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Abstract

Background: We analyzed the organization and function of mitochondrial DNA in a stable human
cell line (ECV304, which is also known as T-24) containing mitochondria tagged with the yellow
fluorescent protein.

Results: Mitochondrial DNA is organized in ~475 discrete foci containing 6—10 genomes. These
foci (nucleoids) are tethered directly or indirectly through mitochondrial membranes to kinesin,
marked by KIF5B, and microtubules in the surrounding cytoplasm. In living cells, foci have an
apparent diffusion constant of I.1 x 10-3 um?/s, and mitochondria always split next to a focus to
distribute all DNA to one daughter. The kinetics of replication and transcription (monitored by
immunolabelling after incorporating bromodeoxyuridine or bromouridine) reveal that each
genome replicates independently of others in a focus, and that newly-made RNA remains in a focus
(residence half-time ~43 min) long after it has been made. This mitochondrial RNA colocalizes with
components of the cytoplasmic machinery that makes and imports nuclear-encoded proteins — that
is, a ribosomal protein (S6), a nascent peptide associated protein (NAC), and the translocase in the
outer membrane (Tom?22).

Conclusions: The results suggest that clusters of mitochondrial genomes organize the translation
machineries on both sides of the mitochondrial membranes. Then, proteins encoded by the nuclear
genome and destined for the mitochondria will be made close to mitochondrial-encoded proteins
so that they can be assembled efficiently into mitochondrial complexes.

Background

Mitochondria are the centre of energy production in the
cell. They are usually numerous and polymorphic, and
their overall shape depends on a balance between the
fusion and fission of individual mitochondria [1]. These
processes are controlled by several proteins [2], including
dynamin-related protein 1 (Drpl) [3,4], and the mito-
fusins (for example, Mfn 1 and 2) [5]. Mitochondria also

move in a complex way through living cells [6], probably
carried by actin/myosin- and dynein/kinesin-based
motors along the microfilament and microtubule net-
works [7,8].

In most human cells, mitochondria contain 103-104 cop-
ies of a circular genome of 16,569 base-pairs that encodes
two ribosomal RNAs, 22 tRNAs, and 13 polypeptides that
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form parts of the respiratory-chain located in the inner
mitochondrial membrane [9,10]. A noncoding regulatory
region harbours an origin of replication plus two promot-
ers, one on each of the two strands. Transcription from
these promoters generates polycistronic transcripts that
are processed to produce mature rRNAs, tRNAs, and
mRNAs; a transcript generated from one of the promoters
also primes mitochondrial DNA (mtDNA) replication.
Protein-coding regions of the resulting RNAs are trans-
lated by ribosomes within the mitochondrion. However,
most mitochondrial proteins are encoded by the nucleus;
they are made by cytoplasmic ribosomes and imported
through specialized pores into mitochondria where they
combine with those encoded by the mitochondrial
genome [11,12].

As might be expected, mutations affecting mitochondria
lead to a complex set of pathologies and the resulting dis-
orders are the most frequent of the inborn errors of
metabolism, with an estimated incidence of at least one in
10,000 live births [13]. Some causative mutations arise in
the nuclear genome (for example, in NDUFS4, 7, and 8 in
Leigh and Leigh-like syndromes), others in the mitochon-
drial one. For example, A to G transitions in nucleotides
3243 and 8344 in mtDNA underlie mitochondrial
encephalopathy with lactic acidosis and stroke-like epi-
sodes (MELAS) and myoclonic epilepsy with ragged red
fibres (MERFF), respectively. Unlike normal individuals
in whom most mtDNA copies are genotypically similar
(homoplasmic), most patients suffering from mtDNA dis-
orders have dissimilar copies (heteroplasmic). Therefore,
it is of interest how the number of copies of mtDNA is reg-
ulated, how homoplasmy is maintained in normal indi-
viduals, and how quickly mutations spread through the
mtDNA population to give rise to the mutant phenotype
[13-15]. Unfortunately, we still lack precise answers to
such questions in man as not enough is known about the
organization of individual genomes; fortunately, more is
known about the organization in yeast [1,2].

We now examine the organization of mitochondrial
genomes in a human cell line that contains mitochondria
tagged with the yellow fluorescent protein (YFP). This line
is derived from the bladder carcinoma line, ECV304 -
which is also known as T-24 [16] - and individual mito-
chondria can easily be seen in the thin cytoplasm of these
epithelial-like cells.

Results

A stable cell line with YFP-tagged mitochondria

We first derived a stable cell line containing mitochondria
tagged with the yellow fluorescent protein (YFP). A plas-
mid encoding subunit VIII of cytochrome c oxidase fused
with YFP was transfected into an epithelial-like human
line derived from a bladder carcinoma (ECV304), and a
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clone (cox18) expressing YFP was established. Expression
of the plasmid in other cells has no effect on viability [17].
The tagged subunit is incorporated into mitochondria,
making them autofluorescent (Figure 1A). However, pho-
tobleaching experiments show it diffuses rapidly through-
out the interior of the mitochondrion ([17]; our
unpublished results); this makes it unlikely that it is incor-
porated into the membrane to become functional. This
clone is used for all experiments described here.

mtDNA is concentrated in foci in fixed cells
Mitochondrial DNA was localized in fixed cells in two
ways. In one, it was immunolabelled using an anti-DNA
antibody (Figure 1B); in the other, cells were grown for
one generation in bromodeoxyuridine (BrdU) to label
their DNA uniformly before the resulting Br-DNA was
detected using an anti-Br antibody (Figure 1D). In both,
mtDNA was found in roughly the same number of foci
scattered along the length of mitochondria (Figure
1A,1B,1C,1D; Table 1) [18,19]. The mtDNA foci were
more uniformly spaced than expected of a random distri-
bution (Figure 1E); for example, 86% lay <1.2 pm apart,
compared to the ~67% expected of a random distribution
(significance >99.999% using Student's t test). This distri-
bution probably arises as foci are not free to diffuse
(below). The foci also had a range of intensities (Figure
1F).

Superficial examination of images like those in Figure
1A,1B,1C,1D also suggests that foci were concentrated in
regions poor in the YFP-tagged subunit of cytochrome oxi-
dase, which is distributed throughout the mitochondrial
matrix (above). This was confirmed using a cross-correla-
tion analysis. Twelve image pairs like those in Figure 1A
and 1B were pseudo-coloured green and red respectively,
the red component shifted over various distances (Ax)
with respect to the green component, and the value of
Pearson's correlation coefficient (r,) plotted against Ax. If
the red and green patterns coincide, mutually exclude
each other, or are arranged randomly, r, respectively
peaks, dips, or remains flat, around a Ax of zero [20]. YFP
proves to be excluded for up to 400 nm from the centre of
mtDNA foci (Figure 1G), perhaps because mitochondria
are thinner in this region [21]. This might be advanta-
geous to the cell, as there would be less functional cyto-
chrome oxidase in the thinner region to generate
damaging free radicals near the mtDNA.

Immunogold labelling and electron microscopy con-
firmed that mtDNA was found in discrete sites; moreover,
the sites often abutted the inner mitochondrial mem-
brane as in Figure 2A. DNA also remained associated with
cytoskeletal elements when mitochondrial membranes
and most cytoplasmic proteins were extracted (Figure 2B),
consistent with earlier results [22-24]. These sites had an
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DNA in the mitochondria of fixed ECV-304 cells expressing
subunit VIII of cytochrome oxidase tagged with YFP. (A,B)
Two views taken with a confocal microscope of fixed cells
after immunolabelling DNA. Mitochondria marked with YFP
(A) contain discrete foci of mtDNA (B); nuclear DNA
appears weakly labelled, presumably because most of it is
inaccessible to the anti-DNA antibody, an IgM. Pretreatment
(60 min; 20°C) with 25 pg/ml DNase removed >96% foci like
those in (B). Insets: high-power views (bar: 2 um). (C,D)
Two similar views after growth (24 h) in BrdU, and immu-
nolabelling the resulting Br-DNA; Br-DNA is found in nuclei
and mitochondrial foci. Bar: 4 um. (E) The distribution seen
experimentally (exp) of distances between consecutive DNA
foci within mitochondria (determined using images like (B); n
> 500) differs significantly from a random one (p = 0.0013);
foci tend to be closer together than expected. Distances
(um) are binned (that is, 0-0.4, 0.4-0.8, etc). (F) Experimen-
tal distribution (determined using |5 images like (D)) of
intensities of mtDNA foci. Intensities (arbitrary units, au) are
binned (that is, 0-0.5, 0.5—1, etc), the first bin contained no
examples, and the arrow marks the average intensity. If the
weakest focus (in bin 2) contains one genome, then the aver-
age contains ~9.2. (G) Cross-correlation analysis of mtDNA
foci and the YFP-tagged subunit (using images like those in
the insets in (A,B)); the low Pearson's coefficient (rp) at Ax
values close to zero indicates that mtDNA is excluded from
sites containing YFP.
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average diameter of ~68 nm (Table 1, line 4). As expected
[2,7,25], mitochondria also associated with microtubules
(Figure 3A,3B,3C,3D). Moreover, the kinesin motor
implicated in moving mitochondria along microtubules -
KIF5B [25] - often colocalized with individual mtDNA
foci (Figure 3E,3F,3G), and a close association was con-
firmed by the peak in Pearson's coefficient at a Ax of zero
(Figure 3H). These results are consistent with mtDNA foci
being tethered through mitochondrial membranes to
kinesin and the microtubule network.

A mtDNA focus contains approximately eight genomes
The number of mitochondrial genomes per focus was cal-
culated after measuring the number of mitochondrial
genomes per cell, the total mitochondrial length, and the
number of foci per unit length of mitochondria (Table 1).
While the first two can be estimated reasonably accu-
rately, it is difficult to be sure that all foci are detected.
Therefore we used various approaches, reasoning that if
different methods with different thresholds of detection
gave similar results, one estimate would lend credibility to
another (Table 1, line 6). The data were analyzed as fol-
lows: (i) immunolabelling with both anti-DNA and anti-
BrdU (after growth in BrdU to substitute DNA fully) gave
similar results (that is, ~7 genomes/focus); (ii) the average
intensity of foci in images like that in Figure 1D had an
intensity 9.2x higher than the weakest (Figure 1F, legend);
if the faintest focus then contains one genome, the average
would contain ~9; (iii) foci had a diameter of ~68 nm
(Table 1, line 4), sufficient to accommodate ~6 genomes
packed as tightly as in the bacterial nucleoid [26]; and (iv)
analysis of replication rates are consistent with each focus
containing ~10 genomes (below). Taken together, these
results suggest the average focus contains 6-10 genomes,
again consistent with earlier results [18,19].

Dynamics of mtDNA in living cells

The dynamics of mtDNA in living cells can be monitored
after staining with fluorescent dyes like 4',6'-diamidino-2-
phenylindole (DAPI) [27], SYTO13 [28], or ethidium
[29]; here, we use ethidium. Cells were grown briefly in
0.1 pg/ml ethidium, washed, and regrown in its absence;
some dye is then seen in nuclei and mitochondria, with
little in the rest of the cytoplasm. (This brief exposure has
no long-term effects on cell doubling, but transcription is
temporarily inhibited as bromouridine (BrU) incorpora-
tion into mitochondrial RNA falls to 60% of controls
(measured as in Figure 7H (see later) during the 20 min
following removal of ethidium; 1 pg/ml ethidium com-
pletely inhibits incorporation; not shown).) Immediately
after exposure to 0.1 pg/ml, ethidium fluorescence in
mitochondria is concentrated in discrete foci against a dif-
fuse background (Figure 4B). On regrowth in the absence
of ethidium, foci faded much less rapidly than the back-
ground; as a result, foci could still be seen after 8 h against
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Table I: Properties of mitochondria and their genomes.
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Property Value
Mitochondria

I. total length/cell (um) 600 + 1242

mt DNA foci

2. lineal density in mitochondria (foci/pm) 0.780, 0.82¢

3. foci/cell 468 £ 974,492 + 102¢
4. diameter (range; nm) 70f, 65 (31-132)¢
mtDNA

5. molecules/cell
6. molecules/focus

3,500n
7.5, 7.1i, 9.2k 5.8, [Om

ausing stacks of images of 50 cells (one image from a stack is shown in Figure 1A). busing anti-DNA as in Figure |A,1B; 43 cells analyzed. cusing anti-
BrdU as in Figure |1C,ID; 38 cells analyzed. dfrom rows | and 2 (anti-DNA). ¢from rows | and 2 (anti-BrdU). ffrom 120 clusters of gold particles like
that in Figure 2A, after correcting for sectioning effects). &from 97 clusters of gold particles like that in Figure 2B. Mfrom gel electrophoresis; value
similar to that found by Jacobs et al. [14]. ifrom rows 3 (anti-DNA) and 5. ifrom rows 3 (anti-BrdU) and 5. Kfrom mean intensity in Figure IF,
assuming the faintest focus contains | molecule. from row 4 (unextracted cells), assuming DNA of 16.5 kbp is packed at 35 mg/ml (that is, the
density of the bacterial nucleoid) [26] into a sphere (diameter 68 nm). ™from replication pattern (Figure 6).

a now non-fluorescent background. This suggests that foci
reflected tight binding to mtDNA, and the initial back-
ground an unstable binding to RNA. Marking RNA in
fixed cells using a tagged RNA-binding protein (that is,
RNase tagged with Cy3) confirms that this background
contains RNA (see Methods).

After washing away ethidium, the fluorescent mtDNA foci
can be seen moving continually within the (moving)
mitochondria. This is illustrated using frames from time-
lapse movies in which images were collected every 10 s for
up to 500 s (Figure 4A,4B,4C,4D). Thus, the distance sep-
arating two adjacent foci labelled S1 in Figure 4B
remained roughly constant at ~3 um, although one focus
travelled ~14 um over 500 s. Similarly, the distance sepa-
rating a terminal focus from the adjacent mitochondrial
tip (S2 in Figure 4B) was always <1 um, even though the
tip moved 21 pm.

Movement of foci is superimposed on that of mitochon-
dria, and it was analyzed in various ways [30]. The mean
square displacement (MSD) of one mtDNA focus relative
to another is >0 (Figure 4F, 'DNA'), but less than that of a
tip of one mitochondrion relative to another (Figure 4F,
'tip'). An apparent diffusion constant (D) for mtDNA foci
of 1.1 x 103 um?2/s was calculated from the MSD; this is
comparable to that of DNA in Drosophila nuclei [30]. We
next searched for directed or periodic movement using an
autocorrelation function (ac) that relates changes in dis-
tance (Ad) seen between foci at increasing time intervals
(At) [31]. The correlogram in Figure 4G is consistent with
a random walk (step length 0.26 um over 10 s) in which
the direction changes every ~16 s, and with only ~4%
steps continuing in the same direction for >40 s. The dis-

tribution of Ad was normal and centred on zero (Figure
4H), also indicative of a random walk [30].

Fission and fusion of mitochondria next to mtDNA foci

In 25 films of 20 min duration, ~6% mtDNA foci were
seen to split (Figure 5A). If fission were coupled to repli-
cation, and as mtDNA is replicated throughout the cell
cycle [32], we would expect only ~1.5% foci to split (since
these cells have a cycle of ~22 h or ~1,320 min, and 20/
1320 x 100 = 1.5); therefore, fissions seem uncoupled to
replication. While some foci split, others fuse (Figure 5B);
some fuse and remain together for 30-600 sec before
splitting (not shown). In 49 out of 50 fusion-fission
events the emerging foci retained the intensities of fusing
foci.

Whole mitochondria also split, which in ~90% cases
occurred by progressive thinning next to a focus to leave
all DNA in one daughter (Figure 5C) [33]. As a result,
some daughters arise that lack mtDNA, albeit rarely (not
shown). That fission occurs next to mtDNA was con-
firmed by counting the fraction of mitochondrial tips in
fixed cells that contained mtDNA within 500 nm of a tip
(Figure 1A,1B, insets); the value (that is, 52%) was signif-
icantly higher than the 39% expected if mtDNA were dis-
tributed randomly along mitochondria (p < 0.0001; 2
test). As the dynamin-related protein, Drpl, is found at
fission sites [34], we immunolocalized it relative to
mtDNA, and found it often lay immediately next to
mtDNA (Figure 5D,5E). This was confirmed by the peaks
flanking the dip in Pearson's coefficient (rp) around a Ax
of zero (Figure 5F). These results confirm and extend
those of Garrido et al. [35], and show that mitochondria
split next to mtDNA foci.
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Figure 2

Electron microscopy reveals mitochondrial DNA in discrete
foci. Bars: 200 nm. (A) Cytoplasmic section after immuno-
gold labelling with anti-DNA; gold particles marking mtDNA
are found near the mitochondrial membrane. (B) Whole
mount view of cytoplasm after extraction with CSK buffer
and immunogold labelling with anti-DNA; mtDNA (marked
by gold particles) resists extraction.

Stochastic replication of individual mitochondrial genomes
In mouse L cells, individual mtDNA molecules are
selected randomly for replication throughout the cell
cycle [32]. Active sites of synthesis can be localized after
growing cells in BrdU, and then immunolabelling the
resulting Br-DNA; Davis and Clayton [36] found that peri-
nuclear mitochondria appear to be more synthetically
active than peripheral ones. However, when we repeated
this experiment, we found mitochondria in different
regions were equally active, although the perinuclear
region contained a higher concentration of mitochondria
(Figure 6A,6B,6C). A similar result to ours has been
obtained recently by Magnusson et al. [37]. The differ-
ences seen could arise from intrinsic differences between
the cell types studied, or from an improved detection of
Br-DNA at the periphery (where there are fewer mitochon-
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Figure 3
mtDNA associates with tubulin and a kinesin subunit

(KIF5B). Cells with YFP-tagged mitochondria were fixed, var-
ious targets immunolabelled and imaged in the confocal
microscope. (A-D) Four views of one region of the cyto-
plasm; mtDNA foci are found in mitochondria that are gen-
erally aligned with microtubules (mtDNA and tubulin are
pseudocoloured green and red in the merge in (D)). Bar: 2
pm. (E-G) Three views of one region of the cytoplasm;
mtDNA foci often lie near KIF5B (pseudocoloured red and
green in the merge in (G)). Bar: | pm. (H) The high Pear-
son's coefficient (rp) at Ax values close to zero indicates that
mtDNA lies near KIF5B.

dria). The number of labelled foci increased on growth in
BrdU for 3 h and then remained constant (Figure 6C);
conversely, the average intensity per focus initially
remained constant for 2 h and then increased (Figure 6D).

Three extreme models for the labelling kinetics are shown
in Figure 6E; only one (model b) is consistent with essen-
tially all foci containing some Br-DNA by 3 h (Figure 6C),
and with the average intensity per focus being constant
between 1 and 2 h before rising (Figure 6D). Then, one
genome per focus would be replicated within the first 2 h,
and all genomes in a focus after a complete cycle of 22 h.
As the intensity per focus increases 10-fold during this
period, we estimate each focus contains ~10 genomes
(Table 1, line 6).

Newly-made mitochondrial transcripts are found in
discrete sites

Sites containing newly-made RNA can be visualized after
growing cells in bromouridine (BrU), and then immu-
nolabelling the resulting Br-RNA [38,39]. (Here, cells are
grown in the absence of ethidium so transcription is not
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Figure 4
mtDNA dynamics in living cells with YFP-tagged mitochon-
dria. Cells were grown (30 min) in 0.1 pg/ml ethidium, the

ethidium washed away, the cells regrown for 10 min, and sin-

gle confocal sections collected every 10 sec for <500 sec;
mitochondria and mtDNA are marked by YFP and ethidium
respectively. (A,B) Two views of mitochondria in one cell at
one time. Ethidium is locally concentrated in (mtDNA) foci,
against a background (bound to RNA). SI: distance between
two foci. S2: distance between one focus and mitochondrial
tip. (C,D) Frames showing ethidium fluorescence (marking
mtDNA) from two movies. In each case, the first (0 sec; left)
and last (500 sec; middle) frames show the two mtDNA foci
move little relative to each other; this is confirmed by super-
imposing all frames in each movie (right). Bar: 2 um. (E)
Changes in separations S| and S2 seen in (B) over time;
movement is erratic. (F) Mean square displacement (MSD; n
= 20) of one mt DNA focus relative to another (DNA), or
one tip relative to another (tip); movement of foci is more
restrained than that of tips. The MSD of one terminal focus
relative to the tip is similar to that of one focus relative to
another and is not shown. (G) Autocorrelation analysis. The
autocorrelation (ac) between the displacement distances
(Ad) for time points separated by different time intervals (At)
of 10 sec (dashed lines show limits of 5% significance). The
pattern is typical of a random walk; there is no periodicity,
and the first value (the only significant one) is negative. (H)
The distribution of step lengths (Ad) is typical of a random
walk. Mean = 0.0] um (SD % 0.4). The maximum value was
2.4 um, and is not shown.
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Fusion and fission of mitochondria and mtDNA foci. (A-C)
Four pairs of frames (collected at 10 s intervals) from three
movies of living cells (made as in Figure 4A,4B) showing YFP
and ethidium fluorescence (marking mitochondria and
mtDNA, respectively) are illustrated. Arrows mark a
mtDNA focus that splits (A), two foci that fuse (B), and the
point where a mitochondrion splits next to one mtDNA
focus to give two separate tips (C). Bar: | um. (D-F) Cells
with YFP-tagged mitochondria were fixed, DNA and Drpl|
immunolabelled with Cy5 and Cy3, and imaged; two views of
one cell are shown in (D) and (E). In the merge (E), mtDNA
often lies next to Drpl, which is also found in the cytoplasm
[34]. Bar: | um. A cross-correlation analysis of the distribu-
tion of mtDNA and Drp| (data from |5 images like those in
(D,E)); Pearson's coefficient (rp) indicates that Drpl is
excluded from ~0.3 um to each side of mtDNA foci (F).
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Figure 6

Mitochondrial replication. Cells with YFP-tagged mitochon-
dria were grown in BrdU for 1-6 h, fixed, and Br-DNA
immunolabelled. (A,B) On growth in BrdU, progressively
more mitochondrial foci containing Br-DNA are seen. Bar: 2
pm. (C€) Changes in the fraction of DNA foci containing Br-
DNA (assuming cells contain 468 foci/cell; Table I, line 3);
essentially all foci contain Br-DNA within 3 h. (D) Integrated
intensity of Br-DNA labelling per focus (in arbitrary units,
with the value at | h set to unity). The average intensity per
focus is constant between | and 2 h, and then rises; extrapo-
lating the line from 2—6 h to 22 h (the length of the cell cycle)
gives an intensity of 10 (square). (E) Three models for repli-
cation. Two DNA foci, each initially containing 10 unrepli-
cated genomes (open circles), are shown. (a) Here, a focus is
a unit of replication. In the first hour, all genomes in one
focus replicate together (red circles) and half the foci
become labelled (as in Figure 6C); in the second hour, all
genomes in a second focus replicate together so that all
genomes are now labelled (again as in Figure 6C). However,
during the third hour, the intensity of foci continues to
increase (Figure 6D), so we would have to assume that
genomes re-replicate (dark red circles) and some would pre-
sumably have to be degraded to maintain genome numbers.
(b) All genomes replicate independently of all others. The
kinetics in (D) and (E) are consistent with this model. (c)
Here, a polymerizing complex transfers from genome to
genome in one focus before going to another focus; then
genomes in one focus would replicate successively, before
replication switched to another focus. This would give the
progressive increase seen in Figure 6D, but many foci would
remain unlabelled after 2 h (which is inconsistent with Figure
6E).
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Figure 7

Mitochondrial transcription. Cells with YFP-tagged mito-
chondria were grown in 2.5 mM BrU for different times,
fixed, Br-RNA immunolabelled with Cy3, and confocal
images collected. In some cases, cells were grown for 30 min,
washed, and regrown in 5 mM U for up to 2 h (1,)); in others,
DNA was immunolabelled with Cy5 (E-G,)) or stained with
Hoechst 33342 (K). (A,B) Two views of one field; after
growth in BrU for 20 min, Br-RNA is seen mainly in mito-
chondria. (C,D) Two views of one field; after growth in BrU
for 60 min, Br-RNA is seen mainly in nuclei. Bar: 10 pm. (E-
G) Three views of mitochondria of one cell, after growth in
BrU for 30 min and immunolabelling DNA with Cy5; the
merge reveals Br-RNA (red) in some, but not all, mtDNA
foci (green). Bar: 2 um. (H) On growth in BrU, the intensity
of Br-RNA labelling (arbitrary units/um?2) in mitochondria
increases progressively. (I) After growth for 30 min in BrU
and regrowth in U, the intensity of mitochondrial Br-RNA
labelling falls exponentially (red line; t;, ~ 45 min). (J) The
effects of incubation time on distance between a Br-RNA
focus and the nearest mtDNA focus. Distances (um) are
binned (that is, 0-0.2, 0.2-0.4, etc). After 20 or 30 min in
BrU, most Br-RNA foci lie between 0-0.2 um of the nearest
mtDNA foci (labelled with Cy5); however, after | h (or a 30
min pulse followed by a 2 h chase), Br-RNA foci appear to be
spread randomly. The decline in Br-RNA colocalizing with
mtDNA (that is, lying within 0.2 um) between 20 and 60 min
is consistent with a residence half-life of 43 min. (K) After
growth in BrU for 30 min, the intensity of labelling in a Br-
RNA focus (au, arbitrary units) does not correlate with the
DNA concentration seen in the associated mtDNA focus.
The line (slope = 0.0042) is that of best fit. In an analogous
experiment in which mtDNA was marked with the antibody,
the line of best fit had a similar slope of 0.0068.
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inhibited.) Br-RNA accumulates in nuclei and in discrete
mitochondrial foci (Figure 7A,7B,7C,7D) that initially lie
immediately next to mtDNA foci (Figure 7E,7F,7G). The
intensity of Br-RNA labelling per focus increases progres-
sively (Figure 7H), and declines exponentially (t;/, ~ 45
min) during a 'chase' (Figure 7I). Quantitative analysis
shows that after an initial pulse of 20 or 30 min, most Br-
RNA foci colocalize with mtDNA (defined as lying within
200 nm of mtDNA), but after longer periods (or a pulse-
chase) the Br-RNA foci become distributed randomly
(Figure 7J). Kinetics are consistent with Br-RNA having a
residence half-life in mtDNA foci of ~43 min (see Meth-
ods). This is approximately eight-fold longer than the
~5.5 min required to make a complete transcript (assum-
ing ~50 nucleotides are polymerized every second) [40].
This suggests that mitochondrial messages remain at
transcription sites for extended periods after they have
been made.

Not all mtDNA foci contain Br-RNA (Figure 7E,7F,7G),
but we cannot distinguish whether the unlabelled foci are
transcriptionally inactive or contain too little Br-RNA to
be detected. However, there is no correlation between the
amounts of DNA and Br-RNA in a focus (Figure 7K),
which is consistent with some being inactive.

Mitochondrial transcription sites lie near extra-
mitochondrial ribosomes

We might expect mitochondrial ribosomes to translate co-
transcriptionally like their relatives - the bacterial ribos-
omes - and because the amino-terminal domain of the
mitochondrial RNA (mtRNA) polymerase can interact
with the mitochondrial translation machinery [41].
Therefore, we wished to label mitochondrial translation
sites. Unfortunately, appropriate antibodies to mitochon-
drial ribosomes are not available, and the labelled precur-
sors (that is, biotin-lys-tRNA, BODIPY-lys-tRNA) that we
use to mark extra-mitochondrial translation sites with
high resolution [42] cannot be used here; mitochondria
contain high concentrations of biotinylated proteins that
provide a high background [43] and BODIPY has a similar
emission spectrum to YFP. However, proteins encoded by
the mitochondrial genome do complex with others
encoded by the nuclear genome to form the mitochon-
drion, and we reasoned that the different synthetic
machineries might lie close together on different sides of
the mitochondrial membranes so the proteins they pro-
duce could combine together efficiently. Therefore, we
localized newly-made mtRNA relative to extra-mitochon-
drial ribosomes. Cells were grown briefly in BrU, fixed,
and the resulting mitochondrial Br-RNA localized relative
to S6, an extra-mitochondrial ribosomal protein. Most S6
is found in discrete foci remote from mitochondria; these
presumably contain clusters of cytoplasmic ribosomes.
However, some foci lie close to mitochondrial foci
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containing Br-RNA (Figure 8A,8B,8C), and this close
association was confirmed by cross-correlation analysis
(Figure 8D). Newly-made mtRNA also lies near foci con-
taining nascent peptide associated protein (NAC) (Figure
8E,8F,8G,8H), a complex involved in directing nascent
cytoplasmic polypeptides to the appropriate cellular com-
partment and which is known to associate with mito-
chondrial membranes [44]. Newly-made mtRNA also
colocalizes with Tom 22 (Figure 8I,8],8K,8L), a compo-
nent of the machinery that imports nuclear-encoded
proteins into mitochondria [11,12]. These results are con-
sistent with an association of the mitochondrial transcrip-
tion and translation machinery on one side of the
mitochondrial membrane with the cytoplasmic transla-
tion machinery and import machinery on the other.

Discussion

Organization and dynamics of mtDNA

We analyzed the organization and function of mitochon-
drial DNA (mtDNA) in a stable cell line containing
mitochondria tagged with the yellow fluorescent protein
(YFP). A plasmid encoding subunit VIII of cytochrome ¢
oxidase fused with YFP, was transfected into ECV304 cells
- an epithelial-like human line - and a clone (that is,
cox18) expressing YFP established. The tagged subunit is
incorporated into mitochondria, so that they autofluo-
resce (Figure 1A).

As others have found [18,19], mtDNA is concentrated in
discrete foci in both fixed and living cells (Figures 1, 2, 4).
We calculated the average number of mitochondrial
genomes in a focus after measuring the genome number
per cell, the total mitochondrial length, and the number
of foci per unit length of the mitochondrion (Table 1).
While the first two can be measured reasonably
accurately, it is difficult to be sure that we detect most foci.
Therefore we used various approaches, reasoning that if
different methods with different thresholds of detection
gave similar results, one estimate would lend credibility to
another. Four independent methods (involving immu-
nolabelling with two different antibodies, analysis of pro-
files of the amount of DNA per focus, packing densities,
and replication time) suggest that each focus contains 6-
10 genomes (Table 1, line 6), which is again consistent
with earlier results [19].

The mtDNA foci are attached to the cytoskeleton as they
remain after most soluble proteins are extracted (Figure
2B) [22-24]. Three regions roughly equally spaced around
the genome - the origin of replication of the heavy strand
plus the heavy- and light-strand promoters, the light
strand origin, and another region - are likely candidates
for the DNA sequences responsible for attachment, as
these sequences remain attached after exhaustive nucleo-
lytic detachment [23]. Then we can imagine the mtDNA is

Page 8 of 14

(page number not for citation purposes)



BMC Biology 2004, 2

Figure 8

Localization of the cytoplasmic translation and mitochondrial
import machinery relative to newly-made mitochondrial
transcripts. Cells were grown in BrU for 30 min, fixed, Br-
RNA plus different targets immunolabelled, and confocal
images collected. Under the conditions used, little Br-RNA
made in the nucleus has time to reach the cytoplasm [39].
(A-C) Three views of one field; newly-made mitochondrial
Br-RNA is found near S6, a constituent of the cytoplasmic
ribosome (shown as red and green in the merge in (C),
respectively). (D) The high Pearson's coefficient (rp) at Ax
values close to zero confirms that Br-RNA is often found
near S6. (E-L) As (A-D); newly-made mitochondrial Br-RNA
is also found near the a subunit of NAC (a cytoplasmic chap-
erone), and Tom22 (a component of the mitochondrial
import machinery). Bar: | um.

tethered (directly or indirectly) through the
mitochondrial membranes to the kinesin motor impli-
cated in moving mitochondria along microtubules, as a
component of that motor - KIF5B [25] - often colocalizes
with foci (Figure 3E,3F,3G,3H). Such a transmembrane
linkage implies a specialized structure. This may be
related to the transmembrane structures seen in trypano-
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somes connecting mitochondrial nucleoids to the
cytoskeleton [45], and in yeast where they seem to play a
role in replication [46].

The limited movement of mtDNA in living cells is also
consistent with such a tethering. Cells were grown briefly
in ethidium, washed, and regrown in its absence; then flu-
orescent mtDNA foci can be seen moving in a constrained
random walk within the (moving) mitochondria [29].
The foci have a low apparent diffusion constant of 1.1 x
10-3 um?/s (Figure 4), which is comparable to that of the
nuclear DNA of flies [30] but 10-fold higher than that of
humans [47]. As the foci move, some split, others fuse
(Figure 5A,5B), and still others fuse to remain together for
several minutes before splitting; in 49 out of 50 of such
fusion-fission events the emerging foci retain the intensity
of fusing foci implying that their contents do not mix.
Whole mitochondria also split after progressive thinning
next to mtDNA foci (Figure 5C) [32], and this can gener-
ate daughters without any mtDNA, albeit rarely. Fission
next to foci was confirmed in fixed cells; the tips of mito-
chondria contain mtDNA more often than expected by
chance (Figure 1A,1B, insets; see Results). Moreover, the
dynamin-related cytoplasmic protein Drp1 is found at fis-
sion sites [34], and it often lay immediately next to
mtDNA foci (Figure 5D,5E,5F). These results confirm and
extend those of Garrido et al. [35].

Replication

While nuclear DNA is replicated only during S phase,
mtDNA molecules can be replicated at any stage in the cell
cycle [32]. Some of the models that can be envisaged for
the replication of molecules within a focus are illustrated
in Figure 6E. For example, a focus might constitute a unit
of replication in which all genomes in that focus initiate
coordinately (model a). Alternatively, genomes in one
focus might replicate successively, before replication
switched to another focus (model c). At the other extreme,
all genomes might replicate independently of all others
(model b). The labelling kinetics during growth in BrdU
are consistent with the stochastic model b; thus, the
number of foci containing Br-DNA increases for 3 h and
then remains constant (Figure 6C), and the average inten-
sity per focus initially remains constant for 2 h before
increasing (Figure 6D). Inevitably, then, some molecules
will be re-replicated during one cell cycle, as has been
shown previously [32].

Transcription

Sites containing newly-made nuclear RNA can be visual-
ized after growing cells in bromouridine (BrU), and then
immunolabelling the resulting Br-RNA [38,39]. We show
here the same approach can be used to mark newly-made
mitochondrial RNA; moreover, the resulting Br-RNA accu-
mulates in discrete foci (Figure 7A,7B,7C,7D) that
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initially colocalize with mtDNA foci (Figure 7E,7F,7G).
Pulse-chase experiments reveal this newly-made Br-RNA
has a half-life of v45 min (Figure 71), and a residence half-
time in the mtDNA foci of ~43 min (Figure 7J). This resi-
dence half-time is approximately eight-fold longer than
the ~5.5 min required to make a complete transcript (cal-
culated assuming ~50 nucleotides are polymerized every
second) [40]. This suggests that newly-made mitochon-
drial messages remain at transcription sites for extended
periods, before they are degraded at those sites.

Translation

Mitochondria are formed by proteins encoded by both
mitochondrial and nuclear genomes. We reasoned the
cytoplasmic machinery generating nuclear-encoded pro-
teins might lie immediately next to its counterpart gener-
ating mitochondrial-encoded proteins so both sets of
products could combine together efficiently. Therefore,
we localized newly-made mtRNA relative to two compo-
nents of the extra-mitochondrial translation machinery -
a ribosomal protein (S6) and a chaperone (NAC) respon-
sible for directing nascent cytoplasmic polypeptides to
mitochondria [44] - and to a component of the machin-
ery (Tom22) that imports nuclear-encoded proteins into
mitochondria [11,12]; it localized with all three (Figure
8).

Conclusions

The position of mitochondria within the cell is deter-
mined largely by the cytoskeleton. For example, the yeast
nucleoid is anchored to the cytoskeleton through the
inner mitochondrial membrane via Mgm1p (in the inter-
membrane space) and Mmm1p (in the outer membrane)
[2,7,8,48,49]; this anchorage provides a mechanism
whereby mtDNA might be replicated, segregated, and
inherited [46]. Our results suggest that many of the clus-
ters of 6-10 mitochondrial genomes in a human cell have
an even more extensive sphere of influence that includes
the translation machineries on both sides of the mito-
chondrial membranes (Figure 9). Then, proteins encoded
by the nuclear genome and destined for the mitochondria
will be made close to mitochondrial-encoded proteins so
that they can be assembled efficiently into mitochondrial
complexes. Moreover, depleting mitochondrial DNA
should directly affect mitochondrial structure, which it
does [50]. According to this view, mtDNA acts as a central
hub that organizes its immediate surroundings both
within - and outside - the mitochondrion; one result
would be an integration of mitochondrial and cellular
protein synthesis.

Methods

Cells

Plasmid pEYFP-Mito encoding subunit VIII of cytochrome
c oxidase tagged with YFP (BD Clontech UK, Basingstoke,
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Figure 9

A cartoon illustrating the components studied here (drawn
roughly to scale) that lie within the sphere of influence of
mtDNA. (A) A cluster of approximately eight mitochondrial
genomes (see Table I; only three are shown) are tethered
through the mitochondrial membranes (see Figure 2) to
kinesin and cytoplasmic microtubular network (see Figure 3);
tethering restricts motion (see Figure 4), but the molecular
mechanism is unknown. A cluster is usually found in a thin
part of the mitochondrion poor in YFP-cytochrome oxidase
(Figure 1G), and mitochondria generally split near Drpl foci
lying ~300 nm away (Figure 5). (B) A high-power view of a
region in (A). Nascent mtRNA is translated cotranscription-
ally by mitochondrial ribosomes bound both to the polymer-
ase [40] and the inner mitochondrial membrane [57];
completed mRNAs (not shown) are also translated during
most of their lifetime in this region (Figure 7J). The cytoplas-
mic translation machinery that makes nuclear-encoded pro-
teins destined for the mitochondrion — marked by a
ribosomal protein (S6) and a chaperone (NAC) — lie immedi-
ately on the other side of the mitochondrial membrane (Fig-
ure 8A,8B,8C,8D,8E,8F,8G,8H). Here, a cytoplasmic peptide
is being made and imported through the translocases in the
outer and inner membranes (TOM and TIM; TOM is marked
by Tom22; Figure 81,8),8K,8L) where it will assemble with a
mitochondrial-encoded peptide in the inner mitochondrial
membrane. The close proximity of the two sets of machinery
on each side of the membranes ensures efficient assembly of
mitochondrial complexes containing proteins encoded by
nuclear and mitochondrial genomes.

Page 10 of 14

(page number not for citation purposes)



BMC Biology 2004, 2

Hampshire, UK) was transfected into ECV304 (T-24) cells
- an epithelial-like human female line derived from a uri-
nary bladder carcinoma [16] - and a stable line with fluo-
rescent mitochondria selected. This clone (cox18) was
grown in DMEM supplemented with 10% FCS. For Fig-
ures 1C,1D and 6, medium was supplemented with 50
pM bromodeoxyuridine (BrdU; Sigma-Aldrich, Poole,
Dorset, UK).

General immunofluorescence

Cells on coverslips were fixed (20 min; 4°C) in 4% para-
formaldehyde in 250 mM HEPES (pH 7.4), and antigens
indirectly immunolabelled [42] using the following anti-
bodies (unless stated otherwise, Affinipure or multiple
labelling grade from Jackson ImmunoResearch, Bar Har-
bor, ME, USA): (i) monoclonal anti-DNA produced in our
laboratory (mouse IgM; 5 pg/ml) + donkey anti-mouse
IgM conjugated with Cy3 or Cy5 (0.5 pg/ml); (ii) affinity-
purified mouse anti-BrdU (2 pg/ml; Caltag Laboratories,
Burlingame, CA, USA) + donkey anti-mouse IgG conju-
gated with Cy3 (0.5 pg/ml); (iii) anti-tubulin (a-subunit;
1/100; Sigma-Aldrich) + donkey anti-mouse IgG conju-
gated with Cy3 (0.5 pg/ml); (iv) anti-KIF5B (1/100;
PCP42 antibody) [51] + donkey anti-rabbit conjugated
with Cy3 (0.5 pg/ml); (v) anti-Drp1 (1/100) [34] + don-
key anti-rabbit IgG conjugated with Cy3 (0.5 pg/ml); (vi)
anti-Br-RNA (as for anti-BrdU) + donkey anti-mouse 1gG
conjugated with Cy3 (0.5 pg/ml), (vii) anti-S6 (2 pg/ml;
Cell Signalling, Beverley, MA, USA; this antibody yields
one band in immunoblots of whole cell extract, and so we
assume it does not cross-react with a subunit of the mito-
chondrial ribosome) + donkey anti-rabbit IgG conjugated
with Cy3 (0.5 pg/ml); (viii) anti-NAC (o subunit; 1/250)
[52] + donkey anti-rabbit IgG conjugated with Cy3 (0.5
pg/ml); (ix) anti-Tom22 C-terminus (1/500) [53] + don-
key anti-rabbit IgG conjugated with Cy3 (0.5 pg/ml). Cov-
erslips were mounted in Vectashield (Vector Laboratories
Inc., Burlingame, CA, USA), and images generally col-
lected at 20°C using Lasersharp software and a Nikon
TE300 (objective: 60x, numerical aperature 1.4) attached
to a BioRad Radiance 2000 confocal microscope (BioRad
Laboratories, Hemel Hampstead, UK) [42]. Images were
analyzed using EasiVision (Soft Imaging Systems GmbH,
Miinster, Germany) and Excel (Microsoft) software; single
confocal images were also exported from Lasersharp into
Photoshop (Adobe Systems Inc., San Jose, California,
USA), contrast stretched, and presented without further
modification. In Figure 1E, integrated intensities in areas
of >4 pixels were measured using EasiVision. In Figs 1E
and 7], random distributions were generated (>1,000
runs) using Excel, and P(I) = e?, where P(I) is the proba-
bility, p is density of foci/um (Table 1), and ! is length in
pm.
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Immunolabelling Br-DNA

After incubation in BrdU and fixation (above), cells were
treated (10 min) in 1% Triton X100 in PBS, rinsed in PBS,
and DNA denatured (20 min) with 0.5 M HCI; cells were
then washed thoroughly in PBS and immunolabelled
with the anti-BrdU (above).

Colocalization analysis

Two-colour images were collected using the confocal
microscope (10x zoom; 40 nm pixel size), a line profile of
intensities in both channels along mitochondria collected
using EasiVision, and data exported to Excel. Pixel inten-
sities in each channel were shifted manually pixel by pixel,
and Pearson's coefficient computed [20].

Number of mitochondrial genomes per cell

A total of 10° cells were resuspended in 100 pl agarose
(1% final concentration in PBS); after gelling, the block
was treated successively with 0.5% SDS (30 min), 10 mg/
ml RNase A in 10 mM Tris, 1 mM EDTA (1 h), and 100 pg/
ml proteinase K (1 h). Blocks and known weights of plas-
mid DNA were applied to an agarose gel, the gel run (4 h)
to resolve mtDNA, and - after staining with ethidium and
illumination with uv light — the amount of mtDNA was
determined by comparing intensities with those given by
plasmid DNA.

Immuno-electron microscopy

For Figure 2A, cells were fixed, treated with osmium,
embedded in Epon, indirectly immunolabelled on
ultrathin sections, contrasted with uranyl acetate, and dig-
ital images collected on a Zeiss 912 Omega electron
microscope [39]. DNA was detected using anti-DNA
(above) + goat anti-mouse IgM conjugated with 10 nm
particles (1:25 dilution; British BioCell International
through Agar Scientific, Stanstead, Essex, UK). The diame-
ters of clusters of gold particles seen in images were cor-
rected for the effects of sectioning [54] as follows. The
major (2x) and minor (2y) orthogonal axes of each cluster
were measured, and the cluster diameter, D calculated

from D = 2\(xy). The mean cluster diameter, D, was
calculated from the number of clusters (N) and the diam-
eter of individual clusters (D, D,,...Dy) using

For Figure 2B, cells were grown (24 h) on 200 mesh nickel
grids covered with a formvar film (Agar Scientific), treated
(5 min; 4°C) with 0.05% Triton X-100 in cytoskeleton
(CSK) buffer [55], washed three times with CSK buffer,
fixed (30 min) with 4% paraformaldehyde in CSK buffer,
and DNA indirectly immunolabelled using anti-DNA +
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goat anti-mouse IgM conjugated with 10 nm particles (as
above); finally, grids were dried past the critical point and
digital images collected on the Zeiss 912 [39].

Time-lapse movies of mtDNA in living cells

Cells were grown (30 min) in 0.1 pg/ml ethidium, washed
with media, regrown in its absence in a heated chamber
on the confocal microscope at 37°C, and images collected
every 10 seconds using a large confocal pinhole of 5 mm
to optimize survival rather than resolution. Coordinates
of the gravity center of each ethidium (mtDNA) focus
were obtained using EasiVision; data were exported to
Excel for analysis, and the mean square displacement
(MSD) and autocorrelation coefficient derived [30]. As
mtDNA foci move only in one dimension, the diffusion
constant was calculated using 12DAt = <Ad?>, where D is
the apparent diffusion coefficient and Ad is the changes in
distance seen between foci at increasing time intervals
(At). RNA was detected in permeabilized and fixed cells
using RNase A tagged with Cy3 (prepared using a kit from
Molecular Probes Inc., Leiden, The Netherlands) instead
of the analogous enzyme:gold complex [56].

Visualizing newly-made transcripts

Cells on coverslips were grown [39] in 2.5 mM bromour-
idine (BrU; Sigma-Aldrich), fixed (20 min; 4°C) in 4%
paraformaldehyde in 250 mM HEPES (pH 7.4), and Br-
RNA indirectly immunolabelled using mouse anti-BrdU
(Caltag) and donkey anti-mouse Fc conjugated with Cy3.
For pulse-chase experiments, cells were grown in BrU,
washed in medium without BrU, and regrown in medium
with 5 mM U. DNA was labelled using anti-DNA plus
donkey anti-IgM conjugated with Cy5 (as above) or with
Hoechst 33342 (100 ng/ml; 30 min). Images were col-
lected using a Zeiss Axioplan 2 fluorescence microscope
fitted with a SPOT2 CCD camera (Optivision Yorkshire
Ltd, West Yorkshire, UK). The distance between foci was
calculated in images like Figure 7B,7D as follows. The
area, intensity, and position (that is, gravity center) of
each focus was determined using EasiVision and the dis-
tance to the nearest mtDNA foci calculated using Excel.
The random distribution for Figure 7] was generated as
above. The residence half-life of Br-RNA in the mtDNA
foci was calculated using Berkeley Madonna software
(Berkeley, CA, USA). We assume the cellular concentra-
tion of BrU (and nucleotide triphosphates (NTPs))
remains constant as the BrU is incorporated continuously
into Br-RNA that colocalized with mtDNA foci, before the
Br-RNA disappears exponentially from those foci during
the chase either through export and/or degradation. Then,
d/dt|Br-RNA] = k;[NTP] - k,[Br-RNA], and the half-life is
estimated from k,.
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mtRNA, mitochondrial RNA; MERFF, myoclonic epilepsy
with ragged red fibres; MSD, mean square displacement;
NAC, nascent peptide associated protein; NTPs, nucle-
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