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Abstract: Mitochondria are known to play an important rolecellular physiology and homeostasis.
Over the last ten years, we have witnessed a ggowippreciation by scientific community of
mitochondrial involvement in cellular processes.nmitochondrion appears to be a very vulnerable
organelle, which is subject to far more aggressivgironment than the other cellular components. The
accumulation of various types of damage in mitochi@nincluding mtDNA lesions and modifications on
the membrane leads to the development of a nunitiisarders and aging. These findings prompt many
researchers around the world to investigate thegsses in mitochondria that may lead to cellular
malfunction. One of the major processes known tadgrlated by mitochondria is cellular apoptosis.
Certain conformational changes of the proteinstextan the inner membrane trigger the swellinghef t
matrix and the outer membrane opening, which in teads to the release of the apoptotic proteimms fr
the mitochondrial matrix into the cellular cytopiasThe overregulation of membrane opening leads to
the accelerated apoptosis and consequently to elielapment of neurodegenerative diseases. On the
other hand, slow down in apoptosis causes thefpration of cancer cells. One of the most populaysv

of medicinal intervention into the apoptotic patlywas chemical targeting of the proteins involved i
these pathways. In this review, we discuss the ablmitochondria in the development of diseases and
present molecules found to target key proteinsaatsa with mitochondrial membranes and involved in
the regulation of apoptosis and necrosis. We atam@e the methods of molecular design and disgover
as well as the mechanisms underlying the druggrfetence with the selected biochemical pathways
linked to mitochondrial membranes.

Introduction mitochondria act as power engines in cells
supplying living organisms with energy
It has been known for decades that carriers ATP molecules. The synthesis of

c ding Author* Address: 445 W 59th St., N ATP is performed by mitochondria
orresponding Author* ress: ., New .
York, NY 10019, USA; Tel: 212-237-8064; Fax: 21372 following the electron transfer through the

8318; E-mail: ekorobkova@jjay.cuny.edu protein complexes embedded in
mitochondrial inner membrane. However, it
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was not until about twenty years ago that
scientists started to appreciate the active
participation of mitochondria in the
development of a number of disorders
including various cancers (1-3), ischemic
heart disease (4), neurodegenerative diseases
such as Alzheimer's (5), Huntington’s (6)
and Parkinson’s diseases (7), diabetes (8,9),
and liver diseases (10). Organism
malfunctioning, which manifests itself in the
onset and the progression of disease, is
associated directly with cell death processes,
necrosis and apoptosis.

Apoptosis is an extremely complex cellular
process that is triggered by external stimuli
and is regulated by a network of
biochemical signals. The regulation occurs
both externally by the receptors located on
cellular membrane (11) and internally by
mitochondria. The control of apoptosis by
mitochondria is currently an area of
intensive research. There have been
identified a number of agents that help
trigger apoptosis. These include active
oxidants (12), viruses (13), calcium cations
(14), and some natural compounds found in
vegetables, fruits (15,16), and herbs (17).
The complex of signals that brings about the
destruction of mitochondria followed by a
set of biochemical events leading to the
cellular death is not comprehensively
understood. However, many aspects
concerning mitochondrial apoptosis have
been described in detail. For instance, it is
known that during apoptosis the spatial
distribution of mitochondria in cells changes
from almost homogenous to localized, as the
organelles tend to gather near the nucleus
(18). In response to the external agents the
permeability of the inner membrane may
increase such that molecules having a size
under 1.5 kDa can freely escape the
mitochondrial matrix. This is followed by
the swelling of the matrix, the loss of the
electric potential on the inner mitochondrial

membrane, the breakage of the outer
mitochondrial membrane and the release of
the cytochrome c into the cytoplasm (19).
Cytochrome c is a protein located in the
intermembrane mitochondrial space and
attached to the inner membrane. It is an
indispensable component of the electron
transport respiratory chain located on the
inner mitochondrial membrane and coupled
to the synthesis of ATP (20,21). When in the
cytoplasm, cytochrome c associates with
Apaf-1 to produce the “apoptosome”. The
structure of this complex was solved with
electron cryo-microscopy and revealed a
wheel-shaped fragment with a seven-fold
symmetry (22,23). The formation of this
complex primed with the binding of dATP
or ATP (24) is the irreversible process that
inevitably leads to apoptosis through the
activation of procaspase-9 (23) and
executive caspases procaspase-3 and
procaspase-7 (25).

While apoptosis as a genetically
programmed cell death is considered
advantageous to a living organism, necrosis
occurs when cells are exposed to a severe
stress such as highly elevated temperature,
drastic decrease in oxygen supply, trauma,
or infection. For a long time necrosis had
been considered as an accidental cell death
process. Recently, a number of works has
appeared that support the hypothesis of the
programmed nature of necrosis (26). A
mitochondrion has also been shown to play
a significant role in the initiation of necrotic
cell death (27-29). For instance, nitrogen
oxide was shown to mediate necrosis
through the interactions with complex | of
mitochondrial respiratory chain (29).

The release of the cytochrome c into the
cytoplasm was found to be associated with a
number of neurodegenerative diseases. This
finding motivated many researchers to
search for effective chemical inhibitors that
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would prevent the detachment of
cytochrome c from the inner membrane and
its transportation to the cytoplasm followed
by the cellular death.

The detailed analysis of the mitochondrial
biochemical events preceding mitochondrial
rupture and cytochrome c release is also
required in order to develop strategies for
the manipulation of apoptosis and
consequently the control of cancer cell
growth.

This review discusses the particular role of
mitochondrial membranes in the
development of neurodegenerative diseases
and cancer. Below, we summarize recent
work done towards the discovery of
chemical compounds that regulate intrinsic
apoptotic and necrotic pathways through the
interactions with a number of mitochondrial
or mitochondria-associated protein¥Ve
also describe the specific approaches
utilized in search for bioactive molecules
and discuss their mechanism of action.

Neurodegenerative diseases
the treatment of

Small molecules for
Huntington disease

Huntington disease (HD) is an inherited
syndrome in which nerve cells progressively
die in the brain. It causes mental regression,
psychiatric morbidity, weakened muscle
coordination and is associated with
involuntary writhing movements (30). The

disease symptomes usually manifest
approximately between 30 and 45 years of
age. In the later stage, a person with HD
becomes completely dependent on
caregivers. In 1993, it was discovered that
HD is caused by a mutation consisting of an
expanded (CAG) repeat in a huntingtin

gene (31). While in a normal gene, CAG
fragment is repeated 10 to 35 times, people

with HD have from 36 to 120 repeated
segments if CAG. A normal huntingtin

protein plays an important role in neurons.
The extended protein divides into smaller
parts that accumulate in nerve cells in the
brain and lead to the disruption of normal
cellular activity and finally to death (32,33).

The mechanisms of neurons dysfunction
brought about by the mutated huntingtin
protein are not precisely understood.

No effective pharmacological treatment is
known for HD. However, there have been a
number of studies that identified molecules
exhibiting  exceptional  neuroprotective
properties and featuring cell death. One of
the best known examples is minocycline
(Figure 1A). The mechanism of its action is
not comprehensively understood. There is
evidence of minocycline being associated
with the prevention of cytochrome c release
from mitochondria to the cytoplasm, where
cytochrome c triggers apoptotic pathways.
Specifically, it was shown that minocycline
inhibits the upregulation of mRNA for
caspase-1 and caspase-3 and decreases the
activity of inducible nitric oxide synthetase
activity thereby inhibiting the production of
nitric oxide, which plays a significant role in
HD (34). The later work from the same
group showed that minocycline also inhibits
caspase-independent mitochondrial
pathways of cell dysfunction and death (35).

To test the hypothesis that it is the release of
the cytochrome c¢ from mitochondria to
cytoplasm that initiates HD and to identify a
potential inhibitor, Wang et al. (2008)
developed a cell free screening assay (36).
In this assay, mouse-liver mitochondria were
isolated and incubated with test drugs.
Calcium cations were added to the
mitochondria to stimulate the release of
cytochrome c¢. The concentration of
cytochrome c in the samples with different
drugs was determined with ELISA. 1040
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FDA-approved compounds from a National
Institute of Neurological Disorders and
Stroke library were tested using the cell-free
assay. Many of these compounds cross
blood-brain barrier. The cell-free assay
narrowed down the set of 1040 molecules
down to 21 compounds that exhibited
outstanding cytochrome c release inhibition
capacity. The compounds were then tested
on neuronal cells stably expressing a mutant
huntingtin  fragment. 16 out of 21
compounds prevented cell death. It is
noteworthy that monocycline previously
found to be neuroprotective was identified
as the second best hit in the list of the
successful compounds. The study thus
confirms that the mechanism of the
neuroprotective action shown by
monocycline is based on the inhibition of
the release of cytochrome c¢ from the
intermembrane mitochondrial space. The
authors performed further evaluations of the
drugs’ efficacy using the animal model.
Methazolamide (Figure 1A) was chosen
from the list of the best hits to investigate
the ability of the drug to slow chronic
neurodegeneration in mice. The results
revealed the neuroprotective properties of
the drug. Moreover, the drug was shown to
inhibit the release of the cytochromeirc
vivo in mice model.

Even though the cell free high throughput

approach proved to be extremely effective in
identifying molecules inhibiting the release

of cytochrome c, the chemical basis of the
activity of compounds identified as best hits

in the screen remains obscure. It is unclear
whether the molecules interact directly with

cytochrome c or with proteins responsible

for the opening of the outer membrane.
Further investigations in this area would

facilitate the discovery of novel methods in

curing Huntington’s disease.

In a later study, Hoffstrom et al. (2010)
performed a cell based screening assay using
a PC12 model of HD and tens of thousands
of molecules including natural and synthetic
compounds (37). The authors identified five
novel compounds that suppressed apoptosis
in cells transfected with the expanded
huntingtin gene. Using the cycloaddition
chemistry, the authors then identified the
molecular mechanism underlying the
inhibition of apoptosis. The authors found
that the compounds found from high
throughput screen target protein disulfide
isomerase (PDI), an enzyme that assists in
the formation and cleaving disulfide bonds
in other proteins thereby regulating their
folding. In cells transfected with the mutated
Huntington gene, PDI accumulates in the
mitochondrial-associated-endoplasmic
reticulum-membranes. This accumulation
triggers the opening of the outer
mitochondrial membrane and the release of
the apoptotic factors into the cytoplasm.

Small molecules for the treatment of
Altzheimer disease

Altzheimer disease (AD) is an age-related
neurodegenerative disorder and is diagnosed
in patients over 65 years of age. The
symptoms of the disease include the loss of
long-term memory, difficulty with language,
irritability,  fluctuations of mood and
aggression. AD is associated with the
presence of extracellular amyloid plaques,
intracellular neurofibrillary tangles, amyloid
B-peptide (A) deposits, and the loss of
synapse (38,39). There is a substantial
amount of evidence attesting a crucial role
of mitochondrial dysfunction in the
development of AD (40-44). As the cerebral
blood flow reduces with age, the brain
struggles to produce more mitochondria to
satisfy the neuronal demand in energy. As a
result, a lot of immature mitochondria are
produced. In normal mitochondria, the
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energy generation is coupled to electron
transport through protein  complexes
embedded in the inner membrane. The
electron transport is linked to oxidative
phosphorylation and ATP production. In
immature  mitochondria, the electron
transport process appears not effective and is
associated with the increased production of
free radicals, particularly superoxide anion.
It is noteworthy that mitochondrial disorder
is observed in all types of brain cells
including various classes of neurons, glia,
endothelial cells, and pericytes. To combat
the oxidative stress, the BAprecursor is
overexpressed in brain, which leads to the
AP accumulation and subsequently to the
development of AD. The free radicals
generated by unsuccessful electron transport
chains in turn damage other mitochondria
and brain enzymes. Additionally, the brain is
known to be abundant with neuropeptides
and polyunsaturated fatty acids,
biomolecules susceptible to easy oxidation,
which makes the brain especially vulnerable
to various types of oxidizing agents. The
oxidative modifications of brain proteins
lead to variations in their activity, which in
turn alters neuronal signal transduction
pathways (44), ultimately promoting the
onset and the progression of the disease.

The therapeutic strategies of AD treatment
include anti-amyloid, anti-inflammatory,

and antioxidant approaches, the later one
being the most commonly mentioned
approach. Aliev and coworkers (2009)
analyzed the effect of selective

mitochondrial antioxidants on aged rats
using electron microscopy techniques (45).
The antioxidants included acetyl-L-carnitine
(ALCAR) and R-lipoic acid (LA) (Figure

1B). The authors found that feeding the
animals with the antioxidants reduced the
number of damaged mitochondria. In a later
study, the same group of researchers
investigated the effect of the antioxidants on

the cognitive behavior of ApoE4 transgenic
mice (46). The spatial and temporal memory
was tested in mice fed with acetyl-L-

carnitine and R-lipoic acid, and the results of
the study demonstrated the improved
exploratory behavior, attention, and spatial
orientation in mice.

The chemical basis of the antioxidant action
of ALCAR and LA has been a subject of
intensive research. An acetylated product
ALCAR is synthesized from a natural
cellular product L-carnitine and acetyl-CoA
with the aid of carnitine O-acetyltransferase.
The scavenging mechanism of L-carnitine is
proposed by Gulcin (2006) who studied its
reaction with 1,1-Diphenyl-2-picryl-hydrazil
(DPPH) using UV/vis spectroscopy (47).
Gulcin proposed that the radical formed on
L-carnitine after the abstraction of a
hydrogen atom from an alpha-carbon atom
is stabilized through the conjugation
between the unpaired electron and tte
orbital of the carbonyl group. The
stabilization of the resulting radical product
lowers the reaction enthalpy change and
increases the likelihood of radical
scavenging. We hypothesize that a similar
radical quenching mechanism pertains to
ALCAR.

LA is present in living cells naturally and
plays an important role in the synthesis of
ATP as it is a cofactor for mitochondrial
alpha-keto-dehydrogenase (48). In cells, LA
is reduced to dihydrolipoc acid (DHLA),
and there is evidence that the reduced form
also exhibits antioxidant activity (49). The
electron transfer reactions within this redox
pair may affect the conformations of
proteins by varying the amount of disulfides,
which in turn adjusts the network of signal
transduction pathways. A number of studies
have demonstrated that both LA and DHLA
directly scavenge reactive oxygen species
such as hydroxyl radicals, hypochlorous
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acid, and singlet oxygen. However, in
addition to the direct scavenging affect,
indirect mechanisms of antioxidant activity
of LA have been discovered. Thus, LA acts
as a transcription inducer of genes
responsible for the synthesis of glutathione,
which is the most widely known natural
cellular antioxidant (50). There is also
evidence that LA increases the level of
ascorbic acid, an essential cellular nutrient
and antioxidant (51). Both LA and DHLA
act as chelating agents of transitional metals,
thereby hampering their redox activity (51).

At present, mechanisms underlying the
antioxidant activity of ALCAR and LA acid
are not fully understood. However, it is clear
that these molecules are very promising as
therapeutic agents and the mechanisms of
their ameliorating action need to be
exploited, specifically in regard to AD.

Small molecules potentially
Parkinson disease

targeting

Parkinson disease (PD) is a

neurodegenerative disorder characterized by
the dysfunction or death of neurons

responsible for the production of dopamine.

Since dopamine is responsible for the
coordination of movements, the symptoms
of PD are related to movement impairment
such as hands and legs trembling and
stiffness, poor coordination, and sensory
problems. Several therapeutic agents
increasing the level of dopamine in the brain
have been employed in medicine. These
include levodopa that is converted to

dopamine in neurons, tolcapone that inhibits
an enzyme degrading dopamine, and others.
Even though these medications may be
effective in controlling symptoms, there is

no cure for the disease.

The biomolecular basis of the death of
dopamine-generating cells is not understood.

However, a significant number of recent
studies indicate the essential role of
mitochondria and oxidative stress in the
initiation and progression of PD (52-55). A
set of mitochondrial and mitochondria-
associated proteins were found to be directly
linked to the etiology and pathogenesis of
the disease. Thus, it is established that
PTEN-induced putative kinase 1 (PINK1)
and PARK2 (Parkin) proteins trigger the
degradation of damaged mitochondria in
healthy cells. PINK1 is a serine/threonine
protein kinase localized to mitochondria.
Parkin is a part of a ligase complex which in
turn represents a part of a proteasome
system responsible for the degradation of
deteriorated and unnecessary proteins.
Mutations in PINK1 and Parkin cause
mitochondrial dysfunction and early-onset
Parkinson disease.

Until recently, the biochemical mechanism
underlying mitochondrial autophagy had not
been described and a network of signals
connecting Parkin and PINK1 in one
complex pathway leading to the disposal of
damaged mitochondria had not been
understood. A novel study performed by
Narendra and coworkers (2010) shed light
on the biophysics of this key pathway (55).
The authors discovered that in healthy
mitochondria with a stable inner-membrane
potential PINK1 is promptly turned over by
proteolysis. However, in the case of
damaged depolarized mitochondria, PINK1
spans through the outer membrane with its
kinase domain facing the cytosol. Once
PINK1 is stabilized on a depolarized
mitochondrion, Parkin is recruited to the
spot of PINK1-mitochondria assembly,
where it triggers the degradation of the
mitochondrion (Figure 2A). The precise
mechanism of signals conveying between
these proteins is not established. Geisler and
coworkers (2010) suggested that PINK1
controls a mitochondrial voltage-dependent
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anion channel-1, which serves as a target for
Parkin (56).

Even though the precise mechanism of
PINK1-Parkin signaling is not yet
completely understood, the pharmacological
treatment has been proposed for Parkinson
that suppresses pathologic phenotypes in
these mutant-proteins. Tain and coworkers
(2009) identified 4E-BP1 gene as a factor
that inhibits pathology of PINK1 and Parkin
mutants and thus mediates the cell survival
response (57). The authors also
demonstrated that treatirigrosophila with
rapamycin (Figure 2B), which activates 4E-
BP1, led to similar curative effects including
slowing down in the relapse of dopamine-
generating neurons and the amendment of
damaged mitochondria iDrosophila (57).
The activation mechanism involves the
inhibition of TOR, which is known to
negatively regulate 4E-BP1. mTOR is a
protein kinase and performs multiple tasks
such as regulation of transcription and
translation in response to nutrients, protein
degradation, and membrane trafficking.
Interestingly, Harrison and coworkers
(2009) also reported that rapamycin can
extend lifespan in mammalian species and
thus be implicated in the treatment of age-
related diseases (58). The biochemical
mechanism of TOR-rapamycin interaction is
discussed by Faivre and coworkers, and the
TOR binding site is shown in Figure 2A
(59).

A significant number of studies indicates the
deficiency of complex | (NADH:ubiquinone
oxidoreductase), an essential component of
the electron transport chain, in mitochondria
of patients with PD. The reduced activity of
complex | was revealed in brain tissue (60),
skeletal muscle (61), and blood cells (62).
The discovery of the electron transport chain
imparity in mitochondria of PD patients
suggested the usage of co-enzyme Q10 and

creatine as therapeutic agents against the
disease (Figure 3A). Co-enzyme Q10 or
ubiquinone possesses unique chemical
properties that allow it to switch between
three oxidation states: ubiquinone (fully
oxidized), semiquinone (half oxidized), and
ubiquinol (fully reduced). A wide range of
oxidation states allows this molecule to
perform an exclusive task of carrying
electrons from complex | and complex Il to
complex Ill, all embedded in the inner
mitochondrial membrane (Figure 3B).
Creatine is synthesized naturally from
arginine and glycine or is taken up from
meat and fish. It is transported to brain and
skeleton muscles through blood with the aid
of an effective transport system. The
fundamental role of creatine in cells is
founded on its ability to be converted to
phosphocreatine with creatine kinase. The
phosphocreatine in turn donates its
phosphate group to ADP leading to the
production of ATP, molecular energy source
of cells (63). Yang and coworkers (2009)
investigated the collective effect of co-
enzyme Q10 and creatine in mouse model of
PD (64). The authors found that the
combination of the two drugs produced

additive neuroprotective effects, which
included the inhibition of dopamine
depletion and the decrease of lipid

peroxidation (64).
Cancer

A tremendous amount of research efforts is
directed at mitochondria in regards to the
treatment of cancer. A mitochondrion is a
key cellular component regulating apoptosis
through the membrane permeability
transition (MPT) and the release of

proapoptotic factors into the cytosol. While

a healthy organism benefits from apoptosis,
cancer cells develop a complex of self-
protective mechanisms stimulating their
proliferation and inhibiting apoptosis (65).
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The resistance of cancer cells to apoptosis
challenges therapeutic endeavors to combat
tumors. The comprehensive understanding
of the function of mitochondrial and
mitochondria-associated proteins
participating in the regulation of apoptosis
would allow the development of therapeutic
strategies towards the stimulation of
apoptosis and the inhibition of the growth of
cancer cells. The following sections
summarize recent findings concerning
central mitochondrial pathways controlling
apoptosis and methods of chemical
intervention with these pathways.

Inhibition of Bcl-2 antiapoptotic proteins

Bcl-2 family members play a crucial role in
the regulation of apoptosis (66). Bcl-2 is an
anti-apoptotic protein known to inhibit the
MPT. The mechanism behind Bcl-2-
mediated apoptosis inhibition involves
protein interaction with the voltage-
dependent anion channel (VDAC) on the
outer mitochondrial membrane (67). Bcl-2
and structurally related BcliXbind to and
thus inactive several proapoptotic proteins
including Bax/Bak (68,69) and BH3 proteins
- Bad, Bid, and Bim (70). Bcl-2 was found
to be overexpressed in various types of
cancer cells, while the expression of
proapoptotic proteins in the same cells were
found below normal (71,72).

The design of small molecules interfering
with the binding of Bcl-2 and proapoptotic
proteins has been viewed as the potential
strategy to arrest the growth of cancer cells.
Oltersdorf and coworkers (2005) used
NMR-based screening, parallel synthesis,
and structure-based design to develop a
small molecule named ABT-737 (Figure 4).
The molecule blocked the binding groove of
Bcl-2 or Bcl-X. thus preventing their
binding to BH3 and augmenting the effects
of death signals (73). ABT-737 exhibited the

binding affinity two to three orders of
magnitude stronger than that of previously
reported antagonists. The authors
demonstrated that ABT-737 caused the
regression of solid tumors. In a later work,
investigators from Abbott Laboratories
developed another small molecule ABT-263
(Figure 4), which disrupted the interactions
between Bcl-2/Bcl-X and a proapoptotic
protein Bim. ABT-263 induced cytochrome

c release and the subsequent apoptosis (74).
Lessene et al. discuss other peptide mimetics
designed for antiapoptotic proteins from
Bcl-2 family and list the affinity constants
and the values of KJECs (75).

Recently, Dalafave and Prisco employed a
computer-based strategy to design five novel
molecules that blocked antiapoptotic
proteins, Bcl-2, Bcl-X, and Mcl-1. Each
molecule was predicted to exhibit significant
affinity to each of the three proteins (76).
The authors discuss the advantage of using
computational methods to predict potential
capability of molecules to induce apoptosis
before performing laboratory and preclinical
trials.

Inhibition of TRAP1 and HSP90 proteins

In addition to proapoptotic proteins that
stimulate the outer membrane opening in
mitochondria from the cytosol side, the
MPT is also regulated internally, at the inner
membrane. A protein which is believed to be
a key regulator of MPT is called cyclophilin
D (CypD). It is located at the inner
membrane on the side of the mitochondrial
matrix. The relationship of this protein with
MPT and subsequently apoptosis is
currently a subject of intensive research.
Several chaperones were found to associate
with CypD directly thereby changing its
conformations and thus preventing MPT.
These include HSP90, TRAP1 (77), and
HSP60 (78). One exciting finding is that the
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CypD-chaperones interactions, antagonizing
the opening of the mitochondrial outer
membrane pore and thus the release of
cytochrome c into the cytoplasm, only occur
in mitochondria of cancer cells. A
chaperone-CypD complex thus presents an
attractive target for cancer therapy, and a
significant amount of research efforts are
directed towards the design of chemical
inhibitors targeting these proteins (79,80).

HSP90 plays an essential role in cellular
survival in general and the survival of
cancer cells in particular (81,82). Markedly,
HSP90 was not only found overexpressed in
cancer cells compared with normal tissues,
but its ATPase activity in cancer cells
appeared to be 100 times stronger than in
healthy cells. The discovery of the
augmented ATPase activity prompted
investigators to design molecules inhibiting
ATP-binding sites in HSP90. Novobiocin,
epilgallocatechin-3-gallate and taxol (Figure
5A) are antitumor agents that bind a C-
terminal ATPase pocket in HSP90 (83). The
molecules, inhibiting an ATPase pocket
located on the N-terminal domain of the
protein, include radicicol and derivatives of
the natural compound geldanamycin (GA),
17-allylamino-17-desmethoxygeldanamycin

(17-AAG) and 17-
dimethylaminoethylamino-17-
desmethoxygeldanamycin (17-DMAG)

(Figure 5B). The compounds were shown to
reduce the viability of cancer cells and to
cause substantial apoptosis (84,85).
However, the outcomes of the clinical trials
of 17-AAG were considerably below
expectations. The low efficacy of the drug
was probably associated with its inability to
accumulate in mitochondria.

Plescia and coworkers (2005) designed a
peptidomimetic called shepherdin.
Shepherdin was modeled on the binding
surface between HSP90 and survivin, a

protein inhibiting apoptosis. Since the
function of survivin is regulated by HSP90,
the disruption of their interaction with

shepherdin led to cancer cells’ death (86). A
later work from the same group showed that
shepherdin induced the disruption of
TRAP1/HSP90 complex leading to the
conformational switch of CypD (Figure 5C),

which in turn stimulated the opening of the
mitochondrial permeability transition pore
followed by apoptosis (77). Unlike 7-AAG,

shepherdin is directed to mitochondria,
where it actively antagonizes the function of
TRAP1 and HSP90. Costantino and
coworkers (2009) also showed that the
inhibition of TRAP1 with shepherdin

increased the sensitivity of colorectal
carcinoma cells to standard
chemotherapeutic agents oxaliplatin and
irinotecan (87).

Later, Kang and coworkers (2009) used a
combinatorial modular design approach to
develop a new class of compartmentalized
and pathway-oriented molecules called
gamitrinibs  (GA mitochondrial matrix
inhibitors). Gamitrinib consists of a GA
molecule, an inhibitor of the HSP90 ATPase
pocket, connected through a linker to a
mitochondriotropic  moiety (88). The
molecules caused cancer cells’ death and
inhibited the proliferation of xenografted
human tumor cell lines in mice.

A recent study performed by Ghosh and
coworkers (2010) revealed the involvement
of another chaperone HSP60 in the
formation of complex with CypD along with

HSP90 and TRAP1 proteins. The authors
demonstrated that HSP60 is a regulator of
MPT, which inhibits CypD-dependent

apoptosis (78). The exact mechanism of
CypD association with chaperones is not
known. The detailed structural studies of
these complexes and the studies of the
mechanism underlying the apoptotic signal
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triggered by the conformational switch of
CypD would provide novel rationales for the
development of anticancer strategies.

Conclusions

Proteins associated with activities occurring
on mitochondrial membranes define the
onset and the progression of a number of
human diseases. Mutations in these proteins,
their upregulation, or misfolding alter the

network of signals processed by cell in its
life cycle leading to the accumulation of

abnormalities and consequently diseases.
Remarkably, most of these numerous

disorders commence in the same organelle.
Understanding the biophysical processes
occurring on mitochondrial membranes at a
system level would provide a basis for the
development of novel complex therapeutic
strategies  regulating  cellular  death

processes.
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Figure 1A. The structures of two compounds found to inhibé telease of cytochrome ¢ from

mitochondria into the cytoplasm (36). The compoundsbited the death of neuronal cells

expressing a mutant huntingtin fragment, and tmedalieved to be effective in the treatment of
Huntington disease.
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Figure 1B. The structures of two antioxidants expected toeffective in the treatment of
Altzheimer disease. The compounds were found toaethe number of damaged mitochondria
in animals (45).
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Figure 2A. Schematic presentation of the association of PIN#H Parkin on the outer

mitochondrial membrane. Left panel: a healthy ntitoadrion, PINK1 does not bind to the outer
membrane. Right panel: a damaged mitochondrionKRINinds firmly to the membrane and
recruits Parkin, which sends signals for the diapoSthe mitochondrion.
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Figure 2B. The structure of rapamycin, an agent preventingragegeneration in Drosophila
through the inhibition of MTOR, a negative regutaib4E-BP gene, which reduces the viability
of PARK1 and Parkin mutant (57).
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NH
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Creatine
Co-enzyme Qg

Figure 3A. The structures of co-enzymeifQand creatine. These molecules exhibit
neuriprotective effects in mice and are promisimgrapeutic agents against Parkinson disease.

Figure 3B. Schematic presentation of a mitochondrial electt@nsport chain. Yellow —
cytoplasm; light blue — outer mitochondrial memlaanlight green — mitochondrial
intermembrane space, dark blue — inner mitochohdnembrane; orange — mitochondrial
matrix. Four protein complexes are embedded inrther mitochondrial membrane. Co-enzyme
Q10 shuttles electrons between complexes |, Il,1dand
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Figure 4. The structure of molecules inhibiting an antiaptigt protein Bcl-2. ABT-737
prevents Bcl-2/Bcl-X - BH3 interactions by binding Bcl-2 groove. ABT26locks interactions
between Bcl-2/Bcl-X and a proapoptotic protein Bim.
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Figure 5A. The structures of antitumor agents selectivelylinig to a C-terminal ATPase pocket
in HSP90 and inhibiting its ATPase activity.
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Figure 5B. The structures of the compounds inhibiting ATPagesigdy of HSP90 via binding to
its N-terminal domain.
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Apoptosis

Figure 5C. Interactions between CypD, TRAP1, and HSP90 preteinmitochondrial matrix.
Left panel: chaperones TRAP1 and HSP90 form a cexnwlth CypD antagonizing MPT. Right
panel: a chaperone-CypD complex is disrupted regulh a conformational switch in CypD,

which in turn leads to MPT and apoptosis.
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