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FOREWORD - CREATINE AND CREATINE KINASE

IN HEALTH AND DISEASE - A WORTHY PASSION
GAJJA S. SALOMONS' AND MARKUS WYSS?

V' VU University Medical Center, Department of Clinical Chemistry, Metabolic Unit, De Boelelaan
1117, 1081 HV Amsterdam, The Netherlands

2 DSM Nutritional Products Ltd., Biotechnology R&D, Bldg. 203/17B, P.O. Box 3255, 4002 Basel,
Switzerland

To make a project a success, you typically need to have three things: a good idea, an enthu-
siastic team, and a committed ‘customer’ (in this case, the Springer publishing company).
When J. Robin Harris, the Series Editor of Subcellular Biochemistry, first approached us with
the idea of a book on “Creatine and Creatine Kinase in Health and Disease”, we were both
surprised and delighted. Next, we were impressed by the dedicated participation of many
of the key players in creatine and creatine kinase research from all over the world. In fact,
all authors we asked to participate accepted the invitation, and have submitted high-quality
manuscripts in a timely manner. Consequently, the book is up to date, and both editors
and authors are confident that this book will become an important contribution to expand
the knowledge and funding of creatine and creatine kinase research. Finally, the continuous
support of the Springer publishing company and, in particular, of Mike van den Bosch, Marie
Johnson, Marlies Vlot, Max Haring and Priyaa Menon was important for the realization of
this project. We are greatly indebted to all those who have contributed to this book for their
enthusiasm, dedication, and efforts, and for their passion for creatine and creatine kinase
research. Similarly, we greatly acknowledge our colleagues for their support and patience in
situations where our attention was partially redirected to this book.

It is worthwhile mentioning that recently, two other notable books covering creatine and
creatine kinase research have been published (Vial, 2006; Saks, 2007). Rather than being
redundant, these books focus their attention on different aspects of creatine and creatine
kinase research. Thus, the three books are complementary and, together, provide an even
broader basis for comprehensive understanding of the roles of creatine and creatine kinase

in health and disease.

X1



xii Foreword

REFERENCES

Saks, V.A., ed., 2007, Molecular System Bioenergetics — Energy for Life. Wiley-VCH, Weinheim,
Germany.
Vial, C., ed., 2006, Creatine Kinase. NovaScience Publishers, New York, USA.



CONTRIBUTORS

Mayis Aliev
Cardiology Research Center, Institute of Experimental Cardiology, Laboratory of Cardiac
Pathology, 121552 Moscow, Russia

Tiia Anmann
Laboratory of Bioenergetics, National Institute of Chemical Physics and Biophysics, 12618
Tallinn, Estonia

Claude Bachmann
Clinical Chemistry Laboratory, Centre Hospitalier Universitaire Vaudois and University of
Lausanne, CH-1011 Lausanne, Switzerland

Roberta Battini
Department of Developmental Neuroscience, IRCCS Stella Maris, Calambrone, Pisa, Italy

Olivier Braissant
Clinical Chemistry Laboratory, Centre Hospitalier Universitaire Vaudois and University of

Lausanne, CH-1011 Lausanne, Switzerland

David L. Christie
Molecular, Cell and Developmental Biology Section, School of Biological Sciences,
University of Auckland, Auckland, New Zealand

Wim Derave
Department of Movement and Sport Sciences, Faculty of Medicine and Health Sciences,
Ghent University, Ghent, Belgium

W. Ross Ellington
Institute of Molecular Biophysics and Department of Biological Science, Florida State
University, Tallahassee, Florida 32306-4370, USA

xiii



Xiv Contributors

Robert J. Ferrante

Geriatric Research Education and Clinical Center, Bedford VA Medical Center, Bedford,
MA 01730, USA; and Neurology, Laboratory Medicine and Pathology, and Psychiatry
Departments, Boston University School of Medicine, Boston, MA 02180, USA

Thomas Gastner
Degussa AG, D-83308 Trostberg, Germany

Rita Guzun
Laboratory of Fundamental and Applied Bioenergetics, INSERM U 884, Joseph Fourier
University, BP53X — 38041, Grenoble Cedex 9, France

Arend Heerschap
Department of Radiology, Radboud University Nijmegen Medical Centre, 6500 HB
Nijmegen, the Netherlands

Hugues Henry
Clinical Chemistry Laboratory, Centre Hospitalier Universitaire Vaudois and University of
Lausanne, CH-1011 Lausanne, Switzerland

Peter Hespel
Research Center for Exercise and Health, Faculty of Kinesiology and Rehabilitation
Sciences, K.U. Leuven, Leuven, Belgium

Ken-ichi Hosoya
Graduate School of Medicine and Pharmaceutical Sciences, University of Toyama, Toyama
930-0194, Japan

Dirk Isbrandt
Centre for Molecular Neurobiology Hamburg (ZMNH), University of Hamburg, D-20246,
Hamburg, Germany

Tuuli Kaambre
Laboratory of Bioenergetics, National Institute of Chemical Physics and Biophysics, 12618
Tallinn, Estonia

Hermien E. Kan
Department of Radiology, Radboud University Nijmegen Medical Centre, 6500 HB
Nijmegen, the Netherlands



Contributors XV

Autumn M. Klein
Neurology Department, Brigham and Womens Hospital, Boston, MA 02115, USA; and
Harvard Medical School, Boston, MA 02115, USA

Wesley McCall
School of Pharmacy, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599,
USA

Christine I.H.C. Nabuurs
Department of Radiology, Radboud University Nijmegen Medical Centre, 6500 HB
Nijmegen, the Netherlands

Sumio Ohtsuki
Graduate School of Pharmaceutical Sciences, Tohoku University, Sendai 980-8578, Japan;
and SORST, Japan Science and Technology Agency, Japan

Adam M. Persky
Division of Pharmacotherapy and Experimental Therapeutics, School of Pharmacy,
University of North Carolina at Chapel Hill, Chapel Hill, NC 27599-7360, USA

Ivo Pischel
Finzelberg GmbH & Co. KG, D-56626 Andernach, Germany

Eric S. Rawson
Department of Exercise Science and Athletics, Bloomsburg University, Bloomsburg, PA
17815, USA

W. KlaasJan Renema
Department of Radiology, Radboud University Nijmegen Medical Centre, 6500 HB
Nijmegen, the Netherlands

Valdur Saks

Laboratory of Fundamental and Applied Bioenergetics, INSERM U 884, Joseph Fourier
University, 2280, BP53X — 38041, Grenoble Cedex 9, France; and Laboratory of Bioener-
getics, National Institute of Chemical Physics and Biophysics, 12618 Tallinn, Estonia

Gajja S. Salomons
Department of Clinical Chemistry, Metabolic Unit, VU University Medical Center, 1081 HV
Amsterdam, The Netherlands



Xvi Contributors

Uwe Schlattner

Laboratory of Fundamental and Applied Bioenergetics, INSERM U 884, Joseph Fourier
University, 2280, BP53X — 38041, Grenoble Cedex 9, France; and Institute of Cell Biology,
ETH-Zurich, Honggerberg HPM D24, CH-8093 Zurich, Switzerland

Andreas Schulze

University of Toronto, Department of Paediatrics, Division of Clinical and Metabolic
Genetics, and Research Institute, The Hospital for Sick Children, Toronto, ON. M5G 1X8,
Canada

Peter W. Schutz

Departments of Pediatrics, Pathology and Laboratory Medicine, University of British
Columbia, Division of Biochemical Diseases, British Columbia Children’s Hospital,
Vancouver, B.C., V6H 3V4, Canada

Peeter Sikk
Laboratory of Bioenergetics, National Institute of Chemical Physics and Biophysics, 12618

Tallinn, Estonia

Sylvia Stockler
Department of Pediatrics, University of British Columbia, Division of Biochemical Diseases,
British Columbia Children’s Hospital, Vancouver, B.C., V6H 3V4, Canada

Tomohiko Suzuki
Laboratory of Biochemistry, Faculty of Science, Kochi University, Kochi 780-8520, Japan

Masanori Tachikawa
Graduate School of Medicine and Pharmaceutical Sciences, University of Toyama, Toyama
930-0194, Japan

Mark A. Tarnopolsky

Department of Pediatrics and Medicine (Neurology and Rehabilitation), Neuromuscular and
Neurometabolic Clinic, Rm 2H26, McMaster University Medical Center, Hamilton, Ontario,
Canada, L8N 3Z5

Tetsuya Terasaki
Graduate School of Pharmaceutical Sciences, Tohoku University, Japan; and SORST, Japan
Science and Technology Agency, Japan



Contributors xXvii

Marko Vendelin
Department of Mechanics and Applied Mathematics, Institute of Cybernetics, Tallinn
Technical University, 12618 Tallinn, Estonia

Theo Wallimann
Institute of Cell Biology, ETH Zurich, Hénggerberg, CH-8093 Zurich, Switzerland

Bé Wieringa
Department of Cell Biology, Nijmegen Centre for Molecular Life Science, 6500 HB
Radboud University Nijmegen Medical Centre, Nijmegen, the Netherlands

Markus Wyss
DSM Nutritional Products Ltd., Biotechnology R&D, CH-4002 Basel, Switzerland



CHAPTER 1

INTRODUCTION - CREATINE: CHEAP ERGOGENIC
SUPPLEMENT WITH GREAT POTENTIAL FOR HEALTH
AND DISEASE

THEO WALLIMANN

Institute of Cell Biology, ETH Zurich, Honggerberg HPM-D24.1,
Schafmattstrasse 18, CH-8093 Zurich, Switzerland

1. THE BOOK

The appearance in print of the present volume of the “Subcellular Biochemistry”
Series entitled “Creatine and Creatine Kinase in Health and Disease”, edited by
Gajja S. Salomons and Markus Wyss, seems entirely timely. The importance
and physiological significance of creatine kinase (CK) as well as the pleiotropic
effects of creatine (Cr) and phosphocreatine (PCr) in health and disease have been
largely underappreciated historically. Based on new discoveries in recent years,
however, they are currently attracting much interest and even experience center
stage attention, for instance with the recently announced large clinical Cr study
with Parkinson’s patients in the USA (Couzin, 2007). The comprehensive earlier
review on “Creatine and Creatinine Metabolism” by Markus Wyss and Kaddurah-
Daouk (2000), as well as the most recent review on Cr by John and Margaret
Brosnan (2007), give a pre-taste of this new and exciting era of CK- and Cr-related
research to come.

The volume presented here, as well as a new book on “Molecular Systems Bioen-
ergetics: Energy for Life, Basic Principles, Organization and Dynamics of Cellular
Energetics”, edited by Valdur A. Saks (2007), provide a comprehensive overview
of the field, with emphasis on complementary facets of this broad topic. The Saks
book focuses on new data and theories derived mainly from basic science, taking
a holistic systems biology approach to explain CK and related phosphotransfer
systems, including mathematical modeling of metabolic and signaling networks
related to bioenergetics. Conversely, the present volume links the basics of the CK

1
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2 Wallimann

system and of Cr action to their practical relevance for health, sports, rehabilitation,
neuromuscular and neurodegenerative diseases, as well as for patients suffering
from Cr deficiency syndromes. The discovery of the latter syndromes, the clinical
manifestation of which is described here in detail, is living proof that CK and Cr
are indeed essential for normal body function, especially for brain development
and mental performance. The bridge from basic science — unravelling the structure
and physiological function(s) of the CK isoenzymes and their substrate Cr in cells
with high and fluctuating energy turnover (chapters 1-3; this chapter; Ellington
and Suzuki, 2007; Saks et al., 2007) — to clinical applications — including the
power of Cr supplementation to positively influence human health (chapters 10-12;
Tarnopolsky, 2007; Klein and Ferrante, 2007; Hespel and Derave, 2007) and
actually prevent clinical symptoms in patients with certain forms of inherited Cr
deficiency syndromes if treated early in life (chapters 8 and 9; Stockler et al., 2007,
Schulze and Battini, 2007) — is extremely rewarding, not to speak of the potential
socioeconomic and health benefits of such cheap intervention which, apparently,
lacks any serious side effects (chapter 14; Persky and Rawson, 2007).

In the present book, after a short excursion into the basics of CK evolution
(chapter 2; Ellington and Suzuki, 2007) and the thermodynamics and modeling
aspects of the CK phosphotransfer network (chapter 3; Saks ef al., 2007), topics
on Cr synthesis, trafficking and metabolism in brain and across the blood-brain
and blood-retina barriers are discussed in detail in chapters 4 and 5 (Braissant
et al., 2007; Tachikawa et al., 2007), followed by new insights into the function
of the Cr transporter (CRT) that is responsible for specific uptake of Cr into
target cells (chapter 6; Christie, 2007). Then, the physiological consequences of
CK and guanidinoacetate methyltransferase (GAMT) gene knock-outs in trans-
genic mouse models (chapter 7; Heerschap et al., 2007), the pathophysiology and
treatment of human Cr deficiency syndromes (chapters 8 and 9; Stockler et al., 2007,
Schulze and Battini, 2007), as well as the clinical use of Cr in neuromuscular and
neurometabolic disorders (chapter 10; Tarnopolsky, 2007) are discussed, followed
by a general presentation of the neuroprotective role of Cr (chapter 11; Klein and
Ferrante, 2007). After these chapters, more applied topics, such as the ergogenic
effects of Cr in sports and rehabilitation (chapter 12; Hespel and Derave, 2007),
the pharmacokinetics of Cr (chapter 13; McCall and Persky, 2007), the safety of
Cr supplementation in general (chapter 14; Persky and Rawson, 2007), as well as
aspects concerned with chemical synthesis, purity and regulatory status of Cr as a
nutritional supplement (chapter 15; Pischel and Gastner, 2007) are presented. The
book concludes with an outlook on some promising future avenues of Cr-related
research (chapter 16; Wyss e al., 2007).

This volume truly reflects the present state of the art on CK and Cr, written by
international experts with experience and recognition in the field. The present set
of chapters represents a balanced mix from basic science and applied research to
sport, rehabilitation and clinical subjects and thus makes good reading for CK and
Cr specialists, but also for educated laymen and persons with a strong interest in
Cr-related topics. This volume will serve as a solid basis for a new and exciting
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wave of innovative Cr research, which among others will encompass systems
biology approaches, including proteomics and phospho-proteomics, to elucidate the
pleiotropic effects of Cr supplementation on the cellular and whole-body level, with
a great potential for unexpected novel findings concerning the multiple facets of the
CK system, as well as of Cr supplementation. The fact that many decades of basic
research on the functions of CK and Cr have finally led to practical applications for
human health and disease, as well as to clinical treatments of patients, is rewarding
both for basic scientists and clinicians. Thus, the present book makes good reading
also from the perspective of science history and idea development.

2. HISTORICAL ASPECTS OF CREATINE KINASE
AND CREATINE

2.1. Functions of Creatine Kinase and Phosphocreatine
in Muscle Contraction

Historically, over the last century, the CK and Cr field went through alternating
periods of excitement and depression, concerning new ideas and concepts of
CK/PCr/Cr function, particularly in the area of muscle biochemistry. New discov-
eries related to the “true” function of PCr, the “energy-rich” version of Cr that
had been discovered in 1927 simultaneously by Eggleton and Eggleton and by
Fiske and Subbarow, met with great enthusiasm. For instance, the idea that PCr
would represent the long sought-for “immediate” source of energy for muscle
contraction, as suggested by the findings of Lundsgaard in 1930, led to the
abolition of Otto Meyerhof’s “lactate theory of muscle contraction”. However,
this excitement started to slowly wane after Lohmann and Lehmann discovered
the CK reaction in the mid 1930ies, indicating that PCr could only be used as
energy source for muscle contraction in the presence of adenine nucleotides, and
in particular ADP. This view was supported in 1939 by the finding of Engelhardt
and Lyubimova that myosin possesses ATPase activity, and in 1941 by the proof
of the Nobel laureate Albert Szent-Gyotrgyi that muscle contraction in vitro was
inevitably associated with ATP utilization. However, this latter fact could never
be confirmed in contracting intact muscle in vivo, but rather, as in the Lunds-
gaard experiment, contraction was always paralleled by a depletion in PCr. Thus, a
long-lasting controversy was stirring up the muscle research community for many
years to come, until Cain and Davies, who in 1962 used 2,4-dinitro-1-fluorobenzene
(DNFB) to specifically inhibit the CK reaction in muscle, finally managed to prove
that under these conditions, it was indeed MgATP, and not PCr, that was used as
the immediate source of energy for muscle contraction in vivo. This data proved
that PCr, the substrate of the CK reaction in conjunction with ADP, is used to
regenerate the ATP hydrolyzed by the Ca’*-regulated Mg?*-dependent acto-myosin
ATPase. This then concluded the “phosphocreatine theory” of muscle contraction,
and the CK system got a rather dismal stamp for representing a trivial, simple,
homogeneously distributed cellular ATP-buffering system. Accordingly, the muscle
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research community placed its focus fully on questions on how exactly ATP was
used for muscle contraction and cell motility, taking for granted its replenishment
for these processes (for reviews on these historical events, including a list of original
publications, see (Lipmann, 1977, 1979; Mommaerts, 1969; Rapoport, 1977).

2.2. Development of the PCr-shuttle or CK/PCr-circuit Concept

By contrast, the PCr-shuttle or CK/PCr circuit concept that was developed in
the 1970ies (see below) initially faced rather vicious scepticism that persisted for
a lengthy period of time (Wallimann, 1996; Wiseman and Kushmerick, 1995).
Over the years, however, this opposition seemed to slowly fade away (Chance
et al., 2006). The physiological concept of the PCr-shuttle or CK/PCr-circuit (for
reviews, see Bessman and Carpenter, 1985; Bessman and Geiger, 1981; Saks
et al., 1978; Wallimann and Hemmer, 1994; Wallimann et al., 1992, 2007) has
followed the general destiny of many discoveries in science: first, it must not be
true and therefore cannot be true; second, it may be true, but it is not important; and
third, it is generally accepted but mostly trivial knowledge already around for years.
It seems, however, that time has come that this concept reaches the “accepted” if
not “generally accepted” status, since nowadays, it is discussed and visualized as
back-up support figures without the need for citation, as for example in a recent
review on “The failing heart — an engine out of fuel” (Neubauer, 2007).

As already mentioned, CK was considered a strictly soluble metabolic enzyme
just for trivial buffering of cellular ATP levels according to its equilibrium constant
(Meyer et al., 1984). The facts that (i) CK existed as several tissue-specific and
developmentally regulated cytosolic isoforms (Eppenberger et al., 1964, 1967),
that (i) a CK isoform was identified that is located within mitochondria (Jacobs
et al., 1964; Jacobus and Lehninger, 1973), and that (iii) a small but significant
fraction of soluble muscle-type MM-CK was shown to bind specifically to the
sarcomeric M-band of skeletal muscle (Turner et al., 1973; Wallimann, 1975), to
the sarcoplasmic reticulum (SR) (Rossi et al., 1990), as well as to the plasma
membrane (Saks and Kupriyanov, 1982; for a recent review, see Wallimann
et al., 2007), were met with some resistance by the muscle research community.
It was said that a soluble enzyme cannot be compartmentalized in a cell, that
neither mitochondria nor myofibrils would depend functionally on CK bound at
these locations, and — above all — that myofibrillar CK would certainly not play
a structural role in the M-line architecture as proposed by us (Wallimann, 1983).
As a matter of fact, the first notion of the existence of a PCr-shuttle in
muscle, put forward by Martin Klingenberg and colleagues in 1964 (Jacobs
et al., 1964), was based on the identification of an unique mitochondrial CK
(mtCK) isoform, while the evidence for myofibrillar-bound CK was only incidental.
These rather intuitive ideas concerning a PCr-shuttle were further developed by
Naegle et al. (1964), Bessman and Fonyo (1966), Scholte (1973) and Jacobus and
Lehninger (1973) into an “acceptor control concept”. According to this concept,
extra-mitochondrial creatine is able to stimulate mitochondrial respiration, with the
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stimulation being mediated by mtCK. In other words, mitochondria are able to
produce PCr as high-energy phosphate output by a process called “Cr-stimulated
respiration” (Dolder et al., 2003). With the unambiguous demonstration that a
fraction of “cytosolic” muscle-type MM-CK is bound to the sarcomeric M-band,
a more complete picture of the PCr-shuttle concept slowly emerged (Bessman
and Geiger, 1981; Saks et al., 1978; Schlattner et al., 2006; Wallimann 1975;
Wallimann et al., 1977, 1992, 2007; Wegmann et al., 1992; Wyss et al., 1992;
see also chapter 3; Saks et al., 2007). Now, more than thirty years after these
historical findings, many excellent publications from independent laboratories have
corroborated (i) the concept of microcompartmentation of the CK isoenzymes,
(ii) directional flux and transport of high-energy phosphates within a cell, (iii)
functional coupling of mtCK to the adenine nucleotide translocase (ANT) of the
inner and the voltage-gated anion carrier (VDAC = porin) of the outer mitochondrial
membrane, thereby forming a mitochondrial energy channeling unit (Schlattner
et al., 2006; Wallimann et al., 1998; see also chapter 3; Saks et al., 2007), and
(iv) the physiological function of the CK/PCr system in alleviating the diffusional
limitations of adenine nucleotides, especially in polar cells such as spermatozoa
(Kaldis et al., 1997; Tombes and Shapiro, 1985), photoreceptor cells of the retina
(Hemmer et al., 1993) or inner ear sensory hair bundle cells (Shin et al., 2007). The
PCr-shuttle concept was also helped by integrating structural and functional aspects
of the aesthetically rewarding three-dimensional structure of mitochondrial mtCK
(Fritz-Wolf et al., 1996; Schlattner et al., 1998) and by experiments showing that
muscle-type MM-CK was specifically anchored to the M-band by two lysine-charge
clamps that are symmetrically exposed on the MM-CK dimer to make contact with
the M-band proteins, myomesin and M-protein (Hornemann et al., 2003; Wallimann
et al., 2007). It is important to note that the octameric structure of mtCK has been
“invented” very early in evolution; that is, mtCK octamers are found already in
certain species of sponges (Hoffman and Ellington, 2005; Hoffman et al., 2006; see
also chapter 2; Ellington and Suzuki, 2007), thus reinforcing the eminent importance
of this octameric enzyme for cell and organ function.

2.3. Phenotypes of Creatine Kinase Knockout Mice

If CK, Cr and the PCr-shuttle were so important, how should we explain that the
various CK isoenzyme knock-out mice are not lethal and show, at first glance, only
relatively mild phenotypes (Steeghs er al., 1995; see also chapter 7; Heerschap
et al., 2007)? As a matter of fact, these CK isoenzyme knock-out mice are around
now for more than 10 years, and each year, by virtue of more in-depth studies and by
using more sophisticated methods, some new severe and rather interesting impair-
ments of normal cell and organ function are being discovered. The latest addition to
this list is the finding that cytosolic brain-type BB-CK and ubiquitous mtCK double
knock-out animals show significant impairment in inner ear physiology, exhibiting
a great reduction in hearing threshold and abnormal tympanic function for body
balance (Shin ef al., 2007). This is an interesting lesson for mouse geneticists, who
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initially thought that the severity of phenotypes, after knocking out a given gene,
would be proportional to the “importance” of this gene. Fact is, however, that the
principle successfully used in the aviation industry, namely that the most important
functionalities have to be backed-up by several independent alternative mechanisms,
also seems to apply to biological systems. In other words, it became obvious that
tampering with the CK system leads to a host of compensatory events that can be
uncovered when analyzing these transgenic animals with appropriate diligence. For
example, an amazing proliferation of mitochondria is seen in glycolytic fast-twitch
fibers of CK knock-out animals that makes them look like insect flight muscle fibers
(Novotova et al., 2006; van Deursen et al., 1993; Ventura-Clapier et al., 2004). This
compensation mechanism represents an effective means of decreasing diffusion
distances for ATP from mitochondria to myofibrils, since it is no longer PCr and
Cr, but ATP and ADP, that have to be shuttled along this line in these muscle
fibers. Such compensatory measures of cells and organs are teaching a great lesson,
in particular on the plasticity of biological organisms with their remarkable ability
to adapt to challenging situations. In addition, they can provide direct hints at
the deleted gene’s functions. Despite the above-mentioned back-up systems and
compensation mechanisms, the phenotypes of some CK knock-out mice are severe
enough to make their survival in the wild seem unlikely, due to impaired voluntary
running capacity (Momken et al., 2005), reduced cardiac performance at high work-
load (Crozatier et al., 2002), as well as a number of neuro-behavioral deficits
(Jost et al., 2002; Streijger et al., 2004, 2005). In addition, double knock-out mice
with a deletion in both the cytosolic BB-CK and the ubiquitous mtCK isoenzymes
displayed severe problems to hold body temperature and to breed (own unpublished
observation), which can be deadly in a harsh natural environment.

24. Discovery of Creatine and First Trials with Creatine
Supplementation

The French scientist, Michel Eugene Chevreul, discovered Cr in 1832 as a new
organic constituent that could be extracted from meat (“kreas” in Greek). In
1847, the German scientist, Justus von Liebig, chemically identified Cr as methyl-
guanidino-acetic acid, a relatively simple guanidino compound. Today, we know
that Cr is found in fresh meat and fish in concentrations ranging from 3 to 10 grams
per kg wet weight. Justus von Liebig supported his laboratory largely by producing
and selling meat broth, the famous Liebig’s meat extract or Fleischbriihe in German,
which contained about 8% Cr (Sulser, 1968). This was obviously the first attempt
to bring Cr supplementation into the public domain with a small spin-off company,
as one would call it today, with more such to come in the 1990ies for selling Cr
to athletes. In the 1880ies, creatinine (Crn) was discovered and it was realized that
this compound was likely the natural breakdown product of Cr. In 1926, Chanutin
surmised, based on what was probably one of the first Cr supplementation trials
in the history of mankind, that creatine is absorbed by the intestine and, thus, can
be taken up rather quantitatively from alimentary sources such as fresh fish and
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meat (Chanutin, 1926). In 1927, about a century from the discovery of Cr, PCr
was discovered (Eggleton and Eggleton, Fiske and Subbarow). For a review on the
historic aspects of Cr, see Conway and Clark (1996).

Unfortunately, during the next decades, Cr supplementation was followed-up
only with low-key research at most. Reminiscent of this time is that some body
builders and weight-lifters resorted, as it was told, to “sweated beef”, a method to
extract Cr from meat by hot steam, resulting in a highly Cr-enriched meat juice
that was anecdotally said among the members of the “scene” to be beneficial for
muscle growth and performance. Not to forget is the so-called “Jewish medicine”,
a concentrated chicken soup from a fresh chicken boiled to perfection, used as
traditionally inherited panacea within the Jewish community that served to “cure”
almost everything. Finally, worth mentioning in the same context is the ritual
consumption by the new mother of the after-birth placenta, which is also rich in Cr,
a tradition followed by many ancestral civilizations. Could one of the most active
ingredients in these concoctions have been Cr? Nobody knows, but in hindsight and
in light of the present knowledge on the pleiotropic effects of Cr supplementation,
it could have been the decisive active principle.

Serious, double-blinded and placebo-controlled research with Cr supplementation
was started in the early 1990ies only, and the seminal papers on “Elevation of
creatine in resting and exercised muscle of normal subjects by creatine supplemen-
tation” (Harris et al., 1992) and on the “Influence of oral creatine supplementation
on muscle torque during repeated bouts of maximal voluntary exercise in man”
(Greenhaff et al., 1993) initiated a big boost in Cr supplementation studies, mostly
with athletes (chapter 12; Hespel and Derave, 2007). Interestingly, Roger Harris
published his study in the very same year as Linford Christie (100 m dash) and Sally
Gunnell (400 m hurdles) celebrated their Olympic victories, thereafter mentioning
that they both ingested Cr. It seems that, once again, top athletes with the help of
sports doctors did out-run the basic scientists.

Many of the several hundreds of publications from leading sports physiology
laboratories around the world are clearly proving that Cr, in contrast to many
other sports nutrition supplements, is a true ergogenic aid (chapter 12; Hespel and
Derave, 2007). Nowadays, hundreds of thousands, if not millions of athletes of all
proveniences are consuming Cr worldwide to boost physical performance, without
any serious side effects, it seems (chapter 14; Persky and Rawson, 2007).

2.5. Human Patients with Cr Deficiency Syndromes

The ultimate proof that the CK system and Cr as such are essential for normal brain
development and brain function came actually from the discovery of Cr deficiency
patients (see chapters 8 and 9; Stockler et al., 2007; Schulze and Battini, 2007).
The findings in man were subsequently supported by a transgenic mouse model,
where one of the Cr biosynthesis enzymes, guanidinoacetate methyltransferase
(GAMT), had been ablated (Renema et al., 2003; Schmidt er al., 2004; see also
chapter 7; Heerschap et al., 2007). Patients which lack Cr in the brain, either
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due to a defect in Cr biosynthesis (Schulze, 2003; Stockler-Ipsiroglu, 1997,
Verhoeven et al, 2005) or in the Cr transporter (deGrauw et al, 2003;
Kleefstra et al., 2005; Rosenberg et al., 2004), present with mental retardation,
speech- and language delay, epilepsy and autistic-like behaviour (for details, see
the relevant chapters 8 and 9 in this book; Stockler et al., 2007; Schulze and
Battini, 2007). Patients with a defect in Cr biosynthesis can be treated with Cr
supplementation in combination with dietary restriction and/or additional supple-
ments. These treatments, if started early, may prevent the development of clinical
symptoms (Bianchi et al., 2007; Schulze, 2003; Verbruggen et al., 2007). These new
and clinically relevant discoveries, supporting (i) the importance of the CK system
and of Cr for normal physiological function of the human body, most importantly
the brain, and (ii) justifying CK and Cr-related research in the realm of rare human
diseases, gave a new wave of recognition to the CK/Cr system.

3. PLEIOTROPIC EFFECTS OF CREATINE

Common denominators for many muscular, neuromuscular and neurodegener-
ative diseases are (i) lowered energy status, that is decreased cellular energy
reserves (PCr and ATP), (ii) accompanying chronic calcium overload, due to
a misbalance in the energetics of calcium homeostasis, and (iii) concomitant
formation of reactive oxygen species (ROS) (Rodriguez et al., 2007; Tarnopolsky
and Beal, 2001). Incidentally, the most obvious phenotype of knockout mice
lacking CK in muscle were difficulties with calcium sequestration and muscle
relaxation (Steeghs et al., 1997). Accordingly, Cr supplementation was shown to
improve calcium homeostasis in the mdx muscular dystrophy mouse model (Pulido
et al., 1998) and muscle relaxation in humans (Hespel et al., 2002). These findings
are easily explainable by the fact that the calcium pump ATPase of the SR is
energetically very demanding and only works efficiently if a high local ATP/ADP
ratio is maintained by the action of CK functionally coupled to this very SR calcium
pump (Wallimann and Hemmer, 1994; Wallimann et al., 2007). Cr supplemen-
tation in general increases the PCr pool of cells, provided that ATP synthesis is
not impaired and that sufficient free ATP is available to reload the PCr buffer
(Vandenberghe et al., 1997). Thus indirectly, through an improved energy state, Cr
would stabilize cellular calcium homeostasis and thereby prevent prolonged calcium
overload which is thought to be responsible for the initiation of apoptosis, necrosis
(Kroemer et al., 2007) or cell destruction in general (Passaquin ef al., 2002), due
to the initiation of mitochondrial permeability transition pore opening or due to the
action of calcium-activated proteases, respectively.

As evidence for the above, in vitro treatment of cells as well as dietary supple-
mentation of animals with Cr are highly beneficial with regard to protection
from injury and enhancement of survival following noxious treatment (Brewer
and Wallimann, 2000; Brustovetsky et al, 2001; Sullivan er al, 2000). Since
Cr supplementation leads to an increase in intracellular PCr levels, a higher
PCr/ATP ratio (Vandenberghe et al., 1997) and thereby to a higher buffering
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capacity for intracellular ATP and ADP concentrations, one could explain at least
part of the Cr-dependent protection of cells from various stressors, especially
the neuroprotective effects of Cr (see chapters 8-11; Stockler er al, 2007,
Schulze and Battini, 2007; Tarnopolsky, 2007; Klein and Ferrante, 2007), by the
classical beneficial effects of Cr in improving the cellular energy state. Cr supple-
mentation mediates remarkable neuroprotection in experimental animal models
of amyotrophic lateral sclerosis (ALS), Huntington’s disease (HD), Parkinson’s
disease, and traumatic brain and spinal cord injury (see chapters 10 and 11 herein;
Tarnopolsky, 2007; Klein and Ferrante, 2007). Prophylactic Cr administration
also mediates neuroprotection in cerebral ischemia in mice (Adcock et al., 2002;
Prass et al., 2007; Zhu et al., 2004). Transgenic mice expressing high levels of
BB-CK in liver cells, which normally express only very low levels of this enzyme,
show a high degree of resistance to tumour necrosis factor-induced and hypoxia-
induced apoptosis of liver cells when supplemented with dietary creatine (Hatano
et al., 2004). Furthermore, Cr exhibits a protective effect against ROS in cultured
mammalian cells (Sestili et al., 2006) and against UV-induced oxidative stress in
intact human skin (Berneburg et al., 2005; Lenz et al., 2005).

It is thus believed that the presence of the CK system improves the stress resis-
tance of cells, making them less susceptible to injury. Congruent with the above
discussion, three non-exclusive mechanisms of action underlying the protective
effect of creatine are presently discussed: (1) The energy buffer and storage function
of the CK/PCr system is thought to keep the ATP/ADP ratio high during situations
of stress, which otherwise might lead to cellular dysfunction and, eventually, cell
death. A high cellular energy state and high local ATP/ADP ratios are particularly
critical for efficient calcium pump function (Minajeva et al., 1996; Wallimann
and Hemmer, 1994). Thus, compromised cellular energetics lead to a unbalance
in calcium homeostasis and, in the long run, to chronic calcium overload. A
convincing proof for the utmost importance of the CK system for cellular calcium
homeostasis is the phenotype of mice with ablated CK genes (de Groof et al., 2002)
that show problems with muscle relaxation and calcium re-uptake into the SR.
(2) Cr is thought to act in concert with mtCK in inhibiting mitochondrial perme-
ability transition pore opening, an early trigger of apoptosis (Dolder ef al., 2003;
O’Gorman et al., 1997). MtCK, a cubical-shaped octamer with a central channel,
was shown to form a multienzyme complex with porin of the outer mitochon-
drial membrane and adenine nucleotide translocase (ANT) of the inner membrane
(Brdiczka et al., 1998; Schlattner et al., 2006). This complex crosslinks the two
mitochondrial membranes and forms a functionally coupled microcompartment for
vectorial export of PCr into the cytosol. Disruption of the octameric structure of
mtCK leads to an impairment of energy homeostasis and facilitated transition pore
opening (O’Gorman et al., 1997), which eventually results in activation of caspase
cell-death pathways (Kroemer et al., 2007). (3) A coordinated action of mtCK
activity with oxidative phosphorylation is facilitated by tight functional coupling
of mtCK with ANT (Dolder et al., 2003), leading to the well-known phenomenon
termed “creatine-stimulated respiration” that can also be demonstrated in vivo
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(Kay et al., 2000). Under physiological conditions, when mitochondrial respiration
is directly stimulated by Cr, endogenous intramitochondrial adenine nucleotides
are recycled inside mitochondria, and PCr is leaving the mitochondria as the
energy-rich end product of respiration (Dolder et al., 2003). The addition of Cr to
respiring mitochondria also induces an optimal coupling of the respiratory chain to
ATP generation by the F1-ATPase. This leads to a significantly reduced production
by the respiratory chain of ROS in mitochondria, compared to mitochondria without
Cr. Thus, the accompanying deleterious consequences of mitochondrial ROS for
cell damage are minimized by Cr, as has recently been demonstrated convincingly
with brain mitochondria (Meyer et al., 2006).

In addition to the above, Cr is released from cells after hypo-osmotic swelling
(Bothwell et al., 2001) and, conversely, serves as an osmolyte that is taken up
by cells under hypertonic stress (Alfieri et al., 2006). Recent evidence indicates
that Cr is not only synthesized in the brain where it is trafficking back and forth
between various neuronal cell types and being taken up by neurons (chapters 4 and
5; Braissant et al., 2007; Tachikawa et al., 2007), but that it can also be released
from neurons in an action-potential-dependent way, e.g. upon excitation of neurons
(Almeida et al., 2006). This exocytotic release of Cr, together with its action
as a partial GABA, receptor agonist (De Deyn and Macdonald, 1990), indicates
that Cr may act as a neuromodulator. The actions of Cr as an osmolyte and a
neuromodulator, as well as its direct or indirect effects as an anti-oxidant (Berneburg
et al., 2005; Lenz et al., 2005; Sestili et al., 2006), represent non-energy related
functions of Cr that may contribute to the pleiotropic effects observed with Cr.

Systems biology approaches involving the study of global gene expression of Cr-
substituted versus Cr-depleted cells and organs or whole animals are likely to reveal
novel and unexpected effects of Cr. A particularly interesting topic for study will
be the connection of PCr and Cr to cellular signaling networks and, in particular,
the AMPK signaling cascade. Recent breakthroughs in phosphoproteomics (Boden-
miller et al., 2007) should facilitate investigation of whether Cr supplementation
stimulates phosphorylation of AMPK and, thereby, triggers the AMPK signaling
cascade.

4. CONCLUSIONS

After a continuous up-hill battle for most who have been active in the CK- and
Cr-related research field, to obtain grants and funding over all those years, I would
never have dreamed that, one day, some of the ideas and concepts elaborated by
basic laboratory scientists would come to fruition with respect to human health
and disease and that they could, potentially, have significant health and socio-
economic benefits. This is certainly rewarding, and this spirit, together with a
positive outlook for an interesting future for CK- and Cr-related research ahead,
prevails throughout the book, including the concluding chapter (chapter 16; Wyss
et al., 2007). Again, this book is important, for it represents a timely synopsis of
past achievements and new developments in the field. Significant advances have
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been made in deciphering some important aspects of the molecular structure and
function of CK, the involvement of this enzyme in cellular energy distribution
networks, and in revealing new and unexpected facts on the pleiotropic effects of
Cr. These effects are important for normal cell function and can be exploited for
practical application in health and disease. The reader can expect to learn much
about the multifaceted role of CK and Cr in the context of cellular bioenergetics and
will appreciate the broad spectrum of multidisciplinary approaches from molecular
to cellular and finally to clinical Cr-related research.

Again, overall, this book makes a highly recommended reading for everybody
interested in bioenergetics, energy homeostasis, as well as in theoretical and applied
aspects of CK and Cr research, including the potential benefits of Cr supplemen-
tation for human health and disease. I can endorse the outlook given in the final
chapter (chapter 16; Wyss et al., 2007), where some interesting new aspects and
possibilities concerning the future directions of Cr-related research are given, more
appropriate Cr supplementation dosages are recommended, a list of clinical appli-
cations of Cr is provided, and potentially valuable new applications of Cr are
presented for healthy people, both young and old. Thus, it is obvious that Cr has
evolved from a simple “energy precursor metabolite” to a “true” ergogenic dietary
supplement and, finally, to a promising cheap therapeutic agent with a potentially
huge health and socio-economic impact. An exciting new era for the Cr field is
conveyed not only for the Cr research community but also for the general reader
of this book.
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EARLY EVOLUTION OF THE CREATINE KINASE
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Abstract: The creatine kinase (CK)/phosphocreatine (PCr) energy buffering system is widespread
in animal groups. Recent genomic sequencing and experimental results support the view
that the capacity for creatine biosynthesis and membrane transport may have evolved
quite early, perhaps coincident with CK. Conventional wisdom would suggest that CK
evolved from an ancestral protein most similar to the CK homologue, arginine kinase.
This early CK gene subsequently diverged into the cytoplasmic, mitochondrial and
flagellar CK gene families. It is now clear that both the mitochondrial and cytoplasmic-
flagellar genes were present prior to the divergence of sponges from the multi-cellular
animal (metazoan) lineage, possibly as long as a billion years ago. Sponges constitute
the most ancient, extant metazoan group. It is likely that the primary function of the CK-
PCr system in these primitive animals was to mitigate reaction-diffusion constraints in
highly polarized cells such as spermatozoa and choanocytes, the water current generating
cells in sponges

1. CELLULAR REQUISITES FOR CK-BASED ATP, INORGANIC
PHOSPHATE AND PROTON BUFFERING

Creatine kinase (CK) is a member of a highly conserved family of phosphoryl
transfer enzymes called phosphagen (guanidino) kinases. Phosphagen kinases
catalyze the reversible transfer of phosphate from a phosphorylated guanidine
compound (phosphagen) to ADP yielding ATP and the guanidino substrate. In
addition to CK, a broad range of other phosphagen kinases have been discovered
and characterized including arginine, glycocyamine, hypotaurocyamine, lombricine,
opheline, taurocyamine and thalassemine kinases (reviewed by Ellington, 2001).

17

G.S. Salomons and M. Wyss (eds.), Creatine and Creatine Kinase in Health and Disease, 17-26.
© 2007 Springer.



18 Ellington and Suzuki

The CK reaction (phosphocreatine [PCr] + MgADP + H™ < creatine [Cr] +
MgATP) fulfills a variety of physiological roles in cells displaying high and
variable rates of ATP turnover including (a) temporal and spatial ATP buffering,
(b) regulation of glycogenolysis through the sequestration and release of inorganic
phosphate and (c) intracellular pH regulation via the liberation of inorganic
phosphate, an effective proton buffer, upon net PCr hydrolysis (Ellington, 2001).
Much of our understanding of these physiological roles as well as the nature of CK
is based on studies of higher animals, mostly mammals and birds. However, the
CK/PCr system is widespread in higher and lower invertebrate groups.

Creatine is isolated from the mainstream of amino acid metabolism and as such
is a dead-end compound; its sole known metabolic fate is to be phosphorylated
and dephosphorylated by the CK reaction (Walker, 1979). Creatine and phospho-
creatine are subject to a spontaneous, non-enzymatic conversion to creatinine and
phosphocreatinine which amounts to a significant drain on the cellular Cr/PCr
pool (Walker, 1979). Clearly, a major requisite for a functional CK/PCr system
is a source of Cr either from de novo biosynthesis and/or dietary uptake (Wyss
and Kaddurah-Daouk, 2000). This former process is mediated by a biosynthetic
pathway involving arginine:glycine amidinotransferase (AGAT) and guanidinoac-
etate methyltransferase (GAMT) (Wyss and Kaddurah-Daouk, 2000). If Cr is
acquired from the diet, or its biosynthesis is compartmentalized within a given
organism, for phosphorylation to take place Cr must be transported across plasma
membranes into cells containing CK. A Nat-and Cl~-dependent Cr transporter
(CreaT) appears to facilitate this process (Wyss and Kaddurah-Daouk, 2000; Snow
and Murphy, 2001). The last, essential requisite is the presence of CK. In higher
organisms, the original CK gene has diverged into three CK isoform families,
cytoplasmic, mitochondrial and flagellar (Cyt-, Mt- and FIgCKs), each targeted to
different cellular micro-compartments (Wallimann et al., 1992, Ellington, 2001).

This chapter will demonstrate that the bulk of the critical requisites for the
functioning of the CK/PCr system — Cr biosynthetic capacity, CreaT and CK isoform
diversity — were likely present early in the radiation of metazoans. Furthermore,
we will argue that the driving force for the evolution of this system was related to
problems of spatial mismatch of ATP supply and demand in highly polarized cells.

2. Cr/PCr AND Cr BIOSYNTHETIC CAPACITY
ARE WIDESPREAD IN LOWER GROUPS

The presence of Cr and PCr in protochordates and invertebrates has long been
recognized (Roche er al., 1957; Robin, 1964; Van Pilsum et al, 1972; Beis
and Newsholme, 1975; reviewed in Ellington, 2001). While the capacity for Cr
biosynthesis in vertebrates is well established (Walker, 1979; Wyss and Kaddurah-
Daouk, 2000), until recently considerable doubt has existed as to whether lower
groups such as protochordates and invertebrates possessed such a capacity. In an
extensive survey of Cr levels and potential activities of AGAT and GAMT in
higher and lower animals, Van Pilsum et al. (1972) were unable to detect significant
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Cr biosynthetic enzyme activities in selected protochordates and invertebrates, even
in groups that exhibited substantial tissue levels of Cr. These authors argued that
these organisms likely maintained Cr/PCr pools from dietary sources and/or direct
uptake from seawater in the case of marine species (Van Pilsum et al., 1972). In
support of the latter possibility, they subsequently demonstrated that the marine
worm Glycera dibranchiata, a species that maintains high muscle Cr/PCr levels
(Van Pilsum et al., 1972), is capable of taking up Cr directly from seawater
in a process that demonstrated transporter-like saturation kinetics (Van Pilsum
et al., 1975).

The potential for Cr biosynthesis in lower groups was recently re-examined
by DeLigio and Ellington (2006). These authors argued that dietary uptake as a
generic source of Cr is unlikely due to spectacular diversity of feeding strategies
in these groups — strict herbivores, omnivores, raptors, detritus/deposit feeders and
filter feeders (DeLigio and Ellington, 2006). Furthermore, they also discounted the
potential for direct uptake from seawater given the low and variable natural levels
of Cr and the fact that Cr would be subjected to the same non-enzymatic conversion
to creatinine as takes place in living systems.

DeLigio and Ellington (2006) found that the protochordate tunicate (sea squirt)
Ciona intestinalis expresses GAMT in four different tissues. When the cDNA
for this GAMT was expressed in E. coli, the resulting recombinant GAMT
displayed similar specific activities and apparent K, for guanidinoacetate as typical
mammalian GAMTs. Furthermore, quantitative PCR demonstrated that this GAMT
is expressed primarily in the stomach and gonad, close to the site of packaging of Cr
into the primitive-type spermatozoa of this organism (DeLigio and Ellington, 2006).
In addition to the empirical studies, DeLigio and Ellington (2006) also conducted
extensive mining of genomic and EST sequences available in GenBank and
other on-line data repositories. GAMT sequences were found in the protochordate
lancelet Branchiostoma, the sea urchin Strongylocentrotus and in the primitive
colonial hydroid Hydractinia. Furthermore, AGAT sequences were found in Ciona,
Branchiostoma and Strongylocentrotus (DeLigio and Ellington, 2006).

The available data support the view that the capacity for de novo Cr biosynthesis
is likely widespread in the higher and lower invertebrate groups that maintain
significant Cr/PCr pools and express CK. Validation of this assertion will come from
the numerous genome and EST sequencing projects that are currently underway.

3. CreaT IS PRESENT IN PROTOCHORDATES AND LIKELY
IN INVERTEBRATE GROUPS

CreaT couples the movement of Na™ and Cl~ down their concentration gradients
with the movement of Cr across the plasma membrane. CreaT is a member of a
family of solute transporters (see chapter 6; Christie, 2007; Wyss and Kaddurah-
Daouk, 2000). The annotated genomic database for the tunicate Ciona shows that
this protochordate does have the gene that codes for CreaT, as shown in Figure 1.
Although the solute specificity of the Ciona transporter has not been experimentally
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1 50

ci01001489 MNPQPSTGTR-CPSCCASNPCGDLPCNCNMVSAS --GQRETWDKKLDFIL
Torpedo MPSRAVRRCPGHLCKEMRAPRRAQPPDVPAGEPGSRVIWSRQMDFIM

51 100

ci01001489 SCVGFAVGLGNVWRFPYLCYKNGGGAFLIPYLLFIVTSGVPVFFLETSLG
Torpedo SCVGFAVGLGNVWRFPYLCYKNGGGVFLIPYLLVAVFGGIPIFFLEISLG
101 150
ci01001489 QFMKQGGIGIWNICPLMKGIGFASTVIVFFCNCYYILVLTWAIYYLYRSF
Torpedo QFMKAGGINAWNIAPLFKGLGYASMVIVFFCNTYYILVLTWSSFYLVQSF
151 200
ci01001489 TAVLPWATCGNAWNTNGSTNTSLLNSTSSFNFTS-LSSPVIEFWEREVLK
Torpedo SSPLPWASCNNTWNTAACYEAGANASTEIYPPTAPAQSSIVQFWERRVLR
201 250
ci01001489 ITSDITETGSIRWELAICLFIAWVLCYVCICKGVRATGKIVYFTALFPYV
Torpedo LSSGLGDVGEIGWELTLCLTATWMLVYFCIWKGVKTSGKVVYVTATFPYI
251 300
ci01001489 VLLCLLIRGSMLPGALKGVEFYIKPNWTKLQEAQVWIDAGTQVFFSYAIG
Torpedo ILVILLVRGVTLHGAVQGIVYYLQPDWGKLGEAQVWIDAGTQIFFSYAIG
301 350
ci01001489 LGALSALGSYNLYNNDCFKDCLILATVNSATSFFAGFVIFTFLGFMAHEQ
Torpedo LGTLTALGSYNQLHNDCYKDAFILSLVNSATSFFAGLVVFSILGFMAVEE
351 400
ci01001489 RVPIERVAESGPGLAFIAYPKGVTLMPLSPLWSCLFFLMILMLGLDSQFV
Torpedo GVDISVVAESGPGLAFIAYPKAVTLMPFPQVWAVLFFIMLLCLGLGSQFV
401 450
ci01001489 GVEGFLTAIIDMYPRVL--RPKRAIFAAVTCSVCFLVALSMITEGGMYVF
Torpedo GVEGFVTAILDLWPSKFSFRYLREVVVAMVICLSFLIDLSMITEGGMYIF
451 500
ci01001489 QIFDYYSASGMTLLWMSLWECVTIAWIYGAERYYQDLKDMIGYRPPSLFK
Torpedo QIFDYYSASGTTLLWTAFWECVAVAWVYGGDRYLDDLAWMLGYRPWALVK
501 550
ci01001489 YCWLFVTPAVALGILIFVLVSHKPLTYNRTYEYPWWGLLIGWVLALSSML
Torpedo WCWSVITPLVCMGIFTFHLVNYKPLTYNKTYTYPWWGEAIGWCLALASML
551 600
ci01001489 CVPIVAAYRLAKAKGSTFLQRFSNAIRPQFKSHH-SEKYWDGKLMQNIFI
Torpedo CVPTTVLYSLSRGRGS-LKERWRKLTTPVWASHHLAYKMAGAKINQPCEG
601 615
ci01001489 TE
Torpedo VVSCEEKVVIFESVL

Figure 1. Multalin (http://prodes.toulouse.inra.fr/multalin/) sequence alignment of a deduced
amino acid sequence from a genomic sequence contig (ci01001489; http://genome.jgi-psf.org/
ciona4/ciona4.home.html) of a CreaT from Ciona with the CreaT from the electric ray Torpedo (Guimbal
and Kilimann, 1994).

validated, our BLAST searches consistently have shown that this protein is most
similar to vertebrate CreaTs (Ellington, unpublished observations).

tBLASTn searches of the sea urchin Strongylocentrotus genomic database
(http://www.ncbi.nlm.nih.gov/genome/guide/sea_urchin/) using the Ciona CreaT
deduced amino acid sequence as a query have revealed a number of promising CreaT
gene candidates (Ellington, unpublished observations). The previously mentioned
observation that the marine worm Glycera has carrier-mediated capacity for Cr
uptake (Van Pilsum et al., 1975) supports the view that CreaT is also present in
this protostome invertebrate. It should be noted that the apparent K, for Cr uptake
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in Glycera was 37 pM (Van Pilsum et al., 1975), which falls in the middle of
the range of corresponding K,, values for vertebrate CreaTs (Wyss and Kaddurah-
Daouk, 2000). The available evidence is highly suggestive that CreaTs are widely
distributed in lower animal groups.

4. CK ISOFORM DIVERGENCE OCCURRED AT THE DAWN
OF THE RADIATION OF THE METAZOA

Creatine kinases actually constitute a superfamily of three isoform gene families
each targeted to different intracellular compartments — cytoplasmic (CytCK),
mitochondrial (MtCK) and flagellar (FIlgCK) CKs. The former two gene families
code for proteins that exist as oligomers — CytCKs are dimers while typical MtCKs
exist as both dimers and octamers, with the latter predominating under physiological
conditions (Wallimann et al., 1992; Wyss et al., 1992). FlgCKs are “contiguous
trimers” consisting of three fused, complete CK domains in a single polypeptide
chain and most likely resulted from a gene duplication/fusion event followed
by unequal crossing over (Wothe ef al., 1990). CytCKs, octameric MtCKs and
FlgCKs evolved before the divergence of the protostome (most invertebrates such
as arthropods, mollusks, worms) and deuterostome (echinoderms, protochordates,
vertebrates) lineages, at least 650 million years ago (Ellington et al., 1998; Suzuki
et al., 2004).

Sponges (phylum Porifera) are the most ancient, extant group of multi-cellular
animals, having diverged from the metazoan lineage as much as a billion years
ago (West and Powers, 1993). Early (Roche et al., 1957; Robin and Guillou, 1980)
and more recent (Ellington, 2000) studies showed that these organisms contain Cr
and CK activity. Sona et al. (2004) cloned and expressed in E. coli the cDNAs
for three CKs from the sponge Tethya aurantia. One of these CKs, denoted CK2,
corresponded to a true MtCK and contained a mitochondrial targeting sequence.
Interestingly, when CK2 was expressed, it was found to be an obligate dimer (Sona
et al., 2004). The other two CKs, denoted CK1 and CK3, displayed great sequence
similarities to the domains of the FIgCKs from the marine worm Chaetopterus, the
sea urchin Strongylocentrotus and the tunicate Ciona; these CKs were found to be
dimeric in quaternary structure (Sona et al., 2004).

A phylogenetic analysis of these Tethya CK sequences with other CKs is shown
in Figure 2. Three distinct clusters are evident — mitochondrial, flagellar and
cytoplasmic CKs. Tethya MtCK (CK2), not surprisingly, is at the base of the MtCK
lineage, which consists of octameric MtCKs from protostomes and deuterostomes
(Figure 2). Given its dimeric quaternary structure and basal position in the MtCK
lineage, it is clear that the sponge MtCK is an immediate ancestor of MtCKs in
higher groups. The CytCKs form a distinct lineage with the protostome CytCKs
forming a distinct sub-cluster (Figure 2). The protochordate tunicate Ciona is at the
base of the sub-cluster containing the muscle-type (M) and brain-type (B) CytCKs
found in the vertebrates (Figure 2).
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Figure 2. Neighbor Joining (NJ) tree showing the position of the sponge Tethya CKs in relation to the
Mt-, Flg- and CytCK clusters [vertical lines] (from Sona et al., 2004). FlgCKs are denoted fCK.

The two dimeric CK1 and CK3 from Tethya do not cluster with the CytCKs but
rather are weakly associated with the FIgCK cluster (Figure 2). Previous phyloge-
netic analyses have shown that the FIgCKs are much more closely related to the
CytCKs than MtCKs (Suzuki et al., 2004). Given the sequence similarities between
Tethya CK1 and CK3 and the domains of the FIgCKs as well as the phyloge-
netic results (Figure 2), these CKs have been referred to as protoflagellar CKs
(protoflgCKs; Sona et al., 2004). It is possible that these protoflgCKs in sponges
constitute the immediate ancestors of the FlgCKs and are basal to the CytCKs,
which evolved later.

CKs are thought to have evolved from an ancestral protein most similar to arginine
kinase (AK) (Watts, 1971). AKs are considered basal because these proteins are
typically functional monomers, utilize an unmodified amino acid substrate, arginine,
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and are widely distributed in the invertebrates and protozoa (Ellington, 2001; Uda
et al., 2006). CKs likely emerged as a result of an AK gene duplication event
followed by divergence leading ultimately to the acquisition of creatine specificity
and dimeric quaternary structure. Subsequent gene duplication events led to the
evolution of the CK isoform system.

5. THE EARLY PHYSIOLOGICAL ROLE OF THE CK/PCr
SYSTEM

The MtCK and protoflg/FIgCK lineages were present prior to the divergence of the
most ancient, living group of multi-cellular animals — the sponges. CK isoform genes
are clearly ancient. This observation sets the stage for a number of fundamental
questions: (a) What were the driving forces that led to CK isoform diversity? And
(b) what is (are) the physiological role(s) of the CK/PCr system in sponges and
their immediate ancestors?

To answer the above questions, it is useful to point out an interesting
set of puzzling patterns with respect to the distribution of phosphagens and
their corresponding phosphagen kinases. Many protochordates and invertebrates
display what has been termed the “pluriphosphagen” phenomenon (Robin, 1964;
Ellington, 1989). That is, within a given organism, more than one phosphagen and
its corresponding phosphagen kinase may be present. This is particularly true of
marine worms where as many as three different phosphagen systems may be present
in a single organism. However, a very consistent pattern of cellular distribution
with respect to CK/PCr is seen. In marine worms, echinoderms and protochor-
dates, regardless of which phosphagen system is present in somatic cells and eggs,
the spermatozoa in these groups, without exception, express CK and accumulate
significant pools of PCr and Cr (Ellington, 1989, 2001).

The CK/PCr system plays a critical role in sperm motility due to the extreme
polarization of ATP source (mitochondria in the sperm mid-piece) and ATP sink
(dynein ATPases in the flagellum), creating reaction-diffusion constraints. This
role in spatial ATP buffering in spermatozoa has been validated experimentally
(Tombes et al. , 1985; Van Dorsten et al., 1995). Primitive-type sperm contain
true Mt- and FlgCKs (Tombes and Shapiro, 1989); FlgCKs are localized in the
flagellar membrane via a myristate anchor (Quest ez al., 1992). Thus, CK activities
are localized at ATP source and sink providing the elements for a spatial ATP
buffering and energy transport pathway as is shown in the right portion of Figure 3.

Sponges and other basal metazoans typically shed gametes into the water column
for external fertilization. The primitive type sperm of these organisms are highly
motile. Certainly, one likely site where Mt- and protoflgCKs could be expressed
in sponges is in sperm. While the sponge protoflgCKs do not appear to undergo
myristoylation, these proteins are most likely cytoplasmic and would be distributed
throughout the cell, including the flagellum. Thus, these cells would have the CK
elements necessary for a fully functional spatial ATP buffering system.



24 Ellington and Suzuki

Figure 3. Spatial ATP buffering by the CK/PCr system in spermatozoa and sponge choanocytes.
Abbreviations: Mt (mitochondrion); N (nucleus); oxphos (oxidative phosphorylation).

A second cell type in sponges may also be a likely site for CK isoform expression.
Sponges have unique and highly specialized, flagellated cells called choanocytes
(Figure 3), which generate the water currents in these organisms that provide
nutrients and oxygen and remove wastes. Choanocytes form water-filled chambers
within sponges and generate flow velocities as high as 22 cm/sec (Reiswig, 1975)
and replace their entire body volume in water in 5 sec (Vogel, 1977). Flow gener-
ation is continuous. Mt- and protoflgCKs could potentially mediate spatial ATP
buffering (see Figure 3). Choanocytes and sperm are developmentally related as it
has been shown that sponge spermatozoa develop from choanocytes during gameto-
genesis (Kay and Reiswig, 1991).

The presence of these CK isoforms in sponge spermatozoa and choanocytes
remains to be experimentally validated. However, it seems highly likely that CK
isoform systems evolved in flagellated cells of early metazoans or their immediate
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protozoan ancestors as a means of mitigating reaction-diffusion constraints with
respect to energy homeostasis. We have argued elsewhere that spatial ATP buffering
was the early, primitive functional role of the CK reaction (Ellington, 2001). An
extension of this argument is that the temporal ATP buffering role was acquired
later with the advent of high power output neuromuscular systems.

6. SUMMARY

In this chapter we have shown that the CK/PCr system likely evolved in the
earliest animals to facilitate energy transport in flagellated cells. The system of CK
isoforms evolved very early with the Mt- and protoflg/FIgCKs being present in
the most ancient, extant group of multi-cellular animals, the sponges. The selective
pressure for the origin and divergence of these isoforms is related to the spatial ATP
buffering role of the reaction in these cells. Available evidence would suggest that
the enzymes of Cr biosynthesis, AGAT and GAMT, evolved very early, most likely
coincident with the origin of CK. Furthermore, the capacity for membrane transport
of Cr, as mediated by CreaT, may be present in invertebrate groups that maintain
significant pools of Cr/PCr. Thus, the acquisition of CK, the CK isoform system
and the capacity for Cr biosynthesis and transport can be viewed as a unique series
of co-evolutionary events. The ultimate output of these events is manifested in the
CK/PCr system and its critical physiological roles in higher organisms including
man.
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Abstract: In this review, we summarize the main structural and functional data on the role of the
phosphocreatine (PCr) — creatine kinase (CK) pathway for compartmentalized energy
transfer in cardiac cells. Mitochondrial creatine kinase, MtCK, fixed by cardiolipin
molecules in the vicinity of the adenine nucleotide translocator, is a key enzyme in this
pathway. Direct transfer of ATP and ADP between these proteins has been revealed both
in experimental studies on the kinetics of the regulation of mitochondrial respiration
and by mathematical modelling as a main mechanism of functional coupling of PCr
production to oxidative phosphorylation. In cells in vivo or in permeabilized cells in
situ, this coupling is reinforced by limited permeability of the outer membrane of the
mitochondria for adenine nucleotides due to the contacts with cytoskeletal proteins. Due
to these mechanisms, at least 80% of total energy is exported from mitochondria by
PCr molecules. Mathematical modelling of intracellular diffusion and energy transfer
shows that the main function of the PCr — CK pathway is to connect different pools
(compartments) of ATP and, by this way, to overcome the local restrictions and diffusion
limitation of adenine nucleotides due to the high degree of structural organization of
cardiac cells
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1. GENERAL DESCRIPTION OF THE CREATINE KINASE
SYSTEM IN MUSCLE CELLS

High work requirements and the unique contractile function of the heart have made
cardiac muscle the most intensively studied object in bioenergetics. Among other
items, the role of the creatine kinase (CK) system has been thoroughly studied
in cardiac cells during several decades in many laboratories. In this review, we
summarize the data regarding the role of the CK system in heart, with the aim to
emphasize the most important evidences of functioning of this system. Its role is
equally important both in skeletal and smooth muscle, in brain, and in many other
types of cells, as described elsewhere (Wallimann and Hemmer, 1994; Ames, 2000).

Energy metabolism of cardiac cells is based on aerobic oxidation of fatty
acids and carbohydrate substrates, coupled to ATP production by mitochondrial
oxidative phosphorylation (Neely and Morgan, 1974; Williamson et al., 1979;
Opie, 1998; Stanley et al., 2005; Taegtmeyer et al., 2005). Then, the energy is
supplied to the sites of its utilization via structurally and functionally organized
phosphotransfer networks (Wallimann et al., 1992; Dzeja and Terzic, 2003; Saks
et al., 1994, 2006a). The cardiac cell is structurally and functionally highly ordered,
with very regular crystal-like arrangement of mitochondria and a unitary (modular)
nature of energy metabolism (Saks et al., 2001; Seppet et al., 2001; Vendelin
et al., 2005; Weiss et al., 2006), organized into intracellular energetic units, ICEUs
(Figure 1). All CK isoenzymes are compartmentalized in the cells, within these
ICEUs. Mitochondrial isoforms of CK were discovered in Klingenberg’s laboratory
in 1964 (Klingenberg, 1964), shortly after the discovery of the cytosolic MM- and
BB-CK isoforms (see Eppenberger et al., 1967). In muscle cells, significant fractions
of the MM isozyme are connected structurally to the myofibrils, to the membrane of
sarcoplasmic reticulum (SR) and to the sarcolemma (Wallimann et al., 1992, 1998;
Dzeja et al., 1998; Wyss and Kaddurah-Daouk, 2000; Dzeja and Terzic, 2003;
Bessman and Geiger, 1981; Scholte, 1973; Saks et al., 1974, 1977, 2006b;
Sharov et al., 1977, Wallimann and Hemmer, 1994; Schlegel et al., 1988a;
Haas and Strauss, 1990; Fritz-Wolf et al., 1996; Qin et al., 1998; Schlattner
et al., 2000; Burklen et al., 2006). This intracellular compartmentation of the CK
isozymes forms the structural basis for an energy transfer network — the so-called
phosphocreatine (PCr) circuit. Below, we first describe the structural evidence
for the CK pathway and then the mechanisms of functioning for each of the
CK isoenzymes.

2. STRUCTURAL STUDIES

The molecular structure and structure-function relationships of creatine kinase
isoenzymes have been studied in much detail by some of us and other groups
(Fritz-Wolf et al., 1996; McLeish and Kenyon, 2005; Schlattner et al., 1998;
Schlegel et al., 1988b; Schnyder et al., 1994). In particular, the MtCK isoenzymes
and their proteolipid complexes have been analyzed by various approaches. This
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Figure 1. The coupled CK and adenylate kinase (AK) reactions within the intracellular energetic units
(ICEUs) in muscle cells. By interaction with cytoskeletal elements, the mitochondria and sarcoplasmic
reticulum are precisely fixed with respect to the structure of a sarcomere of myofibrils, i.e. between
two Z-lines and, correspondingly, between two T-tubules. Calcium is released from the sarcoplasmic
reticulum into the ICEU space in the vicinity of mitochondria and sarcomeres to activate contraction
and mitochondrial dehydrogenases. Adenine nucleotides within the ICEU do not equilibrate rapidly with
adenine nucleotides in the bulk water phase. ANT is mitochondrial adenine nucleotide translocase, and
FyF, is the ATP synthase complex. The mitochondria, sarcoplasmic reticulum, MgATPase of myofibrils
as well as ATP-sensitive systems in the sarcolemma are interconnected by metabolic channeling of
reaction intermediates and by high-energy phosphate transfer within the ICEU by the CK-PCr system.
Protein factors (still unknown and marked as “X”), most probably connected to the cytoskeleton, fix
the position of mitochondria and probably also control the permeability of the voltage-dependent anion
carrier (VDAC) channels for ADP and ATP. Adenine nucleotides within the ICEU and the bulk water
phase may be connected by some more rapidly diffusing metabolites such as Cr and PCr. Synchronization
of the functioning of ICEUs within the cell may occur by the same metabolites (for example, P; or
PCr) and/or by synchronized release of calcium during the excitation-contraction coupling process. This
scheme is an artwork of Christian Linke, a student of the Erasmus programme.

work has been summarized in several recent reviews (McLeish and Kenyon, 2005;
Schlattner et al., 1998, 2006; Schlattner and Wallimann, 2004, 2006; Wallimann
et al., 1992). Only a brief summary is given here, and the reader is referred to the
cited reviews for a more detailed description and original references.

The solution of atomic structures of all four CK isoenzymes during the last
decade, most of them with participation of some of us (Eder et al., 1999, 2000;
Fritz-Wolf et al., 1996; Rao et al., 1998), as well as of the transition state structure
of a related arginine kinase (Zhou er al., 1998) were an enormous contribution to
the field. It allowed for the first time to put earlier data in a structure-function
framework and to design new experiments that specifically target CK functions, for
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example, the specific association of CK isoenzymes with partner proteins involved
in ATP-delivering or -consuming processes.

Mitochondrial creatine kinase differs from cytosolic CK not only by its organellar
localization, but also by two important other properties (Figure 2). First, while the
cytosolic CK isozymes are strictly dimeric, MtCK forms not only dimers but is
able to reversibly associate into highly ordered, cuboidal octamers, the predominant
form in vitro as well as in vivo. Second, octameric MtCK behaves as a peripheral
membrane protein, interacting with different protein and lipid components of the
mitochondrial membranes.

The MtCK octamer is stabilized in vivo by high protein concentrations
in the mitochondrial intermembrane space and its binding to mitochondrial
membranes. Kinetic and thermodynamic properties of octamer/dimer transitions
were suggested as regulatory parameters for energy transduction in mitochon-
drial intermembrane contact sites. However, octamer/dimer transitions are too
slow for fast metabolic adaptations, although they might play a role in long-
term adaptations or modulation of energy metabolism. In contrast, octamer/dimer
transitions may be crucial in pathological situations (Stachowiak et al, 1998,
Schlattner et al., 2006).

Octameric MtCK is characterized by specific membrane-binding properties that
are absent or less developed in dimeric MtCK. Also cytosolic CK isoenzymes are
mainly soluble, and only a fraction is bound to particular subcellular structures like
myofibrils, sarcoplasmic reticulum or plasma membrane (Wallimann et al., 1992).
By contrast, octameric MtCK behaves as a typical peripheral membrane protein
(Schlattner et al., 2006). It occurs in cristac and the peripheral intermembrane
space of mitochondria (Figure 3) and shows a strong affinity for acidic phospho-
lipids, in particular cardiolipin (diphosphatidyl glycerol) in the outer leaflet of
the inner membrane, and to mitochondrial porin (VDAC, voltage dependent anion
channel) in the outer membrane. Thus, by its size and its binding properties,
MtCK can bridge the intermembrane space. There is also good evidence for a
functional interaction of MtCK with the transmembrane protein adenine nucleotide
translocator (ANT) in the inner mitochondrial membrane. However, the associ-
ation between these two proteins seems to be indirect and mediated by cardi-
olipin. Both MtCK and ANT show a high affinity for cardiolipin (K, < 100nM),
which may lead to close co-localization in cardiolipin membrane patches. It is
well known that cardiolipin-protein interactions are important for subunit assembly
and complex formation of mitochondrial inner membrane proteins. Two recent
studies are in full support of the MtCK-cardiolipin-ANT model. In collaboration
with Epand’s group, we could show that octameric MtCK can indeed induce cardi-
olipin clusters in model membranes (Epand et al., 2007), and that the resulting
proteolipid complexes can even play a role in transmembrane lipid transfer (Epand
et al., 20006).

The proteolipid complexes containing octameric MtCK, situated in the peripheral
intermembrane space and the cristae (Figure 3), are perfectly suited to sustain the
channeling of substrates and products of the reaction, thus avoiding dissipation
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Figure 2. Proteolipid-complex formation of MtCK in the mitochondrial intermembrane space.
(A) Nascent MtCK is imported into the mitochondrial intermembrane space, the mitochondrial targeting
sequence is cleaved off, and folding is accompanied by assembly into dimers (blue banana-shaped
molecule). (B) MtCK dimers rapidly associate into cube-like octamers with four-fold symmetry; this is
a reversible association, but octamers are strongly favored at the pH values and MtCK concentrations
present at this location. (C) Octameric MtCK binds to both mitochondrial membranes and assembles into
proteolipid complexes containing the voltage-dependent anion carrier (VDAC = porin) and the adenine
nucleotide transporter (ANT). Principal high-affinity receptors for MtCK are cardiolipin in the inner
membrane (black rectangles in the vicinity of ANT) and VDAC together with other anionic phospho-
lipids in the outer membrane. (D) Enlarged C-terminal membrane- (cardiolipin-) binding domain of
MtCK, showing the involved basic lysine residues (indicated as K369, K379 and K380 of the C-terminus
of MtCK) that bind to acidic phospholipids (cardiolipin). Interaction of MtCK with ANT is most likely
indirect and involves common cardiolipin patches (see dark rectangles in the vicinity of ANT in C).
Due to the symmetrical nature of the MtCK octamer, MtCK mediates contacts between the inner and
outer membrane through four C-terminal proteolipid complexes with the outer membrane and four with
the inner membrane, one of them depicted by a circle in C. The membrane-bound state of octameric
MtCK is strongly favored by the large membrane interaction surface and the high affinity of MtCK for
cardiolipin (K = 80nM) and VDAC (K, < 100nM). Binding of dimers to phospholipid membranes
occurs with much lower affinity and probably involves association into octamers while bound to the
membrane. (A)-(C) show the X-ray structure of chicken sarcomeric MtCK in cartoon representation;
each dimer is represented in a different color; (D) shows human sMtCK in space-filling representation
with the following amino acid color code: red — acidic, blue — basic, yellow — hydrophobic. Figure
modified from Schlattner et al., 2004, 2006; Schlattner and Wallimann, 2006 with kind permission from
J. Biol. Chem. and Nova Publishers.

of ATP into the bulk solution and driving the reaction towards phosphocreatine
generation (for details see Figure 3). In contrast to octamers, dimeric MtCK has
only low affinity to membranes and is much less efficient for cardiolipin clustering
and channeling of energy-rich metabolites in mitochondrial contact sites (Epand
et al., 2007; Khuchua et al., 1998).
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Figure 3. MtCK microcompartments in mitochondria: dual localization of MtCK and putative metabolite
routes. MtCK is found at two mitochondrial locations: (A) the peripheral intermembrane space, mainly
in so-called mitochondrial contact sites in association with adenine nucleotide transporter (ANT) and
voltage-dependent anion carrier (VDAC), as well as (B) along the cristae space in association with ANT
only. (C) Visualization by post-embedding immuno-gold labeling of MtCK in a mitochondrion from
a photoreceptor cell of chicken retina. The proteolipid complexes assembled by MtCK (see Figure 2)
create microcompartments that allow for a direct exchange (called metabolite channeling or functional
coupling) of MtCK substrates and products, which is depicted by arrows: (A) In contact sites, octameric
MtCK binds simultaneously to inner (IM) and outer mitochondrial membranes (OM), due to the identical
top and bottom faces of the octamer. Binding partner in the inner membrane is the two-fold negatively
charged cardiolipin, which allows a functional interaction with the ANT that is situated in cardiolipin
membrane patches. In the outer membrane, MtCK interacts with other acidic phospholipids and, in a
calcium-dependent manner, directly with the pore-forming VDAC. In contact sites, metabolite channeling
allows for a constant supply of substrates to and removal of products from the active sites of MtCK.
By preventing the dissipation of mitochondrially generated ATP into the cytosol, its energy content
is directly transferred by MtCK to creatine to yield phosphocreatine, a metabolically inert compound.
Phosphocreatine is then diffusing via VDAC into the cytosol, where it is available to CKs at various
locations for in situ regeneration of ATP. Vice versa, intramitochondrial regeneration of ADP stimulates
oxidative phosphorylation. (B) In cristae, ATP/ADP exchange occurs as in contact sites, while creatine
and phosphocreatine have to diffuse along the cristae space to reach VDAC. Figure modified from
Schlattner and Wallimann, 2004, 2006; Schlattner et al., 2006 with kind permission from J. Biol. Chem.
and Nova Publishers.
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3. FUNCTIONAL STUDIES
3.1. Mitochondrial Creatine Kinases

In 1939, Belitzer and Tsybakova showed that in muscle homogenates, oxygen
consumption was stimulated by creatine (Cr) and resulted in PCr production with
a ratio of PCr/O of approximately 3 (Belitzer and Tsybakova, 1939). This result
was the earliest indication for a functional coupling between MtCK and oxidative
phosphorylation (see below). It is interesting to note that in their experiments on
well washed skeletal muscle homogenates, Belitzer and Tsybakova observed strong
stimulation of respiration by Cr without addition of exogenous adenine nucleotides.
Much later, the same effect was described by Kim and Lee (1987) for isolated
pig heart mitochondria and by Dolder er al. (2003) for liver mitochondria from
transgenic mice expressing active MtCK. The results of these latter studies could be
explained by very efficient use of endogenous adenine nucleotides by the coupled
MtCK reaction. Bessman and Fonyo (1966) as well as Vial et al. (1972) showed in
studies on isolated heart muscle mitochondria that in the presence of ATP, addition
of Cr significantly increased the state 4 respiration rate. In 1973, Jacobus and
Lehninger studied the kinetics of the stimulatory effect of Cr on the state 4 respi-
ration rate and found that at its physiological concentration of 10—15 mM, Cr stimu-
lated the respiration maximally to the state 3 level (Jacobus and Lehninger, 1973).
The details of this effective mechanism of PCr production coupled to oxidative
phosphorylation in isolated rat heart mitochondria were studied by applying kinetic
analysis with some elements of mathematical modelling (Saks et al., 1975; Jacobus
and Saks, 1982). The results showed that oxidative phosphorylation controls PCr
production in heart mitochondria. When uncoupled from oxidative phosphorylation
(if the latter is not activated, for example), the MtCK reaction does not differ
kinetically and thermodynamically from other CK isoenzymes: the reaction always
favours ATP production and — according to the Haldane relationship — ADP and
PCr binding is more effective due to higher affinities than that of ATP and Cer,
respectively (Saks ef al., 1974, 1975). When the calculated predicted rates of the
reaction were compared with the experimental ones, good agreement was seen in
the absence of oxidative phosphorylation but not when the latter was activated:
under conditions of oxidative phosphorylation, the MtCK reaction was strongly
shifted towards PCr synthesis (Saks et al., 1975). This suggested that ATP produced
by mitochondrial oxidative phosphorylation is a much more effective substrate for
MtCK than exogenous MgATP in the medium, and it was proposed that this is
due to direct ANT-mediated transfer of ATP from the matrix space to MtCK,
which should be located in close proximity to ANT to make such direct channeling
possible (Saks et al., 1975; Jacobus and Saks, 1982).

3.1.1. Kinetic evidence for the functional coupling between MtCK
and ANT by direct transfer of ATP

A simple kinetic protocol was developed for demonstration of the mechanism of
functional coupling between MtCK and ANT, which is shown in Figure 4 for
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isolated mitochondria. In these experiments, isolated mitochondria were incubated
in the presence of 10mM Cr, and the rate of PCr production in the MtCK
reaction was measured by either one of two approaches: (1) spectrophotometri-
cally by a coupled enzyme assay (involving phosphoenolpyruvate, pyruvate kinase
and lactate dehydrogenase; PEP-PK-LDH) while oxidative phosphorylation was
inhibited by rotenone (10 wM) and oligomycin (1 wM); or (ii) by measuring the rate
of Cr-dependent oxygen consumption, followed by calculation of the rates of PCr
production by using experimentally determined P/O ratios (Figure 4A). Figure 4B
shows that in the presence of oxidative phosphorylation, the rate of the MtCK
reaction in direction of PCr and ADP synthesis is significantly higher than in its
absence, due to significantly decreased apparent K values for ATP in the CK
reaction (Figure 4C) (Saks et al., 1975; Jacobus and Saks, 1982).

To describe better the mechanism of this phenomenon, a complete kinetic analysis
of the CK reaction in isolated rat heart mitochondria under both conditions — i.e.
with and without oxidative phosphorylation (Jacobus and Saks, 1982) — was found
to be very useful and informative. Figure 5 shows the principles and value of
this approach. Figure 5SA shows the complete kinetic scheme of the CK reaction,
assuming a Bi-Bi quasi-equilibrium random-type reaction mechanism, according to
Cleland’s classification (Cleland, 1963). The rate equation of this reaction is:

Ve Vm.[Cr].[MgATP]
~ Kia.Kb+ Ka.[Cr] 4+ Kb.[MgATP] + [Cr].[MgATP]

To determine the values of the dissociation constants for all substrates, the initial
rates in both directions (in the absence of products) were determined for six different
concentrations of both substrates (Figure 5B and D). The data were analyzed by
performing, successively, primary (Figure 5C) and secondary analyses (Figure SE)

»
»

Figure 4. Comparison of normalised CK kinetics in isolated cardiac mitochondria with and without
oxidative phosphorylation (£ ox.phos.), in the presence of 10mM Cr. MIM, MOM and ANT are
mitochondrial inner membrane, mitochondrial outer membrane, and adenine nucleotide transporter,
respectively. (A) Scheme of experiments to measure the kinetics of the mitochondrial creatine kinase
(MtCK) reaction in isolated cardiac mitochondria. On the left: studies of MtCK kinetics with oxidative
phosphorylation; reaction rates were calculated from oxygen consumption rates and P/O ratios. On the
right: studies of MtCK kinetics in the absence of oxidative phosphorylation; reaction rates were measured
with a coupled enzyme assay (PEP-PK-LDH) after inhibition of the respiratory chain (RC) and ATP
synthase by rotenone (10 M) and oligomycin (1 wM), respectively. (B) MtCK kinetics with oxidative
phosphorylation (+ox.phos.) were measured by respirometry in mitomed solution (final concentrations:
110 mM sucrose, 60 mM K-lactobionate, 0.5 mM dithiothreitol, 0.5 mM EGTA, 3 mM MgCl,, 20 mM
taurine, 3 mM KH,PO,, 20 mM K-HEPES, 5 mM glutamate, 2 mM malate, 2 mg/ml essentially fatty acid
free bovine serum albumin and pH = 7.1), followed by normalization of the data (for V,, = 304 £ 12 nmol
0,-mg protein~!-min~!). MtCK kinetics in the absence of oxidative phosphorylation (-ox.phos.) were
measured in the same medium by spectrophotometry with the system described on the right-hand side
of Figure 4A. (C) Normalised MtCK kinetics in double-reciprocal plots for illustrating the decrease in
apparent K, for ATP with oxidative phosphorylation.
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by a simple linearization method in double reciprocal plots, according to the
following equations.

1 1 Kb Kia 1))+ 1 Ka 41
V= —— —_— _— —_— —
[Cr] \ Vm \ [MgATP] Vm \ [MgATP]
This family of straight lines could be used for a secondary analysis of ordinate
intercepts, i,:

. 1 - Ka
1], = —— S
°  Vm [MgATP]

or slopes:

1 Kb ( Kia
slope = — [ ———
Pe= Vm \ [MgATP]

to find directly the values of dissociation constants K, and K,, for MgATP, respec-
tively, as shown in Figure 5F. Similar analysis of 1/v versus 1/[MgATP] and
secondary analysis allowed to determine the dissociation constants for Cr, K;;, and K,
(Figure 5G). This linearization method is very illustrative, since secondary analysis
directly shows the reciprocal values of the dissociation constants for both substrates,
ATP (Figure 5F) and Cr (Figure 5G). While the kinetic constants for guanidino
substrates — Cr and PCr — were the same in both conditions, oxidative phospho-
rylation had a specific effect on the kinetic parameters for adenine nucleotides;
in particular, the K, value was decreased by an order of magnitude. The Haldane
relationship for the CK reaction was no longer valid, showing the involvement
of some other processes — oxidative phosphorylation and ANT (Jacobus and
Saks, 1982). The most likely explanation is the direct transfer of ATP from ANT
to MtCK due to their spatial proximity which results also in increased uptake of
ADP from MtCK (reversed direct transfer); as a result, the turnover of adenine
nucleotides is increased manifold at low external concentrations of MgATP, thereby
maintaining high rates of oxidative phosphorylation and coupled PCr production in
the presence of high Cr concentrations.

The conclusions of the privileged access of mitochondrial ATP to MtCK and
increased mitochondrial turnover of adenine nucleotides in the presence of Cr
were directly confirmed by Barbour er al. (1984) with the use of an isotopic
method, and with a thermodynamic approach by De Furia et al. (1980), Saks
et al. (1985) and Soboll et al. (1994). Finally, an effective competitive enzyme
method for studying the functional coupling phenomenon, namely the pathway of
ADP movement from MtCK back to mitochondria, was developed by Gellerich
et al. (1982, 1987, 1994, 1998, 2002). These authors used an external PEP-
PK system to trap ADP and thus to compete with ANT for this substrate. This
competitive enzyme system was never able to suppress more than 50% of Cr-
stimulated respiration in isolated heart mitochondria, thereby showing the rather
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Figure 5. CK kinetics without oxidative phosphorylation in isolated cardiac mitochondria. (A) The
complete kinetic scheme of the CK reaction. (B) Initial rates of the MtCK reaction without oxidative
phosphorylation as a function of Cr concentration with different fixed ATP concentrations. (C) Secondary
analysis of CK kinetics for fixed ATP concentrations, for finding values of i, and slopes for calculation
of dissociation constants K, and K;,. (D) Initial rates of the MtCK reaction without oxidative phospho-
rylation as a function of ATP concentration, when Cr concentrations are fixed. (E) Secondary analysis of
CK kinetics for fixed Cr concentrations, for finding values of i, and slopes for calculation of dissociation
constants K;, and K,. (F) Determination of kinetic constants for ATP — K, and K;, — by secondary
analysis of data obtained both in the absence (Figure SE) and presence (not shown) of oxidative phospho-
rylation. (G) Determination of kinetic constants for Cr — K, and Kj, — by secondary analysis of data
obtained both in the absence (Figure 5C) and presence (not shown) of oxidative phosphorylation.
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Figure 5. (continued)

effective channelling of ADP from MtCK to the ANT (Gellerich et al., 1982).
Gellerich’s group has explained these latter data by the hypothesis of dynamic
compartmentation of adenine nucleotides in the intermembrane space, meaning that
there is some control of the permeability of the outer mitochondrial membrane,
which would result in ADP and ATP concentration gradients across this membrane
(Gellerich et al., 1987, 1994, 1998, 2002). This represents an alternative hypothetical
mechanism of coupling between MtCK and ANT without a need for direct transfer
of the substrates between ANT and MtCK. Interestingly, this hypothesis focused
attention on the role of the mitochondrial outer membrane in the control of mitochon-
drial function, and foresaw many important aspects of the control of mitochon-
drial function in vivo, but appeared to be insufficient to explain quantitatively the
functional coupling between MtCK and ANT.

3.1.2. Mathematical modelling of the functional coupling
between MtCK and ANT

Mathematical modelling of the coupling of the MtCK reaction with ANT was used
to test both hypotheses — dynamic compartmentation described above and direct
transfer of ATP from ANT to MtCK (Figure 6) — to explain the shifts in kinetic
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constants of the MtCK reaction caused by oxidative phosphorylation, as shown in
Figure 5F and G (Jacobus and Saks, 1982).

The simplest kinetic scheme that was proposed to explain the kinetic data on
MtCK-ANT coupling is based on dynamic compartmentation of adenine nucleotides
as referred to above (Gellerich er al., 1987). According to this hypothesis, there
are metabolite gradients between the solution surrounding isolated mitochondria
and the vicinity of the mitochondrial inner membrane in the intermembrane space.
Due to the close vicinity of MtCK and ANT at and within the inner mitochondrial
membrane, respectively, ATP and ADP are exchanged between MtCK and ANT.
The kinetic properties of MtCK and ANT are not changed during interaction, and
all the changes in apparent kinetic constants measured in the experiment are due
to inability of experimentalists to measure local ATP and ADP concentrations next
to these proteins. Since the gradients of ATP and ADP between the surrounding
solution and the vicinity of the mitochondrial inner membrane are dependent on the
activity of the mitochondria (i.e. are changing), this hypothesis is usually referred
to as “dynamic compartmentation” hypothesis.

To check whether the dynamic compartmentation hypothesis is in correspon-
dence with the data, one could compose a simple mathematical model and compare
the model solutions with the experimental data (Vendelin et al., 2004a). To find
out whether a set of parameter values exists that can reproduce both dissoci-
ation constants for ATP, altered by oxidative phosphorylation at the same time, a
number of parameters were varied across the entire allowable range: (a) ATP and
ADP exchange coefficients across the outer mitochondrial membrane, (b) ATPase
activity, and (c) ANT activity. Regardless of the selected parameter set, the model
could not reproduce quantitatively the experimental data obtained in the presence of
oxidative phosphorylation (Figure 7A). Thus, it is clear that the dynamic compart-
mentation hypothesis is not sufficient to reproduce the measurements, and a more
complex mechanism of interaction between MtCK and ANT should be used to
reproduce the data (Vendelin et al., 2004a). Therefore, the alternative direct local
transfer of ATP — generated by oxidative phosphorylation — to MtCK should be
considered as a main mechanism of acceleration of aerobic PCr production in heart,
skeletal muscle and brain mitochondria.

In mitochondria, ANT transports ADP from the mitochondrial intermembrane
space into the matrix space. The stoichiometry of imported ADP to exported ATP
is normally one. In mitochondria, the number of MtCK dimers is approximately
equal to the number of ANT tetramers (Kuznetsov and Saks, 1986). Irrespective
of the exact stoichiometry of ANT/MtCK complexes, the juxtaposition of these
molecular entities creates a structural basis for direct transfer (channelling) of
metabolites from one entity to the other without dissociation of metabolites into the
intermembrane space of mitochondria. ANT in the inner mitochondrial membrane
forms tight complexes with negatively charged cardiolipin in a ratio of 1 to 6
(Beyer and Klingenberg, 1985; Beyer and Nuscher, 1996). It has been shown
that positively charged MtCK is fixed to this cluster by electrostatic forces due
to three C-terminal lysine residues which strongly interact with the negatively



The Creatine Kinase Phosphotransfer Network 41

Figure 6. Scheme of interactions between mitochondrial CK (MtCK) and adenine nucleotide translocase
(ANT) according to the direct transfer hypothesis. Interaction between the proteins is considered as a
sum of two interaction modes: ATP and ADP are transferred through solution or directly channelled
between the proteins. In this scheme, only the direct transfer of ATP and ADP between proteins is
reflected. In direct transfer mode, ATP is transferred from ANT to MtCK without leaving the two-protein
complex into solution. Since MtCK has only one binding site for ATP and ADP, such transfer is possible
only if this site is free, i.e. MtCK is either free (“CK”) or has only Cr or PCr bound (“CK.Cr” and
“CK.PCr”). In the scheme, we grouped the states of MtCK according to whether ATP or ADP is bound
to enzyme or not (white boxes in the scheme with three states of MtCK in each group). During direct
transfer of ATP from ANT to MtCK, MtCK is transferred from states CK, CK.Cr, and CK.PCr to states
CK.MgATP, CK.Cr.MgATP, and CK.PCr.MgATP, respectively. In the scheme, this transfer is shown as
a link between ANTi.ATP and two corresponding groups of MtCK states. Next, after the MtCK reaction
(link between states CK.Cr.MgATP and CK.PCr.MgADP in the scheme), ADP is transferred directly
to ANT. Note that MtCK operates with Mg-bound ATP and ADP and ANT requires Mg-free ATP and
ADP forms. Thus, during direct transfer between MtCK and ANT, Mg is either bound or released, as it
is shown in the scheme. This complete scheme was the basis for thermodynamically consistent analysis
of coupling (see the text). This figure is reproduced from Vendelin ef al. (2004a) with permission from
the Biophysical Society, USA.
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Figure 7. Analyses of the interaction between mitochondrial CK (MtCK) and adenine nucleotide
translocase (ANT). (A) Calculated apparent dissociation constants K, and K;, of the MtCK reaction in
the presence of oxidative phosphorylation, with coupling between MtCK and oxidative phosphorylation
being modelled according to the dynamic compartmentation hypothesis. The dynamic compartmentation
hypothesis assumes that ‘interaction’ between the proteins is the result of large ATP and ADP gradients
between the vicinity of the mitochondrial inner membrane and the solution surrounding the mitochondria.
Apparent dissociation constants K, and K;, (represented by small dots in the figure) were computed
for different combinations of ATPase activities (Vopae) and exchange constants (Drp and Dapp). The
measured values are shown by open circles in the upper right corner (no oxidative phosphorylation) and
lower left corner (with oxidative phosphorylation). When using the default kinetic constants of ANT
transport, all combinations of computed K, and K;, values are aligned along line 1. By increasing the
maximal activity of ANT 10- or 100-fold, the line can be shifted to the left (lines 2 and 3, respectively).
When, instead of increasing the maximal activity of ANT, the apparent dissociation constant for ATP
and ADP is increased, the line shifts to the right (line 4). Note that regardless of the used values of
ANT Kkinetic constants, all computed combinations of K, and K;, were considerably adrift from the
measured values in the presence of oxidative phosphorylation. Reproduced from Vendelin et al. (2004a)
with permission from the Biophysical Society, USA.

(B) Calculated apparent dissociation constants K, and K;, of MgATP in the MtCK reaction in the
presence of oxidative phosphorylation, with coupling between MtCK and oxidative phosphorylation
being modelled assuming direct transfer of metabolites between ANT and MtCK. Apparent dissociation
constants K, and K;, (represented by small dots in the figure) were computed for different combinations
of free energies of MtCK-ANT complex states and free energies of transition. The measured values are
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charged cardiolipin in complex with ANT (Figures 2 and 3) (Muller et al., 1985;
Khuchua et al., 1998; Schlattner et al., 2004). The structure of the ANT was recently
solved at 2.2 A resolution by Brandolin’s group (Pebay-Peyroula et al., 2003). The
translocation of both ATP*~ and ADP?~ in the Mg-free anionic forms is brought
about by conformational changes of pore-forming ANT protomers (Pebay-Peyroula
et al., 2003). Klingenberg’s group suggested that both protomers within an ANT
dimer are involved in an alternating manner in the translocation, one accepting for
example ATP from the matrix and translocating it towards the intermembrane space,
while the second protomer only releases ADP translocated in the previous cycle
(“half-site reactivity”) (Gropp et al., 1999; Huber et al., 1999; Huang et al., 2001;
Brustovetsky et al., 1996). This conformational change (“pore”) mechanism leads
in its simplest version to a ping-pong reaction mechanism of transport (Huang
et al., 2001). On the other hand, the kinetics of ATP-ADP exchange conform
to a sequential mechanism involving binding of nucleotides on both sides before
transport (Duyckaerts et al., 1980). The structural data of Brandolin’s group and
the kinetics of ATP-ADP exchange by ANT are fitting well with the hypothesis
that the dimers with alternatively activated protomers function in a coordinated
manner in oligomeric ANT clusters, where the export of ATP from mitochondria
by one protomer in a dimer occurs simultaneously with import of ADP by another
protomer in another dimer (Kramer and Palmieri, 1992; Aliev and Saks, 2003; Nuri
et al., 2005, 2006).

The functional coupling between MtCK and ANT can be considered as the sum
of two interaction modes. In the first mode, ATP and ADP are liberated into the
intermembrane space and then bound to MtCK or ANT. This mode corresponds
to an ‘interaction’ between MtCK and ANT as two separate proteins without any
coupling (see Figure 6). In this case, ATP as well as all other substrates are in
fast equilibrium with MtCK, and the reaction would follow a random Bi-Bi type
mechanism. In the second mode, ATP and ADP would be directly channelled
between the proteins. Such channelling is possible if the acceptor protein (ANT or
MtCK) has no bound ATP or ADP molecule, i.e. it can accept ATP or ADP from
the other protein. Additionally, we assume that when MtCK accepts ATP or ADP
from ANT directly, bound ATP or ADP cannot be in fast equilibrium with the
surrounding solution. Thus, the equilibration of the MtCK binding site for ATP and
ADP with the surrounding solution is prevented and the system may have different
kinetics if compared with the kinetics of isolated MtCK in solution.

With this model, we were able to reproduce the measured values of apparent
kinetic constants of the MtCK reaction. During this test, the free energies of the
states of the coupled system were varied as well as the free energies of activation.

4
<

Figure 7. shown by open circles in the upper right corner (no oxidative phosphorylation) and lower left
corner (with oxidative phosphorylation). Note that the range of computed K,-K;, combinations covers
the area near the measured values of these constants in the presence of oxidative phosphorylation. The
figure is reproduced from Vendelin et al. (2004b) with permission from the Biophysical Society, USA.
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The simulation results are shown in Figure 7B. Note that the region with the
measured values of K, and K, is covered by the model solutions, and it is possible
to find model parameters which lead to the measured combination of K, and
K,, values under conditions of oxidative phosphorylation. One can also reproduce
the following experiments with the same set of model parameters: (a) changes
in apparent kinetic properties of the MtCK reaction when coupled to oxidative
phosphorylation (Jacobus and Saks, 1982; Saks er al., 1985); (b) competition
between MtCK-activated mitochondrial respiration and a separate ATP-regenerating
system (Gellerich and Saks, 1982); and (c) studies on radioactively labelled adenine
nucleotide uptake by mitochondria in the presence of MtCK activity (Barbour
etal., 1984). As aresult, a free energy profile of the coupled MtCK-ANT system was
proposed (Vendelin et al., 2004a). According to our analysis, the main difference
in free energy profiles between uncoupled and coupled MtCK-ANT reaction is the
free energy change during reaction. In the coupled reaction, due to an increase in
the free energy of the ANT;.ATP state (Figure 6), the free energy decreases when
ATP bound to ANT is used to synthesize PCr in the MtCK reaction. If compared
with the models of the direct transfer using the probability approach, the proposed
mechanism does not require strong changes in the free energy profile of the reaction
of phosphate transfer itself (Vendelin et al., 2004a). The proposed detailed kinetic
scheme (Figure 6) can be used for further analysis of the kinetics of the MtCK-
ANT interaction. In particular, the possible mechanism of an increase in the free
energy level of the ANT,. ATP complex when coupled to oxidative phosphorylation
is intriguing and requires further experimental study.

Thus, both structural and functional data available now show convincingly that
oxidative phosphorylation controls, via ANT, the MtCK reaction and forces it to
produce PCr in spite of unfavourable kinetic and thermodynamic characteristics for
this reaction. At the same time, MtCK plays the same role for ANT and oxidative
phosphorylation, by channelling back ADP and, thus, directly controlling the rate
of respiration.

Experimentally, the role of functional coupling between MtCK and ANT was
verified recently in studies on energy metabolism of the heart of MtCK knock-out
mice: as predicted by the model described above, these hearts had lower levels
of PCr and reduced post-ischemic recovery (Spindler et al., 2002, 2004). A new
important role of MtCK-mediated control of ANT is the prevention of opening of
the mitochondrial permeability transition pore, as recently discovered by Dolder
et al. (2003), thereby inhibiting apoptosis and necrosis and, thus, preventing cell
death. This illustrates once again the vital importance of the functional coupling
phenomenon. Most important new data have recently been published by Meyer
et al. (2006) showing that the functional coupling between MtCK and ANT strongly
decreases production of reactive oxygen species (ROS) in mitochondria. Taking into
account that ROS production is now considered a main reason for many age-related
diseases and ageing itself (Jezek and Hlavata, 2005), it is difficult to overestimate
the importance of these findings.
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It is important to stress that the structural and functional coupling between MtCK
and ANT does not prevent its participants from working in completely independent
modes under some conditions. For example, it is well known that in a medium
with only ADP, mitochondria can carry out oxidative phosphorylation without any
limitation, despite the structural association of ANT with MtCK. On the other hand,
inhibition of oxidative phosphorylation does not result in inhibition of MtCK but
only alters its apparent Kinetic behaviour (Saks et al., 1975). These facts clearly
indicate that the structural association of ANT with MtCK is rather dynamic and
does not result in formation of a completely isolated space within these complexes.
The substrates and products can leave this space, but can be arrested within to
realize functional coupling between the partners, ANT and MtCK.

3.1.3. Heterogeneity of intracellular diffusion of ADP and the possible role
of the outer mitochondrial membrane

Unusually high values of apparent K for exogenous ADP in regulation of
the rate of mitochondrial respiration in permeabilized cardiac cells (up to
300-400 M), as compared to isolated mitochondria (10-20 uM), have been found
in many laboratories since 1988 (Saks et al., 1989, 1991, 1993, 1994; Veksler
et al., 1995; Kuznetsov et al., 1996; Kay et al., 1997, 2000; Kummel et al., 1988;
Anflous er al., 2001; Liobikas et al., 2001; Boudina er al., 2002; Burelle and
Hochachka, 2002). Similarly high values of this parameter were found in several
other oxidative muscles (Kay er al.,, 1997; Kaasik er al, 2001), in hepatocytes
(Fontaine et al., 1995), but not in fast-twitch skeletal muscles (Veksler ez al., 1995;
Kuznetsov et al., 1996; Burelle and Hochachka, 2002). Thus, this phenomenon is
tissue specific. Figure 8 illustrates these results for isolated adult rat cardiomyocytes.
Figure 8A and B show that in isolated mitochondria, respiration is rapidly activated
by exogenous ADP in micromolar concentrations, with an apparent K, = 17 uM
(Appaix et al., 2003). When permeabilized cardiomyocytes (Figure 8C) are used,
activation of respiration requires addition of exogenous ADP in millimolar concen-
trations (Figure 8D), with an apparent K, for ADP of 339 wM. However, in the
presence of Cr (20 mM), these kinetics are changed, and the apparent K, for ADP
decreased 3—4-fold due to local production of ADP in the MtCK reaction (Appaix
et al., 2003). Figure 8E demonstrates most clearly the strong control of respiration by
the MtCK reaction. In these experiments, respiration was activated in permeabilized
cardiomyocytes by addition of exogenous MgATP (2 mM) in the presence of 3 mM
PEP, and then PK was added in increasing amounts which decreased effectively
the respiration rate due to trapping of ADP produced by ATPases. In the presence
of this powerful PEP-PK system, stepwise addition of Cr rapidly and maximally
activated respiration. Figure 8F shows that increases in PK activity up to 100 [U/ml
were not able to suppress Cr-activated respiration. That means that ADP produced
in the MtCK reaction coupled to the ANT was not accessible for the powerful
ADP trapping system. Interestingly, however, when permeabilized cardiomyocytes
were treated with trypsin (Figure 8F), Cr-activated respiration became sensitive to
successive additions of PK (Figure 8G). Evidently, digestion by trypsin of some
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Figure 8. Regulation of respiration by exogenous ADP or ATP and Cr in rat heart mitochondria and
permeabilized cardiomyocytes. Respiration rates were recorded using a two-channel high-resolution
respirometer (Oroboros oxygraph-2k, Oroboros, Innsbruck, Austria). (A) Electron micrograph of isolated
mitochondria. (B) Regulation of respiration of isolated cardiac mitochondria by exogenous ADP. JO, =
rate of oxygen consumption. (C) Confocal microscopy of permeabilized cardiomyocytes: left: autofluo-
rescence of NADH; right: preloaded with MitoTracker Green. (D) Regulation of respiration in perme-
abilized cardiomyocytes by exogenous ADP. At the end of the measurement, addition of cytochrome ¢
(Cyt ¢, 8 M) did not change respiration, indicating that the outer membrane was intact. Atractyloside
(Atr, 30 uM) resulted in a decrease in respiration back to V, due to inhibition of adenine nucleotide
translocase. The respiratory control index in this experiment was 6.2. (E) Effective control of respiration
by the CK system in permeabilized cardiomyocytes. Respiration was activated by addition of exogenous
MgATP in the presence of 3 mM PEP, and then pyruvate kinase (PK) was added in increasing amounts
up to 5 IU/ml. In the presence of this powerful PEP-PK system, stepwise addition of Cr maximally
activated respiration. (F) Confocal microscopy image of the random arrangement of mitochondria in
permeabilized cardiomyocytes preloaded with MitoTracker Red CMX Ros after treatment with trypsin;
bar length = 10 pwm; (G) Effect of the competing pyruvate kinase/phosphoenolpyruvate (PEP-PK) system
on the relative respiration rate of isolated permeabilized cardiomyocytes initiated by endogenous ADP
produced by 2mM ATP and 20 mM Cr at optimal (0.4 uM) free [Ca>*] after trypsin treatment (4°C, 5
min). Trypsin concentrations: 0nM (e); 25nM (A); and 50 nM (H). (A)-(C) have been reproduced from
Appaix ef al. (2003) with kind permission from Experimental Physiology (The Physiological Society
and Blackwell Publishing).
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Figure 8. (continued)

cytoskeletal proteins that normally control mitochondrial positioning also opened
the outer membrane for ADP, thus making it possible for some fraction of ADP to
leave the intermembrane space and to be trapped by the PEP-PK system, showing
that regulation of respiration is dependent on intracellular organization as well as
on mitochondrial arrangement and/or integrity.

The high values of apparent K for exogenous ADP in permeabilized cardiac
cells could be explained by heterogeneity of ADP diffusion inside cells, caused
by contacts of mitochondria with the cytoskeleton and other cellular systems and,
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thus, by intracellular organization (Saks er al., 2003; Vendelin et al., 2004b).
This conclusion was confirmed by results of mathematical modelling, which are
described below.

On the way from the surrounding solution to the mitochondrial inner membrane,
ATP and ADP molecules encounter two diffusion restrictions. The first one is on
the level of the mitochondrial outer membrane and can be regulated by the state
of VDAC (Colombini, 2004). The second one is due to macromolecular crowding
in the cell. In addition, when simulating experiments performed on permeabilized
fibers and cells, the endogenous ATPases have to be taken into account. The
complete system used in the model is shown in Figure 9A. The aim of this particular
model is to find a set of model parameters that can reproduce the experimental
results on stimulation of respiration by exogenously added ADP, as well as on
inhibition of respiration by an exogenously added ADP trapping system (PEP-PK).
The model was used to determine possible values for two factors describing the
restriction of ADP and ATP diffusion: the diffusion factor (DF) and the permeability
factor (PF). DF describes the restriction of diffusion of adenine nucleotides within
the cytoplasmic (extramitochondrial) space due to macromolecular crowding and
cytoskeletal structures, and PF describes the decrease in permeability of the outer
mitochondrial membrane due to the control of VDAC by some cytoskeletal proteins
(Saks et al., 1994, 1995; Capetanaki, 2002).

Diffusion restrictions between the mitochondrial inner membrane and the external
solution influence the apparent K,, for exogenous ADP in regulation of respi-
ration by shifting it to higher values, as referred to above. For example, if
there are no considerable diffusion restrictions encountered by molecules between
solution and ANT, then respiration should be stimulated by exogenous ADP as
in isolated mitochondria. Indeed, when we assume diffusion coefficients equal to
those measured in the bulk phase, assuming fast diffusion of nucleotides through
the mitochondrial outer membrane, the computed respiration rate is very close to the
values measured for isolated mitochondria (open squares in Figure 9B, simulations
with large PF values). However, by increasing diffusion restriction imposed by the
mitochondrial outer membrane (reduction in PF), the model managed to reproduce
data on permeabilized cells and muscle fibers (closed circles in Figure 9B). Similar
results can be obtained by reducing the apparent diffusion coefficient DF and by
keeping PF at large values (Saks et al., 2003). Thus, the effects of both diffusion
restrictions on the model’s solution are similar when the measurements of apparent
K, for exogenous ADP are simulated for permeabilized muscle fibers or cells.
Therefore, by using only this approach, it is impossible to distinguish between the
contributions of the two types of diffusion restrictions.

Determination of diffusion coefficients in muscle tissue yielded about two times
lower values than in water (de Graaf er al., 2000). The apparent diffusion coeffi-
cients for ADP obtained in the analysis of our data were lower by at least an
order of magnitude (Saks et al., 2003). Thus, it seems that there are some diffusion
restrictions for ADP which are not visible in overall (average) diffusion coefficient
measurements in muscle tissue, but which play an important role in permeabilized
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Figure 9. (A) Schematic representation of ADP (and ATP) diffusion pathways from solution into the
mitochondrial matrix. Met,, Met, Met;, and Met, are metabolite concentrations in the solution, in
the vicinity of the mitochondria (VIM, inside ICEU), in the mitochondrial intermembrane space, and
in the mitochondrial matrix, respectively. MOM, IMS, and MIM are mitochondrial outer membrane,
intermembrane space, and inner membrane, respectively. D*P, D, and DF correspond to the apparent
diffusion coefficient, the diffusion coefficient of the metabolite in bulk water phase, and the diffusion
factor, respectively (see the text). R, is the permeability coefficient for passive diffusion of the metabolite
across the outer mitochondrial membrane, and PF is the permeability factor for this metabolite. (B)
Analysis of experimental data on regulation of respiration in permeabilized cardiac cells and fibers by
mathematical modelling. Dependence of the calculated mitochondrial respiration rate in permeabilized
cardiac fibers on the concentration of exogenous ADP computed with different mitochondrial outer
membrane permeability factors (PF). The diffusion coefficients of the metabolites within the fiber were
taken to be equal to the coefficients measured in bulk water phase of the cells, i.e. no diffusion restriction
by macromolecular crowding was imposed. Simulations are compared with measurements of respiration
in isolated mitochondria (open squares) and in skinned fibers (solid circles). Note that a reduction in outer
membrane permeability increases the apparent K, (ADP) of mitochondrial respiration. For permeabilized
fibers, good fit with the experimental data is obtained for PF = 0.014. For isolated mitochondria, good
fit is obtained for PF = 0.5 and higher. The figure was reproduced from Saks er al. (2003) with kind
permission from the Biophysical Society, USA.
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muscle fiber measurements when mitochondrial respiration rate is used as a probe
for local ADP concentrations. Therefore, in addition to the value specifying diffusion
restriction for ADP, DF, we tried to estimate the distribution of this restriction
throughout the cell (Vendelin et al., 2004b). These simulations indicate that the intra-
cellular diffusion restrictions are not distributed uniformly, but are rather localized
in certain areas in the cell (Vendelin er al., 2004b). However, their precise local-
ization is still unknown.

These results are consistent with the conclusions of strong localized diffusion
restrictions for ADP and ATP in cardiac cells made by Abraham et al. (2002)
and Selivanov et al. (2004). In particular, these authors studied the metabolic
regulation of the sarcolemmal K,;p, channel, using both experimental methods
and mathematical modelling, and concluded that the ATP diffusion coefficient is
decreased in the subsarcolemmal area by several orders of magnitude. Earlier, a
similar conclusion was drawn by Weiss and Lamp (1987). By using a microin-
jection technique, Bereiter-Hahn and Voth (1994) showed that the average diffusion
coefficient of ATP in cells was decreased by an order of magnitude. Heterogeneity
of ATP diffusion was also evidenced by using a targeted recombinant luciferase
technique (Kennedy et al., 1999).

To conclude, a model with localized diffusion restrictions for adenine nucleotides
should be considered at present as a first approximation only, and insightful exper-
iments are needed for measurement of local diffusion rates of ATP or ADP by
modern experimental techniques. Under conditions of strong local restriction of
diffusion of adenine nucleotides, compartmentalized energy transfer by the CK-PCr
and other systems is likely to become vitally important for the cell.

3.2 Functionally Coupled MM-creatine Kinases

3.2.1. Mpyofibrillar creatine kinases

The function and roles of myofibrillar creatine kinase (MM-CK) have been
studied and described extensively (Wallimann et al, 1984; Ventura-Clapier
et al., 1987, 1998; Krause and Jacobus, 1992; Hornemann et al., 2000, 2003).
Wallimann’s group has shown that MM-CK is bound specifically to the M-line
(Wallimann et al., 1984; Hornemann et al., 2000, 2003), and that significant propor-
tions of this isozyme are found in the space of the I-band of sarcomeres (Wegmann
et al., 1992). In vitro, the interactions of myosin with CK have been known for a
long time (Yagi and Mase, 1962). Studies by Ventura-Clapier et al., (1987, 1998)
have shown that PCr accelerates the release of muscle from rigor tension in
the presence of exogenous ATP, decreasing the necessary ATP concentration by
an order of magnitude. Krause and Jacobus (1982) have shown close functional
coupling between the actomyosin ATPase and the CK reaction in isolated rat heart
myofibrils, seen as a decrease in the apparent K value for ATP from 79.9 £ 13.3
to 13.6 £ 1.4 uM after addition of 12.2mM of phosphocreatine. In accordance
with this finding, Sata et al. (1996) found that sliding velocity of fluorescently
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labeled actin on a cardiac myosin layer co-immobilized with CK showed a signifi-
cantly lower apparent K,, value for MgATP than in the absence of CK. Ogut and
Brozovich (2003) studied the kinetics of force development in skinned trabeculae
from mouse hearts and found that in spite of the presence of 5 mM MgATP, the
rate of force development depended on the concentration of PCr, and concluded
that there is a direct functional link between the CK reaction and the actomyosin
contraction cycle at the step of ADP release in myofibrils. Most probably, this
efficient interaction occurs via small microcompartments of adenine nucleotides in
myofibrils and is facilitated by anisotropy of their diffusion.

3.2.2. Membrane-bound creatine kinases

The role of MM-CK connected to the SR membrane and functionally coupled
to the Ca,MgATP-dependent ATPase (SERCA) has been described in detail in
many studies (Rossi et al., 1990; Korge et al., 1993; Korge and Campbell, 1994;
Minajeva et al., 1996). This coupling has been shown both for isolated SR vesicles
and for intact SR in permeabilized cardiac fibers. Addition of PCr increased the
rate of calcium uptake and the maximum SR Ca*" content, while the exogenous
ATP-regenerating PEP-PK system was less effective (Minajeva er al., 1996). It
was also shown in experiments with permeabilized cardiomyocytes that withdrawal
of PCr from the medium reduced the frequency and amplitude, but increased the
duration of spontaneous Ca®* sparks (Yang and Steele, 2002). Thus, despite the
presence of millimolar levels of cytosolic ATP, depletion of PCr impaired Ca**
uptake (Korge et al., 1993; Korge and Campbell, 1994; Minajeva et al., 1996;
Yang and Steele, 2002). All these data clearly show the importance of MM-CK,
bound to the SR membrane, in rapid rephosphorylation of local MgADP produced
in the Ca,MgATPase reaction, independently from the cytoplasmic environment,
thus clearly demonstrating that SR-bound MM-CK is acting in a non-equilibrium
manner.

An important player in the control of excitation-contraction coupling in the
heart is the sarcolemmal membrane metabolic sensor complex. Its main part is the
sarcolemmal ATP-sensitive K,rp channel acting as an alarm system to adjust cell
electrical activity to the metabolic state of the cell (Lederer and Nichols, 1989;
Lorenz and Terzic, 1999; Abraham et al., 2002). ATP closes the channel by inter-
acting with its Kir6.2 subunit, but active membrane ATPases constantly reduce
the local ATP concentration, which is distinct from that in the cytosol (Abraham
et al., 2002; Crawford et al., 2002). Sarcolemmal MM-CK participates in this
system by rephosphorylating local ADP and by maintaining a high ATP/ADP
ratio in these microcompartments, with associated impacts on the coordination
of membrane electrical activity with cellular metabolic status, and most notably
with the PCr level. In this way, the PCr-CK network becomes the main intra-
cellular regulatory pathway for cardiac cells, controlling electrical activity and
cell excitability, calcium cycling, contraction and mitochondrial respiration. These
energy transfer and control functions are shared by several systems including,
besides CK, also the adenylate kinase (AK) and glycolytic systems, as it was seen in
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experiments with gene manipulation (Selivanov et al., 2004; Carrasco et al., 2001).
MM-CK was first described in purified rat heart sarcolemmal preparations in 1977
(Saks et al., 1977). Later, in experiments involving immunoprecipitation of guinea-
pig cardiac membrane fractions with antibodies against the K,p channel’s subunit
SUR2, MM-CK was found to be physically associated with the cardiac K,p
channel (Crawford et al., 2002). Due to the sarcolemmal localization of MM-CK,
the K,rp channel’s closed-open transitions are dependent upon PCr concentration
at ATP concentrations higher than the threshold level for channel closure, as
shown in experiments with isolated permeabilized cardiomyocytes for open cell-
attached patch formation (Abraham et al., 2002; Selivanov et al., 2004). It was also
concluded in these studies that strong local restrictions for ATP diffusion exist in
the subsarcolemmal area of cardiac cells, which are by-passed by the CK system.
This is in good concord with results of studies by Sasaki er al. (2001) showing
that activation of mitochondrial ATP hydrolysis by uncouplers also activated
sarcolemmal K,p channels in dependence of the activity of the CK system, which
could be influenced by its inhibitor, 2,4-dinitrofluorobenzene. Similar functional
coupling of CK with the K, , channel was described for pancreatic [(3-cells
(Krippeit-Drews et al., 2003).

Investigations in Wieringa’s laboratory on genetic modification of CK and
adenylate kinase (AK) provided firm evidence for the importance of this system:
‘knock-outs’ of the CK and AK genes result in significant adaptive changes in the
cells such as structural remodelling (Janssen et al., 2003; de Groof et al., 2001;
Ventura-Clapier et al., 2004; Novatova et al., 2006). A remarkable change
associated with a M-CK knock-out was a manifold increase in the volume of the
SR system, to compensate for the loss of efficiency of calcium uptake due to the
absence of MM-CK (Steeghs et al., 1997).

4. MATHEMATICAL MODELS OF THE PCr CIRCUIT
IN HEART CELLS

4.1. Modelling Feedback Metabolic Regulation of Mitochondrial
Respiration

The mitochondrial respiration rate in vivo may vary 20-fold, from
8-10 pmol min~!' g=! dry mass in resting (KCl-arrested) aerobic hearts to at least
170 wmol min~! g=! dry mass in beating rat hearts (Williamson et al., 1976).
As shown by Neely et al. (1967, 1972), Williamson et al. (1976) and Balaban
et al. (1986), oxygen consumption of the heart muscle is linearly dependent on the
workload under conditions of metabolic stability of the heart. Parallel activation of
energy-producing and -consuming processes is not required to explain these obser-
vations in the heart muscle if CK compartmentation and the functional coupling
mechanisms described above are taken into account. A model of compartmen-
talized energy transfer in heart muscle cells was initially developed by Aliev and
Saks (1997) and later adapted by Vendelin and co-workers (Saks et al., 2003;
Vendelin et al., 2000).
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Mathematical modelling studies on energy exchange in working cardiac cells have
been performed to gain insight into fundamental questions of cellular energetics:
1) is the cellular CK reaction always in equilibrium state during in vivo steady-
state contractions of cardiac muscle? If so, ADP levels in the cytoplasm could
be predicted from measured intracellular metabolite levels. 2) Is mitochondrial
high-energy phosphate export in vivo mediated by ATP, according to the classical
concept, or in the form of PCr, according to the concept of the CK phosphotransfer
pathway? 3) Do metabolite levels in the myoplasm oscillate during cardiac contrac-
tions in vivo? 4) How can the cell maintain its metabolic stability at times when
linearly interrelated manifold increases in cardiac work and oxygen consumption
take place at practically constant metabolite levels and PCr/ATP ratios in the cells?
In the absence of experimental methods for direct monitoring of cellular ADP levels,
mathematical modelling of dynamic events in the cellular cytoplasm remains the
only option.

4.2. Description of a Model

A new class of dynamic mathematical models of intracellular compartmentalized
energy transport in cardiac cells was constructed, leading ultimately to the formu-
lation of the “Intracellular Energetic Unit” (ICEU) concept (Saks et al., 2001;
Seppet et al., 2001). These models are based mainly on the principles of chemical
kinetics and the mass action law (Aliev and Saks, 1997; Dos Santos et al., 2000). In
addition, they consider the time dynamics of basic events of cellular energetics: ATP
hydrolysis by actomyosin ATPase during a contraction cycle; diffusional exchange
of metabolites between myofibrillar and mitochondrial compartments; VDAC-
restricted diffusion of ATP and ADP across the mitochondrial outer membrane;
mitochondrial synthesis of ATP by ATP synthase; P; and ADP transport into the
mitochondrial matrix controlled by the mitochondrial membrane potential, which
is a function of ApH and AW; and PCr production in the coupled MtCK reaction
and its utilization by cytoplasmic CKs. These factors are considered in a system
consisting of a myofibril with a radius of 1um, a mitochondrion, and a thin
layer of cytoplasm interposed between them (Aliev and Saks, 1997; Dos Santos
et al., 2000). The computations of diffusion and chemical events were performed for
every 0.1-wm segment of the chosen diffusion path at each 0.01 ms time step (Aliev
and Saks, 1997). This allowed simulation of space-dependent changes throughout
the entire cardiac cycle. This system, with adjacent ADP-producing systems in
myofibrils and in the SR, is supposed to represent the basic pattern of organization
of muscle cell energy metabolism, the ICEU of cardiac cell energetics (see above).

In mitochondria, the ANT and the P, carrier control the matrix concentra-
tions of ATP, ADP and P; available for ATP synthase. These carriers establish
constant positive (i.e., higher concentration inside) ADP and P; gradients between
the mitochondrial matrix and intermembrane space. In the model, the ATP/ADP
ratios in the matrix and the activity of ATP synthase are dependent on AW,
the electric component of the mitochondrial membrane potential. The model also
employs a complete mathematical description of the P, carrier based on a probability
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approach, allowing prediction of the dynamics of P, accumulation in the matrix in
exchange for matrix OH™ ions, i.e. at the expense of mitochondrial proton-motive
force, ApH. The model considers CK compartmentation as discussed above. In
particular, cytoplasmic CK (MM-CK) molecules, representing 69% of total CK
activity, are freely distributed in the myofibrillar and cytoplasmic spaces. The
intrinsic thermodynamic parameters of MM-CK favour its functioning in the reverse
direction of the CK reaction to transphosphorylate ADP to ATP at the expense
of PCr utilization. The remaining part of cellular CK, i.e. the MtCK isoenzyme,
is localized in the mitochondrial compartment. In mitochondria, MtCK is tightly
anchored by cardiolipin molecules to the ANT at the outer surface of the inner
mitochondrial membrane. The resulting close proximity of MtCK and ANT allows
direct channelling of adenine nucleotides between their adjacent active sites; this
channelling is the actual base for shifting the MtCK reaction towards synthesis of
PCr from translocase-supplied ATP, even at high levels of ATP in the myoplasm
of in vivo heart cells.

Mathematical modelling of the cellular CK circuit system was developed further
by (i) more sophisticated modelling of the kinetics of mitochondrial ANT by a
probability approach and (ii) a simplified modelling approach for the functional
coupling between ANT and MtCK (see below). In both versions of the model (Aliev
and Saks, 1997; Dos Santos et al., 2000), functional coupling of MtCK to ANT
was simulated by means of dynamically changing high local ATP concentrations
in a 10-nm narrow space (microcompartment) between coupled molecules. This
simplified approach — coupling by local dynamic compartmentation — was used
because of a high demand for computing power in the original probability model
of coupling. The probability model was used to check the validity of calculations
in this simplified approach (Aliev and Saks, 1997).

A distinctive feature of this modelling approach is that we avoided, as much as
possible, the formal description of chemical phenomena by adjustable mathematical
terms. The living cell is a self-regulating chemical machine; therefore, relying
on the principles of chemical and enzyme kinetics decreases the probability of
errors during mathematical modelling. Proper choice of maximum rates of enzyme
activities, taken from in vivo and biochemical data (Aliev and Saks, 1997), also
served this goal. All details of modelling can be found in our publications (Aliev
and Saks, 1997; Dos Santos et al., 2000).

4.3. Main Results: Mathematical Evidence
for the Phosphocreatine Circuit

Modelling revealed oscillations of all metabolite levels in the cytoplasm of the
working heart (Figure 10A). Activation of contraction results in a small spike-like,
transient (40 ms) decrease in ATP concentration and a symmetrical increase in ADP
levels in the systole, followed by more pronounced and longer-lasting changes in
PCr (transient decrease) and Cr (transient increase) concentrations. P; concentrations
change in a similar manner as free Cr concentrations (Aliev and Saks, 1997; Dos
Santos et al., 2000).
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Figure 10. (A) Phasic changes in metabolite concentrations in a myofibril’s core during a cardiac
contraction cycle. Modelling for a high workload corresponding to a rate of oxygen consumption of
46 patoms of O-(g wm)~'-min~'. (B) Modelling results of non-equilibrium behaviour of ATP-synthase
(Syn), myofibrillar and mitochondrial CK (CKmyo and CKmit, respectively) under conditions with (solid
lines) or without (dotted lines) restrictions for adenine nucleotide diffusion through the mitochondrial
outer membrane. An arrow indicates the equilibrium position, when net ATP production is equal to zero.
Reproduced from Aliev and Saks (1997) with kind permission from the Biophysical Society, USA.
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These metabolite changes are the basis for respective changes in the corre-
sponding chemical reactions. At very high workload, corresponding to a rate of
oxygen consumption of 46y atoms of O-(g wet mass)!-min~!, an increase in
myoplasmic ADP concentration from basal diastolic levels (383 vs. 58 uM) is
responsible for activation of net ATP synthesis by MM-CK from —0.2 to 8.5 mmol
ATP-s~!-(kg wet mass)~! (Aliev and Saks, 1997) (Figure 10B).

The simulation data indicate that myoplasmic MM-CK is clearly out
of equilibrium in cyclically contracting cells (Figure 10B). Non-equilibrium
behaviour of MM-CK is caused by cyclic increases in myoplasmic ADP
levels during the systole of the cell. These oscillations cannot be dampened
completely even when the activity of MM-CK is increased artificially by 10-fold
(Saks and Aliev, 1996).

In such a system, based on published experimental data, regeneration of consumed
myoplasmic PCr takes place mostly in mitochondria, as evidenced by a permanent
shift of the MtCK reaction towards net PCr and ADP synthesis (Aliev and
Saks, 1997) (Figure 10B). The mean value of net PCr synthesis in the mitochon-
drial compartment is 1.91 mmol PCr-s~!-(kg wet mass)~'. The sustained shift of the
MtCK reaction towards PCr synthesis results both from local coupling of MtCK
to ANT and from dynamic compartmentation imposed by restrictions for ADP
diffusion through the mitochondrial outer membrane. The relative contribution of
the former mechanism, i.e. local coupling, to this phenomenon is about 54%: in the
same system, but without restrictions for ADP diffusion (Aliev and Saks, 1997), the
mean value of net PCr synthesis by mitochondria drops to 1.03 mmol PCr-s~!-(kg
wet mass)~! (Figure 11).

Figure 11. Modelling results of diffusional ATP and PCr export through the mitochondrial outer
membrane under conditions without (A) or with (B) restrictions for adenine nucleotide diffusion through
the mitochondrial outer membrane. The shaded area indicates PCr efflux. Reproduced from Aliev and
Saks (1997) with kind permission from the Biophysical Society, USA.
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As a whole, in a system with compartmentalized CK, the functional local coupling
of CK to ANT leads to complete separation of functional roles of cellular CK isoen-
zymes: MM-CK becomes responsible for ATP regeneration in the myoplasm during
the systole at the expense of PCr breakdown, while regeneration of myoplasmic Cr
to PCr takes place in mitochondria in the coupled MtCK reaction throughout the
contraction-relaxation cycle (Figure 11). Such a separation of functions is important
for realization of metabolic stability of the working heart (Dos Santos et al., 2000;
Aliev et al., 2003)

ACKNOWLEDGEMENTS

This work was supported by INSERM, France, and by grants from the Estonian
Science Foundation (no. 7117 and 6142 to V.S.), the Swiss National Science
Foundation (grant 3100A0-102075 to T.W. and U.S.), the Swiss Heart Foundation
(to T.W. and U.S.) and the Russian Foundation for Basic Science (grant 060448620
to M.A.). Due to space limitations, as well as restriction of cited references, we
apologize to all those colleagues and researchers in the field whose work is not
directly cited here.

REFERENCES

Abraham, M.R., Selivanov, V.A., Hodgson, D.M., Pucar, D., Zingman, L.V., Wieringa, B., Dzeja P.
Alekseev, A.E., and Terzic, A., 2002, Coupling of cell energetics with membrane metabolic sensing.
Integrative signaling through creatine kinase phosphotransfer disrupted by M-CK gene knock-out. J.
Biol. Chem. 277: 24427-24434.

Aliev, M.K., and Saks, V.A., 1997, Compartmentalised energy transfer in cardiomyocytes. Use of
mathematical modeling for analysis of in vivo regulation of respiration. Biophys. J. 73: 428-445.
Aliev, M.K., and Saks, V.A., 2003, Analysis of mechanism of work of mitochondrial adenine nucleotide

translocase using mathematical models. Biofizika (Russian) 48: 1075-1085.

Aliev, M.K., Dos Santos, P., and Saks, V.A., 2003, Mathematical modeling of regulation of oxidative
phosphorylation in cardiomyocytes. In: Kekelidze, T., and Holtzman, D. (eds.), Creatine Kinase and
Brain Energy Metabolism. Function and Disease. IOS Press, Amsterdam, NATO Science Series: Life
and Behavioral Sciences, Volume 342: 59-79.

Ames, A.3rd, 2000, CNS energy metabolism as related to function. Brain Res. Rev. 34: 42—68.

Anflous, K., Armstrong, D.D., and Craigen, W.J., 2001, Altered mitochondrial sensitivity for ADP and
maintenance of creatine-stimulated respiration in oxidative striated muscles from VDACI-deficient
mice. J. Biol. Chem. 276: 1954—-1960.

Appaix, F., Kuznetsov, A.V., Usson, Y., Andrienko, T., Olivares, J., Kaambre, T., Sikk, P., Margreiter, R.,
and Saks, V., 2003, Possible role of cytoskeleton in intracellular arrangement and regulation of
mitochondria. Exp. Physiol. 88: 175-190.

Balaban, R.S., Kantor, H.L., Katz, L.A., and Briggs, R.W., 1986, Relation between work and phosphate
metabolite in the in vivo paced mammalian heart. Science 232: 1121-1123.

Barbour, R.L., Ribaudo, J., and Chan, S.H.P., 1984, Effect of creatine kinase activity on mitochondrial
ADP/ATP transport. Evidence for functional interaction. J. Biol. Chem. 259: 8246-8251.

Belitzer, V.A., and Tsybakova, E.T., 1939, Sur le mécanisme des phosphorylations couplées avec la
respiration. Biochimia (Russian) 4: 516-535.

Bereiter-Hahn, J., and Voth, M., 1994, Dynamics of mitochondria in living cells: shape changes,
dislocations, fusion, and fission of mitochondria. Microsc. Res. Tech. 27: 198-219.



The Creatine Kinase Phosphotransfer Network 59

Bessman, S.P., and Fonyo, A., 1966, The possible role of the mitochondrial bound creatine kinase in
regulation of mitochondrial respiration. Biochem. Biophys. Res. Commun. 22: 597-602.

Bessman, S.P., and Geiger, P., 1981, Transport of energy in muscle: the phosphocreatine shuttle. Science
211: 448-452.

Beyer, K., and Klingenberg, M., 1985, ADP/ATP carrier protein from beef heart mitochondria has high
amounts of tightly bound cardiolipin, as revealed by 3'P nuclear magnetic resonance. Biochemistry
24: 3821-3826.

Beyer, K., and Nuscher, B., 1996, Specific cardiolipin binding interferes with labeling of sulfhydryl
residues in the adenosine diphosphate/adenosine triphosphate carrier protein from beef heart
mitochondria. Biochemistry 35: 15784-15790.

Boudina, S., Laclau, M.N., Tariosse, L., Daret, D., Gouverneur, G., Boron-Adele, S., Saks, V.A., and
Dos Santos, P., 2002, Alteration of mitochondrial function in a model of chronic ischemia in vivo in
rat heart. Am. J. Physiol. 282: H821-H831.

Brustovetsky, N., Becker, A., Klingenberg, M., and Bamberg, E., 1996, Electrical currents associated
with nucleotide transport by the reconstituted mitochondrial ADP/ATP carrier. Proc. Natl. Acad. Sci.
U.S.A. 93: 664-668.

Burelle, Y., and Hochachka, P.W., 2002, Endurance training induces muscle-specific changes in
mitochondrial function in skinned muscle fibers. J. Appl. Physiol. 92: 2429-2438.

Burklen, T.S., Schlattner, U., Homayouni, R., Gough, K., Rak, M., Szeghalmi, A., and Wallimann, T.,
2006, The creatine kinase/creatine connection to Alzheimer’s disease: CK-inactivation, APP-CK
complexes and focal creatine deposits. J. Biomed. Biotechnol. 2006: 1-11.

Capetanaki, Y., 2002, Desmin cytoskeleton: a potential regulator of muscle mitochondrial behavior and
function. Trends Cardiovasc. Med. 12: 339-348.

Carrasco, A.J., Dzeja, P.P., Alekseev, A.E., Pucar, D., Zingman, L.V., Abraham, M.R., Hodgson, D.,
Bienengraeber, M., Puceat, M., Janssen, E., Wieringa, B., and Terzic, A., 2001, Adenylate kinase
phosphotransfer communicates cellular energetic signals to ATP-sensitive potassium channels. Proc.
Natl. Acad. Sci. U.S.A. 98: 7623-7628.

Cleland, W.W., 1963, The kinetics of enzyme-catalyzed reactions with two or more substrates or
products. I. Nomenclature and rate equations. Biochim. Biophys. Acta 67: 104-137.

Colombini, M., 2004, VDAC: the channel at the interface between mitochondria and the cytosol. Mol.
Cell. Biochem. 256: 107-115.

Crawford, R.M., Ranki, H.J., Botting, C.H., Budas, G.R., and Jovanovic, A., 2002, Creatine kinase is
physically associated with the cardiac ATP-sensitive K* channel in vivo. FASEB J. 16: 102-104.
De Furia, R.A., Ingwall, J.S., Fossel, E., and Dygert, M., 1980, The integration of isoenzymes for energy
distribution. In: Jacobus, W.E., and Ingwall, J.S. (eds.), Heart creatine kinase, Williams & Wilkins,

Baltimore-London, pp. 135-142.

Dolder, M., Walzel, B., Speer, O., Schlattner, U., and Wallimann, T., 2003, Inhibition of the mitochon-
drial permeability transition by creatine kinase substrates. Requirement for microcompartmentation.
J. Biol. Chem. 278: 17760-17766.

Dos Santos, P., Aliev, M.K., Diolez, P., Duclos, F., Bonoron-Adele, S., Besse, P., Canioni, P., Sikk, P.,
and Saks, V.A., 2000, Metabolic control of contractile performance in isolated perfused rat heart.
Analysis of experimental data by reaction:diffusion mathematical model. J. Mol. Cell. Cardiol. 32:
1703-1734.

Duyckaerts, C., Sluse-Coffart, C.M., Fux, J.P., Sluse, F.E., and Liebecq, C., 1980, Kinetic mechanism
of the exchanges catalysed by the adenine nucleotide carrier. Eur. J. Biochem. 106: 1-6.

Dzeja, P.P., Zeleznikar, R.J., and Goldberg, N.D., 1998, Adenylate kinase: kinetic behaviour in intact
cells indicates it is integral to multiple cellular processes. Mol. Cell. Biochem. 184: 169—182.

Dzeja, P., and Terzic, A., 2003, Phosphotransfer networks and cellular energetics. J. Exp. Biol. 206:
2039-2047.

Epand, R.F., Tokarska-Schlattner, M., Schlattner, U., Wallimann, T., and Epand, R.M., 2007, Cardiolipin
clusters and membrane domain formation induced by mitochondrial proteins. J. Mol. Biol. 365:
968-980.



60 Saks et al.

Epand, R.F., Schlattner, U., Wallimann, T., Lacombe, M.L., and Epand, R.M., 2006, Novel lipid transfer
property of two mitochondrial proteins that bridge the inner and outer membranes. Biophys. J. 92:
126-137.

Eppenberger, H.M., Dawson, D.M., and Kaplan, N.O., 1967, The comparative enzymology of creatine
kinases. J. Biol. Chem. 242: 204-209.

Fontaine, E.M., Keriel, C., Lantuejoul, S., Rigoulet, M., Leverve, X.M., and Saks, V.A., 1995,
Cytoplasmic cellular structures control permeability of outer mitochondrial membrane for ADP and
oxidative phosphorylation in rat liver cells. Biochem. Biophys. Res. Commun. 213: 138-146.

Fritz-Wolf, K., Schnyder, T., Wallimann, T., and Kabsch, W., 1996, Structure of mitochondrial creatine
kinase. Nature 381: 341-345.

Gellerich, F., and Saks, V.A., 1982, Control of heart mitochondrial oxygen consumption by creatine
kinase: the importance of enzyme localization. Biochem. Biophys. Res. Commun. 105: 1473-1481.
Gellerich, F.N., Schlame, M., Bohnensack, R., and Kunz, W., 1987, Dynamic compartmentation of
adenine nucleotides in the mitochondrial intermembrane space of rat-heart mitochondria. Biochim.

Biophys. Acta 890: 117-126.

Gellerich, F.N., Kapischke, M., Kunz, W., Neumann, W., Kuznetsov, A., Brdiczka, D., and Nicolay, K.,
1994, The influence of the cytosolic oncotic pressure on the permeability of the mitochondrial outer
membrane for ADP: implications for the kinetic properties of mitochondrial creatine kinase and for
ADP channeling into the intermembrane space. Mol. Cell. Biochem. 133/134: 85-104.

Gellerich, F.N., Laterveer, F.D., Korzeniewski, B., Zierz, S., and Nicolay, K., 1998, Dextran strongly
increases the Michaelis constants of oxidative phosphorylation and of mitochondrial creatine kinase
in heart mitochondria. Eur. J. Biochem. 254: 172-180.

Gellerich, F.N., Laterveer, F.D., Zierz, S., and Nicolay, K., 2002, The quantitation of ADP diffusion
gradients across the outer membrane of heart mitochondria in the presence of macromolecules.
Biochim. Biophys. Acta 1554: 48-56.

de Graaf, R.A., van Kranenburg, A., and Nicolay, K., 2000, In vivo 3!P-NMR diffusion spectroscopy
of ATP and phosphocreatine in rat skeletal muscle. Biophys J. 78: 1657-1664.

de Groof, A.J., Smeets, B., Groot Koerkamp, M.J., Mul, A.N., Janssen, E.E., Tabak, H.F., and
Wieringa, B., 2001, Changes in mRNA expression profile underlie phenotypic adaptations in creatine
kinase-deficient muscles. FEBS Lett. 506: 73-78.

Gropp, T., Brustovetsky, N., Klingenberg, M., Miiller, V., Fendler, K., and Bamberg, E., 1999, Kinetics
of electrogenic transport by the ADP/ATP carrier. Biophys. J. T7: 714-726.

Haas, R.C., and Strauss, A.W., 1990, Separate nuclear genes encode sarcomere-specific and ubiquitous
human mitochondrial creatine kinase isoenzymes. J. Biol. Chem. 265: 6921-6927.

Hornemann, T., Stolz, M., and Wallimann, T., 2000, Isoenzyme-specific interaction of muscle-type
creatine kinase with the sarcomeric M-line is mediated by NH,-terminal lysine charge-clamps. J. Cell
Biol. 149: 1225-1234.

Hornemann, T., Kempa, S., Himmel, M., Hayess, K., Furst, D.O., and Wallimann, T., 2003, Muscle-type
creatine kinase interacts with central domains of the M-band proteins myomesin and M-protein. J.
Mol. Biol. 332: 877-887.

Huang, S.G., Odoy, S., and Klingenberg, M., 2001, Chimers of two fused ADP/ATP carrier monomers
indicate a single channel for ADP/ATP transport. Arch. Biochem. Biophys. 394: 67-75.

Huber, T., Klingenberg, M., and Beyer, K., 1999, Binding of nucleotides by mitochondrial ADP/ATP
carrier as studied by 'H nuclear magnetic resonance spectroscopy. Biochemistry 38: 762-769.

Jacobus, W.E., and Lehninger, A.L., 1973, Creatine kinase of rat mitochondria. Coupling of creatine
phosphorylation to electron transport. J. Biol. Chem. 248: 4803-4810.

Jacobus, W.E., and Saks, V.A., 1982, Creatine kinase of heart mitochondria: changes in its kinetic
properties induced by coupling to oxidative phosphorylation. Arch. Biochem. Biophys. 219: 167-178.

Janssen, E., Terzic, A., Wieringa, B., and Dzeja, P., 2003, Impaired intracellular energy communication
in muscles from creatine kinase and adenylate kinase (M-CK/AKI1) double knock-out mice. J. Biol.
Chem. 278: 30441-30449.

Jezek, P., and Hlavata, L., 2005, Mitochondria in homeostasis of reactive oxygen species in cell, tissues
and organism. Intl. J. Biochem. 37: 2478-2503.



The Creatine Kinase Phosphotransfer Network 61

Kaasik, A., Veksler, V., Boehm, E., Novotova, M., Minajeva, A., and Ventura-Clapier, R., 2001,
Energetic crosstalk between organelles. Architectural integration of energy production and utilization.
Circ. Res. 89: 153-159.

Kay, L., Li, Z., Mericskay, M., Olivares, J., Tranqui, L., Fontaine, E., Tiivel, T., Sikk, P., Kaambre, T.,
Samuel, J.L., Rappaport, L., Usson, Y., Leverve, X., Paulin, D., and Saks, V.A., 1997, Study of
regulation of mitochondrial respiration in vivo. An analysis of influence of ADP diffusion and possible
role of cytoskeleton. Biochim. Biophys. Acta 1322: 41-59.

Kay, L., Nicolay, K., Wieringa, B., Saks, V., and Wallimann, T., 2000, Direct evidence for the control
of mitochondrial respiration by mitochondrial creatine kinase in oxidative muscle cells in situ. J. Biol.
Chem. 275: 6937-6944.

Kennedy, H.J., Pouli, A.E., Ainscow, E.K., Jouaville, L.S., Rizzuto, R., and Rutter, G.A., 1999, Glucose
generates sub-plasma membrane ATP microdomains in single islet beta-cells. Potential role for
strategically located mitochondria. J. Biol. Chem. 274: 13281-13291.

Khuchua, Z.A., Qin, W., Boero, J., Cheng, J., Payne, R.M., Saks, V.A., and Strauss, A.W., 1998, Octamer
formation by cardiac sarcomeric mitochondrial creatine kinase is mediated by charged N-terminal
residues. J. Biol. Chem. 273: 22990-22996.

Kim, L.H., and Lee, H.J., 1987, Oxidative phosphorylation of creatine by respiring pig heart mitochondria
in the absence of added adenine nucleotides. Biochem. Int. 14: 103—110.

Klingenberg, M., 1964, Muskelmitochondrien. In: Kramer, K., Krayer, O., Lehnartz, E., Muralt, A.,
and Weber, H.H. (eds.), Ergebnisse der Physiologie, Biologischen Chemie und Experimentellen
Pharmakologie, Springer Verlag, Berlin-Géttingen-Heidelberg-New York, Vol. 55, pp. 131-189.

Korge, P., Byrd, S.K., and Campbell, K.B., 1993, Functional coupling between sarcoplasmic-reticulum-
bound creatine kinase and Ca** ATPase. Eur. J. Biochem. 213: 973-980.

Korge, P., and Campbell, K.B., 1994, Local ATP regeneration is important for sarcoplasmic reticulum
Ca?* pump function. Am. J. Physiol. 267: C357-366.

Kramer, R., and Palmieri, F., 1992, Metabolic carriers in mitochondria. In: Molecular Mechanisms in
Bioenergetics (Emnster, L., ed.), Elsevier Science Publishers, pp. 359-384.

Krause, S.M., and Jacobus, W.E., 1992, Specific enhancement of the cardiac myofibrillar ATPase activity
by bound creatine kinase. J. Biol. Chem. 267: 2480-2486.

Krippeit-Drews, P., Backer, M., Dufer, M., and Drews, G., 2003, Phosphocreatine as a determinant of
Karp channel activity in pancreatic B-cells. Pflugers Arch. 445: 556-562.

Kummel, L., 1988, Ca,MgATPase activity of permeabilized rat heart cells and its functional coupling
to oxidative phosphorylation in the cells. Cardiovasc. Res. 22: 359-367.

Kuznetsov, A.V., and Saks, V.A., 1986, Affinity modification of creatine kinase and ATP-ADP
translocase in heart mitochondria: determination of their molar stoichiometry. Biochem. Biophys. Res.
Commun. 134: 359-366.

Kuznetsov, A.V., Tiivel, T., Sikk, P., Kaambre, T., Kay, L., Daneshrad, Z., Rossi, A., Kadaja, L.,
Peet, N., Seppet, E., and Saks, V.A., 1996, Striking difference between slow and fast twitch muscles
in the kinetics of regulation of respiration by ADP in the cells in vivo. Eur. J. Biochem. 241: 909-915.

Lederer, W.J., and Nichols, C.G., 1989, Nucleotide modulation of the activity of rat heart ATP-sensitive
K™ channels in isolated membrane patches. J. Physiol. 419: 193-211.

Liobikas, J., Kopustinskiene, D.M., and Toleikis, A., 2001, What controls the outer mitochondrial
membrane permeability for ADP: facts for and against the oncotic pressure. Biochim. Biophys. Acta
1505: 220-225.

Lorenz, E., and Terzic, A., 1999, Physical association between recombinant cardiac ATP-sensitive K+
channel subunits Kir.6 and SUR2A. J. Mol. Cell. Cardiol. 31: 425-434.

McLeish, M.J., and Kenyon, G.L., 2005, Relating structure to mechanism in creatine kinase. Crit. Rev.
Biochem. Mol. Biol. 40: 1-20.

Meyer, L.E., Machado, L.B., Santiago, A.P.S.A., da-Silva, S., De Felice, F.G., Holub, O., Oliviera, M.,
and Galina, A., 2006, Mitochondrial creatine kinase activity prevents reactive oxygen species gener-
ation: Antioxidant role of mitochondrial kinase-dependent ADP re-cycling activity. J. Biol. Chem.
281: 29916-29928.



62 Saks et al.

Minajeva, A., Ventura-Clapier, R., and Veksler, V., 1996, Ca%t uptake by cardiac sarcoplasmic reticulum
ATPase in situ strongly depends on bound creatine kinase. Pflugers Arch. 432: 904-912.

Muller, M., Moser, R., Cheneval, D., and Carafoli, E., 1985, Cardiolipin is the membrane receptor for
mitochondrial creatine phosphokinase. J. Biol. Chem. 260: 3839-3843.

Neely, J.R., Liebermeister, H., Battersby, E.J., and Morgan, H.E., 1967, Effect of pressure development
on oxygen consumption by isolated rat heart. Am. J. Physiol. 212: 804-814.

Neely, J.R., Denton, R.M., England, P.J., and Randle, P.J., 1972, The effects of increased heart work
on the tricarboxylate cycle and its interactions with glycolysis in the perfused rat heart. Biochem. J.
128: 147-159.

Neely, J.R., and Morgan, H.E., 1974, Relationship between carbohydrate and lipid metabolism and the
energy balance of heart muscle. Annu. Rev. Physiol. 63: 413-459.

Novotova, M., Pavlovieova, M., Veksler, V., Ventura-Clapier, R., and Zahradnik, I., 2006, Ultrastructural
remodeling of fast skeletal muscle fibers induced by invalidation of creatine kinase. Am. J. Physiol.
Cell Physiol. 291: C1279-1285.

Nury, H., Dahout-Gonzalez, C., Trezeguet, V., Lauquin, G.J., Brandolin, G., and Pebay-Peyroula, E.,
20006, Relations between structure and function of the mitochondrial ADP/ATP carrier. Annu. Rev.
Biochem. 75: 713-741.

Nury, H., Dahout-Gonzalez, C., Trezeguet, V., Lauquin, G., Brandolin, G., and Pebay-Peyroula, E., 2005,
Structural basis for lipid-mediated interactions between mitochondrial ADP/ATP carrier monomers.
FEBS Lett. 579: 6031-6036.

Ogut, O., and Brozovich, F.V., 2003, Creatine phosphate consumption and the actomyosin crossbridge
cycle in cardiac muscles. Circ. Res. 93: 54-60.

Opie, L.H., 1998, The Heart. Physiology, from Cell to Circulation. Lippincott-Raven Publishers,
Philadelphia, USA, pp. 43-63.

Pebay-Peyroula, E., Dahout-Gonzalez, C., Trézéguet, V., Lauquin, G., and Brandolin, G., 2003, Structure
of mitochondrial ADP/ATP carrier in complex with carboxyatractyloside. Nature 426: 39-44.

Rao, J.K., Bujacz, G., and Wlodawer, A., 1998, Crystal structure of rabbit muscle creatine kinase. FEBS
Lert. 439: 133-137.

Qin, W., Khuchua, Z., Cheng, J., Boero, J., Payne, R.M, and Strauss, A.-W., 1998, Molecular character-
ization of the creatine kinases and some historical perspectives. Mol. Cell. Biochem. 184: 153-167.
Rossi, A.M., Eppenberger, HM., Volpe, P., Cotrufo, R., and Wallimann, T., 1990, Muscle-type MM
creatine kinase is specifically bound to sarcoplasmic reticulum and can support Ca’** uptake and

regulate local ATP/ADP ratios. J. Biol. Chem. 265: 5258-5266.

Saks, V.A., Chernousova, G.B., Voronkov, U.I.,, Smirnov, V.N., and Chazov, E.I., 1974, Study of energy
transport mechanism in myocardial cells. Circ. Res. 35: 138—149.

Saks, V.A., Chernousova, G.B., Gukovsky, D.E., Smirnov, V.N., and Chazov, E.I,, 1975, Studies of
energy transport in heart cells. Mitochondrial isoenzyme of creatine phosphokinase: kinetic properties
and regulatory action of Mg?* ions. Eur. J. Biochem. 57: 273-290.

Saks, V.A., Lipina, N.V., Sharov, V.G., Smirnov, V.N., Chazov, E.I, and Grosse, R., 1977, The
localization of the MM isoenzyme of creatine phosphokinase on the surface membrane of myocardial
cells and its functional coupling to ouabain-inhibited (Nat, K*)-ATPase. Biochim. Biophys. Acta
465: 550-558.

Saks, V.A., Kuznetsov, A.V., Kupriyanov, V.V., Miceli, M.V, and Jacobus, W.E., 1985, Creatine kinase
of rat heart mitochondria. The demostration of functional coupling to oxidative phosphorylation in an
inner membrane-matrix preparation. J. Biol. Chem. 260: 7757-7764.

Saks, V.A., Kapelko, V.I., Kupriyanov, V.V., Kuznetsov, A.V., Lakomkin, V.L., Veksler, V.I,
Sharov, V.G., Javadov, S.A., Seppet, EK., and Kairane, C., 1989, Quantitative evaluation of
relationship between cardiac energy metabolism and post-ischemic recovery of contractile function.
J. Mol. Cell. Cardiol. 21: 67-78.

Saks, V.A., Belikova, Y.O., and Kuznetsov, A.V., 1991, In vivo regulation of mitochondrial respiration
in cardiomyocytes: specific restrictions for intracellular diffusion of ADP. Biochim. Biophys. Acta
1074: 302-311.



The Creatine Kinase Phosphotransfer Network 63

Saks, V.A., Vasilyeva, E., Belikova, Yu.O., Kuznetsov, A.V., Lyapina, S., Petrova, L., and Perov, N.A.,
1993, Retarded diffusion of ADP in cardiomyocytes: possible role of mitochondrial outer membrane
and creatine kinase in cellular regulation of oxidative phosphorylation. Biochim. Biophys. Acta 1144:
134-1438.

Saks, V.A., Khuchua, Z.A., Vasilyeva, E.V., Belikova, Yu.O., and Kuznetsov, A., 1994, Metabolic
compartmentation and substrate channeling in muscle cells. Role of coupled creatine kinases in vivo
regulation of cellular respiration - a synthesis. Mol. Cell. Biochem. 133/134: 155-192.

Saks, V.A., Kuznetsov, A.V., Khuchua, Z.A., Vasilyeva, E.V., Belikova, J.O., Kesvatera, T., and
Tiivel, T., 1995, Control of cellular respiration in vivo by mitochondrial outer membrane and by
creatine kinase. A new speculative hypothesis: possible involvement of mitochondrial-cytoskeleton
interactions. J. Mol. Cell. Cardiol. 27: 625-645.

Saks, V.A., and Aliev, M.K., 1996, Is there the creatine kinase equilibrium in working heart cells?
Biochem. Biophys. Res. Commun. 227: 360-367.

Saks, V.A., Kaambre, T., Sikk, P., Eimre, M., Orlova, E., Paju, K., Piirsoo, A., Appaix, F., Kay, L.,
Regiz-Zagrosek, V., Fleck, E., and Seppet, E., 2001, Intracellular energetic units in red muscle cells.
Biochem. J. 356: 643-657.

Saks, V., Kuznetsov, A.V., Andrienko, T., Usson, Y., Appaix, F., Guerrero, K., Kaambre, T., Sikk, P.,
Lemba, M., and Vendelin, M., 2003, Heterogeneity of ADP diffusion and regulation of respiration in
cardiac cells. Biophys. J. 84: 3436-3456.

Saks, V.A., Vendelin, M., Aliev, M.K., Kekelidze, T., and Engelbrecht, J., 2006a, Mechanisms and
modeling of energy transfer between intracellular compartments. In: Handbook of Neurochemistry and
Molecular Neurobiology, 37 edition, vol. 5, Neuronal Energy Utilization (Dienel, G., and Gibson, G.,
eds.), Springer-Verlag, Berlin-Heidelberg, pp. 1-46.

Saks, V., Dzeja, P., Schlattner, U., Vendelin, M., Terzic, A., and Wallimann, T., 2006b, Cardiac system
bioenergetics: metabolic basis of Frank-Starling law. J. Physiol. 571: 253-273.

Sasaki, N., Sato, T., Marban, E., and O’Rourke, B., 2001, ATP consumption by uncoupled mitochondria
activates sarcolemmal K,rp channels in cardiac myocytes. Am. J. Physiol. 280: H1882-H1888.

Sata, M., Sugiura, S., Yamashita, H., Momomura, S.I., and Serizawa, T., 1996, Coupling between
myosin ATPase cycle and creatine kinase cycle facilitates cardiac actomyosin sliding in vitro: a clue
to mechanical dysfunction during myocardial ischemia. Circulation 93: 310-317.

Schlattner, U., Forstner, M., Eder, M., Stachowiak, O., Fritz-Wolf, K., and Wallimann, T., 1998,
Functional aspects of the X-ray structure of mitochondrial creatine kinase: a molecular physiology
approach. Mol. Cell. Biochem. 184: 125-140.

Schlattner, U., Eder, M., Dolder, M., Khuchua, Z.A., Strauss, A.W., and Wallimann, T., 2000, Divergent
enzyme kinetics and structural properties of the two human mitochondrial creatine kinase isoenzymes.
Biol. Chem. 381: 1063-1070.

Schlattner, U., Gehring, F., Vernoux, N., Tokarska-Schlattner, M., Neumann, D., Marcillat, O., Vial, C.,
and Wallimann, T., 2004, C-terminal lysines determine phospholipid interaction of sarcomeric
mitochondrial creatine kinase. J. Biol. Chem. 279: 24334-24342.

Schlattner, U., Tokarska-Schlattner, M., and Wallimann, T., 2006, Mitochondrial creatine kinase in
human health and disease. Biochim. Biophys. Acta 1762: 164—180.

Schlattner, U., and Wallimann, T., 2000, Octamers of mitochondrial creatine kinase differ in stability
and membrane binding. J. Biol. Chem. 275: 17314-17320.

Schlattner, U., Dolder, M., Wallimann, T., and Tokarska-Schlattner, M., 2001, Mitochondrial creatine
kinase and mitochondrial outer membrane porin show a direct interaction that is modulated by calcium.
J. Biol. Chem. 276: 48027-48030.

Schlattner, U., and Wallimann T., 2004, Metabolite channeling: creatine kinase microcompartments. In:
Encyclopedia of Biological Chemistry (Lennarz, W.J., and Lane, M.D., eds.), Academic Press, New
York, USA, pp. 646-651.

Schlattner, U., and Wallimann, T., 2006, Molecular structure and function of mitochondrial creatine
kinases. In: Creatine kinase — biochemistry, physiology, structure and function (Uversky, V.N., ed.),
Nova Science Publishers, New York, USA, pp. 123-170.



64 Saks et al.

Stachowiak, O., Schlattner, U., Dolder, M., and Wallimann, T., 1998, Oligomeric state and membrane
binding behaviour of creatine kinase isoenzymes: implications for cellular function and mitochondrial
structure. Mol. Cell. Biochem. 184: 141-151.

Schlegel, J., Wyss, M., Schurch, U., Schnyder, T., Quest, A., Wegmann, G., Eppenberger, H.M., and
Wallimann, T., 1988a, Mitochondrial creatine kinase from cardiac muscle and brain are two distinct
isoenzymes but both form octameric molecules. J. Biol. Chem. 263: 16963—-16969.

Schlegel, J., Zurbriggen, B., Wegmann, G., Wyss, M., Eppenberger, H.M., and Wallimann, T., 1988b,
Native mitochondrial creatine kinase forms octameric structures. I. Isolation of two interconvertible
mitochondrial creatine kinase forms, dimeric and octameric mitochondrial creatine kinase: character-
ization, localization, and structure-function relationships. J. Biol. Chem. 263: 16942—16953.

Schnyder, T., Rojo, M., Furter, R., and Wallimann, T., 1994, The structure of mitochondrial creatine
kinase and its membrane binding properties. Mol. Cell. Biochem. 133/134: 115-123.

Scholte, H.R., 1973, On the triple localization of creatine kinase in heart and skeletal muscle cells of
the rat: evidence for the existence of myofibrillar and mitochondrial isoenzymes. Biochim. Biophys.
Acta 305: 413-427.

Selivanov, V.A., Alekseev, A.E., Hodgson, D.M., Dzeja, P.P., and Terzic, A., 2004, Nucleotide-gated
Karp channels integrated with creatine and adenylate kinases: Amplification, tuning and sensing
of energetic signals in the compartmentalized cellular environment. Mol. Cell. Biochem. 256/257:
243-256.

Seppet, E., Kaambre, T., Sikk, P., Tiivel, T., Vija, H., Kay, L., Appaix, F., Tonkonogi, M., Sahlin, K.,
and Saks, V.A., 2001, Functional complexes of mitochondria with MgATPases of myofibrils and
sarcoplasmic reticulum in muscle cells. Biochim. Biophys. Acta 1504: 379-395.

Sharov, V.G., Saks, V.A., Smirnov, V. N., and Chazov, E.I., 1977, An electron microscopic histochemical
investigation of creatine phosphokinase in heart cells. Biochim. Biophys. Acta 468: 495-501.

Soboll, S., Conrad, A., and Hebisch, S., 1994, Influence of mitochondrial creatine kinase on the mitochon-
drial/extramitochondrial distribution of high energy phosphates in muscle tissue: evidence for the leak
in the creatine shuttle. Mol. Cell. Biochem. 133/134: 105-115.

Spindler, M., Niebler, R., Remkes, H., Horn, M., Lanz, T., and Neubauer, S., 2002, Mitochondrial
creatine kinase is critically necessary for normal myocardial high-energy phosphate metabolism.
Am. J. Physiol.283: H680-H687.

Spindler, M., Meyer, K., Stromer, H., Leupold, A., Boehm, E., Wagner, H., and Neubauer, S., 2004,
Creatine kinase-deficient hearts exhibit increased susceptibility to ischemia-reperfusion injury and
impaired calcium homeostasis. Am. J. Physiol. 287: H1039-H1045.

Stanley, W.C., Recchia, F.A., and Lopaschuk, G.D., 2005, Myocardial substrate metabolism in the
normal and failing heart. Physiol. Rev. 85: 1093-1129.

Steeghs, K., Benders, A., Oerlemans, F., de Haan, A., Heerschap, A., Ruitenbeek, W., Jost, C., van
Deursen, J., Perryman, B., Pette, D., Bruckwilder, M., Koudijs, J., Jap, P., Veerkamp, J., and
Wieringa, B., 1997, Altered Ca’>* responses in muscles with combined mitochondrial and cytosolic
creatine kinase deficiencies. Cell 89: 93-103.

Taegtmeyer, H., Wilson, C.R., Razeghi, P., and Sharma, S., 2005, Metabolic energetics and genetics in
the heart. Ann. N. Y. Acad. Sci. 1047: 208-218.

Veksler, V.I., Kuznetsov, A.V., Anflous, K., Mateo, P., van Deursen, J., Wieringa, B., and Ventura-
Clapier, R., 1995, Muscle creatine-kinase deficient mice. II Cardiac and skeletal muscles exhibit
tissue-specific adaptation of the mitochondrial function. J. Biol. Chem. 270: 19921-19929.

Vendelin, M., Kongas, O., and Saks, V., 2000, Regulation of mitochondrial respiration in heart
cells analyzed by reaction-diffusion model of energy transfer. Am. J. Physiol. Cell Physiol. 278:
C747-C764.

Vendelin, M., Lemba, M., and Saks, V.A., 2004a, Analysis of functional coupling: mitochondrial creatine
kinase and adenine nucleotide translocase. Biophys. J. 87: 696-713.

Vendelin, M., Eimre, M., Seppet, E., Peet, N., Andrienko, T., Lemba, M., Engelbrecht, J., Seppet, E.K.,
and Saks, V.A., 2004b, Intracellular diffusion of adenosine phosphates is locally restricted in cardiac
muscle. Mol. Cell. Biochem. 256/257: 229-241.



The Creatine Kinase Phosphotransfer Network 65

Vendelin, M., Beraud, N., Guerrero, K., Andrienko, T., Kuznetsov, A.V, Olivares, J., Kay, L., and
Saks, V.A., 2005, Mitochondrial regular arrangement in muscle cells: a “crystal-like” pattern. Am. J.
Physiol. Cell Physiol. 288: C757-C767.

Ventura-Clapier, R., Mekhfi, H., and Vassort, G., 1987, Role of creatine kinase in force development
in chemically skinned rat cardiac muscle. J. Gen. Physiol. 89: 815-837.

Ventura-Clapier, R., Kuznetsov, A., Veksler, V., Boehm, E., and Anflous, K., 1998, Functional coupling
of creatine kinases in muscles: species and tissue specificity. Mol. Cell. Biochem. 184: 231-247.

Ventura-Clapier, R., Kaasik, A., and Veksler, V., 2004, Structural and functional adaptations of striated
muscles to CK deficiency. Mol. Cell. Biochem. 256: 29-41.

Vial, C., Godinot, C., and Gautheron, D., 1972, Membranes: creatine kinase (E.C.2.7.3.2.) in pig heart
mitochondria. Properties and role in phosphate potential regulation. Biochimie 54: 843-852.

Wallimann, T., Schlosser, T., and Eppenberger, H., 1984, Function of M-line-bound creatine kinase as
intramyofibrillar ATP regenerator at the receiving end of the phosphorylcreatine shuttle in muscle. J.
Biol. Chem. 259: 5238-5246.

Wallimann, T., Wyss, M., Brdiczka, D., Nicolay, K., and Eppenberger, H.M., 1992, Intracellular compart-
mentation, structure and function of creatine kinase isoenzymes in tissues with high and fluctuating
energy demands: the ‘phosphocreatine circuit’ for cellular energy homeostasis. Biochem. J. 281:
21-40.

Wallimann, T., and Hemmer, W., 1994, Creatine kinase in non-muscle tissues and cells. Mol. Cell.
Biochem. 133/134: 193-220.

Wallimann, T., Dolder, M., Schlattner, U., Eder, M., Hornemann, T., O’Gorman, E., Ruck, A., and
Brdiczka, D., 1998, Some new aspects of creatine kinase (CK): compartmentation, structure, function
and regulation for cellular and mitochondrial bioenergetics and physiology. Biofactors 8: 229-234.

Wegmann, G., Zanolla, E., Eppenberger, H.M., and Wallimann, T., 1992, In situ compartmentation of
creatine kinase in intact sarcomeric muscle: the acto-myosin overlap zone as a molecular sieve. J.
Muscle Res. Cell Motil. 13: 420-435.

Weiss, J.N., and Lamp, S.T., 1987, Glycolysis preferentially inhibits ATP-sensitive K* channels in
isolated guinea pig cardiac myocytes. Science 238: 67-69.

Weiss, J.N., Ling, Y., and Qu, Z., 2006, Network perspectives of cardiovascular metabolism. J. Lipid
Res. 47: 2355-2366.

Williamson, J.R., Ford, C., Illingworth, J., and Safer, B., 1976, Coordination of citric acid cycle activity
with electron transport flux. Circ. Res. 38: 39-51.

Williamson, J.R., 1979, Mitochondrial function in the heart. Annu. Rev. Physiol. 41: 485-506.

Wyss, M., and Kaddurah-Daouk, R., 2000, Creatine and creatinine metabolism. Physiol. Rev. 80:
1107-1213.

Yagi, K., and Mase, R., 1962, Coupled reaction of creatine kinase and myosin A-adenosine triphos-
phatase. J. Biol. Chem. 237: 397-403.

Yang, Z., and Steele, D.S., 2002, Effects of phosphocreatine on SR regulation in isolated saponin-
permeabilised rat cardiac myocytes. J. Physiol. 539: 767-7717.

Zhou, G., Somasundaram, T., Blanc, E., Parthasarathy, G., Ellington, W.R., and Chapman, M.S., 1998,
Transition state structure of arginine kinase: implications for catalysis of bimolecular reactions. Proc.
Natl. Acad. Sci. U.S.A. 95: 8449-8454.



CHAPTER 4

EXPRESSION AND FUNCTION OF AGAT, GAMT
AND CT1 IN THE MAMMALIAN BRAIN

OLIVIER BRAISSANT, CLAUDE BACHMANN AND HUGUES HENRY

Clinical Chemistry Laboratory, Centre Hospitalier Universitaire Vaudois and University
of Lausanne, CH-1011 Lausanne, Switzerland

Abstract: In mammals, creatine is taken up from the diet and can be synthesized endogenously
by a two-step mechanism involving the enzymes arginine:glycine amidinotransferase
(AGAT) and guanidinoacetate methyltransferase (GAMT). Creatine (Cr) is taken up by
cells through a specific transporter, CT1. While the major part of endogenous synthesis
of Cr is thought to occur in kidney, pancreas and liver, the brain widely expresses
AGAT, GAMT and CT1I, both during development and in adulthood. The adult central
nervous system (CNS) has a limited capacity to take up Cr from periphery, and seems
to rely more on its endogenous Cr synthesis. In contrast, the embryonic CNS might
be more dependent on Cr supply from periphery than on endogenous synthesis. This
review will focus on the expression and function of AGAT, GAMT and CT1 in the
mammalian CNS, both during development and in adulthood. Emphasis will also be
placed on their specific roles in the different cell types of the brain, to analyze which
brain cells are responsible for the CNS capacity of (i) endogenous Cr synthesis and
(ii) Cr uptake from the periphery, and which brain cells are the main Cr consumers.
The potential role of CT1 as guanidinoacetate transporter between “AGAT-only” and
“GAMT-only” expressing cells will also be explored

1. INTRODUCTION

The creatine (Cr)/phosphocreatine (PCr)/creatine kinase (CK) system is essential
for the buffering and transport of high-energy phosphates. In the central nervous
system (CNS), Cr has been demonstrated to play a role in the migration of growth
cones and the growth of dendrites and axons, in the activity of Na*/K*-ATPase,
in the release of different neurotransmitters, in the maintenance of the membrane
potential, in Ca** homeostasis or in the restoration of ion gradients (Wallimann
et al., 1992; Wyss and Kaddurah-Daouk, 2000). Cr was also recently hypothesized
to act as a central neuromodulator (Almeida ez al., 2006).
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In mammals, Cr is taken up from the diet, and can be synthesized endogenously
by a two-step mechanism involving the two enzymes arginine:glycine amidinotrans-
ferase (AGAT) and guanidinoacetate methyltransferase (GAMT). Cr is distributed
through the blood and is taken up by cells with high energy demands through a
specific Cr transporter, CT1, which belongs to the Na* and Cl1~ dependent neuro-
transmitter transporter family (for a review, see Wyss and Kaddurah-Daouk, 2000).
In adult mammals, AGAT is mainly expressed in kidney and pancreas, and GAMT
in liver and pancreas. In addition, both enzymes are expressed in various other
tissues, albeit at lower levels. The highest expression of CT/ is found in kidney
(see Wyss and Kaddurah-Daouk, 2000, and references therein).

The mammalian brain, as well as primary cultures of brain cells and nerve cell
lines, are also able to synthesize Cr (Pisano et al., 1963; Van Pilsum et al., 1972;
Daly, 1985; Dringen et al., 1998; Braissant et al., 2002). In the adult CNS,
AGAT and GAMT genes are expressed by all the main cell types of the brain
(Lee et al., 1998; Braissant et al., 2001b). Primary brain cell cultures, either
neuronal, glial or mixed, and neuroblastoma cell cultures, have Cr transport activity
(Daly, 1985; Moller and Hamprecht, 1989; Braissant ef al., 2002). In the adult
mammalian brain, the CTI gene is expressed in neurons and oligodendrocytes
while astrocytes, including those at the blood brain barrier (BBB), do not express
it (Guimbal and Kilimann, 1993; Schloss et al., 1994; Happe and Murrin, 1995;
Saltarelli et al., 1996; Braissant et al., 2001b; Ohtsuki et al., 2002; Tachikawa
et al., 2004). The brain capillary endothelial cells, however, which establish the
BBB, express CT/ (Braissant et al., 2001b) and are able to import Cr (Ohtsuki
et al., 2002).

Until recently, the materno-fetal transport of Cr had been demonstrated (Koszalka
etal., 1975; Davis et al., 1978; Walker, 1979), but little information was available on
AGAT, GAMT and CT1 gene expression during embryonic development, particularly
for the CNS. AGAT and GAMT were found in whole extracts of the developing
mouse embryo (Sandell er al., 2003; Schmidt et al., 2004), and CTI has been
demonstrated in the neuraxis of the rat embryo (Schloss et al., 1994). Our recent
detailed analysis of AGAT, GAMT and CTI expression during the development of
the rat embryo has revealed that AGAT and CTI are widely expressed as soon as
E12.5, while GAMT expression could only be demontrated at a later stage (E18.5)
in the developing rat brain (Braissant et al., 2005b).

The CNS is the main organ affected in patients suffering from Cr deficiency
syndromes due to either AGAT, GAMT or CT1 deficiency (Stockler ef al., 1994,
Salomons et al., 2001; Item et al., 2001). These patients present neurological
symptoms in infancy and have mental retardation (see chapter 8; Stockler
et al., 2007; (Schulze et al., 1997; Battini ef al., 2002; DeGrauw et al., 2002)). All
three deficiencies are characterized by an absence, or a severe decrease, of Cr in
CNS (Stromberger et al., 2003; Sykut-Cegielska et al., 2004). AGAT and GAMT
deficient patients can be treated with oral Cr supplementation. Although very high
doses of Cr are being used, the replenishment of cerebral Cr takes months and
results only in partial restoration of the cerebral Cr pool (Stockler et al., 1996;
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Ganesan et al., 1997; Schulze et al., 1998; Item et al., 2001; Battini et al., 2002). Cr
supplementation of CT1 deficient patients does not restore cerebral Cr levels (Cecil
et al., 2001; DeGrauw et al., 2002; Bizzi et al., 2002; Poo-Arguelles et al., 2006).

The expression of AGAT and GAMT in the mammalian brain, the absence of CT/
in the astrocytes lining the BBB (Braissant et al., 2001b), and the fact that Cr poorly
crosses the BBB of rodents (Ohtsuki et al., 2002; Perasso et al., 2003) as well as that
of AGAT and GAMT deficient patients (Stromberger et al., 2003; Sykut-Cegielska
et al., 2004) has led us to hypothesize that the postnatal and adult CNS might
depend, at least in part, on its own Cr synthesis (Braissant et al., 2001b). However,
this question remains open, as CT1 deficient patients, who are expected to express
AGAT and GAMT in their CNS, are nevertheless also depleted in intracerebral Cr
(Salomons et al., 2003). In contrast, our studies on develpmental biology of the rat
brain suggest that in the early embryo, Cr uptake by the CNS from the periphery
must predominate, with endogenous synthesis of Cr appearing only late in the
embryonic development of the brain (Braissant et al., 2005b).

2. EXPRESSION OF AGAT, GAMT AND CT1
IN THE ADULT BRAIN

It has long been thought that most, if not all, of the Cr necessary for the brain was of
peripheral origin, be it taken from the diet or synthesized endogenously through the
AGAT and GAMT activities in kidney, pancreas and liver (Wyss and Kaddurah-
Daouk, 2000). However, since a long time it is also known that the mammalian
brain is able to synthesize Cr (Pisano et al., 1963; Van Pilsum et al., 1972), which
is also true for primary cultures of brain cells and nerve cell lines (Daly, 1985;
Dringen et al., 1998; Braissant et al., 2002). While the highest expression of AGAT
and GAMT is indeed found in kidney, pancreas and liver, these genes are also
expressed, at lower levels, in various other tissues, including CNS (Lee e al., 1998,
Wyss and Kaddurah-Daouk, 2000; Braissant et al., 2001b; Schmidt et al., 2004;
Tachikawa et al., 2004; Nakashima et al., 2005).

AGAT is expressed throughout the adult rat brain, shown both at the mRNA
and protein levels in all the main CNS structures, with particularly high levels in
the telencephalon and cerebellum (Braissant et al., 2001b, 2005a). AGAT mRNA
is also expressed in the rat retina (Nakashima er al., 2005). The adult rat CNS
expresses AGAT in all its main cell types, namely neurons, astrocytes and oligoden-
drocytes (Table 1 and Figure 1; Braissant et al., 2001b). In the structures regulating
the exchanges between the periphery and the CNS as well as between the brain
parenchyma and cerebrospinal fluid (CSF), AGAT is expressed in microcapillary
endothelial cells (MCEC) and the astrocytes contacting them (at the BBB), as well
as in the choroid plexus and ependymal epithelia (Table 1 and Figure 1; Braissant
et al., 2001b).

GAMT is also expressed throughout the main structures of the adult mammalian
brain, as shown in rat, mouse and human both at the mRNA and protein levels
(Braissant er al., 2001b, 2005a; Schmidt et al., 2004; Tachikawa et al., 2004).
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Table 1. Expression of AGAT, GAMT and CT1 mRNAs and
proteins in the different cell types of the adult brain, including
blood brain barrier and blood CSF barrier. Presence (+) or
absence (—) in the different cell types. For detailed structures
of the brain, see Braissant et al., 2001b; Ohtsuki et al., 2002;
Schmidt er al., 2004; Tachikawa et al., 2004).

AGAT GAMT CTI

Neurons + + +
Oligodendrocytes + + +
Astrocytes + + —
Microcapillary endothelial cells — + - +
Choroid plexus + + +
Ependymal epithelium + + +

Particularly high levels were identified in telencephalon (corpus callosum and
hippocampus in particular), pons nuclei and cerebellum. Furthermore, GAMT is
expressed in neurons, astrocytes and oligodendrocytes, with higher levels found
in both glial cell types (Table 1 and Figure 1; Braissant et al., 2001b; Schmidt
et al., 2004; Tachikawa et al., 2004; Nakashima et al., 2005). GAMT is not expressed
in MCEC but is present in the astrocytes contacting them (at the BBB), as well
as in the choroid plexus and ependymal epithelia (Table 1 and Figure 1; Braissant
et al., 2001b; Tachikawa et al., 2004).

Organotypic rat cortical cultures, primary brain cell cultures — either neuronal,
glial or mixed — and neuroblastoma cell cultures present Cr transport activity
(Daly, 1985; Moller and Hamprecht, 1989; Braissant et al., 2002; Almeida

Figure 1. Expression of AGAT (e), GAMT (e) and CT1 (e) in the different cell types of the adult brain.
AGAT and GAMT are expressed by neurons (N), astrocytes (A) and oligodendrocytes (O), as well as
in choroid plexus (CP) and ependymal (EE) epithelia. AGAT is also found in microcapillary endothelial
cells (MCEC). CT1 is expressed by MCEC but not by astrocytes sheathing them, and is also found in
neurons and oligodendrocytes, as well as in choroid plexus and ependymal epithelia. CSF: cerebrospinal
fluid; MC: microcapillary.
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et al., 2006). In vivo, mouse and rat CNS are able to take up Cr from the blood
against its concentration gradient, but this uptake of Cr through the BBB seems
relatively inefficient (Ohtsuki et al., 2002; Perasso et al., 2003). The CTI gene
is expressed throughout the main regions of the adult mammalian brain (Guimbal
and Kilimann, 1993; Schloss er al., 1994; Happe and Murrin, 1995; Saltarelli
et al., 1996; Braissant et al., 2001b). In rat and mouse, CT! is found — both at the
mRNA and protein levels — in neurons and oligodendrocytes, but, in contrast to
AGAT and GAMT, cannot be detected in astrocytes (Table 1 and Figure 1; Braissant
et al., 2001b, 2005a; Ohtsuki et al., 2002; Tachikawa et al., 2004). This holds true
also for the retina, where CT1 is expressed in retinal neurons, but not in astrocytes
(Nakashima et al., 2004; Acosta et al., 2005). In contrast to the absence of CT1 in
astrocytes lining microcapillaries, MCEC which form the BBB and the blood-retina
barrier do express CT1 (Table 1 and Figure 1; Braissant er al., 2001b; Ohtsuki
et al., 2002; Tachikawa et al., 2004; Nakashima et al., 2004; Acosta et al., 2005),
and are able to take up Cr (Ohtsuki ef al., 2002). CT1 is also expressed by choroid
plexus and the ependymal epithelia (Table 1 and Figure 1; Braissant et al., 2001b).

3. EXPRESSION OF AGAT, GAMT AND CT1
IN THE DEVELOPING BRAIN

The Cr/PCr/CK system plays essential roles in energy homeostasis during verte-
brate embryonic development, in particular in tissues such as developing CNS and
muscles (Wallimann et al., 1992). Many structures of the vertebrate embryo express
the CK genes at very early stages (Lyons et al., 1991; Dickmeis et al., 2001), and
Cr concentrations between 5 and 8 mmol/kg wet weight have been measured in the
fetal brain of rat and human, depending on the gestational stage (Miller et al., 2000;
Kreis et al., 2002). Parts of the developmental needs of the CNS for Cr can be
fulfilled by transport of Cr from the mother to the embryo (Koszalka et al., 1975;
Davis et al., 1978; Walker, 1979). However, until recently, little information was
available on AGAT, GAMT and CTI gene expression in the developing embryonic
mammalian CNS: AGAT and GAMT had been found in whole extracts of the devel-
oping mouse embryo (Sandell et al., 2003; Schmidt et al., 2004), and CTI had
been demonstrated in the neuraxis of the rat embryo (Schloss et al., 1994). So far,
it is not known whether alterations in Cr metabolism, as found in AGAT, GAMT
or CT1 deficiencies, impair the development of the embryo, and particularly its
CNS. The only functional indication that Cr metabolism genes are important for the
mammalian embryo comes from GAMT knock-out mice, which present an increase
in perinatal mortality (Schmidt et al., 2004). Our recent detailed analysis, both at
the mRNA and protein level, during the development of the rat embryo, has shed
new light on AGAT, GAMT and CT1 expression and function in the developing
mammalian CNS (Braissant et al., 2005b).

We have shown that AGAT and GAMT are expressed in the hepatic primordium
as soon as day 12.5, and then progressively acquire their adult pattern of expression,
with high levels of AGAT in kidney and pancreas, and high levels of GAMT in



72 Braissant et al.

liver and pancreas. As in adulthood, however, many other embryonic tissues also
express AGAT and/or GAMT, including CNS. As soon as E12.5 in the rat, AGAT is
expressed in the whole nervous system parenchyma, and remains expressed in CNS
until birth (Table 2). In contrast, GAMT appears later, and only in scarce regions
of the developing brain (Table 2): at E15.5, GAMT is detected only in striatum
and pons, while at E18.5, it is found in neocortex, hippocampus, striatum, pallidum
and spinal cord. In CNS, CT1 is found expressed throughout development in all
the main regions of the brain, with a similar pattern as that found for AGAT. An
interesting pattern of expression was observed in the two structures responsible for
metabolite exchange between the periphery and the CNS, i.e. the choroid plexus,
and MCEC which build the BBB. CT1 is found highly expressed in the choroid
plexus (E15.5 and E18.5), but is absent from MCEC (E18.5), a situation reversed
as compared to adulthood (see above, and Braissant et al., 2001b). AGAT is absent
from choroid plexus but appears in MCEC at E18.5, while GAMT is absent from
both structures during the whole embryonic development (Table 2).

Table 2. Expression of AGAT, GAMT and CT1 mRNA and
protein in the main structures of the developing embryonic
brain, including the blood-brain and blood-CSF barriers.
Presence (4) or absence (—) in the different cell types is
indicated. E12.5, E15.5, E18.5: embryonic days 12.5, 15.5
and 18.5; S: striatum; P: pons nuclei. For detailed structures
of the brain, see Braissant et al. (2005b).

E12.,5 EI55 EI85

AGAT

Forebrain + + +
Midbrain + + +
Hindbrain + + +
Spinal cord + +
Choroid plexus — -
Microcapillary endothelial cells +
GAMT

Forebrain - +(S) +
Midbrain - - -
Hindbrain - +P) -
Spinal cord - +
Choroid plexus — -
Microcapillary endothelial cells -
CT1

Forebrain + + +
Midbrain + + +
Hindbrain + + +
Spinal cord + +
Choroid plexus + +

Microcapillary endothelial cells
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AGAT, GAMT and CT1 deficiencies induce neurological symptoms in infancy
and can lead to severe neurodevelopmental delay (Stromberger et al., 2003;
Salomons et al., 2003). Despite developmental improvement upon Cr supple-
mentation and partial recovery of the cerebral Cr pool in AGAT and GAMT
deficient patients, sequelae of the developmental delay and mental retardation
remain (Stromberger et al., 2003; Schulze, 2003; Sykut-Cegielska et al., 2004). In
the case of GAMT deficiency, this may be partly due to toxicity of guanidinoacetic
acid (GAA) accumulating in the CNS (Schulze et al., 2001; Neu et al., 2002).
Despite the fact that most patients with AGAT, GAMT or CT1 deficiencies are
diagnosed during infancy, and that significant damage to their brain occurs postna-
tally, the patterns of expression of AGAT, GAMT and CT1I during CNS embryoge-
nesis suggest that some of the irreversible damage observed in Cr deficient patients,
while pre-symptomatic, may already occur in utero or in early post-natal devel-
opment (Braissant et al., 2005b). This is coherent with recent studies on Cr deficient
neonates who, already at birth, present (i) a decreased Cr concentration together
with either a decreased (AGAT deficiency) or increased (GAMT deficiency) GAA
concentration in plasma and urine, and (ii) an absence or significant decrease of
cerebral Cr levels. In addition, pre-symptomatic treatment of neonates by Cr supple-
mentation prevents the phenotypic expression of AGAT and GAMT deficiencies
(Battini ef al., 2006; Schulze et al., 2006).

4. FUNCTION OF AGAT, GAMT AND CT1
IN THE MAMMALIAN BRAIN

The total level of Cr (Cr+ PCr) and the CK activity are well correlated in the
mammalian brain (Wyss and Kaddurah-Daouk, 2000), and their highest levels are
reached in brain cells with particularly high and fluctuating energy demands, where
AGAT, GAMT and CTI are also expressed (Holtzman et al., 1989; Wallimann and
Hemmer, 1994; Hemmer et al., 1994; Whittingham et al., 1995; Kaldis et al., 1996;
Wang and Li, 1998; Braissant et al., 2001b, 2005b; Ohtsuki et al., 2002; Tachikawa
et al., 2004; Acosta et al., 2005).

The presence of AGAT and GAMT in every cell type of the brain (see above)
suggests that the adult CNS must be able to synthesize Cr and thus secure part,
if not all, of its Cr needs (Braissant et al, 2001b, 2005b; Ohtsuki et al., 2002;
Schmidt et al., 2004; Tachikawa et al., 2004). The presence of CT1 in neurons and
oligodendrocytes (but not in astrocytes, see above) suggests transport of Cr between
cells synthesizing Cr and cells with high energy requests (Braissant et al., 2001b;
Ohtsuki et al., 2002).

Higher amounts of CK and PCr have been found in glial cells compared to
neurons (Holtzman et al., 1989; Hemmer et al., 1994). Brain cell primary 3D
cultures composed of mixed oligodendrocytes, astrocytes and neurons synthesize
10 times more Cr than their neuron-enriched counterparts (Braissant et al., 2002),
and primary astrocytes are able to synthesize Cr (Dringen et al., 1998). Miiller glial
cells in the retina synthesize their own Cr (Nakashima et al., 2005), and the GAMT
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protein is enriched in glial cells (oligodendrocytes and astrocytes) as compared to
neurons in the mouse brain (Tachikawa et al., 2004). These data suggest that glial
cells may actually not only cover their own Cr needs but also partially those of the
neurons.

Interestingly, we have observed the presence of GAMT and CTI/ mRNAs in
neuronal processes (axons and dendrites), suggesting that GAMT and CT1 transcripts
might be transported along these processes in order to allow brain cells to translate
these proteins at the sites where they are needed (Braissant et al., 2001b). This would
allow the cell to respond rapidly to immediate peripheral needs in, or recycling
of, Cr. This process is of primary importance 1) in CNS development during
synaptogenesis or growth cone migration which has been shown to be coupled
directly to CK (mammals) or arginine kinase (insects) activity (Wang et al., 1998),
and 2) in adulthood for the recently described role of Cr as central neuromodulator
(see chapter 8; Stockler et al., 2007; Almeida er al., 2006). The transcript of the
neuronal cationic amino acid transporter CAT3, which allows the uptake of arginine,
the limiting substrate for Cr synthesis, is also found in neuronal processes (Braissant
et al., 1999).

S. ENDOGENOUS SYNTHESIS VERSUS UPTAKE OF CREATINE
BY THE BRAIN

The long-term treatment of AGAT and GAMT deficient patients with very high
doses of Cr replenishes their brain Cr pools very slowly and only partially
(Stromberger et al., 2003; Sykut-Cegielska et al., 2004). Moreover, the blood to
brain transport of Cr through the BBB has been demonstrated, but is relatively
inefficient (Ohtsuki et al., 2002; Perasso et al., 2003). These in vivo data suggest
that in the adult brain, the BBB has a limited permeability for Cr, which might be
explained — despite the expression of CT7 by MCEC and their capacity to import
Cr — by the absence of CTI from astrocytes sheathing microcapillaries (Figure 2;
Braissant et al., 2001b; Ohtsuki et al., 2002; Tachikawa et al., 2004; Nakashima
et al., 2004; Acosta et al., 2005).

One possibility for the restricted entry of Cr into the brain parenchyma, without
going through astrocytes, could be the use of the limited surface of CNS capillary
endothelium that is free of astrocytic endings (Figure 2; Virgintino et al., 1997,
Ohtsuki ef al., 2004). Thus, under normal physiological conditions, the adult
mammalian brain might depend more on its own Cr synthesis, through the
expression of AGAT and GAMT, than on Cr supply from the blood (Braissant
et al., 2001b). The brain capacity for Cr synthesis would thus depend on the efficient
supply of arginine, the limiting substrate for Cr synthesis, from blood to CNS, and
then also on the local trafficking of arginine between brain cells. We have shown
that the cationic amino acid transporters might fulfill these roles in the adult rat
brain, as CATI is expressed at the BBB as well as ubiquitously in neuronal and
glial cells, as CAT2(B) is present in neurons and oligodendrocytes, and as CAT3 is
restricted to neurons (Braissant et al., 1999, 2001a).
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Figure 2. Expression of CT1 (e) in the adult BBB. CT1 is expressed on luminal and basal sides of
microcapillary endothelial cells (MCEC), but not by astrocytes (A). CT1 is expressed by neurons (N)
and oligodendrocytes. The restricted transport of creatine (Cr) from blood to brain through the BBB
might be due to the limited surface of microcapillaries that are not covered by astrocytic endings. e:
tight junctions; e: gap junctions.

The developing brain, in particular during embryogenesis, presents a different
situation. While AGAT is expressed as soon as E12.5 in the whole CNS parenchyma
and increases towards E18.5, GAMT expression is delayed in the developing brain,
and remains at low levels (Table 2). Thus, in contrast to the adult rat CNS which
appears able to synthesize its own Cr by expressing AGAT and GAMT in most
brain cell types (Braissant ef al., 2001b), endogenous synthesis of Cr in CNS might
appear only at the end of embryogenesis, and be restricted to discrete regions of
the brain (Braissant er al., 2005b). In consequence, the embryonic mammalian
brain might depend mainly on extra-CNS supply of Cr, be it of maternal origin or
synthesized in other tissues of the embryo, for the main part of its development
time. This is supported by the high expression of CT/ in the whole embryonic
CNS. Interestingly, CT1 is expressed in the choroid plexus of the rat, both in
embryos and adults (Figure 3; Braissant et al., 2001b, 2005b). In contrast, CT1 is
absent from embryonic MCEC, while these cells express it in the adult rat CNS
(Figure 3; Braissant et al., 2001b, 2005b; Ohtsuki et al., 2002). As choroid plexus
differentiates earlier than brain capillaries and participates in early trophic supply
for CNS (Dziegielewska et al., 2001; Engelhardt, 2003), one might speculate that
before angiogenesis occurs in CNS parenchyma, extra-CNS Cr is supplied from
blood to CSF through the choroid plexus. Cr would then be available for the whole
embryonic brain through CSF circulation (Segal, 2000) and through the observed
high levels of CT1 in the developing neuroepithelium, particularly in ependymal
epithelium along ventricles (Figure 3; Braissant et al., 2005b).

As the brain develops and enlarges and CNS angiogenesis progresses, the
ratio of exchange surfaces in choroid plexus and CNS microcapillaries shifts
to predominance of brain microcapillaries (Segal, 2000; Dziegielewska et al.,
2001; Engelhardt, 2003). Thus, at the end of embryonic development and then
postnatally, Cr supply to the brain may occur preferentially at microcapillaries, with
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Figure 3. Expression of CTI (e) in the developing blood-cerebrospinal fluid (CSF) and blood-brain
(BBB) barriers of the rat. During the embryonic life, the brain uptake of Cr through CT1 probably occurs
predominantly through choroid plexus (CP), while in adulthood, the ratio is reversed and Cr principally
enters through the BBB. E15.5, E18.5: embryonic days 15.5 and 18.5; EE: ependymal epithelium, SVZ:
cortical subventricular zone, MCEC: microcapillary endothelial cells.

CTI being up-regulated in MCEC at the end of the fetal life and postnatally
(Figure 3; Braissant et al., 2001b; Ohtsuki et al., 2002). It should be emphasized,
however, that supply of Cr from blood to postnatal or adult brain is very likely of
less quantitative importance than intra-cerebral Cr synthesis, as described above.

6. DEFICIENCIES IN AGAT, GAMT AND CT1: WHAT
CAN WE LEARN FROM THEIR RESPECTIVE EXPRESSION?

The wide pattern of expression of AGAT, GAMT and CTI genes in the mammalian
brain, which has been documented in every main region of rat (AGAT, GAMT and
CT1), mouse (GAMT and CT1) and human (GAMT) CNS (Braissant et al., 2001a,
2005b; Schmidt et al., 2004; Tachikawa et al., 2004; Galbraith et al., 2006), probably
accounts for the diverse phenotypic neurological spectrum observed in AGAT,
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Figure 4. AGAT and GAMT expression in distinct brain cells. Is GAA transported through CT1,
from AGAT expressing cells to GAMT expressing cells, to allow endogenous synthesis of Cr
within the CNS?.

GAMT and CT1 deficient patients (Schulze, 2003; Battini et al., 2006; Mercimek-
Mahmutoglu et al., 2006; Anselm et al., 2006). The activation of GABA receptors
by GAA (Neu et al., 2002) and the recently proposed role of Cr as co-transmitter on
the widely distributed GABA postsynaptic receptors (Almeida et al., 2006) might
also contribute to this phenotypic diversity. The same is true, in case of GAMT
deficiency and therefore accumulation of GAA, for the potential epileptogenic role
of GAA (Schulze et al., 2001), and its inhibitory effect on Na*/K™-ATPase and
CK (Zugno et al., 2006).

More particularly, specific features of AGAT, GAMT and CTI expression may
contribute in the future to the understanding of the clinical characteristics of CT1
deficiency. The hypothesis of endogenous Cr synthesis in the brain might seem
contradictory with the in vivo characteristics of CT1 deficiency. Despite the presence
of AGAT and GAMT expression in the CNS of patients affected with CT1 deficiency,
an absence or very low level of Cr in the brain is found, as in the case of AGAT
or GAMT deficiency (Salomons et al., 2003). This apparent contradiction might be
explained by a recent observation we have made on the CNS expression of AGAT,
GAMT and CT1: while AGAT and GAMT can be found in every cell type of the
brain (Braissant et al., 2001b), they rarely seem co-expressed within the same cell.
This suggests that GAA, which is known to compete for Cr uptake through CT1
(Saltarelli et al., 1996; Ohtsuki et al., 2002), might be transported, through CT1,
from AGAT to GAMT expressing cells, for Cr to be synthesized within the CNS
(Figure 4; Braissant et al., 2005a; Braissant and Henry, unpublished data). This
could explain the absence of Cr synthesis in the brain of CT1 deficient patients.

7. CONCLUSIONS

AGAT, GAMT and CT1 are widely expressed in the CNS, both during development
and in adulthood. Most probably due to the absence of CT1 on the astrocytic
feet sheathing microcapillaries, the adult brain has a limited capacity to take up
Cr from the periphery, as has been shown in vivo both for mouse and human.
Thus, the adult CNS seems to rely more on endogenous Cr synthesis than on Cr
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uptake from the blood. In contrast, GAMT is expressed only at the end of the
embryonic brain development, while CT1 is present on the first exchange structures
between CNS and periphery, namely choroid plexus and ependymal epithelia. Thus,
the embryonic CNS might be more dependent on Cr supply from periphery than
on endogenous synthesis, at least in its first stages of development. Among the
questions remaining, more work is needed to understand the fine cell-to-cell and
region-specific expression and function of AGAT, GAMT and CT1 in the brain.
In particular, the potential role of CT1 as GAA transporter between “AGAT-only”
and “GAMT-only” expressing cells has to be considered.
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Abstract:

Evidence is increasing that the creatine/phosphocreatine shuttle system plays an essential
role in energy homeostasis in the brain and retina to ensure proper development and
function. Thus, our understanding of the mechanism of creatine supply and creatine
usage in the brain and retina and of creatine supplementation in patients with creatine
deficiency syndromes is an important step towards improved therapeutic strategies for
brain and retinal disorders. Our recent research provides novel molecular-anatomical
evidence that (i) at the blood-brain barrier and the inner blood-retinal barrier, the creatine
transporter (CRT/SLC6AS) functions as a major pathway for supplying creatine to the
brain and retina, and that (ii) local creatine is preferentially synthesized in the glial
cells, e.g., oligodendrocytes, astrocytes, and Miiller cells, in the brain and retina. Thus,
the blood-brain barrier and inner blood-retinal barrier play important roles not only in
supplying energy sources (glucose and lactate), but also in supplying an energy ‘buffer’
(creatine). These findings lead to the novel insight that the creatine/phosphocreatine
shuttle system is based on an intricate relationship between the blood-brain barrier, inner
blood-retinal barrier, glia, and neurons (photoreceptor cells) to maintain and ensure
energy homeostasis in the brain and retina

1. INTRODUCTION

The creatine/phosphocreatine shuttle system plays an important role in energy
homeostasis in the brain and retina to ensure proper development and function.
Brain cells have only a few seconds supply of ATP which, in part, accounts for
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Figure 1. The structures of the blood-brain barrier (BBB) (A) and the blood-retinal barrier (BRB) (B).
The BBB forms complex tight-junctions of brain capillary endothelial cells. The BRB forms complex
tight junctions of retinal capillary endothelial cells (inner BRB, iBRB) and retinal pigment epithelial
cells (outer BRB, 0BRB). The inner two thirds of the human retina are nourished by the iBRB and the
remainder is covered by the choriocapillaris via the oBRB. GC, ganglion cell; AC, amacrine cell; BC,
bipolar cell; HC, horizontal cell; MC, Miiller cell; RC, photoreceptor cell (rod cell); CC, photoreceptor
cell (cone cell).
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the rapid deterioration of brain tissue following oxygen deprivation (Voat and
Voat, 1995). The phosphate group of ATP is transferred to creatine and ‘stored’
as phosphocreatine which can later-on be used to regenerate ATP from ADP.
Indeed, in vitro studies of the hippocampus have demonstrated that exogenous
supply of creatine increases the neuronal phosphocreatine store and protects neurons
from hypoxic damage, glutamate excitotoxicity and [(3-amyloid-induced toxicity
(Balestrino et al., 1999; Brewer and Wallimann, 2000). However, there is only
limited information available about the mechanisms underlying the constant supply
and use of creatine in the brain and retina.

Recently, a model of the functional coupling between the blood-brain barrier
(BBB) and inner blood-retinal barrier (iBRB), glia, and neurons (photoreceptor
cells) has been proposed to explain the maintenance of constant energy supply in
the brain and retina (Magistretti, 2006; Poitry-Yamate et al., 1995). In particular,
the BBB and iBRB (Figure 1) play a key role in the constant supply of energy
sources (glucose and lactate) from the circulating blood to the brain and retina
via facilitative glucose transporter 1 (GLUT1) and monocarboxylate transporter 1
(MCT1) (Enerson and Drewes, 2003; Gerhart et al., 1999; Ohtsuki et al., 2006,
Pardridge et al., 1990; Takata et al., 1992). Therefore, it is conceivable that the
functional relationships between the BBB, iBRB, glia, and neurons (photoreceptor
cells) are also essential for the creatine/phosphocreatine shuttle system in the brain
and retina. In this chapter, we describe the recent advances in our research on the
cellular and molecular mechanisms of creatine transport at the BBB and iBRB,
creatine biosynthesis, and the use of creatine in the brain and retina.

2. CREATINE TURNOVER IN BRAIN AND RETINA,
IN HEALTH AND DISEASE

The creatine/phosphocreatine shuttle system operates in particular in tissues with
high and fluctuating energy demands, such as striated muscle, brain, and retina
(Wyss and Kaddurah-Daouk, 2000). In the human brain, the creatine concen-
tration is 180-fold greater than in plasma (Marescau et al., 1992). Indeed, the brain
is one of the main targets of creatine deficiency syndromes, which are charac-
terized by the absence or severe reduction of creatine in the brain. Patients exhibit
mental retardation, delayed speech and language, epilepsy, extra-pyramidal signs
and autistic behavior (see chapter 8; Almeida et al., 2004; Stockler et al., 2007).
Creatine deficiency syndromes are caused by defects in the creatine biosynthesis
enzymes, L-arginine:glycine amidinotransferase (AGAT) (Bianchi et al., 2000; Item
et al., 2001) and S-adenosyl-L-methionine:guanidinoacetate N-methyltransferase
(GAMT) (Stockler et al., 1994), or in the creatine transporter (CRT/SLC6AS)
(Salomons et al., 2001). Although the recent advances in creatine research make
it clear that creatine plays an important role in brain function and development,
the mechanisms controlling the maintenance of cerebral creatine levels remain
uncertain. Furthermore, higher levels of creatine in the chicken retina (3 mM) and
in photoreceptor cells (10-15 mM) suggest that the creatine/phosphocreatine system
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also plays a significant role in the retina, where photoreceptor cells require a large
amount of metabolic energy for phototransduction maintained by ionic gradients
across the plasma membrane (Hall and Kiihn, 1986; Sather and Detwiler 1987,
Wallimann et al., 1986). In fact, it has been shown that gyrate atrophy of the choroid
and retina is characterized by hyperornithinemia and hypocreatinemia, implying
that excessive ornithine leads to chorioretinal degeneration through suspension of
creatine synthesis (Sipild et al., 1992). Therefore, it is important to gain new insights
into how creatine is supplied to the brain and retina.

Creatine levels in the body are maintained by biosynthesis, which occurs mainly
in the kidney and in the liver, and by dietary supplementation. In the brain, the
creatine supply from the circulating blood is believed to be limited due to the
presence of the BBB, since oral administration of 20 g creatine per day for 4
weeks produces only a 9% increase in total creatine in human brain (Dechent
et al., 1999). Braissant et al. (2001) also reported that the signal for CRT mRNA was
absent in astrocytes, particularly those in contact with capillary endothelial cells,
suggesting that the rat brain is dependent — at least in part — on endogenous creatine
synthesis (see also chapter 4; Braissant et al., 2007). In contrast, it has been reported
that patients with CRT deficiency failed to improve their neurological symptoms
following oral creatine supplementation (Bizzi et al., 2002; Cecil et al., 2001; de
Grauw et al., 2002; Poo-Arguelles et al., 2006), despite the presence of creatine
biosynthesis enzymes and normal levels of plasma creatine. On the other hand, in
patients with AGAT and GAMT deficiency, oral administration of creatine increased
the creatine level in the brain (Stockler et al., 1994) and improved their neuro-
logic symptoms (Bianchi et al., 2000; Stockler et al., 1996). Oral administration of
creatine has been reported to protect the neurons in animal models of amyotrophic
lateral sclerosis (ALS), Huntington’s disease and Parkinson’s disease (Klivenyi
et al., 1999; Matthews et al., 1998, 1999). Creatine has a net positive charge and an
estimated log partition coefficient of -2.7 (Persky and Brazeau, 2001), which does
not allow it to diffuse through plasma membranes. This body of evidence prompted
us to hypothesize on a major contribution from a specific creatine transport system
at the BBB, and/or on a neuron-glial interplay for local creatine biosynthesis and
supply in the brain. Therefore, the processes of creatine transport are important for
understanding the mechanisms governing the supply of creatine to the brain and
retina and could help in designing improved regimens of oral creatine supplemen-
tation for the treatment of neurodegenerative diseases and gyrate atrophy of the
choroid and retina.

3. MOLECULAR MECHANISMS OF CREATINE TRANSPORT
AT THE BBB AND iBRB: A CONTRIBUTION FROM CRT

3.1. Transport of Creatine Across the BBB and BRB

The in vivo blood-to-brain and blood-to-retina transport of creatine across the BBB
and BRB, including both the iBRB and the outer BRB (0BRB, see Figure 1), was
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evaluated by integration plot analysis after intravenous injection of ['*C]creatine
in rats (Ohtsuki er al., 2002; Nakashima et al., 2004). This approach allows deter-
mination of the apparent brain and retinal creatine uptake, or clearance (CLggpg,
CLggp; in pL/(ming tissue)) even if there is only low permeability across the
BBB and BRB. As an index of the brain and retinal distribution characteristics of
[**C]creatine at a particular time point, the apparent brain-to-plasma or retina-to-
plasma concentration ratio [K,, ,,,(t)] is used. This value [K, ,,,(t); in mL/(g brain or
retina)] is defined as the amount of ['*C]creatine per gram brain or retina divided by
the amount of ['*C]creatine per milliliter plasma, calculated for a particular, defined
time point (t). The CLggg or CLggg can be described by the following
equation:

K, app(1) = (CLygy or CLygg) x AUC(1)/Cp(1) +V;

where AUC(t) (dpm - min/mL), Cp(t) (dpm/mL), and V; (mL/(g brain or retina))
represent the area under the plasma concentration time curve of ['*C]creatine from
time O to t, the plasma ['*C]creatine concentration at time t, and the rapidly equili-
brated distribution volume of ['*C]creatine in the brain or retina, respectively. V,
is usually comparable to the vascular volume of the brain or retina. The CLggg
or CLggp can be obtained from the initial slope of a plot of K, (t) versus
AUC(t)/Cp(t), as an integration plot.

Integration plot analysis shows that creatine is transported from the circu-
lating blood to the brain and retina. The CLggy and CLygzg of ['*C]creatine
through the BBB and BRB were 1.61 and 10.7 pL/(min-g tissue), respectively
(Figure 2A,B). The CLygp and CLgy are about 6-fold and 40-fold greater than those
of ["*C]sucrose in rats [0.29 and 0.26 wL/(min-g tissue)], respectively. ['*C]Sucrose
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Figure 2. In vivo transport of ['#C]creatine from the circulating blood to the brain (A) and retina (B).
The solid line represents the apparent brain or retinal uptake clearance of ['*C]creatine (CLypg, or
CLggg) that can be obtained from the initial slope of a plot of K, ,,.,(t) versus AUC(t)/Cp(t). Each point
represents the mean = SEM (n = 3-4). From Ohtsuki ef al., 2002 (A) and Nakashima et al., 2004 (B)
with kind permission from Nature Publishing Group and Blackwell Publishing.



88 Tachikawa et al.

is used as a non-permeable paracellular marker (Lightman et al., 1987). Furthermore,
the apparent cerebrum-to-plasma concentration ratio (K, ) of ['*C]creatine was
30.8 mL/g tissue 24 hours after exogenous administration of ['*C]creatine to mice.
This value is consistent with the endogenous brain-to-serum concentration ratio of
creatine (Marescau et al., 1992), supporting the proposal that the BBB is a major
pathway for supplying creatine to the brain. Such evidence strongly suggests that
creatine is transported via a carrier-mediated transport system at the BBB and BRB,
rather than by passive diffusion, from the circulating blood to the brain and retina
against its concentration gradient.

3.2. Characteristics of Creatine Transport Across the BBB and iBRB

The molecular mechanisms responsible for creatine transport across the BBB and
iBRB have been elucidated by using our newly established conditionally immor-
talized mouse brain capillary endothelial cell line (TM-BBB) and rat retinal capillary
endothelial cell line (TR-iBRB). These cell lines retain the in vivo expression and
function of several transporters and are a suitable in vitro model for the BBB
and iBRB, respectively (Hosoya and Tomi, 2005; Terasaki et al., 2003). Using
TM-BBB and TR-iBRB cells, a number of transporters expressed at the BBB and
iBRB have already been identified, which are involved in nutrient supply and drug
distribution to the brain and retina (see recent reviews: Hosoya and Tomi, 2005;
Ohtsuki, 2004; Terasaki and Ohtsuki, 2005). The characteristics of ['*C]creatine
uptake by TM-BBB and TR-iBRB cells are summarized in Table 1 (Nakashima
et al., 2004; Ohtsuki et al., 2002), supporting the notion that CRT is involved in
creatine transport across the BBB and iBRB. ['*C]Creatine uptake by TM-BBB and
TR-iBRB cells takes place in a Na®-, CI™- and concentration-dependent manner
with a Michaelis-Menten constant (K,,) for creatine of 16.2 and 14.9 uM, respec-
tively. The maximal rate (V) of ['#C]creatine uptake by TM-BBB and TR-iBRB
cells is 105 and 49.3 pmol/(min-mg protein), respectively. The BBB clearance of
creatine per gram brain (CLggg ;, ,i,) has been estimated to be 2.1 wL/(min-g
brain) by using the above kinetic parameters of in vitro ['*C]creatine uptake by TM-
BBB cells (Ohtsuki et al., 2002). This is in good agreement with the CLggg 4, 4ivo
value (1.6 wL/(min-g brain)), suggesting that the in vitro uptake study using TM-
BBB cells reflects the in vivo situation. The corresponding K, values are consistent
with an apparent K, for creatine of 15 and 29 uM for human and rat CRT, respec-
tively (Saltarelli ef al., 1996, Sora et al., 1994). These K, values are 10- to 40-fold
lower than the plasma concentrations of creatine (140-600 uM) in the mouse and
rat (Marescau et al., 1986); this suggests that the blood-to-brain and blood-to-retina
transport of creatine is more than 90% saturated by endogenous plasma creatine and
that the creatine transport system at the BBB and iBRB plays a role in continuously
supplying creatine from the circulating blood to the brain and retina at a rate close
to V.« This physiological role of the BBB and iBRB may be important for a better
understanding of creatine turnover in the brain and retina. Indeed, oral adminis-
tration of a relatively large amount of creatine for 4 weeks produces only about
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Table 1. Characteristics of ['“C]creatine uptake by TM-BBB and TR-iBRB cells. (A) Na*- and
Cl~-dependent ['“C]creatine uptake by TM-BBB and TR-iBRB cells at 37°C. Each value repre-
sents the mean + SEM (n = 3-4). (B) Kinetic parameters of ['*C]creatine uptake by TM-BBB and
TR-iBRB cells at 37°C. (C) Effect of several compounds (I mM) on ['“C]creatine uptake by TM-
BBB and TR-iBRB cells at 37°C. Each value represents the mean £+ SEM (n = 3-4). xp < 0.001,
**p < 0.01: significantly different from control. ND, not determined. From Ohtsuki er al. (2002)
and Nakashima et al. (2004) with kind permission from Nature Publishing Group and Blackwell
Publishing .

TM-BBB TR-iBRB
(A) Na*- and Cl™-dependence Relative uptake (% of control)
Control 100 + 4 100 £ 9
Na*-free condition 3.60 £ 0.13* 9.16 £ 0.58%%*
Cl~-free condition 8.83 £ 0.75* 18.8 £ 0.8%*
(B) Kinetic parameters
K,uM 16.2 14.9
Vinax 10 pmol/(min.mg protein) 105 49.3
(C) Inhibitory effects (1 mM) Relative uptake (% of control)
Control 100 £ 6.5 100 £ 2
Creatine 6.75 £ 0.34%** 5.97 £ 0.56%*
B-Guanidinopropionate 4.52 £ 0.88** 8.74 £ 1.01%*
Guanidinoacetate 30.2 £ 3.8%* ND
v-Guanidinobutyrate ND 27.7 £ 3.0%*
Phosphocreatine 67.5 £ 6.7 57.7 £ 3.2%%*
Creatinine 82.7+£22 91.1 £ 19
L-Arginine 799 £ 44 86.1 £3.9
Glycine 81.1 £43 ND
y-Aminobutyric acid 887+ 13 939 £22
Choline 75.0 £ 11 ND

a 9% increase in total creatine in human brain (Dechent et al., 1999). Therefore,
oral creatine treatment for patients with ALS or gyrate atrophy may depend on the
transport mechanism at the BBB and iBRB.

In vitro inhibition studies further suggest that creatine is mainly transported
via CRT, since B-guanidinopropionate produces marked inhibition of ['*C]creatine
uptake by TM-BBB and TR-iBRB cells, as reported elsewhere (Guimbal and
Kilimann, 1993), whereas precursors (glycine and L-arginine) and metabolites
of creatine (creatinine) do not. RT-PCR and Western blot analyses revealed
that CRT mRNA and protein are expressed in TM-BBB and TR-iBRB cells.
Furthermore, Bélanger et al. (2007) recently reported that mRNA expression
and function of CRT in TM-BBB cells are increased under hyperammonemic
conditions. This evidence suggests that the CRT at the BBB and iBRB plays a
major role in supplying creatine to the brain and retina under pathophysiological
conditions.
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3.3. Localization of CRT in the Brain and Retinal Capillary
Endothelial Cells

Immunohistochemical studies have shown that CRT is localized at both the luminal
and abluminal sides of adult mouse brain (Figure 3A,B) and rat retinal (Figure 3C)
capillary endothelial cells. In the adult mouse brain, CRT is also found to be
expressed in neurons, suggesting that creatine is transported into neuronal cells by
CRT following BBB transport. CRT mRNA can also be detected in rat neurons
by in situ hybridization (Braissant et al., 2001). Regarding expression of CRT
in retinal capillaries, our evidence is in good agreement with a recent report by
Acosta et al. (2005) showing that CRT is expressed in the cow retinal inner
blood vessels. CRT is also expressed in photoreceptor inner segments, inner
neuronal cells, and retinal pigment epithelial cells (Acosta et al, 2005). This
evidence suggests that creatine is transported into photoreceptor and/or neuronal
cells by CRT following iBRB transport in the retina. The role of CRT in the
abluminal membrane of the BBB and iBRB and the contribution of o0BRB to the
supply of creatine to the retina remain unclear and are the subject of ongoing
investigations.

Figure 3. Localization of CRT in the brain (A, B) and retinal (C) capillary endothelial cells. (A) Abundant
immunofluorescence of brain capillaries branching in all cortical layers (arrows) with moderate staining
in neuronal perikarya (arrowheads). (B) Immunogold labeling of CRT in a cortical capillary. Inmunogold
particles (arrowheads) are associated with both the luminal and abluminal cell membranes of mouse
brain capillary endothelial cells (End). (C) Immunoperoxidase labeling (arrowheads) was detected on
the surface of both the luminal and abluminal cell membranes of rat retinal capillary endothelial cells
(End). Scale bars: (A) 10wm, (B, C) 0.5 wm. From Ohtsuki er al., 2002 (A), Tachikawa et al., 2004
(B) and Nakashima et al., 2004 (C) with kind permission from Nature Publishing Group and Blackwell
Publishing.
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4. CELLULAR SYSTEMS OF CREATINE BIOSYNTHESIS
AND USE IN THE BRAIN AND RETINA

4.1. Differential Cellular Expression of the Creatine Biosynthesis
Enzyme, GAMT, and Creatine Kinases, uCK-Mi and CK-B,
in the Adult Mouse Brain

The cellular system of creatine biosynthesis and its function in the adult mouse brain
have been investigated by immunohistochemical localization studies for GAMT,
ubiquitous mitochondrial creatine kinase (uCK-Mi) and brain-type cytoplasmic
creatine kinase (CK-B) (Tachikawa et al., 2004). GAMT is highly expressed in
oligodendrocytes (Figure 4A, arrow) and olfactory ensheathing glia and moder-
ately in astrocytes (Figure 4A, arrowhead), whereas the level of GAMT is very
low in neurons and microglia and below the detection threshold in capillaries.

Figure 4. Cellular expression of GAMT (A) and uCK-Mi (B) in the mouse brain, and of GAMT (C)
in the rat retina. (A) Confocal immunofluorescence microscope image of GAMT localization in the
mouse cerebral cortex. Cells expressing GAMT strongly or moderately are indicated by arrows (oligo-
dendrocyte) and arrowheads (astrocyte). (B) Selective localization of uCK-Mi in neuronal mitochondria
(arrows) as revealed by postembedding immunogold electron microscopy. Nu, nucleus. (C) Confocal
immunofluorescence microscope image of GAMT localization in the rat retina. ONL, outer nuclear
layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion
cell layer. Scale bars: (A) 10pm, (B) 0.1wm, (C) 10 wm. From Tachikawa et al., 2004 (A, B) and
Nakashima et al., 2005 (C) with kind permission from Blackwell Publishing and John Wiley & Sons.
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The ability to synthesize creatine from glycine has been confirmed for astrocytes:
when ['3C]glycine was added to the culture medium, radioactive creatine was
detected in cell extracts of astrocyte-rich primary cultures (Dringen et al., 1998).
It remains unknown whether oligodendrocytes and olfactory ensheathing glia can
synthesize creatine at higher rates than astrocytes.

uCK-Mi is expressed selectively in neurons and localized in mitochondria within
cell bodies (Figure 4B, arrows), dendrites, axons, and terminals, suggesting that the
creatine/phosphocreatine shuttle system is coupled with ATP production in neuronal
mitochondria, but not in glial mitochondria. Indeed, this shuttle system has been
reported to be involved in neuronal growth cone activity and axonal elongation
(Wang et al., 1998). The preferential glial expression of GAMT and selective
neuronal expression of uCK-Mi support the notion that the neuron-glial relationship
is essential for the functioning of this shuttle system. High GAMT expression
in oligodendrocytes and olfactory ensheathing glia may suggest, in particular,
preferential supply of creatine to axonal mitochondria. In this regard, neurological
symptoms in patients with GAMT deficiency, such as epilepsy, bilateral myeli-
nation delay and extra-pyramidal movement disorder (Kahler and Fahey, 2003,
Schulze, 2003, Stockler et al., 1994), can thus be ascribed not only to a reduced
creatine supply from the circulating blood (Ohtsuki et al., 2002), but also to a
disrupted supply from local glial cells.

Immunohistochemical and immunoelectron microscopy investigations have
shown that CK-B is expressed selectively in astrocytes among glial populations,
and expressed exclusively in inhibitory neurons among neuronal populations. In
contrast, CK-B immunoreactivity is virtually absent in excitatory neurons. Inter-
estingly, the cell types with high CK-B immunoreactivity are known to be highly
resistant to acute energy loss, such as in hypoxia or hypoglycemia.

Considering that phosphocreatine regenerates ATP much faster than the processes
of glycolysis and oxidative phosphorylation (Wallimann et al., 1992), the highly
regulated cellular expression of creatine biosynthesis and metabolic enzymes
suggests that the creatine/phosphocreatine shuttle system plays a role in brain energy
homeostasis through a novel neuron-glial relationship.

4.2 Creatine is Preferentially Synthesized in Miiller Glial
Cells of the Retina

RT-PCR analysis has shown that AGAT and GAMT mRNAs are expressed in the
retina and the Miiller glial cell line, TR-MUL (Nakashima et al., 2005). TR-MUL
is a conditionally immortalized rat Miiller cell line with properties of normal
retinal Miiller cells (Hosoya and Tomi, 2005). Western blot analysis confirmed
the expression of GAMT protein in the rat retina and TR-MUL cells. Confocal
immunofluorescence microscopy of rat retinal sections demonstrated that GAMT is
preferentially localized in glutamine synthetase-positive Miiller cells (Figure 4C).
In contrast, there is little immunoreactivity in photoreceptor cells located in the
outer nuclear layer. Furthermore, ['*C]creatine was detected in the isolated rat
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retina and TR-MUL cells after a 24 h-incubation with ["*C]glycine added to
the culture medium, suggesting creatine biosynthesis in Miiller glia (Nakashima
et al., 2005). Interestingly, creatine kinases are more concentrated in photoreceptor
cells compared with other cells in the chicken retina (Wallimann et al., 1986).
Mitochondrial CK is present in the inner segments of bovine rod and cone cells,
while the cytoplasmic brain isoform of creatine kinase is also located in the
rod outer segments. The localization of creatine kinase isoforms supports the
existence of a creatine/phosphocreatine shuttle in the highly polar photoreceptor
cells. Although the function and destination of creatine synthesized in the retinal
Miiller cells remain unknown, it appears likely that synthesized creatine is not
only used by Miiller cells, but also supplied to other cells, most likely photore-
ceptor cells, as do lactate and amino acids which are assumed to be shuttled
between Miiller cells and photoreceptor cells (Poitry-Yamate er al., 1995, Rauen
and Wiessner, 2000). Bearing in mind the fact that creatine is also supplied
from the circulating blood via CRT at the iBRB (Nakashima et al., 2004), the
creatine concentration in photoreceptor cells may be controlled by a dual system of
creatine supply from the local retinal glial cells and from capillaries. Chorioretinal
degeneration in patients with gyrate atrophy can be ascribed both to a reduced
creatine supply from the circulating blood and a disrupted supply from the local
Miiller glia due to inhibition of creatine biosynthesis by hyperornithinemia (Sipild
et al., 1980).

5. CONCLUSIONS

Our recent research provides novel molecular-anatomical evidence that (i) CRT at
the BBB and iBRB is involved in regulating the creatine concentration in the brain
and retina and that (ii) local creatine is preferentially synthesized in the glial cells in
the brain and retina. These findings provide important information that will increase
our understanding of the mechanism of creatine supply and creatine use in the
brain and retina and of creatine supplementation in patients with creatine deficiency
syndromes. In particular, the BBB and iBRB play essential roles in maintaining
energy homeostasis not only in terms of supplying energy sources (glucose and
lactate), but also for supplying an energy ‘buffer’ (creatine). Although oral creatine
supplementation is reported to be an effective treatment for AGAT- and GAMT-
deficient patients (Stockler et al., 1994, 1996), high doses of creatine given over a
long period of time only partially replenish brain creatine pools. In this regard, the
creatine concentration in the brain and retina appears to be dependent on BBB and
iBRB functions.

Figure 5 summarizes the putative cellular mechanisms of creatine transport,
biosynthesis and use in the brain and retina. This leads to a novel insight that
the creatine/phosphocreatine shuttle system is based on an intricate relationship
between the BBB, iBRB, glia, and neurons (photoreceptor cells) to maintain and
ensure energy homeostasis in the brain and retina.
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Figure 5. Schematic diagram of the functional relationships between creatine transport at the BBB and
iBRB, creatine biosynthesis, and its use for brain and retinal energy homeostasis. The role of CRT in
the abluminal membrane of the BBB and iBRB (isolated black squares) in the supply of creatine to the
brain and retina remains unclear. CK, creatine kinase; CRT, creatine transporter; GAMT, S-adenosyl-L-
methionine:guanidinoacetate N-methyltransferase; GLUT, glucose transporter; MCT, monocarboxylate
transporter.

6. RESEARCH OUTLOOK

Multidisciplinary approaches to creatine research will lead to new insights into the
functional relationships between the BBB and iBRB, glia, and neurons (photore-
ceptor cells) for brain and retinal energy homeostasis and will offer improved
therapeutic strategies for brain and retinal disorders.

Genetic manipulation of BBB and iBRB function in mice or rats, e.g. by BBB-,
iBRB- or glia-selective gene transfer and silencing, will be a future key method.
Using such techniques will be a particularly important issue to investigate the
relationships between creatine transport dysfunction at the BBB and iBRB and
mental retardation, speech problems, language delay, and epilepsy. We recently
produced a transgenic rat harboring the mouse Tie2 promoter/enhancer linked
green fluorescent protein (GFP) gene (Ohtsuki et al., 2005). The mouse Tie2
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promoter/enhancer induces selective gene expression in vascular endothelial cells in
the brain and retina of transgenic rats. Therefore, use of the Tie2 promoter/enhancer
for the induction or silencing of the CRT gene selectively in the BBB and iBRB
will be an important strategy for analyzing the relevance of CRT at the BBB and
iBRB under physiological and pathophysiological conditions.

Oral administration of creatine is a potentially promising treatment for neurode-
generative diseases owing to the neuroprotective effects found in animal models of
ALS, Huntington’s disease and Parkinson’s disease. However, the blood-to-brain
transport of creatine is apparently limited due to the almost complete saturation
of CRT at the BBB. Indeed, it has been reported that the effect of creatine
supplementation in patients with ALS or gyrate atrophy appears to be limited
(Shefner et al., 2004, Vannas-Sulonen et al., 1985). Therefore, the regulatory
mechanisms of CRT expression and function need to be further clarified for a
more rational creatine therapy of neurodegenerative diseases and gyrate atrophy of
the choroid and retina. This may lead to the discovery and development of drugs
which increase the density of CRT on the plasma membrane and/or CRT transport
activity at the BBB and iBRB.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge Drs. M. Watanabe, S. Hori, M. Tomi, and
H. Takanaga for their insights and contributions to ongoing research in the authors’
laboratories. This study is supported, in part, by a Grant-in Aid for Scientific
Research and a 21st Century Center of Excellence (COE) Program Grant from the
Ministry of Education, Science, Sports, and Culture, and by a grant for Research
on Sensory and Communicative Disorders by the Ministry of Health, Labor, and
Welfare, and by Research Fellowships of the Japan Society for the Promotion of
Science for Young Scientists, Japan.

REFERENCES

Acosta, M.L., Kalloniatis, M., and Christie, D.L., 2005, Creatine transporter localization in devel-
oping and adult retina: importance of creatine to retinal function. Am. J. Physiol. Cell Physiol. 289:
C1015-C1023.

Almeida, L.S., Verhoeven, N.M., Roos, B., Valongo, C., Cardoso, M.L., Vilarinho, L., Salomons, G.S.,
and Jakobs, C., 2004, Creatine and guanidinoacetate: diagnostic markers for inborn errors in creatine
biosynthesis and transport. Mol. Genet. Metab. 82: 214-219.

Balestrino, M., Rebaudo, R., and Lunardi, G., 1999, Exogenous creatine delays anoxic depolarization
and protects from hypoxic damage: dose-effect relationship. Brain Res. 816: 124-130.

Bélanger, M., Asashima, T., Ohtsuki, S., Yamaguchi, H., Ito, S., and Terasaki, T., 2007, Hyperam-
monemia induces transport of taurine and creatine and suppresses claudin-12 gene expression in brain
capillary endothelial cells in vitro. Neurochem. Int. 50: 95-101.

Bianchi, M.C., Tosetti, M., Fornai, F., Alessandri, M.G., Cipriani, P., De Vito, G., and Canapicchi, R.,
2000, Reversible brain creatine deficiency in two sisters with normal blood creatine level. Ann. Neurol.
47: 511-513.



96 Tachikawa et al.

Bizzi, A., Bugiani, M., Salomons, G.S., Hunneman, D.H., Moroni, 1., Estienne, M., Danesi, U., Jakobs, C.,
and Uziel, G., 2002, X-linked creatine deficiency syndrome: a novel mutation in creatine transporter
gene SLCOAS. Ann. Neurol. 52: 227-231.

Braissant, O., Henry, H., Loup, M., Eilers, B., and Bachmann, C., 2001, Endogenous synthesis and
transport of creatine in the rat brain: an in situ hybridization study. Brain Res. Mol. Brain Res. 86:
193-201.

Braissant, O., Bachmann, C., and Henry, H., 2007, Expression and function of AGAT, GAMT and CT1
in the mammalian brain. Subcell. Biochem. 46: 67-81.

Brewer, G.J., and Wallimann, T.W., 2000, Protective effect of the energy precursor creatine against
toxicity of glutamate and beta-amyloid in rat hippocampal neurons. J. Neurochem. 74: 1968-1978.
Cecil, K.M., Salomons, G.S., Ball, W.S., Jr., Wong, B., Chuck, G., Verhoeven, N.M., Jakobs, C., and
DeGrauw, T.J., 2001, Irreversible brain creatine deficiency with elevated serum and urine creatine: a

creatine transporter defect? Ann. Neurol. 49: 401-404.

Dechent, P., Pouwels, P.J., Wilken, B., Hanefeld, F., and Frahm, J., 1999, Increase of total creatine in
human brain after oral supplementation of creatine-monohydrate. Am. J. Physiol. 277: R698—R704.
deGrauw, T.J., Salomons, G.S., Cecil, K.M., Chuck, G., Newmeyer, A., Schapiro, M.B., and Jakobs, C.,

2002, Congenital creatine transporter deficiency. Neuropediatrics 33: 232-238.

Dringen, R., Verleysdonk, S., Hamprecht, B., Willker, W., Leibfritz, D., and Brand, A., 1998, Metabolism
of glycine in primary astroglial cells: synthesis of creatine, serine, and glutathione. J. Neurochem. 70:
835-840.

Enerson, B.E., and Drewes, L.R., 2003, Molecular features, regulation, and function of monocarboxylate
transporters: implications for drug delivery. J. Pharm. Sci. 92: 1531-1544.

Gerhart, D.Z., Leino, R.L., and Drewes, L.R., 1999, Distribution of monocarboxylate transporters MCT1
and MCT?2 in rat retina. Neuroscience 92: 367-375.

Guimbal, C., and Kilimann, M.W., 1993, A Na*-dependent creatine transporter in rabbit brain, muscle,
heart, and kidney. cDNA cloning and functional expression. J. Biol. Chem. 268: 8418-8421.

Hall, S.W., and Kiihn, H., 1986, Purification and properties of guanylate kinase from bovine retinas and
rod outer segments. Eur. J. Biochem. 161: 551-556.

Hosoya, K., and Tomi, M., 2005, Advances in the cell biology of transport via the inner blood-retinal
barrier: establishment of cell lines and transport functions. Biol. Pharm. Bull. 28: 1-8.

Item, C.B., Stockler-Ipsiroglu, S., Stromberger, C., Muhl, A., Alessandri, M.G., Bianchi, M.C.,
Tosetti, M., Fornai, F., and Cioni, G., 2001, Arginine:glycine amidinotransferase deficiency: the third
inborn error of creatine metabolism in humans. Am. J. Hum. Genet. 69: 1127-1133.

Kabhler, S.G., and Fahey, M.C., 2003, Metabolic disorders and mental retardation. Am. J. Med. Genet.
C Semin. Med. Genet. 117: 31-41.

Klivenyi, P., Ferrante, R.J., Matthews, R.T., Bogdanov, M.B., Klein, A.M., Andreassen, O.A.,
Mueller, G., Wermer, M., Kaddurah-Daouk, R., and Beal, M.F., 1999, Neuroprotective effects of
creatine in a transgenic animal model of amyotrophic lateral sclerosis. Nat. Med. 5: 347-350.

Lightman, S.L., Palestine, A.G., Rapoport, S.I., and Rechthand, E., 1987, Quantitative assessment of the
permeability of the rat blood-retinal barrier to small water-soluble non-electrolytes. J. Physiol. 389:
483-490.

Magistretti, P.J., 2006, Neuron-glia metabolic coupling and plasticity. J. Exp. Biol. 209: 2304-2311.

Marescau, B., De Deyn, P., Wiechert, P., Van Gorp, L., and Lowenthal, A., 1986, Comparative study of
guanidino compounds in serum and brain of mouse, rat, rabbit, and man. J. Neurochem. 46: 717-720.

Marescau, B., Deshmukh, D.R., Kockx, M., Possemiers, I., Qureshi, I.A., Wiechert, P., and De Deyn, P.P.,
1992, Guanidino compounds in serum, urine, liver, kidney, and brain of man and some ureotelic
animals. Metabolism 41: 526-532.

Matthews, R.T., Ferrante, R.J., Klivenyi, P., Yang, L., Klein, A.M., Mueller, G., Kaddurah-Daouk, R.,
and Beal, M.F., 1999, Creatine and cyclocreatine attenuate MPTP neurotoxicity. Exp. Neurol. 157:
142-149.

Matthews, R.T., Yang, L., Jenkins, B.G., Ferrante, R.J., Rosen, B.R., Kaddurah-Daouk, R., and
Beal, M.F., 1998, Neuroprotective effects of creatine and cyclocreatine in animal models of
Huntington’s disease. J. Neurosci. 18: 156-163.



BBB and BRB Transport and Glial Biosynthesis of Creatine 97

Nakashima, T., Tomi, M., Katayama, K., Tachikawa, M., Watanabe, M., Terasaki, T., and Hosoya, K.,
2004, Blood-to-retina transport of creatine via creatine transporter (CRT) at the rat inner blood-retinal
barrier. J. Neurochem. 89: 1454—-1461.

Nakashima, T., Tomi, M., Tachikawa, M., Watanabe, M., Terasaki, T., and Hosoya, K.I., 2005, Evidence
for creatine biosynthesis in Miiller glia. Glia 52: 47-52.

Ohtsuki, S., 2004, New aspects of the blood-brain barrier transporters; its physiological roles in the
central nervous system. Biol. Pharm. Bull. 27: 1489-1496.

Ohtsuki, S., Kamiya, N., Hori, S., and Terasaki, T., 2005, Vascular endothelium-selective gene induction
by Tie2 promoter/enhancer in the brain and retina of a transgenic rat. Pharm. Res. 22: 852-857.

Ohtsuki, S., Kikkawa, T., Hori, S., and Terasaki, T., 2006, Modulation and compensation of the mRNA
expression of energy related transporters in the brain of glucose transporter 1-deficient mice. Biol.
Pharm. Bull. 29: 1587-1591.

Ohtsuki, S., Tachikawa, M., Takanaga, H., Shimizu, H., Watanabe, M., Hosoya, K., and Terasaki, T.,
2002, The blood-brain barrier creatine transporter is a major pathway for supplying creatine to the
brain. J. Cereb. Blood Flow Metab. 22: 1327-1335.

Pardridge, W.M., Boado, R.J., and Farrell, C.R., 1990, Brain-type glucose transporter (GLUT-1) is
selectively localized to the blood-brain barrier. Studies with quantitative western blotting and in situ
hybridization. J. Biol. Chem. 265: 18035-18040.

Persky, A.M., and Brazeau, G.A., 2001, Clinical pharmacology of the dietary supplement creatine
monohydrate. Pharmacol. Rev. 53: 161-176.

Poitry-Yamate, C.L., Poitry, S., and Tsacopoulos, M., 1995, Lactate released by Miiller glial cells is
metabolized by photoreceptors from mammalian retina. J. Neurosci. 15: 5179-5191.

Poo-Arguelles, P., Arias, A., Vilaseca, M.A., Ribes, A., Artuch, R., Sans-Fito, A., Moreno, A., Jakobs, C.,
and Salomons, G., 2006, X-Linked creatine transporter deficiency in two patients with severe mental
retardation and autism. J. Inherit. Metab. Dis. 29: 220-223.

Rauen, T., and Wiessner, M., 2000, Fine tuning of glutamate uptake and degradation in glial cells:
common transcriptional regulation of GLAST1 and GS. Neurochem. Int. 37: 179-189.

Salomons, G.S., van Dooren, S.J., Verhoeven, N.M., Cecil, K.M., Ball, W.S., Degrauw, T.J., and
Jakobs, C., 2001, X-linked creatine-transporter gene (SLC6A8) defect: a new creatine-deficiency
syndrome. Am. J. Hum. Genet. 68: 1497-1500.

Saltarelli, M.D., Bauman, A.L., Moore, K.R., Bradley, C.C., and Blakely, R.D., 1996, Expression of the
rat brain creatine transporter in situ and in transfected HeLa cells. Dev. Neurosci. 18: 524-534.

Sather, W.A., and Detwiler, P.B., 1987, Intracellular biochemical manipulation of phototransduction in
detached rod outer segments. Proc. Natl. Acad. Sci. USA 84: 9290-9294.

Schulze, A., 2003, Creatine deficiency syndromes. Mol. Cell. Biochem. 244: 143-150.

Shefner, J.M., Cudkowicz, M.E., Schoenfeld, D., Conrad, T., Taft, J., Chilton, M., Urbinelli, L.,
Qureshi, M., Zhang, H., Pestronk, A., Caress, J., Donofrio, P., Sorenson, E., Bradley, W.,
Lomen-Hoerth, C., Pioro, E., Rezania, K., Ross, M., Pascuzzi, R., Heiman-Patterson, T., Tandan, R.,
Mitsumoto, H., Rothstein, J., Smith-Palmer, T., MacDonald, D., and Burke, D., 2004, A clinical trial
of creatine in ALS. Neurology 63: 1656-1661.

Sipild, I., Simell, O., and Arjomaa, P., 1980, Gyrate atrophy of the choroid and retina with hyperor-
nithinemia. Deficient formation of guanidinoacetic acid from arginine. J. Clin. Invest. 66: 684—687.
Sipild, 1., Valle, D., and Brusilow, S., 1992, Low guanidinoacetic acid and creatine concentrations in
gyrate atrophy of choroids and retina (GA). In: Guanidino Compounds in Biology and Medicine (De
Deyn, P.P., Marescau, B., Stalon, V., and Qureshi, L., eds.), John Libbey Ltd, London, pp 379-383.

Sora, I., Richman, J., Santoro, G., Wei, H., Wang, Y., Vanderah, T., Horvath, R., Nguyen, M., Waite, S.,
Roeske, W.R., and et al., 1994, The cloning and expression of a human creatine transporter. Biochem.
Biophys. Res. Commun. 204: 419-427.

Stockler, S., Hanefeld, F., and Frahm, J., 1996, Creatine replacement therapy in guanidinoacetate
methyltransferase deficiency, a novel inborn error of metabolism. Lancer 348: 789-790.

Stockler, S., Holzbach, U., Hanefeld, F., Marquardt, 1., Helms, G., Requart, M., Hanicke, W., and
Frahm, J., 1994, Creatine deficiency in the brain: a new, treatable inborn error of metabolism. Pediatr.
Res. 36: 409-413.



98 Tachikawa et al.

Stockler, S., Schutz, P.W., and Salomons, G.S., 2007, Cerebral creatine deficiency syndromes: clinical
aspects, treatment and pathophysiology. Subcell. Biochem. 46: 149-166.

Tachikawa, M., Fukaya, M., Terasaki, T., Ohtsuki, S., and Watanabe, M., 2004, Distinct cellular
expressions of creatine synthetic enzyme GAMT and creatine kinases uCK-Mi and CK-B suggest a
novel neuron-glial relationship for brain energy homeostasis. Eur. J. Neurosci. 20: 144-160.

Takata, K., Kasahara, T., Kasahara, M., Ezaki, O., and Hirano, H., 1992, Ultracytochemical localization
of the erythrocyte/HepG2-type glucose transporter (GLUT1) in cells of the blood-retinal barrier in the
rat. Invest. Ophthalmol. Vis. Sci. 33: 377-383.

Terasaki, T., and Ohtsuki, S., 2005, Brain-to-blood transporters for endogenous substrates and xenobiotics
at the blood-brain barrier: an overview of biology and methodology. NeuroRx 2: 63-72.

Terasaki, T., Ohtsuki, S., Hori, S., Takanaga, H., Nakashima, E., and Hosoya, K., 2003, New approaches
to in vitro models of blood-brain barrier drug transport. Drug Discov. Today 8: 944-954.

Vannas-Sulonen, K., Sipila, I., Vannas, A., Simell, O., and Rapola, J., 1985, Gyrate atrophy of the
choroid and retina. A five-year follow-up of creatine supplementation. Ophthalmology 92: 1719-1727.

Voat, D., and Voat, J.G., 1995, Biochemistry, 2nd edn. John Wiley & Sons, Inc, Toronto, Canada.

Wallimann, T., Wegmann, G., Moser, H., Huber, R., and Eppenberger, HM., 1986, High content of
creatine kinase in chicken retina: compartmentalized localization of creatine kinase isoenzymes in
photoreceptor cells. Proc. Natl. Acad. Sci. USA 83: 3816-3819.

Wallimann, T., Wyss, M., Brdiczka, D., Nicolay, K., and Eppenberger, H.M., 1992, Intracellular compart-
mentation, structure and function of creatine kinase isoenzymes 