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Aim. To understand the mechanism(s) underlying mitochondrial competence for DNA uptake and to exploit the-
se pathways for the development of in vivo models of gene therapy. Methods. DNA uptake into isolated mito-
chondria from plant or from mutant Saccharomyces cerevisiae defective for mitochondrial proteins and carriers,
biochemical approaches and transfection of mammalian cells with DNA bound to mitochondriotropic liposo-
mes. Results. Special focus on the inner membrane showed the involvement of isoforms of the adenine nucleotide
translocator and the contribution of proteins controlling mitochondrial morphology in DNA uptake into yeast or-
ganelles. Transfection assays led to significant incorporation of a mitochondrial construct into mammalian cells
and expression of a marker gene. Conclusions. The data imply that there are multiple mitochondrial DNA im-
port pathways. On the other hand, preliminary results suggest that mitochondriotropic liposomes can deliver DNA
to mitochondria in live mammalian cells.
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Introduction. Mitochondrial genome expression is es-
sential for organelle functional efficiency and intercom-
partment cross-talk. Manipulation of mitochondrial ge-
netics is thus of interest for a range of fundamental in-
vestigations and is appealing to treat neurodegenerative
diseases caused by organelle DNA mutations. In plants,
mitochondrial genetics underlies key breeding tools.
Given the importance of these issues, transforming mi-
tochondria has been a long standing goal that was unfor-
tunately reached only in a couple of unicellular orga-
nisms. Contrasting with the failure to transform the or-
ganelles in whole cells, we established that isolated plant
and mammalian mitochondria can functionally import
double-stranded DNA through an active mechanism [1,
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2]. The process is sensitive to a number of effectors and
can accommodate large size linear DNA [3]. Remarkab-
ly, the imported DNA functionally joins the organelle
genetic system. Marker sequences under the control of a
mitochondrial promoter are expressed in organello [1, 2].
Imported DNA carrying oxidative lesions is repaired
[4, 5]. Constructs carrying fragments of mitochondrial
DNA undergo homologous recombination with the resi-
dent DNA [6]. On that basis, we aim to understand the
mechanism(s) underlying mitochondrial competence for
DNA uptake and to develop cell uptake followed by mi-
tochondrial targeting of functional gene constructs.
Materials and methods. We developed DNA upta-
ke experiments with mitochondria isolated from potato
(Solanum tuberosum) or from Saccharomyces cerevi-
siae mutants defective for various nucleus-encoded mi-
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tochondrial proteins and carriers. We used 1-2.3 kb ra-
diolabeled DNA fragments as substrates. Isolation of
mitochondria and uptake assays were performed as de-
scribed earlier [1, 7]. For mitochondrial targeting of
DNA in mammalian cells, a liposomal formulation was
prepared by a standard film hydration method [8]. A
2.2 kb DNA construct was complexed with the liposo-
mal carrier and incubated with a rat cell culture. gPCR
and RT-qPCR analyses assessed the level of cell-inter-
nalized construct and putative transcription.

Results and discussion. The voltage-dependent ani-
on channel (VDAC) seems to be involved in DNA trans-
location through the mitochondrial outer membrane [1,
2, 7]. For the inner membrane, inhibition studies of the
uptake using specific effectors pointed to an involve-
ment of the adenine nucleotide translocator in plants [1],
but the challenge of understanding which channel(s) can
be recruited or hijacked by double-stranded DNA mole-
cules remains mostly open. In the present studies, we used
both biochemical approaches and S. cerevisiae genetic
tools to identify the still elusive inner membrane pro-
teins participating in mitochondrial DNA import. Stri-
kingly, among the candidates from the inner membrane
carrier family selected on the basis of biochemical data
with plant organelles, only the two minor forms of the
adenine nucleotide translocator turned out to be requi-
red for optimal DNA translocation into isolated yeast
mitochondria (Figure). Conversely, we highlighted a pu-
tative contribution of proteins that control mitochond-
rial morphology in S. cerevisiae.

Building on the hypothesis that the competence for
DNA uptake is also a property of the organelles in vivo,
we attempted to use nanocarriers to target DNA to mito-
chondria in intact cells. We explored the use of a mito-
chondriotropic liposomal formulation to deliver a DNA
construct encoding a recoded green fluorescent protein
(gfp) gene controled by a rat mitochondrial promoter in-
to the mitochondria in live rat cells. In comparison to
free DNA and vehicle controls, incubation of the cells
with liposome/DNA complexes led to significant incor-
poration of the construct and generation of gfp mRNA.

Conclusions. Taken together, our data imply that the-
re are significant variations in the mitochondrial DNA
import mechanism between different organisms and that
even in a given organism multiple pathways might ope-
rate. Our first in vivo results suggest that mitochond-
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DNA import into mitochondria from S. cerevisiae deleted for the three
isoforms of adenine nucleotide translocator (Aaac 1,2,3) is impaired: A
— scheme of an in vitro DNA import assay with isolated mitochondria
(dsDNA: double-stranded DNA); B — import of radiolabeled Zea mays
2.3 kb mitochondrial linear plasmid into isolated mitochondria from
the parental or the deleted S. cerevisiae strain, without or with addition
of MgCl, and /or ATP in the reaction medium. Migration of the 2.3 kb
import substrate is indicated by an arrow. Addition of ATP and MgCl,
still enhances DNA import into mitochondria from the deleted strain.
When using mitochondria isolated from an S. cerevisiae strain deleted
for only the major form of the adenine nucleotide translocator (Aaac
2), DNA import was not affected (not shown)

riotropic liposomes can deliver DNA into mitochond-
ria of live mammalian cells, potentially opening novel
prospects for mitochondrial transfection.
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Pesrome

Mema. Busnauumu mexanizmu noeaunanus JJHK mimoxonopiamu i éu-
Kopucmamu ix 051 YOOCKOHANEeHHs ICHYI0UUX Mooeel 2eHHOI mepanii
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in vivo. Memoou. [locnunannsn JJTHK i301006anumu mMimoxoHopiamu
POCIUH aDO MIMOXOHOPIAMU MYMAHMHUX JiHill Saccharomyces cerevi-
siae, OeghekmHuUX 3a MiMOXOHOPIANIbHUMU OLIKAMU MA NePEeHOCHUKAMU,
bioximiuni nioxoou i mpaucpexyis 6 knimunu ccasyis J[HK, 36 ’s3anoi 3
Mmimoxonopiomponnumu ainocomamu. Pezynomamu. Ocnosnum nio-
CYMKOM BUBYECHHS GHYMPIUHLOT MEMOPAHU 8UABULOCS 6CIANOBICHHS
moeo ghakma, wjo 0o npoyecy nepenecenns JJHK opisrcorcosumu opea-
Henamu 3anydeHi Kiibka i30(hopm a0eHIHHYKIeOmUOmpaHcioKasu, d
maxooc OLIKU, AKI KOHMPOIIOIMb MIMOXOHOPIanbHy Mopghonoeiio. B
excnepumenmax 3 mpancgexyii JTHK y knimunu ccagyie eusigieHo 60y-
008Y8AHH 8 HUX MIMOXOHOPIANbHOI KOHCMPYKYIT | eKcnpecito mapkep-
nozo 2ena. Bucnogxku. Ompumani oani 003601:10ms npunycmumu icry-
6anHs 0eKinbKox mexanusmie imnopmy /JHK y mimoxonopii. [Ipome €
nonepeoui pe3yibmamu, ki HOKA3ymb, Wo MimoxoHOpiomponHi 1ino-

comu moxcymv bymu euxopucmani 0na oocmasku JJTHK y mimoxonopii

KIimuH ccagyie in vivo.
Knrouosi cnosa: mimoxonopis, imnopm HK, mparncghexyis mimo-
XOHOPpIU, pociuna, Saccharomyces cerevisiae, ccagey.

Ipupoanas cnocobHoCcTh MUTOXOH AU K nmnopty JTHK
U MUTOXOH/IpHAJIbHAs T€HETHKA

®. Bebep-Jlordwu, 1. B. Munemmnna, H. Uoparum,
M. B. Kynunuenko, I'. I'. M. [Icy3a, B. CakceHna,
10. M. Koncranrunos, P. H. Jlaiitayspe, A. utpum

Pesrome

1lens. Boisicnumo mexarusmol noznowjerust JJHK mumoxonopusimu u uc-
NOIb306AMb UX OISl YCOBEPULEHCMBOBANUA CYWEeCMEYIOuUX Modenell
eenHou mepanuu in vivo. Memoowt. [locnowenue /[HK uzonuposanmoi-
MU MUMOXOHOPUAMU DACMEHUTl UNU MUMOXOHOPUAMU MYMAHMHBIX
aunull Saccharomyces cerevisiae, 0egheKmHbIX NO MUMOXOHOPUATb-
HbIM DeIKAM U NePeHOCYUKAM, OUOXUMUYecKiue n00X00bl U MPAHCHeK-
yus 6 knemxu maexonumarowux /JHK, cesazanHoll ¢ MumoxoHopuo-
mponnwimu aunocomamu. Pesynemamot. Ocnosnvim umozom usyuenust
GHYMpeHHel MeMOPanbl OKA3aI0Ch YCMAHOGLCHUEe MO20 (hakmd, 4mo
6 npoyecc nepenoca JJHK opodicoicesbimu opeanennamu 6onedensl He-
CKObKO U30(hOPM A0eHUHHYKIeOMUOMPAHCIOKA3bl, d MaKice OenxKu,
KOHMPOAUpylowue MumoxoHopuansiyio mopgonoauio. B skcnepumen-
max no mpancexyuu [JHK 6 xkiemxu Maekonumaiowux 6ulseieHsl
6Cmpausanie 8 HUX MUMOXOHOPUANbHOU KOHCMPYKYUU U IKCHPECCUIO
mapkepnozo eena. Boleoowt. Ilonyuennvie 0anmnvie no3eonsiom npeo-

NOLOJCUND CYUJeCMBOBAHUE HECKONbKUX Mexanuzmog umnopma JJHK
6 mumoxonopuu. OOHaKo ecmv nPeosapumeibHoie pe3yibmanmol, HOKd-
3b168aAI0WUC, YNMO MUNOXOHOPUOMPONHBLE TUNOCOMbBL MO2YM Oblb UC-
nonwvsosamsl 0ns 0ocmasku J{HK 6 mumoxonopuu xnemoxk miekonuma-
owux in vivo.

Knrouesvie cnosa: mumoxonopus, umnopm /JHK, mpancgexyus mu-
moxonopuil, pacmenue, Saccharomyces cerevisiae, miekonumarouyee.
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