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In recent years mitochondria have been recognized as centers of cell death 

regulation. The release of several pro-apoptotic proteins from the mitochondrial inter-
membrane space leads to programmed cell death. For the release of apoptogenic proteins, 
such as cytochrome c, the mitochondrial permeability transition (mPT) is essential.  

 
(I) In the first part of the presented thesis, the effects of methylglyoxal (MG), a new 

permeability transition inhibitor, are described. MG was able to reversibly inhibit Ca2+- and 
ceramide GD3-induced swelling of mitochondria, as well as the release of cytochrome c. 
However, MG did not interfere with substrate transport, respiration or oxidative 
phosphorylation. MG is a physiological carbonyl compound formed as an intermediate by the 
glycolytic enzyme triose phosphate isomerase. Thus, in addition the effect of 29 other 
physiological carbonyl compounds were also tested on mPT. Except for glyoxal and MG 
none of these related compounds showed neither mPT-inducing nor mPT-inhibiting 
characteristics. The effect of MG is probably due to a reversible covalent modification of 
arginine residues in proteins that are crucial for mPT regulation.  

 
(II) In the second part of the thesis the role of ubiquitous mitochondrial creatine 

kinase (mtuCK) in mitochondria was studied. Mitochondrial CK, among other things, is a 
regulator of mPT. However, the role and interaction partners of mtuCK during mPT regulation 
have not yet been characterised completely. Transgenic liver expressing mtuCK, which is not 
present in wild type liver, is used as a model to study the function of mtuCK. The effects of 
creatine and its analoges, cyclo-creatine and β-guanidinopropionic acid (β-GPA) were 
investigated. It was shown by standard mitochondrial swelling measurements that mtuCK in 
concert with creatine and cyclocreatine is able to protect mitochondria from swelling and 
going into mPT pore opening. However β-GPA, which is not phosphorylated by mtCK was 
ineffective in this respect. The creatine and cyclo-creatine effected mPT inhibition was Mg2+ 
dependent. The mtuCK inhibitory effects were observed without externally added nucleotides. 
By thin layer chromatography, the incorporation of 32P into phosphocreatine, after the 
addition of creatine without additional nucleotides was observed.  

These data indicate that an internal mitochondrial nucleotide pool must exist and a 
nucleotide cycling facilitated by functional coupling of adenine nucleotide translocator (ANT) 
and mtuCK. An mtuCK / ANT micro-compartment is therefore suggested. To test this 
hypothesis, BBCK, a cytosolic creatine kinase isoform, as well as mtuCK, were both added to 
isolated wild type mitochondria not containing mtuCK. As expected, unlike BBCK, mtuCK did 
bind to the mitochondrial surface. However, in both cases neither creatine nor cyclocreatine 
were able to inhibit mPT. Thus, a stringent closely coupled micro-compartment between 
mtCK and ANT seems to be prerequisite for the protective function of CK in concert with the 
latter protein complex. 

 
(III) To visualize the above reported effects of mtuCK, the morphology of transgenic 

liver was studied by electron microscopy. Over-expressed mtuCK in liver formed inclusions 
inside the mitochondrial christae. MtuCK increased significantly the number of contact sites, 
thus harbouring additional potential mPT regulators. Also, the resistance of mitochondria to 
the detergent digitonin increased, as seen by light scattering. It was possible to isolate 
detergent-resistant membrane domains by ultra-centrifugation. These contained besides 
mtuCK also the adenine nucleotide translocator (ANT), the outer membrane voltage-
dependent anion channel (VDAC), as well as certain components of the respiratory chain.  

In conclusion I hypothesize that mtuCK besides being concentrated in contact sites is 
also buried within christae inside mitochondria. In order to supply mtuCK with its substrate 
creatine, a mitochondrial transport mechanism for creatine might be proposed. 

 
(IV) Indeed a mitochondrial creatine uptake mechanism could be identified and 

characterised in the fourth part of this thesis. Antibodies against synthetic peptides derived 
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 from the sequence of the creatine transporter (CrT) gene recognize two distinct polypeptides 
at ~55 and ~70 kDa (3, 5). Here the mitochondrial localisation of these proteins was 
investigated. By electron microscopy and sub-mitochondrial fractionation it was shown that 
those localised to the inner mitochondrial membrane. After assuming that the α-CrT reactive 
proteins represent creatine transporter; isolated mitochondria were incubated with 
radioactively labelled creatine. In fact, a mitochondrial creatine uptake with a high Km of 
approximately 15 mM was observed. Unlike plasma membrane creatine transport (4, 5), 
mitochondrial creatine uptake was not inhibited by the creatine analogue β-GPA. However, 
the creatine precursor arginine was a significant competitive inhibitor for mitochondrial 
creatine uptake. Finally α-CrT antibodies inhibited mitochondrial creatine uptake.  

The mitochondrial creatine uptake was significant. However, as the mitochondrial Cr 
uptake properties vary substantially from the reported plasma membrane Cr uptake (4, 5) the 
molecular identity of the mitochondrial creatine uptake system needed to be clarified. 

 
(V) In the fifth part of the thesis, the α-CrT antibody reactive protein species were 

characterised in more detail. Proteins of enriched inner mitochondrial membrane were 
separated by 2D gel electrophoresis. After excision from the 2D gel and tryptic digestion, 
they were identified by LC-ESI-MS/MS. Four α-CrT immuno reactive protein species could 
be identified as subunits of mitochondrial dehydrogenase complexes. High pH carbonate 
washing of inner mitochondrial membrane fractions revealed that these α-CrT reactive 
proteins were not genuine membrane proteins. However, another α-CrT reactive polypeptide 
at higher molecular weight revealed typical membrane protein behaviour. Consequently, by 
MALDI-TOF a potential membrane protein was determined as carboamoyl phosphate 
synthase, a membrane bound mitochondrial enzyme of the urea cycle. As there was no 
mitochondrial creatine transporter protein found, the creatine uptake was studied again. After 
mitochondrial volume measurements, mitochondria appeared not to enrich creatine: the 
creatine concentration in mitochondria increased significantly, yet remained at ~30 % of the 
external creatine concentration. Pulse chaise experiments showed that creatine was 
migrating freely into and out of mitochondria. This indicates that there is no active creatine 
uptake system within mitochondria. 

 
(VI) I propose that creatine diffuses freely into the inter-membrane spaces and into 

the mitochondrial christae where mtCK is located. For this creatine uptake no specific Cr 
transporter is needed. I suggest that a classical low Km, high affinity creatine transporter is 
only present in the plasma membrane.  

The complete micro-compartments inside christae on the one hand or between MOM 
and MIM on the other hand, containing mtuCK, ANT, creatine and Mg2+ protects against 
mPT. In accordance to Eric Fontaine et al. (2) and Paul S. Brookes et al. (1) components of 
the respiratory chain were found in context with the mPT.  
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In den letzten Jahren wurden Mitochondrien als Zentren der Zelltodregulation erkannt. 

Die Freisetzung einiger Proteine aus dem mitochondrialen Zwischenmembranraum führt zum 
programmierten Zelltod. Für die Freisetzung mitochondrialer apoptogener Proteine, wie zum 
Beispiel Cytochrome c, ist die mitochondriale Permeabilitäts-Transition (mPT) entscheidend. 

 
(I) Im ersten Teil der vorgestellten Arbeit werden die Effekte von Methyl-Glyoxal (MG), 

eines neuen Hemmstoffes der mPT beschrieben. MG inhibierte reversibel, durch Ca2+ und 
Ceramide GD3 verursachtes Schwellen von Mitochondrien. MG störte jedoch weder den 
Substrattransport, die Atmung, noch die oxidative Phosphorylierung. MG ist eine physiologische 
Verbindung, welche als Zwischenprodukt durch das glycolytische Enzym Triosephosphat 
Isomerase gebildet wird. Folglich wurde die Wirkung von 29 weiteren physiologisch relevante 
Carbonyl Verbindung auf die mPT untersucht. Außer Glyoxal zeigte keine der untersuchten 
Substanzen einen mPT-fördernden oder einen mPT-hemmenden Einfluss. Der Effekt von MG 
wird der reversiblen kovalenten Bindung an Arginine Reste in Proteinen, die entscheidend für die 
mPT Regulation sind, zugeschrieben. 

 
(II) Im zweiten Teil dieser Dissertation wurde die Rolle der ubiquitären Kreatin Kinase 

(mtuCK) in Mitochondrien untersucht. Unter anderem ist die mtuCK ein Regulator der mPT. Die 
Rolle der mtuCK und deren Interaktionspartner bei der mPT wurden jedoch noch nicht vollständig 
charakterisiert. MtuCK ist normalerweise in Lebergewebe nicht nachweisbar. Deshalb wird 
transgene Leber, welche mtuCK expremiert, als Modell zur Funktionsuntersuchung der mtuCK 
verwendet. Die Wirkung von Kreatin und dessen Analoge Cyclo-Kreatin und β-Guanidino-Propion 
Säure (β-GPA) wurde untersucht. Mittels Standart Schwell-Messungen an Mitochondrien wurde 
gezeigt, dass mtuCK zusammen mit Kreatin oder Cyclo-Kreatin das Öffnen der mPT Pore 
verhindern konnte. β-GPA, dass von mtuCK nicht phosphoryliert werden kann, zeigt hier keinen 
Effekt. Die Wirkung von Kreatine und Cyclo-Kreatine auf die mPT war Mg2+ abhängig, und wurde 
ohne den Zusatz von Nukleotiden beobachtet. Mittels Dünnschicht-Chromatographie wurde nach 
der Zugabe von Kreatin ohne zusätzlich Nukleotide der Einbau von 32P in Phospho-Kreatine 
nachgewiesen.  

Diese Daten deuten darauf hin, dass es einen internen mitochondrialen Pool an 
Nukleotiden geben muss, und dass eine Zyklisierung der Nukleotide durch die funktionelle 
Kopplung des Adenin-Nukleotid Translokators (ANT) und der mtuCK ermöglicht wird. Deshalb 
wird eine ANT / mtuCK Mikro-Kompartmentierung vorgeschlagen. Um diese Hypothese zu testen 
wurde zu isolierten Wildtyp-Mitochondrien (ohne mtuCK), sowohl gereinigt mtuCK als auch BBCK, 
ein zytosolisches Isoenzym, zugesetzt. Wie erwartet band mtuCK im Gegensatz zur BBCK and 
die Oberfläche der Mitochondrien. In beiden Fällen waren jedoch weder Kreatin noch Cyclo-
Kreatin in der Lage mPT zu hemmen. Deshalb scheint eine direkt Nachbarschaft von ANT und 
mtuCK in einem Mikro-Kompartment notwendig um die schützende Wirkung der mtuCK zu 
ermöglichen.  

 
(III) Um die oben berichteten Wirkungen der mtuCK sichtbar zu machen wurde die 

Morphologie der transgenen Leber im Elektronenmikroskop untersucht. In Leber über-
expremierte mtuCK führte zu Einschlüssen innerhalb der mitochondrialen Christae. MtuCK 
erhöhte signifikant die Anzahl der Kontaktstellen, welche vermutlich einige mögliche mPT 
Regulatoren beherbergen. Ebenso erhöhte sich die Beständigkeit der Mitochondrien gegenüber 
dem Detergents Digitonin. Dies wurde bei Lichtstreuungs-Messungen festgestellt. Es war 
außerdem möglich durch Ultra-zentrifugation Detergents resistente Membran-Domänen zu 
isolieren. Diese enthielten außer mtuCK auch ANT, spannungsabhängigen Ionenkanäle (VDAC) 
und Bestandteile der Atmungskette.  

mtuCK ist folglich sowohl in den Kontaktstellen, als auch in den unzugänglichen Christae 
lokalisiert ist. Um mtuCK mit Kreatin zu versorgen schlage ich hier einen mitochondrialen Kreatin-
Transport-Mechanismus vor.  

 
(IV) Tatsächlich konnte im vierten Teil dieser Doktorarbeit ein mitochondrialer Kreatin 

Aufnahme Prozess identifiziert und charakterisiert werden. Antikörper, die gegen synthetische 
Peptide, abgeleitet von der Gen-Sequenz des Kreatin Transporters (CrT), hergestellt wurden, 
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 erkannten zwei verschiedene Polypeptide mit der molekularen Größe von ca. 55 und 70 kDa (3, 
5). Hier wurde die mitochondriale Lokalisierung dieser Proteine untersucht. Mittels 
Elektronenmikroskopie und Sub-Fraktionierung von mitochondrialen Membranen wurde gezeigt, 
dass sich diese Proteine in der mitochondrialen Innenmembran befinden. Nach der Annahme, 
dass diese α-CrT reaktiven Proteine CrT seien, wurden isolierte Mitochondrien mit radioaktiv 
markiertem Kreatin inkubiert. Tatsächlich wurde ein Kreatin-Aufnahme mit hohem Km (ca. 15 
mM) gemessen. Im Gegensatz zum Kreatin Transport über der Plasmamembran (4, 5), wurde 
der mitochondrial Kreatine Transport nicht durch β-GPA gehemmt. Arginine war jedoch ein 
signifikanter Inhibitor der mitochondrialen Kreatin Aufnahme. Schließlich inhibierte der α-CrT 
Antikörper die mitochondriale Kreatin Aufnahme.  

Die mitochondriale Kreatin Aufnahme war eindeutig. Ihre Eigenschaften gegenüber der 
des Plamamembran Transportes waren jedoch substanziell verschieden (4, 5). Die molekulare 
Identität dieser mitochondrialen Kreatin Aufnahme bedurften der Klärung.  

 
(V) Im fünften Teil dieser These wurden die α-CrT reaktiven Protein näher untersucht. 

Proteine aus hochangereicherter mitochondrialer Innenmembran wurden durch 2D Gel-
Elektrophorese aufgetrennt. Nach dem Ausschneiden aus den Gelen und dem tryptischen 
Verdau, wurden sie mittels LC-ESI-MS/MS identifiziert. Vier Proteine konnten als Untereinheiten 
von mitochondrialen Dehydrogenase Komplexen identifiziert werden. Carbonat-Extraktionen bei 
hohem pH zeigten, dass es sich tatsächlich nicht um Membranproteine handelte. Eine weiter α-
CrT reaktive Proteinbande bei einem Molekulargewicht von >100 kDa zeigte jedoch typische 
Eigenschaften eines Membranproteins. Mittels MALDI-TOF wurde dieser Kandidat aber als 
Karboamoyl-Phosphat Synthase, einem hypothetischen Membranprotein des Harnstoff Zyklus 
identifiziert. Da kein mitochondrialer CrT gefunden werden konnte wurde die mitochondriale 
Kreatin Aufnahme nochmals untersucht. Nach der Messung des mitochondrialen Volumens 
ergab es sich bei der Konzentrationsberechnung, dass Mitochondrien Kreatin nicht anreichern. 
Die Kreatinkonzentration in Mitochondrien stieg zwar eindeutig an, blieb jedoch immer bei 30 % 
der außen vorgelegten Konzentration. „Pulse chaise“ Experimente zeigten weiterhin, dass Kreatin 
sich frei in Mitochondrien hinein und herausbewegen kann. Summa summarum zeigen diese 
Ergebnisse, dass es keinen aktiven mitochondrialen Kreatintransport gibt.  

 
(VI) Ich schlage vor, dass Kreatin frei zur mtuCK in die Cristae hinein diffundieren kann. 

Für diese Aufnahme in die Mitochondrien ist jedoch kein spezifischer Transport notwendig. Ein 
klassischer hochaffiener Kreatin Transporter mit niedrigem Km-Wert kommt vermutlich nur in der 
Plasma-Membran vor.  

Weiterhin stelle ich vor, dass intakte Micro-Kompartimente in den Christae auf der einen 
Seite, und zwischen Außen- und Innenmembran auf der anderen Seite, mtuCK, ANT, Mg2+  und 
Nukleotide enthalten, und als funktionelle Einheit mPT verhindern können. In Übereinstimmung 
mit Eric Fontaine (2) und Paul S. Brooks (1) konnten im Zusammenhang mit mPT Teile der 
Atmungskette nachgewiesen werden.  
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Figure 1. Electron tomography of mitochondria. (a) Two views of a 3D reconstruction 
of a Purkinje cell dendritic mitochondrion imaged in situ. Electron tomography was
performed on 0.5 mm slices of rat brain tissue using a 400 kV microscope. The outer
membrane is shown in dark blue, the inner boundary membrane in light blue, and the
crista membranes in yellow. The inner boundary and crista membranes are continuous
surfaces but were segmented independently to highlight their separate topographies.
(b) Four cristae were segmented independently to demonstrate crista morphology
and connectivity and are displayed together with the inner boundary membrane. The
yellow crista is an example of a lamellar compartment with multiple crista junctions
connecting it to the inner boundary membrane. The gray crista has seven tubes that
connect to the inner boundary membrane on different sides. Three tubes connect to
the boundary in the foreground and four tubes connect in the background, which is
obscured by the lamellar portion of this crista and the green crista. A tubular crista
with only one junction is displayed in blue near the top of the mitochondrion just right
of center. (c) Three edge views of the yellow (lamellar) crista (from b) showing the four
junctions (black openings) on this side of the crista. Scale bar = 120 nm. Adopted from
G. A. Perkins and T. G. Frey (77) 
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This chapter is not meant to give a detailed bibliographical introduction into the 

literature. It is more a guide for you – the reader. This guide should lead you through the 
chapters. In the beginning of each chapter you will find a detailed introduction. In the 
following pages, however, background information is given, which is not present in the 
individual chapters. The main focus of this PhD thesis are, no doubt; mitochondria. In the first 
part of my thesis, new results on the regulation of mitochondrial permeability transition are 
presented, whereas in the second part novel aspects of mitochondria in creatine metabolism 
are illuminated. 

 
 
 
 
 

Mitochondria - powerplants of the cell 
Around 1850, microscopists used the words “chondros” (Greek), “grain” (English) or 

“Korn” (German) to describe distinct sub-cellular structures seen in the light microscope. 
Improved staining techniques yielded more accurate descriptions; grains were seen as 
“threads”, “mitos” in Greek, “Faden” in German. Hence, those structures were called 
Fadenkörper or mitochondria (C. Benda, 1898).  

In the early part of the twentieth century cell biologists were eager to provide 
geneticists with a cellular entity, which could transmit genetic information. For a short time 
mitochondria were favoured as carriers of this function. The discovery by Kingsbury and 
Warburg that mitochondria were associated with respiration challenged this role in genetics. 
Another forty years of biochemical analysis lead to the characterization of mitochondria as 
the power plant of the cell.  

 
 
 
 
 
 

Mitochondrial architecture, structure and function 
Mitochondrial shape turned out to be highly dynamic and variable, but was generally 

described either as spherical (0,5 – 5 µm in diameter) or cylindrical (0.2 µm in diameter and 
20 µm long) (Perkins et al., 2001). Mitochondria are organelles with two distinct 
compartments: the matrix surrounded by the inner membrane (MIM) and the intermembrane 
space (IMS) between the MIM and the mitochondrial outer membrane (MOM). The old baffle 
model describes the MIM protruding into the matrix space in a “baffle-like” manner. The 
lamellae or leaves forming these baffles are dubbed “cristae”, and are aligned more or less 
orthogonally to the long axis of the mitochondrion (76-78).  

However, scanning electron microscope studies suggest that the baffle model might 
be inaccurate (58, 59) and during recent years based on progress made in the field of cryo-
electron microscopic tomography and image reconstruction of ultra thin frozen tissue section 
tilting series (for review see (5, 63)), our picture of the mitochondrial structure has been 
refined with a new cristae junction model (71, 77-79) (Fig. 1). In this model, cristae are stacks 
of independent membranous lamellae or “septae”, and the cristae feature both a flat lamellar 
and a tubular part. Tubular openings connecting cristae membranes to the outer boundary 
membrane are named cristae junctions (76), whereas the flat lamellar cristae are located 
centrally in the mitochondrion (64, 78). With a few exceptions, this model proposes that there 
is no continuity between the cristae and peripheral inner membranes (64, 77). The functional 
consequence of this junctional architecture is a microcompartmentation of macromolecules 
inside the cristae (78). All these new structural features seem to suit mitochondrial function 
which is central to numerous cellular processes, such as the generation of ATP from ADP 
and inorganic phosphate by the process called oxidative phosphorylation (for review see 
(87)), regulation of the cytosolic Ca2+ homeostasis (43, 44) or ββββ-oxidation of fatty acids.  
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The mitochondrial inner 
membrane:  
Mitochondrial electron transport 
and oxidative phosphorylation 

The complexes of the 
respiratory chain are localised within 
the MIM together with ubiquinones, 
cytochromes and the ATP-synthase. 
The mitochondrial MIM is impermeable 
to most of the solutes under 
physiological conditions. Most of the 
metabolites enter the matrix under 
control by specific carriers in exchange 
for those metabolites, which must leave 
the mitochondria (reviewed in (99)) 
Among these carriers the adenine 
nucleotide translocase (ANT) is 
responsible for the exchange of ADP 
and ATP.  

The mitochondrial respiratory 
chain is an assembly of more than 
twenty electron carriers grouped into 
four protein complexes (Fig 2). These 
four inner-membrane-associated 
enzyme complexes, with cytochrome c 
and the mobile carrier ubiquinone (117, 
118), carry out electron flow through 
the mitochondrial electron transport 
chain. NADH derived from both 
cytosolic glucose oxidation and mitochondrial TCA cycle activity donates electrons to 
NADH:ubiquinone oxidoreductase (complex I). Complex I ultimately transfers its electrons to 
ubiquinone. Ubiquinone can also be reduced by electrons donated from several FADH2-
containing dehydrogenases, including succinate:ubiquinone oxidoreductase (complex II) and 
glycerol-3-phosphate dehydrogenase. Electrons from reduced ubiquinone are then 
transferred to ubiquinol:cytochrome c oxidoreductase (complex III) by the ubisemiquinone 
radical-generating Q-cycle. Electron transport then proceeds through cytochrome c to 
cytochrome c oxidase (complex IV), which produces water, consuming oxygen. 

The mitochondrial respiratory chain catalyses the "downhill" transfer of electrons from 
substrates to the final acceptor, oxygen. Complexes I, III and IV pump protons across the 
MIM resulting in the accumulation of protons in the intermembrane space. This proton motive 
force is used by ATP-synthase to produce ATP using Pi + ADP. ATP is produced in the 
matrix compartment and exported through the ANT into the intermembrane space in 
exchange for ADP from the latter space. Electrons are shuttled between the complexes by 
specialised molecules, such as ubiquinones and cytochromes. Among the cytochromes, 
cytochrome c (cyt c) is important in apoptosis. Cyt c (MW 14.5 kDa) is present in the 
intermembrane space as well as in the christae. Cyt c is known to bind to cardiolipin, a 
specific lipid component of the mitochondrial MIM (88, 89), and is relative mobile within the 
inner membrane (3).  

 

Mitochondrial outer membrane 
The MOM is relatively selective but not as impermeable as the MIM. The major 

protein present in the MOM is the so-called voltage dependent anion channel (VDAC). VDAC 
belongs to the family of porin proteins and is permeable to solutes of < 1.5 kDa. VDAC 
interacts with hexokinase on the cytoplasmic surface of the MOM (11, 12). On the IMS face 
of the MOM VDAC interacts with mitocondrial creatine kinase (mtCK) (90).  

Figure 2. Chemisomotic proton circuit.
Electrons from NADH and FADH2 enter
respiratory chain at, respectively, complex I
and II. Electrons are then transferred via
ubiquinone to complex III. However
Ubiquinone can transfer electrons to oxygen,
producing radical oxygen species. Complexes
I, III, and IV function as proton pumps, in series
with respect to protons and in parallel with
respect to proton circuit. Proton reentry can
occur through ATP synthase to generate ATP
and also through uncoupling protein (UCP),
which serves for heat production. Adopted
from M. Brownlee, Nature, 2001. 
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The rotenone-insensitive NADH oxidase (RiNADHOX) is located within the outer 
membrane. RiNADHOX transfers electrons from cytosolic NADH to iron sulfur complexes 
within the MOM. Finally Cytochrome b5 transfers the electron to cytochrome c in the inter 
membrane space (7). The enzyme mono amino oxidase is also located at the MOM. Similar 
to RiNADHOX it feeds electrons to complex IV via cytochrome b5 and cytochrome c (19). 

 
The mitochondrial inter-membrane space 

The inter-membrane space (IMS) is the anteroom of mitochondria. Several 
apoptogenic proteins are located here, hidden from the cytoplasm. These are cytochrome c 
(65), part of the respiratory chain (see above), apoptosis inducing factor (AIF) (25), 
DIABLO/Smac (28, 114) and several procaspases (25, 47). All those factors are released if 
the outer membrane becomes permeable either by mitochondrial permeability transition 
(see below and Chapter 2; 3; and 4 of the presented work), or channel forming proteins as 
Bax and Bid (47).  

The IMS is also a mitochondrial workshop. Proteins synthesized in the cytoplasm are 
imported via translocases (TOM) through the outer membrane. They are further built into the 
MIM or transported into the matrix for which chaperons located in the IMS are essential (94, 
98, 112). 

Mitochondrial membranes separate the cytosolic compartment from the mitochondrial 
matrix compartment. Trapped between mitochondrial matrix and the cell-cytosol, the IMS 
forms a third compartment, with own characteristics. On the one side IMS is restricted by the 
rather impermeable MIM. The outer membrane forms the other boundary of IMS. Although 
VDAC-containing MOM is quite permeable for small solutes, it is selective for larger charged 
molecules, such as nucleotides, especially ADP due to the channel’s voltage dependence 
(33, 36, 57).  

Kinases such as mitochondrial creatine kinase (mtCK) and mitochondrial adenylate 
kinase (mtAK) are present in the inter-membrane space. MtCK produces phosphocreatine 
from creatine derived from the cytoplasm plus ATP coming from the matrix. CK releases 
ADP into IMS like the other kinases and forms a part of the creatine shuttle (for details see 
chapter 3 and 4). While mtCK is reversibly attached to the inner membrane (82, 83), mtAK 
is generally considered as a marker of the aqueous phase of the IMS (17).  

Several in vitro and in situ studies have shown that mitochondrial kinases are 
functionally linked to and prefer access to ATP derived from mitochondrial oxidative 
phosphorylation ((9, 10, 34, 35, 52, 56). Similarly, it was demonstrated that ADP supply to 
oxidative phosphorylation proceeded more effectively via mitochondrial kinases than via 
extra mitochondrial kinases (35, 52, 56). ADP-regeneration within the intermembrane space 
by mtCK and mtAK (35, 52, 56) results in high local ADP concentrations, which are greater 
than extra mitochondrial bulk ADP concentrations. This suggests the MOM separates 
kinases in the intermembrane space from the extra-mitochondrial space. This is achieved by 
inhibiting diffusion of adenine nucleotides and other metabolites through VDAC. The 
functional consequences of this compartmentation are reflected in the creatine / 
phosphocreatine shuttle (for details see below and chapter 3 and 4). 

 
Mitochondrial integration of metabolic and signaling pathways: 
Phospho transfer networks  

Part of intracellular energy transfer proceeds in the narrow mitochondrial inner 
membrane infoldings, known as cristae (Fig.·1). The cristae arrangement increases, by 
several folds, the capacity of mitochondrial ATP production without occupying additional 
intracellular space. However, it creates difficulties in ATP export from the mitochondrial 
intracristal space, as diffusional flux requires a significant concentration gradient. 
Accordingly, ATP accumulation in the mitochondrial intracristal space would inhibit export of 
ATP from the mitochondrial matrix by locking the adenine nucleotide translocator (64).  

In principle, this limitation can be overcome by either placing in the intracristal space 
near-equilibrium phosphotransfer systems, capable of accelerating ATP export/ADP import, 
and/or by establishing high-throughput contact sites between inner and outer membranes, 
thereby providing direct access to ATP in the mitochondrial matrix (Fig.3). Available data 
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suggest that in mitochondrial physiology both possibilities are employed, and their functional 
significance may vary depending on the physiological conditions or functional load (37, 125). 
This view is supported by the observation that the presence of creatine kinase, adenylate 
kinase and nucleoside diphosphate kinase in the intermembrane space facilitates ATP/ADP 
exchange between mitochondria and cytosol (56, 81, 84).  

Conversely, disruption of the adenylate kinase gene impedes ATP export from 
mitochondria (4). Taken together, this would indicate that in the absence of facilitating 
mechanisms, cell architecture and diffusional hindrances would obstruct free movement of 
molecules, impeding efficient intracellular communication. 

 
Glycolytic integration 

Intracellular glucose oxidation begins with glycolysis in the cytoplasm, which 
generates NADH and pyruvate. Cytoplasmic NADH can donate reducing equivalents to the 
mitochondrial electron transport chain through two shuttle systems, the malat-glutamate 
shuttle and cytochrome b5 in the outer membrane, which can reduce cytochrome c. Pyruvate 
can also be transported into the mitochondria, where it is oxidized by the tricarboxylic acid 
(TCA) cycle to produce carbon dioxide, water, four molecules of NADH and one molecule of 

Figure 3. Energy support relays for nucleocytoplasmic communication. Mitochondria
clustered around the nucleus generate the majority of ATP required for nuclear processes.
Export of ATP from the mitochondrial intracristal space is facilitated by near-equilibrium
reactions catalyzed by mitochondrial isoforms of adenylate kinase (AK2), creatine kinase (Mi-
CK) and nucleoside diphosphate kinase (NDPK). Subsequently, highenergy phosphoryls are
navigated through the diffusionally restricted perinuclear space to ATP consumption sites at
the nuclear envelope and inside the nucleus by cytosolic and nuclear isoforms of AK, CK and
NDPK. Interaction and complementation between these systems secure proper nucleotide
ratios at and across the nuclear envelope, sustaining the high energy of ATP and GTP
hydrolysis. Adopted from Dzeja &Terzic 2003 J Exp Biol 
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FADH2. Mitochondrial NADH and FADH2 provide energy for ATP production through 
oxidative phosphorylation by the electron transport chain.  

 

 
The urea cycle 

The keto acids α-ketoglutarate and oxaloacetate can be withdrawn from the Krebs 
cycle to form amino acids by transamination or added to the cycle. α-Ketoglutarate enters the 
Krebs cycle providing nitrogen. This nitrogen is recaptured when oxaloacetate is converted to 
aspartate. Those reactions are reversible.  

A significant role of mitochondria in amino acid metabolism is the partition in the urea 
cycle. Via the urea cycle excess amino acids, e.g. aspartate coming from the Krebs cycle 
can be converted into urea in the liver and excreted in kidneys. Two reactions are taking 
place in mitochondria, the formation of carbamoyl phosphate from ammonia and bicarbonate 
consuming ATP, and the condensation of carbamoyl phosphate with ornithine to from 
citrulline.  

 
Mitochondria – Cell Communication via permeability transition 

Although the mitochondria inner membrane is permeable to certain metabolites and 
ions in a highly controlled and selective mode (6), it happens transiently that under certain 
conditions, MIM becomes unselectively permeable. This phenomenon is described as 
permeability transition (PT), e.g. in isolated mitochondria after addition of Ca2+. At the end of 
the 1970s, Haworth and Hunter obtained the first evidence that a pore (PTP) was involved in 
permeability transition, but the molecular nature of the PTP is still controversial (46).  

Figure 4. Compartmentation of sugar metabolism. Shown are carbonyl compounds (bold
black, investigated in Chapter 2) formed in glycolysis and Krebs cycle. Note that the carbonyl
compounds migrate across mitochondrial outer membrane (MOM) and mitochondrial inner
membrane (MIM). Shown are also possibilities for metabolic cross-talk between mitochondria
and cytoplasm, e.g. Hexokinase (HK) at the outside attached to the MOM, and other kinases,
such as creatine kinase or adenylate kinase in the inter-mebrane space (see text).  
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During PT, the mitochondrial IM becomes permeable to solutes up to about 1,500 Da. 
Induction of PT is sufficient to promote apoptosis (55, 109). It is known that prolonged 
opening of the PT pore causes mitochondrial membrane potential (∆Ψm) dissipation, ATP 
depletion, Ca2+ release, impairment of Ca2+ buffering, mitochondria swelling and 
mitochondrial protein release (48, 49) such as cytochrome c, AIF, Smac/DIABLO and several 
proteases (47).  

Several substances can induce PT such as physiological signalling agents Ca2+ and 
NO (21, 24). In addition, mitochondrial depolarisation is another general stimulus that 
induces PT (6, 32, 50). Most recently it was shown that the ganglioside GD3, an intracellular 
mediator, is able to trigger PT in isolated mitochondria and tumour cells line (53, 54, 97). 
GD3 is also able to induce depolarisation in some type of primary neuronal cells 
(oligodendrocytes), but fail to produce depolarisation on microglia cell (22).  

The PT pore is inhibited by cyclosporin A (6) through its binding to cyclophillin D and 
also by ADP and Mg2+ (20). High ∆Ψ, CsA, ADP, H+, and BKA stabilize the closed 
conformation of the PTP, whereas low ∆Ψ, intramitochondrial Ca2+, low Pi, and carboxy-
atractyloside (CATR) promote the open conformation (6) and chemical agents reacting with 
vicinal dithiol such as tributyltin are also inducers of PT (108). 

 
The molecular machinery of the PTP is not understood in great detail. The present 

model of the PTP involves the outer membrane VDAC and ANT as the two major 
components (8, 18, 66, 67). Other proteins such as hexokinase, mitochondrial creatine 
kinase and cyclophilin D are involved in the regulation of the PT. 

A mitochondrial multiconductance channel, measured by patch clamping of 
mitoplasts and considered to be the electrophysiological counterpart of the MPT (110), was 
also detected in an ANT-deficient yeast strain, indicating that ANT may not be involved 
directly as the MPT channel (61). Finally, it has been shown that the MPT is highly influenced 
by electron flux through respiratory complex I. MPT inhibition occurs if the electron flux is 
suppressed by quinones (32). This led to 
the suggestion that the MPT may reside 
within complex I (31, 32). Thus, there are 
some serious arguments against ANT 
being the sole MPT pore-forming channel 

 
The identification of functionally 

important amino acids residues by the use 
of amino acid-specific covalent reagents 
has provided some clues on the 
mechanism of the PTP. Covalent 
modification has revealed the role of 
histidine-residues that react with 
diethylpyrocarbonate and may be involved 
in CyP-D binding and pH sensing (72); 
cysteines-residues controlling the PTP 
conformation have been characterized by 
thiol-disulfide interconversions (24); and 
arginine residues that react with synthetic 
dicarbonyl compounds phenylglyoxal and 2,3-butanediol favoring the closed conformation of 
the PTP (29, 30, 60). In contrast to phenylglyoxal, and despite their structural similarity, 
hydroxy-phenylglyoxal strongly promoted the open conformation of the PTP. The PT 
inducing effect of hydroxy-phenylglyoxal was strongly favored by mitochondrial de-
energization, indicating that arginine-residues might be involved in the PTP voltage 
dependence (29, 30, 60). In the present work (see Chapter 2) a physiological, non-synthetic 
arginine reagent was investigated. Methylglyoxal, a dicarbonyl compound, is an intermediate 
formed by the glycolytic enzyme triose phosphate isomerase (please see chapter 2). Another 
organic molecule that is involved in PT regulation is creatine and its phosphorylated 
derivative. 

Figure 5. Modulation of the mitochondrial 
permeability transition by matrix and 
membrane effectors (see text). Adopted 
from P. Bernardi (6). 
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Mitochondrial creatine kinase and the phospho-creatine shuttle 

Creatine (Cr) and phospho-creatine (PCr) are guanidino compounds. Creatine kinase 
(CK) isoforms and Cr/PCr are part of the cellular energy network e.g. in skeletal muscle, 
brain and other tissues and cells with fluctuating high-energy demand. In these tissues, Cr is 
the substrate of CK, which transfers a phosphate group from ATP to PCr at sites of energy 
production (mitochondria) and recycles ATP by consuming the PCr at sites of high energy 
turnover (for review see (9, 120)). The sites of high-energy consumption are e.g. Na-K-
ATPase, which is functional coupled with CK, as shown in kidney epithelia (41). Another 
important aspect involving CK is the sensing of ATP fluctuations. Very recently, the ATP-
sensitive K+ (K(ATP)) channel was co-immuno precipitated with MCK, a prototypic metabolic 
sensor (1). The dynamics of high energy phosphoryl transfer through the creatine kinase 
permitted the transmission of energetic signals into the submembrane compartment 
synchronizing K(ATP) channel activity with cell metabolism. Knock-out of the creatine kinase 
M-CK gene disrupted signal delivery to K(ATP) channels and generated a cellular phenotype 
with increased electrical vulnerability (1). Further more, an interaction of CK with a metabolic 
master switch AMP activated protein kinase (AMPK) was proposed (80). 

It seems that creatine is also crucially involved in regulation of cellular calcium 
homeostasis (102), subsequently of cell death ((18, 73, 119) for recent review see (25)). I 
have cited some cases of CK involvement. Thus it becomes clear that it will be important to 
learn more about the different metabolic- and signalling pathways – biosynthesis, uptake, 
transport and physiological functions of creatine in organisms and cells. 

 
The vertebrate genome codes for two distinct an tissue-specific mtCK isoforms 

sharing 82-85 % amino acid sequence identity (68). Ubiquitous mtuCK is found in several 
non-muscle organs like kidney or brain, and sarcomeric mtsCK which expression is restricted 
to sarcomeric muscle tissue. Both mtCK isoforms form dimeric, as well as highly ordered 
octameric structures with a molecular weight of approx. 66 and 340 kD, respectively (93, 
123). The prevalent species of mtCK under normal conditions in vivo is the octamer (92). The 
octamer / dimer ratio of Mt-CK in vitro was shown to be influenced by enzyme concentration, 
pH, ionic strength and the presence of substrates (40).  

MtCK is localized in the IMS and the cristae, where they bind to mitochondrial 
membranes. Octameric mtCK is able to cross-link membranes at mitochondrial contact sites 
(82, 83) and also cross-links phospholipid vesicle in vitro (101). Human Mt-CK iso-enzymes 
from heart and brain have been shown to differ in octamer stability and membrane binding 
(91). The direct transphosphorylation of intramitochondrially produced ATP into PCr is 
probably the primary function of mtCK (120, 124). The functional coupling mtCK to oxidative 
phosphorylation via the adenine nucleotide translocator (ANT) has been reported in vivo and 
vitro (51, 52, 85).  

 It is discussed that the binding of mtCK to VDAC (90), and the functional 
coupling to ANT (12, 13, 52, 66, 67) is part of the PT regulation. Creatine prevents 
mitochondria to open the PTP after appropriate stimuli (27, 73). The PTP inhibiting 
characteristic, the coupling of ANT and mtCK within a micro-compartment have been studied 
in detail (see chapter 3). Furthermore the localization and the impact of mitochondrial 
structure have been investigated (see chapter 4). 

 
Creatine metabolism 

In mammals, Cr is synthesized mainly in liver and pancreas by the enzyme 
guanidine-acetate methyl-transferase (GAMT) from its precursor guanidine acetic acid 
(GAA). GAA on the other hand is synthesised mainly in kidney pancreas by arginine glycine 
armino-transferase (AGAT) ((38, 62, 115, 116)). However, tissues, which contain the highest 
concentrations of PCr, do not synthesize their own creatine or do so only to a limited extent 
(16). Most of the creatine is absorbed from the plasma into the respective tissues by a 
specific creatine transporter (CrT) ((74, 121), for review see (42, 100)).  
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Inborn errors in Creatine metabolism. 
Recent reports describe inborn errors in creatine metabolism pathways resulting from 

a deficiency of hepatic GAMT activity (95, 96, 104, 105). GAMT mutations were detected in 
children suffering from neurological disorders. The patients have an accumulation of GAA 
and a severe creatine deficiency. From this patient group, one male patient exhibits an extra 
pyramidal movement disorder starting at the age of 5 months. At the age of 22 months, he 
displayed severe muscular hypotonia and developmental delay. The EEG showed 
abnormally low background activity with multifocal spikes. Another patient, a girl aged 4 yr, 
presented a dystonic-dyskinetic syndrome, developmental delay, and epilepsy with 
myoclonic and astatic seizures and grand mal. The third patient, a five-year-old boy, 
displayed global developmental delay and experienced frequent tonic seizures, associated 
with apnea. GAMT deficiency was identified as the underlying metabolic basis of the disease 
by finding considerably increased brain, cerebrospinal fluid, serum, and urine concentrations 
of GAA; low Cr concentrations in plasma, cerebrospinal fluid, and urine; a virtual absence of 
Cr and PCr in the brain. Patients carrying a GAMT mutation, treated with oral Cr demonstrate 
a remarkable improvement of both the clinical symptoms and of the biochemical 
abnormalities (103-107, 113). 

Several mutations in CRT (14, 23, 45, 86) were found in humans suffering from an X-
linked Cr deficiency syndrome with developmental delay, hypotonia, severe delay in both 
speech and expressive language function, and epilepsy. Those patients are described as 
having an absent PCr peak in their brain MRS spectra, elevated Cr plasma levels and 
elevated creatinine in urine. Fibroblasts from these patients contained hemizygous nonsense 
mutations in the CRT gene and were defective in Cr uptake (23, 86). Interestingly, the Xq28 
locus - where the crt1 gene is localized – has been linked to the genes for several 
neuromuscular disorders, as Barth syndrome (2, 15), (26, 111), causing several authors (39, 
42, 70) to speculate that dysfunctional crt1 gene may be responsible for some of these 
diseases. 

After the generation of different peptide antibodies (42), CRT protein was shown to be 
expressed in liver, small intestine, skeletal and heart muscle, (69, 75, 121, 122). In those 
tissues CRT is not only located in the plasma-lemma but also in mitochondria (69, 121, 122). 
As there is little known about the exact localisation of CrT, I decided to study the CrT in 
muscle tissue. The localisation and physiological characterisation of CrT is the second focus 
of my thesis. Therefore one will find detailed information about the molecular identity, tissue 
specific expression, regulation, and about CrT mutations in humans in the chapters 5 & 6. 
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Summary 
 
Methylglyoxal (MG) (pyruvaldehyde) is a reactive carbonyl compound 

produced in glycolysis. MG can form covalent adducts on proteins resulting in 
advanced glycation end products that may alter protein function. Here we report that 
MG covalently modifies the mitochondrial permeability transition pore (PTP), a large-
conductance channel involved in the signal transduction of cell death processes. 
Incubation of isolated mitochondria with MG for a short period of time (5 min), 
followed by removal of excess free MG, prevented both ganglioside GD3- and Ca2+-
induced PTP opening and the ensuing membrane depolarisation, swelling and 
cytochrome c release. Under these conditions MG did not significantly interfere with 
mitochondrial substrate transport, respiration or oxidative phosphorylation. The 
suppression of permeability transition was reversible following extended incubation in 
MG-free medium. Of the 29 physiological carbonyl and dicarbonyl compounds tested 
only MG and its analogue glyoxal were able to specifically alter the behaviour of the 
PTP. Using a set of arginine-containing peptides we found that the major MG-derived 
arginine adduct formed following short time exposure was the 5-hydro-5-
methylimidazolone-derivative. These findings demonstrate that MG rapidly modifies 
the PTP covalently, which stabilizes the PTP in the closed conformation. This is 
probably due to the formation of an imidazolone-adduct on a critical arginine residue 
involved in the control of the PTP conformation (Linder, M.D., Morkunaite-Haimi, S., 
Kinnunen, P.J.K., Bernardi, P., and Eriksson, O. (2002) J. Biol. Chem. 277, 937-
942.). We deduce that the permeability transition constitutes a potentially important 
physiological target of MG. 
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Introduction 
 
MG is a reactive dicarbonyl compound that is formed during glucose 

metabolism. MG binds covalently to proteins resulting in the formation of advanced 
glycation end products (AGEs)1, which are involved in several pathologic processes 
including cellular proliferative disorders (1) and diabetes mellitus (2). Increased 
formation of AGEs owing to hyperglycemia is a key factor in the development of 
diabetic complications such as microvascular disease and atherosclerosis (2). 
Inhibition of glycation reactions slows the progression of diabetic vascular disease 
manifestations (3, 4). 

During glucose metabolism triose phosphates may undergo either spontaneous 
(5) or enzyme-facilitated decomposition to yield MG (6, 7). Triose phosphate 
isomerase catalyses the interconversions of dihydroxyacetone phosphate and 
glyceraldehyde phosphate and has a flexible loop surrounding enzyme-bound 
reaction intermediate on the active site. This loop flickers continuously between open 
and closed state leading to a small but constant leakage of the unstable intermediate 
enediolate phosphate (8), which immediately undergoes phosphate elimination to 
yield MG. Triose phosphate isomerase is a very efficient catalyst that is present at 
high concentration in tissues (9, 10), and therefore significant amounts of MG and 
MG-modified proteins may be produced (11). 

At physiological concentrations of MG it primarily targets arginine residues of 
proteins (12), resulting initially in the formation of reversible adducts, which 
consequently may undergo a series of rearrangements that yields several possible 
end-products that contain either imidazolone- or pyrimidine-based ring systems (13, 
14, 15). MG is known to target several proteins involved in the regulation of cell 
growth and differentiation (16, 17, 18, 19) although the coupling between MG-
induced alterations and subsequent cellular effects remains incompletely understood. 

Mitochondria play an important role in programmed cell death by releasing 
proteins from the inter-membrane compartment, where they are normally confined, to 
cytosol and nucleus (20). These proteins include cytochrome c and Smac/DIABLO, 
which activate caspases, endonuclease G that induces DNA fragmentation, and 
apoptosis inducing factor (AIF) which promotes caspase-independent chromatin 
condensation and DNA fragmentation (21). The release of these pro-apoptotic 
proteins may be triggered by mitochondrial permeability transition (22). This event is 
induced by upstream apoptotic signals such as formation of the ganglioside GD3 (23, 
24, 25) or mitochondrial Ca2+ uptake (22). Permeability transition is due to opening of 
the permeability transition pore (PTP), which under normal cell life remains closed. In 
open conformation the PTP permits free diffusion of solutes with a molecular mass 
<1.5 kDa across the mitochondrial membrane. Permeability transition leads to 
mitochondrial depolarisation and equalization of matrix and cytosolic ion and 
metabolite concentrations. Concomitant osmotic swelling of the mitochondrial matrix 
may lead to rupture of the outer membrane and release of proteins from the inter-
membrane compartment. According to the prevalent model, permeability transition 
pores are composed of the adenine nucleotide translocator, the voltage dependent 
anion channel and mitochondrial matrix cyclophilin (26, 27). 

Mitochondrial Ca2+ uptake does not elicit permeability transition in isolated 
mitochondria after treatment of mitochondria with the synthetic dicarbonyl 
compounds phenylglyoxal (PGO) or 2,3-butanedione (BAD) (28, 29, 30 below, 31 
below). These compounds react specifically with the guanidino group of arginine, 
indicating that modification of a critical arginine residue by PGO or BAD stabilizes the 
PTP in its closed conformation. Interestingly, modification with the PGO analogue 
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OH-PGO results in an arginine adduct that induces the open conformation of the PTP 
(31). The profound effect of arginine modification demonstrates that structural 
rearrangements of a critical arginine are of key importance for the control of the PTP 
conformation although the location of that arginine residue is still unclear. The 
possibility that physiological PTP regulators act through that site prompted us 
investigate whether the natural dicarbonyl compound MG was capable of inducing 
changes in the function of the PTP. 

In this study we have identified the mitochondrial permeability transition as a 
novel target of MG. Brief incubation of isolated rat liver mitochondria with MG lead to 
complete suppression of both ganglioside GD3- and Ca2+-induced permeability 
transition, with inhibition of its downstream events including cytochrome c release. 
Moreover, suppression of permeability transition by MG could be reversed by 
incubation in MG-free media. These results demonstrate that MG induced a 
reversible covalent PTP-modification, most likely an imidazolone-derivative on a 
critical arginine residue involved in the control of the PTP conformation (28, 29, 30, 
31). These findings raise the possibility that MG reacts with the PTP under 
physiological conditions and that the concomitant deregulation of the PTP perturbs 
the cell death program. 
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Experimental procedures 

Chemical modification of mitochondria.  
Preparation of liver mitochondria from male Wistar rats was performed as described 

previously (29). Mitochondria (1 mg protein/ml) were preincubated either with MG or in its 
absence in modification medium containing 250 mM sucrose, 100 µM EGTA, 10 mM Hepes-
KOH pH 8.0, for 5 min at 34ºC. The modification reaction was terminated by adjusting the pH 
to 6.8 with Hepes, cooling to 4°C and sedimentation of mitochondria by centrifugation at 
8000x g for 5 min. Mitochondria were resuspended at a concentration of approximately 50 
mg protein/ml in 250 mM sucrose, 100 µM EGTA and 10 mM Hepes-KOH pH 7.4. Unless 
otherwise stated experiments were carried out at room temperature in assay medium 
containing 125 mM KCl, 5 mM succinate, 5 mM Pi-Tris, 2 mM Mg2+, 5 µM EGTA, 2 µM 
rotenone, 10 mM Hepes-Tris pH 7.4. In one experimental series MG was substituted by 
PGO. Oxygen consumption was measured using a Clark electrode (Yellow Springs 
Instruments).  

PTP assays.  
Permeability transition was assayed measuring membrane potential, Ca2+ transport 

and swelling. Medium [Ca2+] was measured using the fluorescent indicator dye Fluo 4FF (ex 
494 nm, em 516 nm). Membrane potential was measured by TMRM fluorescence (ex 550 
nm, em 565 nm) and swelling was monitored as a decrease in mitochondrial light scattering 
at 540 nm. Measurements were performed using a 96 well Tecan Spectrafluoplus plate 
reader or a Perkin-Elmer Luminescence Spectrometer LS50B. In swelling experiments, 
measured light scattering (I) was normalized setting the initial scattering of the mitochondrial 
suspension to one unit. Permeability transition was quantified using the initial change in 90º 
light scattering following addition of Ca2+. The initial change in light scattering for 
mitochondria preincubated in the absence of MG was set to 100 per cent permeability 
transition. The initial change in light scattering for mitochondria preincubated in the absence 
of MG but supplemented with 1 µM CsA was set to zero per cent permeability transition. GD3 
was dissolved to 5 mM in water and sonicated in a water bath for 5 min before use. To test 
compounds containing the carbonyl group for effects on the PTP, mitochondria were 
incubated at 1 mg protein/ml for 15 min at room temperature in modification medium 
supplemented with the compound of interest at the following concentrations: 10, 30, 100 and 
300 nM, 1, 3, 10, 30, 100, 330 µM and 1, 3 and 10 mM. Mitochondria were diluted five times 
by addition of assay medium and the effect of the compounds on the PTP was assessed 
following addition of Ca2+. Permeability transition was quantified as rate of swelling. 

Cytochrome c release.  
Release of cytochrome c was determined by immunoblotting. The mitochondrial 

suspension was removed from the photometer cuvette, cooled to + 4ºC degrees and 
centrifugated for 3 min at 21 000 x g. The pellet and the supernatant were separated and 
proteins were precipitated by addition of 10% trichloroacetic acid. Precipitated proteins were 
separated by SDS-PAGE using 12% gels and electrotransferred to polyvinylidene fluoride 
membrane. Immunoblotting was performed using a monoclonal cytochrome c antibody 
(Zymed Laboratories) and visualized by the ECL system (Pharmacia). 

Mass spectrometry.  
For MALDI TOF mass spectrometry of MG-derived arginine adducts 100 µM of the 

test peptides was allowed to react with 2 mM MG in 10 mM Hepes-KOH, 100 µM EGTA pH 
8.0, at 34ºC. The reaction was stopped by addition of 0.1% trifluoroacetic acid and cooling to 
4ºC. The reaction mixture was desalting using a Zip Tip C18 silica bead microcolumn 
(Millipore). Peptides were eluted with 33% acetonitrile in 0.1% trifluoroacetic acid and the 
eluate was mixed with an equal volume of saturated α-HCA in acetonitrile/0.1% 
trifluoroacetic acid 1:2. Half a microliter of this solution was applied on the target. MALDI 
TOF mass spectra were recorded on a Bruker Autoflex spectrometer using the linear 
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detector in positive mode. Calibration of the machine was performed using the peaks of α-
HCA and peptides of known masses. The resolving power (fwhm) was 3000. For mass 
analysis of the GD3 ganglioside 0.5 nanomole was mixed with 1 µl 1 mM 2,4,6-
trihydroxyacetophenone in acetonitrile/20 mM ammonium citrate 1:1 and applied on the 
target. Mass spectra were recorded using the linear detector in negative mode. 

Electron microscopy.  
Fixation of mitochondria was performed by adding 1% glutaraldehyde directly to the 

suspension. Embedding, sectioning and staining were performed as described previously 
(29). Sections were viewed in a Jeol 1200 transmission electron microscope at a 
magnification of 10 000 x. 

Chemicals.  
CsA was a gift from Novartis, OH-PGO was from Pierce, 3-deoxyglucosone was from 

Toronto Research Chemicals, TMRM and Fluo-4FF from Molecular Probes. Ganglioside 
GD3 (bovine buttermilk) was from Calbiochem. Analysis of GD3 by MALDI TOF 
demonstrated that the C-2 N-fatty acyl-sphingosine moiety was a C18 fatty acid in 9%, C19 
in 15%, C20 in 25%, C21 in 31%, and C22 in 20%. Other chemicals were from Sigma. ∆-
pyrroline 5-carboxylate was regenerated from its 2,4-dinitrophenylhydrazone derivative as 
described (32). 
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Results 
 
We first studied the effect of MG on permeability transition induced by the ganglioside 

GD3 or Ca2+. Mitochondria were preincubated for 5 min in the presence or absence of 2 mM 
MG followed by removal of free MG by centrifugation. These mitochondria were incubated for 
30 min in assay medium containing 25 µM GD3 or 10 µM Ca2+ whereupon mitochondria were 
processed for ultrastructural analysis by transmission EM and for analysis of cytochrome c 
release by immunoblotting. The results, shown in fig. 1, demonstrated that both GD3 and 
Ca2+ caused extensive swelling and cytochrome c release in mitochondria preincubated in 
the absence of MG. Supplementing the medium with CsA, a selective high-affinity inhibitor of 
permeability transition, prevented mitochondrial swelling and cytochrome c release, showing 

Figure 1. Prevention of mitochondrial swelling and cytochrome c release by MG.
Mitochondria were preincubated for 5 min either in the presence of 2 mM MG or in its
absence. After that treatment mitochondria were sedimented by centrifugation and
resuspended in assay medium at a concentration of 0.2 mg protein/ml. The mitochondrial
suspensions were supplemented with the following compounds: 25 µM GD3, 25 µM GD3 + 1
µM CsA, 10 µM Ca2+, or 10 µM Ca2+ + 1 µM CsA. The suspensions were incubated at room
temperature for 30 min whereupon mitochondria were sedimented by centrifugation.
Aliquots of the supernatant and pellets were taken for SDS-PAGE and immunoblotting of
cytochrome c. S and P indicate cytochrome c detected in the supernatant and pellet
respectively. Chemical fixation of mitochondria was performed using 1% glutaraldehyde
followed by embedding, thin-sectioning and staining. Sections were viewed at a
magnification of 20 000 x. The scale bar is 1 µm. 
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that both effects were due to 
permeability transition. Likewise, 
preincubation of mitochondria in the 
presence of MG completely prevented 
GD3- and Ca2+-induced swelling and 
cytochrome c release. This finding 
demonstrated that brief MG-treatment 
effectively suppressed mitochondrial 
permeability transition. 

The onset of permeability 
transition is dependent on Ca2+-uptake 
and production of ∆Ψm by substrate 
oxidation under the conditions used in fig 
1. We verified that MG acted directly on 
the PTP, and not via these factors, 
investigating the effect of MG-treatment 
on ∆Ψm and Ca2+-transport. The 
membrane potential-sensitive dye 
TMRM was used to measure ∆Ψm and 
Ca2+-uptake was assessed by 
measuring medium [Ca2+] using the 
membrane impermeable dye fluo-4FF, 
which becomes fluorescent upon Ca2+-
binding. Mitochondrial swelling was 
monitored as a decrease in light 
scattering. First we studied the effect of 
GD3 on ∆Ψm and swelling (fig. 2). 
Mitochondria, preincubated in the 
presence or absence of MG, were 
suspended in assay medium, which was 
supplemented with 5 mM succinate after 
2 min. This addition lead to a rapid 
accumulation of TMRM regardless of 
whether MG had been present or not 
during preincubation, showing that MG 
did not interfere with the production of 
∆Ψm by substrate oxidation (fig. 2, panel 
A). However, in mitochondria 
preincubated in the absence of MG the 
addition of 25 µM GD3 caused a release 
of TMRM, indicating a drop in ∆Ψm (trace 
a). GD3 addition also induced a 
decrease in light scattering indicating 
that these mitochondria underwent 
swelling (panel B, trace a). 
Supplementing the medium of these 
mitochondria with CsA (trace b) or using 
MG-treated mitochondria (trace c) 
prevented both the GD3-induced drop in 
∆Ψm and swelling. 

We proceeded to study ∆Ψm, Ca2+-transport and swelling following Ca2+ addition (fig. 
3). Mitochondria were suspended in assay medium and 10 µM Ca2+ was added after 2 min. 
The increase in medium [Ca2+] resulted in an increase in fluo-4FF fluorescence (panel C). 
Three minutes later mitochondria were energized by the addition of 5 mM succinate. In 
mitochondria preincubated without MG this addition caused rapid swelling as indicated by the 

Figure 2. Suppression of GD3-induced
permeability transition by MG. Mitochondria were
preincubated, centrifugated and resuspended
as in fig.1. Succinate (5 mM) was added to the
suspension after 2 min followed by GD3
ganglioside (25 µM) after 5 min. Panel A, depicts
membrane potential measured using the
fluorescent dye TMRM. Panel B, depicts swelling
measured as light scattering at 540 nm. The initial
intensity of the scattering was set to one unit.
Traces a, b and d show mitochondria
preincubated in the absence of MG and trace c
shows MG-treated mitochondria. The suspension
was supplemented with 1 µM CsA in trace b. In
trace d GD3 was not added.  
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decrease in light scattering (panel B, 
trace a). Consistently, these mitochondria 
failed to produce ∆Ψm in the presence of 
Ca2+ as indicated by the lack of both 
TMRM and Ca2+ accumulation (panel A 
and C, trace a). However, supplementing 
the medium of these mitochondria with 
CsA prevented swelling and the 
mitochondria were able both to maintain 
∆Ψm (panel A, trace b) and take up Ca2+ 
(panel C, trace b). As expected, 
succinate addition to MG-treated 
mitochondria resulted in an immediate 
production of ∆Ψm (panel A, trace c), 
rapid Ca2+-uptake (panel C, trace c) and 
prevention of swelling. These results 
indicate that MG acts directly on the PTP 
and not on ∆Ψm -production or Ca2+-
uptake.  

This finding was further 
corroborated by measurements of 
respiration rate and ∆Ψm production by 
ATP hydrolysis (fig. 4). The results 
indicated that mitochondria retained their 
maximal respiration rates in the presence 
of ADP or the protonophoric uncoupler 
FCCP following preincubation with up to 
2 mM MG (left panel). Similarly, 
preincubation with 2 mM MG had no 
effect on ∆Ψm production by ATP 
hydrolysis as measured by the uptake of 
TMRM (right panel). 

In these initial experiments we 
used a higher MG concentration than that 
reported for biological systems. To 
investigate the physiological significance 
of the findings it was necessary to 
determine the quantitative relationship 
between MG concentration and 
suppression of permeability transition. 
Therefore mitochondria were 
preincubated with varying concentrations 
of MG followed by permeability transition 
using Ca2+ as the triggering signal. 
Permeability transition was quantified 
using the initial swelling rates, which were 
plotted against the concentration of MG 
used during the preincubation (fig. 5). 
The plot indicates that the apparent K50 
for PTP inhibition is 600 µM and that MG 
already had a significant effect at 250 µM.  

As MG reacts with proteins, 
resulting in both reversible and 
irreversible adducts, it was of interest to 
determine whether the effect of MG was 
reversible or not. To address this 

Figure 3. Suppression of Ca2+-induced
permeability transition by MG. Mitochondria
were preincubated, centrifugated and
resuspended as in fig.1. Ca2+ (10 µM) was
added after 2 min followed by succinate (5
mM) after 5 min. Panel A, depicts membrane
potential measured as in fig 2. Panel B,
depicts swelling measured as in fig 2. Panel
C, shows the Ca2+ concentration of the
medium measured using the fluorescent dye
Fluo-4FF. Traces a and b show mitochondria
preincubated in the absence of MG and
trace c shows MG-treated mitochondria. The
suspension was supplemented with 1 µM CsA
in trace b. 
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question we 
preincubated 
mitochondria with 2 
mM MG or 2 mM 
PGO that forms an 
irreversible adduct 
(29). Following the 
modification 
reaction and 
removal of free 
reagent 
mitochondria were 
incubated in assay 
medium at room 
temperature for up 
to 3 hours 
whereupon 
permeability 
transition was 
measured by 
swelling. The results 
shown in fig. 5 inset 
indicated that 
suppression of 
permeability 
transition by MG 
was transient and 
disappeared after 2 
hours at room 
temperature. As 
shown previously 
the effect of PGO 
was irreversible 
(29). 

We then 
proceeded to 
investigate whether 
any physiological carbonyl compound other than MG was able to suppress permeability 
transition. We selected candidate carbonyl compounds from the main pathways of 
carbohydrate, amino acid and fat metabolism and also some aliphatic aldehydes formed in 
the metabolism of alcohols. Mitochondria were incubated with each compound at 
concentrations of up to 10 mM in modification medium whereupon permeability transition 
was assayed by swelling, using Ca2+ as the triggering signal. The results are presented in fig 
6 and table 1. We first tested the α-oxoaldehydes glyoxal and 3-deoxyglucosone, both of 
which are implicated in the formation of AGEs. Data showed that while glyoxal effectively 
suppressed permeability transition at an apparent K50 of 2 mM, 3-deoxyglucosone was 
completely without effect under the same conditions. CsA inhibited permeability transition in 
the sub-micromolar concentration range. For comparison we also used the highly toxic cross-
linker glutaraldehyde, which caused an inhibition in the sub-millimolar concentration range. 
Other carbonyls were analyzed in a similar way, plots were constructed as in fig. 6, and data 
were summarized in table 1. Data show that none of the other compounds specifically altered 
the response of the PTP to pro-apoptotic signals, in spite of the high intrinsic chemical 
reactivity of several of them. 

In general, formation of significant amounts of MG-derived arginine adducts on 
proteins requires hours or even days (12, 13, 33). In contrast, our findings showed that 
complete suppression of permeability transition by MG required a reaction time of only a few 

Figure 4. Effect of MG on mitochondrial respiration and production
of ∆Ψm by ATP-hydrolysis. Left panel depicts mitochondrial oxygen 
consumption measured using a Clark electrode. Mitochondria were
preincubated with the indicated concentrations of MG followed by
centrifugation and resuspension at a concentration of 0.2 mg
protein/ml in assay medium. The suspension was added to the
electrode chamber and succinate (5 mM) was added immediately
followed by ADP (200 µM) after 3 min and FCCP (1 µM) after 6 min.
The oxygen consumption was calculated from the decrease in
medium oxygen concentration following the addition of succinate,
ADP and FCCP, respectively. Right panel shows membrane
potential measured as in fig. 2. ATP (1 mM) was added to energize
mitochondria after 3 min. Dotted trace, mitochondria treated with 
2 mM MG. Filled trace, mitochondria preincubated in the absence 
of MG. 
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minutes. It was thus of interest to clarify the nature of the MG adduct formed after the short 
time incubation used in this study. We therefore analyzed the products formed in the reaction 
of 2 mM MG with the following arginine-containing peptides: NRVYIHPFHL (A), RVYVHPF 
(B), pEWPRQIPP (C), YGGFMRF (D). The crude reaction mixture was subjected to desalting 
in C18 reversed phase Zip tips followed by MALDI TOF mass spectrometry analysis. After 
incubation with MG for 1 h no adduct could be detected on peptides A and B, but prominent 
additional peaks indicating an increase in mw of 54 could be detected on peptides C and D. 
Peptide D was selected for studying the time dependence of the reaction since it was the 
most reactive. In the absence of reagents, the native peptide D gave rise to a single peak at 
m/z 877.4 (M+H+) (fig. 7). After incubation for 1 min the intensity of that peak had decreased 
markedly and new peaks appeared at m/z 931.7 corresponding to the 5-hydroxy-5-
methylimidazolone-derivative, and at m/z 913.7 corresponding to the 5-methylimidazolone-
derivative. Peaks corresponding to the expected molecular weight of pyrimidine- and 
tetrahydro-pyrimidine derivatives could not be detected. These findings demonstrate that the 
reaction between MG and peptidyl-arginine may proceed to completion rapidly, within 
minutes, and suggest that the predominating adduct formed under these conditions was the 
5-hydroxy-5-methyl-imidazolone-derivative. 
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Figure 5. Concentration dependence and reversibility of MG-induced suppression of 
permeability transition. Mitochondria were incubated with the indicated
concentrations of MG followed by centrifugation and resuspension at a 
concentration of 0.2 mg protein/ml in assay medium. Permeability transition was
assayed exactly as in fig. 2, panel B. Swelling was quantified using the initial decrease
in light scattering as described in the experimentals section. Inset, mitochondria 
preincubated either with 2 mM MG (circles) or 2 mM PGO (triangles) were suspended 
in assay medium at a concentration of 0.2 mg protein/ml at room temperature for the
indicated time. Permeability transition was quantified as in the main figure.
Experiments were performed in triplicate on three different mitochondrial
preparations. 
 

Figure 6. Effect of compounds containing the carbonyl group on permeability transition.
Mitochondria were preincubated for 15 min with the indicated concentration of CsA
(squares), glutaraldehyde (triangles) or glyoxal (circles). Permeability transition was 
assayed and quantified as in fig 5. 
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________________________________________________________________ 
 Compound K50 (mM) % swelling at 1 mM ± SEM n 

  

 2-oxoaldehydes 
 Glyoxal 2 56.8 9.7 6 
 3-deoxyglucosone - 115.2 16.9 3 

 Carbohydrates and derivatives 
 D, L-glyceraldehyde - 101.4 3.2 6 
 D-erythrose - 95.4 16.7 2 
 D-ribose - 89.0 14 2 
 D-galactose - 130.9 20.3 4 
 Dihydroxyacetone - 98.5 3.7 4 
 D-erythrylose - 87.5 22.4 2 
 D-ribulose - 105.5 23.7 2 
 D-fructose - 89.2 19.5 2 
 D-glucuronic acid - 115.0 23.0 4 
 D-glucose 6-phosphate - 87.4 6.6 6 
 D-fructose 6-phosphate - 108.2 50.6 6 

 Amino acid derivatives 
 Oxaloacetate - 92.9 5.1 6 
 Pyruvate - 107 8.4 2 
 α-ketoglutarate - 113.7 9.1 4 
 p-hydroxyphenylpyruvate - 86.9 11.0 6 
 phenylpyruvate - 92.6 8.6 6 
 α-ketobutyrate - 92.4 7.5 4 
 α-ketoadipate - 94.2 1.8 2 
 ∆-pyrroline 5-carboxylate - 105.4 5.7 3 

 Other aldehydes 
 Formaldehyde (b) >10(a) 78.4 6.5 2 
 Acetaldehyde (b) >10(a) 76.0 12.4 2 
 Propionaldehyde - 103.2 11.6 4 
 Glycoaldehyde - 97.6 8.4 8 
 Acetone - 78.9 12.3 3 
 Hydroxyacetone - 124.0 19.3 6 
 Acetoacetic acid - 124.5 9.5 3 
 Trans 2-hexenal 4(a) 76.9 11.2 4 
 
 Glutaraldehyde 0.02 (a) 1.7 1.4 2 
 CsA 0.2 µM (b)  2 
Table 1. Effect of compounds containing the carbonyl group on permeability
transition. Mitochondria were incubated for 15 min at room temperature with
the listed compounds at concentrations up to 10 mM. Permeability transition was
assayed and quantified as described in fig. 5. (a) These compounds caused an
unspecific loss of mitochondrial function. (b) The initial swelling rate for
mitochondria in the presence of CsA was set to 0%. 
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Figure 7. Time dependence of 
the reaction between MG and 
the test peptide YGGFMRF. The 
peptide (100 µM) was 
incubated with 2 mM MG for 
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Concentration-dependence measurements showed that a significant suppression of 
permeability transition by MG could be observed at 250 µM after incubation for only 5 min. 
This concentration of free MG is far in excess of that in living systems. However, in cells the 
MG production goes on more or less constantly leading to equilibrium between free and 
protein bound MG, which is shifted far in the direction towards the bound form. Whilst the 
free MG concentration of cells is in the submicromolar range the total MG concentration is 
reported to be as high as 310 µM (11). MG-induced suppression of permeability transition 
was reversible indicating that the MG adduct decomposes restoring the PTP to its native 
state. This finding suggests that PTP-bound MG is in equilibrium with free MG and hence 
that the level of modification of the PTP is proportional to the prevailing MG concentration. 
Furthermore, MG did not affect other mitochondrial functions suggesting that the arginine of 
interest is exceptionally reactive and hence that MG targets primarily the PTP. MG and its 
structural analogue glyoxal were the only physiological carbonyl compounds, among a large 
number of similar compounds tested that selectively suppressed the permeability transition. 
Most notably the reactive α-oxoaldehyde 3-deoxyglucosone, which is an important mediator 
of the formation of AGEs, completely lacked effect. Our results suggest that MG and glyoxal 
are the only physiological carbonyl compounds that form covalent ligands on the PTP. The 
characteristics of the reaction between MG and the PTP, i.e. the fast rate, the reversibility, 
the selectivity for the PTP and specificity of MG among carbonyl compounds, lend support to 
the notion that MG-induced modification of the PTP can occur in cells. Furthermore, it can be 
argued that the PTP functions as a sensor for the MG concentration, which suggests that the 
modification may play a specific role. 

The synthetic MG-analogues PGO and OH-PGO irreversibly modify the PTP. The 
resulting uncharged PGO-adduct strongly suppresses permeability transition, while the 
negatively charged OH-PGO adduct promotes permeability transition (31). This lead us to 
propose that the effect of arginine modification on the PTP conformation is determined by the 
electrical charge of the resulting adduct. To test this hypothesis further we investigated the 
reaction product of MG and a set of arginine containing test peptides under the same 
conditions as we used for incubating mitochondria. The molecular mass of the detected 
compounds indicated that the major products formed during the first minutes of the reaction 
were imidazolone-derivatives. This fining is consistent with our working hypothesis that 
uncharged adducts stabilize the closed conformation of the PTP. The results also showed 
that the reactivity of the arginine-peptides with MG varied largely, probably owing to the local 
physical and chemical environment of the respective arginine residues. For the most reactive 
arginine peptide studied, a second order rate constant of approximately 1.5 M-1s-1 could be 
estimated from the rate of consumption of the native peptide during the initial 5 minute period 
of the reaction. This rate constant is about 200 fold higher than that reported for the 
formation of the first reaction product between N-acetylarginine and MG (13). These findings 
demonstrate that modification of arginine residues by MG can proceed at unprecedented 
speed. 

The major intracellular precursors of MG are the glycolysis intermediates 
dihydroxyacetone phosphate and glyceraldehyde 3-phosphate (5, 6, 7, 8). The former 
compound takes part in the glycerolphosphate shuttle, in which cytosolic NADH reduce 
dihydroxyacetone phosphate to glycerol 3-phosphate, which transfers across the outer 
mitochondrial membrane and is reoxidized by glycerolphosphate dehydrogenase of the inner 
membrane. Owing to this design the local concentration of triose phosphates is presumably 
elevated close to the mitochondria. The PTP thus constitutes a nearby target for MG formed 
from triose phosphates. Consequently, we hypothesize that MG reacts with the PTP in living 
organisms and that MG-induced suppression of permeability transition and the ensuing 
deregulation of the mitochondrial pathway to apoptosis is of importance in the pathogenesis 
of several diseases. This mechanism may come into play particularly when glycolysis is 
enhanced and the rate of MG production is increased over the normal level. This occurs not 
only during diabetic hyperglycemia (38) but also in many malignant tumors (1). 

During diabetic hyperglycemia the production of MG is increased both due to the 
increased intracellular glucose level and to the decrease in glyceraldehyde 3-phosphate 
dehydrogenase activity (39) caused by reactive oxygen species formed in the mitochondrial 
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respiratory chain (38). This may lead to suppression of permeability transition in vascular 
endothelial cells and hence counteract pro-apoptotic signals. However, selective deactivation 
of apoptotic pathways has been shown to enforce cell death by necrosis in many models (40, 
41). Death of vascular cells by necrosis would lead to release of cell content and promote 
inflammation, a hallmark of atherosclerosis (42). It is thus possible that MG-induced PTP 
deregulation, together with other mechanisms such as PKC activation, increased polyol 
formation and reactive oxygen species (2), plays a role in the pathogenesis of diabetic 
vascular disease. 

In rapidly growing solid tumours the supply of oxygen by the vascular system is 
insufficient to cover the high demand for oxygen. This leads to tumour hypoxia which in turn 
results in the activation of hypoxia-inducible transcription factor (HIF-1) and other 
transcription factors, resulting in, among other things, increased expression of genes for 
glycolytic enzymes (43). The rate of glucose uptake of tumour cells is several-fold higher 
than of normal cells and glucose uptake correlates with tumour aggressiveness and poor 
prognosis (44). The increase in the rate of glycolysis is associated with an elevated MG 
production and over expression of glyoxalases (45). The increased MG production may 
suppress permeability transition and therefore perturb apoptotic-signalling processes. This 
provides a cancer cell with an additional mechanism to evade apoptosis, leading to 
increased tumour aggressiveness. Interestingly, modification of Hsp27 by MG was recently 
shown to prevent cytochrome c-mediated caspase activation (16). These findings thus 
suggest that MG acts a link between increased glycolysis rate and aggressive tumour 
phenotype. 

The rapid onset, reversibility and specificity of the effects of MG described in the 
present work qualify MG as a signalling compound for the PTP. It is noteworthy that selective 
MG-induced protein modification plays a role in the signal transduction cascade of tumour 
necrosis factor (19). The question as to whether MG is a bona fide secondary messenger, 
playing a role in the physiological regulation of cell death and differentiation, as proposed 
previously (46), or is merely a toxic product formed as a consequence of the design of 
glycolysis should be the subject of future studies. 
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Summary 
 
Mitochondria from transgenic mice, expressing enzymatically active 

mitochondrial creatine kinase in liver, were analysed for opening of the permeability 
transition pore in the absence and presence of creatine kinase substrates, but with 
no external adenine nucleotides added. In mitochondria from these transgenic mice, 
cyclosporin A-inhibited pore opening was delayed by creatine or cyclocreatine, but 
not by β-guanidinopropionic acid. This observation correlated with the ability of these 
substrates to stimulate state 3 respirations in the presence of extramitochondrial 
ATP. The dependence of transition pore opening on calcium and magnesium 
concentration was studied in the presence and absence of creatine. If mitochondrial 
creatine kinase activity decreased (i.e. by omitting magnesium from the medium), 
protection of permeability transition pore opening by creatine or cyclocreatine was no 
longer seen. Likewise, when creatine kinase was added externally to liver 
mitochondria from wild type mice that do not express mitochondrial creatine kinase in 
liver, no protective effect on pore opening by creatine and its analog was observed. 
All these findings indicate that mitochondrial creatine kinase activity located within 
the intermembrane and intercristae space, in conjunction with its tight functional 
coupling to oxidative phosphorylation, via the adenine nucleotide translocase, an 
modulate mitochondrial permeability transition in the presence of creatine. These 
results are of relevance for the design of creatine analogs for cell protection as 
potential adjuvant therapeutic tools against neurodegenerative diseases. 
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Introduction 
 
Most vertebrate cell types express cytosolic as well as mitochondrial isoforms 

of the enzyme creatine kinase (CK)1. CK catalyzes the reversible 
transphosphorylation of phosphocreatine (PCr) to ATP. The findings of distinct 
subcellular localizations of creatine kinases have led to the formulation of the PCr-
circuit concept, proposing that sites of energy production (mitochondria, glycolysis) 
are tightly linked via Cr/PCr shuttling to sites of energy consumption (various cellular 
ATPases) (1-6). ATP generated by oxidative phosphorylation in mitochondria reacts 
with creatine (Cr) to produce PCr, a reaction mediated by mitochondrial CK (mtCK) 
located in the intermembrane and intercristae space. Phosphocreatine, then, diffuses 
to the cytosol to locally regenerate ATP via cytosolic CK from ADP. Cr produced 
during this reaction is shuttled back to mitochondria for recharging it to PCr. This 
energy shuttling system is particularly efficient in tissues with a very high and 
fluctuating energy demand like skeletal and cardiac muscle, as well as in brain and 
neural tissues (7). Thus, in addition to the generally accepted temporal energy 
buffering function, PCr also provides a means to spatially buffer energy reserves (3). 
This holds especially true for highly polar cells like spermatozoa where the diffusion 
of ADP is the limiting factor (8). Studies with cultured rat hippocampal neurons have 
shown recently that creatine protects against glutamate and beta-amyloid toxicity (9), 
as well as against energetic insults in striatal neurons (10). Similarly, creatine and in 
some cases the related analog cyclocreatine (CyCr), exert protective effects in 
several animal models of neurodegenerative diseases, like Huntington’s disease 
(11), amyotrophic lateral sclerosis (12), and a form of Parkinsonism (13). Likewise, 
Cr-pretreatment of cultured myotubes from dystrophic mdx mice enhanced myotube 
formation and survival (14). Recent data indicate that Cr reduces muscle necrosis 
and protects mitochondrial function in vivo in mdx mice (15). Treatment of patients 
with Cr or Cr analogs has, therefore, been proposed as a possible adjuvant therapy 
for such diseases (16). The protection observed with Cr in these cell and animal 
models may be partially explained by its function as a cellular energy buffer and 
transport system via the PCr shuttle as outlined above. An additional potential 
mechanism of Cr protection may be linked to direct effects on mitochondrial 
permeability transition (MPT) (17), which has been suggested to be a causative 
event in different in vivo and in vitro models of cell death (18-24). 

In an attempt to define the role of mitochondrial creatine kinase on MPT, we 
have shown in an earlier study that isolated liver mitochondria from transgenic mice 
containing mtCK did not respond by MPT pore opening upon treatment with Ca2+ 
plus atractyloside if Cr or CyCr were present in the medium (17). In the absence of Cr 
and CyCr, however, MPT pore opening could be fully induced by Ca2+ plus 
atractyloside. On the other hand, in liver mitochondria from control mice without 
mtCK, pore opening induced by Ca2+ plus atractyloside was independent on the 
presence or absence of Cr or CyCr. In the present study we investigated these 
effects in more detail, asking the question of whether inhibition of MPT pore opening 
by CK substrates depends on mtCK activity and whether the tight functional coupling 
between the CK reaction and oxidative phosphorylation, demonstrated recently to 
take place in situ (25), would lead to cycling of mitochondrial adenine nucleotides, 
thus resulting in net production of phosphorylated CK substrates. Our results indicate 
that substrate channeling between mtCK and adenine nucleotide translocase (ANT) 
takes place in a tight functionally coupled microcompartment that seems absolutely 
required for protection of MPT pore opening by creatine. 
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Experimental procedures 

Source and preparation of mitochondria 
Transgenic mice expressing the ubiquitous mitochondrial creatine kinase isoform in 

their liver mitochondria (transgenic liver-mtCK mice) were kindly provided by Dr. Alan P. 
Koretsky (NIH, Bethesda USA). Mice were killed, the liver quickly removed and placed in ice-
cold isolation buffer for mitochondria (10 mM Tris-HCl, pH 7.4, 250 mM sucrose) 
supplemented with 1 mM EDTA and 0.1% BSA. Livers were homogenized and the 
homogenate centrifuged at 700xg for 10 min. The supernatant was filtered through two 
layers of nylon gauze and centrifuged at 7000xg for 10 min. The mitochondrial pellet was 
washed twice with isolation buffer (without EDTA and BSA), centrifuged, and kept on ice.  

Respiration and swelling measurements 
Mitochondrial oxygen consumption was measured with a Cyclobios oxygraph (Anton 

Paar, Innsbruck, Austria) at 25 °C. The standard medium (2 ml) consisted of 10 mM 
Tris/Mops, pH 7.4, 250 mM sucrose, 10 mM phosphate/Tris, 2 mM MgCl2, 0.5 mM 
EGTA/Tris, 2 µM rotenone, and 50 µM Ap5A. State 4 respiration was stimulated by addition 
of 5 mM succinate/Tris. Creatine kinase substrates (Cr, CyCr, GPA) were present at 10 mM 
concentration, and state 3 respiration was induced by adding 1 mM ATP. Mitochondrial 
protein concentration in all assays was 0.5 mg/ml. Deviations from these conditions are 
specified in the figure legends. Mitochondrial MPT pore opening was measured by the 
convenient swelling assay and carried out in a UV4 UV/VIS spectrometer (Unicam) 
connected to a computer. Swelling curves were recorded at 540 nm and data points were 
acquisited every 1/8 s using Visions© software (version 3.10, Unicam Ltd.). Cuvettes 
containing the mitochondrial suspension were thermostated to 25 °C. Incubation conditions 
and inductions of MPT are indicated in the legends to the figures. 

Measurement of PCr production by quantitative thin-layer chromatography 
Mitochondria were incubated under different conditions (see legend to Fig. 4) in the 

presence of 32Pi. Reactions were stopped after defined time intervals by addition of 1% (final 
concentration) sodium dodecylsulfate, centrifuged, and the supernatants applied to silica gel 
60 thin-layer plates (Merck, Darmstadt, Germany). Running solvent was a mixture of 
isopropanol, ethanol and 25% ammonia (6:1:3, by volume). Thin-layer plates were air-dried, 
exposed to a Kodak storage phosphor screen SO230 and analyzed with a Phosphor Imager 
(Storm 820, Molecular Dynamics). The position of PCr in thin-layer chromatograms was 
identified in control experiments using recombinant brain-type BBCK incubated in the 
presence of radioactive 14C-creatine and cold ATP.  

Binding of exogenously added CK to mitochondria 
Mouse liver mitochondria (0.5 mg/ml) were incubated in standard medium at pH 7.4 

with 5 mM glutamate and 2.5 mM malate and without rotenone. Specified amounts of 
recombinant brain-type BB-CK or ubiquitous human mtCK (prepared as described elsewhere 
(26,27)) were added. After a five-minutes incubation, an aliquot of the suspension was 
removed (to measure total CK activity). The rest was centrifuged (5 min. at 7000xg) to 
separate mitochondria. CK activity was measured separately in the supernatants and 
mitochondrial pellets by a coupled enzymatic assay (28). 

Other methods 
Protein concentrations were determined by Bradford assay (Bio Rad) using BSA as a 

standard. Mitochondrial adenine nucleotide content was measured by reversed phase 
chromatography of acid extracts according to Kay et al. (25).  
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Results 
 
To correlate the effects of the different creatine kinase substrates on MPT pore 

opening with their ability to stimulate oxidative phosphorylation, we first measured stimulation 
of state 3 respiration by ATP and CK substrates in mitochondria oxidizing succinate. The 
data of these experiments are summarized in Table I. In mtCK containing mitochondria from 
transgenic mice, substantial stimulation (about 3-fold over state 4) was observed only with Cr 
and CyCr (both 10 mM), but not with GPA, in the presence of externally added ATP, due to 
endogenous production of ADP by mitochondrial CK. The absence of a detectable 
stimulation with 10 mM GPA agrees with the inability of mitochondrial CK to phosphorylate 
this creatine analog (29,30). No Cr- or CyCr stimulated respiration was seen with 
mitochondria from control mice, which do not express mtCK in liver (17). These data confirm 
earlier findings with the same substrates given to heart mitochondria (30). In general, with 
respect to creatine-stimulated respiration, mitochondria from transgenic liver-mtCK mice are 

behaving comparably to mtCK containing heart mitochondria (see also ref. (17).)  
Next, we measured, in transgenic mtCK-liver mitochondria, the opening of the 

permeability transition pore induced by Ca2+ in the presence of CK substrates, but in the 
complete absence of external adenine nucleotides, and under different of conditions. To 
avoid any effects caused by adenylate kinase (AK) activity the specific AK inhibitor Ap5A as 
included in the medium in all experiments. In the experiments shown in Fig. 1A, mitochondria 
were energized with glutamate and malate in the absence of rotenone. Due to the presence 
of 2 mM Mg2+ (but no EGTA) in the medium, a rather high (120 µM) Ca2+ pulse had to be 
administered to overcome MPT inhibition by magnesium. As shown in Fig. 1A, Cr and CyCr 
effectively inhibited pore opening within the time frame of the experiment. In the absence of 
CK substrates or with GPA present, MPT pore opening occurred in a significant fraction of 
the mitochondrial population. These effects of CK substrates were independent, at least 
qualitatively, on how the MPT was triggered and of the respiratory substrates used as 
documented in Figs. 1B and 1C. In the experiments shown in Fig. 1B, mitochondria were 
again energized with complex I substrates (glutamate and malate), but exposed to only 40 
µM Ca2+ (which did not open the MPT per se). Subsequent depolarization with 0.2 µM FCCP 
led to rapid swelling of the mitochondria, both, in the absence and presence of CK 
substrates. Swelling was again sensitive to CsA, as well as to 50 µM ubiquinone 0, a novel 
and general MPT inhibitor (not shown) (31), indicating opening of the MPT pore. Remarkably 
however, Cr and CyCr exerted MPT protection in a significant subpopulation of mitochondria 

Table I Oxygen consumption rates of liver mitochondria from transgenic liver-mtCK mice 
in the presence of different creatine kinase substrates. Incubation conditions are specified 
in Materials and Methods. State 4 respiration was measured in the presence of 5 Mm 
succinate/Tris and state 3 was stimulated by addition of 1 mM ATP. Oxygen consumption
values are means ± SD. n: number of experiments. Note that transgenic mtCK containing
mitochondria show Cr- and CyCr-stimulated respiration in contrast to liver mitochondria 
from control mice (not shown, see ref. (17)).  
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even in the absence of external 
adenine nucleotides and under 
these very strongly pore 
promoting conditions (absence 
of EGTA, high phosphate, 
depolarization of mitochondria 
by FCCP, presence of complex 
I substrates). Again, GPA did 
not protect mitochondria from 
MPT pore opening. Figure 1C 
shows the same set of 
experiments, but with 
succinate-energized 
mitochondria in the presence 
of rotenone. Here, the same 
qualitative conclusions can be 
drawn as from the data 
presented in Figs. 1A and 1B. 
In accordance with the finding 
of Fontaine et al. (32), 
conditions are more restrictive 
for MPT pore opening with 
complex II linked substrates 
due to decreased electron flux 
through complex I, a general 
property of the MPT. With 
succinate as the electron 
donor, Cr and CyCr, but not 
GPA, fully protected from MPT 
pore opening. Next we 
analysed MPT protection by 
creatine at different calcium 
concentrations. In the 
experiments displayed in Fig. 
1D the Mg2+ concentration was 
reduced to 0.5 mM to better 
compare the effect of Cr as a 
function of the calcium load. 
Under these conditions, 30 µM 
Ca2+ did not open the MPT 
pore if Cr was present. Pore 
opening was, however, 
observed at higher Ca2+ 
concentrations (90 and 150 
µM, solid curves in Fig. 1D). 
mitochondria when compared to c
curves in Fig. 1D). 

Based on these observatio
the protective effect on MPT pore 
be related to the kinetic propertie
mtCK. In contrast to GPA, Cr an
respective phosphorylated compo
mtCK (with internally available AT
MPT by Cr and CyCr should have
an enzyme. As there is no absolu
which is an essential cofactor fo
FIGURE 1 Swelling measurements showing the effect of 
creatine kinase substrates on MPT pore opening of
liver mitochondria from transgenic liver-mtCK mice 
under different conditions. The incubation medium (1 
ml) contained 10 mM Tris/Mops, pH 7.4, 250 mM
sucrose, 10 mM phosphate/Tris, 2 mM (panels A-C) or 
0.5 mM (panel D) MgCl2, and 50 µM Ap5A. 
Mitochondria were energized either with 5 mM 
glutamate/Tris and 2.5 mM malate/Tris (panels A, B, 
and D), or with 5 mM succinate/Tris in the presence of 
2 µM rotenone (panel C). CK substrates were present 
at 10 mM concentration. In the uppermost traces of
panels A-C, the medium was supplemented with 1 µM 
CsA. Reactions were started by addition of 0.5 mg
mitochondria (not shown) and MPT was induced by
Ca2+ or Ca2+ plus FCCP as indicated. In panel D solid 
and dashed traces represent conditions with and
without 10 mM Cr, respectively. 
Nevertheless, Cr still inhibited significant fractions of 
onditions without Cr but equal Ca2+ concentrations (dashed 

ns and the data presented in Table I, we suggested that 
opening seen with Cr and CyCr as compared to GPA could 
s of these substrates, i.e. their rate of phosphorylation by 
d CyCr are rapidly converted by mtCK via ATP to their 

unds, PCr and CyPCr (30). If substrate phosphorylation by 
P) were responsible for the observed effects, protection of 
 been abolished under conditions where CK is inactive as 
tely specific K inhibitor available, we omitted Mg2+ instead, 
r the CK reaction (33), from the medium. With no Mg2+ 
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present, creatine-stimulated 
respiration with ATP was 
almost completely absent as 
shown in Fig. 2A (compare 
slopes at arrow in trace a 
with that of trace b). 
Importantly, in the absence 
of exogenous Mg2+, state 3 
respiration was still 
observed after addition of 
ADP (disodium salt, Fig. 2A, 
trace a) indicating that 
sufficient matrix Mg2+ is 
available for 
phosphorylation of ADP by 
FoF1-ATP synthase, but 
this Mg2+ is not accessible 
to mtCK located in the 
inter-membrane space. As 
shown in Fig. 2B, in the 
absence of Mg2+, 
mitochondrial swelling 
induced by 20 µM Ca2+ and 
0.2 µM FCCP occurred to 
the same extent 
irrespectively of whether 
CK substrates were 
present or not, in contrast 
to what was observed in 
the presence of Mg2+ (see 
the corresponding traces in 
Fig. 1B). MPT pore opening was, however, still fully blocked by 1 µM CsA, even in the 
absence of Mg2+. 

In a further set of experiments we analysed the effect of Mg2+ and Cr on MPT in more 
detail by varying the concentrations of these substrates and measuring mtCK activity under 
identical conditions. Representative swelling measurements at two different Mg2+ 
concentrations with (solid curves) and without (dashed curves) Cr are displayed in Fig. 3A. 
From such curves we determined the absorption difference (∆A540) before and four minutes 
after triggering the MPT with 120 µM Ca2+ (same conditions as in the experiments of Fig. 
1A). The ∆A540 values were used to calculate the fraction of swollen mitochondria with 
reference to the ∆A540 measured with 5 µM of the channel-forming peptide alamethicin, which 
resulted in (not MPT-caused) swelling of 100% of the mitochondria (not shown). As shown in 
Fig. 3C, the fraction of swollen mitochondria, i. e., the fraction having undergone a 
permeability transition, decreased at increasing Mg2+ concentrations, also in the absence of 
Cr (open circles in Fig. 3C). This was to be expected, as the MPT is regulated by an external 
inhibitory Me2+ binding site (34). However, in the presence of 10 mM Cr an additional 
protection starting at around 0.5 mM Mg2+ is observed (closed circles in Fig. 3C). At this Mg2+ 
concentration, mtCK activity, as measured in the pH stat in the forward reaction with ATP 
plus Cr, was at about 70% of the maximum value (open triangles in Fig. 3C). Therefore, MPT 
protection by Cr shows up at relatively high Mg2+ concentrations only (>0.5 mM) with 
corresponding high mtCK activities. A similar analysis carried out by variation of the Cr 
concentration at constant [Mg2+] (2 mM) revealed that MPT protection by Cr is clearly a 
function of mtCK activity (Figs. 3B and D). 

These data are in strong support of the idea that the rate of phosphorylation of CK 
substrates by active mtCK is related to their effect on MPT. Phosphorylation of these CK 

FIGURE 2 Effect of Mg2+ on respiration and swelling of liver
mitochondria from transgenic liver-mtCK mice in the
presence of creatine kinase substrates. A, respiration
measurements without (trace a) and with 2 mM MgCl2
(trace b). Where indicated, 5 mM succinate/Tris (Suc), 1
mM ATP, 50 µM ADP, or 20 µM atractyloside (Atr) were
added. Note that CK-mediated Cr-stimulated state 3
respiration with ATP in the presence of Mg2+ is no longer
observed in the absence of Mg2+ (compare slopes at
arrows in traces b and a, respectively). B, Swelling
measurements. Incubation conditions were as specified
in the legend to Fig. 1A, except that MgCl2 was omitted.
CK substrates (Cr or CyCr) were present at 10 mM
concentration. In the uppermost trace, the medium was
supplemented with 1 µM CsA. Reactions were started by
addition of 0.5 mg mitochondria (M) to 1 ml medium
followed by Ca2+ and FCCP as indicated. 
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substrates occurs in 
microcompartments formed by 
mtCK and ANT (see below) (35). 
Since we did not add external 
adenine nucleotides, 
phosphorylation must occur via 
internally available ATP inside 
mitochondria, suggesting 
continuous cycling of internal 
ADP and ATP between matrix 
and intermembrane space 
mediated by ANT, if Cr or CyCr 
are present. As a consequence, 
if Cr is present, we should 
expect a net production of PCr 
even in the absence of 
exogenously added adenine 
nucleotides. This is indeed the 
case as shown in Fig. 4A. 
Mitochondria were incubated in 
the presence of 32Pi, Mg2+, and 
10 mM creatine. Only with 
energized mitochondria and fully 
active mtCK, as well as with a 
working oxidative 
phosphorylation system, we 
could observe a generation of 
PCr (lane a). These are exactly 
the conditions used in the 

swelling experiments where MPT 
mitochondria (no substrates, lane 
FoF1-ATP synthase (1µM oligom
(absence of Mg2+), some PCr is 
mtCK). Figure 4B shows a time-
mitochondria in the presence of 
measured adenine nucleotide cont
from transgenic liver-mtCK mice
mitochondria, 2.85 nmol of PCr we
FIGURE 3 Correlation of mtCK activity with MPT inhibition 
at variable substrate concentrations. Incubation 
conditions for the swelling experiments (panels A and B) 
were as in Fig. 1A. Panel A effect of [Mg2+] on MPT in the 
presence (solid traces) and absence (dashed traces) of
10 mM Cr. Panel B effect of Cr on MPT at constant 
[Mg2+] (2mM). Panels C and D fraction of swollen 
mitochondria (calculated from •A540, see text for details) 
in the presence (filled circles) and absence (open
circles) of Cr, and mtCK activity (triangles) measured in
the forward reaction at pH 7.4 with a pH stat (65). 
protection by Cr was observed (Fig. 1). With deenergized 
b), blocked ANT (20 µM atractyloside, lane d), or blocked 
ycin, lane e), no PCr was produced. Note in lane c 
still generated due to residual Mg2+ (probably bound to 
course experiment of net PCr production by energized 
external Cr plus Mg2+, but no adenine nucleotides. The 
ent is 0.11 ± 0.01 nmol per 25 µg of isolated mitochondria 
. After a 40 min incubation of succinate-energized 
re produced by 25 µg of mitochondria (Fig. 4B). Recalling 

FIGURE 4 Phosphocreatine production by
mitochondria from transgenic liver-mtCK mice in the
absence of exogenous adenine nucleotides. Panel
A Thin-layer chromatography of solubilised
mitochondria after a 40 min incubation of intact
mitochondria in the presence of 32Pi (1 µCi per
assay). The incubation medium (50 µl) consisted of
10 mM Tris/Mops, pH 7.4, 250 mM sucrose, 10 mM
phosphate/Tris, 2 mM MgCl2 (except in lane c), 5 mM
succinate/Tris (except in lane b), 2 µM rotenone,
and 50 µM Ap5A. In lane d, the medium was
supplemented with 20 µM atractyloside (Atr) and in
lane e with 1 µM oligomycin (Oligo). panel B time
course of PCr production by mitochondria
incubated as described for lane a in panel A. 
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that one ATP is consumed for 
every molecule of PCr produced, 
we can estimate that this is over 
25 times more than the 
measured adenine nucleotide 
content. This quantitative 
consideration is a strong 
argument for internal nucleotide 
cycling. Mitochondrial CK forms 
a microcompartment with ANT at 
the contact sites (together with 
outer membrane porin), as well 
as along the cristae (with ANT 
only (36,37)). This 
compartmentation allows 
efficient transphosphorylation of 
ATP to PCr and export of the 
latter to the cytosol at peripheral 
contact sites. The reaction 
product ADP is fed back via ANT 
to the matrix for 
rephosphorylation resulting in an 
overall lowering of the apparent 
Km of ADP for oxidative 
phosphorylation (38). It is 
conceivable that 
microcompartmentation of mtCK 
and ANT is also responsible for 
the observed MPT inhibition by 
Cr and CyCr (48). To test this 
idea, we measured MPT pore 
opening in liver mitochondria 
from control mice lacking mtCK, 
but with exogenously added 
recombinant human brain-type 
dimeric CK (BB-CK). Under the 
conditions used, especially at pH 
7.4, this cytosolic isoform does 
not bind to mitochondrial outer membranes (Fig. 5A). The amount of BB-CK enzyme activity 
added in these experiments was equivalent to that found (based on mtCK activity) within 
mitochondria of transgenic liver-mtCK mice. Under these conditions, no protection of MPT 
pore opening of control mitochondria with externally added CK by any of the CK substrates 
was seen, even in the presence of Mg2+ (Fig. 5B, shown only for Cr). By contrast, with the 
same amount of ubiquitous mtCK (the isoform expressed in the liver mitochondria of the 
transgenic mice), significant binding of the enzyme to the surface of mitochondria was 
observed (Fig. 5A). However, even with mtCK bound to the outside of mitochondria, no 
noticeable MPT protection by Cr was observed (Fig. 5C) as was also the case for BB-CK 
(Fig. 5B). Even increasing the total amount of mtCK by ten-fold in the medium did not bring 
about detectable MPT protection by Cr, although absolute binding of mtCK to the 
mitochondrial surface increased by more than three-fold under these conditions (Fig. 5A). 
Thus, addition of CK externally or even mtCK bound to the outer membrane were not able to 
confer significant protection against MPT. 
 

FIGURE 5 Effect of externally added creatine kinase on 
MPT pore opening of liver mitochondria from control
mice in the presence of 10 mM Cr. Panel A Binding of 
different CK isoforms added externally to mitochondria 
from control mice. Conditions were as specified in the
legend of Fig. 1A. Relative percentage (%, grey bars)
and absolute amounts (mU, black bars) of bound CK
are given after incubation of mitochondria with either
71 mU BB-CK, 71 mU or 710 mU mtCK. Panel B Swelling 
of liver mitochondria from control mice with 71 mU
externally added BB-CK present (lane a), or in the 
absence of BB-CK. Panel C Same as in panel B, but in 
the presence of different amounts of externally added
mtCK. 
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Discussion 

 
The present study was carried out to provide a mechanistic basis for the observation 

that certain substrates of creatine kinase efficiently inhibit the MPT (17). Because opening of 
the MPT pore appears to be causally related to cell death in several models (18-24), these 
studies may provide the basis for novel cytoprotective drugs. We have measured MPT pore 
opening in isolated mitochondria by the convenient swelling assay in sucrose-based medium 
and under different conditions, and compared the response of transgenic mitochondria 
containing active or inactive CK with that of control mitochondria to which CK was added 
externally. These experiments revealed a major difference in MPT behavior. With liver 
mitochondria from transgenic mice, expressing mtCK in these organelles (39), but not with 
liver mitochondria from wild-type mice, we have observed MPT inhibition (based on 
measurements of uncoupled respiration) in the presence of Cr or CyCr in an earlier study 
(17). Here, using mitochondrial-swelling assays, we show that MPT protection by these CK 
substrates critically depends on two key factors.  

FIGURE 6 Model for MPT protection by Cr. For clarity, the outer mitochondrial 
membrane has been omitted from the scheme and only the inner membrane is
shown. Panel A Isolated mitochondria (deenergized). Matrix ATP/ADP ratio is
expected to be low and ADP presumably mostly enzyme-bound (e.g. to the ATP 
synthase, underlined). ANT-dimers are in m- as well as c-conformation. Panel B 
Energization (symbolized by plus and minus signs of membrane potential). Matrix 
ATP/ADP ratio is expected to be high. Formerly bound ADP is now converted to ATP
(arrows). ATP is transported via ANT to the IMS. Some ATP (underlined) is trapped by 
octameric mtCK (symbolized as squares), another fraction of ATP (encircled) is diluted 
into the medium. Some of the ANT-dimers did change from m- to c-conformation 
(outlined, dark). Panel C In the presence of creatine, conversion of Cr to PCr by mtCK
takes place. ADP produced in mtCK/ANT microcompartments is transported back into 
the matrix and is rephosphorylated there by the ATP synthase. Some ANT-dimers have 
now switched from c- to m-conformation (outlined, dark). The hatched rectangles in 
A-C outline mtCK-ANT-assemblies forming functionally coupled microcompartments. 
Further details are given in the text. 
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The most striking new findings from the present study are that Cr-protection of MPT 
requires magnesium, an essential cofactor for the CK reaction, and active mtCK at its proper 
location in the IMS. These observations together with the finding of net PCr production by 
isolated mitochondria, even in the absence of exogenous adenine nucleotides, suggest that 
endogenous adenine nucleotides are permanently cycling via ANT between matrix and IMS, 
if CK substrates are present that can efficiently be phosphorylated. This is the case for Cr 
and CyCr but not for GPA.  

The consequences for MPT modulation by CK substrates could then be explained by 
the influence of nucleotide binding to ANT and conformational changes of this carrier (40,41). 
To visualize this (see Fig. 6), during adenine nucleotide exchange, the common transport site 
for ADP and ATP on the ANT faces alternatively the matrix (m) and Creatine kinase 
substrates and mitochondrial permeability transition 15 cytosolic (c) side (42,43). 
Accordingly, the ANT changes its conformation between m- and c-state, if conditions allow 
adenine nucleotide transport. In the absence of a proton motive force, the matrix ATP/ADP 
ratio of isolated mitochondria is low (40,44) and it is entirely conceivable that adenine 
nucleotides are enzyme-bound (e.g. to the ATP synthase). Certain (unknown) fractions of 
transport units (shown as ANT-dimers in Fig. 6, see also ref. (45)) are locked either into the 
m- or c-state (Fig. 6A). Upon energization, the matrix ATP/ADP ratio rises and ATP will be 
liberated and transported to the IMS. There, ATP either gets diluted in the medium or is 
trapped by mtCK (Fig. 6B). As a consequence, more transport units would now be in the c-
state than before energization. Under these conditions, MPT pore opening should be 
favored, as seen with no CK substrate present. This situation is likely to be similar to the 
effect of the strong ANT inhibitor, atractyloside, known to stabilize the c-conformation and 
being an inducer of the MPT (46). If, however, Cr (or CyCr) is present, the trapped ATP will 
be transphosphorylated and the generated ADP transported to the matrix for 
rephosphorylation (Fig. 6C). As this process proceeds, the time-averaged fraction of 
transport units occupied with adenine nucleotides and being in the m-state is expected to be 
higher and, therefore, conditions for MPT pore opening are less favorable. In the presence of 
GPA, the ATP delivered to the active site of mtCK is not used up because GPA is not 
phosphorylated by mtCK (29). Consequently, the ANT is largely locked into the c-
conformation, again favoring MPT pore opening. At present, it is still unclear how ANT 
conformation would affect the MPT. An indirect effect, e.g. via the surface potential, has been 
proposed (41,47). Note the emphasis on microcompartmentation and functional coupling of 
mtCK and ANT as an essential part of the model shown in Fig. 6. This is corroborated by the 
fact that similar amounts of either cytosolic BB-CK or mtCK added externally to the outside of 
control mitochondria, as is present as mtCK in transgenic mitochondria, did not result in any 
significant Cr protection of MPT.  

We have clearly demonstrated that in the presence of Cr, by measuring net 
production of PCr, oxidative phosphorylation proceeds even without adding external adenine 
nucleotides, although at a slow rate only. Nevertheless, besides the effect on the 
conformational state of the ANT, an additional contribution to MPT protection by Cr could be 
caused by variation of the matrix ATP/ADP ratio in favor of ADP (25), which is a strong MPT 
inhibitor (40,44). On the other hand, the accumulating PCr is not believed to exert MPT 
inhibition (e. g., via the membrane potential) as we have shown earlier (17).  

As mtCK functionally interacts with ANT at mitochondrial contact sites, as well as 
along the cristae membranes (36), a second possibility is that the two proteins may interact, 
and that modulation by CK substrates may affect pore formation by the ANT. The known 
property of ANT to form an unspecific pore showing some of the characteristics of the MPT 
pore (48-50) in in vitro reconstituted systems has been taken by several authors as evidence 
that the ANT represents the central element of an MPT pore complex (51-59). However, it 
should be considered that pore formation is not unique to ANT, but has also been described 
for other members of the mitochondrial carrier family (60,61). Furthermore, mitochondria 
from ANT-deficient yeast still exhibit a mitochondrial multiconductance channel (MCC), which 
is believed to be the electrophysiological counterpart of the MPT (62). A recent study of 
Linder et al. (63), showing that arginine modification has pronounced influences on MPT pore 
opening that are not modulated by the ANT ligands atractyloside and bongkrekic acid, further 
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questions a direct involvement of the ANT in pore formation. Finally, the structural 
interactions between mtCK and ANT, which were postulated in models of mitochondrial 
contact sites (64), still await experimental proof. 

Creatine has been shown to exert strong protective effects against glutamate and 
beta-amyloid toxicity and energetic insults in neuronal cell cultures (9,10), as well as in 
several animal models of neurodegenerative diseases (11-13). It is interesting to note that in 
the study of Brustovetsky and co-workers (10), Cr did not prevent MPT in isolated brain 
mitochondria, despite protection from energetic insults in cultured striatal neurons. This could 
be either due to the low magnesium concentration (0.5 mM) used by these authors in their 
assays, or to the only weak coupling of the CK reaction to oxidative phosphorylation in these 
particular preparations. For the latter, however, no data were provided. In any case, both 
interpretations are fully in line with the model concerning the effect of Cr on MPT as 
proposed above. Thus, the beneficial effects of Cr seen in animal disease models can be 
attributed to at least two mechanisms that are ultimately linked by the PCr shuttle: 1) ATP 
levels and local ATP/ADP ratios in the cytosol are kept high, thus sustaining membrane ion-
gradients and other vital energy consuming processes at a highly efficient level, and 2), 
mitochondria are protected from MPT pore opening via functional coupling of the mtCK 
reaction to oxidative phosphorylation. 

Taken together, our findings offer important clues on MPT regulation by mitochondrial 
ADP phosphorylation, and may have interesting implications for the design of creatine 
analogs to treat patients with neurodegenerative diseases. In order to fully exploit the 
advantages of the PCr shuttle for cell survival, such analogs would have to be substrates for 
CK in both, the forward and reverse direction of the reaction. 
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Abstract 
 
Mitochondrial creatine kinase is found in contact sites between mitochondrial 

inner and outer membrane, and also between cristae membranes (12, 13, 33, 40). 
Overexpression of ubiquitous mitochondiral creatine kinase (mtuCK) in murine liver, 
containing no mtCK in wild type animals, increased the number of contact sites 
between mitochondrial inner and outer membranes at least three fold, as seen by 
standard electron microscopy. Immuno electron microscopy revealed the location of 
mtuCK within contact sites as well as in inter cristae inclusions. Mitochondrial 
disintegration monitored by OD540 nm after digitonin addition decreased to 
baselinelevels in the presence of over-expressed mtuCK. Negative staining of 
digitonin treated mitochondria under iso-osmotic conditions revealed the destruction 
of wild type mitochondria, whereas mtuCK-containing liver mitochondria showed a 
broken outer membrane but no other visible changes in mitochondrial structure. By 
detergent resistant membrane floating, mtuCK-containing micro-compartments could 
be isolated. Besides mtuCK, those vesicles contained also the outer membrane 
voltage dependant anion channel (VDAC), the inner membrane adenine nucleotide 
translocator (ANT), as well as cytochrome oxidase (COX). We conclude that mtuCK 
is sufficient to induce contact site formation in mitochondria by cross-linking 
mitochondrial membranes, leading to an increased stability of mitochondrial structure. 
Phospholips, VDAC, ANT, as well as parts of the respiratory chain form the mtuCK 
containing contact sites. We suggest that such detergent resistant micro-
comparments might contain the entire mtiochondrial permeability transition pore 
complex.  



             Chapter 4      mtuCK in contact sites 68
C

H
A

PT
E

R
 4

 

Introduction 
 

Cells with high and fluctuating energy metabolism usually co-express a cytosolic and 
a mitochondrial creatine kinase isoenzyme (CK, EC 2.7.3.2). Cytosolic CK 
transphosphorylates the high-energy phosphocreatine (PCr), used as an energy-storage and 
-transport metabolite, to ADP, thereby restoring the cellular ATP-pool (7, 61, 64, 67, 68). 
Since the concentrations of ATP and ADP control many metabolic processes, these 
parameters have to be kept constant within their physiological range. At rest, ATP and ADP 
are present in the 3–5 mM range and 10–30 µM range, respectively. At times of high 
workload, the cell can immediately regenerate ATP, as it is consumed, from the PCr pool 
(30–40 mM) via the action of creatine kinase. This so called temporal energy buffering 
provided by the CK system leads to increased metabolic capacity (30, 48, 57). Furthermore, 
by using the CK system, the cell is able to provide facilitated diffusion of high-energy 
phosphate from sites of energy production to sites of energy demand thereby creating spatial 
buffering. This concept is especially important for polar cells, e.g. spermatozoa and 
photoreceptor cells where diffusion distances from mitochondria to sites of energy 
consumption are long (61) (30, 62). To exert these functions in an optimized manner, the CK 
system is compartmentalized. There are dimeric CK isoforms, which are exclusively found in 
the cytosolic compartment, whereas mitochondrial CK (mtCK) isoforms are strictly localized 
within the intermembrane and christae space of mitochondria (28, 68) (29). In contrast to the 
cytosolic isoforms, which are always dimeric, mtCKs can occur as dimers and octamers, the 
latter being built up by association of two dimers into instable tetramers, which then react in a 
fast association step to form rather stable octamers (26). The cytosolic CK isoforms mainly 
uses PCr to reproduce ATP at sites of high-energy consumption, such as the myofibrillar 
actomyosin ATPase in muscle (63), the Ca2+-ATPase of the sarcoplasmic reticulum (45) or 
the rods of photoreceptor cells (27).  

In conjunction with the adenine nucleotide translocator the mitochondrial CK isoform 
is mainly responsible for the conversion of mitochondrial ATP into PCr, which is exported into 
the cytosol via outer membrane voltage dependant anion channel (VDAC). PCr is then used 
at sites of high-energy demand by the reverse CK reaction yielding ATP and Cr. This 
exchange of PCr/Cr and ATP/ADP between the cytosol and mitochondria is referred to as 
‘phosphocreatine shuttle’ (7, 6) or PCr circuit (64). 

The mitochondrial envelope can form contact sites, a close superposition of the 
mitochondrial outer membrane (MOM) and the mitochondrial boundary inner membrane 
(MIM). Contact sites are dynamic structures and their formation correlates with activity of 
oxidative phosphorylation (32, 37) and they are regulated by [ADP] (18). Mitochondrial 
contact sites are enriched in mtCK, andenyl nucleotide translocator (ANT) and VDAC (1, 8-
10, 33). VDAC is responsible for the permeability of the outer mitochondrial membrane (2-4) 
but can adopt a low conductance cation-selective state, which can account for a metabolic 
compartmentation of nucleotides in the inter-membrane space, especially at the contact sites 
(3). Extra-mitochondrial creatine, which can permeate cation-selective VDAC, effectively 
stimulates mitochondrial phosphocreatine synthesis via mtCK and finally oxidative 
phosphorylation in vitro (46, 47) and in vivo (31). The physical interaction between mtCK and 
VDAC was shown in vitro (49).  

It was proposed that contact sites operate as micro-compartments or multi-enzyme 
complexes for energy export (11, 12). Such a compartment would confer a thermodynamic 
advantage to the mtCK reaction, since products of the mtCK reaction, phosphocreatine and 
ADP, are constantly removed via VDAC and ANT (14). The micro-compartment model 
suggests that mtCK, which is in general only attached to the inner mitochondrial membrane, 
binds in contact sites to the outer mitochondrial membrane as well. It should be noted, 
however, that mtCK is not a prerequisite for contact site formation, which also occurs in 
tissues exempt from mtCK, e.g. the liver. The micro-compartment-model of mtCK is strongly 
supported by in situ localization of mtCK showing mtCK along the cristae membranes and 
between inner and outer membranes (66) as well as by in vitro studies demonstrating that 
mtCK interacts not only with inner but also with outer mitochondrial membrane preparations 
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(43) and, most importantly, is able to bridge two membranes (44). By this bridging capability, 
mtCK is well suited for contact site formation.  

Interference with the Cr / CrP circuit can lead to pathologic changes in the cell. For 
example in Cr depleted animal models, mtCK-rich crystalline mitochondrial inclusion bodies 
(39) (40) are formed. In addition, an increase in aerobic capacity (54), an increase in the 
glucose transporter (GLUT4) expression (42), a decrease in AMP aminase activity (41), as 
well as an increase in slow twitch fibres in skeletal muscle with a subsequent shift in the 
expression of fast to slow myosin isoforms (42) have been shown. Emphasising the 
importance of the Cr /CrP system, patients suffering form miotchondrial myopathies (58-60) 
show enlarged mitochondria with paracrystaline inclusion bodies, enriched with sarcomeric 
mtCK. Those mitochondria are found predominantly in "ragged red fibres" seen in muscle 
biopsies from these patients, as well as in HIV patients treated with Zidovudine (20).  

Furthermore, it is discussed that mtCK plays a role for preventing cytochrome C 
release from mitochondria during the initiation of apoptosis (12, 23, 38). It was shown that 
neurons, over-stimulated by different proapototic factors could be protected by creatine 
supplementation (15). However it is still not clear whether mtCK interacts in a molecular way 
with other molecules or whether mtCK may have other impacts on the cellular energy 
metabolism. Consequently a model system of mitochondria from the same tissue, with and 
without mtCK should open a new way to collect more information. One possible model was 
liver, normally not expressing mtCK, from transgenic mice, over-expressing ubiquitus mtCK 
(mtuCK). Alan Koretsky and coworkers produced such transgenic animals (36). In fact the 
presence of mtuCK in mitochondria from such transgenic liver together with creatine reduced 
the mPT inducing effects of calcium and atractylate on wild type mitochondria, which do not 
contain mtuCK (21, 38). 

In this work, morphological changes due to the presence of mtuCK in liver 
mitochondria were characterised. Therefore liver tissue from transgenic and control mice 
were investigated by standard electron microscopy procedures. After immuno-gold 
decoration it seems clear that mtuCK is located between inner and outer mitochondrial 
membranes, but also forms rather big inclusions inside the cristae. Further, the impact of 
mtuCK on the overall mitochondrial structure and resistance to digitonin, which permeabilises 
the outer mitochondrial membrane independent of the permeability transition, is 
demonstrated: under those conditions liver mitochondria containing mtuCK did not 
disintegrate. We conclude that over-expressed mtuCK located at the expected places within 
mitochondria that are between MOM and MIM, induces contact sites. Finally since certain 
proportions of mtuCK is located inside cristae, and thus cross-links the MIM, it thereby 
contributes to enhancing mitochondrial structure, integrity and stability. 
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Material and Methods 
 

Animals  
Transgenic mice, which over-express mtuCK in liver, were kindly provided by Alan 

Koretsky (NIH). Those mice carry a mtuCK gene under a liver specific promotor and 
enhancer regions from the mouse transthyretin gene (36). 

Western blotting  
Extracts were separated in 10-12 % polyacrylamide SDS-gels and trans-blotted onto 

nitrocellulose membranes (Schleicher & Schuell, Germany; Geneworks, Australia). 
Membranes were blocked with 5 % fat-free milk powder in TBS(T) buffer (150 mM NaCl, 25 
mM Tris-HCl, pH 7.4, [0.05% Tween]) for 1 hr at room temperature. After washing for 30 min, 
membranes were incubated with 1:1.000 to 5,000 diluted anti-CrT peptide antibody in TBS 
buffer for 2 hrs at room temperature. After washing with TBS(T) buffer, the blots were 
incubated again with a 1:10,000 dilution of goat HRP-conjugated anti-rabbit secondary 
antibody (Amersham Pharmacia Biotech, Sweden; Silenus, Australia). The immunoreactive 
bands were visualized using the Renaissance Western Blot Chemiluminescence Reagent 
Plus Kit (NEN, USA). 

Fixation of liver tissue and immunodecoration for electron microscopy  
Liver tissue was fixed during vascular perfusion with 2% paraformaldehyde, 2% 

Glutaraldehyde, 2% DMSO and 0.1 % Acrolein in PBS. Tissue slices were stored at room 
temperature in the same fixative. After 2h, they were brought to 0.3 M Sucrose in PBS. 
Tissue was postfixed with 1% tannic acid, then embedded in sucrose-polyvinylpyrrolidone 
over night. The embedded tissue was sectioned at –100°C. Tissue sections were blocked in 
1% FCS/PBS, decorated with antibody against mtuCK or pre immune serum (PIS) (1:200 
diluted serum) for 1h and then washed 3 times 10min in PBS. Sections were stained with 10 
nm colloidal gold-conjugated protein A for 1h. The primary antibody / Protein A complexes 
were fixed with 4% Formaldehyde and 1% Glutaraldehyde and washed again in PBS. The 
sections were finally embedded in methyl-cellulose and post stained with 1% uranyl acetate. 
The preparations were examined in a JEOL s100 TEM at 80kV.  

Tissue extracts and isolation of mitochondria 
Mice (3-4 month of age) were killed by a short exposure to carbon dioxide, followed 

by cervical dislocation. Liver, brain and cardiac muscle was taken and immediately 
transferred to ice-cold HEPES-sucrose buffer containing 250 mM sucrose, 10 mM HEPES-
HCl pH 7.4, 0.5 % BSA (essentially free of fatty acids) and 1 mM EDTA and homogenized by 
a teflon/glass potter (Braun-Melsungen, Germany). The homogenate was centrifuged for 10 
min at 700 x g to remove heavy debris as platelets, as well as nuclei. An aliquot from the 
supernatant was taken as total tissue extract for further analysis. The supernatant was 
centrifuged for 10 min at 7,000 x g. The pellet containing mitochondria was resuspended in 
30 ml 250 mM sucrose, 10 mM Tris/HCl pH 7.4, 100 µM EGTA, 25 % PercollTM (Amersham 
Pharmacia Biotech, Sweden) and centrifuged for 35 min at 100,000 x g. PercollTM fractions 
containing highly purified mitochondria were washed twice with 250 mM sucrose, 10 mM 
HEPES-HCl pH 7.4, 100 µM EGTA by centrifugation at 7,000 x g for 10 min. Washed 
mitochondria were then recovered from the pellet and resuspended in 200 µl of the washing 
buffer. 

Disintegration measurements 
Mitochondrial protein concentration in all assays was kept at 0.5 mg/ml. Mitochondria 

were diluted in the washing buffer. Mitochondrial disintegration was measured by adding 
100µg Digitonin / mg mitochondrial protein to mitochondrial suspension and recorded in a 
UV4 UV/VIS spectrometer (Unicam) connected to a computer. Traces were recorded at 540 
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nm and data points were acquisited every 30 seconds using Visions Software (version 3.10, 
Unicam Ltd.). Cuvettes containing the mitochondrial suspension were always thermostated 
to 25 °C. After the assays, mitochondria were layered on nickel grids suitable for electron 
microscopy, contrasted with 2% ammonium-molybdate (iso-osmotic), air-dried, visualized 
and recorded with a Jeol 200 transmission electron microscope at 80 kV.  

Preparation of mtuCK containing microdomains 
Isolated liver and kidney mitochondria were diluted with chilled washing buffer to 20 

mg/ml mitochondrial protein, adding 0.75 % Triton X-100 to final concentration. Mitochondria 
were dissolved on ice in a glass/glass homogeniser. The Triton homogenate was diluted 
resulting in 40 % Sucrose and 10 mg/ml mitochondrial protein in washing buffer. This 40 % 
sucrose solution was layered under a linear sucrose gradient (38%- 15%) and centrifuged for 
at least 20h at 100’000 x g at 4°C. The resulting gradient was fractionated into 500 µl 
aliquots. After the protein determination, 20 µg protein from each sample was precipitated by 
standard TCA precipitation, dissolved in SDS buffer, and processed for Western blotting (see 
above). 
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Results  
 
Mitochondrial creatine 

kinase plays a role in regulation 
of mitochondrial permeability 
transition (9, 10, 12, 21, 35, 38). 
In contrast to wild type, 
mitochondria from transgenic 
animals that express mtCK in 
their livers do not swell after 
calcium addition (21, 38). We 
were interested whether mtCK 
also has an influence on the 
structural integrity of 
mitochondria. To compare 
mitochondria with and without 
mtCK we took transgenic mice, 
overexpressing ubiquitous mtCK 
(mtuCK) in liver as a model.  

To test the over-
expression model, the 
expression of mtuCK in liver of 
transgenic mice was first tested 
by Western blots. As seen in 
figure 1, in wild type liver there 
was no detectable mtuCK, 
however, in liver from transgenic 
mice high amounts of mtuCK 
were expressed, confirming 
earlier results (36). Western Blot 
analysis from different tissues 
show that the expression level of 
mtuCK in transgenic liver was approximately equivalent to the expression mtCK in tissues like 
muscle and neurons (figure 1). 

 

Over-epressed mtuCK induces contact sites in vivo 
To gain more information on a sub-cellular level about the expression and localization 

of mtuCK and its impact in mouse liver, tissue was fixed, embedded, cut and stained after 
standard procedures. Electron microscopical studies revealed surprisingly clear-cut 
differences in the general morphological appearance between mitochondria from control and 
transgenic liver tissue. The transgenic tissue contained a lot of mitochondria with changed 
morphology.  

In contrast to wild type (figure 2A), the lumen of one or two cristae in a significant 
proportion of mitochondria from transgenic liver was electron dense and immensely enlarged 
(figure 2B). Furthermore, we observed that the number of contact points where the MOM and 
MIM were in close vicinity, forming contact sites (18), were significantly increased in 
comparison to mitochondria from wild type liver (figure 2C). To quantify this observation, the 
circumference of mitochondrial sections from both animal groups was measure and the 
number of clearly discernible contact sites was counted per µm. The number of contact sites 
in liver mitochondria containing mtuCK was 3 times higher than in wild type liver mitochondria 
(figure 2D). We claim, that the presence of mtCK is inducing the formation of contact sites in 
vivo. We have shown elsewhere, that over-expressed mtCK is enzymatically active and 
directly converts creatine into phosphocreatine which is then expelled into the medium (21). 
Furthermore over-expressed mtuCK inhibits the mitochondrial permeability transition (21, 38).  

Figure 1 Western blot of mouse tissues. Liver, heart and 
brain from wild type mice (wt) and from mice
expressing mtuCK in liver (+/+) were homogenized. 
Protein extracts were separated by SDS PAGE and 
transferred to nitro-cellulose membranes. mtuCK was 
detected by polyclonal rabbit anti chicken serum.
Primary antibodies were detected by secondary anti-
rabbit IgG antibodies coupled to horseradish
peroxidase and were visualized by ECL kit (Amersham). 
Transgenic liver (+/+) was expressing mtuCK 
comparable to heart or brain. Note, that in wt liver no
mtuCK was detected. 
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To determine, whether 
mtuCK is responsible for forming 
the inclusions inside cristae 
(figure 2A) and whether mtuCK is 
indeed directly localized also 
between MOM and MIM within 
the contact sites, as observed in 
the transgenic liver mitochondria 
(figure 2B), we performed an 
immuno-decoration of cryo-fixed 
tissue samples. In fact, the 
electron dense inclusions inside 
cristae were strongly labeled with 
mtuCK antibody (figure 3). Also 
the inter-membrane space 
between MOM and MIM was 
significantly decorated with gold 
particles (figure 3), whereas the 
control with the pre-immune sera 
(PIS) showed only few gold 
particles.  

These data coroborate, 
that mtuCK, if over-expressed is 
located in the expected 
mitochondrial compartments: 
between MOM and MIM, but also 
forms dramatic alterations by 
occupying the intra-cristae lumen. 
However, it seems that these 
cristae inclusions do not form 
regular mtCK-crystals as it was 
observed in muscular myopathies 
or after creatine depletion (39, 40, 
56). This was determined by 
Furrier transformation analysis of 
such inclusions observed here 
(data not shown). The mtuCK 
inclusions shown in this work do 
not present with the typical furrier 
scattering known from crystalline 
mtuCK inclusions in those cases 
reported above. 

 

Over-expressed mtCK 
increases mitochondrial structura

mtuCK interacts with mitoc
presence of mtuCK within mitochond
structure in contrast to mitochondria
MOM with the peripheral MIM, but a
which was independent of mitochon
we measured the direct effect of
mitochondria by simple mitochondria
of PT stimulating agents. With suc
integrity of mitochondria should be
membrane. Therefore 100 µg digito
Figure 2 Electron microscopic study of wild type (wt) 
and transgenic (mtuCK +/+) liver. Tissue was fixed by 
immersion in triple aldehyde (see material and
methods), embedded and cut by standard
procedures. A) Representative image of wild type liver
tissue, B) representative picture of mtuCK over 
expressing liver. A characteristic electron dense
inclusion in an enlarged crista is seen. C) Sections of 
MOM and peripheral MIM are enlarged, increased
number of contact sites are seen, which have been
quantified from 20 mitochondria in D) The
circumference of each mitochondrium trans section
was measured by NIHimage, contact sites were 
counted and plotted as contact sites per µm
circumference, significance was tested with ANOVA.
Bar = 200 nm 
l integrity and stability 
hondrial membranes in vitro (50, 51, 55) (49). The 
ria is expected to lead to a stabilization of mitochondrial 

 containing no mtuCK, as the enzyme is able to cross-link 
lso the central MIM forming cristae. To find an approach, 
drial swelling after permeability transition (PT) induction, 
 the presence of mtCK on the structural stability of 
l swelling after addition of digitonin, without any addition 
h an approach the impact of mtuCK on the structural 
come clear independent of any changes of the inner 
nin per mg mitochondrial protein were added to isolated 
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mouse liver mitochondria and 
the mitochondrial disintegration 
followed at 540 nm. After the 
recording was completed, 
mitochondria were visualized by 
electron microscopy after 
contrasting the organelles with 2 
% ammonium molybdate.  

The absorption of 
mitochondria at 540 nm from 
transgenic liver, over-expressing 
mtuCK did not change after the 
addition of digitonin (Figure 4). 
By electron microscopy we could 
confirm that digitonin did not 
have a deleterious effect on 
mtuCK containing mitochondria. 
Detached vesicles were 
observed, which we interpreted 
as detached MOM. However, the 
overall mitochondrial appearance 
seemed to bemore or less 
unchanged. The MIM was able to 
keep its integrity, as the 
ammonium molybdate solution 
did not enter the matrix, still seen 
as white areas inside 
mitochondria (figure 5).  

In contrast, wild type 
mitochondria were almost 
completely destroyed under the 
very same conditions. First, the 
absorption of liver mitochondria 
from wild type mice did decrease 
significantly after the addition of 
digitonin, due to disintegration of 
the MOM followed by 
disintegration of MIM. As seen in 
the EM the typical mitochondrial structure was lost. The negative stain was leaking into the 
matrix, due to the lost MIM integrity. Thus, the electron dense ammonium molybdate was 
seen also inside the mitochondrial vesicles (Figure 5). 

We conclude as seen already before (13, 21, 22, 33, 43, 44, 50), that mtCK is 
interacting with mitochondrial membranes and proteins thereof. This is obviously leading to 
an overall stabilization of mitochondrial structure. In the case of liver mitochondria, normally 
the MOM is mostly responsible for the structural integrity. Once destroyed e.g. with digitonin, 
also MIM looses its structure and mitochondria fall apart (figure 4 and 5, wt + digitonin). 
Whereas in the presence of mtuCK, central MIM membranes, forming cristae, are cross-
linked by symmetrical mtCK octamers and are thus stabilized. This increased stability of 
mitochondrial cristae membranes by mtuCK even persists after disruption of the MOM. 

 

Biochemical isolation of contact sites 
MtCK interacts with VDAC (49) and is attached also to the inner mitochondrial 

membrane close to ANT (13, 21). This interaction is likely mediated by cardiolipin (crompton 
halestrap). It was consequently shown that mtCK forms contact sites between outer and 
inner membrane (1, 9-13, 33-35). We were looking for a method to isolate contact sites that 

Figure 3 Immuno-electron microscopy of transgenic
liver. Liver tissue was fixed as in Figure 2, embedded in
sucrose-polyvinylpyrrolidone over night and sectioned
at -100°C. Sections were taken on a copper grid
suitable for electron microscopy and blocked with PBS
containing 10% FCS for at least 2h. mtuCK was
detected with anti-mtuCK antibody (1:200) for 1h in PBS,
followed by 10nm colloidal gold-conjugated protein A
1:70 for 1h in PBS. Sections were fix again with 4%
formaldehyde and 1% glutaraldehyde to stabilize the
antibody-protein A complexes, followed by
embedding in methylcellulose and contrasting with 2%
uranyl acetate. The control (right panel) was treated
identically, but using rabbit pre immune serum with no
significant immuno-staining visible. With anti-mtuCK-
antibody (left hand panel), a strong labelling within the
enlarged cristae, but also between the MOM and the
outer boundary MIM was seen. The cristae inclusions
are clearly highly enriched with mtuCK. However, there
is also mtuCK located between MOM and MIM. 
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still could contain mtCK. We 
postulated that contact sites are 
embedded in rigid membrane 
formations. Furthermore, we 
postulated that these macro-
molecular assemblies should be 
detergent resistant, as seen 
previous with plasma 
membrane micro-domains (17, 
52, 53). Therefore, kidney 
mitochondria were 
homogenized at 4°C in 0.75 % 
Triton X-100 (see figure 6 and 
material and methods). The 
homogenates were layered 
below continuous sucrose 
gradients and ultra-centrifuged 
at 100’000 g. The gradients 
were fractionated and analyzed 
by Western blotting.  

Astonishingly, we found 
most of the mitochondrial VDAC 
in low-density parts of the 
gradients. VDAC was “floating” 
(figure 7). The inner membrane 
ANT was partly within the 
floating, detergent resistant 
fractions together with VDAC, 
but also remained within the 
high-density parts of the 
gradient, and in addition some ANT was also precipitated. The matrix-located pyruvate 
dehydrogenase was completely precipitated (figure 7).  

Within the detergent insoluble parts, which we called “contact sites”, mtuCK was 
located, as well as cytocrome oxidase subunit 4 (COX IV). COX (IV) could not be detected in 
any other fractions. However cytochrome c was distributed equally within all analyzed 
fractions (data not shown). 

To control the method, we incubated mitochondria after the homogenization with 
Triton, for 10 min at room temperature. This warming resulted in the distribution of VDAC all 
over the gradient, which otherwise was concentrated under 4°C-conditions predominantly in 
the low-density sucrose parts of the gradient (figure 7).  

Detergent resistant, floating protein complexes were formed at least out of VDAC, 
mtuCK, ANT and parts of the respiratory chain. This could mean that they were still 
enveloped with phospholipids. We thus suggest that we have developed a method to prepare 
mitochondrial contact sites within their more or less natural membrane environment. By this 
technique we could see the close localization of mtuCK with the outer membrane protein 
VDAC. The interaction between both purified mtCK and VDAC could be shown in vitro (49). 
However the coupling between mtuCK and ANT was proposed several times, but direct 
experimental evidence for a direct interaction between mtCK and ANT has not been 
published, but indirect interaction via functional coupling of the two proteins is evident (9, 10, 
31, 48). 

Figure 4 Digitonin induced disintegration of
mitochondria. Liver mitochondria from wild type mouse
liver (wt) and from transgenic mtuCK expressing liver
(mtuCK +/+) were isolated in sucrose buffer (see
material and methods). The absorption of
mitochondria diluted in sucrose buffer (0,5 mg/ml) was
recorded at 540 nm. For each, wt and tg mitochondria
a baseline without digitoni was recorded. In parallel
samples, digitonin (100µg/mg mitochondrial protein)
was added. Only the wt mitochondria showed a
significant decrease in absorption, which was
interpreted as swelling and disintegration of
mitochondrial structure, leading to a lower optical
density. Mitochondria containing mtuCK showed no
significant loss in optical density.  
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Discussion 
 
In a previous study, we have shown that mtuCK forms a functionally coupled micro 

compartment with ANT on the one hand (21), and on the other hand is directly interacting 
with VDAC in a calcium dependant manner (49). Furthermore, it became clear in recent 
years that mtCK is able to interact with, and cross-link membranes (43, 44, 50, 51). We have 
also seen in previous studies that mtCK in the presence of creatine inhibits mitochondrial 
permeability transition (21, 38). This protection towards the permeability transition, however, 

Figure 5 Negatively stained mitochondria with and without digitonin.
Mitochondria were taken after the recording of the optical density (figure
4), layered on a carbon-coated cupper grid and contrasted with 2%
ammonium molybdate solution (pH 7.4). Pictures were taken in a Jeol
electron microscope at 80 kV. Untreated mitochondria showed clearly the
typical round structure with visible cristae, both in transgenic (upper panel,
mtuCK +/+) and wild type (upper panel, wt) mitochondria. After digitonin
treatment (100 µg/mg protein, as in figure 4) wild type mitochondria lost
their structure. It was hard to detect any remaining structure other than
vesicular structure (lower panel on the right hand). By contrast, transgenic
liver mitochondria kept their round shape even after digitonin addition
(lower panel on the left hand). However, some were opened at one side
(arrow) other seemed to stripped from their MOM (arrow head). The mere
presence of mtuCK rescued mitochondria from the deleterious effect by
digitonin. 
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is based on a functional coupling between 
mtCK and ANT and might not be due to a 
direct physical interaction between the two 
proteins. A direct physical interaction of 
mtCK was shown with VDAC (49), as well as 
with mitochondrial membranes (43, 44). 

(I) In the present study, we could 
show that the mitochondrial protection by 
mtCK is not only due to a functional coupling 
between mtCK and ANT. This coupling 
seems to have also a direct structural basis: 
Immuno electron microscopy revealed that 
over-expressed mtuCK is able to increase 
the number of contact sites in situ (figure 2). 
Over-expressed mtuCK localizes directly 
between outer and inner membrane, and 
also inside cristae (figure 3).  

To test whether mtuCK was cross-
linking mitochondrial membranes directly 
and independently from the permeability 
transition also in a physiological state, 
mitochondria were treated with the detergent 
digitonin. Digitonin is interacting with 
cholesterol, thereby leading to disruption of 
the MOM. Due to the fact that MIM contains 
none or very little cholesterol, less or no 
damage should occur on the MIM. In wild 
type mitochondria disruption of the MOM is 
leading to a loss of integrity, MIM is 
expanding, and mitochondria are loosing 
their typical structure (figure 5).  

(II) Although upon digitonin treatment 
mitochondria containing mtuCK loose their 
MOM, which remains as vesicles sticking to 
the MIM, the mitochondrial structure is 
largely preserved. The mitochondrial 
appearance with the cristae and the round 
shape, typical for isolated liver mitochondria 
(37) is still maintained. This is due to the 
cross-linking of mitochondrial membranes by 
mtCK. Mitochondrial CK interacts with VDAC 
at the inner side of the MOM (49) and with 
cardiolipin at the outside of the MIM (19) 
close to ANT (21). So mtCK is able to cross-
link cristae membranes, thus stabilizing 
cristae architecture also under otherwise 
rather devastating conditions, as digitonin 
treatment, or maybe also after a heavy calcium 

Assuming the formation of a micro-com
of VDAC (in the MOM), mtuCK, cardiolipin an
method to enrich those micro-compartments, 
detergent resistant micro-domains within the pla
In analogy to the described method, mitochon
Against our expectations, a visible white frac
sucrose gradient (figure 6). This floating fra
vesicles as seen in the electron microscope (f
Figure 6 Contact side preparation. Isolated
mitochondria were homogenized in 0.75 %
Triton containing sucrose buffer strictly at
4°C. Dissolved mitochondrial membranes
and proteins were mixed 1:1 in 80 % sucrose
(40% final concentration) and layered
below a continuous sucrose gradient (15 –
38 %). The gradient was centrifuged for at
least 16 hours at 100’000 x g at 4 °C. (See
figure 7) Upper panel distribution of the
outer membrane VDAC, soluble inter-
membrane space located mtuCK, and
inner membrane ANT within the sucrose
gradient. Middle panel distribution of the
soluble matrix located PDH, outer
membrane VDAC, and soluble inner
membrane associated subunit IV of COX.
Lower Panel contact site preparation at
room temperature. Note that VDAC, ANT,
mtuCK and COX are floating. At 25 °C
VDAC is distributed all over the gradient in
contrast to 4 °C.  
load.  
partment (21), or better a complex formed out 
d ANT (in the MIM), we developed a new 
also referred to as contact sites. Recently, 
sma membrane were described (17, 52, 53). 

dria were dissolved with Triton X-100 on ice. 
tion was floating to lower density within the 
ctions, which contained clearly membrane 

igure 7) were positive for VDAC, mtuCK, and 
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ANT on Western blots. These three 
proteins are postulated to form complexes 
relevant for the regulation of the 
mitochondrial permeability transition (8-
10, 34, 35). Thus it seems that an 
enrichment of in situ contact sites is 
possible by using this detergent 
solubilization technique. 

(III) Apparently, these complexes 
can be isolated within their in situ 
membrane envelope. It was found that 
also parts of the respiratory chain, here 
cytochrome oxidase, are components of 
the contact site complex. If such a 
macromolecular protein assembly acts as 
a permeability transition pore, it might 
explain, why ubiquinones and electron 
flow also regulate PT (5, 24, 25, 65). In 
line with such reasoning is the fact that 
very recently mtCK has been found in a 
proteomics approach to be associated 
with complex IV and complex I (16). If the 
latter would be a key player in mPT, such 
an association of mtCK with complex I 
could possibly also explain the protective 
effects of creatine on PTP opening (21, 
38). However, other proteins as the 
soluble pyruvate dehydrogenase (PDH) 
were not found to be part of such a 
complex, since PDH was collected entirely 
in the pellet after Triton extraction. This 
argues for the specificity of this method. 
Also the hydrophobic carbamyl phosphate 
synthase (CPS) was not part of this 
complex (see chapter 7, figure x).  

In this work, we have found mtuCK 
to be responsible for the physical rigidity 
and structural integrity of mitochondria. 
Due to its molecular symmetry octameric 
mtuCK is able to interact with all 
mitochondrial membranes, thereby cross-
linking them. MtuCK can be isolated with 
in this lipid-protein complex, which contains a
and probably also cyclophilin D. The use of 
wild type liver mitochondria and liver mitoch
lead to the molecular identification of protein
pore complex in future.  
Figure 7 Sketch of contact side preparation.
Isolated mitochondria were homogenized
in 0.75 % Triton containing sucrose buffer
strictly at 4°C. Dissolved mitochondrial
membranes and proteins were mixed 1:1 in
80 % sucrose (40% final concentration) and
layered below a continuous sucrose
gradient (15 – 38 %). The gradient was
centrifuged for at least 16 hours at 100’000
x g at 4 °C. After centrifugation a white
fluffy band could be seen in the upper half
of the gradient. The gradient was
fractionated in fractions of 500 µl each.  
s additional components VDAC, ANT and COX, 
such a method, together with the comparison of 
ondria containing over-expressed mtuCK, may 

s within the mitochondrial permeability transition 
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Abstract 
 
Immunoblotting of isolated mitochondria from rat heart, liver, kidney, and brain 

with antibodies made against N- and C-terminal peptide sequences of the creatine 
transporter, together with in situ immunofluorescence staining and immunogold 
electron microscopy of adult rat myocardium, revealed two highly related 
polypeptides with molecular masses of ~ 70 and ~ 55 kDa in mitochondria. These 
polypeptides were localized by immunoblotting of inner and outer mitochondrial 
membrane fractions, as well as by immunogold labeling in the mitochondrial inner 
membrane. In addition, a novel creatine uptake via a mitochondrial creatine transport 
activity was demonstrated by [14C]creatine uptake studies with isolated mitochondria 
from rat liver, heart, and kidney showing a saturable low affinity creatine transporter, 
which was largely inhibited in a concentrationdependent manner by the sulfhydryl-
modifying reagent NEM, as well as by the addition of the above anti-creatine 
transporter antibodies to partially permeabilized mitochondria. Mitochondrial creatine 
transport was to a significant part dependent on the energetic state of mitochondria 
and was inhibited by arginine, and to some extent also by lysine, but not by other 
creatine analogues and related compounds. The existence of an active creatine 
uptake mechanism in mitochondria indicates that not only creatine kinase 
isoenzymes, but also creatine transporters and thus a certain proportion of the 
creatine kinase substrates, might be subcellularly compartmentalized. Our data 
suggest that mitochondria, shown here to possess creatine transport activity, may 
harbor such a creatine/phosphocreatine pool.  
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Introduction 
 
Creatine (Cr) and phosphocreatine (PCr) play fundamental roles in cellular 

energetics (for reviews, see Refs. 1–3). Cells that do not synthesize Cr, like skeletal 
and cardiac muscle, must take it up from the blood through an active Cr transport 
system (CRT) (4). cDNA and gene sequencing of the CRTs from rabbit, rat, mouse, 
human, and the electric ray (Torpedo) (5– 10) have shown that CRTs are composed 
of 611–636 amino acid residues with a calculated molecular mass of ~ 70 kDa. The 
CRT sequences (Protein Data Bank accession number for rat CRT = P28570 and for 
human CRT = P48029) are most closely related to the γ-aminobutyric acid, taurine / 
betaine transporter subfamily (46–53% amino acid sequence identity), while the 
homology to the glycine, proline, catecholamine, and serotonin transporters is less 
pronounced (38–34%). Computational analysis revealed that these CRTs, like other 
neurotransmitter transporters, are integral membrane proteins containing 12 putative 
transmembrane domains (8). CRT expression has been studied by a few research 
groups (11–16). The presence of two different gene products expressed in various 
tissues corresponding to two major polypeptides of ~55 and ~70 kDa has been 
described. The two polypeptides are most likely generated by alternative splicing 
(12). This assumption is supported by the fact that antipeptide antibodies generated 
against the N and C-terminal region of the cDNA-derived CRT polypeptide sequence, 
all recognize the same two proteins with molecular masses of ~55 and ~70 kDa on 
Western blots (11–16). Furthermore, the existence of CRT splice variants has 
recently been suggested, based on genetics studies using rapid amplification of 
cDNA ends methods (17). Recent immuno-fluorescence studies have indicated a 
high degree of intracellular CRT localization (16), which is consistent with a mainly 
mitochondrial localization (15). This finding is in contrast to the general view that 
CRT, represented here by two major ~55- and ~70-kDa CRT-related proteins, is 
localized exclusively in the plasma membrane. Instead, it was also recently reported 
that only a minor CRT protein species with an intermediate apparent molecular mass 
of ~58 kDa is located in the plasma membrane (15). This ~58-kDa polypeptide has 
been identified by surface biotinylation of intact cardiomyocytes, followed by Western 
blotting with anti-CRT antibodies, or alternatively by Western blotting of highly 
enriched plasma membrane fractions (15). Also in contrast to the prevailing view that 
mitochondria do not contain Cr, PCr uptake into isolated rat heart mitochondria had 
been reported earlier (18) and was attributed, however, to the activity of adenine 
nucleotide translocase. The same authors also studied changes in the subcellular 
distribution of ATP, ADP, Cr, and PCr depending on the physiological state in rat fast 
twitch gastrocnemius and slow twitch soleus muscles by fractionation of freeze-
clamped and freeze-dried tissue in non-aqueous solvents (19). It was found that 
during isotonic contraction of gastrocnemius muscles, the mitochondrial content of 
total Cr and PCr decreased with a parallel increase in extramitochondrial total Cr, 
indicating a net transfer of Cr across the mitochondrial membranes. In line with the 
above observation, in vivo isotope tracing studies with labeled Cr have shown that 
creatine kinase does not have access to the entire cellular Cr and PCr pool(s) (20), 
which indicates that intracellular Cr and PCr pools may exist that are not in 
immediate equilibrium with one another. Such interpretations are in agreement with a 
number of 31P NMR magnetization transfer studies (21, 22), as well as with recent 1H 
NMR spectroscopy data (23), where monitoring the Cr and PCr levels in human 
muscle pointed to the existence of a pool of Cr that is not NMR “visible” in resting 
muscle, but appears in NMR spectra of muscle in ischemic fatigue or post mortem 
(23). From these studies, it was also concluded that the total PCr / Cr pool must be 
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divided into physical compartments, or chemical entities, without fast exchange, and 
the authors even mentioned that increased flux through mitochondria could provide 
an explanation for their experimental results (23). It is, however, important to 
emphasize that by the above experimental approaches, no specific information 
neither on the nature or the direction of Cr shuttling pathways nor on the identity of 
such putative Cr compartments could be inferred. These findings led us to search for 
a potential mitochondrial Cr transport activity in muscle and non-muscle tissues, 
which would be associated with corresponding CRT protein(s), by using cell 
fractionation techniques, confocal immunofluorescence, immunoelectron microscopy, 
as well as substrate transport studies. Here we show that the mitochondrial inner 
membrane possesses active CRT activity, which seems to be associated with distinct 
CRT-related polypeptides. 
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Experimental procedures 

Materials 
If not otherwise stated all chemicals were purchased from Sigma. Male Wistar rats 

(250–300 g) were purchased from Invitrogen BRL, (Füllinsdorf, Switzerland). The 
characterization of our rabbit anti-CRT peptide antibodies has been described earlier (12).  

Immunofluorescence of sections from rat ventricle 
Freshly excised rat ventricles were fixed for 3 h at room temperature in PBS 

containing 3% paraformaldehyde. Tissues were dehydrated and embedded in paraffin by 
standard techniques. Ten-µm slices were cut with a microtome, paraffin was removed with 
xylene, and sections were washed with 70% ethanol and stored in PBS. For 
immunofluorescence staining, tissue sections were permeabilized first with 0.2% Triton X-
100 for 15 min, then with 0.1% SDS for 30 s and subsequently washed in PBS for 30 min. 
The sections were blocked in 5% goat serum albumin and 1% bovine serum albumin in PBS. 
Primary antibodies (rabbit anti-CRT peptide antibody 1:200, mouse anti-cytochrome oxidase 
subunit IV (COX, Molecular Probes) 1:200, both diluted in PBS containing 2% fat-free dry 
milk powder) were incubated at 4°C overnight. Subsequently, the tissue sections were 
washed extensively six times. Secondary antibodies (fluorescein isothiocyanate-conjugated 
mouse-anti-rabbit IgG 1:500 and Cy3-conjugated goat-anti-mouse IgG, both diluted 1:500 in 
PBS), were incubated 1 h at room temperature in the dark. The stained sections were 
washed again extensively in PBS, followed by embedding in an antifading medium 
containing 70% glycerol, 240 Mm N-propylgallate, 30 mM Tris/HCl at pH 9.5. Sections were 
analyzed with a confocal fluorescence microscope (Zeiss Axiophot, equipped with an 
argon/krypton mixed gas laser), a Bio-Rad MRC-600 confocal scanner unit and a Silicon 
Graphics Iris 4D/25 work station, using Imaris (Bitplane AG, Zurich, Switzerland) software. 
Images were recorded with oil immersion objectives (Zeiss). 

Immunoelectron microscopy of ventricle sections 
Rat heart ventricles were fixed with 4% glutaraldehyde/PBS by immersion fixation at 

room temperature for 3 h. Tissue was washed with 0.1 M cacodylate buffer, pH 7.4, and fixed 
again in the presence of 1% OsO4 for 2 h at room temperature. Tissues were dehydrated 
with increasing concentrations of ethanol, stained en bloc with 2% uranyl acetate, and 
embedded in Epon-Araldite. Sections of 80–100 nm were cut with an Ultra-microtome 
(Reichert, München, Germany), adsorbed onto copper electron microscope grids, incubated 
for etching of the plastic on drops of saturated sodium perjodate for 1 h, rinsed with double 
distilled H2O, incubated in boiling 10 mM citric acid NaOH, pH 6, for 20 min and rinsed again 
extensively. Subsequently, the sections were blocked in buffer 1 (PBS containing 0.1% 
acetylated bovine serum albumin and 0.1% Tween) for 20 min, followed by incubation with 
anti-CRT peptide antibody in buffer 1 for 70 min, washed, incubated for 45 min with goat-
anti-rabbit IgG conjugated with 10 nm colloidal gold, washed with buffer 1 again, and finally 
with double distilled H2O. After contrasting sections with 2% uranyl acetate and 2% lead 
citrate, pictures were taken by a transmission electron microscope JEOL200 at 100 kV. 

Tissue extracts and isolation of mitochondria 
Male Wistar Rats (3–4 month of age) were anesthetized with diethyl ether and killed 

by cervical dislocation. Tissue of liver, skeletal and cardiac muscle, kidney, and brain were 
taken and immediately transferred to ice-cold buffer. Liver, brain, and kidney tissues were 
homogenized by a Teflon/glass potter (Braun, Melsungen, Germany), whereas skeletal and 
heart muscle was homogenized by a Polytron mixer in 40 ml HEPES-sucrose buffer 
containing 250 mM sucrose, 10 mM HEPES KOH, pH 7.4, 0.5% bovine serum albumin 
(essentially free of fatty acids) and 1 mM EDTA. The homogenate was centrifuged for 10 min 
at 700 x g to remove heavy debris as platelets and nuclei. An aliquot from the supernatant 
was taken for further analysis as the total tissue extract. The supernatant was centrifuged for 
10 min at 7,000 x g, and the resulting supernatant was stored for subsequent analysis as the 
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soluble cytosolic fraction, while the pellet containing mitochondria was resuspended in 60 ml 
of 250 mM sucrose, 10 mM Tris/HCl, pH 7.4, 100 µM EGTA, 25% PercollTM (Amersham 
Biosciences) and centrifuged for 35 min at 100,000 x g. PercollTM fractions containing highly 
purified mitochondria were washed twice with 250 mM sucrose, 10 mM HEPES KOH, pH 
7.4, 100 µM EGTA by centrifugation at 7,000 x g for 10 min. Washed mitochondria were then 
recovered from the pellet and resuspended in 200 µl of the washing buffer.  

Western blotting 
Extracts were separated in 10% polyacrylamide SDS gels and trans-blotted onto a 

nitrocellulose membrane (Schleicher & Schuell, Bottmingen, Germany). The membrane was 
blocked with 5% ft-free milk powder in TBS buffer (150 mM NaCl, 25 mM Tris-HCl, pH 7.4) 
for 1 h at room temperature. After washing for 30 min, membranes were incubated with 
1:5,000 diluted anti-CRT peptide antibodies in TBS buffer for 2 h at room temperature. After 
washing with TBS buffer, the blot was incubated again with a 1:10,000 dilution of goat 
horseradish peroxidase-conjugated anti-rabbit secondary antibody (Amersham Biosciences). 
The immunoreactive bands were visualized using the Renaissance Western blot 
chemiluminescence reagent plus kit (PerkinElmer Life Sciences).  

Isolation of outer and inner membrane from rat liver mitochondria 
The isolation of the mitochondrial membranes was done according to Ref. 41. Briefly, 

rats were anesthetized with diethyl ether and killed by cervical dislocation. The liver was 
taken and immediately transferred to ice-cold homogenization buffer (250 mM sucrose, 10 
mM HEPES-KOH, pH 7.4, 0.5% bovine serum albumin, 1 mM EDTA) and freed from fat and 
connective tissue. The tissue was homogenized using a glass-Teflon potter in 
homogenization buffer at 0 °C. Nuclei and cell debris were pelleted by centrifugation at 700 _ 
g for 10 min, and crude mitochondria were pelleted from the post-nuclear supernatant by 
centrifugation at 7,000 x g for 10 min. Enriched mitochondria were resuspended in 250 mM 
sucrose, 10 mM HEPES-KOH, pH 7.4, 0.1 mM EGTA and purified in a 25% PercollTM 
density gradient. Highly enriched mitochondria were carefully collected from the gradient and 
washed twice in sucrose/HEPES buffer. Protein determination was performed with the BCL 
Kit from Pierce. Fifty mg of mitochondria were then resuspended in 6 ml of 10 mM KH2PO4 
buffer, pH 7.5, at 0 °C. After 15 min to allow swelling, 6 ml of 10 mM KH2PO4 containing 30% 
sucrose, 30% glycerol, 10 mM MgCl2, 4 mM ATP were added. After 60 min of incubation at 0 
°C to allow shrinking (turbidity appears) the mitochondrial suspension was treated with sonic 
oscillation using a Brandson device at position 3A for three times (cycles of 15 s each with 60 
s between each cycle for cooling). A first crude inner membrane fraction was pelleted at 
12,000 x g for 10 min. The pellet was resuspended in 3 ml of 10 mM KH2PO4 buffer. Pellet 
and supernatant were layered onto a discontinuous sucrosegradient consisting out of 51%, 
37 and 25% sucrose and centrifuged in a swinging bucket rotor (SW 40) at 100,000 x g for at 
least 12 h at 4 °C. The clear top of the gradient contained the soluble protein fraction, the 
25–37% interphase contained the light outer membrane subfraction, and the 37–51% 
interphase contained the pure inner membrane subfraction. The membrane fractions were 
collected carefully from the gradient, diluted 1:10 in sucrose/HEPES buffer, and pelletedat 
100,000 x g, 4 °C for 1 h. The pellets were solubilized in sucrose/ HEPES containing 0.01% 
SDS and analyzed. 

Immunolabeling and negative staining of isolated mitochondria 
Mitochondria (0.5 mg/ml) were incubated for 1 h at room temperature with anti-CRT 

peptide antibody under a variety of osmotic conditions (between 50 and 250 mOsmol/kg). 
Subsequently, these mitochondria were washed with buffer containing 250 mM sucrose, 10 
mM HEPES-KOH, pH 7.4, 100 µM EGTA and incubated with protein A-10 nm colloidal gold. 
After several washing steps, a drop of the mitochondrial suspension was transferred onto a 
carbon-coated electron microscope grid and washed with 2% ammonium molybdate as 
negative stain (250 mosmol, pH 7.4). The grid was blotted with Whatman Filter #1 and air-
dried (42, 43). Pictures of negatively stained mitochondria were then taken in a transmission 
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electron microscope JEOL100 at 80 kV. Counting of gold grains was automated with the 
NIH-image program. Analysis of variance statistics was done with Origin 4.1 software.  

Measurement of Cr transport into mitochondria 
Standard conditions — All Cr uptake assays were performed at room temperature 

using highly enriched, PercollTM gradient-purified mitochondrial preparations (adjusted to 10 
mg ml-1 protein concentration). The reaction was started by the addition of 10 µl of the 
mitochondria suspension to 90 µl of transport buffer (10 mM Tris/HCl, pH 7.4, supplemented 
with 250 mM sucrose, 20 mM Cr, and 5 µCi ml-1 [14C] Cr (American Radiolabeled 
Chemicals), 10 µCi ml-1 [3H] sucrose, 5 mM succinate/Tris, 2 µM rotenone, 2 mM MgCl2, 10 
mM Pi/Tris, 100 µM EGTA, and 2 mM ADP).  

Time course measurement — Cr uptake was stopped after 1.5, 2.5, 3.5, 6, 7.5, 10, 
15, and 20 min, respectively, and the amount of Cr taken up was plotted against time (Fig. 
6A).  

Km and Vmax determination — Cr uptake was determined as a function of Cr 
concentration at room temperature for 3 min at 0.53, 1, 2, 10, and 20 mM Cr, respectively, 
and fitted to an Eadie-Hofstee plot (Fig. 6B).  

NEM, DTNB, and DNFB inhibition — Mitochondria were preincubated for 10 min at 
room temperature with increasing concentrations of NEM, DTNB, or DNFB followed by 
uptake measurements for 15 min under standard conditions.  

Dependence on membrane potential — Cr transport assays were performed under 
standard conditions but without succinate and ADP. Mitochondrial substrates (5 mM 
succinate, 1 mM ADP) and uncoupler (100 nM FCCP) were added sequentially (Fig. 7).  

Inhibition by anti-CRT antibodies — Mitochondria (100 µg/ml mitochondrial protein) 
were preincubated for 1h at 22 °C either in 250 mM or 50 mM sucrose alone or in 250 mM or 
50 mM sucrose together with anti-CRT or preimmune serum (at 1:100 final dilution). 
Subsequently, mitochondria were washed three times in 250 mM sucrose, 10 mM Tris/HCl, 
pH 7.4, 0.1 mM EDTA, and uptake was measured understandard conditions.  

Competitive Cr uptake measurements — Transport was measured in buffer 
containing 10 mM Tris/HCl, pH 7.4, supplemented with 250 mM sucrose and 5 µCi ml-1 [14C] 
Cr, 10 µCi ml-1 [3H] sucrose, 2 µM rotenone, 2 mM MgCl2, 10 mM Pi/Tris, and 100 µM EGTA 
(serving as control), and in the additional presence of 1 mM concentration of each of either 
PCr, Cr analogues, other guanidino compounds, amino acids, or related compounds added 
as potential competitors or inhibitors (see Table I). In all cases, Cr uptake was stopped by a 
quick centrifugation step at 16,000 x g for 1 min and removal of the supernatant. The 
mitochondrial pellets were solubilized in 100 µl of 1% SDS and counted in 4 ml of scintillation 
mixture “Ultima Gold XR” (Packard) in a Packard 1500 Tri-CarbTM liquid scintillation counter. 
Double isotope measurement settings were 0–18 eV for the [3H] isotope and 18–256 eV for 
the [14C] isotope. The amount of Cr uptake was calculated as the difference of total Cr 
measured, subtracted by the Cr present in the sucrose accessible space. 
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FIGURE 1 Localization of CRT-related protein in rat heart by confocal microscopy. Sections 
of 10 µm of paraffin-embedded rat left ventricle, after fixation and permeabilization (see 
“Experimental Procedures”), shown as phase contrast picture (phase, lower right), were
stained for 1 h at room temperature with polyclonal rabbit anti-CRT peptide antibodies, 
followed by incubation for 1 h with fluorescein isothiocyanate-conjugated goat anti-rabbit 
IgG and double stained by a monoclonal mouse anti-COX antibody (_-COX) followed by a 
Cy3-conjugated donkey anti-mouse secondary antibody. The presence of CRT in
mitochondria was verified by merging both fluorescence channels (merge). Sections were 
analyzed with a Leica TCS SP laser confocal microscope with a He/Ne/Ar laser and Leica 
scanning electronics and software. Image processing was done on a Silicon Graphics Iris
4D/25 work station, using Imaris (Bitplane AG) software. 
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Results 

Intracellular location of CRT in rat heart 
Indirect immunofluorescence staining of rat heart sections with anti-CRT antibodies 

directed against a 15-mer C-terminal peptide of CRT revealed a predominantly intracellular 
localization of CRT-related protein (Fig. 1, α-CRT). The spotted pattern of the 
immunofluorescence signal suggests that the distribution of the protein within the cell is not 
homogeneous and might be associated to intracellular organelles. The remarkably ordered 
and regular alignment of small, anti-CRT-positive spots along the contractile apparatus 
suggests a periodic association with regular structures of the myofibrillar apparatus that is 
typical for mitochondria in muscle. Co-staining with the mitochondrial marker COX, a 
mitochondrial trans-membrane protein and thus a marker for mitochondria (24), indeed 
displayed an identical immuno fluorescence pattern (Fig. 1, α-COX), as indicated by the co-
localization of anti-CRT and anti-COX staining (Fig. 1, merge). Essentially the same 
immunolocalization was obtained also with antibodies directed against a 15-mer N-terminal 
synthetic peptide of CRT (12) (not shown).  

To precisely identify the site(s) of intracellular CRT localization, we performed 
immunoelectron microscopy studies on sections of the adult rat myocardium, treated with 
anti-CRT antibodies followed by colloidal gold-conjugated secondary antibodies. Fig. 2A 
clearly demonstrates specific labeling of mitochondria by anti-CRT antibodies that are evenly 
distributed within the muscle fibers, with some non-mitochondrial and otherwise very low 
background staining, as compared with staining with preimmune serum (Fig. 2B). 

FIGURE 2 Intracellular localization of CRT-related protein in rat heart by immunoelectron
microscopy. Rat left ventricles were fixed in 2.5% glutaraldehyde and embedded in Epon.
Sections of 80–100 nm were cut and adsorbed onto carbon-coated electron microscope
grids, treated with saturated sodium per-jodate, and boiled in 10 mM citric acid NaOH at
pH 6 and subsequently labeled for 1 h at room temperature with polyclonal rabbit anti-CRT
peptide antibodies (A) or preimmune serum (B), followed by a 1-h incubation with a goat
antirabbit IgG conjugated to 10 nm colloidal gold. Pictures were taken by a transmission
electron microscope (JEOL, Aksihima, Tokyo, Japan). 
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Expression of CRT-related 
Polypeptides in Mitochondria 
from Different Organs 

Next, we examined 
whether CRT was expressed in 
mitochondria of different tissues 
by Western blotting. In the 
experiments reported in Fig. 3, 
protein extracts of mitochondria 
(m) from brain, heart, kidney, 
and liver were separated in 
SDS-PAGE together with the 
corresponding cytosolic fractions 
(c) and total tissue extracts (t), 
transferred to nitrocellulose 
membranes and probed with two 
different anti- CRT antisera 
raised against synthetic peptides 
corresponding to the C-terminal 
(A) and N-terminal (B) 
sequences of the cDNA-derived 
CRT sequence (12). 
Mitochondrial purification was 
assessed in parallel with an anti-
COX antibody (C). The result 
clearly demonstrates that the 
~55- and ~70-kDa CRTrelated 
proteins are both recognized by 
both the anti-N-terminal, as well 
as the anti-C-terminal, CRT 
antibodies (12) and that both of 
these immunoreactive 
polypeptides are predominantly 
localized in mitochondria of all 
tissues tested, where they are 
highly enriched relative to the 
total extracts.  

 

Intramitochondrial location of 
CRT-related proteins 

To assess the distribution of the CRT protein within mitochondria, purified rat liver 
mitochondria were ruptured by osmotic swelling and ultrasonic treatment. Heavy (inner) and 
lighter (outer) mitochondrial membranes, as well as soluble, non-membraneassociated 
proteins were separated in sucrose step gradients, and the corresponding protein extracts 
were finally analyzed by anti-CRT Western blots (Fig. 4). The experiments shown in this 
figure revealed that both CRT-related polypeptides were highly enriched in the heavy (inner) 
membrane fraction (lane MIM), while the light (outer) membrane fraction (lane MOM) and the 
soluble matrix fraction (lane MX) contained virtually no immunoreactive signal. The relative 
enrichment of the CRT proteins in the heavy fraction can be easily appreciated from a 
comparison of the signal in the total liver homogenate (Fig 4A, lane liver) and in the inner 
membrane fraction (Fig. 4, lane MIM). Mitochondrial marker antibodies against COX, as well 
as against voltage-dependent anion channel (VDAC) were used to probe for mitochondrial 
inner and outer membrane, respectively.  

FIGURE 3 Immunoreactivity of rabbit anti-CRT antibodies.
Immunoblots of total tissue extracts (t) of brain, heart,
kidney, and liver, together with the corresponding
cytoplasmic fractions (c) and mitochondria (m), were
electroblotted and probed with polyclonal rabbit anti-
CRT synthetic peptide antibodies. Antibodies used were
rabbit anti-rat C-terminal CRT-peptide antibody (A), and
anti-N-terminal CRT-peptide antibodies (B), as well as a
monoclonal anti-COX mouse antibody (C). In each lane
5 µg of protein was loaded. 
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To confirm the 
submitochondrial localization of 
CRT with an independent 
approach, its accessibility to anti-
CRT antibody was determined 
before and after osmotic rupture 
of the outer membrane. 
Mitochondria were incubated 
with the anti-CRT antibody either 
in iso-osmolar (250 mM sucrose) 
or hypo-osmolar medium (50 mM 
sucrose), followed by antibody 
detection with protein A-gold (10 
nm), using a negative staining 
technique on whole 
mitochondria. As shown in Fig. 
5, hypo-osmotic treatment 
caused the formation of 
peripheral vesicles of outer 
membrane (arrowheads in A and 
B), while the inner membrane 
cristae were still conserved. 
Significant anti- CRT antibody 
labeling was seen only under 
hypo-osmotic conditions and 
was particularly prominent at the 
inner membrane (A). Labeling 
was specific, since it was not 
observed after treatment with 
preimmune serum (B), while 
under iso-osmolar conditions 
only a few gold particles were 
seen on the surface of 
mitochondria (C). Quantification 
and statistical analysis of the 
number of gold grains confirmed 
that significant mitochondrial 
staining was only seen under 
hypo-osmotic conditions (D).  

 
 

Cr Uptake Assay with Isolated 
Mitochondria 

Heart, liver, and kidney
mitochondria were isolated and
carefully purified with PercollTM 
density gradients to minimize
contamination with plasma
membrane vesicles and other
membranes or organelles. These
mitochondria were tested for their
ability to accumulate Cr by
incubating them in sucrose buffer
containing 14C-labeled Cr in a
total concentration of 20 mM Cr, 
which is close to the physiological
range for working muscle (2, 3). 
FIGURE 4 Submitochondrial localization of CRT-related
protein by fractionation of mitochondrial membranes.
Rat liver mitochondria were ruptured by a repeated
swelling and shrinking procedure followed by
ultrasonic treatment according to Ref. 41. Soluble
matrix proteins, lighter (outer), as well as heavy (inner),
mitochondrial membranes were separated in
discontinuous sucrose density gradients and analyzed.
The Western blot (10 µg of protein per lane) shows an
anti-CRT immunoblot of protein extracts from rat liver
total homogenate (liver), soluble cytosolic proteins
(cytopl), rat liver mitochondria (mito), mitochondrial
outer membrane (MOM), soluble mitochondrial matrix
proteins (MX), as well as mitochondrial inner
membrane (MIM), indicating the strongest anti-CRT
signal in this mitochondrial inner membrane fraction.
As controls, anti-COX and anti-voltage-dependent
anion channel (α-VDAC) antibodies were used to
identify mitochondrial inner and outer membrane,
respectively. 
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Fig. 6 shows that heart, liver, and kidney mitochondria take up Cr with similar kinetics, 
in a process that leveled off after about 5 min (A). Cr association with the mitochondrial pellet 
reflected a true transport process, because Cr was sequestered into a sucrose-inaccessible 
space, as assessed by inclusion of 3H-labeled sucrose into the incubation buffer. The 
absolute amounts of Cr taken up by heart (Fig. 6A, filled squares), liver (open circles), and 

FIGURE 5 Intramitochondrial localization of CRT-related protein by immunoelectron
microscopy. Rat liver mitochondria (1 mg/ml) were incubated for 1 h at room
temperature at different osmolarities with polyclonal rabbit anti-CRT peptide antibody
(1:200 dilution) or preimmune serum. Mitochondria were washed three times and
incubated for 1 h with protein A-labeled colloidal gold (10 nm) and washed again
three times. Mitochondria were then negatively stained with 2% ammonium molybdate,
pH 7.4. A, 50 mosmol/kg with anti-CRT peptide antibody; B, 50 mosmol/kg with
preimmune serum; C, 250 mosmol/kg with anti-CRT peptide antibody; D, means of gold
grains counted per mitochondrion, with 20 mitochondria from two experiments of each
condition, were analyzed and plotted accordingly. 
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kidney mitochondria (open triangles) were about 12, 16, and 19 nmol mg-1 mitochondrial 
protein. Cr uptake followed saturation kinetics with an apparent Km and Vmax for Cr transport 
of 15.90 (± 1.32) mM and 11.79 (± 1.15) nmol mg-1 mitochondrial protein min-1, respectively 
(B). Since creatine uptake is approximately linear over the first 5 min, and because of the 
rather high S.D. values of initial rate measurements, we determined the initial rates of 
creatine uptake over the first 3 min.  

To address the question of whether Cr uptake into mitochondria could be due to 
simple diffusion through the inner mitochondrial membrane, or whether it is indeed mediated 
by a transporter protein, we tested the effect of different sulfhydryl-modifying reagents, like 
DTNB, DNFB, and NEM. These reagents have been tested earlier for their ability to inhibit 
enzymatic activities at rather low concentrations (25–27). In our experiments, DTNB and 
DNFB had rather little effect on Cr uptake. By contrast, NEM inhibited Cr transport 
significantly in a dose-dependent manner (Fig. 6C). Preincubation of rat heart mitochondria 
for 10 min in a sucrose medium containing 100 µM NEM decreased Cr uptake by more than 
50% of control rates.  

The data shown in Fig. 7 demonstrate that Cr uptake is at least in part dependent on 
the energetic state of mitochondria, that is, energized rat heart mitochondria (5 mM 
succinate) showed ~20% higher Cr transport activity as compared with partially uncoupled 
mitochondria (1 mM ADP), whereas the addition of the uncoupler, FCCP, which completely 
abolishes the mitochondrial membrane potential, led to a ~35% decrease in Cr transport 
activity, as compared with control rates.  

FIGURE 6. Mitochondrial Cr uptake. Time course experiments of Cr uptake (A) into isolated
mitochondria from rat kidney, liver, and heart, measured at 20 mM external Cr
concentration at room temperature in the presence of substrates for oxidative
phosphorylation plus ADP. The amount of Cr uptake is expressed as nmol mg-1

mitochondrial protein. The graphs correspond to mitochondria from heart (filled black
squares), liver (open circles), and kidney (open triangles). Initial rates of Cr uptake were
measured for 3 min as a function of Cr concentration at room temperature at 0.53, 1, 2,
10, and 20 mM Cr, respectively. Values are means ± S.E. of measurements from two
individual animals in each of which Cr transport was measured in triplicate. Cr uptake
values were fitted to Eadie-Hofstee plot (B). Mean (± S.E.) Km and Vmax values fitted from
each individual uptake curve were 15.90 (±1.32) mM and 11.79 (±1.15) nmol mg-1

mitochondrial protein min-1, respectively. C illustrates inhibition by NEM of Cr uptake into
isolated rat heart mitochondria measured for 15 min. Aliquots of mitochondria were
preincubated for 10 min with increasing concentrations of NEM, followed by Cr uptake
measurements. The amount of Cr uptake is expressed as nmol of Cr mg-1 total
mitochondrial protein x 15 min-1. 
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Mitochondrial Cr transport activity was significantly inhibited by the related guanidino 
compound, arginine, as well as by the amino acid, lysine, but not so by other Cr analogues or 
amino acids (see Table I). Interestingly, no inhibition of mitochondrial CRT was seen with β-
GPA that is known to significantly inhibit sarcolemmal CRT (12, 15).  

Finally, the link between the CRT mitochondrial proteins and Cr transport was 
addressed in the experiments shown in Fig. 8, where incubation of mitochondria with anti-
CRT antibody completely inhibited Cr transport in hypo-osmotically treated mitochondria (B, 
β-CRT column), while uptake was unaffected in iso-osmotic sucrose media (A). These 
experiments complement the subcellular and submitochondrial localization studies by 
immunofluorescence and immunoelectron microscopy, respectively, and strongly support the 
suggestion that mitochondrial Cr transport is likely to be mediated by the ~55 and ~70 CRT-
related polypeptides residing in the inner mitochondrial membrane. 

 

FIGURE 7. Dependence on
mitochondrial membrane potential.
Cr uptake assays were performed at
room temperature using highly
enriched, PercollTM gradient-purified
mitochondrial preparations in
transport buffer containing 10 mM
Tris/HCl, pH 7.4, supplemented with
250 mM sucrose, 20 mM Cr, and 5 µCi
ml-1 [14C] Cr, 10 µCi ml-1 [3H] sucrose, 2
µM rotenone, 2 mM MgCl2, 10 mM
Pi/Tris, 100 µM EGTA at room
temperature. Substrates (5 mM
succinate, 1 mM ADP) and
uncoupler, (FCCP, at final
concentration of 100 nM) were
added as indicated. 

FIGURE 8. Inhibition of mitochondrial
Cr uptake by anti-CRT antibodies.
Mitochondria were pretreated for 1 h
at 22 °C in 250 mM (iso-osmotic
condition (A) or 50 mM sucrose
(hypo-osmotic condition) (B) together
with rabbit anti-CRT C-terminal
peptide serum, preimmune serum
(PIS), or with the same volume of the
corresponding sucrose buffer only
(control). Subsequently, mitochondria
were washed three times with 250
mM sucrose, 10 mM Tris/HCl, pH 7.4,
0.1 mM EDTA and Cr transport assays
performed as described in the legend
to Fig. 6. 
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Compound 
Average  ± S.E. Significance n  

 nmol Cr × mg 1    
Control 19.0 ± 4.9  14 
PCr 17.1 ± 6.6 p > 0.3 8  
Creatinine 22.2 ± 7.9 p > 0.3 3  
Cyclo-creatine 17.7 ± 1.0 p > 0.3 3  
 -GPA 19.9 ± 2.2 p > 0.3 5  
Arginine 14.4 ± 4.4 p < 0.03 14 
Lysine 15.2 ± 3.8 p < 0.04 13 
Proline 21.6 ± 2.9 p > 0.3 11 
Glutamine 18.6 ± 6.3 p > 0.3 10 
Ornithine 16.7 ± 2.0 p > 0.3 3  
Citrulline 20.0 ± 1.7 p > 0.3 3  
GABA 16.2 ± 5.8 p > 0.3 4 
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TABLE I Inhibition of Cr uptake by structurally related compounds Inhibition of uptake of
radioactive creatine into mitochondria by various creatine analogues, related guanidino
compounds, and amino acids was measured. The Cr uptake assays were performed at room
temperature using highly enriched, Percoll™ gradient-purified mitochondrial preparations in
transport buffer containing 10 mM Tris/HCl, pH 7.4, supplemented with 250 mM sucrose and 5
µCi ml-1 [14C] Cr, 10 µCi ml-1 [3H] sucrose, 2 µM rotenone, 2 mM MgCl2, 10 mM Pi/Tris, and 100
µM EGTA (serving as control) and in the presence of 1 mM concentration each of either of
the compounds indicated. Statistical evaluation of the measurements (n = number of
independent measurements) was done by one way analysis of variance (significance level:
0.05; reached by arginine (< 0.03) and lysine (< 0.04)). GABA, γ-aminobutyric acid. 
 
iscussion 

 
In this paper, we have shown (i) that the two major CRTrelated protein species of ~55 

nd ~70 kDa, which have been independently identified earlier by various groups (11–16), 
re associated with the inner mitochondrial membrane, as demonstrated here by 

mmunofluorescence and immunoelectron mi- croscopy, as well as by Western blotting with 
ntibodies made against synthetic N- and C-terminal peptides of CRT and (ii) that heart, 
idney, and liver mitochondria are able to transport Cr through a saturable transport system 
hat can be inhibited by the sulfhydryl reagent NEM. Since, after outer membrane rupture, Cr 
ransport could also be completely blocked by anti-CRT antibodies, we suggest that 
itochondrial Cr transport is mediated by the ~55- and/or ~70-kDa polypeptide species 

ecognized as the two major signals by anti-N-terminal, as well as anti-C-terminal, anti-CRT 
ntibodies. Although molecular identification of these species as bona fide mitochondrial Cr 
ransporter(s) must await purification and reconstitution of these mitochondrial protein(s), as 
ell as protein sequencing of the immunoreactive polypeptides, our results have established 

hat Cr is transported in mitochondria through a specific carrier system. The presented data 
lso indicate that mitochondrial Cr uptake is dependent at least in part on the energetic state 
f mitochondria and that this Cr transport can be competitively inhibited by arginine and to a 

esser extent also by lysine, but not by other Cr analogues or related compounds. This new 
ata provide an explanation for several intriguing findings in the literature and have important 

mplications for our current understanding of intracellular compartmentation of high energy 
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compounds. Indeed, our results suggest that mitochondria may participate in energy 
metabolism by regulation of the intracellular distribution of Cr.  

CRT isoforms 
The classical plasma membrane CRT that is responsible for high affinity uptake of Cr 

into cells has recently been shown to represent only a minor CRT isoform, in quantitative 
terms, with an apparent molecular mass of ~58 kDa (15) (see Fig. 9). Often, a polypeptide of 
unknown identity, showing an apparent molecular mass of 120–130 kDa, has also been 
recognized by our antibodies as a weak signal in total tissue homogenates (12, 15). The ~58-
kDa polypeptides, in contrast to the two mitochondrial polypeptide species of ~55 and ~70 
kDa referred to here, is hardly visible on Western blots of total tissue extracts, but can be 
enriched in preparations of purified plasma membranes, as well as in erythrocytes, but is 
absent in mitochondria (15). Besides this latter minor CRT species residing in the plasma 
membrane, we propose here that the two major CRT-related protein species of ~55 and ~70 
kDa are residing inside mitochondria in the inner mitochondrial membrane (Fig. 9).  

Mitochondrial location of the two major CRT-related protein species 
The results obtained from our immunofluorescence studies, as well as 

immunoelectron microscopic analysis, demonstrate a predominantly mitochondrial location of 
the two major CRT-related proteins of ~55 and ~70 kDa in heart (Figs. 1 and 2), consistent 
with earlier results obtained from immunofluorescence work on cross-sections of rat skeletal 
muscle and myocytes in culture (15). A mitochondrial localization of CRT is independently 
supported by the finding that slow type-I oxidative muscle fibers stained consistently stronger 
with anti- CRT antibodies as compared with fast type-II glycolytic fibers (16). This can be 
explained by the fact that mitochondrial content and volume fraction are significantly higher in 
type-I versus type-II muscle fibers. In addition, the Western blot studies presented here, using 
isolated mitochondria from rat heart, liver, kidney, and brain, clearly demonstrated an 
enrichment of both major CRT-related polypeptides in these organelles, which apparently are 
the mayor site of CRT accumulation. Since the results obtained with liver, brain, and kidney 
were qualitatively similar to those of cardiac and skeletal muscle, mitochondrial CRT 
expression is predominant not only in sarcomeric muscle but also in non-muscle tissues, 
including the liver, which itself is the major organ of Cr biosynthesis (2).  

We could further demonstrate that CRT-related polypeptides are exclusively localized 
in the inner mitochondrial membrane as would be expected for a mitochondrial transporter. 
Indeed, immunogold labeling of mitochondria was only observed after the outer membrane 
was permeabilized by hypotonic buffers, and mitochondrial fractionation confirmed that both 
proteins were highly enriched in the heavy inner membrane fraction that also contained COX 
subunit I. Additionally, and as would be expected for an integral membrane protein, no CRT 
was detectable in the soluble fractions of cell homogenates and mitochondria. As judged 
from the sequence data, no mitochondrial pre- or leader sequence seems to be present in 
CRT such that the protein would have to find its way into mitochondria by internal sequences 
that are likely facilitating the import and insertion of CRT(s) into the inner mitochondrial 
membrane, as, for example, has been shown to be the case also for adenine nucleotide 
translocase (28), as well as for other mitochondrial membrane proteins (29).  

Mitochondrial transport of Cr 
Consistent with the presence of an inner membrane Cr transporter, our studies with 

isolated mitochondria, using 14C-labeled Cr, provide strong evidence that mitochondria are 
indeed able to accumulate Cr. The apparent Km of ~15 mM may appear high, but it does in 
fact match the physiological range of intracellular Cr concentration in muscle (2, 3) (see Fig. 
9). Assuming that 1 mg of mitochondrial protein corresponds to a matrix volume of 1 _l, 
intramitochondrial Cr may reach concentrations of the order of 20 mM. Strong evidence that 
Cr transport is mediated by a carrier protein comes from the fact that Cr transport activity is 
inhibited by the sulfhydryl-modifying agent, NEM, which also inhibits a number of other 
mitochondrial carriers, including the Pi carrier (30). The fact that DTNB and DNFB turned out 
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to be less inhibitory for mitochondrial Cr uptake than NEM may be explained by accessibility 
problems due to the larger molecular size and greater hydrophobicity of the former 
compounds compared with NEM. Interestingly enough, our inhibition studies of mitochondrial 
Cr transport with creatine analogues, as well as related guanidine compounds, amino acids, 
and other substrates of the 12-membrane-spanning neurotransmitter transporter family, to 
which CRT belongs to, indicate that mitochondrial CRT, in contrast to sarcolemmal CRT, 
seems not to be entirely specific for Cr alone, since arginine and to some extent also lysine 
showed significant inhibition of Cr uptake. (Table I). The observed difference of inhibition by  
β-GPA between the plasma membrane CRT (see Refs. 12 and 15) and the mitochondrial 
CRT, the latter remaining unaffected by this Cr-analogue, indicates that these related CRT 
isoforms differ in their transport characteristics (Km for Cr) (15), substrate specificity, and 
susceptibility toward inhibitors, like β-GPA (12, 15). Evidence that the transport activity is 
mediated by the ~55/ ~70-kDa CRT-related polypeptide species rests on the inhibitory 
effects of the specific polyclonal anti-CRT antibodies on Cr transport into mitochondria, 
where a complete blockage of Cr uptake was observed in mitochondria after the outer 
membrane had been permeabilized by preincubation of mitochondria under hypotonic 
conditions (Fig. 8), a finding that matches inner membrane staining by the same antibodies 
(Figs. 4 and 5). As mentioned above, the final molecular identification of the ~55/~70-kDa 
polypeptide species as the bona fide mitochondrial Cr transporters must await purification, 
sequencing, and reconstitution of these minor mitochondrial protein. The present 
observations represent an essential step toward this goal.  

Implications for Cr compartmentation 
These new results shed some light on the possible existence of an intramitochondrial 

pool of Cr and/or PCr (Fig. 9) and thus may account for a set of interesting earlier 
observations. For example, during recovery after exhaustive exercise in oxidative type-I, but 
not in glycolytic type-II muscle fibers (31), the overall PCr concentrations display an 
overshoot, which may be explained by an accumulation of Cr within mitochondria, which 
would be trans-phosphorylated to PCr via mitochondrial creatine kinase, suggesting the 
existence of a PCr/Cr compartment that may be displaced from the overall creatine kinase 
equilibrium, at least temporarily (32). Earlier observations, showing that mitochondrial Cr 
content differed considerably in resting as compared with fatigued muscle, suggested that 
there may be a traffic of Cr across the mitochondrial inner membrane (18). Recent data with 
skinned muscle fibers indicated that no further Cr can be specifically released from 
mitochondria of these fibers after their permeabilization with detergents (33). However, an 
accumulation of PCr in mitochondria is supported by experiments with cell cultures, where 
isolated mitochondria from cells, after growth factor withdrawal, showed an over 100-fold 
higher PCr content than control cells (34).  

Since our Cr uptake studies with isolated mitochondria were done in the presence of 
mitochondrial substrates under conditions favoring maximal respiration, it is entirely 
conceivable that Cr uptake, and possibly also the maintenance of a mitochondrial Cr pool 
within mitochondria, may depend on the energy charge of mitochondria, e.g. would only be 
observable in actively respiring mitochondria. This is corroborated by our data showing that 
mitochondrial Cr uptake into isolated mitochondria is significantly hampered after addition of 
uncoupling agents. The existence of localized creatine kinase isoenzymes forming 
functionally coupled subcellular microcompartments with ATP-generating and ATP-utilizing 
processes, possibly involving distinct PCr/Cr pools (3), is also supported by studies on 
transgenic mice that lack both sarcomeric and mitochondrial creatine kinase (35), which no 
longer show Cr-stimulated mitochondrial respiration (36). The idea that CRT(s), as well as 
the creatine kinase substrates themselves, may be compartmentalized has recently gained 
additional support from in vivo experiments. [14C] Cr isotope infusion of fish under different 
metabolic conditions (resting, actively swimming, exhausted, and recovering), followed by 
freeze-clamping and analysis of the specific radioactivity of the Cr and PCr pools, showed 
that a significant fraction of cellular Cr is not freely and rapidly exchanging with exogenously 
added radioactive Cr and that creatine kinase may not have immediate access to the total 
pool of PCr and Cr (20), a finding that strongly suggests the existence of at least some 
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separate intracellular Cr pool(s). Finally, the data presented in this work may provide a likely 
explanation for the unexpected and anomalous NMR behavior of Cr and of creatine kinase 
flux measurements in vivo, as obtained by 1H NMR (23) and 31P NMR (21, 22, 37), 
respectively. Finally, experiments with isolated mitochondria to which either PCr, Cr, or none 
of both had been added showed a rather high Cr background in the latter samples, which 
was referred to by the authors (46) as “unexplained interference,” which in hindsight was 
probably due to the presence of Cr in freshly isolated mitochondria (18, 19), which, however, 
was rapidly lost with time, as was probably also the case for chemically skinned muscle 
fibers, where after the rather lengthy skinning procedure, no more Cr could be released from 
mitochondria (33). In summary, all these findings appear to imply the presence of 
intracellular pools of Cr and/or PCr that are not entirely in equilibrium with one another, with 
one of them likely being mitochondrial origin.  

Conclusions and perspectives 
A full understanding of the function and the purpose of mitochondrial Cr transport will 

obviously need a more detailed characterization of the process, as well as the proteins 
involved, e.g. by protein sequencing and thorough studies of the reconstituted CRT protein(s), 
work which is currently in progress. Open questions are also whether Cr transported into 
mitochondria is immediately recharged via mitochondrial creatine kinase to PCr (36, 38), e.g. 
for energetic purposes, or whether Cr, a highly abundant zwitterionic guanidino compound in 
the cytosol, could fulfill some protective role as an osmolyte to guarantee mitochondrial 
integrity under conditions of cellular stress. Interestingly enough, Cr has been shown to exert 
marked protection against Ca2+-induced mitochondrial permeability transition pore opening 
(39), an early event of cellular apoptosis. The importance of assessing the pathway(s) and 
cellular location of Cr transport is further highlighted by a description of the first patients with 
an X-linked genetic disease due to defects of the CRT gene (SLC6A8) (40). These patients 
have a very low concentration of cerebral and cerebellar Cr and display some of the typical 
symptoms of Cr deficiency, such as general developmental defects and severe speech 
impairment, hypotonia, intractable epilepsia, with a disease progression eventually leading to 
brain atrophy (40). Assessing whether impaired mitochondrial transport of Cr is part of the 
pathogenetic mechanism appears to be of great value for understanding this disease and for 
fully appreciating the possible role of mitochondria in energy homeostasis beyond the strict 
requirement for ATP synthesis.  
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FIGURE 9 General scheme of cellular Cr transport. A compartmentation of three Cr pools,
that is, in blood serum, cytosol, and mitochondria, are shown. These pools are
interconnected via two different CRTs, the high affinity (low Km) plasma membrane Cr
transporter (PM-CRT) (15) and the low affinity (high Km) mitochondrial Cr transporter(s) (Mi-
CRT). The high Cr concentration gradient (300–600-fold) between serum and cytosol was
maintained using an outside-in-directed NaCl gradient, which was used to co-transport Cr
across the plasma membrane against a huge Cr concentration gradient. Two-thirds of the
Cr that has entered the cytosol becomes transphosphorylated by the creatine kinase
reaction to PCr, which is not a substrate of the plasma membrane CRT (44). The strict
discrimination of the plasma membrane CRT between Cr and PCr leads to entrapment of
PCr inside the cell, since PCr escapes equilibration. This thermodynamically facilitates further
Cr uptake by the plasma membrane CRT and helps maintaining the enormous total Cr
concentration gradient (600–1,000-fold) across the plasma membrane. The mitochondrial
CRTs present in the inner mitochondrial membrane mediate Cr transport into mitochondria.
All three Cr compartments are separated by biological membranes, impermeable for Cr
and PCr, not being in equilibrium with each other via diffusion. These Cr transporters are
likely to be regulated to mediate the exchange and channeling of Cr between these
independent compartments, which may differ in their total Cr content, as well as in their
PCr/Cr ratios according to their specific metabolic needs. The concentrations of PCr (30
mM) and Cr (15 mM) given here are those of a glycolytic fast twitch skeletal muscle (2, 3),
with a typically very high Cr content. 
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Abstract 
 
Creatine (Cr) plays a key role in cellular energy metabolism and is found at high 

concentrations in metabolically active cells such as skeletal muscle and neurons. These, and 
a variety of other cells, take up Cr from the extra cellular fluid by a high affinity Na+/Cl- - 
dependent creatine transporter (CrT). Mutations in the crt gene, found in several patients, 
lead to severe retardation of speech and mental development, accompanied by the absence 
of Cr in the brain.  

In order to characterize CrT protein(s) on a biochemical level, antibodies were raised 
against synthetic peptides derived from the N- and C-terminal cDNA sequences of the 
putative CrT-1 protein. In total homogenates of various tissues, both antibodies, directed 
against these different epitopes, recognize the same two major polypetides on Western blots 
with apparent Mr of 70 and 55 kDa. The C-terminal CrT antibody (α-CrTCOOH) 
immunologically reacts with proteins located at the inner membrane of mitochondria as 
determined by immuno-electron microscopy, as well as by subfractionation of mitochondria. 
Cr-uptake experiments with isolated mitochondria showed these organelles were able to 
transport Cr via a sulfhydryl-reagent-sensitive transporter that could be blocked by anti-CrT 
antibodies when the outer mitochondrial membrane was permeabilized. We concluded that 
mitochondria are able to specifically take-up Cr from the cytosol, via a low-affinity CrT, and 
that the above polypeptides would likely represent mitochondrial CrT(s).  However, by mass 
spectrometry techniques, the immunologically reactive proteins, detected by our anti-CrT 
antibodies, were identified as E2 components of the α-keto acid dehydrogenase multi 
enzyme complexes, namely pyruvate dehydrogenase (PDH), branched chain keto acid 
dehydrogenase (BC-KADH) and α-ketoglutarate dehydrogenase (α-KGDH). The E2 
components of PDH are membrane associated, whilst it would be expected that a 
mitochondrial CrT would be a trans-membrane protein. Results of phase partitioning by 
Triton X-114, as well as washing of mitochondrial membranes at basic pH, support that these 
immunologically cross-reactive proteins are as expected for E2 components, that is 
membrane associated rather than trans-membrane. On the other hand, the fact that 
mitochondrial Cr uptake into intact mitoplast could be blocked by our α-CrTCOOH antibodies, 
indicate that our antisera contain antibodies reactive to genuine CrT. This is also supported 
by results from plasma membrane vesicles isolated from human and rat skeletal muscle, 
where both 55 and 70 kDa polypeptides disappeared and a single polypeptide with an 
apparent electrophoretic mobility of ~ 65 kDa was enriched.  

Due to the fact that all anti-CrT antibodies that were independently prepared by 
several laboratories seem to cross-react with non-CrT polypeptides, specifically with E2 
components of mitochondrial dehydrogenases, further research is required to characterise 
on a biochemical / biophysical level the CrT polypeptides, e.g. to determine whether the ~ 65 
kDa polypeptide is indeed a bona-fide CrT and to identify the mitochondrial transporter that is 
able to facilitate Cr-uptake into these organelles. Therefore, the anti-CrT antibodies available 
so far should only be used with these precautions in mind. This holds especially true for 
quantitation of CrT polypeptides by Western blots, e.g. when trying to answer whether CrT's 
are up- or down-regulated by certain experimental interventions or under pathological 
conditions. 

In conclusion, we still hold to the scheme that besides the high-affinity and high-
efficiency plasmalemma CrT there exists an additional low affinity high Km Cr uptake 
mechanism in mitochondria. However, the exact biochemical nature of these CrT 
polypeptides, - this holds true for both the plasmalemma CrT, as well as the mitochondrial 
CrT-, still remains elusive. Finally, we still believe that similar to the creatine kinase (CK) 
isoenzymes, which are specifically located at different cellular compartments, the substrates 
of CK are also compartmentalized in cytosolic and mitochondrial pools. This is in line with 
14C-Cr-isotope tracing studies and a number of [31P]-NMR magnetization transfer studies, as 
well as with recent [1H]-NMR spectroscopy data. 



             Chapter 6 Creatine Transporter identity 

 

108
C

H
A

PT
E

R
 6

 

Introduction 
Recent publications have shed new light on the importance of creatine (Cr). In 

particular, mutations in the two genes involved in Cr synthesis all lead to an absence of 
creatine in the brain, which seems to evoke severe disturbances of brain function (1-9). In 
patients with these inborn errors of creatine metabolism (4, 10-12) several research teams 
have found treatment with Cr was able to increase the Cr content of the brain. However in 
patients with mutations of the Cr transporter (CrT) protein no such increase following Cr 
treatment was observed (2, 7).  

This work will briefly discuss creatine metabolism, as well as the identification of the 
CrT. For more detailed reviews, the reader is directed to (13, 14). The predominant part of 
this work will present new challenging data on the molecular identification of the creatine 
transporter isoforms. Creatine supplementation in health and disease will not be mentioned 
here, but can be found in other parts of this issue or also see (9, 13). 
 

Creatine metabolism 
Cr and phospho-creatine (PCr) are guanidino compounds, which together with 

creatine kinase (CK) isoforms constitute part of the cellular energy network in cells that 
typically display large fluctuations in energy demand such as skeletal muscle, brain, heart 
and many other tissues (15-20). In these tissues, Cr is the substrate of creatine kinase, 
which transfers a phosphate group from ATP to Cr to produce PCr at sites of energy 
production (mitochondria) and recycles ATP by consuming the PCr at sites of high energy 
turn over (for review see (16, 21)). 

In mammals, the final step of Cr synthesis takes place mainly in the liver and 
pancreas by the enzyme guanidine-acetate methyl-transferase (GAMT) using the Cr 
precursor guanidine acetic acid (GAA). GAA itself is synthesised in the kidney by arginine 
glycine armino-transferase (AGAT) (22-25). Interestingly, tissues, which contain the highest 
concentrations of PCr and total Cr, do not synthesize their own Cr or do so only to a limited 
extent (1). This shortcoming is compensated by absorption of Cr into the respective tissues 
by a specific CrT from the circulating blood (26-29), (for review see (14, 17)). Blood Cr levels 
are maintained by endogenous Cr synthesis or by ingestion of Cr-containing food (fish and 
meat). 

 

The creatine transporter  
Various cell systems and in vivo 

human studies have shown that the 
regulation of Cr uptake may be governed by 
a number of different mechanisms (see 
(14)). Putative phosphorylation and 
glycosylation consensus sequences (figure 
1) have been identified on the CrT cDNA 
that suggest the protein may be regulated in 
either one or both of these ways. Recently, 
it was shown that CrT protein serine 
phosphorylation of CrT decreased after 
starvation in rats with a concomitant 
increase in Cr uptake into skeletal muscle 
vesicles (30), whereas tyrosine 
phosphorylation of CrT is decreased after 
creatine supplementation (31). These data 
suggest that changes in the extra- and/or 
intracellular Cr content alters the 
phosphorylation state of the CrT, and 
thereby its activity. In parallel to the 

Figure 1 Proposed topology of the 
hypothetic human creatine transporter 1 
protein (hCrT1), adapted from (87). 
Depicted are the three peptides against 
which antibodies have been produced 
(17, 44, 45). 
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elevated phosphorylation levels, c-Src kinase activity also increases such that it might be 
speculated that c-Src kinase could possibly tyrosine phosphorylate CrT since this kinase was 
enriched by immunoprecipitation together with the CrT (30-32).  

Recent data obtained with anti-CrT antibodies involving immuno-localization, cell 
fractionation and Cr uptake studies, suggest the existence of CrT isoforms with localisation in 
the plasma membrane and with in mitochondria (29, 33). This would support the existence of 
cytosolic and mitochondrial pools (34, 35). 

 

Inborn errors in CrT  
Several mutations of the CrT have been described in humans (2, 3, 7, 36). These 

patients present with hypotonia, epilepsy and delay in development, speech and expressive 
language function, and have an absent Cr peak in their brain proton-MR spectra, elevated Cr 
in blood and in urine (2, 3, 7, 36). Fibroblasts from these patients contained hemizygous 
nonsense mutations in the CrT gene and were defective in Cr uptake (2, 3). Interestingly, the 
Xq28 locus - where the crt1 gene is localized – has been linked to the genes for several 
neuromuscular disorders, such as Barth syndrome (37-40), causing several authors (17, 41, 
42) to speculate that dysfunctional crt1 gene may be responsible for some of these diseases. 

An increased number of families with genetic defects in CrT have been identified. 
Consequently, it is of interest to study the CrT protein(s) in terms of structure, function and 
localization, with the aim to study the Cr system and to develop possible diagnostic tests for 
clinical use. One such approach would be the generation of highly specific antibodies against 
CrT protein(s) or domains thereof, e.g. for clinical screening by Western blot analysis of 
patients white blood cells or fibroblasts in the future.  

 

Generation of antibodies against CrT 
Antibodies against CrT have been 

generated independently in several laboratories 
(17, 43-45). Dodd and coworkers produced a 
peptide antibody against an over expressed C-
terminal polypeptide stretch of 56 amino acids of 
CrT protein (45) and immuno purified this serum 
with a heterologously expressed 21 C-terminal 
polypeptide stretch. This antibody shows 5 
signals between 50 and 100 kDa on Western 
blots. However, only a 90 kDa signal is obtained 
from HEK293 cells after the enrichment of cell 
surface exposed proteins via biotinylation and 
pulled down with Streptavidin coated beads (45). 
This immunoband represents a glycosylated 
protein (personal communication). With the same 
method of antibody production Kekelidze and co-
workers obtained three distinct signals at 55, 70 
and >100 kDa in a C6 glioma cell line whereas, in 
a L6 muscle cell line only the 55 and 70 kDa 
signals were seen (43). Our research group 
produced sera against N-terminal (NH2-M-A-K-K-
S-A-E-N-G-I-Y-S-V-S-G) or C-terminal peptides 
(P-V-S-E-S-S-K-V-V-V-V-E-S-V-M-COOH) (figure 1) 
(17). Using these antibodies on Western blot, two 
main signals at 55 and 70 kDa were obtained in 
rat muscle, heart, skeletal muscle, brain, liver, 
kidney, lung, testis and intestine total 
homogenates. In rat heart, however, a 150 kDa 

Figure 2 Immuno-blot of total tissue 
extracts and highly purified 
mitochondria obtained by 
fractionated and density gradient 
centrifugation (20 µg of protein 
loaded per lane). Proteins were 
separated by 12% SDS PAGE, 
transferred to Nitrocellulose 
membrane. Proteins were detected 
with anti-CrT C-terminal peptide 
antibody, and reprobed with anti-
CrT N-terminal peptide antibody. 
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signal has been seen, whereas in enriched 
sarcolemma fractions from rat skeletal muscle, 
a single ~ 60 kDa signal has been described 
(29). In mitochondria isolated from rat 
gastrocnemius and soleus muscle, heart, brain, 
and kidney mitochondria both anti-N- and anti-
C-terminal peptide antibodies revealed two 
signals at 55 and 70 kDa (29, 33), whereas in 
mitochondria from rat liver and kidney a 112 
kDa protein was also seen (29).  

Tran and co-workers produced another 
antibody directed against a more internal C-
terminal cDNA-derived protein sequences (L-E-
Y-R-A-Q-D-A-D-V-R-G) (figure 1) (44). These 
authors report signals at apparent molecular 
weight of 55, 60, 75 and >100 kDa in extracts 
from C2C12 cells. After treatment with 
tunicamycin (an N-linked glycosylation inhibitor) 
the 75 kDa signal disappeared, whereas the 
signal at 60 kDa is significantly increased, 
suggesting that this could be the core CrT 
protein. Only the 55 kDa signal, however, is 
captured by streptavidin after cellular surface 
biotinylation. This 55 kDa polypeptide is not 
present at the cell surface after Cyclosporin A 
treatment (44). These authors discuss the 
possibility that Cyclosporin A inhibits the 
chaperone-like cyclophilin, which might be 
necessary for a correct folding process of CrT 
in the endoplasmic reticulum.  

A commercially available antibody (a 20 
amino acid peptide near the cytoplasmic N-
terminal of CrT sequence) was used to immune 
precipitate CrT (30-32). These precipitations 
where afterwards analysed with phospho-
tyrosine and phospho-serine antibodies. So far 
these authors reported one single 
representative Western blot signal with 
apparent Mr of 55 kDa after probing with both 
phospho-amino acid antibodies (30-32). The 
actual Western blot signal after probing with α-
CrT antibody was reported between 50 and 80 
kDa (30).  

The common denominator in terms of 
immune reactivity of all these different 
antibodies is their consistent detection of strong 
Western blot signals of two main polypeptides 
in the range of 55 and 70kDa, with slight 
variations in the apparent molecular weight, 
depending on the gel system, the animal 
species or cell types used. Since the predicted 
molecular weight of CrT derived from the CrT 
cDNA was approximately 70kDa, the detection 
of a strong signal with all of these anti-CrT 
antibodies at 70 kDa seemed appropriate. 
Interestingly, with other transporters of the 12-helix membrane transporter family (e.g. the 

Figure 3 Submitochondrial localization 
of CrT by fractionation of mitochondrial 
membranes. After isolation of 
mitochondria (Mito) and cytoplasm 
(Licy) from adult rat liver homogenate 
(Li), mitochondrial outer (MOM) and 
mitochondrial inner membrane (MIM), 
as well as soluble mitochondrial 
proteins (MSP), were enriched by a 
swelling-shrinkage procedure and a 
non-linear sucrose ultra-centrifugation 
(63). 20 µg protein extract each were 
separated with SDS-PAGE and blotted 
onto a nitrocellulose membrane. CrT 
was detected by using polyclonal 
rabbit α-CrTCOOH antibodies and 
secondary goat α-rabbit coupled 
HRPO antibodies in liver homogenate, 
enriched in mitochondria and highly 
enriched in MIM, but absent in the 
cytosol and MSP. The same blot was 
reprobed with α-VDAC monoclonal 
mouse antibody, a marker for the 
mitochondrial outer membrane. VDAC 
was detected highly enriched in the 
MOM. B) Succinate dehydrogenase 
(SDH) activity assay of subcellular 
fractions. SDH as an enzymatic marker 
for the mitochondrial inner membrane 
was used to test the enrichment of MIM 
by measuring the specific SDH activity 
(U / mg) of the various fractions. Note 
the almost complete absence of SDH in 
Licy, MOM and MSP. 
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serotonin transporter) these highly hydrophobic 
membrane proteins seem to generally show a 
rather anomalous electrophoretic behaviour in 
SDS-PAGE with Mr of over 100kDa observed, as 
opposed to the expected molecular weight of 70 
kDa calculated from the cDNA (46, 47).  

 
Present state of knowledge 

Encouraged by these data, and in an 
attempt to characterize the tissue distribution and 
subcellular localization of CrT, e.g. on the 
plasmamembrane, the ER or Golgi etc., we started 
to use our antibodies for Western blotting, as well 
as for immuno- and EM localization studies (29, 
33). Western blot quantification of the two major 
polypeptides of 55 kDa and 70 kDa in different 
muscle types from rats treated either with 
β−guanidinopropionic acid (β-GPA), a known 
competitive inhibitor of Cr transport (48), or Cr to 
deplete or increase intracellular Cr pools, 
respectively, showed that chronic long-term 
supplementation by high-dose Cr led to a down-
regulation in the accumulation of both of these 
protein species, whereas the opposite was true 
after β-GPA treatment (17, 49). Thus, it seemed 
that CrT expression would respond to interventions 
affecting Cr synthesis, transport or pool-size. These 
facts indicated that both of these bands might be 
CrTs since they responded to interventions 
affecting cellular Cr levels in the expected manner. 

 

 Tissue specific expression of CrT 
proteins 

The first surprise with these antibodies 
came from Western blot analysis of the tissue 
distribution as the highest expression of both CrT-
species was found in heart. Even though these 
data corresponded to Northern blot analysis (42 
Sora, 1994 #254, 50-52) it was somewhat 
unexpected, since heart neither expresses the 
highest levels of CK nor accumulates the highest 
amount of Cr compared to other tissues (53). One 
would, perhaps expect fast-twitch glycolytic, white 
muscle with high concentrations of PCr and total Cr 
and very high expression levels of cytosolic CK (16) 
to express the highest levels of CrT. The opposite 
to this, however, was found in rat skeletal muscle 
where slow-twitch oxidative muscle showed a 
greater expression of the CrT compared with the 
fast-twitch glycolytic muscle (54, 55). On the other 
hand, cardiac muscle contains the highest proportion of mitochondrial volume fraction of all 
muscles, and slow-twitch oxidative muscle has a greater mitochondrial number than fast-
twitch glycolytic muscle. Strikingly, the liver, despite being the tissue of Cr synthesis, does 
not express creatine kinase (56). Nevertheless liver was found to express high 

Figure 4 (A) Mitochondrial Cr up-
take. Time course experiments of Cr 
up-take (panel A) into isolated 
mitochondria from rat heart (�), 
liver (�), and kidney (▲), measured 
at 20 mM of external Cr 
concentration in the presence of 
substrates for oxidative 
phosphorylation. The amount of Cr 
up-take is expressed as nM / mg 
total mitochondrial protein. (B) 
Inhibition of mitochondrial Cr 
uptake. Mitochondria were 
pretreated for 1hr at 22°C in 
250mM sucrose buffer, or in 250 mM 
Sucrose buffer containing 100 µg / 
mg-1 protein digitonin, together 
with rabbit anti-CrT C-terminal 
peptide serum, pre-immune-serum 
(PIS) or with the same volume of 
the corresponding sucrose buffer 
only (control). Subsequently, 
mitochondria were washed three 
times with 250 mM sucrose, 10 mM 
Hepes KOH, pH 7.4, 0.1 mM EGTA. 
The Cr transport assays were 
performed subsequently as in Fig. 6 
and described in Material and 
Methods. 
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concentrations of both immuno-reactive anti CrT bands. By contrast Northern blot analysis 
provided no evidence of significant levels of CrT mRNA in liver since either no CrT mRNA, or 
only very low amounts thereof have been reported (42, 50-52, 57, 58). However, this might 
contradict the physiological role of liver in terms of creatine metabolism, since this organ, as 
the Cr synthesising organ, must be able to export Cr, however the Na+ gradient would not 
support the CrT being responsible for the export of Cr. 

 

 Localization of the 55 and 70 kDa polypeptide species by cellular 
fractionation and immune histochemistry 

Using the anti-CrT antibodies, two major peptides at 55 and 70 kDa were also 
detected in brain, spleen, testis, heart, kidney and liver (figure 2). On tissue sections of heart 
and skeletal muscle analysed by immuno confocal microscopy it was evident that both 
antibodies recognized proteins within mitochondria (29, 33). By isolation of mitochondria via 
gradient centrifugation these polypeptide doublets were enriched in the mitochondrial 
fractions (figure 2). In addition, by immuno electron microscopy, the mitochondrial 
localisation could also be confirmed. (33). These findings somehow matched parallel findings 
by Dodd (45) who employed an independently produced antibody, which recognises the 
transiently expressed CrT as intracellular spots possibly resembling mitochondria. Finally, in 
our hands, isolated mitochondrial membranes revealed the presence of the 55, 70 and 112 
kDa proteins co-purified with the inner mitochondrial membrane (figure 3) and (33). 

 

 Mitochondrial creatine uptake  
Thus, in the inner mitochondria membrane, there are at least 3 polypeptides, which 

are recognized by our anti COOH- and NH2-term CrT sera (figure 3). The presence of a CrT 
protein within mitochondria seems reasonable, as PCr was found within mitochondria (34, 
35). Consequently, it had to be addressed whether mitochondria are indeed able to take up 
Cr. In fact, our subsequent experiments showed that mitochondria isolated from different 
tissues were able to take up Cr (figure 4A). According to our recent measurements, this Cr 
uptake displays a Vmax of 12 nmoles min-1 mg-1 protein and a Km of 16 mM representing an 
efficient but low affinity CrT (33). The rather high Km of the mitochondrial Cr uptake seems 
reasonable, as the CrT in the plasma membrane representing a high-affinity transporter (Km 
for Cr 20 – 50 µM) is able to efficiently accumulate Cr into the cell leading to an intracellular 
Cr concentration in muscle in the range of 20-40 mM (13, 16, 29).  

Furthermore, the mitochondrial Cr uptake was sensitive to the SH-modifying reagent 
N-ethylmaleimide (NEM) (33). This compound has been tested to inhibit enzymatic activities 
at low concentrations (59, 60). Most importantly the anti C-terminal CrT sera were also able 
to inhibit the mitochondrial Cr accumulation, whilst a control antibody had no such effect 
(figure 4B and (33)). This however was only possible if the outer mitochondrial membrane 
was disrupted either by digitonin (figure 4 B) or by osmotic shock (33). All these data seem 
convincing to predict the existence of a mitochondrial Cr uptake protein. Even more, we were 
convinced that we had identified a new mitochondrial membrane protein, as the physiological 
characteristics of the mitochondrial Cr uptake were distinct from the Cr transport at the 
plasma membrane. Raising question to the existence of a specific mitochondrial CrT was 
that in contrast to the plasmalemmal Cr uptake, mitochondrial Cr uptake activity showed a 
high Km but was not very effectively inhibited by β-GPA (33). Another finding, which favoured 
a protein different from plasmalemma CrT, was the sensitivity of mitochondrial creatine 
transport to the protonophoric uncoupler carbonyl cyanide p-
trifluoromethoxyphenyhydrazone (FCCP), which disrupts the mitochondrial membrane 
potential (33). Furthermore, the question of whether this mitochondrial Cr uptake was via a 
non-specific amino acid transporter must also be considered given the competitive inhibition 
of Cr uptake by arginine and lysine (33). Finally, the existence of two CrT mRNAs reported 
on Northern blots by many groups (28, 42, 50, 52, 57, 58, 61, 62) seemed also to support the 
existence of at least two different CrT species. 
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Experimental procedures 

Materials 
If not otherwise stated all chemicals were purchased from Sigma Chemical Co. 

(USA). Male Wistar rats (250-300 g) were purchased from BRL (Switzerland).   

Tissue extracts and isolation of mitochondria 
Male Wistar Rats (3-4 month of age) were anesthetized with diethyl ether and killed 

by cervical dislocation. Tissue of liver, skeletal and cardiac muscle, kidney, brain, spleen and 
testis were taken and immediately transferred to ice-cold buffer. Liver, brain, and kidney 
tissues were homogenized by a teflon/glass potter (Braun-Melsungen, Germany), whereas 
skeletal and heart muscle was homogenized by a Polytron mixer in 40 ml HEPES-sucrose 
buffer containing 250 mM sucrose, 10 mM HEPES-HCl pH 7.4, 0.5 % BSA (essentially free 
of fatty acids) and 1 mM EDTA. The homogenate was centrifuged for 10 min at 700 x g to 
remove heavy debris as platelets and nuclei. An aliquot from the supernatant was taken for 
further analysis as the total tissue extract. The supernatant was centrifuged for 10 min at 
7,000 x g and the resulting supernatant was stored for subsequent analysis as the soluble 
cytosolic fraction, while the pellet containing mitochondria was resuspended in 60 ml 250 mM 
sucrose, 10 mM Tris/HCl pH 7.4, 100 µM EGTA, 25 % PercollTM (Amersham Pharmacia 
Biotech, Sweden) and centrifuged for 35 min at 100,000 x g. PercollTM fractions containing 
highly purified mitochondria were washed twice with 250 mM sucrose, 10 mM HEPES-HCl 
pH 7.4, 100 µM EGTA by centrifugation at 7,000 x g for 10 min. Washed mitochondria were 
then recovered from the pellet and resuspended in 200 µl of the washing buffer.  

Western blotting 
Extracts were separated in 10-12 % polyacrylamide SDS-gels and trans-blotted onto 

a nitrocellulose membrane (Schleicher & Schuell, Germany; Geneworks, Australia). The 
membrane was blocked with 5 % fat-free milk powder in TBS(T) buffer (150 mM NaCl, 25 
mM Tris-HCl, pH 7.4, [0.05% Tween]) for 1 hr at room temperature. After washing for 30 min, 
membranes were incubated with 1:1.000 to 5,000 diluted anti-CrT peptide antibody in TBS 
buffer for 2 hrs at room temperature. After washing with TBS(T) buffer, the blot was 
incubated again with a 1:10,000 dilution of goat HRP-conjugated anti-rabbit secondary 
antibody (Amersham Pharmacia Biotech, Sweden; Silenus, Australia). The immunoreactive 
bands were visualized using the Renaissance Western Blot Chemiluminescence Reagent 
Plus Kit (NEN, USA). Images were collected and analysed using a Kodak 1D Image Station. 

Isolation of outer and inner membrane from rat liver mitochondria 
The isolation of the mitochondrial membranes was done as previously described (63). 

Briefly, rats were anaesthetized with diethyl ether and killed by cervical dislocation. The liver 
was taken and immediately transferred to ice-cold homogenization buffer (250 mM sucrose, 
10 mM Hepes-KOH pH 7.4, 0.5 % BSA, 1 mM EDTA) and freed from fat and connective 
tissue. The tissue was homogenized using a glass-teflon potter in homogenization buffer at 
0°C. Nuclei and cell debris were pelleted by centrifugation at 700 x g for 10 min, and crude 
mitochondria were pelleted from the post-nuclear supernatant by centrifugation at 7,000 x g 
for 10 min. Enriched mitochondria were resuspended in 250 mM sucrose, 10 mM Hepes-
KOH, pH 7.4, 0.1 mM EGTA and purified in a 25 % PercollTM density gradient. Highly 
enriched mitochondria were carefully collected from the gradient and washed twice in 
sucrose/Hepes buffer. Protein determination was performed with the BCL Kit (Pierce, USA). 
Fifty mg of mitochondria were then resuspended in 6 ml of 10 mM KH2PO4 buffer, pH 7.5 at 
0°C. After 15 min to allow swelling, 6 ml of 10 mM KH2PO4 containing 30 % sucrose, 30 % 
Glycerol, 10 mM MgCl2, 4 mM ATP. After 60 min of incubation at 0°C to allow shrinking the 
mitochondrial suspension was treated with sonic oscillation using a Brandson sonicator. A 
first crude inner membrane fraction was pelleted at 12,000 x g for 10 min. The pellet was 
resuspended in 3 ml 10 mM KH2PO4 buffer. Pellet and supernatant were layered onto a 
discontinuous sucrose gradient consisting out of 51 %, 37 % and 25 % sucrose and 
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centrifuged in a swinging bucket rotor (SW 40) at 100,000 x g for at least 12 hrs at 4°C. The 
clear top of the gradient contained the soluble protein fraction, the 25 % - 37 % interphase 
contained the light outer membrane subfraction, and the 37 % - 51 % interphase contained 
the pure inner membrane subfraction. The membrane fractions were collected carefully from 
the gradient, diluted 1:10 in sucrose/Hepes buffer, and pelleted at 100,000 x g, 4°C for 1 h. 
The pellets were solubilized in sucrose / Hepes and analyzed. 

Succinate Dehydrogenase (SDH) enzyme assay 
The specific SDH activity was measured indirectly via the increase in the absorption 

of reduced cytochrome c at 550 nm (εεεε = 19 mM-1 cm-1). 10 µl sample was incubated in 1000 
ml 50 mM Na2HPO4, 50 mM NaH2PO4, pH 7.4, 100 µM cytochrome c, 1 mM KCN, 2.5 mM 
succinate as described (64). 

Plasma membrane giant vesicles preparation 
Plasma membrane giant vesicles were prepared from rat (~100 mg – soleus, SOL; 

~500 mg white gastrocnemius; WG and mixed muscle) and human (~70-130 mg) skeletal 
muscle samples as previously described (65). All procedures were undertaken at room 
temperature, unless otherwise indicated. Freshly extracted samples were rinsed in KCl-
Hepes buffer (140 mM KCl, 10 mM Hepes, pH 7.4) and finely cut lengthwise. Muscle pieces 
were placed in digestion solution (400 µl x 100 mg-1 tissue KCl-Hepes buffer with 80 µl 
collagenase; 1 µl protease inhibitor cocktail; 5 µl phenylmethylsulfonyl fluoride) and 
incubated at 34°C for 60 – 90 min. Collagenase activity was ceased by the addition of KCl-
Hepes-EDTA (10 mM) and vesicles collected with 2-4 subsequent rinses with KCl-Hepes-
EDTA buffer, until 10 ml (human and SOL) or 30 ml (WG and mixed) were collected. A 
solution of 11 % KCl (1.4 M) in Percoll (Amersham Pharmacia Biotech, Sweden) was 
prepared and added to the muscle solution (2.2 ml x 10 ml-1 muscle solution) and mixed by 
inversion. The mixture was aliquoted into plastic tapered centrifuge tubes (~ 6 ml x tube-1), 
and ~ 2 ml Nycodenz (4 % in KCl-Hepes buffer) was carefully layered on top, followed by ~ 1 
ml KCl-Hepes-EDTA buffer. Samples were then spun (60 x g, 45 min, 23°C with the brake 
off). Vesicles were collected from the Nycodenz layer and washed with an equal volume of 
KCl-Hepes buffer and spun (900 x g, 10 min, 23°C). The supernatant was aspirated from the 
pellet of vesicles, and the integrity of the vesicles confirmed under a microscope. Vesicles 
were then resuspended in a small volume of storage buffer (4 % SDS in 10 mM Tris, 1 mM 
EDTA) and stored at -20°C until the Western blots were performed. 

Red blood cell preparation 
Blood (~8 ml) was collected into heparinized tubes and gently mixed before being 

aliquoted into 1.5 ml microfuge tubes and spun (~ 14,000 x g, 10 min, 4°C). The supernatant 
was removed and the pellet resuspended in 500 µl isotonic buffer (5 mM Na2HPO4 in 0.9 % 
NaCl, pH 8), spun as above, and the supernatant removed. This washing step was repeated 
three times. 200 µl aliquots of whole red blood cells (RBC) were then collected from beneath 
the surface of the pellet, suspended in 500 µl solubilisation buffer (150 mM NaCl, 20 mM 
Hepes, pH 8, 1 mM EDTA, 0.1 % Triton-X100) and shaken vigourously for 15-25 min at room 
temperature to release the membrane proteins. The samples were then spun as above and 
the supernatant collected and stored at -80°C until analyses. 

Measurement of Cr transport into mitochondria 
Cr uptake assays were performed using highly enriched, PercollTM gradient purified 

mitochondrial preparations (adjusted to 10 mg x ml-1 protein concentration). The reaction was 
started by the addition of 10 µl of the mitochondria suspension to 90 µl transport buffer (10 
mM Tris/HCl, pH 7.4, supplemented with 250 mM sucrose, 20 mM Cr, and 5 µCi x ml-1 [14C]-
Cr (American Radiolabeled Chemicals, USA), 10 µCi x ml-1 [3H]-sucrose, 5 mM 
succinate/Tris, 2 µM rotenone, 2 mM MgCl2, 10 mM Pi/Tris, 100 µM EGTA and 2 mM ADP) 
at RT. The pellet was solubilized in 100 µl of 1 % SDS and counted in 4 ml scintillation 
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cocktail “Ultima Gold XR” (Packard) in a Packard 1500 Tri-CarbTM liquid scintillation counter. 
Double-isotope measurement settings were 0-18 eV for the [3H]-isotope and 18-256 eV for 
the [14C]-isotope. The amount of Cr uptake was calculated as the difference of total Cr 
subtracted by the Cr present in the space that was also accessible to sucrose. In the 
experiments with the anti-CrT antibodies, mitochondria (100 µg/mg mitochondrial protein) 
were preincubated for 1h at 22°C either in 250 mM sucrose +/- 100µg digitonin x mg-1 
protein alone or in 250 mM sucrose +/- 100µg digitonin x mg-1 protein together with anti-
CrTCOOH or preimmune serum (at 1:100 final dilution). Subsequently, mitochondria were 
washed three times with 250 mM sucrose, 10 mM Tris/HCl, pH 7.4, 0.1 mM EDTA and finally 
incubated with Cr transport buffer and uptake measured as described above. Mitochondrial 
volume was estimated with the distribution of tritium labelled water and C14 labelled sucrose 
in mitochondrial pellets, treated in parallel as described above. The final Cr conzentration 
within mitochondria was estimated with the volume measured as 2µl mg-1 mitochondrial 
protein. 

Two dimensional gel electrophoresis 
Isoelectric focusing (IEF) was performed according to (66) and the manufacturer’s 

instruction of the IPGphor (Amersham Pharmacia Biotech, Switzerland). Precipitated protein 
samples were resuspended in rehydration buffer (7 M urea, 2 M thiourea, 2% CHAPS, 0.5% 
IPG buffer, 60 mM DTT). Samples were sonified in a water bath for 5 min at 30° C, mixed 30 
min at 30° C, and centrifuged for 1 min at 13,000 x g. The IPG strip (Immobiline™ DryStrip, 
18 cm, Amersham Pharmacia Biotech, Switzerland) was transferred to the focusing tray 
containing the resuspended sample, and covered with 1-2 ml mineral oil (Amersham 
Pharmacia Biotech, Switzerland). Isoelectric focusing (IEF) was performed by a five step 
program: 50V for 10h, 500V for 1h, 1,000V for 1h, 2,000V for 1h, 8,000V for 12h resulting in 
92,000 Vh (20° C, 50 µA / Strip). Upon completion of IEF, the IPG strip was incubated for at 
least 15 min in equilibration buffer (50 mM Tris / HCl pH 8, 8.6 M urea, 30% glycerol, 2% 
SDS, 60 mM DTT). The second dimension was done in a similar manner to that described 
under SDS-PAGE. SYPRO® Ruby stained gel spots were cut out of the 2D gel and washed 
in 80 µl of 0.1M NH4HCO3, for 5 min. An equal volume of 100% acetonitrile (ACN) was 
added. The gel particles were washed by that procedure three times. The gel pieces were 
dehydrated with 100 µl ACN, and dried in a Speed Vac for 5 min. For reductive alkylation, gel 
particles were rehydrated in 10 mM DTT in 0.1 M NH4HCO3, and incubated for 30 min at 
56°C. The excess solution was removed, and the particles were dehydrated with ACN, 5 min. 
After removing ACN, gel particles were incubated for 20 min in 55 mM iodoacetamide in 0.1 
M NH4HCO3 in the dark at room temperature to alkylate the proteins. After removing 
iodoacetamide solution, the particles where washed with 200 µl of 0.1 M NH4HCO3, 15 min. 
The particles were shrunken with ACN, dried under vacuum for 5 min, and put on ice.  

In-gel trypsinisation 
Samples were rehydrated in the trypsin solution (12.5 ng/µl Trypsin (Promega, 

Switzerland) in 50 mM NH4HCO3) for 30-45 minutes at 4°C. The remaining trypsin solution 
containing excess trypsin was removed, and the particles were briefly with 50 mM NH4HCO3. 
Subsequently, 50 mM NH4HCO3 was added to the gel pieces, just enough to keep them 
covered during the over night digestion (16-20 h at 37° C).The ‘digest solution’ containing 
some tryptic peptides was transferred to a fresh 0.5 ml tube and saved. For basic extraction 
of peptides 15 µl of 25 mM NH4HCO3 was added again to the gel pieces, and incubated for 
15 min at 37° C while shaking. After spinning down, an equal volume of ACN was added. 
After shaking for 15 min at 37° C and sonication for 5 min in a sonication bath at 37° C, liquid 
was spun down and collected. 50 µl of 5% formic acid was added to the gel particles, and 
those were incubated for 15 at 37° C while shaking. After spinning down, an equal volume of 
ACN was added. After shaking for 15 min at 37° C and sonication for 5 min in a sonication 
bath at 37° C, liquid was spun down and pooled together with the other extracted peptides. 
Pooled samples were centrifuged at 10,000 x g for 10 min, and the supernatant was frozen in 



             Chapter 6 Creatine Transporter identity 

 

116
C

H
A

PT
E

R
 6

 

liquid nitrogen. Samples containing the collected extracted tryptic peptides were dried in a 
Speed Vac, dissolved in 7 µl of 0.5% acetic acid, and applied to the Liquid Chromatograph. 

Mass spectroscopy 
Liquid-Chromatograph-Electro-(nano)Spray-Ionization-MS/MS (LC-ESI-MS/MS) with 

Ion Trap technique was performed at the Functional Genomic Center Zurich (Switzerland) 
using a LCQ DECA XP (Thermo Finnigan, USA). Data derived from LC-ESI-MS/MS 
spectrometry were used in Sequest®, a database screening program accessible only in the 
Functional Genomic Center Zurich (Switzerland). MALDI-TOF (Applied Biosystems, USA) 
was performed in the Protein Service Lab at the ETH Hoenggerberg. Dried peptides were 
dissolved in 3 µl ACN : 0.1 TFA, 2:1 (trifluoro acetic acid, Fluka, Switzerland). 2-, 5- 
dihydrobenzoic acid (DHB, Fluka, Switzerland) served as matrix, which was dissolved in 100 
µl of ACN : 0.1 TFA, at 2:1. 2 µl matrix solution were mixed with 1 µl of peptide solution and 
crystallized. Masses derived from MALDI-TOF-MS spectrometry were analysed in Mascot 
and in PepMAPPER, (www.expasy.ch) to identify the different spots. 

Phase partitioning 
Phase partitioning was preformed as previously described (67). To achieve this, 72 

µg of mitochondrial protein was dissolved in 6 ml 2% Triton X-114 in PBS on ice. After 10 
min of sonication and incubation for 1 h on ice, the sample was centrifuged at 14,000 x g for 
10 min at 4° C. Heavy debris was sucked off. The supernatant was transferred to a new tube 
and incubated for 10 min at 37° C. After centrifugation for 10 min at 14,000 x g at RT, the 
aqueous supernatant and the detergent pellet were precipitated by TCA in H2O, separated 
and analyzed by SDS-PAGE. 

Membrane washing 
Membrane washing was performed as previously described (68, 69). After 10 min of 

sonication rat heart mitochondria (1 mg/ml) in 100 mM Na2CO3, pH 11.0, and incubation for 
30 min on ice, membranes were centrifuged for 30 min at 15,000 x g at 4° C. The 
supernatant was precipitated with 10% TCA in H2O, and both pellets together were 
separated and analyzed by SDS PAGE.  

http://www.expasy.ch/
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Recently obtained insights and new developments 
Having identified a new mitochondrial Cr uptake activity that is clearly distinct from 

the plasma membrane Cr uptake, we tried to identify the molecular identity of this 
mitochondrial Cr uptake protein. In an attempt to further characterize the two major 
mitochondrial CrT-related protein species, we started a proteomics approach to identify and 
partially sequence the two major proteins of 50 and 70 kDa, recognized by our anti-CrT 
antibodies. Since initial work showed similar results between our COOH- and NH2-terminal 
antibodies, most subsequent data has been collected using the α-CrTCOOH antibody, unless 
otherwise stated. 

 

Identification of α-CrT reactive proteins.  
Two dimensional gel electrophoresis, Western blot and advanced liquid 

chromatography nano-spray ionization tandem mass spectrometry (LC-ESI-MS/MS) were 
used for the identification of the different α-CrTCOOH immuno reactive proteins which were 
detected in enriched mitochondrial inner membrane preparations (70).  

Proteins of the mitochondrial inner membrane were separated by 2D SDS-PAGE 
transferred to nitrocellulose membrane, stained reversibly with Ponceau and probed by 
Western blotting with our anti-CrT antibodies. Ponceau stain and Western blot signals were 
merged after digitalisation (figure 5A red spots represent proteins visualized with Ponceau, 
blue spots represent the α-CrTCOOH Western blot signals). Spots that were recognized by α-
CrTCOOH antibodies (Figure 5A, spots 5-8), as well as other spots (Figure 5A, spots 1-4), were 
cut out from paralleled SYPRO Ruby stained 2D gels (figure 5 B) and then digested with 

Figure 5 Identification of 
α-CrT immuno reactive 
proteins. (A) 2D Western 
blot against CrT. 2 mg of 
mitochondrial inner 
membrane proteins were 
separated by 2D SDS-
PAGE and blotted on a 
nitrocellulose membrane. 
The proteins on the 
membrane were stained 
with Ponceau (red) and 
digitized. After destaining, 
the membrane was 
incubated with polyclonal 
rabbit α-CrTCOOH antibody 
and CrT isoforms (blue) 
were visualized by goat α-
rabbit coupled HRPO 
secondary antibodies. (B) 
SYPRO Ruby stained 2D 
Gel. Stained proteins 
marked with circles were 
excised and used for 
digestion, and peptides 
were then analyzed by 
LC-ESI-MS/MS.  
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trypsin. The eluted peptides were subsequently analysed by LC-ESI-MS/MS. The MS/MS 
spectrum of a representative protein, which was identified, is shown in figure 6. Eight protein 
spots in the region of interest could be identified as shown in figure 5B and listed in table 1.  

Using LC-ESI-MS/MS, the α-CrTCOOH immuno reactive proteins at 70 and 55 kDa in 
the mitochondrial inner membrane, which entered the 2 D PAGE, were identified as three 
dihydrolipoamide acyltransferases (spots 5, 6 and 8 in figure 5 and table 1), which are 
subunits of different α-keto acid dehydrogenase multi-enzyme complexes. The 70 kDa 
protein recognized by α-CrTCOOH is the dihydrolipoamide S-acetyltransferase (EC 2.3.1.12), a 
70 kDa protein of the pyruvate dehydrogenase  

 
 

complex (PDH), known as the E2 component. Its peptide MS/MS spectrum is shown in 
Figure 6. One of the 55 kDa α-CrT immuno reactive proteins was identified as the 
dihydrolipoamide  

S-acetyltransferase (EC 2.3.1.61), a 47 kDa protein of the α-ketoglutarate 
dehydrogenase complex (α-KGDH), also known as the E2 component. The other 55 kDa 
protein was identified as the dihydrolipoamide branched chain transacylase, a 53 kDa protein 
of the branched chain keto acid dehydrogenase complex (BC-KADH), also known as the E2 
component. Each of these multi enzyme complexes is a constituent of the α-keto acid 
dehydrogenase multi enzyme complex. The fourth identified protein was aldehyde 

Figure 6 A) Amino acid sequence of spot no. 5. Identified amino acid stretches are shown
in red. B) An overall score of the data corresponding to the protein no. 5. Below, different 
representations of locations within the protein sequences of the identified peptides
(yellow) are shown. C) Peptide MS/MS spectrum. A spectrum of one of the identified
peptides is shown including the y- and b-ions.  
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dehydrogenase (spot 7, figure 
5 and table 1). Four 
mitochondrial proteins (ATP 
synthase, HSP60, NADH 
dehydrogenase Fe-S protein, 
cytochrome c reductase core 
protein 1) listed in table 1, 
which did not react with the α-
CrT antibodies were also 
identified and used as a control 
for our methods. 

Examining the 
complete CrT sequence or the 
peptide sequences used for 
antibody generation (figure 1), 
no homology with other 
proteins was found using a 
BLAST search. Aligning N- and 
C-terminal CrT peptide 
sequences (NH2-M-A-K-K-S-A-
E-N-G-I-Y-S-V-S-G and P-V-S-
E-S-S-K-V-V-V-V-E-S-V-M-
COOH, respectively) with the 
amino acid sequences of the 
identified α-keto acid 
dehydrogenases, however, 
revealed some sequence 
homologies, which might also 
be recognised by the peptide 
antibodies, thus providing a 
rational for the observed cross-
reactivity of our anti-CrT 
antibodies. Interestingly, 
aligning those peptides with 
HSP60 or ATP synthase gave 
the same amount of sequence homology, although neither HSP60 nor ATP synthase were 
recognised by our antibodies (figure 5 A). Consequently, sequence homologies derived from 
two-dimensional alignments may not entirely explain the cross reactivity of our antibodies 
with the α-keto acid dehydrogenases.  

 

The major α-CrT immunoreactive polypeptides are soluble.  
Three spots that corresponded to α-CrT immuno reactive spots within the range of 

the upper 70 and the lower 55 kDa bands were identified by LC-ESI-MS/MS as 
dihydrolipoamide acyltransferases. These three enzymes are not integral membrane-
spanning proteins, but all belong to PDH, BC-KADH and α-KGDH multi subunit complexes 
that are bound to the inner matrix faced leaflet of the inner mitochondrial membrane (71). 

 

Carbonate washing of mitochondrial membranes.  
The results derived from LC-ESI-MS/MS suggested that those proteins identified after 

2D PAGE would be membrane-associated proteins rather than integral membrane-spanning 
proteins. After conventional one-dimensional SDS PAGE and Western blotting at least three 
different α-CrT signals were observed, whereas after 2D PAGE and Western blotting, we 
could observe only α-CrT reactive proteins with the size of 70 and 55 kDa. It is well known 

Table 1: Proteins identified by LC-ESI-MS/MS and MALDI-
TOF. 2 mg of mitochondrial inner membrane proteins
were separated by 2D SDS-PAGE, and stained with 
SYPRO Ruby (figure 5B). Spots were cut out of the gel,
proteins were digested and resulting peptides prepared
for LC-ESI-MS/MS or MALDI-TOF. Spots 5 to 8 were 
identified as being both α-CrTCOOH and α-CRTNH2 immuno 
reactive (figure 5A). 



             Chapter 6 Creatine Transporter identity 

 

120
C

H
A

PT
E

R
 6

 

that highly hydrophobic proteins such as 12 
membrane spanning domain-containing 
proteins, do not enter commercial pre-cast 
gels for iso-electric focusing (unpublished 
observation). We therefore concluded that 
the higher molecular weight signal identified 

in 1D Western blot at ~ 112 kDa but not seen in the 2D PAGE, using the α-CrT antibodies, 
represents a typical membrane protein, for which the CrT is a good candidate. To test this 
hypothesis, mitochondrial membranes were washed with 100 mM sodium carbonate at pH 
11. In that buffer system integral membrane proteins cannot be washed off the membranes, 
whereas membrane-associated proteins should be removed (68, 69). 

Rat liver and kidney mitochondria were sonicated and washed in sodium carbonate 
buffered at pH 11 and membranes were sedimented. Pellets and corresponding supernatant 
were separated by SDS-PAGE, Western blotted and tested by α-CrTCOOH (figure 7 A). 
Control Western blots were also tested with α-VDAC antibodies. VDAC, a well-known 
membrane spanning protein of the outer mitochondrial membrane, remained with the 
mitochondrial membrane pellet. In contrast, the 55 and 70 kDa polypeptides partially 
separated from the membranes and were detected in both the supernatant and the pellet. 
Surprisingly the 112 kDa α-CrT reacting proteins did not detach from the mitochondrial 

Figure 7 (A). Western blot of rat liver
mitochondria washed with 100 mM
sodium carbonate at pH 11. After
incubation and sonication mitochondria 
in carbonate, membranes were pelleted
and compared to the aqueous
supernatant. After separation by SDS-
PAGE and Western blotting, membranes
were probed with α-CrTCOOH and 
reprobed with α-VDAC antibodies. (B)
Phase Partitioning of α-CrTCOOH immuno
reactive protein bands. 72 µg
mitochondrial proteins were incubated in
2% Triton X-114. After centrifugation, the
pellet containing integral membrane
proteins and detergent (deter), and the
supernatant containing aqueous proteins
(aqua) were precipitated and compared
to 20 µg mitochondrial proteins (Std).
After separation and blotting onto a
nitrocellulose membrane, the fractions
were probed with α-CrTCOOH antibodies. 

Figure 8 (A) Comparison of purified PDH 
to rat heart and soleus muscle by 
Western blot analysis. 3 µg PDH, rat heart 
and soleus muscle, each 20 µg, were 
separated by SDS PAGE and Western 
blotting. Membranes were probed with 
polyclonal rabbit α-CrTCOOH and α-CrTNH2

antibodies both 55 and 70 kDa signal 
were visualized. (B) Purified PDH and 
brain extracts run on Western blots as 
above and probed with preimmune 
serum (PIS) from rabbits injected with 
either the COOH- or NH2- terminal 
peptides. 
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membranes. We therefore concluded that this 
high Mr protein could be involved in the 
mitochondrial Cr uptake rather than those of 
dehydrogenase complexes (55 and 70 kDa).  

Our carbonate washing experiments were 
fully supported by results derived from phase 
partitioning by Triton X-114 (67), whereby 
membrane proteins stay in the detergent phase, 
while soluble proteins are found in the aqueous 
phase (figure 7B). In these experiments both α-
CrTCOOH immuno reactive 70 and 55 kDa protein 
band signals remained in the aqueous phase with 
a much weaker signal seen in the detergent 
phase. This indicates that both 70 and 55 kDa α-
CrTCOOH immuno reactive proteins in mitochondria 
are not bona fide integral membrane proteins, 
although the membrane preparation (63) 
indicated a definite association with the 
mitochondrial inner membrane. 

Comparison with adenine nucleotide 
translocase (ANT) as a genuine transmembrane 
protein of the inner mitochondrial membrane, and 
miCK as a more soluble protein in the inter-
membrane space, being weakly associated with 
both mitochondrial membranes, indicated also in 
isolated kidney mitochondria that the immuno 
reactive 55 and 70 kDa “CrT” protein bands do 
have the behaviour of membrane-attached 
proteins rather than of integral trans-membrane 
proteins (not shown). 

 

α-CrTCOOH reactivity with pyruvate 
dehydrogenase enzyme complexes 

A major component of the 70 kDa immuno 
reactive protein, thought to be the CrT70 isoform, 
was identified here as the E2 component of the 
PDH. To verify the result derived from LC-ES-
MS/MS, 3 µg of PDH purified from porcine liver 
(Sigma) was compared by Western blot analysis 
to rat liver homogenate, brain, heart and soleus 
muscle (figure 8 A). In this purified PDH fraction, 
our α-CRT antibodies detected two major 
polypeptide signals, one at about 70 kDa, and the 
other at about 55 kDa. Both signals in the PDH 
fraction, when compared to the signals obtained 
with brain, liver, heart and soleus muscle, support 
our result derived from LC-ESI-MS/MS. 
Obviously, our α-CrTCOOH and α-CrTNH2 
antibodies bind to the E2 component of PDH, and 
probably additionally to one of the other E1 or E3 
components of PDH, as indicated by the 55 kDa immuno reactive protein band. As a 
standard control Western blots of purified PDH and brain extract, show no signals with the 
preimmune sera of either the COOH- or NH2 terminal antibodies (figure 8 B). 

 

Figure 9 (A) Human skeletal muscle 
extracts (lanes 1 and 2) and proteins 
from red blood cell membranes (lanes 
3 to 5) were separated by SDS-PAGE 
and transferred to nitrocellulose 
membrane. Membranes were probed 
with polyclonal rabbit α-CrTCOOH

antibodies. The amount of protein 
loaded into each lane is indicated. 
(B).Rat skeletal muscle giant vesicle 
plasma membrane (lanes 1-3, soleus, 
mixed muscle and white 
gastrocnemius, respectively) and 
whole muscle extracts were separated 
by SDS-PAGE and transferred to 
nitrocellulose membrane. Membranes 
were probed with polyclonal rabbit α-
CrTCOOH antibodies (top) and 
cytochrome C oxidase (α-COX, 
bottom). (C) Giant vesicle plasma 
membrane preparations from human 
(lane 1) and rat (lanes 2 and 3) skeletal 
muscle were separated by SDS-PAGE 
and transferred to nitrocellulose 
membrane. Membranes were probed 
with affinity purified rabbit α-CrT (Alpha 
Diagnostics, AD). In all figures a 
molecular weight marker is indicated 
on the left side of the figure. 
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Protein identified in plasma membrane and red blood cells using α-CrTCOOH 
antibody 

To date, a number of studies using our CrT antibodies have reported the presence of 
CrT in whole cell extracts of human (17, 54, 72, 73) skeletal muscle. It is now evident that the 
isoforms described in these studies are predominantly of mitochondrial localisation and 
hence detecting proteins associated with the E2 component of PDH, as described in the 
beginning of this section. To examine whether a protein localised exclusively to the plasma 
membrane in both rat and human skeletal muscle was also detectable using our α-CrTCOOH 
antibody, enriched plasma membranes were isolated using the giant vesicles method. A 
single immunoreactive band was detected on a Western blot in both rat (Figure 9B lanes 1-3) 
and human (data not shown) skeletal muscle, which differed to the more abundant proteins 
that have been found to be of mitochondrial origin, and seen in whole muscle extracts 
(Figure 9A, lanes 1 and 2 and 9B, lane 4). No mitochondrial contamination of the plasma 
membrane fractions was seen in rat skeletal muscle as assessed by immunoprobing for 
cytochrome oxidase (Figure 9B, bottom). Therefore, this band may represent the high 
affinity, low Km CrT expected to be localised to the plasma membrane. In giant vesicles 
prepared from rat and human skeletal muscle, an immunoreactive band was identified 
migrating to the same point on the gel using either our α-CrTCOOH or the commercially 
available CrT antibody (Alpha Diagnostics - AD, 10 µg.µl-1 in blocking buffer, Figure 9C). ). 
Examination of the protein isolated from RBC membranes, reveals a single band of ~ 68 kDa 
using our α-CrTCOOH antibody (Figure 9A, lanes 3-5). A single band has also been described 
previously in rat red blood cells using a similar method of extraction (29). We have 
preliminary evidence that the immunoreactive band seen in human RBC using the α-CrTCOOH 
Ab is slightly different in apparent molecular weight to the skeletal muscle plasma membrane 
CrT protein, however further work is required to determine this. Nevertheless, in both rat and 
human skeletal muscle and RBC, it is apparent that a single membrane associated protein is 
detected using the anti-CrTCOOH antibody, which does not correspond to either of the 
predominant bands at ~ 55 and 70 kDa that have been discovered to be proteins associated 
with the E2 component of PDH. It is possible that this protein is the CrT protein, responsible 
for over 90% of Cr uptake into muscle. Sequencing data, however, is vital to clarify this. 
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Discussion 

A word of caution concerning the major immunoreactivity of anti-CrT 
antibodies.  

Several research groups have independently produced antibodies against the COOH- 
and/or NH2-terminus of the CrT (17, 43, 44, 74), as well as the commercially available 
antibody. All antibodies recognise at least one protein, with a molecular weight approximately 
55, 70 and over 100 kDa in whole cell extracts. At least our antibodies (17, 29, 33, 54) 
recognise mitochondrial proteins also at 55 and 70 kDa. We have shown that the main part 
of these mitochondrial proteins is clearly water-soluble and not membrane spanning. This is 
supported by carbonate washing and phase partitioning experiments using the inner 
mitochondrial membrane preparations. With modern protein detection methods these were 
identified as different E2 components of the α-keto acid dehydrogenase multi enzyme 
complexes, namely pyruvate dehydrogenase (PDH), branched chain keto acid 
dehxdrogenase (BC-KADH) and α-ketoglutarate dehydrogenase (α-KGDH). This goes nicely 
in hand with data seen with confocal microscopy, electron microscopy and biochemical 
fractionation which all provide evidence that these proteins are localised within mitochondria. 
Since solubilization of the 55 and 70 kDa protein with carbonate washing was never 100% 
(figure 7 A), it cannot be excluded that more than one polypeptide is present in each of the 
two bands. Consequently, it might be that CRT polypeptides could still be hidden there. In 
addition we have also shown, that these antibodies recognize a protein within muscle plasma 
membrane, which is distinct from those recognized in mitochondria, shown in Figure 9 and 
(28, 29). However, so far we have not succeeded in identifying this plasma membrane CrT 
protein by mass spectrometry or other molecular biology techniques. 

Upon close inspection of the PDH subunit sequences, very short stretches of 
sequence homology are seen with our N-terminal CrT peptides. Homology search with M-A-
K-K-S-A-E-N-G-I-Y-S-V-S-G reveals only CrT. However, an alignment of M-A-K-K-S-A-E-N-
G-I-Y-S-V-S-G with the Dihydrolipoamide acetyltransferase (EC 2.3.1.12) sequence 
shows homology of M-A-K-K-S-A-E-N-G-I. But only a homology search with the fused 
consensus sequence M-A-K-K-S-A-A-E-N-G-I reveals CrT and Dihydrolipoamide 
acetyltransferase (EC 2.3.1.12) with the same probability. However the homology 
searches under the same conditions with the C-terminal CrT sequence P-V-S-E-S-S-
K-V-V reveals only CrT and GABA transporter. Aligning both termini with the amino 
acid sequences of the identified proteins might explain the cross-reactivity. However, 
after aligning both termini with HSP60 one would expect also a cross reactivity with 
this protein, which is experimentally not observed (figure 5A). These data may explain 
the very unexpected cross-reactivity, the chances of which, however, would appear to be 
marginal at first glance. However, the fact that our antibodies clearly cross-react with purified 
PDH is a clear argument that there is indeed cross-reactivity of our anti-CrT antibodies with 
this enzyme.  

Interestingly, in humans suffering from primary biliary cirrhosis, auto-antibodies 
against PDH have been detected. Primary biliary cirrhosis is a chronic idiopathic liver 
disease characterized by the specific destruction of intrahepatic bile ducts (75). This disease 
is characterized by the presence of anti mitochondrial antibodies in patient sera, and many 
lines of evidence suggest the involvement of an autoimmune response in the pathogenesis 
of primary biliary cirrhosis. The major mitochondrial antigens recognized by anti 
mitochondrial antibodies include the constituents of α-keto acid dehydrogenase complexes, 
namely the PDH, BC-KADH and the α-KGDH. It has been demonstrated that the E2 
components of PDH, α-KGDC and BC-KADH are the major determinants of the anti 
mitochondrial antibodies in the sera of patients with primary biliary cirrhosis (75-80). These 
considerations may explain the presence of auto-PDH antibodies in our rabbits, although 
they were clearly negative before immunisation as seen in figure 8 B, that is, immunisation of 
the rabbits with these peptides could have led to elicitation of auto-antibodies against PDH.  
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On the other hand it seems very unlikely that this should happen in several 
laboratories to the same extent unless the injection of CrT related sequences to generate 
antibodies against this protein, or the appearance of these antibodies in the animals 
bloodstream, by some mechanism of cell damage, would lead to the formation of auto-anti-
PDH antibodies. This would indicate that anti-CrT antibodies in the blood stream would do 
some cell damage in the injected animals. 

Thus, although our anti-sera and probably also those of other laboratories clearly 
contain some antibodies against genuine CrT, the most prominent signals on whole cell 
extracts with these antibodies are always at 55 and 70 kDa. These latter two proteins are 
more likely to represent subunits of PDH and other keto acid dehydrogenase’s and are 
unlikely to have anything to do with genuine CrT unless unknown CrT species would share 
the same Mr of 55 and 70 kDa, as discussed above. However as shown with purified plasma 
membrane, which is free of mitochondria protein, a third protein is detected. This protein is 
different in its size from those detected in mitochondria and may represent plasma 
membrane CrT (Figure 9) (28; 29; 54)  

Thus, all quantification results of CrT obtained so far with the different anti-CrT 
antibodies, either directed against synthetic peptides or fusion proteins, should be viewed 
with caution, due to the fact that the prominent signals at 55 and 70 kDa are at least to a 
major part due to cross-reactivity of the ant-CrT antibodies with PDH, or may in the worst 
case have nothing to do with CrT at all. The latter question remains elusive until a clear-cut 
identification of CrT polypeptides is achieved either from immunoprecipitated material or by 
1D SDS-PAGE / mass- spectrometer analysis. 

 

Explanation of the unexpected results by the new data  
Assuming now that the two major polypeptides recognized by the anti-CrT antibodies 

are not related to CrT, but two subunits of mitochondrial keto acid dehydrogenase, 
peripherally attached to the inner mitochondrial membrane (matrix side), this would explain 
the preponderance of the 55 and 70 kDa polypeptides seen in heart and liver which are both 
tissues with high mitochondrial volume content. Additionally, ours and the work of others 
showing the fibre type dependence of the CrT in both rat (54, 55) and human (73) whole 
skeletal muscle needs to be re-examined. 

The prominent localization signals both by immuno-fluorescence staining (29, 33, 54, 
73), as well as be immuno-electron microscopy (33) may now be explained by cross-
reactivity of the anti-CrT AB's with mitochondrial keto acid dehydrogenase’s. However, on 
the other hand, mitochondria have been shown recently to possess a Cr uptake system, by 
simple Cr transport assays, independently of the use of antibodies (33, 35). This Cr uptake, 
although showing low affinity for Cr, was inhibited by compounds reacting with sulfhydriles, 
as well as by our anti-C-terminal CrT antibody. However, additional competition experiments 
have to be performed concerning the specificity of mitochondrial Cr uptake, for it could be, as 
indicated by its high Km for Cr of 15mM, which corresponds approximately to the internal 
free Cr concentrations in muscle, that this transporter may not be exclusively for Cr. As 
indicated by the competitive effect of arginine and lysine on mitochondrial Cr transport (33) it 
may also transport other related compounds into mitochondria. Again, interestingly, our anti-
CrT peptide antibodies have been shown to interfere with mitochondrial Cr uptake so that it 
has to be assumed that these sera indeed contain anti-CrT activity, the question remaining is 
whether this activity is related to the two prominent signals of 55 and 70kDa or to some of the 
low-abundance signals, specifically to a faint immuno-reactive high-Mr polypeptide in the 
range of 112 kDa that is often seen on Western blots of isolated mitochondria. It is to be 
expected that the amount of plasma membrane CrT expressed in cells may be very low and 
thus the signals of genuine CrT seen when enriched plasma membrane is examined may be 
very weak on Western blots when whole tissue extraction methods are used. Unfortunately 
though, it seems, that the 55 and 70 kDa signals were so clear-cut and strong that the entire 
community was mislead to believe that these were the important signals. To sort this 
multifaceted enigma, which is holding up the entire CrT research community, a new series of 
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experiments is necessary to identify the genuine CrT isoforms in tissues and in sub cellular 
fractions.  

Conclusions and outlook 
Based on our results and those of other groups in the field, we still hold to the general 

scheme (figure 10) that besides the high-efficiency plasmalemma CrT (26-28, 42, 44, 51, 58, 
81-83) there exists an additional low affinity high km CrT in mitochondria (29, 33).  

In line with the above observation, in vivo isotope tracing studies with labeled Cr have 
shown that creatine kinase does not have access to the entire cellular Cr and PCr pool(s) 
(84), which indicates that intracellular Cr and PCr pools may exist that are not in immediate 
equilibrium with one another. Such interpretations are in agreement with a number of 31P 
NMR magnetization transfer studies (85), as well as with recent 1H NMR spectroscopy data 
(86), where monitoring the Cr and PCr levels in human muscle pointed to the existence of a 
pool of Cr that is not NMR “visible” in resting muscle, but appears in NMR spectra of muscle 
in ischemic fatigue or post mortem (86). 

As far as the identification of CrT species is concerned, the exact protein biochemical 
nature of these CrT polypeptides, - this holds true also for the plasmalemma CrT, as well as 
for the mitochondrial CrT-, remains elusive until clear-cut identification and sequence data 
are available. Until such data are available, we suggest, in light of the facts demonstrated 
above, that anti-CrT antibodies, if at all, should only be used with these precautions in mind. 
CrT-quantification as a function of certain interventions, e.g. creatine supplementation or 
creatine depletion, obtained by α-CrT Western blot quantification have to be considered with 
caution and need to be re-evaluated in the future, when the molecular identity of CrT 
isoforms are known.  
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Figure 10 General scheme of cellular Cr transport. A compartmentation of three Cr
pools, that is, in blood serum, cytosol, and mitochondria, are shown. These pools are
interconnected via two different Cr uptake mechanisms, the high affinity (low Km)
plasma membrane Cr transporter (PM-CrT) (28, 29) and the low affinity (high Km)
mitochondrial Cr transport (33). The high Cr concentration gradient (300–600-fold)
between serum and cytosol was maintained using an outside-in-directed NaCl
gradient, which was used to co-transport Cr across the plasma membrane against a
huge Cr concentration gradient. Two-thirds of the Cr that has entered the cytosol
becomes trans-phosphorylated by the creatine kinase reaction to PCr, which is not a
substrate of the plasma membrane CrT . The strict discrimination of the plasma
membrane CrT between Cr and PCr leads to entrapment of PCr inside the cell, since
PCr escapes equilibration. This thermodynamically facilitates further Cr uptake by the
plasma membrane CrT and helps maintaining the enormous total Cr concentration
gradient (600–1,000-fold) across the plasma membrane. The mitochondrial CrTs
present in the inner mitochondrial membrane mediate Cr transport into mitochondria.
Biological membranes, impermeable for Cr and PCr, not being in equilibrium with
each other via diffusion, separate all three Cr compartments. These Cr transport
mechanisms are likely to be regulated to mediate the exchange and channeling of
Cr between these independent compartments, which may differ in their total Cr
content, as well as in their PCr/Cr ratios according to their specific metabolic needs.
The concentrations of PCr (30 mM) and Cr (15 mM) given here are those of a
glycolytic fast twitch skeletal muscle (13, 16), with a typically very high Cr content. 
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ADDITIONAL RESULTS  
Identification of the αααα-CrT 
reactive, high molecular 
weight protein 

As seen in figure 7, 8 and 
9, there was another > 100 kDa 
polypeptide reacting with the α-
CrTCOOH serum This could be 
separated from the α-CrT 55 and 
70 kDa polypeptides, identified 
as PDH (see figure 5), by a 
floating technique as described 
in chapter 3. PDH was collected 
completely within the pellet, 
whereas the >100 kDa protein 
was floating to lower density 
regions of the gradient (figure 
11). It was concluded, that this 
protein might be a membrane 
protein, as found also by 
carbonate washing (figure 7). 
The high molecular weight 
region was subsequently cut out 
from a coomassie stained gel, 
trypsin digested and analysed 
by MALDI-TOF. With the 
resulting peak list the 
carbamoyl-phosphate synthase 
(CPS) was identified. The amino 
acid sequence was covered to 
24 %, and the identification 
score reached 140. The CPS 
was identified from two different 
mitochondrial membrane 
preparations each two samples 
were analyzed.  

CPS is a mitochondrial 
enzyme, highly hydrophobic and 
associated with the MIM 
(Powers-Lee SG JBC1987). 
After computing the 
hydrophobicity plot (figure 12, 
inset), CPS appeared to contain 
two transmembrane domains. 
The CPS model presented here, 
depicts CPS with the N- and C-
term facing the mitochondiral 
matrix, whereas the loop 
between both trans membrane 
domains is facing the inter 
membrane space (figure 12). 
This could be also the part of 
the protein recognized by the α-
CrT antibody on the outer 
Figure 11 Separation of different αααα-CrT reactive proteins.
Isolated liver and kidney mitochondria were diluted with
chilled washing buffer to 20 mg/ml mitochondrial proteins
and 0.75 % Triton X-100 final concentration. Mitochondria
were dissolved on ice in a glace/glace homogeniser. The
Triton homogenate was diluted resulting in 40 % Sucrose
and 10 mg/ml mitochondrial protein in washing buffer. This
40 % sucrose solution was layered under a linear sucrose
gradient (38%- 15%) and centrifuged for at least 20h at
100’000 x g at 4°C. The resulting gradient was aliquoted
into 500 µl. After the protein determination, 20 µg protein
from each sample was precipitated by standard TCA
precipitation, dissolved in SDS buffer, and proceeded to
Western blot (see materials and methods chapter 4). 
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Figure 12. Hydrophobicity plot and membrane 

topology of CPS. The aminoacid sequence of CPS was 
analysed by the hydrophobicity of each amino acid
residue. Thereby relative negative values are given to
hydrophilic residues, whereas hydrophobic residues 
getting number towards positive values. A trans-
membrane domain is considered as sure, if an amino
acid stretch of at least 10 residues is beyond the lower
cut-off value 0.6, as well as containing residues over
the higher cut-off value 1. (Inset). For CPS at least two 
trans-membrane domains were found. 
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surface of the MIM, as presented in Chapter 5, 
figure 5. Thus remains only one α-CrT reactive 
polypeptide at 65 kDa, which is, however, only 
present in muscular plasma membrane (figure 9). 
We assume, that mitochondria do not contain a 
protein related to CrT. However, mitochondria 
take up creatine significantly and highly 
reproducibly. This creatine uptake was slightly 
inhibited by FCCP, NEM, α-CrT antibodies, and 
by arginine. Therefore we started to reinvestigate 
the mitochondrial creatine uptake, as presented 
in the next section. 

 
 
  

A critical appraisal of mitochondrial 
creatine uptake 

Background 
There is no doubt that mitochondria are 

able to take up creatine, as shown in Chapter 4. 
However, based on our results obtained with the 
α-CrT antibodies no Cr transporter protein could 
be identified within the inner mitochondrial 
membrane, as was seen earlier in this chapter. 
Therefore mitochondrial Cr uptake was 
reinvestigated. First the volume of mitochondria 
was measured, which lead to an estimation of the 
intra-mitochondrial Cr concentration accumulated 
after Cr uptake. Second the release of Cr from 
mitochondria into the medium was measured 
after a creatine uptake. 

 
Results 
 Creatine concentration within 

mitochondria. We have seen in chapter 4, that 
the mitochondrial creatine uptake is a high Km low 
affinity uptake, in contrast to the Cr uptake by the c
to measure mitochondrial volume in parallel to the c
sucrose and tritium labelled water, liver mitochondri
µl water /mg mitochondrial protein. This water perm
was named matrix volume. With this volume, the 
during the Cr transport. These measurements revea
accumulate Cr. As seen in figure 13 the concentrati
the externally given Cr concentrations.  

After the findings, that (a) we were not suc
molecule within mitochondria, (b) the intra-mitochon
40 % of the external Cr concentration and (c) the de
upon mitochondrial functions such as respiration, o
was not significant as seen in Figure 7, Chapter 
addition of succinate nor the addition of nucleotides
Cr uptake in comparison to non-respiring mitochon
with FCCP however was seen.  
Figure 13. Intra mitochondrial Cr
concentration determination.
Creatine uptake assay and volume
measurements were performed as
described in material and methods.
Panel A: Rat liver mitochondria were
incubated for 5 min with the
indicated Cr concentrations. In
parallel mitochondria were
incubated with unlabeled Cr and in
addition with tritium labelled water
and 14C labelled sucrose for the
volume determination (see materials
and methods). The mitochondrial
volume was determined as 2.9 ± 0.25
µl/mg, an decreased slightly but not
significant after the addition of 20 mM
Cr (panel B).  
ytoplasmic membrane. It was of interest 
reatine uptake measurements. Using 14C 
a were determined to contain 2.9 ± 0.25 
eable and sucrose impermeable volume 
creatine concentration was determined 
led that mitochondria take up, but do not 
on after 5 minutes uptake did stay below 

cessful in demonstrating a specific CrT 
drial Cr concentration remained at 30 - 

pendence of the mitochondrial Cr uptake 
xidative phosphorylation and uncoupling 
5. There it was shown that neither the 
 changed significantly the mitochondrial 
dria. A slight inhibition after uncoupling 
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Consequently the 
question came up whether the 
mitochondrial Cr uptake is 
driven by diffusion. Therefore, 
mitochondria were incubated 
with 14C labelled Cr and 3H-
sucrose (see experimental 
procedures) for 5 min and 
washed afterwards either with 
unlabeled “cold” Cr or with 
buffer without Cr. The 
experiment was controlled by 
adding 0.1 % Triton X100 to 
dissolve mitochondria 
completely, which should 
release all the Cr. 
Mitochondria were then 
precipitated by centrifugation 
and the amount of radioactivity 
in the precipitates (pellet in 
figure 14) and super-natants 
(SN in figure 14) were 
compared. 

As seen in figure 14, 
under all conditions, nearly 
100% of the Cr was released. 
Also sucrose behaved in a 
similar manner. However there 
might be the tendency, that 
more sucrose was retained by 
mitochondria by the given time. 
That means that the off-rate of 
Cr from mitochondria is such 
high, that almost all 14C-Cr is 
found in the medium at the 
moment the external 14C-Cr is 
taken away. Cr seems to 
migrate even faster then 
sucrose. This finding goes well 
in hand with the results seen in 
figure 13: mitochondria take up 
Cr if high amounts of Cr are 
present in the medium, but 
then only up to 30% of the 
external concentration. This 
process seems to be 
equilibrium of binding and 
release of Cr. The 14C-Cr 
molecules are randomly 
distributed. That would mean tha
the ocean of surrounding medium
Pellet). 

 
Discussion 
Since mitochondria in the c

seems to degrease towards the c
Figure 14. Pulse chase of mitochondrial creatine uptake.
Creatine uptake assay was performed as described in
experimental procedures. Rat liver mitochondria were
incubated for 5 min with the 10 mM Cr spiked with 14C-Cr
and 3H-sucrose (see text and experimental procedures),
precipitated by centrifugation for 1 min at 13000g and
resuspended in Hepes sucrose buffer containing
succinate, ADP, inorganic phosphate, EGTA. In parallel
mitochondria were incubated with 10 mM unlabeled Cr ,
buffer only and buffer supplemted with 0.1 % Triton X 100
for 5 min. Mitochondria were precipitated again, the
supernatants (SN) and the dissolved pellets were
analysed in a scintillation counter. The sum of the
counted decays per minute (CPM) of a corresponding
pair of SN and pellet were set as 100 %. The means of a
triplicate experiment are shown. Note that in all
conditions nearly 100 percent of the creatine as well as
sucrose is set free to the medium.  
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inside the cell is in the range of 20 mM (1, 3), and mitochondria absorb Cr to about ~30 % of 
the external conzentration, mtCK inside mitochondria will still be surrounded by at least ~6 
mM Cr. Cr should be small enough to migrate relatively freely into the inter-membrane space 
and into the cristae lumen of mitochondria. 

The concept of a mitochondrial Cr transport has to be discussed again. In Chapter 5, 
Figure 7 and (2) was shown, that the uncoupler FCCP reduces the mitochondrial Cr uptake 
about 40 %. We discussed thereafter that the mitochondrial Cr uptake seems to be 
dependent on membrane potential (∆Ψm). 

Remarcably, in Chapter 2 was shown that mitochondria if suspended in buffer do not 
develop ∆Ψm. Once supplemented with a substrate, i.e. succinate ∆Ψm increases clearly 
(drop of TMRE fluorescenz, Chapter 2, Figure 2A and 3A). Thus you have to expect, that the 
mitochondrial Cr uptake should increase significantly after the addition of succinate. However 
as seen in Figure 7, Chapter 5 no difference in the Cr uptake between mitochondria with or 
without succinate was detected. Neither was a change detected after the addition of ADP, 
which should provoke a drop in ∆Ψm, as the ATPsynthase consumes it. I fear that the results 
in chapter 5 and (2) were not interpreted carefully enough.  

The results in figure 13 (this chapter) demonstrate that the intra-mitochondrial 
concentration stays ~70% below the external Cr concentration, after the entire measured 
“matrix” volume (Figure 13) was taken into count. Besides in Figure 14 it was shown, that the 
Cr seems to diffuse into and out of mitochondria (panel A), equally as sucrose does (panel 
B). As both substances behaved similar in the pulse chase experiment I conclude that the 
mitochondrial Cr uptake is a diffusion driven Cr influx. Further an increasing Cr concentration 
leads to a slight, unspecific decrease of the sucrose impermeable volume (figure 13B). That 
could mean the matrix is shrinking due to osmosis, as high Cr concentrations are 
presentoutside the matrix. For that Cr does not enter the mitochondrial matrix, similar to 
sucrose. But why is it then possible to measure a Cr uptake?  

In the Cr uptake studies 14C-Cr and 3H-sucrose were used. One difference between 
sucrose and Cr is size; sucrose is much bigger than Cr. Thus, it might well be that sucrose 
has access to certain areas of the inter-membrane space, however is too large to follow Cr, 
which diffuses deeply into the cristae spaces.  

While measuring the mitochondrial “matrix” volume, in fact the sucrose impermeable 
space was measured. However it seems that there is a sucrose impermeable “none-matrix” 
volume, permeable for Cr, which is actually counting for the net “Cr uptake”. This was 
consequently measured! This sucrose impermeable volume seems to be the cristae volume. 
If that is the case, the Cr concentrations inside the cristae are probably as high as the 
external concentration. But counting the Cr, which was taken up on the entire sucrose 
impermeable volume, it appears to reach only 30 % of the external concentration. It follows, 
that the matrix counts for 70 % and cristae for 30 % of the sucrose impermeable volume.  

Why do FCCP and NEM have an effect on the diffusion of Cr into the cristae? As 
seen in chapter 3 (Figure 1 and 2) FCCP can provoke mitochondrial swelling. Thus also the 
volume of cristae might be reduced, which will lead to a decreased “Cr uptake”. Or even the 
cristae entrance for sucrose might be extended, resulting also in an apparently reduced Cr 
uptake. The same might be valid for the NEM effect seen in Chapter 5, figure 6: NEM as a 
SH-reagent shuts down the entire mitochondrial respiratory chain, which leads to a drop of 
∆Ψm, and possibly to swelling and rupture of mitochondrial membranes. In fact we never 
followed the mitochondrial swelling after addition of 0.1 or 1 mM NEM used as seen in 
Chapter 5, figure 6. I conclude that the effects of FCCP and NEM on the mitochondrial Cr 
influx were unspecific.  

However these new findings cannot explain the inhibition of mitochondrial Cr uptake 
by α-CrT antibodies, also shown in Chapter 5. Also the inhibition of the Cr uptake by arginine 
does not make sense in this light. However arginine is decreasing the mitochondrial Cr 
uptake by less then 40 %. However, inhibitors of the plasma membrane Cr transport 
decrease the Cr by more then 80 %. Substances such as β-GPA, cyclo-Cr and Cr it self had 
highly significant effects on the plasma membrane Cr transport (Peral et al. J Physiol 2002). 
All those substances had no effect on the mitochondrial Cr uptake. Additionally Cyclocreatine 
is getting to the same places inside mitochondria, namely mtCK, as it was shown in Chapter3 
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that both, Cr and CycloCr have the same effects on mPT. But there CycloCr is not competing 
the Cr uptake. That indicates that there is free diffusion into the cristae- and inter-membrane 
spaces, if not otherwise CycloCr takes different ways. This comparison illustrates that the 
mitochondrial Cr influx is rather unspecific. 

I propose that Cr migrates thru the openings of the critstae, the pediculi into the 
cristae lumen. This mechanism is sufficient for Cr to get directly to the location of mtCK. 
MtCK has direct access to matrix ATP via coupling with ANT. Consequently the Cr, 
surrounding mtCK in the cristae lumen, becomes phosphorylated. PCr is still small enough to 
migrate out of the cristae space into the inter-membane space thru VDAC into the 
cytoplasmic space by diffusion, maybe even driven by concentration gradients, or at its best 
by near-equilibrium reactions catalysed by mtCK, as presented in Chapter 1, Figure 3. 
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CONCLUDING REMARKS 
In my PhD thesis, the mitochondrial permeability transition (mPT) and novel aspects 

of mitochondria in creatine metabolism were under investigation. We have characterised a 
new inhibitor of the mPT, the carbonyl compound methyglyoxal (MG). This compound is an 
intermediate, which is set free from the glycolytic enzyme triose phosphate isomerase. 
Therefore, MG is a physiological substance appearing in µM concentrations in the cell in 
vivo. Interestingly, of the 29 tested carbonyl compounds from glucose- and amino acid- 
metabolism, only MG and its derivative glyoxal had an inhibiting effect on (mPT). Nota bene, 
MG had no influence on vital mitochondrial functions such as oxidative phosphorylation. As 
mPT inhibitor, MG prevented the release of the apoptogenic protein cytochrome c after Ca2+ 
or ceramide stimuli. Several proteins are known, especially Bcl-2 family members that 
prevent cytochrome c release. The idea of preventing mitochondria from going into mPT and 
releasing of apoptogenic factors by a small metabolic intermediate can be considered as a 
new concept. Furthermore these findings depict how precise and carefully mitochondria are 
linked into cellular metabolic cross talk.  

 
Small compounds and the mitochondrial permeability transition 

The precise target of MG is largely unknown. However, after the analysis of synthetic 
peptides, it became clear that MG is able to modifie covalently arginine residues. This is 
confirmed by the characteristics of other synthetic carbonyl compounds such as 
phenylglyoxal and 2,3-butanedione. With MG and other covalent mPT modifiers, new tools 
for the identification of proteins involved in mPT might now be available.  

Another small compound, creatine, is known to prevent mitochondria from mPT in 
concert with the corresponding enzyme mtCK. It was already known that creatine prevented 
uncoupled respiration, caused by mPT induction (6). In mitochondria from transgenic liver 
over-expressing ubiquitous mtCK creatine, and cyclo-creatine inhibit mitochondrial swelling 
after mPT induction by Ca2+ pulses and uncoupling. No external addition of nucleotides was 
necessary to achieve those affects. Most importantly, the addition of creatine together with 
purified mtCK to mitochondria isolated from wild type liver that are expressing no mtCK did 
not prevent Ca2+ induced mitochondrial swelling.  

Thus it became clear, that mtCK should be located in a micro-compartment together 
with the adenine nucleotide translocator (ANT) in order to display full enzyme activity with 
regard to mPT regulation. Further, it was demonstrated that mitochondria form a defined pool 
of intra-mitochondrial nucleotides, which seem not to leak out, not even during mitochondrial 
isolation.  

 
Micro-comparments within mitochondria 

While studying mitochondria from mtCK expressing liver, I found that mtCK is located 
between MIM and MOM, but importantly also inside christae, confirming previous findings (7, 
8). By digitonin treatment it was shown, that the mere presence of mtCK increased 
mitochondrial and christae stability and structural integrity. Thus the idea of micro-
compartments within mitochondria was strengthened. It was possible to prepare micro-
compartments containing mtCK, ANT, VDAC and components of the respiratory chain by 
floating of detergent resistant membranes. This approach might represent a novel method to 
prepare mitochondrial enzyme complexes, eventually containing the mPT pore constituents. 
However this has to be evaluated very carefully by other robust methods, such as immuno 
electron microscopy or co-immune precipitation.  

 
Mitochondrial creatine uptake 

The location of mtCK inside mitochondrial christae remote from the cytoplasm, begs 
the question of how the substrate, creatine, reaches its target, mtCK. Indeed it was possible 
to measure a mitochondrial creatine uptake. This uptake displayed a high Km and low Vmax, 
was inhibited by the uncoupler FCCP but not stimulated by substrates, and inhibited by 
arginine presumably competitively. These characteristics, however, were very much different 
from those of the reported plasma membrane transporter. Nevertheless the experimental 
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facts were convincing enough to conclude that a new mitochondrial creatine tranporter (CrT) 
identified, as anti-creatine transporter peptide antibodies detected defined polypeptides 
within the MIM by Western blotting of membrane sub-fractions and immune electron 
microscopy. This conviction became even greater, after I found that these antibodies 
inhibited the mitochondrial creatine uptake.  

Consequently, those anti-CrT reactive proteins were identified by modern proteomics 
techniques, 2D gel electrophoresis, MALDI-TOF and ESI-MS/MS. However, none of the 
candidates was a genuine CrT. We identified dehydrogenase complex components, as well 
as an enzyme from the Urea cycle, carboamoyl synthase (CPS). To test the findings from the 
mass spectroscopy data, mitochondrial membranes were washed at high pH. Indubitable, 
two of the three candidates were not membrane proteins, but only membrane attached 
polypeptides. The third promising candidate, CPS, might be a membrane protein, as found 
from its hydrophobic pattern. However, it seems unlikely, that CPS forms a transporter.  

 
A critical view on mitochondrial creatine uptake 

Upon closed inspection of the available data on mitochondrial creatine uptake 
obtained earlier (1, 9) and more recently in our laboratory (10, 12), together with our new 
data from the pulse chase experiment, as well as quantification of the concentration of 
creatine taken up by mitochondria with respect to mitochondrial volume, we have to conclude 
that mitochondrial creatine uptake per se does indeed exists, but this process seems to be a 
passive diffusion based influx of creatine into the mitochondrial inter-membrane, as well as 
the inter-cristae space, where the substrate is used by mtCK located in these two 
compartments.  

The fact that total mitochondrial creatine concentrations, when calculated by virtue of 
total mitochondrial volume measurements, reached only about 30% of the externally added 
concentration, strongly argues that not the entire mitochondrial volume is uniformly occupied 
by creatine. The inter-membrane space and intra-cristae space could eventually make up, 
depending on the source and state of mitochondria, a third of the mitochondrial volume. 
Thus, the creatine concentration within the inter-membrane space and intra-cristae space 
could reach the external concentration of creatine surrounding mitochondria. 

If this interpretation were correct, creatine would not enter the matrix space. Anyhow 
this would not make physiological sense, since there is no mtCK located, and in addition this 
would agree with the results that we, after all, could not find a specific CrT in the inner 
mitochondrial membrane with our antibodies. 

The fact that liver mitochondria, which do not contain mtCK did take-up creatine 
equally well as mitochondria from tissues, which contain mtCK, was a very unexpected and 
puzzling finding, because it simply would not make physiological sense. If this can now be 
explained by passive creatine influx into the inter-membrane and inter-cristae space of any 
kind of mitochondria this enigma would be solved.  

The fact that creatine migrates into the inter-membrane and intra-cristae space, 
would still make mitochondria to a significant store of total cellular creatine. This intra-
mitochondrial creatine then could well behave in certain respects, e.g. speed of 
exchangeability with the cytosolic creatine pool, as a different entity (2), as well as in NMR-
visibility terms (3-5, 11).  

 
The thesis presented here is an example how steep and contorted the path of 

scientific work can be. New and unexpected findings have to be verified and corroborated by 
different methods and from different angles of perspectives! After a cumbersome Odyssey, 
the reward of finally being able to interpret the flood of data and to reach some final 
conclusions is comforting. 
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Wallimann’s group. Investing the role of mitochondria in 
creatine synthesis and metabolic regulation. 

 

08/2002 – 09/ 2002 University of Helsinki, visiting Dr. Ove Eriksson. Investigating 
the rapid suppression of mitochondrial permeability transition by 
methylglyoxal and the role of reversible arginine modification 

 

05/2000 – 08/2000 University of Helsinki, learning electron microscope techniques 
with Dr. Ove Eriksson and Dr. Sarah Butcher. Investing the 
ultrastructure of miCK overexpressing rat liver.  

 

09/1999 – 04/2000 Universitiy of Konstanz, investigating the role of Bax on 
mitochondria and mechanisms of cytochrome c in Dr. Dieter 
Brdiczka´s lab. 

 

11/1998 – 09/1999  Diploma in Dr. Michael Ehrmann´s lab, University of Konstanz. 
Structural and functional mapping of the complex membrane 
transporter TolC of E. coli using a novel target-directed 
proteolysis technique.  

 

05/ - 06/1998 University of Konstanz, Dr. Pierluigi Nicotera´s group,  
 Measuring mitochondrial membrane potential in Jurkat cells 

after treatment with nitric oxide. 
 

02/ - 04/1998 University degli studii, Padova, Dr. Paolo Bernardi´s lab,  
 Studding whether a model condition could be identified leading 

to mobilisation of Cytochrome C to the intermembrane space 
without rupturing the outer membrane. 

 

06/ - 07/1996 University of Konstanz, Prof. Dr. Dieter Brdiczka´s workgroup, 
 Tissue specific regulations of mitochondrial and cytoplasmic 

enzymes during creatine depletion. 
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Techniques 
 

Biochemistry/    2D gel electrophoresis and in gel trypsin digestion 
cell biology     Identifying proteins with MALDI TOF and LC ESI MS/MS 
  Sub cellular fractionation (mitochondria and nuclei from 

cultured cells and different tissues)  
  Measuring different mitochondrial parameters (oxygen 

consumption, membrane potential, swelling) in vitro and vivo.  
  Confocal- and immuno fluorescenz microscopy 
  Enzyme activitiy assays 
  Cell culturing (Jurkat cells) 
 transport measurements with radioactive labelled substrates 
 

Molecular biology  PCR techniques like cross-over PCR, oligomutagenesis, 
sequencing, cloning, expression of engineered proteins,  

  Western blotting 
 

Electron microscopy  negative staining, immuno electron microscopy, tilting series, 
image processing, 3D reconstruction 

 

Languages 
 
 German, English, Italian, French 
 

Other skills 
 

One-week course in project management 

One-week course in scientific communication, presenting and writing 

Elected student for the council of faculty 

 

Personal interests 
 

Painting, stage design, trainer for swimming, rescue diving, sailing 

 

 
 
 
 
 
 
 

       Zürich, June 2003
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Publications 
 

1. Oliver Speer, Sarune Morkunaite-Haimi, Julius Liobikas, Marina Franck, Linn 
Hensbo, Matts D. Linder, Paavo J. K. Kinnunen, Theo Wallimann, and Ove Eriksson 
Rapid Suppression of Mitochondrial Permeability Transition by Methylglyoxal, Role of 
Reversible Arginine Modification. J Biol Chem, 2003 Jun 18 [Epub ahead of print] 

 
2. Oliver Speer, Lukas J. Neukomm, Robyn M. Murphy, Elsa Zanolla, Uwe Schlattner, 

Rodney J. Snow, and Theo Wallimann 
Creatine transporter isoenzymes: a reappraisal. Moll Cell Biochem in press. 

 
3. Max Dolder, Bernd Walzel, Oliver Speer, Uwe Schlattner, and Theo Wallimann  

Inhibition of the mitochondrial permeability transition by creatine kinase substrates: 
requirement for microcompartmentation. J. Biol. Chem 2003 May 16;278(20):17760-
17766. 

 
4. Tarnopolsky M, Parise G, Fu MH, Brose A, Parshad A, Speer O, Wallimann T. 

Acute and moderate-term creatine monohydrate supplementation does not affect 
creatine transporter mRNA or protein content in either young or elderly humans.  
Mol Cell Biochem. 2003 Feb; 244(1-2):159-66. 

 
5. Peral MJ, Garcia-Delgado M, Calonge ML, Duran JM, De La Horra MC, Wallimann T, 

Speer O, Ilundain A. 
Human, rat and chicken small intestinal Na+ - Cl- -creatine transporter: functional, 
molecular characterization and localization. J Physiol. 2002 Nov 15;545(Pt 1):133-44. 

 
6. Bernd Walzel*, Oliver Speer*, Else Zanolla, Ove Eriksson, Paolo Bernardi, and Theo 

Wallimann 
Novel Mitochondrial Creatine Transport Activity: Implications for Intracellular Creatine 
Compartments and Bioenergetics. J Biol Chem 2002 Oct 4;277(40):37503-37511 
* Contributed equally 

 
7. Bernd Walzel*, Oliver Speer*, Ernie Boehm, Soren Kristiansen, Sharon Chan, 

Kierian Clarke, Josef P. Magyar, Erik A. Richter, and Theo Wallimann  
New creatine transporter assay and identification of distinct creatine transporter 
isoforms in muscle. Am J Physiol Endocrinol Metab. 2002 Aug;283(2):E390-401. 
* Contributed equally 

 
8. Wendt S, Dedeoglu A, Speer O, Wallimann T, Beal MF, Andreassen OA. 

Reduced creatine kinase activity in transgenic amyotrophic lateral sclerosis mice. 
Free Radic Biol Med 2002 May 1;32(9):920-6 

 
9. Schlattner U, Mockli N, Speer O, Werner S, Wallimann T. 

Creatine kinase and creatine transporter in normal, wounded, and diseased skin. J 
Invest Dermatol. 2002 Mar;118(3):416-23. 

 
10. Castro-Palomino JC, Simon B, Speer O, Leist M, Schmidt RR. Synthesis of 

ganglioside GD3 and its comparison with bovine GD3 with regard to oligodendrocyte 
apoptosis mitochondrial damage. Chemistry 2001 May 18;7(10):2178-84  
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International conferences  
 

11/14 – 11/16/2002 3rd EMBL Ph.D. Student International Symposium: 
”Life within Boundaries - Membranes & Compartments in Biology”, 
EMBL, Heidelberg 

 Poster: “Creatine within mitochondrial boundaries”  
 

08/02 – 08/04/2002 SCANDO MIT, Scandinavian Mitochondria Meeting, Tampere, Finland 
 Poster: “Mitochondrial Creatine Transport” and “Mitochondrial kinases 

prevent GD3 induced permeability transition” 
 

06/29 – 07/3/2002 ELSO Meeting 2002, Nice, France 
 Poster: “Mitochondrial Creatine Transport” 
 

06/13 – 06/17/2001 5th International Muscle Energetics Conference, Burlington, Vermont, 
USA 

 Poster: “Mitochondrial Creatine Transport” 
 

03/30 – 04/02/2000 “Mitochondrial related disease and myopathies” in Halle, Germany. 
Poster: “Mitochondrial kinases prevent GD3 induced permeability 
transition” 

 

06/12 – 06/14/1999  Molecular Basis of Biomembrane Transporters, Bari, Italy. 
Poster: “Topology of TolC, an Escherichia coli outer membrane 
protein part of MDR" 

 

06/27 – 07/02/1998 10th EBEC, Göteborg, Sweden,  
 Abstract: BBA, EBEC Short Reports, Volume 10, p. 220 
 

09/18 – 09/21/1997 „New Perspectives in Mitochondrial Research“ in Padova. Poster: 
„Tissue Specific Compensatory Regulations of Hexokinase, Creatine 
Kinase and Adenylate Kinase during Creatine Depletion “. 

 
 

Invited talks 
 

14/03/2003 “Creatine within mitochondrial boundaries” ASP meeting Fulda, invited 
by Sylvia Stöckler. 

 

16/12/2002 “Creatine uptake into mitochondria” University of Geneva, invited by 
Jean-Paul Giaccobino. 

 

26/11/2002 “Creatine transport into muscle” Swiss muscle foundation, Swiss Sport 
School Macolin, invited by Denis Monard. 

 

04.11.1999 “Domain structure and functional analysis of the outer membrane 

protein TolC by site specific proteolysis, a novel approach.” Max-

Planck-Institut für Biochemie, Martinsried. Invited by Jörg Höhfeld. 
 

02.11.1999 “Domain structure and functional analysis of the outer membrane 

protein TolC by site specific proteolysis, a novel approach.” Theodor-

Boveri-Institut für Mikrobiologie der Universität Würzburg. Invited by 

Roland Benz. 
 

17.09.1999 “Domain structure and functional analysis of the outer membrane 

protein TolC by site specific proteolysis, a novel approach.” l´IBGC-

CNRS Bordeaux, invited by Guy Lauquin 
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Canale, acryl on canvas, Oliver Speer, June/July 2002 
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