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Abstract. Mitochondria, present in most eukaryotic organisms, are crucial for energy production and
essential for cellular functions. Sequencing of the complete mitochondrial genome of Saccharomyces cerevisiae
in 1998 has paved the way for mtDNA gene editing, enabling the study of mitochondrial function and
potential gene therapies for mitochondrial diseases. Effective selectable markers are crucial for addressing
heteroplasmic mtDNA issues after mitochondrial transformation. Antibiotic resistance (A#") marker
genes aadAl, cat, and hph confer resistance to streptomycin, chloramphenicol, and hygromycin B,
respectively. This study aimed to explore the feasibility of employing these AH* markers for selecting
transformed yeast cells. Additionally, the usefulness of these 44" genes as selectable markers for yeast
mitochondrial transformation was assessed by fusing a mitochondrial targeting signal (MTS) to the N-
terminus of these genes using overlapping PCR. The minimal inhibitory concentration (MIC) of yeast
transformants expressing various A" genes, with or without MTS fusion, was determined using the agar
dilution method. Yeast transformants expressing aadAl, cat, and hph, with or without MTS fusion,
displayed resistance to streptomycin (>10 mg/mL), chloramphenicol (up to 6 mg/mL), and hygromycin
B (up to 4 mg/ml), respectively. MICs were similar between A4 and MTS-tagged Ab° yeast
transformants. To assess mitochondrial targeting, GFP was fused to the C-terminus of ca# and MTS-caz
gene constructs. Fluorescence microscopy confirmed MTS-tagged CAT-GFP localization to yeast
mitochondria, while CAT-GFP showed cytoplasmic localization. The fluorescence microscopy results
were confirmed by Western blotting. This study demonstrated that yeast transformants expressing aad A1
exhibit a significant level of streptomycin resistance (>10 mg/mL), suggesting that aadA1-mediated
streptomycin resistance has the potential to serve as a selectable marker for mitochondrial transformation
in yeast.

Keywords: antibiotic selectable marker, gfp reporter gene, minimum inhibitory concentration,
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INTRODUCTION

Mitochondria are double membrane-bound
semi-autonomous organelles found in eukaryotic
cells that play a prominent role in providing cells
with energy in the form of adenosine triphosphate
(ATP) through oxidative phosphorylation (Chen
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¢t al., 2017; Mahapatra ef al., 2021). Mitochondria
also participate in various crucial cellular
processes, such as [-oxidation, lipid and
cholesterol synthesis, apoptosis, ion homeostasis,
and the generation of oxygen free radicals (Brand
et al, 2013). Genetic modification of the
mitochondrial genome has long been deemed
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crucial ~for investigating mitochondrial gene
function and the mechanisms underlying
mitochondrial processes (Yang e al, 2021).
Currently, by harnessing the genetic information
contained in mitochondria, DNA specifically
located in the mitochondria (mtDNA) can be
modified  selectively to gain a more
comprehensive  understanding of  diverse
processes in genome evolution (Foury ez al., 1998;
Niazi et al., 2013).

Saccharomyces cerevisiae has become the primary
organism central to mitochondrial studies (Solieri,
2010), with its mitochondrial DNA fully
sequenced in 1998 (Foury ez al, 1998). This
species, which is widely acknowledged, has a short
life cycle and generation time and can be easily
controlled in a laboratory setting or cultured
economically compared to higher eukaryotes,
making it an excellent model for various genetic
studies (Altmann e al, 2007). Nucleoids, which
are clusters of multiple mitochondrial genomes,
typically consist of 1.5 to 20 copies of the genome
(Nosek e al., 20006). Yeasts are ideal model
systems for mitogenomics research because they
are easily manipulated in the laboratory, and a
broad diversity of different lineages is available for
study. Ultimately, it is essential to recognize the
importance of yeast mitogenomics in basic,
applied, and medical research. As diminished
mitochondrial function can lead to decreased
yeast cellular proliferation or cell death, altering
mitochondrial function enables the study of
physiological processes in yeast cells (Rak ef al,
2007; Zhou et al., 2010).

Mitochondrial transformation is essential for
the analysis, manipulation, and expression of
foreign DNA within mitochondria. Executing
mitochondrial transformation is more difficult
than performing nuclear transformation. This
phenomenon arises because of the presence of
multiple copies of mtDNA in the mitochondria,
whereas nuclei contain either a single copy
(haploid) or two copies (diploid) of nuclear DNA
(Jensen et al., 2000). Therefore, determining the
desired mutation occurring in the mitochondrial
genome is a challenging task, as there are
numerous copies of mtDNA within a cell, and the
majority of mutated mtDNA exhibits a recessive
characteristic.  Hence, these result in a
phenomenon known as heteroplasmy, where the
mutated mtDNA is masked by the wild-type
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mtDNA  present in abundance. As a result,
heteroplasmic cell cannot be differentiated from
homoplasmic cell that contains only the wild-type
mtDNA in terms of their physical characteristics,
as the wild-type mtDNA is sufficient to
contribute to its functional phenotype of the cell
(Lax et al, 2011; Yang et al, 2021). In yeast,
mitochondrial ~ transformation  has  been
successfully achieved by complementing host
auxotrophy (Bonnefoy & Fox, 2007; Zhou e al.,
2010). One drawback of using auxotrophy-
complementing marker genes is the need for a
compatible auxotrophic strain (Pronk, 2002).

In addition to a standard set of selectable
auxotrophic markers, Saccharomyces cerevisiae also
permits the use of dominant markers for
antibiotic resistance or other toxic agents to select
for transformants. The chosen selectable marker
must effectively and efficiently distinguish the
transformed organism from a non-transformed
one, for example, by hindering growth or causing
cell death. Antibiotic resistance genes are
commonly used as selectable markers for this
purpose (Reece, 2004). The protein synthesis
machinery of the mitochondria is similar to that
of prokaryotes. Therefore, antibiotics that
specifically target the protein synthesis machinery
of prokaryotes can potentially be employed as
selectable markers for mitochondrial
transformation. In addition, the selectable
markers used in mitochondrial transformation
have a dual function. These genes not only confer
antibiotic ~ resistance  to  the  modified
mitochondria, but are also crucial for ensuring the
successful preservation and duplication of the
modified mitochondria that contain both the
selectable marker and transgene. Moreover, the
sequences of the marker genes used in
mitochondrial transformation were modified
according to the yeast mitochondrial genetic code.
This is due to the codon usage in the nuclear
genome differs from that in the mitochondria
(Yoon and Koob, 2011; Mookerjee and Sia, 2013).
In short, an efficient and simplified selectable
marker is required to deal with the heteroplasmic
mtDNA phenomenon that may occur after
mitochondrial transformation (Zhou e# al., 2010).

Previously, antibiotic resistance genes, such as
kan® and its derivatives (resistance to G418), nat
(to nourseothricin), ph (to hygromycin B), and caz
(to chloramphenicol), have been wused as
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selectable markers in yeast transformation
(Siewers, 2022). In this study, we used both cz7and
bph genes in addition to the primary target
streptomycin 3’-adenylyltransferase (aadA1) gene
to evaluate the suitability of aadAl as a potential
selectable marker for yeast mitochondrial
transformation. The aadA1 marker was selected
due to its specific development for tobacco
plastids and chloroplast transformation, as
documented by Shen ¢ 2/ (2010), Svab & Maliga
(2007), and Yang ez al. (2013).

In addition, heterologous gene expression
levels are frequently affected by gene copy
number. If the transgene is located within the
mitochondria, the level of gene expression may be
enhanced in accordance with the number of
mitochondria within each cell, rather than the
mere existence of a singular recombinant DNA in
the cytoplasm. Foreign genes can be effectively
introduced and expressed in plant chloroplasts.
The abundance of chloroplasts in plant cells has
led to a significant increase in the production of
foreign proteins in tobacco chloroplasts, reaching
levels 300 times higher than those observed in
plants undergoing nuclear transformation (Staub
et al., 2001; Ruf ez al., 2001). Thus, it is possible to
utilize mitochondria as a cellular compartment to
achieve a high level of foreign gene expression,
especially in eukaryotes lacking plastids. Hence,
this study also aimed to examine the differences
in the minimum inhibitory concentrations (MIC)
to determine the in vitro levels of susceptibility or
resistance of yeast cells to various targeted A5°
genes, both with and without the fusion of a
mitochondrial targeting sequence (MTS).

MTS is a positively charged N-terminal
peptide sequence that forms an amphiphilic «-
helix with high hydrophobicity (von Heijne,
1986). MTS is nuclear-encoded and is found at the
N-terminus of pre-proteins. It is responsible for
targeting nuclear-expressed pre-proteins into the
matrix of the mitochondria. This presequence is
about 20-50 residues, and is a detachable amino
acid sequence, which is removed upon entering
the matrix of the mitochondria (Omura, 1998;
Rapaport, 2003).

In order to import preproteins across
mitochondrial membranes, the proteins are
partially unfolded (Eilers & Schatz, 1986). The
receptors on the surface of the outer membrane,
TOM20 recognise the MTS and translocates the
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preproteins into the intermembrane space
through the translocase of the outer membrane.
The translocase of the outer membrane is
connected to the translocase of the inner
membrane (TIM). TOM and TIM can function
independently. Two TIM complexes are
responsible for mitochondrial protein import.
Preprotein attached to the presequence and is
translocated by the TIM23 complex, while
preprotein attached to the internal targeting
signal, such as for inner membrane proteins, is
translocated into the matrix through the TIM22
complex. Therefore, preproteins led by MTS
enter the matrix through the TIM23 complex. The
mitochondrial heat shock protein 70 (mhsp70),
which is found in the matrix, is an ATP-
dependent import motor, that binds to TIM23
and drives the preprotein into the mitochondrial
matrix across the inner membrane (Omura, 1998;
Pfanner & Geissler, 2001).

Upon entering the matrix of the
mitochondria, matrix processing peptidase
(MPP), together with a processing enhancing
protein (PEP), will perform the proteolytic
cleavage of MTS. PEP enhances the function of
MPP, which contains a catalytic site. The
chaperonin Hsp60 in the matrix is a folding helper
that folds the protein back into its active form
(Pfanner  and  Geissler,  2001).  Two
metallopeptidases, Mop112 and Prd1, are present
in the mitochondria to degrade free MTS in both
the matrix and intermembrane space. These two
enzymes have overlapping substrate
specifications (Kambacheld ez 4/, 2005, Koppen
& Langer, 2007).

MATERIALS AND METHODS

Microbial strains, vectors
conditions

The microbial strains and plasmids used in this
study are listed in Table 1. Escherichia coli DH5a
and DB3.1 were regularly cultivated in 2X YT
medium (10 g 1" yeast extract, 16 g 1" tryptone, and
5 g 1" NaCl) at 37°C with 220 rpm agitation, while
S. cerevisiae JD53 was regularly cultivated in YPD
medium (10 g I yeast extract, 20 g I tryptone, and
20 g 1" dextrose) at 30°C with 220 rpm agitation.

and growth
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Table 1. List of microbe strains, plasmids used, and plasmids constructed in this study

Strain or plasmid

Description

Reference

Strain
E. coli DH5a

E. i DB3.1
S. cerevisiae JD53

Plasmid
pRK2073

pGWB2
pGWB4

pYES-Dest52::aad.A1
PYES-Dest52:MTS-aad Al
pYES-Dest52::cat
pYES-Dest52:MTS-car
pYES-Dest52::cat-gfp
pYES-Dest52:MTS-car-gfp
pYES-Dest52:4ph
pYES-Dest52:MTS-/ph

F— ©80/acZ AM15 A(lacZY A-argF) U169 recAl endAl hsdR17 (rK—,
mK+) phoA supEA4 h— thi-1gyrA96 relAl

F- gyrA462 endA1 A(st1-recA) merB mrr hsdS20(1B-, mB-) supE44 ara-14
2alK2 lacY'1 proA2 rpsL.20(SmR) syl-5 k- lew mitll

MATa his3-D200 fen2-3,112 lys2-801 #p1-D063 #ra3-52

A derivative of pRK2013 which carries the transposon Tn7 in the
kanamycin gene of pRK2013

A Gateway Binary Vector with constitutive expression of transgene
using the cauliflower mosaic virus (CaM1/) 355 promoter

A Gateway Binary Vector with synthetic green fluorescent protein with
S65T mutation (sGFP) located at the C-terminal of transgene
Yeast GAL1 inducible expression vector harboring aad.A1

Yeast GAL1 inducible expression vector harboring MTS-aad A1
Yeast GAL1 inducible expression vector harboring car

Yeast GAL1 inducible expression vector harboring MTS- car
Yeast GAL1 inducible expression vector harboring cat-gfp

Yeast GAL1 inducible expression vector harboring MTS-car-gfp
Yeast GAL1 inducible expression vector harboring /ph

Yeast GAL1 inducible expression vector harboring MTS-/Aph

Invitrogen, USA
Invitrogen, USA

Dohmen e al., 1995

Leong et al., 1982
Nagakawa ez al., 2007
Nagakawa ez al., 2007

This study
This study
This study
This study
This study
This study
This study
This study

Molecular cloning of targeted antibiotic
resistance (Ab®) genes, both with and without
mitochondrial targeting sequence (MTS)
fusion

The oligonucleotides used for PCR in this study
are listed in Table 2. Polymerase chain reaction
(PCR) conditions were optimized for each primer
pair and DNA fragments were amplified using
PrimeSTAR HS DNA polymerase (TaKaRa,
Kusatsu, Japan). First, aadAl, cat, and hph
antibiotic  resistance gene amplicons were
amplified from pRK2073 using the primer pair
F/R-aadAl, and pGWB2 using the primer pair
F/R-cat and F/R-hph, respectively. Ovetlapping
PCR (OE-PCR) was used to genetically fuse the
aforementioned antibiotic resistance genes with
an MTS  derived from  mitochondrial
tryptophanyl-tRNA  synthetase, as depicted in
Figure 1(a). Purified aadAl, MTS-aadAl, cat,
MTS-cat, hph, and MTS-hph amplicons were
individually inserted into the pENTR/D-TOPO®
vector through pENTR™ Directional TOPO®
cloning according to the manufacturer's
instructions (Invitrogen). The respective pENTR
reaction mixtures were transformed into
competent Escherichia coli DH5a cells through

electroporation. The transformants were plated
on 50 pg/mL of kanamycin supplemented 2X YT
plate and incubated at 37°C overnight. Putative
clones of recombinant pENTR vectors harboring
the desired constructs were screened by colony
PCR using the primer pair F-M13 and R-A44%, and
recombinant pENTR vectors from the positive
clones were extracted for further verification
through DNA sequencing. Following  this,
pENTR/D-TOPO® harboring aadA71, MTS-
aadATl, cat, MTS-cat, hph, and MTS-hph were
individually subcloned downstream of Pears in
pYES-Dest52 through Gateway” LR
Recombination Cloning in accordance with the
manufacturet's guidelines (Invitrogen, Waltham,
Massachusetts, USA). LR reaction mixtures were
transformed into competent E. co/i DH5a cells by
electroporation. The transformants were plated
on 100 pg/ml ampicillin-supplemented 2X YT
plates and incubated at 37°C overnight. Putative
clones of recombinant pYES-Dest52 vectors
harboring the desired constructs were screened by
colony PCR using the primer pair F-T7 promoter
and R-AM*, and recombinant pYES-Dest52
vectors from the positive clones were extracted
for further verification through DNA sequencing,.
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Table 2. List of primers used in this study
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Primer Sequence (5’-3%) Description
F-FL-MTS CAC CAT GTC GAA TAA GCA GGC GGT'ICT Full length MTS serve as forward
GAA GTT AAT CAG TAA AAG GTG GAT AAG primer in relevant PCR
CAC AGT GCA ACGTGC CGA TTT TAA GCT amplification
GAA TTC CGA AGC GCT TCATAGTAATGCT
F-aadA1l CAC CAT GAG GGA AGC GGT GAT C To amplify addA1 from pRK2073
R-aadA1 CAG AAT TCA CTA GTT TAT TTG CCG ACT ACC
TTG GTG
F-cat CAC CAT GGA GAA AAA AAT CACTGG ATA To amplify cat from pGWB2
TAC
R-cat TTA CGC CCC GCC CTG CCA
R-cat-gfp GCT CCT CGC CCT TGC TCA CGG ATC CCG CCC  To serve as reverse primer
CGC CCT GCCACTC (coupled with F-cat), in amplifying
cat with its 3’ end anchored with
part of the N-terminal of g
F-cat-gfp GAG TGG CAG GGC GGG GCG GGATCC GTG To amplify gfp with its 5 end
AGC AAG GGC GAG GAG C anchored with part of the C-
R-gfp TTA CTT GTA CAG CTC GTC C terminal of caz from pGWB4
F-hph CAC CAT GAA AAA GCCTGA ACT CAC C To amplify /ph from pGWB2
R-hph CTA TTC CTT TGC CCT CGG AC
F-MTS-aadA1 GAA TTC CGA AGC GCT TCA TAG TAA TGC To serve as forward primer
TAG GGA AGC GGT GAT CGC CGA (coupled with R-aadAl), in
amplifying aad A1 with its 5’ end
anchored with additional 28 nt of
C-terminal MTS
F-MTS-cat GAA TTC CGA AGC GCT TCA TAG TAA TGC To serve as forward primer
TGA GAA AAA AAT CACTGG ATATAC CACCG  (coupled with R-cat), in amplifying
cat with its 5” end anchored with
additional 28 nt of C-terminal
MTS
F-MTS-hph GAATTC CGA AGC GCT TCA TAG TAA TGC To serve as forward primer

TAA AAA GCCTGA ACT CACC

(coupled with R-hph), in
amplifying /ph with its 5” end
anchored with additional 28 nt of
C-terminal MTS

Molecular cloning of cat-gfp and MTS-cat-
gtp

To further investigate and verify the
mitochondrial targeting ability of MTS, green
fluorescent protein (GFP), which served as a
reporter gene in this assay, was fused to the C-
terminus of the c# and MTS-caz genes using OE-

PCR, as depicted in Figure 1(b). The purified car-
gp and MTS-cat-gfp amplicons were first subjected
to pPENTR™ Directional TOPO® cloning into the
pENTR/D-TOPO®  vector, followed by
Gateway” LR Recombination Cloning into the
destination vector pYES-DEST52.
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Yeast transformation

The lithium acetate transformation method was
used to transform yeast JD53 cells (Clontech,
2009). Briefly, 0.1 pg of the desired plasmid DNA
and 0.1 mg of salmon sperm ssDNA (Sigma-
Aldrich, Burlington, Massachusetts, USA) as
carrier DNA were mixed with 100 uL of freshly
prepared yeast JD53 competent cells in a 1.5 mL
centrifuge tube. Next, 600 pL. of freshly prepared
1x lithium acetate (LiAc) [100 mM LiAc, pH
7.41/40% polyethylene glycol 4000 (PEG-4000)/1x
TE [10 mM Trs (PpH 74, 1 mM
ethylenediaminetetraacetic acid (EDTA)] was
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added to the cell mixture and vortexed vigorously
for 1 min. The mixture was incubated at 30°C with
agitation at 200 rpm for 30 min. A volume of 70
uL dimethylsulfoxide (DMSO) was added to the
cell mixture and mixed gently by inversion. The
cells were then subjected to heat-shocked at 42°C
for 15 min and immediately incubated on ice for
2 min prior to centrifugation at 13,000 X gfor 5 s.
The supernatant was discarded, and the cell pellet
was resuspended in 100 pL. of 1x TE buffer,
plated on a Synthetic Define, SD-(Ura-)-Glu
plate, and incubated at 30°C for 3 d.

(@)
F-MTS-Ab®
v I
AbR R
[ — Stage 1
5 s 5 [ I
¥ ¥ 3 | I 5 —
MTS 5 Partial MTS-AbR
Denature and reanneal
L ]
FMTS  MTS l "_ Stage 2
5 3
s [ I —
AbR RoADR N
Extension by DNA
polymerase »Stage 3
5 I ¥
¥ & .
Full length MTS-AbR
(b)
F-cat
— F-cat-gfp
| -
- | —_
FMEE cat R-cat-gfp ofp Rjgfp
|
MTS-cat Recat-gp l L Stage 1
5 2 e 000090 K s D >
¥ " | I 5
3’ Partial MTS-cat-gfp 3’ Partial cat-gfp 5' Partial cat-gfp
Denature and reanneal
L 1
l — Stage 2
3’ Partial MTS-cat-gfp 3’ Partial -cat-gfp
F-MTS Fogt
s N ¥ - I
s H—— s H— =
5’ Partial cat-gfp R-gfp 5' Partial cat-gfp Rofp
Extension by DNA
polymerase >'Stage 3
5 . s 0 0 0@ N
¥ ——————— 1 s & _

Full length MTS-cat-gfp

Full length cat-gfp

Figure 1. Schematic diagram representation of the OE-PCR for generating (a) MTS-A4" construct; (b)

MTS-cat-gfp and cat-gfp constructs.
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Screening of yeast transformants via colony
PCR

Screening of yeast transformants for positive
clones was adapted from Harju ef a/. (2004). In
brief, a single yeast colony was picked and
resuspended in 10 pl. of solution I (50 mM
glucose, 25 mM Tris, and 10 mM EDTA; pH 8.0).
The mixture was heated at 80°C for 5 min and
another 10 pLL of Solution I containing 0.6 uL. of
zymolyase was added to lyse the yeast cell wall.
The reaction mixture was incubated at 37°C for
30 min and then placed on ice. A total volume of
40 pL solution II [0.2 N sodium hydroxide
(NaOH), 1% sodium dodecyl-sulfate (SDS)] was
then added to the mixture, vortexed, and left on
ice for 5 min. Subsequently, 30 uL of solution III
(BM potassium acetate, 5M glacial acetate acid)
was added, vortexed, and left on ice for 5 min
prior to centrifugation at 4°C, and 3,500 X g for
10 min. The supernatant was transferred to a new
microcentrifuge tube, and an equal volume of
absolute ethanol was added and mixed. The
reaction was left at room temperature for 10 min
before centrifugation at 4°C, and 3,500 X g for 10
min. The pellet was washed once with 70%
ethanol and centrifuged at 4°C, at 3,500 X g for 10
min. The supernatant was discarded, and the cell
pellet was vacuum-dried prior to dissolving in 10
L TE buffer. Five microliters of the extracted
yeast plasmid served as a template for subsequent
colony PCR wusing the F-T7 promoter and
respective R-Ab® gene primers.

Minimal inhibitory concentration (MIC) test
Yeast transformants containing pYES-Dest52
harboring aad A7, cat, and hph genes, both with and
without MTS fusion and/or gfp, were streaked on
SD-(Ura-)-Gal-Raf agar supplemented with
different concentrations of antibiotics, namely
streptomycin (2, 4, 6, 8, and 10 mg/mlL)
(FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan), chloramphenicol (2, 4, 6, 7, and 8
mg/mL) (FUJIFILM Wako Pure Chemical
Corporation), and hygromycin B (2, 4, 6, 8, and 10
mg/ml) (FUJIFILM Wako Pure Chemical
Corporation), in triplicate manner. Wild-type
(untransformed) S. cerevisiae strain JD53 was
included in every assay plate as a negative control.
The plates were incubated at 30°C °C for three
days. The MIC of the antibiotic was determined
by identifying the lowest concentration at which
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the respective antibiotic effectively killed or
inhibited the growth of yeast transformants
containing either pYES-Dest52::45" or pYES-
Dest52:MTS-AM".

Induction of cat-gfp and MTS-cat-gfp
expressions

Ab* gene expression is regulated by galactose-
inducible Pcai in the yeast expression vector
pYEST-DEST52. Since P11 is tightly controlled
and repressed by glucose and induced by
galactose, the expression of AW genes in this
study was induced by 1% galactose and glucose
was replaced by raffinose as the carbon source to
support yeast growth in the SD medium.

Visualizing of Ab® protein and GFP-tagged
ADb® protein using fluorescence microscopy
The location of the A#® protein was assessed by
determining the position of the expressed A4"-gfh
chimeric gene in yeast cells. Yeast transformants
harboring cat-glp and MTS-cat-glp plasmids were
separately induced for 16 h in SD induction
medium supplemented with 1% galactose. The
overnight culture was harvested by centrifugation
at 1,000 X g for 5 min at room temperature. The
cell pellet was then resuspended in 500 uL of SD
induction medium containing the mitochondria-
specific dye MitoTracker® Red CMXRos
(Thermo Fisher Scientific, Waltham,
Massachusetts, USA) and incubated at 30°C for
30 min, followed by centrifugation at 1,000 Xg for
5 min at room temperature. The cell pellet was
washed once with an equal volume of phosphate
buffered saline (PBS) and pelleted at 1,000 X g for
5 min. Finally, the cell pellet was resuspended in
100 L. PBS and visualized under an Olympus
BX41TF-FL-CCD  fluorescence  microscope
(Olympus Tokyo, Japan).

Extraction of yeast cytoplasmic proteins and
crude mitochondria fraction

The extraction of yeast cytoplasmic proteins and
crude mitochondrial fraction was adapted from
Gregg ¢t al. (2009), with slight modifications. First,
50 ml of the induced yeast culture harboring
pYES-Dest52::cat-gfp and pYES-Dest52:MTS-cat-
gfp was harvested at 3,000 X g for 5 min at room
temperature. The cell pellet was washed twice
with 25 mL of dH20O and pelleted at 3,000 X g for
5 min at room temperature. The cell pellet was
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resuspended in dithiothreitol (DTT) buffer (100
mM Tris, 10 mM DTT; pH 9.4) according to the
weight of the cell pellet (2 mL buffer/g cells). The
cell suspension was incubated at 30°C with
agitation at 70 rpm for 20 min and centrifuged for
5 min at 3,000 X gat room temperature. The cell
pellet was then washed twice with zymolyase
buffer (20 mM potassium phosphate, 1.2 M
sorbitol; pH 7.4) without the addition of
zymolyase. Subsequently, the cell pellet was
resuspended in zymolyase buffer (7 mL/g cells)
with the addition of zymolyase (1 mg/g cells),
followed by incubation at 30°C with 70 rpm
agitation for 30 min.

The  spheroplasts were pelleted by
centrifugation at 3,000 X g at 4°C for 8 min and
washed twice with ice-cold homogenization
buffer [10 mM Tris, 0.6 M sorbitol, 1 mM EDTA,
0.2% (w/v) bovine serum albumin (BSA)]
according to the weight of the cell pellet (6.5 mL
buffer/g cells). The resuspension mixtures were
then  homogenized using a  LabGEN
homogenizer (Cole Parmer, Vernon Hill, Illinois,
USA) for 30 s. Homogenization buffer was added
to the mixture and centrifuged at 1,500 X gat 4°C
for 5 min. The mixture was then centrifuged at
3,000 x g at 4°C for 5 min. The supernatant
containing the cytoplasmic protein was harvested,
and the remaining pellet was resuspended in ice-
cold homogenization buffer (6.5 mL buffer/g
cells) and centrifuged at 12,000 X g at 4°C for 15
min. The pellet, consisting of crude mitochondrial
proteins, was dissolved in Protein Extraction
Reagent Type 4 (Sigma-Aldrich).

Verification of the localization of cat-gfp and
MTS-cat-gip proteins in yeast cells

A total of 40 ng of each yeast cytoplasmic fraction
and crude mitochondrial fraction, based on the
Bradford assay, were separated via sodium
dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) on a 12% polyacrylamide
gel with 90 min migration at 140 V. After
migration, the gel was transferred onto a PVDF
membrane using a semi-dry blotter (Cosmo Bio,
Tokyo, Japan) for 25 min at 75 V. Blocking,
probing, and washing were performed according
to the manufacturet’s protocol, using a Chemi-
Lumi One Super detection system (Nacalai
Tesque, Kyoto, Japan). Anti-GFP rabbit IgG
(Abcam, Cambridge, UK) and anti-rabbit HRP-
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conjugated IgG from donkey (GE Healthcare,
Chicago, Illinois, USA) were used as the primary
and secondary antibodies, respectively. For signal
detection, Chemi-Lumi One Super substrate
(Nacalai Tesque) was used, and signals were
detected using a ChemiDoc™ imager (Bio-Rad,
Hercules, California, USA).

RESULTS

Molecular cloning of Ab®, MTS-Ab", cat-gfp
and MTS-cat-glp constructs

In this study, all purified PCR amplicons (aadA1,
MTS-aad A1, cat, MTS-CAT, cat-gfp, MTS-cat-gfp,
hph, and MTS-hph) were first cloned into the
pENTR-D-TOPO entry vector, followed by
subcloning into the yeast destination vector,
pYES-Dest52, via Gateway” LR cloning. In each
step of molecular cloning, the intermediate
products and the final vector were verified by
DNA sequencing. Next, pYES-Dest52 harboring
the different desired antibiotic resistance genes,
both with and without MTS fusion or gfp fusion,
was transformed into S. cerevisiae strain JD53 for
subsequent analysis.

MIC determination of yeast transformants
harbouring different Ab®, both with and
without MTS- and/or gfp-fusions

Yeast transformants harbouring different recom-
binant vectors, namely pYES-Dest52::45%,
pYES—DestSZ:zMTS—A[oR, pYES-Dest52::cat-gfp,
and pYES-Dest52:MTS-car-gfp, were streaked on
different concentrations of antibiotics (0.1 — 10
mg/mL) supplemented SD (Ura-)-Gal-Raf plates,
in order to determine their respective MIC.

For hygromycin testing, a concentration
ranged from 0.1 mg/mL to 10 mg/ml. was tested
on yeast transformants harbouring pYES-
Dest52:hph and pYES-Dest52:MTS-/ph. Both
yeast transformants expressing sph and MTS-hph
showed  resistance  to  hygromycin  at
concentrations of up to 4 mg/mL. However, no
significant difference in MIC was observed
between the yeast transformants harboring the
recombinant plasmids pYES-Dest52:/ph and
pYES-Dest52:MTS-/ph. Figure 2(a) shows the
results of the hygromycin resistance MIC plate
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assay, where images of plates supplemented with
< 2 mg/mL hygromycin are not shown.

On the other hand, a range of 0.1 mg/mL to
10 mg/mL chloramphenicol was tested on yeast
transformants  harbouring  pYES-Dest52::caz,
pYES-Dest52:MTS-cat,  pYES-Dest52::cat-gfp,
and pYES-Dest52:MTS-car-gp. In this study,
yeast transformants expressing cat, cat-gfp, MTS-
cat, and MTS-cat-gfp proteins showed resistance to
up to 6 mg/mlL chloramphenicol. The current
results also indicated that there was no difference
in terms of chloramphenicol MIC between native
cat genes with and without M'TS and/or gfp fusion.
Figure 2(b) shows the results of the
chloramphenicol resistance MIC plate assay,
where images of plates supplemented with < 2
mg/mL of chloramphenicol are not shown.

Lastly, the yeast transformants expressing the
aadAl gene constructs, both with and without

()
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MTS fusion were subjected to streptomycin
testing, with concentrations ranging from 0.1
mg/mL to 10 mg/mlL. In this study, both yeast
transformants  harbouring the recombinant
plasmids pYES-Dest52::aadA1 and pYES-
Dest52:MTS-aad A1 were resistant to all tested
streptomycin concentrations. This suggests that
yeast transformants containing the aadA1 gene as
a selectable marker might be able to exhibit a
resistance  level  exceeding 10  mg/mL
streptomycin. A similar trend was observed,
where there was no significant difference in the
MIC between yeast transformants expressing
aadA1 with and without MTS fusion. Figure 2(c)
shows the results of the streptomycin resistance
MIC plate assay, where images of plates
supplemented with < 2 mg/mL streptomycin are
not shown.

2 mg/mL 4 mg/mL

)

©

2 mg/mL 4 mg/mL

6 mg/mL

6 mg/mL

10 mg/mL

8 mg/mL

Figure 2. Representative S. cerevisiae MIC plates supplemented with different concentrations of (a)
hygromycin B; (b) chloramphenicol; (c) streptomycin. H: sph; MH: MTS-hph; C: cat; CG: cat-gfp; MC: MTS-
cat, MCG: MTS-cat-gfp; S: aadAl; MS: MTS-aadA1; JD53: wild type . cerevisiae strain JD53.
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Verification of the cat-gfp and MTS-cat-glp
protein localization in yeast

In this study, gfp was fused to the C-terminus of
cat and MTS-cat to function as a reporter gene to
evaluate whether MTS is capable of translocating
its fusion protein into the mitochondria. Upon
galactose  induction,  yeast transformants
expressing cat-gfp and M'TS-cat-gfp proteins emitted
green fluorescence signals under blue light
excitation. Additionally, the yeast transformants
were stained using a dye specifically designed for
mitochondria, known as MitoTracker® Red
CMXRos. The mitochondria were stained red
when exposed to green light. As shown in Figures
3(a) and 3(b), green fluorescence signals were
detected in the entire yeast cell for both yeast
transformants expressing caz-gfp and MTS-cat-gfp,
respectively, except for the central region of the
cell. In addition, red spots representing stained
mitochondria were observed inside yeast cells. In
merged images of the green channel of GFP and
the red channel of MitoTracker CMXRos, yellow
signals were observed in the transformants

Mito-

Dic GFP Tracker

Merged

-—
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expressing MTS-CAT-GFP, as shown in Figure
3(b); yeast transformants expressing car-gfp
without MTS fusion are shown in Figure 3(a).
These results indicate that only MTS-tagged CAT-
GFP proteins were able to translocate into the
mitochondria.

To provide additional evidence for this,
cytoplasmic and crude mitochondrial proteins
were extracted from yeast transformants
expressing cat-glp and MTS-cat-gfp, respectively.
The extracted protein fractions were first
subjected to SDS-PAGE, followed by Western
Blotting, and probed with anti-GFP. Figure 4
shows the Western Blot analysis of proteins
extracted from yeast transformants expressing caz-
gp and MTS-cargp. Yeast transformants
expressing only cargp without MTS fusion
exhibited a clear band exclusively present in the
cytoplasmic fraction, but absent in the crude
mitochondrial ~ fraction.  Conversely, yeast
transformants expressing MTS-caz-gfp showed the
presence of a distinct band in both cytoplasmic
and mitochondrial fractions.

Figure 3. Fluorescence microscopy analysis of yeast transformants expressing (a) caz-gfp and (b) MTS-cat-
gp. White arrows indicating the position of mitochondria within the yeast cells. DIC: differential
interference contrast; GFP: ex filter: BP460-495, em filter: BA510IF; MitoT'racker: ex filter: BP530-550,
em filter: BA575IF ; Merged: merged images from the GFP and MitoTracker channels.
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DISCUSSION

Shockman and Lampen (1962) reported that the
MIC of streptomycin and chloramphenicol against S.
cerevisiae were 0.1 mg/ml. The present study
demonstrated that yeast transformants expressing
aadAl or MTS-aadAl proteins exhibited
resistance to all tested streptomycin concen-
trations, ranging from 0.1 mg/mL to 10 mg/mL.
This implies that yeast transformants harbouring
the aadAl gene as a selectable marker could
potentially display a resistance level exceeding 10
mg/mlL  of streptomycin. A  streptomycin
concentration of 10 mg/mL was considered to be
significantly high. Therefore, concentrations
greater than 10 mg/ml were not tested in this
study. The expression of all four car-related genes,
cat, cat-gfp, MTS-cat, and MTS-cat-gfp, increased the
resistance of their respective yeast transformants
to chloramphenicol, even at concentrations as
high as 6 mg/ml. Finally, it was observed that
yeast transformants expressing both /ph and
MTS-/ph exhibited resistance to hygromycin B at
concentrations of up to 4 mg/mlL. Prior study has
shown that yeast cells are generally vulnerable to
hygromycin B at concentrations of 0.2 mg/mL
and above (Kaster ¢7 al., 1984).

Although all three tested AM® genes, aadAl,
cat, and hph, were found to possess an increased
MIC level for their respective antibiotics
compared to that of the wild-type yeast strain
JD53, the yeast transformants expressing aad.A1
proteins demonstrated a greater level of resistance
compared to those expressing cat and /hph.
Increased resistance to antibiotics will enhance
the effectiveness and efficiency of screening for
yeast mitochondrial transformants in the future.
Therefore, aadAl exhibits superior potential as a
selectable marker compared with car and /hph.
Several studies have demonstrated the use of both
hph® and neomycin phosphotransferase (ned") for
mitochondrial transformation in mammalian cells
(Yoon and Koob, 2008; Yoon and Koob, 2011).
However, hygromycin B and G418 have a broad
spectrum of activity, as they target the ribosomes
of both prokaryotes and eukaryotes (Gonzales ef
al., 1978; Borovinskaya ez al., 2008; Brodersen ez
al., 2000). Conversely, streptomycin selectively
targets the protein synthesis machinery of
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prokaryotes, which resembles that of the
mitochondria.

It is worth mentioning that the antibiotic
resistance proteins analyzed in this study were
encoded within the nucleus. For vyeast
mitochondrial transformation, it is necessary to
recode the aadAl gene wusing the yeast
mitochondrial genetic code in order to be
functional in  yeast mitochondria.  The
mitochondtial-recorded A5 genes, such as
aadAT-mt, can be inserted into yeast mitochondria
using biolistic transformation and integrated into
mtDNA  through homologous recombination
(Bonnefoy and Fox, 2007). Theoretically, the
mitochondrial recoded @adA1-mt cannot undergo
precise translation in the nucleus to generate
functional AW proteins. Therefore, they can be
considered  potential ~ selectable  markers
specifically engineered for future mitochondrial
transformation studies.

No disparity in the resistance level was
detected among yeast transformants expressing
AB® proteins, both with and without MTS. This
could be attributed to a fraction of MTS-AM"
proteins located in the cytoplasm rather than
being completely targeted to the mitochondria.
This was shown by the fact that the presence of a
portion of the MTS-CAT-GFP protein in the
cytoplasmic region was confirmed through
fluorescence  microscopy  visualization and
chemical verification (Figure 3 and Figure 4). If
the Ab® proteins with MTS were entirely targeted
into mitochondria, the resistance level to the
relevant antibiotics was expected to at higher
concentration.

MTS-CAT-GFP CAT-GFP

kDa cyt mt cyt mt
72 % = .

55 » -’ —

43 »

Figure 4. Western blot analysis of proteins
extracted from yeast transformants expressing caz-
gp and MTS-car-gfp. Cyt: cytoplasmic fraction; mt:
mitochondrial fraction.
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In this study, we ligated the gfp gene to the C-
terminus of cat and MTS-cat constructs, allowing
us to observe the spatial distribution of the
proteins using a fluorescence microscope.
Simultaneously, the mitochondria were labelled
with MitoTracker® Red CMXRos. When the
stained yeast cells were examined under a
fluorescence microscope, the localization of GFP
to the yeast mitochondria was shown by the
presence of yellow signals in the merged images
of the green and red channels. No yellow signal
was detected in the merged images of yeast
transformants expressing caz-gfp alone, indicating
that the CAT-GFP fusion proteins did not
localize to the yeast mitochondria, but rather to
the cytoplasmic region. In contrast, yeast
transformants expressing MTS-car-gfp exhibited
conspicuous bright yellow signals in the merged
channel, demonstrating the localization of GFP-
tagged MTS-CAT proteins in yeast mitochondria.
Furthermore, MTS facilitated the specific
targeting of CAT-GFP proteins to yeast
mitochondria. Nevertheless, fluorescence
microscopy revealed that green
fluorescence signals were detected in the
cytoplasmic region, suggesting that MTS-CAT-
GFP proteins were not only found in yeast
mitochondria but also in the cytoplasm. The
MTS-CAT-GFP proteins were localized in the
cytoplasm, possibly due to inefficient targeting to
the yeast mitochondria.

Western blot analysis was performed to verify
the localization of MTS-CAT-GFP proteins to
the mitochondria. A clear band was observed in
the cytoplasmic protein extract, but not in the
mitochondria for the yeast transformants
expressing cat-gfp (Figure 4). This observation
demonstrates that in the absence of MTS, CAT-
GFP proteins are incapable of being localized to
the mitochondria. Conversely, a clear band was
observed in both the cytoplasmic and
mitochondrial ~ fractions of  the  yeast
transformants expressing MTS-car-gfp (Figure 4).
This outcome provides additional evidence that
the MTS successfully directed the GFP fusion
proteins to yeast mitochondria. Furthermore, the
Western  blot analysis alighed with the
fluorescence microscopy observation, where
MTS-CAT-GFP proteins were also detected in
the cytoplasmic region. This may be attributed to
the impact of protein folding on the MTS

analysis
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conformation. Alterations in conformation could
impede  the  effective
mitochondria.

The length of the linker may affect MTS
conformation (Schmitz and Lonsdale, 1989). The
efficiency of mitochondrial protein import into
the mitochondria depends on the length of the
linker. Linkers consisting of 17 nucleotides exhibit
a high level of efficiency, whereas linkers
consisting of 16 nucleotides result in decreased
efficiency (Schmitz and Lonsdale, 1989). No
linker molecule was used to connect MTS and
AP in this study. The pre-folding of CAT-GFP
protein before it enters the mitochondria may
potentially affect the structure of the MTS. This
could explain the ineffective localization of the
protein within the mitochondria. However,
further investigation is required to ascertain the
ideal length of the linker to enhance the
effectiveness ~ of  mitochondrial ~ protein
translocation into the mitochondria.

Moreover, a recent investigation revealed that
more than 33% of the mitochondrial proteome in
yeast demonstrates dual localization, as reported
by Dinur-Mills ez /. (2008) and Burak ez a/. (2013).
The subcellular distribution of mitochondrial
proteins is influenced by both MTS parameters
and general characteristics of the proteins. Studies
have shown that approximately 35% of the 126
expected mitochondrial proteins, which are found
in two distinct regions, have a MitoProtll score
between 0.9 and 1.0 (Dinur-Mills ez al., 2008).
Furthermore, statistical analysis has shown that
dual-localized mitochondrial proteins generally
possess a low net charge and exhibit a negative
charge (Dinur-Mills e# a/., 2008). The MitoProtll
score of MTS-CAT-GFP in this study was
determined to be 0.9868 and carried a negative
charge of -11, via MitoProtlI analysis (Claros and
Vincens, 1996). Together, these findings clarify
the existence of MTS-CAT-GFP proteins in both
the cytoplasm and the mitochondria.

An independent study illustrated that the
process of folding mitochondrial proteins directly
influences the positioning of these proteins.
When the process of protein folding in
mitochondria is disrupted, proteins may relocate
from the mitochondria to the cytosol (Regev-
Rudzki ez al., 2008). Retrograde translocation of
mitochondrial proteins from the mitochondrial
compartment to the cytosolic compartment has

translocation  of
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been demonstrated by the activity of matrix
processing peptidase (MPP) on these proteins.
Studies have shown that missense mutations in
MTS can result in the presence of a particular
mitochondrial protein in both the cytoplasmic
and mitochondrial areas. This phenomenon has
been documented in the studies conducted by
Burak ez a/. (2013) and Regev-Rudzki ez a/. (2008).
Thus, protein folding plays a role in the dual
localization. Following the removal of the N-
terminal targeting sequence by matrix MPP, the
altered protein is transported back to the cytosol
through reverse translocation (Regev-Rudzki ez 4/,
2008).

CONCLUSION

Taken together, the high level of streptomycin
resistance in yeast transformants expressing
aad A1 suggests that it could be a useful selectable
marker for future yeast mitochondrial
transformations. Although the MTS-tagged CAT-
GFP proteins were successfully localized to the
yeast mitochondria, as confirmed by both
fluorescence microscopy analysis and Western
Blotting, the presence of these proteins in the
cytoplasmic region also implies that the MTS
targeting ability is not completely efficient. This
may be due to the adverse effect of the fusion
protein, resulting in a change in the conformation
of MTS, which affects the translocation efficiency
or the overexpression of the fusion protein. To
improve protein targeting via MTS, it is advisable
to consider modifications such as mitochondrial
recoding, utilization of different MTS types, and
the insertion of a linker sequence between MTS
and aadAl to further enhance the antibiotic
resistance level conferred by the protein. This will
help in  distinguishing between  genuine
transformants. Developing an effective selectable
marker for mitochondrial transformation could
boost its transformation rate, making it easier to
study of mitochondrial function at the molecular
level, and pave the way for gene therapy
approaches to treat mitochondrial diseases.
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