
It is now clear that understanding of genome organ-

ization of subcellular structures is necessary for under-

standing of cellular processes occurring through the cell

cycle, including questions of storage, realization, and

transmission of genetic information. A considerable

amount of information about forms and sizes of mito-

chondrial DNA (mtDNA) throughout evolution has been

accumulated [1]. Since the discovery of mtDNA [2, 3], it

has been clear that organization of mtDNA differs signif-

icantly from the organization of nuclear chromatin. For a

long time, mtDNA was not supposed to be covered with

proteins, and some authors even used the term “naked”

DNA, which is not true. Up to now, the list of proteins

that can be associated with mtDNA in most characterized

mt-nucleoids of human cells includes more than 50 items

and continues to grow [4]. Classical methods of cellular

biology allow analysis of nucleoid topology in a cell and

the presence of certain components (proteins, RNA, etc.)

in a nucleoid, but they are not able to provide detailed

information about specific features of nucleoid structure.

The main approach to studying nucleoids is to analyze

natural DNA–protein complexes.

It was recently suggested that the mitochondrial

chromosome and not the mtDNA is a unit of inheritance

of a mitochondrial genome, which makes studies of

nucleoid structure quite important. Moreover, deep inter-

est in the nucleoid is stimulated by, so-called, “mito-

chondrial diseases” (diseases of multicellular organisms

associated with accumulation of numerous mutations in

mtDNA). In fact, proteins associated with a nucleoid can

influence the speed of accumulation of mutations.

In the last decade, reviews devoted to this subject

appeared regularly [5-9]. Generally, they cover the subject

of nucleoid organization in metazoan mitochondria

(mainly in human cells) and fungi (mainly yeast).

Reviews touching plant cells are much less frequent [10,

11]. This can be explained by more complex organization

of the plant mt-genome and, first of all, by the extremely

big size of mtDNA (in some species, mtDNA is more

than 1,000,000-bp-long); thus, more complicated exper-

imental approaches are needed to analyze the organiza-

tion of the mt-genome in this group of organisms.

NUCLEOID MORPHOLOGY

Several words must be said about terminology. The

nucleoid is an area in a mitochondrion (similarly in

chloroplasts) that contains DNA associated with proteins

necessary for the maintenance of mtDNA integrity, com-

plexes involved in transfer of genetic information to

daughter cells and its realization. Although the nucleoid

is not separated from the matrix by a classical membrane,

one can expect that the nucleoid forms a separate com-

partment due to some substance. The nature of this sub-

stance remains unclear. The term nucleoid was proposed

by analogy to prokaryotic cells. Some authors use this

term to designate only the DNA–protein complex

(DNP), which is not completely correct in our opinion.

Sometimes the term mitochondrial chromosome is used

instead of DNP.
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Direct experimental studies of nucleoid structure are

being done using several approaches: (i) by use of elec-

tron, fluorescence, and confocal microscopy [12, 13]; (ii)

by analysis of DNP purified from isolated mitochondria;

(iii) by genetic methods. Microscopy reveals the form and

the size of a nucleoid and allows estimation of the colo-

calization of individual proteins with DNA. Nucleoid can

be visualized using either fluorescent dyes (DAPI,

PicoGreen, EtBr, etc.) [14, 15]; fluorescently labeled

antibodies to DNA or protein components of a nucleoid

[12, 16]; by means of expression of fluorescent fusion

proteins (in human cells, this approach was used to local-

ize TFAM or Twinkle proteins in DNP) [16, 17]; or by

means of expression of fluorescent photoactivated pro-

teins mEos2 or Dronpa [18]. The latter approach allows

monitoring of the lifetime dynamics of a nucleoid.

Mitochondrial nucleoids appear as spherical or ellipsoid

structures of 70-100 nm diameter in human cells and of

400 nm in yeast [6, 19]. In mitochondria of plant cells,

the spindle-shaped form of an mt-chromosome is

observed more often [10, 11]. A limited number of species

was used for these studies: mammalian cells (generally

human cell cultures), Xenopus oocytes, yeast, protozoa,

and higher plants (beans, tobacco cultured cells, etc.)

[20-24]. It is important to mention that the number of

nucleoids in human cells varies from 500 to 12,900

depending on the cell type and the method of nucleoid

visualization (cited by [7]), in fibroblasts about 1000

nucleoids can be detected [7], in yeast – about 8-10, in

trypanosomatids – one complex associate [25]. The num-

ber of nucleoids per cell and not per mitochondrion is

calculated since in many cells mitochondria are not dis-

crete small spherical bodies but have a form of “mito-

chondrial network”, constantly changing its form because

of the continuous fusion/fission process [19]. The mito-

chondrial network is often seen in young, actively divid-

ing cells. Constant progress in microscopy techniques

allowed obtaining images of individual DNA–protein

complexes with resolution to 10 nm. These techniques

are, for example, STED microscopy, and PALM and

STORM [19, 26-32]. Standard fluorescence microscopy

allows obtaining resolution of 200-350 nm.

STED (stimulated emission depletion) microscopy – a

modification of fluorescence microscopy enabling resolu-

tion 30-150 nm below the diffraction limit.

STORM (stochastic optical reconstruction

microscopy) – resolution of individual molecules to 10-

25 nm.

PALM (photo activated localization microscopy)

allows distinguishing individual molecules.

Data collected with these methods suggest that the

density of mt-chromosome packing excludes the diffu-

sion of soluble proteins of mitochondrial matrix, at least

for mammalian cells.

How many molecules of mtDNA does one nucleoid

contain? Until recently, it was believed that individual

yeast nucleoid contains 1-2 molecules of mtDNA, where-

as the mt-nucleoid of vertebrates usually contains 5-7

molecules [20, 21]. In recent years, the development of

high-resolution microscopy adjusted this parameter for

mammalian cells. It is now accepted that a nucleoid con-

tains 1-2 mtDNA molecules in mammals [19]. At the

same time, it was shown that although the main portion of

mtDNA in mammalian cells is represented by single cir-

cular molecules, in mouse cells from different tissues

about 10% of mtDNA molecules form catenanes, and in

human NEK cell culture about 30%. It is clear that in this

case one nucleoid can contain more than 1-2 mtDNA

molecules [33, 34]. A similar situation is observed in

embryonic cells, where the number of mtDNA molecules

is 3-4 orders of magnitude higher than in somatic cells. In

trypanosomatids, several thousand individual DNA mole-

cules are unified in a single complex associate that consti-

tutes a basis of one (unique) nucleoid. Concerning the

number of mtDNA molecules composing a nucleoid, it is

probably more appropriate to consider not DNA mole-

cules, but the number of full-size mitochondrial genomes.

How many nucleoids can one mitochondrion contain?

Considering the dynamic nature of mitochondria, it is

difficult to answer this question. During the major part of

a cell cycle, mitochondria are multinucleoid structures

(mt-reticulum). However, in synchronized culture of

osteosarcoma (143B) cells, it was shown that mt-reticu-

lum is fragmented, and one nucleoid can be seen in a dis-

crete mitochondrion [14]. An interesting fact was

observed: if mitochondria were studied after mechanical

breakage of cells, a significant number of mitochondria

(~40%) did not contain DNA (a nucleoid).

DNP COMPLEXES. PROTEINS

ASSOCIATED WITH mtDNA

The second and, in fact, the main approach for

studying the molecular organization of nucleoids is to

analyze proteins, specifically bound to or interacting with

mt-DNA (DNP). The strategy of studying nucleoid pro-

teins consists of preparation of highly pure mitochondria

with subsequent purification of DNP complexes.

Sometimes, the size of a nucleoid is so big that it is possi-

ble to purify it using a combination of differential and

gradient-density centrifugation [27, 35, 36].

Electron microscopy shows that the purified sample

consists of spherical particles with uniform mean size.

The main problem is to avoid reorganization (remodel-

ing) of the complex, which can happen during purifica-

tion of DNP. To exclude misinterpretation of the results,

the composition of native DNP and DNP fixed with

formaldehyde [22, 37] is often compared. Fixation with

formaldehyde allows using more stringent conditions for

DNP purification. Cross-linking is reversible; the reac-

tion can be reversed by heating the sample at 70°C.
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It must be kept in mind that formaldehyde forms

DNA–protein, RNA–protein, and protein–protein

bonds, but it does not interact with double-stranded

DNA. However, formaldehyde is more efficient in fixa-

tion of protein–protein complexes compared to protein

complexes with nucleic acids. Cross-linking can occur

when the distance between interacting molecules is less

than 10 Å. It was shown that Twinkle easily forms aggre-

gates at lower ionic strength [38, 39]. Thus, a standard

fixation procedure should be used, with precise pH, tem-

perature, and concentration of reaction components, and

the detergent. Another point should be mentioned: many

studies were made in vitro; therefore, the result should be

extrapolated to the in vivo situation with care.

The volume of purified mtDNA exceeds significant-

ly the volume of the organelle itself. Therefore, it is logi-

cal to assume that there are factors assuring the com-

pactization of DNA molecules. A chromosome in a

prokaryotic cell has to be compressed 104 times to fit into

the cell [40], but in the case of a metazoan mitochondria,

DNA (15-20 kb) has to be compressed 20-30 times [19].

Proteins are the most probable in vivo component provid-

ing the mtDNA packaging.

To date more than 50 proteins specifically associated

with mitochondrial nucleoid have been identified [4].

Among them are proteins interacting with DNA as well as

proteins associated with DNP through protein–protein

interactions. To analyze proteins associated with a

nucleoid, researchers often purify in parallel native DNP

(without fixing) and DNP fixed with formaldehyde. The

subsequent comparison of the set of proteins coprecipi-

tated with DNA defines what proteins are directly associ-

ated with DNA and what proteins are associated through

interaction with other proteins.

Proteins identified in DNP can be divided into sev-

eral functional groups: packaging, remodeling, function-

al, covering, and auxiliary.

A number of proteins were identified as packaging

components: TFAM in human cells, Abf2 in

Saccharomyces cerevisiae, KAP3-4 in trypanosomatids.

Originally, TFAM was identified as a transcription initia-

tion factor. Abf2 is the major protein purified with

mtDNA. Both proteins bind DNA nonspecifically (with

some preference to G–C pairs), and the amount of these

proteins is sufficient to entirely cover the mtDNA mole-

cule. Most likely, each species should have a limited num-

ber of variants of such proteins. According to Kukat and

Larsson [28], a packaging protein has to fit several condi-

tions: it has to interact with DNA; it has to possess prop-

erties allowing interaction with DNA; it has to be present

in a large number of copies to cover DNA; it has to be

colocalized with DNA under the high-resolution electron

microscope; it has to be essential for maintenance of the

nucleoid structure in vivo. In human cells, the most prob-

able candidate for this role is TFAM. An interesting work

was published by Kukat et al. [41] illustrating mtDNA

condensation by means of mtTFAM in an in vitro system.

Using electron microscopy, they analyzed mtDNA struc-

ture at various ratios of protein to DNA. Gradual increase

in the amount of protein provided condensation of a cir-

cular DNA molecule. At a ratio one molecule TFAM to

6-bp DNA molecule, mtDNA formed a compact struc-

ture; further increase in the amount of protein did not

influence the packaging. As for the number of TFAM

molecules in a mitochondrion, different authors give

numbers that differ significantly: from 50 to 2700 protein

molecules per one mt-chromosome. The analysis was

done for human cell culture, fibroblast, murine tissues,

and Xenopus oocytes [6]. TFAM was also identified in

mitochondria of sea urchin [42].

In other organisms, the role of the main packaging

proteins can be played by: Gcf1 (Candida parapsilosis

[43]), YlMhb1 (Yarrowia lipolytica [44]), Glom and

Glom2 (Physarum polycephalum [23, 24]), KAP 3-4

(Trypanosomatidae [45]).

Besides the proteins mentioned above, many other

less represented proteins can be associated with DNA.

Unlike the main packaging proteins, their interaction

with DNA is often limited to a specific sequence.

Another group of proteins is specific to linear mt-

genomes. These are the proteins bound to telomeres [46].

The DNP complex is dynamic. To maintain this

state, the cell needs factors that will regulate the density

of genome packaging, i.e. DNP remodelers. This means

that each packaging factor needs to have an antagonist. In

human cells, two proteins can play this role: PGC-1a (a

protein regulating mt-biogenesis and activating transcrip-

tion of mt-genome) and a deacetylase SIRT1; in yeast

cells – heat shock protein HSP60, aconitase Aco1 and

Ilv5 [6]; in kinetoplast DNA associate of trypanoso-

matids – UMSBP [47]. In spinach Spinacia oleracea

SWIB-1,-2,-3,-5 (12-kDa SWIB domain-containing

proteins) can be considered as candidates for the role of

nucleoid remodelers [48].

Generally, the number of these proteins in DNP is

low and changes depending on the state of the cell [49].

However, the dynamics of the structure can be main-

tained through a reversible modification of packaging

proteins (methylation, acetylation, phosphorylation,

etc.), as happens in nuclear chromatin. Unfortunately,

there are almost no publications on this subject.

Protein complexes involved in replication and tran-

scription, i.e. DNA and RNA polymerases, as well as fac-

tors regulating these processes have to be localized in

close proximity to DNA. For mitochondria of human

cells, these are phage type RNA polymerase (POLRMT),

mtDNA polymerase γA and γB (POLG and POLG2),

transcription factor mtTFB2, DNA helicase Twinkle, and

LONP1 protease [4]. One may also include in this list

TEFM (mitochondrial transcription elongation factor),

which binds POLRMT and prevents transcription termi-

nation in the CSB II region, resulting in a switch from
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transcription to replication, and the MTERF protein

family, involved in transcription termination on HSP1

and LSP promoters. In yeast, these are RNA polymerase

Rpo41, DNA polymerase γ Mip1, helicase Pif1, as well as

a multifunctional protein Mgm101 [49]. In mitochondria

of plant cells, these are DNA polymerase POLIA, POLIB

(bacterial type), topoisomerase II GYRA, GYRB, recom-

binase RECA2, RECA3 (similar to bacterial ones), RNA

polymerase RPROTm, RPROTmp [50], and transcription

termination factor MOC1 in Chlamydomonas reinhardtii

[51]. In plants, many identical proteins are found in both

mitochondria and chloroplasts [50].

Another group of proteins can be regarded as “cover-

ing”, since the role of these proteins is to protect single-

stranded DNA from nucleases. In the nucleoid of meta-

zoan cells, this is mtssB protein, in yeast – Rim1, and in

mitochondria of plant cells there is a whole set of pro-

teins: SSB1, SSB2, OSB1, OSB3, WHY2(WHIRLY),

ODB1 [50].

Auxiliary factors are proteins associated with DNP,

but their role in the nucleoid remains unclear and is

actively discussed in the literature. Here we can mention

chaperons, proteases, etc. The possible role in the

nucleoid of proteins OPA1 and mitofusin 1 and 2

(GTPase) involved in fusion/fission process and of non-

muscular myosin and b-actin is actively discussed in the

literature [7, 8].

Genetic analysis is generally used to understand the

role of individual proteins purified with DNP. This

approach is most actively used with fungi. The rational of

this approach consists in switching off the synthesis of

certain genes (through mutations) and subsequent analy-

sis of growth and development of the mutant.

In summary we can say, that the “core” of a nucleoid

always contains a certain number of proteins (core pro-

teins):

– core proteins of mt-nucleoid of mammalian cells

(circular mtDNA from 16 to 18 kb) include 6-7 proteins;

– core proteins of fungal mt-nucleoid (mainly yeast):

(circular and linear mtDNA molecules from 19 to 108 kb

long) included in Saccharomyces cerevisiae – 7-9 proteins

[22] and in Pichia jadinii – 8 proteins [36];

– core proteins of mt-nucleoid in protozoa: Trypano-

somatidae (1 associate per cell; 20-50 maxicircles and

several thousand minicircles) – 8-9 proteins [47, 52-54];

– core proteins of plant mt-nucleoid (mt-genome from

208 to 2400 kb) [50] – more than 10 proteins;

– core proteins of plastid nucleoid: (circular chloro-

plast genome from 100 to 250 kb) – 8-10 proteins [48, 55,

56];

– core proteins of a bacterial nucleoid of Escherichia

coli: (4.7·106 kb) [57] – 5-7 proteins.

The number of different proteins in a nucleoid can

vary. DNA-packaging proteins are the most abundant.

For example, the amount of TFAM protein in mitochon-

dria of human or mouse cells, according to some authors,

is sufficient to evenly bind mtDNA with an interval of

about 20 bp. Considering that TFAM functions in a cell

in the form of a homodimer, the distance between bind-

ing sites can be 35-40 nucleotides [8, 13, 58, 59].

Treatment of mt-nucleoid purified from BY-2 cultured

tobacco cells with micrococcal nuclease gave a specific

ladder-like pattern of DNA on the gel. The interval

between bands was 75 nucleotides. This result suggested

the existence of nucleosome-like structure in an mt-

nucleoid of these cells [60].

Properties of proteins associated with DNA.

Comparison of DNA-packaging proteins shows that they

are basic proteins containing HMG box domains, or they

are histone H1-like proteins containing lysine rich

domains. Proteins TFAM, Abf2, and Glom belong to the

first group (mitochondria of metazoan cells, yeast, and

myxomycetes, respectively). The second group of pro-

teins includes Glom2 (myxomycetes) and KAP 1-4 pro-

teins (trypanosomatids) [45]. The second special feature

of proteins associated with DNA, noted by the majority of

researchers, is their bifunctionality.

Generally, DNA-packaging proteins have low

molecular weight.

DNA-packaging and DNA-covering proteins func-

tion as multimers: TFAM and Abf2 are homodimers and

mtSSB is a tetramer.

It seems that DNA-packaging proteins bind DNA

mainly through their HMG domains. Other components

(lysine rich fragments, zinc fingers, etc.) might be

involved in binding in organisms staying at a lower stage

of evolution, especially in protozoa. Exactly this was

observed in monocellular eukaryotes. However, it must be

kept in mind that the presence of a HMG domain may

not assure the interaction of the protein with DNA. In

particular, in S. cerevisiae it was shown that out of two

HMG domains of Abf2 protein, one domain loses its abil-

ity to bind DNA (or, at least, this ability is significantly

weakened) [61].

We have analyzed protein properties from the

UniProt KB database.

NUCLEOID ORGANIZATION MODELS

A “multi-layer” model of mt-nucleoid organization

in human cells was proposed [37] according to which

there is the central part – “core” – where DNA and pro-

teins (DNA-packaging proteins and proteins involved in

replication and transcription processes) are concentrated;

the next layer contains proteins temporarily recruited to

execute special functions. These proteins are generally

retained in DNP through protein–protein interaction.

On the periphery of a nucleoid, there is a zone in which

translation and other processes take place. It is believed

that the nucleoid is positioned on the internal mitochon-

drial membrane via ATAD3 protein, at least in human
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mitochondria [37]. This protein itself binds specifically

only to the D-loop of mtDNA. Two other proteins of the

inner mitochondrial membrane – prohibitin 1 and 2

[37] – might also be involved in keeping a nucleoid.

Ribosomes are located next to the second layer. This

model was proposed for mammalian cells, but it can be

extended to all metazoan cells.

Recently, specific bodies called “mitochondrial

RNA granules” were found in mitochondrial matrix.

Granules are complexes of RNase P with newly synthe-

sized mtRNA. RNA-binding protein GRSF1 (G-rich

sequence factor 1) was also identified in the complex.

RNase P has three subunits (MRPP1, MRPP2, and

MRPP3) and assures the processing of the 5′-end of

mitochondrial tRNAs in the in vitro system. Processing of

the 3′-end of tRNAs is assured by ELAC2 enzyme (Z type

RNase). GRSF1 protein directly participates in the pro-

cessing of mitochondrial RNA [62-65].

After discovery of these granules, the model was

modified slightly. Brown et al. [31] placed to the periph-

ery of DNP a zone called “RNA cloud”. Moreover, out-

side of this cloud proteins providing remodeling of a

nucleoid were placed. Formation of macromolecular

“crowding” within the second layer is not excluded. The

editosome in trypanosomatids, which assures editing of

mitochondrial cryptogenes, is probably also localized at

the periphery of a nucleoid. A scheme of possible

nucleoid organization is shown in the figure.

IS THE NUCLEOID SEPARATED

FROM THE MATRIX?

Absence of a membrane in a nucleoid does not mean

the absence of any other substance separating the

nucleoid compartment from the matrix. This hypothesis

is favored by the fact that lipids were found in nuclei of

eukaryotic cells and in nucleoid of Pseudomonas auranti-

aca [66, 67]. Dispersed lipid droplets can a factor provid-

ing structured “crowding” [68]. On the other hand, long

noncoding RNAs (longer than 150 nucleotides) with pos-

sible structural role have been extensively studied in

recent years. Even the new term “architectural RNA” was

introduced [69]. It is quite possible that these RNAs can

actively participate in the formation of a “nucleoid back-

bone”. It is also possible that mitochondrial RNA gran-

ules can be such a backbone.

To define the general principles of nucleoid organi-

zation, one needs to take into account different types of

mitochondrial genomes [1]. In this regard, several vari-

ants of organization of a central part of a nucleoid can be

proposed for mitochondria of metazoan cells and fungi,

plants, and trypanosomatids: spherical, spindle-shaped,

and complex concatenated associate.

Absence of proteins with HMG domains and pres-

ence of high amount of histone-like proteins in mt-

nucleoid of plants suggests the existence of two variants of

basic mtDNA packaging. When an mt-genome exceeds

100 kb, histone-like proteins play a role of the major

packaging factor (plants, some protozoa, and fungi),

forming a “spindle” with large functional loops. They

function as the main structural proteins. Specific packag-

ing of the loops can be carried out by another set of pro-

teins. It is a two-level system of mtDNA packaging. With

the reduction of the genome size (for genomes smaller

than 100 kb), the need for the first level of packaging dis-

appears, and histone-like proteins are replaced by pro-

teins with HMG domains.

In the bacterial nucleoid, the ratio protein to DNA

changes from the logarithmic to the stationary growth

stage [70]. In yeast, repression of aerobic respiration

(growth in glucose-containing media) or amino acid star-

vation results in increase in the Abf2/DNA ratio. HSP60

in recruited to a nucleoid (in glucose-containing media)

and Ilv5 (during amino acid starvation). In actively grow-

ing aerobic culture, the number of mtDNA copies

increases [71]. These are only several examples of

nucleoid dynamics. Considering this, there should be

mechanisms providing remodeling of a condensed struc-

ture. At least, any model of nucleoid organization has to

explain how initiation of replication and transcription

occur in the compact structure.

It becomes increasingly obvious that replication,

recombination, and segregation of mtDNA are closely

related to the structure of a mitochondrial nucleoid [72].

Considering the large variety of forms of mitochon-

drial genome organization in nature, there is a significant

lack of data for a full comparative analysis of organization

of mitochondrial nucleoids in different groups of organ-

isms.

According to Martin Kuchey and Ronald Butou [6],

during evolution a considerable part of proteins was

included in mtDNP taking into account the specificity of

metabolism in different species.

UNSOLVED QUESTIONS

The general principles of nucleoid organization are

still clear. However, many fine details demand further

research. In our opinion, the most urgent questions are

the following.

The mitochondrial genome of many organisms is

represented not by monomorphic circular or linear mole-

cules, but by a set of molecules. Do these genomes form a

single nucleoid?

Is the nucleoid isolated from the mitochondrial

matrix, and if so, what is the nature of the substance pro-

viding this separation?

Does a nucleoid have an internal structure?

What are the precise mechanisms assuring the

dynamics of a nucleoid structure?
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Scheme of mitochondrial nucleoid organization. a) mtDNA with “core” proteins is in the middle. The dashed line defines the boundaries

of a nucleoid. The shadowed regions at the periphery of a nucleoid represent “RNA granules”. Legend: CP, compacting (packaging) pro-

teins; RNApol, RNA polymerase; PolG, DNA polymerase; PHB1, PHB2, prohibitin 1, 2; MC, macromolecular crowding (region, where

functional proteins of a nucleoid are localized); Rs, ribosomes; RP, remodeling proteins [8, 19, 31, 37, 73]. b) A model of DNA organiza-

tion in an mt-nucleoid: 1) metazoan, fungi; 2) plants and prokaryotes. Legend: CP1, first level packaging proteins; CP2, functional packag-

ing proteins

a

1 2

b
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What are the dynamics of a nucleoid structure in a

cell cycle?

Is a system of reversible modification of proteins

used to regulate nucleoid dynamics?
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