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Abstract

The oxidative phosphorylation (OXPHOS) system consists of five multimeric complexes
embedded in the mitochondrial inner membrane. They work in concert to drive the aerobic
synthesis of ATP. Mitochondrial and nuclear DNA mutations affecting the accumulation and
function of these enzymes are the most common cause of mitochondrial diseases and have also
been associated with neurodegeneration and aging. Several approaches for the assessment of the
OXPHOS system enzymes have been developed. Based on the methods described elsewhere, we
present here the creation and study of yeast models of mitochondrial OXPHOS deficiencies.
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INTRODUCTION

In this unit we present a series of methods (Basic Protocol and Alternate Protocols 1, 2, and
3) useful for creating yeast models of human mitochondrial disorders and determining the
cause/effect relationship between a disease associated mutation and the pathological
phenotype observed (validation of pathogenicity). The Basic Protocol describes the simpler
scenario in which the respiratory deficiency of a yeast mutant in a conserved non essential
gene can be complemented by its human homologue. Alternative approaches are required
when heterologous complementation does not occur (Alternate Protocols 1 and 2) or when
modelling mutations in yeast essential genes (Alternate protocol 3). We will try to guide the
reader through the choice of the more appropriate approaches and the design of experimental
plans adequate to each specific situation (see Strategic Planning).

We would like to emphasize that, in addition to the use of yeast models presented in this unit
to validate allegedly pathogenic human mutations, further analysis of respiratory defects in
yeast can give insight into the cellular pathological mechanisms responsible for the disease
phenotype. This has been facilitated by the fact that many human genes associated with
mitochondrial disorders have been first identified and characterized in yeast (Barrientos,
2003). The significance of yeast models is further supported by their extensive use in
identifying genetic and pharmacological suppressors of respiratory deficiencies (Barrientos
et al., 2009).

STRATEGIC PLANNING

Constructing a yeast model of a human mitochondrial disorder does not present extreme
technical difficulties but requires a carefully designed multistep plan (Figure 1).
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Mitochondrial disorders result from mutations in both the mitochondrial and the nuclear
genomes. The study of pathogenic mutations in mitochondrial genes is not trivial because it
involves the transformation of yeast mitochondria using biolistic approaches (Butow et al.,
1996) which, due to space limitation, will not be described in this chapter. The existing yeast
models of mitochondrial disorders associated with mitochondrial DNA mutations are
however included in Table I.

Modelling mitochondrial disorders involving mutations in a conserved nuclear gene is
simpler and will be the focus of this unit. The first step involves the construction of the
appropriate yeast strain in which the effects of the mutated human gene will be tested. To
this purpose, it is crucial to know whether the gene is essential to support yeast life. With the
exception of a few dubious open reading frames, the information is available at the S.
cerevisiae web site.

Alternatively, the essential nature of a gene can be easily determined by tetrad analysis of
the diploid heteroallelic strain. If the gene is non-essential, it can be deleted in a haploid
context and the cells will survive in media containing fermentable carbon sources (Basic
Protocol). If the gene is essential, the deletion of a single copy of the ORF needs to be
performed in the presence of a second wild-type copy, either carried on a replicative vector
(partial diploid context) or in a diploid context, to allow for the survival of the mutant cells
(Alternate Protocol 3).

A collection of yeast null mutants in non-essential genes obtained thanks to the effort of the
world wide yeast gene deletion project is also commercially available in a particular genetic
background (see commentary). Once obtained, the appropriate yeast strain can be used as an
in vivo cellular “laboratory” to test the effect of the single disease mutation on respiratory
metabolism thus determining its specific role in the respiratory defect. If the wild type
human gene is able to functionally complement the respiratory defect of the corresponding
yeast mutant, the analysis of the residual function retained by the disease gene can be
determined using this heterologous complementation test (Basic Protocol).

In some cases, if heterologous complementation cannot be properly assessed because the
human protein fails to be imported into yeast mitochondria, the use of chimeric proteins
targeted to mitochondria by specific yeast mitochondrial import sequences can allow to
bypass this limitation (Alternate Protocol 1). If the protein is imported but complementation
does not occur, the yeast gene can be used to reproduce and study the mutations reported in
patients. In particular, when the disease mutation affects a residue conserved between the
yeast and human proteins, the mutation can be introduced at the equivalent position of the
yeast gene, by site-directed mutagenesis. Instead, when alignments show that the mutations
localize in non-conserved residues, it is necessary to previously construct yeast alleles
carrying the wild-type human amino-acids at the correspondent position and verify that
these mutations do not affect protein function (Alternate Protocol 2).

ANALYSIS OF THE MUTATION EFFECTS

Yeast strains carrying null alleles of non-essential genes involved in mitochondrial function
and biogenesis are respiratory deficient. In most cases, the respiratory growth defect is
complete. However, point mutant alleles frequently retain partial function, conferring the
cells with a residual respiratory growth. While semi-quantitative analysis of the respiratory
growth capacity of wild type and mutant strains, as described in the Basic Protocol, provide
very useful information at gross, it is always indicated the use of quantitative methods to
evaluate more precisely the effects of the null and point mutations on respiration. Among the
quantitative methods useful for this purpose are all the polarographic and
spectrophotometric analyses described in UNIT 19.3. Yeast mitochondria can be purified as
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described elsewhere (Herrmann et al., 1994) and additionally used to spectrophotometrically
analyze the profile of mitochondrial cytochromes (Tzagoloff et al., 1975).

BASIC PROTOCOLS

Basic Protocol 1

MODELLING PATHOGENIC MUTATIONS IN A CONSERVED NON-ESSENTIAL
GENE—The first task when creating a yeast model of human mitochondrial disorder is to
remove or knockout the wild type gene. This can be easily accomplished in the yeast S.
cerevisiae by taking advantage of its ability to perform homologous recombination with
very short regions of homology (~40 nucleotides). Following the one-step gene insertion
method (Rothstein, 1983), the gene to be disrupted will be substituted by a disruptor
prototrophic marker gene, commonly coding for a factor necessary for the synthesis of an
amino acid (i.e. histidine, leucine or tryptophan) or a nucleobase (i.e. adenine or uracil) or
that confers resistance to an antibiotic (i.e. geneticin). The yeast null mutant is then used to
test in vivo the pathogenic effects of mitochondrial disease associated alleles on
functionality and biogenesis of the mitochondrial respiratory chain and oxidative
phosphorylation system using the biochemical analyses described above.

Materials
Agarose

Tris-Acetate-EDTA (TAE)

DNA extraction kit

YP-D solid and liquid media

Tris-EDTA-Lithium Acetate (TEL) solution

2 mg/ml salmon sperm carrier DNA

40% polyethylene glycol (PEG) solution

dH,0

WO-D solid and liquid media + amino-acids and nucleobases
Geneticin/G418 (Gibson)

Solubilization solution

10% Sodium dodecyl sulfate (SDS) (w/v)

8M Ammonium acetate

Isopropanol

80% Ethanol (v/v)

Restriction enzymes and digestion buffers

T4 DNA ligase and buffer

E. coli competent cells and selective media

DNA Miniprep kit

DNA Maxiprep kit

QuickChange Il Site-Directed Mutagenesis kit (Stratagene)
YP and WO + E/G/L/P/A solid media + amino-acids and nucleobases

Curr Protoc Hum Genet. Author manuscript; available in PMC 2010 October 1.
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A 30°C incubator with shaker.

Preparation of yeast null mutants

1. Design primers to amplify by PCR the disruptor gene flanked by 40-60 nucleotides of
DNA sequence homologous to the DNA sequence flanking the gene that is to be
knocked out. Use commercially available plasmids containing the disruptor gene or
wild type genomic DNA as the template for the PCR reaction. One of the most
commonly used disruptor marker gene is the KANRMX4 cassette conferring resistance
to geneticin.

For information on setting and optimizing PCR amplifications see Current
Protocols in Molecular Biology UNIT 15.1.

2. Purify the PCR fragment directly from the reaction suspension. If required to
eliminate unspecific co-amplification products, separate the DNA electrophoretically in
a 0.8% agarose gel (w/v) in TAE 1X, excise the band of interest and extract the DNA
from agarose using a commercially available DNA extraction kit.

1. Use the purified PCR fragment to transform the wild-type yeast cells.

Several methods can be used to transform yeast cells. Here we describe the
transformation by lithium acetate/single stranded DNA carrier/Polyethylene glycol
method (Schiestl and Gietz, 1989) because it is highly efficient and relatively quick
and simple to perform. For more yeast transformation techniques see current
Protocols in Molecular Biology UNIT 13.7.

Yeast Transformation
2. Grow 10 ml pre-culture of wild type cells overnight in complete YP-D media at 30°C
with constant shaking at 200 x g.

3. Transfer an aliquot of the pre-culture to a fresh 10 ml flask of YP-D to obtain a final
0ODB%0 of ~ 0.1-0.2. Grow the cells until the culture reaches a confluency at OD5%0 of ~
0.4-0.5 (approximately 2-3 hours).

This is crucial because only cells in the mid logarithmic phase of growth will
become significantly competent for transformation.

4. Transfer 1.5 ml of the culture to a microcentrifuge tube and pellet the cells at 1,500 x
g for 5 minutes at room temperature.

5. Wash the cells in 1 ml of sterile TEL and resuspend them in 0.1 ml of sterile TEL.

6. Denature the salmon sperm carrier DNA (2 mg/ml) by boiling an aliquot at 95°C for
5 minutes and cool it in ice.

7. To the cell suspension, add 5 ul of salmon sperm carrier DNA premixed with 1-4 ug
of transforming DNA in a volume of less than 15 ul. Include a negative control (sample
without transforming DNA) to check for contaminations and the possible reversion of
the marker locus and a positive control (sample transform with an empty circular
plasmid of known concentration) to evaluate the transformation efficiency.

8. Incubate for 30 minutes at 30°C without shaking.

9. Add 0.7 ml of sterile 40% polyethylene glycol (PEG) prepared in TEL and mix it by
pipetting.

Because the PEG solution is very viscous, it is essential to mix the cells well after
adding the solution.

Curr Protoc Hum Genet. Author manuscript; available in PMC 2010 October 1.
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10. Incubate for 30-60 minutes at room temperature without shaking.

11. Heat-shock the cells for 10 minutes at 42°C and place them on ice for 2 minutes. If
the KANRMX4 cassette is used as deletion marker, resuspend the cells in 3 ml of YP-D
liquid media and incubate at 30°C with constant shaking for 2 hours prior to proceed.

12. Pellet the cells by centrifugation at 1,500 x g for 1 minute at room temperature and
wash them in 0.5 ml of sterile dH,0.

13. Resuspend the cells in 0.1 ml of sterile dH,O and plate them on selective WO-D
solid media lacking the appropriate amino acid, nucleobase or containing the selective
antibiotic. In the case the KANRMX4 cassette is used as disruptor marker gene, add 200
ng/ml geneticin.

14. Incubate the plates at 30°C. After 3-4 days single colonies start to appear. Transfer a
few transformant clones on selective WO-D solid media to obtain small patches of cells.
Allow them to grow at 30°C.

15. Confirm the selected clones by testing for integration of the selectable marker in the
correct locus and consequent disruption of the desired gene. This can be done by
amplifying the locus of interest by PCR using genomic DNA as the template.

Genomic DNA extraction

16. Yeast genomic DNA is extracted from 1 ml of a 10 ml overnight confluent culture
in YP-D media.

17. Pellet the cells and wash them once with 0.5 ml of dH,0.

18. Resuspend the cells in 150 ul of cell solubilization solution and incubate them for 1
hour at 37°C without shaking to digest the cell wall.

21. Solubilize the cell membranes by adding 20 pl of 10% SDS (w/v) and vortex.

22. To facilitate the precipitation of the DNA, add 100 pul of 8M ammonium acetate,
vortex and incubate the sample at —20°C for 15 minutes.

23. Centrifuge at 10,000 x g for 10 minutes at 4°C.

24. Transfer 180 pul of the supernatant fraction to a new tube and precipitate the DNA by
adding 120 ul of isopropanol and incubate 5 minutes at room temperature.

25. Pellet the DNA by centrifugation at 10,000 x g for 15 minutes at 4°C and wash it
once with 300 ul 80% ethanol.

26. Air-dry the pellet of DNA and resuspend it in 30 pl of sterile water.

27. Analyze the genetic locus of interest by PCR using primers that allow for the
amplification of fragments of different sizes in the mutant and in the wild type strains.

Cloning of wild-type human cDNA

28. Amplify by PCR the cDNA of the human gene of interest, the homologue of the
yeast gene that was previously disrupted, with primers that include the appropriate
restriction sites.

Human cDNA clones to use as template can be obtained from Open Biosystems.

29. Digest with the appropriate restriction enzymes the PCR product and a suitable
yeast integrative vector carrying a selective marker appropriate for the yeast strain to
transform.
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Yeast vectors with different selective markers and replication origin are listed in
Current Protocols in Molecular Biology UNIT 13.4. Restriction enzymes
characteristics can be found in Current Protocols in Molecular Biology UNIT 3.1.

30. Purify the digested DNA from a 0.8% agarose gel in TAE 1X using a commercially
available DNA Gel Extraction Kit.

31. Ligate the purified DNA fragments at 16°C overnight with T4 DNA ligase,
transform the ligation into E. coli competent cells, commercially available, and plate the
bacteria on selective media.

32. Test the transformant clones for the presence of the correct construct by PCR and/or
appropriate restriction digestion of isolated plasmid minipreps.

33. Grow overnight the positive clones and isolate the constructs by standard plasmid
DNA maxipreps.

34. Linearize 1-4 pug of the construct by digestion with an enzyme that cuts only once
and within the selectable prototrophic marker.

35. Transform the linearized construct into the yeast knockout strain by the Lithium
Acetate method as described above.

36. Test the transformants for plasmid integration by PCR using as the template
genomic DNA extracted as described above.

37. Test the ability of the human gene to complement the deletion mutant phenotype by
serial dilutions growth test.

Serial dilution growth test

38. Grow overnight the yeast strain of interest, in this case the null mutant expressing
the human homologue gene, and the control strains: the wild-type (positive control) and
the null mutant (negative control), in YP-D liquid media at 30°C with constant shaking
at 200 x g. The cultures should reach late logarithmic phase of growth.

39. Estimate cells concentration by chamber counting or by spectrophotometric
measurement of absorbance at 600 nm.

The conversion absorbance/cells concentration should be empirically determine in
the laboratory and is expected to be approximately: 1 OD%0 equal to 2 x 107 cells/
ml.

40. Prepare for each strain 3-5 serial 10x dilutions in sterile dH,O. The samples
concentration should be between 107 and 103 cells/ml.

41. Deposit a 5-10 pl drop of each sample on solid media in an ordered grid to obtain a
series of spots of known cellular concentration.

Sample concentration and drops volume are chosen to obtain a series of spot
between 10° and 10 cells/spot. Drops of volume less then 5 pl increase the pipetting
error, drops of volume higher than 10 ul cannot be easily absorbed on the solid
media.

42. Repeat the step on different solid media: YP-D used as loading control, YP and/or
WO media containing respiratory carbon sources such as ethanol, glycerol, lactate,
pyruvate and acetate, alone or in combination (see commentary).

43. Incubate the plates at 30°C for 2-6 days depending on the strains doubling time in
the different media.

Curr Protoc Hum Genet. Author manuscript; available in PMC 2010 October 1.
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On YP-D media all the strains should grow equally, producing energy by

fermentation. On respiratory media the respiratory deficient null mutant strain will
have reduced or abolished growth compared to wild-type. Heterologous functional
complementation is assessed by the ability of the human gene to partially or totally

restore respiratory growth to the null mutant strain. When complementation is
observed, the human gene construct can be used to reproduce the mutations
reported in patients by site-directed mutagenesis.

Site-directed Mutagenesis

44, Use the QuickChange Il Site-Directed Mutagenesis kit (Stratagene), the appropriate
oligonucleotide primers and the double strand circular vector containing the wild-type
human gene as the template, for the site-directed mutagenesis reaction following the
manufacturer instruction.

The QuickChange Il Site-Directed Mutagenesis kit (Stratagene) is a three step
procedure able to generate point mutations and short insertion/deletions. The
procedure is based on the PCR amplification of a circular template using two
complementary primers containing the desired mutation. The PCR product is then
digested with the Dpnl restriction enzyme that recognize methylated and
hemimethylated DNA and allows to eliminate the non mutated template DNA.
Finally the mutated molecules are transformed into E. coli cells for nick repair and
selection.

45, Isolate the construct from the E. coli clones by standard plasmid DNA minipreps.
Since the high efficiency of the site-directed mutagenesis kit (approximately 80%), in
the majority of the cases the screening of 4-6 clones is sufficient to isolate the correct
mutagenized allele.

46. Sequence the entire insert using universal primers to verify the presence of the
desire mutation and the absence of unwanted second site errors.

For extended information on sequence techniques see Current Protocols in
Molecular Biology Chapter 7.

Validation of the mutation pathogenic effect

47. Linearize 1-4 ug of the mutated construct by digestion with an enzyme that cuts
only once and within the selectable prototrophic marker.

48. Transform the linearized construct into the yeast knockout strain by the Lithium
Acetate Method as described above.

49. Test the transformants for plasmid integration by PCR using as the template
genomic DNA extracted as described above.

50. Test the ability of the mutated allele to complement the deletion mutant phenotype
by serial dilutions growth test as described above.

Alternate Protocol 1

MODELLING PATHOGENIC MUTATIONS IN A NONESSENTIAL GENE BY
CONSTRUCTION OF CHIMERIC PROTEINS—Mislocalization and lack of import of
the human protein into yeast mitochondria can prevent heterologous functional
complementation. For this reason, in the cases in which heterologous complementation does
not occur, it is recommended to test the steady-state levels and topology of the human
protein in yeast mitochondria. Defective mitochondrial import can be solved in some cases
by the use of yeast-human chimeric proteins (see example in Ref (Lodi et al., 2006)). To this
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purpose, the sequence coding for the yeast mitochondrial N-terminus import sequence of the
homologous yeast protein is fused in frame to the human gene. If the targeting sequence is
known, it is also possible to replace the human by the yeast counterpart. Alternatively, yeast
mitochondrial import sequences frequently used for this purpose are the ones of the COX4
gene for targeting to the matrix and the CYTB2 for targeting to the inter-membrane space
(Hu et al., 2008, Sturtz et al., 2001).

Materials: See Basic Protocol

Chimera construction: The steady-state level of the human protein and its mitochondrial
localization are tested by western blot analysis using high quality yeast mitochondria
purified as previously reported (Barrientos et al., 2004, Herrmann et al., 1994). If the human
homologue protein is not correctly imported into yeast mitochondria, it would be indicated
to proceed with the creation of a yeast-human chimeric protein.

1. Obtain oligonucleotide primers to amplify the yeast mitochondrial import sequence
of choice and the human cDNA designed to have at their 5’-end restriction enzyme
sequences that allow a three fragment cloning in the appropriate yeast integrative
vector and the in frame fusion of import sequence and gene ORF.

2. Amplify by PCR reaction the yeast import sequence and the human gene using as
template yeast genomic DNA and the human cDNA clone of interest, respectively.

3. Clone the two PCR fragments in the appropriate yeast integrative vector as
described above.

4. Linearize 1-4 ug of the construct by digestion with an enzyme that cuts only once
and within the selectable prototrophic marker.

5. Transform the linearized chimeric construct into the yeast knockout strain by the
Lithium acetate method as described above.

6. Test the transformants for plasmid integration by PCR using as the template
genomic DNA extracted as described above.

7. Test the import into yeast mitochondria and the sub-mitochondrial localization of
the yeast-human chimeric protein as described elsewhere (Hatanaka et al., 2001).

8. Test the ability of the yeast-human chimeric gene to complement the deletion
mutant phenotype by serial dilution growth test as described above.

9. If heterologous complementation is obtained, use the chimeric construct to
introduce and to test the effects of allegedly pathogenic mutations as described
above.

Alternate Protocol 2

MODELLING PATHOGENIC MUTATIONS IN A NON-ESSENTIAL GENE
LACKING HETEROLOGUOS COMPLEMENTATION—Protein function frequently
involves transient or permanent interactions with other partners. These interactions can be
disrupted when a protein is expressed in a heterologous background. Probably for this
reason, it is frequently observed that even when human and yeast homologue proteins have
highly similar sequences and share conserved mitochondrial localization and function, the
human wild-type gene fails to complement the yeast mutant strain. The creation of yeast
models to evaluate allegedly pathogenic mutations is still possible by constructing yeast
alleles equivalent to those of human patients.

Materials: See Basic Protocol

Curr Protoc Hum Genet. Author manuscript; available in PMC 2010 October 1.
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Sequence alighment
1. Prepare all protein sequences in the same file under the FASTA format.

2. Copy the sequences (with their corresponding headline) and paste them into the
ClustalW2 program available on line.

3. Run alignment.

For the ClustalW2 program more extended information see the European
Bioinformatics Institute at http://www.ebi.ac.uk/Tools/clustalw2/index.html.

Construction of yeast alleles

4. Amplify by PCR the wild-type yeast gene with primers that include the appropriate
restriction sites and using as template yeast genomic DNA.

5. Clone the PCR fragment in the appropriate yeast integrative vector as described
above.

6. Introduce the mutations reported in patients in the wild-type yeast gene, at the
equivalent position of the human gene, by site-directed mutagenesis. In the case in
which the wild-type amino-acid at the equivalent position in the human and in the yeast
proteins is not conserved, prepare an additional construct introducing the wild-type
human amino-acid in the wild-type yeast gene.

In yeast, redundant codons are used with different frequency, in particular for
highly expressed genes (Bennetzen and Hall, 1982). This codon bias varies among
organisms and has to be taken into account when designing the site-directed
mutagenesis primers to guarantee efficient translation, in particular when the yeast
gene is used to mimic the mutations observed in patients.

7. Linearize 1-4 pg of the constructs by digestion with an enzyme that cuts only once
and within the selectable prototrophic marker.

8. Transform the linearized constructs into the yeast knockout strain by the Lithium
acetate method as described above.

9. Test the transformants for plasmid integration by PCR using as the template genomic
DNA extracted as described above.

10. Test the ability of the wild-type yeast gene and, in case of not conserved residues, of
the “humanized” yeast allele to complement the deletion mutant phenotype by serial
dilution growth tests as described above.

11. Validate the pathogenic effect of the mutation reported in patients and reproduced in
the yeast allele as described above.

Alternate Protocol 3

MODELLING PATHOGENIC MUTATIONS IN AN ESSENTIAL GENE—Most genes
primarily involved in the biogenesis of the mitochondrial respiratory chain are not essential
in yeast. Exceptions include those required for more general functions such as protein
import and folding. Mutations in these genes have been associated with human disease (Di
Fonzo et al., 2009).

Yeast cells exist in both haploid and diploid state. While mutations in essential genes are
lethal in haploid yeast cells, they can exist in heterozygosis in a diploid strain. Diploid cells
can undergo induced meiosis producing 4 haploid spores (a tetrad) contained inside a sac
called ascus. Upon tetrad dissection, characterization of the genotype and phenotype of the

Curr Protoc Hum Genet. Author manuscript; available in PMC 2010 October 1.
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four spores allows for the analysis of the single meiotic event. During meiosis of an
heteroallelic diploid strain two ascospores of each tetrad receive a copy of the wild-type
allele and grow forming a colony while the other two ascospores receive a copy of the
deleted allele and are able to grow only if the gene tested is not essential. In the case of
essential genes, all the tetrads present a viability segregation pattern 2*:27, as shown in
Figure 2.

Plasmid shuffling is the strategy more commonly used to study the effects of mutations in
essential genes (Sikorski and Boeke, 1991). It takes advantage of the possibility to delete a
copy of an essential gene in a diploid strain producing a heteroallelic strain. This strain is
then transformed with a replicative plasmid carrying the wild-type gene and a marker which
can be both selected for and against, such as the URA3 gene. Sporulation is induced by
nitrogen starvation and a haploid spore is isolated by tetrad analysis containing the disrupted
allele and remaining viable only by virtue of the wild-type gene on the replicative plasmid.

After introducing in this strain the mutated alleles on integrative vectors carrying a different
selection marker, the lost of the wild-type gene is induced by plating the cells in the
presence of the appropriate inhibitor, an inert compound that is transformed into a toxic
product by the enzymatic activity of the marker on the plasmid carrying the wild-type gene
thus allowing to select against the cells that retained the construct. The most commonly used
inhibitor for the specificity and efficacy of its selection, is 5-fluoroorotic acid (5-FOA). 5-
FOA prevents the growth of URA3 strains because the orotin-5'-phosphate decarboxylase
encoded by the URA3 gene converts the inert compound 5-FOA to the toxic 5-fluorouracil
(Boeke et al., 1984). Other useful but less frequently used compounds include
ureidosuccinate, a-aminoadipate and methyl mercury which inhibit the growth of URA3,
(Bach and Lacroute, 1972), LYS2 and LYS5 (Chattoo et al., 1979), and MET2 and MET5
strains (Singh and Sherman, 1974), respectively.

The major limitation of this strategy is the assumption that the mutant alleles partially retain
a residual function and can support cellular life. In cases in which the mutations completely
abolish protein function, a more appropriate but time consuming approach consists in
following the segregation of the mutated gene by performing tetrad analysis of a
heteroallelic strain transformed with an integrative vector carrying the mutated alleles.

Materials
YP-D liquid and solid media

WO-D solid media

Amino acids + nucleobases
K-Acetate solid media
B-glucuronidase (Sigma)
dH,0

5-FOA solid media

Micromanipulator

Crossing of haploid strains and heterozygous diploid strain preparation

1. Grow overnight at 30°C with constant shaking at 200 x g, 10 ml pre-cultures in
complete YP-D media of two haploid wild type strains of opposite mating type (a and
a), same genetic background and both ura3 mutant, but at least one different
auxotrophy each.
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The presence of a different auxotrophic marker for each strain allows for a fast and
simple selection of the diploid. It can be obtained, if necessary, by transforming the
wild-type strains with empty plasmids carrying different markers.

2. Plate on YP-D solid media a 10 ul drop of each strain as control and a 10 pl drop of
the two strains mix. Incubate the plate at 30°C until the cells grow forming a
homogeneous patch (approximately 1-2 days).

3. Replicate the cells by replica plating on selective WO-D solid media and incubate the
plate at 30°C for a couple of days.

The selective medium is chosen to allow exclusively the growth of diploid cells.
The construction of diploid strains can be beneficial not only to study mutations in
essential genes, but also to determine mutations dominance/recessivity and to
analyze the combined effect of mutations in two alleles.

4. Transform by lithium acetate method the diploid wild-type strain with the PCR
product designed to delete the gene of interest as described above.

5. Test the integration of the selectable marker in the correct locus and consequent
disruption of the gene of interest by PCR, using as template genomic DNA as described
above.

In this case, it is expected to obtain by PCR amplification both the fragment
corresponding to the wild-type locus and the fragment corresponding to the deleted
locus since a diploid heterozygous strain should be selected.

6. Clone the wild-type yeast gene in a URA3 replicative (centromeric or episomal)
vector as described above.

7. Using the lithium acetate method described above, transform the diploid
heterozygous strain with the construct expressing the yeast wild-type gene from a
replicative URA3 plasmid.

Tetrad analysis

8. Plate the transformant strains on K-Acetate solid media and incubate the plate at
30°C for 5-6 days until a high percentage of diploid cells start to sporulate.

After 4 days of incubation, check daily the formation of tetrads under a regular
optic microscope using a 40X or 100X magnification objective lens (Figure 2).

9. Resuspend in a 15 ml falcon tube a pinhead size sample of the culture using a flamed
loop in 1 ml sterile dH,0. Add 20 pl of B-glucuronidase and incubate 10-20 minute at
room temperature to degrade the ascus wall.

The digestion of the ascus wall can be followed under the optic microscope.
Tetrads start to stretch and the four spores become clearly distinguishable. Avoid
over-digestion to prevent damaging or loosing the haploid cells.

10. Add 5 ml sterile dH,0O to dilute the enzyme. Pellet the tetrads by centrifugation at
1500 x g for 5 minute at room temperature. Carefully remove the supernatant and
gently resuspend the cells in 1 ml sterile dH50.

11. Micro-dissect at least 10 tetrads for each transformant strains on YP-D solid media
using a micromanipulator. Incubate the plate at 30°C for 3-4 days, until the colonies are
visible.
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Dissection of tetrads obtained from the heterozygous non-transformed diploid
strain allows for the analysis/confirmation of the essentiality of a yeast gene
(viability test shown in Figure 2).

12. Replicate the tetrads on selective WO-D solid media to test the presence of the wild-
type construct and the segregation of the deleted allele.

The deleted allele segregates during meiosis following Mendelian distribution,
distribution 2*:27 that can be follow by testing the deletion marker phenotype.

Plasmid shuffling

13. Select a spore carrying the deleted allele in its genome and the wild-type construct.

14. Transform this strain by lithium acetate method with the appropriate integrative
vectors expressing either the human mutated alleles or the yeast mutated alleles,
previously described.

15. Test the transformants for plasmid integration by PCR using as the template
genomic DNA extracted as described above.

16. Plate the transformant on selective 5-FOA solid media by spotting drops of cells
suspension obtained by growing overnight at 30°C a 10 ml pre-culture in selective WO-
D media.

17. Incubate the plates at 30°C for 4-7 days until the colonies that had lost the
replicative plasmid carrying the wild-type gene start to appear.

18. Pick the colonies and confirm the Ura- phenotype by growing them in selective
WO-D solid media + uracil.

19. Once obtained the correct strain, analyze the effect of the pathological mutations on
the respiratory phenotype by serial dilutions growth test as described above.

In cases of point mutations in essential genes that cause only partial respiratory
defects, it can be convenient to apply more stringent conditions and further
characterize the mutations effects by testing the thermo-sensitivity of the mutations
by incubating the cells at 24°C, 30°C and 37°C.

REAGENTS AND SOLUTIONS

Cell solubilization solution: 50 mM Tris-HCI, 10 mM ethylenediamine tetraacetic acid
(EDTA) pH 8, 0.3% B-mercaptoethanol, and 0.5 mg/ml Zymolyase-20T. Prepare the
solution freshly for each experiment.

DNA carrier solution: 2 mg/ml deoxyribonucleic acid sodium salt type I11 from Salmon
testes in sterile TE solution (10 mM Tris-HCI, pH 8.0, 1 mM EDTA). Disperse the
DNA into solution by passing it up and down repeatedly in a 10 ml pipette and mix
vigorously in a magnetic stirrer until it dissolves completely. Aliquot and store at
—20°C.

Lithium acetate solution (TEL): 10 mM Tris-HCI, pH 7.5, 1 mM EDTA, 100 mM
Lithium Acetate. Sterilize and store at room temperature.

Polyethylene glycol solution (PEG): 40% Polyethylene glycol 4,000 (w/v) in TEL.
Sterilize by filtering (do not autoclave). Because PEG easily degenerates, it is advised
to prepare the solution freshly for each experiment or to store it at room temperature for
a short period of time.
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Tris-Acetate-EDTA (TAE): 40 mM Tris-acetate, ImM EDTA pH 8. Store at room
temperature

Yeast media: the compositions of the yeast growth media routinely used were
previously described (Myers et al., 1985).

Complete media (YP): 1% yeast extract (w/v), 2% peptone (w/v).
Minimum media (WO): 0.67% yeast nitrogen base (w/v).
Different carbon sources to be added to YP and WO media:

2% glucose (D) (v/v)

2% ethanol (E) (v/v)

2% glycerol (G) (v/v)

2% galactose (GAL) (v/v)

2% DL-lactate (L) (v/v) pH 4.5

2% pyruvate (P) (v/v)

2% acetate (A) (V/V).

K-Acetate media: 10 g/l potassium acetate, 0.5 g/l glucose, 1 g/l yeast extract. 5-FOA
media: 0.67% yeast nitrogen base (w/v), 2% glucose (v/v), 1 mg/ml 5-fluoroorotic acid
(Sigma), 100 ug/ml uracil.

Agar (20 g/l) is added when required to obtain solid media. All culture media is prepared in
distilled water. Complete media is autoclaved during 20 minutes at 20 Ibs/sq. inch prior to
use. 10X minimum media is sterilized by filtration and diluted with warm sterile dH,0 +
agar. Carbon sources, amino acids and nucleobases are sterilized independently by
autoclaving (D, G, GAL, L, P, A) or by filtration (amino acids and nucleobases). The
commonly used yeast lab strains required addition to the minimum media of different
combinations of nucleobases: 100 pg/ml adenine, 150 pg/ml uracil; and amino acids 50 pg/
ml: leucine, tryptophan, histidine, methionine, lysine. Store at room temperature for short
periods of time.

COMMENTARY

Background Information

To understand the mechanism and eventually treat genetic disorders, it is of primary
importance the precise determination of the disease genetic cause. The establishment of
genotype/phenotype relationships is frequently difficult in the absence of functional studies
and can be challenging when new mutations in known disease associated genes present
unexpected deficient phenotypes. Researchers have taken advantage of the similarity
between yeast and human mitochondrial OXPHOS system to use the facultative aerobe/
anaerobe yeast Saccharomyces cerevisiae as a model organism to assess the effect of
mutations in conserved nuclear genes in OXPHOS enzyme assembly and function
(Barrientos, 2003, Valnot et al., 2000). Because most basic metabolic pathways are largely
conserved from yeast to human and yeast cells can be genetically manipulated with ease,
they constitute suitable research models to study the mechanisms underlying human
disorders. This is particularly true for the use of the yeast Saccharomyces cerevisiae to
model diseases stemming from impaired mitochondrial metabolism, since this facultative
aerobe/anaerobe organism is able to produce energy by substrates fermentation and to
survive mutations abolishing its respiratory capacity (Barrientos, 2003).
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Critical Parameters and Troubleshooting

The complete collection of yeast null mutants in non-essential genes is commercially
available (EUROSCARF and Open Biosystems) in the BY4741/2 parental strain, a derivate
of the S288c genetic background. To construct yeast models of human mitochondrial
disorders, it is important to evaluate which yeast parental strain is the more appropriate to
use. Several yeast strains, with different genetic backgrounds, commonly used in research
laboratories, differ on their rate of endogenous cell respiration, level of cytochromes and
several others parameters.

For example the S288c strain and its BY4741/42 derivates used in the yeast collection, but
not the W303 strain, carry a mutation in the transcriptional activator Haplp, that induces the
expression of several respiratory genes depending on oxygen availability (Zitomer and
Lowry, 1992). For this reason, S288c cells have a respiratory rate and cytochromes ¢ + ¢
accumulation significantly lower than cells with W303 and D273 genetic backgrounds
(Gaisne et al., 1999). Mutations affecting other functions, such as cellular copper uptake,
required for mitochondria biogenesis, are also known to be present in S288c wild-type
strains. Even if these mutations are not completely compromising mitochondrial respiration
and oxidative phosphorylation, they can reduce the respiratory growth of the wild-type strain
thus making more difficult the assessment of mutant alleles retaining partial activity.

In the choice of the parental strain, it is also important to take into account its mitochondrial
DNA stability. Yeast wild-type strains present a frequency of spontaneous mitochondrial
mutations that ranges between approximately 0.5 and 2.5% in about 15 cells divisions at
30°C. In all S288 derivates including W303 the petite generation frequency increases up to
approximately 15% at 37°C due to the presence in these strains of a mipl (DNA polymerase
gamma) termosensitive allele (Baruffini et al., 2007, Young and Court, 2008).

In S. cerevisiae, the heteroplasmic condition (presence of different populations of mtDNA
molecules in the same cell) is transient and in a few generations mtDNA molecules
segregate and cells become homoplasmic. In cases in which the gene of interest is involved
in mtDNA maintenance and stability, the null mutant presents a complete or dramatic lost of
mtDNA that does not allow the analysis of the direct effect of the mutated alleles on the
mitochondrial respiratory chain. To bypass this limitation, it is possible, following the
strategy design by Dr. TD Fox (Steele et al., 1996), to use a parental strain carrying in its
mtDNA a selection marker that ensures mtDNA maintenance such as the mtARG8 gene in a
nuclear arg8 mutated background.

Due to the different characteristics of the wild-type strains and to variations in the utilization
of different respiratory carbon sources, it is appropriate, prior to testing the effects of
mutated alleles, to carefully characterize the growth phenotype of the mutated strain in
different respiratory media. In this way, it is possible to establish the best conditions to
evaluate the respiratory defect. For example, even if both ethanol and lactate are respiratory
carbon sources, ethanol can enter inside the cells by diffusion through the membrane while
lactate import and utilization are tightly regulated at the transcriptional level (Lodi et al.,
2002). In addition, the use of minimum synthetic media results in more stringent growth
condition than complete media in which the large excess of amino-acids can increase an
eventual background growth.

Heterologous complementation can be achieved by the use of replicative plasmids either
centromeric or episomal that allow for a 2-5 fold to a 25-50 fold human gene
overexpression, respectively. This is particularly indicated in cases in which only a weak
complementation is observed by gene single copy expression. However, additional gene-
dosage effects on mitochondrial function and biogenesis need to be carefully evaluated.
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Construction of diploid strains and tetrad analysis are basic yeast genetic techniques useful
not only in the study of mutations in essential genes but also to analyze the effects of
combined mutations and mutations dominance/recessivity. However, to avoid these relative
longer procedures, in the case of mutations in essential genes, it is possible to use haploid
strains, commercially available, in which the essential gene of interest is under the control of
a repressible promoter and its expression can be turn off just by addition of the appropriate
inhibitor in the growth media. However, because residual gene expression is frequently
observed, the use of these strains needs to be carefully evaluated.

Anticipated Results

In the cases in which human or yeast alleles carrying the allegedly pathogenic mutations
reported in patients are unable to complement the respiratory deficient/lethal phenotype of
yeast null mutants in the equivalent genes (e.g. the strains expressing mutated alleles grow
less in respiratory media than the strains expressing the wild-type genes), it is possible to
conclude that there is a cause-effect relationship between the analyzed mutations and the
pathological phenotype observed. The measurement of the respiratory capacity conferred by
the mutated alleles gives quantitative information concerning whether the function of the
mutated protein is partially or totally abolished. In the case that the respiratory capacity is
not compromised by the mutant allele, a direct involvement of the single mutation in
alterations of the mitochondrial respiratory capacity cannot be claimed.

Time Considerations

To complete Basic Protocol 1, it is reasonable to consider an investment of approximately 2
months. When heterologous complementation is not observed, 6-8 additional weeks are
required to analyze mitochondrial localization and to construct and test chimeric alleles.
Alternatively, the use of yeast mutated alleles can be accomplished in approximately 4-6
weeks. More time consuming are all the experimental plans that include tetrad analysis. The
Alternate Protocol 3 will take approximately 3 months for completion.
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Internet Resources

The Saccharomyces genome database: http://www.yeastgenome.org/, is a scientific database of the
molecular biology and genetics of the yeast Saccharomyces cerevisiae, containing the most current
and accurate data relative to genomic sequences, gene annotation, protein function and expression
and yeast literature

The EUROSCARF (European Saccharomyces cerevisiae archive for functional analysis):
http://web.uni-frankfurt.de/fb15/mikro/euroscarf/index.html, collects yeast strains and plasmids
that were generated during various yeast functional analysis projects, including the complete
knockout collection of non-essential genes. EUROSCARF is run by the Institute of Microbiology,
University of Frankfurt

The Open Biosystems company (http://www.openbiosystems.com) sells the entire S. cerevisiae
knockout collection of non-essential genes and knockout inducible essential genes, yeast vectors,
proteins tagged constructs and human cDNA clones
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Figure 1.
Strategic planning for the creation of yeast models of mitochondrial disorders
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Figure 2.

Scheme of tetrad dissection analysis and vitality test of a heterozygous diploid strain deleted
in an essential gene. Most micromanipulators used a fiberglass needle to separate the four
haploid spores and allow them to germinate individually forming isolated colonies. The
spores adhere to the needle due to the formation of a water meniscus between the agar and
the needle.
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Table |

Existing yeast models of mitochondrial disorders. NP, unpublished

Human
gene

Yeast
homologue

Disease

Literature

Nuclear origin

ABC7
ANT1

BCSI1L
COX6B1

DDP1
EFG1
EFTu

FXN

GFER
MPV17
ORNT1
POLG

SDH Fp
SDHAF1
SDHB
SLC25A3
SoD1
SUCLG1
TAZ

ATM1
AAC2

BCS1
COX12

TIM8

MEF1
TUF1
YFH1

ERV1
SYmMm1
ARG11
MIP1

SDHA
YDR379C-A
SDH2
MIR1-PIC2
SOD1

LSC1

TAZ1

Sideroblastic anemia and ataxia

adPEO, hypertrophic cardiomyopathy

Encephalopathy, GRACILE syndrome

Leukodystrophic encephalopathy and
myopathy

Mohr-Tranebjaerg syndrome
Leigh syndrome
Leukodystrophic encephalopathy

Friedreich ataxia

Progressive myopathy with cataract
Infantile hepatic mtDNA depletion syndrome
Hyperammonemia

adPEO, arPEO, Alpers syndrome

Leigh syndrome

Infantile leukoencephalomyopathy
Glomus tumor

Hypertrophic cardiomyopathy
ALS

mtDNA depletion syndrome

Barth syndrome

(Allikmets et al., 1999)

(Kaukonen et al., 2000,
Fontanesi et al., 2004,
Lodi et al., 2006)

(de Lonlay et al., 2001)
(Massa et al., 2008)

(Hofmann et al., 2002)
(Valente et al., 2007)
(Valente et al., 2007)

(Cavadini et al., 2000,
Krasilnikova and Mirkin, 2004)

(Di Fonzo et al., 2009)
(Spinazzola et al., 2006)
(Morizono et al., 2005)

(Baruffini et al., 2006,
Stuart et al., 2006)

(Bourgeron et al., 1995)
(Ghezzi et al., 2009)
(Goffrini et al., 2009)
(Mayr et al., 2007)
(Goto et al., 2000)
Fontanesi, NP

(Claypool et al., 2006)

Mitochondrial origin

ATP6

CYB

tRNALeu

ATP6

CYB

tRNALeU

NARP syndrome and MILS

Exercise intolerance and myopathy,
encephalopathy, cardiomyopathy, septo-optic
dysplasia

MELAS

(Rak et al., 2007,
Kucharczyk et al., 2009)

(Lemesle-Meunier et al., 1993,
Fisher et al., 2004)

(Feuermann et al., 2003)
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