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2. Abbreviations 

AD: Alzheimer‟s disease 

ADP: adenosine diphosphate 

ALM: alamethicin 

ALS: Amyothropic lateral sclerosis 

ANT: adenine nucleotide translocator 

AP5A: diadenosine pentaphosphate 

ATP: adenosine triphosphate 

BCECF: 2',7'-Bis-(2-Carboxyethyl)-5-(and-6)-Carboxyfluorescein 

BKA: Bongkrekik acid 

BSA: bovine serum albumin 

CaGr 5N: Calcium Green 5N 

cATR: carboxy-atractyloside 

CSA: cyclosporine A 

CypD: cyclophillin D 

DMSO: dimethyl-sulfoxide 

DNP: 2,4-Dinitrophenol 

EDTA: ethylene-diamine-tetraacetic acid 

EFTEM: energy-filtered transmission electron microscopy 

EGTA: ethylene-glycol-tetraacetic acid 

ER: endoplasmatic reticulum 

FCCP: Trifluorocarbonylcyanide Phenylhydrazone 

FKBP: FK506 binding protein 

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

IMM: inner mitochondrial membrane 

KO: knock-out 

MgGr 5N: Magnesium Green 5N 
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mHTT: Mutated huntingtin protein 

NAD(P)
+
: nicotinamide-adenine dinucleotide (phosphate) 

NMDA: N-methyl-D-aspartate receptor 

OMM: outer mitochondrial membrane 

PGC-1α: peroxisome proliferator-activated receptor gamma co-activator 1α 

pHin: mitochondrial matrix pH 

pHo: extramitochondrial pH 

Pi: inorganic phosphate 

pmf: proton-motive force 

PT: permeability transition 

PTP: permeability transition pore 

ROS: reactive oxygen species 

SF 6847: (Tyrphostin 9, RG-50872, Malonaben): 

 2-[[3,5-bis(1,1-dimethylethyl)-4-hydroxyphenyl]methylene]-propanedinitrile 

SOD1: superoxide dismutase 1, Cu-Zu superoxide dismutase 

TEM: transmission electron microscopy 

TSPO: 18 kDa translocator protein 

VDAC: voltage-dependent anion channel 

WT: wild type 

ΔpH: pH gradient across the inner mitochondrial membrane 

ΔμH
+
: proton electrochemical potential gradient 

ΔѰm: membrane potential 
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3. Introduction 

3.1. General aspects of mitochondria 

Mitochondria are the prime source of ATP in the majority of eukaryotes. The energy 

requirement of the endothermic reaction of converting ADP + Pi to ATP is covered by an 

electrochemical gradient across the inner mitochondrial membrane (IMM). This 

electrochemical gradient is maintained by the electron transport chain, which converts the 

energy from the oxidation of reducing equivalents (NADH + H
+
, FADH2) into a proton 

gradient through pumping mechanisms, from the mitochondrial matrix to the 

intermembrane space. The electrons finally reduce molecular oxygen, thus the name, 

terminal oxidation. The consumption of oxygen by mitochondria is termed respiration. The 

respiratory chain consists of four complexes. Complexes I, III, and IV function as proton 

pumps, acting as a sequential path for the electron flux. The fall in redox potential of the 

electrons passing through these complexes is used to generate a proton electrochemical 

potential gradient, ΔμH+, usually expressed in electrical potential units of mV as the proton-

motive force (Δp, Eq.1) [1]. 

Equation 1  

Where ΔѰm is the mitochondrial membrane potential and ΔpH is the pH gradient across 

the inner membrane (conventionally the matrix is referenced to the intermembrane space), 

and R, T and F refer to the gas constant (8.31 J/(mol*K)), the absolute temperature (310.15 

K in human), and the Faraday constant (9.65*10
4
 C/mol), respectively. Under most 

conditions, ΔѰm is the dominant component of Δp, accounting for 150–180 mV of the total 

proton-motive force of 200–220 mV, in energized, non-phosphorylating isolated 

mitochondria [3, 4]. The ΔѰm of mitochondria within cells is lower, as it is being utilized 



9 

 

by energy demanding processes. In cultured rat cortical neurons it follows a Gaussian 

distribution, ranging from -108 to -158 mV, with an average of -139 mV at rest [5]. 

The respiration generated proton-motive force drives the phosphorylation of ADP into 

ATP, in functional mitochondria by the FoF1-ATP synthase, residing in the IMM. This 

protein complex has a proton channel activity, and while allowing a flow of protons into the 

matrix, converts the pmf into kinetic energy by spinning a central shaft in the molecule 

which serves as a flexible coupling that transfers the kinetic energy causing conformational 

changes in the active site, and driving the endothermic reaction of phosphorylation yielding 

ATP. The less the consumption of the pmf by other processes is, the more tightly 

respiration and phosphorylation are coupled. Fig. 1 demonstrates the path of electrons and 

protons in the process of oxidative phosphorylation, through the respiratory complexes and 

the FoF1-ATP synthase. 

A variety of substances, categorized as uncouplers, such as Trifluorocarbonylcyanide 

Phenylhydrazone (FCCP), 2,4-Dinitrophenol (DNP) or SF6847 (Tyrphostin 9), are capable 

of dissipating the pmf by increasing the proton permeability of the IMM. The idea of the 

two reactions being coupled by an electrochemical gradient originates from Peter Mitchell, 

Figure 1: The flow of electrons and protons through the respiratory complexes. Reproduced from [1]; 

no permission required. 
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in 1961 [6]. The coupled reaction is termed oxidative phosphorylation, and is quantified by 

a dimensionless number, the P/O ratio, indicating how many phosphate molecules are used 

for ATP synthesis per the reduction of a single oxygen atom. The utilization of FADH2 in 

well coupled mitochondria yields a P/O ratio of    1.5, while that of NADH+H
+
 yields    2.5. 

The substrates of the FoF1-ATP synthase are inorganic phosphate (Pi) and ADP, which need 

to be imported across the IMM for ATP production. Pi is transported by the H2PO3
-
/OH

-
 

antiporter. Cytosolic ADP
3-

 is exchanged for matrix ATP
4-

 in a 1:1 stoichiometry, by the 

adenine nucleotide translocator (ANT). The FoF1-ATP synthase utilizes 3 H
+
 to produce a 

matrix ATP from ADP. The Pi import causes the decrease of the ΔpH, while the exchange 

of ADP for ATP results in a loss of a charge, leading to the decrease of the (ΔѰm). 

Therefore the production of a cytosolic ATP costs a total of 4 H
+
 flowing back into the 

matrix. 
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3.2. Mitochondrial Ca2+ management 

3.2.1. Mitochondrial Ca2+ sequestration 

The mitochondrion is a major player in regulating and shaping cellular Ca
2+

 levels. 

Mitochondrial Ca
2+

 handling has become a re-emerging topic in recent years (for an 

extensive review see [2]). Mitochondria from all tissues of mammals possess the ability to 

sequester divalent cations, like Ca
2+

, Sr
2+

 and Ba
2+

, but Ca
2+

 is the only one having 

physiological relevance. Mitochondrial Ca
2+

 uptake is not only important for buffering 

transient cytosolic Ca
2+

 loads, but sequestered Ca
2+

 is also an activator pyruvate-

dehydrogenase, isocitrate-dehydrogenase and α-ketoglutarate-dehydrogenase, regulating 

the production of reducing equivalents for the energy-demanding uptake of Ca
2+

 (for 

review see [7]). 

Mitochondria both bind and sequester Ca
2+

, however the quantity of Ca
2+

 specifically 

binding to uptake regulatory sites and substrate transporters, plus the aspecifically binding 

to membranes is miniscule compared to the uptake capacity. The uptake capacity varies 

between different tissues, and in the brain, even between mitochondria from different 

regions [8]. 

The driving force for Ca
2+

 uptake is the high electrical potential across the IMM [9, 10]. 

Indeed, for a ΔΨm of −180 mV, the Nernst equation would predict at equilibrium a 

mitochondrial [Ca
2+

]in/[Ca
2+

]out ratio of about 10
6
 fold, i.e., given a cytosolic Ca

2+
 

concentration of 100 nM at rest, the mitochondrial matrix [Ca
2+

] should be as high as 0.1 M 

[11]. In reality such extreme concentrations of free matrix [Ca
2+

] are never reached, due to 

the formation of Ca
2+

 containing precipitates, above 100 nM of [Ca
2+

], which stabilize 

matrix [Ca
2+

] at 1-5 µM. Counter-ions for Ca
2+

 are primarily Pi, provided by the H2PO3
-

/OH
-
 antiporter and OH

-
. 

Ca
2+

 uptake by isolated mitochondria has a relatively low affinity: half maximal uptake 

speed is achieved at µMs of [Ca
2+

] [12, 13]. This fact was the main reason for abandoning 

mitochondrial Ca
2+

 handling for many years, as cytosolic [Ca
2+

] are within the mid nM 
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concentrations. The field regained interest when mitochondrial [Ca
2+

] was measured 

directly during stimulus. It was done by the transfection of the Ca
2+

 sensitive photoprotein 

aequorin, which was fused in frame with a mitochondrial presequence [14].  

Mitochondrial Ca
2+

 uptake can be selectively blocked by Ru 360, the active compound of 

Ruthenium Red, which is an inorganic dye originally used to stain mucopolysaccharides 

[15, 16]. The machinery residing in the inner mitochondrial membrane and responsible for 

Ca
2+

 uptake was named the calcium uniporter. It has been only until recently, that its proper 

electrophysiological characterization has been made and its molecular identity has been 

revealed [17]. 

The idea that the uniporter is a gated ion channel was first proposed by Bragadin in 1979, 

on the basis of the dependence characteristics of mitochondrial Ca
2+

 kinetics on 

temperature [18]. For decades no major advances were made in identifying the uniporter, 

until 2004, when direct methods proved his' theory to be correct. Electrophysiological 

experiments were carried out on mitoplasts, small derivates of mitochondria devoid of the 

OMM. A highly selective ion channel, with an affinity for Ca
2+

 of 2 nM, which accounts 

for the properties of the uniporter was successfully identified. Its relative divalent ion 

conductance was Ca
2+
≈Sr

2+
>>Mn

2+
≈Ba

2+
, however it was completely impermeable to Mg

2+
 

and monovalent cations, except Na
+
 at extremely low [Ca

2+
]. It was also found that it is 

forwardly rectifying and sensitive to nanomolar concentrations of Ruthenium Red or Ru360 

[17]. 

In 2010 a regulatory protein of Ca
2+

 uptake was identified in mitochondria. The protein has 

two EF-hand domains, the function of which is calcium sensing and one transmembrane 

domain, which does not support the notion that it could have a channel activity. Its 

silencing was found to affect Ca
2+

 uptake activity dramatically. The protein was named 

MICU1 [19]. The successful molecular identification of the uniporter was achieved by two 

different groups, using similar methods: both groups highlighted candidate proteins in 

silico, one by comparing databases of mitochondrial proteins to that of Saccharomyces 

cerevisiae, in which the uniporter is naturally absent [20], and the other by finding proteins 
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that could be related to the MICU1 [21]. Search results yielded a handful of proteins, of 

which one, an IMM protein, with two transmembrane regions, plus an intervening loop 

enriched in acidic residues and with no known function, was further investigated. siRNA 

and overexpression experiments showed the protein to have a great influence on Ca
2+

 

uptake both in vitro and in vivo. Fluorescent tagging of the protein verified expression in 

mitochondria. Finally the purified protein was reconstituted in lipid bilayers, for 

electrophysiological investigation, the results of which are in line with the properties of the 

uniporter. All these results support, that the 40-kDa protein identified is in fact the 

mitochondrial calcium uniporter. 

3.2.2. The nature of Ca2+ precipitates in the mitochondrial matrix 

The phenomenon of precipitation allows an approximately 1 M of [Ca
2+

]total to be 

sequestered by mitochondria inside their matrix [22]. Precipitates in mitochondria loaded 

with Ca
2+

 can be observed on electron-microscopic images, as amorphous electron-dense 

granules or ring-like structures. Thread- or needle-like formations were reported in rabbit 

heart mitochondria, in media devoid of Mg
2+

 [23], and Artemia franciscana (see below). 

Chemical and X-ray diffraction analysis in early studies showed the inorganic content of 

the precipitates to resemble a mixture hydroxyapatite (Ca10(PO4)6OH2) and whitlockite 

(Ca3(PO4)2). Mg
2+

 and CO3
2-

 were present in significant quantities, furthermore organic 

compounds like ADP, ATP and proteins were also found [24]. Recent observations, using 

more advanced techniques conclude, that stoichiometry between Ca
2+

 and Pi can vary 

greatly depending on conditions of Ca
2+

 sequestration, inhibitors used and the tissue 

mitochondria originate from [25]. 

Several anions serve as counter ions for Ca
2+

, however the most abundant are Pi and OH
-
. 

The uptake of ADP or ATP is also necessary [26]. Lack of rapid Ca
2+

 sequestration by 

isolated mitochondria incubated in media, in which Pi is absent, demonstrates its relevance 

in the process [13, 27, 28]. Acidification of the matrix effects precipitate formation, which 

can be due to the loss of the ΔpH or also, as the ΔpH is constant, due to acidification of the 

cytosol. The slightly alkaline nature of the matrix favors precipitation, as hydroxide 
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concentration is higher, and also, the dissociation constants of calcium-phosphate salts are 

pH dependent. During acidification the concentration of hydroxide is decreased and the 

dissociation constants of calcium-phosphate salts are increased. Furthermore, Pi is imported 

into mitochondria in exchange for OH
-
, which leads to a decrease in free Pi when the matrix 

is acidified [22]. Our laboratory has found however, that even though matrix acidification is 

an important contributor, it is not a major player in Ca
2+

 release under the collapse of the 

ΔpH, induced by uncouplers [29]. 

Precipitates also contain a significant amount of protein. The role of proteins and their 

functions remains unknown, and rise numerous questions regarding mitochondrial Ca
2+

 

precipitation. It has been suggested these proteins are regulators or base points of 

precipitate formation. Interestingly, there have been no Ca
2+

 binding proteins reported in 

mitochondria, that would be analogous to proteins, such as calsequestrin, calreticulin or Bip 

in the endoplasmic reticulum [11]. 

Another open question is the role of hydroxyapatite and whitlockite forming amorphous 

precipitates instead of normal crystalline structures. A hypothesis is the presence of lattice 

Figure 2: Electron microscopic images of Ca
2+

 precipitate morphology. A) rat cortical mitochondria fixed 

after active Ca
2+

 uptake, 12 000x magnification. B)Rabbit cardiac mitochondria fixed after active Ca
2+

 

uptake in the absence of Mg
2+

. Reproduced from [2]; no permission required. 
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breaker compounds present in mitochondria. A known lattice breaker, phosphocitrate, 

might be responsible for this feature [30, 31]. It was shown to be present in cell 

homogenates [32] and also mitochondria [33].  
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3.2.3. Release mechanisms of sequestered Ca2+ 

It was described in the late 1970s, that mitochondria loaded with Ca
2+

 prior to addition of 

ruthenium red demonstrate a slow Ca
2+

 release. Furthermore Na
+
 enhanced release in 

mitochondria from specific tissues [34-36]. Release of Ca
2+

 is a slow process, compared to 

uptake. As they are thermodynamically unfavorable, due to the high electrochemical 

potential for Ca
2+

 provided by the ΔѰm and low free matrix Ca
2+

caused by precipitate 

formation, these mechanisms are required to be coupled to other electrochemical gradients 

[37]. Ca
2+

 release involves two antiporters: the mitochondrial Na
+
/Ca

2+
 exchanger and the 

Ca
2+

/H
+
 exchanger, both of which reside in the IMM.  The Ca

2+
/H

+
 exchanger dissipates 

pmf directly, while the low matrix Na+ required by the Na
+
/Ca

2+
 exchanger is maintained  

by the Na
+
/H

+
 exchanger. The energy required to extrude one atom of Ca

2+
 can be supplied 

by the exchange of at least two protons or two Na
+
 ions. The primarily pathway of Ca

2+
 

release in excitable tissues i.e. heart, brain, skeletal muscle is Na
+
 dependent Ca

2+
 efflux,  

while in liver, kidney, lung and smooth muscle, the Na
+
/Ca

2+
 exchanger is not expressed 

and Ca
2+

 release is slower and Na
+
 independent. Characterization of the Ca

2+
 efflux in 

excitable tissues showed that the rate of Ca
2+

 efflux by the Na
+
/Ca

2+
 exchanger remains 

unchanged if Na
+
 is substituted by Li

+
, furthermore the antiporter is sensitive to inhibition 

by CGP-37157. 

The molecular identity of the mitochondrial  Na
+
/Ca

2+
 exchanger is known: the NCLX, 

which was first described in the plasma membrane, however its unique phylogenetic and 

functional properties triggered the attention of the group of Sekler. Overexpression, 

silencing, western blot and immune-electron microscopic experiments confirmed the 

NCLX to be the Na
+
/Ca

2+
 antiporter in mitochondria [38]. The characterization of the 

NCLX is yet incomplete, with the most pressing question still being the exchange 

stoichiometry. The molecular identity of the Na
+
/H

+
 antiporter remains unknown. 

Another player in Ca
2+

 efflux is a H
+
/Ca

2+
 antiport mechanism. A mitochondrial protein, 

Letm1 was proposed to be the H
+
/Ca

2+
 antiporter, however these findings are debated, as 

Letm1 was previously described as a K
+
/H

+
 exchanger [39], which is sensitive to 
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Ruthenium Red and insensitive to CGP-37157 [40].  By immobilized calcium affinity 

chromatography, the partially purified protein fraction at 66 kDa showed H
+
/Ca

2+
 antiport 

activity when reconstituted in lipid bilayers [41]. Similarly to the Na
+
/Ca

2+
 exchanger, there 

is no consensus in exchange stoichiometry. 

Also, the flickering of the mitochondrial permeability transition pore (PTP) could be yet 

another efflux mechanism, on which phenomena this thesis focuses in later chapters. 

Furthermore, a diacylglycerol induced release mechanism was reported, which was 

unaffected by Ruthenium Red, CGP-37157 or PTP inhibition. The phenomenon could not 

be demonstrated on mitochondria from sweet potato (Ipomoea batatas), indicating 

biodiversity, and suggesting it is unlikely to be an artifact [42]. 

3.2.4. Physiological relevance of mitochondrial Ca2+ handling 

Mitochondria couple cellular metabolic state with Ca
2+

 transport processes. They therefore 

control not only their own intra-organelle [Ca
2+

], but also influence the entire cellular 

network of Ca
2+

 signaling, including the endoplasmic reticulum, the plasma membrane, and 

the nucleus [43]. Close interactions with other organelles create so-called microdomains, 

which can have properties different from that of the cytosol, when rapid changes occur, due 

to diffusion barriers. The first report of close contacts between mitochondria and the ER 

was on the basis of overlapping of fluorophores, specific to these organelles, by confocal 

microscopy [44]. In these regions the Ca
2+

 concentration can elevate to levels where 

mitochondrial uptake is active. Lately an elegant method was developed, to directly 

visualize organelle contacts. The approach used an FKBP-FRB heterodimerization system, 

targeting the FKBP to the OMM and the FRB to the ER. Introduction of rapamycin was 

used to cause heterodimerization where FKBP and FRB were close, and close contacts 

were visualized by FRET [45]. 

The microdomains between organelles are essential for their coordinated action. 

Mitochondrial Ca
2+

 uptake limits the rapid rise of Ca
2+

 in these microdomains, otherwise 

flooded by reticular stores or extracellular Ca
2+

. Mitochondrial Ca
2+

 release prolongs the 
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recovery from the Ca
2+

 stimulus [46]. The microdomains between mitochondria and the 

endoplasmic reticulum (ER) or the plasma membrane explain the Ca
2+

 buffering ability of 

mitochondria in vivo, despite the low affinity of the uptake machinery, as high enough Ca
2+

 

concentrations are reached in these subcellular regions [14]. 

Early experiments by polarographic Clark electrodes demonstrated mitochondria to take up 

Ca
2+

 completely prior to phosphorylating ADP, when challenged with both [13]. However 

the maintenance of ATP levels is crucial during transients of Ca
2+

, because the restoration 

of the ion balance of the cytosol by the ER and the plasmamembrane has a high energy 

demand. Normal restoration of reticular Ca
2+

 stores cannot be achieved in experimental 

conditions where oxidative phosphorylation is blocked and high ATP is made available by 

permeabilization of cells which supports the importance of high ATP concentration in 

microdomains between the mitochondria and the ER [47]. 

The matching of energy production to requirements of the pumping mechanisms is due to 

the regulatory effect of Ca
2+

 in the mitochondrial matrix. Ca
2+

 activates the citric acid cycle 

in mitochondria by stimulating the pyruvate dehydrogenase complex through the pyruvate 

dehydrogenase phosphatase, the isocitrate dehydrogenase and the α-ketoglutarate 

dehydrogenase (for review see [7]). These enzymes all have high flux control coefficients. 

A flux control coefficient is a relative measure of how much an infinitely small perturbation 

of a system parameter affects a system variable: enzymes with a high (close to one) flux 

control coefficient have a great impact on the rate of an enzymatic pathway. An increase in 

NADH autofluorescence can be detected for several minutes upon depolarization of 

excitable cells, like neurons [48]. This increase in reducing equivalents helps maintaining 

membrane potential during Ca
2+

 sequestration. 

Furthermore organelle interactions is further complicated their motility. The relevance of 

morphology and dynamics regarding signaling with other organelles has been 

acknowledged in recent years. The advances mainly in fluorescent microscopic imagery 

revealed the mitochondria being under constant movement, fusion and fission in the cell. 

Elevation in the cytoplasmic [Ca
2+

] induces translocation of the dynamin-like DRP-1 to the 
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OMM, which is responsible for mitochondrial fission [49]. Also, Rho GTPases (Miro 1 and 

2) were found to effect mitochondrial homeostasis, most likely through the mitochondrial 

trafficking apparatus, as they connect mitochondria to the microtubular network. These 

proteins exhibit EF-hand domains, the mutation of which influences mitochondrial 

morphology and distribution in the cell [50]. 

3.2.5. Pathological effects of Ca2+ involving mitochondria 

Ca
2+

 is implicated in mitochondrial pathologies by two different mechanisms: the 

mitochondrial permeability transition, on which this thesis focuses and reactive oxygen 

species (ROS) generation. ROS are the byproducts of mitochondrial respiration and have 

been implicated in aging and in the pathophysiology of a wide variety of diseases, ranging 

from diabetes to neurodegeneration. To avoid the malignant effects of ROS, the cell is 

equipped with scavengers of ROS, such as superoxide-dismutase, catalase, glutathione 

oxidase, thioredoxin and peroxiredoxin [51]. 

The effect of Ca
2+

 on ROS production is controversial: increased [52-55], decreased [56-

58] and unaffected ROS production [59-61] were all reported upon Ca
2+

 stimulation. 

Measured ROS production and elimination of isolated mitochondria in vitro depends on 

many factors, e.g. substrates, the presence of adenine nucleotides, NADH/NAD
+
 ratio, 

inhibitors, and ΔѰm (for extensive review see [51]). As discussed above, Ca
2+

 has an 

impact on mitochondrial parameters that have an effect ROS production, which might be an 

explanation for the inconsistency of the results in the field. 
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3.3. The mitochondrial permeability transition pore 

Mammalian mitochondria can only handle a certain amount of Ca
2+

, before a regulated 

permeabilization (permeability transition, PT) of the normally impermeable inner 

membrane occurs, on which most processes of a mitochondrion relies. The entity 

responsible for the phenomenon was termed the mitochondrial permeability transition pore 

(PTP). It is commonly associated with various types of disease, and is therefore an 

intensely researched field [62-71]. 

3.3.1. Consequences of prolonged permeability transition on 

mitochondrial biochemistry and signaling 

Two types of permeability transition of the IMM were described in mitochondria: the low- 

and the high-conductance pore. The low-conductance pore allows the pmf to dissipate and 

Ca
2+

 to be released, but no swelling or unselective passing of small solutes is observed [70, 

72]. The high conductance pore, on the other hand, has a cut-off size of 1500 kDa, allowing 

ions and small molecules driven by their electrochemical gradients to equilibrate between 

the matrix and the cytosol. An increase in ROS can be detected during permeability 

transition, due to the loss of glutathione, impairing ROS scavenging, and NAD
+
, leaving 

enzymes, most importantly the α-ketoglutarate dehydrogenase complex without a co-factor 

to properly reduce [73, 74]. 

Sequestered Ca
2+

 is also released in a rapid, unregulated manner. The pmf, similarly to low 

conductance PTP, is dissipated. PTP opening leaves only a few mV-s of membrane 

potential, which is caused by the higher abundance of negatively charged proteins in the 

matrix, too large of size to pass freely. The mitochondrial processes relying on the pmf are 

therefore severely affected by the opening of the PTP. 

As the mitochondrial matrix is hyperosmotic compared to the cytosol, during PT water 

content of the matrix increases, which is accompanied by swelling. The IMM being folded 

in mitochondria to form cristae, has a high surface, and can withstand the expansion of the 

matrix, while the OMM ruptures. This allows proteins residing in the intermembrane space 
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to be released to the cytosol, of which some are pro-apoptotic factors, e.g. cytochrome c, 

Smac/Diablo, Endonuclease G, or AIF. When a large fraction of mitochondria 

simultaneously open the PTP in response to stress, the resulting ATP depletion makes it 

impossible to coordinate the apoptotic machinery, leading to necrosis induction [75, 76]. As 

a result, transition from apoptosis to necrosis is possible, and the two mechanisms are not 

always easily distinguishable [77]. 

3.3.2. Effectors of permeability transition 

The effect of a wide variety of chemicals, and changes in different mitochondrial 

parameters on the probability of PTP opening is known, most of which were documented 

when the phenomenon was first described. In the 1950s the ability of Ca
2+

 to cause swelling 

of isolated mitochondria was first noted, however presumed to be due to non-osmotic 

mechanisms [78]. It was only in 1976, that a reversible increase in the permeability of the 

IMM was discovered in beef heart mitochondria, by Hunter and Haworth [79]. Their later 

work gives a remarkably extensive characterization of the PTP, using swelling experiments 

almost exclusively [80-82].  

Tables 1 and 2 [83] summarize the categories of inducers and inhibitors of permeability 

transition. Ca
2+

 alone is sufficient to trigger PT, at least in liver, heart, kidney and adrenal 

cortex mitochondria, but only if it can be sequestered by mitochondria; inhibition of the 

Ca
2+

 uniporter by Ruthenium Red or Ru360 protects mitochondria from the opening of the 

PTP. Likewise if the counter-ion of Ca
2+

 does not favor precipitation e.g. if phosphate is 

substituted by acetate PTP is also inhibited. By this principal, Pi considered as an inducer 

by many authors. 

A number of oxidizing agents have also been reported to be PTP inducers. The mechanism 

of their action is likely to be identical, but they can be divided into different subgroups. 

Furthermore, the distinction between oxidizers and SH reagents may be inappropriate, since 

there is now reason to think that the effect of the various oxidizers results from the 
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conversion of critical SH groups to disulfide bridges (see, e.g., [84, 85]). SH reducing 

agents and radical scavengers can be PTP inhibitors. 

The effect of uncouplers, like FCCP, suggests a dependence of opening probability on 

ΔѰm. The PTP inducing effect of ROS was emphasized, and increased generation of ROS 

was later suggested to be the cause of FCCP induced PTP on mitochondria loaded with 

Ca
2+

 [52, 55, 86], however uncouplers trigger PTP even when ROS is eliminated with 

catalase [87], proving that oxidization by ROS is not responsible for the effect of 

uncouplers on PT. Both voltage and ROS sensing mechanisms responsible for PTP 

inducing is unknown. 

ADP and ATP are powerful PTP inhibitors [25, 88, 89]. Agents increasing ATP/ADP ratio 

or decreasing adenine nucleotide content of the matrix are PTP inducers. Pyrophosphate 

[90] and phosphoenolpyruvate [91] are both known to deplete the matrix adenine 

nucleotide pool, by exchange on the ANT. Thus, they induce the PT by reducing the level 

of a protecting agent [83]. Oligomycin also affects nucleotide levels, as the blocking of the 

FoF1-ATP synthase results in a decrease of the matrix ATP/ADP ratio and 

hyperpolarization of mitochondria. 

PTP opening is also strongly dependent on matrix pH [92]. The optimum for pore opening 

is pH 7.4. Opening probability decreases sharply both below pH 7.4 (through reversible 

protonation of critical histidyl residues that can be blocked by diethylpyrocarbonate) and 

above pH 7.4 (through an unknown mechanism). [93]. Inhibition could be substantially 

eliminated by pretreatment of the mitochondria with diethyl pyrocarbonate, which effect is 

most likely due to modification of histidyl residues regulating the pore open-closed 

probability [94, 95]. The mechanism by which alkaline pH inhibits pore formation is 

unknown [83]. 

How Mg
2+

 and other cations mediate their effect is unknown. Mg
2+

 was shown to 

potentiate the effect of both Cyclosporin A and ADP [96]. Cations might act by competitive 

inhibition on Ca
2+

 binding sites. 
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Cyclosporin A (CsA) is an immonosuppressant and its effects are caused by the Ca
2+

-

calmodulin-dependent inhibition of calcineurin (a cytosolic phosphatase) by the complex of 

the drug with cytosolic cyclophilin A [97]. In turn, this prevents dephosphorylation and 

nuclear translocation of nuclear factor of activated T cells and other transcription factors 

that are essential for the activation of T cells [93]. CsA also binds to cyclophillin D (CypD), 

in the matrix, and inhibits PTP formation. The discovery of the effect of cyclosporine A on 

kidney mitochondria was due to the search for its nephrotoxic adverse effect [98-100].  
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Group Sub-group Agent 

Counterions of calcium   Phosphate 

Oxidizing 

agents of pyridyine nucleotides acetoacetate  

    oxaloacetate 

  hydroperoxides: t-butylhydroperoxide 

    cumene hydroperoxide 

    hydrogen peroxide 

  radical-generating species menadione 

    alloxan 

    allantoin and uric acid 

    adriamycin and derivatives 

    nitrofurantoin 

    Fe
2+

 Fe
3+

 

    xanthine and xanthine oxidase 

    5-aminolevulinic acid 

    GSH/GSSG and disulfide hormones 

    ascorbate 

SH reagents heavy and transition metals and their complexes Hg
2+

 and mercurials 

    mersalyl 

    Cd
2+

  

    Cu
2+

  

    Zn
2+ 

 

  cross-linkers and disulfide bridge formers diamide 

    arsenite 

    phenylarsine oxide 

  other NEM 

Adenine nucleotide translocator ligands atractyloside and carboxyatractyloside 

    pyridoxal-5-phosphate 

    acyl-CoA's (and acylcarnitines) 

Agents causing depletion of matrix adenine nucleotides Pyrophosphate 

    Phosphoenolpyruvate 

Transrnembrane potential-reducing agents uncouplers 

    lysophospholipids 

    fatty acids 

Other   thyroxine 

Table 1: inducers of the permeability transition pore 
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Its effect on Ca
2+

 uptake capacity due to its PTP blocking properties was shortly 

recognized, by several different groups [101-103]. NIM811 is a CsA derivate causing only 

PTP inhibition, which makes it unlikely that calcineurin is involved in PTP regulation 

[104]. 

Polyamides are documented to protect against PT [105], however the mechanism by which 

they effect the PTP is not well understood [83]. 

Inhibitors of the ANT are discussed in the chapter below. 

 

Group Agent 

Inhibitors of Ca2+ uptake Ruthenium red, Ru360 

Adenine nucleotides ADP 

  ATP 

Ligands of the ANT Bongkrekate 

Ligands of the FoF1-ATP synthase Oligomycin 

Divalent and trivalent cations Mg2+ 

  Sr2+ 

  Mn2+ 

  Ba2+ 

  La3+ 

Competitors of Ca2+ binding phenothiazines 

  local anesthetics 

Radical scavengers butylhydroxytoluene 

Polyamines spermine and spermidine 

  Carnitine and acylcarnitine 

SH-reducing agents dithiothreitol 

Ligands of cyclophillin D Cyclosporin A 

Fatty acid binder BSA 

  acidic pH 

 

 

Table 2: inhibitors of the permeability transition pore 
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3.3.3. The proteins proposed to be structural elements of the PTP 

Since its discovery, more than 30 years ago, there has been tremendous effort put into 

identifying the structure of the PTP. The current chapter discusses the most important 

proteins proposed to be structural elements, and the most relevant experiments unraveling 

their connection with PTP (for extensive review see [93]). 

3.3.3.1. The Adenine nucleotide translocator 

The adenine nucleotide translocator (ANT) is the transporter responsible for the exchange 

of ADP and ATP in a 1:1 stoichiometry between the matrix and the cytosol. Its specificity 

towards its ligands is far higher, than other ATP utilizing proteins, and also in contrast to 

them binds the nucleotides in their fully deprotonated form (ATP
4-

/ ADP
3-

), without Mg
2+

 

[106]. The transport is therefore electrogenic, and besides numerous other less dynamic 

mitochondrial parameters, depends on ΔѰm [107]. The transporter can work in both 

directions, the exchange of cytosolic ADP for matrix ATP is the forward mode. The 

reversal potential (the membrane potential at which net transport is zero) is approximately -

100 mV [107]. It is the most abundant protein in the IMM, responsible for 10% of its 

protein content [108].  

The ANT was first sequenced in 1982, isolated from beef heart, which consists of 297 

amino-acids [109]. It has six trans-membrane domains, and both terminals face towards the 

cytosol [110]. Whether the ANT functions as homodimers [111, 112], or monomers [113, 

114] is debated. The bovine ANT has been solved at a resolution of 2.2 Å [115]. 

It was also first shown in bovine, that ANT has different organ specific isoforms [116, 

117]. There are four human isoforms known. ANT1 is primarily expressed in skeletal and 

heart muscle [118], ANT2 is found in proliferating cells [119], ANT3 is ubiquitously 

present in all tissues [120], and ANT4 is expressed the testis [121]. The ANT isoforms 

show a fair overall homology with the phosphate carrier and the uncoupling proteins, 

suggesting a common origin of solute carriers in mitochondria [122]. 
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There are two known groups of inhibitors of the ANT, atractylosides and bongkrekate 

derivatives. Atractyloside is found in the toxic thistle Atractylis gummifera. It was 

originally discovered to cause inhibition of the respiration of mitochondria [106], and it was 

not long until it was realized, that it mediates its action through blocking the transport of 

ATP [123]. It binds on the outer surface of the ANT to the translocator site, competitively 

to ADP [115, 124, 125]. Atratylosides are specific and the ANT has a high affinity towards 

them. Other than inhibition of the ANT, they also predispose mitochondria to pore opening. 

Bongkrekic acid (BKA) is produced by the bacterium Pseudomonas cocovenenans, which 

infects coconut [126, 127]. It is known to act on the mitochondrial side, but its exact 

binding site on the ANT is unknown. Only the fully protonated BKAH3 is lipophilic 

enough to pass through membranes, therefore acidic pH augments the effect of BKA [128, 

129]. Low temperature slows diffusion and causes a long offset in the effect of BKA [130, 

131]. In contrast with atractyloside, BKA is an inhibitor of PTP opening. 

To date the ANT has been the most promising candidate as structural element of the PTP 

[132]. Numerous effectors of the translocator have been described, and without an 

exception all having an impact on pore open probability. Three endogenous ligands – ADP, 

ATP (both inhibiting the PTP) [89, 133], and acyl-CoA and its esters (opening the PTP) 

[134, 135] – plus four poisons – atractyloside, carboxyatractyloside (cATR) (both favoring 

pore opening), bongkrekic acid (BKA) and isobongkrekic acid (both promoting pore 

closure) [136-138] – have been identified. Other, less well-characterized, inhibitors of ANT 

have also been reported [139]. Therefore the ANT has been under thorough investigation.  

The patch-clamping of reconstituted purified bovine heart ANT containing lipid bilayers 

yielded characteristics similar to that of the PTP [140, 141] described earlier. Ca
2+

, pH and 

voltage dependence were all measured [142]. Heterologously expressed ANT of 

Neurospora crassa in E. coli showed pore opening dependence on cypD [143]. 

However it was later rejected, as transgenic mice, expressing no ANT1 nor ANT2 isoforms 

in their liver were shown to exhibit CsA sensitive permeability transition [144]. Based on 
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the mentioned results, the consensus regarding the role of the ANT in PTP is that it is 

regulatory and nonessential. 

3.3.3.2. Cyclophilin D 

Cyclophillin D (CypD) gained interest when it was discovered to bind CsA [145, 146]. It is 

a peptidyl-prolyl cis-trans isomerase located in the matrix of mitochondria, however its 

substrate is unknown. Cyclophillin D is encoded by the Ppif gene, for which knock-out 

mice have been successfully generated [62-65]. Surprisingly phenotypic changes in Ppif -/- 

mice manifest in  high levels of anxiety/emotionality in open field and elevated plus maze 

tests; facilitation of the learning in tasks of active and passive avoidance; increased 

incidence of adult-onset obesity [147]; prosperity to heart failure, lung edema and reduced 

survival in response to sustained exercise stimulation [148]. 

Mitochondria harvested from various tissues of Ppif -/- mice however show a delay in pore 

opening, and also increased Ca
2+

 uptake capacity. CsA had no effect on the Ppif knockouts, 

furthermore wild type mitochondria treated with CsA show similar Ca
2+

 kinetics to Ppif -/- 

mice [62]. Ischemia/reperfusion damage is greatly reduced in Ppif -/- mice [63]. 

A binding site for CypD was recently identified. It was found that CypD associates to the 

oligomeric forms of the ATP synthase and specifically interacts with OSCP, subunit d, and 

subunit b of the lateral stalk, decreasing its enzymatic activity, binding being favored by Pi, 

and that CsA displaces CypD from the ATP synthase complex, resulting in stimulation of 

the enzyme [149]. This does not translate to changes in mitochondrial ATP output upon 

treatment of CsA, due to the ∼2.2 fold lower flux control coefficient of the FoF1-ATP 

synthase compared to that of the ANT [150, 151]. This implies that the inhibition of the 

FoF1-ATP synthase by CypD is rather serves a function of an in-house control for 

regulating the matrix ATP/ADP ratio. The mechanism by which CypD regulates the PTP 

could therefore be indirect, through effecting ATP/ADP ratio, and therefore changing the 

extent of inhibition. 
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The above findings indicate that CypD is a dispensable regulator, but not a component, of 

the PTP, the structure of which is unlikely to be altered by the absence of CypD. 

3.3.3.3. Voltage-dependant anion channel 

The voltage-dependant anion channel (VDAC) is a highly expressed OMM protein. It has 3 

highly redundant isoforms in mammals. Several lines of evidence suggested the VDAC 

could be structural element of the PTP. Purified VDAC incorporated into planar 

phospholipid bilayers forms channels with properties comparable to those of the PTP [152, 

153]; furthermore VDAC channel activity is affected by known modulators of the PTP. 

Furthermore chromatography of mitochondrial extracts on a CypD affinity matrix allowed 

purification of VDAC and the ANT, leading to the conclusion of these proteins being 

structural elements of the PTP [154]. 

Though the above findings gave a firm base to conclude, further experiments elaborated 

below invalidated the concept of the VDAC being an indispensible structural element of the 

pore. Genetic ablation of VDAC isoforms had been attempted. Mice missing VDAC1, 

VDAC3 or both were viable showing isoform-specific phenotypes, but were susceptible to 

permeability transition [155-157], while the unconditional elimination of VDAC2 resulted 

in embryonic lethality [158]. VDAC was irrevocably rejected to be a structural candidate 

after mouse embryonic fibroblasts null for Vdac1/Vdac3 were treated with a siRNA against 

VDAC2, resulting in an in vitro model essentially lacking all three VDAC isoforms. These 

cells showed no defect in PTP [159]. 

3.3.3.4. 18 kDa translocator protein 

The 18 kDa translocator protein (TSPO), formally called peripheral benzodiazepine 

receptor is a hydrophobic OMM protein. As the former name implies, it binds 

benzodiazepine with high affinity and it is thought to be responsible for the adverse effects 

of benzodiazepines on the immune system, however the structure, localization and function 

is different [160]. TSPO plays a role in importing cholesterol, protoporphyrins and 

porphyrins into mitochondria [161-164]. Selective ligands exhibiting PTP inducing activity 
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have been described [165, 166], furthermore porphyrin-induced phototoxicity was shown 

on isolated mitochondria to be mediated through the TSPO [167], but had no effect on 

mitoplasts, devoid of the OMM, where TSPO is found [168]. This suggests TSPO is an 

important regulator, but not structural element of the PTP. 

3.3.3.5. FoF1-ATP synthase 

The finding of a CypD binding site on the FoF1-ATP synthase had raised suspicion that it 

could be involved in pore formation. An earlier study demonstrated that purified subunit c 

of the FoF1-ATP synthase has pore activity when reconstituted in lipids [169]. It was 

recently demonstrated that susceptibility to permeability transition correlates with the 

expression level (altered by overexpression or silencing) of the ring-forming subunit c of 

the membrane spanning Fo unit of the FoF1-ATP synthase [170].  

Another recent paper also identifies the FoF1-ATP synthase as the PTP. In the study CypD 

binding to OSCP is reconfirmed. OSCP was knocked down by siRNA, which resulted in 

premature pore opening. Finally purified FoF1-ATP synthase was reconstituted in lipid 

bilayers examined by electrophysiology. Pore formation similar to PTP was observed 

exclusively when dimers of the FoF1-ATP synthase were used [171, 172]. 

Though these conclusions are based on well-designed experiments and are nevertheless 

intriguing; many questions regarding the actual mechanism, components and regulation 

remain open. Furthermore these findings are yet to be proven by direct evidence, such as 

transgenic in vivo models to support them. The FoF1-ATP synthase being responsible for 

∼90% of the ATP produced in the cell will hardly be an easy target for genetic 

manipulation [173, 174]. 

3.3.4. Possible physiological role 

Despite the PTP being a highly conserved evolutionary trait [175], there is no well-

established physiological function, other than cell death. One hypothesis is that the short 

transients (“flickering”) of permeability transition may serve as rapid Ca
2+

 release pathway 

[75, 176]. The phenomenon was demonstrated on isolated mitochondria [177] and intact 
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cells [178]. This notion is supported by the finding that both CsA treatment [179] and 

genetic ablation of CypD [63, 64] inhibits mitochondrial Ca
2+

 release. 

It is also worth noting, that the PTP was described to be involved in transport of DNA in 

plants [180]. 

3.3.5. Pathological aspects of the PTP 

A large body of evidence implies the relevance of permeability transition in a variety of 

untreatable diseases. Here a short overview is given on the subject. 

The involvement of PTP in neurodegenerative diseases such as Alzheimer‟s, Parkinson‟s 

Huntington‟s disease and amyotropic lateral sclerosis is widely accepted. The increase in 

PTP opening probability is primarily attributed to mitochondrial mutations, bioenergetic 

impairment, oxidative stress, deficient mitochondrial quality control or errors in 

mitochondrial dynamics, which as a consequence lead to permeability transition, and cell 

death [181, 182]. 

Abnormalities in Huntington`s disease is attributed to the mutated form of the huntingtin 

protein (mHTT) exhibiting polyglutamine repeats. The exact mechanism by which mHTT 

expression leads to the clinical phenotype is unknown, but there is evidence of its 

interaction with mitochondria. mHTT was found to be localized to the outer surface of 

mitochondria and also to form aggregates inside the matrix [183], leading to decreased 

membrane potential, Ca
2+

 handling capacity, mitochondrial trafficking and increased pore 

opening probability [184-186]. These findings were also confirmed on transgenic mouse 

models of the disease [187-189]. It was suggested that mHTT affects the peroxisome 

proliferator-activated receptor gamma co-activator 1α (PGC-1α), a key regulator of 

mitochondrial biogenesis, energy homeostasis and adaptive thermogenesis [190]. CsA was 

shown to improve cognitive functions in rodents in the 3-nitropropionic acid induced model 

of the disease. 
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The proteins shown on Table 3 [191] have been linked to the familiar form of Parkinson`s 

disease. Many of these proteins play an important role in mitochondrial physiology. PINK1 

and Parkin are involved in mitophagy and are therefore essential in the maintenance of 

mitochondrial quality. Genetic knock down of either of these proteins leads to impaired 

bioenergetics parameters, which increase PTP opening probability [192-194]. α-synuclein 

was shown to be localized to the mitochondria causing oxidative stress and increase 

autophagy [191, 195-197]. 

Alzheimer's disease (AD) is the most common cause of dementia. The most conspicuous 

and well known trait in AD is excessive neuronal death and the presence of amyloid beta 

aggregates in the affected cells. More recent results however indicate that decreased 

synaptic mitochondrial motility, synaptic dysfunction and the loss of synapses are prior 

pathological hallmarks to cell death and brain tissue atrophy in AD [198]. Synapses are 

sites of high energy demand and extensive calcium fluctuations; accordingly, synaptic 

transmission requires high levels of ATP and causes constant calcium fluctuation [199]. 

There is a growing number of evidence associating decreased mitochondrial function and 

increased production of ROS with the disease [200-204]. If axonal mitochondria become 

less competent in providing energy for Ca
2+

 handling, the overload will result in 

permeability transition. The genetic ablation of CypD was shown to rescue axonal 

Locus Gene Chromosome Inheritance Probable function 

PARK1 and PARK4 α-Synuclein 4q21 AD Presynaptic protein, Lewy body 

PARK2 Parkin 6q25.2-27 AR Ubiquitin E3 ligase 

PARK3 Unknown 2p13 AD Unknown 

PARK4 Unknown 4p14 AD Unknown 

PARK5 UCH-L1 4p14 AD Ubiquitin C-terminal hydrolase 

PARK6 PINK1 1p35-36 AR Mitochondrial kinase 

PARK7 DJ-1 1p36 AR Chaperone, Antioxidant 

PARK8 LRRK2 12p11.2 AD Mixed lineage kinase 

PARK9 ATP13A2 1p36 AR Unknown 

PARK10 Unknown 1p32 AD Unknown 

PARK11 Unknown 2q36-37 AD Unknown 

PARK12 Unknown Xq21-q25 Unknown Unknown 

PARK13 HTRA2 2p12 Unknown Mitochondrial serine protease 

Table 3: Gene loci identified for Parkinson's disease. AD, autosomal dominant; AR, autosomal 

recessive. Reprinted from [193], no permission required. 
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mitochondrial transport in affected neurons [205], which put an emphasis on the relevance 

of PTP in the pathology of AD. 

Amyothropic lateral sclerosis (ALS) is the most prevalent adult onset motoneuron 

disease, characterized by selective loss of upper and lower motor neurons [206]. 

Mitochondria from the spinal cord and muscle of ALS patients revealed decreased activity 

of the respiratory chain complexes, which fact [207-210]. Studies on familiar types of the 

disease (accounting for approximately 5% [211] of the cases) provide some insight into the 

role of mitochondria in the pathology of ALS. There have been 12 genes identified that can 

cause the disease phenotype, of which the most relevant ones are SOD1, TDP-43 and FUS 

[212, 213]. Mutated Cu-Zu superoxide dismutase (SOD1) is responsible for 10% of 

familiar ALS [214]. The disease mechanism by which SOD1 causes ALS is unknown, but 

genetic ablation of SOD1 does not lead to disease phenotypes in cells [215] or mouse [216], 

suggesting that mutations cause ALS by a toxic “gain of function” rather than by loss. 

Mutant SOD1 proteins were shown to be associated to mitochondria in higher quantities 

than the wild type form, mostly on the outer membrane and intermembrane space, but also 

in the matrix [217-226]. The localization of mutant SOD1 is thought to interfere with 

mitochondrial functions. Mutant SOD1 overexpressing mouse show large, membrane-

bound vacuoles derived from degenerating mitochondria in motor neurons [227-229]. 

These vacuoles show increased immunoreactivity for mutant SOD1, suggesting that 

accumulation of mutant SOD1 by mitochondria is responsible for their degradation [221]. 

Another sign of decreased mitochondrial function is the increased cytoplasmatic 

concentration of Ca
2+

 in in neuroblastoma cells transfected with mutant SOD1 [230]. In 

summary the findings above describe conditions in the disease models of ALS in which 

mutant SOD1 is expressed that favor PTP opening. The crossing of mutant SOD1 

expressing mice with CypD knockouts, in which pore opening probability is reduced, 

results in increased lifespan and later onset of the disease, which findings put an emphasis 

on the relevance of the PTP in the pathology of ALS . 
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Ischaemia is caused by insufficient or completely lost blood perfusion, which can affect 

any tissue and leads to necrosis and inflammation. Damage is most devastating and rapid 

when affecting highly aerobic and energy dependent organs like the brain or the heart. 

Furthermore the capacity of the tissues of these organs to regenerate are nearly zero. 

The inevitable bioenergetic failure during ischaemia leads to the unavailability of cytosolic 

ATP, which causes an insufficient activity of plasma membrane pumping mechanisms, 

resulting in elevated cytosolic Na
+
 and Ca

2+
 and consequently, also matrix Ca

2+
 levels due 

to mitochondrial Ca
2+

 uptake. A popular notion was that because both the ANT and the 

FoF1-ATP synthase can reverse, during ischemia mitochondria could become cytosolic ATP 

consumers, further contributing to cytosolic ATP depletion, however due to the inhibition 

of the FoF1-ATP synthase by IF1, this is not likely to occur [231]. The opening of the PTP 

and the conseqential swelling of mitochondria are well described events that manifest 

primarily when the ichaemic region is reperfused [232-237]. Reperfusion is accompanied 

by high oxidative stress, elevation of the pH (therefore the loss of the inhibitory effect of 

acidic pH on PT [238, 239]) and further mitochondrial overload of Ca
2+

. Cell death in the 

brain by necrosis expands to a greater region than primarily affected by ischaemia-

reperfusion due to the phenomenon of glutamate excitotoxicity. Glutamatergic neurons 

depleated of ATP are incapable of polarizing their plasma membrane and therefore release 

glutamate at synapses from their axons, which by overexciting glutamate receptors like the 

N-methyl-D-aspartate receptor (NMDA) causes Ca
2+

 overload and necrosis on postsynaptic 

neurons [234]. 

There are two treatments offering some level of protection in ischemia/reperfusion injury, 

ischemic preconditioning is a process where short episodes of ischemia are applied, while 

in ischemic postconditioning reperfusion is interrupted by periods of ischemia.  PTP is 

involved in the mechanism these phenomena [240, 241]. Attempts to inhibit PT by CsA or 

knocking down CypD were shown to reduce infarct size in cerebral ichaemia [63, 242-

245]. Interestingly, CypD KO mice could not be further protected by preconditioning, 

suggesting CypD is the mediator of protection [246].  
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Additionally, based on the protective effects of CsA, the PTP has been implied in brain 

damage as a result of hyperglycemia [247, 248], hypoglycemia [249, 250], trauma [251-

255] and in cell death following facial motoneuron axotomy in neonatal rodents [256] and 

in photoreceptor apoptosis [257] [93]. 

Several anti-cancer agents induce cell death by triggering PT [258, 259], which is also 

responsible for their adverse effects [260-264]. The inhibition of the PTP has been shown 

to reduce the cardiotoxicity of anthracyclines [265, 266]. 

3.3.6. Species lacking the PTP 

Mitochondria from various species have been described to exhibit pore forming properties 

[175]. This includes vertebrates, such as mammals (vast majority of the literature), fish 

[267-269], amphibians [269, 270]; invertebrates, like drosophila [271]; fungi (yeast 

species) [272] and a number of plants, primarily of agricultural importance [180, 273-284]. 

However, PTP characteristics in non-mammalian species show significant deviations from 

the mammalian consensus. For example, mitochondria from the yeast species 

Saccharomyces cerevisiae have a PTP that is inhibited by ADP and has comparable size 

exclusion properties to the homologous structure in mammalian mitochondria, but these 

mitochondria are CsA-insensitive [175, 285, 286]. Mitochondria isolated from pea stems 

(Pisum sativum L.) and potatoes (Solanum tuberosum L.) require dithioerythritol for the 

CsA to inhibit the PTP [273, 276]. In contrast, CsA failed to afford protection from the PTP 

in wheat (Triticum aestivum L.) mitochondria, even in the presence of dithioerythritol 

[277]. 

The PTP seems to be a widely spread and highly conserved trait of eucaryotes. There are 

only a few species described in which permeability transition cannot be elicited; no Ca
2+

-

induced PTP could be found in mitochondria from the yeast Endomyces magnusii [287-

289], ghost shrimp (Lepidophthalmus louisianensis) [290] and embryos of brine shrimp 

(Artemia franciscana) [291]. The embryonic cysts of Artemia remain viable after exposure 

to extremes such as high or low temperature, radiation, anoxia and desiccation for decades. 
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In most of these conditions PTP is triggered in mammalian cells, therefore it was a 

reasonable idea to examine PTP opening in these animals. The ghost shrimp is another 

extremophile, which was investigated by the same group as the Artemia. 

Furthermore, mitochondria isolated from the blue crab (Callinectes sapidus) [292], shore 

crab, (also known as European green crab, Carcinus maenas) [293], and Caribbean spiny 

lobster (Panulirus argus) [294], also belonging to the exhibited impressive calcium uptake 

capacities. While lack of PTP has not been explicitly sought, mitochondria from the latter 

organisms did not display spontaneous losses of sequestered calcium. On the other hand, 

cadmium, which is known to induce permeability transition [295], causes in situ 

mitochondrial swelling in freshwater crab (Sinopotamon yangtsekiense) [296], and the 

crustacean isopod Jaera nordmanni [297]. Excluding the yeast, the mentioned species all 

belong to the crustacean subphylum. 
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4. Objectives 

The mitochondrial permeability transition pore is a molecular machinery implicated in 

various presently untreatable conditions. Despite the attention it has been appreciating since 

its description over 34 years ago the structure of the PTP remains elusive. The primary 

objective of the ongoing study described in this thesis is the identification of the proteins 

comprising the PTP. This goal is highly ambitious and is well beyond the scope of a single 

PhD project. The work I participated in aims at laying down the fundamentals to achieve 

this goal. Because during this period our hypothesizes were frequently changing in light of 

our newest findings, our specific aims cannot be discussed without describing some of our 

results. 

Initially we were focused on the thorough biochemical characterization of the only animal 

species known at the time proven directly not to exhibit classical PTP, the brine shrimp, 

Artemia franciscana [291], in order to find hints about the molecular basis of their unique 

trait. This animal is a primitive and ancient arthropod, belonging to the crustacean 

subphylum, inhabiting salt-water lakes. Artemia, especially in their embryonic forms are 

remarkably resilient to a variety of physical and chemical stress, and the lack of PTP was 

believed to be a key adaptation in this species for its survival in the harsh environment of 

salt-water lakes. Based on our findings in Artemia we hypothesized that the unique ANT 

isoform expressed in Artemia could be connected to the absence of PT in this species. 

To expand on the subject we sought for a model animal exhibiting PTP and 

phylogenetically close to Artemia. The PTP was barely studied in phyla other than 

chordates, with the vast majority of the literature describing it in only one class of 

vertebrates, mammals. Therefore we analyzed species that like Artemia belong to the 

crustacean subphylum. Surprisingly, our results (which have been published: [298, 299]) 

suggest that crustaceans generally lack the specific machinery for orchestrating the Ca
2+

-

induced permeability transition pore, regardless of their natural environment. We became 

interested if the loss of the PTP was a unique trait of crustaceans, and at what point in their 

evolution did it happen.  
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Because the analysis of crustaceans instead of identifying good models for comparison, 

yielded further examples that lack the PTP, we started studying species belonging to a 

number of different phyla in which the presence of the PTP was unknown. Our goal at this 

point was not only to find proper models for comparison, but to possibly identify other 

phyla lacking the PTP. 

We found that the ANT in mitochondria isolated from the embryos of Artemia was 

refractory to BKA. A parallel goal to investigating the PTP was to find the BKA binding 

site of the ANT and to evaluate if resistance to BKA is connected to the absence of the 

PTP. 

We believe that there is a chance to identify key proteins of the PTP, by data from state of 

the art techniques of proteomics and genome sequencing subjected to bioinformatics 

methods. The aim of the project now is identify the structural components of the 

permeability transition pore by gene mapping and phylogenetic analysis of organisms that 

do not exhibit the Ca
2+

 inducible permeability transition versus those that do. 
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5. Materials and methods 

5.1. Mitochondrial isolation 

5.1.1. Artemia franciscana 

Mitochondria from embryos of A. franciscana were prepared as described elsewhere, with 

minor modifications [300]. Dehydrated, encysted gastrulae of A. franciscana were obtained 

from Salt Lake, Utah, through Global Aquafeeds (Salt Lake City, UT, USA) or Artemia 

International LLC (Fairview, TX, USA) and stored at 4 °C until use. Embryos (15 g) were 

hydrated in 0.25 M NaCl at room temperature for at least 24 h. After this developmental 

incubation, the embryos were dechorionated in modified antiformin solution (1% 

hypochlorite from bleach, 60 mM NaCO3, 0.4 m NaOH) for 30 min, and this was followed 

by a rinse in 1% sodum thiosulfate (5 min) and multiple washings in ice-cold 0.25 M NaCl 

as previously described [301]. After the embryos had been filtered through filter paper, ∼ 

10 g was homogenized in ice-cold isolation buffer consisting of 0.5 M sucrose, 150 mM 

KCl, 1 mM EGTA, 0.5% (w/v) fatty acid-free BSA, and 20 mM K
+
-Hepes (pH 7.5) with a 

glass–Teflon homogenizer at 850 r.p.m. for 10 passages. The homogenate was centrifuged 

for 10 min at 300 g and 4 °C, the upper fatty layer of the supernatant was aspirated, and the 

remaining supernatant was centrifuged at 11 300 g for 10 min. The resulting pellet was 

gently resuspended in the same buffer, but without resuspending the green core. This green 

core was discarded, and the resuspended pellet was centrifuged again at 11 300 g for 10 

min. The final pellet was resuspended in 0.4 ml of ice-cold isolation buffer consisting of 0.5 

M sucrose, 150 mM KCl, 0.025 mM EGTA, 0.5% (w/v) fatty acid-free BSA, and 20 mM 

K
+
-Hepes (pH 7.5), and contained ∼ 80 mg protein·ml−1 (wet weight). The mitochondrial 

protein concentration was determined using the bicinchoninic acid assay [302]. For Artemia 

the incubation medium used in the experiments contained 500 mM sucrose, 150 mM KCl, 

20 mM Hepes (acid), 10 mM potassium phosphate, 5 mM potassium glutamate, 5 mM 

potassium malate, 5 mM potassium succinate, 1 mM MgCl2 (where indicated), 5 mg/ml
. 

BSA (fatty-acid free), pH 7.5. Experiments were performed at 27 °C. 
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5.1.2. Vertebrates (Xenopus laevis, mouse and rat) 

Mitochondria from the livers of Xenopus were isolated in a similar manner as for rat and 

C57Bl/6N mouse liver mitochondria, as described elsewhere [303]. Male Sprague-Dawley 

rats weighing 300–350 g were used. All animal procedures were performed according to 

the local animal care and use committee (Egyetemi Allatkiserleti Bizottsag) guidelines. The 

X. laevis liver is a melanin-containing organ, owing to the presence of melanomacrophage 

centers [304]; the presence of melanin in the mitochondrial pellet precluded the reliable 

calibration of the Calcium Green 5N hexapotassium salt (CaGr-5N) fluorescence signals 

(see below). Protein was measured by the bicinchonic assay. The incubation media used for 

experimentation contained 8 mM KC, 110 mM K-gluconate, 10 mM NaCl, 10mM Hepes, 

10 mM KH2PO4 (where indicated), 0.005 mM EGTA, 10 mM mannitol, 0.5 mM MgCl2 (or 

1, where indicated), glutamate 1, succinate 5 (substrates where indicated), 0.5 mg/ml 

bovine serum albumin (fatty acid-free), pH 7.25. Experiments were performed at 30 °C for 

Xenopus and 37 °C for the rodents. 

5.1.3. Drosophila melanogaster and Caenorhabditis elegans 

Wild type D melanogaster were supplied by Viktor András Billes from the Department of 

Genetics, Eötvös Loránd University. 500-600 animals were pooled together and 

mitochondria was isolated in a similar manner as in [305], with minor modifications: the 

media used for isolation was identical to that described in  [303]. 

C. elegans was provided by Csaba Sőti from the Department of Medical Chemistry, 

Molecular Biology and Pathobiochemistry, Semmelweis University. 

Experimental buffer for these species was identical with what was used for the vertebrate 

species. Experiments were performed at 28 °C. 
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5.1.4. Freshwater crustaceans (Cyclops vicinus vicinus and Daphnia 

pulex) 

Daphnia and Cyclops can be harvested at local ponds and rivers in high quantities by 

filtering. The abundance of plankton species differs throughout the year: the ratio of 

Cyclops mass in the filtrate is highest in the winter, while Daphnia concentrates at summer. 

The plankton samples of both C. vicinus vicinus and D. pulex harvested were 90-95% pure. 

Isolation was done in a similar manner as in [305], but with modified isolation buffers. The 

plankton was homogenized in ice-cold buffer containing, in mM: mannitol 225, sucrose 

125, Hepes 5, EGTA 1, and 1 mg ml−1 bovine serum albumin (BSA, fatty acid-free), with 

the pH adjusted to 7.4 using Trizma. The homogenates were passed through one layer of 

muslin and centrifuged at 1,250 g for 10 min; the pellets were discarded, and the 

supernatants were centrifuged at 10,000 g for 10 min; this step was repeated once. At the 

end of the second centrifugation, the supernatants were discarded, and the pellets were 

suspended in 0.15 ml of the same buffer with 0.1 mM EGTA. Protein was measured by the 

bicinchonic assay. The experimental medium contained 225 mM mannitol, 125 mM 

sucrose, 5mM Hepes, 0.1 mM EGTA, 10 mM KH2PO4, 1 mM MgCl2, 5 mM glutamate, 5 

mM malate, 5 mM succinate, 0.5 mg/ml bovine serum albumin (fatty acid-free), pH = 7.25. 

Experiments were performed at 27 °C. 

5.1.5. Marine species 

The marine species used in this study (Crangon crangon, Palaemon serratus, Carcinus 

maenas, Pagurus bernhardus, Asterias rubens, Paracentrotus lividus, Nephtys hombergii, 

Mytilus edule, Cerastoderma edule, Patella vulgata, Branchiostoma lanceolatum) were 

obtained from Service d‟Expédition de Modèles Biologiques - CNRS/FR2424 - Station 

Biologique de Roscoff, France. Animals were kept in aquariums filled with artificial sea 

water and algae at 6–8°C on 12 hours light/dark illumination cycles, until use. No ethical 

permissions are required for handling invertebrates for our research purposes. The 

harvesting of tissue for mitochondrial preparation differed for the species: For C. crangon 

and P. serratus 10-15 animals were pooled for each preparation. The cephalothorax of each 
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animal was removed and then the abdominal muscle was de-shelled. For C. maenas the 

hepatopancreas of 4-5 animals was pooled. For P. bernhardus the cephalothorax of each 

animal was removed and then the abdomen was used. For A. rubens and P. lividus the 

gastrointestinal tracts of 3-4 animals were pooled. For N. hombergii and B. lanceolatum 10-

15 of animals were used. For M. edule, C. edule and P. vulgata 9-12 animals were de-

shelled and pooled. The tissue harvested was chopped and homogenized in ice-cold buffer 

and processed in the same manner as C. vicinus vicinus and D. pulex. Protein was measured 

by the bicinchonic assay. Experimental buffer used for the investigation of these species 

was identical to that described for freshwater crustaceans. Experiments were performed at 

27 °C. 

5.2. ΔΨm determination 

ΔΨm was estimated by fluorescence quenching of the cationic dye Safranin O owing to its 

accumulation inside energized mitochondria [306]. Mitochondria (amounts can be found in 

the figure legends) were added to 2 ml of the incubation medium (described for the specific 

species under mitochondrial isolation) plus 5 μM Safranin O. Fluorescence was recorded in 

a Hitachi F-4500 spectrofluorimeter (Hitachi High Technologies, Maidenhead, UK) at a 2-

Hz acquisition rate, with 495- and 585-nm excitation and emission wavelengths, 

respectively. To convert Safranin O fluorescence into millivolts, a voltage–fluorescence 

calibration curve was constructed. To this end, Safranin O fluorescence was recorded in the 

presence of 5 nm valinomycin and stepwise increasing [K
+
] (in the 0.2–120 mm range), 

which allowed calculation of ΔΨm from the Nernst equation, assuming a matrix [K
+
] of 

120 mm [306]. Pilot experiments with various substrates showed that the combination of 

glutamate, malate and succinate (all at 5 mM) yielded the most reproducible and most 

negative ΔΨm values of these mitochondria (not shown). 
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5.3. Extramitochondrial [Ca2+] determination by Ca-Gr 5N 

fluorescence 

Mitochondria (amounts can be found in the figure legends) were added to 2 ml of 

incubation medium (described for the specific species under mitochondrial isolation) plus 1 

μM CaGr-5N. Fluorescence was recorded in a Hitachi F-4500 spectrofluorimeter at a 2-Hz 

acquisition rate, with 506- and 530-nm excitation and emission wavelengths, respectively. 

Where Mitochondria were not used for TEM, calibration of CaGr-5N fluorescence signal 

with free [Ca
2+

] was performed as recently described [307], but because mitochondria used 

in these experiments was in most cases processed for TEM, calibration was not possible. 

5.4. Mitochondrial swelling 

Swelling of isolated mitochondria was assessed by measuring light scatter at 660 nm in a 

Hitachi F-4500 fluorescence spectrophotometer. Mitochondria (amounts described in the 

figure legends) were added to 2 ml of experimental medium. At the end of each 

experiment, the nonselective pore-forming peptide alamethicin was added as a calibration 

standard to cause maximal swelling. 

5.5. Determination of free mitochondrial [Mg2+] ([Mg2+]f) by 

Magnesium Green fluorescence in the extramitochondrial 

volume of isolated mitochondria and conversion of [Mg2+]f to 

ADP–ATP exchange rate mediated by ANT 

The ADP–ATP exchange rate was estimated with the method recently described by our 

team [303], exploiting the differential affinity of ADP and ATP for Mg
2+

. The rate of ATP 

appearing in the medium following addition of ADP to energized mitochondria (or vice 

versa in the case of de-energized mitochondria) is calculated from the measured rate of 

change in [Mg
2+

]f with the use of standard binding equations. The assay is designed for 

ANT to be the sole mediator of changes in [Mg
2+

] in the extramitochondrial volume, as a 

result of ADP–ATP exchange. Mitochondria (amounts described in the figure legends) 
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were added to 2 ml of an incubation medium plus 2 μM Magnesium Green pentapotassium 

salt and 50 µM Ap5A. Fluorescence was recorded in a Hitachi F-4500 spectrofluorimeter at 

a 2-Hz acquisition rate, with 506- and 530-nm excitation and emission wavelengths, 

respectively. For the calculation of [ATP] or [ADP] from free [Mg
2+

], the constants for 

KADP, and KATP were estimated for the respective buffer and temperature conditions (not 

shown). 

5.6. Transmission electron microscopy (TEM) 

Isolated mitochondria were pelleted by centrifugation (10 000 g for 10 min) and fixed 

overnight in 4% gluteraldehyde and 175 mM sodium cacodylate buffer (pH 7.5) at 4 °C. 

Subsequently, pellets were postfixed with 1% osmium tetroxide for 100 min, dehydrated 

with alcohol and propylene oxide, and embedded in Durcupan. Series of ultrathin sections 

(76 nm) were prepared with an ultramicrotome, mounted on single-slot copper grids, 

contrasted with 6% uranyl acetate (20 min) and lead citrate (5 min), and observed with a 

JEOL 1200 EMX (Peabody, MA, USA) electron microscope. The volume fraction of 

intramitochondrial Ca
2+
–Pi precipitates was determined by adaptive thresholding performed 

in image analyst MKII (Image Analyst Software, Novato, CA, USA). To this end, the 

electronmicrographs, digitized at 8 bits, were inverted, background subtracted, nonlinearly 

scaled with a gamma value of 0.25, and smoothed by Wiener filtering. The inverted images 

were then binarized by adaptive thresholding with local maximum search. The fraction of 

positive pixels within the area bound by the inner boundary membrane was calculated, 

yielding the volume fraction of precipitates. No stereological correction was applied for 

projection, so both conditions were systematically biased towards overestimation of volume 

fractions. 

5.7. Energy-filtered transmission electron microscopy (EFTEM) 

Single-slot copper grids carrying 40-nm sections of the fixed pellets of Artemia 

mitochondria were produced as above, contrasted only by lead citrate for 5 min, and coated 

with carbon. Grids were imaged with a JEOL 3010 transmission electron microscope 
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equipped with a Tridiem-type Gatan Imaging Filter (Gatan GmbH, München, Germany), 

and elemental maps were recorded at 300 keV. In contrast to the alternative spectrometer 

mode of operation, the Gatan Imaging Filter was used in energy filter mode. Electrons with 

a preselected energy are only used to form an image in EFTEM mode. A spatial map of one 

selected element (calcium or phosphorus) was obtained by computer processing of three 

images, recorded at three, slightly different, energies. The first two energy windows were 

positioned below the absorption edge, characteristic of the excitation of an inner electron 

shell of the preselected element, and the third energy window was positioned just above the 

maximum intensity of the edge. Net intensity, indicative of the presence of the given 

element, was calculated on a pixel-by-pixel basis by extrapolating background from the 

first two windows under the third one, as described by Egerton [308]. The images were 

smoothed by anisotropic diffusion filtering, and contrasted for improved visualization with 

image analyst MKII. 

5.8. Mitochondrial respiration 

Oxygen consumption was performed polarographically using an Oxygraph-2k (Oroboros 

Instruments, Innsbruck, Austria). 0.5 mg of mitochondria were suspended in 2 ml 

incubation medium. Oxygen concentration and oxygen flux (pmol/(s*mg); negative time 

derivative of oxygen concentration, divided by mitochondrial mass per volume) were 

recorded using DatLab software (Oroboros Instruments). 

5.9. Mitochondrial matrix pH (pHi) determination of mouse 

liver and Artemia cyst mitochondria 

The pHin of mouse liver and Artemia cyst mitochondria mice was estimated as described 

previously [309], with minor modifications. Briefly, mouse liver mitochondria (20 mg) 

were suspended in 2 ml of medium containing (in mM): 225 mannitol, 75 sucrose, 5 Hepes, 

and 0.1 EGTA [pH 7.4 using Trizma, Sigma (St Louis, MO, USA)] and incubated with 50 

µM BCECF-AM (Invitrogen, Carlsbad, CA, USA) at 30°C. After 20 min, mitochondria 

were centrifuged at 10,600 g for 3 min (at 4°C), washed once and re-centrifuged. The final 
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pellet was suspended in 0.2 ml of the same medium and kept on ice until further 

manipulation. A similar procedure was used for Artemia cysts with the exception that the 

medium consisted of 500 mM sucrose, 150 mM KCl, 1 mM EGTA, 0.5% (w/v) fatty acid-

free BSA, and 20 mM K
+
-Hepes (pH 7.5), and the temperature was 27°C. Fluorescence of 

hydrolyzed BCECF trapped in the matrix was measured in a Hitachi F-4500 

spectrofluorimeter in a ratiometric mode at a 2 Hz acquisition rate, using excitation and 

emission wavelengths of 450/490 nm and 531 nm, respectively. Buffer composition for 

mouse liver mitochondria was, in mM: KCl 8, K-gluconate 110, NaCl 10, Hepes 10, 

KH2PO4 10, EGTA 0.005, mannitol 10, MgCl2 1, glutamate 5, malate 5, 0.5 mg/ml BSA 

(fatty acid-free), pH 7.25, and 50 µM Ap5A. For Artemia cysts, buffer composition was: 

500 mM sucrose, 150 mM KCl, 20 mM Hepes (acid), 10 mM KH2PO4, 5 mm glutamate, 5 

mM malate, 5 mM succinate, 1 mM MgCl2, 5 mg·mL−1 BSA (fatty-acid free), pH 7.5. The 

BCECF signal was calibrated using a range of buffers of known pH in the range 6.6–7.6, 

and by equilibrating matrix pH to that of the experimental volume by 250 nM SF 6847 plus 

1 µM nigericin. For converting BCECF fluorescence ratio to pH, we fitted the function: f  =  

a × exp[b/(x + c)] to BCECF fluorescence ratio values, where x is the BCECF fluorescence 

ratio, a, b and c are constants and f represents the calculated pH. The fitting of the above 

function to BCECF fluorescence ratio values obtained by subjecting mitochondria to 

buffers of known pH returned r
2
>0.99 and the SE of the estimates of a and c constants were 

in the range 0.07–0.01, and <0.1 for b. 

5.10. Cloning of ANT expressed in Artemia franciscana 

Approximately 1 g of dechorionated Artemia cysts was homogenized in ice-cold TRIzol 

Reagent (Invitrogen, Carlsbad, CA, USA) with a glass-Teflon homogenizer. Total RNA 

was isolated according to the manufacturer’s instructions. RNA was subjected to 5′-

RACE and 3′-RACE with the GeneRacer kit (Invitrogen), following the manufacturer‟s 

protocol. Briefly, total RNA was treated with calf intestinal alkaline phosphatase to remove 

5′-phosphates, a step that eliminates truncated mRNA and non-mRNA from subsequent 

ligation with the GeneRacer RNA oligonucleotide. Subsequently, tobacco acid 
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pyrophosphatase removed the cap structure from the 5′-ends of full-length mRNAs and 

left a 5′-phosphate required for ligation to the GeneRacer RNA oligonucleotide. The 

ligated mRNA was reverse transcribed to cDNA with the GeneRacer Oligo dT Primer, 

using SuperScript III RT. To obtain 5′-ends, the cDNA template was amplified with a 

reverse gene-specific primer (AAGACCACTGAATTCACGCTCAGCAG) and the 

GeneRacer 5′-primer. To obtain 3′-ends, cDNA template was amplified with a forward 

gene-specific primer (TGCTGCTGGTGCAACCTCTCTGTGCTT) and the GeneRacer 3′

-primer. PCR fragments were subcloned into pCR 4-TOPO vector. (TOPO TA Cloning 

Kits for Sequencing; Invitrogen). Sequencing was performed by AGOWA GmbH, Berlin, 

Germany. The author of the thesis did not contribute to this work. 

5.11. Partial sequencing of mRNA from Crangon crangon and 

Palaemon serratus transcribing the ANT 

∼1 gr of de-shelled abdominal muscle (devoid of the cephalothorax) of Crangon crangon 

and Palaemon serratus were each homogenized in ice-cold TRIzol Reagent (Invitrogen, 

Carlsbad, CA, USA) using a glass-Teflon homogenizer. Total RNA isolated by TRIzol, 

was reverse transcribed using Superscript II (Invitrogen) according to the manufacturer‟s 

instructions. The cDNA obtained was used as a template for amplification by PCR reaction. 

Primers used were: For Crangon crangon, forward: 

GTTGACAAGAAGACCCAATTCTGG; reverse: CCAGACTGCATCATCATTCG. For 

Palaemon serratus, forward: AGTGGACAAGAAGACCCAGTTCTGG; reverse: 

CCAGACTGCATCATCATGCG. PCR products were cloned into the pCR®2.1-TOPO® 

vector and transformed into E. coli TOP10 (TOPO TA Cloning Kit, Invitrogen). 

Sequencing of the colonies was performed by AGOWA GmbH, Berlin, Germany. The 

author of the thesis did not contribute to this work. 
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5.12. Multiple sequence alignment of protein sequences 

isoforms of ANT expressed in different species  

Multiple sequence alignment was performed by Clustal Omega [310], and the output was 

generated by ESPript [311]. 

5.13. Reagents 

Standard laboratory chemicals, cyclosporin A, Durcupan, gluteraldehyde, uranyl acetate, 

lead citrate, P1,P5-Di(adenosine-5′) pentaphosphate (Ap5A), and Safranin O were from 

Sigma (St. Louis, MO, USA). SF 6847 was from Biomol (BIOMOL GmbH, Hamburg, 

Germany). Magnesium Green 5K
+
 salt and Calcium Green 5N 6K

+
 salt were from 

Invitrogen (Carlsbad, CA, USA). Bongkrekic acid was from Merck (Merck KGaA, 

Darmstadt, Germany). All mitochondrial substrate stock solutions were dissolved in bi-

distilled water and titrated to pH = 7.0 with KOH. ADP was purchased as a K
+
 salt of the 

highest purity available (Merck) and titrated to pH = 6.9 with KOH. Bongkrekic acid was 

dissolved in 1 M ultrapure NH4OH in 10 mM stocks and kept at −20°C. 
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6. Results 

6.1. Artemia franciscana 

6.1.1. Artemia mitochondria lack the PTP 

In order to confirm that mitochondria obtained from the embryos of this crustacean lack the 

PTP as originally shown by Menze et al. [291], we adapted our scheme [29] demonstrating 

a cyclosporin A-refractory PTP. In this scheme, addition of an uncoupler in the presence of 

phosphate carrier blockers (NEM and nBM) to Ca
2+

-loaded rat liver mitochondria 

previously treated with oligomycin causes an immediate and precipitous opening of the 

PTP. As shown in Fig. 3A, this was not observed in mitochondria isolated from embryos of 

A. franciscana. It is of note that, in the presence of oligomycin and ADP, addition of Ca
2+

 

failed to induce an increase in light scattering (Fig. 3A), consistent with the notion that 

ADP entering mitochondria is required for Ca
2+
–Pi complexation [25]. Addition of the 

pore-forming peptide alamethicin induced mitochondrial swelling, manifested as an abrupt 

decrease in light scattering (Fig. 3A,B). However, in accordance with the mammalian 

consensus, addition of ADP in the absence of oligomycin to the suspension caused Artemia 

mitochondria to show „shrinkage‟ upon addition of CaCl2 (Fig. 3B), which is known to 

occur because of complexation of matrix Ca
2+

 with Pi affecting light scattering [25, 88]. 

From Fig. 3B, it is notable that addition of Ca
2+

 even in the absence of ADP caused a 

considerable increase in light scattering, although to a lesser extent than in the presence of 

the nucleotide. This is at odds with the finding that mitochondrial Ca
2+

 capacity is 

decreased in the presence of adenine nucleotides, and even the volume fraction of the 

calcium-rich and phosphorus-rich electron-dense material is smaller in the latter case (see 

Fig. 6B); however, the effect of alamethicin in mitochondria treated with ADP was not as 

great as the effect of the peptide in the absence of the nucleotide, and therefore a reliable 

comparison cannot be made. 
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Figure 3: Absence of the PTP 

evaluated by 660/660-nm 

excitation/emission in Artemia 

mitochondria. (A) ADP (1 mM), 

oligomycin (olgm, 10 μM), CaCl2 (0.1 

mM, free), n-butyl-malonate (nBM, 50 

μM), N-ethylmaleimide (NEM, 0.5 

mM), SF 6847 (250 nm) and 

alamethicin (ALM, 80 μg) were added 

where indicated. (B) CaCl2 (0.2 mM) 

was added as indicated by the arrows 

(both traces). In the upper trace (black), 

1 mM ADP was added prior to addition 

of mitochondria. Alamethicin (80 μg) 

was added where indicated as a 

calibration standard of maximum 

swelling. Results shown in both panels 

are representative of at least four 

independent experiments. 

 

6.1.2. Effect of adenine nucleotides on Ca2+ sequestration of Artemia 

mitochondria 

It has been well established that in mammalian mitochondria, adenine nucleotides increase 

Ca
2+

 uptake capacity [25, 88, 89]. In order to investigate whether this also applies to 

Artemia mitochondria, we tested the effect of ADP and ATP in the presence and absence of 

the ANT inhibitory ligand cATR, and of the FoF1-ATP synthase inhibitor oligomycin. The 

results are shown in Fig. 4. In Fig. 4A, ADP was present prior to the addition of 

mitochondria in all traces. In the presence of ADP (Fig. 4A, trace a) when neither cATR 

nor oligomycin was present, a clamped [Ca
2+

] is difficult to achieve, owing to the 

interconversions of ADP to ATP by mitochondria, as these two nucleotides show different 
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Kd values for Ca
2+

. When cATR or oligomycin was present, the amount of ADP was 

assumed to be static (see below), and therefore the estimations of free extramitochondrial 

Ca
2+

 were reliable. In the presence of ATP (Fig. 4B), as the mitochondrial membrane 

potential (ΔΨm) did not exceed the reversal potential of ANT (see Fig. 4A), the amount of 

ATP added was assumed to be static, assisting the reliable calculations of the total amount 

of CaCl2 added. What is apparent from Fig. 4A,B is that both ADP and ATP significantly 

decreased Ca
2+

 uptake rates as compared with the condition in which adenine nucleotides 

were absent (Fig. 4C), and thereby Ca
2+

 uptake capacity. The effect of ADP was 

considerably mitigated by cATR and oligomycin (Fig. 4A), implying that ADP mediated its 

effect after being taken up by mitochondria, most likely through ANT. Inhibition of FoF1-

ATP synthase by oligomycin also lead to cessation of the function of ANT [303]. It is 

apparent from Fig. 4C that even cATR alone slightly accelerated mitochondrial Ca
2+

 

uptake, in the absence of nucleotides. We conservatively attributed this to the inhibition of 

mitochondrial ADP or ATP uptake (depending on the prevalent ΔΨm) by cATR, thereby 

eliminating any effect of nucleotides released from broken mitochondria in the suspension. 

The effect of oligomycin alone is hard to predict, because this inhibitor blocks both ATP 

formation by polarized mitochondria and ATP hydrolysis by depolarized mitochondria 

found in the same suspension. It is of note that BKA had no effect as compared with its 

vehicle (5 mM ammonium hydroxide; not shown), but it also failed to inhibit the ADP–

ATP exchange rate of Artemia mitochondria (see below). 

In summary, Fig. 4 shows that exogenously added adenine nucleotides decrease Ca
2+

 

uptake rate and capacity in mitochondria isolated from embryos of A. franciscana, a 

phenomenon that is apparently at odds with the mammalian consensus. 
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Figure 4: Effect of 

ANT ligands on Ca
2+

 

uptake capacity in 

Artemia 

mitochondria. (A) 

Reconstructed time 

courses of 

extramitochondrial 

[Ca
2+

] calculated 

from CaGr-5N 

fluorescence. 

Mitochondria were 

added at 50 s, and 

this was followed by 

the addition of 2 mM 

ADP; 200 μM CaCl2 

(total) was added 

where indicated by 

the arrows. For trace 

b (blue), 4 μM cATR 

was added, and for 

trace c (green), 10 

μM oligomycin was 

added, followed by 2 

mM ADP prior to 

addition of 

mitochondria. In 

trace a, no inhibitors 

were present. (B) As 

for (A), but ATP was 

added instead of 

ADP. (C) As for (A) 

and (B), but no 

nucleotides were 

present. Results 

shown in all panels 

are representative of 

at least four 

independent 

experiments. 
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Figure 5: ADP–ATP exchange rate 

and ΔΨm profile of Artemia 

mitochondria. The effect of ANT 

ligands on the ADP–ATP exchange 

rate. (A) Reconstructed time courses 

of ΔΨm, calculated from Safranin O 

fluorescence, and extramitochondrial 

[ATP] appearing in the medium upon 

addition of ADP (at 150 s) calculated 

from Magnesium Green fluorescence 

as described in the Methods chapter. 

For both traces, small arrows indicate 

the addition of 10 nM SF 6847. (B) 

Reconstructed time courses of 

extramitochondrial [ATP] appearing 

in the medium upon addition of ADP 

(where indicated) in Artemia 

mitochondria, and effect of 

mitochondrial inhibitors. cATR (trace 

a), oligomycin (olgm, trace b), 

vehicle (5 mM NH4OH, trace c) or 

BKA (50 μM, trace d) was added 

where indicated. (C) Reconstructed 

time courses of extramitochondrial 

[ATP] appearing in the medium upon 

addition of ADP (where indicated) in 

rat liver mitochondria, and effect of 

mitochondrial inhibitors. cATR (trace 

a), oligomycin (olgm, trace b), 

vehicle (5 mM NH4OH, trace c), 

BKA (50 μM, in buffer at pH 7.25, 

trace d), or BKA (50 μM, in buffer at 

pH 7.5, trace e) was added where 

indicated. Results shown in all three 

panels are representative of at least 

four independent experiments. 

  

6.1.3. Demonstration of the function of ANT in Artemia franciscana 

by the ADP–ATP exchange rate–ΔѰm profile 

As adenine nucleotides produced unusual effects on the Ca
2+

 uptake characteristics in 

Artemia mitochondria, it was important to evaluate the functional status of ANT in these 

mitochondria. For this, a recently described method was used [303], in which the ADP–

ATP exchange rate mediated by ANT is measured as a function of ΔΨm. Such an 

experiment is shown in Fig. 5A. The ADP–ATP exchange rate mediated by ANT (in the 
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presence of diadenosine pentaphosphate, a blocker of adenylate kinase) was measured by 

exploiting the differential affinity of ADP and ATP for Mg
2+

. The rate of ATP appearance 

in the medium following addition of ADP to energized mitochondria was calculated from 

the measured rate of change in free extramitochondrial [Mg
2+

] by the use of standard 

binding equations [303]. During the course of this experiment, ADP–ATP exchange rates 

were gradually altered by stepwise additions of an uncoupler (10 nM SF 6847) until 

complete collapse of ΔΨm. In parallel experiments, ΔΨm was measured by Safranin O 

fluorescence, and calibrated to millivolts as detailed in the Methods chapter. As shown in 

Fig. 5A, ATP appeared in the medium after ADP addition, and at the same time there was a 

depolarization by ∼25 mV. Subsequent stepwise additions of the uncoupler SF 6847 led to 

a stepwise decrease in ΔΨm accompanied by a decrease in the ADP–ATP exchange rate. 

This culminated at approximately -90 to -100 mV, and thereafter ANT was gradually 

reversed. The ATP influx rate (reverse mode of ANT) was much slower than the ADP 

influx rate, i.e. the forward mode of ANT. From these experiments, we concluded that the 

ANT of our mitochondrial preparations of A. franciscana embryos is fully functional. 

6.1.4. ANT of Artemia franciscana is refractory to BKA 

As mentioned above, BKA was without an effect on Ca
2+

 uptake rate and capacity in 

Artemia mitochondria. Here, we tested whether BKA (three different LOT stocks were 

tested) was able to act on the fully functional ANT. As shown in Fig. 5B, addition of either 

cATR (trace a) or oligomycin (trace b) immediately stopped further ATP appearance in the 

medium, implying a cessation of ANT operation. In contrast, addition of BKA (50 μM, 

trace d) failed to inhibit ANT operation as compared with the control (5 mM NH4OH, 

which is the vehicle of BKA, trace c). With the same BKA stocks, this poison fully 

inhibited ANT operation in rat liver mitochondria (Fig. 5C) and also induced state 4 from 

state 3 respiration (not shown). BKA was also tested at pH 7.5, the pH of the buffer used 

for experiments with Artemia mitochondria; this is important, because BKA needs to be 

protonated in order to exert its action [128], and at pH 7.5 it will be less efficient. Still, as 

shown in Fig. 5C, 50 μM BKA inhibited the ADP-ATP exchange rate in rat liver 



55 

 

mitochondria (trace e), although with a delay, as explained in [127, 130, 131], as compared 

with its vehicle (trace c). NH4OH at 5 mM reduced the ADP-ATP exchange rate, probably 

because of matrix alkalinization, in accordance with our findings reported earlier [303], 

however, this was not observed in Artemia mitochondria. It is also notable that at pH 7.5 

(traces c and e of Fig. 5C), ADP-ATP exchange rates are smaller than those obtained in 

buffer at pH 7.25, in line with the results obtained in [303]. Furthermore, as shown below, 

the same BKA inhibited Ca
2+

-induced swelling in Xenopus liver mitochondria. From the 

results shown in Fig. 5B,C, we postulated that the ANT isoform(s) of A. franciscana may 

lack a BKA-binding site. 

6.1.5. Ca2+-Pi matrix complexation in Artemia mitochondria shows a 

unique morphology 

As shown above, mitochondria from the embryos of A. franciscana sequester Ca
2+

, 

although adenine nucleotides decrease uptake rates and capacity. The effect of ADP 

probably took place at the matrix side, as cATR mitigated its action. However, the effect of 

ATP also seems to be mediated by a cATR/oligomycin-insensitive mechanism. Adenine 

nucleotide-sensitive site(s) that alter maximum Ca
2+

 uptake capacity other than ANT have 

been reported in a variety of mitochondria [2], although their identity is still unknown. The 

complexation/precipitation of Ca
2+

 with Pi in the mitochondrial matrix and the involvement 

of matrix adenine nucleotides as phosphate donors have been firmly established in 

mammalian mitochondria [25, 29, 88]. We were therefore interested in the nature of this 

phenomenon in Artemia mitochondria, as the functional data deviated so significantly from 

the mammalian consensus. As shown in Fig. 7A, mitochondria from the crustacean 

incubated in the absence of adenine nucleotides and MgCl2 showed needle-like electron-

dense structures. If ADP (Fig. 7B) or MgCl2 (Fig. 7C) was present during Ca
2+

 loading, 

dot-like electron-dense structures were observed instead. In order to confirm that the 

electron-dense structures were indeed Ca
2+

-Pi precipitates, we performed energy-filtered 

transmission electron microscopy (EFTEM) of Ca
2+

-loaded mitochondria in the absence of 

adenine nucleotides and MgCl2, as detailed under the Methods chapter. Spatial maps of 
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Figure 6: Quantification of the Ca
2+
–

Pi-rich areas of Ca
2+

-loaded Artemia 

mitochondria by adaptive thresholding. 

(A) Images of Artemia mitochondria 

loaded with Ca
2+

: (i) incubated in the 

absence of MgCl2 or adenine 

nucleotides; (ii) same image with 

adaptive thresholding (red); (iii) 

incubated in the presence of ADP; (iv) 

same image as in (iii), with adaptive 

thresholding (red). (B) Volume 

fractions of the electron-dense material 

in the mitochondria loaded with Ca
2+

 

with or without ADP, in the absence of 

MgCl2, as calculated by the fractional 

area of positive pixels [red in (A)] of 

the mitochondrion (P = 0.031 by 

Mann–Whitney rank-sum test; 29 TEM 

images in total). 

calcium and phosphorus were recorded (Fig. 7D,E), and confirmed a high degree of 

colocalization (Fig. 7F,G). Image stability was insufficient (owing to very long exposure 

times – 10 min each – under high magnification, bar 50 nm) to allow the same experiments 

to be performed in mitochondria loaded with Ca
2+

 in the presence of adenine nucleotides or 

MgCl2, during which dot-like electron dense structures are observed. Quantification by 

adaptive thresholding (Fig. 6) revealed that the volume fraction of the electron-dense 

material in the volume bounded by the inner boundary membrane was significantly higher 

in mitochondria untreated with ADP than in those treated with the nucleotide. This is in 

line with the experimental findings on Ca
2+

 uptake capacity in the presence and absence of 

adenine nucleotides. 
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Figure 7: TEM and EFTEM 

images of Ca
2+

-loaded Artemia 

mitochondria. (A, B) TEM images 

of Artemia mitochondria loaded 

with Ca
2+

, incubated in the absence 

(A) or presence (B) of ADP. (C) 

TEM images of Artemia 

mitochondria loaded with Ca
2+

 in 

the presence of 2 mM MgCl2 

incubated in the absence of ADP. 

The 1-μm bar applies to all images 

in (A–C). (D) Calcium map 

obtained from EFTEM imaging. 

(E) Phosphorus map obtained from 

EFTEM imaging. (F) Pseudocolor 

image of (D). (G) Pseudocolor 

image of (E). The scale bars of (D) 

and (E) also apply to (F) and (G), 

respectively. 
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6.1.6. Mitochondria isolated from Xenopus liver reveal a classical 

Ca2+-induced PTP that is sensitive to cyclosporin A and BKA 

By alignment of the ANT sequences from various organisms, we deduced that the two 

closest homologs of A. franciscana ANT, readily sequenced at the time were those 

expressed in Drosophila melanogaster and Xenopus laevis, both of which are similar to 

each other but not to A. franciscana ANT regarding the 221-229 amino acid region (see in 

the “Comparison of the primary sequence of Artemia ANT with that of other species” 

chapter). D. melanogaster shows a Ca
2+

-regulated permeability pathway with features 

intermediate between the PTP of yeast and that of vertebrates [271]. Amphibians were 

Figure 8: Effect of Ca
2+

 uptake on light scattering in mitochondria isolated from the liver of X. laevis. 

(A) Time courses of light scattering of X. laevis liver mitochondria followed by 660/660-nm 

excitation/emission. CaCl2 (20 μM) was added where indicated by the arrows. Trace a, only Ca
2+

 

addition; trace b, Ca
2+

 addition plus BKA (50 μM); trace c, no Ca
2+

 addition; trace d, Ca
2+

 addition plus 1 

μM cyclosporin A. Cyclosporin A or BKA was present in the medium prior to the addition of 

mitochondria. (B) Reconstructed time course of extramitochondrial [Ca
2+

] obtained from CaGr-5N 

fluorescence. Mitochondria were added at 50 s, and this was followed by addition of 20 μM CaCl2, 

where indicated by the arrows. Results shown in both panels are representative of at least four 

independent experiments. 
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reported to have PTP [269, 270], but the X. laevis itself had not been tested. We were 

therefore interested in whether mitochondria isolated from tissues from X. laevis show the 

Ca
2+

-induced PTP. As shown in Fig. 8A, when 20 μM CaCl2 was added to Xenopus liver 

mitochondria, a decrease in light scatter was observed (trace a) as compared with no 

addition of CaCl2 (trace d) that was completely sensitive to cyclosporin A (trace c) and 

partially sensitive to BKA (trace b). From this experiment, we concluded that Xenopus liver 

mitochondria have a classical PTP that is induced by Ca
2+

 and is sensitive to cyclosporin A 

and BKA. 

We sequenced the ANT expressed in Artemia and performed multiple sequence alignment 

in order to identify the BKA binding site. These results will be discussed in a later chapter. 
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6.2. PTP and BKA sensitivity in species related to Artemia: the 

crustacean subphylum 

Xenopus and Drosophila are distinctly related to Artemia, furthermore mindful of the 

studies carried out on other crustacean species demonstrating remarkable calcium uptake 

capacities [292-294], we hoped to find further species without PTP but BKA insensitivity. 

The two crustacean species that were easily accessible are the locally native zooplanktons: 

the water flea (Daphnia pulex) and the cyclops (Cyclops vicinus vicinus).  

6.2.1. Cyclops vicinus vicinus 

The characterization of mitochondria from the Cyclops vicinus vicinus was addressed by 

similar methods but in some cases different protocols from those used to investigate 

Artemia mitochondria. Like Artemia, Cyclops mitochondria also show a remarkable Ca
2+

 

uptake capacity with no abrupt release of Ca
2+

. In the experiment shown by Fig. 9A, 

extramitochondrial Ca
2+

 is measured by Calcium Green 5N. 50 µM steps of CaCl2 are 

added until no further sequestration is seen. Similar protocols were used to measure uptake 

capacity in other species, which will be discussed in the next chapters. Ca
2+

 uptake is 

similar to that of Artemia, showing no signs of PTP. Note that electron microscopic images 

of the preparation show high amount of impurities (see below), therefore quantification of 

mitochondria by measuring protein was not reliable. 
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Figure 9: BKA sensitivity and presence of PTP in Cyclops vicinus vicinus. (A) Reconstructed time 

courses of CaGr-5N fluorescence.1 mg/ml mitochondria was added at the start of the experiment and 

consequently challenged with 50 µM CaCl2 pulses when indicated by the arrows. (B) Reconstructed time 

courses of Safranin O fluorescence expressed in percentage of polarization. 20 µM BKA (trace b, red) or 

10 µM  cATR (trace c, green) was added at 150 s, followed by 2 mM ADP. (C) Reconstructed time 

courses of ATP appearing in the medium calculated from MgGr-5N fluorescence. Experimental scheme 

and markings are identical to B. (D) Reconstructed time courses of 90° light scattering measured at 660 

nm. 1 mg/ml mitochondrial preparation was added at 50 s followed by 50 µM CaCl2 pulses when 

indicated by the arrows, and finally by 20 µg Alamethicin. (E) Light scattering measured as in D. ADP (1 

mM), oligomycin (olgm, 10 μM), CaCl2 (0.1 mM, free), n-butyl-malonate (nBM, 50 μM), N-

ethylmaleimide (NEM, 0.5 mM), SF 6847 (250 nm) and alamethicin (ALM, 80 μg) were added where 

indicated. 
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Fig. 9B shows time courses of Safranin O fluorescence reflecting ΔΨm (% scale). 

Maximum (100%) polarization is the value of Safranin O fluorescence prior to the addition 

of ADP; minimum (0%) polarization is the value of Safranin O fluorescence after the 

addition of 1 µM SF6947 (omitted from the graph). We use this scale, because the limited 

amount of sample in the case of the majority of species investigated did not allow precise 

calibration of Safranin O signals. Membrane potential (Fig. 9B) and ATP production (Fig. 

9C) is measured to address ANT sensitivity to BKA and cATR. In these experiments the 

inhibitors were added prior to ADP in order to avoid artifacts caused by slow penetration of 

BKA through the membrane. As seen on both panels B and C, both BKA (b traces, red) and 

cATR (c traces, green) are effective blockers of the ANT of Cyclops vicinus vicinus. A 

stable Mg
2+

 signal could not be acquired in the ATP measurements with these species, 

which caused the slopes of traces b and c on Fig.9C to be negative when inhibited. 

Light scattering of mitochondria from Cyclops were monitored at 660/660 nm while 

challenged to swell by two different protocols; i) by addition of CaCl2 exceeding uptake 

capacity, according to Fig. 9A (Fig. 9D) or ii) by the same scheme described previously 

[29] (Fig. 9E). No decrease in light scattering that would indicate permeability transition 

was observed. The relatively small effect of alamethicin is probably due to the high 

quantity of impurities of the sample as mentioned earlier. 
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Finally, TEM images further confirm Cyclops mitochondria to lack Ca
2+

 inducible 

permeability transition. Mitochondria show normal morphology when untreated (Fig. 10A), 

needle like structures, but normal size after prolonged exposure to CaCl2 above uptake 

capacity (Fig. 10B), and swelling upon treatment with alamethicin (Fig. 10C). In light of 

the above results it is unambiguous that Cyclops vicinus vicinus, similarly to Artemia 

franciscana, lacks the classical PTP, however it is sensitive to inhibition by BKA. 

Figure 10: TEM images of Cyclops mitochondria. Panel A shows control, panel B sows mitochondria 

loaded with Ca
2+

 in the experiment shown on Fig. 9 panel A, panel C shows mitochondria treated with 20 

µg Alamethicin. Bars shown in the lower right corners of each panel are as follows: A: 10 µm, B: 1 µm, 

C: 5 µm. 
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6.2.2. Daphnia pulex 

Daphnia species are taxonomically the closest relatives to Artemia investigated to date in 

this study (Fig. 28). Ca
2+

 uptake capacity is high and there is no evidence of PTP after 

saturation by Ca
2+ 

(Fig. 11A). In our experimental media, these species did not show stable 

polarization, however ΔѰm was sufficiently high to drive the ANT forward, and the 

repolarization upon both cATR and BKA conferred sensitivity to these agents (Fig 11B). 

Sensitivity to BKA is also demonstrated on ATP production rate (Fig. 11C). Subsequent 

Figure 11: BKA sensitivity and Ca
2+

 uptake in Daphnia pulex. (A) Reconstructed time courses of CaGr-

5N fluorescence.1 mg/ml mitochondria was added at the start of the experiment and consequently 

challenged with 100 µM CaCl2 pulses when indicated by the arrows. (B) Reconstructed time courses of 

Safranin O fluorescence expressed in percentage of polarization. 1 mg/ml mitochondria was injected at 50 

s, at 150 and 200 s 2 mM ADP was added followed by 20 µM BKA (trace b, red) or 10 µM cATR (trace 

a, black) at 350 s. (C) Reconstructed time courses of ATP appearing in the medium calculated from 

MgGr-5N fluorescence. 1 mg/ml mitochondria was added at 50 s, followed by 2 mM ADP at 100s and 20 

µM BKA at 200 s. Subsequent addition of cATR (400 s) caused no further inhibition. 
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addition of cATR did not cause further inhibition, the effect of BKA was complete. No 

profound decrease of light scattering can be observed under the previously described 

experimental protocols (Fig. 12). Though TEM images have not yet been produced, the 

above findings suggest sensitivity to BKA and the lack of PTP in Daphnia pulex. 

 

 

Figure 12: Light scattering in Daphnia pulex. (A) Reconstructed time courses of 90° light scattering 

measured at 660 nm. 1 mg/ml mitochondrial preparation was added at 50 s followed by 100 µM CaCl2 

pulses when indicated by the arrows, and finally by 20 µg Alamethicin. (B) Light scattering measured as 

in A. ADP (1 mM), oligomycin (olgm, 10 μM), CaCl2 (0.1 mM, free), n-butyl-malonate (nBM, 50 μM), 

N-ethylmaleimide (NEM, 0.5 mM), SF 6847 (250 nM) and alamethicin (ALM, 80 μg) were added where 

indicated. 
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6.2.3. Crangon crangon 

Artemia are extremophiles that tolerate complete desiccation for decades and anoxia for 

years, allowing them to survive in salt water lakes. The lack of permeability transition in 

Artemia was ascribed to be a trait necessary to survive the biochemical consequences of 

such events. The lack of PTP in freshwater crustaceans was unexpected, and directed us 

towards investigating further species from the subphylum. The brown shrimp (Crangon 
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crangon) is a marine crustacean species common in the Baltic, Atlantic coast of Europe 

from the White Sea to Portugal, Mediterranean, Black Sea and Atlantic coast of Morocco. 

Applying our experimental schemes to mitochondria isolated from Crangon crangon 

revealed it to be similar to Cyclops and Daphnia. Measuring Ca
2+

 uptake, we found high 

uptake capacity and no sign of PTP (Fig. 13A). Mitochondria obtained from Crangon 

crangon were able to accumulate approximately 1.2 µmol of Ca
2+

 per mg protein, however 

the extent of contamination (as deduced from electron microscopy images) from non-

mitochondrial material in these preparations amounted to more than 40%, which suggests 

an even greater capacity. Uptake capacity was unaffected by PTP inhibitors CsA and BKA 

(Fig. 13F). Mitochondria produced stable membrane potential in the presence of substrates, 

and depolarized upon ADP (Fig. 13B/a). No depolarization by ADP was observed when 

BKA (Fig. 13B/b) or cATR (Fig. 13B/c) was present in the experimental medium prior to 

ADP. The ADP response was unaffected when vehicle of BKA (2 mM NH4OH) was added 

prior to ADP (Fig. 13B/d). Fig. 13C shows ATP production in the same experimental 

protocol as Fig. 13B. BKA (trace b) and cATR (trace c) cause complete inhibition of ATP 

production, while NH4OH (trace d) has no effect compared to the control (trace a). No sign 

of PTP is detected on light scattering experiments when mitochondria from Crangon 

crangon are challenged by the previously described protocols (Fig 13D,E) until alamethicin 

Figure 13: BKA sensitivity and presence of PTP in Crangon crangon. (A) Reconstructed time courses of 

CaGr-5N fluorescence.1 mg/ml mitochondria was added at the start of the experiment and consequently 

challenged with 200 µM CaCl2 pulses when indicated by the arrows. (B) Reconstructed time courses of 

Safranin O fluorescence expressed in percentage of polarization. Trace a (black) is control, trace b (red) 

contained 20 µM BKA, trace c (green) contained 1 µM cATR, trace d (blue) contained vehicle of BKA (2 

mM NH4OH) in the medium prior to the experiment. 1 mg/ml mitochondria was injected at 50 s and at 

100 s 2 mM ADP was added. (C) Reconstructed time courses of ATP appearing in the medium calculated 

from MgGr-5N fluorescence. Experimental procedure is identical to that in panel B. (D) Reconstructed 

time courses of 90° light scattering measured at 660 nm. 1 mg/ml mitochondrial preparation was added at 

50 s followed by 200 µM CaCl2 pulses when indicated by the arrows, and finally by 40 µg Alamethicin. 

(E) Light scattering measured as in D. ADP (1 mM), oligomycin (olgm, 10 μM), CaCl2 (0.1 mM, free), n-

butyl-malonate (nBM, 50 μM), N-ethylmaleimide (NEM, 0.5 mM), SF 6847 (250 nm) and alamethicin 

(ALM, 40 μg) were added where indicated. (F) Bar graphs of maximum Ca
2+

 uptake capacity (% scale) 

calculated from the number of 100 µM CaCl2 additions given to mitochondria until no further decrease in 

CaGr-5N fluorescence (implying maximum mitochondrial calcium uptake) was observed, in the presence 

of 1 µM cyclosporin A or 20 µM BKA, (n = 3). The rates of Ca
2+

 uptake of the last addition were 

compared among treatment groups, where it exhibited a small variability, but no statistical significance (p 

= 0.933, ANOVA on Ranks). The rates of Ca
2+

 uptake of all previous CaCl2 additions were virtually 

identical among all treatment groups. 
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is added. TEM shows no PTP triggered by Ca
2+ 

(Fig. 14B). Needle like electron dense 

formations can be observed at higher magnifications (Fig. 14C), similar to what we found 

in Artemia and Cyclops. Alamethicin effectively causes swelling (Fig. 14D). Our 

conclusion is that mitochondria isolated from Crangon crangon also lacks the Ca
2+

 

inducible CsA sensitive PTP and that the ANT expressed in Crangon is sensitive to BKA. 

 

Figure 14: Transmission electron microscopy of Crangon crangon mitochondria. (A) Mitochondria were 

fixed after incubating in the absence of Ca
2+

 for 1 hour. (B) Mitochondria were treated as in the 

experiment shown in Fig. 12A and fixed 2 hours after the last addition of 200 µM CaCl2. (C) as in panel 

B, but viewed at a higher magnification, demonstrating the needle-like appearance of calcium phosphate 

mitochondrial precipitates. (D) Mitochondria treated with 40 µg of alamethicin. Bars shown in the lower 

right corners of each panel are as follows: A, B: 5 µm, C: 500 nm, D: 2 µm. 



69 

 

6.2.4. Palaemon serratus 

Palaemon serratus is another species of marine shrimp found in the Atlantic Ocean from 

Denmark to Mauritania, and in the Mediterranean Sea and Black Sea. Mitochondria 

obtained from Palaemon serratus were able to accumulate approximately 0.6 µmol of Ca
2+

 

per mg protein, without showing sign of permeability transition (Fig. 15A). Similarly to 

Crangon, uptake capacity could not be influenced by CsA or BKA (Fig. 15D). Sensitivity 

to BKA was confirmed by the same protocol used to investigate Crangon ΔΨm and ATP 

production on Palaemon (Fig. 15B,C). Swelling could not be induced by repeated additions 

of Ca
2+

 (Fig. 15E). The effect of BKA on mitochondrial respiration could not be reliably 

tested because of a very high rate of oxygen consumption in the absence of exogenously 

added adenine nucleotides, see panel 3E. This was not due to a high fraction of damaged 

mitochondria, because Safranin O fluorescence measurements reflecting ΔΨm prompt 

ADP-induced depolarization (Fig. 15B/a,d) implying the presence of sufficiently polarized, 

thus intact mitochondria. Respiratory control ratio for Palaemon serratus (panel F) was ∼2. 

Oxygen consumption was cyanide-sensitive. The addition of dithionite after cyanide 

showing the disappearance of the remaining oxygen in the buffer implied that the effect of 

cyanide was genuine, and did not coincide with the depletion of oxygen from the medium. 

Uncoupled respiration (induced by SF 6847) was significantly higher than state 3 (a 

respiratory state in which ADP, substrates or oxygen is not limiting) respiration. This is in 

line with the above claim that these mitochondrial preparations did not have a high fraction 

of damaged mitochondria. TEM images shown in Fig. 16 were acquired after the same 

treatment as described under Crangon. Like the other crustacean species swelling can only 

be triggered by alamethicin and Ca
2+

 loaded mitochondria show needle-like electron dense 

formations. 
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Figure 15: Transmission electron microscopy of Palaemon serratus mitochondria. (A) Mitochondria 

were fixed after incubating in the absence of Ca
2+

 for 1 hour. (B) Mitochondria were treated as in the 

experiment shown in Fig. 14A and fixed 2 hours after the last addition of 200 µM CaCl2. (C) as in panel 

B, but viewed at a higher magnification, demonstrating the needle-like appearance of calcium phosphate 

mitochondrial precipitates. (D) Mitochondria treated with 40 µg of alamethicin. Bars shown in the lower 

right corners of each panel are as follows: A, B: 5 µm, C: 500 nm, D: 2 µm. 

Figure 16: BKA sensitivity and presence of PTP in Palaemon Serratus. (A) Reconstructed time courses 

of CaGr-5N fluorescence.1 mg/ml mitochondria was added at the start of the experiment and 

consequently challenged with 200 µM CaCl2 pulses when indicated by the arrows. (B) Reconstructed time 

courses of Safranin O fluorescence expressed in percentage of polarization. Trace a (black) is control, 

trace b (red) contained 20 µM BKA, trace c (green) contained 1 µM cATR, trace d (blue) contained 

vehicle of BKA (2 mM NH4OH) in the medium prior to the experiment. 1 mg/ml mitochondria was 

injected at 50 s and at 100 s 2 mM ADP was added. (C) Reconstructed time courses of ATP appearing in 

the medium calculated from MgGr-5N fluorescence. Experimental procedure is identical to that in panel 

B. (D) Bar graphs of maximum Ca
2+

 uptake capacity (% scale) calculated from the number of 100 µM 

CaCl2 additions given to mitochondria until no further decrease in CaGr-5N fluorescence (implying 

maximum mitochondrial calcium uptake) was observed, in the presence of 1 µM cyclosporin A or 20 µM 

BKA, (n = 3). The rates of Ca
2+

 uptake of the last addition were compared among treatment groups, where 

it exhibited a small variability, but no statistical significance (p = 0.989, ANOVA on Ranks). The rates of 

Ca
2+

 uptake of all previous CaCl2 additions were virtually identical among all treatment groups. (E) 

Reconstructed time courses of 90° light scattering measured at 660 nm. 1 mg/ml mitochondrial 

preparation was added at 50 s followed by 100 µM CaCl2 pulses when indicated by the arrows, and finally 

by 40 µg Alamethicin. (F) Black trace represents a time course of oxygen consumption, by 0.5 mg 

Palaemon serratus mitochondria suspended in a 2 ml volume. Grey trace represents the negative time 

derivative of oxygen concentration, divided by mitochondrial mass per volume. Additions of substances 

are indicated by arrows. ADP: 0.2 mM. cATR: 2 µM. SF 6847: 1 µM. KCN: 1 mM. Dithion.: Dithionite 

(added in excess). 
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6.2.5. Carcinus maenas 

The closely related blue (Callinectes sapidus) and green (Carcinus maenas) crabs have 

been demonstrated to maintain mitochondrial functions after sequestering high quantities of 

Ca
2+

, however presence of the PTP was not investigated directly [292, 293]. Similarly to 

the rest of the crustacean species mitochondria from Carcinus maenas demonstrated robust 

Ca
2+

 uptake (Fig. 17A). Swelling could not be induced by Ca
2+ 

(Fig. 17B). In our 

experimental conditions the membrane potential was not stable and not sufficiently high to 

drive ATP production, therefore BKA and cATR sensitivity could not be demonstrated (not 

shown). The transmission electron microscopic images show, that mitochondria from 

Carcinus maenas do not undergo permeability transition upon prolonged incubation with 

high Ca
2+

 (Fig. 18C), but are sensitive to alamethicin (Fig. 18B).  

 

Figure 17: Ca
2+

 uptake and swelling of mitochondria from Carcinus maenas. (A) Reconstructed time 

courses of CaGr-5N fluorescence.20 µl (approx. 1 mg/ml) mitochondria was added at the start of the 

experiment and consequently challenged with 100 µM CaCl2 pulses when indicated by the arrows. (B) 

Reconstructed time courses of 90° light scattering measured at 660 nm. 30 µl (approx. 1 mg/ml) 

mitochondrial preparation was added at 50 s followed by 100 µM CaCl2 pulses when indicated by the 

arrows, and finally by 20 µg alamethicin. 
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Figure 18: TEM images of mitochondria from Carcinus maenas. Mitochondria were treated as in the 

experiment shown on Fig 17 panel A and fixed 2 hours after the last addition of 100 µM CaCl2. Bars 

shown in the lower right corners of each panel are as follows: A, B: 5 µm, C: 2 µm. 
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6.2.6. Pagurus bernhardus 

The last crustacean we tested so far was the hermit crab (Pagurus bernhardus). Our results 

on this species are similar to our findings on the other members of the subphylum. Signs of 

Ca
2+

 induced PTP could not be seen on measurements of Ca
2+

 uptake (Fig. 20A), swelling 

(Fig. 20D) or TEM (Fig. 19). Membrane potential was unstable, however mitochondria 

were polarized sufficiently to drive the ANT in the forward mode, and sensitivity to BKA 

and cATR could be demonstrated by measuring ΔΨm or ATP production (Fig. 20 B,C). 

 

Figure 19: TEM images of mitochondria from Pagurus bernhardus. (A) Mitochondria were fixed after 

incubating in the absence of Ca
2+

 for 1 hour. (B) Mitochondria treated with 20 µg of alamethicin. (C) 

Mitochondria were treated as in the experiment shown on Fig 20 panel A and fixed 2 hours after the last 

addition of 100 µM CaCl2. Bars shown in the lower right corners of each panel are as follows: A: 5 µm, 

B, C: 2 µm. 
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Figure 20: Ca
2+

 uptake, BKA sensitivity and swelling of mitochondria from Pagurus bernhardus. (A) 

Reconstructed time courses of CaGr-5N fluorescence. 30 µl (approx. 1 mg/ml) of mitochondria was added 

at the start of the experiment and consequently challenged with 100 µM CaCl2 pulses when indicated by 

the arrows. (B) Reconstructed time courses of Safranin O fluorescence expressed in percentage of 

polarization. Trace a (black) is control, in trace b (red) 20 µM BKA, in trace c (green) 1 µM cATR was 

added at 125 s, followed by 2 mM of ADP at 150 s. (C) Reconstructed time courses of ATP appearing in 

the medium calculated from MgGr-5N fluorescence. Experimental procedure is identical to that in panel 

B: trace a (black) is control, in trace b (red) 20 µM BKA was added at 125 s. (D) Reconstructed time 

courses of 90° light scattering measured at 660 nm. 30 µl (approx. 1 mg/ml) mitochondrial preparation 

was added at 50 s followed by 100 µM CaCl2 pulses when indicated by the arrows, and finally by 20 µg 

Alamethicin. 
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6.2.7. The lack of Ca2+ induced PTP and insensitivity to BKA are 

unrelated characteristics of mitochondria isolated from 

Artemia 

None of the newly characterized crustaceans were refractory to BKA, but they all lacked 

the PTP. This had proven our hypothesis regarding a possible connection between BKA 

sensitivity and presence of the PTP to be false. Also, this finding prompted us to scrutinize 

further our previous report on Artemia franciscana, The effect of BKA is dependent on pH; 

BKA requires to become protonated in order to exert its action [128], and as such it 

becomes less effective at increasing pH. It is therefore possible, that the matrix of Artemia 

mitochondria is sufficiently alkaline in order to prevent the sufficient protonation of BKA 

and thus its mode of action inhibiting the ANT. To test this we performed a series of 

experiments recording the extent of ADP-induced depolarization (measured by Safranin O) 

in a range of BKA concentrations (0, 1.25, 2.5, 5, 10 and 20 µM) for a range of buffers with 

pHo varying from 6.67 to 7.46 for both Artemia cyst and mouse liver mitochondria. Mouse 

liver was used as a tissue known to exhibit sensitivity to BKA where we could therefore 

establish the pH range at which BKA becomes ineffective. A complete series of such an 

experiment is shown in Fig. 21. ADP-induced depolarization (% value) as a function of 

BKA concentration for various pHo indicated in the insets on the right is shown for mouse 

liver mitochondria (panel A) and Artemia mitochondria (panel B). In these settings, the 

more effective BKA is, the smaller the ADP-induced depolarization. It is evident that at 

pHo = 7.3, (i.e. pHin = 7.33, orange bar panel A), 10 µM BKA was sufficient to almost 

completely block ADP-induced depolarization, i.e. inhibit the ANT in mouse liver 

mitochondria. At almost the same pHin, in Artemia mitochondria not even double the 

amount of BKA could affect ADP-induced depolarization (green bar, panel B). In 

Artemia mitochondria only at pHo = 6.7 (i.e. pHin = 7.05) was 20 µM BKA effective, a pH 

value at which there must be very substantial BKA protonation. At pHo 7.25 in the other 

crustaceans examined mitochondria pHin should be no less than 7.35; however, they were 

still BKA-sensitive. From these experiments we reaffirm the refractoriness of Artemia 

mitochondria to BKA. 
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Figure 21: ADP-induced depolarization (% values) in mouse liver (A) and Artemia cyst (B) mitochondria 

subjected to various pHo, as a function of BKA concentration (0, 1.25, 2.5, 5, 10 and 20 µM). In the insets 

to the right the values of pHin as a function of pHo is shown. Data represent a representative experiment 

(from three independent experiments) performed in a single run. Experimental data were not pooled in 

order to be presented as a bar graph with SE bars because pHo showed a slight variation among different 

experiments. 
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6.3. PTP and BKA sensitivity in non-crustacean species 

We identified six new species in which Ca
2+

 induced permeability transition is absent, 

which increased the total number of species without classical PTP to eight: 

Lepidophthalmus louisianensis [290], Artemia franciscana [291], Cyclops vicinus vicinus, 

Daphnia pulex, Crangon crangon, Palaemon serratus, Carcinus maenas and Pagurus 

bernhardus. All of these species are crustaceans. 

Knowing numerous species with a common feature increases the effectiveness of 

bioinformatics methods such as comparison of proteome or transcriptome of identifying the 

molecular entity responsible for the particular phenotype. We saw an opportunity to 

identify the molecular structure of the long elusive PTP by generating and comparing the 

proteome and transctiptome of species without PTP. 

The genome of several species susceptible to permeability transition was available, which 

could be used for comparison. The majority of these species are vertebrate chordates, and 

there are several other phyla in which presence of the PTP was unknown. Therefore to get a 

more diverse set of organisms exhibiting PTP for comparison, and to possibly find 

organisms outside the crustacean subphylum lacking PTP, we selected species to 

investigate the presence of PTP from phyla different from chordates. We tested species 

from echinoderms, nematodes (round worms), mollusks, annelids (segmented worms). 

Furthermore we were interested in invertebrate chordates. 

Finding other species showing Bongkrekate insensitivity than Artemia would have great 

value for the identification of the binding site, therefore we continued to test BKA 

sensitivity. 
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6.3.1. Asterias rubens 

The common starfish (Asterias rubens) is an echinoderm. Ca
2+

 induced PTP in this species 

is evident from the spontaneous Ca
2+

 release on Fig. 18A and the decrease in light 

scattering on Fig. 18C upon addition of Ca
2+

. TEM images show profound swelling in the 

Ca
2+

 treated sample (Fig. 18E), compared to the control (Fig. 18D). Repolarization of the 

membrane potential can be observed upon treatment with BKA or cATR after ADP 

induced depolarization indicating sensitivity to these agents. ATP production rates were too 

low to show a statistical difference between control and BKA/cATR treatment (not shown). 

 

Figure 22: TEM images of isolated mitochondria from Asterias rubens. (A) Mitochondria were fixed 

after incubating in the absence of Ca
2+

 for 1 hour. (B) TEM. Mitochondria were treated as in the 

experiment shown on Fig. 23 panel C and fixed 2 hours after the last addition of 100 µM CaCl2. Bars 

shown in the lower right corners of both panels are 2 µm. 
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Figure 23: BKA sensitivity and presence of PTP in Asterias rubens. (A) Reconstructed time courses of 

CaGr-5N fluorescence.80 µl (approx. 1 mg/ml) of mitochondria was added at the start of the experiment 

and consequently challenged with a 100 µM CaCl2 pulse when indicated by the arrow. (B) Reconstructed 

time courses of Safranin O fluorescence expressed in percentage of polarization. 1 mg/ml mitochondria 

was injected at 50 s, at 150 s 2 mM ADP was added followed by 20 µM BKA (trace b, red) or 4 µM 

cATR (trace c, green) at 300 s. (C) Reconstructed time courses of 90° light scattering measured at 660 

nm. 80 µl (approx. 1 mg/ml) mitochondrial preparation was added at 50 s followed by 100 µM CaCl2 

pulses when indicated by the arrows, and finally by 20 µg Alamethicin. 
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6.3.2. Paracentrotus lividus 

The sea urchin (Paracentrotus lividus) is another echinoderm. Our results addressing PTP 

in this animal are controversial, as no sign of permeability transition is evident  from Ca
2+

 

uptake (Fig. 24A) or swelling (Fig. 24B) experiments, however the TEM images clearly 

show the morphological changes accompanied by PTP upon Ca
2+

 treatment (Fig. 24C: 

control, Fig. 24D: alamethicin treatment, Fig. 24E: Ca
2+

 treatment). The fact that Ca
2+

 

uptake and light scattering did not indicate permeability transition supports that these 

methods may be unreliable, and TEM images are necessary to evaluate the presence of 

PTP. Paracentrotus mitochondria did not depolarize upon addition of ADP but depolarized 

significantly after the addition of ATP, as seen on Fig. 24B, indicating that these 

mitochondria cannot support their membrane potential by oxidative phosphorylation in our 

experiments. Due to our limited access to the sample, we could not optimize our conditions 

for this species, and BKA sensitivity was demonstrated in the reverse mode. BKA induces 

depolarization on Fig. 24B, as it blocks mitochondrial import of ATP which would be 

hydrolyzed by the FoF1-ATP synthase to maintain ΔΨm. 
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Figure 24: BKA sensitivity and presence of PTP in Paracentrotus lividus. (A) Reconstructed time 

courses of CaGr-5N fluorescence.50 µl (approx. 1 mg/ml) of mitochondria was added at the start of the 

experiment and consequently challenged with a 100 µM CaCl2 pulses when indicated by the arrows. (B) 

Reconstructed time courses of Safranin O fluorescence expressed in percentage of polarization. 50 µl 

(approx. 1 mg/ml) mitochondria was injected at 50 s, at 150 s 2 mM ADP was added followed by 2 mM 

ATP at 300 s, finally ATP consumption was inhibited by 20 µM BKA at 550 s. (C) Reconstructed time 

courses of 90° light scattering measured at 660 nm. 50 µl (approx. 1 mg/ml) mitochondrial preparation 

was added at 50 s followed by 100 µM CaCl2 pulses when indicated by the arrows, and finally by 20 µg 

Alamethicin. (D) TEM. Mitochondria were fixed after incubating in the absence of Ca
2+

 for 1 hour. (E) 

TEM. Mitochondria treated with 20 µg of alamethicin. (F) TEM. Mitochondria were treated as in the 

experiment shown on panel A and fixed 2 hours after the last addition of 100 µM CaCl2. Bars shown in 

the lower right corners of each panel are as follows: D,E: 2 µm, F: 5 µm. 
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6.3.3. Caenorhabditis elegans 

The nematode Caenorhabditis elegans is a popular experimental model in a number of 

fields, primarily in genetics and developmental biology. Its full genome is available and 

PTP was documented in these species [312, 313]. Our experiments were limited only to 

demonstrate BKA sensitivity, which was evident from the measurement of both ΔΨm (Fig. 

25A) and ATP production (Fig. 25B). 

 

Figure 25: BKA sensitivity in Caenorhabditis elegans. (A) Reconstructed time courses of Safranin O 

fluorescence expressed in percentage of polarization. 50 µl (approx. 1 mg/ml) mitochondria was injected 

at 50 s, at 200 s 2 mM ADP was added in both experiments, 20 µM BKA was added at 125 s in trace b 

(red). (B) Reconstructed time courses of ATP appearing in the medium calculated from MgGr-5N 

fluorescence. Experimental procedure is identical to that in panel A: trace a (black) is control, in trace b 

(red) 20 µM BKA was added at 125 s. 
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6.3.4. Nephtys hombergii 

The annelid Nephtys hombergii shows signs of PTP on Ca
2+

 uptake (Fig. 26A) and light 

scattering, following substantial shrinkage (Fig.26C), TEM images provide clear evidence 

of permeability transition in these species (Fig. 26D:control, Fig. 26E: alamethicin 

treatment, Fig. 26F: Ca
2+

 treatment). ΔΨm measurements (Fig. 26B) prove sensitivity to 

BKA (trace c: control, trace a: control with ADP, trace b: BKA treatment) 

We attempted to isolate mitochondria from another annelid, the honeycomb worm, 

Sabellaria alveolata, however the yield of isolated mitochondria was so low from this 

species, that further investigation was not feasible. 
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Figure 26: BKA sensitivity and presence of PTP in Nephtys hombergii. (A) Reconstructed time courses 

of CaGr-5N fluorescence.20 µl (approx. 1 mg/ml) of mitochondria was added at the start of the 

experiment and consequently challenged with a 100 µM CaCl2 pulses when indicated by the arrows. (B) 

Reconstructed time courses of Safranin O fluorescence expressed in percentage of polarization. 20 µl 

(approx. 1 mg/ml) mitochondria was injected at 50 s, trace c: no treatment, trace a: ADP at 250 s, trace b: 

BKA at 100 s and ADP at 250 s. (C) Reconstructed time courses of 90° light scattering measured at 660 

nm. 20 µl (approx. 1 mg/ml) mitochondrial preparation was added at 50 s followed by a single 900 µM 

CaCl2 pulse when indicated by the arrow, and finally by 20 µg Alamethicin. (D) TEM. Mitochondria were 

fixed after incubating in the absence of Ca
2+

 for 1 hour. (E) TEM. Mitochondria treated with 20 µg of 

alamethicin. (F) TEM. Mitochondria were treated as in the experiment shown on panel A and fixed 2 

hours after the last addition of 100 µM CaCl2. Bars shown in the lower right corners of all panels are 5 

µm. 
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6.3.5. Mytilus edule 

The blue mussel (Mytilus edule) is one of the three species from the phylum of mollusks we 

tested. Results on Ca
2+

 uptake (Fig. 27A), light scattering (Fig. 27B) and TEM (Fig. 27C: 

control, D: Ca
2+

 treatment) agree on the presence of PTP in this species. We have not yet 

measured sensitivity to BKA. 

 

Figure 27: Presence of PTP in Mytilus edule. (A) Reconstructed time courses of CaGr-5N 

fluorescence.30 µl (approx. 1 mg/ml) of mitochondria was added at the start of the experiment and 

consequently challenged with a 100 µM CaCl2 pulses when indicated by the arrows.(B) Reconstructed 

time courses of 90° light scattering measured at 660 nm. 30 µl (approx. 1 mg/ml) mitochondrial 

preparation was added at 50 s followed by 100 µM CaCl2 pulses when indicated by the arrows, and finally 

by 20 µg Alamethicin. (C) TEM. Mitochondria were fixed after incubating in the absence of Ca
2+

 for 1 

hour (D) TEM. Mitochondria were treated as in the experiment shown on panel A and fixed 2 hours after 

the last addition of 100 µM CaCl2. Bars shown in the lower right corners of all panels are 1 µm. 
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6.3.6. Cerastoderma edule 

From measurements of Ca
2+ 

(Fig. 28A) uptake and light scattering (Fig. 28D) we deduce 

the PTP is present in the common cockle (Cerastoderma edule). TEM images of untreated 

mitochondria show normal morphology (Fig. 29), images of Ca
2+

 loaded mitochondria are 

yet to be collected. BKA and cATR added prior to ADP cause inhibition of the ANT, which 

is visible on both ΔΨm (Fig. 28B) and ATP production measurements (Fig. 28C). 

Figure 28: Ca
2+

 uptake, BKA sensitivity and swelling in mitochondria from Cerastoderma edule. (A) 

Reconstructed time courses of CaGr-5N fluorescence.50 µl (approx. 1 mg/ml) of mitochondria was added 

at the start of the experiment and consequently challenged with a 100 µM CaCl2 pulses when indicated by 

the arrows. (B) Reconstructed time courses of Safranin O fluorescence expressed in percentage of 

polarization. 30 µl (approx. 1 mg/ml) mitochondria was injected at 50 s, 2 mM ADP (all experiments), 20 

µM BKA (trace b only) and 2 µM cATR (trace c only) were added when indicated by the arrows. (C) 

Reconstructed time courses of ATP appearing in the medium calculated from MgGr-5N fluorescence. 

Experimental procedure is identical to that in panel B. (D) Reconstructed time courses of 90° light 

scattering measured at 660 nm. 50 µl mitochondrial preparation was added at 50 s followed by 100 µM 

CaCl2 pulses when indicated by the arrows, and finally by 20 µg Alamethicin. 
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Figure 29: TEM image of mitochondria from Cerastoderma edule. Mitochondria were fixed after 

incubating in the absence of Ca
2+

 for 1 hour. The bar shown in the lower right corner is 2µm. 
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6.3.7. Patella vulgata 

Ca
2+

 uptake (Fig. 31A) and light scattering (Fig. 31D) of mitochondria from the common 

limpet (Patella vulgata) does not convincingly support the presence of PTP in this species 

upon Ca
2+

 loading, however TEM images clearly show the morphological features (Fig. 

30A: control, B: alamethicin treatment, C: Ca
2+

 treatment). Sensitivity to BKA is evident 

from ATP production (Fig 30C). ΔΨm measurements were hard to evaluate due to instable 

polarization of mitochondria in our experimental conditions (not shown), therefore we 

tested BKA sensitivity in the reversed assay, in which mitochondria are polarized by 

extramitochondrial ATP, and depolarize when the ANT is inhibited. 

 

Figure 30: BKA sensitivity and presence of PTP in Patella vulgata. (A) Mitochondria were fixed after 

incubating in the absence of Ca
2+

 for 1 hour. (B) Mitochondria treated with 20 µg of alamethicin. (C) 

Mitochondria were treated as in the experiment shown on Fig. 31 panel A and fixed 2 hours after the last 

addition of 100 µM CaCl2. Bars shown in the lower right corners of all panels are 5 µm. 
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Figure 31: Ca2+ uptake, BKA sensitivity and swelling in mitochondria from Patella vulgata. (A) 

Reconstructed time courses of CaGr-5N fluorescence.20 µl (approx. 1 mg/ml) of mitochondria was added 

at the start of the experiment and consequently challenged with a 100 µM CaCl2 pulses when indicated by 

the arrows. (B) Reconstructed time courses of Safranin O fluorescence expressed in percentage of 

polarization. 30 µl (approx. 1 mg/ml) mitochondria was injected at 50 s to experimental media containing 

no substrates (glutamate, malate and succynate) but 2 mM ATP. 20 µM BKA (trace b, red) or 2 µM 

cATR (trace c, green) were added when indicated by the arrows. (C) Reconstructed time courses of ATP 

appearing in the medium calculated from MgGr-5N fluorescence. 20 µl (approx. 1 mg/ml) mitochondrial 

preparation was added at 50s, inhibitors (BKA: b, red; cATR: c, green) were added at 100s and 2 mM of 

ADP at 250s. (D) Reconstructed time courses of 90° light scattering measured at 660 nm. 30 µl 

mitochondrial preparation was added at 50 s followed by the addition of 600 µM CaCl2 at 100 s, and 

finally by 20 µg Alamethicin at 3000 s. 
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6.3.8. Drosophila melanogaster 

The common fruit fly (Drosophila melanogaster) is well documented to have permeability 

transition [271], its full genome has been sequenced and like crustaceans it is an arthropod, 

which makes this species valuable for comparison. BKA sensitivity is hard to evaluate on 

the basis of ΔΨm experiments (Fig. 32), because ΔΨm was unstable and was affected by 

BKA. As the membrane potential is slightly hyperpolarized when BKA was present (trace 

b, red) compared to the control (trace a, black), we conclude that the ANT present in D. 

melanogaster is sensitive to BKA. 

 

Figure 32: Safranin O fluorescence expressed in percentage of polarization of Drosophila melanogaster 

mitochondria. 0.25 mg/ml mitochondria was injected at 50 s to the experimental media. 20 µM BKA 

(trace b, red) or 2 µM cATR (trace c, green) were added when indicated by the arrows. 2 mM ADP was 

added at 200 s. 
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6.3.9. Branchiostoma lanceolatum 

Both quality and quantity of mitochondria yielding from the invertebrate chordate, 

Branchiostoma lanceolatum were low, and only the demonstration of BKA sensitivity 

could be achieved using this species (Fig. 33). We attempted but failed to isolate 

mitochondria from another invertebrate chordate: Ciona intestinalis. 

6.4. 

Figure 33: Safranin O fluorescence expressed in percentage of polarization of Branchiostom lanceolatum 

mitochondria. 0.25 mg/ml mitochondria was injected at 50 s to the experimental media. 20 µM BKA 

(trace b, red) or 2 µM cATR (trace c, green) were added when indicated by the arrows. 2 mM ADP was 

added at 200 s. 
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The BKA binding site remains elusive 

BKA is an inhibitor of both the ANT and the PTP in mammals. The identification of the 

BKA binding site could lead to the design of novel PTP inhibitors that do not effect 

nucleotide translocation of mitochondria. We have shown that mitochondria from Artemia 

are refractory to inhibition by BKA, and identified taxonomically close species from the 

crustacean subphylum that are sensitive to it. 

6.4.1. Sequencing the ANT of Artemia franciscana 

The results prompted us to clone and sequence ANT of Artemia franciscana. In the 

literature, an incomplete 834-bp sequence has been reported (EF660895.1). Gene-specific 

primers for RACE PCR were designed on the basis of highly conserved regions of the 

known ANT nucleotide sequences from other species and the partial A. franciscana ANT 

sequence. RACE PCR products were sequenced, and the final assembled 1213-bp 

nucleotide sequence was submitted to GenBank (accession number: HQ228154). 

Alignment revealed 99% similarity to the partial A. franciscana ANT sequence 

(EF660895.1) and significant similarity (69–76%) to the sequences of human, bovine, rat, 

mouse, Xenopus, Drosophila C.elegans, Branchiostoma, Crangon and Palaemon isoforms 

(Fig. 34). The deduced amino acid sequence of the ORF comprises 301 amino acids and 

includes the signature of nucleotide carriers (RRRMMM) as well as 77–79% similarity to 

other species [115, 314]. 

6.4.2. Partial sequences of the ANT of Crangon crangon and 

Palaemon serratus 

Initially the sequence of the Artemia ANT was compared to human, bovine, rat, mouse, 

Xenopus, Drosophila Caenorhabditis, Branchiostoma, Crangon and Palaemon isoforms. 

We are currently working on obtaining the ANT sequences of the investigated crustaceans. 

Partial sequences of the ANT of Crangon crangon and Palaemon serratus have already 

been successfully cloned. PCR products were sequenced and the final assembled nucleotide 
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sequences were submitted to GenBank (accession numbers: JQ269837 and JQ269838 for 

Palaemon serratus and Crangon crangon, respectively).  

6.4.3. Comparison of the primary sequence of Artemia ANT with 

that of other species 

On Fig. 34 the alignment of known protein sequences of isoforms of the ANT from 

different species are shown. Amino acids are represented by their single character code, a 

dot represents a deletion. Highly conserved regions are marked by yellow and fully 

conserved regions by red. To the best of our knowledge, the sequences of the ANTs 

expressed in organisms belonging to the same phylogenetic branch but other than Artemia, 

Crangon and Palaemon, are not known. Nonetheless, within a highly conserved region of 

amino acid sequence from position 188 to 260, the stretch 221-229 (PKQNLFI) exhibits a 

low degree of homology among the BKA-sensitive crustacean Crangon crangon and 

Palaemon serratus and the BKA-insensitive Artemia franciscana. It cannot be 

overemphasized that there can still be additional ANT isoforms in Crangon crangon and 

Palaemon serratus, since we used their abdominal muscles as a whole, and not an 

individual organ was dissected (for the purpose of bulk generation for obtaining sufficient 

yields for mitochondrial isolation). However, an exhaustive search of different primers 

based on multiple sequence alignment between Artemia franciscana, Branchiostoma 

floridae, Caenorhabditis elegans and Drosophila melanogaster homologues of ANT, 

yielded only one suitable transcript that was sufficiently long and contained the signature 

sequence RRRMMM [115, 314]. 
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Figure 34: Multiple sequence alignments of known isoforms of the ANT expressed in different species.  
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6.4.4. Comparison of the predicted three-dimensional structure of 

Artemia ANT with that of bovine ANT 

The structure of bovine ANT (isoform 1) is known (structure: pdb1okc) [115], and we were 

therefore able to compare it with the predicted structure of Artemia ANT, on the basis of its 

amino acid sequence. The two proteins are superimposed in Fig. 35. Bovine ANT is shown 

in red, and Artemia ANT in blue. It becomes immediately apparent that the two proteins are 

very similar, except for the three designated areas (a, b, and c). The part of bovine ANT 

that is different from Artemia ANT is colored yellow, and the corresponding part of 

Artemia ANT is colored magenta. In region a, this corresponds to the subsequence 228-

237, in region b, to the subsequence 58-63 in and in region c, to the subsequence 22-23 of 

the multiple sequence alignments shown on Fig. 34.  

 

Figure 35: Predicted 3D structure of the Artemia ANT, overlapped by the known bovine structure. 
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6.4.5. The Artemia ANT expressed in yeast 

The effort of the heterologus expression of Artemia ANT in yeast (Saccharomyces 

cerevisiae) was done in order to gain a good model for genetic manipulation that would 

allow identification of the BKA binding site. Because I was not involved in this study, it 

will be discussed briefly in this thesis, only to explain how its findings expand on the 

results of my PhD work. 

Saccharomyces cerevisiae expresses three isoforms of ANT. Two strains were generated, in 

which the genes of the Saccharomyces ANT1 and ANT3 were inactivated and the ANT2 

isoform was replaced with the Artemia ANT (ArANT) containing a hemagglutinin tag 

(ArANT-HA). Sal1p mediates a Ca
2+

-dependent import of ATP-Mg from the cytosol to the 

mitochondria under conditions where these organelles are ATP consumers [315, 316], 

thereby maintaining or promoting cell survival. In one of the strains the suppressor of 

ΔANT2 (inactivated ANT2) lethality, SAL1, was inactivated but a plasmid coding for yeast 

ANT2 was included, because the ArANTΔsal1 strain was lethal. In both strains ArANT-

HA was expressed and correctly localized to the mitochondria. 

The most important findings were as follows: i) respiratory growth of yeasts expressing 

ArANT-HA was arrested by BKA only in the strain coexpressing SAL1; ii) fermentative 

growth of yeasts expressing ArANT-HA was arrested by BKA only in the strain in which 

SAL1 was absent, and iii) adenine nucleotide exchange mediated by ArANT-HA expressed 

in yeasts became sensitive to BKA, in a manner independent of SAL1. 

Mindful of the fact that that Artemia franciscana is refractory to BKA and that BKA binds 

directly on the carrier [317, 318], (reviewed in [106]) one explanation could be a yet to be 

identified protein conferring ArANT resistance to BKA is present in mitochondria from 

Artemia franciscana. The generation of the database of the Artemia mitochondrial 

proteome would allow search for proteins that could play such a role. 

Relevant to this, the lipid environment in which the ANT is embedded is a critical 

component for exchange activity in both yeast and mammals [319-321]. Indeed, a high 
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sensitivity of yeast ANT2 to the cardiolipin content has been previously demonstrated [322, 

323]. The lipid composition of the inner mitochondrial membrane of Artemia in which 

ArANT is embedded may be very different from that in yeasts or any other organism to the 

extent that affords BKA resistance. 
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7. Discussion 

Imbalance of cellular death by the opening of the permeability transition pore is thought to 

be an important player in untreatable diseases, such as different types of neurodegeneration, 

cancer and autoimmune diseases. The pore has been described almost 35 years ago, but the 

attempts aimed at identifying its molecular structure remained unsuccessful. Until recently, 

no animal species were known to lack the PTP. The finding that mitochondria from the 

embryo of the brine shrimp, Artemia franciscana do not undergo permeability transition 

upon treatment of well characterized inducers of the pore provides an opportunity for the 

identification of the PTP by novel approaches. 

Our experiments on Artemia revealed a highly capable Ca
2+

 uptake machinery, that 

mechanistically resembled that of the mammalian consensus, but was different from it in 

some aspects. The Ca
2+

 uptake was sensitive to Ru 360, indicating the process is primarily 

executed by the Ca
2+

 uniporter. Pi was the necessary counter ion for Ca
2+

 uptake, which fact 

was also confirmed by EELS microscopy. 

However, in contrast to mammals, ADP and ATP both decreased Ca
2+

 uptake capacity in 

Artemia. In the case of mammals the well-established explanation is the inhibitory effect of 

these nucleotides on the PTP. The inhibitory effect of ADP in Artemia could be abolished 

by blockage of ADP/ATP exchange either directly by inhibition of the ANT by cATR or 

indirectly, by inhibition of the FoF1 ATP-ase by oligomycin. Therefore ADP needs to enter 

the matrix in order to mediate its effect. Matrix ADP could cause this by two different 

mechanisms: I) by decreasing membrane potential or II) by binding to a specific matrix 

binding site. The two inhibitors, cATR and oligomycin have different effects on the matrix 

ADP pool: at sufficiently high membrane potential (both ANT and the FoF1 ATP-ase in 

forward mode), when cATR inhibits the ANT the ADP concentration slightly decreased (it 

is normally low even in phosphorylating mitochondria due to the higher flux control 

coefficient of the FoF1 ATP-ase compared to the ANT), as matrix ATP cannot be 

exchanged for ADP, however in the case of oligomycin, the matrix ADP level is increased, 

because ADP cannot be converted into ATP by oxidative phosphorylation (or substrate-
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level phosphorylation in the matrix by succinyl-thiokinase, as we used succinate in our  

substrate combination, which disfavors the reaction). Therefore we conclude that Ca
2+

 

uptake in Artemia is unaffected by matrix ADP concentration, and it is more likely that 

ADP inhibits Ca
2+

 uptake in Artemia mitochondria due to reducing membrane potential and 

thereby decreasing the driving force for Ca
2+

 uptake, rather than regulating Ca
2+

 dynamics 

by binding to a specific binding site inside the matrix. 

ATP on the other hand does not need to enter the matrix and likely binds on the outer 

surface of mitochondria to affect Ca
2+

 uptake. This finding provides another possible 

explanation for the inhibitory effect of ADP: the inhibition is indirect and is in fact caused 

by the ATP produced by mitochondria, which can be abolished by the inhibition of ATP 

production by either cATR or oligomycin. These findings open up several new interesting 

questions regarding Ca
2+

 uptake in Artemia. 

We investigated mitochondrial morphology of Artemia with transmission electron 

microscopy. Artemia mitochondria have a highly similar appearance to mammalian 

mitochondria regarding size and christae structure. However when loaded with high 

amounts of Ca
2+

, needle like electron-dense formations appear in the matrix of Artemia 

mitochondria, whereas in mammals, Ca
2+

 sequestration results in ring-shaped or dotted 

structures. EELS was used to confirm the electron-dense structures to be rich in Ca and P. 

Similar morphology can be observed in mammals only when Mg
2+

 and ADP concentrations 

are low. In the presence of ADP Artemia mitochondria also showed dot like precipitates. 

We have not investigated whether the morphological change is due to the decreased Ca
2+ 

uptake capacity caused by ADP or the direct effect of ADP on the precipitates, however the 

possibility that the needle-like structure of the precipitates is a contributor to the high Ca
2+

 

uptake capacity in Artemia cannot be ruled out. 

During our investigation we found that other classical PTP inhibitors that effectively 

increase Ca
2+

 uptake capacity on mammalian mitochondria had no effect on Ca
2+

 uptake in 

Artemia. A well-described inhibitor of the ANT, BKA is also such inhibitor of the PTP. We 

found Artemia to be insensitive to the ANT inhibitory effects of BKA: it failed to reverse 
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the depolarizing effect of ADP on ΔΨm experiments and in contrast to cATR, it did not 

affect ATP production. Inhibition by BKA on Artemia mitochondria could only be 

achieved by substantial decrease of the pH and the increase of BKA concentration. This 

finding is relevant, as the ANT is a known regulator of the PTP, but it is dispensable to the 

process. The possibility that these characteristics of Artemia mitochondria are connected to 

the absence of the PTP could not be overlooked, and we wished to test this hypothesis. 

In order to do this we needed more closely related organisms to Artemia than vertebrates, 

so that a reliable comparison could be made. Artemia are extremophiles inhabiting harsh 

environments, with remarkable resilience to different kinds of physical and chemical stress. 

The absence of the PTP in these animals was originally investigated to provide an 

explanation for this resilience. Based on the fact that distinctly related eukaryotes such as 

fungi plants and all other animals that had been investigated by the time exhibited the PTP, 

the original authors assumed this was a unique trait of Artemia embryos. When we tested 

other non-extremophile, salt- and freshwater inhabiting crustaceans by similar methods, we 

surprisingly found that they all lacked the PTP without exception. Furthermore we 

observed no resistance to BKA in any of the newly investigated species, which falsified our 

early hypothesis regarding a connection between these two characteristics. Our new 

assumption was that the PTP was lost at some point in the evolution of the crustacean 

subphylum. We believed, that narrowing down at which point the mechanism of PT was 

lost in these animals would lead to clues about the molecular entity of the PTP. We 

therefore started characterizing species that branched off from crustaceans at different 

points during evolution. We were also interested if we would find species in other phyla 

that lacked PT. 

To date we have not identified non-crustacean species without the PTP, and we found that 

the closest species to crustaceans exhibiting PTP are Drosophila. We conclude that the lack 

of PT is a unique trait of crustaceans. Fig. 36 is a taxonomic tree summarizing our findings: 

species in red exhibit permeability transition and species in green do not. The species which 

were first investigated by us for the presence of the PTP are marked by underline. 
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Figure 36: Taxonomic tree of the list of species that will be compared. Red: PTP exhibiting species, 

green: species without PTP, *: uncertain, more experiments are needed. Species that were first 

investigated by us are underlined. Blue triangle: mitochondrial proteome available, blue circle: 

transcriptome available. 
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Our future perspectives are to establish a database of mitochondrial proteomes and 

transcriptomes of these species. The analysis of such databases could pinpoint proteins that 

are absent in the non-PTP species and eventually lead to the identification of the PTP. In 

Fig. 36 the blue circle indicates species for which the transcriptome and the triangle for 

which the mitochondrial proteome is available. 

Tough the BKA resistance of Artemia is unrelated to the absence of PTP, we believed that 

further investigation could lead to the identification of the bongkrekate binding site of the 

ANT. The BKA binding site is an unknown potential drug target for PTP inhibition and we 

sought to identify it by comparison of the Artemia ANT to multiple other sensitive ANT 

sequences. So far, our success in sequencing the full Artemia sequence, and the partial 

sequences of Crangon crangon and, Palaemon serratus highlights the amino acid sequence 

221-229 (by the numbering of Fig. 34, PKQNLFI) to be possibly responsible for the BKA 

resistance of Artemia. A diminished effect of BKA has been demonstrated in yeast mutants 

[324, 325], but the site(s) of the mutation(s) have never been identified, although in another 

study mutations in transmembrane segments I, II, III and VI were reported to confer partial 

resistance to BKA [326]. With our collaborators, we were unsuccessful in demonstrating 

BKA insensitivity in yeast expressing the cloned Artemia ANT. This author has not 

contributed to the work of the ANT sequencing and the yeast studies. 
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8. Conclusions 

Based on initial findings, we concluded that the Ca
2+

 uptake machinery in the primitive 

arthropod, Artemia franciscana is similar to the mammalian consensus in its basic 

principles of mechanism. We also confirmed that uptake capacity is higher and PT cannot 

be evoked in this species, furthermore we described unique traits of the Ca
2+

 uptake 

machinery and matrix Ca
2+

 precipitates. We found insensitivity to the inhibitory effect of 

bongkrekate on the adenine nucleotide translocator in isolated mitochondria from the 

embryos of Artemia franciscana. To us this finding was intriguing, because the ANT was 

previously proposed (and disproven) to be a structural component of the PTP. We later 

found no connection between the two phenomena and began investigating them separately. 

To test if the bongkrekate resistance is in fact due to the unique ANT expressed in Artemia 

our collaborators attempted to express it in yeast cells while silencing the native yeast 

isoforms present. Growth of yeast expressing only the Artemia ANT remained sensitive to 

bongkrekate. Though these results are disappointing, some conclusions can be made: the 

insensitivity of Artemia to BKA might be due to some other protein entity either absent in 

mitochondria of the Artemia that is otherwise necessary for conferring sensitivity to BKA, 

or present that is masking the BKA binding site. Insensitivity could also be caused by 

unique physical properties of these mitochondria, such as differences in membrane 

characteristics.  

To elaborate on the absence of PT in Artemia we decided to use new animal models. 

Testing several other crustaceans for the presence of the classical PTP yielded no species 

exhibiting it, regardless of the habitat or lifestyle. All other invertebrates we checked (as 

every non-crustacean animal ever described in the literature) were positive for the presence 

of the PTP. We propose that the subphylum of the crustaceans generally lack the pore. 

We plan to expand the number of species investigated, primarily by the use of additional 

crustaceans. We will investigate the tadpole shrimp (Triops canciformis),which is the most 

ancient living crustacean, the fairy shrimp, which is the closest freshwater species available 
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relative to Artemia, and the common woodlouse (Oniscus asellus). Including other 

arthropods in the study would also be rational, because the closest species to crustaceans 

known to exhibit the PTP to date is an insect. 

The extent of conservation of PT throughout the animal kingdom indicates it may have an 

important physiological role. Indeed, mice in which the PTP is inhibited greatly by the 

genetic ablation of CypD show a phenotype of cardiac hypertrophy and higher fatigue in 

response to exercise. The idea of PT being a Ca
2+

 release pathway in mitochondria is in 

agreement with the phenotype of the CypD KO mice, however it has not been 

experimentally proven. In light of this theory, one could expect to see adaptations of Ca
2+

 

handling in crustacean mitochondria as a result of compensation for the loss of the PTP.  

Tough we found no fundamental differences in the mechanism in Artemia, quantitative 

analysis of Ca
2+

 handling kinetics could lead to a better understanding of the physiological 

role of the PTP. 

We pursue our main goal of identification of the structural elements of the PTP by building 

a database of the mitochondrial proteomes of a number of selected species investigated and 

comparing of the proteomes of the two groups of PTP exhibiting and non-exhibiting 

species, searching for proteins absent in either group. As the PTP building proteins may 

only have lost their function and still be present in crustaceans, this approach has some 

inherent risk, however the PTP structure has been a puzzle for more than thirty years and 

has great scientific value. 
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9. Summary 

Regulated permeabilization of the inner mitochondrial membrane through the opening of 

the permeability transition pore in response to stress stimuli is thought to play an important 

role in different neurodegenerative disorders and ischameia-reperfusion damage. The PTP 

is a highly conserved feature among eukaryotes, with only one exception described in the 

animal kingdom: the Artemia franciscana. In this study we attempted to find hints about the 

unknown protein entities serving as structural building blocks of the PTP, through the 

thorough biochemical characterization of Artemia mitochondria. We found that this species 

was resistant to the inhibitory effect of bongkrekate on its ANT. We hypothesized that this 

trait could be related to the lack of the PTP. Upon obtaining the primer sequence of the 

Artemia ANT and generating multiple sequence alignments against other ANT orthologs, 

we found the 221-229 (by the numbering of Fig. 34, PKQNLFI) region to be dissimilar in 

the Artemia sequence and deduced it was a possible BKA binding site. 

In a collaboration we also intended to express the Artemia ANT in yeast, which we were 

expecting to confer BKA resistance, however the transfected yeast remained sensitive to 

BKA, the reason for which is currently under investigation.  

We screened a number of invertebrates for the presence of PT at different phylogenetic 

proximities from Artemia, in order to clarify when it was lost. We identified six novel 

species that do not exhibit the permeability transition pore and showed that PT can be 

provoked in six other species, belonging to taxa, in which presence of PTP had not been 

studied previously. Our investigation utilized variable methods to test the functionality of 

the PTP in each of the species. Based on our results, we postulate that the PTP is a 

universal trait in the animal kingdom, except for the crustacean subphylum. We also 

clarified that bongkrekate insensitivity was not necessary for the lack of PTP. Our future 

plans are to attempt to find candidate proteins of PTP structure by compering PTP 

exhibiting and non-exhibiting species by a proteomics study on highly purified 

mitochondria from the selected species. 
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10. Összefoglalás 

A belső mitokondriális membrán áteresztőképességének a permeabilitási tranzíciós póruson 

kertesztül szabályozottan történő megnövekedése fontos lépés lehet különböző 

neurodegeneratív betegségek és az ischaemia-reperfúziós károsodás patomechanizmusában. 

A PTP az eukarióták nagy többségében megörzött jelenség, ami alól az állatvilágban 

egyetlen kivétel került leírásra: az Artemia franciscana. A bemutatott tanulmány célja a 

PTP struktúrális elemeinek felderítése, aminek érdekében elsőként az Artemiából származó 

izolált mitokondriumok bioenergetikai vizsgálatát végeztük el.  Ezen faj adenin nukleotid 

transzlokáza ellenáll a bongkrekiksav gátló hatásának, ami alapján feltételeztük, hogy ez a 

jelenség összefügghet a PTP hiányával. Az Artemia adenin nukleotid transzlokázának 

primer szekvenciáját vizsgálva felfigyeltünk egy kevéssé konzervált régióra, mely 

lehetséges, hogy a bongkrekát kötőhelye. 

Egy kollaboráció keretein belül kísérletet tettünk az Artemia adenin nukleotid 

transzlokázának expresszálására élesztőben, annak reményében, hogy az ugyancsak 

ellenálló lesz bongkrekáttal szemben, azonban ez sikertelen volt, amire a magyarázatot 

jelenleg keressük. 

Filogenetikailag változóan távoli fajok vizsgálatán keresztül kívántunk fényt deríteni arra, 

miként veszett el a PT jelensége az Artemiából. Sikerrel azonosítottunk hat gerictelen 

állatfajt melyekben a permeabilitás tranziciós pórus hiányzik, továbbá hat olyan taxához 

tartozó fajban írtuk le a pórus létezését, melyekben az korábban nem volt vizsgálat tárgya. 

Eredményeink hitelességének érdekében mindegyik fajban a pórus jelenlétét több 

különböző módszerrel is megvizsgáltuk. A leírtak alapján arra következtetünk, hogy a PTP 

az állatvilágban univerzális jelenség, mely valamikor a rákfélék altörzsének korai 

evolúciója során elveszett. Tisztáztuk továbbá, hogy a bongrekát érzéketlenség nem 

feltétele a tranzíciós pórus hiányának. A jövőben a PTP-vel rendelkező, és az azt nem 

mutató fajokból izolált tisztított mitokondriumpreparátumok proteomikai összehasonlításán 

keresztül reméljük a PTP struktúrális elemeit azonosítani. 
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