
can also bind to nonspecific DNA sequences in a cooperative
manner to form stable protein patches (19). Beyond DNA bending,
dimerization of TFAM has been reported to be necessary for full
compaction of mtDNA into nucleoids (18, 20).

Although important biophysical principles for TFAM-mediated
mtDNA compaction are beginning to be understood, a number
of properties of the mammalian nucleoids, such as their mor-
phology and mtDNA content, are subject to considerable
debate. Estimates of the mtDNA copy number per nucleoid,
performed in the pre-superresolution microscopy era, had yielded
values of 2–10 copies of mtDNA per nucleoid (5, 7, 21, 22). With
STED microscopy a previously unrecognized clustering of nucle-
oids was discovered and the cell was found to contain ∼60% more
nucleoids than previously estimated (6). As a consequence, the
number of mtDNA molecules per nucleoid in human fibroblasts
was reported to be as low as ∼1.4 in human cells (6). However, this
number was questioned by another study that reported approxi-
mately three mtDNA molecules per nucleoid using confocal mi-
croscopy (10). Also, the shape of the mitochondrial nucleoid as
determined by superresolution microscopy is disputed. Ellipsoid
contours of nucleoids have been reported (10, 23), whereas we
have documented a similar mean nucleoid diameter in a variety of
mammalian species (6).

The organization of mtDNA into nucleoids is of fundamental
interest as it will impact our understanding of mtDNA segregation
in the germline and somatic tissues. Furthermore, replication and
transcription of mtDNA is inhibited if the nucleoid is highly com-
pacted (24). We have used biochemistry, STED superresolution
microscopy, EM, and electron cryo-tomography (cryo-ET) of
mammalian cells and nucleoids reconstituted in vitro to charac-
terize the ultrastructure of the mammalian mitochondrial nucle-
oid. Here we report that the organizational unit of the mammalian
mitochondrial nucleoid is a single copy of mtDNA compacted by
TFAM aggregation and cross-strand binding. Furthermore, we
report that most nucleoids have a slightly ellipsoidal shape. Our
structural characterization of the mitochondrial nucleoid will
provide the basis for future studies of its interaction with the
mitochondrial gene expression machineries.

Results
Electron Microscopy Reveals That TFAM Packages Single mtDNA
Molecules. To gain further insight into nucleoid composition,
we reconstituted nucleoids in vitro by mixing pure recombinant
mouse TFAM with mtDNA. The resulting structures were imaged
by low-angle rotary shadowing EM, which is a classical technique
to visualize DNA-protein complexes. Before performing imaging
experiments, we used electrophoretic gel mobility shift assays
(EMSAs) to verify that TFAM binds DNA under the buffer
conditions used for EM (Fig. S1A). Next, we performed EM on
specimens consisting of a 20.2-kb plasmid containing the complete
16.3-kb mouse mtDNA (25), mixed with increasing amounts of
TFAM. At low TFAM concentrations we observed several ex-
amples where TFAM was bound at sites where DNA was bent
(Fig. 1A). Previous Förster resonance energy transfer (FRET)
analyses have shown that TFAM bends DNA in solution (16, 18).
The width of the bent structure that we observed by rotary shad-
owing is ∼3× the diameter of the DNA duplex, which agrees well
with the width of the crystalized complex of a single TFAM
molecule binding DNA and bending it by 180° (16–18). Next, we
added increasing amounts of TFAM to the DNA and found
progressive DNA compaction (Fig. 1B). At a low protein con-
centration (1 TFAM molecule/150 bp of DNA), single binding
events were discernible. The TFAM molecules appeared as dark
spots and were randomly distributed along the length of the DNA
(Fig. 1B). When the TFAM concentration was increased further
(1 TFAM/30 bp or more), more TFAM was bound and there was
an increase in the size of the densities caused by TFAM binding
to DNA (Fig. 1B). At high TFAM concentrations the densities

on the DNA appeared to merge. Finally, at a concentration of 1
TFAM molecule per 6 bp or above, the DNA was completely
compacted (Fig. 1 B and C). A further increase of the TFAM
concentration did not result in any additional compaction of the
DNA (Fig. 1C). The shapes of the nucleoids reconstituted in vitro
varied, as did their degree of compaction, at high TFAM levels
(Fig. S1B). The compacted TFAM/DNA complexes had an av-
erage diameter of 130 ± 39 nm (mean ± SD, n = 34) (Fig. 1C),
slightly larger than mitochondrial nucleoids observed by super-
resolution microscopy (6, 10). This larger size is expected because
during sample preparation for rotatory shadowing the TFAM/
DNA complex is flattened against the support film of the EM grid.
It is then covered by a layer of platinum, which inevitably increases
the size of the complex. In addition, the DNA (20.2 kb) used for
in vitro reconstitution of nucleoids is ∼24% larger than mouse
mtDNA (16.3 kb), consistent with the larger size of the nucleoids
generated in vitro (∼130 nm) compared with immuno-labeled

Fig. 1. Electron microscopy reveals that TFAM packages single mtDNA
molecules and that cross-strand TFAM binding is necessary for compaction of
mtDNA. (A) Electron micrograph showing a DNA U-turn with TFAM bound
(white arrowhead). (Scale bar: 20 nm.) Crystal structure of TFAM (blue) and
DNA (orange/green) [Protein Data Bank ID code 3TMM (16)]. (B) Electron
micrographs of spread DNA incubated with increasing concentrations of
TFAM. TFAM molecules are indicated by white arrowheads. White asterisks
mark unbound TFAM molecules. (Scale bar: 100 nm.) (C) Diameters of DNA
incubated with increasing concentrations of recombinant TFAM protein by
the mean of the long and short axes. Data are represented as mean ± SD, n =
134. (D) TFAM binds to DNA in two different ways. TFAM binds single DNA
duplexes as beads on a string inducing bending of DNA (Left) or bridges two
DNA duplexes resulting in loops (Right). TFAM molecules are indicated by
white arrowheads. (E) TFAM binding to DNA as beads on a string (red) or by
bridging two DNA duplexes (dark red). Subsequent binding preferentially
occurs at sites already occupied by TFAM as can be observed by an increase in
particle size. (Scale bars: 50 nm.)
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and analyzed the lengths of long and short axes for a large
number of nucleoids (n = 70,638). Consistent with results from
others (10), we found that most nucleoids indeed were ellipsoidal
but with less elongated shapes than previously reported. In fact,
the majority (70.3%) of mouse mitochondrial nucleoids in our
study were nearly spherical.

The ultrastructure of the mammalian nucleoid may be solely
determined by binding of TFAM to mtDNA because TFAM is
present at ∼1,000 copies per mtDNA molecule (6, 11) and has
structural (16–18) and biophysical properties (19, 20, 24, 30)
consistent with an important role in DNA compaction. However,
this does not exclude that other proteins affect the packaging of
mtDNA and determine nucleoid morphology (8). To address this
question, we decided to reconstitute mitochondrial nucleoids
in vitro by adding TFAM to single mtDNA molecules followed
by high-resolution imaging of the resulting structures by rotary
shadowing and EM. All of the reconstituted compacted nucle-
oids that we observed had highly irregular elongated shapes,
consistent with the size and irregular shape of the nucleoid
structures observed by STED microscopy of MEFs. The irregular
shape of mitochondrial nucleoids suggests that the packaging of
mtDNA is not an ordered, repetitive process, as seen when nu-
clear DNA is packaged by histones into nucleosomes or by
protamines into toroids. Also, DNA-binding proteins, such as the
bacterial protein RecA involved in homologous recombination,
form very ordered structures when bound to DNA (31). In

contrast, binding of TFAM to mtDNA seems to follow an almost
random pattern. Rotary shadowing EM allowed us to see single
TFAM molecules bound to mtDNA. Adding increasing amounts
of TFAM to mtDNA did not result in a dispersed distribution of
binding events but rather resulted in larger aggregates, consistent
with cooperative binding (19). TFAM monomers are reported to
slide along the DNA and are ∼100 times more likely to bind next
to an already stationary TFAM patch than to naked DNA (19).
In addition to single and cooperative binding events of TFAM to
mtDNA, we also observed DNA loop formation by cross-strand
binding. Importantly, all of the different binding modes were
observed simultaneously, indicating that different binding modes
coexist on the same mtDNA molecule and collectively contribute
to mtDNA compaction. We observed extensive looping of DNA
at high TFAM concentrations. Similar loops, consisting of compact
rosettes that were constrained at their center, have been observed
on electron micrographs of mtDNA in rat liver mitochondria on
tissue sections (32). In addition, DNA looping has been observed
by atomic force microscopy (AFM) studies of TFAM/DNA ag-
gregates (20). At variance with our results and these previous re-
ports, tethered particle movement (TPM) experiments effectively
excluded looping when TFAM binds to DNA (19). It is possible
that single-molecule experiments, involving immobilized DNA with
a particle attached to the free end, do not fully reproduce the way
in which untethered DNA molecules would behave in the presence
of TFAM. Bending may well result in some DNA compaction, as
suggested by others (19, 33), but cannot on its own explain the
structures that we observed when reconstituting nucleoids in vitro.
Based on our results and those of others, we suggest that looping is
an important step in achieving DNA compaction and we present a
model along these lines (Fig. 2).

There is an ongoing discussion whether TFAM binds DNA as
a monomer or dimer. Based on noncontact AFM, it has been
reported that TFAM always binds DNA as a dimer (20). The
atomic structures of TFAM bound to the light strand promoter
of mtDNA showed monomeric complexes (16, 17). Size-exclusion
chromatography with in-line multiangle light-scattering analysis
(16) and small-angle X-ray scattering analysis (17) further sup-
port the notion that TFAM binds DNA as a monomer. An in-
dependent approach based on optical tweezers and fluorescence
microscopy concluded that TFAM binds DNA in solution as a
monomer (19). However, very recently, two crystal structures of
TFAM bound to the heavy strand promoter or to an unspecific
mtDNA sequence showed evidence of dimerization (18). A re-
interpretation of the previous structures (16, 17) showed that
these also contained TFAM dimers, which initially had been
attributed to crystal packaging artifacts (18). The dimerization
surface involved the HMG-box A domain in both TFAM mol-
ecules (18). Further analysis with FRET assays showed that
the TFAM–TFAM interaction occurred only in the presence of
DNA of >200 bp in length and was dependent on five conserved
amino acids in HMG-box A (18). Furthermore, dimerization-
mutant TFAM molecules were reported to retain the capacity
to bend DNA, as judged from FRET assays, but had lost their
capacity to compact DNA on TPM assays (18). We tested the
dimerization-defective TFAM mutant in our rotary shadowing
EM assays and found that it had a very similar mode of DNA
binding and compaction as wild-type TFAM, which argues
against dimerization as an important mechanism for mtDNA
compaction. An alternative possibility is that the observed DNA
loops are formed by cross-strand binding of TFAM via each of its
two DNA-binding HMG-boxes. According to this model, the first
HMG-box would bind one DNA duplex and the second HMG-box
a nearby different DNA duplex, thus resulting in cross-strand
binding. If this model is true, one can envision a competition
between DNA bending to form a U-turn and the DNA loop
formation via cross-strand binding. Our findings suggest strongly
that the DNA bending originates from monomeric binding of

Fig. 4. Mitochondrial nucleoids observed by cryo-electron tomography in situ
are ellipsoid. (A) Tomographic slice through a whole bovine heart mitochondrion
showing mitochondrial nucleoids (boxed areas). White blobs are gas bubbles,
caused by the interaction of the electron beam with the biological material (28).
(Scale bars: 100 nm.) (B) Segmented surface representation of A showing position
of mitochondrial nucleoids (green) in a bovine heart mitochondrion. Green:
nucleoids; gray: outer membrane; gray-blue: cristae. (C) Dimensions and long to
short axis ratio of 13 nucleoids from four tomographic volumes of isolated bovine
heart mitochondria (mitoch.) (n = 13). See also Movie S1.
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TFAM as the bound TFAM molecule was measured to have three
times the diameter of the DNA duplex. However, further studies
will be needed to resolve this issue.

In a correlative 3D superresolution fluorescence and EM study,
elongated nucleoids were reported to interact with the cristae tips
in mitochondria (23). However, the large size of the nucleoid,
which would occupy most of the width of a crista, makes it difficult
to determine whether this is due to specific molecular interactions
that tether the nucleoids to the mitochondrial inner membrane, as
reported in yeast (34), or if it is just fortuitous.

In summary, we report here that the typical mammalian nu-
cleoid contains a single copy of mtDNA and has an irregular,
slightly elongated structure. We propose that the mitochondrial
nucleoid should be regarded as a structural unit generated by
TFAM compaction of mtDNA. The complex interactions occur-
ring at the nucleoid have been documented by cross-linking
studies leading to the proposal of a layered nucleoid structure
(35). It is important to recognize that most of the nucleoid volume
is accounted for by a single mtDNA molecule fully coated with
∼1,000 TFAM molecules (6). The machineries for replication and
transcription of mtDNA are inhibited if mtDNA is fully com-
pacted, and it has been suggested that fluctuations in TFAM levels
are the main determinant of the fraction of nucleoids that are
available for mtDNA replication or transcription (24). The low
number of highly elongated nucleoids that we observed by STED
microscopy can perhaps be explained by ongoing mtDNA repli-
cation or transcription, whereas the highly compacted nucleoids
may be for DNA storage. Consistent with this idea, bromodeoxy-
uridine, which is incorporated into newly synthesized DNA,
labels only a subset of all nucleoids (5–7, 36). In the future, it
will be important to determine the regulatory mechanism that

selects a subset of the nucleoids for mtDNA replication and
transcription.

Materials and Methods
Ethics Statement. This study was performed in strict accordance with the
recommendations and guidelines of the Federation of European Laboratory
Animal Science Associations (FELASA). The protocol was approved by the
Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen
(LANUV) in Germany.

Purification of Recombinant TFAM. His-tagged TFAM versions were expressed
and purified over Ni2+ as previously described (14). The eluate was loaded on
a heparin column equilibrated in H-0.3 buffer [25 mM Tris·HCl (pH 7.8), 0.5 mM
EDTA, 1 mM DTT, 0.3 M NaCl; the number after the hyphen indicates the
sodium chloride concentration in molar units] and eluted with a linear gra-
dient (20 column volumes) of buffer H-0.3 to H-1.0.

EM and Cryo-ET. EM and cryo-ET methods are described in SI Materials and
Methods.

Cell Culture. Primary MEFs were isolated from individual embryonic day 13.5
embryos and cultured as described before (6).

STED Microscopy, qPCR, and Western Blots. STED microscopy, qPCR, and
Western blots were performed as previously described (6).

ACKNOWLEDGMENTS. We thank the Proteomics core facility of the Max
Planck Institute for Biology of Ageing for performing protein identification and
quantification and Deryck Mills (Max Planck Institute of Biophysics) for main-
taining the electron microscopy facility. S.J. acknowledges support from the
Deutsche Forschungsgemeinschaft (DFG) Center for Nanoscale Microscopy and
Physiology of the Brain (CNMPB). This work was supported by the DFG (SFB 829)
and a European Research Council Advanced Investigator grant (to N.-G.L.).

1. Larsson NG, et al. (1998) Mitochondrial transcription factor A is necessary for mtDNA
maintenance and embryogenesis in mice. Nat Genet 18(3):231–236.

2. Lagouge M, Larsson NG (2013) The role of mitochondrial DNA mutations and free
radicals in disease and ageing. J Intern Med 273(6):529–543.

3. Larsson NG (2010) Somatic mitochondrial DNA mutations in mammalian aging. Annu
Rev Biochem 79(1):683–706.

4. Nass MM, Nass S (1963) Intramitochondrial fibers with DNA characeristics. I. Fixation
and electron staining reactions. J Cell Biol 19:593–611.

5. Iborra FJ, Kimura H, Cook PR (2004) The functional organization of mitochondrial
genomes in human cells. BMC Biol 2:9.

6. Kukat C, et al. (2011) Super-resolution microscopy reveals that mammalian mito-
chondrial nucleoids have a uniform size and frequently contain a single copy of
mtDNA. Proc Natl Acad Sci USA 108(33):13534–13539.

7. Legros F, Malka F, Frachon P, Lombès A, Rojo M (2004) Organization and dynamics of
human mitochondrial DNA. J Cell Sci 117(Pt 13):2653–2662.

8. Kukat C, Larsson N-G (2013) mtDNA makes a U-turn for the mitochondrial nucleoid.
Trends Cell Biol 23(9):457–463.

9. Hell SW (2007) Far-field optical nanoscopy. Science 316(5828):1153–1158.
10. Brown TA, et al. (2011) Superresolution fluorescence imaging of mitochondrial nu-

cleoids reveals their spatial range, limits, and membrane interaction. Mol Cell Biol
31(24):4994–5010.

11. Ekstrand MI, et al. (2004) Mitochondrial transcription factor A regulates mtDNA copy
number in mammals. Hum Mol Genet 13(9):935–944.

12. Takamatsu C, et al. (2002) Regulation of mitochondrial D-loops by transcription factor
A and single-stranded DNA-binding protein. EMBO Rep 3(5):451–456.

13. Shi Y, et al. (2012) Mammalian transcription factor A is a core component of the
mitochondrial transcription machinery. Proc Natl Acad Sci USA 109(41):16510–16515.

14. Falkenberg M, et al. (2002) Mitochondrial transcription factors B1 and B2 activate
transcription of human mtDNA. Nat Genet 31(3):289–294.

15. Morozov YI, et al. (2014) A novel intermediate in transcription initiation by human
mitochondrial RNA polymerase. Nucleic Acids Res 42(6):3884–3893.

16. Ngo HB, Kaiser JT, Chan DC (2011) The mitochondrial transcription and packaging factor
Tfam imposes a U-turn on mitochondrial DNA. Nat Struct Mol Biol 18(11):1290–1296.

17. Rubio-Cosials A, et al. (2011) Human mitochondrial transcription factor A induces a
U-turn structure in the light strand promoter. Nat Struct Mol Biol 18(11):1281–1289.

18. Ngo HB, Lovely GA, Phillips R, Chan DC (2014) Distinct structural features of TFAM
drive mitochondrial DNA packaging versus transcriptional activation. Nat Commun
5:3077.

19. Farge G, et al. (2012) Protein sliding and DNA denaturation are essential for DNA
organization by human mitochondrial transcription factor A. Nat Commun 3:1013.

20. Kaufman BA, et al. (2007) The mitochondrial transcription factor TFAM coordinates
the assembly of multiple DNA molecules into nucleoid-like structures. Mol Biol Cell
18(9):3225–3236.

21. Gilkerson RW, Schon EA, Hernandez E, Davidson MM (2008) Mitochondrial nucleoids maintain
genetic autonomy but allow for functional complementation. J Cell Biol 181(7):1117–1128.

22. Satoh M, Kuroiwa T (1991) Organization of multiple nucleoids and DNA molecules in
mitochondria of a human cell. Exp Cell Res 196(1):137–140.

23. Kopek BG, Shtengel G, Xu CS, Clayton DA, Hess HF (2012) Correlative 3D super-
resolution fluorescence and electron microscopy reveal the relationship of mito-
chondrial nucleoids to membranes. Proc Natl Acad Sci USA 109(16):6136–6141.

24. Farge G, et al. (2014) In vitro-reconstituted nucleoids can block mitochondrial DNA
replication and transcription. Cell Reports 8(1):66–74.

25. Martens PA, Clayton DA (1979) Mechanism of mitochondrial DNA replication in
mouse L-cells: Localization and sequence of the light-strand origin of replication.
J Mol Biol 135(2):327–351.

26. Davies KM, Daum B (2013) Role of cryo-ET in membrane bioenergetics research.
Biochem Soc Trans 41(5):1227–1234.

27. Dubochet J, et al. (1988) Cryo-electron microscopy of vitrified specimens. Q Rev
Biophys 21(2):129–228.

28. Wu W, Thomas JA, Cheng N, Black LW, Steven AC (2012) Bubblegrams reveal the
inner body of bacteriophage φKZ. Science 335(6065):182.

29. Cheng N, Wu W, Watts NR, Steven AC (2014) Exploiting radiation damage to map
proteins in nucleoprotein complexes: The internal structure of bacteriophage T7.
J Struct Biol 185(3):250–256.

30. Fisher RP, Lisowsky T, Parisi MA, Clayton DA (1992) DNA wrapping and bending by a
mitochondrial high mobility group-like transcriptional activator protein. J Biol Chem
267(5):3358–3367.

31. Heuser J, Griffith J (1989) Visualization of RecA protein and its complexes with DNA
by quick-freeze/deep-etch electron microscopy. J Mol Biol 210(3):473–484.

32. Van Tuyle GC, McPherson ML (1979) A compact form of rat liver mitochondrial DNA
stabilized by bound proteins. J Biol Chem 254(13):6044–6053.

33. Friddle RW, et al. (2004) Mechanism of DNA compaction by yeast mitochondrial
protein Abf2p. Biophys J 86(3):1632–1639.

34. Meeusen S, Nunnari J (2003) Evidence for a two membrane-spanning autonomous
mitochondrial DNA replisome. J Cell Biol 163(3):503–510.

35. Bogenhagen DF, Rousseau D, Burke S (2008) The layered structure of human mito-
chondrial DNA nucleoids. J Biol Chem 283(6):3665–3675.

36. Garrido N, et al. (2003) Composition and dynamics of human mitochondrial nucleoids.
Mol Biol Cell 14(4):1583–1596.

37. Wredenberg A, et al. (2013) MTERF3 regulates mitochondrial ribosome biogenesis in
invertebrates and mammals. PLoS Genet 9(1):e1003178.

38. Kremer JR, Mastronarde DN, McIntosh JR (1996) Computer visualization of three-
dimensional image data using IMOD. J Struct Biol 116(1):71–76.

39. Frangakis AS, Hegerl R (2001) Noise reduction in electron tomographic reconstruct-
ions using nonlinear anisotropic diffusion. J Struct Biol 135(3):239–250.

40. Ruzzenente B, et al. (2012) LRPPRC is necessary for polyadenylation and coordination
of translation of mitochondrial mRNAs. EMBO J 31(2):443–456.

Kukat et al. PNAS | September 8, 2015 | vol. 112 | no. 36 | 11293

CE
LL

BI
O

LO
G

Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1512131112/-/DCSupplemental/pnas.201512131SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1512131112/-/DCSupplemental/pnas.201512131SI.pdf?targetid=nameddest=STXT

