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Abstract The role of ubiquitous mitochondrial creatine

kinase (uMtCK) reaction in regulation of mitochondrial res-

piration was studied in purified preparations of rat brain

synaptosomes and mitochondria. In permeabilized synapto-

somes, apparent Km for exogenous ADP, Km (ADP), in

regulation of respiration in situ was rather high (110 ±

11lM) in comparison with isolated brain mitochondria

(9 ± 1 lM). This apparent Km for ADP observed in isolated

mitochondria in vitro dramatically increased to 169 ±

52lM after their incubation with 1 lM of dimeric tubulin

showing that in rat brain, particularly in synaptosomes,

mitochondrial outer membrane permeability for ADP, and

ATP may be restricted by tubulin binding to voltage depen-

dent anion channel (VDAC). On the other hand, in

synaptosomes apparent Km (ADP) decreased to 25 ± 1 lM

in the presence of 20 mM creatine. To fully understand this

effect of creatine on kinetics of respiration regulation, com-

plete kinetic analysis of uMtCK reaction in isolated brain

mitochondria was carried out. This showed that oxidative

phosphorylation specifically altered only the dissociation

constants for MgATP, by decreasing that from ternary com-

plex MtCK.Cr.MgATP (Ka) from 0.13 ± 0.02 to 0.018 ±

0.007 mM and that from binary complex MtCK.MgATP (Kia)

from 1.1 ± 0.29 mM to 0.17 ± 0.07 mM. Apparent

decrease of dissociation constants for MgATP reflects effec-

tive cycling of ATP and ADP between uMtCK and adenine

nucleotide translocase (ANT). These results emphasize

important role and various pathophysiological implications of

the phosphocreatine–creatine kinase system in energy transfer

in brain cells, including synaptosomes.
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Abbreviations

CK Creatine kinase

uMtCK Ubiquitous mitochondrial creatine kinase

sMtCK Sarcomeric mitochondrial creatine kinase

Cr Creatine

PCr Phosphocreatine

ANT Adenine nucleotide translocase

VDAC Voltage dependent anion channel

DTT Dithiothreitol

SDS Sodium dodecyl sulfate

PEP Phosphoenol pyruvate

PK Pyruvate kinase
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Introduction

Normal functioning of nerve and brain cells requires

maintenance of gradients of ions and active transport

across the plasma membrane by using the free energy

released in the intracellular metabolic processes—in

mitochondrial respiration and glycolysis [1, 2]. Integration

of energy-producing and energy-consuming processes and

their fine regulation involve energy supply and feedback

metabolic regulation of respiration by phosphotransfer

systems based on the mechanisms of metabolic channeling

and functional coupling between different enzymes, mul-

tienzyme systems, and transporters [3–10]. It has already

been established in classical studies by Hodgkin and co-

workers on conduction of nerve impulse more than

40 years ago that both ATP and phosphagen (arginine

phosphate) are needed for active transport of Na+ and K+

in squid giant axons [11–13]. Energy transfer via the kinase

systems or localized glycolytic enzymes to membranes to

support transport processes (e.g., glutamate loading of

synaptic vesicles or Na+,K+-ATPase activity) is critical

also for brain function [1, 14–17]. Brain cells, as cardiac

cells, skeletal muscle, and many other cells contain a cre-

atine kinase (CK) system [14, 15]. In the brain, the CK

system is represented by the ubiquitous mitochondrial

isoenzyme, uMtCK, which is co-expressed with the

dimeric brain form, BBCK [14, 15]. Active role of creatine

kinase and adenylate kinase reactions in energy transfer is

essential for minimizing energy gradients, reducing energy

dissipation, and directing energy to sites and pathways for

specific processes [4, 8–10, 18, 19]. However, these pro-

cesses and mechanisms of their regulation are best studied

in great details in heart cells, allowing also their quantita-

tive description and analysis by mathematical models [4, 5,

7–9, 18], but much less is known about the mechanisms of

these processes in brain cells, mostly due to fine-grained

cellular heterogeneity and technical difficulties of

approaching the brain systems in vivo [1, 20]. In particular,

the detailed mechanism of interaction of uMtCK with the

oxidative phosphorylation provided by the ATP syntha-

some (a supercomplex of ATP synthase F0F1 with adenine

nucleotide translocase and Pi-carrier) [21] in the inner

mitochondrial membrane of brain mitochondria is not

known. Functioning of the creatine kinase pathway is

necessary for effective communications between intracel-

lular microcompartments of adenine nucleotides resulting

from localized restrictions of their diffusion [10, 22]. The

precise mechanism behind these restrictions of the intra-

cellular diffusion of adenine nucleotides is still to be

investigated. It has been hypothesized that the restriction of

the diffusion of adenine nucleotides may occur at the level

of mitochondrial outer membrane due to the interaction of

the voltage dependent anion channels (VDAC) in this

membrane with some of the components of cytoskeletal

network of the cells [4, 23, 24]. One of the candidates for

this interaction may be tubulin which has been shown to be

able to bind to the outer mitochondrial membrane [25, 26].

Therefore, the aim of this study was to investigate

quantitatively the role of the uMtCK reaction in regula-

tion of mitochondrial respiration in the purified rat brain

synaptosomes in which mitochondria exist in their phys-

iological intracellular surrounding [2, 16, 17, 27, 28].

Reconstitution of mitochondrial complexes with cyto-

skeleton was achieved by using isolated rat brain

mitochondria and tubulin. The results emphasize the

importance of effective production of phosphocreatine by

uMtCK in brain mitochondria due to its functional cou-

pling to ANT, leading to recycling of adenine nucleotides,

and pointing therefore to the critical role of coupled

creatine kinase system in energy transfer in brain

synaptosomes.

Material and method

Isolation procedures

Rat brain synaptosomes and isolated mitochondria

Male Wistar rats (250–300 g) were used throughout the

study. Synaptosomes and mitochondria were isolated from

the forebrains as described by Booth and Clark [29].

The final synaptosomal and mitochondrial pellets were

suspended in 2 ml of Mitomed solution (EGTA 0.5 mM,

MgCl2 3 mM, K-lactobionate 60 mM, taurine 20 mM,

KH2PO4 3 mM, sucrose 110 mM, DTT 0.5 mM, HEPES

20 mM, pH 7.1).

Isolation and purification of tubulin

Tubulin from rat brain and bovine brain was used with

equivalent results. The bovine tubulin was obtained from

Cytoskeleton (Boulter, CO, USA). The rat brain tubulin

was purified as previously described [30, 31]. Frozen rat

brains were thawed, homogenized in Assembly Buffer

(0.1 M Mes, 1 mM EGTA, 1 mM MgCl2, pH 6.9), and

centrifuged at 100,000g. Microtubule protein (tubulin plus

microtubule associated proteins) was purified by several

rounds of GTP-driven, temperature-dependent polymeri-

zation and depolymerization [30]. Tubulin was then

purified from this material by selective polymerization in

high buffer concentration, pelleted by centrifugation,

redissolved in Assembly Buffer at 25 mg/ml, and drop

frozen in liquid nitrogen [31]. In its final form the tubulin

used was the ab-heterodimer [30, 31].
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Oxygraphy

All measurements of respiration rates were performed by

using the high resolution respirometry (Oroboros oxygraph,

Innsbruck, Austria). To achieve the maximal stability of the

respiratory parameters of the permeabilized cellular prepa-

rations, the previously used medium [32] was replaced by the

Mitomed solution [33, 34] supplemented with 2 mg/ml

essentially fatty acid free bovine serum albumin. This solu-

tion allowed us to avoid using high EGTA concentrations

and serious problems related to the contaminations in the

commercial preparations of EGTA [35]. Respiratory sub-

strates used were 5 mM glutamate + 2 mM malate, 5 mM

pyruvate + 2 mM malate or 10 mM succinate. Oxygen

solubility in the Mitomed solution was taken to be 225 lM at

25�C and 200 lM at 30�C [36].

Respiration in rat brain synaptosomes was analyzed after

cell permeabilization with 50 lg/ml saponin directly in oxy-

graph chamber (2 ml). Kinetics of activation of respiration of

brain mitochondria were studied by consecutively (step-wise)

increasing the final concentrations of ADP (10–2,000 lM).

Activities of mitochondrial respiratory segments were

measured as described previously [34]. Mitochondrial

respiration was first activated by glutamate/malate (5 and

2 mM, respectively) via the complex I in the presence of

ADP in saturating concentration (2 mM). Then, the com-

plex I was inhibited by rotenone (10 lM) and the

complex II was activated by succinate (10 mM), followed

by inhibition of complex III by antimycin A (10 lM).

Finally, the artificial substrates of the complex IV, TMPD/

ascorbate (1 and 5 mM, correspondingly), were added.

Reconstitution studies

Isolated and purified rat brain mitochondria (5 mg/ml) were

incubated in Mitomed solution (see above) with 1 lM

tubulin for 30 min at room temperature (22�C). After that,

the samples were injected into oxygraph chamber. Kinetics

of activation of respiration were analyzed by successive

addition of ADP (5–10–20–50–100–200–500–1,000–

2,000–3,000 lM). Assay medium additionally contained

0.2% of serum bovine albumin and 1 IU/ml apyrase from

potato (Sigma-Aldrich) as an ADP regeneration system. This

isoenzyme of apyrase has an exceptionally high ATPase/

ADPase ratio (10:1) and can be used for effective regener-

ation of ADP to maintain steady-state of respiration in the

presence of limited amounts of ADP in kinetic studies.

Measurements of mitochondrial cytochromes content

The synaptosomal or mitochondrial samples were solubi-

lized with 1% of sodium deoxycholate in phosphate buffer

(KH2PO4 100 mM, pH 8). The differential spectrum

(reduced by dithionite versus oxidized cytochromes) was

obtained by scanning from 400 to 650 nm [37] using a Cary

50 Bio spectrophotometer (Varian, Palo Alto, USA). Cyto-

chromes of the respiratory chain were reduced by addition of

several crystals of sodium dithionite to 1 ml of suspension

of mitochondria (final concentration 0.25 mg/ml) or synap-

tosomes (final concentration 2 mg/ml). The value of peak at

605 nm was used for quantification of respiratory chain

cytochrome aa3 contents (cytochrome c oxidase) both in

isolated mitochondria and purified synaptosomes, using the

extinction coefficient e value equal to 24 mM-1 cm-1 [37].

Measurement of the creatine kinase activity

Creatine kinase activity was determined spectrophotometri-

cally by using a coupled enzyme assay in the following buffer:

30 mM HEPES, 5 mM MgCl2, 0.5 mM dithiothreitol. One

milliliter of the assay medium contained 2 IU/ml glucose 6

phosphate dehydrogenase, 2 IU/ml hexokinase, 20 mM glu-

cose, 1.2 mM ADP, 0.6 mM NADP, 20 mM phosphocreatine

(PCr). First, baseline activity due to adenylate kinase was

recorded, and after addition of PCr, a specific substrate of the

creatine kinase, the activity of the latter was determined from

the difference of rates of optical density changes after and

before PCr addition. Synaptosomes were permeabilized with

50 lg/ml of saponin before activity measurements. Creatine

kinase activities in isolated mitochondria and synaptosomes

were measured at 30 and 25�C, respectively.

Confocal microscopy: mitochondrial imaging by TMRM

To analyze mitochondrial localization and inner membrane

potential, permeabilized synaptosomes were incubated for

30 min at room temperature with 50 nM of specific agent

tetramethylrodamine methyl ester (TMRM, Sigma), a fluo-

rescent dye that accumulates in mitochondria on the basis of

their membrane potential when added directly to the Mitomed

medium. For imaging (colocalization) studies, mitochondria

were also stained with MitoTracker� Green FM (100 nM,

Molecular Probes, Eugene, OR, data not shown). The digital

images of TMRM and MitoTracker� Green fluorescence were

acquired with inverted confocal microscope (Leica DM IRE2)

with a 63-x water immersion lens. The MitoTracker� Green

fluorescence was excited with the 488-nm line of argon laser,

using 490–516 nm for emission. TMRM fluorescence was

measured using 543 nm for excitation (Helium–Neon laser)

and greater than 580 nm for emission.

Kinetic study of the creatine kinase reaction

(a) Measurements. The creatine kinase reaction follows a

BiBi random type quasi-equilibrium reaction mechanism

(according to Cleland’s classification) [38–45]:
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In Scheme 1 the quasi-equilibrium dissociation con-

stants of enzyme–substrate complexes for the forward

reaction of phosphocreatine (PCr) production are shown.

These are the constants which were experimentally deter-

mined in this study under conditions of the presence or

absence of oxidative phosphorylation (the reverse reaction

and its constants were not investigated). The constants Kia

and Ka are the constants of dissociation of MgATP into

surrounding solution from binary complex CK.MgATP and

ternary complex CK.Cr.MgATP, respectively, and Kib and

Kb are the dissociation constants of creatine, Cr, from the

binary complex CK.Cr, and from the ternary complex

CK.Cr.MgATP, correspondingly. For quasi-equilibrium

binding and dissociation of substrates, the following rela-

tionship is valid (Eq. 1) [38, 41, 42, 45]:

Kia � Kb ¼ Kib � Ka ð1Þ

The values of these constants were determined in the

isolated mitochondria from rat heart and brain by two different

methods, depending on the presence (case I) or absence

(case II) of the activated oxidative phosphorylation as

described before [38, 41, 43, 44]. In case I (see Scheme 2

below), when oxidative phosphorylation was activated in the

presence of creatine and ATP in different concentrations, the

respiration was maintained by production of ADP in the

MtCK reaction. In these experiments mitochondria were

added into respiratory Mitomed medium with 0.2% of serum

bovine albumin and 10 mM of succinate at 30�C, and the

kinetics of uMtCK activation in isolated mitochondria were

studied by increasing concentration of ATP (10–25–50–100–

200–500–1,000–2,000 lM) at different fixed concentrations

of creatine (Cr) (3–5–10–15 mM).

The rate of the forward creatine kinase reaction was

calculated from the respiration rate, according to Eq. 2:

vPCr ¼ 5:3� DvO2
ð2Þ

where DvO2
¼ vO2

ATP, Crð Þ � vO2
ATPð Þ, vO2

ATPð Þ and

vO2
ATP, Crð Þ being the respiration rates in the absence and

in the presence of creatine, respectively, at the given ATP

concentration in the medium. The coefficient 5.3 was found

experimentally for both heart and brain mitochondria as

described before [41].

In case II, the oxidative phosphorylation was inhibited

by oligomycin (1 lM) and rotenone (10 lM), and the rate

of the uMtCK reaction was measured spectrophotometri-

cally by a coupled enzyme phosphoenolpyruvate–pyruvate

kinase–lactate dehydrogenase (PEP–PK–LDH) system.

Mitochondria were added into Mitomed medium with 0.2%

BSA and a (PEP–PK) system (PEP 5 mM, PK 20 U/ml,

LDH 5 U/ml, NADH 150 lM), successively increasing the

concentration of ATP (10–25–50–100–200–500–1,000–

2,000 lM) at fixed Cr concentrations (3–5–10–15 mM).

The rate of NADH oxidation was recorded at 30�C using a

Cary 50 Bio spectrophotometer. The creatine kinase reac-

tion rates were found from differences in changes in optical

density in the presence and absence of creatine (see above).

(b) Analysis of kinetic data. In both cases the experi-

mental data were analyzed in a following way. The initial

reaction rates of MtCK reaction with Bi–Bi random type

quasi-equilibrium mechanism are described by the fol-

lowing equation (Eq. 3) [41]:

V ¼ Vm½Cr�½MgATP�
KiaKb þ Ka½Cr� þ Kb½MgATP� þ ½Cr�½MgATP� ð3Þ

For determination of the dissociation constants, the

classical primary and secondary analysis by a linearization

method was used [38, 41, 43, 44, 46], instead of

popular fitting methods [47, 48], which application lacks

the potential to illustrate the important information of

the mechanism of the effects studied (see section

‘‘Discussion’’). For initial reaction rate measurements, the

concentration of one substrate was fixed at different valuesScheme 1 Creatine kinase reaction

ADP

Cr

PCr

MIM MOM

ADP

Cr

PCr
ATP

MIM MOM

RC

ATP 
synthase

succinate
rotenone

oligomycin

PK

LDH

II I

ATP PEP

ADP pyruvate NADH

L-lactate NAD+

Scheme 2 The principles of

kinetic studies of the effects of

oxidative phosphorylation on

the MtCK reaction in isolated

brain mitochondria
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and the rate determined as a function of the other substrate.

For primary analysis, the measured reaction rates were

expressed in double reciprocal plots as a function of the

concentration of this substrate. If MgATP concentration

was changed at fixed creatine concentration, in double

reciprocal plots the reaction rate was expressed as

1

V
¼ 1

½MgATP�
Ka

Vm

Kib

½Cr� þ 1

� �� �
þ 1

Vm

Kb

½Cr� þ 1

� �
ð4Þ

If the creatine concentration was changed at different

fixed MgATP concentrations, the following rate equation

in double reciprocal plots was used:

1

V
¼ 1

½Cr�
Kb

Vm

Kia

½MgATP� þ 1

� �� �
þ 1

Vm

Ka

½MgATP� þ 1

� �

ð5Þ

From these primary linear plots, the ordinate intercepts

(io) can be found as a linear function of the reciprocal of

the concentration of the first substrate, which allows by the

secondary analysis to find the values of the Ka, Kb and Vm,

respectively, in the following way. From Eq. 4 we have

io ¼ 1

Vm

Kb

½Cr� þ 1

� �
ð6Þ

From Eq. 5 we have

io ¼ 1

Vm

Ka

½MgATP� þ 1

� �
ð7Þ

Secondary analysis of io versus 1/[Cr] gives an abscissa

intercept in the first case equal to -1/Kb; in the second case

the secondary analysis of io versus 1/[MgATP] gives an

abscissa intercept equal to the value of -1/Ka. In both

cases the ordinate intercept gives 1/Vm.

Accordingly, analysis of the slopes (s) from the primary

linear analysis (Eqs. 4 and 5) allows finding the value of

Kia and Kib in the following way. From Eq. 4 we have

slope ¼ Ka

Vm

Kib

½Cr� þ 1

� �
ð8Þ

From Eq. 5 we have:

slope ¼ Kb

Vm

Kia

½MgATP� þ 1

� �
ð9Þ

From the abscissa intercepts of these dependences, the

values of -1/Kib and -1/Kia can be found.

It is important to note that these equations will be dif-

ferent when the reaction mechanism becomes the ordered

one instead of random type [38]. Thus, the secondary

analysis gives immediately the information of the reaction

mechanism.

The last step in our analysis was to fit experimental data

with kinetic equation describing creatine kinase kinetics

using Eq. 1 as well as residual ATPase activity. The

experimentally determined oxygen consumption rates were

fitted by the following formula (Eq. 10):

VO2
ATP, Crð Þ ¼ VCK ATP, Crð Þ þ VATPase ATPð Þ½ �=5:3

ð10Þ

where VCK is the respiration rate controlled by uMtCK,

which was calculated according to Eq. 3 and VATPase is the

rate of respiration depending only on the ATPase reaction

which was approximated by Michaelis–Menten kinetics.

For fitting, a least squares method has been used and each

experimental point was weighted by its standard deviation.

During the optimization, the apparent kinetic constants Kia,

Ka, and Kb were optimized as well as apparent Km of

ATPases and maximal rates of CK and ATPase dependent

respiration.

Data analysis

All data are presented as means ± SD. Statistical analyses

were performed using Student’s t-test, and P \ 0.05 was

taken as the level of significance.

Reagents: protein determination

All reagents were purchased from Roche (Meylan, France)

and Fluka (Buchs, Switzerland). Protein concentration was

determined according to the BCA protein assay kit from

Pierce [49].

Results

Confocal imaging, spectral, and respiratory

characteristics of rat brain and synaptosomal

mitochondria

Figure 1 shows a confocal image of mitochondria in isolated

and purified rat brain synaptosomes as visualized by the

mitochondria-specific probe TMRM. In synaptosomes,

mitochondria are localized in random manner but rather

immobilized in fixed positions as seen in long-term obser-

vations up to 20–30 min. Moreover, this mitochondrial

localization was completely confirmed and colocalized with

other mitochondria-specific probe MitoTracker� Green (data

not shown). Isolated rat brain mitochondria showed high

content of cytochromes of the respiratory chain (in particular

cytochrome aa3) determined from the difference spectra

(reduced by dithionite minus oxidized) in the range 400–

650 nm (Fig. 2). Table 1 shows the cytochrome aa3 contents

in both isolated brain mitochondria and synaptosomes. From

these data one can calculate the content of mitochondrial

protein in synaptosomes which was found to be about

0.26 mg/mg of the total synaptosomal protein. Table 1 shows

Mol Cell Biochem (2008) 318:147–165 151
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also the respiratory parameters and substrate specificity of

these two preparations determined by the approach presented

in Fig. 3. Figure 3a demonstrates that glutamate + malate is

rather poor substrate combination for brain mitochondria.

Alternatively, the respiration was very active in the presence

of succinate (Fig. 3a) or pyruvate + malate (Fig. 3b). With

all substrates, the effect of the addition of exogenous cyto-

chrome c on respiration rate was small, demonstrating the

intactness of the outer mitochondrial membrane. Cytochrome

c is attached to the outer surface of the inner mitochondrial

membrane and has been shown to be capable for rapid three-

dimensional diffusion and a high degree of collision effi-

ciency in the inter-membrane space at high ionic strength

[50]. The rapid three-dimensional diffusion at physiological

ionic strength leads to a release of cytochrome c if the outer

membrane is damaged, that limiting electron transport from

complex III to complex IV and thus the respiration rate.

Addition of exogenous cytochrome c up to 8–10 lM restores

the respiration [32]. Therefore, the integrity of outer mito-

chondrial membrane can be checked by measuring the

stimulatory effect of exogenous cytochrome c on the respi-

ration rate. This property of cytochrome c has been found to

be very useful for studies of the effects of pro- and antiapo-

ptotic proteins on the outer mitochondrial membrane [51] as

well as in ischemia reperfusion injury (cytochrome c test)

[52]. This test is shown in Fig. 3b demonstrating that, in

response to the addition of cytochrome c, almost no changes

in the initially high respiration rate of isolated brain mito-

chondria were observed. Moreover, a specific inhibitor of

translocase, atractyloside (Atr) inhibited the respiration back

to the initial State 2 (V0) level (Fig. 3b). Consequently, both

the outer and inner mitochondrial membranes were shown to

be intact and not damaged during isolation procedure.

Table 1 shows also the respiration rates and enzymatic

characteristics of both rat brain mitochondria and synapto-

somes. In all further respiration experiments, succinate was

used as mitochondrial substrate.

The uMtCK isozyme and respiration regulation

The exact values of the creatine kinase activities in the

isolated brain mitochondria and synaptosomes are shown in

Table 1. Interestingly, specific activities calculated per

milligram of protein were not different, indicating the

presence of extra-mitochondrial BBCK in synaptosomes,

in concord with earlier data [53].

Fig. 1 Confocal fluorescent imaging of mitochondria in permeabili-

zed synaptosomes. (a) Mitochondria were labeled by pre-incubation

with mitochondrial inner membrane potential sensitive probe TMRM

(50 nM, red); (b) light transmission imaging of rat synaptosomes; (c)

overlay of TMRM fluorescence and transmission images. Scale bar,

5 lm

Fig. 2 Representative difference (reduced–oxidized) spectrum of

mitochondrial cytochromes in rat brain mitochondria. The peaks a,

b, and c are light absorption peaks characteristic to all cytochromes of

respiratory chain—cytochromes a, a3, bH, bL, c, and c1. The c and b
peaks of all cytochromes are very close to each other and thus

superimposed. Only a peaks of the cytochromes aa3 well apart from

others and allows a precise measurement of respiratory chain content.

Reduced (by sodium dithionite) minus oxidized differential spectra of

mitochondrial cytochromes were obtained as described in section

‘‘Material and method’’ after solubilization of mitochondria in 1%

sodium deoxycholate. Mitochondria were added to their final

concentration of 0.25 mg/ml. The value of cytochrome aa3 peak (at

605 nm) was used for quantification of mitochondrial respiration

rates. Similar spectra but with much lower amplitudes of peaks were

recorded also for synaptosomes (not shown)

152 Mol Cell Biochem (2008) 318:147–165
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Mitochondrial creatine kinase content in synapto-

somes was further analyzed by isoform-specific

antibodies. A positive signal was obtained for the

uMtCK isozyme (data not shown), in agreement with

previously published data [14, 15]. As can be estimated

from a comparison with pure recombinant uMtCK,

this protein makes up about 1–2% of synaptosomal

protein.

Table 1 Enzymatic and respiratory parameters of rat brain mitochondria and synaptosomes

Preparations Parameters

VO2
nmol O2/min/mg of

protein

[cytochrome aa3]

nmol/mg

Total activity of CK,

Vm-1 lmol/min/mg

Isolated brain mitochondria substrates V0 V3 0.35 ± 0.18 1.51 ± 0.07

Glutamate/malate 14 ± 4 36 ± 7

Pyruvate/malate 15 ± 4 78 ± 11

Succinate 16 ± 5 95 ± 13

TMPD/ascorbate 14 ± 5 218 ± 8

Synaptosomes substrates V0 V3 0.09 ± 0.03 1.7 ± 0.08

Succinate 10 ± 3 43 ± 7

Glucose 1 ± 0.01 1.5 ± 0.07

Vo and V3 are the respiration rates before and after addition of 2 mM ADP, correspondingly

Fig. 3 (a) Analysis of the

respiration chain complexes.

Upper trace is the oxygen

concentration and lower trace is

the flux—the rate of oxygen

consumption. (b) Oxygraph

recording of the respiratory

control ratio of isolated brain

mitochondria. The respiration

was activated with pyruvate

(5 mM) and malate (2 mM). At

the end of the measure,

cytochrome c (cyt c, 8 lM) was

added to check the integrity of

the outer membrane. Next

atractyloside (Atr, 30 lM) was

added to inhibit the adenine

nucleotide translocase (ANT),

and the result is a decrease in

respiration back to Vo. Upper

trace is the oxygen

concentration and lower trace is

the flux—the rate of oxygen

consumption. In this experiment

the respiratory control index

was 3.9. In all oxygraphy

experiments, mitochondria were

added to final concentration of

about 0.03 mg of protein/ml
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uMtCK is localized at the outer surface of the inner

mitochondrial membrane [54–56]. Figure 4 shows directly

that this uMtCK in brain mitochondria effectively controls

the respiration. Figure 4b represents the recordings of the

well-established, classical phenomenon of respiratory

control by the limited amounts of ADP, where respiration

is activated by the addition of 50–100 lM ADP, but returns

to the State 4, close to State 2 value after ADP exhaustion

(rephosphorylation). In the presence of creatine (20 mM),

however, State 4 level of respiration stays constantly high

(increasing with increase in ADP concentration) due to

continuous regeneration of local ADP by uMtCK in the

vicinity of ANT and local recycling of ADP and ATP in

mitochondria. This effect is in concord with many earlier

findings shown for cardiac and brain mitochondria [57, 58].

Figure 4c shows the respiration regulation in the presence

of ATP by the successive addition of creatine and step-wise

increasing its final concentrations. Under these conditions,

maximal activation of respiration was observed at creatine

concentrations higher than 10 mM. Apparent Km for cre-

atine in these experiments was found to be equal to 3–

5 mM.

The kinetics of MtCK and functional coupling to the

ANT: comparison of brain and cardiac mitochondria

To elucidate the mechanism of the interaction between the

uMtCK reaction and oxidative phosphorylation in brain

mitochondria, we carried out a complete kinetic analysis of

the creatine kinase reaction in the absence and presence of

oxidative phosphorylation, using approaches which were

developed and described previously for cardiac mitochon-

dria [41, 43, 44]. Reaction rates were measured at fixed

various concentrations of one substrate, for example, cre-

atine, changing the concentration of the second one

MgATP, as shown in Fig. 5a. In this way, the complete

Fig. 4 (a, b) Oxygraph

recording of respiratory control

in isolated rat brain

mitochondria by ADP (100–50–

50 lM) in presence (a) or in

absence (b) of 20 mM creatine

(Cr), added at the beginning of

the measurement. The

respiration was activated with

10 mM of succinate. State 4 is

never observed in presence of

Cr, due to local ADP

regeneration by uMtCK.

(c) Kinetics of regulation of

mitochondrial respiration by the

uMtCK in isolated brain

mitochondria. uMtCK was

activated first by 10 mM

succinate and 200 lM ATP and

then by increased

concentrations of Cr as

indicated. Upper trace is the

oxygen concentration and lower

trace is the flux—the rate of

oxygen consumption
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matrixes of reaction rates were obtained for the two fol-

lowing conditions: (1) oxidative phosphorylation was

inhibited (by 10 lM of rotenone and 1 lM of oligomycin)

and the uMtCK reaction kinetics was studied spectropho-

tometrically by coupled enzyme assay (Figs. 5 and 7) or (2)

oxidative phosphorylation was activated and the kinetics of

coupled reactions was studied by measuring the rate of

oxygen consumption (Fig. 6). The data were analyzed in

accordance with Eqs. 3–9 (see section ‘‘Material and

method’’) to determine all kinetic constants.

The primary kinetic analysis of the uMtCK reaction for

its substrates MgATP (Fig. 5a) and creatine (Fig. 5c) in

absence of oxidative phosphorylation, and the corre-

sponding linearized data in double reciprocal plots (Fig. 5b

and d) give families of straight lines intercepting in one

point. The latter is in accordance with the kinetic scheme of

the Bi–Bi random type quasi-equilibrium mechanism [38].

The presence of oxidative phosphorylation (solid lines,

Fig. 6) changed reaction rates and kinetic behavior of the

MtCK reaction as compared to the absence of oxidative

phosphorylation (dotted lines, Fig. 6). Primary kinetic data

always yielded higher reaction rates and changed the

kinetics of the direct creatine kinase reaction (Fig. 6a). This

is also seen with linearized data in double reciprocal plots,

giving two different families of straight lines (Fig. 6b).

Secondary analysis of all linearized primary data for

both conditions studied is shown in Fig. 7. Plotting ordi-

nate intercepts io and slopes of these straight lines shown in

Figs. 5b and 6b versus 1/[Cr] gives the values of Kb and Kib

for creatine, correspondingly (Fig. 7b and d). When the
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Fig. 5 The primary kinetic analysis of the uMtCK reaction in

isolated rat brain mitochondria in the absence of oxidative phosphor-

ylation. (a) The primary data: the dependence of the forward creatine

kinase reaction rate on MgATP concentration in the presence of fixed

different concentration of creatine (Cr). (b) Presentation of the

dependences shown in Fig. 7a in double reciprocal plots for

secondary analysis (see Fig. 9). (d) Without Cr, (s) 3 mM Cr, (.)

5 mM Cr, (5) 10 mM Cr, (j) 15 mM Cr. (c) The dependence of the

forward creatine kinase reaction rates on the concentration of creatine

for different fixed concentrations of MgATP. (d) Presentation of

dependences given in Fig. 7c in double reciprocal plots for further

secondary analysis as shown in Fig. 9: (d) 10 lM ATP, (s) 25 lM

ATP, (.) 50 lM ATP, (5) 100 lM ATP, (j) 200 lM ATP, (h)

500 lM ATP, (r) 1 mM ATP, (e) 2 mM ATP. VCK was obtained by

calculating the rate of ATP production in presence of Cr minus the

rate of ATP production in absence of Cr: VCK = VATP(Cr) - VATP

(-Cr)
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matrix of the reaction rates was analyzed first for different

fixed MgATP concentrations as functions of concentration

of creatine, secondary analyses of io and slopes gave the

values of Ka and Kia for MgATP, correspondingly (Fig. 7a

and c).

The significant advantage and importance of the use of

secondary analysis is the possibility to identify and directly

illustrate the reaction mechanisms [41] to quantitatively

characterize and illustrate the mechanism of interaction

between uMtCK, ANT, and oxidative phosphorylation.

Indeed, formally in both cases the reaction rates are

described by the same type of equations (Eqs. 1 and 2), and

the secondary analysis of the slopes shows that the reaction

mechanism was always of random type with respect to

substrates in the surrounding medium and not converted

into the ordered reaction mechanism [38, 46]. Active oxi-

dative phosphorylation alters significantly only the

dissociation constants of MgATP, most significantly, the

dissociation constant Ka from ternary complex

CK.Cr.MgATP, but also, to some extent, the dissociation

constant Kia from binary complex CK.MgATP (Fig. 7a and

c), but does not change the dissociation constants for cre-

atine (Fig. 7b and d). Quantitatively similar effects were

found for heart mitochondria earlier and reproduced in this

work under conditions used in our study (Table 2). Table 2

shows the values of all kinetic constants for the forward

creatine kinase reaction both for uMtCK in brain mito-

chondria and sarcomeric sMtCK in heart mitochondria,

both in the states of coupling and uncoupling of these

reactions to oxidative phosphorylation. While the dissoci-

ation constants for creatine are somewhat lower for uMtCK

as compared to sMtCK, as observed before in many

investigations [59, 60], the effects of the oxidative phos-

phorylation on the MtCK were identical in both brain and

heart mitochondria (see Table 2).

Figure 8 shows the results of computer analysis of the

primary experimental data on the dependence of the oxy-

gen consumption rate upon the substrates of the uMtCK

reaction, when the concentration of MgATP was changed

at different creatine concentration. Knowing from the

secondary analysis described above that the reaction

always follows the random type mechanism, the experi-

mental data were analyzed by the least-squares method on

the basis of Eqs. 2 and 3. The found apparent kinetic

constants of CK reaction were as follows: Kia = 0.11 mM,

Ka = 0.017 mM, and Kib = 37.7 mM, that giving

Kb = 5.8 mM. The apparent Km of ATPase was 0.09 mM.

The maximal respiration rates activated by uMtCK and

ATPase corresponded to 73.4 and 13.8 nmol O2/min/mg

mitochondrial protein, respectively. These data are very

close to those shown in Tables 1 and 2.

Regulation of respiration in permeabilized

synaptosomes: effects of creatine

In cardiac and oxidative skeletal muscle cells, the intracel-

lular diffusion of ADP is restricted, as it is evidenced by

increased apparent Km for exogenous ADP in regulation of

respiratory rate [22, 24, 61]. The phosphocreatine–creatine

kinase system of intracellular energy transfer effectively

overcomes these diffusion restrictions [7, 9, 10, 18, 20, 62].

Figure 9 shows the results of similar experiments performed

using permeabilized synaptosomes. In comparison with

isolated mitochondria where the apparent Km for exogenous
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Fig. 6 Primary normalized rate of regulation of CK activity by

exogenous MgATP and increased concentrations of creatine (5–10–

15 mM) in presence (–) and in absence (- -) of oxidative phosphor-

ylation. The reaction rates in presence of oxidative phosphorylation

were obtained by oxygraphic measurements, and those obtained in

absence of oxidative phosphorylation were measured by spectropho-

tometry in the same medium after inhibition of the respiratory chain

and the ATP synthase by 10 lM rotenone and 1 lM oligomycin. (a)

Michaelis–Menten representation of dependence of CK activity on

exogenous MgATP and three concentration of creatine. (b) Double

reciprocal representation of dependence of CK activity on exogenous

MgATP and three concentrations of creatine. (s) 5 mM Creatine, (d)

10 mM creatine, (h) 15 mM creatine
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Fig. 7 Secondary analysis of the ordinate intercepts (io) and the

slopes of data of the primary analysis (see Fig. 7). (a) The io of the

lines were plotted versus ATP concentration, and the value of abscissa

intercept allows to determine the dissociation constant for ATP (Ka)

with and without oxidative phosphorylation according to Eq. 4. (b)

The io of the lines were plotted versus Cr concentration, and the

values of abscissa intercepts allow to determine the dissociation

constant for Cr with and without oxidative phosphorylation, accord-

ing to Eq. 5. (c) The slopes of the lines were plotted versus ATP

concentration and allow the determination of the dissociation constant

of ATP (Kia) according to Eq. 6. (d) The slopes of the lines were

plotted versus Cr concentration and allow the determination of the

dissociation constant of Cr (Kib) according to Eq. 7. (d) With

oxidative phosphorylation, (s) without oxidative phosphorylation

Table 2 Comparison of the

kinetic constants of the forward

creatine kinase reaction in brain

and heart mitochondria: the

effect of oxidative

phosphorylation

Kinetic constants Without oxidative

phosphorylation

With oxidative

phosphorylation

ATP constants

Kia, mM Heart 0.85 ± 0.2 0.31 ± 0.1

Brain 1.1 ± 0.29 0.17 ± 0.07

Ka, mM Heart 0.16 ± 0.04 0.018 ± 0.004

Brain 0.13 ± 0.02 0.018 ± 0.007

Creatine constants

Kib, mM Heart 34.7 ± 11 28.5± 2.6

Brain 24.8 ± 4 25.3 ± 5

Kb, mM Heart 6.8 ± 3 4.4 ± 0.8

Brain 2.9 ± 1.1 1.7 ± 0.4

Vm1, mol/min/mol aa3 Brain 504 ± 45 503 ± 69
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ADP is in the range of 10–20 lM, in the permeabilized rat

brain synaptosomes, this Km was rather high, in the range of

110 ± 11 lM (Fig. 10). However, this latter value was

decreased to 25 ± 1 lM in the presence of 20 mM creatine,

showing the increased local recycling of ADP in the syn-

aptosomal mitochondria under conditions of activated

creatine kinase (Fig. 10), providing thus evidence of the

important role of the uMtCK in the regulation of the mito-

chondrial respiration in rat brain synaptosomes. The Vm

values were equal to 59 ± 11 nmol O2/min/mg protein

without creatine and 56 ± 13 nmol O2/min/mg protein with

creatine. When calculated for the cyt aa3 content, the Vm

was in the range of 600–650 nmol O2/min/cyt aa3, and thus

very close to the Vm of respiration in the isolated mito-

chondria (see Table 2).

Reconstitution experiments of isolated brain

mitochondria with tubulin

One of the most possible explanation of the high apparent

Km for ADP in regulation of respiration in permeabilized

cells in situ is that some components (proteins) of the

cytoskeleton (factor ‘‘X’’, [23]) are able to bind to the

VDAC in the outer mitochondrial membrane and control

(restrict) their permeability for adenine nucleotides. One

suitable candidate protein is tubulin [24, 25, 63]. Therefore,

we carried out the reconstitution experiments in which

Fig. 9 (a) Oxygraph recording

of the respiratory control ratio

of permeabilized synaptosomes

isolated from rat brain.

Synaptosomes were

permeabilized with 50 lM

saponin. Upper trace is the

oxygen concentration and lower

trace is the flux—the rate of

oxygen consumption. In this

experiment, the respiratory

control index was 4.6 ± 0.9.

(b) Oxygraph recording of the

regulation kinetic of

synaptosomal respiration by

increasing concentrations of

exogenous ADP. Mitochondrial

respiration was activated by

10 mM succinate.

Synaptosomes were

permeabilized with 50 lM

saponin. Upper trace is the

oxygen concentration and lower

trace is the flux—the rate of

oxygen consumption

Fig. 8 Computer fitting of the brain mitochondrial respiration

controlled by the creatine kinase reaction. The separate dots show

the average values of the respiration rates and their standard

deviations for five measurements. These rates were fitted by computer

analysis based on Eq. 1 by changing the values of kinetic constants.

Solid lines show the best fits of calculated dependences with

experimental data
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isolated brain mitochondria were first incubated with

tubulin (1 lM) from rat or cow brain and then respiration

kinetics was analyzed. In this analysis, apyrase (1 IU/ml)

was added to regenerate ADP and thus maintain steady

state levels of respiration even at low ADP concentrations

(see section ‘‘Material and method’’). The results of these

experiments are shown in Fig. 11, showing clear changes

induced by tubulin in the kinetics of regulation of respi-

ration of isolated brain mitochondria. While in experiments

without tubulin, maximal respiration was achieved already

at ADP concentrations higher than 100 lM (Fig. 11a);

after incubation with tubulin the respiration rate continued

to increase even after addition of ADP in millimolar con-

centrations (Fig. 11b). Analysis of these data showed that,

while in the experiments without tubulin, there was only

one population of mitochondria with low Km (ADP) equal

to 9 ± 1 lM, addition of tubulin-induced biphasic behav-

ior of the system, and appearance of the second population

of mitochondria with high apparent Km (ADP) equal to

169 ± 52 lM (Fig. 11c). The Vm values were very close

in both in absence (see Tables 1 and 2) and in presence of

tubulin (not shown). These results of the reconstitution

experiments show that tubulin binding to VDAC indeed

induces a decrease of the VDAC permeability for ADP, in

agreement with recent direct measurements [64]. These

data are consistent with an assumption that one of the

candidates responsible for the restricted VDAC perme-

ability (factor ‘‘X’’) may be tubulin, probably in complex

with some other cytoskeletal proteins.

Discussion

The results of this study show that effective production of

phosphocreatine in the coupled uMtCK reaction permits to

bypass the limited permeability of the VDAC in the outer

mitochondrial membrane for adenine nucleotides, induced

by interaction of these channels with tubulin and probably

by other cytoskeletal proteins in rat brain synaptosomes.

The detailed characterization of the kinetic behavior of the

uMtCK in isolated and purified rat brain mitochondria

performed first time in this work shows a tight functional

coupling between this CK isoenzyme and ANT, and

therefore the role of the coupled system in the control of

oxidative phosphorylation. The mechanism of functional

coupling between uMtCK in brain mitochondria is identi-

cal to that found between sMtCK and ANT in the heart [24,

42, 62, 65]. These results conform to earlier conclusions of

the important role of the PCr–CK system in energy transfer

in brain cells, and for the first time describe the presence of

such system in the nerve endings–synaptosomes.

Energy metabolism of brain has been extensively stud-

ied for a long period of time, and the results were described

in several review articles by Erecinska et al. [16, 17], Ames

[1], Nicholls [2, 27]. The latest description of ‘‘state of art’’

in the field is available in the new, third edition of the

Handbook of Neurochemistry and Molecular Neurobiology

[20]. In particular, the energy metabolism of the synapto-

somes was extensively studied by Erecinska and Nicholl’s

groups [2, 16, 27]. In these studies, the presence of PCr and

CK system in synaptosomes was always noticed, but their

roles were not fully investigated [16, 27]. Creatine kinase

activity was found also to be associated with the synaptic

plasma membrane and synaptic vesicles [53, 66]. The

present study further develops these lines of investigation

and describes the mechanism of the functioning of this

system in brain, including synaptosomes.

In this study, we verified by kinetic methods the func-

tional coupling mechanism of direct transfer of ATP from

ANT to uMtCK, leading to rapid recycling of ADP and

ATP and effective synthesis of phosphocreatine in mito-

chondria. As it is shown in this work, classical complete

kinetic analysis of an enzymatic reaction is a very useful

method for identification of both the mechanism and

character of its interaction with other enzymes or trans-

porters, especially if classical methods of the primary and

secondary analysis by linearization are fully applied [38,

41–46]. Alternative approaches of directly fitting primary

experimental data with proposed rate equation by using

computer programs to find the values of kinetic constants

[47, 48] are rapid and convenient. However, these methods

usually leave researches in complete obscurity about real

verification of reaction mechanisms (ordered, random type,

etc.), for what the further use of complicated inhibitor

Fig. 10 Comparison of the apparent Km for exogenous ADP without

and with creatine. The presence of creatine decreases the Kmapp from

110 ± 11 to 25 ± 1 lM. Data are means ± SD (n = 7) and the two-

tailed P value is \0.0001, considered extremely significant
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analysis with uncertain results is often needed and applied

[47, 48]. At the same time, classical secondary analysis

described in many textbooks [38, 46] illustrates these

mechanisms immediately and shows the particularities

introduced by interactions of enzymes with their partner

proteins—in this case the mechanism of interaction of

uMtCK with ANT. For example, the plots of slopes versus

reciprocal concentration of the second substrate (Fig. 7c

and d) are different for random type and ordered mecha-

nism [38]. Most importantly, the secondary analysis shown

in Fig. 7 directly and very clearly illustrates the mechanism

of interaction between uMtCK and ANT—the specific and

characteristic decrease of the dissociation constants for

MgATP (apparent in this case for MgATP in the medium,

for which it is calculated) clearly shows the direct chan-

neling of ATP and rapid recycling of adenine nucleotides

between ANT and MtCK under conditions of oxidative

phosphorylation. In our case, the fitting of experimentally

determined rates of respiration by variation of kinetic

parameters of the MtCK reaction led to the same values of

apparent constants as the secondary analysis. It has to be

stressed that if fitting is used as an alternative to secondary

analysis, it has to be complemented with the residual

analysis to check whether the proposed equations describe

the measurements adequately. However, after independent

serious classical kinetic analysis (Figs. 6 and 7), the com-

puter model of the uMtCK reaction can be confidently used

for phenomenological mathematical modeling of the
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Fig. 11 Oxygraph recording of

the regulation kinetic of

mitochondrial respiration by

exogenous ADP. Brain

mitochondria were activated by

10 mM succinate and increasing

concentrations of ADP (5–

3,000 lM) in absence (a) and in

presence (b) of tubulin 1 lM.

(c) Comparison of the apparent

Km values with or without

tubulin. The upper trace is the

oxygen concentration and the

lower trace represents the flux—

the rate of oxygen consumption

160 Mol Cell Biochem (2008) 318:147–165

123



control of the respiration by creatine kinase in brain

mitochondria, as it is shown in Fig. 8. In this way, the data

shown in Fig. 8 may be taken as a first step of mathe-

matical modeling of the compartmentalized energy transfer

in brain.

It should be clearly stated that in the presence of oxi-

dative phosphorylation the kinetic constants for MtCK are

the apparent ones, since they can be influenced by many

processes, such as oxidative phosphorylation, metabolite

transport (in this case by ATP–ADP transporter), and by

outer membrane permeability. Therefore, in many previous

works the mechanism of functional coupling between

MtCK and ANT has been carefully studied for heart

mitochondria under different conditions [5, 10, 18, 19, 43,

44, 62]. Thus, it was also shown in previous works [43, 44]

that this functional coupling was effective even in inner

membrane-matrix preparation (mitoplast) in which the

outer membrane was removed by digitonin [43]. Conse-

quently, the coupling between sMtCK and ANT is

independent of the permeability of the outer membrane but

depends upon very close proximity of ANT and MtCK in

and at the inner mitochondrial membrane [44, 62]. Indeed,

this coupling can be interrupted by removing sMtCK from

the membrane into the intermembrane space in KCl solu-

tion with high ionic strength [44]. The effect of oxidative

phosphorylation on the kinetics of the creatine kinase

reaction in heart mitochondria, particularly the decrease of

Ka by more than an order of magnitude under these con-

ditions, was recently analyzed by using the mathematical

model based on thermokinetic analysis of free energy

profiles of these reactions [10, 62]. This analysis showed

that oxidative phosphorylation specifically alters the free

energy profile of the MtCK reaction by increasing the

energy level of ATP in the complex with ANT under

conditions of oxidative phosphorylation, thus making the

PCr production thermodynamically favorable, contrary to

the thermodynamics of the CK reaction in isolated state

[62]. The results of this study show that a similar mecha-

nism is operative in the brain mitochondria. Thus, in heart,

brain, skeletal and smooth muscle, and some other cells,

both ANT and MtCK function within a real proteolipid

supercomplex with the ATP-synthasome and VDAC, thus

connecting mitochondrial ATP production with the cyto-

plasmic reactions of energy utilization via MtCK and

VDAC [1–13]. This conclusion is in excellent concord with

important new data showing that due to existence of the

functional coupling between MtCK and ANT, the MtCK

induced ADP recycling strongly decreases also the pro-

duction of reactive oxygen species (ROS) in brain

mitochondria [58].

The reconstitution experiments of isolated mitochondria

with tubulin demonstrate that proteins actively involved in

regulation of mitochondrial respiration are not restricted

to those found in the inner and outer mitochondrial

Fig. 12 Energetics of brain synaptosomes. Sites of ATP production

(mitochondrial matrix) and sites of ATP consumption (ion transport

across the plasma membrane and vesicle trafficking for neurotrans-

mitter uptake and release, e.g., glutamate) are linked by an energy

transfer pathway represented by the phosphocreatine/creatine kinase

system. uMtCK bound to mitochondrial inner membrane (MIM) via

cardiolipin (black squares). ATP consumed by the energy consuming

reactions is reproduced locally by BBCK from PCr. GA3P,

glyceraldehyde-3-phosphate; 1,3-BPG, 1,3 biphosphoglycerate;

3-PG, 3-phosphoglycerate; GAPDH, glycerate-3-phosphate-deshy-

drogenase; 3-PGK, 3-phosphoglycerate kinase; VDAC, voltage

dependent anion channel; MOM, mitochondrial outer membrane;

uMtCK, ubiquitous mitochondrial creatine kinase; Tub-ab-heterodi-

mer of tubulin interacting with the VDAC channels and limiting its

permeability for adenine nucleotides (see text for explanation)
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membranes and the intermembrane space. Proteins that are

thought of as purely cytoplasmic in function can also be

important in regulation of respiration by altering the per-

meability of the outer membrane to ADP and ATP.

Hexokinase is an example of a cytoplasmic protein long

known to bind to VDAC in the outer membrane, but

tubulin represents a completely new player in the interplay

between the cytoplasm and the mitochondria. Additionally,

the ability of tubulin to restrict exchange into the mito-

chondria represents a completely new role for this

important and ubiquitous cytoplasmic protein. Indeed, both

the studies of kinetics of regulation of respiration in per-

meabilized synaptosomes and reconstitution studies of

isolated mitochondria with ab-heterodimer of tubulin

showed that most probably tubulin is one of the compo-

nents of the cytoskeletal system which interacts with

VDAC in the outer mitochondrial membrane in brain and

muscle cells and limits its permeability for adenine

nucleotides. Tight connections between mitochondria and

cytoskeleton have been shown for many cells (reviewed by

Leterrier [67], Capetenaki [68], Yaffe [69], Kuznetsov

[70]). In different cells the roles of these connections are

different; while in the muscle cells cytoskeleton fixes

mitochondria in very precise position with almost crystal-

like arrangement of the mitochondria in cardiomyocytes

[71], in many other cells mitochondrial connections with

cytoskeleton are the basis of their dynamic behavior [70,

72]. Bernier-Valentin and Rousset showed that tubulin

purified from rat brain is able to bind with rat liver mito-

chondria with apparent Kd about 6 9 10-8 M, and this

binding is decreased by mild treatment of mitochondria

with trypsin [63]. Linden et al. discovered the microtubule

associated protein MAP2 in the outer mitochondrial

membrane in association with VDAC [73]. Carré et al.

have found that tubulin is present in mitochondria isolated

from different human cancerous and non-cancerous cell

lines [25]. On the other hand, it has been shown in many

studies that in permeabilized cardiac and oxidative muscle

cells the apparent Km for exogenous ADP in regulation of

respiration is increased by order of magnitude in compar-

ison with isolated mitochondria, but mild treatment of

these cells results in significant decrease of the apparent

Km value for exogenous ADP, complete disarrangement of

mitochondria in the cells and in disappearance of immu-

nolabeling of the tubulin and microtubular network [4, 5,

10]. All these data are consistent with the assumption that

tubulin plays a role in the control of the mitochondrial

outer membrane permeability for ADP and ATP. Recently,

it has been shown in direct measurements that tubulin

induces reversible closure of VDAC channels at nanomolar

concentrations and that tubulin–VDAC interaction requires

the presence of the heavily negatively charged carboxy-

terminal tails of tubulin [64]. Earlier, it has been shown in

Colombini’s laboratory that in the VDAC molecule a

domain with net positive charge which forms part of the

wall lining in an open state is driven out of the channel in

closed state with reduced pore diameter [74, 75]. In the

gating change mechanism, tubulin association with some

proteins at the membrane surface may help to fix this

domain in the outside position and thus decreases the

channel permeability. An alternative mechanism is that

tubulin enters by its negatively charged terminal tails

directly into the channel lumen and thus decreases the

permeability. It is an interesting problem to find out in

future investigations whether in the tubulin-controlled state

VDAC may be more permeable for smaller compounds (as

creatine and for phosphocreatine) than for ATP and ADP.

This selective permeability control could explain well the

creatine-induced decrease of the apparent Km for exoge-

nous ADP in permeabilized cells (cardiomyocytes and

synaptosomes) at the unchanged values of Vm of respira-

tion (see the text). Indeed, when calculated for the content

of cytochrome aa3, the maximal respiration values in

permeabilized cells and isolated mitochondria are very

close and not changed by tubulin binding.

All these results allow us to propose the following

additions to the scheme of the processes of energy trans-

duction in intact synaptosomes initially proposed by

Nicholls [2]: (i) to add into this scheme the coupled uM-

tCK–ANT system, (ii) the binding of tubulin to VDAC, and

then (iii) the whole energy transfer process by the PCr–CK

system, as shown in Fig. 12. According to this scheme,

mitochondrial ATP is used for phosphocreatine synthesis in

the non-equilibrium uMtCK reaction after its direct transfer

to the active center of this isoenzyme by ANT. At the

plasma membrane of synaptosomes, PCr is used for local

reproduction of the ATP. Another source of necessary ATP

is the glycolytic system.

The presence of the active creatine kinase system in

brain cells, particularly in synaptosomes, leads to important

pathophysiological implications. It may well explain the

numerous data on neuroprotective properties of creatine [6,

19, 76–82], importance of the creatine kinase system for

the learning process [78–80], and usefulness of creatine as

perspective agent against Parkinson’s disease [81, 82].
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