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ABSTRACT

We report a rapid experimental procedure based on
high-density in vivo psoralen inter-strand DNA cross-
linking coupled to spreading of naked purified DNA,
positive staining, low-angle rotary shadowing, and
transmission electron microscopy (TEM) that allows
quick visualization of the dynamic of heavy strand
(HS) and light strand (LS) human mitochondrial DNA
replication. Replication maps built on linearized mi-
tochondrial genomes and optimized rotary shadow-
ing conditions enable clear visualization of the pro-
gression of the mitochondrial DNA synthesis and vi-
sualization of replication intermediates carrying long
single-strand DNA stretches. One variant of this tech-
nique, called denaturing spreading, allowed the in-
spection of the fine chromatin structure of the mito-
chondrial genome and was applied to visualize the
in vivo three-strand DNA structure of the human mi-
tochondrial D-loop intermediate with unprecedented
clarity.

INTRODUCTION

The human mitochondrial genome is constituted by a cir-
cular double-strand DNA (dsDNA) molecule of ∼16.6 kb
(1).

Based on its content in DNA bases, one filament of the
mitochondrial DNA is defined as heavy strand (HS), while
the complementary strand is the light strand (LS). The HS
and LS filaments are replicated from two spatially separated
DNA replication origins located, respectively, in the major
non-coding region (heavy strand replication origin- OH) or
in a short intergenic spacer (light strand replication origin-
OL) of the mitochondrial genome (Figure 1) (2–5).

Three main modes were proposed for the replication of
the human mitochondrial DNA: the Strand Displacement
Model (SDM) (5–14), the RNA Incorporated Through-

Out the Lagging Strand (RITOLS) (15–22) model, and the
Strand Coupled Mechanism (SCM) (15,23) (Figure 1). The
relative frequency of in vivo utilization of these three mech-
anisms, their regulations, and reciprocal inter-connections
remain mainly unknown. While the SDM and RITOLS im-
ply the presence of spatially and temporally separated HS
and LS polymerization activities, the SCM entails the syn-
chronous progression of the HS and LS DNA synthesis and
the existence of a mitochondrial DNA replication bubble
(also called theta intermediate) and it appears to be a repli-
cation mode utilized only in certain specific conditions (Fig-
ure 1) (24–28).

It has been shown that ∼95% of the HS DNA synthe-
sis initiation events terminate at the Termination Associated
Sequences (TAS) located around 650 nt downstream of the
heavy strand DNA replication origin (OH), leading to the
formation of circular mitochondrial DNA molecules carry-
ing a short D-loop (Figure 1A, B) (29). This structure con-
sists of the triple-stranded DNA bubble in the major Non-
Coding Region (NCR) of the human mitochondrial DNA,
which was identified in early pioneering studies (Figure 1A
and B) (6,7,29). How and when the arrested HS DNA syn-
thesis is re-started from the short D-loop remains mainly
unknown, although possible molecular mechanisms have
been recently proposed (30).

Besides the dynamics of D-loop formation and re-start,
the exact molecular mechanisms, cellular feedbacks, and
physiological conditions that promote or inhibit extended
mitochondrial DNA replication (and regulate mitochon-
drial DNA copy number) are not completely understood.
For example, it has been shown that depletion of mito-
chondria induced by certain experimental conditions can
cause activation of extended mitochondrial DNA replica-
tion (23,31).

During the SDM of replication, the progression of the
newly synthesized HS displaces the parental HS leading
to the formation of a circular molecule carrying an ex-
tended D-loop with a long stretch of single-stranded DNA
(ssDNA). The length of ssDNA can reach two-thirds of
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Figure 1. Three main models for human mitochondrial DNA replication. (A) The Strand Displacement Model (SDM). HS replication starts from the OH
and displaces the parental HS until the OL origin is reached by the newly synthesized HS. The LS replication starts when around two-thirds of the HS
replication is completed. Following the completion of the HS replication, a fully replicated mitochondrial genome is released (composed of a parental light
strand and a newly synthesized heavy strand) together with a gapped circle (composed of a parental heavy strand and an incompletely newly synthesized
light strand) due to incomplete LS DNA synthesis. Completion of LS synthesis will create the second fully replicated mitochondrial genome composed
of the parental heavy strand and the completely newly synthesized light strand. (B) RNA Incorporated Throughout the Lagging Strand (RITOLS). The
RITOLS model is similar to the SDM, and it also implies spatially and temporally separated HS and LS DNA synthesis events. The RITOLS model
predicts that processed ssRNA messengers anneal to the displaced parental HS leading to the formation of replication bubbles composed of two filaments,
constituted, respectively, of dsDNA and ssDNA/ssRNA (i.e., DNA:RNA hybrids). As in SDM, the completion of the HS synthesis in RITOLS will create
a fully replicated genome as well as the advancement of LS DNA synthesis will remove the annealed mRNAs (processed transcripts) from the HS, which
will be replaced by the newly synthesized LS strand leading to the creation of the second fully replicated mitochondrial genome. (C) The strand coupled
mechanism (SCM) implies a simultaneous advancement of HS and LS DNA synthesis and the presence of a classical DNA replication bubble composed
of two dsDNA filaments (also called theta intermediate).
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the mitochondrial genome’s length (Figure 1A) (8). This
long stretch of ssDNA was recently shown to be bound by
the mitochondrial ssDNA-binding protein (mtSSB) in vivo
(32), although the full coverage of the displaced HS fila-
ment by the mtSSB cannot be assessed at the level of single
mitochondrial DNA molecules using ChIP-seq-based ap-
proaches. Another in vitro study refers that mtSSB does not
display cooperative binding to ssDNA (33).

In the SDM, when the light strand replication origin (OL)
is reached by the newly synthesized HS, it gets activated,
leading to the initiation of the LS DNA replication (Fig-
ure 1A) (32,34). HS replication will then proceed until a
fully replicated mitochondrial DNA molecule is released to-
gether with a circular molecule carrying a ssDNA gap due
to incomplete LS strand DNA replication (gapped circle)
(Figure 1A).

The completion of the LS replication (gap-filling of the
gapped circle) will generate a second fully replicated mi-
tochondrial DNA molecule leading to the completion of
mitochondrial DNA replication. The RITOLS model pre-
dicts that the displaced parental HS does not remain single-
stranded, but it anneals with processed mRNA transcripts,
leading to the formation of a circular molecule carrying a
four-strand DNA bubble with one side of the bubble com-
posed of one newly synthesized HS annealed to a parental
LS filament and the other side of the bubble composed of
the displaced parental HS annealed to an RNA filament
(processed transcript) leading to the formation a theta-like
structure carrying RNA tracks (Figure 1B) (16,19,21).

During RITOLS, the completion of the HS DNA syn-
thesis will release a fully replicated mitochondrial DNA
molecule. In contrast, the advancement of the LS DNA
synthesis will lead to the replacement of the annealed tran-
scripts from the parental HS, creating the second fully repli-
cated mitochondrial DNA molecule (Figure 1B). The en-
zymology and dynamic of the removal of those annealed
RNA filaments from the displaced HS are not known. Dur-
ing RITOLS, the existence of additional initiation sites for
the LS DNA replication has been proposed besides the
already established OH and OL initiation sites mapped
in early pioneering experiments (3,4,13,18,23,35,36). Both
SCM and RITOLS entail, respectively, the existence of
classic DNA replication bubbles composed of two ds-
DNA filaments or a bubble with one dsDNA filament
and one DNA:RNA filament (i.e., DNA/RNA hybrid)
(Figure 1B, C). Both intermediates are defined as theta
structures.

During the SCM of replication of the mitochondrial
genome, there is a synchronous and opposite advancement
of the HS and LS DNA synthesis, or, alternatively, coupled
leading/lagging strand replisomes carry on the replication
of the mitochondrial genome. SCM has been reported to be
a backup replication mode activated in specific conditions
(Figure 1C) (15,18,23,31).

Deep insights into the mechanism of replication of
the mitochondrial DNA came from the utilization of the
Kleinschmidt spreading technique (protein-based spread-
ing method) (37,38) coupled to rotary shadowing (39)
and Transmission Electron Microscopy (TEM) to ana-
lyze mitochondrial DNA purified from the genomic DNA
through caesium chloride or other density gradient-based

techniques (6,8,40–42). Also neutral-neutral 2D gel elec-
trophoresis is instrumental to the study of the mechanics
and dynamics of mitochondrial DNA replication (43). Al-
though these workflows remain the ‘gold standard’, density
gradient-based purification of the mitochondrial DNA re-
quires a long operator time, complex instruments (e.g., ul-
tracentrifuges), extensive usage of chemicals, and it is not
suitable for the quick analysis of multiple mitochondrial
DNA samples. Moreover, in the protein-based method of
DNA spreading (38), a complex between DNA and dena-
tured cytochrome C at the air-hypo-phase interface is visu-
alized through TEM, which does not allow clear visualiza-
tion of the ssDNA stretches on the DNA molecules. In addi-
tion, the protein-based spreading method cannot be utilized
for the denaturing spreading technique (see the following
paragraphs and Materials and Methods).

Here we modified and optimized a well-established pro-
tocol originally designed for the analysis of the chromo-
somal DNA replication intermediates using Transmission
Electron Microscopy (TEM) (44–48) and adapted it for the
rapid visualization of human mitochondrial DNA replica-
tion. Two main modifications were introduced to this well-
established procedure at the level of the in vivo psoralen-
mediated inter-strand DNA cross-linking and mitochon-
drial DNA extraction. The presented approach to visualize
mitochondrial DNA replication takes advantage of high-
density in vivo psoralen-mediated inter-strand DNA cross-
linking, optimized rapid DNA extraction, and the pro-
cedure to enrich the ssDNA containing DNA replication
intermediates (46,47). A well-established benzyl-dimethyl-
alkyl-ammonium chloride (BAC)-based spreading proce-
dure of naked, highly purified DNA combined with op-
timized low-angle rotary shadowing with platinum and
Transmission Electron Microscopy (TEM) are then utilized
to visualize HS and LS mammalian mitochondrial DNA
replication. Importantly, the specific spreading and low-
angle rotary shadowing conditions (using highly controlled
electron beam evaporation) allow to clearly distinguish the
difference between dsDNA and ssDNA, thus providing un-
precedented clarity for the structural studies of mitochon-
drial DNA replication intermediates (49,50).

Besides that, we used the variant of this technique called
‘denaturing spreading’ (45,46,48), which allows for the de-
tailed inspection of the chromatin structure (nucleosome
positioning) and more precise analysis of the DNA struc-
tures. In particular, the denaturing spreading technique was
utilized to visualize the in vivo three-stranded structure of
the short human mitochondrial D-loop.

In summary, the structural analysis of linearized human
mitochondrial genomes (through the use of specific repli-
cation maps) allows clear and quick visualization of the
progression of the heavy strand (HS) human mitochondrial
DNA replication. The fine chromatin structure of the mito-
chondrial genome can be inspected in detail with the de-
naturing spreading technique, and the high density of in
vivo DNA inter-strand cross-links prevents the formation
of artifacts during the purification of the mitochondrial
genome. The evidence presented here is in good agreement
with the uncoupled models of mitochondrial DNA replica-
tion, which entails the spatial and temporal separation of
HS and LS DNA synthesis.
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MATERIALS AND METHODS

In vivo psoralen-mediated inter-strand DNA cross-linking

U-2 OS (ATCC) and HeLa cells (European Collection
of Authenticated Cell Cultures: ECACC) were grown
in Dulbecco’s Modified Eagle’s Medium (Sigma-Aldrich,
#D6171) supplemented with Fetal Bovine Serum (Sigma-
Aldrich, #F7524) to a final concentration of 10%. BJ cells
(ATCC) were grown in Minimum Essential Media (Biowest,
#L0440) supplemented with Fetal Bovine Serum (Sigma-
Aldrich, #F7524) to a final concentration of 10%. In total,
22 million cells grown in four 15 cm diameter dishes (80%
confluency) were used for each EM sample. Before the ex-
periment, each dish was washed with 20 ml of 1x Phosphate
Buffered Saline (PBS), and cells were trypsinized using 1.5
ml of trypsin-EDTA solution for 10 minutes. Next, 10 ml of
DMEM were added to the detached cells, and cells from the
four dishes were collected into a single 50 ml falcon tube re-
sulting in a total volume of ∼46 ml (=1 EM sample). From
now on, cells were kept on ice, and the subsequent steps of
the protocol until the cell lysis were carried on rapidly. Cells
were spun down at 290 g for 5 min at 4◦C, and the residual
DMEM was carefully removed using a 1000 �l pipette tip.
The cellular pellet was resuspended in 5 ml of cold 1× PBS
(4◦C). The cell suspension was transferred into a 15 ml fal-
con tube (1 tube/sample), and cells were again spun down
at 290 g for 5 min at 4◦C. The residual PBS was carefully
removed using a 1000 �l pipette tip, and the cellular pellet
corresponding to each sample was gently resuspended in 3
ml of 1× PBS.

Next, cells from each sample were transferred into an
open 6 cm diameter dish with a stirring bar inside. The 6
cm dish was then placed into a 10 cm diameter dish (with-
out the lid) containing ice on the bottom and the sides of
the dish. This setup is critical to keep the cells constantly
on the ice during the incubation and UVA irradiation cy-
cles. Therefore, the ice was replaced once it dissolved dur-
ing the irradiation cycles. The dishes with the cells were
placed on a mini-magnetic stirrer, and the cells were con-
tinuously mixed. Next, 50 �l of 4,5′,8-Trimethylpsoralen
(TMP) (2mg/ml stock concentration prepared in DMSO;
stored at −20◦C in the dark; Sigma-Aldrich, #T613) were
added to each 6 cm dish. Cells covered with aluminum
foil to prevent light exposure were incubated under mag-
netic stirring on ice for 5 min. After that, cells were placed
into a Stratalinker UV Crosslinker Model 1800 (Strata-
gene, #400072) with an irradiation chamber equipped with
monochromatic 365 nm bulbs (8 W bulbs, 5 bulbs) and irra-
diated for 5 min. The UVA chamber’s irradiance was mea-
sured as previously described so that a defined and repro-
ducible irradiation energy was delivered to the samples (46).
The cell suspensions were kept at no more than 2–3 cm from
the UVA bulbs. Adding of the fresh TMP, 5 min incubation
in the dark, and 5 min irradiation cycles were repeated three
times (four cycles in total). Irradiation of the cells with UVA
in the presence of psoralen will induce the formation of
DNA inter-strand cross-links. These specific conditions of
in-vivo DNA inter-strand cross-linking are specifically opti-
mized to induce the formation of a high-density of covalent
cross-links between the opposing adjacent DNA bases on
the antiparallel filaments of the DNA molecule. In particu-

lar, in these experimental conditions, the linkers regions be-
tween nucleosomes will be cross-linked with high efficiency
leading to the creation of covalent links in more than 90%
of the linker regions between nucleosomes (see the text of
the manuscript) and (46). After the last irradiation cycle,
the cell suspension was transferred into a 15 ml falcon tube.
In addition, dishes were washed twice with additional 4 ml
of cold 1× PBS to ensure that all cells were collected from
the dishes. The collected cell suspension had a volume of
around 11.2 ml/sample.

DNA extraction

Following the psoralen-mediated DNA inter-strand cross-
linking (the step above), 15 ml falcon tubes with cells were
spun down at 290 g for 5 min at 4◦C. Residual PBS was care-
fully removed from the cell pellet using a 1000 �l pipette
tip. Each sample’s cellular pellet was resuspended in 3 ml of
TNE buffer (10 mM Tris–HCl, pH 7.4; 100 mM NaCl; 10
mM EDTA; room temperature). 10 �l of Ribonuclease A
(RNase A) (10 mg/ml stock concentration dissolved in dis-
tilled sterile H2O and prepared with the ‘boiling method’ as
described in Maniatis et al. 1982; RNase A Sigma-Aldrich,
#R5000) were added to each sample. Next, 3 ml of TNES
buffer (TNE buffer + 1% sodium dodecyl sulfate (SDS), at
room temperature) were added, and cells were resuspended
using a 1000 �l pipette tip with a cut end. Samples were
incubated at 37◦C for one hour in a water bath to allow
complete digestion of RNA species by the RNase A and
initiation of the cells lysis due to the presence of SDS. Next,
50 �l of Proteinase K solution were added (10 mg/ml stock
concentration in dH2O; Roche, #3115887001), and the cell
suspension was mixed four times using 1000 �l pipette tip
placed on 5 ml plastic pipette. Samples were incubated
overnight in a water bath at 37◦C to allow complete cell lysis
and extensive digestion of proteins by Proteinase K.

The next day, total DNA (containing both genomic and
mitochondrial DNA) was extracted by adding 6 ml (corre-
sponding to one volume) of phenol: chloroform:isoamyl al-
cohol (25:24:1 Sigma-Aldrich, #P2069). Samples were vig-
orously mixed by reverting the falcon tubes for 30 sec and
spun down at 3220 g for 5 min at room temperature. Next,
5 ml of the upper water phase (clear) containing DNA were
transferred to a new 15 ml falcon tube. 5 ml (one volume)
of chloroform (Sigma-Aldrich, #372978) were added to re-
move traces of the phenol from the previous step. Samples
were mixed vigorously by inverting the falcon tubes for 30
sec and spun down at 3220 g for 5 min at room temperature.
5 ml of the upper water phase (clear) containing DNA was
transferred to a new 15 ml falcon tube. 500 �l of 3 M sodium
acetate pH 5.5 (1/10 of the total volume) were added, and
the solution was mixed 20 times using a 5 ml plastic pipette.
Next, 5.5 ml of 2-propanol (VWR, #20842.330) (one vol-
ume) were added, and the solution was mixed by inverting
the falcon tube for 20 sec until the white stripes of precip-
itated DNA appeared. The precipitated DNA was moved
to a 1.5 ml microcentrifuge tube with 1 ml of 70% ethanol
(VWR, #20821.330) using a 1000 �l pipette tip (or mono-
use plastic loops) and spun down at 16 000 g for 3 min at
4◦C. Traces of ethanol were removed. The pellet with the
DNA was washed with 1 ml of ethanol 70% and spun down
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for 5 min at 16 000 g at 4◦C. Traces of the ethanol were
removed from the pelleted DNA, and the tube with the
DNA pellet was left open for ∼15 min until completely
dried. Finally, DNA was dissolved in 300 �l of 10 mM Tris–
HCl, pH 8.0 and gently mixed until completely dissolved.
The DNA samples were stored at 4◦C to prevent damage to
the chromosomal and mitochondrial DNA intermediates,
which can occur in the case of repeated cycles of freezing
the samples at −20◦C.

DNA digestion

As the protocol applies to pure DNA (46), it is advisable
to confirm the purity of the genomic DNA preparation by
checking the absorbance ratios (260/280 nm = 1.8 indicates
pure DNA; 260/280 nm = 2.0 indicates pure RNA). Usu-
ally, pure DNA preparations give a ratio of 260/230 nm of
around 2.0–2.2. If the pure DNA is resuspended in slightly
basic conditions (pH 8.0), this ratio 260/280 can increase by
0.2–0.3 units, while if resuspended in slightly acidic condi-
tions (pH 6.5), the value of the ratio will decrease by 0.2–0.3.

Typically, around 10–25 �g of highly pure genomic DNA
is digested for the EM sample preparation. It is recom-
mended to use quantification methods, which directly mea-
sure genomic DNA concentration, such as serial dilutions
of the DNA loaded on an agarose gel together with known
DNA standards, or the Qubit fluorometer-based protocol.
If DNA preparations contain RNA, DNA concentration
analysis with the Nanodrop spectrophotometer could give
an over-estimated read of the DNA concentration.

Using the psoralen-mediated cross-linking conditions in-
dicated in the previous step, around 70–100 units of PvuII-
HF enzyme (New England Biolabs, #R3151S) are sufficient
to obtain digestion of 10–15 �g of genomic DNA (7–10
units/�g of genomic DNA) in three to five hours at 37◦C.
The total volume of digestion is usually 250 �l. If it is possi-
ble to retain the restriction enzyme’s efficiency, it is advisable
to use digestion buffers that do not contain Bovine Serum
Albumin (BSA), which can stick to the purified DNA fibers
during the enrichment process and contaminate the DNA
samples for the electron microscopy analysis. After the di-
gestion, if the genomic DNA contains traces of dsRNA,
1 �l of RNase III (New England Biolabs, #M0245S) (2
units/�l diluted 1:100 in autoclaved sterile Milli-Q water)
can be added to the digestion mix for 30–60 min at 37◦C to
digest dsRNA completely. This step is not necessary if the
genomic DNA preparation does not contain dsRNA.

Analysis of non-enriched DNA samples

To analyze the non-enriched DNA samples (= samples in
which BND-cellulose/G20 column enrichment procedures
were omitted), upon completion of the digestion of the ge-
nomic DNA with PvuII-HF (see the previous paragraph),
an aliquot containing 1–5 �g of digested genomic DNA is
taken from the digestion mix. The digested DNA is sub-
jected to two extractions with the same volume of chlo-
roform (Sigma-Aldrich, #372978) to remove the traces of
the restriction enzyme that could stick to the DNA fibers.
After the second extraction with chloroform, the aque-
ous phase is separated from the organic phase, and the di-
gested genomic DNA is precipitated using a classic Sodium

Acetate/Ethanol precipitation. The precipitated DNA is re-
suspended in 500 microliters of Tris–HCl 10 mM, pH 8
and subjected to purification through the Amicon Ultra-
0.5 ml Centrifugal Filters (100K, Millipore, #C82301) as
described in the following paragraphs of the Materials and
Methods. 10–50 ng of the precipitated and purified DNA
are subjected to the spreading technique described in the
following paragraphs of the Materials and Methods. The
EM grids with the non-enriched genomic DNA adsorbed
on the carbon surface are subjected to the low-angle rotary
shadowing with 8 nm of platinum as described in the follow-
ing paragraphs of the Materials and Methods. EM pictures
have been acquired as described in the following paragraphs
of the Materials and Methods.

Enrichment of the ssDNA containing mitochondrial DNA
replication intermediates

Preparation of the BND-cellulose stock suspension for the
BND-cellulose columns. The benzoylated naphthoylated
diethyl aminoethyl (DEAE)-cellulose (from now on BND-
cellulose) stock was prepared by dissolving BND-cellulose
granules (Sigma-Aldrich, #B6385, concentration 0.1–0.5
g/ml, depending on the BND-cellulose batch) in 30 ml of
buffer containing 10 mM Tris–HCl, pH 8.0 and 300 mM
NaCl in a 50 ml falcon tube. The BND-cellulose clumps
were dissolved by extensive vortexing and vigorous pipet-
ting using 5 ml plastic pipettes and a cut 1000 �l pipette tip.
The concentration of BND-cellulose granules into the stock
solution can vary (0.1–0.5 g/ml) depending on the dimen-
sion of the BND-cellulose particles in the BND-cellulose
batch. The BND-cellulose resin suspension was centrifu-
gated at 3197 rcf for 5 min at 4◦C. After the centrifugation,
the supernatant was discarded using a 5 ml plastic pipette,
and the resin was washed four times in 30 ml of buffer con-
taining 10 mM Tris–HCl, pH 8.0 and 300 mM NaCl. In
some of the BND-cellulose batches, a consistent amount of
BND-cellulose resin may remain in the supernatant, likely
due to the presence of a fraction of small dimension parti-
cles in the BND-cellulose preparation. Also, a sort of white
emulsion can be seen on the surface of the supernatant so-
lution due to the saponification process utilized for BND-
cellulose production. Properly dissolved and washed BND-
cellulose stock must appear as a homogeneous suspension
without clamps, granules, or emulsions. Typically, 5 ml of
the stock solution were prepared and stored at 4◦C for 1–2
months. The stock was resuspended by vortexing and pipet-
ting to prepare a homogeneous suspension before preparing
the BND-cellulose column bed as described in the following
step.

Preparation of the BND-cellulose columns. Next,
mono-use Poly-Prep chromatography columns (Bio-
Rad, #7311550) were utilized. 1–3 ml of BND-cellulose
stock suspension were applied to the chromatographic
column. Depending on the BND-cellulose batch, the
volume of BND-cellulose stock that needs to be applied to
the column can vary. The BND-cellulose resin was allowed
to get packaged into the column through gravity flow. The
height of the BND-cellulose bed in the column should
be around 1–2 cm. The flow rate can vary for different
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BND-cellulose batches, likely because of the various
dimensions of the BND-cellulose particles. To wash the
columns, 1 ml of buffer (filtered through 0.2 �m Millipore
filter) containing 10 mM Tris–HCl, pH 8.0 and 1 M NaCl
was added, and the resin was resuspend using 2 ml plastic
pipettes. Buffer was allowed to pass-through the resin
completely, and the wash was repeated six times in total.
Next, columns were washed six times using the second
buffer (filtered through 0.2 �m Millipore filter) containing
10 mM Tris–HCl, pH 8.0 and 300 mM NaCl. After the
last wash, the column was left with 1 ml of buffer (10 mM
Tris–HCl, pH 8.0; 300 mM NaCl), and the yellow bottom
cap was closed. At this point, BND-cellulose columns are
ready to be utilized for the enrichment process of ssDNA
containing DNA replication intermediates. Importantly,
columns containing BND-cellulose were not allowed to
dry out.

Enrichment of the DNA replication intermediates using
BND-cellulose. After the DNA digestion, 32.76 �l of au-
toclaved Milli-Q water, 300 �l of the buffer containing 10
mM Tris–HCl (pH 8.0) and 300 mM NaCl, 17.24 �l of the
buffer containing 5 M NaCl were added to the DNA diges-
tion mix to obtain the final volume of 600 �l and to adjust
the NaCl concentration. Next, the DNA digestion mix was
loaded on the BND-cellulose column prepared and equili-
brated with the buffer containing 10 mM Tris–HCl, pH 8.0
and 300 mM NaCl. The buffer used to equilibrate the col-
umn was completely eliminated by the gravity flow, and the
bottom of the column was closed with the cap. The DNA di-
gestion mix was immediately applied to the BND-cellulose
column without letting the column dry. 2 ml plastic pipettes
were used to gently resuspend the BND-cellulose resin to-
gether with the DNA digestion mix. The digestion mix was
incubated with the BND-cellulose for 30 min at room tem-
perature to allow a full binding of DNA molecules to the
resin. BND-cellulose resin bed was gently resuspended ev-
ery 5 min using a sterile 2 ml plastic pipette, avoiding exten-
sive pipetting as it can damage the DNA intermediates.

After the incubation, the cap was removed, and the
DNA digestion mix was allowed to pass through the BND-
cellulose column. This fraction was collected as a ‘Flow-
through’ for the follow-up analysis. The column was then
washed two times with 1 ml of filtered wash buffer contain-
ing 10 mM Tris–HCl, pH 8.0 and 1M NaCl. The resin was
gently resuspended using 2 ml plastic pipettes after adding
the wash buffer, and the column was completely emptied be-
fore an additional wash. These fractions, containing mainly
linear double-stranded DNA molecules, were collected in 2
ml microcentrifuge tubes marked as a ‘Salt fraction’ for the
follow-up analysis. Next, the BND-cellulose column was
closed using the bottom cap, and 600 �l of freshly prepared
and filtered (0.2 �m Millipore filter) buffer (caffeine solu-
tion) containing 10 mM Tris–HCl (pH 8.0), 1 M NaCl, 1.8%
caffeine (weight/volume, Sigma-Aldrich, #C0750) was ap-
plied to the BND-cellulose column to elute the DNA repli-
cation intermediates carrying ssDNA stretches. It is impor-
tant that the caffeine solution does not contain caffeine
crystals, and it should be freshly prepared and filtered before
use. The BND-cellulose resin was incubated for 30 min with
the caffeine solution and was gently resuspended (using 2

ml plastic pipettes) each 5 min. The column’s cap was re-
moved, and the solution containing DNA replication inter-
mediates carrying ssDNA stretches was collected into ster-
ile 1.5 ml microcentrifuge tubes marked as a ‘Caffeine frac-
tion’. The tubes were spun down at 16 000 rcf for 5 min at
room temperature. After the centrifugation, the caffeine
fractions were transferred into new sterile 1.5 ml micro-
centrifuge tubes without touching the pellet containing the
residual BND-cellulose particles. This centrifugation step
was added to avoid the carryover of BND-cellulose particles
in the final EM samples. At this point, the caffeine fractions
containing the DNA replication intermediates carrying ss-
DNA can be further purified following two alternative pro-
cedures: Amicon Ultra-0.5 ml Centrifugal Filters or classic
isopropanol/potassium acetate precipitation.

Purification of the DNA replication intermediates obtained
using the BND-cellulose columns. The fractions obtained
in the previous steps were immediately passed through
Amicon Ultra-0.5 ml Centrifugal Filters (100K, Millipore,
#C82301) to remove the excess of caffeine and high salt
concentration in the elution buffer. The Amicon Ultra-
0.5 ml Centrifugal Filters for the ‘Flow-through’, ‘Salt
fraction’ and ‘Caffeine fraction’ were assembled according
to the manufacturer’s protocol. Amicon filters were then
hydrated and equilibrated with 500 �l of 10 mM Tris–
HCl, pH 8.0. Next, 500 �l of the collected fractions were
loaded on the equilibrated filters and spun down at 5000 g
for 10 min at room temperature. After the centrifugation,
the liquid in the collection tubes was discarded, and the fil-
ters were washed with 500 �l of 10 mM Tris–HCl, pH 8.0,
followed by the centrifugation at 5000 g for 10 min at room
temperature. The wash of the collected fractions was re-
peated three more times (four washes in total). After the last
wash, the liquid in the collection tube was discarded, the
Amicon filter was transferred upside down into a new col-
lection tube provided by the manufacturer and spun down
at 1000 g for 1 min at room temperature. Purified DNA in-
termediates were transferred from the collection tube into
a sterile 1.5 ml microcentrifuge tube. The final volume of
the recovered DNA sample (‘Caffeine fraction’) should be
around 15–25 �l. Extensive pipetting of the sample should
be avoided to prevent damage to the DNA replication in-
termediates. Small aliquots of the fractions were loaded on
the agarose gel to estimate the efficiency of the enrichment
process.

Enrichment of the DNA replication intermediates using QI-
AGEN Genomic-tip 20/G anion-exchange columns. Alter-
natively, ssDNA containing DNA replication intermediates
can be enriched using the QIAGEN Genomic-tip 20/G
anion-exchange columns instead of the BND-cellulose
columns. This protocol replaces the BND-cellulose-based
enrichment procedure (see the previous paragraphs of Ma-
terials and Methods). Following the DNA digestion (see
the paragraph above of the Materials and Methods), the
volume of the digestion mix was adjusted to 1 ml using
the buffer containing 10 mM Tris–HCl, pH 8.0 and 300
mM NaCl. QIAGEN Genomic-tips 20/G (Qiagen, #10223)
columns were equilibrated with 1 ml of QBT buffer (50 mM
Mops pH 7.0, 750 mM NaCl, 15% isopropanol (v/v), 0.15%
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Triton X-100 (v/v) (Qiagen, #19054)) for 5 min (46). Next,
the QIAGEN Genomic-tips 20/G columns were washed
three times with 2 ml of the buffer containing 10 mM
Tris–HCl (pH 8.0), 1 M NaCl, and three times with 1 ml
of the buffer containing 10 mM Tris–HCl (pH 8.0) and
300 mM NaCl. Both buffers were filtered through 0.2 �m
Millipore filters. After the wash, the bottom of the QIA-
GEN Genomic-tip 20/G column was closed with a cap, and
1 ml of the previously adjusted digestion mix was loaded on
the QIAGEN Genomic-tip 20/G column and incubated for
10 min at room temperature to allow binding of the DNA
to the column. After the incubation, the cap was removed,
and the DNA digestion mix was allowed to pass through
the QIAGEN Genomic-tip 20/G column and collected into
a 1.5 ml microcentrifuge tube as a ‘Flow-through’ for the
follow-up analysis. Next, the QIAGEN Genomic-tip 20/G
column was washed twice with 1 ml of filtered buffer con-
taining 10 mM Tris–HCl (pH 8.0), 1 M NaCl, and the wash
buffer passed through the column was collected into a 1.5
ml microcentrifuge tube as a ‘Salt fraction’ for the follow-up
analysis.

This fraction should contain mostly linear dsDNA
molecules without DNA replication intermediates. To elute
the ssDNA containing DNA replication intermediates, 600
�l of freshly prepared and filtered (0.2 �m Millipore filter)
buffer containing 10 mM Tris–HCl (pH 8.0), 1 M NaCl,
1.8% caffeine (weight/volume, Sigma-Aldrich, #C0750)
were applied to the QIAGEN Genomic-tip 20/G column
and incubated 15 min at room temperature to allow com-
plete elution of the ssDNA containing DNA replication in-
termediates. The elution fraction was collected into sterile
1.5 ml microcentrifuge tubes marked as a ‘Caffeine frac-
tion’. Next, an additional 600 �l of the elution caffeine so-
lution was applied to the QIAGEN Genomic-tip 20/G col-
umn, which was incubated for 5 min at RT, and the elu-
tion buffer was collected into the same 1.5 ml microcen-
trifuge tubes as previously indicated to increase the yield in
DNA replication intermediates containing ssDNA. The pu-
rification of the Caffeine fraction containing the DNA repli-
cation intermediates was performed using Amicon Ultra-
0.5 ml Centrifugal Filters (100K, Millipore, #C82301) ac-
cording to the same protocol as for the purification of the
fractions derived from the BND-cellulose enrichment pro-
cedure (see the paragraphs above of Materials and Meth-
ods).

Electron microscopy analysis

Native spreading. For the native spreading, a mix of the
DNA sample (‘Caffeine fraction’ or ‘non-enriched DNA’,
both purified on Amicon Ultra-0.5 ml Centrifugal Filters,
see the previous paragraphs of Materials and Methods), for-
mamide (Merck #F9037) and the solution of the detergent
BAC (Sigma-Aldrich, #12060) was prepared. First, BAC
powder was dissolved to 0.2% (w/v) in formamide (Merck
#F9037) and then diluted 1:10 in 10 mM Tris–HCl, pH 8.0
to obtain the BAC stock solution. Next, 5 �l of formamide
(Merck #F9037) and 0.4 �l of BAC stock solution were
deposited on the bottom of a 1.5 ml microcentrifuge tube
(46), creating the spreading mix. 5 �l of enriched (‘Caffeine
fraction’) or non-enriched DNA samples resuspended in 10

mM Tris–HCl, pH 8.0 to the final concentration of 10–50
ng/�l were added to the spreading mix without pipetting.

Immediately after that, 8 �l of the spreading mix were de-
posited on the surface of a mica glass sheet and allowed to
slide down on the glass and to get in contact with the wa-
ter surface (hypo-phase) previously created by adding 30-50
ml of the nuclease-free AccuGene Molecular Biology Wa-
ter (Lonza, #BE51200) to a 15 cm diameter plastic dish
as previously described (46). Thanks to the presence of the
BAC, once the drop of the spreading mix touches the wa-
ter surface (hypo-phase), a mono-molecular layer of DNA
molecules is created on the surface of the water. The ‘spread-
ing effect’ on the big surface of the water (hypo-phase) will
lead to the creation of a mono-molecular layer of well-
separated and non-overlapping DNA molecules floating on
the surface of the water. At the same time, the presence of
the formamide creates a slightly denaturing environment
that does not impact the structure of the DNA molecules
but forces them to acquire an extended conformation. The
‘spreading effect’ and the presence of formamide prevent
the formation of bundles of DNA fibers and create an ideal
configuration to analyze the fine ultra-structure of the DNA
molecules through TEM.

Denaturing spreading. For the denaturing spreading, 5 �l
of the DNA sample (‘Caffeine fraction’ or non-enriched
DNA sample purified on Amicon Ultra-0.5 ml Centrifugal
Filters, see previous paragraphs of the Materials and Meth-
ods), 5 �l of the formamide, and 0.2 �l of glyoxal solution,
40% (w/v) (8.8 M) of glyoxal dissolved in water (Sigma-
Aldrich, #50649), were mixed (without pipetting) creating
the denaturing spreading mix, which was incubated for 25
min in a thermomixer set at 42◦C. Subsequently, the dena-
turing spreading mix was chilled on ice for at least for 10
min. During the incubation at 42◦C, the two DNA filaments
of the DNA double helix become completely denatured
except for the points where the opposing adjacent DNA
bases on the two antiparallel filaments of the DNA helix
were cross-linked in vivo by the UVA and psoralen-mediated
DNA inter-strand cross-linking procedure (see the previous
paragraphs of Material and methods). Next, 0.4 �l of BAC
stock solution (see the previous paragraph in Materials and
Methods), were added to the denaturing spreading mix im-
mediately before the spreading, which was performed as de-
scribed in the above paragraph for the native spreading.

Immediately after the spreading of the DNA molecules
on the water surface (hypo-phase), either for the native or
for the denaturing spreading, the mono-molecular layer of
DNA molecules on the surface of the water was touched
with a 400-mesh copper TEM grid on which a thin (4–
8 nm), homogeneous and low grain carbon layer was de-
posited (46). The carbon layer utilized for this technique
was incubated for 30 min with the ethidium bromide so-
lution immediately before the absorption of the DNA
molecules on it. The ethidium bromide stock solution (10
mg/ml dissolved in water, Sigma-Aldrich, #E1510) was fil-
tered (0.2 �m) and subsequently diluted 1:10 in filtered
(0.2 �m) nuclease-free AccuGene Molecular Biology water
(Lonza, #BE51200) and utilized as described (46) to treat
the carbon layer deposited on the electron microscopy grids.
This treatment of the surface of the carbon with ethidium
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bromide is essential to maximize the efficiency of the ad-
sorption of the DNA molecules on the surface of the car-
bon without the need of glow discharging it. After the ab-
sorption of the DNA molecules on the carbon surface, the
electron microscopy grid was immediately submerged into
a solution of ethanol and uranyl acetate (Fluka, #73943) as
previously described (46).

The 5 mM uranyl acetate stock solution was prepared
in filtered (0.2 �m) AccuGene Molecular Biology Water
(Lonza, #BE51200) in 5 mM HCl. Since the uranyl acetate
has only mild radioactivity (0.37–0.51 �Ci/g), the use of the
standard protective equipment (gloves, lab coat, glasses) is
sufficient to work safely. Next, the uranyl acetate stock so-
lution was diluted 1:10 in 100% ethanol immediately before
use. Immediately after touching the spreading surface, the
electron microscopy grids with adsorbed DNA molecules
were instantly submerged in the uranyl acetate/ethanol so-
lution to allow the de-hydration of the DNA fibers on the
carbon surface and the completion of the absorption. Be-
sides that, the uranyl acetate positively stains both ssDNA
and dsDNA regions, thus enhancing the contrast in TEM
and the better visualization of the ssDNA stretches on the
DNA fibers. At this point, the electron microscopy grids
with adsorbed DNA fibers on the carbon surface can be
stored in electron microscopy plastic racks at room temper-
ature; alternatively, the grids can be immediately subjected
to low-angle rotary shadowing with platinum as described
in the following paragraph.

Low-angle rotary shadowing conditions. The carbon grids
with absorbed DNA molecules stained with uranyl acetate
were subjected to a precise low-angle rotary shadowing with
a layer of 8 nm of platinum as described previously (46).
Here, the following equipment was used: Leica MED020
e-beam (electron beam) evaporator equipped with an oil-
free deep vacuum system (membrane and turbo-molecular
pumps), the EVM030 control unit with two EK030 electron
beam evaporation sources (Leica, #16BU007086-T), the
QSG100 film thickness monitor (Leica, #16LZ03428VN),
the QSK060 Quartz Head (Leica, #16LZ03440VN), the
Tiltable Rotary Stage (Leica, #16BU007283T), and the high
precision rotation plate PR01 (ThorLabs, USA) for low-
angle rotary shadowing. Overall, the protocol combines the
positive staining with uranyl acetate and low-angle rotary
shadowing, providing high contrast images of the DNA
molecules visualized by TEM and the clear distinction be-
tween ssDNA and dsDNA thanks to the different thickness
of the two fibers in this experimental condition (46). The
utilization of the electron beam evaporation to produce low
grain and high-quality carbon and platinum layers and the
optimization of the low-angle rotary shadowing conditions
with platinum are essential to produce high-quality samples
with high contrast on the DNA fibers and the capability of
clearly distinguish ssDNA from dsDNA.

TEM pictures acquisition. The EM pictures were acquired
using an FEI Tecnai 12 G2 spirit Biotwin microscope oper-
ated at 120 kilovolts (KV) in TEM bright-field mode, and
a side-mounted optical fibered Gatan Orius SC-1000 cam-
era (11 megapixels) was utilized to generate the TEM im-
ages. The average thickness of the DNA fiber in this spe-

cific experimental condition was distributed around 10 nm.
The conversion factor for the calculation of the DNA fiber
length was 0.36 nm/base pair and was established through
the measurement of the length of plasmid DNA molecules
of known dimensions utilized as internal standards. The
pixel size was calibrated at each magnification using the
GATAN digital micrograph software (see the next para-
graph).

SOFTWARE AVAILABILITY

The Gatan Microscopy Suite Software (Gatan, version
2.3.3 64 bit) and the montage plug-in (Gatan, 64-bit ver-
sion) were utilized to acquire EM pictures with the side-
mounted Orius SC-1000 CCD camera (Gatan). EM pic-
tures raw files were saved in dm3 format. The ImageJ (ver-
sion 2.1.0/1.53C) software (open source) was utilized to an-
alyze the raw EM pictures.

Dot-blot analysis to detect the content of DNA:RNA hybrids
in non-enriched and enriched DNA samples

Serial dilutions of psoralen cross-linked genomic DNA (ei-
ther non-enriched or enriched using BND-cellulose/G20
column enrichment procedures) were prepared in TE.
150 microliters of each dilution were spotted on Hybond
N + membrane (Merck, #GERPN203B), previously equi-
librated with TE, using a Bio-Dot SF microfiltration appa-
ratus (Bio-Rad, #1706542) following manufacturer instruc-
tions. The Hybond N + membrane was washed with 200
�l of TE and exposed to UV light at 254 nm (Stratalinker
UV Crosslinker Model 1800, 8 W bulbs, 5 bulbs, Stratagene,
#400072) using the auto-crosslinking function to cross-link
the DNA to the membrane. The membrane was washed
with 10 mM Tris–HCl, pH 8 and blocked with blocking so-
lution (5% weight/volume powder milk dissolved in 10 mM
Tris–HCl, pH 8.0 for 1 h at room temperature (RT)).

The presence of DNA:RNA hybrids in the DNA
molecules immobilized on the Hybond N + membrane was
detected using the S9.6 antibody diluted in blocking solu-
tion. Next, the membrane was washed six times with 10 mM
Tris–HCl, pH 8.0, and incubated with a Goat anti-Mouse
IgG secondary antibody conjugated with Horseradish Per-
oxidase (HRP) diluted in blocking solution for 1 h at RT.
After that, the membrane was washed six times with 10 mM
Tris–HCl, pH 8.0 and the signal corresponding to the activ-
ity of HRP was detected using the Pierce ECL Plus Western
Blotting Substrate (Thermo Scientific, #32134) (51).

RESULTS

A rapid workflow to visualize circular and linearized mito-
chondrial genomes with short and expanded D-loops

To visualize human mitochondrial DNA replication using
transmission electron microscopy (TEM), asynchronously
growing human U-2 OS cancer cells were subjected to the
workflow described in detail in the Materials and Methods
section. The same workflow with similar results was applied
to additional human cancer cell types (HeLa cells) and nor-
mal human fibroblasts (BJ cells).
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Briefly, U-2 OS cells were subjected to a high-density
in vivo psoralen-mediated inter-strand DNA cross-linking,
and the total DNA (containing both genomic and highly
enriched mitochondrial DNA) was extracted using a rapid
method (see Materials and Methods). Purified DNA was
subjected to partial restriction enzyme digestion with PvuII
that cuts only one time in the human mitochondrial DNA
(Figure 1). The digested DNA was subjected to a quick pro-
cedure to enrich DNA replication intermedietes containing
ssDNA (see Materials and Methods) (46,47), followed by
BAC-mediated DNA spreading (44). Next, DNA was ab-
sorbed on a thin layer of carbon deposited on an electron
microscopy grid, positively stained with uranyl acetate, and
exposed to low-angle rotary shadowing with platinum, fol-
lowed by TEM analysis (44,52).

Using TEM, we identified circular dsDNA molecules
with an average size of 6.3 microns (corresponding to an
average dimension of 17 495 bp) in this experimental condi-
tion (Figure 2A). Considering that circular DNA molecules
adsorbed on the carbon surface become extended of about
5% of their length (52), we concluded that we are able to vi-
sualize and analyze dsDNA circles with an average dimen-
sion very close to 16,6 kb, which are bona fide human mito-
chondrial genomes.

As predicted from the early studies (6,8,29) and by the
SDM and the RITOLS models of mitochondrial DNA
replication (Figure 1A, B), we found that 50% of circu-
lar DNA molecules in our samples carried a short D-loop
(6,7) with an average size of around 700 nt. This size is
very close (assuming 5% stretching in length) to the dimen-
sion of 645 nt previously reported for the short D-loop of
the mammalian mitochondrial DNA (Figure 2A) (29). The
other 50% of the circular DNA molecules analyzed cor-
responded to non-replicating mitochondrial genomes. No-
tably, the specific spreading procedure applied in this work
clearly allowed for the distinction between ssDNA and ds-
DNA, thus facilitating the analysis and the recognition of
the three-stranded D-loop structure (Figure 2).

We noticed that many circular mitochondrial genomes
carrying the short D-loop structure were highly supercoiled
when they got adsorbed on the carbon surface. In con-
trast, the non-replicating circular mitochondrial genomes
(lacking D-loop) showed a more relaxed state (Figure 2A).
The supercoiled condition of many circular mitochondrial
genomes precluded the precise measurements of the length
of the short D-loops because their ssDNA stretches be-
came entangled in the supercoiled circular molecules (Fig-
ure 2A). However, since the mitochondrial DNA in our
samples was exposed to partial digestion with the PvuII en-
zyme, we could precisely map the D-loop position on mito-
chondrial DNA molecules that were digested by the restric-
tion enzyme (Figure 2B), taking advantage of the release of
the supercoiled state due to the linearization of the mito-
chondrial genome with PvuII.

Linearized mitochondrial genomes carrying a short D-
loop had an average size very close to the circular molecules
(17 844 bp) (Figure 2B). We defined segment #1 (from the
PvuII site closer to the D-loop to the beginning of the
D-loop) that had an average size of 2624 bp (Figure 2B,
C) and segment #2 (from the end of the D-loop to the
PvuII site more further away from the D-loop) that had

an average length of 13396 bp (Figure 2B–D). The average
size of the short D-loop on the PvuII linearized mitochon-
drial genomes was around 700 bp (Figure 2E), very close
to the average length of the short D-loops measured on
non-digested, circular mitochondrial genomes (Figure 2A).
These measurements support the conclusion that linearized
DNA molecules carrying short D-loops originated from the
PvuII-mediated linearization of the circular mitochondrial
genomes (Figure 2A, B, E). From these length measure-
ments we concluded that the short D-loop is always in the
same position with respect to the PvuII site closer to the
D-loop on all the linearized mitochondrial DNA molecules
analyzed.

Next, we set out to confirm that linearized molecules car-
rying short D-loop originate from the circular mitochon-
drial genomes digested using PvuII. Purified DNA was di-
vided into two samples. While one sample was exposed to
the partial digestion using the restriction enzyme PvuII,
the second sample was in parallel treated with BglII, an
enzyme that, compared to PvuII, does not have a cut site
in the human mitochondrial DNA. Importantly, even af-
ter a prolonged search at the electron microscope, the lin-
earized forms of the mitochondrial genomes with short
D-loop were not detectable in the sample treated with
BglII. Simultaneously, the chromosomal DNA fibers that
were co-purified together with the mitochondrial DNA dur-
ing DNA extraction were properly digested with BglII (as
judged by the reduction of their size). Based on this ex-
periment, we concluded that linearized molecules carrying
a short D-loop originate from the circular mitochondrial
genomes digested using PvuII. Although double-stranded
theta structures of mitochondrial DNA (replicating) from
cultured cells that are modified by RNase H have been pre-
viously reported (20), in all the experiments conducted in
this study using three different cell lines (see the next para-
graphs), the circular or linearized human mitochondrial
genomes carrying classic DNA replication bubbles (theta
intermediates) were not found.

During the analysis of the length of PvuII linearized mi-
tochondrial genomes, we realized that while segment #1 had
almost always the same length over the molecules analyzed,
there were linearized mitochondrial genomes in which the
length of the D-loop exceeded the average length of the
short D-loop (700 bp). In those molecules with extended D-
loops, the length of segment #2 was shorter than the aver-
age length (13396 bp) of segment #2 on molecules with the
short D-loop, and segment #1 always had the same length
in all the molecules analyzed (Figure 2E, D), indicating a
process of unidirectional D-loop expansion. We decided to
analyze those linearized molecules with short and extended
D-loops in more detail.

Unidirectional HS mitochondrial DNA synthesis progression
can be clearly analyzed on PvuII linearized human mitochon-
drial DNA molecules using DNA replication maps

The Strand Displacement Model (SDM) of mitochondrial
DNA replication predicts that the progression of the heavy
strand (HS) DNA synthesis (leading strand DNA synthesis)
displaces the parental heavy strand (strand displacement)
(Figure 1A), leading to a unidirectional expansion of the
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Figure 2. Circular and PvuII-linearized human mitochondrial genomes can be isolated and analyzed using the presented workflow. (A) Representative
electron microscopy (EM) pictures of circular mitochondrial genomes (without and with short D-loops) with schematic representations indicating dsDNA
in black, ssDNA in red, and the position of the short D-loop with an asterisk. Scale bars of 360 nm (in black) corresponding to 1 kilobase pair are reported
on each EM picture. Graphs reporting the distribution of the total lengths of the circular mitochondrial genomes and the lengths of the short D-loops
are shown. The average length and standard deviation bars are shown on each distribution graph. Data were collected from four independent experiments
(U-2 OS cells). The total number of molecules analyzed is n = 257 (circles) and n = 83 (D-loops). The average length of the dsDNA circles is 17 495
bp (6.3 �m). (B) Representative electron microscopy (EM) picture (with schematic representations) of a PvuII-linearized mitochondrial genome next to
the circular mitochondrial genome (both structures carrying a short D-loop) with a graph showing the distribution of the total lengths of the PvuII-
linearized mitochondrial genomes analyzed with average length and standard deviation bars. The average length of the PvuII-linearized mitochondrial
genomes is 17844 bps. A scale bar of 360 nm (1 kbp) (in black) is shown on the EM picture. (C–E) Graphs showing the distribution of the lengths of
segment #1 (average length 2624 bp), segment #2 (average length 13396 bps), and D-loop (average length 700 bp) measured on the PvuII-linearized
mitochondrial DNA molecules analyzed in (B) with average length and standard deviation bars (see the text of the manuscript). Data shown in B–E are
from four independent experiments (U-2 OS cells). Total numbers (n) of molecules analyzed are reported on each graph.
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short D-loop. Therefore, we decided to build a replication
map in which we aligned multiple schematics in scale repre-
sentations of all linearised mitochondrial genomes analyzed
with reported positions, and dimensions, of segment #1, D-
loop, and segment #2 (Figure 3A, B).

Linearization of the mitochondrial DNA molecules with
the restriction enzyme PvuII allowed a more precise mea-
surement and inspection of the structural features of both
short and extended D-loops (Figures 2B and 3A), which
were not entangled into the supercoiled circular molecules
and were accurately mapped toward the position of the
PvuII site (Figure 3A, B).

From the mitochondrial DNA replication map, we con-
cluded that: (i) the short D-loop is always located in the
same position with respect to the PvuII cut sites in all the
linearized mitochondrial DNA molecules analyzed, except
for a few sporadic cases in which segment #1 was longer
or shorter and short D-loop was in an unusual position
(those sporadic D-loops in unusual position could repre-
sent additional initiation sites of the human mitochondrial
DNA replication); (ii) in the linearized genomes in which
the D-loop was expanded, it expanded only from one side
(side of the D-loop further away from the PvuII cut site) as
predicted by the SDM and the asynchronous and unidirec-
tional progression of the HS DNA synthesis (Figure 1A and
Figure 3A, B); (iii) the D-loop position toward the PvuII cut
site fits with previously reported evidence of the D-loop lo-
cation in the human mitochondrial genome (29). When the
estimated positions of the D-loops analyzed in this study
were compared to the position of known elements of the
human mitochondrial genome like heavy strand promoter
(HSP), light strand promoter (LSP), conserved boxes 1–2–3
(CSB 1–2–3), HO, termination associated sequences (TAS)
and LO it emerged that the large majority of D-loops iden-
tified in this study are localized, as expected from previously
reported evidence, between the CSB 1–2–3 and the TAS se-
quences. (Figure 3B and Supplementary Figures S1A, S4B).

In agreement with previous reports (8), we found that
HS mitochondrial DNA replication can displace up to two-
thirds of the parental HS. Indeed, we found linearized mi-
tochondrial DNA molecules carrying three strands D-loop
structures with ssDNA stretches up to 8000–10 000 nu-
cleotides (Figure 3A). Moreover, out of the 100 linearized
mitochondrial DNA genomes carrying the D-loop struc-
ture, 75 of them showed a short D-loop with an average
length of 700 nt. In contrast, 25 molecules had an expanded
D-loop (Figure 3B) in agreement with previous reports on
the temporal separation, asynchronous, opposite, and uni-
directional progression of HS and LS human mitochondrial
DNA replication (10) and with the in vivo occupancy of
mtSSB protein during human mitochondrial DNA replica-
tion (26,32).

Next, we performed the identical structural analysis of
the same DNA samples which we analyzed in Figure 3;
however, we omitted BND-cellulose/G20 enrichment steps.
In those non-enriched samples, we observed the same
DNA structures (Supplementary Figure S1A) as in sam-
ples that underwent BND-cellulose/G20 enrichment pro-
cedure (Figure 3B). We also obtained the same quantita-
tive ratio of mitochondrial DNA replication intermediates
when comparing non-enriched and enriched samples (Sup-

plementary Figure S1B). In particular, in both samples, we
observed 75% of mitochondrial DNA replication interme-
diates with short D-loops and 25% intermediates with ex-
tended D-loops (Supplementary Figure S1B). Hence, we
concluded that enrichment steps do not impact the DNA
structures and quantitative ratio obtained in the structural
analysis of mitochondrial DNA replication intermediates.

It is of note that even after an extensive search at the elec-
tron microscope, we did not observe any classic DNA repli-
cation bubble (or theta DNA molecules) in non-enriched
nor BND-cellulose/G20 column-enriched samples (Sup-
plementary Figure S1B). Since specific modes of mito-
chondrial DNA replication entail DNA structures carry-
ing DNA:RNA hybrids (Figure 1), we decided to utilize
the dot-blot analysis using the S9.6 antibody recognizing
DNA:RNA hybrids. This method is widely used to mea-
sure the content of DNA:RNA hybrids in the DNA sam-
ples (51). We performed the dot-blot analysis of samples
before and after the BND-cellulose/G20 columns-based en-
richment procedures. We observed that non-enriched DNA
samples contain DNA:RNA hybrids and that the DNA
structures carrying DNA:RNA hybrids are very efficiently
enriched by the enrichment procedures adopted in this
study (Supplementary Figure S1C, D). Moreover, the S9.6
signal we detect in the dot-blot analysis is not due to dsRNA
species, but it is specific for DNA:RNA hybrids (Supple-
mentary Figure S1E) (51).

It has been demonstrated that heavily transcribed re-
gions of the ribosomal DNA (rDNA) can be heavily cross-
linked in vivo by psoralen under experimental conditions
identical to the ones utilized in the present study (53).
Those regions containing DNA:RNA hybrids can be visu-
alized through the spreading in native and denaturing con-
ditions, low-angle rotary shadowing, and transmission elec-
tron microscopy using experimental conditions identical to
those utilized in the present study (53).

In supplementary Figures S2 and S3, we report addi-
tional examples (with enlarged views) of extended and short
D-loops generated during human mitochondrial HS DNA
replication.

LS mitochondrial DNA replication intermediates (gapped
circles) are clearly distinguishable with the applied spreading
and low-angle rotary shadowing conditions

According to the uncoupled and asynchronous model of
mitochondrial DNA replication, once the replication of the
HS is completed, a fully replicated circular mitochondrial
DNA molecule is released (composed of one parental LS
and one newly synthesized HS). Simultaneously, the gapped
circular mitochondrial genome composed of a full parental
HS and an incompletely newly synthesized LS (Figure 1A)
is produced. Although these molecules were less frequent
than the HS mitochondrial DNA replication intermediates
carrying short or extended D-loops, we were able to identify
circular and incompletely replicated gapped human mito-
chondrial genomes of an average length of 17 500 bp (Figure
4). This dimension is very close to non-replicating circular
human mitochondrial genomes (Figures 2A and 4).

In some of these gapped circular mitochondrial genomes,
it was possible to identify single-strand DNA gaps of
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Figure 3. Unidirectional expansion of the human mitochondrial D-loop during HS DNA replication can be analyzed using replication maps built on PvuII-
linearized mitochondrial genomes. (A) Representative EM pictures of HS mitochondrial DNA replication intermediates (PvuII-linearized mitochondrial
genomes) with schematic representations of the position of dsDNA (black), ssDNA (red), and the position of the D-loop (asterisks). A schematic repre-
sentation of the PvuII-linearized mitochondrial genome with the indicated positions of segment #1 (black), segment #2 (black), and the D-loop (black,
red) are shown. A scale bar of 360 nm (1 kbp) (in black) is shown on each EM picture. (B) Replication map with schematized representations of 103 aligned
PvuII-linearized mitochondrial genomes with the indicated positions of segment #1 (dark gray), D-loop (red), and segment #2 (light gray). The length
of the molecules is expressed as a percentage of the total length so that all the molecules and their structural features can be aligned on the same map. A
graphical map of the human mitochondrial genome linearized with PvuII (where the lengths are expressed as percentages of the total length of the mito-
chondrial genome) is also aligned with the replication map so that the estimated position of short and extended D-loops can be compared to the positions
of known human mitochondrial DNA sequences like Heavy Strand Promoter (HSP), Light Strand Promoter (LSP), Conserved Boxes 1–2-3 (CSB 1–2–3,
yellow), Heavy Strand Origin of Replication (OH), Light Strand Origin of Replication (OL), Termination Associated Sequences (TAS, blue). For each
sequence element, the coordinates utilized to build the graphical map are shown as a percentage of the total length of the PvuII-linearized mitochondrial
genome. The numbers of PvuII-linearized genomes analyzed and numbers of mitochondrial genomes with short and expanded D-loops (see the text) are
shown. The 25 molecules with the extended D-loops represent the sum total of unambiguous replication intermediates. Source material: U-2 OS cells.
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Figure 4. LS mitochondrial DNA replication fork progression can be followed by analyzing the gapped mitochondrial genomes. (A) Representative EM
pictures of LS mitochondrial DNA replication intermediates (gapped circles) with schematic representations of the position of dsDNA (black) and ssDNA
(red). A scale bar of 360 nm corresponding to 1 kbp is shown on each EM picture. Source material: U-2 OS cells.

around 10 000 nucleotides (Figure 4). This suggests that
HS DNA replication can be completed (and one fully repli-
cated mitochondrial genome released) when approximately
two-thirds of the LS DNA synthesis is missing on the sec-
ond replicating mitochondrial DNA strand (Figure 4 and
Figure 1A). This observation supports the asynchronous,
uncoupled, and opposite progression of HS and LS DNA
replication during mammalian mitochondrial DNA repli-
cation as proposed in early studies (3,4,8,10).

High density in vivo psoralen-mediated DNA inter-strand
cross-linking coupled to denaturing spreading allow the in-
spection of the chromatin structure of human mitochondrial
DNA and the analysis of the in vivo three-strand DNA archi-
tecture of the human mitochondrial D-loop

High-density in vivo psoralen-mediated inter-strand DNA
cross-linking coupled with ‘native’ or ‘denaturing’ spread-
ing of naked purified DNA, and Transmission Electron Mi-
croscopy (TEM) were applied in early studies to visualize
viral, episomal, and genomic DNA replication intermedi-
ates and to inspect theirs in vivo chromatin structure (44–
46,48,53,54). According to the standard ‘native’ spreading
protocol (see Materials and Methods), the DNA molecules

are analyzed under mild denaturing conditions so that the
two complementary ssDNA filaments of the DNA dou-
ble helix remained paired during the experimental proce-
dure (Figures 2–4). Therefore, the DNA molecules appear
as fibers with an average thickness of 10 nm, well distended
and separated on the spreading surface (without getting en-
tangled) when they are adsorbed to the carbon surface. That
facilitates inspection of their structural features through
TEM.

In the variant of the standard ‘native’ spreading protocol,
called ‘denaturing spreading’, the DNA fibers are handled
and subsequently spread in denaturing conditions (see Ma-
terial and Methods). That leads to the complete dissociation
of the complementary ssDNA filaments of a DNA fiber, ex-
cept for those points on the filaments, where adjacent DNA
bases present on the opposite complementary DNA strands
of the double helix were covalently cross-linked in vivo
as a consequence of UVA-mediated psoralen DNA inter-
strand cross-linking (45,46,48,53). Tightly bound DNA-
protein complexes such as nucleosomes will shield the DNA
molecule, preventing the occurrence of inter-strand DNA
cross-links, except for the inter-nucleosome linkers, which
will experience inter-strand cross-linking. Simultaneously,
nucleosome-free regions (or, in general, low occupancy
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regions) will experience a higher density of inter-strand
DNA cross-links (see Material and Methods). Heavily tran-
scribed genomic regions (containing DNA:RNA hybrids)
will also experience high-density DNA inter-strand cross-
links compared to genome regions assembled in tight nu-
cleosome arrays (53).

With the ‘denaturing’ spreading technique, DNA
molecules that were assembled in nucleosome arrays in
vivo will be heavily cross-linked at the inter-nucleosomal
spacers (in this experimental condition around 85–90% of
linker regions between nucleosomes will be cross-linked).
Therefore, with the denaturing spreading, DNA molecules
that were assembled in tight nucleosome arrays will appear
as DNA fibers composed of arrays of closely spaced
ssDNA bubbles of an average length of around 150 nt,
and the ssDNA filaments composing those bubbles will
have an average thickness distributed around 5 nm. On
the contrary, nucleosome-free regions, or DNA regions
not tightly and densely bound by proteins (or heavily
transcribed regions containing DNA:RNA hybrids) (53),
will be heavily cross-linked and will appear as dsDNA
fibers with an average thickness of 10 nm. Therefore, under
denaturing conditions, the high density of inter-strand
cross-links on the DNA fiber will prevent the two ssDNA
filaments composing a DNA fiber from dissociating.

To test the efficiency of the denaturing spreading proto-
col and to measure the density of the DNA inter-strand
cross-links on the human mitochondrial DNA replication
intermediates analyzed, we subjected our DNA samples
to denaturing spreading conditions. As it may be noticed
from Figure 5A, we observed a segment of a chromosomal
DNA fiber with closely spaced single-strand DNA bubbles
of an average length of 150 nt, indicative of in vivo assem-
bly of that segment of the chromosomal DNA fiber into a
tight nucleosome array. Simultaneously, on the same DNA
molecule, we observed an adjacent region where the inter-
strand DNA cross-links were more interspersed, suggest-
ing the presence of tightly bound non-nucleosomal DNA-
protein complexes with higher occupancy. Alternatively,
those regions could represent in vivo topological arrange-
ments of the DNA fiber (positive super-coilings) that inhibit
psoralen intercalation within the adjacent DNA bases of
complementary strands of the DNA fiber preventing subse-
quent covalent inter-strand DNA cross-linking by psoralen
in the presence of UVA irradiation (55).

Next, we decided to use the same denaturing spread-
ing protocol to analyze circular and PvuII-linearized mi-
tochondrial DNA molecules. We found that contrary to
chromosomal DNA filaments, both circular and PvuII-
linearized mitochondrial genomes showed a high frequency
of long and heavily cross-linked DNA stretches (Figure 5A–
C). In all mitochondrial DNA molecules analyzed (either
circular or linearized genomes), we rarely identified regu-
larly and closely spaced arrays of single-strand DNA bub-
bles of around 150 nts. This observation indicates that the
human mitochondrial genome is not assembled into tight
nucleosome arrays in agreement with previous reports on
the specific non-nucleosomal chromatin structure of the hu-
man mitochondrial genome (56).

To confirm that the PvuII-linearized mitochondrial DNA
genomes subjected to denaturing spreading were the same

molecules as those analyzed in native conditions, we built a
replication map using denatured and linearized mitochon-
drial genomes. We verified that the same structural features
observed in native conditions were preserved: the dimen-
sion of segment #1, the position and dimension of the short
D-loop, and the dimension of segment #2 (Supplementary
Figure S4). Similar to the native spreading analysis, also the
‘denaturing’ spreading confirmed that the position of the
large majority of the short D-loops analyzed in this study is
comprised between the CSB 1–2–3 and the TAS sequences
(Supplementary Figure S4B).

As an example of the utilization of the denaturing spread-
ing technique to the study of the DNA structure of the hu-
man mitochondrial genome, we applied denaturing spread-
ing to analyze the fine chromatin structure of the region car-
rying the short D-loop on PvuII-linearized mitochondrial
DNA molecules (Figure 5D). We found that the D-loop was
always composed of three DNA strands in all the analyzed
molecules. In particular, it was always possible to identify
the single-stranded side of the short D-loops and heavily
cross-linked dsDNA stretches (or ssDNA bubbles of het-
erogeneous dimensions) on the opposite side of the D-loop
structure (Figure 5D).

DISCUSSION

We modified and optimized an already well-established pro-
tocol for the visualization of chromosomal DNA replica-
tion intermediates and adapted it to create a rapid work-
flow to analyze human mitochondrial DNA replication in-
termediates (in parallel to the analysis of chromosomal
DNA replication intermediates) (46) through low-angle ro-
tary shadowing and TEM.

The technique relies on high density in vivo psoralen-
mediated inter-strand cross-linking of the DNA fibers (in
the conditions described in this study, we create inter-strand
cross-links on around 85–90% of the inter-nucleosome
spacers on human chromosomal DNA fibers) (46), which
gives the advantage of preserving in vivo DNA structures
by preventing in vitro isomerization, branch migration (and
other topological transactions on the DNA molecules) that
can occur immediately after the deproteinization step and
rupture of the topological domains during DNA purifica-
tion (12,57). The presence of psoralen mono-adducts on
the exposed DNA bases on the ssDNA stretches (58) could
also prevent in vitro reannealing between ssDNA stretches
present on several mitochondrial DNA replication inter-
mediates and ssRNA, which may occur after deproteiniza-
tion during genomic DNA purification (32). On the con-
trary, in vivo DNA structures carrying DNA:RNA hybrids
can be heavily cross-linked and preserved along with the
subsequent steps of DNA extraction (53). Although all the
bubble-like mitochondrial DNA replication intermediates
isolated and analyzed in this study (either on circular or on
linearized mitochondrial DNA molecules) contain long ss-
DNA stretches, previous works identified DNA replication
bubbles (theta intermediates) carrying RNA tracts on repli-
cating mitochondrial DNA molecules (20). Future studies
utilizing tightly controlled conditions of in vivo psoralen-
mediated DNA inter-strand cross-linking will be required
to clarify the in vivo quantitative ratio between mitochon-
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Figure 5. High density in vivo psoralen DNA inter-strand cross-linking coupled to denaturing spreading allows to visualize the in vivo three-strand DNA
structure of the mammalian mitochondrial D-loop. (A) Representative EM picture of a chromosomal DNA fiber subjected to denaturing spreading with a
schematic representation of the regions of the fiber heavily cross-linked by psoralen in black and ssDNA bubbles due to the absence of DNA inter-strand
cross-links in red. Enlarged views of regions of the chromosomal DNA fiber with regularly spatially closed interspaced cross-links (indicative of assembly
in a tight nucleosomal array) or with more interspersed cross-links are shown (see the text). Scale bars of 360 nm (1 kbp) or 180 nm (0.5 kbp) (in black)
are shown on each EM picture. (B, C) Representative EM pictures (and enlarged views) of circular (B) or PvuII-linearized (C) mitochondrial genomes
subjected to denaturing spreading (see the text). Scale bars of 360 and 180 nm corresponding to 1 kbp and 0.5 kbp, respectively, are reported on each
picture. Schematized representations are shown with heavily cross-linked regions in black and ssDNA bubbles due to the absence of DNA inter-strand
cross-links in red. The position of the D-loop structure is indicated by the asterisk. (D) Enlarged views (EM pictures) and schematized representations
of the D-loop region on PvuII-linearized mitochondrial DNA molecules subjected to denaturing spreading (see the text). Heavily cross-linked stretches
of dsDNA (and ssDNA denaturation bubbles) are clearly visible in the D-loop structures opposite to the side of the D-loop, which is completely single-
stranded, thus demonstrating the in vivo three-strands structure of the human mitochondrial D-loop. Scale bars of 180 nm corresponding to 0.5 kbp are
reported on each picture. The position of the D-loop structure is indicated by the asterisk. Source material: U-2 OS cells.
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drial DNA replication bubbles with long ssDNA stretches
and theta replication intermediates carrying RNA tracts. In
this context, to better clarify which is the coverage of the
mtSSB on the displaced parental heavy strand at the level of
single mitochondrial DNA molecules, we envisage a future
implementation of the technique presented in this study that
combines TEM analysis and protein–DNA cross-linking.

Moreover, it has been proposed that the absence of
theta intermediates of mitochondrial DNA replication is
due to the experimental-mediated degradation of the RNA
component of the RITOLS intermediates (see Figure 1B)
(20,59), while in other studies, it has been shown that clas-
sical DNA replication bubbles with tracts of RNA can be
created by in vitro re-annealing reactions between bubble-
like mitochondrial DNA replication intermediates carry-
ing long ssDNA stretches and ssRNA present in the sam-
ples (32), although fully duplex DNA replication bubbles
with the displaced parental heavy strand completely cov-
ered by the annealed RNAs were never generated using
this in vitro procedure. Therefore, additional studies em-
ploying tightly controlled conditions of in vivo DNA inter-
strand cross-linking will be required to further clarify this
issue.

High density in vivo psoralen-mediated inter-strand DNA
cross-linking also allows the utilization of the ‘denaturing’
spreading technique to gain additional structural informa-
tion on the DNA intermediates analyzed. The denaturing
spreading technique applied here allows clear visualization
of the three-stranded in vivo DNA structure of the human
mitochondrial D-loop, confirming previously reported ev-
idence obtained in early studies using sedimentation tech-
niques and Transmission Electron Microscopy (TEM) (Fig-
ure 5) (6,7).

The optimized and quick DNA extraction procedure
utilized here allows the preparation of human genomic
DNA samples heavily enriched for mitochondrial DNA
without the need of purifying it to homogeneity with
time-consuming density gradients-based techniques. This
rapid procedure also eliminates the negative consequences
of prolonged manipulation of the DNA structures that are
unavoidable when sedimentation approaches are utilized to
analyze the human mitochondrial DNA.

Genomic DNA samples enriched for the mitochon-
drial DNA are partially digested with PvuII enzyme, and
DNA replication intermediates carrying ssDNA are en-
riched on anion-exchange (QIAGEN Genomic-tip 20/G)
or benzoylated-naphtoylated-diethyl-amino-ethyl-cellulose
(BDN-cellulose) columns (see Materials and Methods). Im-
portantly, this enrichment of ssDNA-containing DNA in-
termediates reduces the microscope time required to find
mitochondrial DNA replication intermediates, but it does
not influence the quantitative ratios of mitochondrial DNA
replication intermediates. Indeed, the same experimental
conclusions and quantitative ratios can be obtained work-
ing on non-enriched samples (Supplementary Figure S1A,
B), although the time for the analysis at the electron micro-
scope will be longer.

It is of note that DNA replication, repair, recombina-
tion, and transcription intermediates always contain short
stretches of ssDNA due to the inherent asymmetry of
the DNA-synthesizing machines involved in those DNA-

mediated processes. In particular, incomplete alignment be-
tween the newly synthesized strands and incomplete pair-
ing of the ends of the nascent strands with the templates in
those DNA-related processes create ssDNA regions that are
visible at the electron microscope. Those DNA structures
carrying stretches of ssDNA are very efficiently enriched by
the BND-cellulose and G20 columns, the two enrichment
procedures utilized in this study.

It remains a possibility that fully duplex theta structures
carrying long RNA tracts that cover the entire displaced
parental HS (generated during the human mitochondrial
DNA replication) could potentially escape the capturing by
the BND-cellulose and G20 columns based enrichment pro-
cedures. To exclude this possibility, it is advisable to perform
analysis comparing enriched and non-enriched samples in
parallel, as done in this study (Figure 3 and Supplementary
Figure S1A, B).

Thanks to the partial digestion of the mitochondrial
genomes with PvuII, it is possible to analyze, in parallel, cir-
cular, and linearized mitochondrial DNA genomes with the
advantage that the structural features of the HS DNA repli-
cation can be inspected in more detail (due to the absence of
supercoiling). Moreover, the unidirectional progression of
HS replication (D-loop expansion) can be mapped towards
the PvuII restriction sites and can be followed using DNA
replication maps aligning multiple schematized representa-
tions of PvuII linearized mitochondrial DNA genomes (9)
(Figures 2 and 3).

The use of the replication maps as described in this study
(multiple graphical alignments of schematized mitochon-
drial genomes linearized with PvuII) allows the identifica-
tion of short sporadic D-loops located outside the aver-
age position of most of the short D-loops (Figure 3B and
Supplementary Figure S1A, S4B). Therefore, the replica-
tion maps presented in this study might represent a valu-
able tool for identifying additional putative mitochondrial
DNA replication initiation sites utilized with very low fre-
quency. Importantly, the mapping of the location of the
short D-loops toward known markers present in the hu-
man mitochondrial genome highlighted that most short D-
loop structures visualized in this study localized between
the CSB 1–2–3 and TAS sequences according to previously
reported evidence (29). Hence, this study demonstrated that
the method presented here allows executing a precise analy-
sis of the location of the structural features of the human mi-
tochondrial DNA replication (Figure 2–5 and Supplemen-
tary Figures S1 and S4).

Moreover, the measurements done by electron mi-
croscopy in this specific experimental condition have a 5–
10% tolerance range, therefore the estimated position of
the D-loop structures analyzed in this study compared to
the position of known mammalian mitochondrial DNA se-
quences could be influenced by this unavoidable level of un-
certainty. Importantly, all the results obtained on linearized
mitochondrial genomes can be confirmed on the circular
genomes. However, the high level of supercoiling frequently
prevents a detailed structural inspection because of the en-
tangling of the long single-strand DNA stretches into the
supercoiled dsDNA circles.

LS DNA synthesis can also be followed on gapped cir-
cular DNA molecules that are more relaxed (Figure 4) due
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to the discontinuity present on the double helix. The BAC
spreading procedure of naked and highly purified DNA
samples coupled to positive staining and optimized low-
angle rotary shadowing (electron beam evaporation) allows
the clear distinction of dsDNA from ssDNA based on the
different thicknesses of the DNA fiber in this experimen-
tal condition. The use of this specific spreading technique
is particularly advantageous considering that several hu-
man mitochondrial DNA replication intermediates carry
long stretches of ssDNA. Thanks to the clear visualization
of ssDNA, it is possible to identify extended D-loops (HS
replication) and gapped circles (LS replication) with ssDNA
stretches up to 8–10 thousand nucleotides (Figure 3 and
4), strongly supporting the asynchronous, uncoupled, op-
posite, and unidirectional mode of mammalian mitochon-
drial DNA replication in agreement with early pulse label-
ing experiments (10) and electron microscopy observations
(8). Importantly, all the stretches of ssDNA on the HS and
LS replication intermediates analyzed did not show inter-
nal dsDNA regions indicating that in the vast majority of
the events under this experimental condition, DNA replica-
tion initiation is restricted to OH and OL according to early
studies (4).

Although RNase A is utilized to eliminate the large
amount of free single-strand RNA (ssRNA) and double-
strand RNA (dsRNA) present in the DNA preparations
(to avoid technical problems in several steps of the proto-
col and unscheduled formation of DNA intermediates in
vitro during cell lysis and deproteinization) (see Materials
and Methods) (32), the same DNA structures can be identi-
fied if RNase A is omitted from the protocol and the DNA
samples are prepared, enriched and analyzed without get-
ting into contact with any RNase activity that can degrade
ssRNA, dsRNA or DNA/RNA hybrids.

Although the RNase-free protocol is feasible, the mas-
sive amount of fragmented ssRNA fibers will make the EM
analysis tedious, and it will decrease the efficiency of the en-
richment process and the quality of the EM visualization
data. Notably, the high density in vivo inter-strand DNA
cross-linking technique utilized in this study would also sta-
bilize and preserve DNA:RNA hybrids even in the presence
of RNase A treatment during the DNA extraction (53,60)
(Supplementary Figure S1C-D-E).

With this workflow, we were able to confirm previ-
ously reported conclusions about the uncoupled and asyn-
chronous progression of the human mitochondrial DNA
replication (8,61). The experimental evidence reported here
support a spatial and temporal separation between HS and
LS DNA synthesis and the unidirectional and opposite pro-
gression of HS and LS DNA synthesis, which are essential
requirements for the uncoupled mode of the human mito-
chondrial DNA replication as postulated by the SDM and
RITOLS (Figures 1, 3 and 4).

As discussed above, we did not observe theta intermedi-
ates using the protocol described in this study. However, ad-
ditional studies, e.g., applying the technique on a different
starting material such as solid tissues, are needed to shed
additional light on the mechanisms of mitochondrial DNA
replication.

Finally, with the applied workflow, the analysis of chro-
mosomal DNA replication intermediates can be conducted

as previously described (46) in parallel with the analysis
of LS and HS human mitochondrial DNA replication. We
would like to underline that the technique described in
this study is specifically suitable to study mitochondrial
DNA replication intermediates purified from human cul-
tured cells. In the present study, we isolated the same hu-
man mitochondrial DNA replication intermediates from
cancer cells (U-2 OS, HeLa) or primary cells (BJ) (Sup-
plementary Figure S5). In future studies, it will be benefi-
cial to apply this methodology to cells that grow in suspen-
sion. Previous transmission electron microscopy analysis
of mitochondrial DNA replication intermediates demon-
strated that the extent of preservation of RNA tracts in
the mammalian mitochondrial DNA replication interme-
diates is methodology-dependent (20). In organello DNA
and RNA labeling on isolated mitochondria from solid
tissues followed by psoralen-mediated DNA inter-strand
cross-linking indicated that RITOLS might be a physio-
logical mechanism of mitochondrial DNA replication in
solid tissues (21,59). Currently, the method presented in this
study relies on the high density in vivo psoralen-mediated
DNA inter-strand cross-linking and was tested to analyze
mtDNA replication intermediates from cultured human
cells. However, it would be beneficial to adapt further and
optimize the technique to obtain a high-density of in vivo
psoralen-mediated DNA inter-strand cross-linking of the
mitochondrial DNA inside the entire cells when the entire
cells are still embedded in the solid tissue. This would pro-
vide new insights into the mechanism of the human mi-
tochondrial DNA replication, especially for the RITOLS
mode of replication that appears to be more frequent in
the mitochondrial DNA replication intermediates extracted
from solid tissues (20,21,59).

Although future implementations of electron microscopy
techniques like in situ mapping of the newly synthesized
strands will be required to provide further insights into the
mechanism of mitochondrial DNA replication and tran-
scription, the workflow presented here represents a rapid
method to investigate heavy and light strands mitochon-
drial DNA replication with unprecedented clarity.
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