Research Article

2653

Organization and dynamics of human mitochondrial

DNA

Frédéric Legros, Florence Malka, Paule Frachon, Anne Lombés and Manuel Rojo*
INSERM U582 (IFR 14, UPMC) Institut de Myologie, Groupe Hospitalier Pitié-Salpétriére, 47, Boulevard de I'H6pital, 75651 Paris CEDEX 13,

France
*Author for correspondence (e-mail: m.rojo@myologie.chups.jussieu.fr)
Accepted 2 February 2004

Journal of Cell Science 117, 2653-2662 Published by The Company of Biologists 2004
d0i:10.1242/jcs.01134

Summary

Heteroplasmic mutations of mitochondrial DNA (mtDNA)
are an important source of human diseases. The
mechanisms governing transmission, segregation and
complementation of heteroplasmic mtDNA-mutations are
unknown but depend on the nature and dynamics of
the mitochondrial compartment as well as on the
intramitochondrial organization and mobility of mtDNA.
We show that mtDNA of human primary and immortal
cells is organized in several hundreds of nucleoids that

mobile and diffuse efficiently into mitochondria previously
devoid of mtDNA. In contrast, nucleoid-mobility was lower
within mitochondria of mtDNA-containing cells, as
differently labeled mtDNA-molecules remained spatially
segregated in a significant fraction (37%) of the
polykaryons. These results show that fusion-mediated
exchange and intramitochondrial mobility of endogenous
mitochondrial components are not rate-limiting for
intermitochondrial complementation but can contribute

contain a mean of 2-8 mtDNA-molecules each. Nucleoids
are enriched in mitochondrial transcription factor A
and distributed throughout the entire mitochondrial
compartment. Using cell fusion experiments, we
demonstrate that nucleoids and respiratory complexes are

to the segregation of mtDNA molecules and of mtDNA
mutations during cell growth and division.
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Introduction 1993; Miyakawa et al., 1984; Nunnari et al., 1997; Okamoto
Mitochondria are essential organelles that play a key rolgt al., 1998) and the development of protocols for their
in fundamental cellular processes such as oxidativ@urification and characterization (Miyakawa et al., 1995). In
phosphorylation, calcium signaling and apoptosis (Kroemegddition, mating studies have shown that mtDNA is highly
and Reed, 2000; Pozzan and Rizzuto, 2000; Tzagoloff, 1982yobile in crosses between haplpid andp0 cells, but almost
They contain their own genome, the mitochondrial DNAImmobile in crosses betwegu cells (Azpiroz and Butow,
(MtDNA), which encodes a limited number of essentiall993; Nunnari et al., 1997). This, together with the nonrandom
mitochondrial proteins as well as the rRNAs and tRNAgransmission of mtDNA to budding cells (Azpiroz and Butow,
necessary for intramitochondrial translation (Andrews et al.1993; Okamoto, 1998), argue for the existence of an apparatus
1999; Foury et al., 1998). Mutations of mtDNA cause sever#hat regulates positioning and mobility of mitochondria and
diseases in humans. Mutations are most often heteroplasmiv{DNA as well as their active segregation into the emerging
i.e. mutant and wild-type molecules coexist within cells, andud (reviewed by Boldogh et al., 2001). The genetic and
the proportion of mutant molecules can vary between tissuggysical organization of mtDNA differ significantly between
and with age (Leonard and Schapira, 2000; Lightowlers et alprotists (which have significant proportions of linear mtDNA-
1997). The characterization of mtDNA-organization andmolecules of varying length) and vertebrates (which have
dynamics is necessary to understand the transmission apdmpact and circular mtDNA-molecules of homogeneous size)
segregation of wild-type and mutant mtDNA between cells an{Burger et al., 2003; Williamson, 2002). Therefore, it is unclear
tissues, as well as their transmission to the progeny of affect#¢hether and how the findings on protist-mtDNA can be
women (reviewed by Birky, 2001; Chinnery et al., 2000; Jacobextrapolated to human mtDNA.
et al., 2000). Although vertebrate mtDNA is generally assumed to be
In protists, mtDNA is organized in a discrete number oforganized in nucleoids, their putative nature, number and
nucleoprotein complexes (nucleoids) that are visualized bglynamics remain largely unknown. Studies on living cells
fluorescence microscopy with DNA-binding dyes (reviewed bystained with DAPI and/or ethidium bromide revealed a diffuse
Kuroiwa, 1982). In trypanosomes, mtDNA accumulates in antramitochondrial distribution of mtDNA (Coppey-Moisan et
single region of the mitochondrion, the kinetoplast (Robinsoml., 1996; Hayashi et al., 1994; Spelbrink et al., 2001), as well
and Gull, 1991), while in budding yeast mtDNA is organizedas its capacity to diffuse into the mitochondriapdf cells
in 10-20 nucleoprotein complexes called nucleoids (StevengHayashi et al., 1994). In contrast, studies on fixed cells report
1981). The ability to visualize mtDNA nucleoids in yeast haghe accumulation of mtDNA in punctate structures (Garrido et
allowed the study of nucleoid-dynamics (Azpiroz and Butowal., 2003; Magnusson et al., 2003; Margineantu et al., 2002).
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Surprisingly, the time required for functional complementatiormM EDTA in PBS) and incubated with shaking for 2-3 hours (250
in hybrids of cells containing different mutants of mtDNA (10-rpm, 50°C). Total DNA was then precipitated by addition ofuLG
14 days (Ono et al., 2001) is significantly longer than thal sodium acetate (pH 5.2), 1@0isopropanol and incubation for 20
required for mixing of small and soluble fluorescent matrixminutes on ice. The DNA-pellet was washed once with cold 70%
prteins by miochoncrial fusion (10-12 hours) (Logro et al 21810 ¢ lesuspered 1 MIC e 4 tour s 00.C) e
2002). This, together with other controversies on the frequen i} , )
and extent of intermitochondrial comp[ementation (Enriquez gﬁgggﬁsiﬁ;}m\r’fg sllld[()alileAmZII:\(zg’o\évét:) :Sy t;r stcfiszr;d.l (Molecular
al., 2000), suggests that the mobility of mtDNA may be
restricted within human mitochondria, as in yeast (Nunnari et
al., 1997). Quantitative PCR

In this work, we reveal the organization and dynamics ofuantification of the mtDNA copy number was performed using real-
mtDNA in primary and immortal human cells. Using DNA- time PCR amplification on Light Cycler (Roche Diagnostics) and
specific antibodies, we show that human mtDNA is organizedight Cycler FastStart DNA Master SYBR green | (Roche
in hundreds of nucleoids that are enriched in mitochondridPiagnostics) following the instructions of the manufacturer. Primers
transcription factor A (mtTFA) and can incorporate BrdU.Were designed with the Light Cycler Probe DeSigoftware (Roche

. . ) iagnostics). A 211 bp fragment of the mtDNA 12S RNA gene was
Nucleoids containing a mean of 2-8 miDNA molecules aré;)mpliﬁed between nucleotide 1095 and nucleotide 1305 (Andrews et

o ) ! . al
d'SmbUt.ed throughout the entire mltochondrlal comp.artm_en_talll 1999). The amplifications were simultaneously performed on 4 ng
Cell fusion experiments reveal that nucleoids are mobile withiRs total cellular DNA and on known amounts of the linearized

p+ and p0 mitochondria. However, nucleoid mobility was pGEMTE-12S vector. Duplicates of each sample were analyzed in
reduced within p+ mitochondria leading to the spatial two independent runs. The number of mtDNA copies per ng total
segregation of different mtDNA-molecules within a significantcellular DNA was determined after logarithmic regression of the

fraction (37%) of polykaryons. standard samples using the Lightcycler software.

. Cell culture
Materials a”‘?' M?thOdS Maintenance of HeLa and 143B cells were performed as described
Reagents, antibodies and standard procedures (Legros et al., 2002; Rojo et al., 2002). Human skin fibroblasts derived

Antibodies against DNA (clone AC-30-10) were obtained fromfrom healthy subjects (3-year-old male and 30-year-old female) were
Boehringer Mannheim Biochemica and are now distributed by Progeprovided by the Banque de tissus pour la recherche (AFM) of the
GmbH. The mature mtTFA protein carrying a 6His-tag at its N-Pitié-Salpétriere Hospital. They were maintained in DMEM (4.5 g
terminus was expressed B coli strain C41(DE3) (Miroux and Glc/l) supplemented with 10% fetal bovine serum, 50 IU/ml penicillin
Walker, 1996), purified with Ni-NTA Agarose (Qiagen) and used toand 50ug/ml streptomycin. Confluent quiescent fibroblast cultures
generate mtTFA-specific antibodies in rabbits. Antibodies againatere trypsinized, diluted 3-6-fold and subjected to fixation and/or
mitochondrial single strand binding protein (mtSSB) were a kind gifbNA-extraction after 2-3 days, before they reached confluency. Stable
of Massimo Zeviani (Milan, Italy) and antibodies against cytochromdransfectants were generated by transfection with the calcium
¢ oxidase subunit 2 (COX2) were previously characterized in ouphosphate technique (Jordan et al., 1996) and selection with G418.
laboratory (Bakker et al., 2000). Rat monoclonal antibodies again€ells were fused with PEG as described (Legros et al., 2002) and
5-Bromo-2-deoxy-uridine (BrdU) were from abcam (product code maintained in medium containing cycloheximide (&@ml) to inhibit
ab6326) and the BrdU-labeling and detection kit | was from Rocherotein synthesis.
Applied Science (Cat. No. 1 296 736). Antibodies against mouse,
rabbit and rat IgG coupled to AlexaFluor dyes 568, 488 or 350 were
from Molecular Probes. Source and handling of all other reagents hal#icroscopy
been described (Legros et al., 2002; Rojo et al., 2002). Cebtandard fixation and permeabilization of cells for
homogenization, subcellular fractionation, SDS-PAGE and westerrimmunofluorescence as well as image acquisition and processing were
blot analysis were performed as described (Rojo et al., 2002). performed as described (Legros et al., 2002; Rojo et al., 2002). For
triple labeling in cells expressing mtGFP or mtRFP, rabbit antibodies
) ) ) ) were decorated with secondary antibodies coupled to AlexaFluor
Nucleic acid manipulation 350 and mouse antibodies with secondary antibodies coupled to
Expression vectors encoding DsRed or GFP targeted to thi&lexaFluor 568 or 488. For BrdU-labeling of DNA, cells were
mitochondrial matrix (mtRFP, mtGFP) have been described (Legroscubated with 1M BrdU for 8-20 hours. For BrdU-detection, cells
et al., 2002). An expression vector encoding a GFP molecule targetéged with paraformaldehyde and permeabilized with Triton X-100
to the mitochondrial outer membrane by the transmembrane domaivere incubated for 10 minutes with 2N HCI and extensively washed
of OMP25 (GFPOM) (Nemoto and De Camilli, 1999) was providedwith water and PBS. For co-labeling of DNA and BrdU, fixed and
by Pietro de Camilli (New Haven, USA). The sequence encodingermeabilized cells were first decorated with primary DNA-specific
human mitochondrial transcription factor A (mtTFA, accessionantibodies and secondary fluorescent antibodies. These antibodies
number X64269) lacking its mitochondrial presequence was amplifiediere post-fixed with paraformaldehyde (3%, 20 minutes) to avoid
by PCR from an EST (IMAGE Consortium Clone ID 785845) andtheir loss during incubation with 2N HCI. For labeling of BrdU alone,
cloned into the pET15b vector (Novagen). A 1603 bp fragment ofve also used the 5-Bromé-@eoxy-uridine (BrdU) labeling and
human mtDNA (nucleotides 109 to 1714) (Andrews et al., 1999) wadetection kit | (Roche Applied Science), where DNA is denatured with
amplified by PCR using total human DNA as a template and cloneducleases (Magnusson et al., 2003). Mitochondrial DNA-positive
into the pGEM-T Easy Vector (Promega) to give pGEMTE-12S. Thestructures were counted manually on negative prints of enlarged
pGEMTE-12S vector included the entire 12S RNA gene and was us@éhmunofluorescence images. In fibroblasts, the absence of a nuclear
as a standard in quantitative PCR. For extraction of total cellular DNAsignal allowed easy identification (and counting) of nucleoids in the
pellets of 25,000 to 100,000 cells were resuspended by vortexing perinuclear area. The total number of nucleoids was thus determined
100pl extraction solution (0.2 mg/ml proteinase K, 0.2% SDS and Sfter the merge of 2-3 focal planes (covering the entire cell volume)
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Fig. 1.Mitochondrial DNA localizes to
punctate structures that are distributed
throughout the mitochondrial
compartment. Primary skin fibroblasts
were labeled with antibodies against
DNA, COX2 and/or BrdU under normal
conditions (A) or after a 20 hour pulse
with BrdU (B). Insets 1 and 2 depict
enlargements of the boxed areas.

(A) Monoclonal antibodies against DNA
label punctate structures that are
distributed throughout mitochondria
labeled with antibodies against the inner
membrane protein COX2. Only a few
mitochondria appear devoid of DNA-
labeling (arrowheads). (B) Antibodies
against the thymidine analogue BrdU
label the nucleus as well as punctate
mitochondrial structures labeled with
DNA-antibodies. Some of the
mitochondrial DNA-positive structures
are devoid of BrdU (arrowheads) and very
few BrdU-positive structures escape
detection with DNA-antibodies (arrows).

double immunofluorescence  with
COX2, an inner membrane protein
(Fig. 1A), and mtRFP, a fluorescent
molecule targeted to the mitochondrial
matrix (Fig. 4A). Most filamentous and
elongated mitochondria contained
several DNA-positive structures (Fig.
1A, Fig. 4A), whereas only a few small
mitochondria appeared devoid of DNA
(Fig. 1A, arrowheads). The specificity
of the intramitochondrial DNA-
labeling was demonstrated by the
absence of such a labeling in the
mitochondria of 14380 cells devoid

of mMtDNA (see below, Fig. 6A). These
monoclonal  antibodies  strongly
labeled the DNA of DAPI-stained
mycoplasma in contaminated cell
cultures (data not shown). However,
to a single image. In HeLa and 143B cells, the nuclear signal renderediclear DNA was not labeled in most fibroblasts (Figs 1, 4) and
the identification (and counting) of perinuclear nucleoids difficult.only weakly in HeLa and in 143B cells (see below Figs 3, 4, 6).
N_ucle_oids were thus counted on images of low focal planes that To confirm the specificity of DNA-labeling within
visualize most of the cell volume, but exclude for part of themjtochondria and to investigate the efficiency of DNA-specific
perinuclear region. Thg nu_mbers of nucleoids identified in these Celb"“ntibodies, fibroblasts were incubated with BrdU, a thymidine
represent thus subestimations. analogue that is incorporated into replicating DNA. The
treatment of fixed cells with 2N HCI, which denatures DNA and
renders the BrdU-epitope accessible to antibodies, significantly

overlay

Results lowered and/or modified the posterior labeling of several
Mitochondrial DNA accumulates in punctate structures antigens (data not shown). Therefore, DNA was decorated with
that are distributed throughout the entire mitochondrial primary and secondary antibodies before HCl-treatment and
compartment BrdU-visualization (see Materials and Methods). After a 20

The localization and organization of mtDNA in human cells wasour pulse with BrdU, the majority of mitochondrial DNA-
determined with monoclonal antibodies against DNA. Thepositive structures (~80%) were labeled with varying amounts
DNA-specific antibodies labeled numerous punctate structured BrdU (Fig. 1B). The remaining DNA-positive structures
in primary skin fibroblasts (Fig. 1), as well as in HeLa and invere BrdU-negative (Fig. 1B, arrowheads), revealing that their
143B cells (Figs 3, 4). These structures are distributechtDNA-molecules had not undergone replication during the
throughout the entire mitochondrial compartment, as shown byme of the BrdU-pulse. The number of BrdU-positive
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Table 1. Mitochondrial DNA in cultured human cells HelLa 143B
Cells MF FF Hela 1438 oo M. Tcoll o AR o W OOl
Total DNA mass* 8416 105:02  12:09 14.7+16 it et e ot
(pg/cell) ©=5) (n=3) (n=4) (n=5) MiN2 « - em e e -
mtDNA-copies 1632+201 1961+235 2637+451 4126+1077
(per cell) ©=5) (n=3) (n=4) (n=5) L
mtDNA-masé 27.7//0.33 33.3/0.32 44.7/0.37 69.9/0.47 COX2 == e
(fg/cell I/ % total DNA) <43
mtDNA-nucleoid§ 700+281 807+200 >466+63** >553+151**
(per cell) (=18) (h=15) (h=6) (n=5) 30
mtDNA-copies 2.3+%0.3 2.4+0.3 <5.7#1.0 <7.5+2.0 — -
(per nucleoid) mtTFA -« - -
20
MF, male fibroblasts; FF, female fibroblasts. Values are meanzs.d.
*The predicted mass of a diploid human genome ofB3base pairs is <14
6.75 pg/cell. <43
TMeasured by quantitative PCR. .
*Calculated after the predicted mass of human mtDNA (16571 bases). <30
SCounted in micrographs of cells labeled with DNA-antibodies.
f2-3 focal planes covering the entire cell volume were merged to a single
image before analysis. o - «20
**A focal plane that visualizes the major part of the cell (but excludes part mtSSB — = ——
of the signal in the perinuclear area) was analyzed. <14

Fig. 2. Antibody characterization by subcellular fractionation and
structures that were not labeled with DNA-antibodies (Fig. 1Byestern-blot analysis. HeLa and 143B cells (norpradnd mtDNA-
arrows) was very low (~5%) showing that very few DNA- lessp0) were subjected to subcellular fractionation. Equal protein
molecules escape detection with DNA-antibodies. amounts of total homogenate (TH), mitochondrial pellet (MP) and

The structures visualized with antibodies could eithelpost-mitochondrial supernatant (PMS) were separated by SDS-PAGE

. : .- and transferred to membranes. Arrowheads point to the positions of
represent isolated mtDNA-molecules or nucleoids contalnmq]alrker proteins with the indicated moIecuIarF;nass (kDa)?The

sevgrql_ mtDNA-molecules. To discern between these tW8istributions of outer membrane Mfn2 and inner membrane COX2
posibilities, we compared the numbers of mtDNA'StFUCture%emonstrate mitochondrial enrichment in both cell types.pbhe
and of mtDNA-molecules in various cell-types. The number ote|is do not have any mtDNA-encoded COX2. The mtTFA-protein
mtDNA-structures counted on immunofluorescence images ®fas an apparent molecular mass of 25 kDa and is strongly
fixed cells was similar in skin fibroblasts from two different downregulated ip0 cells. The mtSSB-protein has an apparent
donors (Table 1, ~750) as well as in HeLa and in 143B cellsiolecular mass of 16 kDa and is present at similar levels in fractions
(Table 1, >500). In the latter cells, the number of mtDNA-of p+andp0 cells.
positive structures is somewhat underestimated, given the
difficulty to visualize mtDNA in the mitochondria of the structures, we analyzed the relative localization of
perinuclear region (see Materials and Methods and legend mitochondrial transcription factor A (mtTFA). The mtTFA-
Table 1). protein is essential for mtDNA-maintenance in animals
The mtDNA-content of the different cells was determined byLarsson et al., 1998) and is the closest mammalian
quantitative PCR of mtDNA using total cellular DNA as ahomologue of Abf2p, a component of yeast nucleoids
template and a plasmid encoding the target sequence agG@kamoto et al., 1998). We generated antibodies against
standard. In primary fibroblasts, the amount of extracted celluldruman mtTFA and investigated their specificity by western
DNA (Table 1, 8-10 pg/cell) was similar to the predicted masslot analysis of subcellular fractions from human cell lines.
of a diploid human genome (Table 1, 6.75 pg). In HeLa and@hese antibodies were specific and decorated a unique band
143B cells, the amount of extracted DNA was higher (Table lthat was enriched in mitochondrial fractions and had an
12-15 pg/cell), as expected for hyper-diploid immortal cellsapparent molecular mass similar to that calculated for mature
The number of mtDNA-copies per cell (Table 1), which wasmtTFA (24 kDa, Fig. 2). These antibodies confirmed that, as
within the range of previous estimations3@* molecules per  described previously (Larsson et al., 1994), cells devoid of
cell) (Lightowlers et al., 1997), was lower in primary cellsmtDNA (pO cells) contain very low amounts of mtTFA (Fig.
(Table 1, 1600-2000 copies/cell) than in the immortal cell line®). Immunofluorescence microscopy revealed that the
(Table 1, 2600-4100 copies/cell). In all cell types, the numbemtTFA protein was largely restricted to mtDNA-positive
of mtDNA-molecules was higher than the number of DNA-structures in primary human fibroblasts (Fig. 3). In HeLa and
positive structures observed by immunofluorescence. This43B cells, mtTFA displayed a wider intramitochondrial
predicts the organization of mtDNA in nucleoids containing 2-distribution and was only partially enriched in some of the
8 molecules each (Table 1). DNA-positive structures (Fig. 3). The mtTFA-protein was
not detectable ipO cells devoid of mtDNA (see below, Fig.
6A), confirming the specificity of the immunofluorescence

Mitochondrial DNA-positive structures represent signal. Interestingly, the colocalization of mtTFA and
nucleoids that are enriched in mitochondrial transcription ~ mtDNA became more apparent after fusionpaf and p0
factor A cells, when mtDNA-structures had diffused intpO

To further characterize the nature of mtDNA-containingmitochondria (see below, Fig. 6B,C). The restriction of
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Fig. 3. Mitochondrial
transcription factor A (mtTFA) is
enriched in punctate DNA-
positive structures. Primary skin
fibroblasts, HelLa cells and 143B
cells were decorated with
antibodies against DNA and
mitochondrial transcription factor
A (mtTFA) and analyzed by
conventional (Fibroblasts) or
confocal (HelLa, 143B)
fluorescence microscopy. The
insets are enlargments of the
boxed image regions. In
fibroblasts, mtTFA is restricted to
punctate mtDNA-positive
structures. In Hela and 143B
cells, mtTFA has a more
homogeneous intramitochondrial
distribution and is partially
enriched in some mtDNA-
positive structures. Bars, 10n.

mtDNA to punctate structures, as well as the co-enrichmemrompted us to study the intermitochondrial distribution of
of mtTFA suggests that human mtDNA is organized inmtDNA in more detail. In human cells, overall mitochondrial
nucleoprotein-complexes, homologous to the nucleoidsorphology results from the balance of antagonizing fusion and
described in protists. fission reactions. Accordingly, the dissipation of the inner
Attempts to reveal the intramitochondrial localization of membrane potential with cccp and the concomitant inhibition of
mitochondrial single strand binding protein (mtSSB), anothemitochondrial fusion, provoke fragmentation of mitochondrial
protein involved in mtDNA function and structure, failed. filaments by the endogenous fission machinery (Legros et al.,
Available antibodies against mtSSB (Tiranti et al., 1997) wer@002). To investigate mtDNA distribution between small
highly specific in western-blots, where they decorated a singleunctate mitochondria, cells were incubated for 4 hours with
band of the expected apparent molecular mass (15 kDa) thatcp. As expected, this treatment led to the appearance of
was enriched in mitochondrial fractions (Fig. 2). In contrast tmmumerous small mitochondria, both in HelLa cells expressing
MtTFA, the levels of mtSSB were similar in nornped cells  mtRFP (Fig. 4B,C) and in primary skin fibroblasts (Fig. 4D,E).
and inp0 cells devoid of mtDNA (Fig. 2). Both in HeLa and Analysis of such images revealed that only a fraction of the
143B cells, three different fixation and permeabilizationmitochondria (25% of 1262 HelLa and 352 fibroblast
conditions revealed a punctate intramitochondrial pattern (dataitochondria) were devoid of mtDNA (Fig. 4C,E, arrowheads).
not shown) which resembled that obtained with the sam&his demonstrates that, even after extensive fragmentation, a
antibodies in other reports (Garrido et al., 2003; Tiranti et almajority of mitochondria remain mtDNA-positive.
1997). These structures colocalized poorly with mtDNA and
were not detected in 143B0 cells (data not shown). The ) . .
discrepancy between western-blot and immunofluorescence I&tochondrial nucleoids and respiratory complexes are
us to conclude that, under the chosen conditions, these mtS8®bile and diffuse into the mitochondria of p0 cells
antibodies were not suited for mtSSB-localization in fixed cellsTo investigate the mobility of mtDNA nucleoids we analyzed
The observation that, under normal conditions, some smatheir localization after the fusion of human cells containing
mitochondria were devoid of mtDNA (Fig. 1A, arrowheads),mtDNA (143B p+) with human cells devoid of mtDNA (143B



2658 Journal of Cell Science 117 (13)

Fig. 4. The majority of mitochondria remain DNA-positive after
fragmentation of mitochondrial filaments in vivo. HeLa cells
expressing mtRFP (A-C) and primary skin fibroblasts (D,E) were
fixed and decorated with COX2 and/or DNA-specific antibodies
under control conditions (A) or after a 4-hour treatment with cccp
(B-E). C and E are enlargements of the areas boxed in B and D,
respectively. (A) In HelLa cells expressing mtRFP, DNA-specific
antibodies label the cell nucleus and punctate intramitochondrial
structures. Numerous DNA-positive structures colocalize within
elongated mitochondrial filaments. (B-E) Inhibition of mitochondrial
fusion with cccp leads to mitochondrial fragmentation in HeLa cells
(B,C) and fibroblasts (D,E). The majority of punctate mitochondria
are DNA-positive. Arrowheads point to mitochondria devoid of
mtDNA. Bars, 1Qum.

deficientpO cells (Fig. 5A) than in respiring+ cells (Figs 1,

4). Cells were fused with PEG, maintained in the presence of
chloramphenicol and cycloheximide and fixed after 8 hours, a
time period allowing intermixing of matrix fluorescent proteins
(Legros et al., 2002). After fusion, all three markers (mtRFP,
MtGFP and COX2) displayed a relatively homogeneous
distribution within the mitochondrial compartment of
polykaryons (Fig. 5B), confirming extensive mitochondrial
fusion and demonstrating the intermitochondrial exchange
of mtGFP, mtRFP and COX-complexes. The inhibition of
cytoplasmic protein synthesis alone lowers the rate of
mitochondrial protein synthesis and leads to rapid degradation
of the residual mitochondrially translated peptides (Costantino
and Attardi, 1977). Therefore, very similar results were
obtained when fused cells were treated only with cycloheximide
(Fig. 5C). Close analysis revealed that in some polykaryons,
certain regions of the mitochondrial network were labeled more
strongly with mtGFP than with COX2 (Fig. 5C, arrowheads).
Within a polykaryon, the diffusion of molecules throughout the
mitochondrial component is determined by (1) the mobility of
mitochondria, (2) their fusion rate and/or frequency, and (3)
the mobility of mitochondrial components within fused
mitochondria. Factors 1 and 2 being identical for all
mitochondrial components, a restricted distribution can result
only from reduced intramitochondrial mobility. Our results thus
indicate that inner membrane COX2 is mobile, but may diffuse
with a slightly lower velocity than matrix mtGFP.

To investigate the mobility of mtDNA nucleoids, we used
untransfected 143B+ cells and 143Bp0 cells expressing
MtRFP. Note that in mtRFP-expressp@ cells, mitochondria
were also devoid of mtTFA and monoclonal antibodies against
DNA only labeled the nucleus (Fig. 6A). Twelve hours after
fusion, polykaryons originating from the fusion between
andp0 cells were identified through the simultaneous presence
of mtDNA, mtTFA and mtRFP (Fig. 6B). In all these
polykaryons, mitochondria displayed the filamentous
morphology that is typical of respiringt mitochondria and
the entire mitochondrial network contained mtRFP as well as
nucleoids positive for both mtDNA and mtTFA (Fig. 6B,C).
The distribution of mMtDNA nucleoids to the entire
mitochondrial network demonstrates that, upon fusion between
p+ andpO cells, the mobility of mtDNA nucleoids is similar
to that of small soluble matrix proteins.

Mitochondrial DNA diffuses throughout the mitochondrial
compartment of r+ cells

To investigate the mobility of human mtDNA withip+
mitochondria, the DNA of one of the cell populations destined
to fuse was labeled with BrdU. For identification, the other cell
line was stably transfected with GFPOM, a GFP-molecule that
is anchored to the mitochondrial outer membrane via a C-
terminal transmembrane domain. In HelLa cells pre-incubated
with BrdU for 8-12 hours and co-plated with GFPOM-

pO cells). To establish and characterize this cell fusion systerexpressing cells, BrdU-labeled nucleoids are distributed
we first investigated the mobility of cytochrome c oxidasethroughout the entire mitochondrial compartment (Fig. 7A,
(COX), a large respiratory complex of the inner mitochondriaBrdU), as observed previously in primary fibroblasts (Fig. 1B).

membrane. Before fusiop;+ cells (labeled with mtGFP) were
positive for mitochondrially encoded COX2 subunit gl

The number of BrdU-positive nucleoids was always lower than
that found with DNA-specific antibodies, regardless of the

cells (labeled with mtRFP) were devoid of COX2 protein (Fig.method used for DNA-denaturation and BrdU-visualization
5A). Mitochondria appeared less elongated in respiratorysee Materials and Methods). Co-plated cells were fused with
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COX2 mtRFP

Fig. 5.Cytochrome c oxidase (COX)
complexes diffuse intpO mitochondria.
Stably transfected 143pB0 cells expressing
MtRFP and 143+ cells expressing
mMtGFP were co-plated and analyzed
without further treatment (A), or 8 hours
(B) or 12 hours (C) after PEG-mediated cell
fusion. To inhibit mitochondrial (B) and/or B
cytosolic (B,C) protein synthesis, fused

cells were treated with chloramphenicol (B)
and/or cycloheximide (B,C). (A) 1439

cells expressing mtRFP display a punctate
morphology and are devoid of

mitochondrially encoded COX2. 143+~

cells expressing mtGFP are filamentous and
contain mitochondrially encoded COX2.

Eight (B) and twelve (C) hours after PEG- c
mediated cell fusion, polykaryons derived
from the fusion op+ andpO cells depict
filamentous mitochondria that are positive
for mtRFP, mtGFP and COX2. In some
polykaryons, the amount of COX2 is lower
than that of mtGFP in certain regions of the
mitochondrial network (arrowheads),
revealing a lower mobility of COX2.

A &

Fig. 6. Mitochondrial nucleoids are mobile and
diffuse intop0-mitochondria. Stably
transfected 143B0 cells expressing mtRFP
and untransfected 1438+ cells were co- I
plated and analyzed without further treatment B -

(A) or 12 hours after PEG-mediated cell fusion ;
(B,C). (A) 143Bp0 cells expressing mtRFP P
have punctate mitochondria that are devoid of
mtDNA and of mtTFA. The mitochondria of
143Bp+ cells contain mtDNA and mtTFA.

(B) Twelve hours after PEG-mediated fusion,
the polykaryons derived from the fusiongf
andpO0 cells depict filamentous mitochondria
that contain mtRFP, mtDNA and mtTFA.
Nucleoids and mtRFP are distributed
throughout the entire mitochondrial
compartment. (C) An enlargement of the area
boxed in B shows that mtDNA nucleoids are
enriched in mtTFA. The position of some
mtDNA nucleoids is indicated with
arrowheads. Bars, 30m.

PEG and fixed after a further 12-14 hours. In all polykaryonsabeled nucleoids that were distributed throughout the entire
containing BrdU and GFPOM, GFPOM is distributed mitochondrial network (Fig. 7C). However, BrdU-labeled
throughout the entire mitochondrial network (Fig. 7B,C),nucleoids were absent from important sub-regions of the
revealing that the mobility of such tail-anchored proteins isnitochondrial network (Fig. 7B) in a significant fraction (37%
similar to that of soluble proteins targeted to the mitochondriadf 371) of polykaryons. At later time-points (24-48 hours), all
matrix (Legros et al., 2002). Twelve hours after fusion, thepolykaryons depicted BrdU-labeled nucleoids that were
majority of polykaryons (63% of 371 polykaryons) had BrdU-distributed throughout the entire mitochondrial network (Fig.
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molecules each and that are distributed throughout the
mitochondrial compartment. The comparison of DNA-specific
and BrdU-specific labeling after a long pulse with BrdU
revealed that only a small minority of mtDNA-molecules
localize outside these structures (and escape detection with
DNA-specific antibodies). It is not clear why monoclonal
antibodies against DNA label nuclear DNA less efficiently than
mitochondrial DNA. It is possible that the association of
nuclear DNA with histones and/or the diffuse distribution of
chromatin throughout the nucleus contribute to lower the signal
of anti-DNA antibodies. The organization of mtDNA in
punctate structures differs from that observed in living cells
incubated with DAPI and/or ethidium bromide, where mtDNA-
distribution appeared significantly more diffuse (Coppey-
Moisan et al., 1996; Hayashi et al., 1994). We infer that the
latter findings resulted from the weak labeling efficiency
achieved in living cells and from the use of dyes that, like
ethidium bromide, label both DNA and RNA. In contrast, the
distribution of mtDNA to punctate structures agrees with
findings on fixed cells by in situ hybridization (Margineantu et
al., 2002) and after BrdU-incorporation (Garrido et al., 2003;
Magnusson et al., 2003). We show that the number of mtDNA-
structures was similar in primary fibroblasts (~750/cell) and in
immortal human cell lines (> 500/cell), and that the number of
mtDNA-molecules (per cell and per nucleoid) is 2-3 times
higher in immortal cell lines.

In contrast to primary fibroblasts, where mtTFA molecules
were restricted to mtDNA nucleoids, immortal cell lines
contained mtTFA molecules that did not localize to mtDNA
nucleoids. This is in agreement with the large excess of mtTFA
in these cells (Takamatsu et al., 2002). Regardless of their
abundance and steady-state distribution, it is tempting to
Fig. 7. Mitochondrial DNA nucleoids are mobile withp speculate that all mtTFA-molecules belong to a single pool of
mitochondria. Stably trans_fected human 143B cells expressing molecules that interact reversibly with mtDNA. This would
GFPOM were co-plated with human HeLa cells that had been pre- 5154 hrevent degradation of (excess) mtTFA in immortal cell
incubated with BrdU. Co-plated cells were analyzed without further ines. Garrido and co-workers have further reported co-

o
treatment (A), or 12 hours (B,C) or 24 hours (D) after PEG-mediate L .
cell fusion. (A) The nuclear and mitochondrial DNA of untransfectedﬁ'oc""IIzatlon of mtSSB with BrdU-labeled mtDNA as well as

HeLa cells is labeled with BrdU, and GFPOM-transfected cells are the€ Ppresence of detectable mtSSB-levels in the
devoid of BrdU-labeling. (B-D) The polykaryons derived from the ~ Mitochondria of fixed cells (Garrido et al., 2003). Further work

fusion of HeLa and 143B cells are positive for GFPOM and BrdU. Will be necessary to elucidate why we obtained the opposite
The GFPOM-protein is distributed throughout the entire results (minor colocalization of mtSSB with mtDNA ¥
mitochondrial network (B-D). Twelve hours after fusion, BrdU- cells and failure to detect mtSSB in fixp@ cells) with the
labeled nucleoids are absent from some regions of the mitochondriadame antibody preparation.
network (B) or distribute to the entire mitochondrial compartment The co-localization of mtDNA with endogenous mtTFA
(C). Twenty-four hours after fusion, BrdU-labeled nucleoids are seefpis work) as well as with tagged forms of Twinkle (Garrido
throughout the entire mitochondrial compartment. The outlines of th t al., 2003), a putative helicase, suggests that DNA-positive
polykaryons are depicted with a white line. !
structures represent nucleoprotein complexes homologous to
the mtDNA nucleoids of protists. The first report on the
enrichment of human nucleoids has shown that, with the
7D). These finding show that mtDNA is mobile and can diffuseexception of mtTFA, several human proteins involved in
throughout the mitochondria compartment of fuspd mtDNA-function do not accumulate in mtDNA-enriched
mitochondria. The absence of BrdU from some mitochondriairactions (Garrido et al.,, 2003). Another study revealed the
sub-regions after 12-14 hours indicates that, witpin  presence of four abundant mitochondrial proteins, apparently
mitochondria, the mobility of nucleoids is somewhat lowerunrelated to mtDNA-function (such as adenine nucleotide
than that of GFPOM. translocator and subunits of pyruvate dehydrogenase), among
the components ofenopusoocyte nucleoids (Bogenhagen et
] ) al., 2003). Interestingly, similar findings have been reported in
Discussion yeast (Kaufman et al., 2000). These results emphasize that the
Organization of mtDNA molecular characterization of mitochondrial nucleoids remains
In this work we show that human mtDNA is organized ina challenging task. Given the differences between protists and
hundreds of punctate structures that contain 2-8 mtDNAnammals in the organization of the mitochondrial genome
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(Burger et al., 2003; Williamson, 2002), as well as in the Our results further show that intermitochondrial fusion and
number and distribution of nucleoids, it is possible that theimtramitochondrial mobility of endogenous nucleoids and
nucleoids also differ significantly in nature, composition and/orespiratory complexes can ensure functional complementation
structure. In this respect, it is important to note that, in contrash normal cells and in heteroplasmic cells containing mutant
to some protists, human nucleoids are predicted to contain vemtDNA. However, the time required for equilibration through
small amounts (2-8 molecules) of mtDNA. the mitochondrial compartment of polykaryons (12-14 hours)

Mitochondrial nucleoids localized all along mitochondrial is significantly smaller than the time required for functional
filaments and did not accumulate at the tips of mitochondriagomplementation between the mitochondria of fused cells
in contrast to findings reported elsewhere (Garrido et al., 2008pntaining different mtDNA mutations (10-14 days) (Ono et
Margineantu et al., 2002). The majority of mitochondria wereal., 2001). This suggests the existence of a rate-limiting step
positive for mtDNA, even after extensive mitochondrial other than the exchange of complementing molecules. We
division by the endogenous fission machinery. The presence bypothesize that the assembly of functional respiratory
a mtDNA nucleoid in 75% of the small mitochondria of cccp-complexes may be rate-limiting in such cell fusion
treated cells revealed similarities between the total number ekperiments. Transcription/translation of nuclear and/or
nucleoids and the maximal number of mitochondria. This maynitochondrial genes could be inhibited in cells carrying high
only reflect the homogeneous distribution of mtDNA nucleoidsoncentrations of mutant mtDNA (before fusion) and may
within the mitochondrial compartment. However, it is alsorequire time to be restored. Assembly may be further delayed
possible that the mitochondrial division apparatus has thi¢ the formation of functional respiratory complexes depends
ability to recognize sub-domains of mitochondria surroundingn the assembly of newly synthesized subunits (encoded by
a single nucleoid. Further work will be necessary to elucidatauclear and by mitochondrial DNA) and not on the addition of
the mechanisms that may regulate and/or coordinate nucledidissing’ subunits (encoded by mtDNA) to ‘incomplete’
distribution and mitochondrial division. complexes assembled before fusion.

The presence of a single nucleoid in the small mitochondria
of cccp-treated fibroblasts predicts the presence of a meanWe are grateful to Ana Ferreiro, Gillian S. Butler-Browne and Marc
of 2.3 mtDNA molecules in each of these mitochondrialFiszman for critical reading of the manuscript. We thank Maite
particles. This number is similar to the number of nucleoid$OPPey-Moisan and Catherine Godinot for the HeDacells, John
found in the mitochondrial particles of homogenized alker and Bruno Miroux for bacterial strain C41, Pietro de Camilli

. . X for an expression plasmid encoding GFPOM, Massimo Zeviani for
fibroblasts (2 mtDNA-molecules per particle) (Cavelier et al. he antiserum against mtSSB and the UK HGMP Resource Center for

2000). Although mitochondria were probably fragmentedy, \MAGE consortium cDNA clone encoding the open reading frame

during homogenization and sorting, the proportion of MtDNA-of mtTFA. M.R. is an investigator of the Centre National de la

less mitochondria found in the latter work40%) was similar  Recherche Scientifique (CNRS). This work was supported by the

to that found upon extensive mitochondrial division in vivolnstitut National de la Santé et la Recherche Médicale (INSERM) and

(~25%). by grants from the Association Frangaise contre les Myopathies
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