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Abstract: We investigated dATP and cytochrome C-induced apoptosome formation as a source of a 

reliable and natural process of programmed cell death in the brain of newborn rats. We tried to find 

out which of the probable participants in apoptosis is responsible for the nonlinear growth of 

apoptosome formation at the moment of initiation of their assembly. It was found that stimulation 

of actin assembly by various substances, for example, RNase A or cations (Na+ or K+), leads to the 

induction of apoptosome formation. Actin polymerization inhibitor, cytochalasin D interferes with 

the stimulation of apoptosome assembly. We have shown for the first time that the organization of 

apoptosomes is directly related to the cytoskeleton and we propose to consider beta-actin as a key 

regulator of apoptosome formation, including it in the list of proteins that are critical for cell 

programmed death. 
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1. Indroduction 

Cell death is a normal natural process that regulates the cell population, and it is a tool for 

differentiation, tissue-/organo-genesis. The most reliable evidence of apoptosis is the presence of 

activated executor caspases [1]. Caspases are cysteine-dependent aspartate-specific proteases that 

recognize (with a significant degree of specificity) the tetrapeptide -D-X-X-D- in the protein sequence 

and cleave them at the aspartate residue. Depending on their functions, caspases are divided into two 

groups, initiator and executor. Executing enzymes are at the end of the cascade and cause irreversible 

destruction of the cellular structure. Initiating enzymes are at the beginning of the cascade and can 

be activated by triggers of apoptosis [2]. 

Despite the fact that the events that occur during cell death are well understood, this process 

still contains undescribed details which require clarification. To activate caspases in vitro, as a rule, 

the reaction of activation of the assembly of apoptosomes with cytochrome C and dATP is used [3]. 

It is assumed that in the presence of these two components, the APAF-1 protein is heptamerized and, 

together with procaspase-9, forms apoptosomes. This protein complex plays a key role in apoptosis, 

because it activates caspase-9, which in turn specifically cleaves and thus turns on the executor 

caspases -3, -6, -7, and, as a rule, if this process is activated, it cannot be returned or stopped without 

the use of a specific inhibitor [4]. 

More and more data indicate that the movement of apoptosis proteins into or out of 

mitochondria is extremely important for the realization of programmed cell death. Non-muscle 

cofilin is a member of the actin depolymerizing factor (ADF)/cofilin family of actin depolymerizing 

proteins. ADF and n-cofilin relocate to mitochondria during cell death by an as yet unknown 

https://cells2020.sciforum.net/


Proceedings 2020, 4, x FOR PEER REVIEW 2 of 10 

 

mechanism. This movement depends on actin, which also relocates to the mitochondria. In 

experiments using iRNA of n-cofilin, it was found that inhibition of the synthesis of this protein leads 

to a interruption of cytochrome C release and suppression of apoptosis [5]. 

Futher experiments with null mutations of all ADF/cofilin isoforms showed that the release of 

cytochrome C from mitochondria, activation of caspase-3, and apoptotic condensation of chromatin 

did not change in all mutant cells. Thus, the role of proteins in apoptosis that are associated with ADP 

release from actin, destruction of F-actin, and interact with mitochondria at the moment of apoptosis 

is still not clear [6]. The participation of actin in the formation of apoptosomes is not obvious also. It 

is assumed that ADF/cofilin is usually not required for the induction or progression of apoptosis in 

mammalian cells. 

We investigated cytochrome C-induced apoptosis in the brain homogenate of newborn rats as a 

source of a reliable and natural process of programmed cell death. We tried to find out which of the 

probable participants in apoptosis is responsible for the nonlinear growth of apoptosome formation 

at the moment of initiation of their assembly. 

2. Experiments 

The brain tissues cooled on ice were minced and homogenized according to the protocol for the 

isolation of intact mitochondria [7] in order to reduce the effect of endogenous cytochrome C (cyt C), 

in an isolation medium at a ratio of 1:2 w/w, in an isotonic medium with 225 mM sucrose, 75 mM 

mannitol, 1 mM EGTA, 20 mM HEPES-NaOH (pH 7,4), protease inhibitors cocktail (Sigma, USA) and 

2 mM DTT at 4 °C. The homogenate was centrifuged sequentially for 10 min at 1330× g, and then the 

supernatant was centrifuged for 1 h at 50,000× g. The obtained cytoplasm was stored on ice before 

use. 

Apoptosis was induced with buffered solution of 5 μM cyt C and dATP (1 mM) for 1 h at 32 °C. 

Protease reactions were performed in a volume of 200 μL at 37 °C. The activity of caspase-3 was 

measured using the substrate (Z-Asp-Glu-Val-Asp)2-Rhodamine 110 (Z-DEVD)2R110 in 10 mM Tris 

or 30 mM HEPES buffer, (pH 7.3) at λex = 485 nm and λem = 535 nm. (Z-DEVD)2R110 as a substrate was 

used to measure caspase activity together with 20 μM bortezomib or 2 μM AdaAhx3L3VS to reduce 

background proteasomal activity. Emricasan was added to confirm caspases’ specificity [8]. 

Cytoplasm was fractionated by high molecular weight gel filtration with HW-65 (Supelco, 

Japan) on a column of 50 cm × 1 cm, at the rate of 0.3 mL/min. Each fraction was re-concentrated on 

150 kDa filters (Millipore, USA). 

Nucleic acids (nuclear DNA, mitochondrial DNA, total RNA, mRNA, tRNA) were isolated from 

brain lysate of newborn rats according to the manufacturer’s protocol (Qiagen, USA). Yeast tRNA 

was purified from a commercial preparation (Millipore, USA) by ion-exchange chromatography on 

DEAE-Sepharose according to a well-known protocol. The concentration of nucleic acids was 

determined spectrophotometrically. 

F- and G- actin were purified from the newborn and adult rat brains according to the described 

earlier method [9]. 

A modified Bradford method [10] and CBQCA Protein Quatitation Kit (Invitrogen, USA) were 

used to determine the protein concentration. 

3. Results 

Measurement of the emricasan-depended activity [11] (Z-DEVD)2R110-ase, which are not 

inhibited with 20 μM bortezomib (or 2 μM AdaAhx3L3VS) in lysates of newborn rats’ brains after 

adding of cyt C and dATP, showed, that it exists only in the cytoplasm and is absent in membranes 

(data not shown). It was found that the addition of cations to the reaction mixture significantly 

increases the activity of caspases, and the protein concentration is essential. For example, Vmax was 60 

± 12 and 172 ± 14 nmol/mg protein/min, and Km for the substrate was 4.2 ± 0.1 and 1.25 ± 0.17 μM, at 

a protein concentration of 3.75 and 5.5 mg/mL, respectively. The addition of 40 mM KCl to the 

reaction mixture led to a significant change in both Vmax - 1300 ± 120 and 2400 ± 100 nmol/mg 
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protein/min, and Km - 0.56 ± 0.1 and 0.13 ± 0.05 μM, for 3.75 and 5.5 mg/mL of protein, respectively. 

The dependence of activity on protein concentration was exponential (Figure 1). 

. 

Figure 1. Dependence of the formation of apoptosomes from concentration of cytoplasmic protein. 40 

mM KCl was added 15 min before adding of cytochrome C and dATP. In control was added the 

buffer. Data are presented as mean ± SD, n = 3. 

Cations in a dose-dependent manner stimulated the activity of caspases, but only when added 

before or together with inducers of apoptosome formation, while 30–40 mM potassium or sodium 

had the maximum effect (Figure 2). 
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Figure 2. Cation dependence of the formation of apoptosomes. Concentration of cytoplasmic protein 

was equal to 2 mg/mL. NaCl, KCl were added 15 min before the induction of formation of 

apoptosomes. In control NaCl/KCl were added after the induction and probes were incubated more 

for 15 min. Data are presented as mean ± SD, n = 3. 

After the reaction of induction of the formation of apoptosomes, the addition of monovalent 

cations did not change the activity of caspases. Concentration-dependent inhibition was also 

observed in the range of 90–120 mM if cations were added before and no effect if added after 

activation (Figure 2). Replacing sodium or potassium chlorides with NMDG-Cl at the same 

concentrations had no effect. The use of K-, Na-MOPS instead of chlorine salts did not fundamentally 

change the character of stimulation with cations, but shifted the maximum of activation magnitude 

on 10 mM to the left - up to 30 mM (data not shown). 

The addition of plasma membranes had a similar effect to cations, significantly increasing the 

number of activated caspases and the affinity for the substrate. For example, for the case with a 

protein concentration in the cytoplasm equal to 3.75 mg/mL, Vmax increased from 60 ± 12 to 1100 ± 220 

nmol/mg protein/min, and Km decreased in more than 2 folds. In this case, the addition of cations to 

the reaction mixture with membranes had an additive effect. All the membranes that we tried had an 

effect: plasma membranes from the brains of adult and newborn rats, membranes from the heart 

tissue and the erythrocyte ghosts. As in the case with other inducers of apoptosis, the membranes 

effected prior to activation of apoptosome assembly mainly (Figure 3). 

 

Figure 3. Dependence of the formation of apoptosomes from the presence of membranes from brain 

cortex of newborn rats. Concentration of cytoplasmic protein was equal to 2 mg/mL. The membranes 

were added 15 min before the induction of formation of apoptosomes. In control the membranes were 

added after the induction and probes were incubated more for 15 min. Data are presented as mean ± 

SD, n = 3. 

Other potential regulators of caspase activity may be inhibitor proteins, in particular IAP/XIAP 

[12]. We used several structural inhibitors of IAP/XIAPs, and one of them LCL 161 turned out to be 

the most effective stimulator of caspase activity. Its use did not change significantly the mode of 

cation dependence (Figure 4). This drug also stimulated caspase activity after the induction of 
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apoptosome formation. The mitochondrial protease inhibitor HtrA2/Omi had no effect on the process 

under study (data not shown). 

 

Figure 4. Effect of inhibitor of IAP/XIAP proteins on cation dependence of formation of apoptosomes. 

Concentration of cytoplasmic protein was equal to 2 mg/mL. 10 μM LCL 161 and KCl were added 15 

min before the induction of formation of apoptosomes. In control KCl was added before the induction 

and probes were incubated more for 15 min. Data are presented as mean ± SD, n = 3. 

We assumed that these effects can be explained by the actin state [13]. Actin polymerization 

inhibitor, cytochalasin D partially inhibited the induction of apoptosis (Figure 5). This compound 

reduced the dependence of the DEVDase activity of the cytoplasm on actin, but the pattern of 

activation of caspase assembly and an increase in their activity was reproduced, and the peak of the 

maximum efficiency was at the same potassium concentrations as without cytochalasin D. Inhibitors 

of microtubule formation colchicine and vinblastine had no effect. This observation indicates a 

potential involvement of actin in the activation of caspase-9/3. 
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Figure 5. Effect of cytochalasin D on cation dependence of the formation of apoptosomes. 

Concentration of cytoplasmic protein was equal to 1.75 mg/mL. 30 μM cytochalasin D at 4 °C was 

added 1 h before the induction, KCl was added 15 min before the induction of formation of 

apoptosomes. In control KCl was added before the induction and probes were incubated more for 15 

min. Data are presented as mean ± SD, n = 3. 

We used actin depleted cytoplasm after induction of its polymerization with 100 mM KCl. A 

half-hour preincubation of cytoplasm samples at a protein concentration of more than 2.5 mg/mL 

with 100 mM KCl makes it impossible to further induce apoptosis. In this case, fibrillar actin was 

separated by high-speed centrifugation, and the cytoplasm from the supernatant was concentrated. 

In order to decrease the KCl concentration to values at which it does not noticeably affect the 

induction of caspase activity after KCl, the cytoplasm was diluted 15 times before concentrating. The 

same manipulations with dilution and concentration were carried out with the control cytoplasm. 

There was no (Z-DEVD)2R110-ase activity after this procedure with KCl. Purified actin partially 

restored the ability of such cytoplasm to be activated by inductors, but complete recovery was not 

observed. To manipulate the ratio of F- and G-form of actin in the cytoplasm, we used RNase and/or 

DNase. 

It is known that DNase binds G-actin in an equimolar ratio, and RNase induces the formation of 

F-actin [14,15]. The effects of F-actin (polymerized form) and G-actin (mono-form) in their influence 

on the activity of caspases are opposite. Experiments have shown that F-actin stimulates and G-actin 

inhibits activity in a dose-dependent manner (Figure 6) This observation confirms our previous 

assumption about the connection between the caspases’ activation and actin. It is known that the 

assembly of monomeric G-actin into filamentous F-actin depends on nucleotides: ATP-G-actin is 

present at the growing “barbed end” of F-actin, whereas after hydrolysis of phosphate, ADP-G-actin 

dissociates from the “pointed” end. The addition of di- and triphosphate nucleotides to the cytoplasm 

prior to the induction of apoptosome assembly showed an obvious tendency to inhibition of the 

process of apoptosome formation. In contrast to the situation described above, RNase A in 

combination with nucleotides stimulated the reaction (Figure 7). The strongest stimulation by RNase 

A was observed with the use of ADP, while ATP and GDP also had an effect, but it was noticeably 

less. The addition of GTP did not affect the efficiency of induction (data not shown). 
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Figure 6. Dose-dependence of the formation of apoptosomes from actin in different forms. 

Concentration of cytoplasmic protein was equal to 1.75 mg/mL. Actin in different concentrations and 

2 μg of DNase 1 or 10 μg of RNase A on 100 μg of cytoplasmic protein were added 30 min before the 

induction. Data are presented as mean ± SD, n = 3. 

 

Figure 7. The influence of RNase A on nucleotide-dependence of the apoptosome formation. 

Concentration of cytoplasmic protein was equal to 1.75 mg/mL. Nucleotides were added 40 min 

before the induction. 10 μg of RNase A on 100 μg of cytoplasmic protein was added 30 min before the 

induction. Data are presented as mean ± SD, n = 3. 
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It is known that tRNA inhibits the assembly of apoptosomes in vitro; it is possible that in cells it 

also serves as a natural inhibitor of apoptosis [16,17]. We tested total RNA, mRNA, and tRNA from 

the brains of adult and newborn rats, yeast tRNA, as well as genomic and mitochondrial DNA. Only 

inhibition of the induction of apoptosome formation by nucleic acids was found at nucleic acid 

concentrations starting from 0.1 μg/mL with a plateau effect at concentrations from 1 μg/mL. After 

induction of apoptosome assembly, nucleic acids had no effect on caspase activity. Gel filtration was 

used to estimate the molecular weight of apoptosomes whose assembly was induced by cytochrome 

C and dATP. A single peak (800–500 kDa) of emricasan-sensitive caspase activity coincided with the 

distribution profile of particles of 20S proteasome. The same data were obtained in the case of 

cytoplasm fractionation after inducing to the formation of apoptosomes by cations, membrane 

preparations, or ADP+RNase. Gel chromatography of non-induced cytoplasm made it possible to 

isolate a protein fraction of 800–500 kDa. As a result of concentrating of this fraction, a sample was 

obtained in which cytochrome C and dATP could also induce caspase activity if the protein 

concentration was not less than 2.5 mg/mL. This activity was 2–5% of the caspase activity induced to 

apoptosis before separation. 

4. Discussion 

Apoptosis includes many participants that are involved in interaction with caspases and triggers 

of apoptosis, and energy resources are required for its execusion. The last consideration concerns the 

fact that ATP is required for the formation of apoptosomes. The only parameter that unambiguously 

indicates the appearance of apoptosis is the formation of apoptosomes [1]. 

We investigated the formation of these structures, considering what is happening from the point 

of view of the state of the cytoskeleton. It turned out that the exponential increase in the formation of 

apoptosomes with an increase in the concentration of the cytoplasmic protein is fully explained by 

the induction of the formation of F-actin. 

It is known studies performed by the method of immunoprecipitation of caspase-9 and 

subsequent mass spectroscopic analysis of proteins directly associated with this protease. It was 

found that caspase-9 interacts differently with various proteins before and after activation of 

apoptosome assembly. In an inactive state, caspase-9 binds to cytoskeletal proteins and histones. In 

the active state it binds to APAF-1 and other proteins that have proapoptotic functions, as well as 

with transcription factors and enzymes of carbohydrate metabolism [18]. It should be noted that out 

of 20 identified proteins associated with inactivated caspase -9, 12 belong to the system of actin 

filaments or are closely associated with actin or are part of the actin cytoskeleton. After activation of 

caspase-9 by cytochrome C and dATP, only 7 proteins that are not associated with the cytoskeleton 

are in close coupling to caspase-9 [18]. 

Many of the substances and proteins which we used effect the assembly/disassembly of actin 

filaments. For example, the reversal of the inhibitory effect of ADP by RNase A indicates the 

involvement of an unidentified important participant in the assembly of apoptosomes. We found that 

a certain state of actin filaments is necessary for the assembly of apoptosomes. A change in balance 

towards a predominance of G-actin inhibits the formation of apoptosomes. Conversely, the 

dominance of F-actin (in the presence of cations and ADP+RNase A) increases the number of active 

caspases and their affinity for the substrate in 60–80 folds (i.e., significantly enhances the activity of 

these proteases). A similar effect is exerted by the presence of membranes, whose proteins can be 

triggers of the assembly of actin filaments [14,15]. The described effect does not affect the molecular 

size of apoptosomes and it is not associated with caspase inhibitor proteins, such as IAP/XIAP. 

The monomeric or fibrillar state of actin influences its interaction with other actin molecules and 

actin-binding proteins. The W-loop of the actin molecule is a nucleotide sensor that regulates changes 

in actin depending on the nucleotide state [19]. We assume that opposite in character the effects of 

nucleotides upon stimulation of the formation of actin filaments could be indicated that proteins 

interacting with actin are involved in the formation of apoptosomes. The place of their location is 

possibly the point end of actin filaments. At the same time, the nucleotide-binding site of actin 

stabilizes actin in the ADP form [19]. Subsequent activation of F-actin polymerization by cytochrome 
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C leads to the induction of apoptosome formation. We can only imagine the outline of what is 

happening, but this explains the phenomena that until then were difficult to analyze. For example, it 

could be assumed that nucleic acids compete with cytochrome C in binding of the latter to actin, since 

tRNAs in apoptosomes are known to closely interact with cytochrome C [17]. 

We have shown for the first time that the organization of apoptosomes is directly related to the 

cytoskeleton and we propose to consider beta-actin as a key regulator of apoptosome formation, 

including it in the list of proteins that are critical for cell programmed death. 
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