
Topogenesis of mitochondrial proteins is a part of the

biogenesis of mitochondria, the cellular organelles that

provide for energy needs and perform some metabolic

functions of the cell [1]. Also, mitochondria are now

thought to play an important role in programmed cell

death (apoptosis) [2].

Topogenesis of mitochondrial proteins includes their

synthesis in cytosol and mitochondria, their translocation

across the outer and inner membranes, sorting to various

mitochondrial compartments, and assembly of different

protein complexes. These complexes are involved in

transport functions, electron transfer through the respira�

tory chain, generation of transmembrane electrochemical

potential, oxidative phosphorylation of ADP into ATP,

etc. [3].

Two main ideas are emphasized in the present review.

First, compartmentalization of mitochondria is the only

possible structure allowing these organelles to perform

their main functions. Second, these functions require

especially stringent control over formation of submito�

chondrial structures and the mitochondrion as a whole.

Due to these two features, mitochondria are capable of

maintaining transmembrane potential on the inner mem�

brane. In the cell, such unique properties are inherent

only in mitochondria.

The bulk of mitochondrial proteins are soluble matrix

proteins and some proteins of the mitochondrial inner

membrane synthesized in the cytosol. As a rule, transloca�

tion of these proteins across the mitochondrial membrane

requires a positively charged N�terminal amino acid

sequences with features of amphiphilic helices. They act as

unique addressing signals. These sequences are detached

under the influence of specific processing peptidases.

Mitochondrial proteins must be transferred from the

cytosol into the mitochondrial matrix driven by the mem�

brane potential. This is associated with a ∆ψ�dependent

import from the cytosol of a large group of the inner

membrane proteins with uncleavable sequences that is

ensured by a specific arrangement of positively charged

sequences of amino acid residues.

Translocation of mitochondrial matrix proteins is

served by a system of pores (protein translocons) in the
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mitochondrial outer and inner membranes and also by a

set of accessory transport proteins.

It has been mentioned above that the generation of

transmembrane electrochemical potential on the mito�

chondrial inner membrane and oxidative phosphoryla�

tion of ADP into ATP are provided for by the respiratory

chain components including enzyme complexes I�IV and

by the presence of H+�ATPase. According to contempo�

rary data, these complexes form supercomplexes.

Respiratory complexes can include up to 50 subunits, and

the whole respiratory chain of higher eucaryotes contains

about 90 subunits [4]. Just the existence of such a great

number of subunits dictates the necessity for strict rejec�

tion not only of misfolded proteins but also of incorrectly

incorporated subunits — this has been called “protein

quality control” in the literature. This control is realized

in mitochondria by means of numerous proteases with

different functions and localizations.

The “protein quality control” concerns not only

individual proteins but also more complicated protein

formations, e.g. supercomplexes, each of which has its

own enzymatic activity. In this case, protein quality can

be controlled by their ability to realize the integral func�

tion of the respiratory chain that is associated with main�

taining stability of the system as a whole.

If the respiratory apparatus of a mitochondrion does

not function or functions incorrectly, the mitochondrion

is destroyed by means of different mechanisms, such as

digestion of individual complexes or micro� and

macroautophagy under the influence of vacuolar proteas�

es.

The main purpose of the present paper is to show the

realization of the “selection by performance criterion”

and “stabilization by functioning” principles, which were

formulated by the author and colleagues more than 25

years ago [5]. Many data of recent years have confirmed

these principles, and they are discussed here to design a

possible line of further studies.

FORMATION OF PROTEIN COMPLEXES

AND SUPERCOMPLEXES

OF THE MITOCHONDRIAL INNER MEMBRANE

Most of the mitochondrial inner membrane proteins

are components of the energy transformation system,

which involves the respiratory chain and H+�ATPase cou�

pled with the carriers of adenine nucleotides (ANC) and

inorganic phosphate (PIC). As stated earlier, the respira�

tory chain consists of four protein complexes catalyzing

partial reactions of electron transfer (complexes I, II, III,

IV). In cooperation with H+�ATPase (complex V), they

occupy up to 40% of the mitochondrial inner membrane

surface in rat liver [6]. The energy transformation system

is characterized by the unique involvement of proteins

synthesized on both cytosolic and mitochondrial ribo�

somes. In mammals, complexes I�V include up to 76

polypeptides. Complex I contains seven and 38 products

of mitochondrial and nuclear genes, respectively; com�

plex II includes only four products of nuclear genes;

complex III is performed by a single product encoded in

the mitochondrial genome and by 10 products encoded in

the nuclear genome; three proteins of complex IV are

encoded in mitochondria and 10 products are encoded in

the nucleus; and, finally, complex V contains two prod�

ucts of the mitochondrial genome and 14 products of the

nuclear genome [7]. In the yeast Saccharomyces cerevi�

siae the respiratory chain and H+�ATPase contain 34�36

polypeptides (proteins) because they lack complex I and

have fewer proteins synthesized in the cytosol: complex

III contains eight proteins instead of 10, complex IV has

six to eight proteins instead of 10, and complex V consists

of eight proteins instead of 11 [8]. Some aspects of for�

mation of protein complexes of the mitochondrial inner

membrane will be considered below. Special attention

will be paid to complex IV (cytochrome c oxidase)

because this complex plays a crucial role in the general

regulation of energy production in the cells of eucaryotes

[9].

Protein Complexes of the Mitochondrial Inner Membrane

Composition, structure, and principles of cytochrome
c oxidase formation. Mitochondrial cytochrome c oxidase

contains four active metal�containing sites (heme a,

heme a3, CuA, and CuB) submerged into protein matrix of

multisubunits. In S. cerevisiae this matrix includes three

large subunits I, II, and III synthesized in mitochondria

and six small subunits (subunits IV, Va or Vb, VI, VII,

VIIa, and VIII) encoded by the nuclear genes COX4,

COX5a or COX5b, COX6, COX7, COX8, and COX9, respec�

tively. Subunit I (COXI) binds heme a and heme a3 and

also the reactive site CuB, whereas subunit II includes the

CuA�site and is involved in the binding of cytochrome c.

Subunit III is involved in proton conductivity of

cytochrome c oxidase. Thus, three mitochondrial sub�

units of the enzyme carry all the catalytic sites of the

enzyme, which is confirmed by X�ray crystallographic

analysis data obtained at the resolution of 2.8 Å for bovine

cytochrome c oxidase. In particular, the same data also

show that the enzyme contains single copies of all 13 sub�

units [10]. Cytochrome c oxidase from Paracoccus deni�

trificans was earlier shown to contain only two subunits,

which are   homologous to subunits I and II of the enzyme

from yeast and include two heme residues and two Cu�

sites [11].

Nevertheless, deletions in COX4, COX5a and COX6,

COX7 and COX9 result in complete loss of cellular respira�

tion, cytochromes a and a3, and activity of cytochrome c

oxidase [8]. At present, the nuclear�coded corresponding

subunits are thought to be responsible for stabilization of
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specific mitochondrial subunits in the holoenzyme or for

promoting formation of the holoenzyme catalytic site.

Among the cytochrome c oxidase subunits encoded in the

nucleus only subunit VIII is not indispensable — the Null

mutant of this subunit retains up to 80% of the activity of

the wild type enzyme. Subunit VIII is believed to play a

regulatory role in the enzyme functioning by influencing

electron transfer between it and cytochrome c [8].

Cytochrome c oxidase from bovine heart includes 13

subunits, and three large ones (I, II, III) with molecular

weights of 51.4, 22.7, and 26.7 kDa, respectively, are syn�

thesized in mitochondria. These subunits form a compact

“nucleus” consisting of 12 transmembrane helices of sub�

unit I, two transmembrane helices of subunit II, and

seven transmembrane helices of subunit III. Subunits IV�

VI with molecular weights from 0.6 to 14.7 kDa synthe�

sized in the cytosol are disposed on the periphery of this

“nucleus” leaving a vacant zone for contact with a second

molecule of the enzyme and resulting dimerization. Only

three subunits of cytochrome c oxidase encoded in the

nucleus lack transmembrane domains and are exposed

either to the matrix or to the intermembrane space. The

general arrangement of the enzyme subunits synthesized

in the cytosol allows them to group catalytic subunits I,

II, and III in the inner membrane and stabilize the whole

construction [11].

Cytochrome c oxidase is assembled in the mitochon�

drial inner membrane with involvement of two groups of

accessory proteins. One group ensures synthesis of heme

a (proteins encoded by genes COX10, COX15, and YAH1)

and also inclusion of CuA,B into the enzyme molecule

(proteins encoded by genes SCO1, COX11, COX17, and

COX23). The second group is necessary for assembly of

the holoenzyme from subunits (encoded by genes

PET100, PET117, PET191, COX14, COX16, etc.) [12].

Proteins of the second group imported into mitochondria

from the cytosol are not included into the cytochrome c

oxidase holoenzyme, but mutations in any of these pro�

teins prevent formation of the holoenzyme. Concrete

functions of these proteins are not always known.

Interesting data were recently obtained for Pet100 [12].

This 13�kDa protein is an integral protein of the inner

membrane of yeast mitochondria. Mitochondria were

solubilized in Triton X�100, centrifuged in a density gra�

dient, and subsequent immunoprecipitation of protein

fractions with antiserum against Pet100 indicated that

this protein selectively bound subunits VIIa, VII, and VIII

of cytochrome c oxidase with production of a common

complex (complex A). This was confirmed by cross�

immunoprecipitation. At the same time, a fraction con�

taining cytochrome c oxidase activity and the complete

set of holoenzyme subunits was not associated with

Pet100.

It seems that in the presence of Pet100 complex A

consisting of subunits VII, VIIa, and VIII acts as a “trig�

ger” for further stages of the holoenzyme assembly in the

membrane. The Pet100 null mutant does not contain the

cytochrome c oxidase holoenzyme although the whole set

of its subunits (I, II, III, IV, V, Va, VI, VII, VIIa, and

VIII) was detected in it in slightly reduced amounts. In

this case, the sucrose gradient of the Triton X�100 lysate

of mitochondria revealed two tightly bound complexes,

which included subunits VII, VIIa, and VIII (complex A1

without Pet100) and subunits V and VI (complex B).

The lack of the cytochrome c oxidase holoenzyme

formation in the absence of Pet100 suggests that it is

required for maintaining a certain order in interactions

between the subunits (or their groups), and disorders in

this order can cause disorders in the assembly including

stages of attachment of the heme residue and formation of

the CuA,B sites. Thus, although Pet100 is not involved in

the early stages of the holoenzyme formation, including

transcription, translation, addressing into mitochondria,

and sorting to mitochondria, it acts as a chaperone respon�

sible for correct assembly of certain regions (or stages) of

cytochrome c oxidase. This accessory protein is necessary

for formation of the active site of the enzyme [12].

Formation of bc1 complex (complex III of the mito�
chondrial respiratory chain). Complex III includes three

catalytic subunits: cytochrome b (encoded in mitochon�

dria), cytochrome c1, and FeS�Riske protein (the latter

two proteins are encoded in the nucleus, imported into

mitochondria, and incorporated into the mitochondrial

inner membrane). Complex III also contains several sub�

units without catalytic but with structural functions. In S.

cerevisiae, such subunits include Core1, Core2, Qcr6p,

Qcr7p, Qcr8p, Qcr9p, and Qcr10p [13]. Complex III is

assembled through some intermediate states. The current

model suggests that initially a complex of cytochrome b

with Qcr7p and Qcr8p is produced that later binds with

Core1 and Core2. Another subcomplex consists of

cytochrome c1, Qcr6p, and Qcr9p. Formation of these

subcomplexes impart to them increased resistance to pro�

teolysis as compared to the individual subunits. Then sub�

complexes of cytochrome b and cytochrome c1 combine

into a precomplex bc1 with the FeS�Riske protein and,

possibly, with the subunit Qcr10p. For assembly of the

complete complex bc1 a specific protein Bcs1p is

required, which is a 45.6�kDa integral protein of the

mitochondrial inner membrane but not a direct compo�

nent of the cytochrome bc1 complex [14]. Nevertheless,

deletion of the Bcs1 gene leads to formation of a deficient

nonfunctional complex bc1 (complex III). From this

viewpoint, Bcs1p may be considered as an “assembling

chaperone”, and its action is characterized by a coupled

hydrolysis of ATP. These criteria allow us to refer Bcs1p as

a member of the AAA family of proteins involved in vari�

ous processes of protein association and dissociation.

Formation of NADH:coenzyme Q oxidoreductase
(complex I of the mitochondrial respiratory chain).
Complex I of bovine heart mitochondria contains 45 sub�

units, the majority of which is encoded by the nucleus and
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the rest (seven) by the mitochondrial genome. In the case

of single copies of every subunit, the molecular weight of

complex I should be 980 kDa (900 kDa by gel filtration

data). Complex I consists of domains and is easily disso�

ciated under the influence of nonionic detergents. With a

Mono�Q chromatographic column three domains are

distinctly separated, one of which is peripheral and

directed to the mitochondrial matrix, whereas two other

domains, a large and a small one, are localized inside the

inner membrane. The peripheral domain contains about

22 subunits, and the membrane domains include eight

and 13 subunits. Electron microscopy shows that com�

plex I is L�shaped, with the right angle formed by the

peripheral and the two membrane domains and the

peripheral domain extending into the matrix by about

150 Å [15, 16]. Note that proteins synthesized in mito�

chondria (ND1�ND6 and ND4L) are highly hydropho�

bic and are constituents only of the small and large mem�

brane domains.

According to the domain structure of complex I, it is

formed from the abovementioned blocks, each capable of

existing independently. This can be illustrated by disap�

pearance of individual blocks as a result of selective muta�

tions in their proteins with the retention of other blocks

[17]. Some data suggest that the interaction between pro�

teins can be controlled by special protein chaperones. In

particular, the membrane domain is formed by two inter�

mediates: the 200�kDa small and the 350�kDa large ones.

The latter intermediate is associated with 30� and 84�kDa

accessory proteins which are not components of the

mature complex I. In mutants with destroyed genes of

one or of two of these proteins, the peripheral and the

small membrane blocks are accumulated, but the large

intermediate is not produced. Thus, the 30� and 84�kDa

accessory proteins are recycled providing for formation of

the complete membrane block and functioning as associ�

ating chaperones.

Formation of mitochondrial H+�ATPase. Mitochon�

drial H+�ATPase (F1Fo�ATPase), which synthesizes the

major part of ATP of the eucaryotic cell, includes the

membrane�associated catalytic site F1 (subunits α3β3γδε)

and a membrane sector Fo (subunits Atp6p, Atp8p, and

Atp9p, which are also called a, b, and c, respectively) [18�

21]. According to a simplified model, in the first stage of

assembly of the complex in the membrane plane a ring is

formed which contains 10�12 homooligomeric subunits

of Atp9p [22]. A pre�assembled sector F1 is attached to

the Atp9p ring and then binds two subunits (Atp8p and

Atp4p) and, possibly, other components of the stator sec�

tor. Finally, this intermediate complex binds Atp6p.

Products ATP10, ATP11, and ATP12 of nuclear genes are

not components of F1Fo�ATPase but influence its forma�

tion. A mutation (atp10 null) in Atp10p associated with

the mitochondrial inner membrane causes a deficiency in

Fo as a result of destabilization of the Atp6p subunit.

However, mutations in matrix�localized proteins Atp11p

(atp11 null) and Atp12p (atp12 null) prevent oligomeriza�

tion of sector F1 subunits [22, 23]. Note that at present 16

nuclear�coded proteins of F1Fo�ATPase are known; thus,

the regulation of this complex (complex V) is likely to be

more complicated.

The presented examples demonstrate that assembly

of multisubunit complexes of the mitochondrial inner

membrane follows certain rules. First, the assembly

requires a definite order of subunit interactions and, sec�

ond, accessory proteins, which are not direct compo�

nents, must be involved. Note also that accessory proteins

are rather numerous and are not universal in their fea�

tures, as discriminated, in particular, from complex IV

formation (see above). Thus, currently only the most gen�

eral principles of formation of respiratory complexes of

the mitochondrial inner membrane are known.

It should be mentioned that the idea of controlled

assembly of multisubunit complexes with involvement of

some “patterns” exemplified, in particular, by chaperone

proteins was supposed even in 1965 by Green and

Hechter [24].

Supercomplexes of the Mitochondrial Respiratory Chain
and H+�ATPase

There is some evidence that respiratory complexes,

H+�ATPase, and some proteins functionally bound with it

in the mitochondrial inner membrane form even more

complicated structures, or supercomplexes [4]. In partic�

ular, these supercomplexes are supposed to promote faster

diffusion of substrates or realization of the tunnel effect in

enzymatic reactions.

Supercomplexes of the respiratory chain. Supercom�

plexes in the fraction of mitochondrial inner membranes

can be identified by their solubilization with detergents

and subsequent electrophoresis in polyacrylamide gel

under non�denaturing conditions: BN�PAGE, 2D BN�

PAGE, and also using a coupled SDS�PAGE [25, 26].

This approach allows researchers to determine both the

size and composition of the inner membrane fragments

(in the case of a suitable method for identification of indi�

vidual proteins, such as immunoblotting and N�terminal

sequencing).

Studies on the bc1 complex (complex III) and

cytochrome c oxidase (complex IV) in digitonin lysates of

S. cerevisiae reveal supercomplexes of composition

III2IV1 (500 kDa) and III2IV2 (750 kDa). Depending on

conditions of the yeast growth, relative contents of these

complexes can be up to 30 and 90%, respectively, and the

free complex IV content as a dimer can be less than 10%.

Therefore, aggregate states of complexes III and IV are

supposed to vary and characterize different stages of for�

mation of functionally important structures.

Some data show that subunits of complexes III and

IV are co�immunoprecipitated from the digitonin�solubi�
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lized mitochondrial membranes, and this suggests a phys�

ical interaction of these complexes within the membrane.

Similar conclusions are obtained as a result of comparative

analysis of effects of digitonin and dodecyl maltoside

(DDM) on the partial activities of complexes III and IV

(coenzyme Q: cytochrome c reductase and cytochrome c

oxidase activities, respectively) in the mitochondrial

membrane and their integral coenzyme Q oxidase activity.

In addition to the III2IV1 and III2IV2 complexes (see

above), particles with molecular weights of 1500 and

1750 kDa including complexes I, III, and IV were detect�

ed by BN�PAGE in digitonin lysates of mitochondrial

membranes. Moreover, by two�dimensional BN�PAGE

(2D BN�PAGE) and SDS�PAGE, stoichiometry of com�

plexes I, III, and IV was established, and they were shown

to directly interact with one another producing super�

complexes of I1III2IV2�4 composition. Based on this and

other experiments, it was supposed that respiratory super�

complexes should generate a network in the mitochondr�

ial inner membrane. This network consists of separate

“respirasomes” [25]. Electron microscopy data obtained

by negative contrasting show the complex I1III2IV1 prepa�

rations as triangular particles with a long side of 30�33 nm

[27]. These particles seem to include complex I as an L�

shaped construction coupled with complexes III and IV

(with total molecular weight of 1400 kDa). Generation in

the membrane of large supramolecular structures consist�

ing of respirasomes is also likely [28].

A unique feature of the respiratory chain (recon�

structed from isolated respiratory complexes or submito�

chondrial particles) was found about 40 years ago [29]: it

can become resistant to trypsin/chymotrypsin and phos�

pholipase A2 under conditions of its functioning, i.e. oxi�

dation of NADH or succinic acid by oxygen. This feature

is inherent in the whole respiratory chain but not in its

fragments. On the other hand, functioning of individual

regions does not protect against the abovementioned

destroying agents. Regions at the level of coenzyme Q

between cytochromes b and c1 and also at the level of

cytochrome c are “weak points” of the respiratory chain

with respect to phospholipase A2. These vulnerable spots

seem to be shielded during oxidizing with oxygen of cor�

responding substrates. The above�described model exper�

iments are rather illustrative, but there is no confidence

that they are relevant to real physiological conditions.

Supercomplex containing H+�ATPase, adenine
nucleotide carrier (ANC), and inorganic phosphate carrier
(PIC). Supercomplex with this composition was prepared

from a highly purified preparation of rat mitochondrial

inner membranes using successive fragmentation to

enrich the fragments with components of ATP synthase

and subsequent treatment of the fragments with various

detergents. Eighty detergents were tested, and only four

of them were suitable for the purpose [30]. By SDS�

PAGE data, the resulting preparation as vesicles con�

tained only 17 polypeptides and, except regulatory factors

IF1 and B, 15 of them belonged to F1Fo�ATPase (ATP

synthase or H+�ATPase), one to ANC, and one to PIC.

On centrifugation through 25% sucrose, this preparation

interacted as a unified protein fraction with antibodies

against β�subunit of F1�ATPase. Thus, this preparation

can be considered as a specialized region, a subfraction of

the inner membrane and a place of formation of the ATP

synthase–ANC–PIC complex called “ATP synthasome”

[31].

The ATP synthasome has the following stoichiome�

try — ATP synthase/ANC/PIC, 1 : 1 : 1. Electron micro�

scopy with resolution of 23 Å of negatively stained prepa�

rations of this supercomplex clearly visualized three

structural elements: a classic “head” presented the major

mass of Fo, the central stalk, and a basepiece. This base�

piece is ellipsoid�like and includes two domains, the larg�

er of which is connected to the central stalk [31]. Both

ANC and PIC are located asymmetrically relative to the

basepiece of ATP synthase. In conclusion, note that this

section deals with a supercomplex consisting of more

than 30 subunits with molecular weight of ~700 kDa.

CONTROL OF COMPOSITION

OF ENZYMATIC COMPLEXES

IN THE MITOCHONDRIAL INNER MEMBRANE

Respiratory complexes and components of the ATP

synthasome include proteins encoded by both the nuclear

and mitochondrial genome, and mitochondria contain an

enzymatic and regulatory system that is responsible for

replication of mitochondrial DNA and expression of the

information encoded in it which is different from the

nuclear system [32]. Immediately after the discovery of

mitochondrial DNA, a question arose about communica�

tions between the nuclear and mitochondrial genomes

separated in cellular space. In particular, it was unclear

how a constant protein composition of the respiratory

chain complexes (e.g. of cytochrome c oxidase) could be

reached if some subunits of these complexes were

expressed in the cytosol and others in the mitochondria.

Despite intensive studies, these questions for a long time

remained without answer. However, some ways for solving

this problem appeared during recent years (for references

see [33]).

Expressions of the nuclear and mitochondrial

genomes were shown to be mutually coordinated.

Transcription of genes of many respiratory chain proteins

encoded in the mammalian cell nucleus are directly or

indirectly regulated by factors NRF�1 and NRF�2 [34].

These factors, in turn, are controlled by co�activator pro�

teins of the PGC�1 family [35]. Activities of the PCG�1

proteins are modulated by various extra�and intracellular

signals [36]. In particular, they react to increase in Ca2+

concentration in the cytosol, which occurs on inhibition

of the respiratory activity of mitochondria. Activated by
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PGC�1α and mediated by NRF�1 transcription of genes

encoding the respiratory chain proteins results in increase

in their amount in the mitochondrial inner membrane

[36].

In addition to Ca2+, many factors can influence the

correlation of subunits in the enzymatic complexes of the

mitochondrial inner membrane. In principle, supplies of

these proteins can depend not only on induction of their

genes but also on special features of processing of the cor�

responding transcripts, formation of mRNAs, their stabi�

lization and translation in the cytosol and mitochondria,

etc. Here under consideration are multistage catalytic

processes resulting in products (e.g. mRNAs) with uncer�

tain half�lives. The next point is the transport of protein

precursors into mitochondria and their addressing to dif�

ferent mitochondrial compartments under conditions of

coordinated involvement of translocases and chaperones

[3, 37, 38]. Final stages of formations of the respiratory

complexes are controlled by a set of proteases localized in

all mitochondrial compartments.

Mitochondrial Proteases: Localization in Mitochondria,

Features, and Role in Topogenesis
of Mitochondrial Proteins

Features and functions are currently known in detail

for three mitochondrial proteases from S. cerevisiae:

PIM1, m�AAA (Yta10/Yta12p), and i�AAA (Yme1p) (Fig.

1). These proteases play a key role in formation of mito�

chondrial proteins, elimination of deficient proteins, and

also of proteins deprived of their partners in protein com�

plexes. Moreover, at least one of these enzymes, i�AAA, is

involved in the general system of regulation of mitochon�

drial morphogenesis [39].

It should be pointed out that yeast mitochondria

contain specific proteases (such as MoP112, Oma1)

responsible for selective regulatory functions during the

vital activity of the yeast cells. To realize these functions,

these proteases require some factors, such as protein ABC

carriers Mdl1 and prohibitins Phb1p and Phb2p. The

protein transporter Mdl1 is responsible for export of

polypeptides with molecular weights within the limits

~2100�600 Da with involvement either of m�AAA or i�

AAA protease, depending on which one is present in the

compartment [40]. Prohibitins Phb1p and Phb2p are

attached to the mitochondrial inner membrane by their

N�terminal region, whereas the C�terminal region is

exposed to the intermembrane space. These prohibitins

regulate the protease activity of m�AAA [41]. But with

accumulation of new data, the mitochondrial proteolytic

apparatus controlling protein quality is likely to prove

even more complicated.

Molecular organization and compartmentalization of
mitochondrial proteases. The Lon�like serine protease

PIM1 is localized in the mitochondrial matrix, and its

purified form is a ~800�kDa complex with heptameric

stoichiometry [39]. The enzyme subunits (Pim1p) are

synthesized in the cytosol as a precursor containing 1133

amino acid residues. In the presence of ATP, PIM1 is

oligomerized; this process can be inhibited by non�

hydrolyzable nucleotide analogs.

Protease m�AAA consists of two proteins:

Yta10p/Afg3p and Yta12p/Rca1p (further complex

YTA10�12) with 53%�identical primary structures.

Yta10p (761 residues) and Yta12p (825 residues) are

encoded in the nucleus and addressed into mitochondria

through NH2�terminal presequences. Both proteins are

“anchored” in the inner mitochondrial membrane by two

hydrophobic segments in the NH2�terminal third of the

protein that are separated by a hydrophilic loop of

~10 kDa size. The NH2�terminal parts of Yta10p and

Yta12p, as well as their massive COOH�terminal domains

(~520 residues) carrying ATP� and metal�binding sites

are exposed to the matrix.

Yta10p and Yta12p form a ~1000�kDa complex in

the mitochondrial inner membrane. The integrity of the

complex requires the presence of nucleotides but not

hydrolysis of ATP (Fig. 2a) [42].

Protease i�AAA is encoded by the gene YME1

(YTA11) and contains as a subunit polypeptide Yme1,

which includes 747 residues and is 32% homologous to

Yta10p and Yta12p (Fig. 2b) [42]. Yme1p contains an N�

terminal mitochondrial addressing signal. In contrast

Fig. 1. Proteolytic system of the mitochondrion (adapted from

[39]). ATP�dependent proteases: matrix�embedded PIM1/Lon

protease; i�AAA and m�AAA proteases submerged into the inner

membrane with catalytic sites turned, respectively, to the inter�

membrane space and matrix; inter�oligomeric Clp protease

includes peptidase and ATPase subunit identified in organelles of

higher eucaryotes but not in S. cerevisiae. ATP�independent pep�

tidases: matrix processing peptidase (MPP), intramembrane pep�

tidase (IMP), and mitochondrial intermediate peptidase (MIP).

OM, outer membrane; IM, inner membrane; M, matrix; IMS,

intermembrane space.

i�AAA protease

OM

IMS

IM

m�AAA protease

PIM1/Lon protease

Clp protease
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with Yta10p and Yta12p, Yme1p crosses the mitochondr�

ial inner membrane only once, whereas the 55�kDa cat�

alytic domain is exposed to the intermembrane space.

This domain includes a Zn�binding region HEXXH,

which is specific for metalloproteases. It seems that

Yme1p is not the only component of protease i�AAA,

which is a high molecular weight complex of ~1000 kDa.

Stability of this complex does not depend on the presence

of nucleotides and mutations in the ATP�binding motif of

Yme1p.

Protease Oma1 (overlapping activity with m�AAA) is

an ATP�independent protease that carries no separable N�

terminal sequence and is not processed by proteolysis

during the import from the cytosol. Protease Oma1 is an

inner membrane protein with a supposed homo�hexa�

meric structure. The active site of the protein contains the

motif HEXXH corresponding to proteases S2P [43].

Protease Mop112 is a 112�kDa metallopeptidase con�

taining a motif HXXEH. This metallopeptidase is sup�

posed to have a region with an amphiphilic helix mediat�

ing its ∆ψ�dependent addressing to mitochondria. The

addressing region in this protease is inseparable. Mop112

is imported into the intermembrane space from the

cytosol [44].

Targets for ATP�dependent mitochondrial proteases.
Incomplete polypeptide chains and proteins beyond pro�

tein ensembles are the main targets of ATP�dependent

mitochondrial proteases. Earlier only the total contribu�

tion of ATP�dependent proteolysis of the products of

mitochondrial translation was estimated in vitro and in

vivo under conditions of disturbed cytosolic translation

[45�47]. Now a correlation has been found between the

abovementioned proteases and their specific targets in

mitochondria.

Thus, according to the PIM1 localization in the

matrix, it acts mainly on proteins exposed to the mito�

chondrial matrix, such as α�, β�, and γ�subunits of F1�

ATPase, β�subunit of the matrix processing peptidase

(Mas1p or MPP, see above), and some mitochondrial

ribosomal proteins [48]. The m�AAA complex with its

protease site turned to the mitochondrial matrix degrades

integral proteins of the inner membrane: subunits I and

III of cytochrome c oxidase (complex IV), cytochrome b

(complex III), and also subunits 6, 8, and 9 of ATPase in

the inner membrane [49]. More likely, protein can be

assigned to substrates of PIM1 and m�AAA based on their

general conformation and not their specific nature [50].

In the case of the i�AAA complex with the protease

site oriented to the intermembrane space, subunit II of

complex IV was identified as a substrate [51]. As shown by

X�ray crystallographic analysis [10], a significant part of

this subunit is also exposed to the intermembrane space.

As differentiated from the three previous proteases,

which are not only proteolytic enzymes but also perform

in mitochondria various ATP�dependent regulatory func�

tions (see above), protease Oma1 seems to possess only

proteolytic activity. It is an integral protein of the mito�

chondrial inner membrane with its active site localized in

the transmembrane domain close to the matrix.

Substrates of this protease are polytopic membrane pro�

teins, in particular, Oxal that is involved in the interaction

of the ribosome with the growing polypeptide chain and

its incorporation into the mitochondrial inner membrane

[43].

Some proteins that are mainly products of mito�

chondrial translation are rejected under the influence of

i�AAA, and this results in detachment of large protein

fragments directed to the intermembrane space, where

they are converted to oligopeptides by protease Mop112.

The mechanisms of protein degradation in the inter�

membrane space remain unclear. The only example is

iso�1�cytochrome c, which is about 95% of the isocy�

tochrome pool in aerobically growing derepressed cells.

Under conditions of partial anaerobiosis or glucose

repression, iso�1�cytochrome c is rapidly degraded under

the influence of proteasomes. In fact, the apo�iso�1�

cytochrome c degradation decreases in pre2�2 and pre1�1

mutants and also in ubc1, ubc4, and ubc5 mutants of

ubiquitin�conjugating enzymes. These and other data

suggest that mitochondrial proteins can be degraded in

the cytosol [52].

Regulation of proteolysis of mitochondrial proteins.
Proteins imported into the mitochondrial matrix are folded

or included in protein complexes. If these processes occur

with errors, the proteins are subjected to the action of

Lon�like PIM1 protease, the content of which must cor�

respond to the number of errors determined by the func�

tional state of mitochondria in the cell. In model systems,

deficient proteins are shown to aggregate and accumulate

in the matrix [53, 54] in the absence of mitochondrial

chaperone mt�Hsp70 (Ssc1p, analog of DnaK in E. coli).

This chaperone is associated with co�chaperone Mdj1p

(analog of DnaJ in E. coli), which is necessary for mt�

ATPase,
chaperone�like

activity
Proteolytic

activity

Mitochondrion of S. cerevisiae Yta10p and Yta12p

a

b

Mitochondrion of S. cerevisiae Yme1p

Fig. 2. Domain structure of AAA�protease subunits (adapted from

[42]). a) Protease m�AAA; b) protease i�AAA. TM, transmem�

brane segment; AAA, ATPase domain; CC, coiled�coil domain;

MTS, mitochondrial addressing signal; HEXGH, metal�binding

site; WA and WB, A and B Walker motifs; SRH, second region of

homology.
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Hsp70 to stimulate the ATPase activity, and with protein

Mge1p (analog of GrpE in E. coli) for realizing nucleotide

exchange on it. This chaperone system provides for either

converting proteins imported into mitochondria to the

native shape (folded) or making them available for degra�

dation under the influence of protease PIM1. This is

illustrated by the scheme (Fig. 3) [55]. Mitochondria

contain a system of Hsp78 and Mcx1 chaperones of the

family Clp/Hsp100, and this system is involved in degra�

dation of proteins [56]. These proteins are homologous to

bacterial proteins in active complexes ClpB and ClpX, the

first of which performs proteolysis and the other reactiva�

tion of aggregated polypeptides. A similar situation is

observed in mitochondria of higher eucaryotes. The

Hsp78 from yeast has no proteolytic activity but manifests

an ATP�dependent unfolding activity, which seems to

prepare a substrate for degradation under the influence of

matrix protease PIM1. The function of Mcx1 remains

unclear despite its belonging to the family of Clp/Hsp100

chaperones [57].

Proteins of the mitochondrial inner membrane.

Protease PIM1 and chaperone mt�Hsp70 are shown to

function separately in the control of the protein folding

“quality”. Another picture is observed for the YTA10�12

(m�AAA) complex (Fig. 2a) that combines features of

chaperones and proteases possessing, on one hand,

NTPase motifs WA and WB and, on the other hand, a

metalloprotease site of the HEXXH type [58]. In this

case, production of a stable complex from Yta10p and

Yta12p requires ATP or any of its non�hydrolyzable

analogs (ATPγS, AMP�PNP, ADP, GTP). Proteins of the

mitochondrial inner membrane are hydrolyzed under the

influence of YTA10�12 only in the presence of ATP, and

this occurs very rapidly; therefore, when proteins are

degraded in mitochondria in organello only its association

with low molecular weight intermediate products of pro�

teolysis can be observed.

The complex is supposed to occupy a cavity in the

inner membrane and promote degradation of membrane

proteins in hydrophilic loops. But according to another

viewpoint, proteolysis by the YTA10�12 complex occurs

not only in water�soluble loops, but rather can involve

hydrophobic domains that act as “membrane anchors”

that are also subjected to proteolysis [58].

The role of ATP in mechanisms of proteolysis by

YTA10�12 is also unclear. First, it was suggested as a

working hypothesis that ATP should be hydrolyzed for

initiating the YTA10�12 complex, which could undergo

several association–dissociation cycles during the proteo�

lysis. Second, as it has been shown for some chaperones

every act of ATP hydrolysis in YTA10�12 may be neces�

sary for the transfer of the substrate from one subunit of

the complex to another to ensure its repeated binding and

cleavage. Third, the energy of ATP hydrolysis can be

spent during the proteolysis of the substrate to increase its

sensitivity to the proteolytic attack [58].

Whereas the proteolytic site of YTA10�12 is exposed

to the matrix, proteolysis by the membrane complex

Yme1p (i�AAA) occurs in the intermembrane space and is

associated, in particular, with removal of an unbound

(free) subunit Cox2p of cytochrome c oxidase (see above).

The structure of i�AAA and its position in the membrane

are characterized by the presence of a special domain that

acts as a “sensor” of an unfolded polypeptide chain. This

domain has been detected by introduction of deletions

into the protein molecule gene and study on their influ�

ence on the features of Yme1p [59]. Figure 4 shows that

the region between amino acid residues 272 and 504 con�

tains NTPase Walker motifs WA and WB and has no

active site of metalloprotease HEXXH inherent in the

Yme1p complex. The sensor domain is localized near the

transmembrane region of Yme1p (residues 223�247) and

is exposed to the intermembrane space (Figs. 2b and 4).

Synthesis in E. coli of the Yme1p fragment from residues

250 to 525 (and even from residues 250 to 313) shows that

this peptide can act as a chaperone and induce disaggre�

gation of model proteins. Thus, proteolysis of proteins

incorporated into the mitochondrial inner membrane

from the intermembrane space requires them to be

unfolded, and such a condition is more likely provided for

Substrate release
and/or its transfer
to Hsp60

Fig. 3. A hypothetical model of nucleotide�regulated binding of

unfolded proteins with mt�Hsp70 and their dissociation with

involvement of co�chaperones MDJ and MGE (adapted from

[55]). Mt�Hsp70–ATP and MDJ interact with a newly imported

unfolded polypeptide producing a MDJ–mt�Hsp70–ATP com�

plex. The binding of the substrate promotes hydrolysis of ATP, and

this converts mt�Hsp70 to a form with high affinity for the sub�

strate mt�Hsp70–ADP. The substrate dissociates as a result of the

interaction of MGE with the complex. It seems that the function

of MGE is replacing ADP by ATP in the complex with mt�Hsp70.

The replacement/release of ADP from the complex with mt�

Hsp70 leads to dissociation of the complex and release of the sub�

strate with a possibility of its subsequent binding with Hsp60 for

folding.
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by the interactions of the proteins with the Ymel complex

and, possibly, with other accessory components [60].

Comparison of WA and WB regions of the YTA10�12

complex with the 250�525 segment of Yme1 (Fig. 2, a and

b) shows that the first can also act as a chaperone folding

and unfolding proteins newly imported into mitochon�

dria. This is evidenced by an experiment with the double

mutant ∆yta10E559Q∆yta12E614Q deprived of protease sites.

This mutant is capable of producing respiratory chain

components, as distinguished from a similar mutant con�

taining protease sites [61].

What is the further fate of products of proteolysis by

different mitochondrial proteases? Mass spectrometry

data show that, depending on ATP and temperature,

mitochondria release about fifty peptides encoded in

mitochondria and nucleus. They are generated by ATP�

dependent proteases of the matrix and inner membrane.

Pulse�labeling experiments in logarithmically grown

yeast have revealed that these peptides are produced as a

result of degradation of ~10% of the pre�existing and

newly imported proteins [62].

It has been mentioned that synthesis of respiratory

chain subunits encoded in the nucleus and consequently

the respiratory ability of the cells are determined by tran�

scription factors. On the other hand, synthesis of the res�

piratory chain proteins encoded in the mitochondrial

genome is modulated by expression of certain nuclear

genes. These genes, as well as genes needed for biogenesis

of the respiratory chain, form a regulon. In particular, this

regulon is stimulated under conditions of protease i�AAA

deficiency (e.g. with the ∆yme1 mutation) because of

appearance of deficiency of the mitochondria�generated

peptides and increase in the induction of nuclear genes

with functions associated with expression of mitochondr�

ial genes. This can be a new signaling pathway from the

nucleus to mitochondria [63].

It is also obvious that proteases play an important

role in the “quality control” of proteins in all mitochon�

drial compartments. In particular, cells containing proteo�

lytically inactive proteases manifest phenotypes identical

to phenotypes of the corresponding null�mutant cells. All

mitochondrial proteases are synthesized in the cytosol

under control by the nucleus on the transcription level.

On the other hand, proteases PIM1 and YTA10�12 are

themselves promoting synthesis of some respiratory chain

proteins (e.g. those encoded by COX1 and COB, see

above) contributing to stability of their pre�mRNAs and

indirectly controlling their splicing [39].

Deficiencies of mitochondrial proteases can lead to

accumulation of deficient mitochondrial proteins and

their aggregation. The protein aggregation is prevented

by a special system of chaperones in mitochondria,

among which mt�Hsp70 (Ssc1p) and Hsp78 (hClcX in

human) are universal. Chaperonins hsp60 and hsp10

(GroEL and GroES) also could be mentioned, but they

are not very efficient in stimulation of folding of proteins

synthesized in E. coli cells (in vivo) and yeast (in vitro)

[64].

Protein Ssc1p whose functions are associated with

the transport protein Tim44 and supported by the co�

chaperone Mdj1p and nucleotide exchanger Mge1p (see

above) is universal, whereas Ssq1p is specialized for

import and assembly of mitochondrial Fe/S clusters (Cyt

b2 and Cyt bc1) with involvement of protein Yfh1. This

nucleus�encoded mitochondrial protein is involved in

iron homeostasis. Ssq1p manifests typical features of a

chaperone on the ATP�dependent binding of an unfolded

substrate, but it cannot bind with either Tim44 or Mdj1p.

It seems that an imbalance between Yfh1 and chaperone

Ssq1p results in deficiency of Yfh1 associated with degra�

dation of the latter [65, 66].

Obviously, not all chaperones functioning in mito�

chondria and proteases coupled with them are known at

present. In some cases, proteases are functioning as chap�

erones that can be exemplified by the yeast protease i�

AAA [59].

Deletion of the protease genes YTA10(AFG3) or

YTA12(RCA1) in yeast disturbs synthesis of respiratory

enzymes (the causes have been mentioned above) and the

PIM1(LON) mutation suppresses this deletion, which

allows the yeast to grow on a non�fermented substrate,

i.e. synthesize components of the respiratory chain and

F1Fo�ATPase [67]. This can be partially associated with

overlapping of the Yta10p and Yta12p functions with

those of Pim1p in stabilization and splicing of pre�

mRNAs for respiratory enzymes (encoded by COX1,

COB, etc.).

The YTA10(AFG3) deletion affects the growth of

yeast on respiration substrates (the pet phenotype) not

because of the inactivation of protease Yta10 but because

of its non�involvement in formation of the respiratory

ensemble. The destruction of YTA10(AFG3) can be sup�

pressed with the polytopic transmembrane protein Oxa1,

which is a component of a translocase exporting nucleus�

P�loop of NTPase
nucleus

Fig. 4. Domain structure of chaperone Yme1: 1�47, mitochondri�

al addressing sequence; 223�247, transmembrane segment; 275�

504, AAA domain containing Walker motifs A and B (WA and

WB) (typical AAA regions are shown in gray color); 504�747, pro�

teolytic domain with metal�binding site HEXXH; 272�504, region

functioning as a chaperone (adapted from [59]).
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and mitochondria�encoded proteins from the matrix

across the inner membrane (see above). The suppression

of Oxa1 is manifested by synthesis of cytochrome b,

cytochrome aa3, and other products of mitochondrial

translation. By contrast, in the case of oxa1 mutation the

yeast are deprived of these respiratory proteins and also of

ability to assemble F1Fo�ATPase. Similar effects are

found for the membrane protein Mba1, which is involved

in the assembly of the respiratory chain complexes [68].

Thus, there are complicated correlations between

the “effective” concentration of mitochondrial proteolyt�

ic enzymes responsible for “quality control” of imported

proteins on one hand, and the level of synthesis of these

enzymes, contents of various chaperones, and different

factors influencing the sorting of these proteins on the

other hand.

GENERAL PRINCIPLES OF CONTROL

OVER FORMATION OF STRUCTURES

RESPONSIBLE FOR RESPIRATORY FUNCTIONS

OF MITOCHONDRIA

As follows from the previous sections, there are two

fundamental principles of quality control of mitochondr�

ial proteins. The first allows deficient proteins to be elim�

inated. In the second case, unbound (free) proteins are

destroyed if there are disorders in stoichiometry of pro�

tein complexes.

This is realized with involvement of various proteas�

es, chaperones, and different factors addressing proteins

to their corresponding compartments. But a question

arises how structures of higher order, such as mitochon�

dria, are controlled? What principles are realized in addi�

tion to the abovementioned principle of quality control of

proteins, which acts on a supermolecular (subcellular)

level? Some aspects of this problem related to mitochon�

dria will be elucidated in this section.

Effects of Vacuolar Protease Inhibitors on Contents
of Cytochromes and Respiratory Complexes in Yeast

Yeast grown on fermentable and non�fermentable

substrates in the presence of small amounts of synthetic

inhibitors of vacuolar proteases A (yscA, PEP4) and B

(yscA, PRB1) were more than 25 years ago found to con�

tain 20�30% more cytochromes c, c1, b, and aa3, while the

level of cell respiration was unchanged [69].

As presented in Fig. 5, during cell growth on galac�

tose the cytochrome contents increased during the loga�

rithmic growth phase and decreased during the stationary

phase. The specific cell respiration (coupled or uncou�

pled) increased insignificantly. Addition of protease

inhibitors (phenylmethylsulfonyl fluoride (PMSF) and

pepstatin) into the medium in the middle of the logarith�

mic growth phase removed the decrease in the contents of

cytochromes b, c1, c, and aa3 during the stationary phase

and the specific cell respiration did not change during the

subsequent growth of the cells. Therefore, it was suggest�

ed that in yeast cells grown on galactose a significant

share of the cytochromes should not be involved in the

cell respiration.

During yeast growth on glucose,  the specific cell res�

piration increases in parallel with a monotonic increase in

the cytochrome contents in the exponential growth phase

(Fig. 6). Addition of protease inhibitors to the growth

medium in the beginning of the process  resulted in a pro�

gressing accumulation  of cytochromes b, c1, c, and aa3.

However, the inhibitors failed to induce changes in the

respiratory activity of the cells. Under  these   conditions

“surplus” cytochromes seemed  to degrade so quickly that

they could be detected only in the presence of protease

inhibitors 

Experiments with the total mitochondrial fraction of

yeast cells gave some information concerning the nature

of the “surplus” cytochromes. Protease inhibitors seemed

to stimulate accumulation or retention of some individual

enzymatic complexes of the respiratory chain, which, in

spite of the presence of potential activity, failed to con�

tribute to the cell respiration and were degraded. As

judged from values of the partial maximal enzymatic

activities, the amount of “surplus” complexes correlated

with the amounts of “surplus” cytochromes. Thus, the

“surplus” cytochromes are likely to be components of

non�functioning respiratory complexes.

The nature of this phenomenon is still unclear. It

might be caused by an inhomogeneous distribution of res�

piratory complexes in the mitochondrial inner mem�

brane; in other words, there might be a disturbance in stoi�

chiometry of the supercomplexes described above.

Disorders in formation of respiratory chains because of

changes in the membrane structure can also occur. Some

authors suppose that large supramolecular structures or

even complexes of respiratory chains can be formed with�

in the membrane [28]. Some data suggest that deficient

mitochondrial structures can characterize “young” cells

during the pre�exponential growth phase on glucose [70].

Figure 7 exemplifies some variants of deficient mitochon�

dria (“monsters”), which are specified either by a

reduced matrix or by the presence of inner mitochondri�

al structures of unknown origin, etc.

Different variants of wrong interactions between

membrane proteins and their complexes and also of local

changes in the membrane structure have been analyzed in

detail in [71] and are presented in Fig. 8.

It has been mentioned above that deficient mito�

chondrial structures are probably eliminated with the

involvement of vacuolar proteases A and B. This can be

realized during macroautophagy processes, which are

well studied in the case of mitochondria [72]. But

microautophagy can be demonstrated only in model
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Fig. 5. Effects of protease inhibitors PMSF and pepstatin on contents of cytochromes b, c1, c, and aa3 in S. cerevisiae cells during their aero�

bic growth in galactose�containing medium (adapted from [74]). The left upper panel presents cell growth and cell respiration on stimulation

and without stimulation by the uncoupler.

Fig. 6. Effects of protease inhibitors PMSF and pepstatin on contents of cytochromes b, c1, c, and aa3 in S. cerevisiae cells during their aero�

bic growth in glucose�containing medium (adapted from [69]). The left upper panel presents the cell growth and cell respiration on stimula�

tion and without stimulation by the uncoupler.
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experiments. At first, swelling of a mitochondrion occurs.

One can see a swollen mitochondrion in the electron

microphotograph (Fig. 9) [70]. The further swelling of a

mitochondrion results in a disruption of the inner and

outer membranes and partial release of contents of the

intermembrane space and cristae. Then the mitochondri�

on took the so�called condensed shape. The whole

process is presented in Fig. 10 [73].

a

b

Fig. 7. Electron microphotographs of different mitochondrial

structures of aerobically grown yeast S. cerevisiae (the author’s

data). a) Promitochondrion�like structures in young cells,

×150,000. b) A magnified mitochondrion of wrong shape (“mon�

ster mitochondrion”) in young yeast cells, ×150,000.

Fig. 8. Possible mechanisms of elimination of deficient membrane

components (adapted from [70]): (i) components are eliminated

by direct lysis; (ii) components are separated with disruption of

the attached protein; (iii) swelling of a membrane region with for�

mation of a vesicle and subsequent release of components into the

medium; (iv) invagination of a membrane part with formation of

an intracellular vesicle.

Fig. 9. Electron microphotograph of a swollen mitochondrion of

aerobically grown S. cerevisiae, ×44,000 (the author’s data).

Fig. 10. A model of mitochondrial microautophagy (adapted

from [70]): 1) normal mitochondrion; 2) initial stage of swelling;

3) swollen mitochondrion at the stage of released “vesicles”; 4)

deformed mitochondrion; 5) free “vesicles” swimming in the

cytosol.

enzymatic
attack

(i)

(ii)

(iii)

(iv)

enzymatic
attack
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CONCLUSIONS

The present review brings us to two conclusions.

First, formation of the mitochondrial respiratory chain is

accompanied by a surplus synthesis of cytochromes and

“superfluous” parts of respiratory complexes, which pos�

sess catalytic activities but fail to contribute to the respi�

ratory activity of mitochondria. Surplus components of

the respiratory chain are eliminated with involvement of

vacuoles, which is evidenced by the above�described

effects of protease inhibitors. This phenomenon was ear�

lier named the principle of “selection by performance cri�

terion” [74].

Second, every type of disorder in oxidative phospho�

rylation is associated with destructions in “mature” mito�

chondria that, in particular, manifest themselves by

swelling of mitochondria, decrease in the number of

cristae, and partial digestion of mitochondria by the cells

with involvement of vacuoles (the principle of “stabiliza�

tion by functioning”) [74].

Obviously, these principles are speculative and

require additional experimental studies. On the other

hand, these principles are formulated to design a general

line for further research. It should be emphasized that up

to now virtually all works have been directed to elucida�

tion of mechanisms of “quality control” of individual

proteins and their complexes and did not concern princi�

ples of formation of cell organelles or their subcellular

compartments.

This work was supported by the Russian Foundation
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