be due to some form of
interdependence of the respiratory complexes so that decreased levels of correctly
assembled Complex IV may also causes a reduction in the amount of other
mitochondrial complexes.

3.1.2 Central nervous system-restricted KD of dSurfl using elav—
GAL4 driver

To bypass the larval lethality caused by Act-GAL4-driven KD of Surfl, we restricted
the expression of the dsRNAI to the CNS by using a pan-neuronal elav—GAL4 driver.
The elav—GAL4 driver induces dsRNAI in the developing Central and peripheral
nervous system and in the eye and antenna disc from early embryogenesis throughout
larval development, and continues to be active in the corresponding areas of adult
individuals (Yao and White, 1994). elav—-GAL4 KD Surfl dsRNAI had no effects on
egg-to adult viability. Nonetheless, such KD individuals, show a striking and
significant increase in lifespan with respect to controls (Figure 3.5) (Zordan et al.
2006).
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Figure 3.5. Surfl(elav)KD adults show enhanced long-term survival. Graphs showing the number
of adult flies surviving after up to 115 days. (A) w***® (the background used for transgenesis) and
elav—-GAL4 x w8, (B) 23.4 Surfl IR and Surfl(elav)KD 23.4. (C) 79.10 Surfl IR and Surfl(elav)KD
79.10. (D) 79.1 Surfl IR and Surfl(elav)KD 79.1. For each graph the statistical comparison of the
pairs of curves (i.e., KD vs. parental IR line) was done using the Wilcoxon test. (A) P % NS; (B) P Y4
0.008; (C) P ¥ 0.02; (D) P ¥ NS (Zordan et al. 2006).

Moreover biochemical assays were carried out with control flies and elav—-GAL4 KD
flies where, in both lines, the heads were separated from the bodies and the two body
parts assayed separately. Figure 3.6 shows Complex | and Complex IV (COX)
percentage activities (nmol min™* mg™) normalized to the activity of citrate synthase
(CS), in the indicated tissues. In the heads of Surfl(elav)KD flies, COX activity was
greatly reduced, whereas Complex | (ClI) function was not altered in the same tissues.
As a control, we also measured the activities of Cl and COX in the bodies of the pan
neuronal Surfl KD flies and we did not observe any differences between the KD and
the control individuals.
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Fig. 3.6. Biochemical assay of Complex | and Complex IV activities in central nervous system-
specific Surfl knock down adult flies. Cl and COX activities, normalized to the activity of CS, are
all expressed as percentage of enzymatic activity, where WTALA strain’s activity is considered as
100%. Enzymatic activities were measured separately either in bodies or in heads of three different
wild type lines: Canton S, WT ALA, w8 two parental lines: UAS-GFP; 79.1 Surfl IR/IlI, elav—
GAL4 and in the KD individuals (obtained by crossing the two parental strains). The graphs clearly

show that in the heads of Surfl(elav)KD individuals COX activity is markedly decreased with
respect to controls.

3.1.3 Activation of dsRNAi in the mesodermal derivatives

When Surfl is post-transcriptionally silenced in all mesodermal derivatives from
early embryonic stages to pupal metamorphosis (PM) by the how?*®~GAL4 driver, all
Surf1(how**®)KD individuals do not develop to adulthood and die during the early
steps of PM or, sometimes, at slightly later stages of pupal development. It is clearly
visible (Figure 3.7) that whilst in control pupae all developing adult tissues are
present, in the KD pupae some of the adult tissues are not present. This is evdenced
by the observation that six day-old Surfl(how®*®)KD pupae show a void region
approximately at the centre of the developing insect body (Figures 3.7, 3.8, 3.9). We
monitored pupal development in Surfl(how®*®)KD pupae every 24 hours, to try to
establish at what time point this kind of “hole” began to appear. We observed that it
began to appear already at 24 hours after the beginning of PM (Figure 3.7). By
monitoring pupal development in both controls and Surfl(how**®)KD every 15
minutes starting from the beginning of pupal metamorphosis, (24 control and 24
Surfl(how®*®)KD pupae), we observed that the “hole” started to appear more or less
3-4 hours after the beginning of PM and that it continued to grow in the following

43



PART | Results and Discussion

four hours of monitoring. Figure 3.9 shows six hours of development from a single
representative pupa. Finally the "hole" in 24 hours old Surfl(how**®)KD pupae
reaches its maximum extension and did not enlarge further in the following days.

Figura 3.7. Fluorescence microscope images of six day-old control and Surfl (how24B)KD
pupae. A and B are controls (UAS GFP/how?**®*~GAL4), whereas C and D are Surf1(how**®)KD.

24B

Figura3.8. Six day monitoring of Surfl how™" KD pupal development. We observed the pupal
development of two control (panels A and B) and two Surfl(how?*® )KD (panels C and D) individuals,
checking the developmental state every 24 hours, starting from hour 0 (Oh = the beginning of pupal
metamorphosis) to 6 days. The region void region (i.e. unstained) is clearly visible in the centre of the
Surfl (how”*®) KD individual's body.
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Figure 3.9. Six hour monitoring of Surfl how?*® knock down pupae development beginning from

0 minutes of pupal metamorphosis (PM). In this case the void region begins to appear at
approximately 3-4 hours of PM.

In order to check the state of the muscle tissue (one of the main mesodermal
derivatives) in the Surfl(how**®)KD larvae, we dissected larvae (to obtain body—wall
preparations, see material and methods) from ten control larvae (UAS GFP/how**®—
GAL4) and ten Surfl(how*®)KD larvae, after which we subjected these larval
preparations to confocal microscope analysis. Figure 3.10 shows a typical example of
the results obtained. The main morphological defect which was evidenced by this
kind of analysis , was that Surf1-KD muscles presented profound alterations in the
morphology of the nuclei.

A

Figure 3.10. Confocal microscope image showing GFP-tagged larval muscle fibres from control
(A) and Surflhow(24B)KD larvae (B).

In attempting to find an explanation for the developmental problems manifested by
the Surfl(how”*®)KD individuals we thought of trying to establish whether the
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defects observed might be due, for instance, to increased levels of apoptosis in the
tissue in which dSurfl was silenced. In order to test this hypothesis we implemented
an approach base on the use of the GMR-GAL4 driver.

3.1.4 Eye-Antenna disc KD of Surfl using the GMR-GALA4 driver

The GMR-GALA4 driver targets the expression of GAL4 to the posterior compartment
of the eye-antennal disc. Thus, in our case the use of this driver would lead to the
knoc down of dSurfl specifically in the developing eye-antennal anlage. It is thus
possible to evaluate: (i) whether Surfl KD in this compartment induces
developmental defects observable as morphological alterations in the strictly
geometrical structure of the compound eye; (ii) the levels of apoptosis detectable at
the level of the imaginal discs, after staining with acridine—orange. In the latter case,
since the GMR driver is specific to the posterior compartment of the imaginal disc,
the anterior compartment serves as an internal negative control. However, no signs of
developmental anomalies were observed in GMR-GAL4 Surfl KD adult flies and
following dissection of the larval imaginal discs in the same individuals we did not
observed any significant alterations in the pattern of developmentally controlled
apoptosis, leading us to conclude that the particular phenotype we observed in the
Surf1(how?*®)KD pupae is probably not ascribable to apoptotis.

3.1.5 Ubiquitous post-transcriptional silencing of dSurfl using the
RU486-sensitive inducible driver

In this case our aim was to establish the effects of post transcriptional silencing of
dSurfl in adult indivuals, since all the drivers employed by us so far, were expressed
early during embryonic and/or larval development. To do this we employed an RU-
486 sensitive-Act5C-GAL4 driver (Switch—-Act5C-GAL4). In this case GAL4 is
produced in a ubiquitous pattern determined by the Act5C promoter, but this
promoter is subjected to the control of the RU-486 sensitive promoter, which
requires the presence of the estrogen RU-486 in order to be active. RU-486 can be
simply fed to the individuals bearing such a promoter. Pilot experiments using the
Switch—Act5C-GAL4 showed some promoter leakiness. In our hands this is
evidenced by the fact that at room temperature (24-25°C), flies harboring the
promoter transgene as well as the dSurfl-targeting dsRNAI show late larval lethality
in the absence of pharmacological induction of the promoter. Such lethality could be
"rescued" simply by growing such larvae at 20°C. Adults allowed to develop at 20°C
and then transferred to 25°C show 100% lethality within 48 hours. Apart from the
question of the Switch—Act5C-GAL4 promoter leakiness, these results suggest that
Drosophila adults are particularly sensitive to the lack of dSurfl.
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In order to determine whether adult lethality produced by late activation of dSurfl
knock-down was paralleled by alterations in the levels of CIV activity, we analyzed
respiratory complex levels in Switch—-Act5C-GAL4-dSurfl KD flies. To circumvent
the inherent leakiness of the RU-486 sensitive promoter, all experiments were
conducted at 20°C. Activation of the driver was thus obtained following transferral of
the adult flies to food additioned with RU-486. Under these conditions 100% of the
adult flies died within 48 hours of exposure to RU-486.

Figure 3.11 shows, for the different genotypes analyzed, the enzymatic activity
ratios, with respect to Citrate synthase, for respiratory Complexes | and IV,
respectively. No relevant variations in enzymatic activity, as a function of genotype,
were observed for Complex I. On the other hand, a marked variation was evidenced
in the case of Complex IV activity (Fig. 3.11). In particular dSurfl KD individuals
showed an approximately 40% reduction in activity as compared to the controls.
These results point to the elevated sensivity of Drosophila adults to the acute lack of
dSurfl, during adulthood.
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Figure 3.11. Biochemical assay of Complex | and Complex IV activities in Switch-Act5C-GAL4-
dSurfl KD adult flies. Cl and COX activities, normalized to the activity of CS, are all expressed as
percentage of enzymatic activity where WTALA strain’s activity is considered as 100%. Enzymatic
activities were measured in three different wild type lines: Canton S, WT ALA, w'*®; two parental
lines: UAS-GFP; 79.1 Surfl IR/, Switch—-Act5C-GAL4 and in the KD individuals (obtained by
crossing between them the two parental strains). COX activity of KD flies is decreased in respect to

controls.
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Similarly, when we Switch—Act5C-GAL4-dSurfl KD larvae are transferred into
progesterone additioned food we observed that such larvae reach the pupal stage but
they do not develop to adult adulthood. Figure 3.12 shows the pupal phenotype of
these KD individuals which arrest their development at the pupal stage.

Surf1 P-AetSCKD
" Surft P-AetSCKD
" S
<

Surf1 P-ActSCKD

Surf1 P-Act5CKD

Wild type 6 daysl§  Wild type 6 days

Figure 3.12. Surfl ubiquitous KD with the Switch—-Act5C-GAL4 driver at the third stage larva.
UAS-GFP; 79.1 Surfl IR; Switch—Act5C—-GAL4 larvae were transferred into food containing RU-486.
These individuals reach the pupal stage but they die during the early steps of PM.

These results point to the elevated sensitivity of Drosophila adults to the acute lack of
dSurfl, which could mean that: (i) there is a high turnover of respiratory complexes
and their assembly factors (such as dSurfl ), requiring the continuing expression of
dSurfl in order to maintain the steady state requirements; (ii) dSurfl expression is
required constantly for some other vital and as yet unknown process. The fact that
acute KD of dSurfl leads to isolated CIV deficiency, and not to a more generalized
respiratory chain deficiency as occurs in larvae, suggests that there could be
important differences in the assembly and/or the organization of the respiratory chain
complexes in larvae and adults. Ubiquitous RU-486-mediated KD of dSurfl is lethal
to larvae (even in the situation in which the RU-486-GAL4 driver was employed
under conditions in which low levels of GAL4 expression were produced through
leakiness of the driver construct). This suggests that, as is the case for adults, larvae
are sensitive to weak ubiquitous KD of dSurfl, as long as the KD is widespread. This
is confirmed by the previously reported non-lethal, but weakly deleterious effects, of
elav-GAL4 -driven dSurfl KD (throughout the developing nervous system) (Zordan
et al. 2006). Furthermore, as previously shown, experiments in which dSurfl KD was
produced by using an eye-specific GMR-GAL4 driver confirmed the fact that the KD
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do not induce structural anomalies in eye development. In addition, the parallel
analysis of the eye-antennal imaginal discs, in such individuals, showed no signs of
alterations in the (normal developmentally regulated) pattern of apoptosis (data not
shown).

Moreover it should be pointed out that, as already noted by (Fernandez-Ayala et al.
2009), the lack of Surfl leads to a variety of phenotypes in different organisms. In
particular, evidence from yeast (Barrientos et al. 2002) and from mouse models
suggests that Surfl may not only be involved in COX assembly, but may play a more
general role in organization of the respiratory chain complexes and/or that it could
also have as yet undescribed functions.

3.2 Coexpression of a synonymous gene construct rescue targeted
dSurfl dsRNAI

As a proof of principle, we produced a synthetic form of the dSurfl cDNA (in which
codons were subject to synonymous substitution) which would not be targeted by the
dsRNA. inducing transgene (Kumar et al. 2006). In this way, following introduction of
this synthetic transgene into the background of the lines used for dsRNAI, our hope was
to be able to rescue the effects produced following the silencing of the endogenous copy
of dSurfl.

3.2.1 Generation of transgenic lines bearing dSurfl—s

dSurfl-s was designed to escape native-dSurfl-targeted PTS through substitution of
each codon triplet in the native dSurfl sequence with a synonymous triplet. (Table
3.1, Figure 3.13).

cagtgcaaaacg tcttactatcaacttccagttggaaatgtaaataaataaataaata aaaatttagagcaaa
ataaaagaaagt atacgtttggggaaccaaatgtglc calg aal at calac gtBttcc
adficcBgglla aafla a atfla gaa atga ccggt aa@tgga
acBlagtat@ccflaaccag@lg g a g aaagada. tfgcc tg t ct@ct@gat@c
gcacgacat ttggg@tgBtggcafigt@aalc aagatttgga c ttga aaBlgatctga
aa@lcaflct@a gcBicclgt@gcactBcc@galig g ttgg cafjatgga@taBcgfict@gt!
aaBatccglg tt@ct@8calig ga@atgc g ccgeggtcllct@atBicg@cclga@ggllg
gaflacgcagyg ctgttlitcB@callcgiigaftcllg gg@ta@ctBatBgtBacgccattBcalct@g
gaBcg@lgaigafiat@gt@ct@gtfaalcglggitgggt cg@laaSicagigt@gallcc@gaflacfagilcc@ct
ggdicaficagica@igc@gaggt@gadct@acgyg gt aafigg@lga@igcgegliccgca@ttBacBcclg
cafaaligg@aa@gt@ta@ct@ta@cgfigalit tAgclc tgllgcligcllacBigg@igcligcaccagt@tt®ct
gagcggtgt ccBcafacBlgca@gclica@gcac gg@gg@icaBaclicgfgtfacgc aallg
ca@ct@tcat gt@acgtggttflag@ctgtcag acgtcat gtggtaccg@icagatBigtga
ag@lat@ccgttBtacccctacgatgtgecccgattacgec aaaagggaacccaaatcaaacgcact

Figure 3.13. Surfl synonymous sequence. Bold = Region targeted by RNAI in wild type dSurfl.
Red = start (atg) and stop (tga) codons, Pink = substituted nucleotides, Yellow = HA-tag sequence.
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dSurfl BASE COMPOSITION %GC IN CODONS
A% | T% | C% | G% FIRST SECOND THIRD
POSITION POSITION POSITION
NATIVE 24.03 | 19.49 | 28.35 | 28.13 59.14 43.52 66.78
SYNONYMOUS | 24.73 | 20.65 | 28.06 | 26.56 60.32 43.23 60.32

Table 3.1. Base composition of the dSurfl and dSurfl-s genes. For each sequence the table shows
the general base composition as well as the proportion of GC nucleotides present in each of the three
codon positions.

Following cloning into a pUAST transformation vector, dSurfl-s was injected into
embryos leading to the obtainment of four transgenic lines: Synl, Syn2, Syn3, Syn4.
Line Syn4 proved to be homozygous lethal and was thus excluded from further
analysis. Following production of double homozygote lines (i.e. lines bearing both a
Syn transgene as well as an IR construct), these were crossed with the ubiquitous
Act5C-GALA4 driver. Unexpectedly such crosses produced no rescue of the late larval
lethality phenotype typically observed following ubiquitous activation of dSurfl IR
alone.

This result recalls that obtained by (Fernandez-Ayala et al. 2009) in which rescue of
dSurfl KD by AOX under the control of an Switch-tub-GAL4 promoter was not
obtained at the highest doses of the drug inducer RU-486. On the other hand, in
control experiments, at low doses of RU-486, dSurfl KD was insufficient to produce
complete lethality. At intermediate doses of RU-486, dSurfl KD was still lethal or
semilethal, and concomitant AOX expression was able to rescue the lethality (Figure
3.14).
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Figure 3.14. Survival of rescued flies. Hemizygous flies for Surf1-KD (encoding GAL4-dependent
Surfl-directed dsSRNA) and tub-GS transgenes, each on chromosome 3, with or without hemizygous
AOX or GFP as an additional GAL4-dependent transgene on chromosome 2, cultured at different
doses of the inducing drug RU-486. Image of actual vials is shown above in which AOX-expressing
flies consistently reach further in development than nontransgenic flies at any given drug dose
(Fernandez-Ayala et al. 2009).
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Thus we proceeded to establish whether driving the expression of the KD (IR) and
rescue (Syn) constructs in a temporally restricted manner would allow us to find the
conditions which would allow to obtain the expected rescue of the larval lethality. To
this end, in the experiments which follow, we employed a hsp70—GAL4 driver.

3.2.2 dSurfl knock down using the hsp70-GAL4 driver

Virgin females homozygous for dSurfl-s from lines Synl, Syn2 and Syn3 were
crossed to w; hsp70-GAL4/Cyo males. Non—Curly progeny were then collected and
subjected to heat shock in order to evaluate the expression of dSurfl-s. Total proteins
were extracted from 10 adult flies (5 males and 5 females) progeny of the above
cross which had been exposed to heat shock (for 60 min at 37°C) 24, 48 or 72 hours
after egg laying (AEL). The protein extracts obtained were subjected to Western blot
analysis. An example referring to the results obtained following heat shock at 48
hours AEL is shown in Figure 3.15 where dSURF1-s.

HSP=70 e
— 50KDa
— 37
SURF1-HA —
— 25

24 48 72 12 c-

A B

Figure 3.15. Western Blot conducted on 10 adult flies from following lines. (1) w***® (negative

control); (2) Synl hsp70-GAL4 ;(3) Syn2 hsp70-GAL4 ; (4) Syn3 hsp70-GAL4, in which expression of
dSurfl-s was induced by heat shock (1h, 37°C) administered at 48 h after egg laying. The bands
indicated in the gel are HSP-70 (the reference protein) and dSURF1-HA.

The presence of SURF1-s protein in the rescued flies bearing the double construct
was verified by Western blot (Figure 3.15). The blot shows the band corresponding
to the protein encoded by dSurfl-s (approx. 34 KD) visible in the lanes loaded with
samples from individuals of line Syn2; IR. Semiquantitative estimates (data not
shown) of SURF1-s protein on the basis of the optical density of the Western blot
bands showed that there was significantly less dSURF1-s protein in individuals
exposed to a 60 min. heat shock at 24 hAEL than at 72 h AEL (ANOVA; p=0.021).
Experiments were then conducted in order to evaluate whether rescue of lethality,
deriving from knock down of native dSurfl, could in fact be obtained by
coexpressing dSurfl-s in the same flies under the control of the hsp70-GAL4 driver.
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We explored various combinations of parameters such as: (i) developmental time at
which the heat shock was administered; (ii) duration of the heat shock; (iii) number
of heat shock treatments administered during development. In particular all
experiments were conducted using lines Syn2—IR and Syn3-IR, which bear both the
dsRNAI dSurfl and the dSurfl-s-expressing transgenes, as well as on the lines
bearing either one or the other transgene. Altogether this set of experiments allowed
to establish that flies of line IR (those expressing only dsRNA dSurfl ) did not show
the expected late larval lethality, implying that dSurfl knock down was not fully
activated under the following conditions: (i) a single 60 min. heat shock treatment 24
or 48 h AEL; (ii) a single 30 min. heat shock 72 h AEL; (iii) a double heat shock (30
min. each), administered at 48 or 72 h AEL. In order to avoid the above shortcoming,
the progeny from the same crosses as above was exposed to repeated heat shock
treatments according to the following schedules: (i) 72, 120 and 168 h AEL, 30 min.
each; (ii) 72, 120, 168 and 216 h AEL, 30 min. each. Under these conditions dsRNAI
was sufficient to result in the expected late larval lethality. However, this also
produced unexpected late larval lethality in the individuals bearing only the dSurfl-s
transgene, suggesting that the strong overexpression of this transgene is also toxic to
the flies. Finally, following a single 60 min. heat shock treatment, 72 h AEL, we
obtained the expected late larval lethality in flies expressing only the dsRNAI
transgene as well as the partial rescue of the lethal phenotype in the flies expressing
both the dSurfl-s construct and the dsRNAI dSurfl transgene. These results,
expressed as percentage survival to adulthood of the different genotypes with respect
to the number of eggs laid are shown in Table 3.2.

hsp70-GAL4 crossed to: Progeny genotype Mean % survivial
dSurfl-IR IR hsp70-GAL4 0
Syn1 hsp70-GAL4 .65 +8.
dSurfl—s y P 81651849
Syn2 hsp70-GAL4 64.22 + 3.14
Syn1; IR hsp70-GAL4 21.16 (17.88) + 4.89
dSurfl—IR and dSurfl-s -
Syn2; IR hsp70-GAL4 18.99 (13.98) + 2.73

Table 3.2 Survival to adulthood of rescued flies. VValues are expressed as percentages relative to the
expected and are average values from three independent replicates (S.D.). The values concerning
individuals from lines homozygous for both Surfl constructs (Synl; IR hsp70-GAL4 and Syn2; IR
hsp70-GAL4 ) were corrected for the lethality seen with individuals from lines expressing only the
dSurfl-s construct (Synl hsp70-GAL4 and Syn2 hsp70-GAL4 ), respectively. The uncorrected survival
values are shown in parentheses.

The above data show that, within the limits of sensitivity afforded by varying the
timing of heat shock administration in order to activate the hsp70-GAL4 driver, that it
is possible to produce levels of dSurfl KD conducive to larval lethality using various
alternative protocols which entail either sustained dSurfl KD by repeated short (30
min each) inductions of dsRNAI at different developmental times, or by a single
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prolonged (60 min.) induction at 72 h AEL. However, the overexpression of the Syn
transcripts (in a wild type background) using the same induction protocols, produced
lethality per se, in all but the prolonged induction at 72 h AEL. Consequently, it
proved particularly difficult to find an experimental condition leading to sufficient
KD of the native transcript (to produce the late larval lethal phenotype), while at the
same time producing enough Syn transcript to partially rescue flies from the effects
of dSurfl KD. Rescued individuals reach the adult stages of development, but such
individuals represent approximately 20% of the Mendelian expectation. Even if
larvae expressing both the Syn and IR constructs, and which are expected to give rise
to the rescued adults, could be distinguished from the rest of the larval progeny, only
20% of such larvae would actually reach adulthood. Consequently all analyses
regarding rescued individuals were conducted only on the adult flies.

Furthermore, biochemical assays were carried out to determine levels of key
respiratory chain enzyme activities only on the rescued adult flies.

3.2.3 Respiratory complex enzymatic activity

The activity of respiratory Complexes | and IV (Cl and CIV) and Citrate Synthase
(CS) were determined, under various experimental conditions in larvae and adults. In
particular, coexpressing the rescue construct (dSurfl-s) under the control of a heat-
shock driver (hsp70-GAL4 ), in a KD background. Figure 3.16 shows CI/CS and
CIVICS ratios in hsp70-GAL4 rescue flies. Rescued individuals reached the adult
stages of development, but only approximately 20% of rescued larvae actually
developed to adulthood. Thus, for reasons previously exposed, respiratory chain
complex activities were determined only in the final rescued adult flies, as shown in
Figures 3.16. In this case, it is evident that rescued individuals show a complete
restoration of CI/CS and CIV/CS activity ratios.

Cl/CS specific activity (%) CIV/CS specific activity (%)
120 120
100 100 g
80 + - - - 80 +— —
60 +— — 60 -+ — - -
40 — = 40 +— =
20 - - - - 20 > -
L e T T T T — 0 +— - . . : .
Canton S WTALA wlll8 10.8 Surfs; hsp70-GAL4  RESCUE Canton S WTALA wlll8 10.8 Surfs; hsp70-GAL4  RESCUE
79.1Surfl 79.1Surfl

Figure 3.16. Respiratory complex activities in controls and RESCUE adult flies: following
dSurfl knock down and contemporary activation of the dSurfl synonymous construct in adult
flies. Cl and COX activities, normalized to the activity of CS, are all expressed as percentage of
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enzymatic activity where WTALA strain’s activity is considered as 100%. Enzymatic activities were

measured in three different wild type lines: Canton S, WT ALA, w***®: two parental lines: 10.8 Surfs;

79.1 Surfl IR/, hsp70-GAL4 and in the RESCUE individuals (obtained after coexpression of a
synonymous gene construct able to rescue targeted dSurfl dsRNAI). COX activity in RESCUE flies is
similar to controls.

It is also worth mentioning that the CI/CS and CIV/CS activity ratios are
approximately twofold higher in larvae with respect to adults, compare for example,
Canton S individuals in figure 3.4). This is further explored in Figure 3.17, which
shows the activities of Cl, CIV and CS, as determined in larvae and adults of Canton
S (wild type) individuals. Here it can be seen that activities of Cl and CIV are
actually twofold higher in adults with respect to larvae, while the CS activity is
almost fivefold higher in adults with respect to larvae. The latter may reflect the
lower yield and/or purity of the mitochondrial fraction obtained from larvae with
respect to adults but could also imply that larvae have less mitochondria per unit
mass of tissue protein. Nonetheless the twofold greater respiratory complex activity
in adults suggests that larvae may present an all round lower requirement for
oxidative phosphorylation, which would contribute to explain why many Drosophila
mutants, defective in respiratory chain function, tend to survive through most of
larval development, lethality generally becoming manifest late in larval development
or at the larva to pupa transition, see for example: (Zordan et al. 2006, Fernandez-
Ayala et al. 2010, lyengar et al. 1999, Copeland et al. 2009).

[]Complex | [E Complex IV M Citrate Synthase
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Figure 3.17. Larval versus adult respiratory complex activities. Enzymatic activities of respiratory
complexes | and IV and of Citrate Synthase in Canton S (wild type control) larvae and adults.
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Concluding, Drosophila melanogaster is a widely used model organism in basic and
translational research and in many instances such research deals with the characterization
of genes involved in mitochondrial function. The data presented here shed new light on
the existence of important developmental stage-specific differences in respiratory chain
complex activities in this organism, which may have important implications when
considering the developmental stage at which phenotypical defects are manifest following
the inactivation of the gene(s) of interest. In the case of the gene object of this study, we
show the unexpectedly high sensitivity of Drosophila adults to the lack of dSurfl and we
also provide evidence suggesting that only widespread lack of dSurfl is deleterious, while
spatially restricted silencing may lead to weak negative effects or to the absence of any
identifiable defects.

In the next pages is attached a copy of the paper dealing with the recent results obtained
for dSurfl gene, currently submitted to BMC Medical Genetics.
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Abstract

Background: Leigh syndrome (LS) is an early onset progressive mitochondrial encephalopathy, usually leading to
death within the first decade of life. LS patients with mutations in the Surfl gene show a marked and specific
decrease in the activity of mitochondrial respiratory chain complex IV (cytochrome c oxidase, COX), the
terminal enzyme in the respiratory chain. Experimental evidence suggests that SURF1 is involved in COX
assembly. Since, the molecular mechanism leading to COX deficiency and the pathogenesis of neurodegeneration
in human LS are still poorly understood, we had previously set up a Drosophila melanogaster model based on
the post-transcriptional silencing of dSurfl (CG9943) via transgenic double-stranded RNA interference. Here,

we explored this model further.

Results: We coexpressed a synonymous gene construct encoding for the dSURF1 protein in animals in which the
wild type dSurfl gene was targeted for dsRNAi-mediated knock down. Under these conditions we show that, in
up to 20% of individuals, the synonymous gene could rescue lethality and the respiratory chain Complex IV
deficiency, previously shown by us to be a consequence of the post-transcriptional silencing (PTS) of the wild
type gene. We also show that the use of an RU-486-sensitive promoter to activate PTS of dSurfl in adult flies

leads rapidly to isolated respiratory Complex IV deficiency and lethality.



Conclusions: Acute knockdown in parallel with cDNA-mediated rescue of dSurfl expression in larvae and/or
adults reveals the surprisingly high sensitivity of Drosophila adults to the lack of dSurfl. We also provide
evidence suggesting that only widespread lack of dSurfl is deleterious, while spatially restricted silencing does

not lead to detectable defects.

Background

Human Surf! encodes a 31 kDa protein located in the inner membrane of mitochondria [1] [2] and it is
ubiquitously expressed in human tissues, in particular in aerobic tissues such as heart, skeletal muscle and
kidney [3]. SURF1 protein is highly conserved from recent prokaryotes to humans [4], and it is
characterized by an N-terminal mitochondrial targeting sequence and by two trans-membrane

domains [2] [3]. Most human Surf! mutations are of the nonsense type which are predicted to lead to the
expression of a prematurely truncated and/or aberrant protein [5] and are involved in the determination of
Leigh syndrome (LS, OMIM 256000). LS is a progressive mitochondrial encephalopathy characterized by
the presence of symmetric necrotizing lesions in subcortical areas of the CNS, including brainstem,
cerebellum, diencephalon and corpus striatum [6]; [7]. The disease onset is in infancy, generally after a
symptom-free interval of several months. The syndrome has a relentlessly progressive course, death usually
occurring within the first decade of life, although protracted cases are known. LS Surfl mutant patients
show a marked decrease in the activity of mitochondrial respiratory chain complex IV (cytochrome c
oxidase, COX) [2]. COX is the terminal enzyme in the respiratory chain and studies in human cells [8],
mice [9] [10] and yeast [11] indicate that SURF1 is involved in COX assembly. Since, the molecular
mechanism leading to COX deficiency and the pathogenesis of neurodegeneration which characterize
human LS are still poorly understood, we set up a Drosophila melanogaster model, by inducing the
post-transcriptional silencing of dSurfl (CG9943) via transgenic double-stranded RNA interference [12].
The GAL4-UAS binary system [13] was exploited to drive the post-transcritpional silencing (knock down,
KD) of the target gene transcript under the control of two alternative promoters, i.e. Actin5C, an
early-expressed housekeeping gene, or elav, an early-expressed neuron-specific gene. The main phenotypic

features following ubiquitous Actin5C-Galj-driven dSurfl KD were severe impairment of larval



development and reduced locomotion which were likely caused by a generalised defect in respiration and
ATP synthesis determined by dSurf! silencing. On the other hand, nervous system-wide silencing of dSurf1
allowed us to bypass late larval lethality observed with the ubiquitous driver. Not only did such individuals
survive to adulthood, but they showed a strikingly enhanced survival with respect to controls. The larval
stages of elav-Gal4 dSurfl KD individuals were morphologically comparable to controls although they
presented slight impairment in locomotor activity and photobehaviour which is reminiscent of the
widespread nervous system involvement observed in human mitochondria-related encephalomyopathies. A
direct effect of dSurf! silencing on mitochondrial respiration was demonstrated by the significant reduction
in the histochemical reaction to COX observed in the CNS of the elav-Gali KD adult flies, paralleled by a
strong increase in the SDH levels measured in the same tissues, which suggests a compensatory increase in
mitochondrial mass. Altogether, the above results strongly support the involvement of respiratory
deficiency in determining the developmental and functional impairments observed in KD individuals.
Indeed, it has recently been shown that the lethal effects of ubiquitous dSurf! KD in Drosophila could be
rescued by the concomitant expression of a Ciona intestinalis alternative oxidase (AOX) under the control
of an inducible promoter [14]. Similarly to COX, AOX is a mitochondrial enzyme which is able to reduce
molecular oxygen to water using hydrogen atoms, but differently to COX, this activity is not coupled to
proton pumping. In this paper we designed and implemented a rescue construct consisting in a synonymous
copy of the dSurfl gene in which all the codons were altered so as to escape KD induced by dsRNA
targeting of the wild type gene. Furthermore, we evaluated the sensitivity of Drosophila larvae or adults to
the acute KD of dSurfl. Our findings show the unexpectedly extreme sensitivity of Drosophila adult flies to
the acute post transcriptional silencing-mediated depletion of dSurf! during adulthood, while KD spatially

restricted to the developing eye primordia does not appear to cause any detectable negative effects.

Results and Discussion
In this paper we show, the rescue of phenotypes which resulted from the knockdown produced following
dsRNAI of dSurf1, through the co-expression of a synthetic gene (dSurfI-s, (Figure 1) in which codons were

subject to synonymous substitution in order to elude targeting by dsRNAi [15].

Generation of transgenic lines bearing dSurfl-s
dSurfl-s was designed to escape native-dSurfl-targeted KD through substitution of each codon triplet in

the native dSurfl sequence with a synonymous triplet. For further details see Materials and Methods and



Table 1. Following cloning into a pUAST transformation vector, dSurf1-s was injected into embryos
leading to the obtainment of four transgenic lines: Synl, Syn2, Syn3, Syn4

Line Syn4 proved to be homozygous lethal and was thus excluded from further analysis.

Following production of double homozygous lines (i.e. lines bearing both a Syn transgene as well as a
dsRNA-bearing transgene (IR) specifically targeting native dSurfI, these were crossed with the ubiquitous
Act5C-Galj driver. Unexpectedly such crosses produced no rescue of the late larval lethality phenotype
observed following ubiquitous activation of dSurf! IR alone. This result recalls that obtained by [14] in
which rescue of dSurf!i KD by AOX under the control of an Switch-tub-Galj promoter was not obtained at
the highest doses of the drug inducer RU-486. On the other hand, in control experiments, at low doses of
RU-486, dSurfl KD was insufficient to produce complete lethality. At intermediate doses of RU-486,
dSurfl KD was still lethal or semilethal, and concomitant AOX expression was able to rescue the lethality.
Thus we proceeded to establish whether driving the expression of the KD (IR) and rescue (Syn) constructs
in a temporally restricted manner would allow us to find the conditions which would allow to obtain the
expected rescue of the larval lethality. To this end, in the experiments which follow, we employed a

hsp70-Galj driver.

dSurfl knock down using the hsp70-Gal4 driver

Virgin females homozygous for dSurf1-s from lines Synl, Syn2 and Syn3 were crossed to w;hsp70-Gal4/Cyo
males. Non-Curly progeny were then collected and subjected to heat shock in order to evaluate the
expression of dSurfl-s. Total proteins were extracted from 10 adult flies (5 males and 5 females), progeny
of the above cross, which had been exposed to heat shock (for 60 min at 37°C) 24, 48 or 72 hours after egg
laying (AEL). The protein extracts were subjected to Western blot analysis. An example referring to the
results obtained following heat shock at 48 hours AEL is shown in Figure 2 where dSURF1-s protein from
each of the lines assayed is visible as an approximately 34 KiloDalton band.

Since, following heat shock, expression of dSURF1-s was successfully demonstrated in flies of all three
crosses analyzed (Synl X hsp70-Galj, Syn2 X hsp70-Galj and Syn3 X hsp70-Gall ), we crossed the Syn
lines to those harboring the dSurfl dsRNAi construct in order to produce progeny which, when crossed to
the hsp70-Gal line, would express both constructs.

Experiments were then conducted in order to evaluate whether rescue of lethality, deriving from knock
down of native dSurfl, could in fact be obtained by coexpressing dSurfi-s in the same flies under the

control of the hsp70-Galj driver. We explored various combinations of parameters such as: (i)



Developmental time at which the heat shock was administered; (ii) Duration of the heat shock; (iii)
Number of heat shock treatments administered during development.

In particular all experiments were conducted using lines Syn2-IR and Syn3-IR, which bear both the
dsRNAi dSurfil and the dSurfi-s-expressing transgenes, as well as using the lines bearing either one or the
other transgene. Line Synl; IR was not evaluated further.

Altogether this set of experiments allowed to establish that flies of line IR (those expressing only dsRNA
dSurf1) did not show the expected late larval lethality, implying that dSurf1 KD was not fully activated
under the following conditions: (i) a single 60 min. heat shock treatment 24 or 48 h AEL; (ii) a single 30
min. heat shock 72 h AEL; (iii) a double heat shock (30 min. each), administered at 48 and 72 h AEL.

In order to attempt to avoid the above shortcoming, the progeny from the same crosses as above was
exposed to repeated heat shock treatments according to the following schedules: (i) 72, 120 and 168 h
AEL, 30 min. each; (ii) 72, 120, 168 and 216 h AEL, 30 min. each.

Under these conditions dsRNAi was sufficient to result in the expected late larval lethality. However, this
also produced unexpected late larval lethality even in the individuals bearing only the dSurfl-s transgene.
Finally, following a single 60 min. heat shock treatment, 72 h AEL, we obtained the expected late larval
lethality in individuals expressing only the IR transgene as well as the partial rescue of the lethal
phenotype in the flies expressing both the Syn construct and the IR transgene. These results, expressed as
percentage survival to adulthood of the different genotypes with respect to the number of eggs laid, are
shown in Table 2.

The presence of SURF1-s protein in the rescued flies bearing the double construct was verified by Western
blot (Figure 3). The blot shows the band corresponding to the protein encoded by dSurfIl-s (approx. 34
KD) visible in the lanes loaded with samples from individuals of line Syn2; IR. Semiquantitative estimates
(data not shown) of SURF1-s protein on the basis of the optical density of the Western blot bands showed
that there was significantly less dSURF1-s protein in individuals exposed to a 60 min. heat shock at 24 h
AEL than at 72 h AEL (ANOVA; p=0.021).

The above data show that, within the limits of sensitivity afforded by varying the timing of heat shock
administration in order to activate the hsp70-Gal4 driver, that it is possible to produce levels of dSurf1
KD conducive to larval lethality using various alternative protocols which entail either sustained dSurf1
KD by repeated short (30 min each) inductions of dsRNAi at different developmental times, or by a single
prolonged (60 min.) induction at 72 h AEL. However, the overexpression of the Syn transcripts (in a wild

type background) using the same induction protocols, produced lethality per se, in all but the prolonged



induction at 72 h AEL. Consequently, it proved particularly difficult to find an experimental condition
leading to sufficient KD of the native transcript (to produce the late larval lethal phenotype), while at the
same time producing enough Syn transcript to partially rescue flies from the effects of dSurf! KD.
Rescued individuals reach the adult stages of development, but such individuals represent approximately
20%of the Mendelian expectation. Even if larvae expressing both the Syn and IR constructs, and which are
expected to give rise to the rescued adults, could be distinguished from the rest of the larval progeny, only
20% of such larvae would actually reach adulthood. Consequently all analyses regarding rescued

individuals were conducted only on the adult flies.

Respiratory complex enzymatic activity

The activity of respiratory Complexes I and IV (CI and CIV) and Citrate Synthase (CS) were determined,
under various experimental conditions in larvae and adults. In particular, co-expressing the rescue
construct (dSurfl-s) under the control of a heat-shock driver (hsp70-Gal4 ), in a KD background.

Figure 4 shows CI/CS and CIV/CS ratios in Act5C-Galj KD larvae and in hsp70-Gal4 rescue flies. Since
driving dSurfl KD using an Act5C-Gal4 driver results in larval lethality, respiratory chain complex
activities could only be determined in mitochondrial extracts obtained from the larval stages of
development, as shown in Figures 4(A, B). In this case dSurfl KD larvae show a significant reduction in
CI/CS and CIV/CS activities. This result is at variance with what is observed in humans with
Surfl-deficiency-related Leigh syndrome [1] [2] [3]and in the corresponding mouse model [10]. Both these
cases are characterized, at the biochemical level, by an isolated CIV deficiency. It should however be
pointed out that, as already noted by [14], the lack of Surf! leads to a variety of phenotypes in different
organisms. In particular, evidence from yeast [16] and from mouse [10] models suggests that Surf! may not
only be involved in COX assembly, but may play a more general role in organization of the respiratory
chain complexes and/or that it could also have as yet undescribed functions.

For reasons previously explained, Figures 4(C, D) show respiratory chain complex activities which were
determined only in the final rescued adult flies. In this case, it is evident that rescued individuals show a
complete restoration of CI/CS and CIV/CS activity ratios.

It is also worth mentioning that the CI/CS and CIV/CS activity ratios are approximately twofold higher in
larvae with respect to adults (compare, for example, Canton S individuals in panels 4A and 4C). This is
further explored in Figure 5, which shows the activities of CI, CIV and CS, as determined in larvae and

adults of Canton S (wild type) individuals. Here it can be seen that activities of CI and CIV are actually



twofold higher in adults with respect to larvae, while the CS activity is almost fivefold higher in adults
with respect to larvae. The latter may reflect the lower yield and/or purity of the mitochondrial fraction
obtained from larvae with respect to adults but could also imply that larvae have less mitochondria per
unit mass of tissue protein. Nonetheless the twofold greater respiratory complex activity in adults suggests
that larvae may present an all round lower requirement for oxidative phosphorylation, which would
contribute to explain why many Drosophila mutants, defective in respiratory chain function, tend to
survive through most of larval development, lethality generally becoming manifest late in larval

development or at the larva to pupa transition, see for example: [12], [17], [18], [19].

RU-486-Gal4-induced knock down of dSurfl

Pilot experiments using the Switch-Act5C-Galj (RU-486-sensitive promoter) showed some promoter
leakiness. In our hands this is evidenced by the fact that flies harboring the promoter transgene as well as
the IR transgene show late larval lethality in the absence of pharmacological induction of the promoter.
Such lethality could be "rescued” simply by growing such larvae at 20°C. Adults allowed to develop at
20°C and then transferred to 25°C show 100% lethality within 48 hours. Apart from the question of the
Switch-Act5C-Gal4 promoter leakiness, these results suggest that Drosophila adults are particularly
sensitive to the lack of dSurf1.

In order to determine whether adult lethality produced by late activation of dSurfl knock-down was
paralleled by alterations in the levels of CIV activity, we analyzed respiratory complex levels in
Switch-Act5C-Gal4-dSurfl KD flies. To circumvent the inherent leakiness of the RU-486-sensitive
promoter, all experiments were conducted at 20°C. Activation of the driver was thus obtained following
transferral of the flies to food additioned with RU-486. Under these conditions 100% of the adult flies died
within 48 hours of exposure to RU-486.

Figure 6 (A, B) shows, for the different genotypes analyzed, the enzymatic activity ratios, with respect to
Citrate synthase, for respiratory complexes I and IV, respectively. No relevant variations in enzymatic
activity, as a function of genotype, were observed for Complex I. On the other hand, a marked variation
was evidenced in the case of Complex IV activity (Fig. 6B). In particular dSurf! KD individuals showed
an approximately 30% reduction in activity as compared to the controls.

These results point to the elevated sensitivity of Drosophila adults to the acute lack of dSurfI, which could
mean that: (i) There is a high turnover of respiratory complexes and their assembly factors (such as

dSurfl), requiring the continuing expression of dSurfl in order to maintain the steady state requirements;



(ii) dSurfl expression is required constantly for some other vital and as yet unknown process.

The fact that acute KD of dSurf! leads to isolated CIV deficiency, and not to a more generalized
respiratory chain deficiency as occurs in larvae, suggests that there could be important differences in the
assembly and/or the organization of the respiratory chain complexes in larvae and adults Ubiquitous
RU-486-mediated KD of dSurf1 is lethal to larvae (even in the situation in which the RU-486-Gal4 driver
was employed under conditions in which low levels of Gal4 expression were produced through leakiness of
the driver construct). This suggests that, as is the case for adults, larvae are sensitive to weak ubiquitous
KD of dSurf1, as long as the KD is widespread. This is confirmed by the previously reported non-lethal,
but weakly deleterious effects, of elav-Galj-driven dSurf! KD (throughout the developing nervous
system) [12] . Furthermore, in the course of the present study we also conducted experiments in which
dSurfl KD was produced by using an eye-specific GMR-Galj driver. In this case we were unable to
observe any structural anomalies in eye development. In addition, the parallel analysis of the eye-antennal
imaginal discs, in such individuals, showed no signs of alterations in the (normal developmentally

regulated) pattern of apoptosis (data not shown).

Conclusions

Drosophila melanogaster is a widely used model organism in basic and translational research. In many
instances such research deals with the characterization of genes involved in mitochondrial function. The
data presented here shed new light on the existence of important developmental stage-specific differences in
respiratory chain complex activities in this organism, which may have important implications when
considering the developmental stage at which phenotypical defects are manifest following the inactivation
of the gene(s) of interest. In the case of the gene object of this study, we show the unexpectedly high
sensitivity of Drosophila adults to the lack of dSurf! and we also provide evidence suggesting that only
widespread lack of dSurf1 is deleterious, while spatially restricted silencing may lead to weak negative

effects or to the absence of any identifiable defects.

Methods
Production and microinjection of the pP[UAST] dSurfl-s construct.

dSurf1-s was designed so that its nucleotide sequence was sufficiently different from the native sequence as
to allow it to escape native-dSurfl-targeted KD. This was accomplished by substituting each codon triplet

in the native dSurfl sequence with a synonymous triplet. Nucleotide substitutions were chosen so as to



maximize differences between dSurfl and dSurfI-s, while respecting codon bias and avoiding the
introduction of new splicing sites (Table 1). On the whole, the dSurf1-s nucleotide sequence presents 29.1%
differences with respect to dSurfl. In addition dSurfl-s was also engineered so as to encode an HA tag at
the C-terminus. Furthermore, particular attention was dedicated to maintaining a GC content of
approximately 60% in the third position of codons in agreement with [20] who report that, in Drosophila
melanogaster, the most frequently employed codons are characterized by G or C nucleotides in third
position. The dSurfi-s construct, synthesized by Genscript Corporation, was subcloned into a PUC57
pUAST microinjection vector. Confirmation of the insertion of the synthetic gene into the pUAST vector
was obtained by restriction fragment analysis. After EcoRI and Xhol digestion, a 980 pb fragment was
obtained which corresponds to the expected size of the dSurf-s gene. Further confirmation regarding the
nature of the fragments was obtained by direct sequencing.

pUAST dSurfi-s was injected into w!!1® embryos as described in [21]. Embryos which survived

1118 jndividuals. For each insertion event a

microinjection were numbered progressively and crossed with w
single transgenic line was founded. Four transgenic lines were thus obtained: Synl, Syn2, Syn3, Syn4
Following crosses with balancers, each line was characterized by insertion of pUAST dSurfi-s into the

following chromosomes: line Syn4 chromosome 3; lines Synl, Syn2 and Syn3 chromosome 2. From each of

the balanced lines, stable homozygous lines were obtained.

Double homozygotes for both the KD and the rescue construct

In order to evaluate whether dSurfl-s was able to revert the knockdown phenotype produced by
dSurf1-IR, it was necessary to obtain transgenic lines bearing both pUAST dSurf-s, and pUAST
dSurf1-IR. Such lines were obtained after appropriate crosses starting from the following lines: lines Synl,
Syn2 and Syn3: bearing pUAST dSurf-s. line IR: bearing pUAST dSurf1-IR, on the III chromosome (3R,
88D) [12]. In the double homozygote lines thus obtained, the expression of both constructs can be induced
using the UAS-GAL4 binary system.

Western blots

Assays were conducted essentially as described in [12]. Briefly: Following extraction of mitochondria, the
mitochondrial suspension was sonicated and subjected to 3 freeze/thawing cycles in liquid nitrogen; a
protease inhibitor cocktail and detergents were added and the solution was left on ice to allow membrane

solubilization. Equal amounts of total proteins (~ 60 mg) for each sample were resolved on a 12%



SDS-polyacrylamide gel. Following separation and Western blotting onto nitro-cellulose membrane, the
membrane was blocked and incubated with the primary followed by secondary antibodies. Positive

immunoreactivity was visualized using chemiluminescence.

Adult viability following dSurfl knock down during adulthood

The following crosses were performed to determine adult survival, of RU-486-Act5C-Gal4-driven dSurf1
KD during the adult stages of development:

(i) Controls = Uas Gfp/Uas Gfp X Switch-Actin5C-Gal4 | TM6B, Tb; from which the resulting progeny of
interest was Switch-Actin5C-Galj /Uas Gfp (ii) KD indivuals = Uas Gfp, IR/ Uas Gfp, IR X
Switch-Actin5C-Gal4 | TM6B, Tb; from which the resulting progeny of interest was

Switch-Actin5C-Gal4 [ Uas Gfp, IR. Crosses were raised at 20°C on standard sucrose medium. Freshly
eclosed flies, both controls (Switch-Actin5C-Gal4 / Uas Gfp) and (Switch-Actin5C-Gal4 / Uas Gfp, IR ) were
transferred from RU-486-free food to the food containing RU-486 and kept at a temperature of 20°C. To
this end, a 10 mM stock solution of RU-486 (mifepristone; Sigma) in ethanol 80% was added during the
preparation of fly medium to a final concentration of 15 ug/ml. A total number of 150
Switch-Actin5C-Gal4 | Uas Gfp, IR flies and the same number of control flies were starved and then placed,

in groups of 10 into RU-486-containing food.

Respiratory Chain Complex Activity Assays

Mitochondria were extracted in duplicate from samples each containing approximately 200 whole flies or
larvae. Each sample was homogenized using a Dounce glass-glass potter and loose fitting pestle. A
mannitol-sucrose buffer (pH 7.4), to which 2% BSA was added, was then added to bring the homogenate
volume to 25 ml. The samples were then centrifuged at 1500g (Beckman Avanti J-25 Centrifuge, Beckman
2550 rotor) at 4°C for 6 minutes. The pellet was discarded by filtering the sample through a fine mesh, and
the supernatant re-centrifuged at 7000g at 4°C for 6 minutes. This supernatant was discarded and the
remaining pellet resuspended in 20 ml of mannitol-sucrose buffer without BSA before being centrifuged at
7000g under the same conditions as above. The supernatant was once again discarded and the pellet
resuspended in a minimal amount of buffer (approximately 50 pl). Concentration of proteins was
determined by the Biuret test before storage at -80°C or immediate use.The extracted mitochondria
samples were diluted with hypotonic buffer to the desired concentration - normally a final volume of

mitochondria homogenate between 10 and 50ul. Prior to the assays, in order to disrupt the mitochondrial
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membranes, the samples were subjected to 3 freeze-thaw cycles using liquid nitrogen.

Complex | activity

was determined by following the oxidation of NADH at 340 nm using ubiquinone-1 as the electron
acceptor. The assay buffer consisted of 25mM KHsPOy, pH 7.2, 5mM MgCl, and 2.5mg/ml BSA, to which
2mM KCN, 2 pg/ml antimycin, 97.5 pM ubiquinone, 0.13mM NADH and 50ug mitochondrial proteins
were added. As Complex I activity is rotenone-sensitive, activity was measured before and after the

addition of rotenone (2ug/ml), the difference between the two then being used to determine actual activity.

Complex 1V (cytochrome c oxidase) specific activity

was determined by monitoring the oxidation of cytochrome c at 550 nm. The assay buffer consisted of
100mM K Phosphate pH 7.0, to which 0.1% BSA, 0.8mM Reduced Cytochrome C and 10ug mitochondrial
proteins were added. NB Samples used to determine Complex IV activity were treated with n-dodecyl

maltoside to disrupt membranes rather than freeze-thawing.

Citrate Synthase activity

was measured by monitoring the reduction of dithio-bis-nitrobenzoic acid (DTNB, colourless) to
thionitrobenzoic acid (yellow) with coenzyme A at 412 nm (e = 13,600 M~! ecm~1!). The assay buffer
consisted of 75mM Tris-HCI pH 8, to which 0.4mM acetyl-CoA, 0.1 uM DTNB, 0.5mM oxaloacetate and

5ug mitochondrial proteins were added.
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Figures
Figure 1 - Synonymous construct

Sequence of the cDNA used to produce the transgene expressing the synonymous form of dSurfl.
Substitutions are shown in pink. The region targeted by dsRNA1 is shown in bold. Start and stop codons

are shown in red. An HA tag sequence is shown in yellow.

Figure 2 - Western blot of heat shock induced dSURF1-s expression

Western Blot conducted on 10 adult flies from lines: (1) Synl; hsp70-Gali; (2) Syn2; hsp70-Galj; (3)
Syn3; hsp70-Gal4, in which expression of dSurfl-s was induced by heat shock (1 h, 37°C) administered at
48 h AEL. The bands indicated in the gel are HSP-70 (the reference protein) and dSURF1-HA.

Figure 3 - Western blot of dSURF1-s expression following different heat shock induction protocols
Western blot showing bands corresponding to the reference protein HSP-70 and dSURF1-s. The total
protein extracts were obtained from 10 flies of line Syn2; IR hsp70-Galj (A) heat shocked at 24 h AEL

(lane 1), 48 h AEL (lane 2), 72 h AEL (lane 3).

Figure 4 (A, B, C, D) - dSurfl KD vs Rescue Respiratory complex activities
Enzymatic activities of respiratory complexes I and IV, expressed as a ratio of Citrate Synthase activity, in
larvae (A and B) and adults (C and D). Canton S = wild type control. IR = parental strain bearing the

dsRNAi-expressing construct; Act5C-Galj = parental strain expressing Gal/ under the control of an
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Act5C promoter. dSurfl KD = progeny, resulting from the cross of IR X Act5C-Gal4, exhibiting
knockdown (KD) of dSurfI; Syn2. IR = parental strain bearing both the dsRNAi-expressing construct and
the recoded synonymous rescue construct. hsp-70-Gal4 = parental strain expressing Galj under the
control of an hsp-70 promoter. Rescue = progeny, resulting from the cross of IR X hsp-70-Gal4, exhibiting
rescue of dSurfl. A and B show that in larvae, following ubiquitous KD of dSurf1, the activities of both
complexes I and IV are significantly reduced with respect to controls. C and D show that in adult
individuals, following rescue of ubiquitous dSurfl KD, the levels of respiratory complexes I and IV are

comparable to those of controls.

Figure 5 - Larval vs adult Respiratory complex activities
Enzymatic actvities of respiratory complexes I and IV and of Citrate Synthase in Canton S (wild type

control) larvae and adults.

Figure 6 (A, B) - Respiratory complex activities following dSurfl KD in adult flies using an
RU486-Gal4 driver

Enzymatic activities of: A) respiratory complex I; B) respiratory complex IV, both expressed as a ratio of
Citrate Synthase activity, in adults of the following genotypes: Canton S = wild type control. IR =
parental strain bearing the dsRNAi-expressing construct. Switch-Act5C-Galj = parental strain expressing
Gal4 under the control of an RU486-inducible Act5C promoter. dSurfl KD = progeny from the cross of
IR X Switch-Act5C-Gal4, exhibiting knockdown (KD) of dSurfl.

Tables
Table 1 - Base composition of the dSurfl and dSurfl-s genes.
dSurf1 BASE COMPOSITION %GC IN CODONS
A% T% C% G% | FIRST POSITION | SECOND POSITION | THIRD POSITION
NATIVE 24.03 | 19.49 | 28.35 | 28.13 59.14 43.52 66.78
SYNONYMOUS | 24.73 | 20.65 | 28.06 | 26.56 60.32 43.23 60.32

For each sequence the table shows the general base composition as well as the proportion of GC nucleotides

present in each of the three codon positions.

Table 2 - Survival to adulthood of rescued flies.

hsp70-Gal4 crossed to: | Progeny genotype Mean % survivial
dSurf1-IR IR hsp70-Gal4, 0
dSurf1-s Synl hsp70-Gal4 81.65 + 8.49
Syn2 hsp70-Gal4 64.22 + 3.14
dSurf1-IR and dSurfi-s | Synl; IR hsp70-Galj | 21.16 (17.88) + 4.89
Syn2; IR hsp70-Gal4 | 18.99 (13.98) + 2.73
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Values are expressed as percentages relative to the expected and are average values from three independent
replicates (+S.D.). The values concerning individuals from lines homozygous for both Surf! constructs
(Synl; IR hsp70-Gal4 and Syn2; IR hsp70-Gal4) were corrected for the lethality seen with individuals from
lines expressing only the dSurfl-s construct (Synl hsp70-Galj and Syn2 hsp70-Galj), respectively. The

uncorrected survival values are shown in parentheses.

15



SURF1 SYNONYMOUS SEQUENCE

cagtgcaaaacggtcttactatcaacttccagttggaaatgtaaataaataaataaatagaaaatttagagcaaa
ataaaagaaagt atacgtttggggaaccaaatgtglicgflcafotBg aa@atllcaflacBgtBttcc

aggtt atlac gaaa atgacgc ccggt aagtggac
ttgg

aagga tEgcBcc tggtt ct@ctgat

tggca aagatttggaa gaaca ttgat aaagatct
gc@act ctgacgga ttggc cagatggaatatcggct
gagaa ct@ggaccgcggtcact atIc ccggagg

caac aagggatagctatBgtfacgccattecaact

aagc tcgcggaaacaggt@gaaccgEgagacgagacc

ctgac gg@gaagcgcggccgcagttaccc

cggga gcggcgactggeégcigcaccagtegtt

gc@agc ggE€caaacgcgggtgacgctecggaa

tggttiga tcatt@etgtggtaccggcagatgt
agaat@ccgtttacccctacgatgtgcccgattacgcec aaaagggaacccaaatcaaacgcact

Bold = Region targeted by RNAi in wild type dSurfl.
Red = start (atg) and stop (tga) codons

Pink = substituted nucleotides

Yellow = HA-tag sequence

Figure 1
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Characterization of ETHE1, a mitochondrial dioxygenase

Ethylmalonic Encephalopathy (EE) is a rare infantile metabolic disorder caused by
mutations in ethel, a nuclear gene encoding a mitochondrial sulfur dioxygenase working
in tight association with Rhodanese. EE is a disease characterized by an impaired
catabolism of inorganic sulfur leading to accumulation of H,S in key tissues. In
mammalian tissues H,S is a gasotransmitter acting as a signalling molecule, but at
supraphysiological concentrations it is a powerful inhibitor of COX with an efficiency
similar to that of HCN. The toxic effects of H,S can account for several features of EE,
including ethylmalonic aciduria, COX deficiency, microangiopathy, acrocyanosis and
chronic diarrhea (Tiranti et al, 2009). In order to explore the molecular pathogenesis
underlying EE, it would be useful to establish a Drosophila melanogaster model in which
the expression of CG30022 (dEthel), the Drosophila Ethel homolog, is disrupted or
impaired. The Tilling technique was used to locate mutations, produced by expousure to
EMS, in specific regions of the dEthel gene. We obtained a number of fly lines carrying
different mutations in the dEthel gene from the FlyTill project (Till et al, 2003). We
concentrated our attention on a line harbouring a missense mutation (P157S) localized
next to the active site of the putative dETHE1 protein, which is predicted to modify the
catalytic activity. We performed an in depth phenotypic analysis of heterozygous
individuals for the mutation over a deletion which removes the whole of the dEthel gene.

We also set up a strategy that provides a way to generate high resolution deletions in the
Drosophila genome by FLP-FRT recombination. In presence of FLP recombinase,
efficient trans-recombination between FRT-bearing transposon elements results in a
genomic deletion with precisely defined endpoints. Final confirmation of the deletion
ends was provided by specific PCR (Parks et al, 2004). In this way we obtained a number
of fly lines lacking the whole of the Sprite gene which contains dethel in one of its
introns. Thus the transgenic lines, which were homozygous viable, were deleted for both
the dEthel and Sprite genes. In order to characterize the phenotype of the knock out flies
from the biochemical point of view, we performed biochemical assays on these
individuals to measure the enzymatic activities of complexes | and IV of the
mitochondrial respiratory chain. We observed that COX activity is markedly decreased in
Ethel knock out individuals while complex I is not affected.

We thus demonstrated that in Drosophila isolated mitochondria, following in vitro
exposure to NaHS, COX residual activity decreases as a function of increasing NaHS
concentration. NaHS leads to the generation of H,S. Furthermore, we observed that
Ethel™, Sprite” flies are more sensitive to the lethal effects of NaHS poisoning. Starting
from these "double™ knock out lines we are currently producing new lines in which the
the sprite sequence, cloned into a pUAST vector, will be introduced into the double
knock out background in order to obtain individuals bearing only the dEthel knock out.
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1.1 Ethylmalonic encephalopathy: clinical and molecular features

Ethylmalonic encephalopathy (EE [MIM 602473]) is a rare autosomal recessive
metabolic disorder which was originally reported in Italian families (Burlina et al. 1991).
Most of the patients with EE described thereafter have been, with a few exceptions (Yoon
et al. 2001), of Mediterranean (Burlina et al. 1991, 1994; Garavaglia et al. 1994; Garcia-
Silva et al. 1997; Grosso et al. 2002) or Arabic (Ozand et al. 1994) descent. EE is
characterized by neurodevelopmental delay and regression, prominent pyramidal and
extrapyramidal signs, recurrent petechiae, orthostatic acrocyanosis (figure 1a), and
chronic diarrhea, leading to death in the first decade of life. Symmetrical necrotic lesions
in the deep gray matter structures are the main neuropathological features of the disease
(figure 1b). These lesions may be related to the toxicity of metabolites that accumulate, or
they may be secondary to the vascular changes commonly observed in this disorder.
Recently, mutations in ETHE1gene, a nuclear gene encoding a mitochondrial sulfur
dioxygenase (Tiranti et al. 2009), were proven to be cause of EE (Tiranti et al. 2004;
2006; Mineri et al. 2004). To investigate to what extent ETHEL is responsible for EE, this
gene was analyzed in 29 patients affected by EE and in 11 patients presenting early onset
progressive encephalopathy with ethylmalonic aciduria (non-EE EMA). No ETHEL
mutations were identified in non-EE EMA patients. Sequence analysis of the ETHEL
gene revealed the presence of 22 mutations, which were all found in the 29 subjects
affected by EE. No mutation was found in the 11 non-EE EMA patients. Sixteen
mutations predicted nonsense changes, while six mutations predicted missense changes.
The mutations cause truncated proteins or splicing errors (Tiranti et al. 2006).

Figure 1.1 Clinical and biochemical features of EE. .

e : a. Skin areas with petechiae are indicated by arrows
v The boxed pictures show acrocyanosis of hands and
feet.

b. On T2-fluid-attenuated-inversion-recovery (FLAIR)
MRI images of a transverse section of the brain,
symmetrical, patchy, high-intensity signals are present
in the head of nucleus caudatus and in the putamen
(arrows). c. Histochemical reaction to cytochrome c
oxidase (COX) in skeletal muscle. The muscle of a
patient with EE (top) shows a profound and diffuse
reduction in COX reactivity, compared with an age-
matched control biopsy (bottom), (Tiranti et al., 2004).
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1.1.1The biochemical profile

EE is characterized by an unusual combination of biochemical findings, which
include persistent lactic acidemia, elevated concentrations of C4 and C5 plasma
acylcarnitine species, markedly elevated urinary excretion of ethylmalonic acid
(EMA), elevated C4-6 acylglycines, notably isobutyrylglycine and 2-
methylbutyrylglycine, COX deficiency in muscle and brain (fig. 1c) (Burlina et al.
1991).

Ethylmalonic acid derives from a-carboxylation of butyrate, as a consequence of
disorders of the R-oxidation of short-chain fatty acids, however EMA can be also
derived from 2-ethylmalonic-semialdehyde, the final product of the R-pathway
catabolism of isoleucine (Mamer et al. 1976; Nowaczyk et al. 1998). The differential
diagnosis of persistent EMA aciduria is short-chain acyl- CoA dehydrogenase
deficiency, including the common variants (Corydon et al. 2001), glutaric acidemia
type 2 (sometimes described as ethylmalonic adipic aciduria) (Mantagos et al. 1979),
Jamaican vomiting sickness (Tanaka et al. 1976) and EE.

The combination of ethylmalonic aciduria and high C4 and C5 acylcarnitines is the
biochemical hallmark of short-chain acyl-CoA dehydrogenase (SCAD) deficiency
(Gregersen et al. 1998). Elevated amounts of C4 acylcarnitines, C5 acylcarnitines or
both are also present in defects of branched-chain acyl-CoA R-oxidation, including
isobutyryl-CoA dehydrogenase deficiency (Koeberl et al, 2003), 2-a-methylbutyryl-
CoA dehydrogenase deficiency (Sass et al. 2008) and isovaleric acidemia (Vockley et
al. 2006). However, neither mutations in the genes responsible for, nor impairment of
the metabolic pathways affected by these defects were ever detected in ethylmalonic
encephalopathy (Garcia-Silva et al. 1994).

In bacteria, ETHE1-like sequences are in the same operon of, or fused with, orthologs
of TST, the gene encoding rhodanese, a sulfurtransferase. In eukaryotes, both ETHE1
and rhodanese are located within the mitochondrial matrix. A functional link between
ETHEL and rhodanese has been demonstrated. Levels of sulfur metabolites were
measured in both individuals with ethylmalonic encephalopathy and in a mouse
model of EE. It was found that thiosulfate was excreted in massive amounts in urine
of both ETHE1”" mice and humans with ethylmalonic encephalopathy. High
thiosulfate and sulfide concentrations were also present in ETHEL" mouse tissues
(Tiranti et al. 2009).

Sulfide is a colorless gas with a characteristic smell of rotten eggs. In mammalian
tissues, H,S is a gasotransmitter acting as a signaling molecule (Szabo et al. 2004),
but at supraphysiological concentrations it is a powerful inhibitor of COX. COX
inhibiting concentrations of sulfide are indeed similar to those of cyanide (Leschelle
et al. 2005). Sulfide inhibits COX activity and short-chain fatty acid oxidation with
vasoactive and vasotoxic effects, that may explain the microangiopathy in
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ethylmalonic encephalopathy patients (Tiranti et al. 2009). Sulfide is detoxified by a
mitochondrial pathway that includes a sulfur dioxygenase.

H.S ETHEL sulfur RHODANESE sulfur

£ dioxygenase H2S0;3  transterase H2$$O3
sulfide sulfite thiosulfate

' sulfite .
powerful inhibitor of COX oxidase A metabolically
and short-chain fatty acid inert compound
oxidation |

SO,
sulfate

Figure 1.2. Sulfide detoxification pathway. ETHEL seems to work as a sulfur dioxygenase which
converts H,S, a powerful inhibitor of COX, into sulfite. Then H,SOjs is detoxified into a metabolically
inert compound: thiosulfate.

1.2 The human ETHE1 gene

The human ETHE1 gene, located at chromosome 19q13a (GenBank D83198) encodes a
R-lactamase-like, iron-coordinating metalloprotein which is involved in the sulfur
detoxification pathway, acting as a sulfur dioxygenase (Tiranti et al. 2009).

The gene had previously been known as “HSCO” (for hepatoma subtracted clone one) a
gene overexpressed in human hepatoma cell cultures (Higashitsuji et al. 2002). However,
in light of its role in EE, the name of the gene has been changed to “ETHE1” (Tiranti et
al. 2004).

The human ETHEL gene is characterized by 20525 bp, it consists of 7 exons encoding for
a single 1kb transcript ubiquitously expressed. This transcript encodes an inactive
precursor of almost 30 KDa which is imported into the mitochocondrial matrix by an
energy-dependent process. Here the precursor is translated in an active 28 KDa form,
after the cleavage of the mitochondrial leader peptide (Tiranti et al. 2004).

In bacteria, ETHE1-like sequences are in the same operon of, or fused with, orthologs of
TST, the gene encoding rhodanese, a sulfurtransferase. In eukaryotes, both ETHEL and
rhodanese are located within the mitochondrial matrix. Furthermore, ETHE1-like gene
sequences of several eubacteria are either in the same operon with, or encoded within,
genes that code for the sulfurtransferase rhodanese (Tiranti et al. 2009).
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Figure 1.3. The ETHEL human gene. The human ETHEL gene, located at chromosome 19g13a (Figure
modified by http://www.ncbi.nlm.nih.gov).

1.3 ETHEZ1 protein: structure and function

The ETHEL protein is a phylogenetically conserved protein. A bioinformatic search, with
the human ETHE1 predicted protein sequence as a probe, resulted in the identification of
highly similar proteins in all metazoan species, in plants, such as Arabidopsis thaliana,
and in fungi, such as Saccharomyces cerevisiae (Tiranti et al. 2004). In contrast with the
remaining portion of these protein sequences, the first 20-30 amino acid residues on the
N-terminus appear to be poorly conserved. However, when the sequences were analyzed
by organellar target—prediction softwares, a high score for mitochondrial targeting was
obtained for all of them. This suggests the existence of a distinct family of mitochondrial
proteins that is present in all eukaryotes and is structurally, and possibly functionally,
similar to the human ETHEL protein.

The ETHELX proteins all contain a metallo-3-lactamase region that, in the ETHE1 protein
sequence, encompasses amino acid residues 35-196. A consensus signature sequence,
HXHXD(X)H, is conserved throughout the B-lactamase protein family and is believed to
be the Zn(Il) ligand (Aravind 1999). In addition, the ETHEL protein sequences in
humans, mice, and other organisms contain the Y residue, which is believed to be part of
the binding site for glutathione (Ridderstrom et al. 2000).

The ETHEL gene encodes a protein which is demonstrated to be located within the
mitochondrial matrix (Tiranti et al. 2004), for most proteins targeted to mitochondria, a
canonical mitochondrial leader peptide, which is present at the N-terminus of the full-
length ETHE1 protein, targets the protein to the organelle and is cleaved off after
internalization in the inner mitochondrial compartment through an energy-dependent
process, carried out by mitochondrial processing peptidase (MPP).

The ETHEL protein also contains an amino (N)-terminal sequence of 24 amino acids, this
region is rich in apolar and basic (mostly R) residues, similar to mitochondrial leader
peptides (Attardi and Schatz 1988). When analyzed by dedicated software packages
available online (Mitoprot-2, PSORT-II, Predotar, and TargetP), the predicted ETHE1
protein sequence showed a very high likelihood of being targeted to mitochondria. This
analysis also suggested two potential cleavage sites for (MPP), between either A20 and
P21 or R11 and Q12.
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The predicted molecular weight of mature ETHEL protein is 28 kDa. Taken together,
these results suggest that, in native conditions, the ETHEL protein is part of a complex,
the size of which is between 28 and 60 kDa.

1.4 dETHEZX the Drosophila homolog

The Drosophila melanogaster, ETHE1 homolog is CG30022. This gene is located on
chromosome 2R, in the 47F8 region and it spans 1462 bp. The dEthel gene is localized
inside an intronic sequence of the Sprite gene (CG30023). The dEthel 1254-bp coding
sequence consists of 4 exons (figure 3) and the single transcript encodes a 279 aa protein
(Drysdale et al. 2005), the first 50 aminoacid residues forming the mitochondrial target
sequence

7273k 7274k 7275k 7276k 7277k 7278k

Gene Span
sprt
T

CG30022
Transcript
sprt-RA
—i i g |

CG30022-RB

cDS
sp(tfpn

CG30022-PB

Figure 1.4. CG30022 gene is located at chromosomal region 2R47F8 in correspondence of intronic
sequence of sprt gene. It consists of 4 exons and it encodes a single 1Kb transcript.(CG30022-PB). (Figure
modified by http://Flybase.org).

The comparison between the human and Drosophila ETHEL sequences confirm the high
conservation of this protein. The human and Drosophila sequence share a 58% of identity
and 72% similarity. In addition both contain the typical B-lactamase fold and binding site
(59-219 aa). In the case of the human protein it is known that five histidines and two
aspartate residues interact directly with two zinc ions. All these residues are conserved in
dETHEZL, strongly suggesting that also this protein can bind two metal ions. In particular,
the metal ion ligands are predicted to be H104, H106, and H159 (first metal ion; M1), and
D108, H109, and H219 (second metal ion; M2). D179 is predicted to be the residue
bridging the two ions. Respectively they correspond to residues H79, H81, H135, D83,
H84, H195 e D154 of the human protein (Tiranti et al. 2006).

In addition, it has been demonstrated that the C-terminal region of both ETHE1 and
dETHEL1 proteins presents three a-helices, which is an invariant feature of enzymes with
a B-lactamase fold (Gomes et al. 2002).
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3.1 Targeting Induced Local Lesions IN Genome

The Targeting Induced Local Lesions IN Genomes (TILLING) technique is used to locate
mutations, produced due to exposure to EMS, in specific regions of the gene of interest.
We obtained a number of fly lines carrying different mutations in the dEthel gene from
the FIyTill project. In particular we obtained 21 mutation-bearing lines, as shown below
(table 3.1). Mutations located in the coding regions of dEthel can be furthermore
distinguished as below:

- 7 missense (nonsynonymous) mutations (L65M, D67N, T120S, P157S, P237S, G262S)
- 3 synonymuos mutations (K69, V74, V167)

- 2 frameshift mutations, located in aminoacids D264 e K275

In particular frameshift mutations caused the following substitutions (highlighted) in the
aminoacidic sequence:

- dETHEL protein sequence:
wild type aminoacid sequence:
PYPKKIGGDVNILLYASFTKFNIF

- frameshift mutation in aminoacid D264 of dETHEL:
resulting protein sequence:
PYPKKIGGDMRSMHITICVFY

- frameshift mutation in aminoacid K275 of dETHEL:
resulting protein sequence:
PYPKKIGGDVNILLYASFTKSFICLMARRPTVRSVGCTI

Further investigations were carried out in the Drosophila lines bearing missense or
frameshift mutations localized in the coding region of dEthel, since the expectation was
that in such lines the probability of deleterious defects in the dETHEL protein function
was higher. Seven drosophila lines carrying such mutations in the dEthel coding
sequence were identified and characterized (2952, 6043, 2788, 0242, 0493, 3976, 2770)
and are reported in table 3.1.
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Nucleotidic . . Aminoacidic Line
substitution Localization Mutation substitution number
C330A exon 1l missense L65M 2002
C336A exon Il missense D67N 2952
C334A exon Il Synonymous K69= /
A359G exon Il Synonymous V74= /
T445C intron 11 / / /
T455GAGA intron Il / / /
C462T intron 11 / / /
G483A intron 11 / / /
A586T exon I missense T120S 6043
C6971 exon 111 missense P157S 2788
G729A exon Il synonymous V167=
C991T exon IV missense P237S 0493
G1066A exon IV missense G262S 0242
G1075ATGCGTAGTATG exon 1V frameshift D264MRSMHIT 3976
ICVFY
. K275FICLMAR
T1108TTATA exon IV frameshift RPTVRSGCTI 2700
C1129T non coding region / / /
C1134T non coding region / / /
G1153A non coding region / / /
Al1259T non coding region / / /
C1304T non coding region / / /
G1368A non coding region / / /

Tabella 3.1: List of 21 mutations obtained from TILLING project. Every mutation is described by its
nucleotidic substitution (genomic sequence), localization (exonic, intronic or non coding regions). Exonic
located mutations are also characterized on the basis of aminoacid substitutions caused, type of mutation
(missense, frameshift or synonymous). Drosophila lines used in further investigations are highlighted in
bold font.

Lines 2770, 0242, 2952 and 0493, proved to be homozygous lethal. So at this point to
evaluate whether the lethal phenotype observed in homozygous individuals belonging to
such lines was effectively imputable to mutations in dEthel and not to other mutations
present in the background of the mutagenized genome, we crossed each of these mutated
lines with specific Drosophila strains bearing known deletions of varying extent
associated with loss of dEthel gene.

In details we selected the following deletion bearing lines 190, 9344, 8910. The deletions
spanned 600Kb, 500 Kb and 470 Kb of DNA respectively, all these deletions involved
the loss of dEthel gene (figure 3.1).
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8910 9344 | 190
< dEthet ——=
! =

Figure 3.1. Deletions position. Cytological localization of deletions present in lines: 190, 9344 and 8910.
Shown deletions extended respectively 600 Kb (line 190), 500 Kb ( line 9344) and 470 Kb (line 8910). All
these lines are associated with the loss of whole dEthel gene. Figure modified from http://www.flybase.org.

Therefore we concentrated our attention on line 2788, harbouring a point mutation, in
which a single nucleotide is changed, resulting in an amino acid substitution (P157S) .
This missense mutation is localized next to the active site of the putative dETHEL protein
(figure 3.2), which is predicted to modify the catalytic activity. In particular, the P157S
mutation is placed at the level of the R-lactamase region. The aminoacidic position 157
needs the presence of a small sized residue, in fact serine is a rather small aminoacid.
However the substitution is by a polar aminoacid and this may modify the enzymatic
substrate affinity. Furthermore the P157S substitution could induce structural
destabilization caused by repulsion forces between neighbouring aminoacids.

D264 K275

Figure 3.2. Hypothetical 3D structure of dETHEL protein. The picture shows position of P237S, G262S,
T120S, P157S mutations. In particular P157S mutation is located near to the active site, a catalytic center
tightly binding a divalent metal cation, Fe?* (Spadaro E. phD thesis).
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3.1.1 Biochemical hallmarks

We performed biochemical assays to evaluate functionality of mitochondrial
respiratory chain in homozygous (when possible) and hemizygous individuals.
Hemizygous mutant flies were obtained by crossing TILLING lines (belonging to
lines 2952, 6043, 2788, 2770) with line 190 (bearing a deletion of 600 kb located in
proximity of dEthel gene and including it). The biochemical profile of hemizygous
individuals (CI, CII, CII, CIV, CV, CS activities) was comparable to controls in
following cases: 2952/190, 6043/190, 2770/190.

Hemizygous 2788/190 and homozygous 2788/2788 flies showed an interesting
phenotype from the respiratory chain biochemistry point of view. In particular, both
strains were characterized by a marked decrease in Complex 1V activity compared to
controls (figure 3.3).

CI/CS specific activity (%) CIV/CS specific activity (%)

120 120

100
80 +—
60 +——
40—
- - L - — _ S 20 +— - - = — =
5l B AESE B B B S

CantonS WTALA wi1ig 2788/2788 2788/190 Canton S WTALA wi11ig 2788/2788 2788/190

100 +

80 +—

&0
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Figure 3.3. Biochemical assay of Complex | and Complex IV activities in control and dEthel
mutant adult flies. Complex | (CI) and Complex IV (COX) activities, normalized to the activity of
Citrate Synthase (CS), both expressed as nmol min* mg™. Data are means of duplicate experiments
from at least 200 flies from each group. The values for the samples are all expressed as percentage of
enzymatic activity where WTALA strain’s activity is considered as 100%. It is clearly visible in the
graphs that in individuals belonging to homozygous (2788/2788) and hemizygous (2788/190) mutant
strains, COX activity is dramatically decreased over that of control flies (Canton S, w**8, WT ALA).

3.1.2 Sulfide toxity

As previously discussed in the introductive chapter, ETHEL is thought to be a
mitochondrial sulfur dioxygenase, working in tight functional association with
rhodanese and SQR. All three of these enzymes are involved in the catabolism of
sulfide (H.S) which accumulates to toxic levels in ethylmalonic encephalopathy. The
product of ETHEL sulfur dioxygenase is sulfite (H,SOs), which is converted into
thiosulfate (H.SSO3) by rhodanese (see introduction fig. 1.2 ). Sulfide is a colorless
gas, in mammalian tissues it is a gasotransmitter acting as a signalling molecule, but
at supraphysiological concentrations it was proved to be a powerful inhibitor of COX
and short-chain fatty acid oxidation, with vasoactive and vasotoxic effects that
explain the microangiopathy in ethylmalonic encephalopathy patients. The principal
role of the system is energetic exploitation of, and detoxification from, inorganic
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sulfur compounds, mainly H,S. According to these findings ethylmalonic
encephalopathy is the first example of an inherited mitochondrial disease resulting
from toxic inhibition of aerobic energy metabolism (Tiranti et al. 2009).

On the basis of this information we performed a number of experiments in order to
characterize the sensitivity of Drosophila to sulfide toxicity. First of all we
demonstrated the sulfide inhibiting capacity of COX in Drosophila isolated
mitochondria. As shown in figure 3.4 below, following in vitro exposure to NaHS,
COX residual activity decreases as a function of increasing NaHS concentration. In
acqueous solution, NaHS leads to the generation of H,S. We also demonstrated that
COX inhibiting concentrations of NaHS are similar to those of KCN (figure 3.4).

[ =
100,00 &

80,00

60,00

——Cl
—a—CS

Cox

NaCN (uM)

40,00

20,00

residual enzymatic activity (%)

0,00 T r r T " ==
0.0 5.0 10.0 15.0 20,0 25,0 30.0
NaHS$ (uM)

Figure 3.4. H,S inhibition assay in isolated mitochondria. COX residual activity (%) decreases as a
function of increasing NaHS concentration whereas Complex | and Citrate Synthase activities are not
affected. NaHS leads to the generation of H,S. COX inhibiting concentrations of NaHS are indeed

similar to those of KCN. The decrease of COX activity observed following in vitro treatment of

isolated Drosophila mitochondria with NaHS, is not as extreme as that seen with mouse tissues
(Tiranti et al. 2009).

The inhibiting capacity of sulfide towards COX shown in isolated Drosophila
mitochondria is in agreement with what has already been described for the mouse
(Tiranti et al. 2009).

Furthermore, we observed that mutant dEthel flies show a marked increase in
sensitivity to the lethal effects of NaHS poisoning (figure 3.5).
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Figure 3.5. Sulfide toxicity in wild type and dEthel mutants. Canton S flies were used as wild type
controls and line 2788 homozygous flies as mutants.

In particular we tested the survival time of both wild type and dEthel mutants under
conditions of sulfide poisoning resulting from exposure to different concentrations of
NaHS. As shown in table 3.2, fly survival time decreases as a function of increasing
NaHS concentration. At higher NaHS concentrations (0,5-5 mM) both wild type and
mutant individuals die within a maximum time of 45 minutes, whereas at lower
concentrations of NaHS the response to the poisoning is different between controls
and dEthel mutants. In particular the latter die earlier, reflecting the fact that they are
more susceptible to sulfide toxicity in comparison to wild type flies (table 3.2).

NaH$ concentration (mM)
10 mM 5 mM 2mM 1mM | 0.5mM | 0.1 mM | 0.05 mM [0.04 mM [0.03 mM [0.02 mM |0.01 mM
wild type 2 min 5 min 10 min | 30 min | 45 min 7h 24 h 25h 38h 40 h 48 h
mutants dethe1 2 min 5 min 10 min | 30 min 45 min 5h 8h 10 h 15h 18 h 20 h

Table 3.2. NaHS poisoning. Longevity of flies poisoned with sulfide decreases as a function of
increasing NaHS concentration. It is quite clear that dEthel mutants are more susceptible to sulfide
toxicity.

The latter experiment suggests that the specific inhibitory effect on COX activity
shown by sulfide poisoning in Drosophila is probably reponsible for the lethal effects
of sulfide. In fact, biochemical assays to measure residual COX activity in wild type
individuals immediately after death from NaHS poisoning, showed that CIV
functionality was dramatically reduced, whilst CI activity was not affected by NaHS
poisoning (figure 3.6).

98



PART Il Results and Discussion

100 A
80 A
3
e
60
o
=
=]
b
> 40
(o]
O
E
S 20
]
@
=
0
= CVI/CSNaHS
cvii Cfs":’:d type poisoned wild type
flies
120
100 A
80
)l
s
2 60 -
=
=]
©
©
6 40
©
3
S
» 20
o,
0 A
4 Cl/CSNaHS
Ccu Cswlld type poisoned wild type
flies flies

Figure 3.6. Complex IV (COX) and Complex | (Cl ) activity assay in isolated mitochondria of
untreated wild type flies and wild type individuals immediately after death from exposure to 0,1
mM NaHS. Both COX and ClI activities, normalized to the activity of CS, are expressed as percentage
residual enzymatic activity.

3.2 Generation of the dEthel knock out line

Although the experiments described above for the dEthel point mutant line 2788 show
that the phenotype displayed by such mutants corresponds with the expectation for lack of
dEthel function, the fact that the mutant was obtained by chemical mutagenesis leaves
the possibility that there might be other unwanted mutations in the genetic background of
the strain. This prompted us to adopt a genetic approach to generate a targeted deletion of
the dEthel locus, in order to produce a "clean" dEthel deficiency model, which could
then be used as a model to explore strategies to modulate the effects of sulfide-induced
respiratory chain toxicity.

The knock out strategy used FLP recombinase and the large array of FRT-bearing
insertions which provides for the systematic isolation of targeted deletions in the
Drosophila melanogaster genome (described in Parks et al. 2004).
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The P—element insertional lines as well as the FLP recombinase transgene lines used were
all from Exelixis (Exelixis, Inc. 170 Harbor Way South San Francisco).

3.2.1 Inverse PCR for recovery of sequences flanking XP elements

The first step before proceeding with the protocol for generating the required targeted
deletion consists in ensuring the given positions of insertional elements, required to
implement the methodology, by a PCR-based approach. Inverse PCR (iPCR),
described by Ochman et al in 1988, is a method for the rapid in vitro amplification of
DNA sequences that flank a region of known sequence. The method uses the
polymerase chain reaction (PCR), but it has the primers oriented in the reverse
direction with respect to the usual orientation. The template for the reverse primers is
a restriction fragment that has been ligated upon itself to form a circle. Inverse PCR
has many applications in molecular genetics, for example, the amplification and
identification of sequences flanking transposable elements.

We used this technique to ensure the position of the transposons which were then
used to generate the deletion. In particular, regarding P—-element d03609, its position
was confirmed to be on chromosome 2R; genomic position: 7285475, through the
examination of sequences flanking the transposon insertion site, obtained after iPCR.
Moreover, at the same time, the position of the second P—element, d00031, was
established to be on chromsome 2R; genomic position: 7271757. This proves that
both P—elements were in the correct given positions (i.e. flanking the dEthel locus on
either side). In our experience, it is highly recommended, to always ensure the
location of required transposons before proceeding with the deletion generating
protocol, in this manner deletions will occur with the predicted endpoints.

3.2.2 Generation of the Df(47F8) deletion

The Df(47F8) deficiency, in which both CG30022 (dEthel) and CG30023 (dSprite)
are deleted, was generated by following the FLP-FRT—based procedure, as described
previously in materials and methods (chapter 2.2). Figure 3.7 below provides a
schematic of genetic crosses exploited to generate the FLP-FRT catalyzed deletion.
Briefly, P-element line d03609 (inserted at the 3’ end of the neighboring CG30022
gene) was crossed to virgin flies carrying an FLP recombinase transgene [genotype:
pCaspeR—heat shock—flippase (hs—flippase), w'%; 11/ CyO].

For the next generation (F1), the male progeny carrying both the d03609 and the hs-
flippase transgenes were selected and mated with virgins carrying the d00031 P-
element, inserted close to the 5’ end of the CG30023 gene. The sequence included
between the two transposons being (2R:7272238..7284935) also includes the
CG30022 gene (Sprite) (sequence location 2R:7274663..7276282).
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Figure 3.7. Genetic crossing schemes used to generate deletions. Genetic scheme used for FLP-
FRT-based deletions. Crosses place two FRT-bearing transposon insertions (triangles) in trans in the
presence of heat shock—driven FLP recombinase (hs-FLP). Activation of FLP recombinase results in
the generation of deletions that can be detected by PCR. Deletions are established in isogenized stocks
with balancers (Bal). Dom, dominant visible marker mutation; iso, isogenized chromosome; Y, Y
chromosome. (Parks et al. 2004). Four crosses are sufficient to obtain the knock out line, further PCR
screening is necessary in order to determine whether the deletion is confirmed.

The progeny from the above crosses was heat—shocked at 37°C for 1 hour, 48 hours
after egg-laying, and was then heat-shocked for a further 1 hour during each of the
following 4 days. In the third generation (F2), the virgin females were collected and
crossed to males carrying balancer chromosomes (w; CyO/ScO). In the fourth
generation (F3), individual progeny males (50 progeny from w+ deletion generation
crosses) carrying the Df(47F8) deletion were selected based on their red eye color,
and crossed pairwise to virgin females carrying balancer chromosomes to establish
individual fly lines and to generate additional progeny to be verified by PCR. The
presence of the deletion in these lines was confirmed by PCR analysis of extracted
genomic DNA and by DNA sequencing.

Males carrying the Df(48F) deletion balanced with CyO were then crossed with
virgin females carrying the deletion balanced with CyO to balance the stocks in an
isogenic background.

The deletion resulted in the complete remove of both the dEthel and dSprite genes.
Using the same approach we also produced another smaller deletion with the use of
the piggy Bac—element e01563 (see figure 3.8) and the P—element d03609, but we
did not obtain the expected results.
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Figure 3.8. Schematics for deficiency generation. We used two different pairwise combinations of
Exelixis transposons, harboring FRT sequences, for deletion generation. In the first case we obtained a
bigger deletion through the combination of the FRT bearing lines (FRTs located at the extremes of the
Sprite gene (d00031 and d03609)). Furthermore, we attempted to generate a smaller deletion,
comprising Ethel and the 3° part of Sprite gene, through recombination, in presence of FLP
recombinase, between FRT elements d00031 and e01563 which should have produced a genomic
deletion with a single residual element tagging the deletion site.

3.2.3 PCR confirmation of FLP-FRT—-based deletions

We carried out all PCR reactions using purified genomic DNA from 50 homogenized
flies obtained from each isolate line. In general, it was necessary to test 50 flies for
each w+ deletion. The PCR confirmation strategy (schematics in figure 3.9) used for
initial detection of the deletion was carried out with the use of specific primer
designed inside the P—elements (XP Reverse and XP Forward; in particular
supplementary methods Parks et al. 2004 provide transposon primer sequences and
expected fragment sizes for these combinations, as well as additional primer pair
sequences for ‘two-sided” PCR that may be used for secondary confirmation) and
genomic primers chosen using an in-house primer design tool and made by
Biosource. The primer sequences use for the PCR screen are shown in (Table 2.2

material and methods).
2R (47F8) I | | Il |

GenF

RSSO <. Sprite [ cerrss |
3 5 e
xPR S
3 L3
\ / P element P element \( J
800 bp 1200 bp
d00031 d03609
(2R:7271757) (2R:7285475)

Figure 3.9. PCR primer position. Two-sided PCRs are carried out on both sides of p-element
insertions. In particular, the PCR reaction at the level of d00031 P-element is conducted using a
specific reverse primer (XP R) located inside the P-element and a genomic primer designed in the
neighbouring gene cg9027. On the other hand, at the level of the d03609 P-element we used a pair of
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primers: one inside the P-element (XP F) and another chosen in the sequence upstream of the Sprite
gene (see table 3.3).

PCR screening and successive sequencing of the amplified products confirmed the
obtainment of 7 lines carrying the desired deletion. We proceeded to further
characterize only three of these KO lines.

Figure 3.10 shows the whole Ethel-Sprite region, with the positions of both the
d00031 and d03609 transposons highlighted. In particular, the region sequence
begins, following the orientation of the genes (coding direction 5°-3”) and not the
direction implied by the genomic numeration, in fact it is useful to underline that
both dEthel and dSprite genes are are in orientation which is reversed with respect to
the genomic sequence numeration (see figure above). Thus, with reference to the
coding orientation of the genes we found in 5 position upstream to the Sprite gene
sequences corresponding to the cg7759 gene, , followed by the dSprite gene spanning
12697 bp (which includes 1619 bp corresponding to dEthel) and finally gene
cg9027, localized 3’ of the Sprite gene. The KO lines obtained showed a deletion
spanning 13718 bp.

Interestingly the KO line proved to be homozygous viable, so further
characterizations were performed in (Ethel, Sprite) —/+ and (Ethel, Sprite) —/-
individuals.
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Figure 3.10. The ETHEL, SPRITE locus. Gene order in the 5° to 3” orientation. In blue the sequence
upstream of the Sprite gene which spans from 2R:7272238 to 7284935, contained within the Sprite
gene sequence is the Ethel gene, in yellow, spanning from 2R:7274663 to 7276282. Finally in grey is
gene cg9027 (2R:7267849...7271613) located downstream of Sprite gene. In addition d03609 5° and
3’ flanking sequences are in red, to evidence the location of the P-element, whereas the d00031 3’
flanking sequence is in green.
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3.2.4 Characterization of KO line

At this point using the P—element lines d00031 and d03609 we obtained a knock out
line bearing a deletion of ~13 Kb, which comprises both the dSprite and dEthel
genes.

Starting from these "double” knock out lines we are currently producing new lines in
which the the Sprite sequence cloned into a pUAST vector will be introduced into the
Sprite-knock out background in order to obtain individuals bearing only the dEthel
knock out.

However, waiting for the single dEthel KO line, we tested sulfide—sensibility,
mitochondrial respiratory chain state and longevity of these KO individuals.

Biochemical profile

Biochemical assays were performed to evaluate the functionality of the mitochondrial
respiratory chain enzymes in double homozygous and double heterozygous KO
individuals. Whereas the double homozygous strain is characterized by a marked
decrease in Complex IV activity compared to controls, the double heterozygotes do
not present any biochemical defects (figure 3.13).

CI/CS specific activity (%) CIV/CS specific activity (%)

1 L
Canton S w1118 WTALA  d0003line d03603%line  (ethel, (ethel, Canton S w1118 WTALA  d0003line d03609line  (ethel, (ethel,
sprite)+/-  sprite)-/- sprite)+/-  sprite)-/-

Figure 3.13. Biochemical assay of Complex | and Complex 1V activities in control and dEthel
KO adult flies. Complex | (CI) and Complex IV (COX) activities, normalized to the activity of
Citrate Synthase (CS), both expressed as nmol min mg ™. Data are means of duplicate experiments
from at least 200 flies from each group. The values for the samples are all expressed as percentage of
enzymatic activity where WTALA strain’s activity is considered as 100%. It is clear that double
heterozygous KO (Ethel, Sprite) flies showed a biochemical profile comparable to controls, whilst
double homozygous KO individuals (Ethel, Sprite) showed a marked decrease in COX activity in
comparison to control flies (Canton S, w8, WT ALA).
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Sulfide-sensitivity

Regarding the sulfide susceptibility we performed the same tests which were carried
out in the case of the mutant dEthel flies, and similarly we observed that longevity of
double homozygous KO flies following poisoning with sulfide decreases as a
function of increasing NaHS concentration and, in particular, double homozygous
KO individuals are more susceptible to sulfide toxicity compared to controls, as
described for dEthel mutants (see figure 3.5).

Double heterozygous (Ethel, Sprite) flies showed a behaviour comparable to
controls, whereas the response of double homozygous (Ethel, Sprite) flies to NaHS
poisoning is indeed similar to the dEthel mutants (figure 3.11).
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0 T T T T — T e e e ——
0,01 0,02 0,03 0,04 0,05 0,1 0,5 1 2 5
NaHS concentration (mM)

—e—wild type flies

time of survival (min)

(4]
o
o

Figure 3.11. Survival time of knock out lines after exposure to NaHS at different concentrations.
Sulfide toxicity was measured both in wild type, (Ethel, Sprite) —/+ and (Ethel, Sprite) —/— flies.
Canton S was used as a wild type control.

In addition, biochemical assays were performed to measure the residual COX activity
in homozygous KO individuals which had died following NaHS poisoning. We
observed that CIV functionality was markedly reduced in the KO flies exposed to
NaHS, whilst CI activity was not affected under the same experimental conditions
(figure 3.12).
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Figure 3.12. Complex IV (COX) and Complex I (Cl ) activities assayed in isolated mitochondria
of not-treated wild type flies and of homozygous KO individuals which had died after exposure
to 0,1 mM NaHS. Both COX and CI activities, normalized to the activity of CS, are expressed as
percentage residual enzymatic activity.

Survival of adult flies

To investigate the effects of the double ablation of Ethel and Sprite on lifespan, we
assayed the longevity of female (non virgin) and male flies (see material and
methods) in both homozygous and heterozygous lines.

We analyzed longevity of a total of 733 heterozygous KO individuals (354 females
and 379 males), 612 homozygous KO individuals (312 females and 302 males) and
615 wH® wild type flies (309 females and 306 males).

The KO homozygous flies exhibited a dramatic decrease in average lifespan over that
of control and heterozygous flies (figure 3.14). Average lifespan of homozygous KO
flies was decreased by ~60% in both sexes. In particular, control and heterozygous
flies reached a maximum age of 110 days whereas the lifespan of homozygous KO
individuals was around 45 days.
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Figure 3.14. Lifespan of control and (Ethel, Sprite) —/+ and (Ethel, Sprite) —/— flies. Survival is
expressed as a percentage of flies surviving from the total fly sample present at the start of the
experiment.
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Mutations in the TTC19 gene cause a severe mitochondrial disease in
humans and flies

The TTC19 gene encodes a member of the tetratricopeptide protein family, a
mitochondrial inner membrane protein that physically interacts with, and promotes the
assembly of CIII.

In humans a homozygous non-sense mutation in the tetratricopeptide 19 (TTC19)-
encoding gene was found in three patients from two families, affected by severe
progressive encephalopathy with profound CIII deficiency and accumulation of CIlI-
specific assembly intermediates. A second homozygous nonsense mutation was later
found in an unrelated patient. In all cases these patients were characterized by profound
CIlI deficiency in skeletal muscle.

We studied a Drosophila melanogaster fly line bearing a piggyBac element insertion
within the TTC19 coding region. We characterized this insertional null mutant in order to
evaluate whether it showed any defects in mitochondrial function which might be related
to a deficiency in mitochondrial respiration.

The TTC19 knockout fly mutant showed low fertility, severe spontaneous locomotor
impairment, and "bang sensitivity", associated with profound CIII deficiency. Thus, the
ablation of TTC19 causes a severe mitochondrial disease phenotype linked to CIlI
impairment in both human patients and flies.

Furthermore, the work done by our group experimentally demonstrated that TTC19
protein is targeted to, and embedded in, the inner mitochondrial membrane We also
showed that TTC19 is part of two high-molecular weight complexes, one of which co-
migrates with CIII.

TTC19 is a new assembly factor involved in at least one crucial function in mitochondria,
that is assembly of CllI, and its absence determines severe neurological abnormalities in
both humans and flies.

111



PART Il Introduction

112



PART Il Introduction

INTRODUCTION

113



PART Il Introduction

114



PART Il Introduction

1.1 Complex 111 of the mitochondrial respiratory chain

The mitochondrial respiratory chain (MRC) is composed of five multiheteromeric
complexes Complex | (CI); Complex Il (CIl); Complex II (CIlI); Complex IV (CIV) or
Cytochrome C Oxidase (COX) complex V (CV) or ATP synthase, all embedded in the
inner mitochondrial membrane. Four of the five MRC complexes, namely ClI, ClllI, CIV,
CV, contain subunits encoded by the mitochondrial DNA, mtDNA, and synthesized in
situ by the organellar specific translation machinery (Zeviani and Di Donato 2004). In
particular, Clll is a Coenzyme Q (CoQ) Cytochrome c (cyt c) Oxidoreductase that funnels
the electrons fixed into CoQ from different electron donors including 1) oxidated fatty
acids, 2) succinate, via Cll, or 3) reduced nicotinamide-adenine dinucleotide, NADH+,
via Cl, to cytochrome c, which in turn donates them to COX, and through COX to
molecular oxygen. The energy liberated by the electron transfer is exploited by CIII to
pump protons from the matrix side to the intermembrane space of mitochondria, thus
contributing to the formation of the electrochemical potential across the inner
mitochondrial membrane.

Mammalian CIII is composed of 11 subunits, one of which, cytochrome b, cyt b, is
encoded by mtDNA, the remainder being encoded by nuclear DNA genes (Schéagger et al.
1986). The latter include the gene encoding the protein component of a second
cytochrome, cyt c1, the Rieske iron-sulfur protein (RISP), two relatively large “core”
subunits, Core 1 (UQCR1) and Core 2 (UQCR2), and 6 additional, smaller proteins
(UQCR6-11), the functions of which are unknown. In addition to the protein backbone,
prosthetic groups of ClII include the two Fe-containing heme moieties of cyt b and c1,
and the Fe,S, cluster of RISP. The CIII monomer is believed to be a transient form, which
quickly converts into a tightly bound, catalytically active homodimer. The latter can also
be part of respiratory supercomplexes, together with CI, CIV, or both (Wittig et al. 2006).
Although mammalian CIlI contains an additional subunit (subunit 9) compared with that
of S. cerevisiae (Brandt et al. 1993), in yeast as in humans the assembly of CIlIl is a
dynamic process: dimerization of the complex occurs before the full assembly of ClIlI
monomer has been completed.

1.2 The tetratricopeptide 19 encoding gene

By investigating patients affected by severe progressive encephalopathy with profound
Clll deficiency in skeletal muscle and accumulation of Clll-specific assembly
intermediates, homozygous non-sense mutations in the gene encoding TTC19 were
identified. The TTC19 gene encodes a poorly understood member of the tetratricopeptide
(TRP) protein family. Figure 1.1 shows human genomic location of tetratricopeptide
repeat domain within chromosome 17.
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chromosome: 17; Location: 17p12 See TTC19 in MapViewer
Chromosome 17 - NC_000017.10
[ 15732670 p [16118874 »
LOC100413862 ADORAZE RPLP1P11

ZSWIN? NCOR1
TTC1Gwmmmedp RPL22P21

Figure 1.1. The tetratricopeptide repeat domain 19. (Figure modified by http://www.ncbi.nlm.nih.gov).

The TPR motif is a protein-protein interaction module found in multiple copies in a
number of functionally different proteins that facilitates specific interactions with partner
proteins (Blatch et al. 1999). Three dimensional structural data have shown that a TPR
motif contains two antiparallel-helices such that tandem arrays of TPR motifs generate a
right-handed helical structure with an amphipathic channel that can accommodate the
complementary region of a target protein. The TPR motif may represent an ancient
protein-protein interaction module that has been recruited by different proteins and
adapted for specific functions. Most TPR-containing proteins are associated with
multiprotein complexes, and there is extensive evidence indicating that TPR motifs are
important for a number of relevant cell functions. Four major types of complexes that
involve TPR proteins have been identified: (i) molecular chaperone; (ii) transcription
repression; (iii) anaphase promoting complex; (iv) protein import (Blatch et al. 1999).

A role as co-chaperones has been demonstrated for several TPR proteins, including STI1,
Hip and immunophilins CyP40 and HSP56, that act in concert with chaperones HSP70
and HSP90 in a number of important pathways, for instance the maturation of steroid
hormone receptors (Kimmins et al 2000). Accordingly, TTC19 was proposed to be a
mitochondrial chaperone involved in at least one crucial function, that is, early-step
assembly of CIII.

1.3 TTC19 protein

By a series of in vitro and in vivo experiments, it was proved that TTC19 is a
mitochondrial inner membrane protein that physically interacts with, and promotes the
assembly of CIIl. The ablation of TTC19 causes a severe mitochondrial disease
phenotype linked to CIII impairment in both human patients and in a Drosophila
melanogaster knockout model.

Our research group demonstrated experimentally that the wild-type TTC19 protein is
targeted to, and embedded in, the inner mitochondrial membrane. TTC19 is part of two
high-molecular weight complexes, one of which co-migrates with CIIl. Physical
interaction between the protein and CIIl was demonstrated by co-immunoprecipitation.
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In addition, it was showed that full-length TTC19 protein is a precursor protein that is
imported in mitochondria, processed into a shorter mature form and inserted in the inner
mitochondrial membrane, where it binds with the CIIl holoenzyme in a relatively stable
manner.

TTC19 can be described as a new protein involved in the assembly of the mitochondrial
respiratory chain of pluricellular animals.

TTC19-like protein sequences are present in all metazoa, but neither in other eukaryotes
(plants, fungi), nor in prokaryotes. The putative human TTC19 ORF (NP_060245)
contains two potential AUG initiation codons, translatable in methionine residues, at
positions +1 and +122 (Mj, Mi2;). However, since the sequence from M1 to S121 is not
conserved among species (Figure 3.2), we considered the 380 aa sequence starting from
M1, as the real human TTC19 protein (human TTC19).
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Figure 1.2. Comparative protein sequence analysis of TTC19. Interspecies alignment of TTC19 protein
sequences, obtained with ClustalW. Predicted sequences corresponding to the translatable ORF of human
TTC19 protein sequence from the first predicted methionine (M,) to the second methionine (M1,,). The M,
is consistently absent in non-human species, with the exception of chimp (Pan) and gorilla (hot shown).
Homo: Homo sapiens, Pan: Pan troglodytes, Pongo: Pongo pygmaeus, Bos: Bos Taurus, Mus: Mus
musculus,Gallus: Gallus gallus, Danio: Danio rerio, Drosophila: Drosophila melanogaster.

1.4 The Drosophila TTC19 gene

The Drosophila melanogaster CG15173 gene (Figure 3.3) is the fly orthologue of the
human TTC19. This gene maps to chromosome 2L 37B11 and its gene sequence location
IS 2L.:19043535..19045146. The CG15173 gene spans 1611 bp, and the 1438 bp coding
sequence consists of 4 exons.
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Figure 1.3. The Drosophila CG15173 gene. This gene is referred to in FlyBase by the symbol
Dmel\CG15173 (FBgn0032744). Gene sequence location is 2L:19043535..19045146. (Figure modified

from http://flybase.org).
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Preliminary considerations

This project began with the identification of TTC19, a poorly understood member of the
tetratricopeptide family, as a new protein involved in the assembly of the mitochondrial
respiratory chain of pluricellular animals.

We studied the TTC19 encoding gene by investigating mutations, which cause a severe
mitochondrial disease, both in humans and flies. Professor Zeviani’s group at the Best
Neurological Institute in Milan worked on the human gene, whilst the development and
characterization of the Drosophila disease model was conducted in our lab.

The work started from the selection of four patients affected by profound isolated
deficiency of the mitochondrial respiratory chain Complex Ill, associated with severe
progressive neurodegeneration. Two deleterious non-sense mutations were found in four
patients from three unrelated families, all characterized by profound, isolated CllII
deficiency in skeletal muscle. SNP-based genome-wide linkage analysis on an index
family led to the discovery of a nonsense mutation in the TTC19 gene that resides on
human chromosome 17. Next, it was proved by in vitro and in vivo experiments that the
TTC19 protein is targeted to mitochondria, where it is imported and undergoes post-
translational maturation into a shorter peptide that is eventually inserted in the inner
mitochondrial membrane. Since the defect of Complex IlIl was associated with the
accumulation of CIlI assembly intermediates, it was hypothesized a role for TTC19 as a
chaperone-like assembly factor. To prove this idea, it was demonstrated that TTC19 does
in fact physically interact with the CII1 homodimer, and then showed that the ablation of
TTC19 determines a profound isolated Complex Il deficiency not only in humans but
also in a D. melanogaster recombinant strain. This mutant fly displays a neurological
phenotype both spontaneously and under triggering stimuli.

Thus far, only one protein, termed BCS1L, was known to play a specific role in a late step
of CIII assembly. Unlike BCS1L, the presence in TTC19-defective tissues of protein
intermediates containing early-incorporated proteins such as Core- 1 and Core-2 suggests
for TTC19 a role in the early steps of the assembly process. The observation that TTC19
is also present in the fully-assembled 650 kDa dimeric complex, but not in the
supercomplex formed by Complex I11+1V, suggests for TTC19 an additional role in the
stabilization of Complex Ill. It was found that some TTC19 cross-reacting material is
consistently present in an additional, higher molecular weight complex that is detected
also in cells that do not have a mitochondrial respiratory chain, suggesting for this protein
a third, still undefined, function. TTC19 has been recently reported to interact with, and
be part of, the midbody protein repertoire necessary for cytokinesis but, it no trace of
TTC19 was found in the midbody, and no evidence of alterations in cytokinesis neither in
human TTC19-less cells in vitro, nor in spermatids of mutant Drosophila melanogaster.
The activity defect found in the four patients, above described, was associated with
reduction in the amount of the CIIlI holoenzyme, and accumulation of low molecular

123



PART Ill Results and Discussion

weight protein species, cross-reacting with Core 1 and Core 2 but not with RISP
antibodies. Whilst the former two subunits are assembled early to form ClIl, RISP is one
of the last subunits to be incorporated (Cruciat et al. 1999), thus suggesting that TTC19
protein is involved in the initial steps of ClII formation.

Here we focus on describing the development and characterization of the Drosophila
model of TTC19 deficiency.
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3.1 The Drosophila knock out model for TTC19

To further corroborate the evidence that TTC19 protein and ClII activity are functionally
related, we investigated a Drosophila melanogaster knockout strain (line #18843)
obtained by the insertion of a >7000bp-long piggyBac element within the ORF region
included in the first exon of CG15173, the fly orthologue of the gene encoding TTC19
protein (Figure 3.1).
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Natural transposon
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Figure 3.1. Localization of the piggy-back element inside the Drosophila CG15173 gene. The transgene
insertional PBac[WH] CG15173 ™0 (FBti0042429) is localized at 2L.:19044446 at the level of the first

exon of the gene. The derived cytological map location is 37B11. The associated stock is #18843.

To confirm the piggyBac element insertion location, PCRs on genomic DNA were
performed using TTC19-specific primers. Amplifications were carried out by coupling
TTC19 and WH piggyBac-element specific primers, as listed in (Table 2 materials and
methods). The Exelixis piggyBac WH primers were as reported in (Parks et al. 2004).

We confirmed the piggyBac element insertion location by diagnostic PCR on #18843
genomic DNA using suitable primers (see material and methods chapter 2.4.2).

We showed that this modification causes the interruption of the ORF in both the
CG15173 gene (Supplementary Figure 3.2A) and in the corresponding transcript (Figure
3.2B).
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Figure3.2A. Analysis of the insertion of the PiggyBac element within the CG15173 gene (A) PCR
amplification of the CG15173 gene from genomic DNA obtained from wild-type (WT) and knock-out (KO)
flies. Numbers refer to the amplicons reported in table 2.4.2. M: molecular weight markers ®X174 (Haelll).
Amplicons #4 and #5 are present only in the KO DNA, since they contain the 5* and 3’ insertion points of
the PiggyBac element respectively, being obtained using primer pairs corresponding to a region of the
€g15173 gene and of the PiggyBac transposable element Amplicon #2 is present only in the WT DNA,
being obtained by a primer pair corresponding to 5’ and 3’ regions of the CG15173 gene, flanking the
transposable element, which is too big to produce a detectable fragment from KO DNA obtained form KO
individuals.

B #4
R
M WT KO

Figure3.2B. Analysis of the insertion of the PiggyBac element within the transcript (B). PCR
amplification of the CG15173 transcript encoding dm.TTC19 from the corresponding cDNA obtained from
wild-type (WT) and knock-out (KO) flies. Numbers refer to the amplicons reported in table 2.4.2. M:
molecular weight markers ®X174 (Haelll). Results are identical to those shown in A and indicate the
absence of the normal transcript in the KO flies, which is replaced by an aberrant transcript that includes the
transposable element.

3.2 The mitochondrial localization of TTC19

We also showed that like the human TTC19, drosophila TTC19 is targeted to
mitochondria in mammalian cells in vitro (Figure 3.3).

IF immunodetection of an HA-tagged CG15173 ORF in COS7 cells using an -HA
antibody, clearly demonstrated mitochondrial targeting of TTC19HA overlapping with
Mitotracker staining.
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Figure 3.3. Confocal IF images of COS7 cells transfected with TTC19"*. The IF signal specific to
TTC19HA is in green, whereas the red signal corresponds to MitoTracker, a specific mitochondrial marker
(Mitotracker Red, Invitrogen). The figure on the right show the merge of two signals.

3.3 Clll isolated deficiency in TTC19-less flies

We found that the very same biochemical phenotype (i.e. severe isolated CllII deficiency)
as found in human patients .

The biochemical activities of MRC CI, ClIl and CIV, as well as citrate synthase (CS),
were measured in the mitochondria of the #18843 TTC19-less mutant strain and in two
different wild type strains: WTALA (Wild Type, ALto Adige) and Canton S. Both Cl and
CIV as well as CS activities were similar in controls and mutant flies, whereas CIII
activity was markedly reduced in the mitochondria of the mutant compared to wild type
adult individuals (Figure 3.4).

120 4
100 4
80 4
acucs

60 4 mcuics
|mciv/Cs

Enzymatic activity (%)

40

20
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Figure 3.4. Mitochondrial respiratory chain enzymatic activities in adult flies and larvae. Complexes
I, Clll and CIV activities (all expressed as nmol min™ mg™) normalized to the activity of Citrate Synthase
(CS), are all expressed as percentage of enzymatic activity where WTALA strain’s activity is considered as
100%. Specific activities of MRC complexes were measured in controls (CTRL1= Canton S and CTRL2=
WTALA) and TTC19 null (TTC19) flies. For each genotype we performed three replicate mitochondrial
extractions and for each extraction enzymatic activities were determined from at least 10 replicate reactions.

127



PART Ill Results and Discussion

Interestingly, the CIII deficiency found in the knock out adult flies was not present in
mutant larvae, that appeared normal, underwent normal pupation and developed into adult
individuals. These data are in agreement with what was observed in humans. In fact the
analysis of four patients coming from three different families, reflects the late-disease
onset. For instance patient #4 (see attached article) showed a normal psychomotor
development with no clinically relevant complaints until the age of 42 years, when he was
first examined for a subacute, rapidly progressive neurological syndrome. The patient
died at 45 years, two years after the disease onset. The late-disease onset in patient #4 and
the normal development and CIII activity of mutant D. melanogaster larvae may suggest
tissue-specific, age-related, and development-dependent regulation of both TTC19
functions and CIII activity in different cell types and organisms, as already suggested for
BCSI1L (Kotarsky et al. 2007; Papa et al. 1996).

3.4 Characterization of TTC19 null flies

The phenotype of TTC19 homozygote null Drosophila mutants consisted of several
features, including neurological and non-neurological abnormalities.

These KO flies showed a complex phenotype characterized by severe reduction of
fertility, predominance of male individuals in offspring, spontaneous locomotor
impairment and bang sensitivity.

3.4.1 Analysis of long term locomotor activity

To evaluate whether TTC19 null flies showed any behavioral impairments in addition to
the biochemical defect, locomotor activity was measured on the TTC19 KO strain and in
controls (Figure 3.5).
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Figure 3.5. Locomotor activity. Spontaneous locomotor activity in D. melanogaster Canton S control
(Ctrl) and TTC19 null (TTC19) flies. In the analysis the flies are divided into males (M) and females

(F). Bars indicate SD.

The above graph shows that spontaneous locomotor activity was significantly
reduced in both male and female mutant individuals compared to controls.

3.4.2 Bang Test

Seizure sensitivity was then evaluated following intense mechanical stimulation
(Bang test) (Glasscock and Tanouye 2005). TTC19 knockout mutants showed a
strong delay in the post-mechanical-shock recovery time over that of wild type

controls (Figure 3.6).
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Figure 3.6. Locomotor activity after bang test. Percentage of flies able to reach four selected “end-
points”, corresponding to 2.8, 5.6, 8.4 and 11.2 cm. CS: Canton S control flies; TTC19: TTC19 null

flies.
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Adult mutant flies displayed strong seizure sensitivity following intense mechanical
stimulation. In particular none of the tested mutant females were able to climb further
than 5.6 cm from the bottom, and only 40% of the mutant male individuals reached
the highest mark placed at 11.2 cm, compared to 100% of the wild type individuals
of both sexes

3.4.3 Walking optomotor test

Additionaly to further explore the neurological phenotype of our mutant, the
photobehavior of adult TTC19 null flies was measured by the optomotor test
paradigm. In the optomotor test, which measures locomotor and photobehavioral
proficiency, adult control flies normally tend to turn in the direction of the rotating
stripes.

TTC19 KO flies turned at random, meaning that they exhibited a number of correct
turns which was not significantly different from 50%, indicating an impairment in the
capacity to react to the rotating environment (Figure 3.7). Some of the KO flies
produced a null response (i.e. were unable to move at all), indicating, in some cases
the presence of gross motor impairments.

10 -

BTTCIS
aCul

Number of correct responses

LS ]
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Figure 3.7. Optomotor behavior. Number of correct responses (each fly was given 10 trials, and
each time the direction of rotation of the stripes was changed.) to the optomotor test in Canton S
control (Ctrl) and TTC19 KO (TTC19) flies, at different days of age.

As can be seen in the graph above, walking optomotor behavior of mutant flies was
clearly impaired, suggesting an abnormality in the visual pathway.
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3.4.4 Electroretinogram

To verify whether the incorrect response to the optomotor test was due to visual
impairment, the response to light of the neuronal retinal pathway was measured by
electroretinogram. A normal electroretinogram recording under a photic stimulus is
shown in Figure 3.8A. ON/OFF electroretinogram transients are due to synaptic
activation of second-order neurons of the visual pathway, while the sustained
response is due to photoreceptor light-induced depolarization.

Electroretinograms were recorded extracellularly from 27 day-old adult wild type
(Figure 3.8.A) and TTC19-KO (Figure 3.8.B) flies, following white light stimulation.
After the onset of a light stimulus, a brief ON transient positive deflection of the
trace, corresponding to the activity of lamina neurons, is followed by a negative
sustained deflection of the trace, determined by photoreceptor response. At the
cessation of the light stimulus, an OFF transient, expressed as a negative deflection,
is followed by a slow recovery to the pre-stimulus condition. The original responses
(3s duration) have been magnified to show both ON and OFF transients. In both
wild-type (A) and TTC19-KO (B) electroretinograms, ON and OFF transients are
equally present.

LIGHT A B

—/—
ON transient
10 mv
/ 10mv L
sustained response 50 ms
50 ms
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&//_.
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Figure 3.8. Electroretinogram in adult aged flies. Electroretinograms in 27 day-old adult wild type
(A) and TTC19-KO (B) flies.

Electroretinogram experiments prove the integrity of the projections from the eye to
the visual ganglia of the fly, which correspond to intrinsic retinal neurons in
mammals (Borst et al. 2010).

3.4.5 Survival and fertility of TTC19 KO adult flies

The TTC19 null adult flies showed reduced lifespan, all being dead by 35-40 days
after eclosion, vs. 80-90 days of controls; and poor fertility (=60% of controls). The
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TTC19 null flies showed both poor fertility (down to =60% of control flies) and a
bias in favour of male offspring (=60% males vs. =40% females on a total progeny of
342 individuals).

Given the partial sterility observed for the TTC19 mutants, we also looked for signs
of male meiosis impairment. Testis squashes from 4 adult males were prepared and
approximately 200 onion stage spermatids were analyzed using phase contrast
microscopy. During early spermatid differentiation, mitochondria begin to gather and
fuse, forming a spherical mass adjacent to one side of the spermatid nucleus. Later,
the individual mitochondria fuse into two giant mitochondria, which are arranged in a
densely packed sphere consisting of many layers of wrapped mitochondrial
membranes. The spherical mitochondrial derivative is known as the nebenkern. At
the onion stage of spermatogenesis, spermatid nuclei and nebenkern bodies have a
regular appearance and show similar sizes. Deviations from such regularity are
indicative of failures in the fidelity of meiotic divisions (Fuller 1993; Regan and
Fuller 1990; Giansanti et al. 2004).

We failed to find any morphological abnormality in TTC19 mutants, spermatids
(Figure 3.9), suggesting that reduced female fitness, rather than altered meiotic
maturation of male germ cells, is likely to be responsible of poor fertility.

Figure 3.9. Fly male spermatids. Phase-contrast 40x images of 4 spermatids from testes of control
and TTC19 null flies. The two sections are morphologically normal. A) wild type w'''8, B) TTC19
null mutant.

Incidentally, these data provide additional evidence that TTC19 is unlikely to be
involved in cytokinesis, at least in the fly, since abnormalities of spermatids are
common hallmarks of defects in midbody formation in male flies (Giansanti et al.
2004). The stronger bang sensitivity of females and the lack of female progeny in the
mutant lines suggest that the fertility problems may be an indirect consequence of the
general impairment of female fitness.
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Since we failed to find any evidence of defects in fly male spermids, given the partial
sterility observed for the TTC19 mutants, we also looked for morphological
abnormality in females ovaries.

We dissected ovaries from ten wild type (w''*®) and ten TTC19 null female flies,
checking for any sign of impairment. We found that, as clearly visible in Figure
3.10b ovaries from TTC19 KO females showed an impaired phenotype characterized
by asymmetry and reduced size over that of controls (Figure 3.10a).

Figure 3.10. Ovaries conformation. Dissected ovaries from 3 day-old a) wild type (w''®) and b)
TTC19null females.

3.5 The Drosophila knock down model for TTC19

A Drosophila line allowing to produce TTC19 targeted dsSRNAi was obtained from the
VDRC (Vienna Drosophila RNAi Center): Transformant ID 105382; FlyBase n.
CG15173.

dsRNAIi of TTC19 was achieved using the GAL4/UAS system to target the RNAI to
specific cells in the animal (Dietz et al. 2007). A primer pair specific for the amplification
of exons 2/3 (Table 2.3 materials and methods) of TTC19 cDNA was used for
quantitative-PCR, to measure the amount of TTC19 cDNA. This quantity was then
normalized to rp49, a housekeeping cDNA (Figure 3.11) (Zordan et al. 2006).
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Figure 3.11. Characterization of TTC19 knock-down flies. (a) Levels of TTC19 transcript in control
(CTRL) and RNAI knock-down (RNAI) flies. Bars indicate SD. (b) Specific activities of MRC Complexes
[, Il and 1V (CI, CIlI, CIV) in controls (CTRL1= Canton S and CTRL2= WTALA) and TTC19 RNAI
knock-down (TTC19 RNAI) flies, normalized to that of Citrate Synthase (CS).

Ubiquitous activation of dsRNAI, using and Act5C-Gal4 driver produced a =~65%
decrease of CG15173-specific mMRNA (VDRC ID#105382). However, CIII activity,
determined in such individuals, was not different from controls and no neurological
phenotype was observed, indicating that ~35% residual transcript is sufficient to maintain
the function of drosophila TTC19.
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We thus propose that TTC19 is a new chaperone involved in at least one crucial function
in mitochondria, that is, assembly of CIII. This conclusion is supported by the following
evidence. First, two deleterious non-sense mutations were found in four patients from
three unrelated families, all characterized by profound, isolated CIlI deficiency in skeletal
muscle. Second, the activity defect was associated with reduction in the amount of the
CIIl holoenzyme, and accumulation of low molecular weight protein species, cross-
reacting with Core 1 and Core 2 but not with RISP antibodies. Whilst the former two
subunits are assembled early to form CIII, RISP is one of the latest subunits to be
incorporated (Cruciat et al. 1999), thus suggesting that TTC19 is involved in the initial
steps of CIII formation. Third, it was shown that full-length human TTC19 protein is a
precursor protein that is imported in mitochondria, processed into a shorter mature form
and inserted in the inner mitochondrial membrane, where it binds with the CIII
holoenzyme in a relatively stable manner, at least in mouse liver and kidney.

Fourth, the very same biochemical phenotype found in patients, i.e. severe isolated CllII
deficiency, was also the biochemical hallmark of a knockout fly for TTC19.

Summarizing the characteristics of TTC19 mutant flies we observed that, as in the case of
human TTC19, drosophila TTC19 is targeted to mitochondria (Figure 3.3). The
drosophila TTC19 null adult flies showed reduced lifespan, all being dead by 35-40 days
after eclosion, vs. 80-90 days of controls; and poor fertility (=60% of controls). We failed
to find any morphological abnormality in fly spermatids (Figure 3.9), which provides
additional evidence that TTC19 is unlikely to be involved in cytokinesis, since
abnormalities of spermatids are common hallmarks of defects in midbody formation in
male flies (Giansanti et al 2004). However, no multinucleated cells were detected in both
human TTC19-less mutant human fibroblasts, and spermatids in the gonads of drosophila
TTC19 knockout male flies, indicating that mitosis in human cells and male meiosis in
flies proceed normally in the absence of TTC19.

Furthermore adult mutant flies displayed strong bang sensitivity (Glasscock and Tanouye
2005), interestingly, sensitivity to seizures has been observed in Drosophila mutants of
the technical knock out gene (tko), as well as in mutants of other genes associated with
defects in mitochondrial bioenergy supply, such as adenine nucleotide translocase
(Zhang et al. 1999), or citrate synthase knockdown (Fergestad et al. 2006).

TTC19 null adult flies are also characterized by severely reduced spontaneous motor
activity, and impaired optomotor activity (Zordan et al. 2006, Borst et al. 2010) (Figure
3.5-3.7). Since an electroretinogram (Figure 3.8) showed the integrity of the projections
from the eye to the visual ganglia of the fly, which correspond to intrinsic retinal neurons
in mammals (Borst et al. 2010), the impaired response to the optomotor test must be due
to abnormalities in the fly brain rather than in the photoreceptive apparatus. For reasons
that are presently unknown, a gender bias reduces the reproductive and neurological
fitness of mutant females more than that of mutant males (Figures 3.5-3.7).
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As previously discussed, CIII activity was markedly reduced in mutant adult flies,
whereas Cl and CIV activities were normal (Figure 3.4), indicating that the function
exerted by TTC19 on ClII activity pre-dates evolutionary divergence between Arthropoda
and Chordata, during the Cambrian age (=545 Mya).

We obtained the same biochemical results by transferring the mutant allele in a second D.
melanogaster strain (strain CyO, GFP) through suitable crosses, indicating that the
phenotype associated with absence of TTC19 is specific, irrespective of the genetic
background. However, a strain with ~65% decrease of CG15173-specific mMRNA (VDRC
ID#105382), obtained by RNA interference, showed normal CIII activity and no
neurological phenotype (Figure 3.10), indicating that ~35% residual transcript is
sufficient to maintain the function of TTC19. Importantly, the CIlI deficiency found in
the KO adult flies was not present in mutant larvae (Figure 3.4), that appeared in fact
normal, underwent normal pupation and developed into adult individuals, suggesting the
existence of an alternative CIlII assembly process in the developing stages of the fly,
similar to what has been suggested in humans (Minai et al. 2008).

In conclusion, the identification of TTC19 as a mitochondrial chaperone essential for the
formation of the MRC opens several interesting questions, including, for instance, why
this protein is absent in non-animal eukaryotes, i.e. plants and fungi, and what is the
function of the >1MDa TTC19- containing mitochondrial complex. From a mechanistic
point of view, whilst the physical interaction of TTC19 with CIII is unequivocally
demonstrated by the results of the co-immunoprecipitation experiments, issues that
warrant further investigation include which of the CIII subunits constitute the specific
target of TTC19, at which specific step of ClII assembly this contact is established, and
what is the precise mechanism carried out by TTC19 in the formation of the complex.
Additionally, the late-disease onset in patient #4 and the normal development and ClIlI
activity of mutant D. melanogaster larvae may suggest tissue-specific, age-related, and
development-dependent regulation of both TTC19 functions and CIII activity.

Last but not least, the presence of a TTC19-containing supercomplex, not associated with
any MRC complex, leaves open the possibility of alternative function(s) for this protein in
mitochondrial homeostasis. This is also suggested by the clinical phenotype of the TTC19
knockout fly model that includes, besides neurological abnormalities, hypofertility and
embryonic lethality predominantly in female individuals. In any case, the availability of a
fly knockout model for TTC19, and the currently underway creation of a TTC19-less
mouse will constitute important tools to clarify these issues.

In the next pages is attached a copy of the paper dealing with the recent results obtained
for dTTC19 gene, currently accepted for publication in Nature Genetics.
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ABSTRACT

Although mutations in cytochrome b or BCS1L have been reported in isolated defects of
Mitochondrial Respiratory Chain (MRC) complex Il (clll), most of clll-defective cases
remain genetically undefined. We identified a homozygous non-sense mutation in the
tetratricopeptide 19 (TTC19)-encoding gene in patients from two families, affected by
progressive encephalopathy associated with profound clll deficiency and accumulation of
clll-specific assembly intermediates. A second homozygous nonsense mutation was later
found in a fourth patient. We demonstrated that mature TTC19 is embedded into the inner
mitochondrial membrane, as part of two high-molecular weight complexes, one of which
coincides with clIl. Physical interaction between TTC19 and clll was then demonstrated by
co-immunopr ecipitation. Next, we investigated a Drosophila melanogaster knockout model for
TTC19 that showed low fertility, adult-onset locomotor impairment and bang sensitivity,
associated with clll deficiency. TTC19 is a putative clll assembly factor that prevents severe

neurological abnormalitiesin humans and flies.

TEXT

MRC clII (EC1.10.2.2) funnels the electrons fixed onto Coenzyme Q by different donors, e.g. cl
and cll, to cytochrome C (cyt C). The energy liberated by this electron transfer sustains the extrusion
of four protons across the inner mitochondrial membrane (IMM), thus contributing to the formation
of the electrochemical potential (A¥). Mammalian cIII is composed of 11 subunits'; cytochrome b,
cyt b, is encoded by mtDNA, the remainder being encoded by nuclear DNA genes’, including a
second cytochrome, cyt c1, the Rieske iron-sulfur protein, RISP, two “core” subunits, Corel-2, and
6 additional, smaller proteins of unknown function. The cIIl monomer is quickly converted into a
catalytically active homodimer that takes part in MRC supercomplexes, together with cl, cIV, or
both®. BCSIL, the only cIII assembly factor thus far known in humans, helps RISP to get inserted

into nascent cIII*, whereas another gene product, HCCS, carries out the insertion of the heme
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moieties in both cyt ¢ and ¢1’. In order to find additional factors affecting cIII assembly and
activity, we investigated patients with severe, isolated cIIl deficiency, lacking mutations in either
clII subunits or BCS1L.

Patients #1 and #2 are 37 and 24 year-old siblings from reportedly non-consanguineous, healthy
parents, originating from the same alpine area of North-Eastern Italy. Both patients are affected by a
slowly progressive neurodegenerative (Figure 1a) disorder (Supp Note), with onset in late infancy.
A similar course occurred in patient #3, a young lady now 19 yo, the only child from reportedly
non-consanguineous healthy parents, originating from the same area of Central Italy. In all three
subjects muscle biopsy was morphologically normal, but showed marked isolated reduction of clII
activity (Table 1). Patient #4, born from reportedly non-consanguineous healthy parents from
Southern Italy, had no clinically relevant complaint until 42 years, when he developed subacute,
rapidly progressive neurological failure (Supp Figure 1), and died three years later. In spite of mild
morphological abnormalities (Supp Figure 2), a muscle biopsy showed marked, isolated cIII
deficiency (Table 1). A 40% reduction of cllI activity was detected in myoblasts from patient #2.
Skin fibroblasts from patients #1, #2 and #3 were biochemically normal in standard conditions, but
displayed partial, isolated cIII defect in an OXPHOS-conditioning, galactose-containing medium
(Table 1). Oxygen consumption in the same cell lines, measured by a Seahorse FX-96 oxygraph,
was significantly decreased, in either glucose (Figure 1b) or galactose medium (not shown), clearly
indicating impaired respiration.

Because of the common geographic origin of the parents, we performed genome-wide SNP-based
haplotyping in family 1. A continuous 12.8Mb region of homozygosity was found on chr17 in both
siblings, containing 265 gene entries. Since the responsible gene was likely to encode a
mitochondrial protein, 18 candidates were selected by in silico data mining®, 17 of which failed to
show mutations (Supp Table 1). The last candidate gene (TTC19) encodes tetratricopeptide repeat
domain 19 (NM_017775), a protein present in all metazoa, but neither in other eukaryotes (plants,

fungi), nor in prokaryotes. The putative human TTC19 ORF (NP_060245) contains two potential



AUG initiation codons, translatable in methionines at positions +1 and +122 (M;, Mj,,). However,
since the sequence from M, to Si;; is not conserved among species (Supp Figure 3), we considered
the 380aa sequence starting from M), as the real human TTC19 protein (h.TTC19). We found a
homozygous ¢.656T>G nucleotide change in the h.TTC19 gene, predicting the synthesis of a
truncated protein p.L219X, in the two affected siblings #1 and #2, and also in patient #3, whereas a
homozygous nonsense mutation ¢.517C>T, p.Q173X, was found in patient #4 (Supp Figure 4).
Since the ¢.517C>T mutation (patient #4) is only 4 bp upstream from the 3’ end of exon 5, the
creation of an illegitimate splice site cannot be excluded, predicting a frameshift with a premature
stop codon (p.Q173RfsX4). Dense SNP-based intragenic haplotypization demonstrated that patients
#1, #2, and #3 carry the same mutant allele (Supp Table 2). Neither mutation was found in 450
alleles from 225 consecutive Italian control DNA samples. We showed that the parents of patients
#1 and #2, and those of patient #3 were all heterozygous for the c.656T>G change. Since DNA
samples from the parents of patient #4 were not available, we performed a quantitative analysis of
the genomic region containing the 517C>T change in the DNA of this patient, demonstrating the
presence of two mutated alleles (Supp Figure 5). The amount of TTC19 mutant transcript was
markedly reduced in fibroblasts of patients #1, #2, and #3, in myoblasts of patient #2, and in muscle
of patients #2 and #4, suggesting mutation-driven mRNA decay (Figure 1d). No protein was
immunodetected with a specific a-TTC19 antibody in mitochondria from fibroblasts of patients #1,
#2, and #3 and from myoblasts of patient #2, whereas a normal amount of TTC19 cross-reacting
material (CRM) was obtained from fibroblasts of a BCS1L-mutant patient (Figure 1E). The
immunofluorescence (IF) confocal pattern of a 3’-in frame, HA-tagged cDNA (h.TI'ClQHA),
transiently expressed in COS7 cells, coincided with that of Mitotracker (Figure 2a), indicating that
the h.TTC19 protein targets to mitochondria. In vitro mitochondrial import assay (Figure 2b) and
immunovisualization of native h.TTC19 using an a-TTC19 antibody in cell fractions (Figure 2c,d)
demonstrated that (i) TTC19 is a =43kDa precursor protein, translocated by a A¥-dependent

mechanism into the inner mitochondrial compartment, where its mitochondrial targeting sequence
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(MTS) is cleaved off a =35kDa mature protein species, which is then embedded in the IMM; (ii)
TTCI19 is absent elsewhere in the cell; in particular, it is absent in the midbody during cytokinesis,
unlike recently suggested’ (Supp Figure 6). To prove that the loss of h.TTC19 was causally linked
to the OXPHOS phenotype, we demonstrated that expression of h.TTC19"™ restored oxygen
consumption to normal levels in mutant fibroblasts of both patients #1 and #2, and in myoblasts of
patient #2 (Figure 1b), as well as cIII activity in galactose-treated fibroblasts of patient #1 (Table 1).
We next investigated clII structure in mutant tissues and cells. A clll-specific IF signal obtained by
using an a-Corel antibody, decorating the mitochondrial network, was hardly visible in muscle of
patients #1 (Figure 3a) and #2 (not shown), and cIIl holoenzyme from muscle of patient #2 was
markedly low by immunovisualization with a-Corel on electroblotted 1-dimension (1D) blue-
native gel electrophoresis (BNGE) (Figure 3b), suggesting impaired cIIl assembly or stability. In
yeast, and presumably in mammals too, cIIl assembly starts with the formation of three distinct
subcomplexes: cytochrome b+Qcr7-8; cyt c1+Qcr6-9; and Corel+2. They then assemble together to
form a cytochrome bcl pre-holocomplex, to which the RISP and Qcrl10 subunits are eventually
added through the action of BCSIL*”'°. We immunodetected lower molecular weight (MW) spots
reacting with both a-Corel and a-Core2 antibodies in mutant muscle, that were absent in control
muscle, and were not detected in either sample by an o-RISP antibody (Figure 3c), suggesting
accumulation of early clII assembly intermediates containing Corel-2, but not RISP, a subunit that
is incorporated in the last step of cllIl assembly. Taken together, these results suggest that the
h.TTC19 protein may play a role in the assembly of nascent clll, its absence being associated with a
defect of cllI activity that causes progressive neurological impairment.

Next, we showed that virtually all of the mouse (m). TTC19-CRM was confined to two high-MW
spots, corresponding to >1MDa and =~650KDa complexes in both liver (Figure 4a) and kidney (not
shown). The cllIl dimer is also =650KDa in size, raising the possibility that TTC19 physically
interacts with cIIl. To test this hypothesis, we showed that the material immunoprecipitated by

either a-Corel or a-RISP did also contain m.TTC19; conversely, proteins immunoprecipitated by a-



TTCI19 also reacted with a-Corel and a-RISP. The binding was specific, since neither a-RISP, nor
a-Corel, nor a-TTC19 co-immunoprecipitated (substantial amounts of) other components of the
IMM, e.g. cll (Figure 4b), or of the mitochondrial matrix, e.g. HSP60 (not shown). Interestingly,
isolated mitochondria from cultured human cells showed only the >1MDa, but not the ~650KDa
TTC19-containing complex (Figure 4c), suggesting that in actively proliferating human cells the
binding of h.TTCI19 to cllIl is either more labile, transient, or both, compared to mouse solid tissues.
The presence of the >IMDa TTC19-positive complex suggests for this protein a role in additional
functions, unrelated to the MRC, that could nevertheless contribute to the clinical phenotype. In
support to this view, we detected the >1MDa complex containing h.TTC19 also in 143B-derived
rho® cells that lack the four mtDNA-dependent MRC complexes, including clIl (Figure 4c).
Although pentatricopeptide mitochondrial proteins are involved in expression of mtDNA genes''
and penta- and tetra-tricopeptide (TPR) motifs are related to each other'?, we excluded a direct
involvement of TTC19 in cyt b transcription or translation (Supp Figure 7).

To further test whether TTC19 and clII are functionally related, we investigated a Drosophila
melanogaster (dm) strain containing a >7000bp-long piggyBac element within the ORF region of
the first exon of cgl5173, the fly ortholog of TTC19 (Supp Figure 8). Like h.TTC19, dm.TTC19 is
targeted to mitochondria (Supp Figure 9). The dm. TTC19 null adult flies showed reduced lifespan,
all being dead by 35-40 days after eclosion, vs. 80-90 days of controls; and poor fertility (=60% of
controls). We failed to find any morphological abnormality in fly spermatids (Supp Figure 10),
which provides additional evidence that TTC19 is unlikely to be involved in cytokinesis, at least in
the fly, since abnormalities of spermatids are common hallmarks of defects in midbody formation in
male flies".

Adult mutant flies displayed strong bang sensitivity'*, severely reduced spontaneous motor activity,

and impaired optomotor test'>'®

(Figure 5A, B, C). Since an electroretinogram (Supp Figure 11)
showed the integrity of the projections from the eye to the visual ganglia of the fly, which

correspond to intrinsic retinal neurons in mammals'®, the impaired response to the optomotor test



must be due to abnormalities in the fly brain rather than in the photoreceptive apparatus. For
reasons that are presently unknown, a gender bias reduces the reproductive and neurological fitness
of mutant females more than that of mutant males (Figure 5a-c). The cllI activity was markedly
reduced in mutant flies, whereas cl and cIV activities were normal (Figure 5d), indicating that the
function exerted by TTC19 on cllI activity pre-dates evolutionary divergence between Arthropoda
and Chordata, during Cambrian. We obtained the same results by transferring the mutant allele in a
second D. melanogaster strain (strain CyO, GFP) through suitable crosses, indicating that the
phenotype associated with absence of dm.TTC19 is specific, irrespective of the genetic background.
However, a strain with ~65% decrease of cg15173-specific mRNA (VDRC ID#105382), obtained
by RNA interference, showed normal cllII activity and no neurological phenotype (Supp Figure 12),
indicating that ~35% residual transcript is sufficient to maintain the function of dm.TTC19.
Importantly, the cIII deficiency found in the KO adult flies was not present in mutant larvae (Figure
5D), that appeared in fact normal, underwent normal pupation and developed into adult individuals,
suggesting the existence of an alternative clIl assembly process in the developing stages of the fly,
similar to what has been suggested in humans'’.

The TPR motif is a protein-protein interaction module found in multiple copies in a number of
functionally diverse proteins that facilitates specific interactions with partner proteinslg. A role as
co-chaperones has been demonstrated for several TPR proteins, including STI1, Hip and
immunophilins CyP40 and HSP56, that act in concert with chaperones HSP70 and HSP90 in a
number of important pathways'®, e.g. the maturation of steroid hormone receptors'®. Accordingly,
we propose that TTC19 is a mitochondrial chaperone involved in at least one crucial function, that
is, early-step assembly of clII.

Several questions remain open, including why this protein is absent in non-animal organisms, what
i1s the mechanism of TTC19 in clII formation, and what is the function of the >1MDa TTC19-
containing mitochondrial complex. Last but not least, the late-disease onset in patient #4 and the

normal development and clII activity of mutant D. melanogaster larvae may suggest tissue-specific,



age-related, and development-dependent regulation of both TTC19 functions and clII activity in

different cell types and organisms, as already suggested for BCS1L**?'.



ACKNOWLEDGMENTS

We are grateful to Dr. Simona Zanotti, PhD, for technical support in preparing myoblast cultures, to
Rachele Saccon and Damiano Zanini for helping with the locomotor assays and bang tests. We
thank Prof. Maurizio Gatti, “La Sapienza” University, Rome, Italy, for helping with analysis of
spermatid development in D. melanogaster and Aram Megighian for ERGs studies. The
EuroBioBank and Telethon Network of Genetic Biobanks (GTB0O7001F grant to Dr. M. Mora) are
also gratefully acknowledged for providing biological samples. This work was supported by the
Pierfranco and Luisa Mariani Foundation Italy; Fondazione Telethon-Italy grant number
GGP07019; and grant RF-INN-2007-634163 of the Italian Ministry of Health, to MZ; and by grants
of the Cariparo Foundation; the Ministry of Education and Research; and Progetto Strategico

Universita di Padova “Models of Mitochondrial Disease”, to RC.

AUTHOR CONTRIBUTIONS

DG and PA found TTC19 and characterized the mutations in human cells; CL performed
histological analysis of muscle biopsies; M Zordan, CDR, CB and RC carried out the experiments
in flies; CM, GU and CS identified the patients and carried out the clinical workout; PD’A
performed linkage analysis; DD carried out the mutational screening on patients #3 and #4 and

controls; M Zeviani conceived the experimental planning and wrote the manuscript.

COMPETING FINANCIAL INTERESTS

The authors declare no competing financial interests.



FIGURE LEGENDS

Figure 1. Clinical and molecular genetic features of TTC19-mutant patients.

(a) Brain MRI of patient #1.

I. Transverse T2-weighted image of cerebellum and medulla oblongata. The arrows indicate
bilateral hyperintense signals in the inferior olives.

II. Transverse T2-weighted image of the supratentorial brain. The arrow shows a hyperintense
signal in the right putamen.

III. Median sagittal T1-weighted image showing atrophy of the cerebral cortex and cerebellar
vermis (arrow).

IV. Coronal T1-weighted image showing brain atrophy with dilation of the lateral ventricles,
atrophy of the caudate nuclei, and bilateral hyperintensities of the substantia nigra (arrows).

(b) Oxygen consumption rate (OCR) of patients fibroblasts (Fb, left panel) and myoblasts (Mb,
right panel) before and after (+TTC19) re-expression of wt TTC19. Bars indicate the Standard
Deviation for 8-16 technical replicates. *= p <0.05; **= p<0.01. (p values for unpaired, two-tail
Student’s t-test).

(c) Quantitative real-time PCR of TTC19 mRNA relative to GAPDH mRNA in patients and control
(Ct) fibroblasts (Fb), myoblasts (Mb) and muscle biopsies (Ms). P1, P2, P3 and P4 correspond to
patients #1, 2, 3 and 4, respectively.

(d) Immunoblot analysis of total lysates from myoblasts and fibroblasts using a-TTC19, a-Corel
and a-SDHA antibodies. P1, P2, P3 correspond to patients #1, 2, 3. Fb Bcesl1 indicate fibroblasts of

a patient with clII deficiency due to mutations in BCS1L.

Figure 2. TTC19p subcellular localization
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(a) Confocal immunofluorescence (IF) of COS7 cells transfected with h.TTC19™. The pattern of
the green signal, corresponding to h.TTC"™, coincides with that of the red signal, corresponding to
MitoTracker, a mitochondrial marker, in transfected cells, producing a confocalized image in
yellow. Bars correspond to 25um.

(b) Import assay on isolated HeLa cell mitochondria. The in vitro translated h.TTC protein (lane 1),
is partially imported and cleaved in the presence of freshly prepared, fully coupled, energized
mitochondria (lane 2). The mature protein species is internalized within mitochondria, whereas the
precursor protein species, that remains outside mitochondria is digested by proteinase K (PK) (lane
3). Both mature and precursor h.TTC19 proteins are digested when mitochondria are solubilized in
Triton-X100 (lane 4). The import is dependent on the integrity of AW, since no mature protein is
formed when AW is dissipated by valinomycin (lane 5), and is completely digested by PK (lane 6).
(c) Immunoblot analysis of HeLa cell fractions. iVT, in vitro translated TTC19; Mt, mitochondria;
L, cell lysate; PMF, post-mitochondrial fraction; GAPDH (a cytosolic protein) and Corel (a
mitochondrial protein) were used as controls.

(d) Immunoblot analysis of mouse liver mitochondria after treatment with detergent deoxycholate
(DOC) or Na,COs3. Mt, mitochondrial fraction, MM, mitochondrial matrix, Mb, mitochondrial
membrane fraction. HSP60 (mitochondrial matrix protein) and Corel (a mitochondrial inner-

membrane protein) were used as controls.

Figure 3. Protein characterization in TTC19-mutant patients

(a) Immunofluorescence images of muscle from a control (Ctrl), a disease control (Ctrl-tRNA) and
patient #1 (P1), using o-Corel antibody. Bars correspond to 25pum.

(b) 1D-BNGE of muscle homogenates from patient#2 (P2) and control (Ctrl). An antibody against
the Core 1 subunit was used to detect complex III; an antibody against SDH 70kDa was used for

complex II; and an antibody against subunit COX-IV was used for complex IV.
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(c) 2D-BNGE of patient#2 (P2) and control (Ctrl) muscle homogenates. Antibodies against Corel,
Core2 and RISP protein were used to detect complex III; an antibody against COX-IV was used for

complex IV.

Figure4. Structural analysisof TTC19 interactions

(a) 2D-BNGE on mouse liver mitochondria, using antibodies against TTC19, Corel and, Core2 .
Dotted vertical lines indicate the dimeric form of clII (cIll2) and the supercomplex composed by
clll and cIV (clll2+cIV).

(b) Co-immunoprecipitation assays on mouse liver mitochondria. The antibody used for
immunoprecipitation (IP) is indicated on top whereas the antibodies used for immunodetection are
indicated on the right. SN: supernatant; 2, 5, 10: materials released from beads after treatment with
2,5, and 10% Triton X-100, respectively.

(c) 2D-BNGE on 143B, 143 rho0 and HeLa cells.

Figure5. Characterization of dm.TTC19 null flies

(a) Spontaneous locomotor activity in D. melanogaster CantonS control (Ctrl) and dm.TTC19p null
(TTC19) flies. The experiment consists in measuring the number of passages of individual flies
across an infrared light beam during 30 min. In the analysis the flies are divided into males (-M)
and females (-F). Bars indicate SD.

(b) Locomotor activity after Bang test. Percentage of flies able to climb to four selected “end-
points”, corresponding to 2.8, 5.6, 8.4 and 11.2 cm after vigorous shaking in a test tube by
vortexing for 10 sec at maximum speed. CS: CantonS control flies; TTC19: dm. TTC19p null flies.
(c) Number of correct responses (taken in 10 trials) to the Optomotor test in CantonS control (Ctrl)
and TTC19 KO (TTC19) flies, at different days of age. The stimulus consisted in a black and white
striped drum rotating either clockwise or counterclockwise until a response was obtained from

individual flies.
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(d) Specific activities of MRC complexes in controls (CTRL1= CantonS and CTRL2= WTALA)
and dm.TTC19p null (TTC19) flies, normalized to that of Citrate Synthase (CS). For each genotype
we performed three replicate mitochondrial extractions and for each extraction enzymatic activities

were determined from at least 10 replicate reactions. Assays were as described by Bugiani et al

(2004)%.
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Table I. Biochemical analysis of OXPHOS activities

Muscle CSs* cl % cll % clll % clV % cV %
Ct value 80-210 70-130 70-130 69-131 61-139 63-137
P1 ms 127 80 103 19 65 133
P2 ms 133 92 94 14 75 143
P3 ms 108 143 81 17 108 106
P4 ms 83 96 69 8 121 98
Fibroblasts &

Myoblasts CSs* cl % cll % clll % clV % cV %
Ct values 100-200 58-142 64-136 74-126 78-122 73-127
P1fb 142 nd nd 77 179 nd
P1 fb (Gal) 148 nd nd 63 205 nd
P1fb +TTC19 155 74

P2 fb 143 88 152 81 111 93
P2 fb (Gal) 190 nd nd 46 85 nd
P2 mb 138 nd nd 61 231 nd
P3fb 184 66 64 89 133 75
P3 fb (Gal) 115 nd nd 65 133 nd

All enzymatic activities are normalized for citrate synthase activity (CS) and expressed as
percentage of the mean control value. * nmol/min mg; nd: not determined.

fb: fibroblasts; mb: myoblasts; ms: skeletal muscle biopsy. Gal: measurement after growth in
galactose medium for 48 hours. +TTC19: measurement after re-expression of wt TTC19, after
growth in galactose medium for 48 hours.
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URL

Mitoprot (http://ihg2.helmholtz-muenchen.de/ihg/mitoprot.html),

TargetP (http://www.cbs.dtu.dk/services/TargetP),
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METHODS

Genetic studies
Samples were genotyped using ILLUMINA 370CNV arrays at CBM Genotyping Core according to
manufacturer's protocol and analyzed with Genome studio v.1.1. Homozygosity mapping was

performed using PLINK v.1.07 with --homozyg option.

Mutation screening

This study was approved by the Ethics Committee of the “C. Besta” Neurological Institute. Patients
or parents signed an informed consent prior to participation in the study. Genomic DNA was
extracted by standard methods. The 10 exons and the intron-exon junctions of the human TTC19
gene were amplified by PCR (primers available upon request); sequenced (Big Dye Terminator
System); and analyzed on an ABI Prism 3130XL Genetic Analyzer (Applied Biosystems). Total
RNA was isolated from cultured fibroblasts or myoblasts (Rneasy kit, Qiagen) and then transcribed
to cDNA (Cloned AMYV first-strand cDNA synthesis kit, Invitrogen). Quantitative Real-time PCR

was assayed on an ABI Prism 7000 apparatus (Applied Biosystems).

Biochemical assays

Supernatants of 800x g muscle homogenates or digitonin-treated cultured skin fibroblasts were used
to measure the activities of MRC complexes and citrate synthase’. Oxygen consumption rate
(OCR) measurements were carried out as described previously” with slight modifications. Cultured
fibroblasts and myoblasts were seeded in XF 96-well microplates (Seahorse Bioscience), at 2x10*
cells/well, and incubated at 37°C and 5% CO; for 24 h. Prior to measurement, the growth medium
was replaced with assay medium (Seahorse Bioscience). The OCR measurements were taken every

4 min after a 4-min mix period.
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Cloning of TTC19 cDNA

The wild-type h.TTC19 c¢cDNA from clone IRAUp969G0961D (www.imagenes-bio.de) was 3’-
tagged with the sequence encoding an epitope of the haemoagglutinin (HA) of the influenza virus®*.
Tagged or untagged cDNAs were inserted into the eukaryotic-expression plasmid vector pcDNA3.2

(Invitrogen).

Cell culture of COS7 and HeLa Cells
Monkey kidney (COS7) cells, HeLa cells, myoblasts and skin fibroblasts were grown in D-MEM.

glucose medium, or, in some experiments, in a galactose-rich (SmM), glucose-free modified D-

MEM for 48 hours.

Transfection and lentiviral transduction

Recombinant plasmids were transfected by electroporation in both COS7 cells (for transient
expression) and HeLa cells (for stable expression). Stably transfected clones were selected under
800ng/ml Geneticin (G418; Gibco-Invitrogen.). The TTC19HA construct was cloned into the

pLenti6 vector and virions were obtained as described by Zhang et al. 2009%.

Antibodies

The following antibodies were used in the work: mouse monoclonal anti-hemoagglutinin (anti-HA)
(Roche) for IF studies and rat anti-HA (Roche) for WB studies; anti-hTTC19 (Sigma); anti-Corel,
Core2 and RISP (Invitrogen); anti-SDHA (Invitrogen); anti-mtCOX I and anti-mtCOX IV

(Invitrogen); anti-HSP60 (Abcam); anti Aurora B (Abcam), anti-GAPDH (Millipore).

Miscellaneous
Cell fractionation, isolation of mitochondria, mitochondrial in-vitro import assay, and immunoblot

. . 2 . . .
analysis were performed as described”®. Muscle biopsies were processed according to standard
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histological and histochemical techniques?’*®. IF was carried out on cells and 10 pm muscle

cryostat sections according to standard methods®’.

Quantitative PCR on human samples

We used 10ng of genomic DNA to amplify exons 1, 5 and 10 of the h.TTC19 gene, and 100ng
cDNA, retrotranscribed from total RNA extracted from fibroblasts, myoblasts or skeletal muscle, to
amplify two different regions of the h.TTC19 transcript, with specific primers (Supp. Tables 3 and
4). Cybergreen incorporation was followed in an ABI Tag-Man apparatus. Normalization for
genomic quantification was performed using RNAseP, a single-copy gene, and GAPDH for

quantification of transcripts, using in both cases the delta-deltaCT mathematical procedure.

Analysis of locomotor activity in mutant vs. control flies

Single flies were placed into glass tubes containing a gel as a source of food and water. Groups of
32 such glass tubes were then loaded into Trikinetics® locomotor activity monitors in an incubator
at temp= 25°C, light/dark cycles of 12h, for 3 days. Every time a fly crossed an infrared light beam
cast across the glass tube, this was register as a bout of activity. Bouts were collected in 30 min

bins.

Bang test analysis in mutant vs. control flies

In order to assay sensitivity to mechanical stimulation'*, on the night before the experiment groups
of five COs-anesthesized flies of each sex were placed in clean plastic vials containing a strip of
moistened tissue paper (to provide a source of hydration). The next day, the paper was removed and
each vial was placed in a vortex at the maximum intensity for 10 seconds. The vial containing the
vortexed flies was then placed upright into a graduated cylinder in front of a digital webcam

connected to a computer. Videotaped activity recorded for a 30 sec. was analyzed to establish the
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time taken for each individual to recover from the mechanical shock and climb the vial to reach

distance markings along the graduated cylinder.

Analysis of optomotor activity in mutant vs. control flies®

Flies were placed in a T-shaped tube with the longer arm painted black, placed in the center of an
arena located inside a rotating drum, open at the top. The internal walls of the drum are painted with
alternating black and white stripes and the apparatus is illuminated from above with a white light.
Attracted by the light, tested flies exit the darkened arm of the T-tube, and will then be exposed to
the black & white rotating drum. Normal flies tend to move in the same direction as the rotating
environment. The test is repeated 10 times for each fly: five with clockwise and five with
counterclockwise, rotations. Each fly is thus scored for the number of correct turns taken in the 10

trials.

Structural analysis by BNGE

BNGE was performed as described on extracts from 25mg of muscle®® or isolated mitochondria®".
Fifteen pl of sample were run through a 5-13% non-denaturating gradient (1D-BNGE). For
denaturing 2D-BNGE electrophoresis, the 1D-BNGE lane was excised, treated for 1 h at r.t. with
1% SDS and 1% [B-mercapto-ethanol and then run through a 16.5% tricine-SDS—polyacrylamide

gel, using a 10% spacer gel.

Co-lmmunoprecipitation

Mouse liver mitochondria were processed according to manufacturer’s instruction
(Immunoprecipitation starter Pack, GE Healthcare), using protein G Sepharose 4 Fast Flow and 2pg
of specific antibodies. For the dissociation step, the precipitated immune complexes were treated
sequentially with 2%, 5% and 10% Triton X-100. The supernatant were analyzed by SDS-PAGE,

followed by immunoblotting.
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Radiolabeled mitochondrial translation

In vivo analysis of mitochondrial translation and in vitro import were performed as described’>
using a denaturing 15-20% poly-acrylamide gradient gel>’.

Assembly of MRC complexes was investigated on myoblasts preincubated with chloramphenicol
40pg ml™ for 15h. Radiolabeling was carried out as described*”, but using cycloheximide 100pg ml
! instead of emetine. After a 2h pulse period, different chases (Oh-3h-16h) were performed in
complete cold medium. Cells were collected and processed for BNGE as described by Nijtmans et
al. ™.

Mitochondrial Cyt b and CoxI transcripts were quantified by Real-time PCR on myoblasts and

fibroblasts cDNA from controls and patients. The amount of each transcript was normalized to that

of GAPDH transcript.

Genomic analysis of dm.TTC19 mutant flies

A single individual from strain #18843 (#f05160 Exelixis) was homogenized in 50ul of extraction
buffer, 10mM Tris-HCI (pH 8.2), ImM EDTA and 25 mM NaCl. Proteinase K was added, to a final
concentration of 200pg/ml, and the homogenate incubated for 45 min at 37° C. The enzyme was
heat inactivated at 95° C for 5 min. Two pl was used as a template in a 25ul PCR reaction mix,
containing 1X AccuPrime PCR Buffer I, 5pmol of each primer, 0.5U of AccuPrime Taq
Polymerase High Fidelity enzyme (Invitrogen). Following a 2min denaturation step at 94°C, 35
rounds of amplification (94°C for 30s, 60°C for 30s, 68°C for 1m and 30s) were performed.

To confirm the piggyBac element insertion location®, PCRs on genomic DNA were performed.
TTC19 specific primers were chosen upstream and downstream the annotated insertion position
(458bp downstream the putative ATG start codon). Amplifications were carried out by coupling

dm.TTC19 and WH piggyBac element specific, as listed in Supp Table 5. The Exelixis piggyBac
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WH primers were as reported in Parks et al. 2004. The Drosophila melanogaster TTC19 (cg15173)

sequence accession number is FBgn0032744 (2L:19043535-19045146).

dm.TTC19 RNAI fly

The knock-down RNAIi flies were obtained from VDRC (Vienna Drosophila RNAi Center):
Transformant ID 105382; FlyBase n. CG15173.

The knock down of individual Drosophila genes was achieved using the GAL4/UAS system to
target the RNAI to specific cells in the animal®. The primer pair specific for amplicon 3 of d.TTC19
cDNA was used for quantitative-PCR, to measure the amount of dm.TTC19 cDNA normalized to

rp49, a housekeeping cDNA".

Isolation of Drosophila melanogaster mitochondria

Each sample was homogenized using a Dounce glass-glass potter and loose fitting pestle. A
mannitol-sucrose buffer (pH 7.4) in 2% BSA was then added to a final volume of 25 ml. Samples
were centrifuged at 1500xg (Beckman Avanti J-25 Centrifuge, Beckman 2550 rotor) at 4° for 6
minutes. The pellet was discarded by filtering the sample through a fine mesh, and the supernatant
centrifuged at 7000g at 4° for 6 minutes. The pellet was resuspended in 20 ml of mannitol-sucrose
buffer without BSA before being centrifuged at 7000 x g under the same conditions as above and

resuspended in 50 pl of buffer. Protein concentration was measured by the Biuret test.
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PART IV Introduction

Functional characterization of Drosophila melanogaster mitochondrial
deoxynucleotide transport

Structural alterations of the mitochondrial genome or decrease of its copy number have
profound consequences on mitochondrial function and cause severe human diseases
(Spinazzola and Zeviani 2005). As in the case of nuclear DNA, the maintenance of
mitochondrial DNA (mtDNA) depends on the availability of deoxynucleotide precursors
for its replication and repair. The precursors must be available in amounts appropriate to
the needs of the mtDNA polymerase, and it is essential that the relative proportions
among the 4 deoxyribonucleoside triphosphates (ANTPs) be balanced to avoid replication
errors and mtDNA mutations. When these conditions are not satisfied the mitochondrial
genome is destabilized, with complex consequences on mitochondrial and cellular
physiology that are incompletely understood. Until very recently mitochondria were
believed to synthesize their own DNA precursors, this view has been challenged by the
demonstration that deoxynucleotides move across the inner mitochondrial membrane in
both directions. Specific carriers in the mitochondrial inner membrane catalyze the
exchange of deoxynucleotides between the two compartments. The RIM2 gene, which
encodes for a carrier of pyrimidine nucleotides, was identified in yeast.

On the basis of homology with the Rim2 gene encoding for a pyrimidine deoxynucleotide
carrier in Saccharomyces cerevisiae, two genes in humans and one in Drosophila
melanogaster may code for homologous deoxynucleotide carriers.

We characterized available Drosophila melanogaster transgenic lines, harboring a
construct encoding for a CG18317/RIM2-specific dsSRNA, allowing the targeted silencing
of RIM2. In addition we studied Drosophila stocks bearing PiggyBac or P-element
insertions within the RIM2 coding region. We analyzed both RNAi and insertional
mutants in order to evaluate whether they show any defects in mitochondrial function
which might be related to a deficiency in mitochondrial nucleotide availability.

Moreover we were also interested in the regulation of a specific mtDNA precursor,
deoxyguanosine triphosphate (dGTP). It has been proposed that dGTP accumulates in
mitochondria causing impairment of DNA synthesis and repair and serving as a signal for
apoptosis (Arpaia et al. 2000). The dGTP pool is presumed to be severely affected in a
severe immunodeficiency caused by genetic deficiency for purine nucleoside
phosphorylase (PNP), a cytosolic enzyme involved in purine catabolism.

We have so far identified two potential Drosophila homologs of human PNP (CG16758
and CG18128). Furthermore, transgenic lines are available which harbor constructs
encoding for specific dsRNAs allowing the targeted silencing of each of the PNP
Drosophila homologs. In addition to the available dsRNAI lines, we also resorted to the
production of mutants by inducing the excision of the inserted P- and/or PiggyBac-
transposable elements.
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PART IV Introduction

1.1 Models for mtDNA diseases

Main theme of this work is the identification of the mechanisms linking genetic defects in
enzymes of deoxynucleotide metabolism to specific mitochondrial (mt) diseases in
humans. So far only a fraction of the mitochondrial diseases due to depletion or mutation
of mtDNA have been attributed to specific biochemical defects, and even in those cases,
the molecular mechanisms leading to damage of the mitochondrial genome and
impairment of mt oxidative metabolism are largely hypothetical.

To achieve this aim we first preparared by genetic manipulation Drosophila strains
lacking individual enzymes of deoxynucleotide (dNTP) metabolism or mt
deoxynucleotide transporters, then we have bgenu to assess if the inactivation of these
proteins affects the mt dNTP pool, impairs mitochondrial functions and induces
developmental abnormalities or any other pathological phenotype in vivo in Drosophila.
In parallel, our research group will also evaluate the functional effects of alterations of the
dNTP pools due to enzymatic defects or transport abnormalities in vitro (isolated
organelles) and in cellula (mammalian and Drosophila cultures).

1.1.1 The mitochondrial (mt) genome stability

Mitochondria are the energy centers of the cell and contain their own genetic
information, encoded in a small circular chromosome made of DNA. The maintenance
of this DNA requires building blocks that are made both inside mitochondria and in
the cytoplasm of the cell. To reach the mitochondrial compartment the latter have to be
transported across the mitochondrial membrane by specific carrier proteins.

All the enzymes and carriers involved in these processes are encoded by the nuclear
DNA, so that there is a strict interrelation between the nuclear and mitochondrial
genomes. Indeed, mutations that inactivate the nuclear genes required for the
maintenance of mitochondrial DNA have detrimental effects on the stability of
mitochondrial genetic information.

If the mitochondrial genome is altered, the function of mitochondria in energy
metabolism may become impaired, with severe cell damage and overt disease. The
most affected organs are those with the highest energy consumption, such as skeletal
muscle, heart, brain and liver. There are many different human diseases caused by
defects of the mitochondrial genome, and in most cases we do not know what causes
those defects, or how they appear in association with a given enzymatic deficiency.
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1.1.2 Maintenance of mtDNA

The small mitochondrial (mt) genome codes for 13 polypeptides that are essential
constituents of the oxidative phosphorylation machinery and for the ribosomal and
tRNAs required for their synthesis. Structural alterations or decreased copy number
of the mt genome have profound consequences on mt function and cause severe
human diseases.

Maintenance of mtDNA depends on the availability of deoxynucleotide precursors,
present in appropriate amounts. It is essential that the relative proportions of the 4
deoxyribonucleoside triphosphates (ANTPs) be balanced to avoid replication errors
and mtDNA mutations. When these conditions are not satisfied the mt genome is
destabilized with complex, still incompletely understood, consequences on mt and
cellular physiology. The development of models for mtDNA diseases will be a major
step forward in our understanding of how mt dNTP imbalance leads to disease.

1.1.3 Human mtDNA depletions syndromes

Only a minor fraction of human mtDNA depletion syndromes can be accounted for
from the etiological point of view. So far inactivating mutations in one of ten nuclear
genes have been recognized to cause depletion of the mt genome. Among these, four
are directly involved in the metabolism of DNA precursors (the genes coding for mt
TK2, dGK, thymidine phosphorylase, a cytosolic enzyme that degrades the
deoxynucleosides thymidine and deoxyuridine, and the alternative small subunit of
ribonucleotide reductase, p53R2). In the case of the two mt deoxynucleoside kinases
and p53R2, mtDNA depletion is probably due to lack of precursors, while in the case
of the phosphorylase it would result from accumulation of thymidine triphosphate
(dTTP) inside mitochondria (Pontarin et al. 2006). This imbalance of precursors in
the mt pool affects the fidelity of mt DNA polymerase causing depletion, point
mutations and deletions in the mt DNA of the patients (Nishigaki 2003). Many other
cases of disease associated with alteration of the mt genomes remain unexplained.
The discovery that normal quiescent cells contain an active ribonucleotide reductase -
the R1-p53R2 variant- that is essential for mtDNA maintenance (Hakansson et al.
2006, Pontarin et al. 2007, Bourdon et al. 2007) unexpectedly invalidated the
accepted paradigm that de novo synthesis of deoxyribonucleotides only occurs in
proliferating cells.

The new data raise a number of questions on how p53R2-dependent de novo
synthesis complements the intramitochondrial salvage pathway initiated by the two
mt deoxynucleoside kinases TK2 and dGK. A puzzling aspect is that genetic
mutation in any of these three enzymes leads to mitochondrial disease, but with
markedly different target organs.
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A common feature, however, is that mt damage occurs in terminally differentiated
cells that have stopped dividing. Also on the basis of studies on the dynamics of the
mt dNTP pools in cycling and quiescent cells (Pontari et al. 2006, Rampazzo et al.
2004, Ferraro et al. 2005) it appears conceivable that in differentiated cells
mitochondria become more dependent on their own pathway of dNTP synthesis
because in such cells the cytosolic synthesis of DNA precursors is strongly reduced
(Pontarin et al. 2007). Mutations in enzymes involved in the intramitochondrial
pathway would therefore become pathogenic only in the absence of other adequate
sources of DNA precursors. This hypothesis still does not explain why some tissues
and cell types are instead affected by p53R2 deficiency. With the experiments
outlined here we wish to answer some of those questions and to extend the
knowledge on how mt dNTP pools are regulated. All the work done so far on the
mtDNA precursors has dealt with the dTTP pool for two main reasons. First, the mt
dTTP pool is affected in two severe mtDNA diseases, TK2-deficiency (a myopathic
form of mtDNA depletion syndrome, MDS) (Saada et al. 2001) and thymidine
phosphorylase deficiency (which causes a complex mt neurogastrointestinal
encephalopathy, MNGIE) (Nishino et al. 1999). Second, the study of Dttp
metabolism in intact cells is technically simpler than that of other dNTPs.

1.2 Transport of deoxyribonucleotides

Until very recently mitochondria were believed to synthesize their own DNA precursors
by a pathway largely independent of that involved in the production of nuclear DNA
precursors (Bogenhagen and Clayton 1976, Zhu et al. 2000). The generally accepted view
of a strict compartmentation between mt and cytosolic dNTP pools is supported by the
existence of two mt deoxynucleoside kinases [thymidine kinase 2 -TK2- (Berk and
Clayton 1973) and deoxyguanosine kinase —dGK— (Arner and Eriksson 1995)] which
possess substrate specificities adequate for the phosphorylation of all 4
deoxyribonucleosides (Piskur et al. 2004); and of a series of nucleotide kinases that
catalyse the additional steps in the production of the dNTPs. This view has been
challenged by the demonstration that deoxynucleotides move across the inner mt
membrane in both directions and that influx of precursors made outside mitochondria
represents the main source of dNTPs for mtDNA replication in cycling human cells
(Pontarin et al. 2003). Thus, carriers in the mt inner membrane must exist which catalyze
the exchange of deoxynucleotides between the two compartments. These may include a
carrier with specificity for deoxycytidine nucleotides (Bridges et al. 1999) and other
putative nucleotide carriers cloned in yeast and characterised in proteoliposomes
(Marobbio et al. 2006, Vozza et al. 2004). One such carrier, named DNC, was reported to
be expressed in humans (Dolce et al. 2001) but recent studies could not confirm the
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finding that the protein was responsible for deoxynucleotide transport into mitochondria
(Lam et al. 2005). Consistent with this, the protein was later shown to catalyze the
transport of thiamine pyrophosphate (Lindhurst et al. 2006). More likely candidates are
two mammalian orthologs of RIM2 that in yeast codes for a carrier for pyrimidine
nucleotides. One of the two orthologs was recently reported to be a pyrimidine nucleotide
carrier and named PNC-1 (Floyd et al. 2007).

1.3 The pyrimidine deoxynucleotide carrier (RIM2)

Deoxynucleotides are transported across the inner mt membrane and influx of cytosolic
precursors is the main source of dNTPs for mtDNA replication in cycling human cells.
Thus, carriers in the mt inner membrane catalyze the exchange of deoxynucleotides
between the two compartments. To this day, and despite their importance, no mammalian
carriers for deoxynucleotides have been unequivocally identified and characterized at the
molecular and functional level. On the basis of homology with the Rim2 gene (Marrobbio
et al. 2006) encoding for a pyrimidine deoxynucleotide carrier in Saccharomyces
cerevisiae, two genes in humans (Floyd et al. 2004) and one in Drosophila melanogaster
may code for deoxynucleotide carriers. One of the two human orthologs was recently
reported to be a pyrimidine nucleotide carrier and named PNC-1 (Floyd et al. 2007).
However Thus, to this day no mammalian carrier for deoxynucleotides has been
unambiguously identified at the molecular level.

1.3.1 The mitochondrial transporter for pyrimidine nucleotides in
Saccharomyces cerevisiae

Pyrimidine (deoxy)nucleoside triphosphates are required in mitochondria for the
synthesis of DNA and the various types of RNA present in these organelles. In
Saccharomyces cerevisiae, these nucleotides are synthesized outside the
mitochondrial matrix and must therefore be transported across the permeability
barrier of the mitochondrial inner membrane. A RIM2 protein has been identified as
a yeast mitochondrial pyrimidine nucleotide transporter (Marobbio et al. 2006).
RIM2 (Replication In Mitochondria 2) is a member of the mitochondrial carrier
protein family having some special features. It transports the pyrimidine
(deoxy)nucleoside tri- and di-phosphates and, to a lesser extent, pyrimidine
(deoxy)nucleoside monophosphates, by a counter-exchange mechanism.

The main physiological role of RIM2 is proposed to be to transport
(deoxy)pyrimidine nucleoside triphosphates into mitochondria in exchange for
intramitochondrially generated (deoxy)pyrimidine nucleoside monophosphates
(Marobbio et al. 2006).
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The protein encoded by Rim2 belongs to the mitochondrial carrier family. In fact, the
RIM2 amino acid sequence displays three repeats, each containing two putative
Trans Membrane Sequences (TMSs) and the signature sequence motif
PXD/EXXR/K. However, RIM2, consisting of 377 residues, is longer than the great
majority of mitochondrial carriers (molecular mass 30-34 kDa) and shorter than the
Ca’*-activated mitochondrial carriers (molecular mass 50-60 kDa) (Palmieri 2004,
Fiermonte et al. 2004). A major difference between RIM2 and most members of the
mitochondrial carrier family is that the N-terminal extension, the matrix loop
between TMS | and Il and the cytosolic loop between TMS IV and V of RIM2 are
longer than usual. Another typical feature of RIM2 is the presence of a tryptophan
residue (PIWLIK) instead of the acidic residue in the signature motif of the second
repeat.

1.3.2The human mitochondrial pyrimidine nucleotide carriers

The two putative nucleotide transporters of the inner mt membrane, SLC25A33 and
SLC25A36 are encoded by genes orthologous to the Rim2 gene, that in budding yeast
has been shown to be essential for the maintenance of mtDNA and involved in the
exchange of pyrimidine nucleotides between mitochondria and cytosol. One of the
two human orthologs of yeast Rim2 gene, named PNC-1, was recently characterized
(Floyd et al. 2007). Like yeast RIM2 (Marobbio et al. 2006), the carrier transports
pyrimidine nucleotides and was designated PNC-1 (Pyrimidine Nucleotide Carrier-
1). PNC-1 is a mitochondrial pyrimidine nucleotide carrier, which shares significant
identity with the essential yeast mitochondrial carrier RIM2.

PNC-1 was described to be a UTP carrier, in fact when the carrier was
downregulated in whole cells only mt UTP was found reduced. So it is likely that
reduced availability of UTP in PNC1-deficient cells could impair mtDNA
transcription (Floyd et al. 2007).

A comparison of both the human and mouse sequences with those in the EMBL
nucleotide sequence database showed that PNC1 cDNA encoded a member of the
mitochondrial carrier family (Palmieri et al. 1994, Kunji 2004). These carriers have
three homologous repeats, each containing a signature motif, typically P-X-[DE]-X-
X-[KR] (Figure 1.1).
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Figurel.l. The predicted protein topology of the mitochondrial pyrimidine transporter PNC-1.
The prediction is based on the homology to the bovine ADP/ATP carrier (Pebay-Peyroula et al. 2003)
showing the six transmembrane helices, the three fold sequence repeats, the conserved signature
motifs, the positions of the a-helices and the signature motifs (box) (Floyd et al. 2007).

The main structural fold is a six a-helical bundle with pseudothreefold symmetry as
exemplified by the structure of the bovine ADP/ATP carrier (Pebay-Peyroula et al.
2003). This gene is located on human chromosome 1 (1p36.22), and its product
(Q9BSK2) has another isoform (Q96CQ1) with 60% identity that is located on
chromosome 3. It is also identical in sequence to a previously reported human carrier
of unknown function huBMSC-MCP that was assigned to chromosome 11 (Wang et
al. 2004). Both isoforms have homologues in mice, Q921P8 and Q922G0 with 91
and 61% shared identity with PNC-1, respectively. These carriers contain a variation
in the signature motif of the second repeat, where the negatively charged amino acid
has been replaced by a tryptophan (P-I-W-M-V-K), but the basic residue of the
interacting salt bridge is retained. The electrons of the aromatic residues form a
negatively charged face, which can interact electrostatically with positively charged
residues (Dougherty, 1996) The human mitochondrial carrier is also closely related to
three carriers from yeast—RIM2 or Pytlp (Marobbio et al. 2006), Ndt1p, and Ndt2p
(Todisco et al. 2006)—that share an identity of 29.5, 23.4, and 24.0%, respectively.

1.3.3 Drosophila gene homolog of yeast Rim2

Drosophila represents an ideal system to study the physiological function of mt

dNTP carriers. In Drosophila only one gene shows significant similarity to Rim2,

suggesting that in this species all dNTPs share the same mt transporter. Thus,
178



PART IV Introduction

Drosophila would represent an ideal model system to study the physiological
function of mt deoxynucleotide carriers because it would not pose problems of
functional redundancy among different gene products.

The Drosophila melanogaster CG183173 gene (Figure 1.2) is the fly orthologue of
the yeast Rim2 gene (Marobbio et al. 2006) and of the two human PNC-1 genes
(Floyd et al. 2004), AAL13964.

The Drosophila gene maps on chromosome 2 (position 22B1) and its gene sequence
location is 2L.:1716888..1724391. The CG18317 gene spans 7503 bp, and the 1776
bp coding sequence consists of 6 exons, the related polypeptide consisted on 365 aa
(40.5 kDa).

Gene Span

friz CG18317 Eno
— _——- b
Transcript
frtz-RA CG18317-RA Eno-RA
—==. “E— HTTHTH T ji—=|
Eno-RD
Eno-RC
Eno-RE
Eno-RE
Eno-RF
CcDS
frtz-PA CG18317-PA
—<E

Figure 1.2. Drosophila Rim2 gene. This gene is referred to in FlyBase by the symbol Dmel\CG18317
(FBgn0031359). It is a protein coding gene from Drosophila melanogaster. Based on sequence
similarity, it is predicted to have molecular function: transmembrane transporter activity. An
electronic pipeline based on InterPro domains suggests that it is involved in the biological process:
transmembrane transport; mitochondrial transport. 10 alleles are reported. No phenotypic data is
available. It has one annotated transcript and one annotated polypeptide. Protein features are:
Mitochondrial brown fat uncoupling protein; Mitochondrial substrate carrier; Mitochondrial
substrate/solute carrier. Gene sequence location is 2L:1716888..1724391. (Figure modified by
http://flybase.org/).

There is currently no information available concerning the function of the probable
Drosophila homolog of RIM2, although the putative protein shows domains which are
typical of mitochondrial transporter proteins. One objective is to test experimentally if
the single Drosophila gene homologue of the budding yeast RIM2 gene is involved in
the exchange of deoxynucleotides between mitochondria and cytoplasm, and to study
the effect of its inactivation on the stability of the mt genome.
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1.4 Purine nucleoside phosphorylase deficiency

Genetic deficiency of purine nucleoside phosphorylase (PNP) results in severe
immunodeficiency in man (Cohen et al. 1978). A PNP knock-out mouse shows similar
symptoms (Arpaia et al. 2000). In both cases T lymphocytes are more severely affected
than B lymphocytes due to a preferential accumulation of dGTP. In vitro the T-
lymphocytes showed increased apoptosis and higher sensitivity to y-irradiation. It was
proposed that dGTP accumulates in mitochondria causing impairment of DNA synthesis
and repair and serving as a signal for apoptosis (Arpaia et al. 2000). It is, however, not
clear why the accumulation should preferentially occur in mitochondria and the published
data on this point are not very convincing.

1.4.1 A Drosophila model of PNP deficiency

The possibility of obtaining a new animal model of PNP deficiency is clearly of great
interest and it was very interesting to produce such a model in Drosophila. On the
basis of the presence of a nucleoside-phosphorylase-family-2 signature domain, we
have so far identified two potential Drosophila homologs of human PNP: CG16758
and CG18128. The former shows a 51% identity, while the latter shows a 37%
identity to human PNP. There is no information available concerning the function of
either gene in Drosophila. We characterized dsRNA bearing strains available from
the VDRC (Vienna Drosophila RNAi Center) (Tanaka et al. 2000), which allow the
temporally and/or spatially targeted silencing of each of the Drosophila homologs of
PNP.
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Figure 1.3. Drosophila PNP gene. This gene is referred to in FlyBase by the symbol Dmel\CG16758
(FBgn0035348). It is a protein coding gene from Drosophila melanogaster. Based on sequence
similarity, it is predicted to have molecular function: purine-nucleoside phosphorylase activity. An
electronic pipeline based on InterPro domains suggests that it is involved in the biological process:
nucleoside metabolic process. One allele is reported. No phenotypic data is available. It has 4
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annotated transcripts and 4 annotated polypeptides. Protein features are: Inosine guanosine/xanthosine
phosphorylase; Nucleoside phosphorylase domain; Purine nucleoside phosphorylase |,
inosine/guanosine-specific; Purine phosphorylase, family 2. Gene sequence location is
3L.:2498704..2503584. (Figure modified by http://flybase.org/).
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Figure 1.4. Drosophila PNP gene. This gene is referred to in FlyBase by the symbol Dmel\CG18128
(FBgn0034898). It is a protein coding gene from Drosophila melanogaster. Based on sequence
similarity, it is predicted to have molecular function: purine-nucleoside phosphorylase activity. An
electronic pipeline based on InterPro domains suggests that it is involved in the biological process:
nucleoside metabolic process. 2 alleles are reported. No phenotypic data is available. It has one
annotated transcript and one annotated polypeptide. Protein features are: Inosine guanosine/xanthosine
phosphorylase; Nucleoside phosphorylase domain; Purine phosphorylase, family 2. Gene sequence
location is 2R:19606320..19607459. (Figure modified by http://flybase.org/).
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3.1 dRim2 post transcriptional silencing

We started with characterization of the CG18317 drosophila gene, homolog of the yeast
RIM2 gene, by post transcriptional silencing. We obtained from the Vienna Drosophila
RNAIi Center (VDRC) transgenic lines, harboring a construct encoding for a
CG18317/RIM2-specific dsRNA, which allows the targeted silencing of dRim2
(Trasformant ID #44203 and #44202).

The ubiquitous activation of dsSRNAI with these lines produced no alterations in fertility
or viability. Furthermore, ubiquitous dsRNA knock down of dRim2 with a third
transgenic line, which was later made available by the VDRC collection (line 100807),
produced the same results in terms of adult viability, although, differently from the other
dsRNAI lines characterized, in this case a significant decrease of dRim2 transcripts was
shown by RT-PCR. In particular, three independent real time experiments, confirmed an
interference of the dRim2 gene of approximately 70%. These data suggests that 30% of
gene activity is sufficient to allow the development of mutant flies to adulthood.

In addition real time experiments evidenced an over-expression of CG18317 gene in
mutant line e01575 (for a description of this mutant, see following paragraph) (Figure
3.1).
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Figure 3.1. Real-time PCR-based quantitative analysis. RT-PCR estimate of the relative percentage of
CG18317 mRNA in KD individuals from line 100807 compared to those of w'*® controls and mutant line
e01575. In each case controls are assigned an arbitrary value of 100%. Histograms represent the mean of
three independent experiments (SD??). Real-time PCR-based quantitative analysis confirmed a reduction
CG18317 mRNA in KD line 100807 and an over-expression of CG18317 gene in mutant line e01575.
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3.2 Generation of Drosophila Rim2A strain, lacking the putative
deoxynucleotide transporter RIM2

Using the same technique previously described for Ethel, based on targeted deletion of
the region spanning dRim2 (see material and methods) (Parks et al. 2004), we isolated a
knock out (KO) line for dRim2.

We obtained from the Bloomington Drosophila stock center, transgenic lines bearing
insertional elements localized at the boundaries of the CG18317/RIM2 gene. In
particular, line PBac[RB] CG18317%°°" (FBti0047179) harbors a piggyBac element at
the 5> level of the gene, in position. The other insertional line PBac[RB] CG18317°0%0%
harbors a piggyBac element at the 3” portion of the gene (Figure 3.2).

We obtained a whole gene deletion of through the combination of the FRT bearing lines
(e01575, e00041) in presence of FLP recombinase, which should produce a genomic
deletion with a single residual element tagging the deletion site.

Additionally, we also characterized pBac insertional line e01575 (used for the deletion
generation) which proved to be homozygous lethal. The insertion of the pBac element in
the 5° region of the dRim2 gene appears to de-regulate gene expression, mimicking a KO
condition.
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Figure 3.2. Localization of the piggy-Bac elements in the Drosophila CG181317 locus. The
transgene insertional PBac[WH] CG18317 “®* s localized in the 3” region of the gene, in position
2L:1716977, the other line PBac[RB] CG18317%**"® harbors a piggyBac element in the 5’ region of
the gene, in position 2L:17253536.
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3.2.1 PCR confirmation of FLP-FRT-based deletions

We carried out all PCR reactions using purified genomic DNA from 50 homogenized
flies obtained from each isolate line. In general, it was necessary to test 50 flies for
each w+ deletion. The PCR confirmation strategy used for initial detection of the
deletion was carried out with the use of specific primer designed inside the P-Bac
elements. The primer sequences use for the PCR screen are shown in Table xx
(material and methods).

3.3 Characterization of the knock out line

3.3.1 Survival of dRim2 KO flies

Characterization of the knock out line shows that, although KO individuals survive
through the larval stages of development, 100% of homozygous dRim2 deletion-
bearing larvae die at the pupal stage. Moreover, the KO larvae are smaller compared
to both dRim2 deletion heterozygotes and wild type larvae (Canton S strain).

The heterozygous KO line obtained was balanced with CyO-GFP so that it allowed
us to discriminate between homozygous (non GFP-fluorescent) and heterozygous
(GFP-fluorescent) larvae (Figure 3.3).

Figure 3.3. dRim2 KO larvae. Heterozygous knock out larvae dRim2/CyO-GFP were easily
recognisable because they expressed GFP, whilst homozygous knock out larvae dRim2 are the smaller
ones which are not fluorescence.

3.3.2 Biochemical profile of dRim2 KO flies

Based on the expectation that dRim2 might be specifically involved in the exchange
of deoxynucleotides between the mitochondria and the cytoplasm, we reasoned that
defects in dRim2 function might result in damage to mitochondrial genome integrity,
which would then lead to pupal death in the KO individuals. In order to establish
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whether this might be the case, we first of all determined whether the activities of
each of the mitochondrial respiratory chain complexes (MRCC) were in any way
affected.

Biochemical assays were performed to check the state of the mitochondrial
respiratory chain in control larvae, in heterozygous and homozygous individuals
(distinguishable by their green fluorescence as shown in Figure 3.3).

The results show that there were no significant variations in the activity of any of the
MRCC (1, I, 1, IV, V) in the KO larvae with respect to controls (Figure3.4).
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Figure 3.4. Mitochondrial respiratory chain enzymatic activities of control and RIM2 -/+, RIM2 -
/- larvae. Complexes 1-V activities (all expressed as nmol min™ mg™) normalized to the activity of
Citrate Synthase (CS), are all expressed as percentage of enzymatic activity where WTALA strain’s
activity is considered as 100%. We measured enzymatic activity in three different wild type lines:
Canton S, WT ALA, w'**® in the two KO lines: RIM2 homozygous and heterozygous larvae. The
graphs clearly show that the enzymatic activites in the KO individuals are in all cases comparable to
that of controls.
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Moreover we tested the mitochondrial respiratory chain’s functionality in adult
mutants. We performed biochemical assays in adult heterozygous KO flies
(dRim2/CyQ) and in the heterozygous adult flies belonging to the insertional mutant
line e01575. In both mutant strains analyzed, the activities of respiratory chain
complexes (CI, CII; CIII; CIV; CV) compared with controls, were not affected in any
case.

3.4 Rescue of the KO phenotype

In order to further validate the KO model we tried to rescue the phenotype observed in
knock out individuals. We rescued the pupal lethality through the expression of an
exogenous copy of dRim2, a pUAST-dRim2-FLAG construct.

In parallel we also produced constructs bearing the human isoforms of Rim2, (SLC25A33
and SLC25A36) in pUAST vectors, in order to produce transgenic lines which, following
appropriate genetic crosses, were used to evaluate the capacity of the human Rim2
isoforms to rescue the Drosophila KO. These constructs were microinjected and the
progeny of the injected individuals were screened for the presence of transgenic flies.
Constructs carrying the human isoforms of Rim2 were a gift from Professor Bianchi’s lab
in Padova, which collaborates with our group in the characterization of RIM2 function.

3.4.1 Rescue with the dRim2 expressing construct

First of all, we microinjected the w™'® drosophila line with a pUAST construct
bearing the wild type sequence of dRim2 under the control of a UAS promoter, which
allows the expression of the cDNA after activation by a GAL4 protein.

We then rescued the knock out phenotype by crossing the fly line expressing the
pUAST-dRim2 construct with flies from the dRim2 knock out strain. In this way we
produced progeny bearing both the Rim2 deletion and the pUAST-dRim2 construct.
Both constructs were activated by the use of an Actin5C-GAL4 driver present in the
final progeny background.

Out of three lines bearing the rescue construct, only one was able to rescue the
phenotype of the dRim2 KO. As expected, “rescued” individuals developed to adults
and they did not show defects in fertility or viability.

3.4.2 Rescue with the human Rim2 constructs

In addition, we also wished to explore the ability of human Rim2 isoforms to rescue
the Drosophila KO by expressing the human Rim2 gene in the described Drosophila
KO background. In particular, we performed the rescue of dRim2 KO by expressing
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constructs bearing each one of the two human isoforms of Rim2 cloned into pUAST
vectors.

We designed two different constructs each carrying one of the two human Rim2
isoforms (SLC25A33 and SLC25A36).

After appropriate crossing, as described above, we obtained four fly lines resulting
from the expression of four different insertions of the SLC25A33 cDNA _bearing
transgenes, in a Rim2 KO background and seven lines resulting from the expression
of seven different insertions of the SLC25A36 cDNA-bearing transgenes in a Rim2
KO background.
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Through analysis of the lines expressing the human isoform (SLC25A33) of Rim2 we did
not observed any rescue of pupal lethality which characterized the KO individuals. Since,
the function of human SLC25A33 has not been described in literature we cannot further
speculate about the meaning of this result, although we can only suppose that, since there
are two Rim2 isoforms in humans, they may have developed non overlapping functions.
Thus it may be that, SLC25A33 is not involved in the transport of pyrimidine nucleotides,
and as such cannot complement the lack of dRim2 function.

On the other hand, the line expressing the human SLC25A36 isoform was able to revert
the KO phenotype. From the literature, SLC25A36 is the human Rim2 isoform described
in (Floyd et al. 2007) and named PNC-1 and it was recently characterized as a
mitochondrial pyrimidine nucleotide carrier. In particular PNC-1 was described to be a
UTP carrier (see introduction chapter 1.3.2).

There are evidences in literature (Floyd et al.2007) that the human mitochondrial
pyrimidine nucleotide carrier (PNC-1) is linked with the mTOR pathway , essential for
the survival and growth of normal cells. This pathway together with insulin/insulin-like
growth signaling seems to be linked with regulation of mitochondrial function, but how
this occurs, is incompletely understood. It has been demonstrated that IGF-1 and insulin
induce rapid transcription of the mitochondrial pyrimidine nucleotide carrier PNC-1.
PNC1 expression is dependent on PI-3 kinase and mTOR activity and is higher in
transformed fibroblasts, cancer cell lines, and primary prostate cancers than in normal
tissues. Overexpression of PNC-1 enhances cell size, whereas suppression of PNC-1
expression causes reduced cell size and retarded cell cycle progression and proliferation.
Cells with reduced PNC-1 expression have reduced mitochondrial UTP levels, but while
mitochondrial membrane potential and cellular ATP are not altered, cellular ROS levels
are increased. Overall the data indicate that PNC-1 is a target of the IGF-I/mTOR
pathway that is essential for mitochondrial activity in regulating cell growth and
proliferation. (Floyd et al.2007).

Insulin and insulin-like growth factor-1 (IGF-I) regulate metabolism and cell survival,
growth, and proliferation through the insulin or IGF-1 receptors (IR or IGF-IR) and their
downstream signaling pathways.

A direct role for mTOR signaling in enhancing mitochondrial oxidative phosphorylation
has also recently been described (Schieke et al. 2006) as well as a role for mTOR in
regulating the production of mitochondrial-derived reactive oxygen species (ROS) that
are thought to be causative in ageing (Schieke and Finkel, 2006). Although much
evidence points to altered mitochondrial physiology in cancer cells, the interactions
between growth factor signaling and mitochondrial function in regulating cell survival
and proliferation remain to be fully elucidated.
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In our particular case, many question still remain open, for istance (i) is Drosophila Rim2
responsible for mitochondrial deoxynucleotide transport, (ii) does the depletion of Rim2
in vivo affect the integrity of the mitochondrial (mt) genome.

To answer these questions we need to implement approaches aimed at determining the
integrity of the mitochondrial DNA (mtDNA) in these animals. Thus we are setting up
different techniques which entail the determination of: (a) mtDNA copy number
depletion; (b) mtDNA macroscopic deletions; (c) mtDNA point mutations.

In order to check for mtDNA copy number depletion we designed primers to amplify the
mitochondrial encoded cytochrome c¢ oxidase (MRRC IV) Coxll subunit gene, and by
using a QRT-PCR approach, we quantified the amount of CoxIl present in the KO larvae
with respect to controls. Pilot experiments carried out in KO individuals showed a 15%
reduction in the number of copies of CoxIl, which is probably too small a reduction to
justify the lethal effects observed in our dRim2 KO model.

In order to check for the presence of macroscopic deletions in the mtDNA of the KO
larvae we designed primers suitable to allow the amplification of most of the mtDNA (i.e.
a 10 Kb fragment, corresponding to approximately 52% of the total mt genome) from
single individuals through the use of a Long-PCR (Reynier et al. 1995) protocol.
Application of this protocol, led to the amplification of a single product of the expected
size in both controls and KO larvae, suggesting the integrity of the corresponding
mtDNA.

To establish whether lack of dRIM2 function might result in an increase in the point
mutation rate in the mtDNA of the KO individuals we set up an approach based on the
amplification of 1 Kb sequence of mtDNA from single individuals. The amplified
products were then cloned and sequenced. We have so far sequenced 10 fragments from 5
controls (2 cloned fragments from each individual) and 9 fragments from 3 dRim2 KO
larvae (3 cloned fragments from each individual). The comparison of the sequences
obtained so far has not evidenced any differences.

In addition, by using a FLAG tagged wild type dRim2 cDNA-bearing construct we intend
to perform protein complex immunoprecipitation followed by Maldi-Tof-Tof mass
spectrometry (facility currently available at the Venetian Institute of Molecular Medicine)
in order to attempt to identify interacting partners of dRim2.
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2.1 Fly Stocks and Maintenance

Flies were raised on a standard yeast—glucose—agar medium (Roberts and Standen
1998) and were maintained at 18° C, 70% relative humidity, on a 12h light: 12h dark
cycle.

2.2 Functional characterization of dSurfl gene post-transcriptional
silencing

2.2.1 Fly strains

The w8 strain was microinjected with the transformation plasmid. The dominantly-
marked, multiply-inverted balancer chromosomes w; CyO/Sco; MKRS/TMG6B stock
was used for determining the chromosomal locations of the transgenes and for
subsequent manipulations of the transgenic lines. Previously work done in our
laboratory generated three independent Drosophila transgenic lines, 23.4, 79.10, and
79.1. For each line obtained, the insert map position is given in parentheses: 23.4
(2R, 54BC), 79.1 (3R, 88D) and 79.10 (2R, 50C). Each line carried a single UAS—
Surfl inverted repeat (IR) autosomal insertion, which allowed the post-transcriptional
gene silencing of Surfl via dsRNA interference (dsRNAI), following activation by
GAL4 (Zordan et al. 2006).

The following GALA4 lines, obtained from Bloomington Stock Center were used to
drive the expression of the UAS-Surfl-IR construct:

- elav C155 GALA4 [genotype: P{GawB}elav“*®> GALA4] expressed in all tissues
of the embryonic nervous system beginning at stage 12. elav—GAL4 driver is used to
drive the post transcriptional silencing of dSurfl pan neuronally, (Bloomington
number B.N. 458);

- w;; how*® GAL4 [genotype: w'; P{GawB}how*® GAL4] in embryonic
mesoderm, (B.N. 1767);

- Switch-Actin5C-GAL4 /TM6B, Tb [genotype: P{hsFLP}22, y* w"; P{UAS-
GFP.S65T}T2; P{Act5C(-FRT)GAL4.Switch.PR}3/TM6B, Tb']. Expresses a
progesterone-inducible GAL4 in all cells, (B.N. 9431);

-y, w;; Act5C-GAL4/CyO [genotype: y* w'; P{Act5C-GAL4}25FO1/Cy0, y'].
Ubiquitous expression of GAL4, (B.N. 4414);
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-y, W;; Act5C-GAL4/TM6B, Tb [genotype: y' w’; P{Act5C-GAL4}
17bFO1/TM6B, Th']. Ubiquitous expression of GAL4, (B.N. 3954);

- Hsp70 GAL4 [genotype: w'; sna>°/CyO, P{GAL4-Hsp70.PB}TR1, P{UAS-
GFP.Y}TR1]. Heat shock inducible GAL4, (B.N. 5702);

- GMR-GAL4 [genotype: y* w8 P{GAL4-ninaE.GMR}12; P{UAS-
INR.A1325D}3]. glass enhancer driving GAL4 in the eye disc, provides strong
expression in all cells behind the morphogenetic furrow. (B.N. 8440);

2.2.2 Production and microinjection of the p[UAST] dSurfl-s
construct

dSurfl-s was designed so that its nucleotide sequence was sufficiently different from
the native sequence as to allow it to escape native-dSurfl-targeted PTS. This was
accomplished by substituting each codon triplet in the native dSurfl sequence with a
synonymous triplet. Nucleotide substitutions were chosen so as to maximize
differences between dSurfl and dSurfl-s, while respecting codon bias and avoiding
the introduction of new splicing sites. On the whole, the dSurfl-s nucleotide
sequence presents 29.1% differences with respect to dSurfl. In addition dSurfl-s was
also engineered so as to encode an HA tag at the C—terminus. Furthermore, particular
attention was dedicated to maintaining a GC content of approximately 60% in the
third position of codons in agreement with (Shields et al. 1988) who report that, in
Drosophila melanogaster, the most frequently employed codons are characterized by
G or C nucleotides in third position. The dSurfl-s construct, synthesized by
Genscript Corporation, was subcloned into a PUC57 pUAST microinjection vector.
Confirmation of the insertion of the synthetic gene into the pUAST vector was
obtained by restriction fragment analysis. After EcoRI and Xhol digestion, a 980 pb
fragment was obtained which corresponds to the expected size of the dSurfl-s gene.
Further confirmation regarding the

nature of the fragments was obtained by direct sequencing. pUAST dSurfl-s was
injected into w*® embryos as described in (Piccin et al. 2001). Embryos which
survived microinjection were numbered progressively and crossed with w'''®
individuals. For each insertion event a single transgenic line was founded. Four
transgenic lines were thus obtained: Synl, Syn2, Syn3, Syn4. Following crosses with
balancers, each line was characterized by insertion of pUAST dSurfl-s into the
following chromosomes: line Syn4 chromosome 3; lines Synl, Syn2 and Syn3
chromosome 2. From each of the balanced lines, stable homozygous lines were
obtained.
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2.2.3 Double homozygotes for both the KD and the rescue construct

In order to evaluate whether dSurfl-s was able to revert the knockdown phenotype
produced by dSurfl-IR, it was necessary to obtain transgenic lines bearing both
pUAST dSurfl-s, and pUAST dSurfl-IR. Such lines were obtained after appropriate
crosses starting from the following lines: lines Syn1,Syn2 and Syn3: bearing pUAST
dSurfl-s. line IR: bearing pUAST dSurfl-IR, on the IIl chromosome (3R, 88D)
(Zordan et al. 2006). In the double homozygote lines thus obtained, the expression of
both constructs can be induced using the UAS-GAL4 binary system.

2.2.4 \Western blots

Assays were conducted essentially as described in (Zordan et al. 2006). Briefly:
Following extraction of mitochondria, the mitochondrial suspension was sonicated
and subjected to 3 freeze/thawing cycles in liquid nitrogen; a protease inhibitor
cocktail and detergents were added and the solution was left on ice to allow
membrane solubilization. Equal amounts of total proteins (60 mg) for each sample
were resolved on a 12% SDS-polyacrylamide gel. Following separation and Western
blotting onto nitro-cellulose membrane, the membrane was blocked and incubated
with the primary followed by secondary antibodies. Positive immunoreactivity was
visualized using a chemiluminescent system.

2.2.5 Adult viability following dSurfl knock down during adulthood

The following crosses were performed to determine adult survival, following RU—
486-ActbC-GAL4—dSurfl knock down during the adult stages of development: (i)
Controls = UAS GFP / UAS GFP X Switch—Actin5C-GAL4 /TM6B, Th; from which
the resulting progeny of interest was Switch-ActinsC-GAL4 /UAS GFP (ii) KD
indivuals = UAS GFP, IR/ UAS GFP, IR X Switch-ActinsC-GAL4 /TM6B, Tb; from
which the resulting progeny of interest was Switch—Actin5C-GAL4 /TM6B, Th /JUAS
GFP, IR Crosses were raised at 20°C on standard sucrose medium. Freshly eclosed
flies, both controls (Switch-ActinsC-GAL4 / UAS GFP) and (Switch—-ActinsC-GAL4
/TM6B, Tb / UAS GFP, 79.1 Surf) were transferred from RU-486-free food to the
food containing RU-486 and kept at a temperature of 20°C, to this end, a 10 mM
stock solution of RU-486 (mifepristone; Sigma) in ethanol 80% was added during
the preparation of fly medium to a final concentration of 15 pg/ml. A total number of
150 Switch—Actin5C-GAL4 /TM6B, Tb /UAS GFP, IR flies and the same number of
control flies were starved and then placed, in groups of 10 into RU-486—positive
food.
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2.3 Analysis of dEthel gene

2.3.1 Fly stocks

Previous work done in our laboratory led to the obtainment of fly lines carrying
different mutations in the dEthel gene from the FlyTill project. In particular 7
mutations located in the coding sequence of the gene were obtained, each of which is
correlated to a different mutagenic (sai cos'e' il significato di mutagenic??? E' lo
stesso di mutageno........... quindi si tratta di mutant line , casomai.

Fly stocks obtained by tilling project are the following:

- TILLING line 2002 nucleotide substitution C330A, localization exon Il, missense
mutation, aminoacidic substitution L65M;

- TILLING line 2952 nucleotide substitution C336A, localization exon Il, missense
mutation, aminoacidic substitution D67N;

- TILLING line 6043 nucleotide substitution A586T, localization exon Ill, missense
mutation, aminoacidic substitution T120S

- TILLING line 2788 nucleotide substitution C6971, localization exon Ill, missense
mutation, aminoacidic substitution P157S;

- TILLING line 0493 nucleotide substitution C991T, localization exon IV, missense
mutation, aminoacidic substitution P237S;

- TILLING line 3976 nucleotide substitution G1075ATGCGTAGTATG,
localization exon IV, frameshift mutation, aminoacidic  substitution
D264MRSMHITICVFY;

- TILLING line 2700 nucleotide substitution T1108TTATA, localization exon 1V,
frameshift mutation, aminoacidic substitution K275FICLMARRPTVRSGCTI.

Moreover in the present work we implemented a protocol for the generation of a
targeted deletion of the Ethel gene, described in chapter 2.3.3. Fly strains necessary
for the achievement of the knock out are: a line expressing the FLP recombinase
transgene, two FRT-bearing P—element insertional lines and a balancer line
(described in Parks et al. 2004).

In particular, Drosophila stocks used in the generation of deletion were the following:

- d00031: XP—element insertional fly line, chromosomal location is 2R ( 47F8 ),
sequence location (2R:7,271,757..7,271,757);
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- d03609: XP—element insertional fly line, chromosomal location is 2R ( 47F8 ),
sequence location (2R:7,285,475..7,285,475);

- Heat shock-flippase: carrying an FLP recombinase transgene under the control of a
heat shock promoter [genotype: pCaspeR—heat shock—flippase (hs—flippase), w'!'®;

11/ CyO];
- balancer line: w; CyO/Sco; MKRS/TM6B, Bloomington stock number 2475.

The P—element insertional lines as well the FLP recombinase transgene line were all
from (Exelixis, Inc. 170 Harbor Way South San Francisco).

2.3.2 Targeting Induced Local Lesions IN Genomes

The approach that determines the function of genes first defined by DNA sequence
analysis is referred to as reverse genetics.

Targeting Induced Local Lesions IN Genomes (TILLING) is a general reverse
genetic technique that uses traditional chemical mutagenesis methods to create
libraries of mutagenized individuals that are later subjected to high-throughput
screens of pooled PCR products for the discovery of mutations in a target gene (Till
et al. 2003). TILLING is reliable and widely applicable. TILLING is used to locate
mutations, produced due to exposure to EMS, in specific regions of the gene that are
of interest, resulting in the isolation of missense and nonsense mutant alleles of the
targeted genes. TILLING technique produces an allelic series of mutations including
hypomorphic alleles that are useful for genetic analysis. In this case the organism was
Drosophila melanogaster.

In concordance with the TILLING technique it was decided to locate mutations in a
specific region which comprises 1458 bp covering the whole extension of the dEthel
gene. Following are reported the primer sequences used to screen the drosophila
mutagenized library, searching any mutations in the interest region
(2R:7,274,663...7,276,282).

dEthel TILLING Forward 5’-CGAGGCAAATAATTACAC-3’
dEthel TILLING Reverse 5’-GGTACTGGCAGTCTCCTG-3’

Library screening and identification of mutations in dEthel were carried out by the
“Fly-TILL” service (http://tilling.thcre.org:9366), following the method described by
(Till et al. 2003).

A number of fly lines carrying different mutations in the dEthel gene were obtained
from the FlyTill project. In particular 21 mutations were obtained, each of which is

corresponds to a different strain. In particular, we concentrated our attention on lines
199



Materials and Methods

carrying missense or frameshift mutations in the coding regions of dEthel gene. We
selected seven lines with mutations located in exons, four of these (2770, 0242, 2952
and 0493) were proved to be homozygous lethal. Further investigations were
conducted in these lines.

We initially concentrated our attention on a line harbouring a missense mutation
(P157S) localised next to the active site of the putative dETHE1 protein, which may
modify the catalytic activity. The adult flies we analyzed are hemizygous for the
mutation because they carried the P157S mutation over a deletion which removes the
whole of the Ethel gene.

2.3.3 Generation of deletion: knock out of dEthel

2.3.3.1 Inverse PCR

Inverse PCR (IPCR), described by Ochman et al in 1988, is a method for the rapid in
vitro amplification of DNA sequences that flank a region of known sequence. The
method uses the polymerase chain reaction (PCR), but it has the primers oriented in
the reverse direction of the usual orientation. The template for the reverse primers is
a restriction fragment that has been ligated upon itself to form a circle. Inverse PCR
has many applications in molecular genetics, for example, the amplification and
identification of sequences flanking transposable elements.

Here we used the inverse PCR technique to ensure the position of P-element by
recovering sequences flanking the XP elements. This protocol is an adaptation of
"Inverse PCR and Cycle Sequencing Protocols” by E. Jay Rehm Berkeley Drosophila
Genome Project.

The protocol starts with the digestion of genomic DNA with two different enzyme
Sau3A | and HinP1 I, done separately. Sau3A | digests are for 5' and 3' iPCR,
whereas HinP1 | digests are for 3'iPCR only .

Genomic DNA (~0.5 fly) 10.0 pl
10X buffer (NEB Sau3Al or NEB 2) 2.0 ul
10X BSA (Sau3Al only) 2.0 ul
Sau3Al or HinPlI 4 units Sau3Al or 5 units HinPlI
ddH,O add to 20 pl total

Then the reaction mix is incubated at 37°C for 1 hour and successively at 65°C for 20
min. to heat inactivate. Consequently the ligation protocol per reaction is as follow:
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Digested genomic DNA (~0.075 fly) 3.0l
NEB 10X T4 DNA Ligase Buffer (w/ 10mM ATP) 1.0 ul
ddH,0 6.0 ul
NEB T4 DNA Ligase (200 Weiss units) 0.5 ul

If doing PCR immediately following ligation; it is necessary to incubate at room
temperature for 30 min and aliquot for the first round of PCR.
First round iPCR: 20.0 pl reaction

Ligated genomic DNA (~0.035 fly) 5.0l
10X dNTP (2mM each) 2.0 ul
forward primer (10 uM) 0.4 pl
reverse primer (10 uM) 0.4 ul
10X PE AmpliTaq buffer w/ 15mM MgCl, 2.0l
ddH,0 9.9 ul
PE AmpliTaq (2 units) 0.3 ul

Do 1:10 dilution of first round PCR by adding 180 pl H,O.

Second round iPCR: 20.0 pl reaction.

1:10 diluted first round DNA 5.0 ul
10X dNTP (2mM each) 2.0 ul
forward primer (10 pM) 0.4 pl
reverse primer (10 pM) 0.4 pl
10X PE AmpliTag buffer w/ 15mM MgCI2 2.0 ul
ddH,O 9.9 ul
PE AmpliTag (2 units) 0.3 ul

Primers for first and second round iPCR:

Primer PCR XP-element Primer Sequence
Name Round end 5t 3
t
51A n 5" end 5-AATGATTCGCAGTGGAAG GCT-3'
t
518 n 5* end 5-CACCCAAGGCTCTGC TCCCACAAT-3
d
52A 5 5* end 5-TACCAGTGGGAGTAC ACAAAC-3
d
528 5 5" end 5-TTTACTCCA GTCACAGCTTTG-3'
t d
31A 1 &2 3" end 5-CGACACTCAGAATACTATTCC-3
t d
318 Lar 3" end 5-AATTTGCGAGTACGCAAAGC-3

201



Materials and Methods

Pre-Sequencing Preparation

Strong and unique bands as well as smears from the iPCRs can be directly sequenced
without extensive purification. Prior to sequencing, we use the USB ExoSAP-IT kit to
clean up an aliquot of the second round reactions. This kit uses Exonuclease | (degrades
primers) and Shrimp Alkaline Phosphatase (degrades unincorporated nucleotides) to
prepare the template for sequencing.

The protocol per reaction is as follows:

Ex0oSAP protocol

Make a master mix per reaction of:

Exonuclease I (10U/ul) 1w
Shrimp Alkaline Phosphatase (2U/ul) 1 ul
ddH,O 3ul

Remove 5 ul second round iPCR and add to 5 ul SAP mix (to make 10 pl total).
Run on “SAP” program on tetrad using heated lid.
SAP 1) 37°C 30min. 2) 85°C 15min. 3) 4°C hold

Sequencing Primers:

Primer XP- Sequence
Name element 5t0 3
End
XP- 5'end 5'-ACACAACCTTTCCTCTCAACAA-3
5SEQ
XP- 3'end 5-TACTATTCCTTTCACTCGCACTTATTG-3'
3SEQ

2.3.3.2 Generation of the Df(47F8) deletion

After confirmation with iPCR of the correct position of the transposable elements we
started the protocol for the generation of the targeted knock out.

In fruit fly research, up until now, chromosomal deletions were generated by
irradiation or chemical mutagenesis. These methods are labor-intensive, generate
random breakpoints and result in unwanted secondary mutations that can confound
phenotypic analyses. Most of the existing deletions are large and have molecularly
undefined endpoints. Furthermore, the existence of haplolethal or haplosterile loci
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makes the recovery of deletions of certain regions exceedingly difficult by traditional
methods, resulting in gaps in coverage. In this case we employed a method (Parks et
al. 2004), that addresses these problems by providing for the systematic isolation of
targeted deletions in the D. melanogaster genome.

The strategy used FLP recombinase and the large array of FRT-bearing insertions
(described in Parks et al. 2004) to generate 519 isogenic deletions with molecularly
defined endpoints. The Exelixis deletion collection provides 56% genome coverage
so far. The methodology enables the generation of small custom deletions with
predictable endpoints throughout the genome and should make their isolation a
simple and routine task. As described by (Thibault et al.2004) Exelixis generated a
large isogenic collection of P and piggyBac insertion lines containing FRT sites. In
the presence of FLP recombinase, FRT-bearing transposon insertions can be used to
efficiently isolate deletions with precisely defined endpoints. We used this method to
generate a set of isogenic deletions as described below. The Exelixis deletion series is
based on three of the four classes of transposon constructs described in Parks et al. ,
2004). These transposon insertions contain FRT sites of 199 bp either 5’ (in XP and
WH transposons) or 3’ (in RB transposons) of the white+ transgene (w+; figure 2.1).

FRT

FRT I_L:)
P-element XP <@dUAS] _|{__mnvte | suw) [UASH>
d ~

piggyBac PB [_minFwhite cﬂl >

. P _
plggyBaC RB 4] mini-white d [ splice acczjjr}-’

FRT
piggyBac WH <@Uas[ B minewite ] s >
< d

Figure 2.1. FRT-bearing transposons. Schematic of the three transposon types used in FLP-FRT—
based deletions. FRT sites, UAS-containing sequences and the gene white are indicated. See Thibault
et al. for details. FRT orientation is indicated by the direction of the arrowheads (FRT sites must be in
the same orientation for deletion generation). (Parks et al. 2004).

In the presence of FLP recombinase, efficient trans-recombination between FRT
elements results in a genomic deletion with a single residual element tagging the
deletion site (figure. 2.2).
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Figure 2.2. Schematics for deficiency generation. In the scheme on the left is shown the
recombination strategy using FLP-FRT to generate w— deficiencies from Exelixis transposon
insertions. On the right, the second scheme represents the FLP-FRT recombination to generate w+
deficiencies from Exelixis transposon insertions. (Parks et al. 2004).

In deletions generated using XPs, which contain tandem FRT sites, the cis-
recombination event occurs earlier than that in trans. Depending on the pair of
starting insertions, their genomic orientation and the relative position of w+ with
respect to the FRTs, some deletions can initially be detected in the progeny by a loss
of the w+ marker (table 2.1).

Lower coordinate tn1 (strand) Higher coordinate tn2 (strand) W4/— Initial PCR confirmation method UAS remaining?
RB(-) RB(-) w4 Two-sided No
RB(-) WH (+) wH Hybrid No
RB(+) RB(+) w4 Two-sided No
RB(+) WH () W Hybrid Yes
RB(+) XP (+) W Two-sided* Yes
WH (-) RB(+) wH Hybrid No
WH (=) WH (5 w4 Two-sided Yes
WH (-) XP(4) W Two-sided* Yes
WH (+) RB(-) W Hybrid Yes
WH (+) WH (+) W+ Two-sided Yes
XP () RB(-) w4 Two-sided* Yes
XP (9 WH (+) w4 Two-sided* Yes
XP(-) o w4 Two-sided Yes
XP (+) XP(+) W Two-sided Yes
XP (+) RB(+) W Hybrid No
XP(+) WH (-) w- Hybrid Yes
RB(-) XP(-) W= Hybrid No
WH (+) XP (=) w- Hybrid Yes

*Hybrid PCR, though not tested by us, should also work for these deletion types.

Table 2.1. Allowable pairwise combinations of Exelixis transposons for deletion generation.
(Parks et al. 2004).

The necessary crosses are outlined in figure 2.3 and allow the efficient recovery of
deletions in four generations. Progeny are screened for the presence of the residual
element by PCR detection of a resulting hybrid element (XP:WH) using element-
specific primers, or by detection of residual element ends using paired element-
specific and genome-specific primers (figure 2.4). Final confirmation of the deletion
ends can be provided by PCR or sequencing with genome-specific primers. In
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general, PCR screening of five w— individual progeny from w— deletion generation
crosses, or 50 progeny from w+ deletion generation crosses, resulted in four
confirmed deletions. In addition to deletions, tandem duplications could also be
isolated using these insertions and an appropriately designed PCR strategy.

Chr. X Chr. Il or Il
! iso w''®  hs-FLP sow Y hs-FLP Dom
== X A stocks = X =
Bal ? Y Bal Y Ba)/ hs-FLP  Bal
hs-FLP Bal iso hs-FLP isow  Bal
v = X —c) L —_—
Y iso iso Y Bal sow A
Heat shock progeny larvae Heat shock progeny larvae
to activate FLP expression to activate FLP expression
! hs-FLP 56 Bal _iso B stock hs-FLP isow Dom Dom
———— —_— SIOCKS e R
2 ; 1so Y iso isow 2 g Y Bal Bal
J// Initial PCR done in next isow or hs-FL P !7 Initial PCR done in next
— generation on males or females —w " og generation on males with
Bal with putative deficiency putative deficiency
!; + o+ X chr deficiencies are isow iso —!7 Autosomal deficiencies continue

through two rounds of
crosses (to C stocks) for
isogenization

rebalanced over an FM7¢
balancer (D stock)

Bal + + ¥ o Bal

Final stock

Final stock

Figure 2.3. Genetic crossing schemes used to generate deletions. Genetic scheme used for FLP-
FRT-based deletions. Crosses place two FRT-bearing transposon insertions (triangles) in trans in the
presence of heat shock—driven FLP recombinase (hs-FLP). Activation of FLP recombinase results in
the generation of deletions that can be detected by PCR. Deletions are established in isogenized stocks
with balancers (Bal). Dom, dominant visible marker mutation; iso, isogenized chromosome; Y, Y
chromosome. (Parks et al. 2004).
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Figure 2.4. PCR strategies used in FLP-FRT-based deletions. For transposon combinations that
generate a recombinant hybrid element (composed of two different element types), transposon-specific
primers were used to generate a fragment of known size across the newly formed hybrid (hybrid
PCR). For transposon combinations that regenerate an intact element, a genomic primer in
combination with a transposon-specific primer for each end of the transposon was used (two-sided
PCR). We also carried out PCR using only genomic primers for additional confirmation (genomic
PCR). (Parks et al. 2004).
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The PCR confirmation strategy used for initial detection of the deletion was carried
out with the use of specific primer designed inside the P—elements (XP Reverse and
XP Forward; in particular supplementary methods Parks et al. 2004 provide
transposon primer sequences and expected fragment sizes for these combinations, as
well as additional primer pair sequences for ‘two-sided’ PCR that may be used for
secondary confirmation) and genomic primers chosen using an in-house primer
design tool and made by Biosource. The primer sequences use for the PCR screen are
shown in table 3.3.

For products longer than 3 kb we carried out PCR using TaKaRa La Taq (Takara
Bio). For products less than 3 kb, we used AmpliTag Gold (Applied Biosystems). We
used a standard touchdown program with both systems. Genomic primers were
chosen using an in-house primer design tool and made by Biosource.

LEFT RIGHT LEFT PRIMER RIGHT PRIMER PROPHET
ISOLATE | ISOLATE
SIZE
XP5'
| Gen F | TTTACTCCAGTCACAGCTTTG AACCAGTTACCGCAAAAACG 800 bp
plus
XP3'
GenR | CTCTTCGATTCTCCGCATTC | TACTATTCCTTTCACTCGCACTTATTG | 1200 bp
plus

Table 2.2. Primers for screening FLP/FRT deletion stocks by PCR. Two-sided PCR (Transposon-
specific primers facing outward).

In summary, this method describes the highest resolution deletion coverage in the D.
melanogaster genome in an efficient and straightforward manner.

2.3.4 H,S determinations

Biochemical assays performed to characterize NaHS inhibition in drosophila isolated
mitochondria were carry out as previously described. In particular, for H,S inhibition
assays, we measured Complex IV (COX), Complex | (CI) and Citrate Synthase (CS)
activities, in wild type isolated mitochondria, in duplicate after having added
increasing concentrations of NaHS or NaCN (5-30 puM). In this way we obtained a
clear decreas in COX residual activity (%) in the presence of increasing
concentrations of NaHS.

Then we tested the survival time of wild type, dEthel mutant and (dEthel, Sprite) -/-
KO poisoned with different sulfide concentrations. We exposed flies to NaHS at
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different concentrations (from 0,01 to 10 mM) and we monitored longevity under
these conditions.

In addition we extracted mitochondria from a large number of flies which had died
following exposure to NaHS 0,1 mM and we tested inhibiting capacity of sulfide by
measuring CI, COX and CS enzymatic activities in such individuals.

2.4 Characterization of TTC19 deficiency

2.4.1 Drosophila strains

The Drosophila melanogaster CG15173 is the fly orthologue of the gene encoding
TTC19 [sequence accession number is FBgn0032744 (2L:19043535-19045146)]. We
studied a fly line bearing a piggyBac element insertion within the TTC19 coding
region. The knockout strain was originally obtained by the insertion of a piggyBac
element within the ORF region included in the first exon of CG15173.

The transgene insertional PBac[WH] CG15173™'%° (FBti0042429) is located at
2L.:19044446 at the level of the first exon of the gene. The associated stock was
obtained from Bloomington is #18843.

We also investigated another insertional line PBac[WH] CG15173"%%% harboring the
insertion of a piggyBac element at the level of the 5* portion of the gene, located at
2L.:19044958.

Furthermore, to investigate the effects of CG15173 knock-down, RNAI flies were
obtained from VDRC (Vienna Drosophila RNAI Center): Transformant ID #105382.
Gene specific knock down was achieved using the GAL4/UAS system to target the
RNAI to specific cells in the animal (Dietz et al. 2007). The primer pair specific for
amplicon 3 of drosophila TTC19 cDNA was used for quantitative-PCR, to measure
the amount of drosophila TTC19 cDNA normalized to rp49, a housekeeping cDNA
as in (Zordan et al. 2006).

2.4.2 Genomic analysis of TTC19 mutant flies

A single individual from Bloomington strain #18843 (#f05160 Exelixis) was
homogenized in 50ul of extraction buffer, 10mM Tris-HCI (pH 8.2), 1ImM EDTA
and 25 mM NacCl. Proteinase K was added, to a final concentration of 200ug/ml, and
the homogenate incubated for 45 min at 37° C. The enzyme was heat inactivated at
95° C for 5 min. Two pl of this preparation was used as template for a 25ul PCR
reaction mix, containing 1X AccuPrime PCR Buffer I, 5pmol of each primer, 0.5U of
AccuPrime Taq Polymerase High Fidelity enzyme (Invitrogen). Following a 2min
denaturation step at 94°C, 35 rounds of amplification (94°C for 30s, 60°C for 30s,
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68°C for 1m and 30s) were performed. To confirm the piggyBac element insertion
location, PCRs on genomic DNA were performed. TTC19 specific primers were
chosen upstream and downstream the annotated insertion position (458bp
downstream the putative ATG start codon). Amplifications were carried out by
coupling TTC19 and WH piggyBac element specific, as listed in Table 2.3. The
Exelixis piggyBac WH primers were as reported in (Parks et al. 2004). The
Drosophila melanogaster TTC19 (CG15173) sequence accession number is
FBgn0032744 (2L.:19043535-19045146).

Exon and
position e -
relative Seq. left primer Seq. right primer _
to the PBac q P g.rightp (cDNA) (genomic)
insertion
Exonl TTC19_1F
upstrea;m GCAAGTTTACGCAAGTTATGGG TTC19 1R 218 218
insertion AGTGAAAGCAGCGGAAAATG
Exonl TTClg_ZF
flanking AGGAAACTCCGGAGGAAAAA TTC19 2R 239 239
insertion GGCAAAAAGCCGTTTCATAA
Exon2/3,
downstream | T 1C€19_3F TTC19_3R 164 -
insertion CCCGACGACAAGGACATACT ATGGTTACAGAGGCGTCGTT
Exonl
upstream WHS5' plus TTC19_1F

GCAAGTTTACGCAAGTTATG ~ ~
fromand | 10 AAGCGGCGACTGAGATG 500 500
within GG
PiggyBac
Exonl
downstream
from and WH3' plus TTC19 2R 150 150
within CCTCGATATACAGACCGATAAAAC | GGCAAAAAGCCGTTTCATAA
PiggyBac

Table 2.3. Amplicons and primers used for the analysis of Drosophila mutant TTC19.

2.4.3 Bang test analysis

In order to assay sensitivity to mechanical stimulation, on the night before the
experiment, groups of five CO,-anesthesized flies of each sex were placed in clean
plastic vials containing a strip of moistened tissue paper (to provide a source of
hydration). The next day, the paper was removed and each vial was placed in a
vortex at the maximum intensity for 10 seconds. The vial containing the vortexed
flies was then placed upright into a graduated cylinder in front of a digital webcam
connected to a computer. The activity of the flies was videotaped for a maximum of
30 seconds. The videos were analyzed to establish the time taken for each individual
to recover from the mechanical shock and climb the vial reaching established
markings on the graduated cylinder.
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2.4.4 Microscopic analysis of male meiosis

Testes from young adults were dissected in testis buffer, TB (7mM K,HPO,, 80mM
KCI, 16mM NaCl, 5mM, MgClI2, 1% PEG 6000) and transferred to a 2ul drop of TB
on a clean non siliconized coverslip. The testes were then torn open using very thin
forceps. A clean glass slide was then placed over the coverslip, without pressing, and
the sandwich inverted. Preparations were observed and photographed at 40x under a
phase-contrast microscope.

2.5 Functional characterization of mitochondrial deoxynucleotide
transport

2.5.1 Fly strains

We started with characterization of the CG18317 drosophila gene, homolog of the
yeast RIM2 gene, by post transcriptional silencing the in order to ascertain whether
they show any defects in mitochondrial function which might be related to a
deficiency in mitochondrial nucleotide availability.. We ordered from VDRC (Dietzl
et al. 2007) two available transgenic lines, harboring a construct encoding for a
CG18317/RIM2-specific dsRNA, which allows the temporally and/or spatially
targeted silencing of the Drosophila homolog of RIM2 (Trasformant ID #44203,
#44202 and #100807).

In addition, using the same technique previously described for Ethel, we performed
the knock out of CG18317/RIM2. We obtained from Bloomington transgenic lines
bearing insertional elements localized at the boundaries of CG18317/RIM2 gene. In
particular, line PBac[RB] CG18317%°*"° (FBti0047179) harbors a piggyBac element
at the 5’ level of the gene, in position 2L:17253536. The other insertional line
PBac[RB] CG18317%°°*! (FBti0046412) harbors a piggyBac element at the 3’
portion of the gene, located at 2L.:1716977.

In addition we also characterized the PBac[RB] CG18317°°™" stock bearing
PiggyBac insertion within the coding region of RIM2 just to evaluate whether this
insertion caused a de-regulation of the gene transcription.

2.5.2 Generation of Drosophila Rim2 KO strain, lacking the putative
deoxynucleotide transporter Rim2

We obtained available stocks bearing PiggyBac insertions (PBac[RB] CG18317°°°"
and PBac[RB] CG18317%°°%) within the RIM2 locus in order to achieved the Rim2
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gene deletion through the specific recombination between the FRT element within
the PBac elements (Parks et al. 2004). The KO technique we carried out is the same
already described in chapter 2.3.3 for the achievement of dEthel knock out. The
obtained KO lines were further used to evaluate whether they show any defects in
mitochondrial function which might be related to a deficiency in mitochondrial
nucleotide availability. In table 2.4 are reported the primer sequences used to screen
the putative knock out individuals, in particular we use the “two sided PCR” method
(Parks et al. 2004), with primer designed in the PBac insertional element (given by
supplementary materials Parks et al. 2004) and in the Rim2 genomic region.

LEFT RIGHT LEFT PRIMER RIGHT PRIMER PROPEET
ISOLATE | ISOLATE
SIZE
RB5'
| Gen F ATTTCGCCTCACAGCTTTG GATGACAAAGTGCACCATCG 150 bp
plus
RB3'
GenR | CTCTTCGATTCTGGGCATTC | TACTATTCCTTTCACTCGCACTTATTG |  238hp
plus

Table 2.4. Primers for screening FLP/FRT deletion stocks by PCR. Two-sided PCR (Transposon-
specific primers facing outward).

2.5.3 RNA extraction and real-time PCR

RNA was treated with RQ1RNAse-freeDNAse (Promega,Madison,WI) and a
cleaning step with 1:1 phenol-chloroform. For each sample, 1 mg of RNA was used
for the first-strand cDNA synthesis, employing oligonucleotides dT-20 and M-MLV
Reverse Transcriptase Rnase H Minus, Point Mutant (Promega) according to the
manufacturer’s instructions. The primers used for the realtime PCR were designed
with the Primer 3 Software available at (http://www.basic.nwu.edu/biotools
/Primer3.html).

Real-time PCR was performed on a Rotor Gene 3000 (Corbett Research) by using
the following primers for Rim2 mRNA:

TATGATACGTTTGGGGAACC
ACCATCCCAAAGGAGCTATC

and for the housekeeping rp49 mRNA

ATCGGTTACGGATCGAACAA
GACAATCTCCTTG CGCTTCT
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The primers used for Rim2, were designed so as not to amplify the ds interfering
RNA. SYBR Green (Applied Biosystems, Foster City, CA) fluorescent marker was
used to generate semiquantitative data. PCR premixes containing all reagents except
for target cDNAs were prepared and aliquoted by a Robotic Liquid Handling System
(CAS-1200, Corbett Robotics) into PCR tubes (Corbett Research). The PCR reaction
was carried out following the program: 95°C for 30 sec, 60°C for 30 sec, 72°C for 45
sec, for 40 cycles, followed by a final 10 min at 72°C. The amplification efficiencies
(E= 10°Y5°"%) for each sample were calculated on the basis of the results of three
amplification reactions, each with a different quantity of the template (6, 18, or 54 ng
of total reverse transcribed RNA), according to (Pfaffl 2001). Each reaction was
performed in duplicate. The amplification efficiency, obtained for each sample, was
used to estimate the relative level of expression between the normal sample we chose
as the ““calibrator’” (w''*® larvae or parental line) and the silenced samples (called
““X conditions’’): R =Et*°YEh*“" where Et is the amplification efficiency of Rim2
mRNA; Eh is the amplification efficiency of rp49 mRNA; ACt=Ctc-Ctx is the
difference between cycle threshold (Ct) of the calibrator and the Ct of X condition for
Rim2 mRNA; ACh= Ctc-Ctx is the difference between Ct of the calibrator and the Ct
of X condition for rp49 mRNA.

2.6 Respiratory chain complex activity assays

Mitochondria were extracted in duplicate from samples each containing approximately
200 whole flies or larvae. Each sample was homogenized using a Dounce glass—glass
potter and loose fitting pestle. A mannitol-sucrose buffer (pH 7.4), to which 2% BSA was
added, was then added to bring the homogenate volume to 25 ml. The samples were then
centrifuged at 1500 g (Beckman Avanti J-25 Centrifuge, Beckman 2550 rotor) at 4°C for
6 minutes. The pellet was discarded by filtering the sample through a fine mesh, and the
supernatant re—centrifuged at 7000 g at 4°C for 6 minutes. This supernatant was discarded
and the remaining pellet resuspended in 20 ml of mannitol-sucrose buffer without BSA
before being centrifuged at 7000 g under the same conditions as above. The supernatant
was once again discarded and the pellet resuspended in a minimal amount of buffer
(approximately 50 ml). Concentration of proteins was determined by the Biuret test
before storage at -80°C or immediate use. The extracted mitochondria samples were
diluted with hypotonic buffer to the desired concentration — normally a final volume of
mitochondria homogenate between 10 and 50pl. Prior to the assays, in order to disrupt the
mitochondrial membranes, the samples were subjected to 3 freeze-thaw cycles using
liquid nitrogen.

The enzymatic activities of Complexes I-V and Citrate Synthase measured, were
obtained as described in Methods in Cell Biology Vol.80, 2008.
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Complex I (NADH: ubiquinone reductase) activity

The activity of NADH: ubiquinone reductase was determined by following the
oxidation of NADH at 340 nm (€= 6220 M™* cm™) using ubiquinone-1 as the
electron acceptor. The assay buffer consisted of 25 mM KH;PO,4, pH 7.2, 5mM
MgCl; and 2.5 mg/ml BSA, to which 2 mM KCN, 2 pg/ml antimycin, 97.5 uM
ubiquinone, 0.13 mM NADH and 50 pg mitochondrial proteins were added. As
Complex | activity is rotenone-sensitive, activity was measured before and after the
addition of rotenone (2ug/ml), the difference between the two then being used to
determine actual activity.

Complex Il (ubiquinone succinate dehydrogenase)

The activity of ubiquinone succinate dehydrogenase was measured as the decrease in
absorbance due to the reduction of 2,6-dichloroindophenol (DCIP), the electron
acceptor, at 600 nm (€= 21,000 M™* cm™), coupled to the reduction of ubiquinone.
The assay buffer consists of 100 mM KH,;PO, pH 7, to which 0.1 mM DCIP, 1.5 mM
KCN, 16 mM succinate (the electron donor), 50 UM coenzyme Q; and 50 g
mitochondrial proteins were added.

Complex 111 (ubiquinol: cytochrome c¢ reductase)

Complex 111 activity was determined by following the oxidation of decylubiquinol at
550 nm (€= 18,500 M™* cm™) with cytochrome c as the electron acceptor.

The assay buffer consists of 50 mM KH,PO, pH 7.4, to which 0.1% BSA, 2 pg/ml
rotenone, 50 uM decylubiquinol, 2 mM NaN3; 50 uM cytochrome c, 0.001%
Antymicine A and 5 pg mitochondrial proteins were added. Each sample was
measured without and with Antimycine A ( specific inhibitor for complex IlI).
Complex 11 activity was expressed as the antimycin A-sensitive rate.

Synthesis of decylubiquinol

Decylubiquinol was synthesized according to the method of (Gudz et al. 1997) and
all procedures were carried out in subdued light. Decylubiquinone (10 pM) was
dissolved in 2 ml ethanol + water (1 + 1 v/v; pH 2) and reduced to the corresponding
alcohol by addition of NaBH,4. The decylubiquinol was twice extracted from the
aqueous ethanol using 1 ml of diethylether + isooctane (2 + 1; v/v). The organic
phases were combined, then washed with 2 ml of 2 M NaCl and evaporated to
dryness at room temperature under a stream of nitrogen. The product was dissolved
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in ethanol (990 ul), acidified by addition of 10 pl of 0.1 M HCI and transferred to a
storage vial. After flushing the airspace of the vial with nitrogen, the vial was
securely capped and the decylubiquinol solution kept at —80 °C in darkness.

Complex 1V (cytochrome c oxidase) activity

Cytochrome c oxidase was determined by monitoring the oxidation of cytochrome ¢
at 550 nm (€= 18,500 M* cm™). The assay buffer consisted of 100mM K Phosphate
pH 7.0, to which 0.1% BSA, 0.8 mM reduced cytochrome ¢ and 10 pg mitochondrial
proteins were added. Samples used to determine complex IV activity were treated
with n—dodecyl maltoside to disrupt membranes rather than freeze-thawing.

Complex V (ATP synthase) activity

Complex V activity was measured by monitoring the oxidation of NADH at 340 nm,
in a LDH catalysed reaction. The assay buffer consists of hepes—Mg buffer pH 8.0, to
which 0.3mM NADH, 2.5mM P-enol pyruvate, 2ug antimycin A, 19ug pyruvate
kinase, 22ug lactic dehydrogenase and 5 pg mitochondrial proteins were added.

Citrate Synthase activity

Citrate Synthase activity was measured by monitoring the reduction of dithio-bis-
nitrobenzoic acid (DTNB, colourless) to thionitrobenzoic acid (yellow) with
coenzyme A at 412 nm (€= 13,600 M cm™). The assay buffer consisted of 75mM
Tris-HCI pH 8, to which 0.4mM acetyl-CoA, 0.1 uM DTNB, 0.5mM oxaloacetate
and 5ug mitochondrial proteins were added.

2.7  Single-fly genomic DNA preps for PCR

Flies are anesthetized with CO, and placed singly into an eppendorf vial (0,5 ml). 50 pl
Buffer A are added (10 mM TrisHCL pH 8.2, 2 mM EDTA, 25mM NaCl) to each
sample. Each fly is then homogenized using a Sigma Homogenizer and 1 pl proteinase K
(10 mg/ml) added. The mixture is the incubated at 37°C for 45 minutes and successively
at 100°C for 3 minutes to inactivate pK. The vial is the quickly spun to pull down any
pellet and the supernatant transferred to a new vial.

Storage samples at —80°C.
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2.8 Survival of adult flies

The fruit fly Drosophila melanogaster is a wellsuited model for ageing studies as it has a
relatively short lifespan. Procedures for lifespan studies were conducted as in (Broughton
et al. 2005).

Briefly, all flies were reared at standard low density, and virgins were collected and
handled with CO, anesthesia. Adults of the same sex were kept at a density of 10 per vial.
Flies were transferred to fresh medium, without anesthesia, and deaths were scored five
times per week. The survival of all genotypes was compared with the wild type stock.

2.9 Walking optomotor test

The optomotor response was tested as in (Sandrelli et al. 2001), with modifications as in
(Zordan et al. 2006). Flies are placed in a T-shaped tube with the longer arm painted
black. The T with the fly inside is placed in the centre of an arena located inside a rotating
drum which is open at the top. The internal walls of the drum are painted with alternating
black and white stripes and the apparatus is illuminated from above with a white light.
The fly will be attracted by the light to exit the darkened arm of the T-tube, and will then
be confronted with the rotating environment. In most cases, wild type flies will tend to
move in the same direction as the rotating environment. The test is repeated 10 times for
each fly; five trials with the drum rotating from right to left and five trials in the opposite
direction. Each fly is thus scored for the number of correct turns taken in the 10 trials.

2.10 Analysis of long term locomotor activity

Single flies were placed into glass tubes containing a gel as a source of food and water.
Groups of 32 such glass tubes were then loaded into Trikinetics® locomotor activity
monitors. The monitors were placed into an incubator in which temperature and light
ambient conditions are under control (temp= 25°C, light= 12h Light: 12h Dark cycles) for
3 days. During this time, every time a fly crossed an infrared light beam cast across the
glass tube, the monitor registered this as a bout of activity. Bouts of activity were
collected in 30 min bins.

2.11  Electroretinogram

All experiments were done as described in (Zordan et al. 2005). Recorded signals were
amplified with an intracellular amplifier (705; WPI Instruments), fed to a signal
conditioner (CyberAmp; Axon Instruments), lowpass filtered (3 kHz), and then fed to a
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personal computer through an A/D converter (Digidata 1200; Axon Instruments). For
each fly, the amplitude of the first two electroretinogram (ERG) responses was measured
using appropriate software (PClamp 6.04; Axon Instruments). Data were analyzed for
statistical significance using one-way ANOVA tests.
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