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Příloha 2  - Výsledky 
 
 
 

2.1 Levels of energy-related metabolites in intact and isolated perfused-superfused rat 
skeletal muscles.  (Štefl et al. 1994) 

2.2 Creatine kinase reaction in skinned rat psoas muscle fibers and their myofibrils.  
(Gregor et al. 1999) 

2.3 Substrate channelling in a creatine kinase system of rat skeletal muscle under various 
pH conditions. (Gregor et al. 2003) 

2.4 Creatine kinase binds more firmly to the A-band of rabbit skeletal muscle myofibrils in 
the presence of its substrates. (Žurmanová et al. 2007 - accepted) 
 

 
 
 
 
 



GeneCard for protein-coding CKM    GC19M050501 
 
 
Aliases 
CKMM 2, 3, 5, 6 
EC 2.7.3.2 3 
M-CK 2, 3  

 

Descriptions 
Creatine kinase M chain 3 
Creatine kinase M-type 3 
creatine kinase, muscle 1, 2, 5
 

 

External Ids 
HGNC: 19941 
Entrez Gene: 11582 
UniProt: P067323 
Ensembl: ENSG000001048798
 

Chromosome: 19    
Entrez Gene cytogenetic band: 19q13.2-q13.3    Ensembl cytogenetic band:   19q13.32  

Gene in genomic location: bands according to Ensembl, locations according to 
(and/or Entrez Gene and/or Ensembl if different) 

 
  

GeneLoc location for GC19M050501:       

Start: 50,501,511 bp from pter
End: 50,517,974 bp from pter
Size: 16,463 bases 
Orientation: minus strand 
 
 
UniProt/Swiss-Prot: KCRM_HUMAN, P06732 (See protein sequence)  

• Size: 381 amino acids; 43101 Da  
• Subunit: Dimer of identical or non-identical chains. With MM being the major form 

in skeletal muscle and myocardium, MB existing in myocardium, and BB existing in 
many tissues, especially brain 

• Subcellular location: Cytoplasm 

 

REFSEQ proteins:  NP_001815.2   

 

 

 



GeneCard for protein-coding CKB       GC14M103055 
 
 

 
B-CK 2, 3 
CKBB 2, 3, 5, 6 
EC 2.7.3.2 3  

 

Descriptions 
Creatine kinase B chain 3

Creatine kinase B-type 3 
creatine kinase, brain 1, 2, 5
 

 

External Ids 
HGNC: 19911 
Entrez Gene: 11522 
UniProt: P122773 
Ensembl: ENSG000001661658  

 
Chromosome: 14    
Entrez Gene cytogenetic band: 14q32    Ensembl cytogenetic band:   14q32.32  

Gene in genomic location: bands according to Ensembl, locations according to (and/or 
Entrez Gene and/or Ensembl if different) 

 

GeneLoc location for GC14M103055:      

Start: 103,055,749 bp from pter
End: 103,058,923 bp from pter
Size: 3,174 bases 
Orientation: minus strand 
RefSeq genomic assemblies:  

NC_000014.7  NT_026437.11   
 
 
UniProt/Swiss-Prot: KCRB_HUMAN, P12277 (See protein sequence)  

• Size: 381 amino acids; 42644 Da  
• Subunit: Dimer of identical or non-identical chains. With MM being the major form in 

skeletal 
muscle and myocardium, MB existing in myocardium, and BB existing in many 
tissues, especially 
brain 

• Subcellular location: Cytoplasm 

REFSEQ proteins: NP_001814.2   
 
 
 
 



GeneCard for protein-coding       CKMT1A    GC15P041773 
 
 

Aliases 
CKMT 3 
CKMT1 2 
EC 2.7.3.2 3 
Mia-CK 3 
UMTCK 2  

 

Descriptions 
Acidic-type mitochondrial 
creatine kinase 3 
Creatine kinase, ubiquitous 
mitochondrial precursor 3 
U- MtCK 3 
creatine kinase, mitochondrial 1A 
1, 2  

 

External Ids 
HGNC: 317361 
Entrez Gene: 5485962 
UniProt: P125323 
Ensembl: ENSG000001669988
 

 
 
Chromosome: 15    
Entrez Gene cytogenetic band: 15q15    Ensembl cytogenetic band:   15q15.3  

Gene in genomic location: bands according to Ensembl, locations according to 
(and/or Entrez Gene and/or Ensembl if different) 

 
 GeneLoc location for GC15P041773:     (about GC identifiers)  

Start: 41,772,376 bp from pter
End: 41,778,712 bp from pter
Size: 6,336 bases 
Orientation: plus strand 
 

RefSeq genomic assemblies:  
NC_000015.8  NT_010194.16   

 

 

 
 
 
 
 
 
 



GeneCard for protein-coding  CKMT1B  GC15P041674 
 
 

Aliases 
CKMT 2, 3 
CKMT1 2 
EC 2.7.3.2 3 
Mia-CK 3 
UMTCK 1, 2  

 

Descriptions 
Acidic-type mitochondrial creatine kinase 
3 
Creatine kinase, ubiquitous mitochondrial 
precursor 3 
U- MtCK 3 
creatine kinase, mitochondrial 1B 1, 2  

 

External Ids 
HGNC: 19951 
Entrez Gene: 11592 
UniProt: P125323 
Ensembl: ENSG000001687758
 

 
 
Chromosome: 15    
Entrez Gene cytogenetic band: 15q15    Ensembl cytogenetic band:   15q15.3  

Gene in genomic location: bands according to Ensembl, locations according to 
(and/or Entrez Gene and/or Ensembl if different) 

 
  

GeneLoc location for GC15P041674:      

Start: 41,672,544 bp from pter
End: 41,678,896 bp from pter
Size: 6,352 bases 
Orientation: plus strand 
 
 
UniProt/Swiss-Prot: KCRU_HUMAN, P12532  

• Size: 417 amino acids; 47037 Da  
• Subunit: Exists as an octamer composed of four MTCK homodimers 
• Subcellular location: Mitochondrion; mitochondrial inner membrane; intermembrane 

side 
• Miscellaneous: Mitochondrial creatine kinase binds cardiolipin 

 

REFSEQ proteins: NP_066270.1   

 
 



 
GeneCard for protein-coding  CKMT2        GC05P080564 
 
 

Aliases 
EC 2.7.3.2 3 
Mib-CK 3 
SMTCK 1, 2, 5   

Descriptions 
Basic-type mitochondrial 
creatine kinase 3 
Creatine kinase, sarcomeric 
mitochondrial precursor 3 
S- MtCK 3 
creatine kinase, mitochondrial 2 
(sarcomeric) 1, 2, 5  

 

External Ids 
HGNC: 19961 
Entrez Gene: 11602 
UniProt: P175403 
Ensembl: ENSG000001317308
 

 
 
Chromosome: 5    
Entrez Gene cytogenetic band: 5q13.3    Ensembl cytogenetic band:   5q14.1  

Gene in genomic location: bands according to Ensembl, locations according to (and/or 
Entrez Gene and/or Ensembl if different) 

 
GeneLoc gene densities for chromosome 5 

GeneLoc location for GC05P080564:     (about GC identifiers)  

Start: 80,564,907 bp from pter
End: 80,597,973 bp from pter
Size: 33,066 bases 
Orientation: plus strand 
RefSeq genomic assemblies:  

NC_000005.8  NT_006713.14   
 
 
 
UniProt/Swiss-Prot: KCRS_HUMAN, P17540 (See protein sequence)  

• Size: 419 amino acids; 47520 Da  
• Subunit: Exists as an octamer composed of four CKMT2 homodimers 
• Subcellular location: Mitochondrion; mitochondrial inner membrane; intermembrane 

side 
• Miscellaneous: Mitochondrial creatine kinase binds cardiolipin 

REFSEQ proteins: NP_001816.1   



1: Physiol Res. 1994;43(3):175-80. Links  
Erratum in:  
Physiol Res 1994;43(4):257.  

Levels of energy-related metabolites in intact and isolated 
perfused-superfused rat skeletal muscles. 

• Stefl B,  
• Mejsnar JA,  
• Karasova J.  

Department of Physiology and Developmental Biology, Faculty of Science, 
Charles University, Prague, Czech Republic. 
Adenosine 5'-triphosphate (ATP), phosphocreatine (PCr), creatine (Cr), 
inorganic phosphate (Pi), lactate (LAC), pyruvate (PYR) and glycogen as 
glucose (GLU) were determined and free adenosine 5'-diphosphate (ADP) was 
calculated from ATP:creatine phosphokinase (CPK) reaction in the gracilis 
muscle of cold-acclimated rats in vivo, and in completely isolated muscles 
under medium perfusion and superfusion in vitro, using the freeze-clamping 
method. The mean in vivo levels (mumol/g w.w.) were: ATP 4.8, PCr 12.0, Cr 
7.8, Pi 16.1, LAC 1.6, PYR 0.09, GLU 22.9, ADP 0.62 x 10(-3). Isolation of the 
muscle (about 11 min of anoxia followed by perfusion in the air with a high 
pO2 medium) decreased macroergic phosphate levels (ATP 3.0, PCr 8.3). In 
isolated muscles perfused with a high pO2 medium (99 kPa O2, perfusion rate 
70 microliters/min) and simultaneously superfused with a low pO2 medium 
(6.2 kPa O2, 2.3 ml/min) at 28 degrees C in vitro the levels of metabolites 
were (mumol/g w.w.): ATP 3.1, PCr 8.5, Cr 5.6, Pi 9.2, LAC 2.1, PYR 0.19, 
GLU 6.6, ADP 0.44 x 10(-3). The mean steady oxygen uptake of the isolated 
muscle was 97 nmol O2 x min-1 x g-1 w.w. Thus, the levels of macroergic 
phosphates and their derivatives are lower after isolation and perfusion of the 
muscle, but the creatine charge [PCr]/([PCr]+[Cr]) remains stable (0.61 in 
vivo versus 0.60 in the isolated muscle). This indicates that the steady-state 
and high energy status of the isolated perfused-superfused gracilis muscle is 
maintained [corrected]. 
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Experimental Physiology 
Substrate channelling in a creatine kinase system of rat skeletal 

muscle under various pH conditions 

M. Gregor*, A. Janovska, B. Stefl, J. Zurmanova and J. Mejsnar 

Department of Physiology and Developmental Biology, Faculty of Science, Charles University, 
Prague, Czech Republic 

(Manuscript received 21 June 2002; accepted 11 November 2002) 

The aim of this study was to evaluate myofibrillar creatine kinase (CK) activity and to quantify the substrate 
channelling of ATP between CK and myosin ATPase under different pH conditions within the integrity of 
myofibrils. A pure myofibrillar fraction was prepared using differential centrifugation. The homogeneity of the 
preparation and the purity of the fraction were confirmed microscopically and by enzymatic assays for 
contaminant enzyme activities. The specific activityof myofibrillar CK reached 584 ± 33 nmol PCr min-1 mg-• 
at pH 6.75. Two methods were used to detect CK activity: (I) measurement of direct ATP production, and 
(2) measurement of PCr consumption. This method of evaluation has been tested in experiments with isolated 
creatine kinase. No discrepancy in CK activity between the methods was observed in the pH range tested 
( 6.0--7.5). However, the same procedures resulted in a significant discrepancy between the amounts of reacted 
PCr and produced ATP within the pure myofibrillar fraction. This discrepancy represents the portion of ATP 
produced by the CK reaction, which is preferentially channelled to the myosin A TPase before diffusing into the 
bulk solution. The maximum evaluated difference reached 42.3 % at pH 6.95. The substrate channelling 
between myofibrillar-bound CK and myosin ATPase was evaluated under various pH levels within the 
physiological range and it reached a maximum value in a slightly acidic environment These results suggest that 
ATP/ADP flux control by the CK system is more important at lower pH, corresponding to the physiological 
state of muscle fatigue. Experimental Physiology (2003) 88.1, 1-6. 

Cells with high and fluctuating energy demands (e.g. muscle 
tissue) require an effective system for metabolic control 
and energy transfer. The most effective system, integrating 
energy metabolism into one efficiently regulated metabolic 
network, is the creatine kinase (CK) shuttle (for review see 
Walliman et al. 1992; Saks et al. 1996). Creatine kinase (EC 
2.7.3.2) controls the near-equilibrium (Kushmerick, 1983) 
CK reaction: 

ATP + Cr � PCr + ADP + a.H+, (1) 

in heart, skeletal muscle, brain and smooth muscle. 

The spatial organization of creatine kinase isoenzymes has 
been long recognized, and striated muscle cells are the best 
example of energy metabolism compartrnentation. The CK 
isoenzymes are localized into energy-producing and 
energy-utilizing sites, where they are functionally coupled 
with ATP synthesis (mitochondria, cytosol) or ATP
consuming processes (myofibrils, sarcoplasmic reticulum). 
This organization of the CK system ensures the regulation 
of local concentrations of ADP and ATP, maintenance of 
the optimal ATP/ADP ratio, regulation of adenylate 

Publication of The Phys1ologica/ Society 

nucleotide fluxes and protection of the adenine nucleotides 
cellular pool from degradation. 

It can be seen from eqn (1) that first, the position of the CK 
reaction equilibrium should be affected by cytoplasmic 
pH, and second, the CK reaction evidently deviates from 
equilibrium, and its regulation should be described in terms 
of non-equilibrium thermodynamics (Mejsnar et al. 1992; 
Marsik & Mejsnar, 1994). The regulation can be realized by 
conformational changes of the CK molecule, when its 
reactive 'closed' conformation is not achieved merely by the 
substrate-induced energy-minimizing principle (Mejsnar 
et al. 2002). 

Stated in another way, any ATPase system that evokes a 
unidirectional net reverse CK flux towards ATP, by the 
splitting of ATP will shift the CK reaction out of 
equilibrium. The functional coupling of myosin ATPase 
and myofibrillar CK by substrate channelling (Arrio
Dupont, 1988; Gregor et al. 1999), which is defined as direct 
transfer of ATP between active· sites of these enzymes, 
emphasizes the key role of the phosphocreatine/creatine 

•Corresponding author: grcgor@natur.cuni.cz 

Downloaded from cp.physoc.org by on April 22, 2007 



2 M. Gregor, A. Janovska, B. Stefl, J. Zurmanova and J. Mejmar Exp Pliyswl 88.1 

kinase system in muscle energy metabolism. Substrate 
channelling has been proposed to decrease the transit time 
of substrates, prevent loss of substrates by diffusion, 
protect labile substrates from solvent and forestall the 
entry of intermediates into competing metabolic pathways 
(Ovadi, 1995). Substrate channelling also plays a significant 
role in the control of metabolic fluxes (Kholodenko & 
Westerhoff, 1993; Kholodenko et al. 1994). A pure myo
fibrillar fraction that possesses CK activity as well as 
ATPase activity by myosin (Gregor et al. 1999) makes it 
possible to study the behaviour of the two energy systems 
in combination and evaluate substrate channelling under 
different conditions. 

In this paper, using a pure myofibrillar fraction, we define at 
this subcellular level of organization first, the discrepancy 
between PCr consumption and apparent ATP production 
in the CK reaction, the difference between these representing 
substrate channelJing between myofibrillar-bound CK and 
myosin ATPase, and second, the dependence of the degree 
of substrate channelling upon varying pH. 

METHODS 
Myofibrils were obtained from the psoas major muscle of male 

Wistar rats weighing 35()-480 g. The rats were anaesthetized by 
an intraperitoneal injection of 50 mg kg-• Lhiopental. Left and 
right psoas muscles were dissected, and then the rats were killed 
by an overdose of anaesthetic. The experiments were performed 
in accordance with local ethical committee guidelines. 

The psoas major muscle was cut into small pieces and incubated 
in a homogenization medium for 1 h. After penetration of glycerol, 
the pieces were placed into a glycerol-free homogenization 
medium and then homogenized according to Wallimann et al. 
( 1984). The homogenate was allowed to stand on ice for 20 min 
and then centrifuged at 1500 g for 7 min. The washing procedure 
was repeated six times. After this, the myofibrillar fraction was 
incubated with 1 % Triton X-100 for 5 min (to eliminate the 
proteins loosely associated with the myofibrils and other possible 
membrane contaminants; Solaro et al. 1971) and washing was 
again repeated seven times. 

The activity of free CK (Roche Diagnostics GmbH) and the 
activity of rnyofibrillar-bound CK were determined using an 
enzyme-coupled assay system, consisting of hexokinase and 
glucose-6-phosphate dehydrogenase (Gerhardt, 1983 ). The 
incubation was performed in imidazol acetate buffer (115 mM 
imidazol, 11.5 mM magnesium acetate, 2.3 mM EDTA) containing: 
2.3 mM ADP, 5.8 mM AMP, 11.5 µM Ap5A, 23 mM o-glucose, 
2.3 mM NADP, 23 mM NAC, 3.5 i.u. mi-' hexokinase (HK) and 
2.3 i.u. mi-1 glucose-6-P dehydrogenase (Glu-6-PDH). 

Parallel samples were incubated in the same solution with a 
known concentration of PCr (no NADP, glucose, HK or Glu-6-
PDH were added). After this incubation, sample proteins were 
precipitated with 6 % perchloric acid. The sample was 
neutralized by 5.21 M K2C03 up to 7.3 pH. The concentrations of 
PCr and ATP after CK reaction were then spectrophoto
metrically measured using the coupled enzymatic method 
(Trautschold et al. 1985; Wahlefeld & Siedel, 1985) and the 
decrease in total PCr concentration was calculated. To assess the 
pH dependence, measurements were performed in imidazole 
acetate buffers within the pH range 6.0-8.0. 

Protein concentrations were determined hy the method of Lowry 
et al. (1951 ), using bovine serum albumin as a standard. 

The results are expressed as means ±standard errors of the 
mean (s.E.M.). Differences between two groups (apparent ATP 
production and PCr consumption measurementi.) were compared 
by a one-way analysis of variance (ANOVA) after confirmation 
of the normal di�tribution of the variable (/ test). Significance 
was accepted for P < 0.05. The dependence of the substrate 
channelling on pH was evaluated by the polynomial regression 
function (using the Simfit program ofW. G. Berdsley, University 
of Manchester, UK). 

RESULTS 
Activity measurements of free CK incubated without 
myofibrillar contractile proteins were performed to give 
control values of activity with respect to pH. Two 
procedures, i.e. an enzyme-coupled assay and an evaluation 
of the phosphocreatine concentration before and after CK 
reaction, were used to evaluate substrate channelJing. The 
enzyme-coupled assay allowed direct measurement of the 
freely accessible concentration of ATP originating in the 
CK reaction (apparent ATP production). Analyses of 
changes in the total PCr concentration (PCr entering the 
CK reaction) avoid the competitive effect of myosin ATPase 
(Fig. l) and represent the true extent of the reaction. A 
comparison of these alternative methods enabled us to 
determine the discrepancy between the reacting portion of 
PCr and apparent ATP production and thus quantify the 
substrate channelling at the level of myofibrillar CK. 

In order to preclude the effect of different pH levels on the 
enzyme-coupled assay and measurement of the decrease in 
total PCr concentration, free CK was put through the 
substrate channelling evaluation. Using external CK as a 
control, no divergence was found between the two 
alternative CK reaction measurements (ANOVA, P > 0.90), 
and both curves had the same pH dependency. No 
substrate channelling was indicated within the pH range 
used (6.0-7.5; Fig. 2). In parallel with the decrease of total 
PCr concentration, the ATP increase was evaluated. This 
measurement revealed partial non-specific hydrolysis of 
PCr due to pH alteration during protein precipitation. 
Although the hydrolysed portion was small (about 8 %), 
calibration. with an internal standard was used in all 
subsequent experiments. These measurements evaluated 
methods for substrate channelling quantification under 
various pH conditions and confirmed their suitability for 
experiments with myofibrillar fraction. 

The purity and uniformity of the myofibrillar fragments in 
the prepared myofibrillar fraction were checked by light 
microscopy. MyofibrilJar fragments and other subcellular 
particles were counted in the microscope field under x 100 
magnification. The preparation was considered as uniform 
when ballast compounds did not exceed 5 % of the total 
counted particles. The myofibrillar fraction was also 
screened for any activity of contaminant marker enzymes 
as indicators of fraction purity. No acid phosphatase activity 
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NADP� 
Glu-6-PDH 

Figure I 
Scheme of the coupled activity of myosin 
ATPase (M-ATPase) and myofibrillar creatine 
kinase (CK). Dashed arrows represent the 
competitive measurement of CK activity via an 
enzyme-coupled assay (PCr, phosphocreatine; 
Cr, creatine; HK, hexokinase; Glu, glucose; 
Glu-6-P, glucose-6-P; Glu-6-PDH, glucose-6-P 
dehydrogenase). Double-headed arrows 
represent constraints for CK activity evaluation 
via ADP measurement (PEP, 
phosphoenolpyruvate; PK, pyruvate kinase; 
LDH, lactate dehydrogenase). 
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and negligible background activities of pyruvate kinase, 
lactate dehydrogenase and succinate dehydrogenase were 
detected. The specific activity of myofibrillar CK reached 
584 ± 33 nmol min-1 mg-1 (pH 6.75), which corresponded 
to 0.42 % of CK activity measured in the homogenate. 

The substrate channelling evaluation, using myofibrillar 
bound CK as a sample, showed a significant difference 
between the decrease of total PCr concentration and 
apparent ATP production, as measured by the enzyme
coupled assay (Fig. 3). At the optimum pH of 6.75, apparent 
CK activity reached 377 ± 28 nmol (mg proteinr1 min-1, 
which corresponds to a real CK activity value of 584 ± 
33 nmol (mg proteinr' min-1• The substrate channelling 
was thus evaluated, and 34. 7 %, corresponding to 207 ± 
10 nmol (mg proteint' min-1, represents ATP consumption 

200 

r' 
:= 160 E 
";' 

" 
u tn 

Figure 2 E 120 
The pH dependency of direct A TP 0 
production (apparent ATP production; •) E 
and PCr consumption (e) measurements � 80 
in creatine kinase reaction with free CK ll. I-
(the two curves do not differ; ANOVA � P > 0.90; n = 3 for each point). Symbols ... 

and bars are means ± S.E.M. 
0 40 Q. 

by myosin ATPase. This difference was significant within 
the tested pH range of 6.0-8.0 (ANOV A, P < 0.01 ). 

As shown in Fig. 4, the level of substrate channelling 
increased within the pH interval of 6.00-7.25, and then 
continuously declined with increasingly alkali pH. The best 
fit was attained with the weighted least squares polynomial 
which results in a quadratic function (n = 36, weight= l/i'-) 
(Simfit program). The maximum of the function was 
reached at pH 6.95. This analysis was confirmed by a cubic 
spline fitting which resulted in function maximum at pH 
6.97. The maximum value of substrate channelling was 
measured at pH 7.25, where 205 nmol (mg proteinr1 min-1 
of ATP is not freely accessible for enzyme-coupled 
evaluation. This substrate channelling value corresponds 
to 42.3 % of the total PCr entering the CK reaction. 

• PCr consumption 
• apparent ATP production 

6.00 6.25 6.50 6.75 7.00 7.25 7.50 

pH 
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Figure 3 
The pH dependency of direct A TP 
production (apparent ATP production; •l 
and PCr consumption (e) measurements 
in creatine kinase reaction in a myofibrillar 
fraction (apparent ATP production is 
significantly lower; ANOVA P < 0.01; 
n = 4 for each point). Symbols and bars are 
means ± S.E.M. c.. 100 • apparent A TP production 
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DISCUSSION 
The energy source necessary for muscle contraction comes 
from two main metabolic processes: glycolysis and the 
tricarboxylic acid (TCA) cycle. Excess protons, formed as a 
by-product of glycolysis, have been implicated in intra
cellular pH change and the development of one form of 
muscle fatigue (Chase & Kushmerick, 1988; Cooke et al. 
1 988; Pate & Cooke, 1989; Allen et al. 199 5). If the rate of 
pyruvate production (from glycolysis) exceeds the rate of 
its oxidation through the TCA cycle, the excess pyruvate is 
converted into lactic acid, which dissociates into lactate 
and H+ at physiological pH. The transient alkalization due 
to proton consumption associated with net PCr hydrolysis 
after twitch contraction has also been detected in muscle 
fibres (Adams et al. 1990). Despite an effective muscle pHi 
regulation mechanism and buffer capacity (Aickin, 1986), 
the metabolic build-up of H+ within the muscle lowers the 
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:J 50 
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pH 

pH and may reduce muscle force as well as result in 
dramatic reductions in the free energy of ATP hydrolysis. 

A decrease in pH within the muscle cell due to anaerobic 
metabolism and the accumulation of lactic acid has been 
documented many times. Non-invasive NMR studies 
revealed different values of acidification; however, all 
results are within a pH range of 6.0-7.0 (Meynial-Denis et 
al. 1993; Mizuno et al. 1994; Damon et al. 2002). Iwanaga 
et al. (1991) described an even more significant pH decrease 
after the contraction of muscle using 31P-MRS spectra 
measurement. The activity of hydrogen ions is a parameter 
of fundamental importance in the regulation of cell 
metabolism. In cells that undergo significant changes of 
intracellular pH (e.g. muscle fibres), the behaviour of 
enzymes (and pathways) with expressive pH dependences 
within the physiological range of pH, should conform to 
their pH activity profiles. This is the case for such 

FigtJ.re4 
The effect of different pH levels on substrate 
channelling between myofibrillar CK and myosin 
ATPase. Substrate channelling was expressed as a 
difference in PCr consumption and apparent ATP 
production from Fig. 3. Columns represent 
means (n = 4), continuous line represents 
weighted least squares polynomial fit (n = 36) and 
dashed lines represent the 95 % confidence 
interval of the corresponding function (quadratic 
function reaching maximum at pH 6.95). 
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important pathways as glycolysis or protein synthesis 
(Busa, 1986). Although some recent findings cast doubt 
upon the role of acidification in the mechanism of fatigue 
(Wiseman et al. 1996; Saugen et al. 1997; Chin & Allen, 
1998), changes in pH strongly influence all physiological 
processes in the muscle. Examples of processes influenced 
by changes in pH are the steady contractile properties of 
muscle, Ca2; release from the sarcoplasmic reticulum, Ca2; 
binding to troponin C and cross-bridge cycling (Allen et al. 
1995; McComas, 1996). 

The method of measuring direct ATP production and 
PCr consumption was successfully used for substrate 
channelling quantification (Gregor et al. 1999). Our 
former experiments estimate that more then 50 % of ATP 
produced in the CK reaction is channelled towards myosin 
ATPase at pH 7.5. The present results, achieved by a 
modified method for maximum CK activity evaluation, 
yielded 42.3 % as a maximal value of substrate channelling 
at pH 7.25. The latter estimated amount of channelled ATP 
corresponds better to physiological reality in the muscle 
cell. 

The compartmentalization of cellular energy metabolism 
is ensured by the distribution of adenine nucleotides, as 
well as other substrates, between subcellular compartments 
surrounded by membranes. During the last decade a high 
degree of compartmentalization within the cytoplasm has 
been recognized, which is not defined by internal 
membranes. Extraorganellar substrate pool heterogeneity 
is due to the existence of different microcompartments 
without clear physical boundaries. One of the main effects 
of cytoplasmic microcompartrnentalization is the possibility 
of a direct transfer of a substrate between the active sites of 
two enzymes that catalyse sequential reactions, without 
complete mixing with the rest of cytosol (Anderson, 1999). 
The phenomenon of substrate channelling has been widely 
reported for individual enzymes, within multi-enzyme 
complexes and whole metabolic pathways (Ovadi, 1995). 
The creatine kinase system participates in direct crosstalk 
between organelles through the compartmentalization of 
adenine nucleotides. The direct substrate channelling of 
ATP and ADP between mitochondria and the sarcoplasmic 
reticulum and between mitochondria and myofibrils has 
been described (Kaasik et al. 2001). Similarly, the direct 
transfer of ATP between CK and myosin ATPase takes 
place at the myofibrillar end of the creatine kinase system 
(Arrio-Dupont, 1988). 

Because CK isoenzymes ensure the functional and dynamic 
compartmentalization of adenine nucleotides in tissues 
with high energy demands, substrate channelling at the 
myofibrillar end of the CK shuttle would undoubtedly play 
a key role in regulation and feedback control in energy 
metabolism in the muscle. The mechanism of coupling of 
two main enzymes - CK and myosin ATPase - by proton 
transfer along F-actin has already been proposed (Khan et 
al. 1989). The pH dependence of substrate channelling, 
presented in this work, emphasizes the tight cooperation of 
these enzymes. Sip1ilarly Harkema & Meyer ( 1997) described 

a role for pH decrease in the control of respiration and 
intramitochondrial potential for ATP synthesis in skeletal 
muscle, and CK regulation via the AMP-activated protein 
kinase pathway is also pH sensitive (Ponticos et al. 1998). 

Jn the present work, the coupling between CK and myosin 
ATPase varied in dependence on pH. The pH dependence 
of ATP channelling was best approximated with a 
quadratic function, which reached a maximum value at pH 
6.95. This pH value corresponds to the usual acidification 
range due to muscle contraction when intracellular pH in 
muscle falls from pH 7.2 at rest to pH 6.7 after exercise 
(Sullivan et al. 1994). One of the most physiologically 
important consequences of lactic acid accumulation and 
the consequent intracellular acidification in contracting 
muscle is a decrease in the free energy of ATP hydrolysis 
(GATP) (Combs & Ellington, 1995). This energetic state 
makes increased demands on the tight regulation of 
effective energy supply to the sites of its consumption. A 
decrease in intracellular pH in muscle participates in the 
activation of the AMP-activated protein kinase pathway 
(Ponticos et al. 1998). Not surprisingly, the pH optima for 
CK (pH 6.0 in the direction of ADP phosphorylation) and 
myosin ATPase (pH 5.9) also belong to the acidic range of 
pH (Kameyama et al. 1985; Wyss et al. 1992). It seems that, 
similar to interorganellar channelling (Kaasik et al. 2001 ), 
the A TP channelling between myofibrillar CK and myosin 
ATPase is a dynamic function, which could reach different 
values in dependence on temporal physiological conditions 
such as changes in the intracellular pH. The phenomenon 
of substrate channelling thus plays two physiological roles: 
it ensures a more efficient ATP supply at lower pH, which 
prevents optimal energy yield from ATP hydrolysis, and it 
ensures a unidirectional flux when the CK reaction is 
shifted out of equilibrium. 
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Abstract 

Creatine kinase (CK) (E.C. 2.7.3 .2) buffers cellular ATP concentration during fluctuating ATP 

turnover. Muscle cytosolic CK isoform interacts with various subcellular structures where it is 

functionally coupled with relevant ATPases. However, how this interaction, affects its activity 

is not known. We have therefore studied the interaction of CK with myofibrils and the role of 

different conformational states of CK molecule induced by ATP, phosphocreatine, ADP and 

the ATP-creatine pair. Purified rabbit psoas myofibrils with CK specific activity of 0.4±0.02 

ill/mg were used. The exchange rates between the myofibrillar A-band and its surroundings 

were measured with fluorofore conjugated CK (IAF) by the Fluorescence Lost in 

Photobleaching (FLIP) method within a very narrow pH range 7. 1 -7. 1 5 .  For CK-IAF without 

docked substrates, the time derivative of the initial loss of the fluorescent signal within the A

band equalled -3.26 at the fifth second and the decrease reached 82% by the 67th second. For 

CK-IAF with added substrates, the derivatives fell into the range of -0.95 to -1 .30, with 

respective decreases from 1 6  to 46% at the 6ih second. The results show that the substrates 

slowed down the exchange rate. This indicates that the strength of the bond between CK and 

the A-band ofmyofibrils increased. 
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Introduction 

The creatine kinase/phosphocreatine system plays an important role in muscle energetic 

metabolism. It is well compartmentalized and is a very efficient system of maintaining optimal 

ATP/ADP ratio during muscle contraction; for review see [ 1 ,  2] .  The control of creatine kinase 

(CK) activity is realized by conformational changes of the CK molecule that are closely related 

to changes in the Gibbs free energy due to the concentrations of the substrates. However, the 

force field computation for three energetic states (the substrate-free CK molecule, the molecule 

conjugated with the MgATP complex, and the pair MgATP-creatine) revealed an inactive 

"open", reactive "closed", and a non-reactive "intermediary" conformation respectively [3].  

The data have been confirmed experimentally by measuring anisotropies, lifetimes of the 

fluorescence by intrinsic tryptophans, and the radii of CK molecule gyration determined by the 

respective rotational correlation times [ 4] . These results propose the existence of an essential 

cellular component of the CK activity control, consisting of CK interaction with a given 

subcellular structures, (reviewed by Wallimann et al. [5]) and resulting in the conformational 

shift to the reactive "closed" form of the CK molecule. 

The unique interaction with myofibrils involves two parts, namely the binding of the 

CK molecule to the myofibrillar M-band and the exchange of CK between the M-band and its 

cytosol surroundings, the both of which are still poorly understood. According to Stolz and 

Wallimann [6] the N-terminal region of MM-CK mediates its specific isoform interaction with 

sarcomeric M-bands. Two pairs of key amino acid residues at this region were determined on 

the dimeric MM-CK molecule. The first is represented by highly conserved lysine residues 

(K1 04, K l  1 5) which creates a strong binding site; the second (K8, K24) is a weak interacting 

site [7]. The specific bonding partners of MM-CK in the M-band were identified as myomesin 

and M-protein [8] . 

The labelled MM-CK binding with rather high affinity to the M-band during 

equilibration can be replaced rather rapidly by unlabelled enzyme from its surroundings [9] . In 

other words, from a thermodynamic point of view, the M-band - CK bond is at its 

physiological role in the stationary state, which is maintained by the exchange of CK between 

myofibrils and cytosol. The finding has two consequences. The first, under definite conditions, 

the exchange rate between myofibrils and their surroundings should indicate - in reciprocal 

proportion - the force that holds CK and M-band proteins together. The second, CK (with its 

docked substrates) has to be kinetically different from experimentally prepared CK (substrates 

free), in order to maintain the stationary state [ 1 0] .  Furthermore, for the physiological role, the 

strength of the CK (with substrates) - M-band bond has to be stronger than the bond with the 
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CK (substrates free) - M-band, indicated by their exchange rates. Thus the experimental 

question arises how the interaction of the CK with myofibril is influenced by a conformational 

state of CK molecule, evoked by its binding with substrates. 

Results of the present study, were obtained by confocal microscopy FLIP measurement, and 

the resultes show the stronger bond of the CK (with substrates) during its specific interaction 

with myofibrils in the A-band. In the stationary state, its exchange rate with the surroundings in 

real time is slower than in comparison with the exchange rate of the CK (substrates free) and 

with the rates for non-specifically bound CK. 

Materials and Methods 

Chemicals 

Creatine kinase from rabbit muscle (CK) was obtained from Roche Diagnostic GmbH, as well 

as all enzymes and substrates for enzyme coupled assays. Fluorescent probes and conjugates 

were from Molecular Probes (U.S.A), DC Protein assay and SDS-PAGE molecular weight 

standard from Bio-Rad Laboratories Inc.; all other chemicals were from Sigma-Aldrich. 

Rabbit creatine kinase from skeletal muscle was conjugated with 

5iodoacetamidofluorescein (IAF) as described previously by Gregor et al. [ 1 1 ] .  

Solutions 

A) no calcium isotonic solution (mM): NaCl 1 2 1 ,  fresh protease inhibitors -

Phenylmethylsulphonylfluoride (PMSF) 0. 1 ,  NaN3 3 and Ethylene glycol-bis(beta-aminoethyl 

ether)-N,N,N',N'-tetraacetic acid (EGTA) 1 ;  EDTA 5, 1 ,4 Dithio-DL-threitol (DTT) 0.2; pH 

7.0. B) low ionic strength medium (mM): 3-morpholinopropanesulfonic acid (MOPS) 20, 

Manitol 1 1 ,  EDTA 4, DTT 5; pH 7. 1 .  C) relaxing buffer (mM): HEPES 20, MgCh 1 .2, EGTA 

5, EDTA 1 ,  DTT 2, PMSF 0. 1 ,  NaN3 3 ,  potassium propionate 100 and 

Di(Adenosin)Pentaphosphate (Ap5A)- adenylate kinase inhibitor - 0.2 at pH 7. 1 .  

Isolation of myofibrils 

The experiments were performed in accordance with local ethical committee guidelines (Czech 

Ministry of Agriculture, No. 1 020/437/A/99). Eight rabbits was used for a whole study. 
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Muscle tissue was obtained from a half year old male rabbit Chinchila weighing 2.8-

3.2kg. The rabbit was killed by rapid cervical dislocation, and bleed. Left and right psoas 

muscles were isolated and immediately immersed into low Ca2+ isotonic solution A and placed 

at room temperature. The muscles were cut into small pieces and transferred to solution A free 

of NaCl containing 1 00 mM KCI and 50% glycerol ( 12] .  After 60 min glycerol penetration into 

the pieces of muscle the samples could be stored at -20°C for up to 2 months. Isolation of 

myofibril was performed by homogenisation at 4°C using solution A free of NaCl containing 

100 mM KCL Sample was twice homogenised by rotation homogenizer and centrifuged at 

1 OOO g. After 20 min incubation of sediment on ice this washing cycle was repeated five times 

using glass homogenizer with teflon plunger [ 12, 1 3] .  The myofibrillar fraction was then 

incubated with 1 % Tri ton X-1 00 ( vol/vol) for 5 min and then seven washing cycles were 

repeated. We made following modification: MgCh (2.5 mM) was added into medium from the 

third washing cycle in order to prevent the degradation of actin filaments. 

Two sorts of myofibrils were used for the FLIP experiment: "intact " and "treated ". 

In the case of "intact" myofibrils, the exchange of naturally bound CK in the A-band with 

external fluorescently labelled CK by 5-iodoacetamidfluorescein (CK-IAF) was measured 

directly after isolation. In the second case, treated myofibrils were incubated in a low ionic 

strength medium B for 1 5  minutes which removed the native CK molecules from the M-band. 

Subsequent reconstitution of the native CK by the external CK-IAF was performed according 

to Ventura-Clapier et al. ( 14] .  This is stated in the Exchange experiments chapter. 

A protein profile, obtained by elution using low ionic strength medium, was detected by 

SDS-PAGE electrophoresis (acryl amid gel 5% for stacking and 1 2% running gel, 2 10V, 90 

min., Mini Protean 3-Bio Rad, Stained by silver according to Blum et al. ( 1 5] .  

Lengths o f  sarcomers were measured using the quantification mode o f  Leica Confocal 

Software (LCS Lite) 

The protein concentration of myofibrils was determined by DC Protein Assay with 

bovine serum albumin as a standard. 

Exchange experiments 

The replacement of naturally bound CK in the A-band of sarcomere by external fluorescently 

labelled CK-IAF was performed according to Kraft et al [9] as follows. Purified myofibrils, in 

a concentration of 8-12  mg protein/ml, were incubated in a total volume of 100 µl of relaxing 

solution C with 2.5 µl of CK-IAF (5 mg protein I ml) added on a cover glass at 20°C for 10  

minutes. This experiment was carried out either with or without CK substrates, adding each 
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one individually, and for ATP-creatine pair at resting physiological concentrations (5 mM 

ATP, 12  mM phosphocreatine, 8 mM creatine and 0.62 µM ADP) [ 1 6] .  

Substrates' presence in freshly purified myofibrils was tested, using enzymatic-coupled 

assays [ 1 7 , 1 8] .  

Myofibrils stained by conjugate Phalloidin-Alexa 633 were used for determining the 

location of CK-IAF. 

FLIP measurements and data evaluation 

The exchange interactions have been studied mainly by confocal microscopy, usmg the 

Fluorescence Lost in Photo bleaching (FLIP) method according to scheme (Fig. I) .  The 

myofibrils equilibrated with CK-IAF were surrounded by a bleached region. The loss in the 

fluorescent signal in the central region of interest is due to the fact that, before the CK-IAF 

molecules reach the A-band sites of interaction, they have to pass the bleaching region. 

Therefore we evaluate the exchange between the fluorescent and the bleached CK-IAF 

molecules in the central region as the loss in the fluorescent signal in time (Fig. 2). 

FLIP measurements were performed on a confocal microscope (Leica SP2 AOBS) with 

63 x/ 1 .2 NA water-immersion objective operating with an Argon laser tuned to 488 nm ( 1 0  

mW) to excite the IAF dye. Bleaching was performed in a closed band around the myofibril 

with a 488 nm line operating at 25% laser power. Fluorescence loss was monitored at a low 

laser intensity (at 5% laser power) in 1 .686 sec intervals for 40 frames with a total acquisition 

time of 67 sec. The exchange of CK-IAF between the myofibrils and its surroundings was 

measured in a stationary state by evaluating the loss of the fluorescent signal in myofibrils. 

Myofibrils labelled under the same condition on actin filaments by Phalloidin-FITC conjugate 

were used for the bleaching control. 

FLIP measurements were carried out in different substrate conditions, and repeated 5 to 

20 times to aid the statistical evaluation. Data of fluorescent intensity decay obtained from A

bands for each group were averaged and normalized to 1 00% at the start of FLIP measurement. 

The experimental data of fluorescence decay were fitted to two-exponential curves. All the 

exchange rates presented in Fig. 5 and Fig. 6 are characterized for mutual comparison by two 

values: the derivative at the fifth second, and the percentage decrease of the fluorescence at the 

end of the experiment (67 seconds). The absolute value of the derivative, as well as the 

decrease, is proportional to the respective exchange rate. 

The intensities of the signals are expressed as means ± S .E.M. "n" means number of 

myofibrillar preparations. The statistical evaluation was carried out by One Way Analysis of 
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Variance (ANOVA), nonparametric tests of Kruskal-Wallis, Mann-Whitney-U, Kolmogorov

Smimov-D, and unpaired-t tests in five time intervals: 5 ,  10, 20, 40 and 60 sec after the start of 

the FLIP measurement. The differences are accepted for P < 0.05 (using the Bonferroni 

multiplex comparison method). 

Results 

Characterization of myofibrils 

Myofibrils were standardized for exchange rate measurements in the following three steps. 

First, in order to study the effects of substrates for muscle creatine kinase (CK) interaction in 

the A-band, their absence was verified after the isolation procedure. The enzyme assays 

confirmed the absence of ATP, ADP, phosphocreatine and creatine in both preparations of 

myofibrils (see Methods). Second, the ability of myofibrils to contract was proved by the 

length of sarcomers. Relaxed myofibrils had a resting length of 2 . 1±0.20 µm and after the 

contraction in presence of 5 mM ATP and 7 mM CaCh they shortened to the length of 

1 .6±0. 12  µm. Third, creatine kinase specific activity was determined for "intact " and "treated " 

myofibrils as 0.4±0.02 IU/mg protein and 0.01±0.008 IU/mg protein, respectively. 

The SDS-PAGE protein profile (Fig. 3) shows that the treatment of myofibrils with a 

low ionic strength medium lead to elution of not only the CK (43 kD), but also eluted proteins 

with a higher molecular weight of approximately 1 20, 80 and 70 kD and at a lower molecular 

weight of 43 kD (Fig. 3). The elution of proteins significantly changed the behaviour of 

myofibrils in the exchange experiments. The FLIP measurements revealed irreversible binding 

of CK-IAF (substrates free) in contrast to the "intact " myofibrils. "Treated " myofibrils were 

excluded from further exchange measurements. 

Myofibrillar CK-IAF binding 

Location of CK-IAF binding in the A-band was confirmed by confocal microscopy. Staining 

actin filaments within the I-bands, in red, and labelling CK-IAF, in green, within myofibrils 

(Fig. 4a) showed alternating green and red stripes, confirming the place of bound CK-IAF 

between two I-bands. 

Unspecific surface adhesion of CK-IAF molecules and their axial distribution within 

the lumen of myofibrils (which could affect the measurements of the exchange rate) were 

excluded by xyz projection with subsequent 3D reconstruction from the data. The resulting 
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visualization of the A-band by confocal microscopy showed "discs" of CK-IAF molecules, 

associated in the A-bands and without penetration in the axial direction (Fig. 4b ). This result 

allowed us to study the real time exchange of CK-IAF molecules in the A-band fluorescence 

by the FLIP method just in the two-coordinate planar system x-y with respect to time. 

FLIP measurements evaluation 

Results presented in Fig. 5 show weak and specific interaction of substrate free CK-IAF 

within the A-band which differs from the control. Conjugate Phalloidin FITC tightly bound in 

the I-band was used as a control for CK-IAF bleaching in the A-band at the 6?1h sec of the FLIP 

and the derivative (see Methods) equalled -0.96 and percentage a decrease of 40%. These two 

characterizing values are compared with fluorescence decays of CK-IAF (substrates free) 

molecules in the A-band, the I-band and close surroundings. The CK-IAF (substrates free) 

fluorescence decay in the A-band is characterized by the derivative -3.08, and the 80% 

decrease is significantly different (P<().05) from Phalloidin-FITC bleaching control values. 

The fluorescence intensities in the I-band and close surroundings are very low and identical. 

CK-IAF (with substrates) molecules demonstrate very slow fluorescence decay during 

the experiment, presented in Fig. 6. The decay is not significantly different from the bleaching 

control, nevertheless it is different (P<().05) from the signal of CK-IAF (substrates free) 

molecules. The distinctive two values derivative/decrease for CK-IAF associated with the 

respective substrates are: ATP: - 1 .30 I 1 6%, phosphocreatine: - 1 . 1 0  I 46%, ATP-creatine pair: -

0.951 33%. The respective data for ADP (values are not shown in Fig. 6) equal 0.98 I 25%. 

There are not any significant differences among the substrates variants. The derivatives in this 

way fall within the range of -0.95 to -1 .30 with the respective decreases ranging from 1 6% to 

46%. The CK-IAF (substrates free) -3 .26 I 82% were repeatedly measured for comparison, and 

both values which characterize the decay in Fig. 6 were close to each other. 

pH dependence of CK-IAF interaction in the A-band 

The value of pH has a strong influence on the CK-IAF interaction with the myofibrils. We did 

not observe a clear fluorescence signal in the A-band during the exchange experiment in acid 

pH (pH 6.8 to 6.9). In neutral pH, the exchange reaction occurs and reaches its maximum in a 

basic environment of pH 7 . 1 0-7 . 1 5 .  Within this pH range all the following FLIP experiments 

were performed. The fluorescent signal in the A-band was weak or absent at pH '?:.7.2. 
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Discussion 

It is a problem of general interest whether the interaction of enzymes with structural proteins 

related to their intracellular compartmentalization plays, in general, a role in the cellular 

control of their activity. The essential physiological component (proposed in the Introduction 

of this paper) which controls muscle CK activity turns the attention toward the nature of the 

interaction of CK with myofibrils. 

Myofibrils can be considered as the simplest structure that still preserves a cellular 

function (contraction). It simultaneously enables access to the molecular level of CK

myofibrillar interaction which could affect the enzyme activity. For such an interaction the 

following are decisive: an exchange of CK between the respective cellular compartments, and 

the bond that holds CK and A-band-proteins together. Both of which are within the scope of 

this paper. 

Myofibrils as an experimental object 

Purified myofibrils reserve its physiological function, which is proved by its ability to contract, 

and CK activity (0.4±0.02 ID/mg) correspond to Ventura-Clapier et al. [ 14] and agrees with 

our previous findings [ 13 ] .  

Elution of CK from the myofibril (treated myofibrils) by low ionic strength medium 

was effective and decreased the specific CK activity by up to 0.01 ID/mg protein. The aim of 

elution was to obtain a simpler kinetic model. However, the FLIP experiment showed that 

reconstituted CK-IAF bound in A-band is fixed. And on the base of analyses of eluted proteins, 

the treated myofibrils were excluded from FLIP measurements. These SDS-P AGE results 

showed a loss of other proteins from myofibrils besides that of CK (43 kD ) (see Fig. 3). 

Namely actin (upper 43 kD band) together with CK (lower 43 kD band) was proved by mass 

spectroscopy (data not shown). Some other higher molecular weight (Mw) proteins about 70, 

80 and 120 kD were detected by SDS-PAGE. At lower Mw two main bands about 30 and 20 

kD appeared. 30 kD protein could be DRAL/FHL-2, which mediates targeting of CK with titin 

[ 19, 20] . Fig. 3 shows that a low ionic strength medium could harm the structure of sarcomers 

in the case of smaller proteins. This way could uncover some unspecific interaction for CK in 

the A-band. These results could also show that the smaller proteins are indispensable for 
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natural interaction of CK in the A-band as well as its main binding partners like myomesin 

( 1 85 kD) and M-protein ( 1 65 kD) [8] .  

pH dependence of CK-IAF interaction in A bands of myofibrils 

Results show a strong pH dependence of the CK interaction with myofibrils in the A-band. fu a 

slightly acidic environment the bond of the native CK is so strong that it excludes the CK 

exchange between myofibrils and their surroundings. These findings correspond to a recent 

observation of a strong pH effect on the binding strength between CK and myomesin [8] . This 

fact can be hypothetically explained by the physiological function of CK, as a pH buffer [21 ]  

and ATP buffer, within the range of intracellular pH changes that occur upon muscle 

contraction [22] . Also energy channelling between creatine kinase and myosin ATPase, 

reaching its maximum at pH 6.95 [ 1 3] ,  could help to explain the importance of a strong CK 

bond in the A-band during acidification. The exchange process reaches its maximum rate in a 

slightly basic environment (7. 1 0  - 7 . 1 7), which is in accordance with previous data [ 14] that 

show the reconstitution of CK bound in the M-band at pH 7 . 1 .  A weaker interaction of CK 

could be also explained by its isoelectric points at a slightly basic pH [23 , 24] . On the other 

hand Kraft et al. [9] used neutral pH for the exchange of CK molecules at skinned fibres. At 

this pH we observed only partial and slow exchange of CK-IAF molecules in the A-band. 

The role of substrates 

Results presented in Fig. 4a, b justify the FLIP method employed in the two coordinate planar 

system. Resulting data (Fig. 5 and Fig. 6) allow us to evaluate the exchange of CK, or 

reciprocally, to estimate the force of the bond. Under a slightly basic (pH 7 . 1 0  - 7 . 1 7) 

condition the exchange and equilibration between CK-IAF (substrates free) and the natively 

bound CK in the A-band is very fast (in seconds) (Fig. 5). The exchange rate in the presence of 

substrates is more than sixty times slower (in minutes) during equilibration. The FLIP 

experiments show, how the conformation change of the CK molecule, due to substrates 

binding, affects the process of exchange between the A-band and surroundings. This result 

indicates a stronger bond due to the presence of substrates. The ATP induced 

autophosphorylation of muscle CK [25] and nucleotidylation [26] can influence the interaction 
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with myofibrils, as well as the conformational change due to other substrates' binding [27, 3, 

4] . 

In summary, the results show that within a narrow pH range the substrates slowed down the 

exchange rate of the CK molecule. This indicates that the strength of bond between the CK and 

A-band increased. 
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Figure Legends 

Fig. 1. FLIP measurement. CK-IAF molecules bound into A-bands of myofibril after 

equilibration were surrounded by a bleached region (B). The loss in the fluorescent signal in 

the central region of interest (ROI) is due to the fact that, before the CK-IAF molecules from 

(0) outer surroundings of myofibril reach the A-band sites of interaction, they have to pass the 

bleaching region (B). The loss in the fluorescent signal shown in time sequence Fig. 2 

corresponds to the exchange rate between the fluorescent and the bleached CK-IAF molecules 

in the central region in A-bands during the FLIP measurement 

Fig. 3. Protein profiles of intact myofibrils (MF) and supernatant eluted from myofibrils using 

low ionic strength medium (E) are placed in the center. Molecular weight markers are placed 

on the left (high range Mw) and right (low Mw) side. 

Fig. 4. Location of CK-IAF in the A-band of myofibriles visualized by confocal microscopy. a) 

Staining of actin filaments within the I-bands by Phalloidin Alexa 633 and CK-IAF marked in 

green. b) 3D reconstruction of CK-IAF associated in the A-band of myofibrils, without its 

penetration in the axial direction. 

Fig. 5. Fluorescent intensities decrease from two compartments, which represent the respective 

rates of labelled molecules movement, evaluated in time by FLIP. The values expressed as 

means ±S.E.M. (n=6, for each point, number of myofibrillar preparations) represent: Conjugate 

Phalloidin-FITC tightly bound in the I-band as bleaching control value � ), CK-IAF (substrates 

free) associated in the A-band (0 ). The movment of CK-IAF (substrates free) molecules is 

significantly different from the control (P<0.05). 

Fig. 6. Fluorescent intensities decrease from the A- bands of myofibrils incubated with CK 

substrates, which represent the rate of labelled CK-IAF molecules movement, evaluated in 

time by FLIP. The values expressed as means ±S.E.M. (n=6, for each point, number of 

myofibrillar preparations) represent: CK-IAF - (ATP-Creatine pair) ( & ), CK-IAF-ATP (0 ), 

CK-IAF-Phosphocreatine (V ) and CK-IAF (substrates free) (0).  The movement of CK-IAF 

molecules with substrates do not differ from the control (P<0.05) and CK-IAF (substrates free) 

differ from all the cases of substrate presence (P<0.05). 
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Figures 
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Figure 4a 

Figure 4b 
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Figure 6 
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